Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/24/11

For personal use only.

Free Radical Research, 2002 VoL. 36 (6), pp. 667-675

& Taylor&Francis
@ healthsciences

Hydroxylation of Deoxyguanosine at 5 Site of GG and GGG
Sequences in Double-stranded DNA Induced by Carbamoyl

Radicals

KAORU MIDORIKAWA?, KAZUTAKA HIRAKAWAP and SHOSUKE KAWANISHI**

*Department of Hygiene, Mie University School of Medicine, Edobashi 2-174, Tsu, Mie 514-8507, Japan; ®Radioisotope Center, Mie University School

of Medicine, Edobashi 2-174, Tsu, Mie 514-8507, Japan

Accepted by Professor E. Niki

(Received 3 August 2001; In revised form 20 December 2001)

Free radicals generated by chemicals can cause sequence-
specific DNA damage and play important roles in
mutagenesis and carcinogenesis. Carbamoyl group
(CONH,) and its derived groups (CONR;) occur as natural
products and synthetic chemical compounds. We have
investigated the DNA damage by carbamoyl radicals
"(CONHy), one of carbon-centered radicals. Electron spin
resonance (ESR) spectroscopic study has demonstrated
that carbamoyl radicals were generated from formamide
by treatment with H,O, plus Cu(Il), and from azodicarbo-
namide by treatment with Cu(Il). We have investigated
sequence specificity of DNA damage induced by carba-
moyl radicals using **P-labeled DNA fragments obtained
from the human c-Ha-ras-1 and p53 genes. Treatment of
double-stranded DNA with carbamoyl radicals induced an
alteration of guanine residues, and subsequent treatment
with piperidine or Fpg protein led to chain cleavages at 5'-
G of GG and GGG sequences. Carbamoyl radicals
enhanced Cu(Il)/H,O,-mediated formation of 8-oxo-7,8-
dihydro-2’-deoxyguanosine (8-oxodG) in double-stranded
DNA more efficiently than that in single-stranded DNA.
These results shows that carbamoyl radicals specifically
induce hydroxylation of deoxyguanosine at 5 site of GG
and GGG sequences in double-stranded DNA.

Keywords: Formamide; DNA damage; Hydrogen peroxide; Cop-
per

Abbreviations: DTPA, diethylenetriamine-N,N,N',N”,N"-pentaace-
tic acid; HPLC, high-performance liquid chromatography; HPLC -
ECD, HPLC equipped with an electrochemical detector; 8-oxodG,
8-ox0-7,8-dihydro-2'-deoxyguanosine; POBN, a-(1-oxy-4-pyri-
dyl)-N-tert-butyl-nitrone; Fpg, E-coli formamidopyrimidine-DNA
glycosylase; MO, molecular orbital;, HOMO, highest occupied
molecular orbital; SCE, saturated calomel electrode

INTRODUCTION

Oxidative stress is capable of causing damage to
various cellular constituents, leading to many
diseases. Particularly, DNA damage mediated by
oxidative stress plays critical roles in carcinogen-
esis.'~®! In biological systems, although damaged
DNA is repaired enzymatically and the cells regain
their normal functions, misrepair of DNA damage
could result in mutations, leading to carcinogen-
esis.” 712l The sequence specificity of DNA damage
plays the key role in the mutagenic processing.™”!
Therefore, investigation on sequence specificity of
DNA damage would provide us biological signifi-
cance of DNA damage and beneficial findings for
cancer prevention.

Redox potentials of reactive species contribute to
the determination of sequence-specific damage to
double-stranded DNA. Highly reactive radicals, OH
directly abstracts a hydrogen atom from the DNA
deoxyribose-phosphate backbone, resulting in DNA
cleavage at every nucleotide without marked site
specificity.['*~1*1 OH also causes addition and
hydrogen abstraction of the DNA bases leading to
generation of a variety of oxidative products. Less
reactive radicals rather than OH, such as SO, "' and
benzoyloxyl radicals"® cause sequence-specific
DNA oxidation depending on their redox potentials.
Various organic compounds, endogenous molecules
and foods ingredients, can produce their radicals
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under certain conditions.'=?'1 Therefore, an

investigation of the reactivity of their radicals to
cause DNA damage is important to predict their
participation in mutagenesis and carcinogenesis.

Carbamoyl group (CONH,;) and its derived
groups (CONR;) occur as natural products and
synthetic chemical compounds, which may pro-
duce carbamoyl radicals (CONH;), carbon-cen-
tered radicals, in vivo. In this study, carbamoyl
radicals generated from formamide by treatment
with H,O, plus Cu(ll), and azodicarbonamide by
treatment with Cu(Il) were detected using an
electron spin resonance (ESR) spectrometer. We
investigated sequence-specificity of DNA damage
caused by carbamoyl radicals derived from
formamide and azodicarbonamide, using 5-end-
labeled DNA fragments obtained from the human
p53 tumor suppressor gene and the c-Ha-ras-1
protooncogene. We also analyzed 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8-oxodG) formation in
calf thymus DNA by the carbamoyl radicals from
formamide.

MATERIALS AND METHODS

Materials

Restriction enzymes (Apal, Aval, EcoRI, Hindlll,
Pst], Styl and Xbal) and T4 polynucleotide kinase
were purchased from New England Biolabs. Calf
intestine phosphatase was from Boehringer
Mannheim GmbH. [y-**P]JATP (222 TBq/mmol)
was from New England Nuclear. Diethylenetria-
mine-N,N,N',N" N"-pentaacetic acid (DTPA) was
purchased from Dojin Chemicals Co. (Kumamoto,
Japan). Acrylamide, bisacrylamide, piperidine were
from Wako Chemicals Co. (Osaka, Japan). Ethanol,
copper dichloride dihydrate and D-mannitol were
from Nacalai Tesque Inc. (Kyoto, Japan).
Superoxide dismutase (SOD, 3000 units/mg from
bovine erythrocytes), methional and catalase
(45000 units/mg from bovine liver) were from
Sigma Chemical Co. Nuclease P1 was from Yamasa
Shoyu Co. (Chiba, Japan). a-(1-Oxy-4-pyridyl)-N-
tert-butyl-nitrone (POBN) was from Aldrich Co. E.
coli formamidopyrimidine-DNA glycosylase (Fpg)
was from Trevigen.

Detection of Carbamoyl Radicals Derived from
Formamide and Azodicarbonamide

ESR spectra were recorded to detect carbamoyl
radicals derived from formamide and azodicarbo-
namide. The spectra were measured at 25°C using a
JES-TE100 (JEOL, Tokyo, Japan) spectrometer with
100 kHz field modulation. The spectra were recorded

with a microwave power of 4 mW and a modulation
amplitude of 50 uT.

Preparation of *’P-5-end-labeled DNA Fragments

DNA fragments were obtained from the human p53
tumor suppressor genem] and the c-Ha-ras-1 proto-
oncogene.! The DNA fragment of the p53 tumor
suppressor gene was prepared from pUC18 plasmid,
ligated fragments containing exons of p53 gene. A
singly **P-5'-end-labeled 118-bp fragment (Hind IIT*
13038-Sty 1 13155) and a 211-bp fragment (Hind III*
13972-Apa114182) were obtained according to the
method described previously.** DNA fragments
were also prepared from plasmid pbcNI, which
carries a 6.6-kb BamHI chromosomal DNA segment
containing the human c-Ha-ras-1 protooncogene. A
singly labeled 341-base pair fragment (Xbal 1906-
Aval* 2246), a 337-base pair fragment (PstI 2345-
Aval* 2681), a 261-bp fragment (Aval* 1645-Xbal
1905) and a 98-bp fragment (Aval* 2247-Pst1 2344)
were obtained according to the method described
previously.?>?*! Nucleotide numbering starts with
the BamHI site.”®’ The asterisk indicates >*P-
labeling.

Detection of DNA Damage by Formamide and
Azodicarbonamide

The standard reaction mixture (in a microtube;
1.5ml; Eppendorf) contained *?P-5'-end-labeled
DNA fragment (< 1 uM), calf thymus DNA, 20 pM
Cu(Il) and formamide plus H,O, or azodicarbona-
mide in 200 ul of 10mM sodium phosphate buffer
(pH 7.8) containing 5 pM DTPA. DTPA was added to
remove trace metals which could be contaminated in
sodium phosphate buffer. After incubation at 37°C
for the indicated duration, the DNA fragments were
heated at 90°C in 1M piperidine for 20 min where
indicated and treated as described previously.?”!
After incubation, instead of piperidine treatment, the
DNA fragments were treated with 6 units of Fpg
protein in 10 wl of the reaction buffer [10 mM HEPES-
KOH (pH 7.4), 100mM KCI, 10mM EDTA, and
0.1mg/ml BSA] at 37°C for 120 min. Subsequently,
the Fpg-treated DNA fragments were precipitated,
and treated as described previously.””! 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®! using a DNA-sequencing
system (LKB 2010 Macrophor). A laser densitometer
(LKB 2222 UltroScan XL) was used for the
measurement of the relative amounts of oligonucleo-
tides from treated DNA fragments.
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(A)Formamide + H202 + Cu(ll)

(B)Azodicarbonamide+ Cu(ll)
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FIGURE 1 ESR spectra of the carbamoyl radicals adduct of
POBN produced by formamide plus H,O, or azodicarbonamide in
the presence of Cu(Il). The reaction mixture contained 20% (v/v)
formamide plus 10mM H,0, (A) or 4.5mM azodicarbonamide
(B), 400 mM POBN and 20 pM CuCl, in 100 pl of 10 mM Tris—HCl
buffer (pH 7.8) containing 5 uM DTPA, were incubated for 10 min
(A) or 60min (B) at 37°C. The ESR spectra were measured
immediately after incubation. Computer simulation with the
coupling constants of aNPOBN) = 1,499 mT, aHPOBN) = 0.277 mT;
aN€bamoyd — 0,022 mT  and ~ gHebamoyh = 0,055 mT, using
Isotropic EPR Simulation Ver. 2.2A (Labotec Co., Ltd.) (C).

Analysis of 8-0xodG Formation in Calf Thymus
DNA by Formamide in the Presence of H,O, and
Cu(I)

DNA fragments (100 wM/base) from calf thymus
were incubated with formamide. H,O, and Cu(Il)
for 60min at 37°C. For DNA denaturation, the
fragments were heated at 90°C for 5min and then
chilled quickly before incubation. After ethanol

A

+ Formamide

1 5 10 20 (%)
H,0,+Cu(ll) = + + + + +

ann

.-

control

preciptation, DNA was digested to the nucleosides
with nuclease P1 and calf intestine phosphatase
and analyzed by HPLC-ECD, as previously
described.'*”!

RESULTS

Generation of Carbamoyl Radicals from
Formamide and Azodicarbonamide

An ESR spectrum of a spin adduct of formamide-
derived radicals was observed when POBN was
added to a mixture solution of formamide, H,O,
and Cu(Il) (Fig. 1A). The hyperfine splitting
constants of the radicals were aNPOBN) = 1499 mT,
atPOBN) — 0277 mT, gNC@rbamoy) — 0 022 mT, and
gHcarbamoyl) — 0 055 mT. The radicals with the
same hyperfine splitting constants were observed
when azodicarbonamide was treated with Cu(Il)
(Fig. 1B). Computer simulation pattern provided a
satisfactory fit of signals obtained in this study (Fig.
1C). Addition of catalase, methional or bath-
ocuproine to a mixture solution of formamide,
H,0,, and Cu(ll) decreased the yield of the radical
adducts of POBN, whereas ethanol did not (data
not shown). Methional can scavenge not only free
‘OH but also other radicals like cryptohydroxyl
radicals.® The inhibitory effects of scavenger and
bathocuproine on the yield of formamide-derived
radicals suggests that H,O, and Cu(l) are involved
in the generation of carbamoyl radicals from
formamide.

+ Azodicarbonamide
[ ]

10 50 100 200 500 500 (uM)
Cul) = + + + + + =

control

FIGURE 2 Autoradiogram of *P-DNA fragments incubated with formamide plus H,O, or azodicarbonamide in the presence of Cu(lI).
(A) The reaction mixture contained **P-5-end-labeled 98-bp DNA fragments, 10 uM/base of sonicated calf thymus DNA, indicated
concentrations of formamide, 200 .M H,O, and 20 pM CuCl, in 200 pl of 10 mM sodium phosphate buffer (pH 7.8) containing 5 .M DTPA.
(B) The reaction mixture contained *?P-5'-end-labeled 261-bp DNA fragments, 10 uM/base of sonicated calf thymus DNA, indicated
concentrations of azodicarbonamide and 20 uM CuCl, in 200 pl of 10 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After
incubation at 37°C for 60 min, the 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 obtained by exposing the gel to an X-ray film.
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FIGURE 3 Effects of scavengers and metal chelator on Cu(Il)-
dependent DNA damage induced by formamide plus H,O, or
azodicarbonamide. (A) The reaction mixture contained >?P-5'-end-
labeled 98-bp DNA fragments, 10 uM/base of sonicated calf
thymus DNA, 10% (v/v) formamide, 200 uM H,O, and 20 pM
CuCl, in 200l of 10mM sodium phosphate buffer (pH 7.8)
containing 5 wM DTPA. (B) The reaction mixture contained 32p_5/.
end-labeled 261-bp DNA fragments, 10 uM/base of sonicated calf
thymus DNA, 200 uM azodicarbonamide and 20 uM CuCl, in
200 pl of 10mM sodium phosphate buffer (pH 7.8) containing
5uM DTPA. The mixture was incubated at 37°C for 60 min, and
treated by the method described in Fig. 2. The concentration of
scavengers and metal chelator was as follows: 30 units of catalase;
30 units of SOD; 0.1M methional; 5% (v/v) ethanol; 0.1M
mannitol; 50 uM bathocuproine.

Cu(I)-mediated Damage of **P-labeled DNA
Fragments by Formamide plus H,O, and
Azodicarbonamide

Figure 2A shows an autoradiogram of DNA
fragments treated with formamide in the presence
of H,O, and Cu(ll). H,O, and Cu(ll) in the
absence of formamide could damage DNA.’
When formamide was added, the DNA cleavage
patterns were changed. The site specificity of DNA
damage by formamide was quite different from
that induced by H,O, and Cu(ll) (described in
latter). The patterns of DNA cleavage changed
depending on concentrations of formamide,
although totally DNA damage did not increased.
This result suggests that formamide inhibits DNA
damage induced by H,O, and Cu(ll), however,
induces site specific DNA damage through
radicals generated by the reaction of formamide
with H,O, and Cu(Ill). On the other hand, azodi-
carbonamide induced DNA damage in the presence
of Cu(ll) (Fig. 2B). The intensities of DNA damage
increased depending on concentrations of
azodicarbonamide.

Effects of Scavengers and Bathocuproine on DNA
Damage Induced by Formamide and
Azodicarbonamide

Figure 3 shows the effects of scavengers and
bathocuproine, a Cu(l)-specific chelator, on DNA
damage induced by formamide in the presence of
H,0; plus Cu(ll), and by azodicarbonamide in the
presence of Cu(ll). Typical OH scavengers, ethanol
and mannitol did not inhibit DNA damage induced
by formamide in the presence of H,O, and Cu(II)
(Fig. 3A). Methional, catalase, and bathocuproine
inhibited DNA damage induced by formamide in
the presence of H,O, and Cu(Ill). DNA damage
induced by azodicarbonamide in the presence of
Cu(ll) was inhibited by bathocuproine (Fig. 3B),
whereas typical OH scavengers, methional, catalase,
and SOD did not inhibit the DNA damage. No
inhibitory effect of methional on this DNA damage
suggests that azodicarbonamide-derived radicals are
neither free OH nor cryptohydroxyl radicals.

Site Specificity of Cu(II)-mediated DNA Cleavage
by Formamide plus H,O, and Azodicarbonamide

An autoradiogram was obtained and scanned with a
laser densitometer to measure relative intensity of
DNA cleavage in the human p53 tumor suppressor
gene and the c-Ha-ras-1 protooncogene as shown in
Figs. 4 and 5. Figure 4 shows a comparison of site
specificity of Cu(ll)-mediated DNA cleavage by
H,0; and that by formamide plus H,O,. H,O, and
Cu(Il) induced cleavage at cytosine, thymine and
guanine residues (Fig. 4A). Formamide in the
presence of H,O, and Cu(ll) (Figs. 4B and 5A)
induced piperidine-labile site at 5-G in GG and GGG
sequences in both double-stranded DNA fragments
from the human p53 tumor suppressor gene and the
c-Ha-ras-1 protooncogene. When azodicarbonamide
was used instead of formamide and H,O,, similar
results were observed (Fig. 5B). When denatured
single-stranded DNA was used, preferential damage
occurred at guanine by treatment with H,O, plus
Cu(Il) in the presence or absence of formamide (Figs
4C and D).

Site Specificity of Cu(II)-mediated DNA Cleavage
by Formamide plus H,O, Treated with Fpg Protein

Figure 6 shows the comparison of site specificity of
Cu(Il)-mediated DNA cleavage by formamide plus
H,0O, treated with piperidine and Fpg protein.
Formamide in the presence of H,O, and Cu(ll)
caused preferential DNA damage at 5G in GG and
GGG sequences in double-stranded DNA fragments,
by both Fpg protein treatment (Fig. 6A) and
piperidine treatment (Fig. 6B). When azadicarbona-
mide was used instead of formamide and H,O,,

RIGHTS LI MN K4y



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/24/11
For personal use only.

HYDROXYLATION OF DEOXYGUANOSINE BY CARBAMOYL RADICAL 671

(A) Native DNA: Hz02+Cu(ll)
C

0.8 G c
(59 @)
c c
)
o
c
g
4 G
o 0.7 TG
3 T6
T
< T g
cC
© c
Il T,
3 cr C
0.6
1 1 1
14030 14040 14050 14060 14070
. G
(B) Native DNA
: formamide+H202+Cu(ll)

1.5
3 ®) @)
c
©
o
e
S
@
el
<

1 1 1

1 1
14030 14040 14050 14060 14070
Nucleotide number of human p53 tumor suppressor gene

(C) Denatured DNA

: H202+Cu(ll) 3
1.2 4
(5)
@
S0
gt
el
P
<]
D
el
<
0.8 H G
c cT
c
Cc AT
AN SN 18
A T
A
0.6 | 1 | ]
14030 14040 14050 14060 14070
3
(D) Denatured DNA
: formamide+H202+Cu(ll)
104 ®
)
e a
<
el
P
]
1]
Q
<
0.8 4
0.6
1 1

1 1
14030 14040 14050 14060 14070
Nucleotide number of human p53 tumor suppressor gene

FIGURE 4 Comparison of cleavage sites in double-stranded DNA and in single-stranded DNA induced by H,O, or formamide plus
H,0, in the presence of Cu(Il). The reaction mixture containing the **P-5'-end-labeled 211-bp DNA fragment, 10 uM/base of calf thymus
DNA, 20 pM CuCl; and 50 uM H,0; (A) and (C), 10% (v/v) formamide plus 100 uM H,O, (B) and (D), in 10 mM phosphate buffer (pH 7.8)
containing 5 .M DTPA was incubated at 37°C for 60 min (native DNA) or 30 min (denatured DNA). For the experiment with denatured
single-stranded DNA, 5'-end-labeled DNA fragment was treated at 90°C for 5min and quickly chilled before the addition of the agents.
After piperidine treatment, DNA cleavage sites were determined as described in Fig. 2. The relative amounts of oligonucleotide were
measured by scanning the autoradiogram with a laser densitometer (LKB 2222 UltroScan XL, Pharmacia Biotech). The horizontal axis

shows the nucleotide number of the p53 tumor suppressor gene.

similar results were observed (data not shown). Fpg
protein is known to recognize 8-oxodG as well as
Fapy residues.®’! Without Fpg protein treatment,
formamide plus H,O, and azodicarbonamide did
not cause oligonucleotides formation (data not
shown). These results suggest that carbamoyl
radicals do not induce the breakage of deoxyribose-
phosphate backbone, but induce the base alteration,
and produce 8-oxodG in double-stranded DNA
fragments.

Formation of 8-oxodG in Calf Thymus DNA by
Formamide in the Presence of H,O, and Cu(II)

We measured 8-oxodG content in calf thymus DNA
treated with formamide in the presence of HO, and

Cu(Il) using an HPLC-ECD (Fig. 7). The addition of
formamide increased the amount of 8-oxodG
formation induced by H,O, and Cu(ll) in native
double-stranded DNA, whereas formamide
decreased the amount of 8-oxodG formation in
denatured single-stranded DNA.

DISCUSSION

In the present study, the formamide-derived radicals
were detected with a trapping agent POBN in the
presence of H,O, and catalytic amount of Cu(Il). On
treatment with H,O, plus catalytic amounts of Fe(II),
formamide produces carbamoyl radicals.*? Since
catalytic activity of copper was found to be more
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FIGURE 5 Site specificity of Cu(Il)-dependent DNA cleavage
induced by formamide plus H,O, or by azodicarbonamide. The
reaction mixture containing the 32P-5-end-labeled 118-bp DNA
fragment, 10 uM/base of calf thymus DNA, 20 uM CuCl, and 10%
(v/v) formamide plus H>O, (A) of 500 uM azodicarbonamide (B),
in 10mM phosphate buffer (pH 7.8) containing 5 uM DTPA was
incubated for 60min at 37°C. After piperidine treatment, DNA
cleavage sites were determined as described in Fig. 4. The
horizontal axis shows the nucleotide number of p53 tumor
suppressor gene.?

than iron toward activation of HZO2,[33] we used
copper instead of iron. On the basis of the present
study and the previous report,[33] we proposed a
possible mechanism of the formation of carbamoyl
radicals (CONH;) by H,O, and Cu(Il) as follows:

H>0; + 2Cu(l) — O, + 2H' + 2Cu(l) 6))
H,0, + Cu(l) —» Cu()OOH + H* )
HCONH, + Cu()OOH + H" — "CONH,

+H,0 + Cudl) + OH~ 3)

The ESR signal with the same hyperfine coupling
constants of formamide-derived radicals were
detected when azodicarbonamide was treated with
catalytic amount of Cu(ll), indicating that azodicar-
bonamide (H,NCON = NCONH,) also produces
carbamoyl radicals by the catalysis of Cu(ll) as
follows:

HoNCON = NCONH; —2'CONH,; + N> (4)

The present study showed that formamide caused
sequence-specific damage to DNA in the presence of
H,0, plus Cu(ll). H,O, plus Cu(ll) induced DNA
damage especially at Tand C residues in the absence
of formamide as previously reported.”””! The
addition of formamide changed the sequence-
specificity of DNA damage by H,O, plus Cu(ll)
from T and C residues to that 5-G in GG and GGG
sequences in double-stranded DNA. The similar
sequence-specificity was observed when azadicar-
bonamide was used instead of formamide and H,O,.
To confirm that carbamoyl radicals cause the
sequence-specific DNA damage, we have examined
the effects of scavengers on the DNA damage and the
generation of carbamoyl radicals. Bathocuproine,
catalase and methional inhibited the DNA damage
induced by formamide in the presence of H,O, and
Cu(Il), whereas typical "OH scavengers did not
inhibit it. The inhibitory effects of scavengers on the
generation of carbamoyl radicals showed similar
results. The correlation between the inhibitory effects
of scavengers on the DNA damage and those on the
carbamoyl radicals production lead us to speculate
that carbamoyl radicals cause the sequence-specific
DNA damage. Formamide rather than DNA bases
should react with the react with the reactive species
generated from H,O, plus Cu(ll) such as "OH
and/or Cu(I)OOH to produce carbamoyl radicals,
because the concentration of formamide was much
greater than that of DNA bases under the conditions
used. Alternatively, a high concentration of forma-
mide may induce denaturation of double-stranded
DNA.B*®1[f 50, the Cu(Il)-mediated DNA cleavage
pattern by H,O, plus formamide in double-stranded
DNA should be similar to that in single-stranded
DNA. However, Fig. 4B and D showed a difference of
formamide-mediated DNA cleavage pattern
between single-stranded DNA and double-stranded
DNA. Additionally, Fig. 7 showed that 8-oxodG
formation by formamide in double-stranded DNA
was higher than that of in single-stranded DNA.
These results exclude the possibility of altered
conformation or partial denaturation of double-
stranded DNA by formamide.

On the basis of the reason given below, we have
proposed a possible mechanism of sequence-specific
DNA damage by carbamoyl radicals: a hydrogen
abstraction or an electron transfer from 5-G of GG
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FIGURE 6 Site specificity of Cu(II)-dependent DNA cleavage induced by formamide plus H,O,. The reaction mixture contained **P-5'-
end-labeled 337-bp DNA fragments, 1 pM/base of sonicated calf thymus DNA, 10% (v/v) formamide, 100 uM H,O, and 20 uM CuCl; in
200 pl of 10 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37°C for 60 min, the DNA fragments were
treated with 6 units of Fpg protein at 37°C for 120 min (A) or piperidine treatment (B). DNA cleavage sites were determined as described in
Fig. 4. The horizontal axis shows the nucleotide number of the c-Ha-ras-1 protooncogene.

and GGG and followed by hydroxylation of the
oxidized guanine to produce 8-oxodG. Highly
reactive species such as "OH and ONOO™ cause
DNA damage at every nucleotide, whereas less
reactive sFeCies cause DNA damage specifically at
guanines."”! Guanine is most easily oxidized among
the four DNA bases, because the oxidation potential
of guanine is lower than the other DNA bases.!***"]
Recently, molecular orbital (MO) calculations have

revealed that the GG sequence in double-stranded
DNA has the lowest ionization potential among the
guanine-containing dinucleotides.*®! A large part of
the highest occupied molecular orbital (HOMO) is
located on the 5-G of GG and GGG sequences in
double-stranded DNA,BS] and therefore, this
guanine is likely to be oxidized. The sequence-
specificity of DNA damage induced by reactive
species less reactive than "OH could be consistent
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FIGURE 7 8-oxodG formation induced by formamide plus H,O,
in the presence of Cu(ll). The reaction mixture contained calf
thymus DNA fragments (100 nM/base), 20 uM CuCl,, 20% (v/v)
formamide and 20 uM H,O, in 400 pl of 4mM phosphate buffer
(pH 7.8) containing 5 wM DTPA. For DNA denaturation, DNA was
treated at 90°C for 5min and quickly chilled before the addition of
the agents. After incubation for 60 min at 37°C, DNA fragment was
enzymatically digested into nucleosides, and 8-oxodG formation
was measured with an HPLC—ECD as described in “Materials and
Methods”.

with HOMO distribution and its energy level. Redox
potentials of various carbon-centered radicals
(E°(CR/ CR)) are estimated to be about —1V vs
Saturated Calomel Electrode (SCE).[39] They are
clearly less reactive oxidant than ~OH
(E°('OH, H* /H,0) = 2.63V vs SCE). Carbamoyl
radicals, one of the carbon-centered radicals, are
also considered to be less reactive oxidant than "OH.
Therefore, carbamoyl radicals specifically oxidized
the 5-G of GG and GGG sequences in double-
stranded DNA, although there remains the possi-
bility that the radicals derived from carbamoyl
radicals cause the DNA damage. The decrease in
formation of 8-oxodG in single-stranded DNA can be
reasonably explained by the result of MO calcu-
lations indicating that the 5-G of GG and GGG in
double-stranded DNA is easily oxidized than G in
single-stranded DNA.[?840]

It is concluded that carbamoyl radicals can cause
sequence-specific DNA oxidation. Carbamoyl group
(CONH,) and its derived groups (CONR;) occur as
natural products and synthetic chemical com-
pounds. We have obtained the experimental data
that carcinogenic semicarbazide, which is one of the
derivatives of hydrazine, generates carbamoyl
radicals in the presence of Cu(Il). The generation of
this free radicals may relevant to the expression of
carcinogenicity of semicarbazide. This study
requires further investigation of chemical com-
pounds, especially endogenous molecules and/or
ingredients of foods, which produce carbamoyl
radicals, from the standpoint of toxicology of organic
radicals.

Acknowledgements

This work was supported by Grants-in-Aid for
Scientific Research granted by the Ministry of
Education, Science, Sports and Culture of Japan.

References

[1] Loeb, K.R. and Loeb, L.A. (2000) “Significance of multiple
mutations in cancer”, Carcinogenesis 21, 379-385.

[2] Bechman, K.B. and Ames, B.N. (1998) “The free radical theory
of aging matures”, Physiol. Rev. 78, 547-581.

[3] Kawanishi, S., Hiraku, Y. and Oikawa, S. (2000) “Mechanism
of guanine-specific DNA damage by oxidative stress and its
role in carcinogenesis and aging”, Mutat. Res. 488, 65-76.

[4] Anson, RM., Senturker, S., Dizdaroglu, M. and Bohr, V.A.

(1999) “Measurement of oxidatively induced base lesions in

liver from Wistar rats of different ages”, Free Radic. Biol. Med.

27, 456-462.

Melov, S., Coskun, P., Patel, M., Tuinstra, R., Cottrell, B., Jun,

ASS., Zastawny, T.H., Dizdaroglu, M., Goodman, S.I., Huang,

T.T., Miziorko, H., Epstein, C.J. and Wallace, D.C. (1999)

“Mitochondrial disease in superoxide dismutase 2 mutant

mice”, Proc. Natl Acad. Sci. USA 96, 846—851.

Niki, E. (2000) “Oxidative stress and aging”, Intern. Med. 39,

324-326.

Kondo, S., Toyokuni, S., Tanaka, T., Hiai, H., Onodera, H.,

Kasai, H. and Imamura, M. (2000) “Overexpression of the

hOGGIl gene and high 8-hydroxy-2’-deoxyguanosine (8-

OHdG) lyase activity in human colorectal carcinoma:

regulation mechanism of the 8-OHdG level in DNA”, Clin.

Cancer Res. 6, 1394-1400.

Kasai, H. (1997) “Analysis of a form of oxidative DNA

damage, 8-hydroxy-2'-deoxyguanosine, as a marker of

cellular oxidative stress during carcinogenesis”, Mutat. Res.

387, 147-163.

Vineis, P., Malats, N., Porta, M. and Real, EX. (1999) “Human

cancer, carcinogenic exposures and mutation spectra”, Mutat.

Res. 436, 185-194.

[10] Halliwell, B. (1998) “Can oxidative DNA damage be used as a
biomarker of cancer risk in humans? Problems, resolutions
and preliminary results from nutritional supplementation
studies”, Free Radic. Res. 29, 469—486.

[11] Wang, D., Kreutzer, D.A. and Essigmann, J.M. (1998)
“Mutagenicity and repair of oxidative DNA damage: insights
from studies using defined lesions”, Mutat. Res. 400, 99—-115.

[12] Poulsen, H.E., Prieme, H. and Loft, S. (1998) “Role of
oxidative DNA damage in cancer initiation and promotion”,
Eur. ]. Cancer Prev. 7, 9-16.

[13] Hanrahan, C.J., Bacolod, M.D., Vyas, R.R,, Liu, T., Geacintov,
N.E., Loechler, E.L. and Basu, A K. (1997) “Sequence specific
mutagenesis of the major (+)-anti-benzo[a]pyrene diol
epoxide-DNA adduct at a mutational hot spot in vitro and
in Escherichia coli cells”, Chem. Res. Toxicol. 10, 369-377.

[14] Celander, D.W. and Cech, T.R. (1990) “Iron(ll)-ethylenedia-
minetetraacetic acid catalyzed cleavage of RNA and DNA
oligonucleotides: similar reactivity toward single-and
double-stranded forms”, Biochemistry 29, 1355-1361.

[15] Inoue, S. and Kawanishi, S. (1987) “Hydroxyl radical
production and human DNA damage induced by ferric
nitrilotriacetate and hydrogen peroxide”, Cancer Res. 47,
6522-6527.

[16] Kawanishi, S., Inoue, S. and Sano, S. (1986) “Mechanism of
DNA cleavage induced by sodium chromate (VI) in the
presence of hydrogen peroxide”, J. Biol. Chem. 261,
5952-5958.

[17] Kawanishi, S., Yamamoto, K. and Inoue, S. (1989) “Site-
specific DNA damage induced by sulfite in the presence of
cobalt(II) ion. Role of sulfate radical”, Biochem. Pharmacol. 38,
3491-3496.

[18] Kawanishi, S., Oikawa, S., Murata, M., Tsukitome, H. and
Saito, 1. (1999) “Site-specific oxidation at GG and GGG
sequences in double-stranded DNA by benzoyl peroxide as a
tumor promoter”, Biochemistry 38, 16733-16739.

5

—_—

6

—_

[7

—

[8

—_

[9

—

RIGHTS LI MN K4y



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/24/11
For personal use only.

HYDROXYLATION OF DEOXYGUANOSINE BY CARBAMOYL RADICAL 675

[19] Nikolic, D. and van Breemen, R.B. (2001) “DNA oxidation
induced by cyclooxygenase-2”, Chem. Res. Toxicol. 14,
351-354.

[20] Kikugawa, K., Hiramoto, K., Kato, T. and Ysnagawa, H.
(2000) “Effect of food reductones on the generation of the
pyrazine cation radical and on the formation of the mutagens
in the reaction of glucose, glycine and creatinine”, Mufat. Res.
465, 183-190.

[21] Kagan, VEE. and Tyurina, Y.Y. (1998) “Recycling and redox
cycling of pnenolic antioxidants”, Ann. N.Y. Acad. Sci. 854,
425-434.

[22] Chumakov, P. (1990) EMBL Data Library, accession number
X54156.

[23] Capon, D.J., Chen, E.Y., Levinson, A.D., Seeburg, PH. and
Goeddel, D.V. (1983) “Complete nucleotide sequences of the
T24 human bladder carcinoma oncogene and its normal
homologue”, Nature 302, 33-37.

[24] Yamashita, N., Murata, M., Inoue, S., Hiraku, Y., Yoshinaga, T.
and Kawanishi, S. (1998) “Superoxide formation and DNA
damage induced by a fragrant furanone in the presence of
copper (II)”, Mutat. Res. 397, 191-201.

[25] Yamamoto, K. and Kawanishi, S. (1991) “Site-specific DNA
damage induced by hydrazine in the presence of manganese
and copper ions; the role of hydroxyl radical and hydrogen
atom”, |. Biol. Chem. 266, 1509—-1515.

[26] Oikawa, S. and Kawanishi, S. (1996) “Copper-mediated DNA
damage by metabolites of p-dichlorobenzene”, Carcinogenesis
17, 2733-2739.

[27] Yamamoto, K. and Kawanishi, S. (1989) “Hydroxyl free
radical is not the main active species in site-specific DNA
damage induced by copper(Il) ion and hydrogen peroxide”,
J. Biol. Chem. 264, 15435—-15440.

[28] Maxam, A.M. and Gilbert, W. (1980) “Sequencing end-labeled
DNA with base-specific chemical cleavages”, Meth. Enzymol.
65, 499-560.

[29] Ito, K., Inoue, S., Yamamoto, K. and Kawanishi, S. (1993) “8-
Hydroxy-deoxyguanosine formation at the 5 site of 5-GG-3'
sequences in double-stranded DNA by UV radiation with
riboflavin”, J. Biol. Chem. 268, 13221-13227.

[30] Pryor, W.A. and Tang, R.H. (1978) “Ethylene formation from
methional”, Biochem. Biophys. Res. Commun. 81, 498-503.

[31] David-Cordonnier, M.H., Laval, J. and O’Neill, P. (2000)
“Clustered DNA damage, influence on damage excision by
XRS5 nuclear extracts and Esherichia coli Nth and Fpg
proteins”, J. Biol. Chem. 275, 11865-11873.

[32] Minisci, F., Citterio, A. and Vismara, E. (1985) “Polar effects in
free-radical reactions. New synthetic developments in the
functionalization of heteroaromatic bases by nucleophlic
radicals”, Tetrahedron 41, 4157-4170.

[33] Oikawa, S. and Kawanishi, S. (1998) “Distinct mechanisms of
site-specific DNA damage induced by endogenous reduc-
tants in the presence of iron(Ill) and copper(Il)”, Biochem.
Biophy. Acta 1399, 19-30.

[34] Casey, J. and Davidson, N. (1977) “Rate of formation and
thermal stabilities of RNA:DNA and DNA:DNA duplexes at
high concentrations of formamide”, Nuclic Acids Res. 4,
1539-1552.

[35] McConaughy, B.L., Laird, C.D. and MaCarthy, B.J. (1969)
“Nucleic acid reassociation in formamide”, Biochemistry 8,
3289-3295.

[36] Burrows, C.J. and Muller, ].G. (1998) “Oxidative nucleobase
modifications leading to strand scission”, Chem. Rev. 98,
1109-1151.

[37] Steenken, S. and Jovanovic, S. (1997) “How easily oxidizable
is DNA? One-electron reduction potentials of adenosine and
guanosine radicals in aqueous solution”, J. Am. Chem. Soc.
119, 617-618.

[38] Sugiyama, H. and Saito, 1. (1996) “Theoretical studies of GG-
specific photocleavage of DNA via electron transfer:
significant lowering of ionization potential and 5'-localization
of HOMO of stacked GG bases in B-form DNA”, |. Am. Chem.
Soc. 118, 7063—-7068.

[39] Wayner, D.D.M., McPhee, D.J. and Griller, D. (1988)
“Oxidation and reduction potentials of transient free
radicals”, J. Am. Chem. Soc. 110, 132-137.

[40] Yoshioka, Y., Kitagawa, Y., Takano, Y. Yamaguchi, K.,
Nakamura, T. and Saito, I. (1999) “Experimental and
theoretical studies on the selectivity of GGG triplets toward
one-electron oxidation in B-form DNA”, . Am. Chem. Soc. 121,
8712-8719.

RIGHTS LI MN K4y



