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Summary

Reactive oxygen species are capable of causing damage to various cellular constituents, such as DNA, pro-
teins and lipids, leading to carcinogenesis, aging and a number of diseases. We have investigated the
sequence specificity of oxidative stress-mediated DNA damage by using 2p.labeled DNA fragments
obtained from the human c-Ha-ras-1, p53 and p16 genes. The sequence specificity of DNA damage plays the
key role in the mutagenic process, and affects the mutation frequency. Therefore, investigation on sequence
specificity of DNA damage would provide clues on the biological significance of DNA damage which in turn
may be beneficial for cancer prevention strategy. Here we discuss the mechanisms and sequence specificity
of DNA damage caused by various environmental chemicals and UVA-activated photosensitizers in relation

to carcinogenesis and aging.
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This paper was presented at the 12th JEMS Annual Symposium at the Nagai Memorial Hall, Tokyo, May 26th, 2001. The symposium entitled
“Molecular Pathogenesis for Oxidative Stress”, was organized by Tatsuo Nunoshiba and sponsored by the Japanese Environmental Mutagen
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Table 1 Mechanisms of oxidative DNA damage and/or adduct formation induced by various carcinogens

DNA adduct

Ames Oxidative

test formation DNA damage References
Aromatic nitro and amino compounds
4-Aminobiphenyl (polynuclear) + +++ + Murata etal. (2001)
MelQx and IQ (polynuclear) + ++ + + Murata et al. (1999a, 1999b)
o-Toluidine (mononuclear) - ++ + Ohkuma et al. (1999)
Nitrobenzene (mononuclear) - - ++ + Ohkuma and Kawanishi (1999)
o-Anisidine (mononuclear) - - ++ + Ohkuma and Kawanishi (2001)
Aromatic hydrocarbons
Benzolalpyrene  (polynuclear) +++ + Flowers etal. (1997)
Benzene (mononuclear) + +++ Kawanishi et al. (1989a)
Hiraku and Kawanishi (1996)
Oikawa etal. (2001a)
Pentachlorophenol (mononuclear) - + 4+ + Naito etal. (1994)
p-Dichlorobenzene (mononuclear) - + + + Oikawa and Kawanishi (1996)
Caffeic acid (mononuclear) - - ++ + Inoue etal. (1992)
Others
2-Nitropropane  (aliphatic amino compound) + +++ Sakano et al. (2001)
Benzoyl peroxide - - ++ + Kawanishi et al. (1999)

WENODNAWI R 29 770 —= 0 712k VS BICH
7. TNOLODNAWH O 5 K% PP R L, HIRLEE
FTUM LTk D AMER S W72 Mk DNAWTH %
WL T, 7uArT7EZELDNAKE (5-
(TAGTAG) , (TTAGGG) /3") X&KL, FEREIZ*P CE
ik L CEBRIZH 2. Maxam-Gilbert 2B L, 4 —
NI UF 7T L6 DNAEEN & 2oLy Byt 2 ik
L7 Fiz, Bz HezEZRIcBnCli, e b
HILEAINL HL-60 & 20 7 7 5 — @5 Biko HP100 %
v, #IFEA DNAEBGICBT 2 BBILKEOME5 %K
L7

2. EXMEEy DNA IBEEEDA

BHRAWEDA L ) —=v7re LT, BREESREBO
—DTH 5 Ames RV ERH XN TV 5, 19764812
Ames 7° 300 B DAL EME % SABR L 72051218, RHAW
HDIONHERFEEZRL, FERVPAWED I0%I13%
BEEZRIZVWI LD, BREMEOMRMBIZ X )R
ABRTFUTE D LiIfFS iz, L L, 20BOR%
A5 Ames HERGHEWE L BYEAWE L O—FE1, H
TETIEIR0%EE L VWb TS, HEALEWIE Ames
AMEBBEEE RS, FHISHFTENRE. 20 2,
Ames BRERE MW E O 24O A 5 BB S 2 7S
VETHA. Feld, “Ames test negative” ZE5AAY
HIZOWTDNABBH AR L7z, 20O, Ames
REBREEORPAWEIIL DA, EERFLER L/
LTUDNABELZEZ LEFACES T I L2 RV
L7z, ThETOEICB T Ames REEEME DN A
WHE L BALK DNA BB & OB EMM 2 A% %
RHOTWVE., Thbb, AmesRERA DNAM AL
WS B RBAMBEEHEILIBHET DN LT, Fa

208

DY AT LEERILDNAEEGZ D 25T EBAWE %
RS HDIENTVEEEZLND, HL DREIPAY
BIZX %5 DNAEBHEEL AmesRERICE 2 HEE D
2% Table 11Z/R L7z, Atk g v Tld, BEAYWE
DAL HEE & DNABBERE & oBRICIEE L, B
DNABE L ZDOBBIZOVWTH~RE. F72, BEAMK
GBI BUT DI ERE O AR & 2R R DNA 8
BOREPANDEGIZOWT LT 2.

1) 5®FKET I 2ILED

(1) ZRFEET I 7{LaW

FERT I ALEWTHB2-F7F V7 3~ (2naph-
thylamine), 4-7 3/ ¥ 7 = =)V (4-aminobiphenyl,
ABP) XYYV (benzidine) &, gkl {bihik
ROEHFEARE LTE R IR TWS, b Mok
P HEIELIEFHLNELY, BE, HERE
BB CHRENZEIE SN Tna, LaL, INH0RE
AYBEZIINTOEFHEBHICEIN TSI LS,
2o THEY, BEROBENE~NOMGAIREBEINS,
—IRICI NS DILEWIE, AENTY b2 aaP45012
LON-KEBILENT, e FOFFABBIBR IS,
L FOFSABIE, TEFVERTI A T725—¥H L0
EANVKFEIN G VAT 29 —=BIZI VT AFVIEENS.
O FUFH LM 27V, HELAT VOB
D7D BHRHREEL, 74 Lo a4+ 4L,
BBy YR BEMET 5. BPAMLEDED S b,
N EVBROBHBLZ WHid, —#I, DNARHIETR &
WCEDEPADEIER [ =vx—vay) ICH5T
5EEZLNTNVA,

F4lL, ABPOEDFABEIZIE, LD XS % DNA
RO D A 7% &3°, B Lry DNABE L BES5$ %
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ZE#WS5MIL (Murata et al., 2001). ABP O
MTHANEFIFT4TI V720, HEIEE
fEL, = ba ke 28R CEEEZEIEL, £HFN
ELBEGAT CDNAZEET A, SHICAKNETY
ENADHIC X ) = Fuvikp@icsh, BbExy A
IV INE EEEBEOERPEREL, FLwn
DNAHEEI RO LN L. S5I2, EMMESAERY T
a4 27Uy 7T IR T VR REDEEAT I /1L
EWIZOWTH DNARIMAEDERE DA 7% 59, £DN-
b Fa s AT DNAZ BB T 5 2 L 2B
S L (Murata et al., 1999a ; Ohnishi et al., 2000,
2001), {EMBREEHN L TRPABRRICES T 5N
ZRL7.

(2) BRFHET I /LaW

RYEVERP—DODT I JLEWTH LTIV v A
Vv (otoluidine) 1%, R b mOKER, KREH
HEWCHEREN, BREOCZEIFIEDLN TS
(IARC 3¥ffi : 2B (& M L CHBSAMEZ RTINS
H5H)). ANV MVA Y UADNAICRIMKE KT 5
EWV )R L, TORVABBIIMH I LTV,
Falz, TNV MVAL Y ORBYTH S 4-amino-3-
methylphenol 33 X UF o-nitrosotoluene %, Cu(Il) B8 L O
NADH & O 5T CIREKIFEMICDNAZERBE T4
Z L &7z (Ohkuma et al,, 1999). DNABE DI
B ML, 4-amino-3-methylphenol, o-nitrosotoluene +
NADH L bicF I v BIO Y by U2, BEBSN
7z. BLR DNABG O TH 5 8-oxodG DA E &
WEt Lo ®R, Cu(ll) 748 F C 4-amino-3-methylphenol,
o-nitrosotoluene + NADH & 3 |2 8-0x0dG & AN R EEARTTEIY
WCELLHMLZ. $6oTC, Vb VA Ty DR
A, KN EAFAE T CERLIEICY A 2 )V (redox cycle)
2L, BELI9ICDNAZIBHET5 2 EAFRBAILSE
WTEELSREZRLTWAI EIREBEIN. KA
i, Eoi= buxRyE YR EORBEY S BEILEK DNA
EE+REIT L %3O THY (Ohkuma and Kawanishi,
1999, 2001), N EVEI—-DODT I JALEWITEITE
LI Y DNAZBET LI L2 LML 7.

2) BHEBRALKRE

(1) ZHRFERRICKSE

NV [a] €V (benzo [a] pyrene) 3% < ®
SR e BB ABFEERAKFEP TR RSO
DODDO—2Thbhb. N [a) ¥V VI, Y b7 aLP-
45012 X0 7, 8V A — N9 10-TRKF T F (7, 8diol-9, 10-
epoxide) ¥ CRH X, BHEHHI R FIEKIH
FT7 =02 MO T I KA L DNAHIA%E
T 5. ZBIRFERKAAKEDEPAEIIBNT, 2
DOBHEBTIRF Y MIIEFICEELREHERLL TS
TEFmENTwAE. LaL, wiEL, XvV [a] EV

OB IEEBER T AR LERILIDNABE L5 &
BT &ML SN (Flowers et al, 1997), 7L,
K2 T OREFY 21To TWAb.

(2) HIRFFRRKE

NYEVIE, Ames i B CRER 2RI TE 2w
BHRAMBELZME CH D, XUE UL, SIMLRES
BIOENES (M) 25l&&ecy. Frid, X
Yo oREWThH DA 73—V (Oikawa et al., 2001a),
N4 ¥ ¥/~ (Hiraku and Kawanishi, 1996) £ X U°1,
2, 4" ¥ Y * - (Kawanishi et al., 1989a) 2%
ERWEHFLETICBWT, BLWICDNAZEET A
R L. BRI, ARNETYE NADH L7 T (2
BWTC, 72— VIIEFEICHIDNAZHEG L 2
DOEEEME (Fig. 1) & LT, » 72— VOB bAERY
THhb1, 2Ry JF 7 YANADHIZ L Y &R H T
- NVET2EFEILSN, BRI 2 VETBRL,
EUBENERIPOLRIAERSINE Z L ZHLNIT
L7z, F7z, ¢ MAIMFKHEEO HL-60 & HP100 M2 % A
WRERENS, AF2—NVIEH0, DEKE AL TR
WDNAZ#EET A LAROLNIZ. TNHDRYE
UAREY, LA TFa—VIRIEEBREAE AN LT
DNAEE#F &I L, RV EyORPAMEITELY
54252 EHREEINTZ. ZOMD Ames REREHEDOF
BAMETHHLFA NV 7=V 72/ - (OPP)
(Inoue et al., 1990), }¥ ¥ zuna7x /- (PCP)
(Naito et al.,, 1994), X5 Y rzuau~xr¥r (p-DCB)
(Oikawa and Kawanishi, 1996) ®&LHBONA FoF
J VEBBIRB L UN U VR ) UHEASEARNE DA
A FCRBCIEEBEEREZ ML CDNABBEZEZ T
TELMPIL T 5.

3) RYPANEE

EREIFEKIZE S TRERLDL DD LK, 20
BRHBEICLVERZRTIONS L. 6firas, =
A, BE, XN A, I FITADEPALE,
WD ANHET 2 BRERERHMEBRON IR & O 5
IEMIE R, F, BEME, S, 2NV R EIIOW
Th, & M LTREFARLRTARESREINT
W5, AL in vitro DERRICE DT X, BHEAMEEIC
X% DNA#B% b 7- 5 T IEWMITTEERETHLHZ L
S 2ITL, 1986 I FICHERT TEBFENFAD
EHBEHARE L, (Fig.2). 6ffir o4 (Kawanishi
et al., 1986), 2ffic>= v ) (Kawanishi et al., 1989b,
2001a ; Inoue and Kawanishi, 1989), Fe(Ill) =~V &
ZEEEESE{R (Inoue and Kawanishi, 1987) RO 2{tio 2
730 ¢ (Kawanishi et al, 1989¢c) 72 & D525 A EEAL
WA, HO, bk Fadxivs I AN («O0H), —&E
HE#E (10, 7 VI NV TR OIS E LEhERS
THE), 2B -BERERRLEL DY 4 TOEERE
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Fig. 1 Mechanisms of oxidative DNA damage by benzene metabolites
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Fig. 2 Scheme of metal carcinogenesis mediated by reactive oxygen species -
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7% DNAHEEZEZ L, B2AICHES Y% (Kawanishi
etal., 2001b).

PUEo X912, B DNABGIZRELEYE DS
PABBRIIBWTHFFICEELEEHE R LTS, 3
TE, F4l1x, BRILIY DNAEME I Z DNAM AT %2
LIS TEL VAT LARBERTH Y, BILIIE
B EATMETER O BB RS ABRZMICS 2 5 HEOR
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3. EA{LKI DNA BI5&E1L

I & & DITIHMEREE, BURR KRB 2 EIC X
BLEALIA P UVADERL, ZOMHE, DNAREHE
ARG S, BALDEITT 5 L OIGRDEB IR T3
Yt RO RIGERICHEAET AT XA T B LESY) (5-

TTAGGG-3") n DEMIEAD T O 7S LIZHET 5 & |
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DHEFRZINTWS, FaxTIk, BHEEYOLEK
DOKWMIZHFEL, £ FTRPI0kb D EEEX, RBROR
EVERHEMRHCEERREHE R LT, MilanR
O DNA BB IZH A5 Km0 7 9 2 7 DNAE—
EOEATHEHNET L., o7 X 7H#0E LR D&M
PBRILWA ML ALY BEBEDOL~5BRESNSEZ &
P X7z, (von Zglinicki et al., 1995, 2000). & 512,
REMBTIZIT O TOEMEESZEOLNEZ &2
5, RENEMBECHEGTLILELEZONS. fEo
T, 4L, RERFRRAEIC L HBRILA b L AIZER
L, 79X T7HEREL N LB bR ERRE OB % 17
2 TW5h,

1) KERSRHH#

KEGENBD, BBAOARL LT, BFBEOELE T
BEDBZEPHOLENTWS, KIFE/MNEIZL S5 DNAE
51X DNA WIS 2 50 UVB A EE &8 2 £72 L
TWwBEEZEZBNTELY, LMBRYWE% A L7 UVA
WEH2HELEFIEDB SN TWw 5 (Hiraku and
Kawanishi, 2000 ; Ito and Kawanishi, 1997 ; Tada-
Oikawa et al., 1997). &4 ZAEPGHEEYE (VK7
FEYRY) OFET, v MRMESEMEWIEI38IZ UVA
ZHRGTL, 70X T7H#R DR LESIE O SiE A % M
L7z, ZO8R, UVARBRBIEKFELTTuXATRD
BED—>TH 5 TRF (terminal restriction fragment)
DEMEVBRD ON, Tz, FAEFTIZBEWTEe MR
o (WI-38 R A& BT H %M i HL-60) 12 UVA % F 4t
TH5ERBEIKAE L TEREIZ8-oxodG ML 72
(Table 2) (Oikawa et al,, 2001b). Z DWE{LAY DNAEE
2 & % TRE ORI EREZ M T 2720, 7O27
BORLESNEZELEEDNA (5-(TAGTAG),
(TTAGGG) /3) #H\T DNAERE & Z DIy BR
ARV VME L 8-0x0dG 151 % Fpg protein L
Hedro THET L7z, AAPIBEBEMERAET, UVA
BEHZE D, 7uXTERFIFO5-GGG-3 DHRD GIZ
FEERMIZ 8-0x0dG AT B Z & # R 72. 8o0x0dG %
BERALF M 23 HPLC (HPLC-ECD) TER L7255,
GOERRINEZEE 2 VWERDNAKIESR, Fu X T
DR LUBLA %2 & LA DNA I B W T 8-ox0dG A ED
FLHIMEED 2, ZOEEREYHRK DNAELIZ,
UVAIZ & 0 ikt S N 7263 & B A3 5-GGG-3 BEHI D 57
HMGrLEFZIIEIRE, ZOHBFHEDG~hole (+

Table 2 8-0x0dG formation and TRF length in WI-38 fibroblasts

UVA (J/cm®) 80x0dG/10° dG * SE. TRF (kb)
0 0.44 = 0.07 9.48
2 0.72 + 0.03 8.53
5 0.98 £ 0.16 7.98
10 1.09 = 0.26 8.25

T OB BZZIEICLY, ZOENIC 80x0dG
WERT AL EZ Oh, BTZEMOEHEESTFIC
LBELIBHETH .

2) BEEbKFHE

AL 2 P LR E LCEEBEKE (H0,) ZHWAL
&, Cull) FAETICBVTTa A T7#HYELEFNF®
5-GGG-3'BLFI D5 Hl G FHEICHB X 5 (Fig. 3A)
(Oikawa and Kawanishi, 1999). 4 >0¥E# (A, G, C,
T) HTIEGCOBLEMI R DKL, BHIZGGR GCGE
DR GEFIES CBILENS. A DNATIE,
GG GGGEH D5 MO GHEHIBILI NPT VW &
PREWE EEE (HOMO : highest occupied molecular
orbital) OHEEHE 2L b RENT WS (Yoshioka et
al., 1999 ; Kawanishi et al., 1999). 71 X 7EFH]|H D 5"-
GGG-3'BLHID 5 Il G DB, mEEHEIC L 55
WRTE L BT A, 51T u X T ELES %
ELDNATI, 77 = OEELEEY TH % 8-0x0dG
A, TUATEIEEERVWDNAL D QS EHML
7. ZODNAEBRAFS—EBELCul) FL—1HIT
HHrNAVFaTul LI EhZ ErS, HE
OEWMIT H,0, & Cu(D) 254K S N & BB EEA
ThrLEZLNS.

3) %

TBYER 2 e RIEMME Tld~ 7 1 7 7 — Y RUFEk
Po—BItEFE (NO) RUA—=2—%FTF (0,)
PBEIAEK SIS, NO & O, FFHAERE (SIN-1)
WZBWTH5-GGG-3 A5 G0 L WIBELEE
»oHNhi (Fig. 3B) (Oikawa and Kawanishi, 1999). Z
O GGG EHHF R 2B CIE, NO & 0, US4y
NXVFFTFA T4 (ONOO™) HFEELEHZ F
ZLTwhrEEZOLNSE, ZORIIEEMHICLD 8-
oxodG 2SR E N B HA & SnitroG ASER X B HEH
HY, GO= oL HIWERIFFRYEEICEET5 L
eshs.

DEOERPOSBILA FL AL D FaXTHDE
LEH] (5-TTAGGG-3)nH®D 5-GGG-3' BLF I HE BRI
BRI Z BN, o T, BELEWE
R UVAIZ L5 GGGHEIHIFF RN EEE M L2770 AT
0B LAEH OB REDS, BLREICEELTwa L
EZOND, BIENREEEDY x VF —IEGERL E T,
ZOEREBIRZFTHDLDNANY A—F¥DERIZLD,
DNADOBEHRPLEHE, BELEICEEZ & 272 L9
BNTVEA, 7UX 7 OEREEES B LAHES
NTwab., 7aX7HEGEREICOWTIE, EFERAY A
—E &, DNABEEBRIZBWT, 7ux7#h) K
LELHIH D 5-GGG-3' BLAFE R M 2 3BE AL O Y BT IC B
E5 2 E L oh b 720, BEREZ1ToTWw5.
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A: HoOo+Cu(ll)

3.0+

2.0

Absorbance

B: SIN-1 G

Absorbance
(@]
i

TT I

] 1
30 40
Nucleotide number

Fig. 3 Guanine-specific DNA cleavage by oxidative stress. The #P 5’ end-labeled 48-base pair fragment (5'-(TAGTAG),
(TTAGGG) /3") in 200 pl of 10 mM sodium bicarbonate buffer at pH 7 containing 5 uM DTPA and 20 uM per
base of sonicated calf thymus DNA was incubated with 250 uM H,0, in the presence of 20 uM Cu(II) (A) or 1
mM SIN-1 (B) at 37 C for 60 min. After piperidine treatment, DNA fragments were electrophoresed on an 8 %
polyacrylamide/8 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 oligonucleotides produced were measured using a laser densito-
meter (LKB 2222 UltroScan XL). The piperidine-labile sites of the treated DNA were determined by direct
comparison with the same DNA fragment after undergoing DNA sequencing reactions according to the Maxam-
Gilbert procedure. The horizontal axis shows the nucleotide number.
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