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Abstract

Propyl gallate (PG), widely used as an antioxidant in foods, is carcinogenic to mice and rats. PG increased the amount of
8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodG), a characteristic oxidative DNA lesion, in human leukemia cell line HL-60,
but not in HP100, which is hydrogen peroxide (H,0;)-resistant cell line derived from HL-60. Although PG induced no or
little damage to 32P-5'-end-labeled DNA fragments obtained from genes that are relevant to human cancer, DNA damage was
observed with treatment of esterase. HPLC analysis of the products generated from PG incubated with esterase revealed that
PG converted into gallic acid (GA). GA induced DNA damage in a dose-dependent manner in the presence of Fe(FIDEDTA or
Cu(Il). In the presence of Fe(III) complex such as Fe(IIHEDTA or Fe(IIDADP, GA caused DNA damage at every nucleotide.
Fe(IIl) complex-mediated DNA damage by GA was inhibited by free hydroxy radical (*OH) scavengers, catalase and an iron
chelating agent. These results suggested that the Fe(III) complex-mediated DNA damage caused by GA is mainly due to *OH
generated via the Fenton reaction. In the presence of Cu(Il), DNA damage induced by GA occurred at thymine and cytosine.
Although *OH scavengers did not prevent the DNA damage, methional inhibited the DNA damage. Cu(ll)-mediated DNA
damage was inhibited by catalase and a Cu(J) chelator. These results indicated that reactive oxygen species formed by the
interactton of Cu(I) and HyO; participates in the DNA damage. GA increased 8-oxodG content in calf thymus DNA in the
presence of Cu(1l), Fe(IIHEDTA or Fe(III)ADP. This study suggested that metal-mediated DNA damage caused by GA plays
an important role in the carcinogenicity of PG.
© 2003 Elsevier B.V. All rights reserved.

Keywords: DNA damage; Propyl gallate; Gallic acid; 8-Oxo-7 8-dihydro-2'-deoxyguanosine; Reactive oxygen species; Copper; Iron

1. Introduction

Abbreviations: PG, propyl gallate; 8-oxodG, 8-o0x0-7.8-
dihydro-2'-deoxyguanosine (also known as 8-hydroxy-2'-deoxy-
guanosine); GA, gallic acid; CIP, calf intestine phosphatase;
DTPA, diethylenctriamine-N NN N N -pentaacetic acid; DMSO,
dimethylsulfoxide; BAP, bacterial alkaline phosphatase; SOD, su-
peroxide dismutase; HPLC-ECD, an electrochemical detector cou-
pled to high-performance liquid chromatography; HOMO, highest
occupied molecular orbital

* Cormresponding author. Tel.: +81-59-231-5011;
fax: +81-59-231-5011.
E-maifl address: kawanisi@doc.medic. mic-u.ac.jp (8. Kawanishi).

Propyl gallate (PG) is widely used as an antioxidant
in the food industry. PG has been investigated as a
potential chemopreventive agent in several animal ex-
periments [1-3]. Thus, PG is recognized as being the
important synthetic antioxidant. In contrast, National
Toxicology Program (NTP) reported that PG induced
preputial gland tumors, islet-cell tumors of the pan-
creas, and pheochromocytomas of the adrenal glands
in male rats {4]. PG also induced malignant lymphoma

1383-5718/% - see front matter © 2003 Elsevier B.V. All rights reserved.

doi:10.1016/j. mrgentox.2003.11.002
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in male mice [4]. In rat, co-administration of NaNO,
with PG promoted forestomach carcinogenesis after
initiation with N-methyl-N'-nitro-N-nitrosoguanidine
[5]. It is reported that PG is not easily excreted and
tends to accumulate in the body [6]. As measured
by the Salmonella/microsome mutagenesis assay, PG
caused an enhancement of the mutagenic activities
of the carcinogens N-hydroxy-2-acetylaminofluorene
and 4-nitroquinoline 1-oxide {7]. PG induced sister-
chromatid exchanges and chromosomal aberrations in
CHO-K1 cells [8]. These reports have suggested that
accumulation of PG may contribute to carcinogene-
sis. However, the mechanism leading to carcinogene-
sis has not yet been clarified.

To investigate the ability of PG to cause oxidative
DNA damage, the amount of 8-oxo-7,8-dihydro-2/-
deoxyguanosine (8-0xodG), a characteristic oxidative
DNA leston, induced by PG was measured in a human
leukemia cell line, HL-60, and its hydrogen perox-
ide (H202)-resistant clone HP100 by using an electro-
chemicat detector coupled to high-performance liquid
chromatography (HPLC-ECD). 8-Oxo0dG is known to
cause DNA misreplication resulting in mutation or
cancer [9,10]. It has been reported that PG in the hep-
atocyte suspensions is converted to gallic acid (GA)
[6]. To make sure that PG is converted to GA, we
analyzed products generated from PG incubated with
esterase by using an HPLC equipped with a photodi-
ode array. Furthermore, to clarify the mechanism of
carcinogenesis by PG, we examined the DNA dam-
age caused by PG, esterase-treated PG and GA in the
presence of metal ions, using 32P-5"-end-labeled DNA
fragments obtained from the human pl6 and p53 tu-
mor suppressor genes. In addition, we analyzed the
formation of 8-0xodG in calf thymus DNA caused by
GA in the presence of metal jons.

2. Materials and methods
2.1. Materials

Restriction enzymes and calf intestine phosphatase
(CIP) were purchased from Boehringer Mannheim
GmbH (Germany). T4 polynucleotide kinase was from
New England Biolabs (Beverly, MA). [y-32P)ATP was
from New England Nuclear (Boston, MA). Diethy-
lenetriamine-N.N,N' ,N' N"-pentaacetic acid (DTPA)

and bathocuproinedisulfonic acid were from Do-
jin Chemical Co. (Kumamoto, Japan). Acrylamide,
dimethylsulfoxide (DMSQ), bisacrylamide, piperi-
dine, PG, and GA were from Wako Pure Chemical In-
dustries (Osaka, Japan). CuClz, ethanol, p-mannito!,
sodium formate, and proteinase K were from Nacalai
Tesque (Kyoto, Japan). Calf thymus DNA, bacterial
alkaline phosphatase (BAP, from Escherichia coli),
superoxide dismutase (SOD, 3000 U/mg from bovine
erythrocytes), catalase (45,000U/mg from bovine
liver), esterase (250 U/mg from porcine liver), and
RNase A were from Sigma Chemical Co. (St. Louis,
MO). Nuclease PI was from Yamasa Shoyu Co.
(Chiba, Japan). Lysis buffer for DNA extraction was
from Applied Biosystems (Foster City, CA).

2.2. Measurement of 8-0x0dG in cultured cell

Human leukemia HL-60 cells and its HO3-resistant
clone HP100 were grown in RPMI 1640 supple-
mented with 6% fetal bovine serum at 37 °C under 5%
CO; in a humidified atmosphere. Cells (10% cells/mi)
were incubated with PG for 2h at 37°C and imme-
diately washed three times with phosphate-buffered
saline. DNA was extracted under anaerobic condition
digested to component nucleosides with nuclease Py
and BAP and analyzed by HPLC-ECD [11,12].

2.3. Analysis of PG and its metabolite by HPLC

The reaction mixture containing 100 uM PG and
0.625U esterase in 50pl of 10mM sodium phos-
phate buffer (pH 7.8) containing 5 pM DTPA was
incubated at 37 °C. To analyze the products generated
from PG incubated with esterase, HPLC was carried
out on an LC-10A HPLC system (Shimadzu, Kyoto,
Japan) using a Cosmosil column (Nacalai Tesque,
4.6 mm internal diameter x 150 mm), flow rate of 1 ml/
min, linear gradient in 12.5 min of 0-50% acetonitrile.
The HPLC eluate was routed directly into a photodi-
ode array UV-Vis detector (SPD-M10A, Shimadzu)
and the spectrum of the eluate was measured [13].

2.4. Preparation of 32P-5-end-labeled DNA
Jragments

Two fragments containing exon 1 or 2 of the hu-
man p/6 tumor suppressor gene [14] were obtained as
described previously [15). The 5-end-labeled 490 bp
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fragment (EcoRI* 5841-EcoRI* 6330) containing
exon 1 was further digested with Mrol to obtain the
singly labeled 328 bp fragment (EcoRI* 5841-Mrol
6168) and the 158bp fragment (Mol 6173—-EcoRT*
6330). The 5'-end-labeled 460bp fragment (EcoRI*
9481-EcoRI* 9940) containing exon 2 was also fur-
ther digested with BssH II to obtain the singly labeled
309bp fragment (EcoRI* 9481-BssH I 9789), and
the 147 bp fragment (BssH II 9794-EcoRI* 9940).
DNA fragments were also obtained from the human
P53 tumor suppressor gene [16]. The 32P-5"-end-label-
ed 650 bp (HindIIT* 13972-EcoRI* 14621) and 460 bp
(HindITI* 13038-EcoRI* 13507) fragments were
obtained as described previously [17). The 650bp
fragment was digested with Apal to obtain the singly
labeled 21ibp (HindII* 13972-Apal 14182) and
443 bp (Apal 14179-EcoRI* 14621) DNA fragments.
The 460 bp fragment was digested with Sty to obtain
the singly labeled 118 bp (HindIIT* 13038-S1yI 13155)
and 348bp (Styl 13160-EcoRI* 13507) fragments.
For reference, nucleotide numbering starts with the
Bam HI site [18]. An asterisk indicates 32P-labeling.

2.5, Detection of DNA damage caused by GA in the
presence of metal ions

The standard reaction mixture contained GA, 32P-
5'-end-labeled DNA frapments, 20 pM/base calf thy-
mus DNA and 20 pM metal ions in 200 pl of 10 mM
sodium phosphate buffer (pH 7.8) containing 5 uM
DTPA. After incubation at 37°C for 1h, the DNA
fragments were heated at 30°C in | M piperidine for
20 min.

The preferred cleavage sites were determined by
direct comparison of the positions of the oligonu-
cleotides with those produced by the chemical re-
actions of the Maxam-Gilbert procedure [19] using
a DNA-sequencing system (LKB 2010 Macrophor,
Pharmacia Biotech, Uppsala, Sweden). The relative
amounts of oligonucleotides from the treated DNA
fragments were measured with a laser densitometer
{LKB 2222 UltroScan XL, Pharmacia Biotech).

2.6. Analysis of formation of 8-oxodG in calf thymus
DNA by GA in the presence of metal ions

The amounts of 8-0xodG were measured by mod-
ified methods of Kasai et al. [20]. Calf thymus DNA

(100 pM/base) and 20 pM metal (CuClz, Fe(IINEDTA
or Fe(IINADP) were incubated with GA, in 200 pl
of 4mM sodium phosphate buffer (pH 7.8) contain-
ing 5 oM DTPA for 1h at 37°C. After ethanol pre-
cipitation, DNA fragments were digested to individ-
val nucleosides with nuclease P1 and CIP, and an-
alyzed with an HPLC-ECD, as described previously
[11].

2.7. UV-Vis spectra measurement during
autooxidation of GA and PG

UV-Vis spectra of GA and PG were measured with
a UV-Vis spectrometer (UV-2500PC, Shimadzu, Ky-
oto). The reaction mixture contained 2 mM GA or PG
and 200 pM CuCl; or Fe(IINEDTA in 10mM phos-
phate buffer (pH 7.8). The spectra of the mixtures were
measured repeatedly at 37°C for the indicated dura-
tion,

2.8. Ab initio molecular orbital calculation of GA
and PG

Energies of highest occupied molecular orbital
(HOMO) of GA and PG were estimated from ab initio
molecular orbital (MO) calculation at Hartree—Fock
6-31G* level. The calculations were performed using
Spartan 02’ for Windows (Wavefunction Inc., CA) as
previously reported [21].

3. Results

3.1. Formation of 8-ox0dG in human cultured cells
by PG

Fig. 1 compared 8-oxodG formation in HL-60 cells
and HP100 cells, which are an H;O;-resistant clone
of HL-6( cells. The content of 8-oxodG of DNA in
HL-60 cells treated with 200 and 500 pM PG was
significantly increased in comparison with no treated
cells, whereas PG did not significantly increase the
amount of 8-oxedG in HP100 cells. Catalase activity
of HP100 cells is 18 times higher than that of parent
HL-60 cells [22]. These findings suggested that the
generation of H>O3 plays a critical role in PG-induced
DNA damage.
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Fig. 1. Comparison of 8-ox0dG formation in HL-60 and HP100
cells treated with PG. HL-60 (@) and HP100 (O) cells (208
cetls/ml) were incubated with PG for 2h at 37°C and the DNA
was extracted immediately. DNA was digested to nucleosides en-
zymatically and 8-oxodG content was analyzed by HPLC-ECD,
as described in Section 2. Results are expressed as mean + S.E.
of values obtained from six independent experiments, Symbols in-
dicate significant differences compared with contro! (*; P < 0.05)
and significant differences between HL-60 and HP100 at the same
dose of PG (#: P < 0.05) by t-test.

3.2. Identification of a product generated from PG
treated with esterase

The product generated from PG treated with es-
terase was analyzed with an HPLC equipped with
a photodiode array. The product eluting at 3.0min
showed a maximum absorption at 272nm (Fig. 2).
This product was identified to be GA based on
itst HPLC elution profile and UV spectral proper-
ties. The amounts of GA generated by PG plus es-
terase were measured with passage of time. When
PG was incubated with esterase for 1 and 3h,
40 and 70% of PG were converted into GA, res-
pectively.

3.3. Damage to 3?P-labeled DNA fragments by PG,
PG with esterase, and GA in the presence of metal
ions

PG induced no or little DNA damage in the pres-
ence of metal ions (Fig. 3A). However, when PG
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Fig. 2. HPLC chromatograms of PG, GA, and PG treated with
esterase. (A) Chromatogram of authentic PG, The mixture con-
taining 100 M PG in 50l of 10mM sodium phosphate buffer
(pH 7.8) containing 5 pM DTPA was analyzed with an HPLC as
described in Section 2. (B) Chromatogram of authentic GA. The
mixture containing 100 pM GA in 50 pl of 10 mM sodium phos-
phate buffer (pH 7.8) containing 5 pM DTPA was analyzed with
an HPLC. (C) Chromatogram of PG incubated with esterase for
1 h. The mixture containing 100 kM PG in 50l of 10 mM sodium
phosphate buffer (pH 7.8) containing 5 pM DTPA was incubated
with 0.625 U esterase for 1 h at 37°C and analyzed with an HPLC,
(D) Chromatogram of PG incubated with esterase for 3h. The
mixture containing 100 pM PG in 50 ul of 10mM sodium phos-
phate buffer (pH 7.8) containing 5 M DTPA was incubated with
0.625J esterase for 3h at 37°C and analyzed with an HPLC.
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Fig. 3. Damage to 32P-labeled DNA fragments by PG, es-
terase-treated PG, and GA in the presence of Cu(Il). (A) The
reaction mixtures containing >2P-5'-end-labeled DNA fragments,
20 pM/base calf thymus DNA, indicated concentrations of PG and
20 wM CuCly were incubated for 1h at 37°C. (B) The reaction
mixtures containing indicated concentrations of PG and 0.625U
esterase in 10mM sodium phosphate buffer (pH 7.8) containing
5 uM DTPA were incubated for 3h at 37 °C. After preincubation,
32p.5'-end labeled DNA fragments, 20 uM/ase calf thymus DNA
and 20 pM CuCl; were added to the mixtures, followed by the
incubation for 1h at 37°C. (C) The reaction mixtures containing
32p_5'_end labeled DNA fragments, 20 pM/base calf thymus DNA,
indicated concentrations of GA and 20 pM CuCl; were incubated
for 1h at 37°C. Subsequently, DNA fragments were treated with
1M piperidine for 20 min at $0°C, then electrophoresed on an 8%
polyacrylamide/8 M urea gel. The autoradiogram was visualized
by exposing an X-ray film to the gel.

was incubated with esterase, DNA damage was ob-
served in the presence of Cu(ll) (Fig. 3B). GA also
induced DNA damage in a dose-dependent manner
in the presence of Cu(Il) (Fig. 3C). Piperidine treat-
ment enhanced DNA cleavage by GA, suggesting
that GA plus Cu(II} caused not only direct breakage
of the deoxyribose phosphate backbone but also base
modification (data not shown). Similar results was
obtained with GA in the presence of Fe(III)EDTA.
Direct breakage and piperidine-sensitive base mod-
ification caused by GA plus Cu(Il} were stronger
than those by GA plus Fe(IMEDTA (data not
shown).

3.4. Effects of scavengers and metal chelators on
DNA damage induced by GA in the presence of metal
ions .

In the presence of Fe(IIEDTA, DNA. damage in-
duced by GA was inhibited by free hydroxy! radical
(*OH) scavengers such as cthanol, mannitol, sodium
formate, DMSO and methional (Fig. 4A}. Catalase and
deferoxamine mesylate, an iron chelating agent, also
inhibited the DNA damage (Fig. 4A). SOD did not
inhibit the DNA damage (Fig. 4A). These results in-

dicated that *OH, H205, and iron participated in the
Fe(IIDEDTA-mediated DNA damage.

In the presence of Cu(II), *OH scavengers showed
little or no inhibitory effect on DNA damage by GA
(Fig. 4B). However, the DNA damage was inhib-
ited by methional (Fig. 4B), which can scavenge not
only *OH but also species with weaker reactivity
than *OH (23]. Catalase and bathocuproine, a Cu(l)
chelator, inhibited the DNA damage, suggesting the
involvement of HyO3 and Cu(l) (Fig. 4B). From these
results, we speculated that reactive oxygen species
such as DNA-copper-hydroperoxo complex partic-
ipated in the Cu{ll)-mediated DNA damage caused
by GA.

3.5. Site specificity of DNA cleavage by GA in the
presence of metal ions

Fig. 5 shows the patterns of DNA damage induced
by GA in the presence of Fe(IINEDTA or Cu(il).
The relative intensity of DNA damage was obtained
by scanning autoradiogram with a laser densitometer.
In the presence of Fe(IIDEDTA, GA caused DNA
damage at every nucleotide in DNA fragments treated
with piperidine (Fig. 5A). In the presence of Cu(Il),
DNA damage caused by GA occurred frequently
at thymine and cytosine with piperidine treatment
(Fig. 5B).

3.6. Formation of 8-0x0dG in calf thymus DNA by
GA in the presence of metal ions

We measured the 8-oxodG content in calf thymus
DNA incubated with GA. As shown in Fig. 6, GA in-
creased formation of 8-oxodG in the presence of metal
ions. At GA concentrations above 50 M, Cu(Il) led
to the formation of 8-0x0dG more efficiently than
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Fig. 4, Effects of scavengers and metal chelators on DNA damage
induced by GA in the presence of Cu(Il} and Fe(lIDEDTA. Re-
action mixtures contained the 32P-3'-end-labeled DNA fragments,
20 pM/base calf thymus DNA, 200 pM (A) or 20 pM (B) GA and
20 wM Fe(IINEDTA (A) or CuCl; {B) in 200 pl of 10 mM sodium
phosphate buffer {pH 7.8) containing 5 uM DTPA. The mixtures
were incubated for 1h at 37°C. DNA fragments were treated with
I'M piperidine for 20 min at 90°C, then electrophoresed on an 8%
polyacrylamide/8 M urea gel. The autoradiogram was visualized
by exposing an X-ray film to the gel. The concentration of scav-
engers and metal chelators was as follows, 0.8 M ethanol, 0.1M
mannito!, 0.1M sodium formate, 0.8 M DMSO, 0.t M methional,
30U catalase, 30 U SOD, 20 pM bathocuproine, and 1 mM defer-
oxamine,
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Fig. 5. Site specificity of DNA damage induced by GA in the pres-
ence of Cu(If) and Fe(IIEDTA. Reaction mixtures contained the
32p_5’_end-labeled 211bp DNA fragment (HindIII* 13972-Apal
14182), 20 pMsbase of calf thymus DNA, 200 wM (A) or 20pM
(B) GA and 20 uM Fe(IIDEDTA (A) or CuCly (B) in 200 pl of
10 mM sodium phosphate buffer {(pH 7.8) containing 5 pM DTPA.
The mixtures were incubated for 1h at 37°C, Following piperi-
dine treatment, the DNA fragments were analyzed as described in
Section 2,

Fe(IINEDTA. However, GA led to the formation of
8-0x0dG in the presence of Fe(IIEDTA as much
as that in the presence of Cu(Il) at concentrations
below 50 pM. The level of 8-ox0dG alse increased
depending on the concentrations of GA in the pres-
ence of Fe(IMMADP. PG did not increase the level
of 8-0xodG in the presence of metal ions (data not
shown). '
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Fig. 6, Formation of 8-0x0dG by GA in the presence of metal ions.
Reaction mixtures contained 100 pM/base of calf thymus DNA,
GA and 20 pM metal ion {CuClz, Fe(ITNHEDTA or Fe(IIHADP) was
incubated at 37°C for 1h. After ethanol precipitation, the DNA
was subjected to enzyme digestion and analyzed by HPLC-ECD
as described in Section 2.

3.7. UV-Vis spectroscopic study on the autooxidation
of GA and PG

The absorption- spectra of GA and PG were red-
shifted immediately by the addition of CuCl,, pos-

0.15

Gallic acid
0,10+

0.054

AO.D. at 420 nm

Propy! gallate

0.00

0 20 40 60
tima (min)

Fig. 7. Increase of absorbance of GA and PG during their autoox-
idation. Reaction mixture contained 2 mM GA or PG and 200 pM
CuCly in 10mM sodium phosphate buffer (pH 7.8) containing
5 1M DTPA. The absorption spectra were measured every 10min
for 60min with a UV-Vis spectrometer at 37°C. The increments
of absorbance at 420 nm (AQ.D.) were plotted against the reaction
time.

sibly due to a complex formation with copper ion.
Their absorption bands at ca. 420nm gradually in-
creased in the presence of Cu(II) (Fig. 7). It has been
reported that oxidation of pyrogallol derivatives pro-
duce o-benzoquinone derivatives, which show char-
acteristic absorption spectrum at ca. 420nm [24,25].
Therefore, it is reasonably considered that GA and PG,
pyrogallol derivatives, produce their corresponding o-
benzoquinone derivatives via Cu{II)-mediated autoox-
idation, although a possibility of the formation of the
stable one-electron oxidative products cannot be ne-
glected. The spectra changes showed that the oxida-
tion rate of GA is much faster than that of PG. Sim-
ilar spectra changes were observed in the presence
of Fe(IINEDTA (data not shown). Autooxidation of
GA mediated by Fe(IIIEDTA was faster than that by
Cu(II).

3.8. Calculated energies of the HOMO of GA and PG

The ab initio MO calculation has indicated that the
HOMO of these compounds are localized on their
pheny! rings. Since pK, of GA is below 3.4 [26}, GA
becomes anion form in this experimental condition
(pH 7.8). The HOMO energy of anion form of GA
(4.71eV) is smaller than that of PG (8.53eV). This
calculation study suggested that anion form of GA, a
hydrolysis product of PG, easily undergo the oxida-
tion rather than the parent PG.

4, Discussion

In this study, we demonstrated that PG significantly
increased 8-oxodG formation in HE-60 cells, but did
not increased it in HP100 cells. The catalase activity
of HP100 cells was 18 times higher than that of HL-60
cells [22]. Therefore, it is suggested that generation of
H,0; plays an important role in PG-induced 8-0xodG
formation in human cultured cells. The DNA base
damage 8-oxodG formation, is a prominent indicator
of oxidative stress and has been well-characterized as
a premutagenic lesion in mammalian cells. Numer-
ous studies have indicated that the formation of 8-
oxodG causes misreplication of DNA that may lead
to mutation or cancer [9,10}. It has been reported that
guanine to thymine transversion is the most common
mispairing-type mutation produced by 8-oxcdG in site
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specificity assays {9,27]. It is reasonably considered
that oxidative DNA damage participates in carcino-
genesis induced by PG.

Although PG increased 8-0oxodG formation in HL-
60 cells, PG itself did not increased the level of 8-
0x0dG in isolated calf thymus DNA in the presence
of metal fons. To clarify the mechanism of cellular
DNA damage induced by PG, we investigated forma-
tion of 8-0x0dG induced by GA in calf thymus DNA.
PG is hydrolyzed enzymatically to GA by cellular

.carboxylesterase. We demonstrated that GA increased
the amounts of 8-0xodG in the presence of Cu(Il),
Fe(IINEDTA, and Fe(IIDADP. From these results, it
is considered that GA, produced from PG by esterase,
may be involved in oxidative DNA damage in human
cultured cell.

Furthermore, we investigated site-specific DNA
damage by GA, using 32P-labeled DNA fragments
obtained from the human p53 and p16 tumor suppres-
sor genes. GA induced DNA damage in the presence
of Fe(lll) complex or Cu(Il). GA caused cleavage
uniformly at every nucleotide in the presence of
Fe(TIIDEDTA. A similar pattern was observed in GA
induced-DNA damage in the presence of Fe(IIHADP.

COOCH,CH,CH,

It is reported that *OH causes DNA cleavage with-
out site specificity {28-31}. In order to confirm what
kinds of reactive oxygen species cause oxidative
DNA damage, the effects of various scavengers on
the Fe(INEDTA-mediated DNA damage by GA were
examined. The inhibitory effects of *OH scavengers,
catalase and the iron chelating agent suggested that
*OH, H;0;, and iron play important roles in the
DNA damage. Therefore, we conclude that the Fe(III)
complex-mediated DNA damage caused by GA is
mainly due to *OH generated via the Fenton reaction.

GA plus Cu(Il} induced piperidine-labile site at
thymine and cytosine. In addition, using an HPLC-
ECD, we also observed the increase of 8-oxodG,
which is piperidine-inert site, Thus, GA with Cu(Il)
should cause oxidative damage at guanine. DNA
damage caused by GA plus Cu(ll) was inhibited
by catalase and bathocuproine, a Cu(I) chelator. Al-
though *OH scavengers showed no or little inhibitory
effect on the DNA damage, methional, which can
scavenge not only *OH but also species with weaker
reactivity than *OH [23], inhibited the DNA dam-
age. From these results, we considered that reactive
species such as Cu(I}-hydroperoxo complex partic-

Cu + HzOg ——- CII(I}OOH-!-H"

HzOz

F92+ + HzOz

—3» Fe* + HO" +-Ol-l

HO OH
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HO OH
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OH R' DNA damage
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Fig. 8. Possible mechanism of metal-mediated DNA damage induced by GA, a metabolite of PQ.
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ipate in the Cu(Il)-mediated DNA damage by GA.
Copper, which occurs in the mammalian cell nucleus,
is believed to play a central role in the formation of
reactive oxygen species and produce DNA damage
leading to carcinogenesis [32].

On the basis of these results, the possible mech-
anisms of metal-mediated DNA damage induced by
GA, a metabolite of PG, are proposed in Fig. 8.
Metal-mediated autooxidation of GA generate to the
semiquinone radical. In the presence of metal ion
(M™), H20; was generated by O2° ™ dismutation with
concomitant reduction of M™ to M™ 1. In the presence
of Cu(Il), GA induced DNA damage by the interac-
tion of Cu(l) and H20; to form a Cu(l)-hydroperoxo
complex such as Cu(l)OOH. Fe(IIT)EDTA-mediated
DNA damage resulting from exposure to GA is
caused by *OH generated from the Fenton reaction.
*OH is extremely short-lived and travels a very short
distance in water [33-35]. This could be one of the
reasons that Cu(Il)-mediated DNA damage caused
by GA was stronger than Fe(IIDEDTA-mediated
damage, although autcoxidation of GA mediated by
Fe(IIDEDTA was faster than that by Cu(II).

It has been reported that PG can act as carcinogen
in several tumor in experimental animals [4,5]. Ja-
cobi et al. {36] reported that PG induced single strand
breaks in the presence of Cu(II). However, our study
revealed that although PG induced no or little DNA
damage in the presence of metal ions, GA efficiently
induced DNA damage in the presence of metal ions
such as iron and copper under the experimental con-
dition. Absorption spectroscopic studies demonstrated
that the autooxidation of GA was markedly faster than
that of PG. This observation was supported by MO
calculation suggesting that oxidation potential of GA
is smaller than that of PG. The experimental and the
calculation results lead us to the idea that GA, hy-
drolysis product of PG, can be easily oxidized than
PG, resulting in the enhancement of redox activity to
produce reactive oxygen species. Finally, we conclude
that GA plays an important role in the express of PG
carcinogenicity.
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Abstract

Inflammation has been postulated as a risk factor for several cancers. 3-Nitrotyrosine is a biochemical marker for inflammation.
We investigated the ability of nitrotyrosine and nitrotyrosine-containing peptides {nitroY-peptide) to induce DNA damage by the
experiments using *2P-labeled DNA fragments obtained from the human p53 tumor suppressor gene and an HPLC-electrochemical
detector. Nitrotyrosine and nitroY-peptide caused Cu(ll)-dependent DNA damage in the presence of P450 reductase, which is
considered to yield nitroreduction, Catalase inhibited DNA damage, suggesting the involvement of H,O,». Nitrotyrosine and nitroY-
peptide increased 8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodG) formation, an indicator of oxidative DNA damage. Nitrotyro-
sine-containing peptides of histone induced 8-0x0dG formation more efficiently than free nitrotyrosine. We propose the possibility
that nitrotyrosine-induced H,0; formation and DNA damage contribute to inflammation-associated carcinogenesis.

© 2004 Elsevier Inc. All rights reserved.
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Inflammation has been postulated as a risk factor for
several cancers [1-5]. Inflammation and infection acti-
vate a variety of inflammatory cells, which produce nitric
oxide (NO) and superoxide (Oy), yielding peroxynitrite
(ONOOQ™), and other types of reactive nitrogen species
(RNS) [6,7). The reaction of RNS with protein-bound
tyrosine residues causes nitrotyrosine formation in in-
flammatory and infected tissues. Many studies revealed
the presence of 3-nitrotyrosine in human tissues and
fluids due to inflammation and infectious diseases {8-11].
Nitrotyrosine serves as a biochemical marker for in-
flammation. Increases of protein tyrosine nitration were
observed in cancer sites [12,13]. Interestingly, a recent
study has suggested that histones are the most prominent

* Abbreviations: nitroY -peptide, nitrotyrosine-containing peptide;
RNS, reactive nitrogen species; 8-0x0dG, 8-0x0-7,8-dihydro-2'-deoxy-
guanosine (and also known as 8-hydroxy-2'-deoxyguanosine); DTPA,
diethylenetriamine-¥ N N’ N” N”-pentaacetic acid; HPLC-ECD, high
performance liquid chromatography coupled with an electrochemical
detector; NADPH, B-nicotinamide adenine dinucleotide phoesphate
(reduced form); P450 reductase, NADPH-cytochrome P450 reductase;
SOD, superoxide dismutase.

* Corresponding author. Fax: +81-39-231-5011,

E-mail address: kawanisi@doc.medic.mie-u.ac.jp (5. Kawanishi).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/).bbrc.2004.02.022

nitrated proteins in the Mutatec tumor tissue exposed to
NO [14]. Irie et al. {1 5] have demonstrated that histone is
a substrate for “denitrase” that removes the nitro group
of nitrotyrosine in proteins. The existence of a repair
mechanism for nitrated tyrosine in histone has led us to
an idea that nitrotyrosine may have deleterious effects on
biological system. There arises a possibility that ni-
trotyrosine can be involved in DNA damage, which may
participate in inflammation-associated carcinogenesis.
We investigated the ability of nitrotyrosine and ni-
trotyrosine-containing peptides of histone to induce
DNA damage using *P-labeled DNA fragments ob-
tained from the human p33 and pl6 tumor suppressor
genes. We also analyzed 8-oxo-7,8-dihydro-2'-deoxy-
guanosine (8-oxodG) formation in calf thymus DNA with
an electrochemical detector coupled to an HPLC (HPLC-
ECD), as an indicator of oxidative DNA damage.

Materials and methods

Marerials. Restriction enzymes (EcoR1, Mrol, and A4pal) and calf in-
testine phosphatase were purchased from Boehringer-Mannheim (Ger-
many). Restriction enzymes (HindIIl and Aval) and T, polynucleotide
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kinase were purchased from New England Biolabs. [y-2PJATP
(222 TBg/mmol) was from New England Nuclear. Superoxide dismutase
(SOD, 3000 Uimg from bovine erythrocytes) and catalase (45,000 U/mg
from bovine liver) were from Sigma Chemical. Nitrotyrosine-containing
peptides (nitroY-peptide) were supplied by Sawady Technology (Tokyo,
Japam; nitroY1-peptide} and Nihon Sigma Genosys Biotechnologies
(Hokkaido, Japan; nitroY3-peptide). The amino acid sequences of ni-
trated tyrosine residue on histone were from reference [14] that identified
them in tumor tissue by mass spectrometry as follows; nitroY I-peptide;
nitcoY-R-P-G-T-V-A-L-R and nitroY3-peptide; E-S-nitroY-S-V-nit-
roY-V-nitroY-K., NADPH, NADP*, acrylamide, bisacrylamide, and
piperidine were obtained from Wako Pure Chemical Industries {Osaka,
Japan}. NADPH-cytochrome P450 reductase (P450 reductase) from rat
microsome was a kind gift from Dr, Y. Kumagai (Tsukuba University).
Ethanol and CuCl, were from Nakalai Tesque (Kyoto, Japan). Nu-
clease P, was from Yamasa Shoyu (Chiba, Japan). Bathocuproinedi-
sulfonic acid was from Dojin Chemicals (Kumamoto, Japan).
Prepararion of ¥ P-5'-end-labeled DNA fragments. DNA fragments
obtained from the human p53 tumor suppressor gene [16] containing
exons were prepared, as described previously [17). The ¥-end-labeled
650-bp fragment (HindITI[*13972-EcoRI*14621) was obtained by de-
phosphorylation with calf intestine phosphatase and rephosphorylation
with [y-2PJATP and T, polynucleotide kinase (*, *P-labeled). The 650-
bp fragment was further digested with 4pal to obtain a singly labeled
443-bp fragment (Apal 14179-EcoRT*14621) and a 211-bp fragment
(HindII1*13972-A4pal 14182). DNA fragment was also obtained from
the human pf6 tumor suppressor gene [18). The 5’ end-labeled 490-bp
fragment (EcoR1*5841-EcoRI1*6330) containing exon 1 of the human
pI6 tumor suppressor gene was obtained by pGEM-T Easy Vector
{Promega). The 490-bp fragment was further digested with Mrol to
obtain asingly labeled 328-bp fragment (EcoRI*584[-Mrol 6168)and a
158-bp fragment {(Mrol 6173- EcoRI*6330) as described previously [19],
Detection of DNA dumage by nitrotyrosine. The standard reaction
mixtures (in a microtube; 1.5 mL; Eppendorf) containing nitrotyrosine,
100 uM NADPH, and P450 reductase in 20 mM potassium phosphate
buffer (pH 7.4) were pre-incubated at 25°C for 30 min. After pre-in-
cubation, *?P-5-end-labeled DNA fragments, calf thymus DNA
(20puM/base), and 20uM CuCl, were added to the mixtures (total
200uL), followed by the incubation at 37°C for 1 h. Then, the DNA
fragments were treated in 10% (v/v) piperidine at %0°C for 20 min, or
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treated with 6 U Fpg protein in 21 pl. of reaction buffer (10mM
Hepes-KOH (pH 7.4), 100mM KCI, 10mM EDTA, and 0.1 mg/mi
BSA) at 37 °C for 2 h. The treated DNA was electrophoresed on an 8%
polyacrylamide/8 M urea gel. The autoradiogram was obtained by
exposing X-ray film to the gel [19].

The preferred cleavage sites were detertnined by direct comparison
of the positions of the oligonucleotides with those produced by the
chemical reactions of the Maxam—Gilbert procedure [20] using a
DNA-sequencing system (LKB 2010 Macrophor). The relative
amounts of oligonucleotides from the treated DNA {ragments were
measured with a laser densitometer (LKB 2222 UltroScan XL).

Analysis of 8-0x0dG formation in calf thymus DNA by nitrotyrosine.
The standard reaction mixture (in a microtube; 1.5mL; Eppendorf)
containing ‘nitrotyrosine, 100puM NADPH, and P450 reductase in
20mM potassium phosphate buffer (pH 7.4) were pre-incubated at
25°C for 30min. After pre-incubation, calf thymus DNA {100 pM/
base) and 20 uM CuCl; were added, and then incubated at 37°C for
1 h. After ethanol precipitation, DNA was digested to the nucleosides
with nuclease P, and calf intestine phosphatase, and analyzed by an
HPLC-ECD, as described previously [21].

Measurement of NADPY amount. The standard reaction mixtures
(in a microtube; 1.5mL; Eppendorl) containing nitrotyrosine, 100 pM
NADPH and P450 reductase in 20mM potassium phosphate buffer
(pH 7.4) were pre-incubated at 25°C for 30 min, followed by incuba-
tion at 37°C for 1 h. NADP* amount was anatyzed by HPLC with a
Shimadzu photodiode array UV detector (SPD-M10A, Kyoto, Japan)
at 260 nm with Wako Pure Chemical ODS (46 mm x 150 mm) in mo-
bile phase containing 2% methanol and 100 mM potassium phosphate
buffer (pH 6) at flow rate 1 mL/min.

Results

Damage to * P-labeled DNA fragments by nitrotyrosine
in the presence of P450 reductase, NADPH, and Cu([l)

Free nitrotyrosine and nitrotyrosine-peptides of
histone caused Cu(ll)-mediated DNA damage when

A PA50 reductase + NADPH + Cu(ll) B 3 ]
' 1 = °
nitrotyrosine  nitroY1-peptide nitroY3-peptide § - o oy

. 1T 1 _ s & & 3§
0t 2 5 1 %t 2 5 10 1 2 5 10HM gggggg
s 8w aeqea

o & *or T

Fig. 1. Autoradiograms of 3*P-labeled DNA fragments incubated with free nitrotyrosine and nitroY-peptides in the presence of P450 reductase,
NADPH, and Cu(II}. (A) The reaction mixtures containing indicated concentrations of nitrotyrosine or nitroY-peptide, 100 uM NADPH, and
2.1 pg/mL P450 reductase in 20mM potassium phosphate buffer (pH 7.4) were pre-incubated at 25°C for 30 min. After pre-incubation, **P-5-end-
labeled 158-bp DNA fragments, calf thymus DNA (20 pM/base), and 20 pM CuCl, were added to the mixtures (total 200 uL}, followed by the
incubation at 37°C for 1 h, (B) Scavengers were added after pre-incubation of 16 uM nitroY 3-peptide as follows: 5% (v/v} ethanol; 30 U SOD; 30U
catalase; 50 uM bathocuproine. After the incubation, the DNA fragments were treated with hot piperidine and electrophoresed on an 8% poly-
acrylamide/8 M urea gel. The autoradiogram was obtained by exposing X-ray film to the gel.
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they were treated with P450 reductase (Fig. 1A). With-
out P450 reductase, free nitrotyrosine and nitroY-pep-
tides caused no DNA damage even in the presence of
Cu(Il) (data not shown). In the absence of Cu(Il), DNA
damage was not observed. Free nitrotyrosine induced
slight DNA damage. NitroY-peptides damaged DNA
more efficiently than free nitrotyrosine. The peptide
containing three nitrotyrosine residues (nitroY3-pep-
tide) induced DNA damage stronger than that con-
taining one nitrotyrosine (nitro’Y 1-peptide). The amount
of oligonucleotides was increased by piperidine treat-
ment, suggesting the involvement of base modification/
liberation (data not shown).
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Effects of scavengers and bathocup'roine on DNA damage
induced by nitrotyrosine

Fig. 1B shows the effects of scavengers and batho-
cuproine, a Cu(l)-specific chelator, on DNA damage
induced by P450 reductase-treated mnitroY 3-peptide in
the presence of Cu(ll). Catalase and bathocuproine in-
hibited DNA damage, suggesting the involvement of
hydrogen peroxide (H,0,) and Cu(I). Ethancl, a typical
free hydroxyl radical (*OH) scavenger, did not attenuate
DNA damage. SOD partly inhibited DNA damage.
Similar results were obtained with nitroY 1-peptide (data
not shown).
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Fig. 2. Site specificity of Cu(Il}-mediated DNA cleavage induced by nitroY3-peptide in the presence of P450 reductase. The reaction mixtures
containing 10 uM nitroY3-peptide, 100pM NADPH, and 2.1 ug/mL P450 reductase in 20mM potassium phosphate buffer (pH 7.4) were pre-in-
cubated at 25 °C for 30 min. After pre-incubation, 2P-5-end-labeled 211-bp (A,B) or 443-bp (C,D) DNA fragments, calf thymus DNA (20 tM/base),
and 20 M CuCl, were added to the mixtures. Reaction mixtures were incubated at 37 °C for 1 h, followed by hot piperidine (A,C) and Fpg treatment
(B,D). DNA fragments were electrophoresed on an 8% polyacrylamide/8 M urca gel using a DNA-sequencing system and the autoradiogram was
obtained by exposing X-ray film to the gel. The relative amounts of oligonucleotide were measured by scanning the autoradiogram with a laser
densitometer (LKB 2222 UltroScan XL). The horizontal axis shows the nucleotide number of the human p53 tumor suppressor gene and under-
scoring shows the complementary sequence to codon 273 (nucleotide numbers 14436-14488).
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Site specificity of DNA cleavage by nitrotyrosine

An autoradiogram was obtained and scanned with a
laser densitometer to measure relative intensity of DNA
cleavage in the human p53 tumor suppressor gene
(Fig. 2). P450 reductase-treated nitroY-peptide induced
piperidine-labile sites relatively at thymine and cytosine
residues in the presence of Cu(II) (Figs. 2A and C). With
Fpg treatment, DNA cleavage occurred mainly at
guanine residues (Figs. 2B and D). Collectively, damage
at neighboring guanine and pyrimidine residues such
as 5-TG-3' and 5-GC-3' sites was observed (Figs. 2A
and B), suggesting that double-base lesion occurred.
NitroY-peptides caused piperidine-labile and Fpg-sen-
sitive lesions at CG in the 5-ACG-3' sequence, a well-
known hotspot of the p53 gene [22] (Figs. 2C and D).

Formation of 8-0xo0dG in calf thymus DNA by nitroty-
rosine

Using an HPLC-ECD, we measured 8-oxodG
content in calf thymus DNA treated with nitroty-
rosine after P450 reductase treatment (Fig. 3).
NitroY3-peptide increased the amount of 8-0xodG up
to 2uM and then decreased gradually. Significant in-
creases (p < 0.01) were observed in all conditions
treated with 1pM and higher concentrations of nit-
roY3-peptide. NitroY1-peptide induced the increase of
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Fig. 3. Cu(ll)-mediated formation of 8-0x0dG in calf thymus DNA by
nitrotyrosine and nitroY-peptides in the presence of P450 reductase.
The reaction mixtures containing nitrotyrosine or nitroY-peptides,
100 yM NADPH, and 2.1 pg/mL P450 reductase in 20mM potassium
phosphate buffer (pH 7.4) were pre-incubated at 25°C for 30min.
After pre-incubation, DNA fragments (100 pM/base) from calf thymus
and 20pM CuCly were added and then incubated at 37°C for 1h.
After ethanol precipitation, DNA was enzymatically digested to the
nucleosides and analyzed by an HPLC-ECD. Results are expressed as
means {(control; 100%) and SEM of values obtained from three inde-
pendent experiments. Asterisks indicate significant difference com-
pared with control by Student’s ¢ test (*p < 0.05, **p < 0.01).
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Fig. 4. Production of NADP* through reaction of nitrotyrosines and
P450 reductase. The reaction mixtures containing 10 tM nitrotyrosine
or nitroY-peptides, 100 uM NADPH, and 2.1 ug/mL P450 reductase in
20mM potassium phosphate buffer (pH 7.4) were pre-incubated at
25°C for 30min, followed by incubation at 37°C for 1h. NADP*
amount was analyzed by HPLC with photodiode array UV detector
(260 nm). Results are expressed as means and SEM of values obtained
from three independent experiments. Asterisks indicate significant
difference compared with control (*p < 0.05, **p < 0.01) by Student’s
I test.

8-0x0dG formation with increasing its concentration
(1pM; p < 0.05, 2puM and higher; p < 0.01). Free
nitrotyrosine induced the increase of 8-oxodG for-
mation significantly at 10 uM (p < 0.05). Nitrotyrosine
residue-containing  histone-peptides induced 8-oxodG
formation much more efficiently than free nitrotyro-
sine.

NADPH oxidation by nitrotyrosine in the presence of
P450 reductase

NADPH oxidation to NADP* was analyzed by
HPLC with photodiode array (Fig. 4). Free nitrotyro-
sine and nitroY-peptides significantly induced NADP+
formation compared with control (p <0.05 and
p < 0.01, respectively). The amounts of NADP* by
nitroY 3-peptide and nitroY1-peptide were significantly
higher than that of free nitrotyrosine (p < 0.01).

Discussion

The present study has demonstrated that nitrotyro-
sine and nitroY-peptides of histone have an ability to
cause Cu(Il)-mediated DNA damage via the activation
with P450 reductase. Inhibitory effects of catalase and
bathocuproine suggested that H,O, and Cu(I) were re-
quired for DNA damage. A possible mechanism of
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oxidative DNA damage induced by enzymatically acti-
vated nitrotyrosine can be speculated as accounting for
most of the observations and references as follows, P450
reductase converts nitrotyrosine to corresponding nitro
radical anion in the presence of NADPH via one-elec-
tron reduction [23,24]. The nitro radical anion reacts
with O, followed by production of Oy [25] and the
consequent oxidation to the parent nitrotyrosine, Al-
ternatively, there is a possibility that further nitrore-
duction by P450 reductase contributes to the generation

of nitroso and/or N-hydroxy forms [26]. Any of reduced -

derivatives such as nitro radical anion, nitroso, and
N-hydroxy forms may be oxidized again to yield redox
cycle with generation of Oy . Subsequently, the genera-
tion of H,0, by Oy dismutation and reduction of
Cu(IT} to Cu(l) concomitantly occur. HO, reacts with
Cu(I) to form a metal-oxygen complex such as Cu(l)-
hydroperoxide causing DNA damage. This idea is sup-
ported by the observations that a typical free -OH
scavenger, ethanol, did not offer DNA protection. The
complex DNA-Cu(I)-hydroperoxide may be considered
to be a bound hydroxyl radical, which can release "OH
causing DNA damage. The ‘OH released from the
bound hydroxyl radical may immediately attack an ad-
jacent constituent of DNA before it is scavenged by free
‘OH scavengers [27]. NitroY-peptides damaged DNA
more efficiently than free nitrotyrosine did. Relevantly,
Krainev et al. [24] showed that nitrotyrosine residue
within leucine enkephalin pentapeptide (Tyr-Gly-Gly—
Phe-Leu) had a higher affinity for enzymatic reduction
with higher production of O] than does free nitroty-
rosine. We assessed the efficacy of redox cycling reaction
by measuring NADP* as NADPH oxidation. The result
also supported the idea that nitroY-peptides are more
easily reduced by NADPH-P450 reductase than free
nitrotyrosine. This can reasonably account for different
DNA damaging potentials of free nitrotyrosine and ni-
trotyrosine-containing peptides.

It is considered that tyrosine plays a role in interac-
tions of DINA-binding proteins and histones with DNA
[28], probably through the close proximity of thymine
and tyrosine in chromatin. Relevantly, Altman et al. [29]
provided evidence for the formation of DNA-protein
crosslinks between thymine and tyrosine in chromatin
when cultured mannalian cells were treated with metal
ions. When the tyrosine residues in histone are nitrated,
reactive species derived from nitrotyrosine residue will
immediately attack' DNA. ONOO~ is a potent DNA
oxidizing agent [30], but it is very short-lived. On the
other hand, nitrotyrosine has a long half-life in vivo.
Nitrated proteins were detected for at least 24h in rat
skin singly exposed to ONOO~ [31]. We have shown
that enzymatically activated nitrotyrosine in histone
peptide induced oxidative DNA damage in the presence
of Cu(Il). Abundant RNS are generated in inflamma-
tory and infected tissues, and histone proteins are ni-

trated especially at tyrosine residues [l4]. Most of
nitrotyrosine in histone will be repaired by “denitrase”
[15]. If nitrotyrosine residues still remain in histone, they
may cause DNA damage in the presence of P450 re-
ductase. This assumption is supported by the observa-
tion that P450 reductase exists in the nuclear fraction
[32] although the amount of P450 reductase in nuclear
fraction is smaller than that in cytosolic fraction. On the
other hand, nitrotyrosine may be more easily catalyzed
to reactive species by P450 reductase in cytosolic frac-
tion. Therefore, both nitrotyrosines in cytosol and in

‘nuclear histone may participate in DNA damage. In

addition to the fact that nitrotyrosine is a marker for
inflammation, we propose the possibility that nitroty-
rosine-induced H,O; formation and subsequent DNA
damage contribute to inflammation-associated carcino-
genesis.
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ABSTRACT

UVA contributes to skin cancer by solar UV light. Photo-
sensitizers are believed to play an important role in UVA
carcinogenesis. We investigated the mechanism of DNA
damage induced by photoexcited xanthone (XAN) analogues
(XAN, thioxanthone {[TXAN] and acridone [ACR]), exogenous
photosensitizers, and the relationship between the DNA-
damaging abilities and their highest occupied molecular
orbitat (HOMO) energies. DNA damage by these photo-
sensitizers was examined using 32P-labeled DNA fragments
obtained from the p53 tumor suppressor gene. Photoexcited
XAN caused DNA cleavage specifically at 5'-G of the GG
sequence in the double-stranded DNA only when the DNA
frapgments were treated with piperidine, suggesting that DNA
cleavage is due to base modification with little or no strand
breakage. With denatured single-stranded DNA, the extent of
XAN-sensitized photodamage was decreased. An oxidative
product of G, 8-0xo-7,8-dihydro-2'-deoxyguanosine (8-oxo-
dGuo), was formaed by photoexcited XAN, and the 8-ox0-dGuo
formation was decreased in single-stranded DNA. TXAN and
ACR induced DNA photodamage as did XAN, although the
order of DNA-damaging ability was XAN > TXAN > ACR.
These findings - suggest that photoexcited XAN analogues
induce nuocleobase oxidation at 5'-G of GG sequence in
double-stranded DNA through electron transfer, The HOMO
energies of these photosensitizers, estimated from ab irifio
molecular orbital (MOQ) calculation, decreased in the following
order: XAN > TXAN > ACR. Extents of DNA damage
increased exponentially with the HOMO energies of XAN
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analogues. This study suggests that DNA-damaging abilities of
photosensitizers can be estimated from their HOMO energies.

INTRODUCTION

Selar UV light is a well-known carcinogen (1). UVB is ditectly
absorbed by the DNA molecule to form cyclobutane pyrimidine
dimmers and pyrimidine (6-4)-pyrimidone photoadducts (2,3).
Recent studies have demonstrated that UVA also induces skin
tumors in animals as does UVB (4). In addition, it has been reported
that the mutagenic specificity of mutational spectrum of solar light
in cells is not determined entirely by the UVB and that UVA greatly
contributes to solar light-induced mutation (5). Because only little
UVA can be absorbed by the DNA molecule, solar carcinogenesis
would involve UVA-induced DNA damage mediated by endoge-
nous or exogenous photosensitizers (or both) (6-9). We have
previously demonstrated that in the presence of various photo-
sensitizers, UVA causes DNA damage specifically at consecutive
guanine through electron transfer (the Type I mechanism) (10-16).

Recently, ab initio molecular orbital (MO) calculation revealed
the electron-donating site in B-form DNA to explain the sequence
specificity of DNA photodamage (17,18). On the other hand, the
approach of evaluating the DNA-damaging ability of photosensi-
tizers using their energy of the highest occupied molecular orbital
(HOMO) has not been well established. Various drugs or photo-
sensitizers isolated from foods (or both) are believed to participate in
solar carcinogenesis (19,20). Therefore, theoretical estimation of the
risk of drugs or photosensitizer in foods (or both) as photo-
carcinogen should be important for cancer prevention. Calculated
HOMO energy of photosensitizers is probably useful for estimating
their DNA-damaging abilities through the Type I mechanism.

In this study, we investigated the mechanism of DNA photo-
damage induced by xanthone (XAN) analogues, exogenous
photosensitizers and the relationship between the DNA-damaging
abilities and their HOMO energies. Derivatives of XAN and its
analogues, thioxanthone (TXAN) and acridone (ACR), have been
isolated from various plants (21-25) and used as antitumor drugs
(26). The mechanism of DNA damage induced by UVA irradiation
in the presence of XAN analogues was examined using *2P-labeled
DNA fragments obtained from the p53 tumor suppressor gene. We
also measured the content of 8-0x0-7,8-dihydro-2’-deoxyguano-
sine (8-oxo-dGuo) (27), an oxidative product of 2'-deoxyguano-
sine (dGuo), formed by photoexcited XAN analogues with an
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Figure 1. Autoradiogram of DNA fragments exposed to UVA light in the
presence of XAN. The reaction mixture contained the 2P-labeled 443 base
pair (A) or 211 base pair (B,C) fragment, 20 pM/base of calf thymus DNA,
indicated concentration of XAN, 5 pM DTPA and 2.5% (volfvol) ethanol in
100 uL of 10 mM sodium phosphate buffer (pH 7.8). The reaction mixtures
were exposed (o 6 Jom ™ UVA light (Ape, = 365 nm, 1.2 mW.cm™2).
Then, the DNA fragments were treated with (A.C) or without (B) | M
piperidine and analyzed by the method described in Materials and Methods.
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electrochemical detector coupled to high-performance liguid
chromatography (HPLC-ECD). The HOMO energies of XAN
analogues were estimated from ab initic MO calculation.

MATERIALS AND METHODS

Materials. Restiction enzymes (Apal, HindlI and Pstl) and T4 poly-
nucleotide kinase were purchased from New England Biolabs (Beverly.
MA}. Restriction enzyme (EceRI) and calf intestine phosphatase were from
Bochringer Mannheim GmbH (Mannheim, Germany), [v-P)-ATP (222
TBg/mmol)} was from New England Nuclear (Boston, MA). Diethylenetri-
amine-N NN N* N"-pentaacetic acid was from Pojin Chemicals Co.
{Kumamoto, Japan). Calf thymus DNA was from Sigma Chemical Co. (St.
Louis, MO). Nuclease P1 was from Yamasa Shoyu Co. (Chiba, Japan). X AN,
ACR, acrylamide, bisacrylamide and piperidine were from Wako Chernicals
Co. (Osaka, Japan). TXAN was from Acros Organics (New Jersey). Ribo-
flavin was from Nacalai Tesque Co. (Kyoto, Japan). Deuterium oxide (D;0)
€99.95%) was obtained from Commissariat 4 I'Energie Atomique in France.

Preparation of **P-5'-end—labeled DNA fragments. The DNA fragment
of the pi3 tumor suppressor gene was prepared from pUCIS plasmid,
ligated fragments containing exons of p53 gene (28), The 5'-end-labeled
630 base pair (HindIIl* 13972-EcoR]* 14621) fragment was obtained as
described previously (29). This fragment was further digested with Apal to
obtain the singly labeled 443 base pair {Apal 14179-EcoRI* 14621) and
211 base pair (HindllI* 13972-Apal 14182) fragments. DNA fragments
were also obtained from the human ¢-Ha-ras-1 proto-oncogene (30). The
fragment was prepared from plasmid pbeNI, which carries a 6.6 kb BamH1
chromosomal DNA segment containing the ¢-Ha-ras-1 gene. The singly
labeled 98 bp fragment (Aval 2247-Psd* 2344) was prepared as described
previously (31). The asterisk indicates **P-labeling.

Detection of DNA damage induced by UVA in the presence of XAN
analogues. The standard reaction mixture in a microtube (1.5 mlL
Eppendorf) contained XAN analogues, 3*P-labeled DNA fragment (0.2 ~
1 pM), 20 uM calf thymus DNA, 5 pM DTPA and 2.5% (volfvol) ethanol in
100 pL of 10 mM sodium phosphate buffer (pH 7.8). Denatured single-
stranded DNA fragments were prepared by heating at 90°C for 5 min
followed by quick chilling before exposure ©o UV A light. The mixtures were
exposed to 6 J.em ™2 UVA light under air using a 10 W UV lamp (Aya, =
365 nm, UVP, Inc., CA) placed at a distance of 20 cm, After the irradiation,
the DNA fragments were treated with 1 M piperidine at 90°C for 20 min and
treated as described previously (32). The DNA fragments were subjected to
electrophoresis on an 8 M urea-$% polyacrylamide gel (20 V-cm™”, 40 mA.
150-180 min). The autoradiogram 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 (33) using a DNA
sequencing system (LKB2010 Macrophor). A laser densitometer (LKB
2222 UltroScan X1.) was used for the measurement of the relative amounts
of oligonuclectides from treated DNA fragments. The relative yield of DNA
photodamage was estimated from the absorbance of the bands in the
fragmentation patterns of X-ray fitm.

Measurement of 8-ox0-dGuo formation induced by UVA in the presence
of XAN analogues. The amount of 8-oxo-dGuo was measured by the
method as described previously (12,27). The reaction mixtures containing
100 pM/base calf thymus DNA, XAN analogues, 5 pM DTPA, and 2.5%
(volfvol) ethanel in 4 mM sodium phosphate buffer (pH 7.8) were exposed
to & Jem™? UVA light (Apa = 365 nm) under air. After ethanol
precipitation, DNA was digested to the nucleosides with nuclease P1 and
calf intestine phosphatase and analyzed with an HPLC-ECD.

Calculation of HOMO energies of XAN analogues. HOMO energies of
XAN, TXAN and ACR were estimated from ab initic MO calculation at
Hartree-Fock 6-31G* level. Structures of these molecules were optimized
by calculation of equilibrium geometry at Hartree-Fock 6-31G* level.
These calculations were performed using Spartan 02 for Windows
(Wavefunction Inc,, CA).

RESULTS
UVA-induced DNA damage in the presence of XAN

DNA damage was induced by UVA irradiation in the presence of
05 pM of XAN, and the extent of DNA damage increased
depending on the concentration of XAN (Fig. 1A). XAN did not
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Figure 2. Sequence specificity of UVA-induced DNA damage in the
presence of riboflavin or XAN. The reaction mixture contained the *2P-
labeled 443 hase pair (Apal 14179-EcoRI*14621) fragment, 20 uM/base of
calf thymus DNA, 5 pM DTPA, 2.5% (volival) ethanol, and 50 pM
riboflavin (A} or 10 pM XAN (B.C) in 100 pL of 10 mM sodium phosphate
buffer (pH 7.8). For the experiment with denatured single-stranded DNA,
the **P-labeled and calf thymus DNA fragments were treated by heating at
90°C for § min followed by quick chilling on ice (C). The reaction snixtures
were exposed to 6 Y-em™? UVA light (A, = 365 om, 1.2 mW.cm™3),
Subsequently, the DNA fragments were treated with 1 M piperidine. The
DNA was analyzed and the relative amounts of oligonucleotides were
measured by the methods described in Materials and Methods. Horizontal
axis is the nucleotide numbers of the p53 wmor suppressor gene.

induce DNA damage without UVA irradiation. DNA photodamage
induced by XAN was observed only when the DNA fragments were
treated with piperidine (Fig, 1B,C), suggesting that DNA damage is
due to base modificatdon with little or no strand breakage.

Typical hydroxyl radical ("OH} scavengers (ethancl, mannitol
and sodium formate), catalase, and SOD showed no or little
inhibitory effects on the DNA damage (data not shown). The DNA
damage by photoexcited XAN was not enhanced in DO (data not
shown). DNA damage induced by singlet oxygen ('0,) should be
significantly enhanced by changing H,0 10 D;O (15,16) because
the lifetime of 'Q, is greaily enhanced in D,0 (from 4 ps in HO to
60 ps in D;O) (34). Therefore, these results suggest that the
contribution of reactive oxygen, such as *OH, hydrogen peroxide,
superoxide anion radical and 'O, was negligibly small.

Sequence specificity of DNA damage by UVA
in the presence of riboflavin or XAN

Figure 2 shows the sequence specificity of DNA damage induced
by UVA in the presence of riboftavin, a Type 1 photesensitizer
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Figure 3. Formation of 8-oxo-dGuo induced by UVA in the presence of
XAN analogues. The reaction mixture containing 100 pM/base calf thymus
DNA, indicated concentration of XAN analogues, 5 pM DTPA and 2.5%
(volvol) ethanol in [00 pL of 4 mM sodium phosphate buffer (pH 7.8) was
exposed to 6 J-cm™2 UVA light (Apex = 365 am, 1.2 mW.cm™2). Where
indicated, the DNA fragment was denatured by heating for 5 min at 90°C
followed by chilling on ice before UVA imadiation. After immadiation, the
DNA was teated and the amount of 8-oxo-dGuo was measured by the
methods described in Materials and Methods.

(12), or XAN. Photoexcited XAN as well as riboflavin caused
DNA damage specifically at 5'-G of GG sequence in double-
stranded DNA, suggesting that XAN induces DNA photodamage
through the Type I mechanism. The band at 5'-AGGA between
14510 ~ 14500 nucleotide number was broadened, suggesting
damage at both guanines. This is supported by the report that both
guanines in a 5'-AGGA sequence were easily damaged through
the Type I mechanism (35). With denatured single-stranded DNA,
the extent of XAN-sensitized photodamage was decreased, and the
damage occurred slightly at most guanine residues.

Formation of 8-oxo-dGuo by UVA in the presence
of XAN analogues

Formation of 8-cx0-dGuo increased depending on concentration of
XAN, and the amounts were clearly decreased by DNA de-
naturation (Fig. 3). The amounts of 8-oxo-dGuo formations in
double-stranded DNA increased in the following order: XAN >
TXAN > ACR.

Photon fluence dependence of DNA damage
by photoexcited XAN

Formations of 8-oxo-dGuo, which is resistant to piperidine
treaiment, by photoexcited XAN increased depending on photon
fluence controlled by the immadiation time (Fig. 4). The relative
yield of piperidine-labile product appeared to be almost pro-
portional to that of 8-oxe-dGuo within photon fluence of 3.7 X
10'® ¢m™2. Larger amounts of photon imadiation increased the
ratio of the yield of piperidine-labile product to that of 8-oxe-dGuo
in a dose-dependent manner, suggesting further oxidation of 8-oxo-
dGuo into piperidine-labile product.



