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Abstract

Increasing evidence reveals the carcinogenicity of UVA radiation. We demonstrated that UVA-irradiated NADH induced
damage to >?P-labeled DNA fragments obtained from the p53 gene in the presence of Cu(II). Formamidopyrimidine
glycosylase (Fpg)-sensitive lesions were formed at guanine residues, whereas piperidine-labile lesions occurred frequently at
thymine residues. Formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-0xodG), upon UVA exposure in the presence of
Cu(Il), increased depending on NADH concentration. Catalase and bathocuproine, a Cu(I)-specific chelator, inhibited the
DNA damage, suggesting the involvement of reactive species derived from H,O, and Cu(I). UVA-irradiated riboflavin
induced DNA cleavage through electron transfer at 5 guanine of the 5-GG-3' sequence with both Fpg and piperidine
treatments; Fpg induced less cleavage at the guanine residues than piperidine. These results imply that NADH may
participate as an endogenous photosensitizer in UVA carcinogenesis via H,O, generation, producing metal-mediated

mutagenic lesions such as 8-oxodG.
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Introduction

Ample evidence is now presented that, in addition to
UVB radiation, UVA radiation of sunlight plays an
important role in skin carcinogenesis [1-5]. Although
the carcinogenic potential of UVA is much lower than
that of UVB on the basis of incident energy, UVA
constitutes most of the solar UV at the surface of the
earth and penetrates deeply into the human skin
epidermis reaching the basal cell layers, which are
likely to contain the target cells of tumor initiation [6].
It is generally accepted that UV-induced skin cancers
result from the accumulation of DNA photolesions in
crucial genes such as oncogenes and/or tumor
suppressor genes [7]. In UVB wavelengths, pyrimi-
dine photoproducts generated by the direct absorption
of UV light by DNA are shown to be relevant to

mutagenesis and carcinogenesis [7]. In contrast, it is
speculated that UVA can produce mutagenic DNA
lesions indirectly through photosensitization reactions
mediated by intracellular chromophores, since UVA is
hardly absorbed by DNA.

There have been considerable studies demonstrating
the importance of oxidative stress in UV-induced
carcinogenesis [5,8,9]. It is assumed that photosensi-
tized choromophores in the epidermis react with oxygen
to produce reactive oxygen species such as singlet
oxygen ('0,) or superoxide anion radical (0,) or
directly with DNA via electron transfer. In this regard,
we have demonstrated that the exposure of double-
stranded DNA to UVA in the presence of various
endogenous photosensitizers, such as riboflavin, folic
acid, pterin derivatives and menadione, produces
promutagenic 8-ox0-7,8-dihydro-2’'-deoxyguanosine
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(8-0x0dG) predominantly at guanine located 5 to
guanine via electron transfer reaction [10—13]. It was
also shown that 'O,, formed by hematoporphyrin-
mediated photosensitization, induces modifications
at most guanine residues [14]. In addition, certain
drugs may act as exogenous photocarcinogens.
We have demonstrated that nalidixic acid and
fluoroquinolone antibacterials, such as lomefloxacin,
which have been widely used for the treatment of
infectious diseases, mediate UVA-induced DNA
damage [15,16].

NADH is an important coenzyme in biological
systems, functioning as carriers of hydrogen atoms
and electrons in oxidation—reduction reactions. Its
concentration in a certain tissue was estimated to be
as high as 100-200 wM [17]. It has been reported
that hydrogen peroxide (H,O,) can be generated by
photoirradiation of NADH [18,19]. In addition, we
have previously demonstrated that NADH could be
one of the endogenous reductants inducing metal-
dependent DNA damage [20]. Thus, we investigated
in this study the DNA damage induced by UVA in
the presence of NADH, using >?P-labeled DNA
fragments obtained from the human p53 tumor
suppressor gene. We also analyzed the formation of
8-0x0dG by photoirradiated NADH in calf thymus
DNA.

Materials and methods
Materials

[y->?P]-ATP (222 TBg/mmol) was obtained from
New England Nuclear (Boston, MA). NADH, super-
oxide dismutase (SOD, 3000 units/mg from bovine
erythrocytes), catalase (45,000 units/mg from bovine
liver), and calf thymus DNA were from Sigma
Chemical Co. (St Louis, MO). Diethylenetriamine-
N,N,N',N",N"-pentaacetic acid (DTPA) was from
Dojin Chemicals Co. (Kumamoto, Japan). Restriction
enzymes (Apal and HindIII) and T, polynucleotide
kinase were purchased from New England Biolabs
(Bervery, MA). Restriction enzyme (EcoRI) and calf
intestine phosphatase were from Boehringer Man-
nheim GmbH (Mannheim, Germany). Nuclease P,
was from Yamasa Shoyu Co. (Chiba, Japan).
Escherichia coli formamidopyrimidine-DNA glycosy-
lase (Fpg) was from Trevigen Co. (Gaithersburg,
MD).

Preparation of >2P-5'-end-labeled DNA fragments

The DNA fragment of the human p53 tumor
suppressor gene was prepared from pUCI18 plasmid,
ligated fragments containing exons of the p53 gene
[21]. The 5-end-labeled 650-base pair (HindIII*
13972-EcoRI* 14621) fragment was obtained as
described previously [22]. The fragment was further

digested with Apal to obtain the singly >?P-5'-end-
labeled double-stranded 443-base pair fragment
(Apal 14179-EcoR1*14621). The asterisk indicates
32p_labeling.

DNA fragments were also prepared from plasmid
pbcNI which carries a 6.6-kilobase Bam HI chromo-
somal DNA segment containing human c-Ha-ras-1
protooncogene [23]. A singly labeled 337-
base pair fragment (PstI 2345-Aval* 2681) was
obtained as described previously [23]. The asterisk
indicates®® Nucleotide numbering and starts with
BamHI site [24].

Detection of DNA damage induced by NADH plus UVA
light

The standard reaction mixture in a microtube (1.5-ml
Eppendorf) contained *?P-labeled DNA fragment,
2 w.M/base sonicated calf thymus DNA, 200pM
NADH and 20 pM CuCl, in 100 pl of 10 mM sodium
phosphate buffer (pH 7.8). Denatured DNA frag-
ments were prepared by heating double-stranded
DNA fragments at 90°C for 5 min and quick chilling.
The reaction mixtures were exposed to UVA light
using 10-W UV lamps (365-nm, UVP Inc., CA)
placed at a distance of 20 cm. The reaction mixture
was protected from direct sunlight and the tempera-
ture was maintained at 0°C. In a certain experiment,
CuCl, was added to the mixture after UVA
irradiation. After irradiation, the DNA fragments
were treated with 1 M piperidine at 90°C for 20 min or
two units of Fpg protein in the reaction buffer (10 mM
HEPES-KOH (pH 7.4), 100 mM KCl, 10 mM EDTA
and 0.1 mg/ml bovine serum albumin) for 2h at 37°C.
The DNA fragments were subjected to electrophoresis
on an 8 M urea/8% polyacrylamide gel. The auto-
radiogram was obtained by exposing an X-ray film to
the gel. The preferred cleavage sites were determined
by direct comparison of the positions of the
oligonucleotides with those produced by the chemical
reactions of the Maxam—Gilbert procedure [25] using
a DNA sequencing system (LLKB2010 Macrophor).
A laser densitometer (LKB 2222 UltroScan XL) was
used for the measurement of the relative amounts of
oligonucleotides from treated DNA fragments.

Measurement of 8-oxodG in calf thymus DNA exposed
to UVA light in the presence of NADH

Calf thymus DNA (100 wM/base) was exposed to
10J/cm® UVA light (365nm, 10W) with various
concentrations of NADH and 20 pM CuCl, in 200 pl
of 4mM sodium phosphate buffer (pH 7.8). After
ethanol precipitation, DNA was digested to the
nucleosides with nuclease P; and calf intestine
phosphatase, and analyzed with an HPLC-ECD as
described previously [26].
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Figure 1. Autoradiogram of DNA fragments exposed to UVA light
in the presence of NADH + Cu(Il) or riboflavin. The reaction
mixtures contained the >?P-labeled 443-base pair DNA fragment,
2 wM/base of sonicated calf thymus DNA, 200 M NADH plus
20 pM CuCl,, or 25 pM riboflavin in 100 pl of 10 mM sodium
phosphate buffer (pH 7.8) containing 5 .M DTPA. The reaction
mixtures were exposed to 10 J/cm? UVA light (365-nm). The DNA
fragments were then treated with piperidine or Fpg, and analyzed by
the method described in the Materials and methods. N, no
treatment; P, piperidine treatment; F, treatment with Fpg protein.

Results
DNA damage induced by UVA irradiation of NADH

Figure 1 shows the autoradiogram of *?P-end-labeled
DNA fragments exposed to UVA light in the presence
of NADH or riboflavin. UVA irradiation of NADH
induced degradation of double-stranded DNA in the
presence of Cu(Il). DNA damage was observed upon
treatment with piperidine or Fpg protein, whereas no
damage was observed without these treatments,
suggesting that the DNA damage is due to base
modification with little or no strand breakage. When
the double-stranded DNA was denatured to the
single-stranded DNA by heating at 90°C, the DNA
damage was significantly enhanced. No oligonucleo-
tide was produced without Cu(Il) or without UVA
radiation (data not shown). In agreement with our
previous findings [10], UVA irradiation of double-
stranded DNA in the presence of riboflavin, followed
by treatment with piperidine or Fpg protein, induced
DNA cleavage. Interestingly, as shown in Figure 2,
DNA damage was induced when NADH was
irradiated by UVA in the absence of Cu(Il) and then
incubated with Cu(Il). The cleavage pattern (lane 3)
was similar to that induced by UVA irradiation of
NADH in the presence of Cu(Il) (lane 2), or H,O,
plus Cu(I) (data not shown). Non-irradiated NADH
plus Cu(Il) did not induce DNA damage under the
condition used (lane 4). These results suggest H,O,
formation via O, generated by one-electron transfer
from photoexcited NADH to oxygen (minor type II).
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Figure 2. NADH-induced DNA photodamage by addition of
Cu(l) after irradiation. The >2P-labeled 337-base pair DNA
fragments were exposed to 10J/cm® UVA light (365-nm) in the
presence of 200 .M NADH with (lane 2) or without (lane 3) 20 pM
CuCl; in 100 pl of 10 mM phosphate buffer (pH 7.8) containing
2 wM/base of sonicated calf thymus DNA and 5 uM DTPA. In lane
3, 20nM CuCl, was added to the reaction mixture after the
irradiation, followed by incubation for 20 min at 37°C. Then DNA
fragments were treated with piperidine and analyzed by the method
described in the Materials and methods. Lane 1, DNA fragments
were treated with only 10J/cm? UVA light; lane 4, DNA fragments
were kept in the dark in the presence of 200 wM NADH for the same
duration as required for 10J/cm? irradiation, and incubated with
20 puM CuCl, for 20 min at 37°C.

Effects of scavengers on the photosensitized DNA damage
n the presence of NADH and Cu(1I)

As shown in Figure 3, catalase and bathocuproine, a
Cu(I)-specific chelator, inhibited the DNA damage
induced by UVA irradiation of NADH in the presence
of Cu(Il), whereas typical free hydroxyl radical (:OH)
scavengers (ethanol, mannitol and sodium formate)
and SOD showed no inhibitory effects.

Stite specificity of DNA photodamage induced by NADH
or riboflavin

Figure 4A shows that exposure of double-stranded
DNA to UVA in the presence of NADH and Cu(Il),
followed by piperidine treatment, resulted in the
cleavage frequently at thymine residue, located 3’ to
guanine or adenine. As shown in Figure 4B, Fpg
treatment induced the cleavage mainly at guanine
residue of the 5'-ACG-3' sequence complementary to
codon 273. In addition, guanine residues at other
sequences and some cytosine residues were cleaved

RIGHTS LI N Ki}



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/02/11
For personal use only

464 K. Ito et al.

< e
©
: B
: _ 5,
O 98 2 EQ
S * g c 3 T 0 +Bathocup-
= :IQ: £ 58 5 o roinepw
S W s w0 — —
o=z + + + + + 10 20 50

&

W

.

-

ALas -

p

]

Figure 3. Effects of scavengers and bathocuproine on DNA
photodamage induced by NADH in the presence of Cu(Il). The
reaction mixture contained the >?P-labeled 337-base pair DNA
fragment, 2 pM/base of sonicated calf thymus DNA, 200 uM
NADH, 20 puM Cu(II) and 5 pM DTPA in 100 pl of 10 mM sodium
phosphate buffer (pH 7.8). DNA fragments were denatured as
described in the Materials and methods. The reaction mixtures were
exposed to 10J/cm? UVA light (365-nm). Then, the DNA
fragments were treated with piperidine and analyzed by the
method described in the Materials and methods. Where indicated,
1M ethanol, 0.1 M mannitol, 0.1 M sodium formate, 30 units
of catalase, 30units of SOD or indicated concentration of
bathocuproine was included.

to a lesser extent. For comparison, Figure 5 shows that
photoirradiated riboflavin induced DNA cleavage
specifically at the guanine residues located 5' to
guanine in double-stranded DNA after treatment with
Fpg as well as piperidine. In addition, it is noteworthy
that Fpg induced less cleavage at the guanine residues
than piperidine.

Formation of 8-oxodG induced by UVA plus NADH

Figure 6 shows that UVA irradiation of NADH in the
presence of Cu(Il) increased 8-0xodG content in both
double-stranded and single-stranded DNA with the
NADH concentrations. In single-stranded DNA, the
formation of 8-0xodG by photoexcited NADH was
enhanced compared to double-stranded DNA, With-
out UVA radiation, NADH plus Cu(Il) did not cause
8-0x0dG formation under the conditions employed
(data not shown). Riboflavin also induced 8-oxodG
formation upon UVA irradiation, and in contrast to
NADH, the amount of 8-0xodG in double-stranded
DNA was larger than that in single-stranded DNA.

Discussion

The present study has demonstrated that UVA
irradiation of NADH induces DNA damage, mainly
base modification, in the presence of Cu(Il). DNA

cleavage sites observed with piperidine treatment were
frequently at thymine, located 3’ to guanine or
adenine. With Fpg treatment, the cleavage occurred
mainly at guanine residues, especially at the 5'-ACG-
3’ sequence complementary to codon273 of the p53
gene, and cytosine residues to some extent. In
contrast, in accordance with our previous report
[10], photoexcited riboflavin has been shown to
induce DNA cleavage specifically at 5’ guanine of 5'-
GG-3' with Fpg treatment as well as piperidine
treatment. It is generally accepted that the photo-
sensitized oxidation reactions are classified in types I
and II processes. The type I process involves direct
interaction of an excited sensitizer with a substrate via
electron transfer. In type II process, an excited
sensitizer can react with oxygen, generating mainly
'0, by energy transfer (major type II), or giving in
some cases O, by electron transfer from the excited
sensitizer to oxygen (minor type II). We have
previously demonstrated that photoexcited riboflavin
induces DNA damage through type I reaction [10]. In
addition, studies with various endogenous and
exogenous photosensitizers, such as pterins, folic
acid, nalidixic acid, and xanthone analogues, have
shown that the type I photosensitized oxidation
induces piperidine-labile damage in double-stranded
DNA predominantly at 5 guanine of 5-GG-3
sequence [10-13,15,16]. Since the site specificity of
photosensitized DNA damage by NADH is quite
different from that by riboflavin, it is suggested that
type I reaction is not involved in NADH-induced
DNA photodamage.

DNA damage induced by UVA in the presence of
NADH and Cu(II) was almost completely inhibited by
catalase and bathocuproine, a Cu(I)-specific chelator,
but not by SOD and typical free hydroxyl radical -OH
scavengers (ethanol, mannitol and sodium formate).
These results suggest that reactive species derived
from H,O, and Cu(l) are primarily responsible for the
damage, but ‘OH does not play an important role. We
have previously demonstrated that a high concen-
tration of NADH induces DNA damage without UVA
irradiation in the presence of Cu(Il) and suggested
that optimal molar ratios of DNA/metal ion yield
copper with a high redox potential which oxidizes
unirradiated NADH to -NAD being further oxidized
to NAD" with generation of O, , and that H,O, reacts
with Cu(I) to give reactive oxygen species causing
DNA damage [20]. In the present condition, however,
unirradiated NADH at a lower concentration did not
induce DNA damage in the presence of Cu(Il). In
addition, DNA photodamage occurred when NADH
was irradiated in the absence of Cu(ll) and then
incubated with Cu(Il). It is speculated, therefore, that
although the same reactive species are involved in
DNA damage in these studies, they are generated
through different mechanisms. Accordingly, a possible
reaction mechanism is speculated as follows.
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Figure 4. Site specificity of DNA photodamage induced by NADH in the presence of Cu(Il). The reaction mixture contained the >?P-
labeled 443-base pair DNA fragment, 2 wM/base sonicated calf thymus DNA, 200 .M NADH, 20 pM Cu(II) and 5 pM DTPA in 100 pl of
10 mM sodium phosphate buffer (pH 7.8). The reaction mixtures were exposed to 10 J/cm?® UVA light (365-nm). Subsequently, the DNA
fragments were treated with piperidine (A) or Fpg (B). The DNA was analyzed and the relative amounts of oligonucleotides were measured by
the methods described in the Materials and methods. Underscoring shows the complementary sequence to codon 273. Horizontal axis,

nucleotide numbers of the p53 tumor suppressor gene.

Irradiation of NADH with UVA in the presence of
oxygen causes one-electron oxidation of NADH to
produce O, and NADH™, and deprotonation of the
latter gives ‘NAD which reacts with oxygen at an
almost diffusion-controlled rate (1.9 x 10°M 's™1),
generating NAD"' and O, [27]. Involvement of the
initial one-electron transfer in the photooxidation of
NADH has been well investigated [27,28]. The
resulting O, is autodismutated to H,O,, and reduces
Cu(I) to Cu(l). Finally, H,O, reacts with Cu(I) to
form reactive species such as Cu(I)—OOH, which is
capable of inducing DNA damage [29]. These
reaction schemes are supported by the earlier findings
that NADH induces H,O, formation during photo-
irradiation in the presence of oxygen [18,19].
Although it was considered that photoexcited
NADH might react with DNA-bound Cu(Il), we
found that DNA damage was induced by the addition
of Cu(Il) to the reaction mixture after irradiation of

NADH without Cu(Il) and the cleavage pattern
remained the same as that induced by irradiation of
NADH in the presence of Cu(Il). These findings
suggest that photoexcited NADH reacts with oxygen
to generate reactive oxygen species, which participate
in Cu(Il)-mediated DNA damage. Thus, this is the
first study showing the site specificity of photosensi-
tized DNA damage via minor type II mechanism.
Fpg catalyzes the excision of piperidine-resistant 8-
ox0G [30], as well as piperidine-labile 8-oxoG-derived
lesions such as oxazolone, oxaluric acid, spiroimino-
dihydantoin, guanidinohydantoin and iminoallantoin
[31-35]. We have found that Fpg treatment of DNA
exposed to UVA in the presence of NADH and Cu(Il)
resulted in the cleavage mainly at guanine residues. On
the other hand, piperidine treatment induced the
cleavage frequently at thymine residues and the
cleavage at guanine was greatly reduced compared
with Fpg treatment. Therefore, it is assumed that
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Figure 5. Site specificity of DNA photodamage induced by riboflavin. The reaction mixture contained the >?P-labeled 443-base pair DNA
fragment, 2 pM/base sonicated calf thymus DNA, 25 uM riboflavin and 5 pM DTPA in 100 pl of 10 mM sodium phosphate buffer (pH 7.8).
The reaction mixtures were exposed to 10 J/cm? UVA light (365-nm). Subsequently, the DNA fragments were treated with piperidine (A) or
Fpg (B). The DNA was analyzed and the relative amounts of oligonucleotides were measured by the methods described in the Materials and
methods. Underscoring shows the complementary sequence to codon 273. Horizontal axis, nucleotide numbers of the p53 tumor suppressor
gene.

8-0x0dG represents the main oxidation product of
guanine in DNA exposed to UVA in the presence of
NADH and Cu(I). This idea is supported by our
observation in HPLC-ECD study that 8-oxodG
formation was increased in DNA treated with
photoirradiated NADH and Cu(Il). In contrast,
photoirradiated riboflavin induced DNA cleavage
specifically at 5’ guanine of 5-GG-3' sequence via
electron transfer both with Fpg and piperidine

treatments, and the cleavages at guanine were greatly
and equally enhanced with piperidine treatment. Our
HPLC-ECD analysis showed an increase in 8-oxodG
formation by exposure to photoirradiated riboflavin.
Considering these results, it is likely that in agreement
with our previous report, 8-0xodG is formed at the
guanine of 5-GG-3’ sequence; it is however a
relatively minor product of guanine oxidation, and
other oxidized guanine products arising from 8-oxodG

I
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Figure 6. Formation of 8-0xodG in DNA irradiated with UVA in the presence of NADH + Cu(Il) or riboflavin. The reaction mixture
containing 100 wM/base calf thymus DNA, NADH + 20 pM Cu(II) or riboflavin and 5 uM DTPA in 200 pl of 4 mM sodium phosphate
buffer (pH 7.8) was exposed to 10J/cm? UVA light (365-nm). Where indicated, the DNA fragments were denatured by heating at 90°C for
5 min, followed by quick chilling on ice. Open circles, native (double-stranded) DNA. Closed circles, denatured (single-stranded) DNA.
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oxidation is involved in the guanine lesions at 5-GG-
3’ sequence, as was discussed previously [12]. Our
finding is supported by earlier works suggesting that 8-
0xodG formed in the GG sequence is more easily
oxidized than guanine in this sequence [36,37], and
that piperidine-labile 2-aminoimidazolone is formed
at 5'-GG-3' sequence by photoirradiated riboflavin
[38]. Concerning the cleavages at pyrimidine residues,
it has been reported that Cu(II)/H,O system
preferentially damages pyrimidine bases in DNA
giving rise to various oxidatively generated products
[39,40]. Among them, thymine glycol [41], 5-
formyluracil [42] and 5-hydroxyluracil [43] are
alkali-labile. These products may be generated at
thymine residues in our experiments.

It has been shown that irradiation of mammalian
cells with UVA and visible light induced H,O,
production [44,45]. Recently, Sakurai et al. have
reported in vivo detection of O, in the UVA-exposed
skin of mice using a sensitive chemiluminescence
method [46]. In addition, Besaratinia et al. have
demonstrated in an HPLC-MS/MS analysis that 8-
0xodG is generated in the genomic DNA of normal
human skin fibroblast exposed to UVAI1 [47]. They
have also identified the formation of Fpg-sensitive
sites along the p53 gene of the UVAl-irradiated cells
dependent on radiation dose. Furthermore, immuno-
histochemical study by Agar et al. revealed that 8-
oxodG accumulation showed basal localization in the
epidermis of both squamous cell carcinomas and solar
keratosis, and it correlated with the basal epithelial
distribution of G:C — T:A transversion [5]. These
results strongly suggest that oxidative DNA damage
induced by UVA in the presence of photosensitizer
plays an important role in skin carcinogenesis. In
conclusion, we have shown that UVA irradiation of
NADH in the presence of Cu(ll) induces DNA
modification frequently at thymine and guanine
residues by a mechanism involving O, (minor Type
II). Although neither O, nor H,O, can cause DNA
damage by themselves, H,O, is long-lived and can
diffuse in the cytoplasm to react with metal ions. It is,
therefore, considered that NADH may participate as
an endogenous photosensitizer in UVA carcinogenesis
via H,O, generation, producing metal-mediated
mutagenic lesions such as 8-oxodG.
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