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Abstract: The photooxidation of 2'-deoxyguanosine (dG) and its derivative 8-oxo-7,8-dihydro-2'-deoxy-
guanosine (8-oxodG) by a series of acetophenones (AP-X) and benzophenone (BP) has been studied.The
favorable absorption characteristics of the benzoyl chromophore enables time-resolved spectroscopy of
the triplet ketones to assess their quenching kinetics by dG and 8-oxodG. Whereas the photolysis of
acetophenone (AP), 2-acetoxyacetophenone (AP-OAc), and benzophenone (BP) does not produce radicals
(group A ketones), the oxymethyl-substituted derivatives 2-hydroxyacetophenone (AP-OH) and 2-tert-
butoxyacetophenone (AP-O'Bu) lead to carbon-centered radicals by a cleavage (group B ketones). For
the latter ketones, this was confirmed by EPR studies with the spin trap 5,5-dimethylpyrroline N-oxide
(DMPO) and by their triplet lifetimes that were shorter than those for the unsubstituted acetophenone.
Both groups of ketones photooxidize dG and 8-oxodG; the oxidation products are spiroiminodihydantoin
and guanidine-releasing products (GRP) in the case of dG and AP-OH also 8-oxodG. In the presence of
0O, the photooxidation by the group A ketones is efficient at high dG or 8-oxodG concentrations, whereas
the group B ketones photooxidize dG and 8-oxodG also at low substrate concentrations. These results
imply that peroxyl radicals are responsible for the photooxidation by the group B ketones, which are formed
by a cleavage of the triplet ketone and subsequent O, trapping of the carbon-centered radicals. At higher
dG concentrations, direct electron transfer from dG to the triplet ketone, as observed for the group A ketones,
competes with the radical activity.

Introduction In this context, we have been studying the oxidation of DNA
and its nucleoside '2leoxyguanosine (dG) by electronically
dzxcited states, mainly of carbonyl species, because the latter
may be generated thermally through the decomposition of

dioxetanes or photochemically by the direct irradiation of the

The relevance of DNA damage by reactive oxygen species
(ROS) in mutagenesis, carcinogenesis, and aging has motivate
the current interest in oxidative DNA damatjé. The reactive
oxygen species include oxyl radicals (in particular hydroxyl, .
alkoxyl, and peroxy! derivatives, the superoxide ion, and triplet c0responding carbonyl compourfds. in the case of photo-

ketones) but also nonradical species such as singlet oxygen an§'€avable ketones, we have recently sfgown the importance of
hydrogen peroxide which are all involved in the phenomenon radical production in oxidative efficien&°In the past, acetone

known as oxidative stress. Oxidative stress may be induced upondenvatlves have primarily been used, for which it is known

exposure of cells to solar irradiation, but also by lipid peroxi- that the excited acetyl chromophore in addition to undergoing
dation and inflammatory processes.

(5) Epe, B.; Henzl, H.; Adam, W.; Saha-Ner, C. R.Nucleic Acids Red.993
21, 863-869.

(6) Adam, W.; Saha-Niter, C. R.; Scthioberger A.; Berger, M.; Cadet, J.
Photochem. Photobioll995 62, 231—238.

(7) Adam, W.; Saha-Miter, C. R.; Schiaberger, AJ. Am. Chem. S0d.996
118 9233-9238.

(8) Adam, W.; Saha-Niter, C. R.; Sctiaberger, AJ. Am. Chem. S0d.997,
119 719-723.

(9) (a) Adam, W.; Andler, S.; Nau, W. M.; Saha-Ne&r, C. R.J. Am. Chem.
Soc. 1998 120 3549-3559. (b) Andler, S. Dissertation, University of

*To whom correspondence may be addressed. Teleph648: 931
8885340, Fax:+49 931 8884756, E-Mail: adam@chemie.uni-wuerzburg.de,
Internet: http://www-organik.chemie.uni-wuerzburg.de/ak_adam/.

T University of Wirzburg.

* University of Basel.

(1) Ames, B. N.Sciencel983 221, 1256-64.
(2) von Sonntag, C. IThe Chemical Basis of Radiation Biolggyaylor &

Francis: London, 1987.
(3) Meneghini, RMutat. Res1988 195 215-230.
(4) Cadenas, EANnu. Re. Biochem.1989 58, 79—110.

10.1021/ja017600y CCC: $22.00 © 2002 American Chemical Society

Wirzburg, 1997.

(10) Adam, W.; Arnold, M. A.; Saha-Mter, C. R.J. Org. Chem2001, 66,

597-604.
J. AM. CHEM. SOC. 2002, 124, 3893—3904 = 3893



ARTICLES Adam et al.

Scheme 1. Photochemical Pathways of Triplet-Excited Ketones Table 1. EPR Data of the DMPO Adducts Obtained in the AP-OH
Cf and AP-OBu Photolyses?
- Q) - substrate DMPO adductof  ow[G]  oul[G] _ g factor
. v e oM . -COPH’ 153 179 2.0056
J R L @Aw _ (15.3) (18.7)  (2.0055)
x v, 186, x T awb > -CH,0H* 16.0 226 2.0055
o (15.7) Q27)  (2.0056)
Electron Transfer p b
‘P O ChLOR pahc x 0 -COPh 153 179 2.0055
=P G GF @ﬂwfx (15.3) (18.7)  (2.0055)
-CH,0O'Bu’ 16.0 21.1 2.0055
energy transfer also undergoes chemical quenching (electron dael) (L6 _ (2.0052)

. . a2.00 mM ketone in a 9:1 $0:CH:CN mixture at 300 nm for 30 min
transfer or hydrogen abstraction) by the guanine, ratheréhan and 20°C in a Rayonet photoreactor [sixteen 300-nm lamps (24 W)],

cleavage into radicalS.In view of the unfavorable absorption ~ [DMPO] = 50.0 mM.® In parentheses are given the data for an analogous
characteristics of acetone-type ketones (low extinction coef- acyl-radical adduct in pO:CHCN (9:1), see ref 10In parentheses are
" - . ’ N given the literature data, see ref 10.
ficients in the UVA region), it has been difficult to assess the ) ) . )
relative efficiencies of the chemical quenching versus radical- Kétone may directly interact with the sub?grate by H abstraction
type oxidative activity by transient absorption spectroscopy. (Eath b,) dor_ by elfctr:on tt)ransfer (p"?‘;gio ﬁs evidenced _t|>y
For this purpose, we chose the benzoyl chromophore as! ?d,ox'blat'gn ot t eAlase guanire;™~" the most easily
contained in the hydroxy (AP-OH), methoxy (AP-OM&rt- oxidizable base in DNA:

butoxy (AP-OBU), and acetoxy (AP-OAc) derivatives of For these_stugies on the me_chanism of the photooxidation,
acetophenone (AP). the nucleoside '2deoxyguanosine (dG) was selected as the

model for damage of DNA, since guanine is the most vulnerable

5 . o . 0 0 base in DNA toward photooxidation. To monitor the photooxi-
@*cw@/h;w @JMO\CHB @JCH;OK Q/KH;OYCHS dative reactivity, dG conversion as well as the detection of the
° oxidation products 8-oxodG, spiroiminodihydantoin, and guani-
AP BP

AP-OH AP-OMe AP-OBu AP-Oho dine-releasing products (GRP) were to be employed. Since

° 0 8-oxoGua is considered to be one of the most important base
H:ﬁi:\ﬁ—o e o :fi:ﬁo lesions in DNA, special attention was focused on the formation
"o o Hory o wd by, e o and the fate of the dG oxidation product 8-oxodG.
ot g W o
OH OH L o ) Results
8-ox0dG oxazolone (GRP)  spirciminodihydantoin 4-HO-8-0x0dG DMPO

EPR-Spectral Spin-Trapping Studies.The spin-trapping
experiments with DMPO (Scheme 2) were performed in aqueous
solution (10% acetonitrile as cosolvent), to provide EPR-spectral
evidence for radical production in the photolysis of the
o-alkoxymethyl-substituted acetophenone derivatives. Upon
photolysis of the ketones AP-OH and APBQ, characteristic
doublet-of-triplet EPR signals (Table 1) were observed for the
DMPO adducts of the benzoyl radicg € 2.0056,0y = 15.3
G, ay = 17.9 G), the hydroxymethyl radicafj = 2.0055,an
= 16.0,ay4 = 22.6 G), and theert-butoxymethyl radicald =
2.0055,an = 16.0 G,ay = 21.1 G). At this point, it should be
mentioned that some DMPO-adduct signals do not persist at
foom temperature (ca. 2@C) for more than 30 min; théert-
butoxymethyl adduct is especially labile & 5 min). For AP,

For these oxymethyl-substituted acetophenone derivatives,
cleavage (and thus radical production) may be expected and
has been reported for AP-O¥:14 To confirm the involvement

of radicals for the photocleavable ketones, 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was to be employed as radical
scavenger. Detection of the expected carbon-centered radical
in the a cleavage of these triplet ketones was to be achieved
through spin trapping by DMPO, coupled with EPR spectros-
copy. For comparison, we chose acetophenone (AP) and
benzophenone (BP)which are known to react with DNA and

its nucleoside dG by one-electron transfer, and thus, these serv
as typical type | photosensitizetssince no Norrish-type |
cleavage into radicals takes plae®.

, ho EPR signals were observed under the same

experimental conditions. The formation of benzoyl radicals was

further confirmed by spin trapping with 2,2,6,6-tetramethylpi-

peridine-1-oxyl (TEMPO, cf. Scheme 2); thus, during the
hotolysis of AP-OH and AP-Bu in the presence of TEMPO,

he benzoyl-radical adducts were observed by HPLC/UV

detection.

short irradiation times and low ketone concentrations to
minimize undesirable side reactions. Moreover, favorable triplet
absorption characteristics (high near UV) allow the direct
assessment of the excited-state reactivity toward dG by mean
of transient absorption spectroscopy. With such data, the
distinction between alternative oxidative mechanisms by the
intermediary triplet-excited ketone should be accessible and (15) Lamola, A. A.Pure Appl. Chem197Q 24, 599-610.

fundamental mechanistic knowledge of the photochemical (16) Rahn, R. O. IDNA Repair, a Laboratory Manual of Research Procedures

. . . . Friedberg, E. C., Hanawalt, P. R., Eds.; Marcel Dekker: New York, 1983;
properties of the triplet-excited states becomes available (Scheme  vol. 2, Chapter 6, pp 7585.

i ; ; (17) Patrick, M. H.; Snow, J. MPhotochem. Photobioll977, 25, 373-384.
1). In addition to undergoing: cleavage (path a), the triplet (18) Lamola, A. A.; Gueon, M.; Yamane, T.; Eisinger, J.; Shulman, R. 5.
Chem. Phys1967, 47, 2210-2217.
(11) Gut, I. G.; Wood, P. D.; Redmond, R. W. Am. Chem. S0d.996 118 (19) Umlas, M. E.; Franklin, W. A.; Chan, G. L.; Haseltine, W.Rhotochem.
2366-2373. Photobiol. 1985 42, 265-273.
(12) Xu, Y.; Langford, C. H.J. Adv. Oxid. Technol1997, 2, 408-414. (20) Douki, T.; Cadet, Jnt. J. Radiat. Biol.1999 75, 571-581.
(13) Grimme, SChem. Phys1992 163 313-330. 21) (a) Cullis, P. M.; Malone, M. E.; Merson-Davies, L. A.Am. Chem. Soc.
(14) Palm, W. U.; Dreeskamp, H. Photochem. Photobiol., 2990 52, 439— 1996 118 2775-2781. (b) Candeias, L. P.; Steenken,JSAm. Chem.
450. Soc.1989 111, 1094-1099.
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Scheme 2. Trapping of the Radicals Produced in the a Cleavage of AP-OR by 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)
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Scheme 3. Norrish-Type Il Cleavage in the AP-OMe Photolysis
N H
o C|:H2 o -<|3H2 OH  CH, o}
_O __hv(300 nm) ~_ O o Do D
Q)‘\CHZ D,0.CD;CN (1:1) d\CHz —_— @*CHZ — cH;

yield: 61%

etophenone in agueous solutiotifx ~ 340 nm¥?3 indicates
that the observed transients for the acetophenone derivatives,
except AP-OMe, belong to the absorption of the triplet state.
Thus, a wavelength of 340 nm was chosen for the detection of
the triplet state. For benzophenone, instead of the literature-
known absorption maximum of the triplet stafe€ 525 nm),
the wavelength of 600 nm was chosen for detection because of
less overlap with the absorption of its ketyl radical at this
wavelength?* the latter was formed in low amounts already at
1.00 mM BP.

The decay of triplet transients was measured by using 1.00
mM ketone solutions in water:acetonitrile (9:1) at the wave-

AOD

30 400 40 500 length of 340 nm, and the triplet decay timesg)(were obtained
A [nm] from the transient absorption curves by monoexponential fitting
Figure 1. Triplet absorption spectra in the laser-flash photolysis (308 nm) (Table 2).
of the ketones AP-R [4.00 mM in 4D:CHCN (9:1)]. The quenching of these triplet transients by the ground-state

ketone (self-quenching), molecular oxygen, dG, and 8-oxodG

Norrish-Type Il Cleavage of AP-OMe. To assess whether determined b ina th h trati Th
the methoxy-substituted acetophenone undergoes the Norrish\V@s determined by varying the quencher concentrations. The

Type-II cleavage in agueous solution (Scheme 3), the AP-OMe rates of the |rt1.d||v;.(:tl.1al fxptirlmentsdwiret ob(tialnsd by ufs}:ag
was photolyzed in a 1:1 mixture ofD and CRCN. Indeed, {Fof;?iﬁzfenzr;,hathg mger?(r;h'ne p:aet:al c(())-nI:a-notrs e:s‘ree Z?:eorm'need
by means ofH NMR analysis of the photolyzate, the deuterated P ' qu Ing- W !

acetophenone was detected as a cleavage product in 61% yiel(}r.) y dlilnelar \C\?rﬁrisvsvlorn. Tge ?\llje;ch|lrlgnprlci>€e§st,ralr?c>i pr:?d#]c?% ketyl
The hydrate of formaldehyde was detected in trace amounts asba cais, which were observed as fong-ived transients that decay
well y second-order process®sThus, in addition to the monoex-

Laser-Flash-Photolysis Studies.To determine the rate ponential function, a less intense second-order process needed
constants for the quenching of thé excited ketone by dG andto be included in the fitting function to account for the formation

8-0x0dG, the absorption spectra of the transients (Figure 1) WereOf ketyl rad|caI§ in the klneths, but only _the mon_oexponennal
recorded directly (approximately 20 ns) after the laser flash in part was used in the calculgtlon_of Fhe triplet lifetimes and rate
thoroughly degassed (three “freeagump-—thaw” cycles) aque- consftants (Table 2). The trlplej[ Ilfgtlmes for AP, AP-OAc, and
ous solution (10% acetonitrile as cosolvent). All ketones possessBP lie between 6 and 1Gs, while lifetimes around s were

an absorption maximum around 34845 nm, except AP-OMe, obtained for AP-OH and AP-Bu. )
which has its maximum at 355 nm and a second band at 480 In the ca;e of AP and AP-OAc, quenching-rate fonlstants for
nm. the ketone itself take values between 1 te 20° M~1 s~ for

The faqt that _IntersyStem crossing n aromatl_c _ketones (23) Lutz, H.; Bréaeret, E.; Lindquist, L.J. Phys. Chenll973 77, 1758-1762.
proceeds in the picosecond rakyjand that there is similarity ~ (24) Stewart, L. C.; Carlsson, D. J.; Wiles, D. M.; Scaiano, JJ.@m. Chem.
; ; } ; ; . So0c.1983 105, 3605-3609.
with the literature-known triplet absorption spectrum of ac (25) () Ledger, M. B.- Porter, Gl Chem. Soc., Faraday Trans 1872 68,
539-553. (b) Baumann, H.; Timpe, H.-Z. Chem.1984 24, 19-20. (c)
(22) McGarry, P. F.; Doubleday, C. E., Jr.; Wu, C.-H.; Staab, H. A.; Turro, N. Colman, P.; Dunne, A.; Quinn, M. K. Chem. Soc., Faraday Trans. 1
J.J. Photochem. PhotobiglA 1994 77, 109-117. 1976 72, 2605-2609.
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Table 2. Lifetimes and Quenching Rate Constants of the Triplet
States Formed during the Ketone (AP-R) Photolysis for Various 50 0 o
Quenchers Q)QOH 50 @)\
40 2
r kg [10° M5 =" e L4
£30 £30
AP-R  [ps]*’ ketone® 0,2 dG 8-0x0dG S ® 8
G20 P
Q* 6.6 0.12£0.01 3.2 (4.0 33%0.1 22+0.1 10 10 ’
Q)i 1.1 S 4.0 33402 1.9+0.2
) 01 02 03 04 05 01 02 03 04 05
Q)&Nm, L - - - - [dG}/ mM [dG]/ mM
fo "
Cyes 0.54 1.9 3.9+03 34£02 50 50 o
ey 6.7 0.12+0.02 24 33102 20£02 ® 40 R 40 O\g/
I < e = <
YY) 92 030£001 48 29+0.1 19102 €30 £30
o o
. . 20 9 S20
aValue given for [AP-R]= 1.00 mM. b Only one point measured, error
+10%. ¢ Self-quenching by AP-RI[O;] = 0.265 mM under atmospheric 10 O\K 10
conditions.€¢ Measured in HO. f Self-quenching not measured due to short L

o p 2 f
lifetime. 9 Detected transient is not the triplet. 01 02 03 04 05 01 02 03 04 05

[dG]/ mM [dG]/ mM

BP a value of 3.0x 10® M~* s™! was determined. Thk, rate
constants for the deactivation by molecular oxygen fall between
2 and 5x 10° M~1s™1. The results for the addition of dG show
for all ketones a fast deactivation by dG on the order-ef13«

1® M~1s71. Quenching by 8-oxodG is less efficient by a factor
of approximately 1.5.

For AP-OMe a different absorption spectrum has been
measured. More strikingly, photolysis of AP-OMe in acetonitrile
(lifetime of the transient 10.0s) did not result in triplet energy
transfer to 1-methylnaphthalene (1Qu). This behavior is ) ) o
different from that of the triplet states of the other ketones, and Figure 2. Dependence of the dG conversion on the dG concentration in
o p ; . . ! the ketone photolysis [2.00 equiv of ketone, 10.0 equiv of phosphate buffer
it is concluded that the observed transientas the triplet state (pH 7.0) in LO:CH,CN (9:1), irradiated at 300 nm for 45 min].

Thus, AP-OMe is not considered in the dG oxidation experi-
ments (see Supporting Information).

The Dependence of the Nucleoside Photooxidation as a
Function of Nucleoside ConcentrationWhen the dG conver-
sion in the ketone photolysis is measured for different dG
concentrations at similar ketone:dG ratios and under similar
irradiation conditions, the five ketones display different types
of photochemical reactivity toward dG, as is evident from the
plots of dG conversion versus [dG] in Figure 2. In fact, these 01 02 03 04 05
ketones fall into two distinct groups in regard to their photo- [dG] / mM
reactivities: The derivatives AP-OH and APBD (left-hand Figure 3. Dependence of the 8-oxodG formation on the dG concentration
plots) oxidize dG even at low (0.1 mM) dG concentrations; in the photolysis of AP-OH [2.00 equiv of ketone, 10.0 equiv of phosphate
indeed, although the extent of dG oxidation remains quite buffer (pH 7.0) in HO:CHCN (9:1), irradiated at 300 nm for 45 min].
constant over the employed [dG] range, it actually slightly  Tpe Photoreactivity of the Ketones AP and AP-OAc
decreases (notice the negative slopes) with increasing [dG]. In|quced by the Nucleosides dG and 8-oxodGThe ketones
this context, for the AP-OH photolysis, the 8-oxodG formation Ap and AP-OAc were irradiated with and without dG or
also follows this pattern (Figure 3), that is, an approximately g.oxodG, and the conversion of the ketone was monitored by
constant photochemical activity is observed over the employed yp| c/uyv. Without dG or 8-oxodG, neither the ketone AP nor
[dG] range, with a slightly lower amount of 8-0xodG produced Ap-OAc was photolyzed in detectable amounts. In contrast,
at the higher (0.5 mM) [dG]. In contrast, dG is unreactive toward upon addition of dG or 8-0xodG, the ketones were converted
the ketones AP, AP-OAc, and BP (right-hand plots) at low [dG], g the extent of 3660% on photolysis (Figure 5). The
but is oxidized with increasing efficiency as [dG] is raised.  photoreactivity was more effectively induced by dG than

Similar 8-oxodG concentration profiles were observed for the 8-oxodG for both ketones.
oxidation of 8-oxodG (Figure 4). Thus, AP-OH and AFBO The Photooxidation Products of dG.To assess the oxidation
(left-hand plots) oxidize 8-oxodG already at low [8-oxodG], products of dG in the photolysis of the ketones, dG (0.200 mM)
and the conversion of 8-oxodG remains relatively constant over was irradiated in the presence of the ketones (2 equiv, 0.400
the employed [8-oxodG] range. In contrast, AP, AP-OAc, and mM) for 45 min. The conversion of dG was monitored as a
BP (right-hand plots) are only active at high [8-oxodG], and measure of the extent of dG oxidation, as well as of the
the activity increases with increasing [8-oxodG]. formation of the oxidation products spiroiminodihydantoin,

(S
o

»
o

o]

01 02 03 04 05
[dG]/ mM

dG convn /%
n w
(=] (=]

-
(=]

[8-0x0dG] / %

N N N )
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Figure 4. Dependence of the 8-oxodG conversion on the 8-oxodG

concentration in the ketone photolysis [2.00 equiv of ketone, 10.0 equiv of
phosphate buffer (pH 7.0) in J@:CHCN (9:1), irradiated at 300 nm for
45 min].

60 1 400 pM AP-R

+200 M dG
E + 200 pM 8-oxodG

40 1

convn AP-R [%]

20

- -

[ .T.LCHI’U‘ -

o

[*]
,:,«.J_,ll._m_! CH,
Figure 5. Enhancement of the AP-R conversion by the presence of dG or
8-0x0dG in the ketone photolysis [irradiated at 300 nm for 45 min 4z 0

in 2.00 mM 9:1 phosphate buffer (pH 7.0):@EN].

GRP, and 8-oxodG (Figure 6) by established HPLC meth-
0ds?627The previously assigned 4-HO-8-oxo#fGtructure for

the dG oxidation product has been reassessed, and the recentlxf

suggested spiroiminodihydantéfnwas confirmed by NMR

(26) (a) Fond R. A.; Watson, J. J.; Wong, P. K.; Altmiller, D. H.; Richard, R.
C. Free. Radical Res. Commum986 1, 163-172. (b) Ravanat J.-L;
Douki, T.; Incardona, M. F.; Cadet, J. Liq. Chromatogr1993 16, 3185~
3202.

(27) Ravanat, J.-L.; Berger, M.; Benard, F.; Langlois, R.; Ouellet, R.; van Lier,
J. E.; Cadet, JPhotochem. Photobioll992 55, 809-814.

(28) Ravanat, J.-L.; Cadet, Chem. Res. Toxicol995 8, 379-388.

(29) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows, C.Qrg. Lett.200Q 2,
613-616.
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EE convn dG
spiroiminodihydantoin

80 1 mmmm GRP
EXXX8 8-ox0dG
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spirciminedihydantoin

80 1 mmmm GRP
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0,
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Figure 6. Conversion of dG or 8-oxodG and formation of the oxidation
products in the photooxidation [4Q0V ketone, 2.00 mM phosphate buffer
(pH 7.0), 45 minhyv, 300 nm, 0°C] of dG (200uM, upper) and 8-oxodG
(200 uM, lower) in H,O:CH;CN (9:1) during the ketone photolysis.

Inadequate experiments (see Supporting Informai®ihe
structurally definitive NMR-spectral characteristic is the carbon
atom ato 80 ppm, which is coupled to two direct carbon
neighbors. This resonance is assigned to the C-5 spiroatom in
spiroiminodihydantoin, since the corresponding C-4 atom in the
4-HO-8-0x0dG structure has only one neighboring carbon atom.
In the photolysis of dG without ketone (blank), only traces
of these oxidation products were observed, whereas upon
addition of the ketones AP, AP-OH, AP-OAc, and BP substan-
tial dG conversion was obtainédThe main oxidation products
were spiroiminodihydantoin and GRP, while appreciable amounts
of 8-o0xodG (7% at 40% conversion) are only detected for AP-
OH. A comparison of the amounts of detected photooxidation
products with the extent of dG conversion reveals that for the
derivatives AP-OH and AP-Bu ca. 76-80% of the consumed
dG is accounted for. In contrast, with the ketones AP, AP-OAc,
and BP the quantified photooxidation products amounted to only
approximately 30% of the dG conversion.
The Photooxidation Products of 8-oxodGIn the photolysis
8-0xo0dG without ketone (blank), also only traces of oxidation
products were observed (Figure 6), whereas upon addition of
the ketones substantial conversion of 8-oxodG was indéfced.
For the ketones AP, AP-OAc, and BP more spiroiminodihy-
dantoin than GRP was observed, whereas with AP-OH and AP-

(30) Adam, W.; Arnold, M. A.; Gfae, M.; Nau, W. M.; Pischel, U.; Saha-
Méller, C. R.Org. Lett.2002 4, 537-540.

(31) For the methoxy derivative AP-OMe, only low conversion of both dG and
8-0xodG was found.
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Figure 7. Time profile of the photoinduced (300 nm,°C) oxidation of 20

dG (500uM) by the ketone AP-OH (1.00 mM) in 5.00 mM phosphate

buffer (pH 7.0): CHCN (9:1). 100 r2100 300 50 [1100 150
tls t[s

O'Bu the quantity of GRP exceeded that of spiroiminodihydan- 120

toin. Comparison of the amounts of detected photooxidation 100

products with the extent of 8-oxodG conversion indicates that ® 8-0x0dG § 80

with the ketones AP, AP-OAc, and BP ca. 70% of the consumed O  8-ox0dG + dG 2 0

8-o0x0dG is accounted for; however, in the case of the derivatives Y dG - 8-0x0dG | & 4

AP-OH and AP-(Bu only approximately 30% of the converted 2 i

8-oxodG is accounted for by the quantified photooxidation

products spiroiminodihydantoin and GRP. A comparison of the 50 100 150

efficacy of the 8-oxodG photooxidation versus dG (cf. % tis]

conversion of 8-oxodG and dG in Figure 6) disclosed that the Figure 8. Time profile for the 8-oxodG photooxidation in the ketone
ketones AP, AP-@u, AP-OAc, and BP are slightly (£620%) photolysis [254M 8-0xodG, 1.00 mM ketone, 300 nm, €, 5.00 mM

; _ _ ; . phosphate buffer (pH 7.0): GEBN (9:1)] with and without dG (50@M);
more reac.tlve toward 8 QXOdG’ whereas AP-OH is approxi the starting concentration of 8-oxodG (2¥) was set to 100%.
mately 2 times less reactive.

Time Profiles of the dG Photooxidation by AP-OH. The (open circles) less efficiently than in the absence of dG (solid
time dependence of the conversion of dG and of the formation circles) by a factor of approximately 2. For AP, AP-OAc, and
of the oxidation product 8-oxodG during the photooxidation by Bp (right-hand plots), slow photooxidation of 8-oxodG is
the ketone AP-OH are shown in Figure 7. Comparison of the observed in the absence of dG (solid circles), which in the

formation of 8-oxodG (open circles) with the conversion of dG presence of dG (open circles) is drastically accelerated for all
(solid circles) reveals that the curves run parallel over the time three ketones.

period. This is also reflected in a constant ratio of the 8-oxodG: )
dG conversion with time (solid triangles). Aftel h of Discussion

irradiation, the time profiles for the dG conversion (solid circles)  Tq rationalize the present dG and 8-oxodG photooxidation
as well as for the formation of 8-oxodG (open circles) level Ly the acetophenone-derived ketones mechanistically, the
off, whereas AP-OH (open triangles) is further consumed. pertinent qualitative trends are compared in Table 3. It becomes
Although the ketone AP-OH is further consumed, the dG eyjdent that the ketones may be divided into two groups: The
conversion stops at approximately 20%. first one (photochemically inactive: AP, AP-OAc, and BP)
The Effect of dG on the Photooxidation of 8-oxodG in shows no photochemical activity in the absence of the dG or
the Ketone Photolysis. The photooxidative persistence of 8-oxodG substrate; the second group (photochemically active:
8-0xodG during the photooxidation of dG in the ketone AP-OH and AP-(Bu) generates radical species upon irradiation
photolysis was determined by measuring a time profile for the as confirmed by DMPO trapping and EPR-spectral detection.
consumption of 8-oxodG with (open circles) and without (solid For convenience, we designate thieotochemically inactie
circles) dG (Figure 8). For the ketones AP-OH and ABD ketones AP, AP-OAc, and BP as the group A ketones and the
(left-hand plots), in the absence of dG (solid circles), the photochemically actie AP-OH and AP-CBu as the group B
8-0x0dG is photooxidized, but by AP-OH (upper left-hand plot) ketones. Since the direct oxidation of dG or 8-oxodG substrates
less efficiently than by AP-Bu (lower left-hand plot). In the by the triplet ketone plays a role even for the group B ketones,
presence of dG (open circles), for the ketone AP-OH (upper the oxidative reactivity of the group A ketones will be discussed
left-hand plot) the amount of 8-oxodG actually grows with time first.
instead of the expected decrease. The growth (open circles) The Oxidative Reactivity of the Triplet-Excited Group A
parallels the formation of 8-oxodG in the photooxidation of dG Ketones (No Radical ReleaseBpin-trapping experiments with
(solid triangles). For the ketone AP (lower left-hand plot) DMPO (Table 1) reveal that no radicals are formed upon
the photooxidation of 8-oxodG proceeds in the presence of dG irradiation, and thus, na cleavage occurs for these ketones.
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Scheme 4. Electron Transfer between 8-oxodG and the dG*™ Radical Cation and the dGe Radical
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Table 3. Reactivity Trends in the Photochemical and displayed no effect on the dG conversion. Thus, we conclude
Photobiological Activity of Triplet-Excited Ketones that for the group A ketones, their triplet states interact directly
$on S o i e i with the substrate as the principal step in the photooxidation.
reactivity T r O T )Kl@ .
C:i O:: “j Q::Ac QBP The question whether 8-oxodG, although not detected as an
AP-R decomposition n e . . . oxidation product of dG (Figure 6), may be involved as an
without substrate” intermediate in the photooxidation by the group A ketones was
Norri 5 assessed by kinetic measurements of its oxidation with these
orrish-Type-I cleavage + ++ - - - ; A )
triplet ketones (Figure 8). For AP, AP-OAc, and BP, slow direct
photooxidation ++ ++ - - - photooxidation of 8-oxodG was observed but had 8-oxoG been
atlow [dG] formed during the photooxidation of dG, enough would have
dG convn to 8-ox0dG* -+ . . - - remained for detection. To simulate the conditions under which
the initially formed 8-oxodG is further photooxidized by excess
8-0x0dG convn to + + ++ ++ ++

dG, an authentic mixture of 8-oxodG and dG was submitted to
photolysis (Figure 8). Compared to the results obtained in the

spiroiminodihydantoin”

dG increases rate of - - +* ++ ++ absence of dG, for the group A ketones AP, AP-OAc, and BP,
8-0x0dG oxidation® . . .

the disappearance rates of 8-oxodG increased drastically. Even
DoOeffect - - - - - when most of the 8-oxodG has been consumed, its rate of

isappearance (slope of the curve in Figure oes not leve
(dG oxidation) d | fth E 8) d i |
dG oxidatior} - - , ++ - off. Thus, an intermediate is formed in the photooxidation of
without 0, dG, which consumes 8-oxodG. We propose that this intermedi-
0, (excess) quenching of - - + - n ate is the d& radical cation or the dGadical, which oxidizes
dG oxidation “* 8-0x0dG by electron transfer (Scheme 4). On the basis of the
a Data not shown® Table 1.¢Figure 2.9 Figure 6.¢ Figure 8./ Upon omdano_n potentials of dG (assumed to be similar to that of

three freeze pump—thaw cycles9 Upon saturation with @ guanosine: 1.29 V/NH®) and 8-oxodG (0.74 V/NH#¥), the

equilibrium should be displaced to the right side. An analogeous
In the absence of dG or 8-0xodG, only negligible conversion yiqation of 8-oxodG by the guanosine radical with a rate
of the ketone was observed upon irradiation (Figure 5). Thus, .qnstant of 4.6.08 M—1 s-1 has been described by Steenken et
deactivation of the triplet ketone proceeds by photophysical 35 However, if a fast equilibrium operates between the'dG
processes (phosphorescence, quenching) rather then chemical, jioo| cation and the dGradical due to deprotonation, a
transformations. In the presence of dG or 8-oxodG the triplet mechanistic distinction between the upper and the lower
ketones directly interact with these substrates. Indeed, the tripletbranches of Scheme 4 is difficult, and presumably bothtdG
ketones are quenched with rate constants arourdl8® M1 and dG oxidize the 8-0x0dG ’
s 1 for dG and 2x 1®® M~1 s~ for 8-oxodG (Table 2), which , ' , )
is more than an order of magnitude faster than the interaction If mqlecular oxygen IS excluded from the reaction mixture,
of the ketone with itself (self-quenching). That the direct Irradiation of dG in the presence of AP and BP does not
interaction of the triplet-excited ketone with the substrate is Photooxidize dG. The first step of the oxidation mechanism
responsible for the dG or 8-oxodG oxidation was confirmed by (€lectron transfer) must be independent of oxygen. For this
varying the dG and 8-oxodG concentrations. Thus, at low reason, the d@ radical cation or the dGadical (formed upon
substrate concentrations, a linear increase of substrate conversion
with substrate concentration was observed for dG (Figure 2) (32) g@hﬁ%‘{ggiv M. Ao Al a%ggnllfoéﬂéggﬁeégg ?C%Oé;szeofj(@_
and 8-oxodG (Figure 4). The possible participitation of singlet Stanbro, W. DJ. Photochem1984 25, 545-547. T
oxygen for the photooxidation of dG is unlikely becaus®D (33) Steenken, S.; Jovanovic, S. ¥.Am. Chem. S0d.997 119, 617-618.

. i i i (34) Steenken, S.; Jovanovic, S. V.; Bietti, M.; BernhardJKAm. Chem. Soc.
in which singlet oxygen possesses a 10-fold longer lifefitne, 200Q 122, 2373-2374.
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Scheme 5. Reversible Formation of Ketyl Radicals, dG** Radical Cations, and dGe Radicals for the Ketone Photolysis in the Presence of
dG
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Scheme 6. Heterolytic Fragmentation of the Ketyl Radicals oxygen quenching of the triplet ketones and thereby a decrease
Formed in ";iphow'ys's of AP-OAc. of the triplet lifetime and a lower probability of dG photooxi-
©\f° slectron Q\KO_ e o dation. In addition to the lack of aJD effect, this also indicates
T - e - déHz “OAc that the involvement of singlet oxygen is negligible in this
“oac Ohe photooxidation, because oxygen quenching would generate

singlet oxygen, and an increase in the photooxidation of dG
deprotonation of the former) must be reduced to regenerate theshould be observed, which is not the case.

substrate dG; thus, no photooxidation of dG would be observed. |, --ordance with previous results for BEhe formation

The ketyl ra_dical or the protonated ketyl radi_cal (formed from ¢ 0 photooxidation products may be explained by electron
the ketyl radical a'F pH 7) may act as the reducing agent (Schemey o nster from dG to the triplet-excited ketone (type | photooxi-
5). Such a reversible electron tran§fer was already obsgrved bydation, Scheme 7). In the latter, the predominant formation of
Schust'er et. abetween DNA and triplet-excited anthraquinone o, a7610ne was rationalized in terms of rapid deprotonation of
derivatives in the absence of molecular oxygfein.the presence o o anine radical cation in aqueous solution (Scheme 7, path

of molecular oxygen, the protonated ketyl radicals will be o) The fact that no 8-oxodG could be observed was attributed

scavenged in terms of peroxyl radicals, and thus, _the amount, J .o rapid deprotonation of the dG radical cation (path a),
of both the protonated and unprotonated ketyl radicals would and thus, no nucleophilic attack of water (as is the case in
be decreased. Consequently, under these conditions, less reduthA)37_4o occurs (path b). Our studies (Figure 8) clearly

tlo_n O.f th_e dG radical to dG should occur and more dG demonstrate that 8-oxodG does not persist in the presence of
oxidation is expected, as observgd.. . dG and is presumably oxidized by the dGradical cation
Nevertheless, AP-OAc photooxidizes dG even in the absence gcheme 4). Consequently, the fact that no 8-oxodG is detected
of Oz. Since the ketyl radical formed upon electron transfer t0 i, the oxidation of dG does not necessarily mean that it is not
AP-OAc is known to undergo fast heterolytic scission to the ¢5:meq during the oxidation process. However, we cannot

benzoylmethyl radical and the acetate ariidit,is concluded oy cjyde direct oxidation of dG to the spiroiminodihydantoin,
that this fate of the AP-OAc ketyl radical is responsible for the ;ich may proceed along path c.

dG photooxidation. Thus, in the photolysis of AP-OAc, the ketyl
radical is consumed by unimolecular scission and is not available

(37) (a) Vialas, C.; Pratviel, G.; Meyer, A.; Rayner, B.; Meunier JBChem.

for protonation and subsequent regeneration of dG from the dG Soc., Perkin Trans. 1999 1201-1205. (b) Raoul, S.; Berger, M.; Buchko,
. . : G. W.; Joshi, P. C.; Morin, B.; Weinfeld, M.; Cadet, J. Chem. Soc.,
radical cation by reduction (SCheme 6)' ) ) ) Perkin Trans. 21996 371-381. (c) M. DizdaroglufFree Radical Biol.
For all three group A ketones, the amount of dG oxidation is Med. 1991, 10, 225-242.

. [,38) (a) Kasai, H.; Yamaizumi, Z.; Berger, M.; Cadet,JJ.Am. Chem. Soc.
decreased in an oxygen atmosphere compared to that unde 1992 114, 9692-9694. (b) Cadet, J.; Berger, M.; Decarroz, C.; Wagner,

normal aerobic conditions. This is rationalized in terms of J. R van Lier, J. E.; Ginot, Y. M.; Vigny, FBiochimie1986 68, 813~
834. (c) Cadet, J.; Vigny, P. IBioorganic PhotochemistryMorrison, H.,

Ed.; Photochemistry and Nucleic Acids, Vol. 1; John Wiley & Sons: New

(35) Ly, D.; Kan, Y.; Armitage, B.; Schuster, G. B. Am. Chem. S0d.996 York, 1990; 1-272.
118 8747-8748. (39) Dizdaroglu, M.Free Radical Biol. Med1991, 10, 225-242.
(36) Banerjee, A.; Falvey, D. Bl. Org. Chem1997, 62, 6245-6251. (40) Candeias, L. P.; Steenken,B5.Am. Chem. S0d.993 115 2437-2440.
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Scheme 7. Proposed Mechanism for the Oxygen-Dependent (Path a, ref 37) and Oxygen-Independent (Path b, ref 21a, 38) Type-I
Photooxidation of dG
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The oxidation of 8-oxodG by AP, AP-OAc, and BP yields In this context, the 4-HO-8-oxodG (actually spiroiminodi-
the spiroiminodihydantoin (Figure 6) and GRP (see Scheme 7). hydantoiri®#3 has been previously considered as a characteristic
The yields of these two products in the oxidation of 8-o0xodG type Il (singlet oxygen) photooxidation product of &&).Now
are higher than in the direct oxidation of dG. Burrows et%al  that the spiroiminodihydantoin structure has been established
describe the type | oxidation of 8-oxodG as proceeding through in the one-electron oxidation of acetylated 8-oxcdGhe
the 8-oxodG' radical cation, which upon water attack at the erroneously assigned 4-HO-8-oxodG serves no longer as a
C-5 position and subsequent one-electron oxidation yields 5-HO- characteristic monitor for type 1£Q,) photooxidation. Indeed,
8-0xodG (Scheme 7). In agueous solution, the 5-HO-8-0x0dG e have observed the formation of spiroiminodihydantoin in
is transformed to spiroiminodihydantoin and guanidinohydan- e oxidation of dG by excited benzophenbaead by peroxyl
toin; the latter is eventually transformed to oxazolone by |,4ical€1943under conditions at which no appreciable amounts
reported step%’#! On the basis of our results that AQ, is of singlet oxygen are produced.

involved and that 8-oxodG is rapidly oxidized in the presence - o . .
pIcy P Oxidative Reactivity of Triplet-Excited Group B Ketones

of dG to its radical cation 8-oxodG, we propose that the ) -
prop (Radical Release)For the ketones AP-OH and APHu, spin-

spiroiminodihydantoin is formed in the dG oxidation from the ) - i
intermediary 8-oxodG (generated in path b) through one-electron'@PPINg experiments with DMPO revealed tratcleavage

oxidation, as described by Burrows ef?&The product ratios ~ ©CcuUrs, since for both ketones a benzoyl radical and the
of spiroiminodihydantoin and GRP observed in the photooxi- corresponding oxymethyl radical was trapped and identified by
dation of dG (ca. 1:1) and 8-0xodG (ca. 2:1) by group A ketones EPR spectroscopy. Thus, the group B ketones are consumed
(Figure 6) provide support, because in the dG photooxidation, througha cleavage even in the absence of dG and 8-oxodG,
GRP may be produced directly from dG through path a in

Scheme 7 (42) Niles, J. C.; Wishnok, J. S.; Tannenbaum, SORy. Lett.2001, 3, 963—
’ 966.
(43) Adam, W.; Kurz, A.; Saha-Mter, C. R. Chem. Res. ToxicoR00Q 13,
(41) Vialas, C.; Claparols, C.; Pratviel, G.; MeunierBAm. Chem. So200Q 1199-1207.
122 2157-2167. (44) Ingold, K. U.Acc. Chem. Re<.969 2, 1-9.
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Scheme 8. Proposed Mechanism for the Oxidation of dG by Peroxyl Radicals
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which contrasts the photochemical behavior of the group A the necessary long lifetiméésince no effective unimolecular
ketones. deactivation channels are available as for the triplet ketones.

The triplet states of AP-OH and APYBu possess lifetimes ~ Also, the formation of 8-oxodG in the concentration-dependent
of 1 and 0.5«s and are, thus, by approximately a factor of 10 photooxidation of dG by AP-OH follows a similar behavior,
shorter-lived than those of the group A ketones. The shorter and thus, 8-oxodG as well is attributed to arise from the direct
lifetimes are attributed to the efficient cleavage of the triplet ~ OXidation by the long-lived peroxyl radicals.
ketone. The dG quenching constant for triplet-excited AP-OH, ~ AP-OBu oxidizes 8-0xodG more efficiently than AP-OH.
assessed by time-resolved laser-flash spectroscopy (Table 2)While for AP-OBu all of the 8-0x0dG is consumed within-3
does not differ significantly from those of the group A ketones; Mmin, with AP-OH still approximately 80% is left. In the presence
AP-OBu exhibits a slightly greater reactivity toward dG and ©of dG, the concentration of 8-oxodG even increases, which
8-0x0dG. Since thet cleavage is a unimolecular process and Mmeans that its formation is more efficient than its consumption.
the reaction of the triplet ketone with dG or 8-oxodG is Inthe presence of dG, the oxidation efficiency of 8-oxodG by
bimolecular, the latter will be of minor importance at low AP-OBu is diminished, but approximately 70% of the 8-oxodG
substrate concentrations; however, at higher dG or 8-oxodGis consumed after 5 min. Thus, as in the case of the group A
concentrations, oxidation of these substrates may compete withketones, for AP-@u the 8-oxodG is also consumed more
a scission. By lowering the dG and 8-oxodG concentrations, rapidly than it is formed.
instead of a decrease in the substrate conversion even a slight For AP-OH as well as for AP-Bu, no oxidation of dG
increase was observed (Figures 2 and 4); also this photooxidativeoccurs in the absence of oxygen, because the carbon-centered
activity contrasts the behavior of the group A ketones. This radicals formed upon cleavage of the excited ketones cannot
suggests that a long-lived species with a lifetime much longer generate peroxyl radicals. However, carbon-centered radicals
than for the triplet ketones is responsible for the observed dG (€.9., hydroxymethyl radicals) are knoffirio add to the C-8
and 8-oxodG photooxidation. Analogous to the group A ketones, Position of dG, and such C-8 radical adducts may be oxidized
the participation of singlet oxygen was excluded because of theto modified dG products. In the absence of an oxidant, the
lack of D,O effect on the dG conversion. Consequently, we addition is reversible, and no dG modification is observed.
propose peroxyl radicals as the active species, which are formed The mechanism of the oxygen-dependent photooxidation of
by O, trapping of the carbon-centered radicals derived from dG and 8-oxodG is displayed in Scheme 8, for which peroxyl
the o cleavage of the triplet ketones. Peroxyl radicals possessradicals are held responsible as the efficacious oxidant. The

47) Salomon, J.; Elad, Dl. Org. Chem1973 38, 3420-3421.

(45) Maeda, M.; Nushi, K.; Kawazoe, Yetrahedron1974 30, 2677-2682. (48) Netto, L. E. S.; RamaKrishna, N. V. S.; Kolar, C.; Cavalier, E. L.; Rogan,
(46) Hix, S.; da Silva Morais, M.; Augusto, Gree Radical Biol. Med1995 E. G.; Lawson, T. A.; Augusto, OJ. Biol. Chem.1992 267, 21524
19, 293-301. 21527.

3902 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002



Photomechanistic Study of dG and 8-oxodG Oxidation ARTICLES

Scheme 9. Proposed Mechanism for the Oxidation of 8-oxodG by Peroxyl Radicals
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preference of radical species to add at the C-8 position of thethat of guanosine¥ The 8-oxodG' radical cation may be
guanine moiety is a quite general phenomenon for carbon- transformed to spiroiminodihydantoin and GRP, as already
centeref*” as well as hydroxyl radicaf$. Thus, the key step  described for the group A ketones (see Scheme 7). Finally, the
in the proposed mechanism is the oxidation of dG by the dG peroxyl-radical adduct may react with molecular oxygen,
addition of peroxyl radicals at the C-8 site of dG. The peroxyl- followed by the elimination of hydroperoxide, from which the
radical adduct has a number of options to transform chemically, oxazolone is produced by reported stép$.

of which we shall focus on the two that appear to us to be the

more likely ones: In the first option, the radical adduct Conclusions

eliminates the peroxyl anion and thereby produces the radical
cation dG* (Scheme 8, path a), which may undergo the same
reactions as already discussed for the group A ketones (se
Scheme 7). The latter may form 8-oxodG by water attack at
the C-8 position and subsequent oxidat#rin the second
option, the radical adduct is oxidized (e.g., by molecular oxygen)
to form the dG peroxide product (path b). The latter may be
hydrolyzed to 8-oxodG by the attack of water at the C-8 position
with the elimination of ROOH. In competition, base-catalyzed
elimination of ROH leads to the reactive diimiffayhich upon
hydrolysis affords 5-HO-8-oxod@,the precursor to the spiroim-
inodihydantoin and GRP (see Scheme 7).

The mechanism for the oxidation of 8-oxodG by peroxyl
radicals is quite similar, as shown in Scheme 9. Analogous to
dG, for which after the C-8 position the next most reactive
position toward oxyl radicals is the C-4 posititif?5lwe expect
an attack of the peroxyl radical at the C-4 position of 8-oxodG
as the key step in the 8-oxodG oxidation (Scheme 9). This
peroxyl-radical adduct of 8-oxodG may eliminate the peroxyl
anion to form the radical cation 8-oxotiG(path a). Alterna-
tively, the latter may be formed directly by electron transfer
with ROOs (path b), because 8-o0xodG possesses a significantly
lower oxidation potential than dG (assumed to be similar to

The present results on the photooxidation of dG and 8-oxodG
have allowed for the first time the recognition that triplet-excited
Setones must be divided into two groups according to their
photooxidative activity: Group A ketones (AP, AP-OAc, and
BP) do not generate radical species on photoexcitation; thus,
such triplets photooxidize the substrate directly, presumably
by electron transfer to afford the radical cations*td@nd
8-0x0dG™. These radical cations are subsequently transformed
to their final oxidation products by conventional st@pg’ The
group B (AP-OH and AP-@Bu) ketones additionally undergo
competitivea. cleavage; thus, these triplet-excited ketones lead
to carbon-centered radicals, which upon trapping of molecular
oxygen yield peroxyl radicals as effective oxidants of dG and
8-oxodG. The acetoxy derivative AP-OAc is an unusual case
in regard to its behavior: Its triplet-excited state is reluctant to
undergo oo cleavage, and thus, electron-transfer chemistry
prevails, but the resulting radical anion readily eliminates the
acetate ion and generates the benzoylmethyl radical. Conse-
quently, this ketone possesses the dual character to act as
electron-transferer and presumably as radical oxidant.

The principle difference in the photooxidative reactivity of
these two types of ketones is that for the group A ketones to be
active, the dG or 8-oxodG concentrations must be high enough,
(49) Goyal, R. N.; Dryhurst, GJ. Electroanal. Chem1982, 135, 75-91. since the decisive step entails a bimolecular interaction between
(50) Cadet, J.; Delatour, T.; Douki, T.; Gasparutto, D.; Pouget, J.-P.; Ravanat, the triplet ketones and the substrate. In contrast, the group B

J.-L.; Sauvaigo, SMutat. Res1999 424, 9—21. . X
(51) Zady, M. F.; Wong, J. LJ. Org. Chem198Q 45, 2373-2377. ketone tl’lplets operate also at low substrate concentrations
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because they possess the unimolecolateavage pathway to  reactivity of the group B ketones dominates over the direct
produce long-lived radicals for the oxidation of the substrate. photooxidation by their triplet states.

However, for the group B ketones to photooxidize dG and

8-0x0dG, molecular oxygen must be available to generate the Acknowledgment. Generous financial support by the Deut-
required oxidatively effective peroxyl radicals by trapping of Sche Forschungsgemeinschaft (SFB 172 “Molekulare Mecha-
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concentrations, in addition to the formation of radical species,
the direct interaction of the triplet-excited ketones with the
substrate also takes place for the group B ketones, as displaye(i
by the group A ketones. Since we see a distinct difference in
the product distribution for the photooxidation of dG and
8-oxodG between the group A and group B ketones (Figure 6),
we surmise that at the employed reaction conditions, the radical JA017600Y
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