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Wavelength dependence of oxidative DNA damage induced by UV

and visible light
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DNA damage induced by UV radiation and visible light
(290-500 nm) in AS52 Chinese hamster cells was analysed
by an alkaline elution assay with specific repair endo-
nucleases. Cells were exposed to extensively filtered mono-
chrome or broad-band radiation. Between 290 and 315
nm, the ratio of base modifications sensitive to Fpg protein
(i.e. 8-hydroxyguanine and formamidopyrimidines) and T4
endonuclease V (i.e. cyclobutane pyrimidine dimers) was
constant (~1:200), indicating that the direct excitation of
DNA is responsible for both types of damage in this range
of the spectrum. While the yield of pyrimidine dimers per
unit dose continued to decrease exponentially beyond 315
nm, the yield of Fpg-sensitive modifications increased to a
second maximum between 400 and 450 nm. The damage
spectrum in this wavelength range consisted of only a
few other modifications (strand breaks, abasic sites and
pyrimidine modifications sensitive to endonuclease Ill)
and is attributed to endogenous photosensitizers that give
rise to oxidative DNA damage via singlet oxygen and/or
type | reactions. The generation of Fpg-sensitive modifica-
tions by visible light was not linear with dose but followed

a saturation curve. It is calculated that the exposure of the
cells to low doses of solar radiation results in the formation
of cyclobutane pyrimidine dimers and Fpg-sensitive modi-

fications in a ratio of 10:1.

Introduction

established (13,14). Therefore, it is not surprising that the
wavelength dependence of mutation induction by UV does not
correlate with that of pyrimidine dimer formation (15) and
that the action spectra obtained for photocarcinogenesis (16,17)
indicate (or are at least compatible with) a role of non-dimer
modifications in skin cancer induction.

The mechanisms involved in the generation of oxidative
DNA modifications, in particular the specific absorbing
chromophore(s) and the reactive species involved, remain to be
established. In principle, an excited endogenous photosensitizer
molecule could react with DNA without further intermediates
(type | reaction) or via singlet oxygedd,) (type Il reaction)
(Figure 1). Alternatively, hydroxyl radical8@H) — generated
via superoxide (@ and a Fenton reaction — could be involved.
Yet another possibility is a release of &arom intracellular
stores which could activate cellular nucleases and thus induce
DNA damage (18,19).

The ratio of pyrimidine dimers and oxidative DNA modi-
fications at various wavelengths depends on the relative con-
tribution of direct and indirect mechanisms and is of major
interest for the estimation of the mutagenic risk associated
with solar irradiation and the impact of spectral changes caused
by ozone layer depletion. Here, we report a quantification of
cyclobutane pyrimidine dimers and various types of oxidative
modifications induced in cultured cells by wavelengths between
290 and 500 nm. The lesions were quantified by means of
several repair endonucleases (Table I) and an alkaline elution
technique (28).

The results indicate that the generation of oxidative DNA
base modifications by solar radiation has a second maximum
between 400 and 450 nm due to the excitation of (unidentified)
endogenous photosensitizers and that in cells exposed to
sunlight these indirectly induced base modifications account
for ~10% of the total endonuclease-sensitive base damage.

Materials and methods

Solar radiation can give rise to cellular DNA damage by

(i) direct excitation of DNA and (ii) indirect mechanism(s)
that involve the excitation of other cellular chromophores
(endogenous photosensitizers) (1,2). The direct excitation o

Cells and repair endonucleases

AS52 Chinese hamster ovary cells, which carry the bactgmlgene for
a},nalysis of mutations (29), were obtained from W.J.Caspary, Research Triangle

DNA generates predominantly cyclobutane pyrimidine dimers radiation

and (6—4) photoproducts, which are without doubt of principal
importance for the cytotoxic, mutagenic and carcinogenic
effects of short-wave UV radiation (UVC, UVB) (3-7). On

the other hand, indirect mechanisms must be responsibli¥¥€

for DNA damage and genotoxic effects observed at longer
wavelengths (UVA, visible light), at which DNA absorbs

only weakly or not at all (8,9). In this range of the spectrum, v

various oxidative DNA modifications such as 8-hydroxy-
guanine (8-oxoG*), strand breaks, sites of base loss ant
DNA-protein crosslinks are generated (10-12). The mutagenic
potential of some of these lesions, e.g. 8-0x0G, has been we

*Abbreviations: 8-0xo0G, 8-hydroxyguanine; Fpg protein, formamidopyrimid-

mechanism
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ine-DNA glycosylase; MMS, methyl methanesulfonate; Fapy-A, 4,6-diamino-Fig. 1. Direct and indirect mechanisms for the induction of pyrimidine

5-formamidopyrimidine.
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dimers and oxidative DNA modifications by UV and visible light.
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Table I. Recognition of DNA modifications by repair endonucleases used inTable Il. Comparison of quantifications of cyclobutane pyrimidine dimers

this study by alkaline elution and immunoassay
Repair endonuclease Recognition specfruBase modifications Inducing Dose applied Modifications detected per
Sites of base lo8s radiation (kJ/rA) kJ/n? per 16 bp

Fpg proteifi + 8-oxo&; Fapyf Alk. elution Immunoassay Alk. elutiéh Immunoassay
Endonuclease Ifl + 5,6—dihydroEyrimidines; hyd
T4 endonuclease V + Py <> Py 300 nm 0.005 0.36-2.9 8910 101+8
Exonuclease IlI + — 310 nm 0.2 17-34 3%0.5 3.2£0.2

320 nm 3 35-70 0.170.05 0.16:0.2
aSee refs 20-24. uvB 0.0066 0.79-2.4 7%13 13939
bFor the recognition of sites of base loss oxidized in therl4' position,
see ref. 25. &Sjtes sensitive to T4 endonuclease V determined by alkaline elution.
°5-Hydroxycytosine and 5-hydroxyuracil have recently been described as  PSites detected in an immuno dot blot assay using the monoclonal mouse
new substrates of both Fpg protein and endonuclease Il (26). H3 antibody.

d7,8-Dihydro-8-oxoguanine (8-hydroxyguanine).

®Formamidopyrimidines (imidazole ring-opened purines).
f5-Hydroxy-5-methylhydantoin and other ring-contracted and fragmented
pyrimidines.

9Cyclobutane pyrimidine photodimers.

At 100-fold higher concentration, 4,6-diamino-5-formamidopyrimidine
(Fapy-A) was also found to be a substrate of T4 endonuclease V (27).

o
n
L

Park, USA, and cultured in Ham’s F12 medium containing 5% fetal calf
serum, penicillin (100 units/ml) and streptomycin (10&/ml).
Formamidopyrimidine-DNA glycosylase (Fpg protein) (30) and endo-
nuclease Il fromE.coli were kindly provided by S.Boiteux, Fonteney aux
Roses, France. T4 endonuclease V was partially purified by the methor
described by Nakabeppet al. (31) from theE.coli strain A 32480 @vrA,
recA F'lac 1Q1). The strain carries the plasmid ptac-denV (kindly provided
by L.Mullenders, Leiden, Netherlands). Expression of T4 endonuclease \
is induced with isopropyp-p-thiogalactopyranoside. Exonuclease Il was
purchased from Boehringer Mannheim, Germany. All repair endonuclease

e
-

Modifications / 10 6 bp

were tested under cell-free conditions for their incision at reference modifica: 0.09/——— MR — ™
tions (i.e. thymine glycols induced by OgQAP sites by low pH and 8-0xoG 0 1 1 10
by methylene blue plus light) to ensure that the correct substrate modification *

are fully recognized and no incision at non-substrate modifications take: i i

Sace (02), Fpg protein concentration [ng/ml]
Light sources and irradiation conditions Fig. 2. Recognition by various concentrations of Fpg protein of DNA

Irradiation with UV and visible light was carried out at 0°C in PBS buffer modifications induced by visible light400 nm). Data are obtained from
(137 mM NacCl, 2.7 mM KCI, 8.3 mM NabPQy, 1.5 mM KH,PO,, 1 mM 1 or 3 independent experiments SD).

CaCh, 0.5 mM MgCh, pH 7.4) either with a broad-spectrum UVB source

(Philips TL20W/12RS; maximum emission at 306 nm) filtered by the

polystyrene of the culture flasks (~1.3 Wjmor with a 1000 W xenon arc

lamp (976C-0010, Hanovia, USA) with a grid monochromator (bandwidth R€SUItS

8 nm) and/or cut-off filters (~4 W/Ainm). For irradiation with the xenon . .

lamp, the cells were suspended in a quartz tubel(® cells in 3 mi pBS  Validation of the assay system

buffer). The transmission of the cell suspension w&®% at all wavelengths  The reliability of the alkaline elution assay when used in
between 290 and 600 nm. Cut-off filters (Schott, Mainz, Germany; 3 mm; y y

two in line) with half-maximal absorptions at 335, 360, 400, 420, 455, 47500mb|nat|on W'_th repair end_o_nuqleases to ql_J_ant'fY endo-
and 495 nm were used to define wavelength intervals in the determination diuclease-sensitive DNA modifications was verified in three

the action spectra. The dosimetry was performed with a calibrated dosimetéypes of experiment. Firstly, cyclobutane pyrimidine dimers
(Krochmann GmbH, Berlin, Germany) equipped with a GaP-photoelement. jnduced by UVB in AS52 (Chinese hamster ovary) cells were
Quantification of endonuclease-sensitive modifications guantified both with T4 endonuclease V in combination with
Determination of endonuclease-sensitive modifications was carried out byhe alkaline elution technique and with an immunoassay (see

means of an alkaline elution assay, in which the cellular DNA was incubatecMateria|S and methods) The two independent assay systems
with one of the repair endonucleases [Fpg proteiqugIml), endonuclease :

Il (10 ng/ml), T4 endonuclease V (30 ng/ml) or exonuclease Il {@gfml)] gave S_im”ar results (Table I). Secon_d_lyv the enzyme Fon'
immediately after cell lysis, as described previously (28,33). To quantify DNAcentration dependence for the recognition by Fpg protein of
single-strand breaks, the incubation was carried out without endonucleasgisible light-induced oxidative modifications was determined.

The alkaline elution followed the method of Kokhal. (34) with modifications As shown in Figure 2 the number of sites detected by the
(28,35). For the quantitative evaluation, the slope of an elution curve obtained !

with y-irradiated cells was used for calibration (6 Gy 1 ssb/16 bp). The e_nzy_me ,W"?‘S saturated aU@_J/m' Fpg protein. Thls_ ,Concentra'
slopes observed with untreated control cells were subtracted. The numbers 80N iS similar to that required for a full recognition of base
modifications incised by the repair endonucleases were obtained by subtractignodifications induced under cell-free conditions by methylene
of the number of single-strand breaks observed without endonuclease treatmeg;e plus light (32). Thirdly, the recognition by the various
Quantification of cyclobutane pyrimidine dimers by monoclonal antibodies  enzymes of sites of base loss induced by methyl methane-
A monoclonal mouse H3 antibody (36) was used to quantify cyclobutanesy|fonate (MMS) was analysed. T4 endonuclease V, endo-
pyrimidine dimers in an immuno dot-blot assay as described previously (37) '

The antibody recognizes TT and-5C cyclobutane dimers, which account nUCI.eaS.e lll and exonuclease ”.I detected the same number of
for ~70% of all cyclobutane dimers induced by UVB (38), but not (6-4) Modications (data not shown), in agreement with the fact that
photoproducts. sites of base loss are substrates for all three enzymes (Table 1).
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uvB >360 nm with shorter wavelengths does not contribute significantly to

o 5J4m2  1kJm2 200 kd/m2 the generation of the Fpg-sensitive modifications. Therefore,
2 5 different mechanisms must be responsible for the two types
e ’ of damage.

: 0,4 Dose dependence

» The number of pyrimidine dimers sensitive to T4 endonuclease
£ 031 V increased linearly with dose in the dose range analysed
o ™ i (i.e., inwhich 0.05-1 modifications per&i@p were induced). In

- Fpg contrast, the number of Fpg-sensitive modifications induced
g 0,2 & Endo Ill in the visible range of the spectrum followed a saturation
= H T4endoV curve, i.e. the extent of damage did not exceed 0.3 modifications
- 0,11 Exo lli per 16 bp (Figure 5).

° m SSB Act

o ction spectra

= 0,0 The generation of single-strand breaks and modifications

Fig. 3. DNA damage profiles induced in AS52 cells by broad spectrum SenSIt.lve to T4 andor;]Udeal'sel M an? Fpg prOteln in AS52 cells
UVB (Philips TL20W/12RS filtered by polystyrene cuiture flasks) and by ~ &t various wavelengths calculated for a given dose (20 3J/m
wavelengths>360 nm (xenon arc lamp). Columns indicate the numbers of iS shown in Figure 6 in the form of action spectra. In all
various endonuclease-sensitive modifications (first to fourth column) and thexperiments, the actual doses applied were chosen to ¥igld
gu;nbeé of si(r;gle;-stranq brer;ks (gfth column). Data represent the means of jgdification per 16 bp. Up to the doses applied, all types of
~7 independent experiments SD). modifications were shown to increase linearly with dose (see
above). A monochromator in line with an additional cut-off
Comparison of DNA damage profiles filter (with half-maximal absorption at wavelengths 10-15 nm
The numbers of various endonuclease-sensitive modificatiorf€!0W the nominal settings of the monochromator) was used
(see Table ) induced in AS52 by two spectral ranges of!! the range between 290 and 330 nm. For longer wavelengths,
radiation are shown in Figure 3 in the form of DNA damagen® monochromator could be used and the differences observed
profiles. After broad spectrum UVB irradiation, 99% of all in experiments with cut-off.ﬂlters (two in line) at two different
modifications detected were pyrimidine dimers sensitive to T avelengths were determined. These were used to calculate

endonuclease V. The sites sensitive to endonuclease Il arf§€ Number of madifications per unit dose for the arithmetic

Fpg protein were mostly base modifications, since the numbdP€an of the two cut-off wavelengths. .

of AP sites detected by exonuclease Il was even lower. Afte[) The action spectra '”d'ce!t? that numbers of single-strand

irradiation with wavelengths above 360 nm from a xenonr€aKS, Fpg-sensitive modifications and T4 endonuclease-
lamp, T4 endonuclease V-sensitive base modifications wersensitive sites (cyclobutane pyrimidine dimers) decreased in

still detectable (Figure 3). Since an additional cut-off filter atparal_lgl bepween 290 and ~315 nm. The T4 e_ndonuclease-
360 nm had no effect on the number of modificationsSEnsitive sites contlnueq to decrease exponentially at longer
generated per dose unit (data not shown), the pyrimidin avelengths, but were still detectable up to 380 nm. In contrast,

dimers cannot be attributed to low amounts of radiation emittede _ngmber of degésdtaonsnwe ré10d|f|c?t|or;s per unit dos‘? had

below 360 nm. Base modifications sensitive to Fpg proteirft MNiMum aroun NM and rose 1o a long-wave maximum

were formed in a yield similar to pyrimidine dimers, while . etween 400 and 450 nm. Smgl_e-strand b_re_aks were detectable
sites of base loss (sensitive to exonuclease llI), single-stran'@ all wavelength ranges. The yield was similar to that of Fpg-

breaks and oxidative pyrimidine modifications (sensitive toSenSitive modifications in the UVB range, but was much lower
endonuclease I11) were much less frequent. than that of Fpg-sensitive modifications in the visible range.

Effects of cut-off filters on the damage profiles induced by UVD
radiation from a monochromator

Damage profiles observed in AS52 cells exposed to 310, 320  The results presented above provide quantitative informati
and 330 nm radiation from a monochromator (8 nm bancdn the ratio of pyrimidine dimers and oxidative DNA base
width) are depicted in Figure 4. For all three wavelengths, the modifications induced in mammalian cells at various wave
effects of one or two additional cut-off filters (with half- lengths of solar radiation. In addition, they allow mechanistic
maximal absorption at 295, 305 and 320 nm, respectively) conclusions and an estimation of the contribution of oxidative
are also shown. The data indicate that the elimination obase modification to the mutagenicity of sunlight.

wavelengths well below the nominal settings of the mono- The wavelength dependence of the induction of pyrimidine
chromator had no effect on the generation of non-dimedimers (T4 endonuclease sensitive sites) in AS52 cells (Figure
modifications (single-strand breaks, modifications sensitive to  6) closely resembles that reported previously for other type
endonuclease Il and Fpg protein) and of pyrimidine dimersof cultured cells (15,39). It is also similar to that observed
induced at 310 nm. However, the cut-off filters significantly ~ for the induction of both cyclobutane pyrimidine dimers and
reduced the number of pyrimidine dimers per dose unit induce®—4) photodimers in isolated DNA (40). The induction of
with monochromator settings at 320 and 330 nm. A second dimers in the UVA range of the spectrum therefore can b
cut-off filter of the same type had no further effect in attributed to the (very weak) end absorption of DNA and need
any case. Therefore, a significant part—but not all—of the not be mediated by other cellular chromophores, which ir
pyrimidine dimers induced at 320 nm and 330 nm can beprinciple could generate cyclobutane pyrimidine dimers by
attributed to the low percentage of radiation below 305 and triplet-triplet energy transfer (33,41). The recently reportec
320 nm, respectively. In contrast, this low dose of radiation(27) weak recognition by T4 endonuclease V of 4,6-diamino-
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Fig. 4. Effects of one or two cut-off filters on the DNA damage profiles induced in AS52 cells by radiation from a monochromator-coupled xenon lamp (band
width 8 nm). Data represent the means of 3—-6 independent experimer@b).
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Between 290-330 nm, radiation passed through a grid monochromator

Fig. 5. Dose dependence of the induction of Fpg-sensitive modifications (band width 8 nm) and an additional cut-off filter with half-maximal

(®) and single-strand break®j in AS52 cells by visible light £400 nm) absorption 5-15 nm below the nominal wavelength of the monochromator.

from a xenon arc lamp. Dose values given on the abscissa refer to the randgéetween 340 and 500 nm, only cut-off filters were used (see description in

between 400 and 500 nm. Data represent the means of 3-5 independent the text). In the dose range applied for the determinations, all types of

experiments £ SD). modifications were shown to increase linear with dose. Data represent the
means of 3—7 independent experiments§D).

5-formamidopyrimidine (Fapy-A) cannot account for the T4
endonuclease-sensitive sites induced by UVA since (i) the  sensitive to Fpg protein are induced in the whole wavelengt
enzyme concentrations required to for a (very incompleteyange between 290 and 470 nm (Figure 6). Within the UVB
excision of Fapy-A were>300-fold higher than those used in range (290-315 nm), the ratio of Fpg-sensitive modifica-
this study and (ii) Fapy-A is a good substrate for Fpg proteirtions and pyrimidine dimers is nearly constant and follows
and there is only a narrow wavelength range (around 380 nm)  the DNA photon absorption. Therefore, these Fpg-sensitiy
in which there is a significant recognition by T4 endonucleasenodifications arise (mostly) from the direct excitation of
V in the presence of an (at least) similarly high number of = DNA. Chemically, they may consist of both 8-oxoG and
Fpg-senitive sites. formamidopyrimidines. Both types of modification are

In contrast to pyrimidine dimers, base modifications  established substrates of Fpg protein (Table I). 8-OxoG ha:s
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been detected in UVB-irradiated mammalian cells (42). fications by UVA and visible light (Figure 5) indicates that
Formamidopyrimidines have been identified in DNA irradiatedboth the number of oxidative DNA modifications and their
under cell-free conditions with UVB (43). Since according to mutagenic (or carcinogenic) consequences can be underest
a recent report, 5-hydroxycytosine and 5-hydroxyuracil aremated when experiments with high doses and dose rates are
additional substrates of both Fpg protein and endonuclease lli extrapolated to the low doses and dose rates which may
(26), the presence of these lesions (up to the extent afelevant for many cells in the human skin.

endonuclease lll-sensitive base modifications) can also not be

excluded. Only some of the Fpg-sensitive modifications ar

sites of base loss, since the number of sites detected gﬁycknowledgements
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