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ABSTRACT

The photooxidative damage of DNA, specifically
guanine oxidation and strand-break formation, by
sidechain-oxyfunctionalized acetophenones (hydroxy,
methoxy, tert-butoxy and acetoxy derivatives), has
been examined. The involvement of triplet-excited
ketones and their reactivity towards DNA has been
determined by time-resolved laser-flash spectro-
scopy. The generation of carbon-centered radical
species upon Norrish-type I cleavage has been
assessed by spin-trapping experiments with
5,5-dimethyl-1-pyrroline N-oxide, coupled with electron
paramagnetic resonance spectroscopy. The observed
DNA-base oxidation and strand-break formation is
discussed in terms of the peroxyl radicals derived
from the triplet-excited ketones by α cleavage and
molecular oxygen trapping, as well as direct inter-
action of the excited states by electron transfer and
hydrogen-atom abstraction. It is concluded that
acetophenone derivatives, which produce radicals
upon photolysis, in particular the hydroxy (AP-OH)
and tert-butoxy (AP-OtBu) derivatives, are more
effective in oxidizing DNA.

INTRODUCTION

The importance of oxidative DNA damage in mutagenesis,
carcinogenesis and aging has motivated the current intensive
activity on the elucidation of the interaction of DNA with reac-
tive oxygen species (ROS) like hydroxyl, alkoxyl and peroxyl
radicals and singlet oxygen, which are involved in oxidative
stress (1–4). All these species are formed in cellular systems on
exposure to the UV radiation of sunlight and during the
oxygen-based metabolism. In the latter case, lipid peroxidation

is an effective source of peroxyl radicals; alternatively, these
oxidants are formed by O2 trapping of carbon-centered radicals
produced in cellular H-abstraction processes (5).

As for the oxidizing power of the peroxyl radicals, they are
of lower reactivity than alkoxyl and hydroxyl radicals and,
thus, more selective oxidants (6). In the case of the DNA
damage by peroxyl radicals, several methods have been
employed for these reactive oxygen species. For example, the
enzymatic oxidation of hydroperoxides by peroxidases consti-
tutes an effective method of oxidizing the guanine in DNA by
peroxyl radicals (7,8). A commonly used peroxyl-radical
source is the thermal decomposition of azoalkanes in
the presence of molecular oxygen. For such studies,
2,2′-azobis(2-methylpropanimidamide)hydrochloride (AAPH)
has been employed (9–14), but recently it has been questioned
whether AAPH serves as a reliable source of peroxyl radical
(15–17).

A third method of generating peroxyl radicals concerns the
photolysis of ketones capable of undergoing α cleavage
(Norrish-type I photoreaction), in which the released carbon-
centered radicals are trapped by molecular oxygen. However, a
potential problem of this photochemical method of peroxyl-
radical generation in regard to the oxidation of DNA is the
difficulty of distinguishing between alternative oxidative
mechanisms by the intermediary excited ketone (Scheme 1).
Besides α cleavage (path a), the excited state may interact with
DNA directly by H abstraction (path b) or by electron transfer
(path c) (18–21), as evidenced by the oxidation of guanine
(22–25), the most vulnerable base towards oxidative damage (26).

Despite the shortcomings of the photochemical method, the
incentive for the present study was the utilization of ketones
prone to undergo α cleavage on photolysis for the generation
of peroxyl radicals through trapping by molecular oxygen. The
efficacy of DNA damage by the peroxyl radicals generated by
this photochemical route was to be assessed in terms of
guanine oxidation and strand-break formation. Previous work
for this purpose has employed mainly substituted acetone
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derivatives (24,27–31). Several disadvantages of such acetone
derivatives for photocleavage are evident. The low extinction
coefficient of the acetone chromophore obliges the use of high
ketone concentrations in the DNA oxidation experiments.
Thus, quenching of the excited ketone species by the ground
state ketone (32–34) should compete more effectively with the
desired α cleavage of the ketone (Scheme 1, path a) to afford
the required carbon-centered radicals for the generation of
peroxyl radicals by trapping with molecular oxygen. Further,
the excited states of acetone derivatives possess unfavorable
electronic absorption characteristics, which encumber the
direct determination of the α-cleavage kinetics by time-
resolved laser-flash spectroscopy (30).

In view of these photophysical disadvantages of acetone
derivatives, for this study we chose the benzoyl chromophore
as shown in the hydroxy (AP-OH), methoxy (AP-OMe)
tert-butoxy (AP-OtBu) and acetoxy (AP-OAc) derivatives of
acetophenone (AP). Except for AP itself, which does not α-cleave
(35), the other derivatives are expected to generate the required
carbon-centered radicals through α cleavage to afford the
desired peroxyl radicals by 3O2 trapping. For comparison, to
assess the non-radical DNA oxidation directly by the triplet-
excited ketones, it was necessary to examine the photolytically
non-cleavable AP and benzophenone (BP) as typical type I
sensitizers (27). The advantage of the acetophenone deriva-
tives is their higher extinction coefficient, which permits short
irradiation times and low ketone concentrations to minimize
undesirable side reactions. Moreover, such phenyl-substituted
ketone triplets possess appropriate absorption characteristics
(high ε, near UV) to assess directly the kinetics of interaction
with DNA by means of time-resolved laser-flash spectroscopy.
As photobiological monitors of the DNA oxidative damage by
peroxyl radicals, guanine oxidation in terms of the 8-oxo-7,8-
dihydroguanine (8-oxoGua) and the guanidine-releasing prod-
ucts (GRP; in particular oxazolone, guanidinohydantoin and
oxaluric acid) and strand-break formation were to be employed.
To confirm that radicals are responsible for the DNA damage,
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was to be employed
as radical scavenger. Detection of the expected carbon-
centered radicals in the α cleavage of the triplet ketone was,
thus, to be achieved through spin trapping by DMPO, coupled
with EPR spectroscopy.

MATERIALS AND METHODS

Synthesis of 2-tert-butoxyacetophenone

To a solution of 1.00 g (7.34 mmol) 2-hydroxyacetophenone
and 1.01 g (7.34 mmol) tert-butyl bromide in 10 ml dry ethyl
ether, 850 mg (3.67 mmol) silver oxide was added and stirred
for 4 days at 20°C. The solids were removed by filtration and

the organic phase washed with 10 ml distilled water, dried over
magnesium sulfate and the solvent evaporated (40°C,
10 mbar). The crude product was purified by flash-column
chromatography [silica gel, with 2:1 petroleum ether (30–50) :
ethyl ether as eluent] to afford 643 mg (46%) of a colorless oil.
1H-NMR (CDCl3, 250 MHz) δ 1.21 (s, 9 H), 4.59 (s, 2 H), 7.3–7.5
(m, 3 H), 7.9 (m, 2 H); 13C-NMR (CDCl3, 63 MHz) δ 27.8,
66.6 (CH2), 74.9, 128.5, 128.6, 133.6, 135.7, 197.5.

Synthesis of 2-acetoxyacetophenone

To a solution of 1.27 g (1.16 ml, 16.2 mmol) acetyl chloride in
10 ml dichloromethane at 0°C, 1.28 g (1.31 ml, 16.2 mmol)
pyridine and 2.00 g (14.7 mmol) AP-OH were added and the
mixture was stirred for 10 min. The solution was washed once
with 10 ml saturated sodium bicarbonate solution and twice
with 10 ml of distilled water, dried over magnesium sulfate and
the solvent evaporated (40°C, 20 mbar). The crude product
was purified by flash-column chromatography [silica gel, with
petroleum ether (30–50) : ethyl ether (gradient 10:1 to 5:1) as
the eluent] to afford 2.22 g (12.4 mmol, 77%) colorless needles.
1H-NMR (CDCl3, 250 MHz) δ 2.21 (s, 3 H), 5.32 (s, 2 H), 7.4–7.7
(m, 3 H), 7.9 (m, 2 H); 13C-NMR (CDCl3, 63 MHz) δ 21.0,
66.4 (CH2), 128.2, 129.3, 134.3, 134.6, 170.8, 192.6.

Other materials

8-oxoGua and hydrofluoric acid (HF)/pyridine (70% HF), the
sodium salt of 1,2-naphthoquinone-4-sulfonic acid (NQS),
tris(hydroxylmethyl)aminomethane (trisbase), AP-OH, AP-OMe
and bromophenol blue ‘gel loading solution’ were acquired
from Sigma-Aldrich (Deisenhofen, Germany). Guanine, guani-
dine hydrochloride, sodium acetate solution (3 M in water), AP,
BP, ammonium formate (97%), DMPO and tert-butyl bromide
were obtained from Fluka (Buchs, Switzerland). The calf
thymus DNA, ethidium bromide, boric acid and disodium
hydrogen phosphate were purchased from Merck (Darmstadt,
Germany). Methanol and acetonitrile (HPLC grade) were
acquired from Fisher Scientific (Loughborough, UK). Citric
acid (analytical grade) was purchased from Riedel de Haën
(Seelze, Germany), pyridine from Grüssing (Filcum,
Germany) and peracetic acid (40% in acetic acid) from Kesla
Pharma (Wolfen, Germany). pBR 322 DNA was obtained
from Amersham Pharmacia Biotech (Piscataway, NJ). All
aqueous solutions were prepared with purified water (Milli-Q;
Millipore, Bedford, MA). Agarose was supplied by Serva Fein-
biochemica (Heidelberg, Germany).

Instrumentation

Apparatus. 1H-NMR spectra were measured on a Bruker AC
250 (250 MHz) and 13C-NMR spectra on a Bruker AC 250
(63 MHz), both with chloroform-d as the internal standard.
Column chromatography was conducted on silica gel (32–64 µm)
from Woelm (Erlangen, Germany) as stationary phase with a
100:1 adsorbent/substrate ratio.

The electron paramagnetic resonance (EPR) experiments
were carried out at room temperature (∼20°C) on a Bruker EPR
300 spectrometer, operated at 9.76 GHz with 100 kHz modula-
tion frequency by using a flat quartz cell (10 × 1 mm). The EPR
spectrometer settings were 20 mW microwave power, 0.52 G
modulation amplitude, 1.28 ms time constant, 100 G/41.9 s
scan rate and 2 × 104 gain.

Scheme 1. Photochemical pathways of triplet-excited ketones.
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The irradiation of the ketones was carried out in glass vessels
by employing a Rayonet photoreactor (RPR-100, Southern
New England Ultraviolet Company, Branfort, USA), equipped
with sixteen 300-nm lamps (RPR 3000, 24 W each). All
samples were degassed before irradiation (three ‘freeze–
pump–thaw’ cycles). Time-resolved laser-flash experiments
were performed in a 4 × 1 × 1 cm glass cell by irradiation with
a 308-nm Lambda Physik EMG 101 MSC XeCl Laser (36).

Detection of DNA base oxidation

Oxidation of calf thymus DNA (CT DNA). The reaction mixture
(400 µl) contained 0.100 g/l CT DNA (corresponds to 62.5 µM
guanine) and (if no other value is stated) 1.00 mM ketone, in a
9:1 mixture of phosphate buffer (5.00 mM, pH 7.0) and
acetonitrile. After photolysis under air at 300 nm and 0°C for
45 min, a 100- and a 200-µl aliquot were used for the analysis
of 8-oxoGua and GRP. The unreacted ketone was extracted with
ethyl acetate (2 × 200 and 2 × 400 µl) and the DNA was precipi-
tated in the cold (–50°C) upon addition of sodium acetate
(300 mM final concentration, pH 5.0) and addition of 3 vol
ethanol (–50°C).

Acidic hydrolysis of DNA. The precipitated DNA was centri-
fuged for 3 min at 15 000 r.p.m., and after removal of the
ethanol solution the resulting pellet was dried under vacuum
(20°C, 0.01 torr). For the analysis of the GRP, the pellet was
dissolved in 100 µl water and the solution was stored at
ambient temperature for at least 24 h, followed by the proce-
dure for the analysis of GRP described subsequently. For the
8-oxoGua analysis, treatment of the pellet with 13.0 µl HF/
pyridine (70% HF) for 30 min at 37°C afforded a brown solution,
which was neutralized by addition of 15.0 mg calcium
carbonate, suspended in 200 µl water, and stirred vigorously
for 30 min. After centrifugation (15 min at 15 000 r.p.m.) and
washing of the residue with 200 µl water, the combined
aqueous solutions were lyophilized (20°C, 0.01 torr) and
dissolved in 100 µl water prior to the quantitative determina-
tion of 8-oxoGua by HPLC/EC analysis and guanine by high
performance liquid chromatography/UV analysis.

HPLC analysis

The HPLC analytical system consisted of Bischoff model 2200
analytical pumps (Bischoff GmbH, Leonberg, Germany)
equipped with a Rheodyne model 7125 loop injector (Rheo-
dyne, Berkeley, CA) and a SpectraFlow 600 photodiode array
detector (SunChrom, Friedrichsdorf, Germany). The latter was
connected in series with an ESA Coulochem model 5100A
electrochemical detector, supplied with a model 5011 high
sensitivity analytical cell. Alternatively, a Shimadzu model
RF-551 spectrofluorometric detector (Shimadzu, Kyoto,
Japan) was employed for the quantification of the GRP.

The separation of 8-oxoGua was achieved on a 250 × 4.6 mm
(inner diameter) Eurospher 100-C18 7-µm column (Knauer,
Berlin, Germany) by using a mixture of 50.0 mM sodium
citrate buffer (pH 5.0) and methanol (90:10, v/v; 1.00 ml/min)
as eluent. For the detection of 8-oxoGua, the oxidation poten-
tial of the electrode was set at Eox = + 350 mV (37). The DNA
bases were monitored at 254 nm by UV spectroscopy. The
GRP were detected by an indirect fluorescence labeling assay,
after release of the guanidine on alkaline treatment and its
condensation with NQS. A 200-µl sample of the crude reaction

mixture was washed twice with 400 µl ethyl acetate, freeze
dried (20°C, 0.01 torr), and redissolved in 100 µl water. After
addition of 38.0 µl aqueous NaOH (1.00 M) and 20.0 µl of an
aqueous solution of NQS (5.00 mg/ml), the mixture was kept at
65°C for 10 min in the dark. The resulting solution was acidi-
fied by addition of 42.0 µl HCl [1.00 normal (N)] and diluted with
400 µl water. The products were separated on a 250 × 4.6 mm
(i.d.) Eurospher 100-C18 5-µm column (Knauer GmbH,
Berlin, Germany) with a mixture of 25.0 mM ammonium
formate and methanol (75:25, v/v; 1.00 ml/min) as eluent and
detected spectrofluorometrically (λex = 355 nm, λem = 405 nm)
(38–40). The injection of the samples for the quantification of
GRP was performed by an autosampler (Spark Basic-Marathon-
Plus, Emmen, The Netherlands). All HPLC eluents were
filtered under suction through a 0.45 µM Sartorius cellulose
filter before use for the removal of small particles and degassing
purposes.

Induction and detection of single strand breaks (SSB) in
pBR 322 DNA (41)

Treatment. The samples were prepared in a final volume of
10.0 µl, placed in Eppendorf tubes and photolyzed at 300 nm
and 0°C for 20 min. The concentration of supercoiled pBR
322 DNA was 10.0 mg/l in a 9:1 mixture of phosphate buffer
(50.0 mM, pH 7.0) and acetonitrile. The concentration of the
ketone was 10.0 µM.

Agarose-gel electrophoresis. After photolysis, 2.50 µl of a
buffer solution (Sigma), which contained 0.05% (w/v)
bromophenol blue, 40% (w/v) sucrose, 0.5% (w/v) sodium
lauryl sulfate and 0.100 M EDTA, were added to the above
samples and a 10.0-µl aliquot of each was loaded onto a 1%
agarose gel, which contained 0.500 mg/l ethidium bromide.
The gel electrophoresis was carried out in Tris buffer (pH 8.0;
18.0 mM trisbase, 18.0 mM boric acid and 10.0 mM EDTA) by
running the gels on a Pharmacia horizontal apparatus
(GNA 100), with the power supply set at 78 V for 2 h at room
temperature (∼20°C). The DNA spots were detected by
ethidium bromide excitation (fluorescence) with a UV trans-
illuminator (366 nm) and recorded by photography with a
Herolab camera E.A.S.Y. 429K, which was connected to a
personal computer equipped with a Herolab E.A.S.Y. software
program. The ratio of open-circular (OC) DNA relative to the
total amount of DNA was determined from the light intensities
of the spots. The greater binding constant of ethidium bromide
with OC DNA rather than super-coiled (SC) DNA was
corrected by applying a factor of 1.22 (42). The extent of
strand-break formation was corrected for the blank value,
which was set to zero.

RESULTS

Laser-flash photolysis

The quenching rate data of the triplet-ketone transients by CT
DNA were determined through time-resolved absorption
spectroscopy (excitation at 308 nm with a Lambda Physik
EMG 101 MSC XeCl Excimer Laser). The triplet–triplet
absorption of AP and its derivatives AP-R (Fig. 1) was
detected at 340 nm. The BP triplet was measured at 600 nm
because of interfering overlap of its absorption maximum
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(525 nm) (43) with the absorption of its ketyl radical. The BP
ketyl radical was observed as a weak long-lived transient,
whose intensity increased with the DNA concentration. For the
determination of the quenching rate constants of the triplet
ketones by DNA, the time dependence of the absorption decay
curve at 340 nm was monitored at various DNA concentra-
tions. For each kinetic run, the rate was calculated from a
monoexponential fit of the decay curves. Second-order
kinetics was applied for the ketyl radicals formed during the
quenching process. The rate constants of the monoexponential
fits were plotted against the DNA concentration (kobs = k0 +
kq[DNA]) and the rate constant for the DNA quenching was
obtained from the slope of such a plot (Table 1). For AP and
AP-OAc, values of 0.89 × 109 and 0.77 × 109 M–1s–1 have
been determined; for AP-OH and BP quenching, constants of
∼0.4 × 109 M–1s–1 were obtained. The quenching rate constants
were calculated from the apparent guanine concentration in the
CT DNA.

DNA-base oxidation products

The guanine oxidation products 8-oxoGua and GRP were
determined quantitatively in the ketone-mediated photooxida-
tion of calf thymus DNA by standard HPLC methods (Fig. 2)

(44). The ketones AP, AP-OMe, AP-OAc and BP only led to
minor amounts (<2%) of 8-oxoGua, whereas the photolysis of
AP-OH and AP-OtBu afforded large quantities (23 and 17%,
respectively) of 8-oxoGua. Significant amounts (4%) of GRP
were only detected in the AP-OtBu photolysis.

Time profile and relative efficiency of the DNA
photooxidation by ketones

The time profiles were recorded for the DNA photooxidation
by the oxyfunctionalized ketones AP-OH and AP-OtBu (Fig. 3).
For this purpose, the ketone conversion (determined by HPLC)
and the formation of 8-oxoGua and of GRP were monitored
with time. The time profiles for the ketone conversion (Fig. 3,
top left) reveal that the AP-OtBu is photolyzed approximately
two times more rapidly than AP-OH and is consumed >80%
after 1 h of irradiation. This photochemical behavior parallels
that of the ketones in the absence of DNA (data not shown);
moreover, the time profiles for the formation of 8-oxoGua
(Fig. 3, top right) parallel the decomposition of the sensitizer,
however, the more photostable AP-OH induces more 8-oxoGua
than AP-OtBu. GRP (Fig. 3, bottom left) is not formed in the
beginning, the time profile shows sigmoidal behavior. While

Figure 1. Structures.

Table 1. Quenching rate constants for CT DNA of the triplet states formed
during the ketone photolysis

aThe concentration of guanine (0.100 mg/ml CT DNA = 62.5 µM Gua) has
been used to calculate the rate constants. The mean values and their standard
errors have been calculated from two experiments.
bOnly one run, error estimated ±20% due to short triplet lifetime.

Figure 2. DNA photooxidation ([Gua] = 62.5 µM, 300 nm, 20 min, 0°C)
during the ketone (200 µM) photolysis in 5.00 mM phosphate buffer (pH 7.0)
: CH3CN (9:1) with and without DMPO (500 µM). The mean values and their
standard errors have been calculated from two experiments.
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AP-OH affords only traces of GRP, AP-OtBu is more efficient
(6%). The efficiency of the DNA photooxidation is displayed
in the time plot (Fig. 3, bottom right) for the ratio of the amount
of oxidation products (8-oxoGua + GRP) per ketone sensitizer
(AP-OH or AP-OtBu) consumed.

Formation of single strand breaks

The photolysis of AP-OH and AP-OtBu induces SSBs in super-
coiled pBR 322 DNA, as manifested by gel-electrophoretic
measurements (Fig. 4). The ketones AP, AP-OMe, AP-OAc
and BP were ineffective in causing strand breaks (<5%) under
the applied conditions, whereas AP-OH (∼25%) and AP-OtBu
(∼50%) were quite efficient. Addition of DMPO quenched
completely the SSB formation by AP-OH and AP-OtBu.

Base oxidation (guanine) versus hydrogen abstraction
(sugar backbone)

To determine the ratio of base versus sugar damage, conditions
were chosen that, for AP-OH, AP-OtBu and BP, led to ∼50%
SSB in pBR 322 DNA; this is equivalent to 0.023% SSB per
guanine base. For AP-OH and AP-OtBu, these experiments
were performed with 0.010 mg/ml DNA, whereas 0.100 mg/ml
DNA was employed for BP. The extent of SSB formation was
assessed by gel electrophoresis directly after photolysis, the
amount of 8-oxoGua was determined by HPLC/EC after
hydrolysis (HF/pyridine, 37°C, 40 min) of the oxidized pBR
322 DNA (see Table 2 for ratios). For AP-OH and AP-OtBu
the ratios are 85 ± 15 and 60 ± 15, respectively, and within the
experimental error are approximately the same, which indi-
cates that base oxidation dominates strand cleavage; a value <15
was estimated for BP. Although in the latter case a considerable
number of strand breaks have been induced, the amount of 8-
oxoGua for BP falls within the error limit of detection and,
thus, only an upper limit could be assessed for the ratio. The

same situation also applies for the ketones AP and AP-OAc,
for which no 8-oxoGua formation could be detected in the
error limit, although the strand-break induction was appreci-
able (8 and 18%).

DISCUSSION

In order to rationalize the present DNA oxidation mechanisti-
cally, the pertinent qualitative trends in the data are summa-
rized in Table 3, together with the essential experimental facts
on the photochemical behavior of the ketones (first two
entries). The data for AP-OMe are not shown because of the
fast deactivation of its triplet state by Norrish-type II cleavage
(Scheme 2) and, thus, this acetophenone derivative exhibits a
low oxidative reactivity toward DNA. The other five ketones
may be classified into two groups as to their efficacy of
photooxidative damage of DNA on the basis of their ability of
producing radicals on photolysis: the first group consists of

Figure 3. Time profile for the DNA oxidation during the photolysis of the
ketones AP-OH and AP-OtBu ([Gua] = 62.5 µM, 300 nm, 20 min, 0°C,
(ketone) = 200 µM) in 5.00 mM phosphate buffer (pH 7.0) : CH3CN (9:1). The
mean values and their standard errors have been calculated from two experiments.

Figure 4. Formation of the OC form of pBR 322 DNA (10 mg/l) during the
ketone photolysis (10 µM, 300 nm, 0°C, 20 min) in 0.500 mM phosphate
buffer (pH 7.4) : CH3CN (9:1) with and without DMPO (5.00 µM). The mean
values and their standard errors have been calculated from two experiments.

Table 2. 8-oxoGua : OC DNA ratio in the ketone photooxidation of pBR 322
DNA

aApproximately 50% SSB, which is equivalent to 0.023% SSB per guanine
base. The mean values and their standard errors have been calculated from
two experiments.
bFor AP-OH and AP-OtBu, 0.010 mg/ml DNA; for BP, 0.100 mg/ml DNA.
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AP-OH and AP-OtBu, from which radicals are efficiently
released to induce base oxidation and SSB; the second group
consists of AP, AP-OAc and BP, which do not produce
radicals and show only a low oxidative reactivity toward DNA
at the employed reaction conditions. However, at DNA
concentrations higher than used herein, increased oxidation by
the second group of excited ketones is observed, for both
guanine oxidation and DNA cleavage (data not shown).

The rate constants kq (Table 1) for the quenching of triplet
ketones by the guanine base in the DNA are relatively high.
However, direct DNA damage (Scheme 1, paths b and c)
through excited-state quenching cannot account for the
observed reactivity because the experiments were performed
under air, conditions at which the triplet lifetimes are short {the
lifetimes of the triplet ketones in the presence of air [1.00 mM
ketone, 0.300 mM O2, in H2O:CH3CN (9:1)] are 710 µs for AP,
410 µs for AP-OH, 390 µs for AP-OtBu, 910 µs for AP-OAc
and 500 µs for BP}, and because the concentration of DNA
was low (0.100 mg/ml = 62.5 µM Gua). This is the reason for

the low amount of 8-oxoGua and GRP formed in the photo-
oxidation of CT DNA by the non-radical-generating ketones
AP, AP-OAc and BP (Fig. 2). In contrast, much more of these
DNA oxidation products is found in the photolysis of AP-OH
and AP-OtBu. Both compounds are known to undergo efficient
Norrish-type I cleavage and, thus, readily form radicals upon
excitation. This has been shown by spin-trapping experiments
with DMPO [with 50.0 µM DMPO in H2O:CH3CN (9:1) the
DMPO adducts of the benzoyl radical (g = 2.0056, αN = 15.3 G,
αH = 17.9 G) and the hydroxymethyl radical (g = 2.0055,
αN = 16.0, αH = 22.6 G) were formed upon photolysis (300 nm)
of AP-OH (2.00 mM), and the DMPO adducts of the benzoyl
and the tert-butoxymethyl radical (g = 2.0055, αN = 16.0 G,
αH = 21.1 G) were formed upon photolysis (300 nm) of
AP-OtBu (2.00 mM)] and is also manifested in the shorter
triplet lifetimes compared to AP, AP-OAc and BP {The triplet
lifetimes in the absence of molecular oxygen [1.00 mM ketone
solution in H2O:CH3CN (9:1)] are 6.6 µs for AP, 1.1 µs for
AP-OH, 0.54 µs for AP-OtBu, 6.7 µs for AP-OAc and 9.2 µs
for BP}. Consequently, upon α cleavage of the triplet-excited
AP-OH and AP-OtBu, the benzoyl radical and an oxysubstituted
methyl radical are formed (Scheme 3). Since the carbon-
centered radicals react with molecular oxygen at nearly
diffusion-controlled rates (5,6), both PhCO• and ROCH2• will
form peroxyl radicals efficiently with O2, which are expected
to oxidize the DNA. Indeed, a significantly higher quantity of
oxidation products has been observed under aerobic conditions
for the radical-generating ketones AP-OH and AP-OtBu than
for the photo-resistent AP, AP-OAc and BP (Fig. 2). Thus, the
peroxyl radicals formed upon photolysis are held responsible
for the efficient oxidation of CT DNA. That radicals are
involved in the present DNA photooxidation has been
confirmed by the addition of DMPO as spin trap, which inhibited
the formation of the oxidation products almost completely
(Fig. 2).

In the photooxidation of DNA by AP-OtBu, the formation of
minor amounts of GRP have been detected; however, the GRP
is not formed right from the beginning, as displayed by the
sigmoidal curve for the concentration profile (Fig. 3, bottom
left), with most of the GRP observed after ∼30 min.
This experimental fact implies that the GRP is not a primary
photoproduct, but is formed by the subsequent oxidation of
another photoproduct, presumably 8-oxoGua. For AP-OH, a
similar behavior is noted in Figure 3 (bottom left), although the
level of GRP generation is by an order of magnitude less.

Since both AP-OH and AP-OtBu release benzoyl radicals on
photolysis, the difference in the photooxidative behavior
toward the guanine base in DNA of these two oxyfunctional-
ized ketones has to be due to the other radical fragment,
namely the tert-butoxymethyl peroxyl versus the hydroxy-
methyl peroxyl radical. In view of the fact that AP-OtBu is
more effective in producing GRP than AP-OH (Fig. 2), of the
two peroxyl species, evidently, the tert-butoxymethyl peroxyl

Table 3. Qualitative reactivity trendsa in the photochemical and
photobiological activity of triplet-excited ketones

aQualitative order: high (++), appreciable (+), none (–).
bSee Figure 2.
cAs a monitor for DNA oxidation, 8-oxoGua has been used.
dSee Figure 4.

Scheme 2. Norrish-type II reaction in the photolysis of AP-OMe.

Scheme 3. Radical formation in the photolysis of the AP-OR ketones by
α cleavage.
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radical is the more effective in oxidizing the 8-oxoGua.
Control experiments confirm that AP-OH is quite inefficient in
the photooxidation of 8-oxodG compared to AP-OtBu (data not
shown).

The mechanism for the formation of 8-oxoGua and GRP in
the DNA photooxidation of the AP-OR (R = H, tBu) photolysis
is proposed in Scheme 4. The formation of 8-oxoGua as the
major product may proceed through the guanine radical cation
(Gua•+) as an intermediate, which is known to produce
8-oxoGua by addition of water (45). Thus, addition of the
peroxyl radical at the C-8 position of guanine in the DNA,
followed by elimination of the peroxy anion or electron
transfer to the peroxyl radical (step a), is proposed as the
favored pathway. However, we cannot rule out the direct
formation of 8-oxoGua from the peroxyl radical adduct to Gua
(step b). The formation of the substantial quantities of GRP in
the photooxidation by AP-OtBu (Fig. 2, bottom left) is
explained by further one-electron oxidation of the more easily
oxidized 8-oxoGua in the DNA to guanidinohydantoin by the
peroxyl radical, as described for other one-electron oxidants in
the literature (46). Alternatively, addition of the peroxyl
radical to the C-4 position of 8-oxoGua (step c) and subsequent
elimination of the peroxy anion or electron transfer (step d)
would generate the radical cation 8-oxoGua•+. Upon alkaline
hydrolysis, the guanidine is released from the GRP precursor
and detected.

Although AP-OtBu is consumed approximately two times
faster than AP-OH (Fig. 3, top left), the latter produces more
8-oxoGua (Fig. 3, top right). This phenomenon is only
observed in DNA, since the oxidation of 2′-deoxyguanosine
(dG) by AP-OtBu is more efficient than by AP-OH [for the
photooxidation (300 nm, 45 min) of dG (200 µM) by AP-OtBu
(400 µM) in H2O:CH3CN (9:1) a conversion of 52 ± 3% was
observed, whereas under the same experimental conditions
only 41 ± 1% was detected for AP-OH]. To account for the

higher oxidative power of AP-OH towards DNA compared
with AP-OtBu, we speculate that hydrogen bonding between
the hydroxyl group of AP-OH with the sugar backbone of the
DNA increases the effective AP-OH concentration near the DNA.

Strand-break experiments performed with supercoiled pBR
322 DNA showed a similar behavior as observed for the base
oxidation. No significant number of strand breaks was found
with the photo-resistent AP, AP-OAc and BP, whereas the
radical-generating ketones AP-OH and AP-OtBu induced
substantial strand breaks (Fig. 4). Since the SSB formation was
efficiently inhibited by the addition of DMPO, radical species,
presumably peroxyl radicals, are proposed as the oxidizing
species. AP-OtBu is more efficient than AP-OH, which may be
explained in terms of the faster decomposition of the former
(Fig. 3, top left).

In summary, from the data in Table 2 we conclude that the
major photooxidative damage in DNA is the base damage
caused by the radical-releasing ketones, whereas the formation
of SSB only plays a minor role. To rationalize this mechanist-
ically, we propose that the intermediary peroxyl radicals,
derived from O2 trapping of the carbon-centered radicals gener-
ated in the ketone photocleavage, react with the guanine base
in the DNA to afford base oxidation products. Induction of
strand breaks by the relatively sluggish peroxyl radicals
through H abstraction from the sugar backbone is of subordinate
efficacy, but damage transfer between the base and the sugar
backbone may additionally operate (47,48).
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