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containing exons of the p33 gene amplified by the poly-
merase chain reaction (PCR) method. The singly 32P-
5'-end-labeled 443 bp fragment (Apal 14179—EcoRI*
14621) was obtained according to the method described
previously [17]. DNA fragment of the human ¢c-Ha-ras-
! protooncogene was prepared from plasmid pbeNI,
which carries a 6.6 kb BamHI chromosomal DNA seg-
ment containing the c-Ha-ras-1 gene, The singly la-
beled 337 bp fragment (Pst 2345-Aval* 2681) was
obtained according to the method described previously
[18]. Nucleotide numbering starts with the BamHI site
[16]. Exon-containing DNA fragments were also ob-
tained from the human p16 tumor suppressor gene [15];
these fragments were subcloned into the pGEM®-T
Easy Vector (Promega Corporation). The 484 bp frag-
ment was further digested with BssHII to obtain a singly
labeled 156 bp fragment (BssHII 9794—EcoRI* 9949)
and a 324 bp fragment (EcoRI* 9466-BssHIL 9789).
The asterisk indicates 32P-labeling.

2.3. Detection of DNA damage by eugenol treated
with CYP in the presence of metal ion

Standard reaction mixtures (in a 1.5ml Eppen-
dorf microtube) containing eugenol, various concentra-
tions of CYP isozyme and NADPH-generating system
(200 uM NADP*, 500 pM G-6-P, 0.07 units G-6-PDH
and 500 pM MgCla}in 200 pL of 10 mM sodium phos-
phate buffer (pH 7.8) containing 5 uM DTPA were
preincubated for 1h at 37°C. After preincubation,
[32P]-5'-end labeled DNA fragments, calf thymus DNA
(20 pM/base) and 20 pM CuClywere added to the mix-
tures, followed by the incubation for 1 h at 37 °C. Sub-
sequently, the DNA was treated with 1 M piperidine for
20min at 90°C or 10 units of Fpg protein in the reac-
tion buffer (10 mM HEPES-KOH (pH 7.4), 100mM
KCl, 10mM EDTA and 0.1 mg/mL BSA) for 2h at
37°C. Fpg protein catalyzes the excision of 8-oxodG
as well as Fapy residues [19-21]. After ethanol precip-
itation, the DNA fragments were electrophoresed and
the autoradiogram was obtained by exposing X-ray film
to the gel as described previously [22]. The preferred
cleavage sites were determined by direct comparison
of the positions of the oligonucieotides with those pro-
duced by the chemical reactions of the Maxam—Gilbert
procedure [23] using a DNA-sequencing system (LKB
2010 Macrophor). A laser densitometer (LKB 2222 Ul-
troScan XL) was used for the measurement of the rela-

tive amounts of oligonucleotides from the treated DNA
fragments.

2.4. Analysis of 8-oxedG formation in calf thymus
DNA by eugenol treated with CYP2D6

The quantity of 8-oxodG was measured utilizing a
modification of the method described by Kasai et al.
[24]. Standard reaction mixtures (in a 2.0 ml Eppendorf
microtube) containing eugenol, 0.25nM CYP2DS,
200 pM NADFP*, 500 uM G-6-P, 0.20 units G-6-PDH
and 500 pM MgCl5 in 400 pL of 4 mM sodivm phos-
phate buffer (pH 7.8) containing 5 pM DTPA were
preincubated for Ih at 37°C. And then, calf thymus
DNA (100 pM/base) and 20 p.M CuClywere added to
the mixtures, followed by the incubation for 1h at
37 °C. Following ethanol precipitation, the DNA frag-
ments were digested into the necleosides with nuclease
P and calf intestine phosphatase, and then analyzed by
HPLC-ECD, as described previously [25].

2.5. TOF-MS analysis

TOF-MS analysis was performed on a Voyager
B-RP (PerSeptive Biosystemns, Framingham, MA)
cquipped with a nitrogen laser (337 nm, 3 ns pulse) to
determine the molecular weight of eugenol metabolites
generated by CYP2D6 treatment. Reaction mixture,
containing 50 mM eugenol, 2.8 nM CYP2D6, 200 pM
NADP*, 2.5 mM G-6-P, 2.0 units G-6-PDH and 5 mM
MgCl; in 100 pL of 10 mM sodium phosphate buffer
(pH 7.8) were incubated for 1h at 37 °C, and then
air-dried on a stainless-steel probe tip. a-Cyano-4-
hydrexycinnamic acid solution was added to the sam-
ple.

3. Results

3.1. Damage to [**P)-labeled DNA fragments by
eugenol treated with various CYP isozymes in the
presence of metal ions

Eugenol treated with CYP induced Cu(Il)-mediated
DNA damage (Fig. 1). CYP2D6 mediated eugenol-
induced DNA damage more efficiently than CYP
1A1, 1A2, 2C9 and 2E1 (Fig. 1A). CYP2D6-treated
eugenol induced an increase of DNA damage in a



38 K. Sakano et al. / Mutation Research 565 (2004) 3544

eugenol {yM) 200 0 200 0 O 10 20 50100 200
NADPH generatingsystem - + + + + + + + + +
25 T
CYPisozyme 1A1 1A2 ° 2C9 2D6  2Ef CYP2D6 (0.25nM)
: e ey B/

~ eugenocl (WM) 0 100 0100 0 100 0 100 0 100

{A)

20MCulh) - - - 4+ 4+ s+ 4+

Fig. 1. Autoradiogram of 32P-labeled DNA fragments incubated with CYP-treated eugenol plus Cu(Il). (A) The reaction mixtures containing
indicated no or 100 uM eugenol, 0.25nM CYP 1AL, 1A2, 2C9, 2D6 or 2E1 and NADPH-generating system (200 p.M NADP*, 500 pM G-6-F.
0.07 units G-6-PDH and 500 WM MgCly) in 200 uL of 10 mM sodium phosphate buffer (pH 7.8) containing 5 pM DTPA were preincubated
for Lhat 37 °C. After preincubation, 32P-5"-end labeled DNA fragments, calf thymus DNA (20 p.M/base) and 20 pM CuCl; were added to the
preincubated mixtures, (B) The reaction mixtures containing indicated concentrations of eugenol and NADPH-generating system in 200 pL of
10 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA were preincubated for 1 h at 37 °C, After preincubation, 32P-5"-end labeled
DNA fragments, calf thymus DNA (20 uM/base} and 20 pM CuClz were added to the mixtures, followed by the incubation for 1h at 37°C,
'Subsequeatly, DNA fragments were treated with 1 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,

dose-dependent manner (Fig. 1B). DNA damage was
enhanced by piperidine treatment, suggesting that
eugenol caused not only DNA strand breakage but also
base modification (data not shown). Without CYP treat-
ment, eugenol did not induce DNA damage (Fig. 1B).

The treated eugenol did not induce DNA damage in the .

presence of other metal ions, including Co(ID), Ni(ID),
Mn(II), Mn(1II}, Fe(il), Fe(IIl) or Fe(IINEDTA (data
not shown).

3.2, Effects of scavengers and a metal chelator on
DNA damage induced by eugenol treated with
CYP2D6

Fig. 2 shows the effects of scavengers and a metal
chelator on Cu(l)}-mediated DNA damage induced by
engenol in the presence of CYP2D6. Catalase and
bathocuproine inhibited DNA damage, suggesting the
involvement of Hz0O2 and Cu(l). Free hydroxyl radical

(*OH) scavengers, such as ethanol, mannitol, sodium
formate and DMSO, showed little or no inhibitory ef-
fect on DNA damage. Methional, which is capable of
scavenging both *OH and species with weaker reac-
tivity such as Cu(I)-hydroperoxo complex [26], inhib-
ited DNA damage. SOD showed no inhibitory effect
on DNA damage,

3.3. Site specificity of DNA cleavage by eugenol
treated with CYP2D6

The patterns of DNA cleavage induced by eugenol
in the presence of Cu(II) and CYP2D6 were determined
by the Maxam—Gitbert procedure [23]. An autoradio-
gram was obtained and scanned with a laser densitome-
ter to measure relative intensity of DNA cleavage in the
human p33 tumor suppressor gene (Fig. 3A and B). The
treated eugenol caused piperidine-labile and Fpg sen-
sitive lesions at C and G in the 5'-ACG-3’ sequence,
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Fig. 2. Effects of scavengers and bathocuproine on DNA damage in-
duced by eugenol treated with CYP2D6 in the presence of Cu(IT), Re-
action mixtures contained the 32P-5'-end-labeled 21 1-bp DNA frag-
ment, 20 wWM/base of calf thymus DNA, 20 pM eugenol treated with
0.250M CYP2D6 and 20 pM CuCl; in 200 pL of 10mM sodium
phosphate buffer (pH 7.8) containing 5 pM DTPA. Reaction mix-
tures were incubated for 1 h at 37 °C. DNA fragments were treated
with 1 M piperidine for 20 min at 90 °C, then electrophoresed on an
8% polyacrylamide/8 M urea gel. The avtoradiogram was visualized
by exposing an X-ray film to the gel.

a well-known hotspot of the p53 gene, respectively
(Fig. 3A). With Fpg treatment, the DNA cleavage oc-
curred mainly at guanine and cytosine residues. In ad-
dition, tandem two bases of 3'-TG-3' site were often
damaged together with Fpg and piperidine treatment
{Fig. 3B). From these results, it is considered that the
treated eugenol can cause double base lesions at 5'-TG-
3’ and 5’-CG-3’ sequences at high frequency.

3.4. Formation of 8-ox0dG in calf thymus DNA by
eugenol treated with CYP2DG in the presence of
Cu(ll)

Using an HPLC-ECD, we measured the quantity of
8-ox0d(, an indicator of oxidative base damage [24], in
calf thymus DNA treated with eugenol in the presence
of Cu(Il) and CYP2D6. The treated eugenol induced

an increase of 8-ox0dG formation in a dose dependent
manner (Fig. 4). Heat-inactivated CYP2D6 did not in-
crease the eugenol-dependent 8-0xodG formation.

3.5. Production of O-demethyl eugenol from
eugenol treated with CYP2D6

Fig. 5 shows mass spectra of eugenol without (A)
and with (B)Y CYP2D6 wreatment. Without treatment,
eugenol showed the mass spectrum with molecular ion
atm/e 164 (M) (Fig. 5A). The metabolite obtained from
the reaction mixture of eugenol and CYP2D6 showed
the mass spectrum with molecular ion at m/e 151 (M +
1), which is assigned to O-hydroxychavicol (Fig. 5B).
This result suggests that CYP2D6 catalyzes O-
demethylation of eugenol to produce hydroxychavicol.

4. Discussion

Since there are a lot of CYPs in liver, we inves-
tigated the possibility that eugenol is metabolized
to ultimate carcinogen causing DNA damage in
the liver. The present study has demonstrated that
CYP2D6 mediates eugenol-dependent DNA damage
in the presence of Cu(Il). When CYPIAI, CYP1A2
and CYP2E] were added instead of CYP2D6, DNA
damage was similarly observed to a lesser extent.
Experiments with piperidine or Fpg treatment revealed
that C and G of the 5'-ACG-3’ sequence, the com-
plementary sequence to codon 273 {a known hotspot)
in exon 8 of the p53 gene [12,27], were significantly
damaged. Eugenol treated with CYP 2D6 also formed
piperidine-labile and Fpg-sensitive lesions at T and
G of the 5'-TG-3' sequence, respectively. Fpg protein
mainly catalyzes the excision of piperidine-resistant
8-0x0dG [19] and further oxidized piperidine-labile
guanine residues {28], although Fpg also mediates
cleavage of uracil glycol [29], 5-hydroxycytosine and
5,6-dihydrothymine [30} in vitro. Therefore, it is rea-
sonably considered that the treated eugenol oxidizes
the G residue of 5'-CG-3’ and 5'-TG-3’ sequences to
8-oxodG. It has been reported that reactive oxygen
species induced double base lesions to DNA oligomers
[31,32). Such clustered damage, including double
base lesions, appears to play an important role in
carcinogenesis, because clustered damage, which can
be demonstrated in living cells, is poorly repaired [33].
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Fig. 3. Site specificity of DNA cleavage induced by eugeno! treated with CYP2D6 in the presence of Cu(II}. Reaction mixtures contained either
the 32P_5'-end-labeled 443 bp fragment (Apal 14179-EcoRI* 14621) (A) or the 211 bp fragment (HindIII* 13972-Apal 14182)(B) derived from
the p53 tumor suppressor gene, 20 pM/base of calf thymus DNA, 200 uM eugenol treated with 0.25 aM CYP2D6 and 20 M CuCly in 200 pL.
of 10 mM sodium phosphate buffer (pH 7.8) containing 5 WM DTPA. Reaction mixtures were incubated for 1 hat 37 °C. Following piperidine or
Fpg treatment, the DNA fragments were analyzed as described in Fig. 1(legend). The relative quantities of oligonucleotides were measured by
scanning the autoradiogram with a laser densitometer (LKB 2222 UltroScan XL, Pharmacia Biotech). Underlined bases represent double-base

lesions detected by the treatment with piperidine and Fpg protein.

In addition, time-of-flight-mass spectrometry
demonstrated that CYP2D6 catalyzed the O-demet-
hylation of eugenol to produce hydroxychavicol. Hy-
droxychavicol appears to be the ultimate carcinogen,
capable of causing DNA damage. This result is sup-
ported by reports that CYP2D6 as well as CYP 1AL,
CYP1AZ2 and CYP2EI can catalyze O-demethylation
reactions [34-36).

To clarify what kind of the reactive species involved
in DNA damage by eugenol treated with CYP2D6,
we examined the effects of scavengers on DNA dam-
age. The inhibitory effect of catalase suggests the
involvement of H20,. The observed protective ef-
fect of bathocuproine suggests that Cu(l) is required
for DNA damage. This is supported by reports that

bathocuproine inhibits the activation of HyQ; by stabi-
lizing Cu(I) [37,38]. Typical *OH scavengers demon-
strated little or no inhibitory effect, whereas methional
inhibited DNA damage. This result suggests the in-
volvement of reactive species with a similar reactivity
to *OH [26). Therefore, it is considered that reactive
species such as Cu(I}-hydroperoxo complex obtained
with Hy0;7 and Cu(l) are involved in DNA damage
by CYP2D6-treated eugenol. However, *OH may par-
ticipate in DNA damage through the formation of
the DNA-Cu(I}-hydroperoxo complex, which releases
*OH to attack the adjacent DNA constituents prior to
being scavenged by *OH scavengers [39].

On the basis of these data, we propose a possible
mechanism by which eugenol induces Cu(Il)-mediated
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Fig. 4. Formation of 8-ox0dG by eugenol treated with CYP2D6
in the presence of Cu(II). Standard reaction mixtures containing
eugenol, 0.25 nM CYP2D6 and NADPH-generating system (200 p.M
NADP*, 500 pM G-6-P, 0.07 units G-6-PDH and 500 pM MgClha)in
400 pL of 4 mM sodium phosphate buffer (pH 7.8) containing 5 pM
DTPA were preincubated for 2h at 37°C. And then, calf thymus
DNA (100 pM/base) and 20 pM CuClawere added to the mixtures.
Following incubation for I h at 37°C, 0.2 mM DTPA was added to
stop the reaction and then the DNA was precipitated in ethanol. In
certain experiments, CYP2D6 and NADPH-generating system were
heated at 90 °C for 30 min for inactivation before the preincubation.
The DNA was subjected to enzymatic digestion and analyzed by
HPLC-ECD.

DNA damage (Fig. 6). Eugenol undergoes certain
CYPs-catalyzed O-demethylation to hydroxychavicol,
a catechol derivative. Hydroxychavicol is then autoxi-
dized into the semiquinone radical, leading to the pro-
duction of the corresponding o-quincne form. Cu(Il)
is reduced to Cu(l) during the autoxidation, and Oy~
is concomitantly generated, followed by dismutation
to H2Ox. It has been also reported that hydroxychavi-
col produces superoxide radicals and H>O; [40]. H20;
interacts with Cu(I) to form the Cu(I)-hydroperoxo
complex, capable of inducing DNA damage [41).
Several studies indicate that NAD(P)H may non-
enzymatically reduce o-quinones to catechols through
two-electron reduction [42). Tissue concentrations
of NAD(P)H can be as high as 100pM [43,44].
Thus, the NADH-dependent redox cycle of hydroxy-
chavicol may continuously generate reactive oxygen
species and mediate enhancement of oxidative DNA
damage.

In summary, we have demonstrated that a eugenol
metabolite, hydroxychavicol, can cause oxidative DNA
damage, probably double base lesions at 5'-CG-3' and
5'-TG-3' sequences. G residue in these sequences was
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Fig. 5. Production of O-demethyleugenol from eugenol treated with
CYP2D6. Reaction mixture, containing 50 mM eugenol, 2.8nM
CYP2D6, 200 .M NADP*, 2.5 mM G-6-P, 2.0 units G-6-PDH and
5 mM MgCl; in 200 pL of 10 mM sodium phosphate buffer (pH 7.8)
were incubated for 1 hat 37 °C, and then air-dried on a stainless-steel
probe tip. a-Cyano-4-hydroxycinnamic acid solution was added to
the sample. TOF-MS analysis was performed on a Voyager B-RP
(PerSeptive Biosystems, Framingham, MA) equipped with a nitro-
gen laser (337 nm, 3 ns pulse). (A) No treated eugenol; (B) CYP2D6-
treated eugenol.

oxidized to 8-ox0dG, which might lead to mutation
(G:C — T:A transversion) through the misreplication
of DNA [45-47]. Finally, eugenol and methyleugenol
may cause carcinogenesis through oxidative DNA
damage in addition to DNA adduct. Further study on
safety should be required when eugenol and its deriva-
tives is used for a flavoring agent, fragrance and an
analgesic,
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Fig. 6. A possible mechanism for Cu(lI}-mediated DNA damage induced by eugenol in the presence of CYP2D6.
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Busuifan (1.4-butanediol dimethanesulfonate) has been used
widely for the treatment of patients with chronic myelogenous
leukemia. Busulfan is bifunctional and thus may effectively in-
duce DNA damage, which may play an important role in the cyto-
toxicity. In this study, we compared the cytotoxicity of
bifunctional busulfan with that of monofunctional ethyl meth-
anesulfonate (EMS) in human promyelocytic leukemia HL-60 cells.
Busulfan showed a significant inhibitory effect on cell growth,
whereas the cells grew in the presence of EMS. To clarify the
mechanism of cytotoxicity of busulfan, we investigated DNA
damage induced by busulfan using *2P-5-end-labeled DNA frag-
ments obtained from the human p16 tumor suppressor gene.
Busulfan induced DNA damage dose-dependently, whereas EMS
caused little DNA damage. DNA-sequencing experiments using pi-
peridine and 3-methyladenine DNA glycosylase indicated that
busulfan caused double-base lesions mainly at 5-GA-3" and, to a
lesser extent, at 5'-GG-3’ sequences. Time of flight mass spec-
trometry confirmed that busulfan forms an intrastrand cross-link
at the $-GA-3’ sequence, in addition to mono-alkylation. The
mechanism and the role of cross-linking at the 5-GA-3’ sequence
are discussed in relation to the cytotoxicity induced by busulfan.
(Cancer Sci 2004; 95: 454-458)

S ome important anticancer drugs used in clinical practice are
bifunctional alkylating agents, and their most important cel-
lutar target 1s believed to be DNA, These drugs are able to form
cross-links with biological macromolecules, and such DNA
cross-links may be the critical cytotoxic lesion.® The N7 and
06 positions of guanine and N3 position of adenine are known
to be alkylation sites for a number of chemotherapeutic alkylat-
ing agents.>* The most readily alkylated site in DNA is the
guanine-N7 position.*-9

Busulfan [1.4-butanediol dimethanesulfonate,
CH,S0,0(CH,),050,CH;], which is a bifunctional alkylating
agent, has been used widely for the treatment of patients with
chronic myelogenous leukemia and also in conditioning regi-
mens prior to bone marrow transplantation.” Busulfan has a
higher biological activity than other dimethanesulfonates in he-
matopoietic stem cells.® This higher biological activity may be
explained by its ability to cause DNA bis-alkylation. A chro-
matographic study suggested that busulfan produced cross-links
in DNA through a guanine-guanine bridge,*' but no distinc-
tion has been made as to whether this bridge represents an in-
ter- or intrastrand cross-link. The previous study using isolated
DNA showed that busulfan is less likely to form an interstrand
cross-link than methylene dimethanesulfonate, which has a
shorter carbon chain length.'” Thus, the formation of intras-
trand cross-links rather than interstrand cross-links may play a
key role in the cytotoxicity. It is therefore important to study in
more detail the mechanism of DNA cross-link formation by
busulfan,

454-458 | CancerSci | May2004 | vol. 95 | no.5

In this study, we compared the DNA-damaging ability of bi-
functional busulfan and monofunctional ethyl methanesulfonate
(EMS, CH,S0,0C,H;) and their cytotoxicity towards human
promyelocytic leukemia HL-60 cells. We also investigated the
site specificity of busulfan-induced DNA damage using *P-5'-
end-labeled DNA fragments obtained from the human pl6 tu-
mor suppressor gene. Furthermore, time-of-flight mass spec-
trometry (TOF-MS) was performed to identify the DNA cross-
links formed by busulfan.

Materials and Methods

Materials. Restriction enzymes (EcoRI and BssHII) and pro-
teinase K were from Boehringer Mannheim GmbH (Mannheim,
Germany). T, polynuclectide kinase was obtained from New
England Biolabs (Beverly, MA). [y-?PJATP (222 TBq/mmol)
was from New England Nuclear (Boston, MA). Diethylenetri-
amine-N.N,N’ N” N”-pentaacetic acid (DTPA) was from Dojin
Chemical Co. (Kumamoto). Busulfan, calf thymus DNA, 3-hy-
droxypicolinic acid and citric acid were from Sigma Chemical
Co. (St. Louis, MQ). Acrylamide, dimethylsulfoxide, bisacryla-
mide and piperidine were from Wako Pure Chemical Industries
(Osaka). EMS and ethanol were from Nacalai Tesque, Inc. {(Ky-
oto). Mouse 3-methyladenine DNA glycosylase (Aag) was ob-
tained from Trevigen Inc, (Gaithersburg, MD),

Growth-inhibitory and cytotoxic effects of busulfan and EMS on
cultured cells. HL-60 cells (2,5%10° cells/ml) were incubated
with 100 or 200 pM busulfan or 200 pM EMS in 2 ml of RPMI
1640 (Gibco Laboratories, NY) supplemented with 6% fetal
calf serum (FCS, Whittaker Bioproducts) for 24 h at 37°C. Cell
viability was determined by trypan blue exclusion and counting
in a hemocytometer, For statistical analysis of the data, an inde-
pendent 1 test was used, and the criterion of significance was set
at P<0.05. The data represent meanstSD of four independent
experiments.

Preparation of 3P-5"-end-labeled DNA fragments from the human
p16 gene. DNA fragments were prepared from the human p/é
tumor suppressor gene.'? The 3P-5"-end-labeled 484-base-pair
fragment (EcoRI" 9466-FEcoRI" 9949) was digested with BssHII
to obtain the singly labeled 324-base-pair (EcoRI* 9466-BssHII
9789) and 156-base-pair (BssHII 9794-EcoRI* 9949) DNA
fragments as described previously.!® The asterisk indicates P-
labeling,

Detection of DNA damage induced by busulfan and EMS. The
standard reaction mixture (in a 1.5 ml Eppendorf microtube)
contained busulfan or EMS, **P-end-labeled DNA fragments,
and calf thymus DNA (2 pM/base) in 200 ! of 10 mM sodium
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Abbreviations: EMS, ethyl methanesulfonate: TOF-MS, time-of-flight mass spec-
trometry; DTPA, diethylenetriamine-M NN, N™ N"-pentaacetic acid; Aag, 3-methyl-
adenine DNA glycosylase.
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Fig. 2. Autoradicgram of ¥P-labeled DNA fragments incubated with
busulfan and EMS. The reaction mixture {in a 1.5 ml Eppendorf micro-
tube) contained busulfan or EMS, *P-end-labeled 156-bp DNA frag-
ments, and calf thymus DNA {2 uM/base) in 200 pl of 10 mM sodium
phosphate buffer (pH 6.4) containing 5 pM DTPA. After incubation for
1.5 h at 37°C, the DNA fragments were treated with 1 M piperidine for
20 min at 90°C. The DNA fragments were then subjected to electro-
phoresis on an 8 M urea/8% polyacrylamide gel and visualized by au-
toradiography.

phosphate buffer (pH 6.4) containing 5 uM DTPA. After incu-
bation for 1.5 h at 37°C, the DNA fragments were treated with
1 M piperidine for 20 min at $0°C'* or 3 units of Aag in the re-
action buffer (10 mA HEPES-KOH (pH 7.4), 100 mM KCI, 1
mM EDTA, 1 mM EGTA and 0.1 mM DTT) for 24 h at 37°C.
After ethanol precipitation, the DNA fragments were electro-
phoresed and the autoradiogram was obtained by exposing X-
ray film to the gel as described previously.'

The preferred binding sites of busulfan were determined by
direct comparison of the positions of the oligonucleotides with
those of oligonucleotides produced by the chemical reactions of
the Maxam-Gilbert procedure!® using a DNA-sequencing sys-
tem (LKB 2010 Macrophor, Pharmacia Biotech, Uppsala, Swe-
den). The relative amounts of oligonucleotides from the treated
DNA fragments were measured with a laser densitometer (LKB
2222 UltroScan XI., Pharmacia Biotech),

TOF-MS analysis of DNA adducts formed by busulfan. Reaction
mixtures containing 0.5 mM busulfan and 0.1 mM self-comple-

lwamoteo et al.

Fig. 3. Effects of piperidine and Aag treatment on DNA damage in-
duced by busulfan. The reaction mixture contained 0.5 mM busulfan,
324-bp #P-5-end-labeled DNA fragments and calf thymus DNA (2 pAt/
base} in 200 pl of 10 mM sodium phosphate buffer {pH 6.4) containing
5 pM DTPA. Reaction mixtures were incubated for 1.5 h at 37°C. After
incubation, the DNA fragments were treated with 1 M piperidine for
20 min at 90°C or 3 units of Aag for 24 h at 37°C. The treated DNA frag-
ments were analyzed as described in Fig. 2 legend.

mentary  10-base oligonucleotide  (5-GCTGATCAGC-3’,
Sawady Technology Co., Tokyo) in 10 mM sodium phosphate
buffer (pH 6.4) containing 5 pM DTFPA were incubated for 24 h
at 37°C. After incubation, the reaction mixture and 50 mg/ml
matrix solution (3-hydroxypicolinic acid:citric acid=8:1) were
loaded onto a sarnple plate. The molecular weight of DNA ad-
ducts was analyzed by using TOF-MS, which was performed
on a Voyager B-RP (PerSeptive Biosystemns, Framingham, MA)
equipped with a nitrogen laser (337 nm, 3 ns pulse).

Results

Growth-inhibitory and cytotoxic effects of busulfan and EMS. Fig.
1 shows the effects of busulfan and EMS on the growth and vi-
ability of human HL-60 cells. Since busulfan is a bifunctional
agent, a 2-fold larger amount of EMS is considered to have the
same number of reaction sites as those of busulfan. Busulfan

CancerSci | May 2004 | wvol.95 | no.5 | 455
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Fig. 4. Site specificity of DNA damage induced by busulfan. Reaction mixtures contained 0.5 mM busulfan, 32P-5-end-labeled 324-bp (A, B} or 156-
bp (C, D) fragment and calf thymus DNA {2 pM/base) in 200 pl of 10 mM sodium phosphate buffer {pH 6.4) containing 5 pM DTPA. Reaction mix-
tures were incubated for 30 min at 37°C, followed by piperidine (A, C) or Aag (8, D) treatment. The treated DNA fragments were analyzed as de-
scribed in Fig. 2 fegend. The relative quantities of oligonucleotides were measured by scanning the autoradiogram (LKB 2222 UltroScan XL,

Pharmacia Biotech).

showed a significant inhibitory effect on cell growth at 100 M
(P<0.05) compared with the control after the 12 h treatment,
whereas the cells grew in the presence of 200 uM EMS (Fig.
1A). Furthermore, 200 pM busulfan significantly decreased the
cell number after the 6 h treatment (p<0.05, Fig. 1 A). Both 100
UM and 200 pM busulfan significantly reduced the cell viability
compared with 200 pM EMS after the 12 h and 6 h treatment,
respectively (P<0.01, Fig. 1B).

Damage to ¥P-labeled DNA fragments induced by busulfan and
EMS. Fig. 2 shows the autoradiogram of DNA fragments treated
with busulfan and EMS. Oligonucleotides were detected on the
autoradiogram as a result of DNA damage. The intensity of
DNA damage induced by busulfan increased with increasing
concentration. No DNA damage was observed when the DNA
fragments were not treated with piperidine or Aag, suggesting
that busulfan causes only base modification (Figs. 2 and 3).
EMS induced little DNA damage (Fig. 2). The pattern of Aag-
sensitive lesions was different from that of piperidine-labile le-
sions (Fig. 3).

Site specificity of DNA damage induced by busulfan. An autorad-
iogram was obtained and scanned with a laser densitometer to
measure the relative intensity of DNA damage in the human
p16 tumor suppressor gene (Fig. 4). DNA was frequently dam-
aged at guanine residues, especially at 5-GA-3" and 5-GG-3’
sequences, with piperidine treatment. With Aag treatment,
DNA damage occurred at guanine and adenine residues mainly
at 5°-GA-3’ and, to a lesser extent, 5-GG-3" sequences.

Mass spectrum of oligonucleotide treated with busuifan. We per-
formed mass spectrometry to detect cross-linking by busulfan
using a self-complementary oligonucleotide (5-GCTGAT-
CAGC-3"/3-CGACTAGTCG-5"). Fig. 5 shows the mass spec-
trum of the oligonucleotide treated with busulfan. The signal at
m/z=3029 was assigned to the intact oligonucleotide. It can be
explained by assuming that busulfan reacted with the double-
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Fig. 5. Mass spectrum of the oligonucleotide treated with busulfan.
Reaction mixtures containing 0.5 mM busulfan and 0.1 mM 10-base oli-
gonuclectide (5-GCTGATCAGC-37) were incubated at 37°C for 24 h, Af-
ter the incubation, the reaction mixture and 50 mg/m! matrix solution
(3-hydroxypicolinic acid:citric acid=8:1) were loaded onto a sample
plate. The mass spectrum was obtained from 50 laser shots. TOF-MS
analysis was performed on a Vioyager B-RP (PerSeptive Biosystems)
equipped with a nitrogen laser (337 nm, 3 ns pulse). The proposed
structure of G-A intrastrand cross-link of busulfan is shown.
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Fig. 6. Chemical structures of 5-GG-3’ and 5-GA-
3’ sequences,

stranded oligonucleotide, and then the oligonuclectide was de-
natured in the acidic matrix solution. The signal at m/z=3085,
was assigned to the cross-linking of {CH,), to the oligonucle-
otide. The signal at m/z=3102 showed the formation of a
{CH,);OH adduct, while that at m/z=3158 showed the addition
of (CH,), and (CH,),OH to the oligonucleotide. These results
suggest that busulfan produced an intrastrand cross-link in
DNA or mono-alkylation at purine bases.

Discussion

In the present study, we compared the cytotoxic activity and
DNA-damaging ability of bifunctional busulfan with those of
monofunctional EMS. Busulfan showed a significant inhibitory
effect on cell growth and reduced the viability compared with
EMS. Busulfan dose-dependently induced damage to isolated
DNA, wherecas EMS induced little DNA damage. These results
indicate that busulfan has higher affinity for DNA than does
EMS, and that DNA damage plays an important role in cyto-
toxicity. Furthermore, busulfan showed a significant cytotoxic
effect compared with a 2-fold larger amount of EMS, suggest-
ing that a mechanism other than DNA mone-alkylation contrib-
utes to the more potent cytotoxic effect of busulfan. The
mechanism can be explained by the observation that busulfan
formed cross-links in DNA. This finding seems to favor the
idea that cross-link lesions may be more difficult to repair than
mono-alkylation.'® Glufosfamide, a bifunctional alkylating
agent, also induced cytotoxic lesions mainly by cross-linking,
as shown by a comparison of isogenic cell lines deficient and
proficient in cross-link repair.!?

A previous study has shown that the alkylation of DNA in-
duced by nitrogen mustard gave four principal products, de-
rived from mono-alkylation of guanine at N7 and adenine at N3
and from cross-linking of G-G or G-A at these positions.'® As
for busulfan, interaction with guanosine resulted in the forma-
tion of 1,4-di(7-guanosinyl)butane, suggesting that busulfan
forms a G-G cross-link.'® Since busulfan, with 2 maximum ex-
tended configuration of 6.0 A, would be unable to span the dis-
tance between N7 atoms of adjacent guanosines on opposite
DNA strands (a narrow groove distance of 8.0 A in B form
DNA),'®-® busulfan is likely to form intrastrand cross-links.
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The chemical structures of the 5-GG-3’ and 5’-GA-3’ se-
quences are shown in Fig. 6. It remains uncertain whether
busulfan produces DNA alkylation at adenine residues. Nota-
bly, DNA-sequencing experiments using Aag protein and pipe-
ridine suggest that busulfan induces DNA alkylation mainly at
5"-GA-3’ and, to a lesser extent, 5"-GG-3’ sequences. Aag cata-
lyzes the excision of alkylated guanine and adenine.?*-2 The
mass spectrum of the busulfan-treated oligonucleotide contain-
ing the GA sequence suggests that {CH,), is bound at both ends
to the oligonucleotide to form an intrastrand cross-link and that
(CH,),OH is bound to form a mono-adduct. These results pro-
vide the first evidence for DNA intrastrand cross-linking of
busulfan at the 5-GA-3" sequence.

It is known that the N7 and O6 positions of guanine and the
N3 position of adenine are the alkylation sites for most chemo-
therapeutic alkylating agents.>® Westerhof et al. reported that
O6-guanine alkylation is not important for the chemotherapeu-
tic effects of busulfan, because overexpression of 06-alkylgua-
nine-DNA-alkyltransferase, which removes O6-alkylated
guanine, had no effect on the cytotoxicity.?® In the 5-GA-3’ se-
quence, the distance between N7 of guanine and N3 of adjacent
adenine exceeds the length of busulfan in duplex DNA. There-
fore, the possibility of binding in this manner can be excluded.
Alternatively, possible sites of DNA intrastrand cross-linking
are the N7 paositions of guanine and adenine or the N3 positions
of guanine and adenine. One of the busulfan analogues, hepsul-
fam (1,7-heptanediol disulfamate), was reported to be mainly
bound to the N7 position of guanine but not the N3 position of
adenine.”™ It was reported that dimethyl sulfate formed a vari-
ety of alkylated bases, including N7-methylguanine, N3-methy-
ladenine and N7-methyladenine, with DNA.?» These reports
support the idea that busulfan is likely to bind to the N7 posi-
tions of guanine and adenine rather than the N3 positions to
form DNA intrastrand cross-links. We have previously reported
that DNA alkylation induces apoptosis through the generation
of H,0,.?® Therefore, an apoptotic pathway via DNA alkylation
at the N7 positions of guanine and adenine may be responsible
for the cytotoxic effect of busulfan. In conclusion, the forma-
tion of DNA intrastrand cross-links is considered to be the
mechanism of the strong cytotoxicity induced by busulfan.
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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 ¥P-labeled DNA fragments obtained from the human pS53 tumor suppressor gene and an HPLC-electrochemical
detector. Nitrotyrosine and nitroY-peptide caused Cu(II)-dependent DNA damage in the presence of P450 reductase, which is
considered to yield nitroreduction. Catalase inhibited DNA damage, suggesting the involvement of H,0,. Nitrotyrosine and nitroY-
peptide increased 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxod@G) formation, an indicator of oxidative DNA damage. Nitrotyro-
sine-containing peptides of histone induced 8-oxodG formation more efficiently than free nitrotyrosine. We propose the possibility
that nitrotyrosine-induced H,O, 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 {O57), yielding peroxynitrite
(ONOCO~), 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;
RIS, reactive nitrogen species; 8-oxod(, 8-0x0-7,8-dihydro-2'-deoxy-
guanosine (and also known as 8-hydroxy-2'-deoxyguanosine); DTPA,
diethylenetriamine-N N N N" N"-pentaacetic acid; HPLC-ECD, high
performance liquid chromatography coupled with an electrochemical
detector; NADPH, B-nicotinamide adenine dinucleotide phosphate
(reduced form); P450 reductase, NADPH-cytochrome P450 reductase;
SOD, superoxide dismutase.

" Corresponding author. Fax: +81-59-231-5011.

E-mail address: kawanisi@doc.medic.mie-u.ac jp (5. Kawanishi).
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nitrated proteins in the Mutatec tumor tissue exposed to
NO [14]. Irie et al. [15] 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

Materials. Restriction enzymes (EcoRIE, Mrol, and Apal) and calfin-
testine phosphatase were purchased from Boehringer-Mannheim (Ger-
many). Restriction enzymes (HindI{I and 4val) and Ty polynucleotide



124 M. Murata, S. Kawanishi | Biochemical and Biophysical Research Communications 316 (2004) {23-128

kinase were purchased from New England Biolabs, [y-?PJATP
{222 TBq/mmol) was from New England Nuclear. Superoxide dismutase
(S0D, 3000 U/mg 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,
Japan; nitroYl-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 |-peptide;
nitroY-R-P-G-T-V-A-L-R and niiroY3-peptide; E-S-nitroY-5-V-nit-
roY-V-pitroY-K. NADPH, NADP*, acrylamide, bisacrylamide, and
piperidine were obtained from Wako Pure Chemical Industries (Osaka,
Japan). NADPH-cytochrome P450 reductase (P4350 reductase) from rat
microsome was a kind gift from Dr. Y. Kumagai (Tsukuba Unjversity).
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).
Preparation of % P-5'-end-labeled DNA fragments. DNA fragments
obtained from the human p$3 tumor suppressor gene [16] containing
exons were prepared, as described previously [17]. The 5'-end-labeled
650-bp fragment (HindIII*13972-EcoRI*14621) was obtained by de-
phosphorytation 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 (4pal 14179-EeoRI*14621) and a 211-bp fragment
(HindIII*13972-Apal 14182). DNA fragment was also obtaired from
the human p/6 tumor suppressor gene [18). The 5" end-labeled 490-bp
fragment (EcoRI*5841-EcoRI*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 Mvrol to

obtain a singly labeled 328-bp fragment (EcoRI*5841-Mrol 6168)anda .

158-bp fragment (Mrol 6173—-EcoRI*6330) as described previously [19].

Detection of DNA damage by nitrotyrosine. The standard reaction
mixtures (in a microtube; 1.5 mL; Eppendorf) containing nitrotyrosine,
100 uM NADPH, and P430 reductase in 20mM poetassium phosphate
buffer (pH 7.4) were pre-incubated at 25°C for 30min. After pre-in-
cubation, *P-5-end-labeled DNA fragments, calf thymus DNA
(20 uM/base), and 20pM CuCl, were added to the mixtures (total
200 1L), followed by the incubation at 37°C for 1h. Then, the DNA
fragments were treated in 10% (v/v) piperidine at 90°C for 20 min, or

A P450 reductase + NADPH + Cu(ll)

treated with 6 U Fpg protein in 2ipL of reaction buffer (10mM
Hepes-KOH (pH 7.4), 100mM KCI, 10mM EDTA, and 0.1 mg/ml
BSA) at 37°C for 2 h. The treated DNA was electrophoresed on an 8%
polyacrylamide/8M urea gel. The autoradiogram was obtained by
exposing X-ray film to the gel [19].

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 [20] using a
DNA-sequencing system (LKB 2010 Macrophor). The relative
amounts of oligonucleotides from the treated DNA fragments were
measured with a laser densitometer (LKB 2222 UltroScan XL).

Analysis of 8-6x0dG formation in calf thymus DNA by nitrotyrosine.
The standard reaction mixture (in 2 microtube; 1.5mL; Eppendorf)
containing nitrotyrosine, 100pM 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 uM/

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 NADP* amount. The standard reaction mixtures
(in a microtube; 1.5 mL; Eppendorf) 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 analyzed by HPLC with a
Shimadzu photodiode array UV detector (SPD-MI10A, 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 32 P-labeled DNA fragments by nitrotyrosine
in the presence of P450 reductase, NADPH, and Cu(1l)

Free nitrotyrosine and nitrotyrosine-peptides of
histone caused Cu(Il}-mediated DNA damage when
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Fig. 1. Autoradiograms of 32P-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 pM NADPH, and
2.1 pg/mL P450 reductase in 20 mM potassinm phosphate buffer (pH 7.4) were pre-incubated at 25°C for 30 min. After pre-incubation, *P-5-end-
labeted 158-bp DNA fragments, calf thymus DNA (20 pM/base), and 20 uM 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 10 pM 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(II) (data not shown). In the absence of Cu(II}, 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 (nitroY 1-peptide). The amount
of oligonucleotides was increased by piperidine treat-
ment, suggesting the involvement of base modification/
liberation (data not shown).

A L, Piperidine treatment
GC TG
{50
09+ ¢
@
Q
=
[+
0
™
2 oo
L
< 3
o077 T
A
C|
0.6
T ) T
14030 1doao  1dose 140 14070
B TG
Fpg treatment
1.0
§ {5) (39
[1+]
& TG
] ac
2
< 08

T

T T T T
14030 14040 14050 14060 14070

125

Effects of scavengers and bathocuproine on DNA damage
induced by nitrotyrosine

Fig. 1B shows the effects of scavengers and batho-
cuproine, a Cu(I)-specific chelator, on DNA damage
induced by P450 reductase-treated nitroY3-peptide in
the presence of Cu(Il). Catalase and bathocuproine in-
hibited DNA damage, suggesting the involvement of
hydrogen peroxide (H,0,) and Cu(l). Ethanol, 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 pM nitroY3-peptide, 100 uM NADPH, and 2.1 ug/mL P450 reductase in 20 mM potassium phosphate buffer (pH 7.4) were pre-in-
cubated at 25 °C for 30 min. After pre-incubation, **P-5-end-labeled 211-bp (A,B) or 443-bp (C,D) DNA fragments, calf thymus DNA (20 pM/base),
and 20 pM CuCl; were added to the mixtures. Reaction mixtures were incubated at 37 °C for | h, followed by hot piperidine (A,C) and Fpg treatment
(B,D). DNA fragments were electrophoresed on an 8% polyacrylamide/S M urea 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 [aser
densitometer (LKB 2222 UltroScan XL). The horizontal axis shows the nucleotide number of the human £33 tumor suppressor gene and under-
scoring shows the complementary sequence to cedon 273 (nucleotide numbers 14486-14488).
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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(1Il) (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-oxodG in calf thymus DNA by nitroty-
rosine

Using an HPLC-ECD, we measured 2-oxodG
content in calf thymus DNA treated with nitroty-
rosine after P450 reductase treatment (Fig. 3).
NitroY3-peptide increased the amount of 8-oxodG up
to 2pM and then decreased gradually. Significant in-
creases (p < 0.01) were observed in all conditions
treated with 1pM and higher concentrations of nit-
ro’Y3-peptide. NitroY l-peptide induced the increase of

300

[J+* nitroY3-peptide

250

200

150

8-oxodG(%Control)

100
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Fig, 3. Cu(I)-mediated formation of 8-0xodG in calf thymus DNA by
nitrotyrosine and nitro’Y-peptides in the presence of P450 reductase,
The reaction mixtures containing ritrotyrosine or nitroY-peptides,

100pM NADPH, and 2.1 pg/mL P450 reductase in 20 mM 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 20 pM CuCl; were added and then incubated at 37°C for lh.
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 theee inde-
pendent experiments. Asterisks indicate significant difference com-
pared with control by Student’s ¢ test (*» < 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 uM nitrotyrosine
or nitroY-peptides, 100 pM NADPH, and 2.1 pgfmL 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 photodiede array UV detecter
(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
f test.

8-0xodG formation with increasing its concentration
(1uM; p<0.05 2pM and higher; p < 0.01). Free
nitrotyrosine induced the increase of 8-oxodG for-
mation significantly at 10 pM (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 nitro’Y-peptides significantly induced NADP*
formation compared with control (p < 0.05 and
p < 0.01, respectively). The amounts of NADP* by
nitroY3-peptide and nitroY I-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(ll}-mediated DNA damage via the activation
with P450 reductase. Inhibitory effects of catalase and
bathocuproine suggested that H,0, 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 O35 [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;O, by Oy dismutation and reduction of
Cu(II) to Cu(I) concomitantly occur. H,O, reacts with
Cu(l) 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 DNA-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 [[4]. 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;0; formation and subsequent DNA
damage contribute to inflammation-associated carcino-
genesis,
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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 (H204)-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(IIDEDTA or
CuIl). In the presence of Fe(IlI) complex such as Fe(IINEDTA or Fe(III)ADP, GA caused DNA damage at every nucleotide,
Fe(lIl) 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(IlI) complex-mediated DNA damage caused by GA is mainly due to *OH
generated via the Fenton reaction. In the presence of Cu(1l), 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(I)-mediated DNA
damage was inhibited by catalase and a Cu(I) chelator. These results indicated that reactive oxygen species formed by the
interaction of Cu(I) and H20; participates in the DNA damage. GA increased 8-0xodG conttent in calf thymus DNA in the
presence of Cu(ID), Fe(IIDEDTA or Fe(IIIADP. 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.
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1. Introduction

Abbreviations: PG, propyl gallate; 8-oxodG, 8-0x0-7.8-
dihydro-2'-deoxyguanosine (also known as 8-hydroxy-2'-deoxy-
guanosine); GA, gallic acid; CIP, calf intestine phosphatase;

Propyl gallate (PG) is widely used as an antioxidant
in the food industry. PG has been investigated as a

DTPA, diethylenetriamine-N NN N' N”-pentaacetic acid; DMSO,
dimethylsulfoxide; BAP, bacteriat alkatine phosphatase; SOD, su-
peroxide dismutase; HPLC-ECD, an electrochemical detector cou-
pled to high-performance liquid chromatography; HOMO, highest
occupied molecular crbital
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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
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