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Molecular pathology of oxidative stress

Kiyomi Kikugawa

School of Pharmacy, Tokyo University of Pharmacy and Life Science
1432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan

Summary

Intake of molecular oxygen generates oxidative stress in the body.

Oxidative stress induces aging, and results in mutation and several diseases including cancer. This paper
describes aspects of oxidative stress including its generation oxidative damage of biological components
repair and removal of the damage, and also the effect of the damage to the human body.

Furthermore, studies by the authors on the oxidative stress-induced blood cell aging and its modulation

by oxidized protein hydrolase are introduced.

Keywords : oxidative stress-induced damage, repair and removal system, free radical disease, blood cell

aging, oxidized protein hydrolase
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7, TRENOGFEOEHLEERHRICL - TS
FSFELHRMERLTCBY, BEAMLAOEME I
MICGHLAZ I3 TE RV, ARCTREBEA ML ZAZS
FHHZESZ, BEA L ADERIZOWTEHT 5.
FARoO®YTIE, UToRTidith sz ik A
FLRIZE B Y U7 EGE L ZOHBRICOWT, §EH

T

* kikugawa@ps.toyaku.ac.jp
2t 200149 H 28 H S 1 20014E9 H 28 H
OHARBREIZE RIFEE

LOWMEERNT . BELMIIW KL R LDOTS
CTITHIE L7

1. BBRRA FLU R (ROS, RNOS) D&

BBF%E (0, FHFRAEMICE o THREZEZBELT, =
AINF—ZERT LD RERNTFTHD. KA
(160 mmHg O F7HE) =W AT 5 &, HifgTix 100,
M Tl 40, MM TiE1 mmHg PLF & BRE 5T
T2, MBATEEDO T RVEREZFMALT, %
BREMBBELIANVTF -2 E R LD, £O—}T,
MHEITSTSEREWME 2o T, BRI LTH LY
LELEBEELG25. MBRNOBEZED80%IEI bary
KU 7 CHBEINDD, TO—HOBEN—ETRILE
Z\F T superoxide (0, ) &40, RELKIBIZE T
WERILAKZE (H0,), EHIZEEAF P DEHICE T
X 0 DRV hydroxyl radical (eOH) #4:U%. 3
70— MBI HEEYAAH, R E R R o MR,
BEPRIR D IEREZ M BUSIC X > TH 0, VEKT S, AL
Hexru 77—V TIEH0, & Cl 25 b ik 7% OCl

Society.
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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 ROS-inducing factors

Cell or subcellular organ Action Factor Induced ROS
Mitochondria Energy production NAPH dehydrogenase 0,
Microsome Drug metabolism Cytochrome P-450 reductase 0,
Cytosol Ischemia-Reperfusion Xanthine-xanthine oxidase 0,
Leukocyte Bactericidal action NADPH oxidase 0,
Macrophage Myeloperoxidase oCl

Diabetes Maillard reaction 0,
Skin Light hypersensitivity Light sensitizer 0,
=
1SOD ! .GPx (Se)

02 e H202

Anuoxndants |
Fe, Cuion . «(Proondants)'
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Transferrin

s
1
]

- : Celuroplasmin

oo

'
1
Ferritin |
l

_________

Fig. 1 Production and removal of ROS and RNOS

#IET S, T, BBEIEE L ETRERENZ %
fm%mum@a~i$@f<bg%ité(nmmx
SR SIS A TR 72D G #EFE (reactive
oxygen species, ROS) &IFIEh, HFROFHEA ML X
DEHREEZZSNTWAS, 19874, Moncada 512X >
THE R S 7o N B A sk st % [ -F (endothelial-
derived relaxing factor : EDRF) & L CEHEZRIZ/ZH X
ZLTwahsr—EaEE (NO) 0,20, ERIGLT,
fbERBHEORm B bEE (N0, =FEIL_%%
(N,Oy), VA FTF+4 74 F (ONOO) ZEDIE
M2 FERILYAE (reactive nitrogen oxide species, RNOS)
ZIEH L, ROS LAFRICEEHFEA F L ADEKIZI R - T
w5 (Fig.1).

2. ROS, RNOS OfER&HEE

ROSIEBFERIED X I B RN LS A2 T0OT
7% <, AR IR ROS LTl EEZ 52 50
PR TH D, —h, 0, DFEAIERNICHE ST
BY (Table 1), ROSDIHZERZH S BEEMICHIME S
Twb. 0, | superoxide dismutase (SOD) 24X D
H,0,1Z, H,0, i catalase 3 & UFSe & 4 @ glutathione
peroxidase (GPx) I2&X > TH,0 & 0,IC5f3h
5. sOHDFE &R/ A + ~ Z 43 5 transferrin, fer-
ritin, ceruloplasmin {2 & o THIH ST %. ROS A5
EWERCREMERE P CoTERILZE &, &
FRICHEOHEIR 5L EZ 5Nb. ROSIZZDFHA
R RICEEELIES L TwB DT (Fig. 1), TEHS 545
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TR EAIEH B RREWFETH 5. 19694F, Fridovich
512X o THEREN72SOD A3ROS DYEH O FRIHIZ K &
CHGLTWA., LA L, sOHMAEKICEERELS 2

AOFHTHAINEIPIZOVTRERLDH D, E 512
WO 2% 50 FREDVFAET DD TII R VWAL ZEZONRT
WBAH, BHELTBIZIEVEoTwERWL, 22Tk, ROS
WCEBEEITOHIZLZHEL L TRRTILIZT 5.

RNOS ® NO, & N,0,1& NO & 0,255z L TAR L,
ONOO IENO &£ O, DIRIBIZE o THEKT H2Y, 22
WIIEEUSIATEL 2. BEERDPASN TV R WA
MWROS L >TEY, ZO7-DEHT 5 RNOS D5
THOEZ L Y NEETH L. ONOO Z 7 b 1t
L7:ONOOH 2 ERISICHE ST 5%, ZORIED
NO,+eOH L o> TRILTH2D0E ) PAHTH 5.
BOEOSEH 5O L 5 &, ONOOH ZMEH#A1E T T
v & U EA 2 v, ONOOH O S YEZ 73 TR Dk 3
LPHATWSLE)THAS. RNOSH ROS & & 124
RN AN 2BEZFIEREILTVS 5 LW,

3. ROS, RNOS [C&3 DNA D=

ROS @ 72 7> Tk b iGTE DV ¢OH 12, DNASDFHZ
R b R LICE WV & S5 guanine ASER{L & 20T THK
3 % 8hydroxyguanine (80G) THFE Sh 2 KI5 D
AL OAERZERIT. TSRS Ak T
LADLNTEY, 80GIZFROSO~—H— % L TFHIH
XhTwb. L2L, SOGOAEKEIZTLMETH S
728, REORY B ITERE L 2 & artifact & LT

DNA —» (8-0OG etc)

Base modification

Strand cleavage

Repair enzyme system
g (N-glycosylase/AP lyase etc)

Amino acid modification

. (CySH, Tyr, Trp,
Protein ’ Met, His etc)

Denaturation

Removal enzyme system
€ (ubiquitin-proteasome etc)

Amino acid modification

— (Formation of 3-NO,Tyr,
> Frotin = s.nitrosothiol,

nitrosamine etc)

Fig. 2 DNA and protein damage induced by ROS and RNOS

W 28NA D22 LB INTWS. ROSIZE 3
DNADGHEIZEVPADOHE» L BHER S, EROF
5, MIRT 7 —, ¥ VXV HEROMER EIZo4H 5.
—Ji, DX REHII3HE 4 O DNABERERIZE -
THBEI NS 720, ROSIZE %5 DNA OB 3 A ARk
TIEBHI L BEONT Y 2L o TRI B EZZONS
(Fig. 2). ROS 3 DNA |25 % 5- 2 % initiation B¢ 72
FT%L, MDA AAL promotion BXREIZH 1Z725< 2
LI TWS

RNOS @ 72 > T b s PED 55V ONOO 12 ONOOH
Lo, REBEHNTDNADME, ko7 I/
1L, 8-nitroguanine ® £ 7 & guanine 3k D 15 i 7
ERRITIEDIBEINTHDEY, AFlRkhIcoh
SEIEIAAER L TWB E VI FHHUEBIEED L 2 A Z L
W,

4. ROS, BNOS [C&DFVINVEDIEE

ROSICX 2 b MLy v 2 oM EIX, CysHD
W 7 disulfide #5 5 DAER TH 5. A ER 22 KOG D
Tyr %5 @ dityrosine D4, Trp D5, Met DEEAL,
HisDpfa b ), MBENORKETIZINS DK
I & o> THE Y v 7 BiEoKE, 7280 0%
HAFED SN T WS (Fig. 2). ROSIZE o THEESRZIT
724 2327 H 1%, ubiquitinfb 272D b proteasome |2
Lo TESIESIIMEh, BELRT I BeHAHT
5EV)FRY AT ADBHSNT WS

RNOSIZ & % % ¥ 737 G D54 1% 3-nitrotyrosine & S-
nitrosothiol ®E T 5. ONOO 54 L %5 ONOOH
(2 & % 3-nitrotyrosine M4 B 1x CO,” fi4E F TR X h
%. 3-nitrotyrosine (3 ff 4 OFE DMK I SN TH
D, RNOSOHOX—H—LRZENATWVS., 7, S-
nitrosothiol (X NO @ 7' — )L & L T NO ® transnitrosation
WS LTwadwvwbhTwad, RNOSIZSE M7 I v
EDRIB L THDAMEDnitrosamine 2 £ 3 5.
RNOSIZ& %5 Y Ry BB ENEKTED L S LFEC

DN TVEDONIBIED L ZARMNTH 5.

5. ROS [CKBD Y VEEODREE

ROS 2 & 2 ZAlfifsfafilifliEE (LH) o512 DNAR
FUNRTHEOBELDREVWEEZSNATWS, LHIZ
KEADEEFEHFAET TIZROSIC X B BALMEEHK X .,
LH DG 2 F L ¥ 355 ROS 12 & BkFET| XX Hike
SR LZRET VAV (Le) ICEEZEDM ML TIE
PO E VIR peroxyradical (LOOe) # 4K $ 5.
LOOe 2 M S5 K F 25 &4k &, HH IR
hydroperoxide (LOOH) & 7% 4725, BEDOHFIEIZE -
TZORIETYIEZI N, WhbWwb I T h Lo
BHETT L. BEGETDOT YAV E - T,
ROS 147175 40-50 5 F D LOOH 234K+ 5. “h#
NREEERALPUE &) 25, BREEEEIL 2 129 888 KOS 1E
ROS 7213 TIX#ETE T, BENF /MBI h vz ne
HEAT L .

RNDY) Y IRE (PL) (X 24712854 LT 5 Z1lifh
HURIGER S ROS 12 & - TRA T L WAk IR 2 E kL %
BIgLEXOh TV, FHE HFEEAFL VDS
il A~ S FIBR W 18 % £ 55~ L 72 2 BR B 0 Lk 2 HL Y 1Y
L, #4A2\VEY— Vg (TBA) REEZ1TH L X hEw
REBBALEZRT L V) MEND L. LrL, KAD
BESEEIRALVEVDOT, KA LRI IH L
HIEPOBAEZ Y, ) VIREOBBILSEL I3RS
Nhwv, 55 LI X F L ¥ DS WL Afif fa g1
%G Lo EBREI oMk~ ) L, TBARR%
f1o7:. TBARBIZKRAHTMEL TI7H 0T, HlEd
DB\EEALIZ X % artifact # WE L W E S ICHEEZIES
o THERL7Z. ZOKRE, EHEXAF L v EOBDL VT
EROBHUZ L 5T, RNY VIREOBALA X 0 w4
B lid ol KNTODY) VIFEOBEILIZ AT
TOBBILL IR LD Ehbhol. O, vita
min E2S 55 CHFE L TWA DT, vitamin EASROS &
VEOFEFEDSAEKT 5 PLOO IZKFELRMEE L, L&

139




Ve vC

N

0CR VE VE ~O-CR
[Fos] 1. %2+ Lo E05)
0 " chiin 0
L] reaking I
0'?'_0)( system O-?:OX
9 Y PLGPx o
(PLOO") (PLOOH) -
(0]
PLOOH degradation | | phospho- o-¢
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Fig. 3 Phospholipid damage induced by ROS and its removal

D #eYE 7% PLOOH 4% $ % (Fig. 3). KN PL D&
{LE NPT ERAAHPOLH ORI N3 S &M
LaWZ Ebhorz. ) Y IRE O 2 liAS S N
(2 vitamin E & 38 L7 ROSDOHER L EZ D T EHNT
&5.

PLOOH IZ/E(AAROSIC X BEEFE A DL AZZIT 72 &
EICRMAERTI2WETHY), BEAILAIY—T—
LABRERTWS., F72, V)V VIRED 2 ET S
arachidonic acid i ¥ 7 g % & ¥ 7 F — B HERRMIC
Lo TZDERDPHE SN WPGF,HEWE (F iso-
protane) AWML, INOIMEA ML AT—A—L A
RE3NTWAS

PLOOHLi;&E/f?f/&&O)T‘B: FTHaL, RO
DHWT VT FEART 5. AEFHERNIZZ O RISIC
H¥d 2O 7 V7 FEOFHEIZRO S Tnin
A, ZORISAEE MBS N TS, RS4RI
TBA FUSHMWE L LTHRER L 2AH 5\ IdNEHSB
Bito~—H—& LTHWwSNTWA. Malonaldehyde
¢ guanine, malonaldehyde, 4-hydroxynonenal, -
acrolein & lysine ® 7 ¥ 7 b 29REHIA 2 ZIC R S h
Twb, Iho LAEKMERICHBEA L ARH 22 L
EYREL~—Ah—tLTEHxbNTWA, LaL, &
RO VIREOBEEA b L AIZ X B ES AR L
TEDLH LELBERIZL TV 2DONIIO0TIRLT
LWL TIERW. LA ) VIHEPROSIZE ST
BEEZZITAZLIZCE>TROSE{HZEL, ROSIZLS
DNAR Y Y R BOHEEFoTVDLELEZLND.

) UIREBEOEREL, BIRMLOIIE L OBET
SN Twab., PLOOHA L THEK LT VTR
FE &y NI EEDRISDS, BIRFELIIED X = X
LD—DELTEBZBNRTWA, Cholesterol # & ir
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low density lipoprotein (LDL) 2S# A b L A% 5%1F 5
L) VIREOBBLAREIL, ERLAT VT e FE
THRY ST E B L CEY LDLEAEL S, AN
LDLIZ#RED Y2707 7=V DAIRY T x—LtT
#— (SR) (& &k, MYAFh, cholesterol & &
BRI 2 5. SN BIIRREALIE DO MR Z & & 2
SRTwWab., AR VIREOMEA ML AEES, Ak
B A2 AME—of vz 5%, AR TPLOOH
DERDENRFECDFIEZ DA S & OFEMITLT L b
ML LTV B b Tld .

PLOOH 34 AN TIIEERE D IC L o ThrE &N 5.
PLOOH & phospholipid Gpx Ti§fZ &1 % %, PLOOH
12 X DG PEAL & 1172 phospholipase A, (12 & - T Y =
NILOOH & o720 b, Se®2 &L GPxIZLD TV a—

ZEILEN D, GPx DI & 7 % e @ glutathione
1% vitamin B, #fif{# #% & glutathione reductase 3 X Of
NADPH 2 & - T4 &, NADPH (X glucose-6-phos-
phate dehydrogenase (G6PDH) (ZX > THAEEN 5.
Ih S OREFEROWEEDILTIZ X - TPLOOH AMAHIZ
FEMT HZ L2 b, G6PDH O % RVEKIIE Tl
I LT L, ROSIZEHNIFZ I TIZhDIZl v,
ROSIZX BFE A + L A EDHE DK KA G6PDH
THhbHIERRLTND

6. MLV AT L

Hie{t# (antioxidant) (& ROS, RNOS % & G2
LZE5WEA, PLOOe D F T VEEIEER Z H o
W Tdh 5. KRN THESEK S5 glutathione, uric
acid 2 E L HIBALAHITH 575, £ 3EY»SERNEH

5. VLY AT A%, MOBEZA ML Z20OHEBL O

SRBRDVEROP THEMGEINTVZDITH L, AP HHE

WENDLRTHLIEPRRD.

JEHASE I AL vitamin ETRESNDE 7 =2 7 —viEo
TREMYWHE T, PLOOe I ZAKFEEML L TREL
PLOOH & L, HEH»F VAN (VEe) |7 - THFIL
& < b‘Jszf)é (chain breaking) (Fig. 3). Vitamin E
DX HIZ, WA EANTHI BN A AL A E T
HY, Kb U, PLOOe I ZAFEZMY LzDbI
RS B M SHE RO T Y VA ETH B,
DOYUEALH L MDD B, BEOWHEEL>TWDH T
LDV TH A, ¢ b TIdKII X CTvitamin E K ZHEA
HHNTWARHN-720%, & bk dvitamin E %3835 ¥
Y7 BOE R RIIEN o0, Z ORI TIZ
vitamin EAYFIH T & w7207 IR MEIC 2 2 22 &, i
FA DML AL ZEEHRESR I N T D iR S
N7z, EFNIRAE T D vitamin E O+ 455 7 UL E B IR
WRDOY A Z W TT LI EIREINTVE, ThHD
= k?)‘%ﬁiﬂil}\]’f‘li vitamin E (X # A b L 2 28884

B EGEIEER 2 ot LAl L E 2 o h
6 ﬂCarotene ERETEDSE < SRS Vs
0,2 HETHAWHEL LT, ANTEERILZLEXZL
TWwabEEZLNTWAS., LaL, BRMIZEROES
WL DB E DN A DIRIEN LR LIz 0HED D
D, #@iED Bcarotene WHIUTEXE L 52559 TH
5.

KREPEPU AL AN BE AR VR ITE 2 479 5. AL £
% b OHdvitamin C T3 5. Vitamin CIEHMILE ) > iFHE
EKEOBRENAAETHVE 5 A0 (VEe) L L
T, VE 7 A Va3 2 HHA & L“C’I'I]%hfb\%
Vitamin C O X ) vitamin E O FEAHE & 72
Tvitamin E & 7 6 SHEELHEALHITH 5. Vitamin C
IFROSRRNOS & b HEKILL T, ThoxiEd 5

- YEH»% 5 (Fig. 1). Vitamin C XA O b DL LT,

T7I3RK)A4AF, hTFREDR) 7/ —=IVHERZFD
REHEAD D B, BRBAENOERT, ThoR) 72—
WVHEIZROS, RNOSZHETAEHRH L Z b o
TWa, BRARIEBNMEIC L > T7 7)) 3 1250 s
TN E N5 2%, vitamin E, C, Bcarotene & - T
RO EEHNIZ I & W) D 5.

Vitamin CR K 7 =/ — VEIRIBGIC X > THHE%
#IL L CROS # %/E3 4% prooxidant & L TIEM$ 5 2

CHEBELZTNEL S % (Fig. 1). Vitamin C®
KREHIUZ L ) DNAOFEALMEH ED LT % L ofaif
BH7-NTwbBA, Thidartifactz & 52 TW5HDT
BowhrltoKambdbdhsb, FEHEHIE, T—L—HITET
P @ 3% v hydroxyhydroquinone (HHQ) # HH L,
HHQ 25 KA O PEOREBENTIIME ISR T 5%
HOH0,Z%EL, DNAIHEX 5252 25 H
WKLz, HHQ%2 7 v MZ&REGTH L, BEFEOEW
AR IR E AR LD B RO S, BHEA ML A%

EHEL TWB I Edbhrotz, T2, a—b—%HKHT
L, IRPICH0, % ICHFE DI NL 5 LnZ At
bhoT&l, INHOFHELKR) 72/ —VEAREIX
PUBALAER 2 3 o Kfi, BiBEC X - Tld prooxidant 15

ERBTAZEEZRLTVS
27/ bR 9 G {>0)’C“, ROS 3 X OFLOOH # {57
3 % Gpx DK & 7 % Se, glutathione reductase ¢

fililiE % & 72 % vitamin B, %) PURRALA & W2 5.

7. BEREA BNV ADEAFZEE TR

1956 4%, Harman |2 & - T "Free radical theory of
aging" L\ ) FHSRE I, BEA ML AR ED 7)) —
I ANDEYDOELIZE D> T0D I EPHRB SR
7. 0%, BMoFmEBEOMDbYIZONWT, Bk
% Tl DB O e KI5 O Fe SAZHAARE D 72 1) DN
BROAMORLADOHMELEDH L2 L, HEOBWTD
LA PR & BRI X 2 MR B AR I X - THEfy
AHU S Z &, SOD ift, vitamin E’(’ Bcarotene i JE
DEWEIIEHEGIPREVWIELREIZE ST, ol
LI FHEAEEE L T2 kﬁréhfvé.%
PHEE DD REFELDIFZRED, KEROMETH B P,
FEA DL AZBHT 2200 LD LMD H A S Tw
BEDEZNNHL., ZORIIKLOMKIIHE L) TH
L. FrAERRBREDO VL VIKRNO B, A% 325
WKL TRICKAEDORBERICS S sh b, FHERIZEEIC
SOD L DOBEHRA ML ADHH Y AT LH - Twb
DUITHDH, WERICHEEZHTIIMEA ML XIZLS
WHDOOEHIENDDH Y, ZTOEOVHPRAKZOTFHOE
SWHEFBRLTYREVWIDTH S, HRmEX ik b
G6PDHIZ & 0, XX¥tufhkx b oML, X§mAkol X
DOFEFEA P VAL o TWREDEZ b H 5.

Fie DFEBIZOVTD, BEA L ARZOMO T )
— IV hNE DRSS N T D, BIIRELRE, 2°
A, DRIE, JORE, BERRIN, MR, WIbEREE, U
RFREDRIEICEEA P LA G L TWwEEEZS
NLTW5b., Harman l3MHE A ML X2 X 5958 % "Free
radical disease" & L THIFTw 2% (Table 2) 4%, BIE
THINHLDOEBPMEA ML 2L - THIERI X
TwWhtEZLNTWS

IR IREETOREE A ML ADRET 525, SiysEN
R OBRUZ L > THFEA PLAMBES R, b
DERNZE > TH A DFEIFAKLZ 52 Do o> TWw
%. Table 3I2ZDBIZR L. ThH5OERIZEED
Z2VIIIC L o T, BEEMSROSEFRES R,
TNV=F I ANERELT, MGEEZL 2, Mir o
WMEGI R T, L OBPAMWEIC X DI A M
IZROSAHG- L TWAZEDRHLMZENTWS

MBGW%%W%T&‘&F;D B#EA LRI
LB x T, HHTARAN R IR TwD. JiEEt
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Table 2 A list of the "Free Radical Diseases" (from D. Harman, "Lipofuscin-1987 @ State of the Art, I. Zs.-Nagy,

ed., Excerpta Medica, Amsterdam, 1988)

Atherosclerosis Cancer
Senile dementia of Alzheimer type Amyloidosis
Senile macular degeneration

Fanconi’s anemia

Diabetes mellitus type I

Acute pancreatitis

Disseminated inrtavascular coagulation

Senile cataract

Bloom syndrome

Preeclampsia

Adult respiratory distress syndrome

Essential hypertension
Osteorathritis

Perkinson’s disease

Systemic lupus erythematosus
Laennic’s cirrhosis

Table 3 ROS or free radical producing factors and tissue damage

Drug or treatment ROS or free radical Damage

Radiation *OH Cancer

Pheophorbide, hv 0, Light hypersensitization

Paraquat (herbicide) 0, Lung damage

Ferric nitrilo-triacetate *OH Liver cancer

CCl,, halothane *CCl, Liver damage

Palacetamol, phenacetin 0, Liver damage

Alloxan, Streptozocin 0, Diabetes

Hydrazine derivatives 0, Hemolysis

Ethanol Hydroxyethyl radical Liver damage

Cigarette smoke 0, , NO,, semiquinone radical Lung damage

Table 4 Treatment using ROS and free radicals

Effect Treatment Metabolized by ROS or free radical

Antimalarial Primaquine, pamaquine 0,

Anticancer Pheophoribe, hv '0,
Radiation *OH
Bleomycin-Fe** 0,
Quinones NADPH cytochrome reductase 0y
(Adriamycin, Mitomycin C etc)
Ene-dyne antibiotics oC

(Neocarzinostatin etc.)

#lo vitamin E, vitamin CB XA 05 /4 FIZX 535
WA ATHKA SN TWS L, NSAID 7% & DHLRAEH,
WU I<FE, HTA»AEIZIZEMEKS S D ROSH
HEMZAERPH 52 L, SOD 20 b UL PR F:
AL ASIL R R 2 B3 % 8k, SOD iE Cu, Zn
ST D B0 FNE B L 720358k % f 72 f 4 o
B DOBEHDAA, Gpx 21l L 72 Se &4 ebselen O Fl]
M, MREYE N TE S5 1L #) probucol D HLENIRAEALAEH,
AT FE5E & N7zl iE ZE R 17 edarabone (2 HUERILAEHI A%
oIk, BHEALLAMLRAH 4 DBBDOEHRIC
BALoTW5b.

—%#, ROS HHWVIE7 ) =S VWV ERESEDZ
LIZE o T, PALEDEHRDBITONLT WA (Table 4).
HYHPHEED L2 VIEABEINLILICL>TROS 2 &
D7) =TT ANEFELTHAMBEZ LB LIRS
5%, ZONEHRREFEMBLEELZTLIILICR
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8. BBRA L ADEHIFRE

BHEA ML ARAEKICESTHTI LB H S, H
MmEKIZOCI R eOHZFAEL, RALMEZHTZ &
WX o TEREHEMLTYS, LaL, FERHIZOEN
ICHEHZEA PV RICE D RIEMRBEI RIS, T, &
WEORFFEICE A L, ROSIFHMIBA® ¥ 7 F VmEKH T
ELTHEELRZEHZRZLTWLIEWDR TV, Hifa
BN OEE RN T NF-xBIZFHERT kB2 & - THIH S
NTW2%, Ml NESIEIER T (TNF) X RIS A
FAA Y IS 2R % %05 & IkBASY) » BB X
., NF-«BIZED L ITENIZEITL DNAICHET 5.
COR, MEORBMIZED I b3y FY 7IZROSAF
HELTINAIBDO) VEBALEZRET S L vbRTWw’
(Fig. 4). L2°L, EENNRKISZ T 500HHTH

TrX

TNFa
receptor

NFkB reduction

Translocation to nucleus, DNA binding

Fig. 4 NF-xB activation by ROS

5 ROS%Y, GEREDY 7 F IVZERORBIZHEG T
D%, BRTRIMEIFRINTWD.

9. &R L RIC KD MIRIFE L HERR

COETIX, MEMMBOEEA RN L AIZLE Y 37
BHEL, MBOZILOERIZONT, 55 O
RIZOoWTHET. ¢ MRMIRAFMTAE TN THERAT
120 R L0, Mg~ 07 7 —JICX > THES
NDBIZEL T TOBRBIZOVTWL DHDFLD - 72.
EESIIZOBRIIEEA ML APEGLTWEI L%
ST L7z, & MERRID &4\ VaRIiLER & Z LRI Bk
ol ETHEEL, HEEEL TV BEkA 4 ) VIRE
DBBILERER LA, WEHSkA 4~ b)) VR
BAoOMBELED & HICBILRMERD A EHERL, &
ALARIMERDSRN TR A P L A ZITTWD I &by
o7z, KATEEOIRIMER % RERE N TERA 4 ¥ {778 THRRAI
b3 5L, BEHKIGCOEANEEL,Z DA
%% dithiothreitol DI T T L7722 &5, IgGOMH
FFEE LCEEEA ML A2 X B disulfide # & DA Wl 285
HTHhsbLEz N7, #4 IgGidanti-band 3 IgG TH
0, 1gG O A IZARIMERE 2> & HLE L 72 band 3% & > /%
JEIZX o THESRAZ E)* 5, anti-band 3 IgG D&%
HAOTYE bM—=TEband 3 TH A L2bho7z. S5
s A ERAL X band 3D & ¥ 28 7 AL Tl 7  FEIIHE
${ @ sialylated poly-N-acetyllactosamine (PL) T# % Z
XS Ro. TOIEP—T13d EH ERML
ARIMERK AT 575, BILiCX > Thand 3%
Oy R AR ELZREI L, PRFEEEs LA L

CENEETH -7z 5 L7d5Riinek & Z AL i sk
IZ2W T W5 anti-band 3 IgG O % Lgoat anti-human
IgG % 2 kPufkE LTHRAE A, ZLRIMERD K8
2202 % K, A L7z 2 RYUKIZIEE R band 3 B 8K
DPL &5 2 BERWICYWT 35 2 & I12 & - Tl L 7.
ZALRIMERDE 5 >3 7 B OBHEDOFEEE S 5V aRIiLER X
D E»o 7.

kA v EE bR BRI ER S B T, & b THP-1 %
SMeEgwrzu7 r—VICEEEAL, TOHADT
Y b =7 RIMERE R OEEPLTH -7z, & MRk
AN O EALHEIET, BREZX ML AL ERY v 5y
BoOREEMLZREI L, BELAKEEY PLICHCHK
RIgGBIVO~Y 2077 —=VPEETHENIFALF3
v 7 RBEALERIT I LWL NI -7 (Fig.5).

CHDEIITHEEA MLV RAIZXBERSY 8y HOkE
A, Mluo&lLz &7 LHCHAKRIGGOREEGR~ a7
7= Lo TSI N AL, © MRIMERICKRS T
FREHRAI BT 2 TH L L LIRS
72, BRAb~ vy ZRIMERB X 0% AL BRI TG-7FE <
AU 77—V, Btk M) U oSERRANE Jurkat
iZe FTHP-1Hk~ 207 7 =212, WihdBbimik
K OEHEPL (band 37213 CD43) 2 T¥ F—FL L
THEATHIENWL2ICR Y, BRI EmoH
frEz o0, THP-1=2u77—YOPLLET ¥
—ZHMEL, TON-KuHST I/ BRECY % JuE L7z,
FOT7IBEIIEINFE TSR TR WEGITH
D, ~x7077—YREOHFHLEPLL LT ¥ — DI
DR S N7z,
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Poly-A-acetyl-
lactosaminyl chain

Sialic acid

PL-receptor

Affinity too low

Aging
Oxidation cluster

Macrophage

AAnti-band 31gG

High affinity
o binding
\

Lipid .
hydroperoxide

Hemichrome

Band 3

Modulating Enzyme

Fig. 5 A proposed mechanism of binding of anti-band 3 IgG and macrophages to senescent or oxidized
red blood cells and its modulation by oxidized protein hydrolase (OPH) (from 7th World
Congress for Microcirculation, Sydney, August 19-22, 2001)

~su77—YOPLLtT¥—%, EB{LLDL %Y
AL SROFEED F7-MBNOBEHRA ML A2 X - THF
ML TWBZ 2 WS L. BB b~ ZRILEkD
TG-FE~v A~ 707 7—JIZEBEBIBNT,
LULd~x a7y — T %KEMD phenol 4, vitamin
C#*%, glutathione ZOHEALHI CTUH T L L~ 07 7
—VHNOROSHILT L, [FRICERALAR MR D 45 & HE AT
KTFLA ZoZersd, BLRMLKZZ®RT L2~ 70
77—V PLLVET7 ¥ —oiEHticb~vrun 77 —YH
DEEFA NV ARG LTS LA Sz, Bt
IDL%ZZi#&TA~270 77—V DSROEHALICH BEFHE
A NLVADRHELTWBZ b2, BEANL RZ
o7y —=YVWNOF 7)) VLR REL TS
2O THHI Ebrol. UEoZ &k, BibL 721
HKEHRT A~ 2107 7 — N b ZFOHER OB 1R
FAPMLADPKHATVSEZ EEZRLTWVAS.

10. ZRHBGHV AT LEUTORIEY VIS

BofEER (OPH) OXR

MEADMLVALZEoTHEEZZT Y Y7 HIZ
ubiquitin-proteasome R TIN5 T EARE N TV
% (Fig. 2) 2%, 3% O 3HBLRIMEROFEERD MFET,
Wil liby ¥ 8y BormmR e R L7 SkRfLRii
HEA Vo 7-AHBEL-DE, {1 v Fa2xX—-}F 5L,
band 3% FLWEY VNI EDT T 7 A Y MEAERDZ D,
g5 22 A L7z, T D43#1E serine protease FH
5% @ diisopropyl fluorophosphate (DFP) @i cH
bz, F72, TOSMRIIRBILORIMERE TITES
57, BALRMIRICHELZHRTH -7, T OREEIIHR
MLER DML RN AFAE LIEICERIL AT 2 % L IS LT
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b6l eERXbhraolnT, MBE»S
hemoglobin Z k720 %, [PH] DFP Tl N LT
COREFEZ80kDan Y Sy HE LTHRL, Bty
VX7 B RS (oxidized protein hydrolase : OPH)
EZOT . COBEOETT I BRERS ZREL,
RV —REEITo72HR, BEAITIE D 5 IR IZAMEN
TOHREA b D o T2\ acylpeptide hydrolase
(ACPH) :hM—f#Th-o7. & b Ks624#llLd cDNA
MONF 2074 VAL AT A% HWT, recombinant
ACPH % fER L C, ¥ L 7-OPH & LDk %
fTolz. ZOKRE, M#H L HITAc-Met-Ala % 737 L T
Ala % ##t9 % exotype ® ACPH itk &, BE{L BSA®
Leuygo09er, Tyryos Thr, Phesgso,Phe 2 VI3 % chy-
motrypsin-type ® endotype ® OPH iifi?: % 7% L 7z. BSA
DOLRT I VBT VWIS TV B A, BREIC
Lo TEHRMIIBMLTUMEN2bDLEZONS.
OPH I3 LR IMERICBVTId, BELESY ¥ 82 H
RS B DT, RIMIKOEANEIEFRICBIT 5 [gG =
X777 —VORBERBLCLWEEESD S
(Fig. 4).

COBEEDHFEIZDWT, OPHOHitkZ 1R L%
L7zl A, fiRATRTOT v Mg h: M/
FELTWBIEAbRY, ZOBEIIRMEKICHE SN
72bDTIE AL, HTEWICHFETLIMETHL I LA
B o 7. OPH#®%H L7 COS-7 i3 H,0,,
paraquat 72 EOFEHE A b L ATx L TSR, A
f## % ubiquitin-proteasome % & [ Af12, BEFE A ML A
X o THELZZITTER LY Uy B2 0+
BRI Y AT AL LT 50WTWw B RErEDR
EY (VAN

5 S

REETIEMEA P LAZL2AEKEEOERE, 5
SOMEEMUMNI L F v 87 BB L ZOkRFEIzon
TR BEHEA P L ADAEKREEEZMET H12H72D
WIHEBT HDIE, RN TIZERE S E M2 S Lk
HIRLIZ W IZONTEL o TWAED, BHEA ML AD
WA REbLOLGIIFIIRARETHLILTH .
KEHFOWE Tartifact 2 & H 2 TWirwye, ERET

EHEC AN ORI Z LR L T2 0%, FIZHBEICZ
B, X502, AN A OBERALHI DAL T B AT,
PUEBALH 12 3 OAFAE F Tld prooxidant [T 4. Mk
FEREORL: DEEDMBIC BT, PIILAIZED X
HVEHLTWADTHS ) H. BEX ML ADAKRE
BAWIET HICH2D, ARNIRNR L JEROIRIIZE
W, BESFE—PALAOMER OE Y, 2 HEICEEIC
ANTERT — 5 ZRRTLLENHS ).
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Oxidative mutagenesis
— Regulation of iron transporting systems and their role in
protection from oxidative stress in Escherichia coli—

Tatsuo Nunoshiba

Department of Biomolecular Science, Graduate School of Life Science, Tohoku University
Aramaki-Aza-Aoba, Aoba-ku, Sendai, Miyagi 980-8578, Japan

Summary

It is generally accepted that iron is one of the most important metals for microorganisms, because it is
essential as a co-factor for a number of enzymes involved in cellular metabolism. However, it is not easily
available to them due to its insolubility in aerobic environments. In order to acquire iron, microorganisms
have evolved iron transport systems wherein so-called siderophores -low molecular weight compounds- are
secreted and which function to chelate iron with high affinity. In addition to the iron transport systems, they
also have a genetic regulation system in which a regulatory protein can sense the cellular level of iron and
controls the gene expression of transport systems. While iron is essential, excess iron is toxic due to its abil-
ity to catalyze Fenton reactions that produce hydroxyl radicals. Thus, these iron-uptake-systems have
important roles in prevention of both iron starvation and oxidative stress. Here we describe the gene regula-
tion of iron-uptake-systems and their roles in protection from oxidative mutagenesis.

Keywords : Fur, iron overload, superoxide dismutase, Harber-Weiss/Fenton reaction, mutation spectrum

&

RS T T, BIPEOE  Fe (D Il HAICHRIL S
NFe(IID 2% 5 %%, Z @ Fe(IIl) (& pH Tl fiisd T
BIREAME L, LT 5. ZoZ L i3mEmIcE->To
BOFBOERE 2D 5 5. Lizd > THMAEWI, Fe
(IID Z B S5 7-008%F L — 7 2 MRS L,
&\ affinity THHICE TH 5 Fe(IID) ML) AL 720D
WO TR EE2IESETEZ. L LRSI
HBUES VDT TIE R, MIBRRESE T wE

I[]

* tnuno@mail.cc.tohoku-ac.jp
ZAt 0 20014E7 H15H 8 D 20014E 7 15H
OHARBREAE RIFF45

W) DT ARV, HFREEDOMIBINTIE, BRI
WP THICTEMRERESAE L, ZodTh ARSIt
LT b BEALE 27”73 «OH D BRI, 5Bk L 72 Fe
(I) & H,0,12 & % Fenton SUGA G35 L vbhTwn
5. L7z25-> CTHEEOSKIZL LAMKIC L - TidiF £
LL 2w, FE, RKBRFZIZLOE T4 0MEYT
(&, iR LSkt bgaE, STz, MmN ok
JERBAIL, BEFLANVTRETAEEZ A b
52T, MENOSKBEOHMHAELITo TV
(Hantke, 2001 ; Escolar et al., 1999). 53 1E, Z Dk
kDY AT MIZLESIETH 585 OME % B <1
BB LRI, EEREE T 2P L Tok
HHAEbELDOEVR 5.

Society.
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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 Iron-uptake-systems in E. coli

Siderophores Sensing & Regulation Transporting systems Storage proteins
Citrate Fur Fec operon-TonB system
Enterochelin Fur FepA operon -TonB system Bft (Bacterioferritin)
Aerf)bactin Fur TutA operon -TonB system Fin (}fé i)
Ferrichrome Fur FhuA operon -TonB system

AfTid, KBRICBI L8ROI AT LEZNS
DOIEVEEEF 3 A% & LCofE 2L, &
AT X B RRAERFE R IOV TR 5,

1. BREHEE TR

Wko X I2BEwIFL— ME2Z T A2 2
LD PR LMBENICIY ALY AT A% b0, K
W&, citrate, enterochelin, aerobactin, ferrichrome 7
EEFL—MpEL LTHAL, Fhzhlf okt
VAT AxfiiZ TwAb (Hantke, 1981 ; Bagg and
Neilands, 1987a) (Table 1). #z (X, citrate#FL — b
WEE LTI ALY E 121 FecA-TonB % & W ) Bk
(Frost and Rosenberg, 1973 ; Hancock, et al., 1976 ;
Wagegg and Braun, 1981) 2X V), [E#£IZ, enteroche-
lin, aerobactin, ferrichrome 2 &% F L — M MpEE LT
YAt aidZ N E N FepA-TonB % (Wookey and
Rosenberg, 1978) , IutA-TonB 5 (de Lorenzo et al., 1986),
FhuA (TonA)-TonB 3% (Fecker and Braun, 1983) 12X
DL EIToTWA, SHICIY AT Fe(lD %,
{7 & >~ 782 B Td % Bacterio ferritin % Ferritin |2
5L THOMEZZEX (Andrews et al., 1989 ;
Izuhara et al., 1991), LEIZE L TALRH—4 47 2
TR —EGHY VR EDREDBIZZITEINLDT
HBEW, ZOFHELVEHEIZOVWTIREIS bh o TR,
FIRF KN DOSRA A VB2 BUKICEAM L, AEDOK
ETIEIMMBMICIY AL X912, —F, ToRAFEET 5
EEICEHICBERFICES WX ) ICHMHAET S Fur
(ferric iron uptake regulator) & 7EfEL, BN DA
T VRO ZIT o T 5.

2. BkAFVREORAN ESEEA N0
DB TR

1) Fur# Y374

Fe (II) O ¥k > A 7 MMM b L EE T, wWhd
FNRuyEREL, MBRNOSKA F v R BUR I f
SNTW5B, B2, S ToeiEiEsctcly, 1A
EETorRu ORI IS, 2 TF—I1I%
LS X HABGAET D EEZ LN, WkE T
DRER T 2 E RS0 S N T, fur (ferric
uptake regulation) & FFIEI % locus A5 E & 7z
(Hantke, 1981 ; Hantke, 1982 ; Hantke, 1984). AJBi#

148

Transcription OFF - Iron excess condition

Fur
Fe(ll)
RNAP Q

\’ Repressor
X (M

iron-box
(Fur-box)

Transcription ON - Iron limited condition

Fur

RNAP Q

X iron transport operon,
tonB etc.
{

v‘hy‘m+

Fig. 1 Negative regulation of iron-uptake system by Fur pro-
tein. In iron excess condition, Fur protein activated by
Fe (I) binds to iron-box (Fur-box) at the upstream of the
genes involved in iron-transport, and blocks transcrip-
tion of these genes(A). On the other hand, when the
iron concentration is limited, the Fur without Fe (II) can-
not bind, followed by transcription of these genes (B).

D fur BIEF12148 7 I /& 17kDa D & A F ¥ » & HiK
MEL&E sy v8 28 % a— K3 5% (Schaffer et al.,
1985). MM I N2 Z D Fur ¥ ¥ 737 7%, aerobactin &
Wm0 LV iR, 9 7% b b promoter @ B B 5H I8
(operator #ff. & FHEEINL) IZHAETH T LR S
N7z &nrsb, BEFHHRTFTHILIEEZEZ LN
(Bindereif and Neilands, 1985 ; de Lorenzo et al., 1987).
Fur @ promoter ~D#5 &1, #5144 VIREOK W E 12
2E5 <, MICBREOLMETIRBIHEATALII LN,
FurdL 7L v ¥ —% L TORREICEA 4 VIBENEE
DB ENEZ BN (Wee et al, 1988). Fur Dk
B HIRDIANT & cofactor & LTDOFDOEG1Z, Fedl) &
DIRAL 2 < <, Fe(D FARIC Fur I#A9 % Mn (1D
ZHv, Mn(IDFHEDHEIZ L S DNasel 7 v F 71 &~
T4 7k Irbhi. 2o/, MadD 2&46 L

fec operon

Pfur Pfur Pfec

fecl fecR fecA fecB fecC fecD fecE

Regulation Receptor Binding Transport
Protein

Fe(lll)-citrate

V77777

If‘ec:;g;ceptor /// % Outer membrane

citrate FecB | — Periplasm
. FecD FecC ‘fiexoBD B -] Inner membrane
_ FetE : Cytoplasm
ATP ADP Fe(lll)
+ Pi

Fig. 2 Fe (IIl) citrate transporting system. The upper figure indicates the Fec operon for iron-citrate transporting system.

The five transport genes fecABCDE form an operon and transcribed from fecA to fecF. Two genes, fecl and fecR, are
identified upstream of fecA, and regulate the gene expression of the operongenes. The lower figure indicates the
mechanism of the Fe (III) -citrate transporting system. The outer membrane protein FecA recognizes and uptake Fe
(ITD) -citrate. The periplasmic protein FecB passes Fe (III) released in the periplasm, to the inner membrane protein
FecC, FecD and FecE. The passage across the inner membrane requires ATP energy through FecE. TonB-ExbBD
complex serves as an energy transducer to couple cytoplasm membrane energy to high affinity active Fe (III) trans-

port systems.

W Fur ¥ ¥ )8 7 BIERE 9 % E{5 1 @ promoter ®
-35, —10# % & & 31 bpllhTICHET 575,
Mn(ID#EEIZL D, ZOHED1000 EFEEHE &5 2
L, AT, 19 bpDE_OREEEMOEL 2 Z & A5
#AE N7z (Griggs and Konisky, 1989). % % O #kifik +
~ay D EFIZiE, Furd Y2 Bofaoar e o
A% (GATAATGATAATCATTATC) »#@i%Z s,
Fur-box (¥ 7zidiron-box) L #fHFSNTW5. gk
%4 R0 YO promoter I L VAR —F —HInFE LT
DlacZ Bl TOA R VA BIZTORBIZL > TH,
Fur & Fe(Il) OHAERBIN LD X1 v O#E L 7L
v —TdH b I EHERSN TS (Bagg and Neilands,
1987b ; Calderwood and Mekalanos, 1988). T 7z, ¢
NOFKIREICH EEICHES LD TonBd, 0D Fur
DI % 2T % (Postle, 1990) (Fig. 1).
ZOBOMIIZE Y, FurldSkiikoiiz o3, SF
SELBEETORFMEICHEG T2 I G EhTw
5. ZO—o0FE LT, KW D Fef& A SOD % 2 —
N5 % sodB#EfaT23H TSN b, Furld, Fe(ll) & D&
BRLIECOBIEFOBRELIRET 22 EHBHO5R T
% (Niederhoffer et al., 1990 ; Fee, 1991). HloflE L
T, Fur REHRIZ, 7V tu—LVRansfg, 7~<IVEE
ERFHE LTS AL TERWI EDBHBLNT

W5 (Foster and Hall, 1992). X 5IZHIVER T WD fur
REU T OERKRITIRIEZ D H N &2 5, HibH
BEMBT 58, HICH TOEFEICHED L EEFHOR
MiHGLTWnb I DRI TWS (Foster and
Hall, 1992 ; Hall and Foster, 1996). L E® X 9 12 Fur i
BERICHETH D IIZEN R W00, L9 L3k
PR b BT & o2 TR R L, SN
BBEZ b OMETFHE Y VXV B THAHE VL A,

2) FecA~uay

Z IR OB %ERDO—2o D L LT, citrate &
FL—MWEE L7-8k#% % FecA-TonB R 2 i/ %
(Fig. 2). Zogklmkix, KEWHOREEOABIKD 7512
TFAET B fec EMIEN B locus X DViThRTWw 3
(Hussein et al., 1981 ; Pressler et al., 1988). Z ® locus
WX 52D #InT, T%bbfecA, fecB, fecC, fecD,
fecEH3A R0 w2 L, fecA DS fecE 210> > THRE.
215 (Pressler et al, 1988 ; Staudenmaier et al., 1989) .
Z O RICIE, Fig. 212”8 F X912, 58D Fec ¥
Y7 A, ExbBD-TonB &9 2D Y AT 4%
HESEL720DTANF—MHGICHb S Y ¥ 87 B
5.4 % (Hancock, et al., 1976). FecAlZ#MEIZAFFES 5
W5 282 BC, MREAMIAEAET % Fe (I1D) citrate % J&
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MTBLETy—L LTI, 2oL, WESY V7
B T3 % TonB-ExbBD HEHRIZZ D FecA L #iE3 52
& T, FecAn'Fe(Ill)-citrate # JL Y A&, X1 75 AL
\ZAEAET % Fe (D) citrate DA ¥ » 7327 B FecB 251
T T ANF -2 LB T 5. ExbB ¥ ¥ 287 B
TonB DH#fEZ HELT A HdH L VIIRET 2B E %D
DL wbhTwb (Wagegg and Braun, 1981). FecA 7
5% N7z Fe (III) 1, I I Tcitrate 7 5 B,
FecC & FecD OGN E 2T E SN 5. FecE & FecC
& FecD & & b ICHAKREE L CHBEIZETET 5 ATP
ity ¥ /82T, FecE® ATPase Gt L W N7z
IANF—THREMBEIZHY) AL, THLTIhD
DY X7 EHHHEIHERE L Ccitrate IZF L— F S M
Fe (III) # ML ICHL Y JA ¢ (Pressler et al., 1988 ;

Staudenmaier et al., 1989). Z DOk DOHM AL, W
THhOF L — ME % 7z gkl R T b Al T,
WEDOL &7 5 — AR LT Adk, R TIFZXLD
MEY N7 BICZTEL, SHLICAROERSY >3y
BHARNZITEST. wThol 7y —ofXi2dh,
TonB-ExbB 2 & A = A VF —DLEMMBIILIHT, 2
NoDy Y37 BOREHTIE, SO AHHDEL L

FHESN S Z E2HE SN TWAS (Heller et al., 1988 ;

Fischer et al., 1989). 72, S5 D%k T A7 L138k
RN DT TIERL, 2V YB, I, MORLY A
ARTIRTS 7 7 — YV DERGEIZH G L TW5BEZ &AM
LbNTWwWab.

PRI RIE L7 X 912, Fe(ID) & &2 & 0 itk
fe = N7z Fur/Fe(ID I & ) BICHIB S N B2, Z ol
13 FecA-TonB &2 L CH T, SMigikETIEZ
DOEEAE TN, fee T Y IIEBT S, feet Ty
OREEZ D Fur i X 2EOHI#H 72 T% <, 0.1 mM
O citrate 7213 0.1 uyM Dk A F ¥ ORI L Y FHE X
115 (Hussein et al., 1981 ; Zimmermann et al., 1984).
Z OFEL, MBS 22 B D FecA X TonB, ExbBD
WCERMNEL S EMHIEE NS —FT, FecCDE & o7z
transport ¥ ¥ 87 HOERTIELEL HIEE R v, £
7z, isocitrate dehydrogenase % I — N9 % jcd % KIS
%I L2k, MBI O citrate #HE & 10 ~ 100 £ 1
HOTHBFEINLNWI LR EDRDL, 2TOFRTYDOFH
EIZIITHEYE Td 5 citrate DHIFLE DI JAAR TV
FEThHRWI EAURE N/ (Hussein et al., 1981).

— 77 fecA D EFRNZ 2 D DBIET, fecl & fecR DAFAEDS
REMN, Fe(lll)-citrate 12 & ) FHE IS fec + X1 > D
S E RIS 35 2 EHH 50Tk -7 (van Hove et
al., 1990). fecI\x1737 X /D 19kDa® ¥ ¥ 37 E %
I—-FF2#EETT, TOF¥ U7 Hix, CEKUIC
DNA # &M % 74 X ¥ 5 helix-turn-helix ® motif # b
b, WEICEL THREICHFET 5. —)iD fecR 12317
7 I /ME3B5kDany N EE a— N 5B FT,
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DY NIRRT I ALEET D, Mudl 77
— VDA & B fecIR DHEIEMR L, Fe (I1D) -citrate 12 &
DEAMD AL T ENTET, FecAy V7 BHEHKD
BAohzwv., LALLM, plasmid 2 X Y fecl R fecl &
fecR Dl J5 % 3Bl & & 5 & Fe (1) -citrate @ iy 3% 12 15 )
355, Fecl DADKEIEBTIZA T ¥ OFHEIIHER
MTHLDIZH L, Feclk FecRzx & HIZRB ¥ B L
Fe (II) -citrate |2 & 2 ¥ AERIOFEA L 5N 5 & v &
Wi B, E5I1Z, Fecl ¥ Y282 E D fec H~xa v D+
N =¥ —HIBICHEL, BELZRET LI LS, 72
citrate JEFFAE T T3, FecRid Fecl # ANt b3 5 2 &
Avin vitro DEERTHEZ I N TS, L EOKEDLS,
Fecl (285 AT, FecRiZXY 75 X 4 ® Fe (Ill) -citrate
Tk T A Y —THAHLEEZLNTWS (van Hove
etal, 1990) (Fig.3).

Dbzl T 5L, MBNOSKIRESBEO L XX
Fur & Y87 BI3Sk KA T2 2 L THEEARNIR D, fec
FRuyERIF LD LT DR A T DT & I3
L. LL%AS, SHPMEIREICHS &, Furld A
P E 72 ), BB OWHIDFE 2, K L XV DFEBIA
D, FoL EMIE, FL— MEERE LT
35 &, Bz, HHEICAETET % FecA 1 Fe (ITD -cit-
rate DLt 7 ¥ —L LT %, TonB-ExbB 26l S
5 I ANF—%FIH L TFell)-citrate X 7 J X A
WCHLY) AT, 2 & & ® FecA® N K2 signal trans-
duction (2B 5- L, FecREHET 5. S HITFecRIEN
1) 75 X 1@ Fe(Ill) -citrate # #8ik L T, BZ 5 {13
R L, Fecd 2T 5. 2L TSN
Feclidfec A Xu Y OWERF & L THE 2 RET 2
(Harle etal., 1995). 9 L CERFEB SN 7zFec ¥ /3
2 B IR 2 Fe (ITD) -citrate Z LY AL, ZLTh7z
7o OHIREN O SRIEEEDS LA 5 & Furldgk e #E& L C,
BOEIEIL SN, St ~o v OuE 2T 50T
H5.

3. BER FL R[S ZREHHIE L TDRE!

1) JEPEMEH & DNA 1§, RRERLZ OB

A== FFH% A4 F (0,) R@ERILAKE (H,0,),
L FadT 5 Y90 (eOH) % EOWEMMEIR, Kb
WAL, SFEETREMRBETERSIIGL, BLiA
%5 %2 A (Babior, 1992 ; Farr and Kogoma, 1991).
DNARZDOHIEEWE THAHX 7 LA F F X, &
MFEICE ZMILIEBORD EELEME LTRL <%
ERTw3 (Imlay and Linn, 1988 ; Demple and
Harrison, 1994). I&MEEFIC X %5 DNA#EE & LTI,
7,8-dihydro-8-oxoguanine (8-0x0G), 1,2-dihydro-2-
oxoadenine (2-0x0A), thymine glycol (Tg) 7 & D3kt
5% DNA SO YK 72 &A%, DNADHIEKME TH % X
7 LA F Kol e LTid, 7,8dihydro-8-oxo-2'-guano-

Fe(lll)-citrate A7z W\ME S

% Outer membrane

Periplasm

:f Inner membrane

Fe(lll)-citrate® 3 158&

Fe(lll)-citrate O

Cytoplasm

fecABCDE

fecABCDE

Fig. 3 Regulation of the Fe (III) -citrate transport system. In the iron limited condition, Fur is inactivated cannot work as a

repressor, allowing the transcription of the iron transport operons. In the absence of Fe (III) -citrate, the fec-operon

is still not induced, whereas the operon is actively transcribed in the presence of Fe (II) citrate. Fe (III)-citrate

binds the outer membrane protein FecA produced at the basal level, and triggers a conformational change in FecR
that results in the activation of Fecl. The activated Fecl can bind to the promoter region of fec operon, and stimu-

lates the transcription.

sine 5-triphosphate (8-0xodGTP) (Maki and Sekiguchi,
1992), 1,2-dihydro-2-oxo-2'-deoxyadenosine 5'-triphos-
phate (2-0xodATP) (Kamiya and Kasai, 1995) 23%15 71,
RRERL DNABHEIAELZG X229 (Demple and
Harrison, 1994). 1156 OERILIAGIC X 5 228828 24
HAEFEITR L, KW 3B % DNABHER, Lz 2
L+ F FoFi% %22 Twb (Michaels and Miller,
1992 ; Yamamoto et al., 1997). #1%(E, DNAS#HEEH
& LTix, DNAH D 8ox0G : C % ik L T 80x0G % 4]
) ¥ glycosylase (MutM/Fpg) % 8-o0x0G : A D iixt
G R@E L TAZY Y HF glycosylase (MutY)
((Michaels and Miller, 1992), Z 7zTg ® glycosylase
(Nth, Nei) % & (Cunningham and Weiss, 1985 ;

Melamede et al., 1994 ; Saito et al., 1997 ; Jiang et al.,
1997) 7%, F-BfbxX 7 LA+ F FoEfbEEH & L CTid,

X7 L*F K7 =D 8-0xodGTP % K5 f# L T 8-
0xodGMP & 5% Z & TDNANDOHLY A& % Jiil]$ % &
oxodGTPase (MutT) 255N T2 (Michaels and
Miller, 1992 ; Maki and Sekiguchi, 1992). Z 15 ®Ef{x
FTOERKIIVTNE I 2 —F— ¥ —DEBAZRL,

mutM mutY 2 50 TIE 10-100 550, — 5 mutT 2 SkR T

13100065 b DE IV EHREIRAEREZ/RL, ZThEhE
IZGC—TA, AT>CGOER%#FHFH T 5 (Michaels
and Miller, 1992). Z®»Z k¥, Th 5O DNABERR
X7 L F i bR 25 DNA 1 O BAL I8 % /MR IR
B, HAZERERBEZ 10~ 10 " REICHE T 572
DICEEIZEb> TSI EERLTWAS.

HHEBZEOPTHORBIEH SN TVLDIE, &b S
PEIZE T eOH T, MK IZL 2%  OBLHEBE DK
G2 D eOHIZ XL B EEZ BN TWAD, «OHIZMT
12779 Harber-Weiss/Fenton &2 & 1) 0, % H,0, 7% 5
LB Ewbh,

Fe(IlD) + 0,” — Fe(I) + O,
H,0, + Fe(I) » OH ™ + ¢OH + Fe (II)

ZDZ Eidin vitro DEFVEBTIFH S5 (Brawn
and Fridovich, 1981 ; Akasaka and Yamamoto, 1994 ;
Akasaka and Yamamoto, 1995). %2 1%, RERENT
H,0,, FeCl,, EDTAZMA, »2HMOT VAN T v
THIT, LTIV H V% MT v T LT electroparam-
agnetic resonanse (EPR) T35 &, eOHHELT
Wb ZEDHERTE D (Jenzer et al., 1987). F725 Y
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H b Fy THROM D ) IZ plasmid DNA Z L5 2 &,
8-0x0G A H,0, i ED LS - THINS % & & A5HERR
ENTW5S, XHIZFDplasmid 2 KEBHIZEA L, A
AN TOHEREIIN) RAREREMBNTH5Z L TGC—
TAREHHETHEREINLGZLIWHLENIZEINRTWVS
(Akasaka and Yamamoto, 1994 ; Akasaka and
Yamamoto, 1995). — gL XV EERTIX, KEE
% H,0, L83 % 2 & TRINERDTHFET 5 2 L3RR
ENTWAHLOD (Imlay et al., 1988), HMFLP T [FEk
12, MRS 54 U720, R HO,, IS 7z HO, 78
Harber-Weiss/Fenton St & & H L TE#AKAFH91Z «OH
EHEET S, EHICENHNDNAR X7 Lt F FEfR
LU CRRERZFRT DH0 ) h % TN L7261
FINFTICRW., HLZEH LTHEL cOHDHKRZE
REROFENZ LT 5 &, IGMERRFEOMBA L~V [FE R,
PREAED HRERER IR ELZ RIZTTWREESD 5.
RIR D X 9 72 KW O A7 kO MUY A& G EibEHE 1S,
BB COARL LT, BEICIY AL EIZLD
DNAEB R RRERZWH T L2 VB TOLHETH LD
»H L,

2) TEVERERT 5R L EBRIN Y AAZERIC X 8%
EOR

ZFITEASI THNCE L 2GRS & Mg
YA h728kA%in vitro ® X 9 % Fenton S (2 &
D eOHZAEKT A, T L THRERERDFINE %
L0 BBV [AREREROIHNZELOILY A KGR
HiHE SISl B OHERAZZ. 30, %
H,0,DHERTHEA——FFH AL FF4 A3 2—
F—2Z (SOD) 7% 5 —EDOKIH (ZNEFIsodAB K
{HE katEG/RIE) R, FIROSKHLY A& %2 HIZHIE L T
WA Fur 2 K452 L1028 BRELD ARD, H
RERERFEOBILICHFGTE20EINE) 77 V¥
¥ VIRPIEAN ORI R 2 R EEICIR 7. (Table 2). €
DFER, katEG KIBRIZE A4k & 1ZIZFAREE O H IR
ERFEZRLEDICH L, sodABRIBHTII6HERED
FHEBIZE IR, HREREROHHNIZHE L TIZSOD
DOFRE ) EBEIZEHNTWDLZ X0 o7z. —H, ¥
DY AARDY FL v H—Tdh 5 Fur 2 RIEEE7 fur
RCIIE MR E Ciﬂflﬁl*yfﬁ@%ﬁéﬁeg, ¥ 72 katEG fur ¥k T
LIFHREOLEEED LA LML O eh o7, Lol
%755 sodAB MR AZ Fur KiE% 38 A L 72 sodAB fur #R1,
B AR OR 14015 & 0 ) D TRV HARBRERE 2R
L, SOD £ Fur®RHIZX O MmE ) X izl s
AR 22 A2 FOBEE O E A A3 ERE E 7172 (Nunoshiba et
al., 1999).

Z I TIOHRERERED LAIARLITHBA~ND
BROBLY SABRNAKLET B H &) 0%, AL¥ohT & lfnd:
WFED220T7 7a—F X DR L. ALF5HT

152

Table 2 Spontaneous mutation frequency in E. coli strains

Strains Genotype Spontaneous mutation freq.  Ratio
GC4468 wild 1.2x107° 1
QC1726 sodA sodB 7.0%x107* 5.84
QC1732 fur 20x107° 1.7
QC1736 sodA sodB fur 1.7x10°° 142
SY5 Wild 20%10°" 1
SY54 katG katE 21%x107° 1.1
TN52 fur 1.7 x107° 0.9

TN542 katG katE fur 6.4x10°" 32

The results represent averages obtained from six independent
experiment. Nunoshiba et al., 1999

3, BFARE, sodAB#E, sodAB fur ORI O 8 E A
BETIAGHGIICL ) KL 72, 2R, &o
LY A BB ZE BT D 5 sodAB fur kT, o 28D
2408k A % Rx L7z (Nunoshiba et al., 1999). —
HOBIEFMTETIE, FroXETICH Y, SROIGA
HDKey ¥ 87 ETH5H TonBOERMAZ 7EEL, Z
DEROHRERERE~OBBZ K L 72, tonB%E
AKX, TonBAYa ) ¥ VO AARICHEDbLZ L%
FIRL, 29 ¥ V28812, sodAB fur ¥ % BIbE
LT, MAi29 7 u—r4EEL 72 (Kitamura et al.,
1995). #7230 ¥ VKPR D tonBERE, ¥ —
JIYAIZEY, ETOra—YIiZoWTHERE I,
NSO O—rDHRBRERFIE, 2x10°~4 %
10 " oI SN, BHKRTDH 5 sodAB furthd 1~
25%\2i% V> L7z (Nunoshiba et al., 1999). T 5 D
B3, sodAB fur¥R\Z BV B HIREIRERR EAD, fur
ZERAZ X B TonBKAFH 2 kO MBI ) IARD D B 2
EERBMORIBLTWS, LLEOEENS, MEH TR
STWbEHEMTEXBETFIVEFig. 412 L7z, Thb
%, Fur K412 X Y TonBARAFAYIZHLY A 17z Fe (110)
25, SODKIEICEDVEFEF 720, 12X o TEILS N,
Fenton active 7z Fe (ID 127 4. Z® Fe(ID) 30, » 5 A
WALBRBZ & 9 4 L2 H,0, & I LT eOH & A B3
5. HHwiE, 0, IHEFICEHEZMEDFe-SY 30 H
M0, 12X o> TH®E% 21T, Fenton active 7 Fe (1) % il
BEL, Fenton Kbz fEd3 5. ZORE®I NS ~
X7 B1E, Fur KIS & Y BEICHET DA Y > /%
PEILEEZITRYVELEINE LT, TO—HEOK
IEASHEBIIIICHE S Y, sOHMHE SN D, ZORFEL
LT, 2D eOHAMDNARX 7 LA F FICHALIE % 4
U, BREREZFRTHLEEZEZONS.

3) EPEEEN R RE BRI AARZERIZEY «OH
AU 2A, 2 LTDNABLHEE ?

ZOBBAZWES T HHMNT, ZRETRITEEE X
NT &7 E% OFERSMN T Tl L 7-MEAToO «OH
KR OMIE L, #® genomic DNA FF @ HLH i) 72 DNA fig

- — A
T Fe3 " T reconstitution
Fur™ ---+---> TonB | —» ——'—r—’
SOD" --}----> 0y T — > 0y + ke Fe?*
0," + [4FedS] cluster Fe2* &+ [3Fe4S] cluster
{ 8-0x0G, 2-0X0A,
'OHT? tapyG, fapyA, etc. o
DA 2-0x0dATP T :
nucleotide pool 8-0x0dGTP
Mutation

AT—» CG| ?
] J

GC —>TA¥ 2

v

~140-fold increase
in spontaneous mutation frequency

Fig. 4 The model for mutator effect of sodA sodB fur mutations

(LIRS O S AT = O L % 5 A 7.

Fenton K& (2 & % «OH @K 1%, H,0,! Fe-EDTA
Iz 7zin vitto DETFIVEERT, SFSERT I AN b
J v 7#| % M w7z Electro Paramagnetic Resonanse
(EPR) X DRI TS, L2 LarsiiiaL
NVTORER, FH &) ARG DBHE W D L
N7ZRRTDO e« OH DAL EWDS, HDVIEIT v T
FIOMBBN~DOILF O L S % ED 7z AnffgL ST
72, L Lahbiks1d, sodAB fur bk CTldH g,
MRBERIZ sOHDAEE LTV B D LMWL, L%
LOOOHT VI NELY ) —VIZAANRY VEELT
ECHBMWERGRZTVIF I IANERL, Th
27TV Ty THRITHS4POBNIZ T v T 381
&, TORRNLEY 7TV EEPRTHETE 20Tk
BWnhbEz . TORE, WA, furtk, sodABFE,
katEG ¥R, RatEG furtR T3 o 72K V7 F VIR S
N o722, sodAB furtkTlE, TVaxy oI h
 bJ v 7 L724POBN OFF RN 72 ¥ 7 F VHK T 4
ZENTE, WEEELMFTOMBL XL TO eOHE
OGN U T L7 (Nunoshiba et al., 1999)
(Fig. 5).

DXIZ, T9LTHELZ «OH2DNAEHZ5| &Lz
ThEIPEWHLNIIT S0, GC/MSIZL ), HAEl
17 DNABR{LIEE TdH 5 8-0x0G, fapyG, 2-0x0A,
fapyA %, S 5ICHEMEEE L ITERE Wb Tw 533
BHEOXY F ODNAVOEGHEEWE L. —#
{2 DNA H ? 8-0x0G D ik} Dl % 1%, HPLC-EC detec-
tor ICX 2 MM IRDIEMHETH S L b Tw bR,
4 o HAsHixrmoWe Tldze <, B4Rk, sodABFE,
s0dAB fur BRIl O M I TH A Z L6, HPLC L 1 &

L Ao LIRS D & b TR T & 5 GC/MS % A
L7:. ZO#EW, sodAB fur H ¥ DNA I, B4
FkR° sodAB D 2 ~ 5 {5 OB LG 2580 S e —T
T, ¥H Y F > ODNAPEHRIZIE, FRHETHIEZ %
i 579> 72 (Nunoshiba et al., 1999) (Fig. 6).

IS OAALFEN LIRS RIE, I b BF oL
THAERINZMBATYH, SOD KIE & Sk BREH Y A
HERIZEY, sOHAEL, ZMITHIK L TDNADM
LHGAE L2 L2 KRR L, Aiko HRZEARZ R
DFELVEAORKE L THEHTE S, T,
SOD %R Fur i2 X 2 MBI D O, L NV Rk A 1w D 4%
E, HARZERZROWHNIHMO TEZEIZH N TnDE L W»
Z5.

4) sodAB furERXON5D 74 TORREREY]
XEZTH?

¥ HDNADOIALIHE O 5 &, ZRRERME DG &
LCTho bR ZITANLNTVDLDIE, 8-o0x0G &
2-0x0ATH 5. s0dAB fur thIZH5 T, DNAH D 8-0x0G
L 2-0x0ADEHBROMMAHER S N7z, ThbH D
(&, DNADEURMEICRBZESINTEL L5 L DNAD
FEHRTHLRX 7 LAF FABILEh, ZhasDNAKHE
WS> T AT THELEEENDH L. bl
25, GC—oTARAT—-CGx#% 3 52 LI, in vitro,
in vivo DEEBRTHW ENTwb (Michaels and Miller,
1992 ; Kamiya and Kasai, 1997 ; Inoue et al., 1998 ,
Watanabe et al., 2001a). Zh ¥ T4 13, BEHNHEETK
W Wi supF 1 AZA U % 2R ER 2 IV XV TR 5
FiEeMirl, 8FSF L DNABERKERIZALNS
RIRIERANRY P IVOIRNT %475 T & 72 (Obata et al.
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GC4468 (wild type)
e S N S T W

QC1732 (fur::kan)
s

QC1726 (sodA3 sodB::cat)

A N AN N 3 G ANTG

QC1736 (sodA3 sodB::cat fur::kan)

Ao

SY5 (wild type)
MMMMW-—-\M

TN54 (fur::kan)
e

SY52 (katE katG:Tn10)

e
TN542 (katE katG::Tn10 fur::kan)

e AN s

Fig. 5 ©OH radical generation in E. coli strains aerobically grown in normal growth medium. E. coli strains
were inoculated into LB containing 70 units/ml catalase, 10 mM 4-POBN, and 170 mM ethanol and
aerobically grown at 37 C for 17 hr. Spin-trapping spectrum was detected at room temperature with
an EPR(JEOL model JES-TE100) operating the following instrument settings : modulation frequen-
cy, 100 kHz ; microwave power, 16 mW ; sweep width, 5 mT ; modulation amplitude, 0.05 mT ;

receiver gain, 1 X 1000 ; time constant, 1 min , sweep time, 8 min. Nunoshiba et al., 1999

60 10
r O GC4468 S GC4468
0O QC1726 QC1726
o 50 QC1736 | B QC1736
9 8
[72)
3
. 4oy
=)
=
3 307
=
(8]
o L
o 20
=
10

0
8-oxoG FapyG  xanthine 2-0x0A FapyA

Fig. 6 Yield of modified bases in DNA prepared from overnight growing E. coli strains. E. coli strains aero-
bically grown overnight were washed twice with phosphate buffer, and the genomic DNA was pre-
pared with DNA Extractor WB Kit. A portion of the DNA sample was used for estimation of
DNA/RNA ratio with HPLC. The remaining sample was applied to analyze modified bases by
GC/MS-SIM. The concentrations of modified bases in DNA were calculated from the calibration
curves obtained from aliquots of the mixture of known concentrations of the modified bases and

internal standards. Most of data presented are averages obtained from duplicated measurements

with standard deviations. Nunoshiba et al., 1999

1998). ZZCTZ D EZRH, sodAB furtk T ie 5
YA TOERDPELB0EME L. ZOHE, wih
DR THIFEER RS WML, HHERICLD L
EZONTWAHEGCGCTALEAT>CGOERIZONVWT
&, BFAERRR s0dABMETI220~30%Tdh o 7-DIZXF L,
s0dAB fur Bk TIE70 %L L2 5 5 L) FH L v s
W 5# 72 (Nunoshiba et al., 1999) (Table 3).
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5) Harber-Weiss/Fenton XIS BD 5 EEESK 1Z v A
WELEN?

Table 2127 L72 & 912, sodAB, fur D\WFHD/K
bR D HARERE R E X Z N ENHT AR 615 L 3145
BETH-7-DIZ LT, “EHERKDOZNIZ 140201

FEew)d PR EOEVHRERERFEEZR L. &
O synergistic % ZRZHED EAZ, Imlay 512 X Y fF
3218 X LT\ 5 Harber-Weiss/Fenton reaction 12517 %
0, PDEREZOVWTOHICEIVFIWTELZ 2 L

Table 3 Types of base substitution among spontaneous s#pF mutants

Number of detected (% of total mutants)

Type of base substitution GC4468 QC1726 QC1736
(wild type) (sodA sodB) (sodA sodB fur)
Transition
GC— AT 5 (18) 7 (22) 2 (5)
AT—GC 2 (7) 0 (0) 1
Transversion
GC—TA 3 (11) 6 (18) 20 (49)
GC—CG 13 (46) 11 (33) 4 (10)
AT—TA 2 (7) 6 (18) 4 (10)
AT—CG 3 (11) 3 (9) 10 (24)
Total 28 33 41
Mutation frequency 14 %1077 35%x1077 6.8x 1077
Nunoshiba et al., 1999
W, BB L7z X922 E TO, i1E Fe(Ill) % Fenton Fe3+
active 7 Fe (ID 1258764 5 DI ¢ L £ 2 HRTE 7=, a0 B
LA La2b/MiBNoRRZE 25 L, MBRIZIEZ Y N
§F kv EDFF — AW NADH 7 & & v o 7 Ra o N\
o . " \ 3 a
Fe (IID) DBIEASGFLEL, LibZomERZNZR i o €5 _
10°M, 10'M T, fI2SOD DXz h 0, ofils  O2 Y4 oL S1+—H¢E
P BE AT O IIE & HEE SN TV B 107°M % 5t — K ‘e\ 5 e
Ll 72 LT bR SR CAE T 2. — 7, e—S g N
B EIR T WEMELRC D OB 1 0, (2D T &z
THAHZEDPHSN TS (Stadtman, 1993). H1 T 4
Sy = R i > 6-phosphogl te dehydrat
DDY AT A YERIED thiol B4 53T DA + ¥ 22 5 sl e ot At diomms. =~ BEAT
[4Fe-d4S] 5 4 7D A+ (FeS) 7 7 A5 — % & A aconitase

TAHEHKIE, O, DEMELDRTL, 0, DREIZX
D [3Fe-4S] & 7% ) ARiEMHEILS A, o, B-dihydroxy
acid dehydratase X 6-phosphogluconate dehydratase,
fumarase, < L T aconitase 7% &5 DfLE T, in vitro
TOEBKREIZFTTHRL, SODRERBHETINALD
BMEEEIPIETFTLTVwRZZ L HMEEA TNV S
(Gardner and Fridovich, 1991a, 1991b and 1992 ; Flint et
al, 1993). TN 5 DOEEFROANEMALIE, HIUZEEREN %
KIGEIEDICEEF ST, Fel) ZMMBEIET 5.
Z 9 L CitEfE S 7z Fe (1D 2% Fenton UG % 3 % &
W) LD THA (Keyer and Imlay, 1996 ; Liochev and
Fridovich, 1994). & 5(28k#x il L C [3Fe4S] & 7% 5
TeBEFIE, ferritin 2 EOKIFEE Y v 87 M S E %
FHLY, R S NAZ LS TWS, L2255 T,
SOD & Fur O RBIZE D O, EEL NV OE T - 72l
WTIE, 0, #% [4Fe-4S] Z B L CTFe(Il) Z EH#E L,
Z D [3Fe-4S] DFHER % @R = ORI 5 » 7% 7 E A
19w HBFEDFe (D) EES AL 2 VHEL TS L
EZz AL, ZOsynergistic R E RO &2 FET X
% (Fig. 7). Imlay 5 | 6-phosphogluconate dehydratase
27 TAI FCREBEHS M TIE, MRN8
DFe(IDA 5L, @RILKFEIIHT 2 EEMEIEHT 5

fumaraseA fumaraseB ete.

Fig. 7 The circulation of free Fe (II) production through inactiva-
tion of [4Fe-4S] cluster by O, and reconstitution of the
cluster by accepting Fe (IIl) from iron storage protein.

Z L, F7250dAB fur ¥k TIZ X 5 IZEEED Fe (11) i 23
WL, 2he e dIBERIbKEICHT 22D A
TAHIEEHEL TS (Keyer and Imlay, 1996). &
o ORFIL, sodAB fur FRIZ BT 528 BHE O syner-
gisticZe LA Z Fe(ID &S A 2 VK DR L X9 &
TERHELFFTL2HDOTHLENE D,

6) SOD /R EEKDERILY AAZETIC K VA U718
fEAT VAR, XX 2 VAF FERQRRT D ?

ik > DNAFRALIE B O W E /5 25, DNAJHHIC%E
SRAE BN D 8-0x0G X 2-0x0A DHFAENTER SN2, Th
5 DOIEBGOAR L 1) DNA DEHERRLIC X 5888, 2) B
L3727 LA F FOBBIZHED B AR X 5 #EHK
D2HBYHEZOLND. 80x0GIZDWTIdsupF Iz BT
% mutM mutY " AR, mutTHRO HIRZEIRZE R A~
7 FNVORRBTIC LY, RiE OB TE LA, &
HERERD ) B 70 %HRENGC—TA, BEDOYAEE,
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90 % NWNAT>CGCHTH LI EAEEINTWV D
(Watanabe et al., 2001a). —Ji, 2-0x0A\Z2WTIE, i
ZORBTRHIVALZVEOHIEDLH A%, b LA
C7z¥ie, AT>CGAEL B EFRENh, —F, B&
DFEHED 2-0x0dATP 1, 80xodGTP & [FMFEEIZAEL S &
wbi, KW lacl % BEWBEZTIZBWTEIZGC—
TAZFEHRT A LR EINL TS (Kamiya and
Kasai, 1997 ; Inoue et al., 1998). & Z TH 4 1%, sodAB
furtk T% LD SN GC—TA & AT— CG DEE D\
TNORBICE D222 MM L9 &, supF3EIERSY L
DERDIZSDOE%, mutM mutY ~EEFRKE, mutTH
DENEWLKE L. TORRE, AT>CCOERDAEL
T2 EBALE, mutTHE CTBISE S N AT~ CGOERA L 72
A& TE 5 L7z, —F, mutM mutY —EARRRT,
GCoTADERDEL/=MIEL3 # DRy ARy b
ELTHIEER, Wil AGA, AGG, GGA &9 5'-
PuGPu-3'OEHIDE AT D G THh - 72 (Watanabe et al.,
200laand b). L22L %25, TOFRy PAKRy M
s0dAB furtk TR O5N 7 GC>TAZEIZIGCGG B L
GGTOHAW D GIZHHETEL 2 BE I,
ATy PARY MY KREL AL MBI N (B
#efgir) . i, 2-oxodATP 2D A F Y, lacl %13
BELTERZMITINBRICBOTHML TS
(Inoue et al., 1998). LI LEo#EHEI1ZX, SOD KIEE ko
B AAZERICE DA LZBIEA DL XD,
DNAX D XZ LA F FTHLWHEM LRI EL LD
THb. Wi, KEHOMutT &L O MutTHET 7
Td»%hMTH1 O HEREP LB SR, &HI28-
oxodGTPase Dk, 3% b % 8-0x0dGTP % 8-
oxodGMP L ¥ ) YBIZT AiHHIEH L b DD, 2-
0ox0dATPIZxf L Cid$ 7% ), hMTH1 ® & T 2-oxodA
TPase i MEAHE R X L7z (Fujikawa et al., 1999). ZZ T
Lth, Wy X2 8% 33— F3 % mutT & hMTHI #&{%
T % ZFZNZFNs0dAB fur FRIZEAL, ELAHERANRY
MVOELZ EN S, GCoTADOERNEDL HITER
THDh A LooH 5.

fa 3

AFTiE, R, HEpH &M T T, HREomO T
WA EREOSA 4 » O E i 720, AEwH W
M A LGB THELTWAS, /2, BEOHY A
AEHNTVEPIIDOWTIRRz, F7220 6 O
EPERRFR I 2 B b, RIS RIE O IR T
bWOTEETHLI L E, EXOLOMEMELMAT
5 TRz, Wi, fur&=TH, KEBER®O2o0
MR xS 2 Bi#IG A T % SoxRS B & UF OxyR It
BIZXDVRAM SR TWAZ XS hi, oz en
5, BOWE Y AT ADNEERER xS B PR &
LToOffizd > LEHLNTHA).
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$R% % 13 Uwd &3 5 Fenton KU 2B 2 45 )& O i
HOHNE L TORENL, MAEMIIH-722 & cldnl,
Zre b 2O TLRMTHLEEZ NS,
203, FEE MmN REILE (FALS) & Cu/Zn-
SODZBROKNEMBROFI S D ZDOT LAMR S, T
bbb, FALSO—FBDEFE D Cu/Zn-SOD %3 —F3 %
SOD1 BT ICERDPBEINL L VIDTHL. 2O
CLIZZERSOD DEMAFEF L VKT LTS Z LA
FALSOEKTdH 5 & FHRTE 5H, FEBITIZZ 0N
BT LHELSIEIRL, LA, ZORERY VIE
WED 720 CuDIEENPALETH D Z L DFVEEL
LEZLNRTWAS, $hbb, TOREESHICCu®
HhibEdE L, Fenton KL% fillli9 % Z & T eOH DK %
1T 5720, BALRESELL E V). TOfIZOn
TRVWELEAMWZ B S, —BEIZFALS O J5 K13 SOD
DERTHDEFVAR V. LALEYS, KFRTRMN
L 7= M N o e i 4 0 & I PERR R E B BV ITRIRE R
FIHEE L ORI E  OFEHEAEDICE P L TS D
DEEbNhG.
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Correction of oxygen free-radical induced 5’,8 purine cyclodeoxynucleosides

by the nucleotide excision-repair pathway in human cells
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1-3 Yamada-oka, Suita, Osaka 565-0871, Japan

Summary

Exposure of cellular DNA to reactive oxygen species generates several classes of base lesions, many of
which are removed by the base excision-repair pathway. However, the lesions include purine cyclodeoxynu-
cleoside formation by intramolecular cross-linking between the C-8 position of adenine or guanine and the 5’
position of 2-deoxyribose. This distorting form of DNA damage, in which the purine is attached by two cova-
lent bonds to the sugar-phosphate backbone, occurs as distinct diastereoisomers (R and S). It was
observed here that both diastereoisomers block primer extension by mammalian and microbial replicative
DNA polymerases, using DNA with a site-specific purine cyclodeoxynucleoside residue as template, and
consequently appear to be cytotoxic lesions. The two forms of purine cyclodeoxynucleoside also interfered
with digestion by 3-5" exonuclease. Plasmid DNA containing either the 5’R or 5'S form of 5,8 cyclo-2-
deoxyadenosine was a substrate for the human nucleotide excision-repair enzyme complex. The R isomer
was more efficiently repaired than the S isomer. No correction of the lesion by direct damage reversal or
base excision-repair was detected. Dual incision around the lesion was dependent on the core nucleotide
excision-repair protein XPA. In contrast to several other types of oxidative DNA damage, purine
cyclodeoxynucleosides are chemically stable and would be expected to accumulate at a slow rate over many
years in the DNA of non-regenerating cells from xeroderma pigmentosum patients. High levels of this form
of DNA damage may help explain the progressive neurodegeneration seen in XPA individuals.

Keywords : cyclopurine deoxynucleosides, nucleotide excision repair, xeroderma pigmentosum, neurode-

generation
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EATE2530merDA ) TX 7 LA F FELTHRETS
CEATEDLDIIH L, BERBEHE I BE G IR G %
TN F VALK 2 EOREHMEIZ X Y £ L S/ S % DNA
G E2EEEG 207 2 FEAZUKTAZ T
WMy e T&s. 2%, AWiE, K&7%DNA
HEEEZ X7 LA F FEALCBET S NEREH L NS %
DNA$H#f; 2 M HAL TIEMH 3 2 BERBEHE E 2 H L T
5.

— A AR TH U 7GR RR R 1308+ % B 2 R L &
> TDNAHEEZ 5 2 %75, ThooHEIE%E L 0y
AW TOBHE (BERBEH) (2L o THERLB
BWEInsrZePmonTnsb, LyrL, —5T, HUIE
HEBETHELL2EBOHRTHA 207 v 2w ) N
HFAEL TS, 4B XU Brooks 513 215 DEMEA
v M CBER B CTld 72 < NERBEREIZ X o TIBMHE
BNz & L7z (Kuraoka et al., 2000 ; Brooks et
al., 2000) .

AT, ZOHMAZATR, E FX7 VAT FRE
BEREIC L > TBEINL YL 707 VEMLIEE X
DEZLNDE—ODEHEIERT .

1. BRMERE
(Xeroderma Pigmentosum : XP)

XPiX, HOGBBOE, BZM#ESHBERA, i
02 BIRESE T 5, v o ASEREEE
Td 5 (Cleaver and Kraemer, 1995 ; Robbins, 1989).
COBHEIT, EANLRKRLT, HEHBIEZRT L
WG LT, BRI sk O MR I X SR VMR L T s
SWERT. FhiE, COMBIENBBEIZE 2
DNAHB#BHT 5 X 7 L4 F FERFBERE IR
2LONHTHD. FOZ LS, REEHEEREL,
RIVRBEIRBESI N e o 2 HEIR SN L Z LI
Lo TRREREZFRL, B2 E LHPHINL TV,
LA2L, XPHEHZE (NERDOKE) 2B % RIME IR A
JERDTRTEMLL 72D Tldhdh o7z, XPEEZIC
A (R Z 2 A5 A R AE (33 2 BB 10 20 S AV A &
LTRELTOWENSTHED, 8% 5, HihEEL
Gl &R TR OBREIL, MAICREZ > TwAIZh
HHb 6§ H GG OEIIIAN & @l LT, AN
ODNAKHBEGZ A LN VRS TH 5.

Z 2 TR S X ONE R IC & A DNAREE)SXP &
HOERHNIZAELTWAS Z EARE SN T (Satoh
et al, 1993 ; Reardon et al., 1997). AAb2FRTFHE2 H W
T, WEMEEEICLVELSDNAEETH Y, »2NER
BECLoTBEIMD b0 ET SRz, Thicigy
TAH5LDL LT, $9%, thymine glycol 7z & D4EE 131
PICNERBEREIC L o THBEINSE. L2L, 2hbn
G IXFRICBERBICL - THBHEHTE A LoD
PoTHED, EENIIEET LI LIFEZLNITL V.
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2%, BEREICK > THBESAZVWIBE MK T
HLWEH S HDTH - 7.

Falx, TOMEICEDNT, HEBEICLIYVELS
DNA#ETH Y, BER#EHTHBEINT, 5> NERHKE
BIZLoTOABEINLLDELT, H4 70T v
BEEEHE LTUTOERZ 1T 7.

2. Y1407V VIEE

DNAZ, VBT ATIVREEIZEIDEE 74 %)
K-t A 77=, C. Y o, G 77
=Y, T:F3IV) »ohbBE#RETTTH LA, i
HHBE (e FaFT 5T HN) BZorbHICbiEE%:
FlERIT. FAF Y KR—-208ELIX, FHFIVUR
—ABROBZ, WEOKREBIODNASHOUIK 241
. —F, WHEOBMILIEX, 40oDHIEIZK 2 ITHEEEA
DEBGEAEL S, —HWITIZ30L D o bIELE
T OFHEARD M E XN TWAS (Dizdaroglu, 1992). 0
R, B 2 I XRRE IR % 2K 9 % 8-oxoguanine (8-oxo),
FHRHELT &SR I L S5 FapyGuanine 8 £ O
thymine glycol % &3 & < HI S N/-FRALEIARGE TH 5.
IO BT, HEEESEL SNz PR
B LILoTEDHBEDPEAL TS DD, Th
EIFBNCEE (772 LT T7=Y) 74 FY
NAR—-ZADOHTRERKETIORY) 7 Sh, BIKKEE
R T AH A4 7 a7 ) YiEf (Dizdaroglu et al.,
1987 ; Schroder et al., 1995) &\ 9 & DAHEAET S
(Fig. 1).

CoOHEFIEE MR TR AZARZ Fa A b =12 X
STHRIBENTEY, SHITHSHRBIICE>TELS
EHEREICL > TEDRENEL 55T Ldbhro T
5. EbIZ, COEBIIRBIUVSEOREREAED
L, —AEDNAETIRERENIVL AL LA, 2K
SIDNA L CidEb 60 MR MEALLZ L, Tz,
T4 2079 RBERITWATFEYRIT=0 &
D HEFMICEELTELSFREL TS Z EAHE SN
TW5h.

SFT, TOHA4 707 YEEICET S DNABE
DIfEIL, ZOBEGEFERT S EHBRETH 722 L
MHED LN TV ho7zh, HEFEE S DH A
su7) Vil RBIUSED) 28A7F) T2
LAF FERAEZERTHII LRI LA EICEST,
C OB T B D S,

CORBIZBVTETRBIUSEO SRR X
LENHDH D DOH) L) % T4 DNA polymerase D
Nuclease ifiTh 12 & » TRz, —MHMYIZIEDNAICK &
CEAE G 2 486513 Z @ Nuclease il P23 3
LA EDHMSNTWA, Fig. 2 TRT &) IZHEEBEO W
DNA L E 1 Nuclease iGE THfE I N T L £ 9 2%, 1E
5L DNAKRBEIZIETIEL D ) 22O SEAREL D &

5'R

IV TH LD bRrE. TOZ LiZ2oD N
BRBLTWS, 2042707 YOSEAFRE X
DALY BEIANIC VwEVnH T L, TOK L DR
BHEARIZGZDHEENEIN TR LEVH)ZETH
5.

KT, NS OHEBOEYFEN L ML Blg
TAHZLIINETH DD, HlANTIOH L 7aTY
VHBOREEETHEIENTERVD,) ThHOD
fbFEm SN0 4 2 a 7)) Va2 s RNE o
MI3DNAZEZE LTV, N2 TV TBLTE FO
K1Y 25 —¥DDNAMRKIGHTDN LN L) % il
N7z BEOZVIEETIE, K 2T —EDDNAME
RIS RAHEAET AL A FTTHATVS, L2L,
B2 AT 52 DNAREIZED S ORFREEKICENT
bHEXNS., ThbnZ i, 2AEH 0N
A BB EHEL, MlBNTERECH 2L
PR R Twb (Fig. 3). T/, HERSOALR LT
BB D FBEICHET 5 2 &5 Brooks 512 & - THk
HEXNTWwDB (Brooks et al., 2000).

3. NER 8 & BER 48
HEARNIZBWTZOH A 707 Y HEEIEEEIREIC

5'S

Fig. 1 The 5R and 5'S diastereoisomers of 5,8-cyclo-2-deoxyadenosine in DNA damaged by hydroxyl radicals

AL, MBI ERTIEDLS, AWIELDT
DIZCOBEZWMYBRL 2 EAMMEIP D TRLEIZR S
I3 THhHsH oL ruT) VEEBIIED X ) ITBE
ENBEDTHAIN? BEEEEL LTII2o0MMHK
7t NER¥EHE & BEREEHE L WO 0T THITON 5.
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Fig. 2 (A) Schematic drawing of 22-mer oligonucleotide con-
taining a cyPu residue. (B) Action of the exonuclease
function of T4 DNA polymerase on an oligonucleotide
containing a purine cyclodeoxynucleoside. A control
oligonucleotide (lanes 1-5), a 5'R-cyclodeoxyadenosine-
containing oligonucleotide (lanes 6-10), or a 5’S-
cyclodeoxyadenosine-containing oligonucleotide (lanes
11-15) were digested with increasing amounts of T4
DNA polymerase (0.3, 0.75, 1.5 and 3 units) in the
absence of deoxynucleoside triphosphates.
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Fig. 3 Inhibition of primer extension by T7 DNA polymerase
and mammalian DNA polymerase d by purine
cyclodeoxynucleosides. Autoradiograph after denatur-
ing 14 % polyacrylamide gel electrophoresis showing
the inhibition of primer extension by 5'R- and 5'S-cyclo-
deoxy-adenosine. Lanes 1-3, T7 DNA polymerase ;
Lane 1, control plasmid without cyclo-dA ; lane 2, 5'R-
cyclo-dA ; lane 3, 5°S-cyclo-dA. Lanes 4-6, Pol d/PCNA.
Lane 4, control without cyclo-dA ; lane 5, 5’R-cyclo-dA ;
lane 6, 5'S-cyclo-dA. M, size markers (3-**P labelled
Mspl digest of pBR322).
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Fig. 4 Search for a DNA glycosylase or lesion reversal enzyme

acting on cyclopurine deoxynucleosides

(a) DNA glycosylase assay. Lanes 1 and 2, duplex
oligonucleotide containing a uracil instead of cyPu at the
same position ; Lanes 3 and 4, control oligonucleotide
without any lesion ; Lanes 5 and 6, 5’R-cyclodeo-
xyadenosine-containing oligonucleotide ; Lanes 7 and 8,
5'S-cyclodeoxyadenosine-containing oligonucleotide.
These oligonucleotides were incubated with (Lanes 2, 4,
6 and 8) or without (Lanes 1, 3, 5 and 7) HeLa whole
cell extract (WCE). The arrows mark the positions of
intact oligonucleotide (I), and product (P) after DNA
glycosylase action followed by piperidine treatment.

(b) Lesion reversal assay. Lanes 1 and 4, control
oligonucleotide without any lesion ; Lanes 2 and 5, 5'R-
cyclodeoxyadenosine-containing oligonucleotide ;

Lanes 3 and 6, 5'S-cyclodeoxyadenosine-containing
oligonucleotide. The duplex oligonucleotides were incu-
bated with (Lanes 4-6) or without (Lanes 1-3) HeLa cell
extract and then digested with Sa#3Al. The arrows
mark the positions of intact oligonucleotide (1), and
product of Sau3Al cleavage (S).
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6L8).
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HIREERICE > Tl sh s (Fig.4bL—>1). b L,
YA 7)) VHEBEGEAZF ) IX 7 LA F FIEED
M OBERIC X - T, BEHEIED S IEFHEIE T
MLz 35 L, ZOHEEGEETHEITITDH B Gl BREER T
frid, HIREERIC L > TRERSNWUM SN L3 TH 5.
L2 L%26, RBIXUOSEOR A 70 7) 7 7=
BEAIEF ) TX 7 LA F FOIRFIHIRERICL T
ElYMEhs 2 i s o7 (Fig. bl —r5L6).
DF ), EHIOBREGARIHERIC X > THfET 5 2
L3 olzDTHAS.
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b, COEHDOE X, BgHEEz b -o72Xx 27 LA
FNEEFSE, DNAICIRD AAFEL LT, E=EN
ICDNABEARZBIZETHZ A TE 5 (Moggs etal.,
1996). COEBDLDIZRBIUSKEOF AL 707
Y7 7= % MI3DNA DY R E IR A L7228 E %
L, COREERFEEEE L OX 7 LA F FOLE
T Te Mg & s 3872, Zof%E, DNA
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Fig. 5 DNA repair synthesis in response to a purine cyclodeoxynucleoside
lesion
(a) The plasmid M13mp18 cyclo-dA is shown diagrammatically. Eight
BstNI restriction sites and the three Alwl restriction sites are indicated.
One Alwl site (underlined) overlaps the region containing the cyPu
residue. Unique Pvul, Hindlll, and Xhol restriction enzyme sites are
also indicated.
(b) Autoradiograph after denaturing 14 % polyacrylamide gel elec-
trophoresis demonstrating DNA repair synthesis in the region contain-
ing the cyPu lesion. Plasmid DNA was incubated with HeLa cell extracts
and radioactively labelled deoxynucleoside triphosphates and subse-
quently digested with BstNI before electrophoresis. Lanes 1-4, Pt-GTG
substrate as positive control ; Lanes 5-8, control DNA without any
lesion ; Lanes 9-12, 5’R-cyclo-dA substrate ; Lanes 13-16, 5'S-cyclo-dA
substrate. M, size markers as in Fig. 3.
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Fig. 6 Initiation of nucleotide excision-repair by
dual incision at purine cyclodeoxynucleo-
side lesions in DNA by human cell
extracts. HeLa whole cell extract (WCE)
was incubated with plasmid DNA contain-
ing a 5,8- cyclo-2’-deoxyadenosine
residue in either the R or S stereoisomer-
ic form, as indicated (Lanes 1 and 4).
Excision products are indicated by the
bracket. Addition of 2 pl neutralizing
XPA antiserum to the 50 ul reaction mix-
ture was employed in lanes 2, 3, 5, and 6.
In addition, lanes 3 and 6 show reaction
mixtures supplemented with 450 ng puri-
fied XPA protein to reverse the inhibitory
effect of the antiserum. The M1 and M2
markers are oligo-nucleotides of 22
residues containing a single cyPu residue
in the 5'R or 5'S form, respectively.
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Substrate specificities and reaction mechanisms of mammalian base excision
repair enzymes NTH1 and OGG1

Hiroshi Ide

Department of Mathematical and Life Sciences, Graduate School of Science, Hiroshima University,
Higashi-Hiroshima 739-8526, Japan

Summary

Reactive oxygen species generate structurally diverse base lesions in DNA. In E. coli cells, oxidative
pyrimidine lesions are removed by Endo III and Endo VIII, whereas oxidative purine lesions by Fpg. In the
present study, substrate specificities and reaction mechanisms of NTH1, a mammalian homologue of Endo
III, and OGG1, a mammalian functional homologue of Fpg, were characterized using defined oligonucleotide
substrates and the obtained results were compared to those of Endo III and Fpg. Mouse NTH1 (mNTH1)
recognized not only urea (UR), thymine glycol (TG), 5,6-dihydrothymine (DHT), and 5-hydroxyuracil
(HOU) derived from pyrimidine bases but also formamidopyrimidine (FAPY) derived from guanine. With
both mNTH1 and human NTH1, the activity for FAPY was comparable to TG. Unlike Endo III, the activities
of mNTHI for these lesions were essentially independent of paired bases. Human OGG1 (hOGG1) recog-
nized 7, 8-dihydro-8-oxoguanine (OG) and FAPY. hOGG1 excised OG in a paired base-dependent manner
but paired base effects were not evident for FAPY. The difference in the activity for the most preferred
OG : C and the least preferred OG . A was 20-fold, while that for the most preferred FAPY : C and the
least preferred FAPY : A was only 2.3-fold. These results indicate that FAPY : C is a good substrate for
both NTH1 and OGG1, suggesting participation of the two enzymes in repair of this lesion in mammalian
cells. In contrast, Endo III and Endo VIII recognized FAPY : C very poorly relative to TG. Determination of
enzymatic parameters revealed that catalytic rate constants (k,,) of mNTH1 and hOGG1 were much lower
than those of Endo III and Fpg. It seems that distinctive rate determining steps for the enzymatic reaction
are responsible for the differential paired base effects observed for Endo III and mNTH1. For Endo III with
high %, the rate determining step is flip out of a damaged base, thereby making the activity sensitive to
paired bases. In contrast, for mNTH1 with low k., the rate determining step is subsequent N-glycosylase
and/or AP lyase, thereby making the activity insensitive to paired bases.

Keywords : oxidative base damage, NTH1, OGG1, substrate specificity, paired base effects
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Table 1 Base excision repair enzymes for oxidative base damage

Repair enzymes
Damage

E. coli S. cerevisiae Mammal
Pyrimidine Endo III Ntgl, Ntg2 NTH1
Endo VIII
Purine Fpg yOggl 0GG1

FEALFRAG (TR D TERMEICE & 2 L S 5002
ENTWABA, ZN5IEFIZ Nglycosylase/AP lyase i
P2 FF ORI R I L ) DNAD SR E SN S,
KW TIE, MILIEBEROBEICEDL D BHEREE L
T, ¥ 3T U LA 2 52 3 % endonuclease
(Endo) III & Endo VIII, 7'V > EALEM; % 3%k 5 % for-
mamidopyrimidine glycosylase (Fpg) #u5E S, w6l
e AR 70 © DN EAR A IR 12360 & BB TE A
BT BERED S 2 EN TS (Table 1) (Wallace,
1997). Endo IIX#ikk (nth) 3 X U Endo VIII K4tk
(nei) VXWMEZR RBIM AR S VDS, W H O KIEK
(nth nei) \ZBRRALKFERLHHMICEZETH ) HIAZE
RERE Y FH45 (Jiang et al., 1997 ; Saito et al.,
1997). L72#'- T, Endo Il & Endo VIIIZHNEAIZE
WTHBEN RNy 77y THRICHD EEZOND.
Fpg KMk (fog/mutM) (L8 EEILAHE R B GHRR 12 &2
AR VDS, HRERERSLD AL GC—TA b
TV AN=Va v EFEHETH (Michaels et al., 1991).
Fpg KIE¥ETIE, GOBEILIZ X D E L B2k E R D 5
WY 7,8-dihydro-8-oxoguanine (0G) ZBHEHTE 2w
729, DNABIB OB, HAESFICADIDY AT ks
RAFEIT 5. L4, Endo I B X U Fpg OMiFLEH &€
oy E LT, TNFNNTHI B I UPOGGI A7 0 —=">
i N7z (Table1). =7 AB LU NNTH1OT 3/
FZRC%1x, Endo IIICHAN Kl 258 90 A K <,
ORI 7V (NLS) &3 bary MY T
T 7+ (MTS) & FNhTwb (Sarker et al.,
1998 ; Takao et al., 1998). FET Y —DdH % E5 T,
1%V B8 @ Helix-hairpin-Helix € 7 — 7 & C &t ® 4Fe-
1S T AY —DRAFENTHEY), DNANDOHHE S ~
NI DT+ =74 v 7IZH5 LTwa. —7F, 0GGl
(BEBE, =9 R, ¥ }) LFpgld7T I/ BERLSI L XL T
OMEAMEEL B wDS, 0GR ED T Y ERLIESE % iR
T AHEV) HTREN AT TH D, OGGLIZIE,
4Fe-4S 7 9 A ¥ — X 72 v 7" Helix-hairpin-Helix € F— 7
MY, HEMICEndo HIDA—/8—7 7 3 =&/ T
% (Bruner et al., 2000). OGG1IZIZ#i%L® splicing iso-
form AMFAE L, CRIEMD 7 I 7 BRI DE NI X ) 1%
BATIE I by MY TRBITRI2AE L S (Aburatani et
al., 1997 ; Takao et al., 1998 ; Nishioka et al., 1999). #%
i, NTH1 (R & %22 3F, 2001) B X 0°OGG1 (Klungland
et al., 1999b ; Minowa et al., 2000) DHFEREMHT % H 112
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w7 T by AMMEREIN. OGGlL/ v 277 b
X ATIRT  APIZOGHERT 5728, BUEHE ST
TWARY W~y 2FIEFIETR, BFR0 FA%0
B 2 ZBIE BT w., L72d55 T, NTH1%®
OGG1 DBAZTEWMAMEFFIZ BT A EENIOV T S BT
WALETH L. A7 TIE, NTH1 - OGG1 @ #E{EH
WAMERF IS BT B 2 AL D ORGTT 5720
(2, MREHE O SRR L EHRRT 2R, To/R%E
Ki#iA€a 2 (Endo I, Fpg) & ltikL 7.

1. NTH1 & Endo llI

W7 v A%, ~7 AR NTHL (mNTH1) % H
WT{ro 72 (Sarker et al., 1998). HE & LTix, ¥V
IV v urea (UR), cisthymine glycol (TG, 5S,6R-
B X O5R,6S-5%1K), 5,6-dihydrothymine (DHT), 5
hydroxyuracil (HOU) Z&&A) I X7 L+ F e H
W7z (Fig. 1). % % Endo 11 & % W EmNTH1 & 1 ~
Fax—=1+L, L% PAGE T4 L7z (Asagoshi et
al., 2000a). MR E b BILEEIC X D UIWF S 7z B8
WO LNT, EULEOYNREERLIZEZ S,
Endo IIl ® UR, TG, HOU 2K 3 AIHMEIZFEFETH -
7273, DHTIZxH g 2 i M L <K< 2o 72 (Fig. 2).
mNTH1 ® UREHEA TEL -2 b 00, REBTE
NIIZERELENIROON 2o/, ZORELS,
Endo IIT & mNTH1 TDHT 283 2 #Ix G IS H 5
Cebh ol DHTICH T 2iGETEDED KN 2 1] 5
MY H7280, TG E DHTICH T MR/ T A -5 —%
Kb7z (Table 2). Endo NI OWILEIIxT % K, % ik
T5L, DHTIZHTAMHIETG LD K271 <,
DHT X IEE ICBHEOEWIRE TH L Z b h o 7.
¥ 72, DHTICK 2 FUSHE (k) b, TGO 1/11
THotz. ZO#E, DHTIIHN T 5 K% (k,./K,)
I3TG D 1/315 & % - 72. mNTH1 OWEEIZHT 2 K,
131 <, Endo IIIIZHRTGT6f%, DHT TIX 17050
BAMEZ R L7z, 812k, 13 Endo TN HAD A2 DKL,
TGT1/26, DHTCi1/4Th 7. LHL, K, k,,
OMEIZWMMEETRE REIRL, KexhE (k. /K, &
FIZHE U E 2o 72, 2F Y, Endo IIIIZDHT IZxF5
DEAE, FUSHEEATG IRV FRLEVDIZH L,
mNTH1 TR# TEBZ WO, FREOEEEZRT
ZENbhrol. F72, mNTH1 Dk, & Endo IIT 12X
Ko7z BRIZTGOHE). TORKE L THEEBRIZH
W72 mNTH1 D %4G2% 2 672D T, NaBH, + 5 v 7
FUE (k) ZHOTHEEZBREOFE LR 5,
mNTH1 ® 68 %3 X O"Endo I D 95 %2851 Td - 7-.
L7255 C, mNTHLIAREMIZ kb, DIEVEHETH 2
LWz 5.

Endo II113 2 DNA & #56#%, Lys120 234845 &4y o
FAEFIUR—ACUZHBEL, Kbk e LT

o} o
CH CHj
HN
o} r|\lH o ll\l OH o T "OH
dR dR dR
urea 58,6R-thymine glycol 5R,6S-thymine glycol
(UR) (5S,6R-TG) (5R.65-TG)
(0} O (e}
CHg CHO CH,OH
HN HN HN
o e, ) A
O r|\J H O N O rI\l
dR dR dR
5,6-dihydrothymine 5-formyluracil 5-hydroxymethyluracil
(DHT) (FU) (HMU)
(e} 0 0 CHj
OH H !
'j\ | T d=o0 HN™ T ero
N X N X

dR dR

5-hydroxyuracil
(HOU) (0G)

7,8-dihydro-8-oxoguanine

N-methylformamidopyrimidine

Fig. 1 Structures of base lesions formed by reactive oxygen species and related compounds
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Fig. 2 Activities of Endo III and mNTH1 for different
types of pyrimidine damage. UR : urea ; TG :
cisthymine glycol ; DHT : 5,6-dihydrothymine ;
HOU : 5hydroxyuracil

Table 2 Parameters of Endo IIl and mNTH1 for TG and DHT
Enzyme Substrate K, (nM) k., (min'")  k,/K, (x10%

EndoIll TG : A 19 0.78 410(315)°
DHT:A 510 0.07 1.3(1)
mNTHI TG : A* 3 0.03 100(77)
DHT: A 3 0.02 66(51)
“TG = 5R,68TG

b . .
Numbers in parentheses are relative values

Schiff base Z M35 (Fig. 3). ZOHs, USRI HE
Je#Kl (NaBH,) »3:47F9 % & -BEEM O I VA
(C=N) P®EILEN, ATHHLEEE-HHEIs7 TR
YUK ENSL,. T, mNTH1 2 Endo III & [ 4
{2 Schiff base A Z K LS LT 55 &) ket
L7:. NaBH,ffifE T, B¢#% & TG, UR, DHT %1 > %
2= b L, A% SDS-PAGE T4 #r L7z. Endo III
2T mNTHLIZBW T H B L HENr R »
JENTHEEWON Y KRR ISR, Thi),
mNTH1 T & Schiff base 2 nH ks L TR SIS
Z EHbA o 72, Endo 1T Lys120 (2%t 9 % mNTH1
DT I /T Lys208 TH D Z b0 s, ThddtEln
Schiff base IR ICHGE L TWwWa D E FHEINS, F7-,
Endo HI®OY;&, DHT T Z o 2 ¥ 7 &7z Schiff
base D EAIMOILHIZILRTA R D - 7245, mNTH1 D
BARTRTORETI R v 7 S BRI
M Uo7z, RSO EE, ARG T v
A DRERE L FHLTWA,
DNAHDIEEN T A -V % Z1T 5L, BELER
LOKRFERG - A8 v ¥ ICHEAEHH %D 5. Endo
IS Z DMK ET 2 &, AREL L G
AN w7 AN HREFOIEWEMIC 7Y v 7T ML
DNAD G2 EN 5 LEZ 5N TWw5b (Thayer et al.,
1995). TGIIAHMISHDO A L AKFEHGE TR L T b L%
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Fig. 3 Formation of a Schiff base intermediate during the action of base excision repair enzymes
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Fig. 4 Paired base effects on the activity of Endo IIl and mNTH1
for thymine glycol (TG) and 5,6-dihydrothymine (DHT)

ZONDBA, 5,60 IIhSENHMEOHLE FuFx
VENERINTWE 2D, A% v &y ZHEIEHHE
X BEEDIIHBEDE AN v 7 AT ) v T T
LT BB, ZRICH LT, DHT TIE5,6712/h &
BARFEFDROVTWBEZTTHY, KEHERLAS v
FUSMEERRTGIIERE REEEZ TR, L
5T, DHTIENY v 7 ZAWIZIE Y, 7Yy TT
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FASEEZ D2 Wiz, Endo IINIZ X D EREINITL W
bortEZOLNL, BLIDXHIRT7) vy T T T M
TSI > Twb 3, HEICHGT 58k %E
BRDHIEICEVEREOSEIZALT 2 WD H
5. 22T, TGB XU DHT O &R L 2 THEHRE
% X72 (Asagoshi et al., 2000a). Endo III D515,
TG : GRTIZNT BTG © ARTIZHA~K 55 L
ALZA, €YDV ERA LA REED EAIEER
b SN horz (Fig. 4). FAHIZ, DHTTH G &6
L7231 E AR 15 51625 B L7z, Endo VIII
TOFM L 225t B3Ik 25380 b7z (Ide, 2001).
TGRDHTAG ERETAHE, G:TIATyFEFHL
X 9 12 wobble ! ® base pair fiiiE%x & > TWwa & PHEE
% (Fig. 5). A&xf# L7z Watson-Crick B! O FCi#E 12 1t
~, G ExA L7zwobble MOBLE T, TGIEANY v 7
A M5 major groove filICBE) L TWw572071) v 77
T hLRTLL BhoTWwAEEZLN, TOME, TG :
Gzt T AEMENERLAZEEZONE. — T,
mNTH1 Tlx, TGB XU DHTWI D4 3 Endo 111
DEHRIFoED LI AEEKAEEIED N2 h 5
7= (Fig. 4). Endo Il Tidky AKX Wi, HLERE
BAKRPBEINHBDO T v T T 7 hEEHE R & 7
DREEEOEENI-EVRONEEZ LS, —
7, mNTH1 Tl Endo IITIZHAT k,,, 2320 f5 0L F v
ZEnS, HEOT7Y Yy TTY ML ZOHBO L
(N-Z7Y a3y FEa oYk % i BIEEIC X 2 8HbD )
gL D7) v T T PO Y R SN
oL LTHI o7 bDEEZ b5,

H
HaG O'"""H—N/
HO 4 V
N=HumnN \ N
VGRS

e}

TG : A (Watson-Crick)

CHs r
| OmwmmnH—N
~N A

OHC / \
HN / N—-HIIIIIIIIN>/>
/ N';< />’N\

[l\j—HnumO

H
FAPY : C

Flip out

N\

HaC

HO P
-
HO \<N—H""""O\ "
N
\ A
/ QuumiH—N \ Z
Hen =N \
H
TG : G (wobble)
Flip out
Hac\ 0o
OHC/N | N
o)
HN N)\N’H NS
/ oy O\
H§N)§N %
|
FAPY : G

Fig. 5 Possible base pairing schemes for thymine glycol (TG) and 2,6-diamino-4-hydroxy-5-N-methylform-

amidopyrimidine (FAPY)

WEHREME C) 3 2 VRO KIS id 12 C5-C6 —E
HEICEZ DY, TORESMDOAFVIEDORILIZED
5-formyluracil (FU) & 5-hydroxymethyluracil (HMU)
HHEKT S (Fig. 1). TRHMU & %40, & 10%5 1%
DFRIVINHEEFEFOFU T, pK, 2T LD f +
AL HEBEHTOIEBUTELLL LS. 1+ VLMD
FUZ, DNA#BE O, G LA LRRERMEEZRT
(Yoshida et al., 1997 ; Masaoka et al., 2001). 4fiffZ£5
TiE, T: ARTOMILICE VAL S FU © AL dGTP
DIAL =KL =23 VIZXVELBFU : G5,
T NZE KN H @ 3-methyladenine glycosylase II (AlkA)
BIPIAR Yy FBES /87 MutSIZX W Bi#sh s
ZEREBIZ L7 (Masaoka et al., 1999 ; Terato et
al, 1999). v MR #EMILIZHL DNA2SFUZ Y ) — 2
T 51EMEAH S Z LA S (Bjelland et al., 1995), AlkA
Dt b HERER E T 7 methylpurine glycosylase (hMPG)
DFUIZHT B Z R, EHHEEO N0 -5
7z. #it, Endo III, Endo VIII, Fpg# X ('hNTH1 A°
FUMBHEIEE 2> 2 L 2%#E X7z (Zhang et al.,
2000 ; Zhang, 2001). #5272 TIX, KBFOR
FEHOTHEET v £ A4 27> TV 20T, ERNER

AefTe, HEHEETGERELA. ChLDEEHEOFU
W (ke/K,) ETGIZHAMD T L, TG D 1/50 A
51/400 T - 7z (Masaoka et al., to be published). L
72735 T, Endo III, Endo VIII, Fpg # £ O'hNTH1 %
EBEOMBANTFUBEICES LTWws Eid# 212
<, 72, WA TIIFU %323 2 il 2 BEE DS 1EE
TH5L0LEbNS.

2. OGG1 & Fpe

OGG1iZiE, A7 F4 ¥ v FHRDEVHSLEHD
isoform 25743 % (Aburatani et al., 1997 ; Nishioka et
al., 1999). BEZREMET v 412k e PH¥EOGG1 DE#
18 isoform 1la (hOGG1) %MWz, #H & LTI,
7,8-dihydro-8-oxoguanine (OG) 3 X °G H #d N-
methyl ! formamidopyrimidine (2,6-diamino-4-hydroxy-
5-N-methylformamidopyrimidine, FAPY) Z&tet ) I
X7 VAF FHWwZ (Fig. 1). OG 7213 FAPY 2 &
B % Fpg, hOGGl1 &4 vy Fa~x—}FL, HEWE
PAGE T4#T L 72 (Asagoshi et al., 2000c). Fpg T,
OG - FAPY & b IZHRMGERL T o BBk X W WIlF s 7z
SRS SN 72AHY, hOGGL Tl BIBLEELC X b LIr
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Table 3 Parameters of Fpg and hOGG1 for OG and FAPY

Enzyme/Substrate K, (M) k,, (min™) /K, (x10")
Fpg
0G 134 1.8 140(82)*
FAPY 389 5.1 130(76)
hOGG1
0G 23+ 8 0.034 1.5(0.9)
FAPY 154 0025 1.7(1)

* Numbers in parentheses are relative values

XNy FAEL. COSIE, N-glycosylase %
\ZAE$ % AP lyase O $HYIIT € — F20GG1 & Fpg TH
GBI EERLTVS, RICBENTA—F—% KDz
(Table 3). Fpg ® OGIZH#$ % K, i£ FAPY (2K 9 %l &
DL, OGO BMEDOE VT THL L VR 5.
LA L, ky dFAPYICK$ HMHD A8 <, USRI
(kout/K,) WEHZEZIZH L TIZIZFELVHEE 2o 7.
hOGG1 TIEMIEH I T D K, kS KERAERITH
SNF, RUSHIHIE Fpg & AW I L TlRIEss
LWz shz, Zo#E,»S, hOGGIA0G B X
O°FAPY % WO KSKE TDNAD» HBRET L2 &
PSP E ot £72, hOGGL D k1t Fpg lZH~E
L&A o7z, ¥ A0GGL T, YK %179 AP
lyase i1 2396479 % N-glycosylase ifith & 7 v 7V L %
WEOHENDH Y (Thal), AR TIHEREICH W
Z9FUTT A TR WEPELIAKD LT
R H S, Lo, ThzEELTHhOGGLL
Fpg O %1 mNTH1 & Endo I DAHR L UL THY
(Tables 2, 3), WHFLBMEIERRITEFE D ko | KI R
NAFMNAR N E W Z D, — I, SN & B & LB
MR DR R I KB R ICHRE W, Lzd o T,
DNABHOBHEICIZHEBPNRBAED D, kKL TH
M E AN I BEEZ TR 2000 LhZkw, 20
MICBIL T, BERAEY EBEEY DT ) Ao DNA
HEOREEMEH 72 ) OBEMEOKEZZEE LTI LI
Bt 2B H B, T/, BALBEBEEOBE LS
DEZARBE SR THY, XPG - TFIH - CSB4% &
0GG1 % A WVIINTHI OMEAEHICE ) TS DEEHED
MBENCBT2BHEMES AT L2TRED H S
(Klungland et al., 1999a ; Le Page et al., 2000) .

i 1% 3% O SO BEHE & MG A 72 @12, NaBH, fFFE T
TERZLLEZA v Fax=1 L, 270R) Y 7HEEY
(3 JC & N7z Schiff base H1iifk) 2L B0 L) 1%
SDS-PAGE C4M#7 L 72. FpgTid, OG - FAPY & % i2
yaR) Y 2BEICEY) 7 b LAY FR bR
[, hOGGITHMIEZE L 7R ) Y7 L7V K
HRH LN, ZHIIHL, HEORDYICGEEL 2
yiha—nTiE, 7R 7 EEWEEED LN o
72, TOENS, Fpg  hOGG1 A%, Schiff base H [
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RE R BOBIZ X ) OG « FAPY % B35 2 L2VRE
M7= (Fig. 3). Fpg ® Schiff base JEH 213 N K fl it
Pro 2S5 5 & S Tw5b2 (Zharkov et al., 1997),
Endo HID A —/8—7 7 3 1) —ZJ& 3 5 hOGG1 T,
Helix-hairpin-Helix € 7 — 7 (232> Lys249 (Endo 111 ®
Lys120 \Z#%}e) 75 Schiff base XK IZB G- L TWw2 b D
CEbNG., BERRELZLSEL0E, FRED Fpg
WZxF L CIZ FAPY ISR OGO iz a A v 7 AW
% <, FpgA3FAPY & V) OGZxf L TRy BRI % £
DZ EAURENI. hOGGL TIE, EEMTrzaR) ¥
T OERRIZIZEAEENBRDON oz, ThHD
AL, WIICRR72 Fpg B X O"hOGG1 O 3L E 1249
LK, DOlEMEREE D L7 &k, 0GGl (7 X)
O BUSKEREIZ L T, N-glycosylase i1 & AP lyase {if5 1%
DAy T L TWRWWE W) BLIRZE W2 Grollman
SOZNV—FI2& )t &7z (Zharkov et al., 2000).
LR B 3 HE K, N-glycosylase {7 D & % +§
> monofunctional glycosylase (7= & 2 (X uracil glycosy-
lase % 3-methylpurine glycosylase) & N-glycosylase ik
& AP lyase {ifi Pk @ i Ji % #§-2 bifunctional glycosylase
(7% 21X Endo NI X Fpg) /SN TE&A. HIHET
&, SR E LTSRS AL 201 L, &
HTIE, 20D HERIER L, HiEHEIE2DNA
PO END L FBFICHIELIA O BIidE (B 5 \Vi
Sise) A5 0 B{UIK A4 L 5. hOGG1 DIEH X, 2
DD ¥ 4 7D glycosylase D H AL L, fHBEIED
Brds Sz WEMIC RIS A E R L, T OB
EBOWTHUMAEL S, L7zdi> T, hOGGL D AP
lyase iliVE DS A FEIICBER DD B &) T OVW TS 5
WD LETH L. EEOMBTIX, KEICHFET S
AP endonuclease T# %4 APE (APEX, HAP) »*Z® A
F v T RIToTWAML Lk,

Fpg 3 £ 'hOGG1 ® OG FpE#yFZ, &L
B o THELLEILT S, T, error free 21518
(0G : CRT7THLDOGOIZE) 217H LHKIZ,
error prone 21518 (0G | AXT 26D 0GDkRE) %
B -0l c i ETH A (Michaels et al., 1991). OG @ A
’\7li DNA#HEHOR, dATPOI AL Y a—FKL—¥

DAL, OGHREBDBEAMII LY 2EIRER
#Pﬁlméhé. L2 L, FAPYIZ2WTid, MEHED
EBICNTF TR IR Wb oiz., £ T, Kif
72Tl FAPY 518120 A3t Gk o B8 2 M) L 72
(Asagoshi et al., 2000c). [F—FFIH1Z OG 3 & U'FAPY
ZBAL, MEHEKELLTA G, C TOVWThdriE
LIE AT /2. TNhE Fpgd b WiThOGGL E £ &~
F a2 ~_R—  LAKY % PAGE TH#Hr L7z, Fpg D&
OGHG, C, TEMNALLEE, WM Ny FHREL
1A%, AERALSAE, FEFEICIFTVEIR N B L
VU Zehot. FAPYTIXG, C, TZFTh, ALt

@
o
|

D
o
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N
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Fig. 6 Paired base effects on the activity of Fpg and hOGG1 for
7,8-dihydro-8-oxoguanine (OG) and 2,6-diamino-4-
hydroxy-5-N-methylformamidopyrimidine (FAPY)

LA DMWY FH2E U722, hOGGL DG4,
OGTIEECLEMALILEDARBNYIW /N K254 L
72. FAPYTIL, CZIJT%<KA, G, TEHAELEES
LRV N FAVE U7z, PAGE I X 2 AW 5341 D
MBRICHEDE, KEEOYKFE L e LA (Fig. 6).
OG T, Bz SN Tw5b Fpg B L 'hOGG1 Xt
ST E L —F L. —F}, FAPYTW, C¢&
dE L7, BEMRIESEENCH 2 00, o
o GHEEORR LR, HEMTOGIIERE R
ZIIBOOLNLh o, Lz2-T, OGTI, FpgdB
L O'hOGGLIZ[EAH DX EIRMEARLGENED D 555, wih
DHEDBOG I CRTNHLDO0GORRERFITE L,
0G : ART 2L OMFIEFEL (K., L2rL, FAPY
TIXOG D & 9 % WMl 2o b SRR AP AT, &
DEE LB E VIR TREZINDL Z LD o
7z, UBFIEE TFAPY (GHIR) % &858 % v DNA
BB ARz L 25, FAPY X DNA A %5 < L&
%A%, translesion synthesis A% 2 % 3545 13 FAPY O[>
WIZCHAEIRMWICI Y AFTFN L EDPHONE L T2
(Asagoshi et al., to be published). Z ®#5%H1%, FAPY
(GHIZK) PEBEOAKHNTFAPY : CRTELTOA
FHELTBY, bosfidshdE L nwZ E2RLTWD
L7223- T, 2Mokix (0G: CL0G : A) f.)‘éEL
50GDr—ALIIRRY, BERFFEIZFAPY O &1
HEEFFPRNT A2LELR VWL EEDbDNSL. AHED
FAPY IZDWTIIFEREZIT-> TR WS, MENSE X
TAHRDFAPY IZoW Tk R#ERITELbDL
RN 5.

R, OG2 &L+ ) ITX 7 LAF FHEE - h0GGl
BEKRD = RITHEE D Verdine 5O 7 v — 712 & 0 #iil
3N7: (Bruner et al, 2000). ZHiZk 5 &, hOGGL i
BEHEERT v b EXMEEEZFRNICERT 25
fEFEED., NV Z7AHBL 7Yy 77T FLAEZOGEN

)y 7 ZAPNZILE o TW B aH C g, ﬁﬁﬂ’)tﬁk?
WAEEHHEBRT I/ BREDOZY v ¥ v VHEAEHIC
Dk ENTw5DE., OGOXNBHESADYEIR, CO
FAMAIIE S FRRILEHREBIIEBL 2V, 20
#RIE, hOGG1DOG : CE0G : AIZKT 5 iD=
%) FLHBLTVDA, ZEHEDORL % FAPY %5
U TR SN, SHICHEHEEDOEED 0GR
HECHN VWO EOMBEIKRERE SN2 TDH
b, 72z, GEOGZERXBT 2AEHAIZ1IARDA
T, OGO N7 NH & Glyd2 ® £ CO DI &
nA. L2L, N7-methyl O FAPY I, ZT® X9 &K
FREEWEETELRWIZL 22 b 5T, hOGGL D L w»

HBETHD., WG SNHWERTRD SN GFR M A
1’Fﬁﬁbi OG : ClIZH9 % induced fit DFHETH Y, FEE
D2DODFEEFBIN BT ZMEAEHIZL I P L 7L F
TNVTHBHEEZEZOLND.

3. NTH1 &£ OGG1 OFEEEA—/I\—5v T

OGXR FAPY 72 &7V Y ERALEMEIE, KW Tld Fpg,
HEAEWTIZOGGLIC X Vs, —F, TGh Y
Y1) 3 Y U LG, KB R Tl Endo 111, EERETIE
Ntgl, Ntg2 (S. cerevisiae) 3 & UFNth-spo (S. pombe),
HFLBTIEINTHIIC L > TBfE S5 (Table1). i,
B%EF Ntgl & Ntg2 S FAPY (5 iGtE 2 FHo 2 LR &
7= (Senturker et al., 1998 ; Alseth et al., 1999 ). Endo
III 3B X O"NTH1 1% Ntgl - Ntg2 & 7 3/ BRECH) O A [F 14
Wb ehnb, TNODOREREI FAPY IBHEIGN % FD
Re s H S, 2T, Endo III B X " mNTH1 ®
FAPY |23 A {6 % #it L 72 (Asagoshi et al., 2000b) .

7vEATiX, FAP Y2 ZL AV TIX 7 LA F &,
MEWEE LTA, G, C, T, WFhhza&tHus
T=—VL, TNEBEBEZEES Y Fax—L, &K
W% PAGE TH#r L7z, WEMEIEA U280 N> FITE D

%3 L7z, Endo III Tlx, FAPY : CR7IZxf§ A iEME
DB, TGITH T AIEMHICHERD L 1/22TH - 72
(Fig. 7). 7)) V3IEA GERAE LA OENIX LA
L, TGOWEHD1/2 & 7% - 7-. Endo III &L 7-5E
FEE % 50 KB Endo VIITIZ DWW T b [k i H s
#6517, mNTH1 Tix, FAPY : CXR7IZx§ A6
TG EIZIZFFELTHY, A, G, C, TOMTHEIERE
RAEE RO SN -7z, & PHENTHL1 (hNTH1)
WZOWTH ARG 217> 72 & 2 A mNTHI & [ Ui
EhFonl. ISR IE, Endo IIIEB X I'NTH1
(2R« & b) \TBIER 7% FAPY BHIGEMSH 5 Z &,
E 512 Endo III & NTH1 T3 GO 5 SR FE A5
GAHILERLTVD. ZOMRE S IHERT S0
NaBH, b 7 v 7 It & H v T RO H AR DT K % i~
7z. Endo I D6, WK -HLE IR v 7 AW O
HAENAWEETHETAL, A, G, TIZHXCEL
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Fig. 7 Paired base effects on the activity of Endo III and mNTH1
for 2,6-diamino-4-hydroxy-5-N-methylformamidopyrimidine
(FAPY)

{ A %Hh o7, mNTHITIE, A, G, C, TTholf
HERNELEED, 70X ) Y7 EEWORIIFE LT
Hot:. TNLORREIE, EKEO=vF LT T v A D
ML % L7, ki, SeebergbDZ IV —713
hNTH1 2% poly (dG-dC) »*5HFAPY%ZV ) —ZA$5Z Lk
¥t LT (Luna et al., 2000).

D ED#EFREH S, Endo ITIC X % FAPY OB 130t
BN S DY, FAPYSR 7Y Y et Lize &1
MEELCDNARSKREEINS Z L bHh -7z, Endo I
d7V Y TT Yy MRS X D B2 %Y 5 (1. NTHL
& Endo I BH). FAPYASC Lt L2¥did, shAkm
TAREMREDVR S NEENT 2720, HIFHEETHS
FAPY 280GV 7 ) » 77 b L2 v (Fig. 5).
ZhiE, DNABROE, FAPY DA\ IZ CASRIRMIC
WOAFThEIENLBFFEINSD. —F, FAPYZG
RLALRNELEYER, FOPEE DD KREE
AL, AEELE N7 FAPY G 7 ) v 77
ThLRTL b, ZOME, MAEEICI - TEMC
EBELZZDbDLEZ 515, mNTH1 @ FAPY 151515
L, 4O EEETESRD SNLED o7z, BEISHER
72X 912, AKEEFE L Endo I IZHAPUSHEE (k,,) D
BKWEERTH Y, RISOHEEERA7) v 772 Tk
2, THIZHELSN-ZY) ay FESOUIN D 5 v i3
YIMricH 5707220615,

D Eo#F A5, Endo III (B X U Endo VIID) (&
FAPY IZK§ 2 fEM 22 52 b O @, FAPY : C
N7 T HHEEEIAKROLETH L TG LB LEL
LT EATRENT. LA T, KBRMNTIE,
CRETHMSNTWAS X9 IZFpg ASFAPY 58 % 17\,
Endo II1 13 FAPY DI S L Cwhwnw e IS,
CNEMRT 5720, KO EHS X OWEndo IIK
¥k (nth) OMBLHIN Y 2 FE L FAPY itk % # <
72. FAPY | CRT7 Z B L Lsitr, WAk - nthtk
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WFRDOY4 S Endo TS X % BIRLEEER W IZ2O Sh
3, Fpgll X % o Wil mAsile Sz, FAPY © G
R7ERIEFE LA, BAEMTIE Endo HTIZ X 2 HHIE
7 BILEEAE R AR SN AY, nth BT DERY
L oz, TNHDOHRIL, artificial 2 RE TH 5
FAPY : GX7 % Hw 2 &ALt Y o Endo HIEMEX
Mt S 2, EBROMIENIZAERT %5 FAPY © CX7T
T REE RS hEnwZ L, 2F ) KR Tk
Endo I 2SFAPY : CRT7OBHEIZHEG L TwniwvnEn
) Z & %#mRY. 72, Endo VIIKIEK, (nei) B IO
Endolll + Endo VIII ~#E K4k (nth nei) K%M 7:
Bt 445, Endo VI b FAPY : CR7 OBHEIZH
HELTwiwZ eI hi., —FH, BRL
mNTH1 I FAPY | CXR7IZx} L TTG & [AFEEE o i1k
ZmRL7: (Fig. 7). W TIE I N F T2, FAPYDB
HEHRE LTOGGLAHSNT WS Z e b, KifRED
MRkEHbOETEET S L, HFLHETIZOGGL & NTHI
DOWEHEHFAPY BHICEb > T L&z bh b, EEE,
OGG1/ v 777 b= AT, OGIHHEMEIZEAEITHE
L724%, FAPY (24 L CIl3BpA R 1/3 #1051
Wdh b EHE SN TwA (Klungland et al., 1999b).
Fad, WEMO< Y A S 2 3L,
FAPY it # i X7-. FAPYi&t:ix, ~ 47473~ b
O— VDT &L+ ) TX 7 LA F FRETIIHESN
Ghrolzh, TG # &L RH TIREFNICHES L.
[{ 812 FAPY i 1E, OG# & LAY THHESI L.
J v 7T bR ADOMESB L OTG HEFEEBR O R
1%, FAPY OMIBEPAEIEIZR3 4 NTH1 « OGG1 Mjf% 4%
DO x2 B XFFTEHDTH 5.

NTH1 - OGG1 W% 12 & V) iBak S M A o ERLHS;
IZoWnTiE, F2IEFEALMRIIITbR TRV, 4
g7 Vv — 7Tl hOGG1 2" UR % ik 55 2 & = Rl
LTws (Ide, 2001). mNTH1 ® URIZH 9 2 G130t
G FEMATNED 2 W AY (Asagoshi et al., 2000a), hOGG1
TIEUR | CRT7 =239 2iGEMEA b HH - 72, Endo
III, hNTH1 3 X O*Endo VIIIIZ OGBHIEEDH % L D
A3 A (Matsumoto et al., 2001 ; Hazra et al., 2000) .
LR CRfEOBELZHVTOG ! N (N=A, G,
C, T) R7—IIHTHEEZRRTHLA, Bui—+t
Y FNORAFYWENZZTTH Y, GEOREEEE K
HHELBED LN o7, ELFAEL0GEEL LY
TR LA F FOBREREEORNTIT) £ 0G2%
3 5720, MEREZIAVAT NS ) —IVELET T
IR H L, T2k Z2IE, MOH2DEKETOGD—EH
53 U FAPY 7 4 7 OERMIIED o 72354, BEIZR~
72% 9 1ZEndo IIl AEFH 7R Endo VIIIIZFE®E h, X
S A ERAEICTEEDI BT 23 CTh 5. JHIC
Grta L amtEEnwe FHEN S, Endo III,
hNTH1, Endo VIII® OGIZx ¥ A%, +1) a2

LAF FICEAXNZZ0G OfiEEZ 51 F v 27 LT
PR L HDH BN,

S, 25124 LB LTNTHL & 0GG1
DA —N—=F v TERMRD L L LI, Ths %
T2 H B IGEI O WTRRGET L, SRR W OB REAH
WX ABALIEBBEA Y PT— 2 2SN L TW L &
YD 5b.

3

AWFgeIx, AR kR o IEHFZERT - AR
(hOGG1), HrEF K5 - BIEEL (mNTHL),
B L ERRL AR - M OE 4 (ANTH1), 3t k2K
Bt o IWARRIAER A+ (KB W nth B X O nei k) & @
EFEMETH Y, SHICOL ) E#BEL EFEY.
72, ARWFZEICKE Y fLA T Nz fs 1L 78
FOFHEFER L O CICAERICH LA BRI A M %
W2V IR B RAERFRE - SFREMEL, Kl Zil
TIZBILPL BiFET.
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Target genes in oxystress-induced carcinogenesis and its molecular

mechanisms

Shinya Toyokuni

Department of Pathology and Biology of Diseases, Graduate School of Medicine, Kyoto University
Yoshida-Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan

Summary

Oxidative stress has been associated with carcinogenesis. In 1982, our laboratory established an oxys-
tress-induced carcinogenesis model of rodent kidney by the use of an iron chelate, ferric nitrilotriacetate.
This model is unique in that 1) only carcinoma, not sarcoma, is induced, 2) the induced tumor is of high
malignant potential to kill the animal by pulmonary metastasis, peritoneal invasion or rupture of the primary
tumor, and, 3) increase in a variety of covalently modified products including 8-oxoguanine, thymine-tyro-
sine cross-link, 4-hydroxy-2-nonenal and its modified proteins are demonstrated in its early stage. Since in
general free radicals are not considered to react with specific target molecules in contrast with immune reac-
tion, we undertook to answer the question whether there is any specific target gene (s) in this carcinogene-
sis model. By genetically analyzing F, hybrid rats, we found two chromosomal areas that showed a high
incidence of loss of heterozygosity, which lead to a finding that p15™%*/p16™*** tumor suppressor genes
are one of the major pathways responsible for this oxystress-induced cancer. Furthermore, by screening
84,000 transcripts by differential display techniques, we found that at least 15 genes associated with stress-
response or cellular proliferation are differentially expressed in this model. We believe that not only genetic
changes but also epigenetic changes play a role in oxidative stress-induced carcinogenesis.

Keywords : oxidative stress, iron, carcinogenesis, allelic loss, p16 tumor suppressor gene
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AR, RAAFALTIZBWT, IR ML A, G
Be#, 70— THN] Lo HEIRAICHEHESA
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BADMRIZONWT, bDF—F 20N S8
Twlz7EL.

WEHBEL 7Y —F VAV, 1 FIZFUERICHEH S
NTRVDELDOD, MEBIZZZTOERIIRLSL. 71—
VAN, (12U EOAKEF (unpaired electron)
AT oMb LIS ERSND DY, EHEEROE
FIZRPRERT, EFOF TS5 YA (eOH), A—%

AR H ARG E R AR 12 A~ R Y Y & [EPERR 0% (Y] CRESIL, o
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—FFTIF (0,) Lo RKEDT) =5 VH LS
2, BERTZ2ETLAETTI ) =S VN TR B0V
POSEZ 7Y —F VAV EABICEV DR ET A,
SRk EmbkE (HO,), —®EE®EFE (0,), KE
N FF ¥ F (lipid peroxide) % EXEFEN 5. Hukd
LN, WEHEEEZORLEOBIZE, ERSRAEN LT
YEPURIBL LN — - T AFUSHEEE &
. 7y bYRUBIZEIZI00EL ERTICHE DD 5
(Fenton, 1894). F7:, IHMEHE I LWl 7)) —5 Y
HIVTH B L V2, UKL R E A Ci AL
SNz eCCLD L) By THIFETONS.

=i, BALA ML R, [HEHER - 70 —-5 VA0
WX BHMNS, PUBILEEE - PURRILH - 0 FHE ok
BEFE LR EIZ L B0 - 5 - BEEHE S LDV
D] ThbEERSIND. EEREEI BB LIRS 590
REI, SR - BURHSREESE, k- iR L oBERBEROH
i, AN RERGE, RAE, PURFIOEAEN, BHi%
OIMEZE 72 EV2HE D IR - FHERG ELR XSRS,
C CTHIREWC L, FREREEDA O FRlwE T
NT, B MIBWTEPALOBEIEHIh WS L
WIHZETHL. Thbh, R 28R, B
M & 2 N, Sk @EBRNC X 2 BFMia U576t
NEZOX M=V A, SKOWINAHENT 5 BIGMERE)
R (7 ANRZ MRHEOWEN & 2 Mg, 7 A
NAPMOFERIEIVIODEFNZETHNSNS), B
R - CHUN KB ORI FFasE, FThEKE#O
BERHE, RAZPEMINE 2% - MM PE D ) > o SE, fby
WEBRD2REVPARETH D, EHIZBWTEEILA b
VADBFERELTHEGLTwEE) 2IEAHTH S
B, W OBGUIEDSA EBLA b L A KOOI B E
BRI EZEZ 55,

1. REMDEERX RUR

RIPAEBAA MLV AEEZ D LT, RFRTHIORK
bEELMEX, R2EPEETUBRVFEL, FI,
IMAYRYT OGRS LNHEOBEA ML A
A, RIZLTEPACEELTCOENEINTHAL).
C T80T KRE A ) 7 4 V=7 K% D Ames 1 5
KX DHE SNBSS L7 -5 2h B, Ty e b
DIEHE) A7 DA 2 B3 5 &, HIERD 5 F
WZHEILTHEMT 5L 0W)DTHS (Ames et al, 1985).
FERE, EETBRLTWLE, FEHTy ML EICR
% & MR R A RE 72 & O BV AS w4 1S Bl 5
EWbnb. OB, BYOFEGN, KEH) OfEE
HERICERICHELTVWLIZEEEFEHXRS
(Shigenaga et al, 1989). $74bt, WHEEOBILA F L
ADFERADRKDENN % > TW B BEND B 5 & FA
IEZ TV,
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Fig. 1 Biological significance of oxidative stress

2. B{EX SV RAERDADDIEHD

WEMRIZBVT, [BEOMILA FL RIE, 2oT
Mo 2S5 ] LI FH LT v+ 7 F A
ENie. bl z2iE, 79 2aomT, KMl ko
RINmSF &9 2t OMIBakIS, A ZMZ Tw 2 &
WEDBIERX PL2AZPIT TV &, ZORENMRL 4
BV L7zny, MR AL, 7R b —3 2 (Rik
Hast), BFE (ZEhMIIEIE) L) 4B i bR
LI s b (Dypbukt et al, 1994) .

Zoart7 b (Fig. 1) (Toyokuni, 1999) % JkiZ,
M2 BITFEB BB LBILA ML 2ADKENZH L
T, UTDL) @iz 72CTTwb, A LTI,
FERZ R AT T IVCHESL Sz [2Be R3] A3ty
THhb., 2BBELIE, 77 5 DNAIATS 2O ATy
BHDAS MBS TEL [1 =23 2—2 3 v ] OBRE,
THIZODEDDOWTIHEEZ 5 DNAIWZHED A - 72 Hfa A5~
O—F VIS [7O0E—Tay]| OBz n).
INZBILA NLARPAICHTIZDL L, EBEOBL
A ML A2 X % DNAKESE QAW @Y 2 B s <,
7/ 5 DNA O RiZeih 5%, KRB, WO 5 v iz
PRI E DR 22 &4 =3 2 —Y a3y, FRICOE
DOV FERIERIL A b L AR N TR A 4R 1y
ZHIE L T BRSO E—3 3 v Thor e EL L2
ENTELY. ¥/ 2OHTHEETE LTEK®E 2T
TEDThEN— Y P THLI EMONTEY, 4
SVI—Y g IZBVTIE, MRS, RGN
HEALS, £/, 7U—F—3 3 YORHICBWTIX
BT L, &8 OFBMAIEF L & KRz
TbhoTwabIENHPLODH 5.

FBAD A S = AL T HEIE, ZD204EMT
BEROMSEEZZR T2, (AR, MIBICHELET 245 4
DNADBREHFFEERTRET L] L) a7 b Hk
VENH, ST [ABAEERT] BXO [HAIEE

ZF] ORRIZE S, Thbid, TXTOMBICEET
LBIZTTHED, TOMSEMUIHMNATL L, A
BIET2E, BRREDT ) MMEROELRE B
> CTHINL O TEF 1 7 345 &2 AR5 HINAEH 3 % @151,
AAMHEIET L&, ¥2, 72 ADNAZEAAS X
3 MO —KFZ, MO % o 7o AL LIBMHE
L7720, BEILESTET RN =Y ANELBIZTTH
5. BABEETE, BAE, 1002 Lo o5, 75 A Hi
BIETIE20 30 oI TS, D, fH4
OB D HDTHBH, PEDDRFHE LT
[DSAALIZIE, MO z0D Ty ¥ U 2Bk S
WHIR &, 7L —FA2200 HidThb 2 &gz
LI AIIEZONL. PTH, B FORBRIZE
Tld, Vogelgram &\ ) /R EN S K H 1T, DAMIE
FH 5D AIHFEIZFNORRERDORZ Y Ik
BLYZOWEFEEHLEVH) T ERHP LTV
(Vogelstein and Kinzler, 1998). T, Z Z TH#IL,
NSO FEGETOENBILA ML AISKERKT 5%
ENMEVHPITIBRET AN TH 5.

3. BER RLUZICKD DNA SEEDTES

DNA#HELA I &R IEHBEIL, BEWIZ, B F
¥ IAN (HIVIFZORKST) & -EHRE
WCHERKSNL, TTTHEETREIE, #BBILKERA—
N—=FF ¥ FORIBTIIMHLHN S DOTH Y, HMTIH
FORT B ZREELERITIEETERNENRY)
HETHD. SO LIWFHIZ, TREH2OD5FHF >
INTBEDY AT A VEREORAL - Bk LV Fy s
A EE LB ERI2ITHUTEH L. LA Ledn
5, W LAKEE A—N—FF T FIL, e LTl
5L BEBREBOMAIET TIE 72~ by e (Fenton,
1894) H B W iE/N—/8— - 7 4 A& (Haber and
Weiss, 1934) I2Xk e FaFd s3I VEET D,

Fe (1) + H,0, — Fe(Ill) + «OH + OH"
(Fenton reaction, 1894)

0, + H,0,— «OH + OH + 0,
(Haber-Weiss reaction, 1934)

—EIEHMRFIE, EHeHLVIFERDO L) a sy
LBBALKEO IS SHELB%, e Faxd7IaL
L SHEIZR R, e FEeFd v 5V h 1L DNAD
BBz & 0 AU A5 S 72 ofAEIE 9124 < 100
R ZBZ DL VDR TWED, ZDIEFLALEDLDIX
ERTHDIIHA Az O~ N7 T 7 4 — L HEMRNEE L
%L 4% (Dizdaroglu, 1991). Z® 9 %, 8hydroxy-2-
deoxyguanosine (8-OHAG) (&, &1 - PEASmiE+:12 &
DD CTHEIN-BHELTH 525 (Kasai and
Nishimura, 1984), HPLC & &5 bFMHERIC L VS
WZHIsET& 52 & (Floyd et al, 1986), # & (NDNA %

DOBIHFAETHEG D C BT AN transversion &
T &V YW FENERDDH S (Shibutani et al, 1991)
LX), RLHBICNEEINTED, LI 5%ED
ASRDOEERIEEF I BTSN 5 2 LA 5 M
ENTwb (Kasai, 1997). F 72, 8OHAG IZ/RH IZHEME:
ENbHZELHMENTBY (Shigenaga et al, 1989), I¥
BE /) Z7a—F Ptk (N45.1) (Toyokuni et al, 1997)
Z i [l L 7z enzyme-linked immunosorbent assay %12 &
D, IRNOBEEA b L A ZFHII§T 2D SNS L9H
127 5> Tw5 (Erhola et al, 1997 ; Leinonen et al, 1997) .
¥ 72, HMERY H kT 8-hydroxy-2'-deoxyguanosine
(Toyokuni et al, 1997) % 4-hydroxy-2-nonenal 1% fifi £ 1
(Toyokuni et al, 1994 ; Toyokuni et al, 1995) Zx9 %
T/ 7a—F NPk EMEH L g fr ity 2 LIC K
HEEALA P L ADFHICE L TIX, TRETITHEEKLL
WS E 2wy (Toyokuni, 1999) .

A LRk IC B 1) 2 e i n - O Z RO MR %
RHZEICEHST, EDL) BEREWHAMMEH L 72D
PEMENL L9 &3 2R_ AN TI% (molecular epi-
demiology) TH 5. ZOMDHIEIE, © MO, K
9, MR D pb3 Hs AMHEIL A D SR ERIZOWT,
b BT ST b (Harris, 1995). 72 & 213,
AEHERTHET 7T VX VICLBETIEa R
249 D3FHDOBEID G 6 TNDERP BRI
CHIEDHOLENTWS, T, BARFERLEZON
HLIEEHTIZCCHO O TTANOERDEI Y, Bl |2k
HWT BBV THRTESZT N TEHLTADE
BRI L ZEFWPSMIEI N s OHILERIE
FheEn, 779 %3, a7y ¥)3Iv 0y
4A<v—, RyYEL Y& DNALOKBEWISERL T
WAHRZ L REDSITL T ERL VWA, ThET,
GSTHDHWIECCH S TTAD p SR FAT TR TS &
12X % DNABEITEKN T 5 &) in vitro DT — ¥ 235
% R ENTE7 (Reid and Loeb, 1993) %%, in vivo
B BERDARY bFHIIOWTIE, =785
WCHARRLLENHLEEZONL, EoL2~3))
IS 5 & Vb AT OR )6 EDEL % %
RLUTHET 20L ) TEHEELBATH L5,
SDDF I LT FRAZ ) == v ZEORENE T
N5, ZOEIEHRBDORILA b L AREPADEYET IV
DEER)E G OFEEE KWICHFRT 5. p53DHA L s
BHRTELTOEHEZ S o TWb 7204 OfEfs 0%
BUCWERZRIZTTIENMONTEY, TN RERE
VI ERBEOSVHEERPL LAk, p16™ s
AN B T 1 cell cycle I2 813 % cyclin-dependent
kinase 4 or 6 DEE LG ¥ > X2 ETH D (Kamb et
al, 1994 ; Nobori et al, 1994). b MEIZBIT AL,
RERE - HERER - TOE— 7 — IR A F VLD 3
I OATGHEAL R RO SN L DDV TH 55
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(Liggett and Sidransky, 1998), K{E2333% & %<, %
NIZ23%D GH 6 TANDERENRK ATV S (Hussain
and Harris, 1998). T O Z k13, HikOBYIER D &5 H
EhbE THIRENEETH .

4. HICKDIRETETIVEZDIRNEIRT

L MEEMHLAZT 70 —FOATIE, Ldok)k
FRNTICR BB 7280, BERPULEE 25, bt
1982 4E LIk, HHBKZEIZBWT, k= bV o =RHEfE
(ferric nitrilotriacetate) I2£ %7 v NEEPAET NV E
LA P L AL BRMFAEFTNVE LTHEL, W%
HRATE7 (Fig. 2). COEFILVORMEIL, 1) B
e N ESHIRE & WU T Rk TH B L, 2) [H
FENES; Tl LRI Y, FRUT X ) EH°
FEETHIE, 3) BAEAADBIBIIBTHZ N L2
LA PNV AREIEFTEDLEVIIHTHL. TOHFME
F=F 20T, CThETIKBRLAEBHICES
(Toyokuni, 1996 ; Toyokuni, 1999). ZDEFIVIZHB W
THRMER & 2 5 85T REET 200, HbLTh
EFENEDBEETICONWT, bR TD4OD
T7a0—F2 AT LCHELZ. D e MESEREXD
B X N L AT OGS, 2) WEHEmREORHIZH
W 5 #{E OGS, 3) Differential Display #, 4) F,
ATy N CrER L 72551281 %5 LOH (loss of
heterozygosity) @ % i3 allelic loss DfFTTH 5. 1)
T, ras, p53, vhi, tsc2 72 & DBIET 2 et L7z25wd
b FEREWEE Tl R A -7 (Nishiyama et al,
1995 ; Toyokuni et al,-1998). 2) &7 70a—FTII 7V
§FAVSIIVAT2T—ED T A VTS LADOFER
B 72383 1A %78 (Tanaka et al, 1998), 3) 225k
CD47, annexin Il %X U Z O MIE T ORI OB %
728 (Nishiyama et al, 1997 ; Tanaka et al, 2000), 31
LIHIMITBERZIToTwA, TITIk4) LV ESHN
T OFEREMNT 5.

— MR CIHFLE T, 7/ A DNADOIEEE 512,
iR B LEMZETLHIEAMONTEDY, Th
E~vA 794754 FEeMIEhE, vl 707541
F OGAARNE BT A EHRIES vy —F v P TR S
NTBH, EHIZZDMHEME polymerase chain reaction
(PCR) I ZX W HET B720D 754 v —db I NhT
Wb, 7y MIBWTHBHEROKA~Y X 7P Th
n, HHTEL~—h —HUIBEIZ3000% 2 5. 22
THHT D%, #0ELEHOEHDT v b DR
WKEoTREBLVIFEETHS. ZHIET v bosti4
DRIFIHALT HHBE TR SR THLEEZ N
TWwa, [AOBRIEe PTHRDLN LY, & b
D THM MM TH 5720, MFTZZIZEHEMTIE R
W, ZZT, »520BORLLEXRDT v MEhT
HbEsd FNA 7Yy VW) &, $XTOEMED
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Fig. 2 An example of renal cell carcinoma induced by ferric
nitrilotriacetate

77 ADNAZ—MDH 5, AP RERZEZEROBH
kbwHZ bithb, w470t T4 v —h—iidh
S5 L0, 2HEORKTPCRIEWDR L LI DE RS
V==V 7 LTBEL. I, A7)y FEWoIEE oMl
ZRHHLT, 2RMTHD R LESORER R b~
A 270%554 %% PCRTHIIEL THXLE, 2D
YEPRLENDIETTHS (Fig.3).

EC, COF#WEMAL TH= M) O =FRICK
DEHEAER L, (2T RTORMAARFIRIZO W THEY)
4707734 FEERL, ¥/ AXFYrTHE,
F v MetafR5F & 8FICH - T, Ko L7z~ A
7aH7 I 4 MEIZF 72255 TPCREW OB AGKE)
INY NSRRI 70 2 WS AT B BE\ZAFAE T 5 & & A3
L7z, Shid, 34bb, 2od@kifiio—-Ho7L
VKb TWAH I LEAZFERL, loss of heterozygosity
(LOH) % 7-iZallelic loss EMFIENBIRETH S, HTA
PHEIE - TEM O T LVAAEEIL ST, #lOT
HBWEADEALHI BT 555, —#KIIZLOH A %
RS 72BIET O T L IVIZE HITHZERA R KA
INRFTLAEDEEINTVES (BZ5 < homolo-
gous recombination |2 & AIEEWEEE 2 5 7-0), =
NI A E T2 RET 52 TFEO—2THL. 20
WREIZ XD, RAbid, Sk= M) u=FEROENERE T
D=2 p15™N P/ p 16N A RIZ T THHZ L &
RIL7. 851, COEMNBERETFICEIZZERDIZL
ALEEERERTRAESREBTHY, ' TuE—%—
IO X F AL D FHITE Z 5> TWw/z (Tanaka et al,
1999). p15/p16 @Iz T DRKIX, HidRDOT L b T
HEE A O TEBIEICEDO 5N 00, Kl

TR WEIORES; (2 BT 5 HEBIE Wit R T

TTholz.

EVEREE O FUSIE, RS & A 2 L, 455
B MFARAEROEBOEALGTELRILET S
O TH D, Lo T, HHEBEIZILZEITAD
BRIziE, flix OBETIHFEEELZTEEAS LD

Wistar {1
Long-Evans =3 SRS
Gene (CA) x 44 Gene
\Z

Chromosomal

Microsatellite repeat €2  |ocation

Electrophoresis
after PCR

AT

Loss of Heterozygosity

Fig. 3 Principle of a search for allelic loss in ferric nitrilotriacetate-induced tumor by the
use of polymerase chain reaction. LE, Long-Evans strain of rats ; W, Wistar

strain of rats

FHD R EINTVD, RAbDF—7 3BV
ODRFNIKTHIDE R 72, ThidThbb, HEEN
B AIEREROKISE, RBENSE R, H»
BOBRNTLHLLEVD L2 ERT L. ik, A7
H X ENHING 2 {5 ] L 72 fluorescent in situ hybridization
g2 Lick ), LR LOH 2= b)) 1o =EEEE
O G-BMGH, DT 2B RN Z O a TR
I Ho>TWAI R AMLZ (). ZoFELE
FRDATHIH B VIEDABROE 2 BRI S
ns.
b B

BILA ML R ERBADOMBRIZ, 7L Fe FMEals
DNA 5 fiidhi S 20 B RIEVE % A5 % BEY OAFAEAE 2
HED, IIRKEMNEETICEYDOHLLIATH
5. ZOB, EROEFLLALLDLIL LI, BIFTF
=TV —=X—=D—D2Thb. Al-bIEEEZFHL TV
B0, MEDPOMNEAL ZANE—257-DI21380
AR R RV, LALEDS, RIZHEHDRTH D,
ZD7DIZF b ORNTIE ICEEERESBREL TV
5. $hbb, B MIBWTIR, SBOBNENLETE
E, SRR X 0 57 SR % k25, MIZsk
ERLT XL ERDPADOGEREIEINT 20TH 5.
CHICE LTI, KEZIECDE L2 DDA H
A3 B (Stevens et al, 1988). 4512, WAELIFED Bk
&, AR DICIEISE EFII0&DH ) T ENEE
Thsr9.
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Summary

In mammalian cells, more than one genome in a single cell has to be maintained throughout the
entire life of the cell, one in the nucleus and the other in the mitochondria. It seems likely that the
genomes and their precursor nucleotides are highly exposed to reactive oxygen species, which are
inevitably generated as a result of the respiratory function in mitochondria. To counteract such
oxidative damage in nucleic acids, these cells are equipped with several defense mechanisms.
Modified nucleotides in the nucleotide pools are hydrolyzed, thus avoiding their incorporation dur-
ing synthesis of DNA or RNA. Damaged bases in DNA with relatively small chemical alterations,
are mainly repaired by the base excision repair (BER) system, which is initiated by the excision of
damaged bases by specific DNA glycosylases. Human MTH1 (hMTH1) protein hydrolyzes oxi-
dized purine nucleoside triphosphates, such as 8-0x0-dGTP, 8-0xo-dATP and 2-hydroxy (OH)-dATP
to the monophosphates. In human cells, multi-forms of hMTH1 polypeptides are located in the
cytoplasm, mitochondria and nucleus, and their synthesis is regulated by both alternative splicing of
the transcripts and the alternative initiation of their translation, both of which are further altered by
a single nucleotide polymorphism. We observed an increased susceptibility to spontaneous carcino-
genesis in mthl deficient mice, and alteration of MTH1 expression along with accumulation of 8-
ox0-dG in patients with various neurodegenerative diseases. Human enzymes for the BER pathway,
namely 8-0x0G DNA glycosylase (hOGG1), 2-OH-A/adenine DNA glycosylase (h(MYH), and a novel
AP endonuclease (hAPE2) are also located in the mitochondria as well as the nuclei in human cells,
and the expression of mitochondrial OGG1 is altered in patients with various neurodegenerative dis-
eases. Furthermore, MYH and APE2 have a functional PCNA binding motif, thus suggesting that
the PCNA-dependent post-replicative BER plays an essential role in the repair of such misincorpo-
rated bases as 2-OH-dA or adenine opposite 8-0xoG in templates.

Keywords: oxidative damage, DNA repair, mutation, cell death, mitochondria

Symposium

Mechanisms protecting genomic integrity from damage caused
by reactive oxygen species: Implications for carcinogenesis

Introduction

Oxidative phosphorylation in mitochondria makes it
feasible for eukaryotic organisms to produce energy to
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maintain life. By electrons leaked from the respiratory
chain, about 1 to 3 percent of consumed oxygen
molecules are partially reduced, thus generating reactive
oxygen species (ROS) such as superoxide, hydrogen per-
oxide and hydroxyl radicals (Kang et al., 1998). ROS are
so highly reactive that they can readily oxidize macro-
molecules in living cells, including lipids, proteins and
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nucleic acids, thereby leading to various types of cellular
dysfunction including cell death and mutagenesis (Ames
et al., 1993; Shigenaga et al., 1994).

Among the various types of oxidative damage in cellular
macromolecules, damage to nucleic acid is particularly
hazardous because the genetic information present in
genomic DNAs, such as nuclear and mitochondrial DNAs,
can thus be altered. Damage to genomic DNAs often
leads to cell death and degenerative diseases, or related
mutations resulting in neoplasia and hereditary diseases
(Ames and Gold, 1991). ROS also leads to various base or
sugar modifications in DNA and free nucleotides, and
strand breaks in DNA are introduced (Demple and
Harrison, 1994). Especially, 8-oxoguanine (8-0x0G), one
of the oxidized forms of guanine, is produced by ROS in a
fairly large amount in both DNA and nucleotide pools, and
being fairly stable is likely to accumulate in genomic
DNAs in nuclei and mitochondria during normal aging of
humans (Kasai and Nishimura, 1984; Hayakawa et al.,
1993; Kang, et al., 1998). The accumulation of 8-0x0G in
DNA, as a result of the incorporation of 8-0xo-dGTP from
nucleotide pools or because of direct oxidation of DNA,
increases the occurrence of AT to C:G or G:C to T:A
transversion mutation, respectively. This is because 8-
ox0G forms a stable base pair with adenine as well as with
cytosine (Shibutani, et al., 1991; Cheng et al., 1992; Maki
and Sekiguchi, 1992).

Studies on mutator mutants revealed that Escherichia
coli has several error avoiding mechanisms which mini-
mize the deleterious effects of 8-0x0G, and in which
MutT, FPG (MutM) and MutY proteins play important
roles (Michaels and Miller, 1992, Sekiguchi, 1996). MutT
protein hydrolyses 8-0x0-dGTP to 8-oxo-dGMP and
pyrophosphate (Maki and Sekiguchi, 1992), thus avoiding
the spontaneous occurrence of A:T to C:G transversion
mutation during DNA synthesis, the rate of which in a
mutT deficient strain increases hundreds to thousand-fold
compared to the wild type (Tajiri et al., 1995). FPG
(MutM) protein, originally identified as formamidopyrimi-
dine DNA glycosylase, removes the 8-0xoG paired with
cytosine (Bailly et al., 1989; Michaels et al., 1992). MutY
protein with its DNA glycosylase activity excises adenine
paired with guanine or 8-0x0G (Au et al., 1989). Resulting
base-loss sites called apurinic or apyrimidinic (AP) sites
are further processed through the base excision repair
(BER) pathway, in which AP endonuclease plays a critical
role for initiating repair replication. The rate of sponta-
neous occurrence of G:C to T:A transversion mutation in
fbg(mutM) or mutY deficient strain is 10 to 50 times high-
er than that in wild type strain (Cabrera et al., 1988;
Nghiem et al., 1988), and in double mutants of mutM and
mutY is equivalent to that of the mutT mutant.

Mammalian cells also possess similar error avoiding
mechanisms. c¢DNAs encoding MutT homolog (MTH1)
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proteins with 8-oxo-dGTPase activity have been cloned
from human as well as from the mouse and rat (Sakumi et
al., 1993; Kakuma et al., 1995; Cai et al., 1995), and genom-
ic organizations and the regulation of expression have
been well characterized (Furuichi et al., 1994; Igarashi et
al., 1997; Oda et al., 1997; Oda et al., 1999). An activity
which excises adenine paired with guanine or 8-0xoG in
DNA has been identified in human cells (Yeh et al., 1991),
and a human gene encoding MutY homolog (MYH) pro-
tein has been cloned (Slupska et al., 1996). In contrast to
the mutT and mutY gene families, there are at least two
different genes in eukaryotes that encode 8-0xoG DNA
glycosylase, one is the fpg or mutM homolog AtMMH
identified in Arabidopsis thaliana (Ohtsubo et al., 1998),
while the other is a novel gene found in yeast, oggl (van
der Kemp et al., 1996; Nash et al., 1996). In addition,
human and mouse genes encoding proteins homologous
to the yeast Oggl protein have also been identified
(Boiteux and Radicella, 1999). As a result, mammalian
cells have developed error avoiding mechanisms against
8-0x0G, combining ones evolved from E. coli with the
other evolved from yeast.

In mammalian cells, more than one genome in a single
cell has to be maintained throughout the entire life of the
cell, one in the nucleus and the other in mitochondria.
mtDNA is more susceptible to an attack by ROS than
nuclear DNA since it is located in the vicinity of the mito-
chondrial respiratory chain, where ROS are continuously
generated (Richter et al., 1988). It has recently been
noted that damaged bases in mtDNA appear to be effi-
ciently repaired by BER (Bogenhagen, 1999).

In this paper, we review the defense mechanisms
against oxidative damage in nucleic acids in human cells,
and also discuss their biological significance (Table 1).

Sanitization of Oxidized Purine Nucleotides
in the Nucleotide Pools

1. hMTHI1 as oxidized purine nucleoside triphos-
phatase

The human MTH1I gene located on chromosome 7p22
consists of 5 major exons. There are two alternative exon
1 sequences, namely exon la and 1b, and three contigu-
ous segments (exon 2a, 2b, and 2c) in exon 2 which are
alternatively spliced (Furuichi et al., 1994; Oda et al., 1997,
Oda et al., 1999). As a result, the hkMTH1 gene produces
7 types (type 1, 2A, 2B, 3A, 3B, 4A and 4B) of mRNAs.
The B-type mRNAs with exon 2b-2¢ segments direct syn-
thesis of three forms of hMTH1 polypeptides, hMTH1b
(p22), hMTHI1c (p21), and hMTH1d (p18) by alternative
initiations of translation, while the others encode only
hMTHI1d. In human cells, h(MTH1d is a major form, and
is mostly localized in the cytoplasm with about 5% in the
mitochondrial matrix (Kang et al., 1995). A single cell of
Jurkat and HeLa lines contains about 4 % 10° and 2 X 10°

Table 1 Mechanisms protecting genomic integrity from damage caused by reactive oxygen species

E X 8-0x0G DNA 2-OH-A/Adenine AP Oxidized Purine Nucleoside
DZyme Glycosylase DNA Glycosylase endonuclease Triphosphatase
| | || || | |
: ’ ; : 2-OH-dATP/2-OH-ATP

(50 ph ¥ ¢ 80x0-dATP (8-0x0-ATP)

Fimeton & | “ ‘ "l : 8-0x0-dGTP (8-0x0-GTP)
12

T i & b o ¢ dNMP/NMP + PPi
Gene 0GG1 MYH APE2 MTH1
Localization Nucleus Nucleus Nucleus (Nucleus) Cytoplasm

Mitochondria

Brain > Thymus, Testis,
Kidney, Spleen, Ovary

Mitochondria

Thymus > Brain, Testis,
Kidney, Spleen, Ovary

Mitochondria

Heart, Kidney >
Liver, Lung, Brain

Mitochondria

Thymus, Testis, Kidney,
Spleen, Ovary > Brain

SAH (1),ALS (1)
AD (| ):NFT, SP (+)

KO Mice tumor ( 7)

tumor (?)

PD, ALS,BT (1)

= AD (}): S_l? ‘(1'») _______
Lung tumor (1)
tumor ( ?) Liver tumor (1)

Stomach tumor (1)

GO: 8oxoguanine, AO: 2-OH-adenine, M: abasic site, AD: Alzheimer’s disease, ALS: amyotrophic lateral sclerosis,
SAH: subarachnoid hemorrhage, PD: Parkinson’s disease, BT: brain tumor, NFT: neurofibrillary tangle, SP: senile plaque,

NE: not examined

molecules, respectively, of the h(MTH1d, thus 1 to 2 x 10
molecules of hMTH1d are present in the mitochondria of
each cell (Oda et al., 1999). The other two forms are local-
ized in the cytoplasm, however, their amounts reached
only about 10% that of the levels for h\MTH1d.

There is a single nucleotide polymorphism (SNP) that
affects the splicing pattern of MTH1 mRNAs, and this
SNP has a T to C base substitution at the beginning of
exon 2c segment (Oda et al., 1997; Oda et al., 1999). This
site serves as the 5' splicing site during the maturation of
types 1, 2A, 3A and 4A mRNA, and this base change abol-
ishes proper splicing at this site, leaving segments 2b and
2¢ connected, thus resulting in formation of only four
types of RNAs, corresponding to types 1, 2B, 3B and 4B.
The SNP in exon 2 also creates an additional alternative
in-frame AUG in B type MTHI mRNAs yielding the fourth
MTHI1 polypeptide, MTH1a (p26) that possesses an addi-
tional mitochondrial targeting signal. As a result, in
human cells the synthesis of multi-forms of MTH1 is regu-
lated by both alternative splicing of their transcripts and
alternative initiation of their translation, both of which are
further altered by SNP.

MTH1 but not MutT efficiently hydrolyzes 2 forms of
oxidized dATP, 2-OH-dATP and 8-0xo-dATP, as well as 8-
0x0-dGTP (Sakumi et al., 1993; Yakushiji et al., 1997
Fujikawa et al., 1999), and MTH1 also hydrolyzes oxidized
ribonucleotides, 2-OH-ATP, 8-0xoATP, and 8-oxo-GTP
(Hayakawa et al., 1999; Fujikawa et al., 2001). MTH1 pro-
tein is therfore designated as an oxidized purine nucleo-
side triphosphatase (Table 1; Nakabeppu, 2001a). We
have previously shown that 4 forms of recombinant
hMTH1(a to d) efficiently hydrolyzes 2-OH-dATP as well

as 8-0x0-dGTP (Sakai unpublished results).

As shown in Fig. 1, thirty amino acid residues are iden-
tical between hMTH1 and E. coli MutT, and there is a
highly conserved region consisting of 23 residues (MTH1:
Gly36 to Gly58), with 14 identical residues. A chimeric
protein, hMTH1-Ec, in which the 23 residue sequence of
hMTH1 was replaced with that of MutT, and it thus
retains the potential to hydrolyze 2-OH-dATP as well as &
0x0-dGTP, thus indicating that the 23 residue sequences
of hMTH1 and MutT are not only functionally and struc-
turally equivalent, but also constitute a functional phos-
phohydrolase module (Fujii et al., 1999; Sakai et al., in
preparation). Saturation mutagenesis of the module in
hMTH]1 indicated that an amphipathic property of the o-
helix I consisting of 14 residues of the module (Thr44 to
Gly58) is essential to maintain the stable catalytic surface
of the enzyme (Cai et al., 1997; Fujii et al., 1999). A
unique C-terminal region (aa.130-156) in hMTH1, which is
missing in MutT, plays an important role in the mainte-
nance of higher order structures of the substrate binding
pocket or catalytic center of hMTH1 through the
hydrophobic interaction with other hydrophobic B strands
(Sakai et al., in preparation). A model for the solution
structure of hMTH1 which also supports this hypothesis
has been proposed based on NMR analyses (Mishima et
al, in preparation). Mutation analyses for residues F27,
W117 and D119, which showed apparent chemical shift
perturbations in NMR analyses, suggesting that these
residues likely form the substrate binding pocket,
revealed that W117 is essential for MTHI1 to recognize 2-
OH-dATP and 8o0x0-dGTP, while D119 is essential espe-
cially for its recognition of 2-OH-dATP (Sakai et al., in
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Fig. 1 Comparison of the structures of human (h), mouse (m), rat (r) MTH1 and E. coli MutT

Conserved residues among MTH1 and MutT are shaded in gray. The phosphohydrolase mod-

ules of MutT and MTHI1 are shaded in dark gray. The asterisks indicate 14 amino acid residues
of hMTH1 essential for 8-oxo-dGTPase in phosphohydrolase modules (Cai et al., 1997; Fujii et al.,
1999). Amino acid residues of hMTH]1 that are shown in a boxed represent those in which chemi-

cal shift perturbations were observed. Secondary structures of hMTH1 are shown above the
sequence (Yakushiji et al., 1997). a1, 2; o-helix 1, 2. BA-BG; B-strand A-G

preparation).

2. Biological Significance of MTH1

In mth1-deficient mice, the incidence of spontaneous
carcinogenesis in the lung, liver and stomach increased to
several-fold of that in wild type mice (Table 1; Tsuzuki et
al., 2001). We detected a two to three-fold increase in the
accumulation of 8-0x0-dG in such tissues (Furuichi et al.,

unpublished results) and also in the spontaneous muta- _

tion rate in mthI-deficient ES cells (Tsuzuki et al., 2001).
Furthermore, the increased accumulation of 8-o0xo0-dG in
human cancerous tissues including brain tumors is gener-
ally coincidental with the increased expression of hMTH1
protein (Table 1; Okamoto et al., 1996; Iida et al., 2001a).
G:C to T:A transversion mutations that can be caused by
8-0x0-dGTP and 2-OH-dATP is frequently observed in p53
gene in human cancer, especially in the lung and liver
(Hainaut et al., 1997), and these findings agree with our
observation in mth I-deficient mice.

We recently found the regional accumulation of 8-oxo-
dG and altered expression of hMTHI1 in patients with vari-
ous neurodegenerative diseases (Table 1). The most typi-
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cal cases are patients with Parkinson's disease, in which
we found a significant increase of 8-0xo0-dG accumulated
in the cytoplasm or mitochondria with a coincidentally ele-
vated expression of hMTH1 in the substantia nigral neu-
rons (Shimura-Miura et al., 1999). In postmortem tissue
specimens from patients with Alzheimer's disease, the
expression levels of hMTH1 at entorhinal cortex are also
elevated, while levels of hMTH1 apparently decrease in
the stratum lucidum at CA3 corresponding to mossy fiber
synapses, where hMTHI1 is highly expressed in control
subjects (Furuta et al., 2001).

It is therefore very likely that oxidative damage to
nucleotides by reactive oxygen species is implicated in
the development and progress of cancer, neurodegenera-
tion, or other age-associated diseases, and that MTH1
plays important roles to avoid such damage as summa-
rized in Fig. 2. However, the damaged molecules respon-
sible for their molecular etiologies are largely unknown.
There is accumulating evidence suggesting that either &
0x0-dG or 8-0xo-dGTP may be involved in these diseases
because of the availability of methods including antibodies
for its detection. On the other hand, concerning 2-OH-
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Fig. 2 The biological roles of MTH1 protein which hydrolyzes oxidized purine nucleoside triphosphates
Oxidized purine nucleoside triphosphates, such as 2-OH-dATP, 8-0x0-dGTP, 8&0x0-dATP and 2-OH-ATP,
8-0x0-GTP or 80x0-ATP are hydrolyzed to the corresponding monophosphates by the action of MTH1
protein. It has been demonstrated that guanylate kinase, which phosphorylates GMP and dGMP to the
corresponding nucleoside diphosphates is inactive on 8-0xo-dGMP, thus prevents the re-utilization of the
MTHI1 cleavage product during DNA replication or transcription (Hayakawa et al., 1999). 8-0x0o-dGMP is
rapidly dephosphorylated, yielding 8-oxo-deoxyguanosine, a form readily excretable to the cell exterior. 8-
Oxo-deoxyguanosine is present in mammalian urine, and urinary 8-oxo-deoxyguanosine has also been
proposed to serve as a biomarker for oxidative stress (Ames et al., 1993; Shigenaga et al., 1994) . Based
on the biochemical and genetic data discussed in the present review, MTH1 protein may thus play an
important role in maintaining the fidelities of DNA replication and transcription, thereby protecting

humans from cancer and neurodegeneration.

dATP, a major substrate of hMTH1, there is little data
suggesting any biological implication with these diseases
probably because of the difficulty of accurately detecting
2-OH-dA. Two groups reported that mice lacking oggl
gene encoding the 8-0xoG DNA glycosylase, are not can-
cer-prone even though increased accumulation of 8-oxo-
dG in their genomic DNA was observed (Klungland et al.,
1999; Minowa et al., 2000). These observations strongly
suggest that the increased incidence of carcinogenesis in
mth1-deficient mice is due to incorporation of 2-OH-dATP
into DNA rather than 8-oxo-dGTP.

As shown in Figs. 2 and 3, oxidized purine nucleoside
triphosphates generated in the ribonucleotide pool may
also be involved in various types of cellular dysfunction
during aging, since MTH1 efficiently hydrolyzes 2-OH-
ATP or other oxidized ribonucleotides.

Base Excision Repair of Oxidized Purine
Bases in DNA

1. Nuclear and mitochondrial 8-OxoG DNA glyco-
sylase

The human OGG1 gene located on chromosome 3p25,
has 8 major exons (Boiteux and Radicella, 1999). More

than seven alternatively spliced forms of hOGG1 mRNAs
are produced, and are classified into two types based on
their last exons (type 1 with exon 7: 1a and 1b; type 2 with
exon 8: 2a to 2e) (Nishioka et al., 1999). hOGG1 polypep-
tides encoded by these mRNAs share the same first 190
aa, which are encoded by exons 1 through 3, and each has
a unique C-terminal region, with the exception that
polypeptides encoded by type 2a and 2b mRNAs share the
common C-terminal 108 aa. Five polypeptides (hOGGI-
la, 1b, 2a, 2d and 2e) carry the helix-hairpin-helix-PVD
(HhH-PVD) motif which seems to be essential for 8-oxoG
DNA glycosylase activity (Nash et al., 1996; Girard et al.,
1997). Types la and 2a mRNAs are major in various
human tissues. We predicted that all forms of hOGG1
polypeptides carry a relatively poor MTS, consisting of
residues 9 to 26 at the common N-terminal region and the
MTS is likely to be processed at residue 23 (W) after
being translocated into the mitochondria. Among all the
polypeptides, only hOGG1-1a has a nuclear localization
signal (NLS) at the C-terminal end. Interestingly, such
multi-forms of OGG1 mRNAs have not yet been identified
in rodent cells.

A 36-kD polypeptide, corresponding to hOGG1-1a and
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Fig. 3 Mechanisms protecting mitochondrial genomes from damage caused by reactive oxygen species
A : Submitochondrial localization of human MTH1d, OGG1-2a, MYH and APE2 proteins, deter-
mined by electron microscopic immunocytochemistry. After each mitochondria was isolated
from HeLa MR cells, thin sections (about 0.1 um) were prepared for electron microscopic
immunocytochemistry with anti-hMTH1, anti-2a-CT, anti-hMYH, and anti-APE2 in combination

with protein A-gold. Bars indicate 0.2 um.

B : Hypothetical representation of human MTH1d, OGG1-2a, MYH and APE2 proteins located in
the mitochondria. Human MTH1 is localized in matrix of mitochondria, while OGG1-2a, MYH
and APE2 are localized adjacent to the mitochondrial inner membrane (Nakabeppu, 2001a, b;
Tsuchimoto et al., 2001). It is likely that a repair complex containing the entire machinery essen-
tial for a base excision repair is associated with the inner-membrane and mitochondrial DNAs. As
aresult, the efficient repair by the complex thus probably helps to maintain the functions and the
integrity of mitochondrial DNAs, even if threatened by an attack of ROS produced during oxida-

tive phosphorylation.

recognized only by antibodies against the region contain-
ing the HhH-PVD motif, was co-purified from a nuclear
extract prepared from Jurkat cells, and the purified frac-
tion containing the polypeptide possessed an activity to
introduce a nick at 8-0xoG paired with cytosine in double
stranded oligonucleotides (Fig. 4; Nishioka et al., 1999).
A 40-kD polypeptide corresponding to a processed form of
hOGG1-2a was detected in the mitochondria of Jurkat
cells when we used antibodies against its C-terminus.
Electron microscopic immunocytochemistry and subfrac-
tionation of the mitochondria showed that hOGG1-2a to
be located on the inner-membrane of the mitochondria, in
contrast to the hMTH1d present in the mitochondrial
matrix (Fig. 3; Kang et al., 1995; Nishioka et al., 1999).
Deletion mutant analyses revealed that the unique C-ter-
minus of hOGG1-2a and its MTS are essential for mito-
chondrial localization while the nuclear localization of
hOGG1-1a depends on NLS at its C-terminus (Nishioka et
al., 1999).

Since the unique C-terminal region of hOGG1-2a con-
sists of two distinct regions: namely the N-terminal sided
acidic region (aa from Ile*” to Asp™') and the C-terminal
sided hydrophobic region (the last 20 residues), we spec-
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ulate that the latter mediates a hydrophobic interaction
between hOGG1-2a and inner-membrane of the mitochon-
dria (Fig. 3). This affinity may be comparable to that in
the association of Bcl2 with the mitochondrial membrane
(Nishioka et al., 1999; Nguyen et al., 1993). Recombinant
hOGG1-2a, but not hOGG1-1a, expressed in E. coli, was
mostly insoluble, which means that this C-terminal region
contributes to insolubility as a result of its hydrophobicity.
On the other hand, the acidic region with a value of 3.63
for local isoelectric pH may possibly provide a protein-pro-
tein interacting surface for other component(s), and if so,
it may be involved in its stabilization and/or in the base
excision repair pathway in the mitochondria.

2. Abnormal expression of mitochondrial OGG1
in various neurodegenerative diseases

We examined brain tissue specimens from autopsy
cases with Alzheimer's disease and controls using anti-
bodies for hOGG1-2a, the mitochondrial form of hOGG1.
hOGG1-2a is mainly expressed in the neuronal cytoplasm
in both Alzheimer's disease and control cases in regional-
ly different manners (Table 1; lida et al., 2001b). The
expression of hOGG1-2a decreases in orbitofrontal gyrus
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Fig. 4 Purification of the repair activities for 8-0xoG paired with cytosine, 2-OH-A and ade-
nine paired with guanine or 8-0xoG from nuclear extracts. Nuclear extracts pre-

pared from Jurkat cells were applied to successive chromatographies (Nishioka et
al., 1999; Ohtsubo et al., 2000). Each fraction from gel filtration chromatography
was incubated with various double-stranded oligonucleotides containing an abnor-
mal base pair shown in the figure, and nicking activities were determined. Fractions
with repair activities for *A0:G, *A:G and *A:GO substrates whose molecular mass
is estimated to be approximately 55-kDa, contain hMYH protein, and those with a
repair activity for *GO:C pair contains hOGG1-1a protein.

* indicates a strand labeled at its 5' end with FAM. AO, 2-OH-A; GO, 8-0x0G.

and the entorhinal cortex in Alzheimer's disease in com-
parison to that in the control cases. Immunoreactivity for
hOGG1-2a is occasionally associated with neurofibrillary
tangles, dystrophic neurites and reactive astrocytes in
Alzheimer's disease. Our results indicate that the repair
enzyme for the oxidative damage in mitochondrial DNA
may not appropriately exert its function in Alzheimer's
disease, and thus oxidative DNA damage in the mitochon-
dria may be involved in the first step of the pathomecha-
nism of Alzheimer's disease.

Furthermore, we also investigated expression of
hOGG1-2a, by comparing the 8-0xoG accumulation
observed in the large motor neurons of the lumbar spinal
cord in 7 cases of adult onset sporadic ALS, 4 cases of sub-
arachnoid hemorrhage (SAH) and 4 control cases (Table
1; Kikuchi et al., 2001). The 8-0xoG immunoreactivity

increased in a majority of the large motor neurons in both
the ALS and SAH cases. However, the mitochondrial
hOGG1-2a-immunoreactivity varied as follows: homoge-
nous cytoplasmic staining was noted in the control cases,
a fine granular pattern was seen in the SAH cases, and
either no staining or weak staining was seen in the ALS
cases, respectively. Our results thus indicate that oxida-
tive damage accumulates in the mitochondria of motor
neurons in ALS and that the repair function of hOGG1 is
not sufficient to excise the damage efficiently, which may
therefore lead to a loss of motor neuron in ALS.

In addition to the altered expression of hOGG1 in vari-
ous neurodegenerative diseases, we obtained evidences of
another mechanism which causes an alteration of hOGG1
function, namely, a chemical modification of the hOGG1
protein itself by NO or its metabolites. Tyrosine-nitration
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in hOGG1 protein occurs in cells exposed to NO, and its
repair activity is completely diminished, thus suggesting
that the inactivation of OGG1 by NO is another pathologi-
cal pathway involved in neurodegeneration (Jaiswal et al.,
2001).

3. hMYH as a bifunctional DNA glycosylase for 2-
hydroxyadenine and adenine paired with 8-oxogua-
nine

2-OH-A is also known as isoguanine and has been
reported to be detected in DNA from isolated human tis-
sues or from experimental animals and its amounts have
also been reported to increase after exposure to various
sources of reactive oxygen species, both in vitro and in
vivo (Nackerdien et al., 1991; Toyokuni et al., 1994;
Kamiya and Kasai, 1995). Furthermore, it has been
shown that in certain human cancerous tissues, the
amounts of 2-OH-A increase several fold in comparison to
the findings of normal non-cancerous tissues (Olinski et
al., 1992). Concerning the origin of 2-OH-A, the extent of
oxidation of the 2nd position of adenine base by hydroxyl
radical is higher in its free nucleotide form than that in
DNA (Kamiya and Kasai, 1995), thereby indicating that a
misincorporation of 2-OH-dATP from the nucleotide pool
is the major source of 2-OH-A in DNA. The incorporated
2-OH-A forms a relatively stable base pair with thymine
and cytosine (Robinson et al., 1998; Yang et al., 1998), and
may also pair with the syn forms of guanine and adenine
(Kamiya and Kasai, 1995).

Since hMTH1 has the lowest Km value with 2-OH-
dATP, and E. coli MutT, a prototype of 8-oxo-dGTPase
which has little activity to hydrolyze 2-OH-dATP, one can
argue that human or mammalian cells are exposed to a
higher risk of incorporating 2-OH-dATP into their genome
than E. coli cells, and thus eliminate the precursor from
nucleotide pools. Since 2-OH-A in DNA forms a stable
Watson-Crick base pair with thymine, it has been specu-
lated that 2-OH-A paired with thymine in DNA may escape
repair (Robinson et al., 1998). However, Jaruga and
Dizdaroglu (1996) reported that amounts of 2-OH-A
detected in DNA of human cells after H,0, exposure
decreases within 4 hr to reach background levels, thus
indicating that human cells possess repair activity for 2-
OH-A in DNA.

We examined an enzyme activity that introduces an
alkali-labile site into 2-OH-A containing oligonucleotides,
and we found evidence for such DNA repair activity that is
likely to act as a DNA glycosylase (Fig. 4; Ohtsubo et al.,
2000, Nakabeppu, 2001b). Furthermore we showed that
the repair activity is co-purified with hMYH, and that
recombinant hMYH itself has such activity. h(MYH, name-
ly 2-OH-A/adenine DNA glycosylase, lacks a AP-lyase
activity and efficiently recognizes 2-OH-A paired with 8-
oxoG or purines as well as adenine paired with guanine or
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8-0x0G. hMYH acts more strongly on adenine paired with
guanine in DNA than on that with 8-0x0G, however
hMYH binds more efficiently to the substrate containing
8-0x0G.

In human cells, western blots showed authentic hMYH
in nuclei and in mitochondria and that the molecular
masses differed, p52/53 and p57, respectively, thereby
indicating that there are multi-forms of hMYH (Ohtsubo
et al., 2000). Based on the results obtained from 5-RACE
and RT-PCR of KMYH transcripts, we concluded that there
are 3 major hMYH transcripts, namely hMYHa, B, 7y, with
a different 5' sequence or first exons and further that each
transcript is alternatively spliced, thus forming over 10
mature transcripts. A major transcript, hMYHo3 essen-
tially corresponds to the ZMYH cDNA originally reported
(Slupska et al., 1996) and encodes two polypeptides, p54
and pb53, the former translated from the first AUG and the
latter from 2nd AUG. The hMYHol transcript has a 33
nucleotide insertion into hMYHa3, thus encoding a
polypeptide with an expected molecular mass of 60,031,
and this may be the p57 detected in the mitochondria.
Moreover, the nuclear form of hMYH, p52 partially puri-
fied from Jurkat cells, is likely to correspond to the p53
translated from the 2nd AUG of hMYHo3 transcript, and
hMYHB1, B3 and y2 transcripts which are missing the
first AUG and may encode the nuclear form of p52 hMYH
(Ohtsubo et al., 2000).

Electron microscopic immunocytochemistry revealed
that hMYH in the mitochondria is associated with the
inner-membrane structure, as is hOGG1-2a (Nishioka et
al., 1999; Nakabeppu, 2001b), thus suggesting that the
mechanisms required for base excision repair in the mito-
chondria is generally associated with the inner-membrane
to achieve efficient repair of mitochondrial DNA (Fig. 3).

4. APE2, the 2nd AP endonuclease in human cells

In human cells, APE1 (HAP1/APEX/REF-1) is a major
class II AP endonuclease in the nucleus (Demple et al.,
1991; Seki et al., 1992), which is considered to be involved
in both the short patch and long patch BER pathways for
the nuclear DNA. On the other hand, eukaryotic cells
have mitochondrial DNA (mtDNA) in addition to nuclear
DNA. mtDNA is more susceptible to an attack by ROS
than nuclear DNA since it is located in the vicinity of the
mitochondrial respiratory chain, where ROS are continu-
ously generated (Richter et al., 1988; Kang et al., 1998).
As summarized in Table 1 and Fig. 3, we demonstrated
that human cells possess nuclear and mitochondrial DNA
glycosylases for oxidized bases, 8-0xoG and 2-OH-A or
adenine opposite 8-0xoG, which are encoded by alterna-
tively spliced forms of OGG1 and MYH transcripts
(Nishioka et al., 1999; Ohtsubo et al., 2000; Nakabeppu,
2001b). The human UNG gene encodes both nuclear
(UNG2) and mitochondrial (UNG1) forms of uracil DNA
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Fig. 5 Genomic structure of the human APE2 gene and comparison of the APE2/APN2 family proteins

A : Genomic structure for the human APE2 gene. The alignment of APE2 ¢cDNA and human genomic
clone 783821 revealed the human APE2 gene to be located between the 5-aminolevulinate synthase
(ALAS2) gene and the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2) gene on the X
chromosome (Xp11.21) and also to consist of 6 exons.

B : Structures of the APE2/APN2 family proteins, E. coli XTH and human APE1 are shown. The regions
conserved in the XTH family (hatched box) and the unique C-terminal region of APE2/APN2 family are
indicated (Tsuchimoto et al., 2001). The boxes indicate the three unique subregions found in the
APE2/APN2 family:mitochondrial targeting sequence (MTS); PCNA-binding motif; TOP3 homologous

subregion.

glycosylase (Nilsen et al., 1997). Another human DNA
glycosylase encoded by the NTHI gene was also reported
to potentially be localized in the mitochondria (Takao et
al., 1998), while the thymine-glycol DNA glycosylase activ-
ity, which is similar to that of NTH1, was purified from the
rat mitochondria (Stierum et al., 1999). In addition to
these DNA glycosylases, DNA polymerase y and DNA lig-
ase III are considered to participate in mitochondrial BER
(Ropp and Copeland, 1996; Lakshmipathy and Campbell,
1999: Pinz and Bogenhagen, 1998). Although the AP
endonuclease activities were also detected and partially
purified from the mitochondria isolated from Xenopus
oocytes (Pinz and Bogenhagen, 1998) and a mouse cell
line (Tomkinson et al., 1988), no gene responsible for
them has yet been identified until recently.

Based on genome databases from various organisms, a
novel group of AP endonucleases has recently been
reported (Fig. 5; Johnson et al., 1998; Bennett, 1999; Hadi
and Wilson, 2000; Unk et al., 2000; Tsuchimoto et al.,
2001). Among them, the APE2 protein is the second
human AP endonuclease which has been shown to have a
weak class II AP endonuclease activity and was also sug-

gested to be localized in the nuclei. We found that APE2
protein possesses a putative MTS (Tsuchimoto et al,,
2001). When its N-terminal 15 amino acid residues were
fused to the N-terminus of a green fluorescent protein and
transiently expressed in HeLa cells, the fusion protein was
localized in the mitochondria. By electron microscopic
immunocytochemistry, we detected authentic APE2 pro-
tein in the mitochondria from HelLa cells. Human APE2
protein was detected adjacent to the mitochondrial inner
membrane by electron microscopic immunocytochem-
istry. It is likely that a repair complex containing the
entire machinery essential for base excision repair is asso-
ciated with the inner-membrane and mitochondrial DNAs
as expected for the two DNA glycosylases, OGG1 and
MYH proteins, and APE2. As a result, the efficient repair
by the complex thus probably helps to maintain the func-
tions and the integrity of mitochondrial DNAs, even if
threatened by an attack of ROS produced during oxidative
phosphorylation (Fig. 3).

Western blotting of the subcellular fraction of HeLa
cells revealed most of the APE2 protein to be localized in
the nuclei. We found a putative proliferating cell nuclear
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dAMP may be misincorporated opposite 8-0xoG in template
DNA, and oxidized nucleotides such as 2-OH-dATP, which
are known to be substrates for oxidized purine nucleoside
triphosphatase, MTH1, may also be incorporated during
DNA replication (Nakabeppu, 2001a). These misincorporat-
ed bases on newly replicated DNA strand can be excised by
human MYH protein in association with PCNA which may
discriminate the DNA strands, and APE2 recruited by
PCNA is therefore likely to incise the AP site generated by
MYH. PCNA forms a homo-trimer in a ring structure and
functions as a DNA sliding clamp, which is an accessory fac-
tor for a number of proteins related in DNA replication and
DNA repair including DNA polymerase §/¢, FEN1, DNA
ligase I and so on, which play essential roles in the comple-
tion of PCNA-dependent BER (Matsumoto et al., 1999). An
arrow indicates the direction of the replication of a newly
synthesized strand (solid line).

antigen (PCNA) binding motif in the C-terminal region of
APE2 (Fig. 5), and showed this motif to be functional by
immunoprecipitation and in vitro pull-down binding
assays (Tsuchimoto et al., 2001). Laser-scanning
immunofluorescence microscopy of HelLa cells demon-
strated both APE2 and PCNA to form foci in the nucleus
and also be co-localized in some of the foci. The incuba-
tion of HelLa cells in the HAT medium containing
deoxyuridine significantly increased the number of foci in
which both molecules were co-localized. Our results sug-
gest that APE2 participates in both nuclear and mitochon-
drial BER, and also that nuclear APE2 functions in the
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PCNA-dependent BER pathway.
PCNA-Dependent Post-Replicative BER

PCNA forms a homo-trimer in a ring structure and func-
tions as a DNA sliding clamp, which is an accessory factor
for a number of proteins related in DNA replication and
DNA repair including DNA polymerase §/¢, FEN1, DNA
ligase I and so on (Hingorani and O'Donnell, 2000;
Tsurimoto, 1999). Matsumoto et al. (1999) reconstituted
a novel BER pathway dependent on PCNA using purified
enzyme components. PCNA-dependent BER pathway
may have two biological roles. First of all, PCNA-depen-
dent BER may repair modified AP sites which cannot be
processed by the dRPase activity of DNA polymerase p,
namely, FEN1 cleaves the flapped ends generated during
the elongation of DNA strand by DNA polymerase §/«.
Secondly, post-replicative BER for the efficient repair of
dUMP misincorporated during DNA replication, as pro-
posed by Nilsen et al. (1997) and Otterlei et al. (1999), is
also likely to be PCNA-dependent. A nuclear form of
uracil DNA glycosylase (UNG2) possesses a PCNA bind-
ing motif, and it may initiate the post-replicative BER in
association with PCNA once dUMP was misincorporated
during DNA replication.

Oxidized nucleotides such as 8-0xo-dGTP and 2-OH-
dATP, which are known to be substrates for oxidized
purine nucleoside triphosphatase, MTH1 (Nakabeppu,
2001a), may also be incorporated during DNA replication
(Kamiya and Kasai, 1995). dAMP may be misincorporated
opposite 8-0xoG in template DNA (Matsumoto, 2001). As
shown in Fig. 6, these misincorporated nucleotides can be
repaired by human MYH proteins (Ohtsubo et al., 2000,
Nakabeppu, 2001b), and post-replicative BER dependent
on PCNA is likely to promote an efficient and well-coordi-
nated repair of these misincorporated nucleotides during
DNA replication. Recently, MYH protein was reported to
bind to PCNA (Parker et al., 2001). In the PCNA-depen-
dent BER pathway, most steps are likely to be processed
dependent on a DNA clamp, PCNA. Already, several cat-
alytic components in the pathway have been demonstrat-
ed to have a PCNA binding motif, namely, their functions
are somehow PCNA-dependent (Matsumoto et al., 1999).
Among them, only APE1 lacks a PCNA binding motif.
Since APE2 has a functional PCNA binding motif and is
actually associated with PCNA in the nuclei, APE2 is like-
ly the responsible AP endonuclease for the PCNA-depen-
dent BER pathway (Tsuchimoto et al., 2001).

The accumulation of 8-0x0G in DNA is minimized by
the coordinated actions of hMTH1, hOGG1 and hMYH.
hMYH excises adenine paired with 8-0xoG and binds
tightly to DNA containing the 8-0xoG opposite abasic site.
Binding of hMYH may protect 8-0xoG from the action of
OGG1 during the first round of base excision repair, oth-
erwise the DNA may be incised in both strands by the

actions of 8-0x0G DNA glycosylase and AP-endonuclease
(Tominaga et al., in preparation). Probably, PCNA tightly
regulates the coordinated action of MYH and APE2 in
order to initiate gap filling with DNA polymerase (Fig. 6).
Once cytosine is inserted opposite 8-0xoG by PCNA-
dependent DNA polymerase & and the ends are joined by
DNA ligase III, hMYH dissociates from the DNA and
OGG1 may take place to initiate the next round of the
base excision repair of 8-0xoG.

Conclusion

Among the many oxidized bases, 8-0xoG has been
intensively studied, and also has been implicated in vari-
ous diseases, such as cancer, neurodegeneration and ter-
atogenecity. 8-0xoG has a mutagenic potential and vari-
ous enzymes specifically act on the lesion (Table 1). We
herein propose that 2-OH-A, an oxidized form of adenine
as well as 8-0x0G, appears to also be involved in such bio-
logical responses, as hMTH1 efficiently hydrolyzes 2-OH-
dATP, and 2-OH-A in DNA can be efficiently excised by a
DNA glycosylase encoded by the #MYH gene. The inter-
action of MYH or APE2 with PCNA indicates that there is
a highly coordinated BER system in human cells.
Furthermore, the intracellular localization of hMTHI1,
hOGG1, hMYH and hAPE?2 indicates that such oxidized
nucleotides and oxidative DNA damage are likely highly
deleterious to the human mitochondrial genome, and
therefore such mitochondria as well as nuclei possess
highly elaborated defense mechanisms. There are accu-
mulating data indicating that these defense mechanisms
play an essential role in minimizing the cellular dysfunc-
tion caused by oxidative damage in nucleic acids, which
may result in both carcinogenesis and the development of
neurodegenerative diseases.
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Mitochondrial DNA polymorphisms and aging

Masashi Tanaka

Gifu International Institute of Biotechnology

Summary

All of the genes in mitochondrial DNA (mtDNA) are fully expressed in cells, whereas only 1.5% of the
nuclear DNA (nDNA) is functionally expressed. Assuming that the copy number of mtDNA is 2000 per
cell, the total functioning mtDNA is 3 % 107 bp, which is 1/3 of the functioning nDNA. Because the evolu-
tionary rate of mtDNA is 5-10 times higher than that of nDNA, the functional significance of the single
nucleotide polymorphisms (SNPs) in mtDNA is comparable to those in nDNA. Thus, SNPs in mtDNA are
expected to influence the susceptibility of individuals to various diseases in combination with SNPs in
nDNA.

First, we analyzed synonymous mutations in mtDNA to understand the mutational mechanisms.
Replication of mtDNA is highly asymmetric between the heavy (H) and light (L) strands. The parental H
strand is displaced by the daughter H strand and remains in a single-stranded state until the daughter L
strand is synthesized. Occurrence of nucleotide substitutions was distinctly asymmetric between the two
strands ; G— A and T — C transitions were 9-fold and 1.8-fold more frequent on the L strand than on the H
strand, respectively. This nucleotide substitution bias is consistent with the T- and G-abundance of the H
strand as well as the A- and C-abundance of the L strand. Deamination of cytosine to uracil or adenine to
hypoxanthine in the single-stranded state of the parental H strand seems to contribute to the mutagenesis in
mtDNA.

Second, we examined the effect of mitochondrial genotypes on the predisposition to longevity or various
diseases. Mt5178A, causing a Leu — Met replacement in the ND2 gene, was more frequently observed in
centenarians than in controls. The longevity-associated genotype Mt5178A predisposes resistance to adult-
onset diseases. We have confirmed that Mt5178A exhibits an anti-arteriosclerotic effect at least in diabetic
patients. Genotyping of patients with mitochondrial diseases has revealed that the Mt5178A genotype sup-
presses the occurrence of mtDNA mutations, especially the Mt8993 T — G transversion. Because T— G
transversion can be induced by oxidative damage to DNA, the difference in the occurrence of this mutation
may be relevant to the functional differences between genotypes Mt5178A and Mt5178C. We can also specu-
late that the rates of age-associated accumulation of mitochondrial mutations in somatic cells are different
between these mitochondrial genotypes.

Keywords : mitochondrial DNA, deamination, uracil, hypoxanthine, longevity
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BIF B iEME#AE (reactive oxygen species) 12 & A8
DNA OFALIIEG & &AM EH S Twab, I ha sy b
D 7ASEERE SRR X OEB LR OMINIC BT 5 E
BRELEDOYTH D, KEDH 72D ORHEEIKE VW F)
PR EHEGHRH N L1E, I hay R TICBIT AP
MWERTHIUE, TR X ML EEERL, M
B EINL LA RET S, I b FYT
DNA (mtDNA) OiifbsEiEz k& <, 73 7 ALY D
FEMTRKEL B LD, 73 7 BEVIOMAED I I +
IV R T ONRGEEISEIG L2 DTHA ). AT
255 112 mtDNA @ [ F& & 4 0 53 Hr il RIZIES W T
mtDNA D2 BIEEEIZOVWTH LS. 212 o
FMANERTH LI ba vy B 7EE R, RO
IR TREOSHMEICES L, W TIEHRAE
JEPERE ISR § 2 K2 B R 52 TV % & DIRGES
o, REFBLEEROI PaY N THIENE
B LA R oW TR T 5. BFICHET 2851
% 0 Mt5178A O HLEIIRIEALAE 2 & ONC mtDNAZE 5458
AR IOV T S L7z,

1. =RV RFYUZDNACBITFD
ZEBIUEERDEEHKE

1) 3 ba YY) 757 A0HEEERS ORI
R

IhAYRYTH ) AIE16,5693EIA) S e BT E
DNATH» Y, 2D YKV —LRNA, 22805~
A7 7—RNA, 13MDOAvytyT ¥y —RNA%ZI—FL
Tw % (Anderson et al., 1981). TN HI2Ek-T, I b
Iy RYTHIIBWT, BRI Y EBILROBEAR 1V
DO T L=y MK ENS.

IPAYF)TEBHEEZMHLTATP Z G KT 5.
LRI T Z DML D 33 % % i, MR B
WTHEELKEEEZ R L TvD,. mtDNA IZRE (G
L, EiMBZEOFELBERETHLI Pa >y FYTHIC
HbHD, BARLEMOIHIEIZS VT mDNA DL LA
ERITHZEVPHON IR oTWA, FLTHRI—=TA
DEFER E MR O N MG EHIZI ba v B 75
HLTwaZepEHSNTWA.

— ¥4 M (single nucleotide polymorphism, SNP)
PWEHEINTEY, EAETIIEAESNP 77— X— X
DERFPHED LNT WD, FHELHIE, IL=T72r70Y
7 bO-BELT, %9660 %56H (HHEHA -
IS—=F 2 VIR - —RAERR R - MAERE E D
BEPR I - AAENEWE - AAEIENEN ), G576 B
DI Ay YTy LAO4EIERY) (2000 75 IER)
REL, BEEDLOVIGEBEICHET 2 HHOBE TS
KA ERT L2 ED TV S, T IUIR AR AR E S
¥ DT — & R— ZAMEIARFHIIEOLCDHDTH Y
PG ERICAM SN PETHD. THIZEoTH
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RKADI VI Y RYTHJ LIZEIT 2 SNPs DLW
S5,

¥ DNAIZ, 30RO 7 7 25325 2 O T 601
W TH D, BOr /) 212132776 F~4 FED#EE
FohY, ZoOELTW %513 9000 /L0
(15%) THhb. —J), mDNA (1.575 #HiLxy) <TI1L37
il Dt fz T (2 rRNA, 22 tRNA, 13 mRNA) A3#%fE L T
5%, 1EOMNLS 720 2000 2 ¥ —HFfET 20T, MR
H720 3000 JIEIERABEEL TWDEZ EICh B, fito
T mDNA DOHERER 75 134% DNA ORI D 1/3 & 72
5. 22T, mtDNADHELHEDH DNA L) 5~ 105
W & BT 5 & mtDNA @ SNPs 13 B fiE i ¥
IZBWTHEDNADSNPs # ¥ 3T 5% L% 2 (Tanaka
et al., 2000) .

2) IbaYFYTOaFyEEEEBROREERNR

mtDNA D2 S5 A8 % 5 U A R0, mtDNAD I B
YEROFHIZOWTEED L), T, I b YT
DIRNAZ22FH TH Y, EHHIZ2HMPH 5. Leullld
CUN (N=A/C/G/U) £ UUR (R=A/G) IZHIET %
tRNADH D, SeriZd UCN & AGY (Y = C/U) (ZxfIe
FTHRNADH A, HEI N ERTIZAGRIZT V¥ =~
FI2—FLTWwWEA, I haryFy7oa kT
AGRIZ¥IEa & hoTBEBD, GCNOAD Arg I
—FLTWwA. EHITREWE, 2 Fr§E3EHMO transi-
tion ST FKEMR L B2 THDH. ¥WEIFNVEKT
BUGAWR#IEa N 2% 525, I b3y FY70alR
Y #TIZUGR (UGA & UGG) OMj A Trpk I—FL
TWwb, F/2, %z FryRTIZAUAElea—FL T
WbA, I harFYToaRyETIZAUR (AUA &
AUGOI /) 2Metz#a2— KL Twh. ThbHiZko
TA=G transition 734 U T & Trp & Met # %% L CTfili
HTAZLNTE 5.

4361 mtDNA (16,565 ¥ Hxt), A7t 712,467 35 6%
DHFRERICESVCT I3 7=y FEET
(11,320 35 9k %f) 2043 % &, it 295 16l o K 2k i 6
(295/11320 = 2.9%) 2HMENz. ZDH b, [HFKE
$12 19416 (66%) Td - 724%, FEFEFEHRD 10144
(34%) 4#{EL 72 (Tanaka and Ozawa, 1994).

3) H#{E LBIOMIZIT 2 IR0 4 FA R o3 :

£7, mtDNA®FEFEROFHIZOVTENS. [
DI L, ArgZa— F$53 F¥ GCN O3
DEIZEDOEIEICEBAVELTHT I/ REBREAEL
T OERN (4 EHGBEAL) (2B A EAEEBRICER L,
5513 43 Bl DK D mtDNA O 43 B BLH O T 5 5
WDV T A EHOREA BT A ERBAERE LG
L, FNZER D58 B % ¥ - 72 (Tanaka and Ozawa,
1994) .

mtDNA ® Ao 13 light strand (L${) & heavy -
strand (H8H) »57%%. L#{IZCLADERERDNEL, G
FTOEEMEN. —F, HBIEGLTOEED <,
C L ADEED .

Lo 4 EH#iBEALIZ 51T 5 G— A transition DX
20/97 (20.6%) T&HHDIZK L, A—G transition DHi
FE1x24/771 (31%) Td -7z, F72T—C transition D

2.2%

5.7%

20.6%
P —
3.1%
Fig. 1 Frequency of nucleotide substitutions in the fourfold
degenerate sites within the heavy-strand encoded genes of
human mtDNA. Number of nucleotides at the fourfold

degenerate sites is shown in each circle. The arrows and
percentages show directions and frequencies of substitu-

|

tions.

Wi 15/264 (5.7%) THAHDIIxL, C—T transi-
tion D1 18/821 (22%) THo72. A-GELH G
S ADEENE VDI, GHPEELY AVZEI%:
5. [ARICCoT LY T COMENE VDT, TH
LERY)CHSRICRD. D LI, 4EHBELL
2B B IO AVE R ERE O MBI LI 5 &
BRELCEET AL, FHlME L BRMITE 3L
L5128\ T G— A transition DH{EAC—T transi-
tion DHE L b B2 k1, G— A transition DHIEAH
BIDLLMIIBVWTEHEWI EEEKRT A, FARICL#H
128\ T T— C transition D4 ASA— G transition D4
BE X ) w2 L iE, T—C transition DBEAHH LD
BLBICBVTEHWIEEERT S, COLHICHME
Lo, ZRIFENBIIZEL S Z L1, mtDNA
DEEOFFHYE LD D S .

4) MtDNA O 8BRS

Fig. 21 MtDNA O 8 BB % 7% L 7= (Clayton, 1982).
MtDNA @ H o #4413, D-loop i2d % H S DRI
5 (Oriy) 20T s. BHMERLOT LA S, BH
OGS HED . BHMOA A 8RO ALE T THEA,
BHMO L2 2 LEoEREALKGS (Or) 28ihs L,
MO TWLOBEHAIIEE S, ZOMICEHIE—AH
WREEICBAN L. MIDNAOBEBEIIEIETH Y, 28
BAhbeShTws, i, mtDNADOHEHEIITDH
na< by AZHIERAEOTEEIE L, ELhR

F2 (100 min)
A (0 min)
=
B (20 min)
F1 (60 min) Daughter H
@ 4 ®/ Parental H
H
\¢ E (0 min} C (40 min)

Ori

Daughter L

Fig. 2 Replication of mitochondiral genome. Replication of the daughter heavy (H)
strand starts from the origin of H strand replication (Oriy) within the major non-
coding region (Step A at 0 min) . The author assumes that it takes 60 min for the
replication of H strand to be completed. The replication of the daughter light (L)
strand starts at 40 min (Step C) from the origin of L strand replication (Ori) and
ends at 100 min (Step F2). The duration of single-stranded state of the parental H
strand near the non-coding region is 40 + 40 = 80 min. Deamination of cytosine to
uracil or adenine to hypoxanthine on the parental H strand is highly mutagenic.
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Table 1 Comparison of nucleotides at fourfold degenerate sites where A-to-G transition was detected at least one individual

among 43 individuals

Nuc Gene Sia Ora Gor Pyg Chi Hum Mut Obs Anal Occur
4715 ND2 A A A A A A G 1 43 once
4961 ND2 A A A A A A G 1 43 once
5240 ND2 A A A A A A G 1 43 once
7055 Co1 A A A A A A G 1 43 once
7403 CO1 A A A A A A G 1 43 once
8071 Cco2 A A A A A A G 2 43 twice
7250 Co1 (s A A A A A G 1 43 once
5351 ND2 A A A C A A G 2 43 once
5441 ND2 T T c C C A G 1 43 once
7828 CO2 C A A A G A G 1 43 once

Abbreviations used are : Nuc, nucleotide position ; Sia, Siamang, Symphalangus syndactylus ; Ora, orangutan ; Gor,
gorilla ; Pyg, pygmy chimpanzee ; Chim, chimpanzee ; Hum, standard nucleotide in human ; Mut, mutated nucleotide
detected at least in one individual ; Obs, number of individuals with the substitution ; Anal, number of individuals ana-
lyzed : and Occur, number of mutational occurrence in the phylogenetic tree.

DNADERATE RV EfE SN TV, BHH
121X — A DNAK; G4 HE (single strand binding pro-
tein, SSB) 2 & L TLE/LEND LT vz, —AKEH
DNAIZ=A#HDNA XV & DNAHE AL LR T, #H
BEN-BHAZFHAE LTERSNARLHOHEED
HRIZBWTERDIEET 5.

5) MtDNA IZ351} 5 transition DFEEHERE

G — A transition DJEEMMZ Z IR, FEHEH L
TC2HLUNBT I VoA 4. BHE EICAT
UL LTILBEAAR SN S L EADR D A F
N5, ZOELMEETG—A transition 23U 5. %
HIFEMEDOH 5 U b7 5 72012, uracil DNA-glycosy-
lase DFAET 575, GextaR L TCwWbURKET LY
BORERTHD., —APIREIZB W TCA U IR
L, Zha gL LTADPWY AFhAYAICIE,
uracil DNA-glycosylase 21 L T3 U2STIZi#E 4 2
ONLEDODARTHS.

Gu:Cy— HBBM -G :Cy + s
Deamination |
ATy~ BB <A Uy~ LR < U,

[{]#£\Z T— C transition DFE LM L HEH{ O AD
7 3 2 CHMTX 5. BEHEH L TA% 5 hypoxanthine
(Hx) N7 3 7RI 5. HxidTTla%n< Ck
WHETLHDOT, TOHMEE L TT—C transition % 4 U
L. BREMHDOD L Hx P35 72912, hypoxan-
thine DNA-glycosylase 2347 1£3 A %%, T ®x % L Tw»
LHXEBRETDHEORIANTH S, —ARBIREIC
BUWTADHxIZHRIEL, Zhzgfle LTCOHD A
F 72841213, hypoxanthine DNA-glycosylase 23
LTHHXDGILEEIRZ ONLIDATHA.
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T, : Ay~ HSBB T, : A, + Ay
Deamination |
C. . Gy+ 1518« C_ . Hxy « LE{## « Hx,

AR LEEH 8 TG 25 xanthine (X) N7 3
JRIBARE T, XIIEEREEN 2V, THhHIZXAH
CEHETLOTHD. ->T, LHLOCIILKET
HY, TOLDHEEDE.

C.:Gyu—H$EWM ~C Gy + G
Deamination |
CL:iGy+ B «C. Xy~ LIHHEHE « X,

Ori, |23 V> cytochrome ¢ oxidase D {x ¥ COI B L O
COIl#fn - Tld, BHSITARPIREBIZB 2N 5
MRz OIZ, TS ORI TIEERFEA A
K& PS5, —J, Ori 2> 5iE W cytochrome b D
Cyth 8z Tld, BHMIE - ASIRBICE 2N S
BRWDIZ, ZOBIETHIRTIIEREEFED RV
ErMENG. 4 EHGREICBIT S GOEEIR O 2
OB D S F IV A, Orip 20 H &V T
FE4EMBIICBIF 2 TOGERERIMESC o TS,
LA L&A s, FEERIZOri A 5 Hic &k o GEEFHIT
FEMEN R B0 ) EEET L2012, EHI1Z%
oMk zE Fl v CTRENZ R 2 #T L Tw 5.

6) FRpMA Y & R R O R

Kz, NHOHMNZR (intraspecific mutation) o fig
Bi A 515 5172 G— A transition D#EAA— G transi-
tion DHAFE X 1 b F5v & v ) fERAS, FRBOHBM
W&o THEFFEI N Eh 2 ) L7z,

Table 112, 43fitkodc, 1K EIBNT, A—
G transition 7 X 7z 4 FAHHRIFAICB VT, 5D
ZER, thbhbbyy—~r, A5y —%F Y, T 7,

Table 2 Comparison of nucleotides at fourfold degenerate sites where G-to-A transition was detected at least one individual

among 43 individuals

Nuc Gene Sia Ora Gor Pyg Chi Hum Mut Obs Anal Occur
4655 ND2 A A A A A G A 2 43 once
5147 ND2 A A A A A G A 2 43 once
6962 COo1 A A A A A G A 4 43 twice
8020 Cco2 A A A A A G A 3 43 once
8155 CcO2 A A A A A G A ! 43 once
8856 ATP6 A A A A A G A 2 43 twice
5231 ND2 A G A A A G A 2 43 once
8251 co2 G A A A A G A il 43 once
7600 CO2 T A G G G G A 2 43 once

Abbreviations used are the same as in Table 1.

CrI—Fonvy—, FuRvI—THIET HEIC
YL RS RSN N ERKE LD THA.
5441 % B L 7828 FDAZKRVWT, £ DMIIBNT
ARBEINTWS., Ao EOME (WbWwd I b
AV RYTAT) Ao TnAEDITLEALRER
Brit@chs, O LEEEHOLEOHLH,S,
EfMichbo TABRBRFE SR TV L2 EKT 2.
LEOE MEEKIZBWTADS GABIERPAELLE
Zbihah.

Table 213, 43fiifkodh T, 1K LIZBWT, G—
A transition 25 S 7= 4 TAGRERMLIC B VT, S5HD
EERTHIGTAMEIZED L) XS RBENE D
ARELZDDTHD. 71600FDGEENT, LD
FiIcBWT, 72, L MIEBROEFI—F ¥y V=
BXOFuy Ry I—12B0nT, AVBEIhTVwA., F
7= Sk % 4 < & 6962G — A & 8856G — A 752D DR
TRV 24 LS 0o TWh. ThH DK
Mo, LhEFUNRYI—0EOMENS, € MO
S A L 72 2 O IR A L T GERD
£ DL MIEESNTWAEEZOND., ThbDL,
IFIVFYTATHEELTW-GRFERTHo L
Fiobhb, FOGIE, PHOBMAIBVWTGTHLA
HEMRY LTWwa, koMo KT E, G
2 BRHEBIL, BEICHKRL TV L) THAS.

2. RELS POV RUZ DNAZR

1) AHORER LR s R

v MIEOLBARN 2o, ShiddEmE LT3
ENTH B, BAERINCRET 25K, KHAANEER
FABICEESNEBICRIETH5DT, ThHDKEBIC
M4 5 E TAERIGEN S Y, ¢ MEFopc SR
FLTERHLIAZEZRLTVS. ABOBELOHRT
HLAK R FEW I E IS L 72l s T (A1 & thrifty
genotype) 2SR 2, THABULRIZH W T
LYWEENEREEZ D725 LTw LT H L. I b
a2 KUY 7 OIRNF—EARORED mtDNA DR

BEZETHICE > THESRTWENE ) DITOVWTIE,
KeaEAsHE A TuWZe v,

2) ZILICWT A3 bay FY 7k

I bay FY 7R, OfE, BRBICBVWTI b
2> K1) 7 DNA (mtDNA) D% e ZRIHwE INT
Wh, RERICE-TI Fay F) THERENAET
e, T havFYTHOOETEEEEMEON A KT
% (Zhang et al., 1998). Z®#i$, mtDNA A& OBt
GBI LD AMEROFEENEE H I L
(Kovalenko et al., 1996), HFE #E{L U O &IEY) T &
AL FOFy ) aF =ik THfi Sh-&H
 (Yoritaka et al., 1996) »"F & LTI ba» FUTIZ
BLWTHmMTAZ L2 EPHLMIE ST

CHOOEBOWRHEE 2 HAERICHT AL, Mk
HED I b a v FU THERREEICINF LD 09, EiL
TSI Py FYTRETH S, EHESIIAMIC
$1F 5 mtDNAZ RO ERAN#G & EHEHEBCHES LT
W5k %1989 4E 124 L7 (Linnane et al.,, 1989). <
OIRFEEBGE L7248, ZRWEIZB WV TmtDNAD
K% (Hattori et al., 1991 ; Ikebe et al., 1990) & %\ i
HER (Kovalenko et al., 1996) 23%fi3 % Z & % PCR
& 5\ i3 in situ hybridization (Nakamura et al., 1996)
Lo TRTZENTE

mtDNA & AL 124% DNA O AL HE D 5 ~ 10 f5
¢, mtDNA ORI D% Btk A THETH 5.
I bV FYTABICBOTEELEEHZHLETWA
CEEWRYT A7-0121E, mDNAZRIOHGEIZ L - T
IPAVEYTALDT I ANEERDPRED, TOM
o NFSIE M SRR B R LL, 0T
BHEICDBEERIETEV ) IEHABGES 2 LBV D
B, BEHOEHE, SHEI MV P THRETSEE
WKL, ZRH0SHOELARNOKE, HbHVIdE
ERERCRET IR 77 27— LTORREMR
HLIH)ELTWS.
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Table 3 Nucleotide substitutions detected frequently in Japanse centenarians

Substitution Gene Amino acid replacement Centenarian Control
5178C—A ND2 Leu237Met 9/11 12/43
8414C—T ATP8 Leul7Phe 7/11 11/43
3010G—A 16S rRNA 7/11 11/42

3) REICHMTEI bary NI 77 2 20—KiIE%R

I b ¥ Y74/ 4% Sanger 5 %1981 4R 124 dk
B2 ELTBY, B M7 AGITHO X ENTTH S,
FEHOIL, N=F 2V YD D CIIFERE OO B
I22W T mtDNA O & EBHI OPIEE T 72, ThE
Mo BHE TR SNBSS, WEICHSLTw
LR T 570120, B TOSNP OB & IE
WHETOHEZ WIKT 2080 H 5. LarLl, PEET
FBIET HEBIZOVTEZ D L IEHADEHRDIHEL .
AR ORAE SIEEEE LTh, BUERICZORE
ERIETHWEEMHIIRETE R, ZITREZFOMRE
ThorHaFSE (100 ) ZHEEHICHET L3 b
o— VL LCRIRL 2.

4) JeA B R

ek B IR D B2 0 GOBRIR IS B T B JE A R BF g
(Framingham study) 2 XU, EHIZLCBOILTER
FDOBBORCTHERICE > THWVWIEEELZIT 5
(Brand et al., 1992). BHEEZICE>TIRAGNAZI b
I N 7EE RS, mtDNACKT 2 B L,
mtDNAZ RO ERGHEE, Z2HEEBICHT LS S,
S B EEROTFMIEEE KITL TS RN H
5. ZORHEMGET 572012, FEEHELHE37HOAAK
ANDEF# D mtDNA % 5347 L 72 (Tanaka et al., 1998) .

5 AHEDI b FY 7B FOMN

LI, IHOHEEZIZB VT mtDNA D4 LR
B % T L7z, SRR3R R 25 AE L 72%%, mtDNA
DEYEIEFH AP P E S T 72 43 Bl o xFHEBE & b

BLT, ThoOBEHFFICB THMORIERRA L)

W TR h S 7z (Table 3).

T X BREMR A 2 2 O IEEESHERRE T
DEWHECBIR I, 1ok E#R (Mt5178A)
i3, NADHBAKEBEOHE 2 7212=v b D@L T
(ND2) #HI N D3 2 5 5178C — A transversion T& V) ,
Leu237Met &4t % £ . Mt5178A X HHEE D 116} 9
BT SNz DIx L, MHEREETIZ 435 12600
Al E iz, T OREOEIIfERE 0.01 LL T CTHaT#
MICHEETH- 7.

52 OMEILE (Mt8414T) 1%, ATPEEEE D8
7=y boOEEF (ATP8) #IHN D 8414C—T
transition T V), Leul7Phe {2 19 . Mt8414T X 17
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HFHDO1IFIH 7H TR SN DI L, FHEEETIX
3B 1L plC o AR SN, OO EIZfERER
0.05LLFTHETH - 7.

X5 3OMLEK (M3010A) 1X16S) KV — X4
RNA ji& f= 7 #3187 @ 3010G — A transition T 5.
Mt3010A X FHHEH O 1B 7HI TR S =D I12x L
BT 1IFICoABEINE. ZoOBED
ZIERE 005 LT THETH - 7.

Mt8414T & Mt3010A Dli# % A3 5 [ H #7611,
M178A %2 T A HAHIBICE TR T T, Ih
SOMBER ORI /TTHEI L TWB I LAREER
7%

6) I Fa ¥y Y 7EE OB R

I olfiEEEo s S Mt5178A127EH L, PCR-
RFLPEIC L - C, 37HIOEFH#H & 252 Bl OFMEH D
R EDORE A2 ) —= v 7 L7z, Mt5178A D
HHRAICBTHHE (23/37, 62%) &, BRIMZICBIT
LB (114/252, 45%) & D A FRICHEBICE 2 >
72 (fEf#E0.04, & v X=1.99). ToHZkiZ
Mt5178A D RHFICHME L TV B I L ZRIEL TV 5.

2N 5D mtDNA OIS B AR BOREITRITT R
WA 572012, Mt5178A & Mt5178C DHHE %,
AR 24 U 72 KRB ABE i B & Ok 3% 338
BHCBWTH A, Mt5178A £ 7213 Mt5178C 2 H$ %
BEDER A2 S, HVEHITBIT S Mt5178C D #
FEIE Mt5178A DML L IZITHE L o 2DITH L (467%
FKiOBETHOM5I78 A & C e 46 : 40), HEDHEE
(2B 5 Mt5178C D4 E 13 Mt5178A DB & ik L T
L OBFERWINE R L (46 %L Lo BHE TOMt5178
A Clt86:166), 46%IZB\VCHBEZEIT R EZRT
CEPHLNII o7, FEOBEICIBIT S Mt5178
A/C It (86 : 166) &, HAEHICBITHH (23 & 14,
p=0.001) X O AMEIZBIT A (114 1 138,
p=0.01) &L THREFFHICARICEDP272. 2o
FERIE M5178C 43 2 1K2A°, Mt5178A & 4§ % 1
RERB LT, MARERORBICRELSTVWI L%
RIELTn5.

7) 3 Fa v P 7EE TR o SR HE
b AV R TRE PO X > TRRRIEE - 3§

PERE AR D F L R HBED D B G2 O DICT 2 7

DI, Pk oA S MR Z L, 5 Ak
O p HiE & EA L, Mt5178A 3 %\ & Mt5178C BIO 3
Fav RYTERETAMBKRESBELL:. L L%
A5, HMLRRE OGS B Ik i PERE A 0 JE R
DK E VD, BIETRBTHEREEZRT L
WTELhol.

Mt5178C = A X > T7 3/ BREHAE U 5 FkE
Leu237 IEMAB TR BEFEIN TV, & P Tid Leu
THorH, Ty b -9 A 7Y TIEThrTH 5. KA
WABCTHLETHFIVBIV YU FH AT T FIIBVT
Met BB XN 5. Z O MetRIEDSRREHEKT L &
RTEXL7Y5OI Ay FYTHEICED L) 2
D PIEIAHTH 5.

AFAZVBAFTRELT I/ BRTHY, 2O
AR A—8—F F ¥ F7 =%~ (superoxide anioin,
0,7) HAHVII—FF T+ 4 74 b (peroxynitrite,
ONOO ™) &JUBL, XFF+ = ZAN&AF ¥ K methion-
ine sulfoxide £ 72 ) 9 % (Levine et al., 1996). & 512
WENTZANVKF Y FEBHEL A F4 = VIR THEIED
HlETALEZONTVA., TabbEHEHOEKRIIDH S
Met B ZIEMBEM 2 MR T LTV ANAAIXRNY Dy
—THLHERBERTVS., ;DI YFYT
DNAIZLE 5 TCa—FERTWEI3HOHEHED A FF
SUEREHARDLL54%THY, ND2HEETHED D A
FA U ERIZ69%THo72. TOHIE—KOEAH
DAFF=vER 22%) D222%VL3IEEV. b
L, I Fa ¥ FUTICHTRBILNA N L 2D H
WCTHEETHL%EHIE, ND2HT2=v FORKFIZH
W45 Leu237Met #EiIZI Fa X Y TR T B IR
Ve %4 LT Al REMEA S A 9 (Tanaka et al., 2000).

3. #ERmES POV RU7 DNA ZE

1) 3 bay FY 7 FRE DRBRNICIT 50
PRI PER I & ) B

R BH L 72 Kb o BB T, B TRIEICAER
OESRBENZ LR, I hay P TRIETEROEE
7%, AR T TR L, IRHiAR B ATIEME OB
WL LTWAIERRBLTWS. 22T, FH LI,
OHigE, RMMAEREE, =% Ve, PR, AR
FET LIV T Mt5178A/C RO B EZ G L T 4.
2 TIRBERE & OEIZ OV TN 4.

FEIRIR X IS - REBE - MR E R R R A L
bz, BRAEAL % R L O gE R R E 2 b 725
PR BECTRIEEEZ AT b00% <, BIEHEN
FEEENOBEANTORIEICHEGLTnSEEZLN
5.

1B R IR 12DV TIE, B TR RBER L~ 5 —
DONEEThEIES L kAR ETo 72 104D ED
RBELAT 5 IBERBEZ BT, I b3y FY

7 TR & R B X ORHE O HE EE & o) B & ARG
L7z, ZORSE, BERWEREE O£ & BB LD
B 300 & e o 7278, BEIRIEPEEE O EAEAL X
Mt5178A T o % X ik L T Mt5178C D BH TH L
W A S A% 572 (Miura et al., 2000) . #ERAE A
WATT A A EIMEEO T Y P — VO RBIZKE L
BT HDICH LT, BREOMEITIGEZNEENIRE W
Lz HNT WA, Mt5178C AL i bR B e O BAE
BIC B %5 2 5 RENERO 2 TH L LHEES R
5.

2) I bay Y 7HEE R E 2 KR O BIIREEE
Wids L B

2 RIS TR OV TIE, MK B KPR A 73 W27
O R E R S L RERFIE R AT o 72, 2 BUBE RN EE
BELriFday bu— Lk OB TMt5178A/C D E {5
WA E A o 7oA, BT a—1C Xk o TR
SNBBIREET T — 7 OB b Mt5178A D EE
I ) Mt5178CEHI D BEIZB VW THBICE W LWL
M2 7% - 72 (Matsunaga et al., 2001). F 7=SBIRON
e )s (IMT, intimal plus medial thickness) (&
Mt5178A Bl D % & ) Mt5178C BRI BE D L AH IS
KE Do 7z, IMTIZEMKIFE ISR T 225, BRI
F2 BT M5178A BN FBR DILIE A 8 5\ LIZ 94F
SELELIEDBHLNII R o7, — T, FEREAIERE
TdH LHBETIEM5178C HIBE X 1), Mt5178ABIBE D T At
BIR L O AEFT DS SRR VB A A S 7z As, WEFD
BT EMICAEBEE R o (REEK). T0LH
12 Mt5178A RIIE, B FR I D FEAE 2 PIHI L 2 V2%, BEIR
BB B L BRI OMEST 2 BT 23R E AT A
EEZ LNz

Nishikawa & (Nishikawa et al., 2000) (XX 2 ¥ K
T A7V 3 — RPRPE D LA T TR AR S MM B
BB B A= S—F F T FOEATMTH L EHEL
TWa., Thbb, a7 BEKEERREIER X 7235
BRI OEM, 5Bk E £ 7213 Mn-SOD
OBFRBIICLH->TIFI Y F) T7HHOREMEECL -
THERINSLROSHEEZMET LI ENTEZLLT
W5, I bV THEETFICESTIPIZRNYT
75 D ROS FEARATBIMICHEEIN T WD ERET
B, EIEEC L ->THEBEND, H5HVITMEIZHED
BRI OEITIE, B o3I bay FY THEFEZ
A7 KB THESHLEEZEZ BN,

4. = h3Y RU7 DNA ZSRIDIHFHNS

1) BAFICBMT 285 Mo RIS T 504

Cann ittt P OEILIZET ZHEICB VT, HHRE
M oED UTHORROHRT, bFPITSHOT VT
ANE1BlOI—1 v S ADSMS178A % A L T\ 7z & #Hul

203



L7z (Cann et al., 1987). Z DOBi%EE Mt5178A 23R D
EMEMORTHBEMH THELILEZRLTWVAS.
Mt5178A DFEEA H KA AN D TA5% L v & i,
HARD V¥ 4eay (L1 83.59%, BIE77.01m%) A5k R
MTIRD VT & LML TV B RN D 5.

2) AFLPIAIC X 228050

Wi, FHE XKL R ORI B EIZ & W la L
T, BHA - @& - ffEo 10 #5 THE S 724 100 AL
L O DNARKF (&5 1100 A) I2>WwT, AFLP
(amplified fragment length polymorphism) %47 % f
WTI PI Y FY7DNAD KL (SNPs) % 2l
WHHLTwa, AFLPIX, 1330 M1 X > TPCR
EV DR SHR SN 2T R X512, $-8ET
B2 X > TPCREWAKI 10N 2T RED L5127
FAR—%EETL, BHHOTS A~ =2 HIEMA 5
ZEIZ& 5T, 1080 PCRUIE THELD SNPs % [i] 12
M4 HH%TdH 5. AFLP 53#H1 Tid PCR-RFLP 57 #7 & 5
b, HIREEEICL2HEPAETHHDT, PCREY
ERVTIZINT I FEVERKBTHEEL, 7L %Y
B2 THREIHEONS.

3) WP IVTICHT2RAMMI bay FY 7l 1
2D 55 i

RFICHMME T %85 78 Mt5178A X H A 1EH 0 T4
<, HE, PETIHRINEINLD, FLYTEBRBESh
irolz. MISIT8ARIA AT 58%, I va Y FYTo
16S Y KV — LA RNABIEZFDERTH 5 Mt3010G — A
WCIEH LT, Mt3010A % A3 % A2 X Mt3010G % 4§
HALRNZHIS L7z, A2BE, BB (44%), HiiE
(43%), H (39%) THIEHI L, /X (34%), %t
% (33%), B (29%) THIEIMEA 572, HETIZ
L (24%) TA2RIOBENE L, HE (24%) L
CHETH o 72A%, hEEILE 17%), # (14%),
#E (11%) TIIBESETFTLE. ZhicsL, ALR
PRI (12%), % (11%), #®E (10%) 2
%<, EHBIVEHTIZ6 %LV 4% ThH-7-. Al
ik, BELHAOMIZHZ2ME 11%) TEEET
Holzh, HELMMTEIRBEINT, HiE %) &
E 2%) THREETDH 7.
WAREVRRBIIRBELRTVWEEZORS
Mt5178C B D#f % NADH K EREZ D3 T2 = v
FDEZEITdH S Mt10398A— G (LeulldPhe) 1Z7EH L
T, Mt10398G i % 49 % BA (B1~B6MIZHI%) &
Mt10398A M % 473 % CHI (C1~ C7TRUZHMIS) (2404
L7z, ZO#EE, BIEINHERH (44%) TEELETH
52k, BRI (22%) THIENEWI &, C1M
BREAY (70%) CTEELRRTHLI L ENHL 2
oz, TOEHIZI MY FY) THRETFRA G
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ZHRNEDCTHISE TS E, R7 IV T7IcBwT, B
12 RELT HEMMP - EDOBRE D - THA LTV
HZ NS 5T,

4) I PV FYTERGH»S B AN

INHDOFRIE, HAABLIO T V7 AORRE %% %
5 ETHIRDH L7 —5 TlEdDH, EFEMBLEIS D E
RERBELG 25, TOTANEBKRADOMTI par F
V7 BIEFRICKELEZDN DL LIX, BREADT LY
WA =N B\ VIIS—F 0V VB FIC B L THIE X
N7 mtDNAZROL S KK NICEHE DL DTH b,
HARLET V7 OE A I2BT 2 5EBOMPIZIZT V7 A
EHRHRICLZZHBMEHOMEILETHLILERLTY
5. F72, HRLEBGEFEOM T, SETHEIZERD
5500, EANLLROME L L Thsr Lid, H
AIZBWTI Fa ¥ FY 7HBEFROR AR EA
DWHEMIET LI LI oT, W7V THEDAL D
RS DICHLHMTEX A L2 HEKT 5.

& a8

BUE, F# 513 P mtDNADSNP 7 — % X— 2 % #
LTS, CHIZL-oTHARADI by FYT4# )
LIZBITHSNPs OEFAH S h 5. BBERE L
T, BRINZESNPs DHEZ & S IZEKOMERICE
WTHH 52 L1280, REOBIZHERD L WIZF
NN OB ET 2 EBRK 1A 5 212 7% 5 & Wi
SND. HIBRWTIE, RIKEWIE L s LI
Lo T, EIRAME L BIEH T OCKEBRZH S 22T 5.
TRERDOBEADI bary FY T#EIEFLEIIE LT,
ED &) B RARE, MBS, EALRIRZIT)REH
RERRETAHILIZE-T, BETEILEHHAZ
FELTENTEZLDEWFHELTVAS.
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Mechanism of oxidative DNA damage by environmental chemicals and
its role in carcinogenesis and aging

Shinji Oikawa, Mariko Murata, Yusuke Hiraku and Shosuke Kawanishi
Department of Hygiene, Mie University School of Medicine, 2-174 Edobashi, Tsu, Mie, 514-8507, Japan

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 *’P-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.

Keywords : DNA damage, carcinogenesis, aging, environmental chemicals, reactive oxygen species

1@

BRI -0 AEHME I 712 X 0 AR TAE R S B TS T
MeHlx, SETIERAKSTFEREL, MluEz b2
57, A TOIHWMEIC X 28 0HEE, KT,
AL, ZBIRER, BPALRELICERICHEEL TS, 1k
FRVPABBOE B [ =vx—Yay) IBIFA
DNA 855 XA IR K & BRI IR IS Rl s 5.
DNA ft IR X BREEAL 2P B S A AR N o S A % C
AL S, DNAWEEER T2 2 LICX I
Xha, —7, EHBER, A =Yz —Y a3 VITMAT,
BBABBOE B CTHILTOE—Yar7us L
vy avIlHEThEEEZONS. AL, BHYANSE
BN Y e & OB IFRALE W ATER{LYIC DNA
HEEZNLTREPAICELZ EZME L TEZ 512,

[l
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ZAff D 20014E 11 12 H 28D 20014E 11 H 12 H
©H ARBREA RFF 45

fEH, DNAAHIIMKIZHAC & ) Z DFEDT A BERE DS HH X
NTELRGFHEALGYAEAL DNAHEE L A9
HIEERVWIILTWS. Thbh, £ OBREELEY
BN A MBI BV TR DNA B 2SIEH IS HE
HREZRLZLTWAZEZHLNIILTE .
WEREHE S DNAZ 8 L, BLOMETICHYS T 5 &
W GRS Twa. F72, il dta ko K
WAEET A7 0 A 70 & LRSI O ElLD 7a s
FAIHG LTwb oGP I TwE, KL,
BRI D —D L LT, WHMEERICL ST ux 7
e DR e 2 1TV, BRI A b L R & BALD B4R %
L. Twi5,

A TIE, WIOMEL S LI, BUBAREILE
VT % AL DNARIG O EHR L BHT 5.

1. RESEDFE

FEERIZIZ e P ABABGEIE T c-Haras-1 8 X U5 A i)
HBEF p53 R p16 DKy P AF Y b & & 100 ~ 400

Society.

A O ARRBIARFUERE 1280 Y Y RI A TEREEHE O Y] TREsSh.
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

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

B DNAWIR 297270 —= v 72k ) £ RI121E
7z. THHODNAWIH O 5 Fdi % “PCRGK L, HIBEE
FTUIM L C oD A2 S L7 Bk DNA W H %
WL, T/, 7uXT7ERIEEGESLDNAK A (5'-
(TAGTAG), (TTAGGG) [3) 3&W L, [z 2P T
ik L CHEBRICHW2. Maxam-Gilberti:Z 5 L, +—
T UF 7T A5 DNAREME & 2 O3 3480t %
L7z, F7o, HiEfilg e v zEZBRIiZBwWTiE, e b
F1 s HL-60 & Z D 74 4 5 — ¥ 5 Hikk o HP100 %
vy, BB DNA RS 23507 2 @ bk E o M5 % K
L7,

2. Bt DNA BISEFED A

RBAMEADAZ ) —= v 7L LT, EREMRBRD
—DTd b Ames AN EH I N TS, 1976 412
Ames %3300 i DAL Z W) E % WkBR L 7220, EATAW
B D0 %HhEREREZRL, FERVAWED I %I3%E
REM ARSIV En, BREMEOKRBICX Y D
AR TUTE 2 WS, L, ZOHO%E
5 Ames iRERB EW R & BOSAWE L O —FekiE, B
TR0 %RREE Wb TWwd ., FHALEWIE Ames
AREBEEEHRE, AT TSRS, ZhY 2,
Ames iRERFEVEY B O % Ve 0GR 5 B FZE A
VETHAH. 41, “Ames test negative” ZIEAAW
BHIZOW T DNABGEA MG L. 2%, Ames
REREED RV AWEIZE { OYt, W EER %
L CDNAHBAZRZ LEFPAICHE T L2 L2 Ryl
L7z, ThETOEIZBE VT Ames RERFEMEDFEA A
WE & BRAbR DNA SRS & o R e e 2 AH B B4R %
BHTWD, ThbEH, Ames i ABRA DNARHINAZ
WS HHDBAWEENRE A MET 20128 LT, KA
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DY AT LI DNAE 2 b 72 5 TR PAME %
MIT 201N TWE EEZOND. fit DREVBAY
B2 X % DNARBEHRE & Ames iRERIC X 5 )58 & DB
#% Table 11Z/R L7, Aty ¥ arTid, BAEAWHE
DAL & DNATRGERE L o BIFRICTER L, BEERY
DNAif & ZDOEHIZOVWTHhRSE. F72, FANL
IR BT D IHTERE S OB K & HIERCHIHE S A DNA 48
WO ANDEGIZOWTHES T 5.

1) BEKET I 2EGM

(1) ZBRAEET I LAY

HEET I bW THbH2F7F VT I v (2-naph-
thylamine), 4-7 3 / ¥ 7 = =) (4-aminobiphenyl,
ABP) XY Y ¥ v (benzidine) (&, #eFILBRILE; I
RlOERHPEARE LR RS Twzas, b MO
MR ESEL LR OENELRD, BUE, FBise
EEETRES LI TWAS, LAL, TRHDOEDR
AWBNE Y N IO ERBEPIZEENTWD I EDPH L2
o THBY, BEZFOBEKRE~NOBGIRBRINS.
— RIS DILEWE, EEKNTY M7 T A P45012
LON-KBEEShT, e FaXH BRI N5.
L FaFH o, 7EFLVEFS 2725 —E¥HLH0
BAVKF T VA T725—FIZIDZATMMEENS,
COe FadH AT 27 Vi, W AT IVOREEYE
DIOIRERITIHBEL, 714 PL = A4+ &AL,
Bl ¥ N0 M EMET 5. BYEAMALEWED S b,
RYEVBROBDPL WG, —#12, DNARIAEE K
WCEBRVPADEIER =3z —Yay) 5T
LEEZLNTWS,

21k, ABPOREMFARMICIX, YLD X9 % DNA
RO D & 7% 53, WALl DNAHEG 535

S L AW 5HZ L7 (Murata et al, 2001). ABP OfGH
WTHHNE FOFI473I /7= ViE, HBE
fLL, =ik s B8R CistERREIEL, AN
TR FTDNAZ BT 5. & SIZEERNEICY
BENADH 2 X h = o vikascsh, L&y A
VAR SN D LIEEHROER A HERL, FLw
DNAE RO b L. X512, EMBAERDA~T
OHA 27y 2T IVRTVERREDEERAT I /1L
EWIZoVT S DNAIKD DA% 5§, TDN-
v roF S REMAHILICDNAZHE T A2 L2 H
522 L (Murata et al., 1999a ; Ohnishi et al., 2000,
2001), EMEMEE AL TRSABRICHEGT 5 ﬂfﬁ'é‘f.’-‘t.
ZRL7.

(2) MBHHFIET I 2LGW

RYEVBE—-DOOT I /AW THEA IV N b A
v (o-toluidine) 1%, Ykt b2z kR, FrEHl
RYlcfifsh, BREOZENPEBDLN TS
(IARC 2Ffffi : 2B (& MIxf L TR AMEZ IR REEDS
H2)). AN bF ATy ADNAHIEEZ KT %
A IR L, FORVPABRIIEIH I TV R,
Halx, AV PVA Y OREWTDH % 4-amino-3-
methylphenol 3 & 0¥ o-nitrosotoluene %%, Cu I B
NADH & o $:45 F Tl FEAR A7 12 DNA Z 3R <RI %
= L %37 (Ohkuma et al., 1999). DNA O3
¥ ¥E 1L, 4-amino-3-methylphenol, o-nitrosotoluene +
NADH : b icF I vB LUy by ovas, mCHEBESR
7-. WL DNA R DIEEETH 5 8-0x0dG DA &
Wa L2k %, Cu(l) f£4£ F T 4-amino-3-methylphenol,
o-nitrosotoluene + NADH & % |2 8-oxodG &t A%kt BEKAF I
LML, fEoT, AN b b A v v oHY
A5, AR EAEAE T CRRALRCH A 7 )V (redox cycle)
AL, MILICDNAZET 2 2 EBRPAILS
WCEERREZ R LTWD I EAURB S, Kx
i, 250 buaRy ¥y R EoRBWAERILN DNA
WA -3 2 & 2 #HTH Y (Ohkuma and Kawanishi,
1999, 2001), ¥ ¥ Y EA-2ODOT I /LEWIXEICE
{tizX ) DNAZEHT L L &2WHRIC L.

2) J iR LA #

(1) ZBIFRERALKE

~yv [a] ¥L ¥ (benzo [a] pyrene) ($EZ% D
M R A EERALK TR TR RIS
OO—o>Thb., v [a] ELVIE, Y MZ7UALP-
45012k 07 8V F =9 100 FKF ¥ K (7, 8&diol9, 10-
epoxide) ¥ CRHSH, BWHMT KXY FABEIN
y7 =02 o7 I 7 EHA L DNA M IAE ]
B 5. SRR EHRRICKFEORPAEIIBNT,
OBEFIMTRF Y FIZEFICHEELZHERZLTVS
SramLhTwWA, L L, B, Ny [a] ¥V

v OB AEEREEE & A L ER1LW DNARIG 51 &
o3 o kA s (Flowers et al., 1997), BUE,
4 132 OBRBRIIZIT-> T 5.

(2) BB RALKE

NRy¥Uid, Ames RER TR ZEREM AR TE 2V
S NMEBB L EWE TH D, N ¥, BIREE
B X OEEEE (IR ZFlERIT. A, N
¥yoR#WTH AT 32— (Oikawa et al., 2001a),
N4 Fu ¥/~ (Hiraku and Kawanishi, 1996) 3 X U1,
2, 4~V ¥ ¥+ 4 — ) (Kawanishi et al., 1989a) A3
KNWEAAE FI2B VT, BILMWICDNAZEE T4
LA L7, BRI, AR T E NADH JEAF IS
BWT, A7 a—VIidEHICHE S DNAZEB LA,
DGR (Fig. 1) £ LT, 77 3— VORLARD
Thbl, 22"y V¥ VHNADHIZ & D HRLNIZH T
a— L FT2ETRILSR, BRI A 7 VERKL,
EUERE S SRICER SN D 2 LW 621
L7-. 7=, b Ptk HL-60 & HP100 #ifid 2 H
W RS, AT I —VIidH,0, DA & A L TRl
WDNAZEET A RO LN. ThbDONVE
AE, kAT a— VIdiEEREERE LT
DNAHEG#F| &L, Ny ¥rORFAEICECH
542 2 L ARSIz, ZOMo Ames REREETEDFE
HAMETHHANVE 7=V T =/ -V (OPP)
(Inoue et al., 1990), <> % 7umu7=x/ - (PCP)
(Naito et al., 1994), 8% Y zau~xr ¥ (p-DCB)
(Oikawa and Kawanishi, 1996) O %{t##ON4 FaF
) vEEAB L ONY U F VA EARNE DA
16 F ClRAEICIEVERE R A % /it L C DNAMH i Z ¥
ZELHMPLTWA.

3) FEAANES)IE

SRBIIERICE > TRHEL DD LD D LFAKIZ, TOD
BEOMEICL WV HNEZ RTINS 5. 6ftizu s, =
v, E, XYY A, HFITADOEPANLR,
WSS AN T B AR B RO T L 6 R
Az, 72, BkEHA, S8, 2L R LDV
Tb, b ML TRESAMEZ R EE#E ST
W5, &3 in vitro DEBRIZIED X, FEVFANEEIC
I 2 DNAHEBG# b 7o T iEMMIEEBRETH LI L
2B 5 AC L, 19864 IZ RIS BRI TEB/HEDA D
EVERE S AR L7 (Fig. 2). 6ffiz 04 (Kawanishi
et al., 1986), 2ffi?> = # )V (Kawanishi et al., 1989b,
2001a ; Inoue and Kawanishi, 1989), Fe(Ill) =t &
— M55 K (Inoue and Kawanishi, 1987) K U2l =
J3L b (Kawanishi et al, 1989¢c) 7 & D% AEERAL
s, HO, ok FaFi s Vil (eOH), —K
HE (0, 7 VAN TRVARUSHEIZE GRhER
THEE), &R - MRk e 05 4 T O
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MZEWRS 5. SRS OEEREER L, IR R
B7% DNAHBZEZ L, E»AICME5 32 (Kawanishi
et al., 2001b).

PiEo X512, EEbr) DNABG IBBE L2l 0 %
BABBIZBWCHEHICHEER R ZR-L TS, B
e, B4, MRALE DNARBE I 2 DNA IR %
LUEICRINTE 2 Y 27 22 8P TH Y, BILIE
155 AT IRTERE D L 3T A5 A KD - 2 2 BB D iR
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HEtroTwn5b.,

3. E{LH DNA BIEEE(L

Il & S IIEVERER, BURR K67 &1 &
BB A P L ADERL, ZOE, DNARENY
DA S, BALDHESTT 2 L DIGARB S T W2
RORO KIS 270 2 7H Y KLY (5-
TTAGGG-3') n DHEMAEILO T Z 5 MW T 5 L

DOWMEDR R EINTWS, TaATIE, HEBAEYO Rk
DAUGAFEEL, B FTIEH10 kb i &, ko
EVERCHE MR I EE R HEZ R LTS, Mils
@ DNA BRI B B85 Kol 7 1 A 7 DNAIZ—
EDEGTHEHNMT S, 2070 X 70 & LS5
AL A P L AIZE D EHEO4~5f5REEIND 2 L
AV 7z, (von Zglinicki et al., 1995, 2000). X 512,
FIEMMETIE T 0 2 7T ORMRAgEIRD SN L Z L h
O, RIENEREICHGTLILELEZOND. o
T, A1, BRENTRPRIEICI 2R L RIZEHR
L, 78 X7 itz i L7z B LI E s o il % 17
S>TW5hb.,

1) KEas&oha

KEGEENREDS, BDRADKRLE BT, O % LT
XELIEPMOLNTVD. KEEIMRIC X 2 DNAA
#5513 DNA IZWHE %2 73> UVB 28 E 8 e il 2 /- L
TWhHEEZOLNTEN, LHMEMWE LM L7 UVA
XA L EEEH SN TWw 3 (Hiraku and
Kawanishi, 2000 ; Ito and Kawanishi, 1997 ; Tada-
Oikawa et al., 1997). FX & (ZAARPDEEIEME (1) K7
FEYRE) OFAET, b bHHMEEM K WI-38 12 UVA
ZHGTL, 70 X T#D & LAY FIE O AR AE % G
L7z, ZO#%, UVARGFRIZEIFLTT AT RO
fR¥ED —~>Td % TRF (terminal restriction fragment)
DFfEARO O, 7o, FEAETICBW T MEEH
i (WI-38 %> i 15 6 7% 11 i e HL-60) (2 UVA % B4
T 5 L B R ISKAF L CTA IS 8-0x0dG ASHI M L 72
(Table 2) (Oikawa et al., 2001b). = DL DNA 15
12 & % TRF O Fifi e EENE 2 T 5720, 7ux7
MoORLENEELAGKDNA (5-(TAGTAG) ,
(TTAGGG) /3') % H\v»T DNA M & Z D3 ILFCH) F5 5
Pha ¥y U AL E 8-oxodG 151 % # Fpg protein 4L
AT o THGET L7z, ABERPDGE & B AF7E T, UVA
WEHZ LD, 7 X 7EYIHD5-GGG-3' DHRD G2
FERLIYIZ 8-0x0dG 2SR5 Z & 2872, 8-o0x0dG %
BAALFM 2 HPLC (HPLC-ECD) T L 72454,
GOy % & 2 WA HDNAWLHENR, 7u X T#
0k LECY % % &4 8 DNA 2 B\ T 8-ox0dG A W i D
FLWEIMZ RS 7z, Z OIEECYIFE Y DNA #4514,
12 & bk S M 7OEIE B 235 -GGG-3 LA D 5
MGEHLEFE5E2kE, Tk G~hole (+

Table 2 8-0xo0dG formation and TRF length in WI-38 fibroblasts

UVA (J/cm?) 80x0dG/10° dG = S.E. 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

B OBBSRIAZEIZLYD, FOEHMIZ80ox0dG
WERT B0 EZ BN, BTFZHEO K112
LWL TH 5.

2) WREILK &

et A ML AL L CTHlfRIbkFE (HO0, MWL
&, Cu(ll) fFAEFICBVWTTa X 7# R LES b
5-GGG-3' B @ 5 Ml G 23135 I 2 A (Fig. 3A)
(Oikawa and Kawanishi, 1999). 4> ®3iJE (A, G, C,
) T GORALEMA R DB, FFI2 GG R GGG %
DR GEAINIES LI NS, AR DNATI,
GGR GGGHEA DS MO GHIbEILshPeTnw &

C AL (HOMO : highest occupied molecular

orbital) OHFEIHAN S B/REN TS (Yoshioka et
al., 1999 ; Kawanishi et al., 1999). 71 X 74| 5
GGG-3' B D 5 M G DM, fHmemb H#aEIc L % 8
Rt E X HT 5., SHICTaATHRYELEYE
&L DNATIE, 77 = OBALA Y Th 5 8ox0dG
A, TUATEINAEET R WDNAX D LK SEHML
7. TODNAHFIEIH Y IT—EEL Cu(D) FL—MAIT
HHENYFaTaf LIRS Ers, HE
OIEVERE H,0, & Cu(D) 7 5B 8K S W7 SR -Be 65 1k
ThbeEZONS.

3) %

PR 7 e R RIEMIRE Tld~ 7 0 7 7 — VR rhEk
o —BbEH (NO) RUOA—=1—=FF T F (0,)
AMPENZAK I NS, NO & O, [RRF54 A3 (SIN-1)
IZBWVTH5-GGG-3 BLHIH D 5 fll G D L W EBEAFE
w57z (Fig. 3B) (Oikawa and Kawanishi, 1999). &
D GGG ELH AR 22 855121, NO & O, & BB A 1%
RVFEFTFA4 8745 (ONOO ) HDHEZLREEH ~ R
LTwaEEZLNDL., TORIBITEMAFICED 8-
oxodG 23 XN B4 L 8nitroG A3V S A H G A
HH, GO= b ufbdEIRHIFFRBEICHEES T 5 &
HEINS.

DLED#ERDPSBALIA P L AIZE D 7O X TH#ED R
LA (5-TTAGGG-3")nHd 5-GGG-3' FeH I Z4F I
AR 5 2 Lo s Nz, o T, BREMbFAWE
R UVAIZ X % GGG RHNFF R G LT a X T
B0 R UECY O B AEDS, EALIRAEICH G L Tnbd L
EZ2OND . BIZHREEIED Y oV F —fEERE 2 £ T,
ZORKNEETTHDHDNANY A —EDOERIZLD,
DNA OB RIEHE, BE R EICREL X232 L2
LNTWBDS, 7UXT7 OMEHMEEDH NI LAY S
NTWa, 70X T7THEMHEREZOWTIE, E¥EAY A
—¥Lh, DNABEBARIIBWT, 7ax7#) &
LECHI @ 5-GGG-3" BEHI4F SE 1 72 F455 SR A7 > ) Iy 12 B4
350N E 2 5Nb 720, BIER 21ToTwb.

211



A: Hp00+Cu(ll)

3.0+

Absorbance
N
<

B: SIN-1

Absorbance
)
1

TT

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(I) (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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Summary

Possible mutagenic effects of 50 Hz sinusoidal magnetic fields (MFs) were estimated using bacte-
rial mutation assay. Mutagenic potential of MFs of up to 40 mTesla (1 T = 10,000 Gauss) was not
detected by the bacterial mutation assay using Escherichia coli WP2 uvrA and four strains of
Salmonella typhimurium (TA98, TA100, TA1535, TA1537), either in the pre-incubation method or in
the plate incorporation method. This suggested that 50 Hz, up to 40 mT MFs does not cause base

substitutions or frame-shifts in bacteria.

Keywords: magnetic fields, extremely low frequency, Ames test, mutagenesis

Introduction

The chances of being exposed to extremely low fre-
quency (ELF, 0-300 Hz) magnetic fields (MFs) are
increasing due to an increase in power consumption in
developed and developing countries. MFs are generated
from various sources like power lines, electric appliances
in homes and offices, electrified transportation systems
and diagnostic devices such as magnetic resonance imag-
ing (MRI). However, we do not yet have convincing sci-
entific evidences that guarantee that exposure to such
MFs is not hazardous to us. Since Wertheimer and
Leeper (1979) reported possible association between the
incidence of childhood cancer and wiring configuration, a
number of studies on the biological effects of exposure to
50/60 Hz MFs have been performed. These include stud-
ies at molecular and cellular level, and also at individual
level and epidemiological studies. Most of the studies
focused on the possible adverse health effects of exposure

* ikehata@rtri.or.jp
Received: March 16, 2001, accepted: August 13, 2001
© Environmental Mutagen Society of Japan

to weak ELF MFs that we are actually exposed to.
Possible risks of loss of memory, Parkinson’s and
Alzheimer’s diseases and especially of cancers have been
extensively studied.

Many studies claiming positive genotoxic effects of ELF
MFs exposure have been reported. It was reported that
an acute exposure of 60 Hz MFs (0.1-0.5 mT) caused a
dose-dependent increase in DNA strand breaks in brain
cells of rats (Lai et al., 1997a). Exposure to 60 Hz MFs
caused an increase in radiation-induced hypoxanthine-
guanine phosphoribosyl transferase (HPRT) gene muta-
tion frequency (Walleczek et al., 1999). Effects on radical
pair reactions (Lai et al., 1997a), on DNA replication (Lai
and Singh, 1997b), and on DNA repair processes
(Walleczek et al, 1999) were suggested as plausible mech-
anisms of these effects. On the other hand, there are sev-
eral reports with negative results. Exposure to a 50 Hz
0.0002-0.2 mT MFs did not affect the rate of repair of sin-
gle strand breaks in DNA in CHO cells treated with
hydrogen peroxide (Cantoni et al., 1995). 60 Hz 0.0012,
0.1 and 0.9 mT MFs did not cause any genetic damage in
MCEF-7 cells (Dees et al., 1996). Genotoxic effects of MFs
such as chromosome aberration, sister chromatid
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exchange and suppression of DNA repair process have
been reported (see Murphy et al., 1993, McCann et al.,
1993, 1998 for review). In these reviews, a decision have
been given that MFs of 50 Hz, 0.15 to 5 mT are inferred to
be negative for mutagenic potential.

Recently, NIEHS working group of EMF Research and
Public Information Dissemination program (EMFRAPID,
United States) published a report (Portier et al., 1998)
suggesting that ELF EMFs would be categorized as possi-
bly carcinogenic to humans (Group 2B of IARC evalua-
tion). This statement of the NIEHS working group was
made depending on limited evidences of carcinogenicity
in humans and less than sufficient evidences of carcino-
genicity in experimental animals. The report stated that
they did not find sufficient scientific evidences for positive
effects of environmental density of 50/60 Hz MFs (up to 2
mT) except in some epidemiological studies conducted or
estimated in this program. Results of experimental stud-
ies were often found to be ambiguous and often contradic-
tory to each other. This happened possibly due to the
variety of biological test systems, the different wave forms
of MFs, and most probably, due to the weakness of the
flux density.

To estimate the risk of weak MFs that we are actually
exposed to is the final goal of these studies. However,
using a higher density to explore effects of MFs is a com-
mon strategy for safety evaluation. Miyakoshi and col-
leagues reported that exposure to a 50 Hz, 400 mT MF
caused a distinct increase in HPRT gene mutation in
human melanoma MeWo cells (Miyakoshi et al., 1996)
and in HPRT locus in human osteosarcoma Saos-2 cells
(Miyakoshi et al., 1998). The flux density used in these
studies was one million times greater than in a typical
environmental MFs. The results are unambiguous and
the involvement of eddy currents induced in the culture
medium was suggested. In Saos-2 cells, complete dele-
tion of the HPRT locus rather than point mutation was the
major cause of mutation. Koana et al. (2001) reported
consistent results using the SMART test in Dorosophila
melanogaster, where the exposure to a 50 Hz, 20 mT MF
caused an increase in somatic recombination frequency
whereas the frequency of point mutation remained
unchanged. The involvement of the eddy currents was
again suggested.

However, in the SMART test, the detection efficiency of
point mutation is much lower than that of recombination.
Therefore, it is not possible to conclude that exposure to
time-varying MFs does not cause point mutation. It is
necessary to investigate the mutagenic effects of ELF-
MFs, using an assay system with a high detection efficien-
cy for point mutation to estimate possible health risk of
ELF-MFs. In addition, it is important to compare the
genotoxicity of MFs to that of other well-known muta-
gens. A general, widely used assay system should be
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employed. For these reasons, we used the bacterial muta-
tion assay (Ames et al., 1975) as this assay is commonly
used to screen mutagenicity of drugs, chemicals and envi-
ronmental pollutants. The risks of exposure to MFs can
be easily compared with that of other environmental pollu-
tants or mutagenic agents.

Previous reports state that a 100 Hz 0.2 mT EMF and a
0.3 Hz triangular wave EMFs (0.08 mT) did not affect the
mutagenic frequency of histidine auxotroph Salmonella
typhimurium TA100 (Juutilainen et al., 1986 and Moore et
al., 1979), or that a 0.3 mT of 60, 600, 6000 Hz EMFs did
not induce genotoxicity in S. typhimurium TA97a, TA9S,
TA100 and TA102 (Morandi et al., 1996). However, EMFs
used in the above experiments were below 1 mT and thus,
these results do not prove the absence of the genotoxic
effects of strong static magnetic fields. On the other
hand, we have already published several studies to exam-
ine strong magnetic fields on the mutagenicity and co-
mutagenicity of static MFs up to 5 T using bacterial muta-
tion assay (Ikehata et al., 1999) and lack of mutagenicity
and co-mutagenicity of a 50 Hz, 14 mT MF using bacterial
mutation assay (Nakasono et al., 2000). Here we exam-
ined the cytotoxicity and mutagenicity of stronger MFs of
50 Hz, up to 40 mT sinusoidal MFs using the bacterial
mutation assay, as Koana et al (2001) reported mutagenic-
ity of 50 Hz, 20 mT MF using SMART test. We found nei-
ther cytotoxicity nor genotoxicity in bacteria used in this
study.

Materials and Methods

1. Bacterial strains

Five routinely used tester strains were used in this
study. Four strains of S. typhimurium (TA98, TA100,
TA1535, TA1537) were kindly provided by Dr. B.N. Ames
of the University of California, Berkeley and E. coli WP2
uvrA was kindly provided by Japan Bioassay center
(Kanagawa, Japan).

2. Reagents

Nutrient broth (Oxoid, Nutrient broth No.2) was pur-
chased from Unipath Ltd. (Hampshire, UK). Bacto-agar
was purchased from Difco Laboratories (Detroit, MI,
USA). The S9mix, prepared from liver of phenobarbital
and 5,6-benzoflavone pretreated male Sprague-Dawley
rats, was purchased from Kikkoman Co. (Chiba, Japan).
Other reagents were laboratory-grade materials pur-
chased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan).

3. Magnetic field exposure

Pair of water-cooled Helmholtz coils ISM-12K12-2, IDX
Co., Tokyo, Japan) was located in a constant temperature
room (MCU-2000, Sanyo Co., Osaka, Japan) and the bac-
terial plates were maintained at 37 =1 C during exposure.

The coils were energized to generate horizontal sinu-
soidal MFs of 50 Hz, up to 40 mT (Fig. 1). Fifteen bacteri-
al plates (90 mmo) could be placed in the exposure space
(140 mm¢ % 300 mm). Spatial inhomogeneity of flux den-
sity in exposure space was less than 10%. For shake cul-
tures, we used reciprocal shaker incubators to maintain
the bacterial suspension tubes in the MF and in the con-
trol space simultaneously at 37+0.2 C using circulating
hot water.

4. Determination of cytotoxicity of 50 Hz MFs

Four L-tubes (16 mm diameter) containing 5 ml nutri-
ent broth were inoculated with 10 pl innoculum from
8.75% dimethylsulfoxide (DMSO) stock stored at -80 C.
Two of the tubes were placed in a tube stand on one side
of the reciprocal shaker incubator (37 C, 50 rpm) while
the other two were placed in the stand on the opposite
side. One tube stand was placed in a 50 Hz MF and the
other in control space. Stray flux density in the control
position was less than 1/100 of that in the exposure space.
(i.e. 0.4 mT when exposure coil generate a 40 mT field).
Viable cell concentration was determined by colony form-
ing units (CFUs). 50 ul of each culture was sampled at
each incubation time. The aliquot was diluted appropriate-
ly to obtain a concentration of 10° to 10" cells/ml with 0.1
M-phosphate buffer (pH 7.4), and 100 ul of the diluted cell
suspension was mixed with 2 ml of molten top-agar (0.6%
Bacto-agar, 0.5% NaCl) and poured on to nutrient agar
plate. Viable cell number was counted after 24 h incuba-
tion at 37 C and viable cell concentration in each culture
at each time point was calculated. At least three indepen-
dent tests were performed. Student’s #test was used for
statistical analysis of the results between the cell concen-
trations at each sampling point in the exposed group to
that of control.

5. Mutagenicity assay of 50 Hz MFs

Experiments were carried out with plate incorporation
method and also with preincubation method (Ames et al.,
1975 and Yahagi et al., 1977). Bacterial culture was incu-
bated aerobically using L-tubes containing 12 ml nutrient
broth and 10 ul innoculum from 8.75% dimethylsulfoxide
(DMSO) stock stored at -80 C and was grown to late-log
phase (final cell concentration reached 1-3 x10° cells/ml).
In the preincubation method, tubes contained cell suspen-
sions (0.1 ml) with phosphate buffer (0.5 ml) were made
and randomly divided two groups. MF-exposed group was
preincubated in a 50 Hz MF while control group was incu-
bated in a control space for 20 min using reciprocal shak-
er incubator (37 C, 50 rpm) simultaneously. After prein-
cubation, each content was mixed with molten top-agar (2
ml), plated onto glucose minimal agar plates and incubat-
ed at 37 C in a conventional incubator for 48 hr. Revertant
colonies were counted using Colony Analyzer CA-90S

Fig. 1 A pair of Helmholtz coils to generate time-varying mag-
netic fields (ISM-12K12-2, IDX Co., Japan)
Field density: maximum 40 mT at 50 Hz
Temperature control: 37 = 0.2 C with shaker incubator
371 T using air conditioner
Exposure space: ® 200 mm X 60 ~ 300 mm

(Toyo Sokki, Kanagawa, Japan) after 48 hr incubation at
37 C. When the number of colonies/plate was small (<ca.
100), the accuracy of Colony Analyzer decreases. In such
a case, each plate was also counted manually to confirm
the score.

In the plate incorporation method, cell suspensions (0.1
ml), phosphate buffer (0.5 ml), molten top-agar (2 ml)
were mixed and plated onto glucose minimal agar plates.
The plates were randomly divided two groups and MF-
exposed group was incubated at 37 C for 48 hr in a 50 Hz
MF while negative control group was incubated in a con-
ventional incubator, and then revertant colonies were
scored.

Top-agar consists of 0.6% Bacto-agar and 0.5% NaCl with
50 uM Lrhistidine and 50 uM D-biotin for S. typhimurium
strains and with 50 uM L-tryptophane for E. coli strain.
Sodium azide (CAS No. 26628-22-8) was used as positive
control for S. typhimurium TA1535 (0.5 ug/plate). 9-
aminoacridine (9-AA, 90-45-9) was used as positive control
for S. typhimurium TA1537 (80 pg/plate). 2-(2-furyl)-3-(5-
nitro-2-furyl) acrylamide (AF-2, 3688-53-7) was used as
positive control for S. typhimurium TA100 and E. coli WP2
uvrA (0.01 pg/plate) and for S. typhimurium TA98 (0.1
ug/plate). 4-nitroquinoline-N-oxide (4-NQO, 56-57-5) was
used as positive control for S. typhimurium TA100 (0.025
ug/plate) and for S. typhimurium TA98 (0.2 ug/plate) in
plate incorporation method. Each experiment was per-
formed in at least triplicate plates and conducted at least
three times. Statistical analysis was performed using lin-
ear regression model and non-statistical method of dose
relationship and 2-fold cut off was used for evaluation of
the results.
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Results

1. Cytotoxicity of 50 Hz MFs

To test the cytotoxicity of a 40 mT, 50 Hz sinusoidal
MF, shake cultures were incubated at 37 C under MF and
viable cell concentration was determined by CFU every 1
hour. The culture condition in the shaker incubator was
inferred to be similar to that in the conventional incubator
(data not shown). In MF exposure experiments, the
CFUs of the exposed cells were almost the same as that of
the control cells at each time-point in replicate experi-
ments and no statistically significant differences were
found. Therefore, exposure to a 40 mT, 50 Hz MF was
inferred to be non-toxic to bacteria used in this study (Fig.
2). This would suggest that 50 Hz sinusoidal MFs up to
40 mT has no toxic effect on bacteria provided that a lin-
ear dose-response relationship exists between the effects
of MFs and its flux density.

2. Mutagenicity of 50 Hz MFs

In the preincubation method, cell suspension in steril-
ized tubes was exposed to MFs of various flux densities
for 20 min at 37 C. Control cells were incubated for 20
min at 37 C simultaneously. The number of reverse
mutant colonies in the control plates of each strain was
almost the same as the number of spontaneous revertant
colonies of the corresponding strain incubated in conven-
tional incubator. The results suggest that culture condi-
tions in the shaker incubator did not cause any artifacts in
our assay. Under these experimental conditions, statisti-
cally significant difference in the number of revertant
colonies was not found in all five tester strains at any flux
densities. Fig. 3 shows the average of revertant colony
number with standard deviation for MF-exposed, negative
and positive control cultures in preincubation method.

In plate incorporation method, each plate was exposed
up to 40 mT, 50 Hz MFs for 48 h at 37 C. Fig. 4 shows
the average of revertant colony number with standard
deviation for MF-exposed, negative control (each experi-
mental set) and positive control groups in plate incorpora-
tion method. There was also no difference in the number
of revertant colonies for all tester strains between MF
exposed and control groups. No difference was observed
in the shape and size of revertant colonies of MF exposed
and control groups (data not shown). On the other hand,
the number of revertant colonies increased significantly in
the chemical mutagen treated groups in both experimen-
tal methods for all tester strains. Therefore, these results
suggest that MFs up to 40 mT, 50 Hz had no mutagenic
potential under our experimental conditions.

Discussion

In this study, we examined possible mutagenic activity
of 50 Hz MFs up to 40 mT using bacterial mutation assay.
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We found no mutagenic effect of exposure either in the
preincubation method or in the plate incorporation
method. These results suggest that even if MF causes
point mutations (base substitution or frame shift) the
degree of the mutagenic effects was less than the detec-
tion limit of the bacterial mutation assay used in this
study.

The International Commission on Non-lonizing
Radiation Protection (ICNIRP) has guidelines for limiting
exposure to ELF magnetic fields (ICNIRP, 1998). It states
that occupational exposure should be limited to fields that
induce current densities less than 10 mA/m” in order to
avoid excitatory stimulation of nerve or muscle in the
range of 4 Hz to 1 kHz. Previous studies (Miyakoshi et
al., 1996, Koana et al., 2001) have reported that 50 Hz MFs
cause chromosomal deletion and somatic recombination
and that the eddy currents were involved in mutagenesis.
As the mutation frequency was observed to be proportion-
al to the radius of culture plates used in the experiment
(Miyakoshi et al., 1996, Koana et al., 2001), eddy current
rather than MFs itself appears to be responsible for the
increase in the mutation frequency. Therefore, eddy cur-
rent induced in the bacterial plates in our experiments
was calculated. The electric conductivity of the glucose
minimal agar plates was measured using a conductivity
meter (Model SC82, Yokogawa Electric Co., Tokyo,
Japan) and was determined to be 0.78 S/m. Assuming
that the eddy current induced in a plate perpendicular to a
time-varying magnetic flux is proportional to the radius of
the plate, the induced eddy current by exposure to a 40
mT, 50 Hz sinusoidal MF is estimated to be 440 mA/m” at
the periphery of the plates and zero at the center. In our
experiment, the revertant colonies appeared uniformly on
the glucose minimal agar plates and the mutation frequen-
cy proportional to the radius of culture plates was not
observed (data not shown). This suggests that the eddy
currents up to 440 mA/m’ did not cause any point muta-
tion in bacterial cells. The exposure limitation recom-
mended in the ICNIRP guideline (10 mA/m® is much
lower than this. It is inferred that the eddy current below
the ICNIRP limitation should not cause point mutation.
Possible risk for point mutation from exposure to ELF-
MFs in living environment, which is several thousand
times weaker than the MFs (up to 40 mT) used in this
study, can be considered to be negligibly small.

From the view of physical energy coupling, the thermo-
dynamic energy of the interaction between an electron
spin and a 40 mT, 50 Hz sinusoidal MF is only 10°~ 10"
kcal/mol which is much lower than that of X-rays, UV
light and even of thermal noise. The bonding energy of
weak chemical bonds in organisms such as van der Waals
bonding (ca. 1 kcal/mol), hydrogen bonding (ca. 3-7
kcal/mol) and ion bonding (ca. 5 kcal/mol) are much
higher. Therefore, it is expected that chemical bonds will
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Fig. 2 Growth of tester strains (S. typhimurium TA1535, TA1537, TA98, TA100 and E. coli WP2 uvrA) in a 50 Hz, 40 mT magnetic field
Cell concentration was calculated using colony forming unit (CFU) on nutrient agar plate in each culture at each time point.
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three independent tests and standard deviation are within symbols.
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not be affected by exposure to a 40 mT, 50 Hz sinusoidal
MF. It seems reasonable that a 40 mT, 50 Hz MF did not
cause point mutation in bacterial cells.

However, in Drosophila, exposure to a 20 mT, 50 Hz MF
caused an increase of somatic recombination and terminal
deletion while frequency of point mutation or chromo-
some non-disjunction were not affected (Koana, 2001).
This result suggested that exposure to 50 Hz strong MFs
may be associated with mutations at the chromosome
level rather than at DNA level. In future studies, detec-
tion of large deletion, loss of heterozygocity or recombina-
tion in yeast, cultured cell line or other suitable systems
should be performed to establish the mechanism of muta-
genic effects by exposure to ELF-MFs.

On the other hand, the World Health Organization is
conducting an International EMF Project to evaluate the
health effects of EMFs ranging from static (0 Hz) to radio
frequency (300 GHz) fields and also to determine the lim-
iting MFs exposure. In the minutes of the project meet-
ings, several research needs are pointed out; in vitro stud-
ies that are directly relevant to possible in vivo effects,
studies that address the issues of ELF exposure thresh-
olds, studies that examine reproducibility of the reported
positive effects, and studies using compound exposure of
static and time-varying fields are research themes with
high priorities (http://www.who.int/peh-emf/index.htm).
Thus, it is important to investigate the effect of MFs on
different types on biological systems not only to under-
stand the mechanism involved but also find a solution to
public health issue.
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Comparison of mutation spectra induced by ethylating agents
in DNA-alkyltransferase-deficient mutants of E. coli
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Summary

The mutational spectra of ethylating agents, N-ethyl-N"-nitro-N-nitrosoguanidine (ENNG) and N-
ethyl-N-nitrosourea (ENU), were investigated using lacZ reversion assay in Escherichia coli ada and
ogt mutants. ENNG and ENU induced all types of base substitutions with G : C—A : T transitions
most predominant, followed by A : T—G : C transitions. In an ada background, induction of G : C—
A:Tand A : T—G : C transitions were not enhanced, while 4 types of transversions (G : C—T : A,
A: T=C:G,G:C—C:G,and A: T—T:A) were induced more strongly than in a wild-type back-
ground. In an ogt background, however, the opposite effects were observed, i.e. ENNG and ENU
induced considerable increase of G : C—A : T and A : T—G : C transitions while no difference in
transversions was observed between ogt mutant and its parent strain.

Keywords: mutation spectrum, ENNG, ENU, ada, ogt

Introduction

Among a variety of lesions formed by exposure to alky-
lating agents, O%alkylguanine and O*-alkylthymine are
potentially mutagenic lesions because they can mispair
during DNA synthesis and give rise to G : C—A : T and
A : T—G : C transitions, respectively (Preston et al., 1986;
Richardson et al., 1987; Dosanjh et al., 1991). E. coli cells
contain alkyltransferase activity, which catalyzes the
removal of alkyl groups from O"alkylguanine and O
alkylthymine. Two kinds of alkyltransferase, O*-methyl-
guanine-DNA methyltransferase I (Ada-alkyltransferase)
and O"methylguanine-DNA methyltransferase II (Ogt-
alkyltransferase) are identified in E. coli. The ada-encod-
ed Ada-alkyltransferase removes methyl groups from O™
methylguanine and O*methylthymine as well as from
methylphosphotriesters (Schendel and Robins, 1978;
McCarthy and Lindahl, 1985). On the other hand, the ogt-
encoded Ogt-alkyltransferase repairs O°-methylguanine
and O'-methylthymine but not methylphosphotriesters
(Potter et al., 1987; Rebeck et al., 1988). It was reported
that ethyl groups in the O%position of guanine were
removed by Ogt-alkyltransferase more rapidly than Ada-
alkyltransferase, while removal rate of methyl groups was
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approximately the same for Ada- and Ogt-alkyltransferase
(Wilkinson et al., 1989). As regards mutagenesis by ethy-
lating agents, Abril et al. (1992) reported that the defect in
ada gene function had no effect on mutagenesis induced
by N-ethyl-N-nitrosourea (ENU). On the contrary, it was
reported that ogt mutant showed increased mutability to
ethylating agents such as ENU and ethylmethane-
sulphonate (Abril et al., 1994; Vidal et al., 1997).
Compared to predominant G : C=A: Tand A: T—G:C
transitions induced by alkylating agents, the role of the
Ada- and Ogt-alkyltransferases on the minor transversion
mutagenesis is not well characterized, because the induc-
tion frequency of transversion by alkylating agents is very
low (Vidal et al., 1997).

It is expected that the mutational spectra of chemical
mutagens in bacterial cells with different genetic back-
ground for DNA repair would provide novel findings on
mutagenesis and DNA repair. For the purpose of investi-
gating such mutation spectra, we have been employing
the lacZ reverse mutation analysis system with a set of six
specific tester strains (Ohta et al., 1998, 1999, 2000, 2001).
The mutational target is an F’ plasmid-encoded mutant
lacZ461 allele (Cupples and Miller, 1989), and the test
system can detect each of the six possible base-pair sub-
stitution mutations by measuring Lac’ revertant colonies.
The Lac’ reversion system can detect minor transitions
and transversions induced by mutagens even when their
induction level is very low (Ohta et al., 1999, 2000). It is,
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Table 1 Detectable base substitution events in tester strains of E. coli

(1) WP5101P, WP5201P (A ada), WP5301P (A ogt)

DA:T—C:G

2) aat Tag agt — aat Gag agt

3) stop — Glu

(2) WP5102P, WP5202P (A ada), WP5302P (A ogt)

)G C—=>AT

2) aat gGg agt — aat gAg agt 3) Gly — Glu

(3) WP5103P, WP5203P (A ada), WP5303P (A ogt)

DGiC—=CiG

2) aat Cag agt — aat Gag agt 3) Gln — Glu

(4) WP5104P, WP5204P (A ada), WP5304P (A ogt)

1)G:C—T:A

2) aat gCg agt — aat gAg agt 3) Ala — Glu

(5) WP5105P, WP5205P (A ada), WP5305P (A ogt)

DA:T—T:A

2) aat gTg agt — aat gAg agt 3) Val — Glu

(6) WP5106P, WP5206P (A ada), WP5306P (A ogt)

DA:T—G:C

2) aat Aag agt — aat Gag agt 3) Lys = Glu

1) Detectable base substitution event in the tester strains

2) Base substitution occurred in reverse mutation at position 461 (Capital letter denotes target base)

3) Amino acid change at position 461 (Since substitution of the Glu-461 residue with any amino acid
other than glutamic acid severely lowers B-galactosidase activity, Lac’ revertants arise only when a
mutational event restores a glutamic acid codon)

therefore, preferable for the investigation of transversions
induced by ethylating agents at low frequency. We report
here the different mutational spectra of ethylating agents
in alkyltansferase-deficient mutants.

Materials and Methods

Construction of tester strains

WP2012 [uvrA155, trpE65, A(lac-pro), Aada::Cm'] and
WP2013 [uvrA155, trpE65, A(lac-pro), Aogt::Cm'] were
constructed by introducing Aada::Cm" from GW7101 and
Aogt::Cm" from KT211, respectively, into the strain
WP2000 (Ohta et al., 1998) of Escherichia coli by P1
phage-mediated transduction. E. coli strains GW7101 and
KT211 (Yamada et al., 1995) were provided by Dr. M.
Yamada, National Institute of Health Science (Tokyo,
Japan). The method of phage P1 transduction was
described previously (Ohta et al., 1998). Tetracycline-
resistance (Tc") gene from E. coli XL1-Blue [F’: lacZ
AM15, proAB’, Tnl0(tet’)] was introduced into the F’
(lacl ", lacZ461, proAB") (Cupples and Miller, 1989) in
strains AB101-AB106 (Ohta et al., 1998) by the P1 trans-
duction. Each of the six F’ (lacl , lacZ461, proAB’, Tc")
plasmids possesses a unique /acZ mutation at the GAG
codon corresponding to Glu-461 (Cupples and Miller,
1988), and Lac’ revertants arise only when a mutational
event restores a glutamic acid codon. The F’ (lacl
lacZ461, proAB’, Tc") and pKM101 (mucAB, Ap") plas-
mids were transferred to WP2000, WP2012, and WP2013
by means of conjugation method (Ohta et al. 1998). A set
of strains, WP5101P-WP5106P, are F’- and pKM101-carry-
ing derivatives of strain WP2000, and exhibit a Lac ™, Trp~
phenotype. Strains WP5201P-WP5206P and WP5301P-
WP5306P were Aada and Aogt derivatives of WP5101P-
WP5106P, respectively. The reverse mutations required
at the codon to restore the Lac” phenotype to each strain
and the corresponding base substitutions are presented in
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Table 1.

Chemicals and media

N-Ethyl-N’-nitro-N-nitrosoguanidine (ENNG; CAS No.
4245-77-6) was obtained from Aldrich Chemical Co. (WI,
USA). N-Ethyl-N-nitrosourea (ENU; CAS No. 759-73-9)
was purchased from Iwai Kagaku Yakuhin Co. Tokyo.
Mutagens were dissolved in dimethylsulfoxide (DMSO,
Wako Pure Chemical Ind., Tokyo). MGT medium (Ohta
et al., 2000) consisted of Vogel-Bonner E medium supple-
mented with 0.5% glucose and 50 pg/ml tryptophan. ML
agar plates consisted of Vogel-Bonner E medium supple-
mented with 0.5% lactose and 1.5% agar. MG agar plates
contained 0.5% glucose instead of lactose. NBT-top agar
contained 0.5 mg/ml nutrient broth powder (Oxoid,
No.2), 0.5 mg/ml tryptophan, 0.5% NaCl, and 0.6% agar.
Ampicillin at a final concentration of 10 ug/ml was added
to MGT medium when the strains were cultured.

Lac’ reversion assay

In a preliminary assay by pulse-treatment with ENNG
for 30 min, transversions were scarcely detected in
WP5103P and WP5104P but were detected by a plate
incorporation method. Therefore, all the assays were con-
ducted with the plate incorporation method. The Lac’
reversion assay was performed as described previously
(Ohta et al., 1999, 2000). Aliquots of 0.1 ml of bacterial
overnight culture in MGT medium (adjusted ODg,=1.0
with phosphate buffer) and 0.1 ml of a mutagen solution
were added to a test tube containing 0.5 ml of 100 mM
sodium phosphate buffer (pH 7.4). After preincubation at
37 C for 20 min with gentle shaking, treated cells were
overlaid onto ML agar plates with 2 ml molten NBT-top
agar. The number of Lac’ revertants was counted follow-
ing 48 h incubation at 37 C. Assays were repeated at least
twice with single or duplicate plates and data presented in

Table 2 Cell killing effect of ENNG and ENU on the alkyltransferase-deficient strains

Compound Dose Number of survivals / plate (% control)

(ug/plate) WP5106P WP5206P (ada) WP5306P (ogt)

ENNG 0 192 (100) 199 (100) 138 (100)

0.5 196 (102) 206 (104) 140 (101)

1 189  (98) 204 (103) 131 (95)

2 192 (100) 209 (105) 116 (84)

5 169 (88) 157  (79) 107 (78)

ENU 0 191 (100) 177 (100) 146 (100)

25 187  (98) 187 (106) 141 97)

50 188  (98) 189 (107) 138  (95)

100 196 (103) 182 (103) 135 (92)

200 180  (94) 188 (106) 139  (95)

figures are the averages from 2-5 independent experi-
ments.

Since it is difficult to measure the exact surviving frac-
tion in the plate incorporation method, the cell killing
effect of ENNG and ENU was assayed independently with
a similar method to the Lac” reversion assay. Aliquots of
0.5 ml of diluted cell suspension (300-400 cells/ml) of
WP5106P, WP5206P (ada), or WP5306P (ogt) were mixed
with 0.1 ml of ENNG or ENU solution. After preincuba-
tion at 37 ‘C for 20 min, cells were plated on minimal glu-
cose agar plates by means of 2 ml NBT top agar. Survival
colonies of WP5106P, WP5206P, and WP5306P were
counted after 2 days incubation at 37 C. Because strains
WP5101P-WP5106P are isogenic except the mutation in
lacZ gene on the F’ plasmid and the lacZ mutations have
no effect on cellular viability under the assay condition
using minimal glucose plates, it is considered that cell
killing effects are equal among these strains. Therefore,
we used a set of WP5106P, WP5206P (ada), and WP5306P
(ogt) as representative strains to measure the cell killing
effect of ENNG and ENU.

Results

Under the conditions of plate incorporation assay with
ENNG at a dose range of 0.5-5 pug/plate and ENU at 25
200 pg/plate, both the ada and ogt mutants showed
almost the same sensitivity to cell killing effects as the
wild-type strain (Table 2). Therefore, it is reasonable to
compare the sensitivity to mutagenesis of alkyltrans-
ferase-deficient and -proficient strains by the number of
Lac' revertant colonies per plate without calculating the
induced mutation frequency.

Fig. 1 shows the base-pair substitution mutations
induced by ENU. The compounds induced all types of
base substitutions with G : C—A : T transitions most pre-
dominant, followed by A : T—G : C transitions. WP5102P,
which detects G : C—A : T transitions, was highly suscep-
tible to ENU at lower doses (5-20 pg/plate) than the other
five tester strains (50-200 pg/plate). ENU-induced G : C—
C : G transversions were the most infrequent base substi-

tutions, but the dose-dependent increase was detected in
WP5103P. A weak induction of G: C—=T: A, A:T—C:G,
and A : T—T : A transversions was observed in WP5104P,
WP5101P, and WP5105P, respectively. In an ada back-
ground (WP5201P-WP5206P), four types of transversions,
namely G : C—=T: A A: T=C:G, G:C—C:G,andA:T
—T : A were induced more strongly than in an ada” back-
ground (WP5101P-WP5106P). Induction of A : T—G : C
transitions by ENU in WP5206P (ada) appeared to be
greater than in WP5106P. However, induction of G:C—
A - T transitions in WP5202P (ada) and of A : T—G : C
transitions in WP5206P (ada) was not different to the
induction in their parent strains WP5102P (ada’) and
WP5106P (ada’), respectively.

On the other hand, the opposite effects were observed
in an ogt background (WP5301P-WP5306P). The defect in
the ogt gene function did not increase the number of Lac’
revertants induced by ENU in strains WP5304P (G : C—
T:A), WP5301P (A: T—C : G), WP5303P (G : C—C: G),
and WP5305P (A : T—T : A) as shown in Fig 1. On the
contrary, G : C»A: Tand A: T—G: C transitions
detectable in WP5302P and WP5306P, respectively, were
enhanced considerably. Quite similar results were
obtained with ENNG (Fig. 2). Enhanced mutability in ada
strains was evident with four types of transversions, while
that in ogt strains was evident with two types of transi-
tions.

Discussion

Differences between the Ada- and Ogt-alkyltransferases
in substrate specificity in vitro have been reported by
Wilkinson et al. (1989). Ada-alkyltransferase of E. coli

" does not efficiently remove ethyl groups from the DNA

lesion. Ogt-alkyltransferase was 173 times more efficient
than Ada-alkyltransferase in removing 0%-ethylguanine in
DNA. Yamada et al. (1993) showed that an ada mutant
exhibited almost the same levels of sensitivities to the cell-
killing effect of ethylating agents as did the parent strain.
Our present results also showed similar sensitivity to cell
killing effects of ENNG and ENU among the ada, ogt, and
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wild-type cells (Table 2). On the contrary, it was reported
that an ogt mutant of E. coli showed greater sensitivity to
mutagenesis by ethylating agents such as ENU than that
by methylating agents, and defect of an ada gene showed
no effect on ENU-induced mutagenesis (Abril et al., 1992,
1994). These findings were consistent with our present
result indicating increased induction of G : C—A : T and
A :T—G: C transitions in a ogt background. The absence
of mutation enhancement of the transitions in a ada
mutant may be due to the high activity of intact Ogt-alkyl-
transferase.

Vidal et al. (1997) investigated the mutation spectrum in
lacI” mutations induced by ENU in an ogt and a wild-type
strain. Results of DNA sequence analysis on 84-91 lacI”
mutants revealed that the majority of mutations (92% in
the ogt strain and 84% in the wild-type strain) were G : C—
A : T transitions. No significant ENU-induced transver-
sions of G : C—T : Aand G : C—C : G were detected in
their system. Due to the marked preferential induction of
G : C—A : T transitions by ethylating agents, it has been
unclear whether the ada and ogt genes played a role in
ENU-induced transversions. However, using the present
Lac” reversion system which can detect low levels of tran-
sitions and transversions induced by ethylating agents, we
found that Ada-alkyltransferase but not Ogt-alkyltrans-
ferase is responsible for the induction of transversions
induced by ethylating agents. The mechanism of ada-
dependent transversions induced by ethylating agents is
unclear. Ethylphosphotriesters or some ethylating bases
other than 0%ethylguanine and O*-ethylthymine that are
removed by Ada-alkyltransferase but not by Ogt-alkyl-
transferase might be responsible for the weak induction of
the transversions.

In our present study, the defect of ada gene function
resulted in increased transversions induced by ethylating
agents such as ENU and ENNG, while the defect of ogt
gene function increased only transitions induced by the
ethylating agents. Investigation with ada, ogt double
mutants may be important to clarify a possible contribu-
tion of Ada-alkyltransferase in transversions induced by
ethylating agents.
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