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2'-Deoxyguanosine Spiroiminodihydantoin

Photolysis of hydroxyacetophenone and thermolysis of the corresponding dioxetane afford spiroiminodihydantoin rather than 4,8-dihydro-4-
hydroxy-8-oxo-2'-deoxyguanosine (4-HO-8-oxodG) through the oxidation of 2'-deoxyguanosine (dG) by triplet-excited hydroxyacetophenone
and the peroxyl radicals derived thereof by a cleavage and subsequent oxygen trapping. The structure of the spiroiminodihydantoin is assigned
by the SELINQUATE NMR technique, which unequivocally establishes the spirocyclic connectivity.

The major photooxygenation product df@&oxyguanosine  that this compound is identical (HPLC analysis) to spiro-
(dG) has previously been assigned the 4-HO-8-oxodG iminodihydantoin, formed in the one-electron oxidation of
structure! which for almost the last two decades has served 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) and char-
as a characteristic probe for singlet oxygen (type Il photo- acterized on the basis of mass spectral analysis (MS/MS
oxidation¥ in photobiological studie¥.Recently, the 4-HO-  spectrum similar to that of the independently synthesized
8-0x0dG structure has been questiofsihce it was shown  spiro compound but without the deoxyribose residue) and
NMR spectroscopy? These spectral data would allow a

lgn!verSi:y o; \éVUrzlburg- definitive differentiation between the spiroiminodihydantoin
(1) (@) Cadet, J.. Decarroz, C.. Wang, S. Y.: Midden, WIsR J. Chem.  and 4-HO-8-0x0dG structures if both were available as

1983,23, 420—429. (b) Cadet, J.; Berger, M.; Decarroz, C.; Wagner, J. R.; authentic materials. Since this is not the case, an unequivocal

van Lier, J. E.; Ginot, Y. M.; Vigny, PBiochimie1986,68, 813—834. (c) ; ; ; i
Ravanat, J.-L - Berger, M.: Benard, F.: Langlois, R.. Ouellet, R.. van Lier, assignment requires the establishment of the connectivity of

J. E.; Cadet, JPhotochem. Photobioll992,55, 809—814. (d) Ravanat,

J.-L.; Cadet, JChem. Res. Toxicol995,8, 379—388. (4) (a) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows, C.Qrg. Lett.
(2) Foote, C. SPhotochem. Photobioll991,54, 659—659. 2000, 2, 613—616. (b) Luo, W.; Muller, J. G.; Burrows, C. Org. Lett.
(3) Niles, J. C.; Wishnok, J. S.; Tannenbaum, SCRy. Lett.2001,3, 2001,3, 2801—2804. (c) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows,

963—966. C. J.Chem. Res. ToxicoR001,14, 927—938.
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the marked carbon atoms in the 4-HO-8-oxodG and spiro- fragments into carbon-centered radicals. For comparison, the
iminodihydantoin structures given below. photolysis of acetophenone (AP) was examined, a ketone
substrate that is known to be photoresistant towerd
00 cleavage into radical®.We conclude that the direct photo-
I N oxidation of the guanine in dG takes place by AP-OH triplets
H)\ >:o ) //NH (presumably electron transfer) as well as radicals generated
HN SN N NG / \\o thereof; the latter dominate at low dG concentrations in the
Har dR presence of molecular oxygen.
The SELINQUATE NMR technique distinguished un-
o o equivocally between the 4-HO-8-oxodG and spiroimino-
~ This disputed oxidation product has also been observedihydantoin, since the two structures possess different
in the photooxidation of the nucleosides dG and 8-0x0dG ¢4rhon-earbon connectivities. The necessary amount of this
by triplet-excited ketones and the radicals derived therefrom, oyiqation product for NMR analysis was obtained by
generated either by the thermolysis of appropriate dioxetanesphotooxygenation of dG with rose bendalThe 13C NMR
or by the photolysis of ketonésThe fact that this potentially spectrum showed five pairs of peaks (two diastereomers),
photobiologically significant oxidation prodictis also \yhich are attributed to the base part of the molecule, one at
formed under the conditions of type | photooxidation s -5 go ppm and the other four betweérl55 and 182

(electron transfer, hydrogen abstraction) and oxyl-radical- n,m (see Figure 1). The structurally definitive resonance at
mediated dG oxidatidrurges a rigorous confirmation of the

spiroiminodihydantoin structure.

For an unequivocal structural elucidation of the disputed
dG oxidation product, we have chosen the SELINQUATE
NMR technique gelectivelNADEQUATE: selectiveincred- ®
ible natural abundance douldgiantumtransferexperiment).

This technique permits the definitive assignment of the atom MWMMWMMWW
connectivities through characteristic coupling patterns of
nearest neighbors in the spirocyclic and annelated structures. _

As a type | photooxidant of dG, we chose triplet-excited =
2-hydroxyacetophenone (AP-OH). The AP-OH triplets were

J YoV
to be generated photochemically by direct excitation of the
ketone and thermally by the decomposition of the hitherto
unknown dioxetanel (for its preparation, see Supporting [} ,

Information). The advantage of AP-OH triplets is that the e
involvement of singlet oxygen should be minimal and, thus, {ppm]
type 1l photooxidation of no concern. Moreover, it is known

Lh?jtr Q(PﬁeThtﬁ'?;?; ;I:;e\il/\r/]?cﬁ );i:lizvel?/n m\t\(/)itrl? %n;f?glr dand spiroiminodihydantoin 2'-deoxyribonucleosides in DMSpeth-
y ymetny AR pping . . tained upon selective coherence transfer carried out by a selec-
peroxyl radicals for the oxidation of dG. Photomechanisti- tive 270° Gauss pulse (1 ms pulse length) at 80 ppm in the

cally relevant, the benzoyl chromophore in the AP-OH SELINQUATE? pulse sequence; only the region between 150 and
triplets, in contrast to the acetyl chromophore in previously 185 ppm of the base signals is shown. Botto#€ NMR spectrum
used acetone derivativesenables transient spectroscopy. [ comparison.

This advantage should allow assessment of the relative
importance of the direct photooxidation of the nucleoside
dG by the triplet-excited AP-OH (electron transfer, hydrogen
abstraction) versus oxidative damage by the radicals gener
ated througho cleavage of the AP-OH triplets.

Our present results disclose the efficacious photooxidation
of dG to spiroiminodihydantoin in the thermolysis of
dioxetanel and in the photolysis of AP-OH; both modes of
operation generate triplet-excited AP-OH and the latter

4-HO-8-0x0dG Spiroiminodihydantoin

180.91
17223
17176
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Figure 1. Top: 151 MHz ¥C-SELINQUATE spectrum of

6 80 ppm belongs either to the C-4 atom of 4-HO-8-ox&HG
or to the C-5 atom of spiroiminodihydantdifmarked as
sguares; see above structures). Seleé¢f@e 13C coherence
transfer of this resonance resulted in distinct coupling patterns
in the SELINQUATE spectra of the two structures: while
the C-4 atom in 4-HO-8-oxodG possesses only one direct
carbon neighbor (the imino functionality), the C-5 atom in
spiroiminodihydantoin is flanked by two carbon atoms (the

(5) (8) Adam, W.; Saha-Méller, C. R.; Schénberger,JAAm. Chem. carbonyl groups, marked with triangles). The SELINQUATE
fﬁ-elr%g 'lngj Zln?—gﬁgm(b)ségggﬁé \ivzo Aggéllegr,—§.5;5,\91al(1(_",)v,\idgﬁ’;l S\zh_a- spectrum (Figure 1) clearly shows two pairs of signalé at
Arnold, M. A Saha-Mdller. . RJ. Org. Chem2001,66, 597—604. 1694 (52 Hz) and 169.5 ppm (52 Hz), as well a8 480.9

(6) Leipold, M. D.; Muller, J. G.; Burrows, C. J.; David, S. S. (42 Hz) and 181.5 ppm (42 Hz); the observed coupling

Bi%‘;‘;%gﬁ%ﬁ’/@kﬁ?ﬁ 1;‘98846\;;‘_",\3%& G Fehem. Res. Toxica000 constants (42 and 52 Hz) reveal that these carbon atoms

13, 1199—-1207.

(8) Berger, SAngew. Chem., Int. Ed. Engl988,27, 1196—1197. (10) Xu, Y.; Langford, C. HJ. Adv. Oxid. Technoll997,2, 408—414.
(9) (@) Palm, W. U.; Dreeskamp, K. Photochem. Photobiol., 2990, (11) Ravanat, J.-L.; Douki, T.; Incardona, M. F.; Cadet,JJ.Liq.
52, 439—450. (b) Grimme, Shem. Phys1992,163, 313—330. Chromatogr.1993,16, 3185—3202.
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possessJ(C—C) couplings. Thus, this NMR spectral evi- andty,. The results (Table 1) show that below 85, the
dence speaks against the 4-HO-8-oxodG and supports theamount of emitted light decreases, which indicates that dark
spiroiminodihydantoin structure. With the structure of the decomposition of the dioxetane dominates at low tempera-
2'-deoxyguanosine photooxidation product established astures. To minimize such dark decomposition of the dioxetane
spiroiminodihydantoin, it was pertinent to confirm whether 1, decomposition temperature$5 °C were employed.

this photooxidation product is formed with triplet AP-OH, The thermolysis of dioxetank, as well as the photolysis
generated by photolysis of the ketone and thermolysis of the of AP-OH, afforded the spiroiminodihydantoin as the major
dioxetanel. For this purpose, the synthesis of the dioxetane photooxidation product (Figure 2). Besides spiroiminodi-

1 was achieved from the known 2-methyl-3-phenylbut-3-
ene-2-yl hydroperoxid& which was obtained as a mixture
with the 2-methyl-3-phenylbut-1-ene-3-yl regioisomer by the
ene reaction of 1,2-dimethyl-1-propylbenzene with singlet
oxygen (Scheme 1). The corresponding epoxides were

Scheme 1. Synthesis of Dioxetan#&
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Figure 2. Oxidation of dG (0.200 mM) in the thermolysis of
dioxetanel (5 equiv, 80°C, 3 h) and the photolysis of AP-OH (2
equiv, 0°C, 45 min) in 2.00 mM phosphate buffer:@EN (9:1).

peracetic acid, of which the 1-methyl-1-(2-phenyloxiranyl)-
ethyl hydroperoxide was isolated and purified by silica gel

chromatography. Subsequent base-catalyzed ring closure witthydantoin, also 8-oxodG and guanidine-releasing products

dilute NaOH in methylene chloride gave the dioxetaria
17% yield, which was fully characterized (see Supporting
Information).

The rate of the dioxetane (1.00 mM) thermolysis was
determined by monitoring the decay of the chemilumines-
cence intensity at various temperatures in 9:0HCH;CN
(Table 1). The half-livest{,;) were determined by fitting

Table 1. Half-Lives and Chemiluminescence Emission
Intensities of the Thermal Decomposition of Dioxetdne

temp (°C)2 Imax (MV) t12 (D) Imax-ti2 (MV h)
37 4.6 +0.2 42 +£10 190
65 310+ 10 41+0.3 500
80 630 + 30 0.82 +0.04 510
80b 550 + 30 0.86 4+ 0.09 480

a1.00 mM in HLO:CHsCN (9:1).° In the presence of 0.50 mM dG and
5.00 mM phosphate buffer (pH 7.0).

the data to a monoexponential function (first-order kinetics).
The maximum light intensitynax that is reached within a
few minutes of thermal decomposition was determined
by monitoring the chemiluminescence emission with the
Mitchell—Hastings photometer. From these values, the tota
light emission, which is proportional to the area under the
chemiluminescence curve, was calculated by multiplying

(12) Richardson, W. H.; Stiggal-Estberg, D. L.; Chen, Z.; Baker, J. C.;
Burns, D. M.; Sherman, D. Gl. Org. Chem1987,52, 3143—3150.
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(GRP), e.g., oxazolortéwere formed in comparable amounts
for both cases. Thus, irrespective of the mode of triplet AP-
OH generation, a similar photooxidative reactivity was
observed in both the dioxetane thermolysis and ketone
photolysis. However, note in Figure 2 that in the photolysis
of AP-OH, the relative yields of 8-oxodG and GRP are
significantly smaller (ca. 63% for the dioxetane thermolysis
versus ca. 34% for the AP-OH photolysis) compared to the
conversion of dG. Evidently, due to the higher oxidative
reactivity (dG conversion) in the AP-OH photolysis, these
photoproducts (8-oxod® and GRP) are subject to further
oxidation. The similar product distributions in both cases
imply common oxidizing species, presumably radicals formed
by o cleavage of the triplet-excited state of AP-OH. The
participation of singlet oxygen in this photooxidation is
unlikely in view of the absence of a D effect in the
photolysis of AP-OH (data not shown).

To assess the relative importance of the direct interaction
of dG with the triplet-excited AP-OH in the dG photo-
oxidation, half of the dG concentration was employed. No
decrease of the photooxidative reactivity (dG conversion)
at the lower dG concentration was observed for the ketone
photolysis, as well as for the dioxetane thermolysis (data
not shown). Since the direct oxidation of dG by triplet-excited
AP-OH, a bimolecular process, should diminish due to its

(13) Raoul, S.; Berger, M.; Buchko, G. W.; Joshi, P. C.; Morin, B.;
Weinfeld, M.; Cadet, JJ. Chem. Soc., Perkin Trans.1®96, 371—381.

(14) (a) Steenken, S.; Jovanovic, S. V.; Bietti, M.; BernhardJ KAm.
Chem. Soc2000,122, 2373—2374. (b) Adam, W.; Saha-Mdller, C. R,;
Schénberger, AJ. Am. Chem. S0d.996,118, 9233—9238.
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more efficient deactivation at lower dG concentrations, less ||| NNGGIGNGNGNGEGEEE

dG conversion is expected. Such behavior was found fo.r AP 1oble 2. EPR Data of the DMPO Adducts Obtained in the
but not for AP-OH. Consequently, at the dG concentrations ppotolysis of AP-OH and the Thermolysisf Dioxetanel

employed, the radical species formed from the AP-OH
triplets by a cleavage must play the dominant role in the

substrate (T) DMPO ay [G] oy [G] g factor

o adduct of
photooxidation process.

The kinetics of triplet-excited AP and AP-OH quenching (20 °C) «COPh° 15.3 17.9 2.0056
by dG was determined through transient absorption spec- L o (15.3)  (187)  (2.0055)
troscopy. The triplet ketones were generated by excitation @ «CH,0H¢ 16.0 226 20055
of degassed solutions at 308 nm and detected at 340 nm.  spon (157 (22.7)  (2.0056)
The generation of AP-OH triplets by means of dioxetane (80 °C)
thermolysis for spectral monitoring is not feasible. Mono- o0 CH,OH? 15.9 927 20057
exponential fits of the decay curves gave the triplet lifetimes D ZO \ (15.7) 22.7) (2.0056)
(in the absence of dG) of 646 1 us for AP and 1.1+ 0.2 1

us for AP-OH. The fact that the triplet lifetime of AP-OH is #2.00 mM in & 9:1 HO:CHCN mixture at 300 nm for 30 min and 20
i ] " .. °C in a Rayonet photoreactor [sixteen 300-nm lamps (24 W)], [DMPO]
six times shorter than that of AP is attributed to the efficient 50 g mm.b100 mM in a 9:1 HO:CHCN mixture, 15 min, 80C, [DMPO]
Norrish-type | cleavage of AP-OH; the rate constantdor = 50.0 mM.¢In parentheses are given thebddata for an analogous acyl-
; ; —1 radical adduct in bO:CH;CN (9:1); see ref 5b¢ In parentheses are given
cleavage is estimated to b_e 57) x 10° s*. For the_ the literature data. see ref 5b.
determination of the quenching rate constants of the triplet

ketones by dG, the time dependence of the absorption decay

curve obtained by time-resolved laser-flash spectroscopy Wasphotolysis, a pair of benzoyl and hydroxymethyl radicals is
monitored at various dG concentrations. For both triplet- formed from the triplet-excited AP-OH by scissior?

of 3.3 (£0.2)x 10° M~*s™* were obtained. Thus, atthe dG  gioxetane thermolysis and ketone photolysis (type | oxida-
concentrations needed for the analysis of its photooxidation tion) is not 4-HO-8-oxodG but spiroiminodihydantoin,
products (0.200 mM), direct photodeactivation of the AP-  ynequivocally characterized by means of the SELINQUATE
OH triplet by dG competes with. cleavage. NMR technique. Evidently, the spiroiminodihydantoin is the
To confirm the formation of radicals through the ubiquitous oxidation product of dG by metal-based one-
cleavage of AP-OH triplets, spin-trapping experiments for electron oxidants, triplet ketones, singlet oxygen, and oxyl
dioxetanel with DMPO have been conducted. When the radicals. The advantage of the dioxetarfer photobiological
dioxetane/DMPO solution was heated at“&for 15 min, studies is that oxidizing triplet ketones and radical species
one radical product was observed, which was assigned tomay be generated thermally without the direct exposure of
the hydroxymethyl radic& adduct of DMPO. No benzoyl-  biological materials to light.
radical product with DMPO was detected (Table 2), which
is presumably due to the thermal instability of the benzoyl Acknowledgment. Generous financial support by the
DMPO radical adduct at 80C. Indeed, in a control Deutsche Forschungsgemeinschaft (SFB 172 “Molekulare
experiment, the authentic radical adduct decomposed extenMechanismen kanzerogener Primérverdnderungen”) and by
sively already at 20C within 1 h. For the photolysis of  the Fonds der Chemischen Industrie is gratefully appreciated.

AP-OH, a hydroxymethyl as well as a benzoyl radical adduct _ _ ) )
was observed (Table 2). Supporting Information Available: Complete experi-

mental procedures (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

In the photolysis of AP, which does not undergo
cleavagé? no radical adducts were detected. These results
confirm that during the dioxetane thermolysis and the ketone 0OL017138M
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