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Summary

DNA polymerase is required for producing mutations in DNA. Prior to replication, a DNA adduct is only a
lesion, and not yet a mutation. In view of this, the features of DNA polymerase can determine the mutation
spectrum. DNA polymerase 8 (pol ) is one of the mammalian DNA polymerase which is well conserved
among organisms. It is the smallest and the most inaccurate of DNA polymerases. The reason for its
inaccuracy seems to be derived from its distributive fashion of polymerization. In this review, the enzymatic
activities, including polymerase activity, of pol B are summarized, along with its function in vivo, and its
translesion synthesis in relation to mutagenesis, and base excision repair in which pol § is mainly involved

on the replication step.

Keywords .| mammalian DNA polymerase, fidelity, processivity, mutants, base excision repair
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RSB A K12 DNA polymerase DFFAE I K 28 72
W, ZBREIZ X AMINAEAIDNA FIZEAET A 7217 Tl
ZIZ0BETH Y, BRERLITVWZRV., 20
15 2 SR, & o 72 THIRAME 2 H N THERTH I,
ZORFEELTIELL ZWEHENTE L XI1Z, W10
TRARERPRI 572 L12% %. Table LIZBfEE T
WZFE ST B 0 DNA polymerase O — i $
ZiR+72. Polah 5 e T Tld, polymerase & L C[H%E &
NN 104E DL ERTIC X A D125 A%, subunits X
fifl % O ENEDFEMIS DA > T EZZDIZ N EED 2
ETHDH., TT1-2EDOMITH I 7T 2 TW 5 A,
ZOREAENHEGEERYBRZ S5 17 DDNA
polymerase T3 5. Z15® DNA polymerase (2%, {8
HaREDBEZ A, ELL 2WIEEE AN CTHBE LM
FHLH0LDHY, ArFE, BRERZMELTHS
IR ZTHERKEY., LML, 2150 DNA
polymerase 22 W T OMME, KT v —F VI T

Zf D 2000411 H8H  AZH 1 2000411 H 8 H
OHARBREIA RIFF5%

W review ICiEAH Z L IZ LT, I 2 TIE, HEIEM R
Bt % & & 3fHl 22 WFZEASHE AT v 5 DNA ploymerase(pol
BTV THIA L7z,

pol Bid, EA%EW D DNA polymerase D1 T—7F/h &
< (39 kDa), f.®> DNA polymerase i 7 7 4 1) — &
ZERTLLONIFIEAELTH DD, HIHTEHLZ D
T & % polymerase ThHAH. 7 Xt FDpol D
cDNAZFO T 7 X3 FERBWIZAND LIEHEDH 5
EEOBRABESKEIIEHT L2720, BHICKHETE
THALF T D A TV B XRS5 AT X 1994
FIZ2D0D 7NV —=TI2 X > THBNSHEE S I, HEDOF
MLTTICWENIZERTWS (k). pol BldELHE
W BV TEEIRAE XN Tw 5 (Singhal and Wilson,
1993).Fig. 112 v b b7 I BB %2 7R L7278,
3357 X JBIRIED D B 15K EE L L7205 TH S (96%
identiy). 84FH®O7 I /FEfHEIC M) 7Y VgD
BB D ), FHICE > TN KHHIS kDa & C K
31 kDaD 22D X LA LH N BTN F AL V5
T2 EHMNTE 5 (Kumar et al, 1990 a). N Ko 8
kDalZ$i B DNAICK AT A2 &H L L DI
deoxyribonucleotide phosphatase it % 52 (#£:5). N
KMo B A4 v % K72 CREEM 31 kDa &, $5#
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Table 1 The DNA polymerases in mammalian cells

Pol Subunits Enzymatic activity Function References
o 165 DNA polymerase Replication : initiation ; repair : Foiani etal.,
67 DSBR ; telomer length 1997
58 regulation ; cell cycle regulation
48 primase
B 39 DNA polymerase, dRPase Repair : BER, DSBR ; meiosis * %k

125 DNA polymerase, 3™-5 exonuclease

Mitochondrial DNA replication Burgers, 1998

1) 125 DNA polymerase, 3-5' exonuclease ~Replication : leading strand, Burgers, 1998
66 lagging strand ; repair : MMR,
50 DSBR, BER, NER ; translesion
DNA synthesis ; cell cycle
regulation
e 261 DNA polymerase, 3-5 exonuclease Replication : lagging strand ; Kesti et al., 1999
59 repair . DSBR, BER, NER ; cell
cycle regulation
¢ 353 DNA polymerase Error-prone translesion DNA Nelson et al.,
synthesis 1996
n 78 DNA polymerase Error-free translesion DNA Masutani et al.,
synthesis 1999
’] 198 DNA polymerase, helicase ? Repair of interstrand crosslinks Sharief et al.,
1999
1 80 DNA polymerase Error-prone translesion DNA Zhang et al.,
2000
'3 99 DNA polymerase Error-prone translesion DNA Gerlach et al.,
synthesis 2000
(=6 (Johnson et al.,
2000)
K 60 DNA polymerase Sister chromatid cohesion Wang et al.,
(=Trf-4) 2000
A 68 DNA polymerase Repair ; meiotic recombination Garcia-Diaz et
dRPase ? al., 2000
u 55 Terminal Somatic hypermutation ? Dominguez et

deoxynucleotidyltransferase

al., 2000

*DSBR, double-strand break repair ; BER, base excision repair ; MMR, mismatch repair ; NER, nucleotide excision

repair
** Gee the reference section in this article.

DNAICHEAT A5 (k). EHEL T, v
v 7D H 5 DNA % It 5 (Kumar et al., 1990
b). Mammalian Tz b [ RIEMER R E1TH) Lwbh
THY (Kunkel, 1985b), 7/ 20#H#EEZ L TwbH LW
S HiiE 13 2e v, HFERR 21518 (base excision repair ;
BER) ® — 2 DM TOBEAKEAT ) O L1 H5H
PFrEZLNTVD ().

AK¥FTIE, F 7 polymerase iiith % &7z pol BOFF
HLE L TCOWE AR L2 T, invivo TOM S 2R
W B RIC AN, BRERLOMDY L) Bl
#*5 translesion synthesis (22T, F 72 DNABEOH
T pol AL %# %419 BERIZOWTOHAE X
s, X512, HEMEMHT & mutants DT SRS N

-5/l 7 2 LTI R e i Zefs o —H 2 i 3 5.
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1. BREULTOHE

DNAZ &M 2MH I SHED S A THH L. O
DNA % 412 LT DNA % &3 5 DNA dependent
DNA polymerase, @ RNA % %112 L CTDNA % KT
% RNA dependent DNA polymerase (= reverse
transcriptase), @M AE TH 3-OH DA Z ik L
W < terminal transferase 32 THh5b. TDH Tk
{51 DNA ploymerases & MHE 2 D3O TH Y, DNA
BAAET ABIC, 8% DNAOTE#H % T2 ANTP 2
DiAte. ZOHLY AARDIEH S % fidelity (BFEBE L V)
Ry Ho)LIER. Pol Bofidelity 3 S X SFELRTH
RENTWBEAVTNR LK. @©X174 D DNA I
L7-% T4 (Kunkel and Loeb, 1981), M 13 mp 2 % $ %!
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Fig. I Amino acid squences of rat (top) and human (bottom) DNA polymerase f. Asterisks and small bars indicate
identical and different amino acid residues between rat and human, respectively.

W2 T (Kunkel, 1985 a) 1IE L < Wil E AR
DRI 2 X 10 otz HEEEWOY ) A OBH
TERRERIELLHEIZ10 " LXVAEDT, pol Bid
MlEVWRTVEWV) T EPbhrb., M1, DNA
polymerase |& 3-5’exonuclease i h % £5 5, [H#E - 72
dANTP Z LY AAA 2602, N EID B THLD JAHA
ZRDHET (REEEEIFIEINE) L VW) 22T 5.
Pol BIZIZ 2 DM 720, Mo 72AI12R 0 il
FTIEDNTERV., T —HEIHVHEHO -DOTH
5.

DNA polymerase & L COWE % L5 & 1213,
fidelity D112 processivity 2AHEZE & 2 4. ZHAUIZIX#E Y
GRFEVHRVOLEYN, BEII XA TDH 2
primer/template IZF A& L T2 5 WL DD ANTP # HL h
ZHDHH)]E VS T LT, processivity DIV polymerase
&, ‘distributive’ Th b & EHMT L. T i,
primer/template | %3~ A 45 & 1HM4 70 13EIE L2 AR
ZWRIBIER %248 L, distributive % Ks X » DNA
polymerase (3454 L C UAMIZ L TIEMEES 5, &G -
fif il % % 0 3B L 72255 primer 2 i L Tw <. pol Bl
ssDNA # §57 |2 distributive Ze DNA B %2179 2 & %
Mo TWwh., 72721, 6 nucleotides £ T® short gap %
M8, MOTW LIS -PO, A NIE
processive IZ 5 AT & 9 (Prasad et al., 1994). In
vitro ® gap filling assay T¥ v v 7ORIIZL AL T —
B % el U 72885053 5 (Osheroff et al,, 1999). & b
pol B i Jk i ¥t o fidelity X 53D ¥ v v 7 %

processive [ZHLD 5 L X 3 361D F ¥ v T 7
distributive (Z¥ D 5 & X b A U2 - 7248, 53fik%
s L0 1HEZHMD DL L DA EN-72(2.2
10 Y. Pol BICX VAL DTS —0fE LT, HEE
1 & AL IC Frameshift W2 &R IF 5 b
(Kunkel, 1985 a). Z #iZ distributive manner T##5
BRI EEZ LN, HLXZ LA F PO &2
5 CHEBT BBCIE, pol B L 85K DNA ASHEE — #54&
e k99 B2, strand slippage ST HE W) A=
AATUEERENEL L EHHTES, LML, 1
R IEHE U % BIE 1L 6 1 2% % processive (ZHLd 5 & X
b, 390K % distributive ([ZHLD B E Z DB ED S L h o
=Z EH 5, pol BD processivity AV < 7 B E BEE D
BIATIA A IFRINRT L RDDIFTIEEW
Lz 5.

Polymerase & L Cofiltif.iaid, ~MJ 7> e
oD CRImlO 31 kDadX7F KR IZH by, =
O ZRHELTHWS &, in vitro TDNA&KEDNH
LIENbhol, TIAT—MEKIED/INY R85 —
Y5 ANTP O Y AR DEE A4 K39 kDan b D &
XS TBY, HHEEIZ10050 LI T LTw/, £
72, FEMITTORBIZE SN 27 kDa DR F
(31 kDaDWIHF ON KA S HIZHL Bolzb D) D
DNAA R REIZ AL TE B 1I KA - 7. (Kumar et al.,
1990 b)

Pol 81 DNA polymerase & L TOPEZT TR L, 5-
deoxytibose phophodiesterase (dRPase) iifi 1% & 7> (Feng
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et al., 1998). Rk bV 7 ¥ VLB THE S NS N Kb
fll8 kDa?d N X A LZZDWENAH Y, Fv v 72l
% polymerase & L T < 7212, Z @ dRPase if1hAvH
P ftE % Je723. AP site O 5N —ARGHEIWTASA - 72
B2, SO AR Y T AT VS AIAKGE S W T
HiJk @ 72 > deoxyribose-5-phosphate 234 L 4. T %
Y B DA dRPase THAH. TNERY Brhkwne
DNADOBEHAERIZETZ VD THS.

2. EERTO®RE

Pol B RE TR L7z~ ZIFRAEBRETHLTET S
73 (Gu et al., 1994), fibloblast D57 ® pol B EXK
PAARFIEF I L 72, Z OR S SE b 21515 %
7)“7(1*?1 L’Cﬁ ¥, monofunctional 72 7 IV F WALHKNIZ &2
P 7% L ORAMER y AR ICIE T H o 7. TV F
WALAI ﬁ'@"%’t‘axl‘ili BFER D pol BifnTF & b T
VAT TarshILETRET A LIHRINT
(Sobol et al., 1996). b h#iMEHFMILIZ BT, MNNG
WCEDFEINLDNABESKIEIZENLZROKR) 25

WX A BHER &2 v 72928800 5, pol % Tld %
{, pol BRpol 65T 52 LARMEINT NG, &
512, EMEME TIIBEHEEG KA AATTPIC L 5 T29%
HEINZZ LN, pol BABEEKIZH S b o T
Wb EEzZ 5N TwA (Hammond et al., 1990). ¥ A
K AL O 3L DB I testis (ZAFTE L 72 2 & A 5 meiosis
WCHEEM G L TWws Z AR X (Plug et al., 1997),
2D EIZEEEEO pol BAET 7 D pol IV 28 meiosis (28
195 & 2 \23BIA5HE X L5 (Shimizu et al., 1993) &
LT Lz, HIMIED X 9 v D0 DN D548
HHET, pol BAYIERICHZEH L CTH Y (Canitrot, et al.,
1999), JREL, KA MEOMESMRE T A7 I F ~ 1
fif E D H DIZD2\T, pol B mRNA Rtz 1~ W O 1
mAs@i%s X LT 5 (Scanlon et al., 1989) .

2 THEET R XL, KR @ DNA polymerase 1(pol
D% KRIEL72HT, pol BOcDNAZ IS5 LA L
722 & T3 5% (Sweasy and Loeb, 1992). Z ®OFEIL,
pol IZDNADIBE A AT -720, Rg7 7 7 X ML
EORFIDTAHIENS, pol BE DL DH M
HrfEe L Tiibh7z-dboThHhsb. BHEEYWD
polymerase Tld&» 55N 7 7Tl Z - Tw
b 728, EIRERARE 8 L Cin vivo (RKDAEAKHNT
X7 WDS) TOMRBTAREE o7z, TD T Eidpol BD
WFZEIZIER IS EHBR L T b (f2h).

3. Translesion /% (TLS) [CHIF H1EE]

Pol BAF MR DSFAE L2 & ED L) el
e BIRL THBT 2022200 T, HEMIHFESH
TWVWBDT, TITIEARYZ bIALIZHTLZHNEZ DL
KT 5.
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1) ¥ 275 F > (cis-diamminedichloroplatinum
(I))

VAT ITF AL ERENAMIED ) B ELRDD
BBED o7 T = U HREGI N DD (GAG) TH A
(Sherman and Lippard, 1987). Pol B & HIV-1 i¥ifix % %

FZRDIEZ OB % LD DNA% in vitro THEH B Z T
%ﬁ%ﬁ"é & AT & % (Hoffmann et al. 1996). 2D & X,
ZEIRA R O Z 2 M L pol BAY42%, HIV-1 RT %*
26% T, BERERDI A TELTCE-1DOREIZELE T
V=AY 7 VERDVRL S o7z, BREVDIZ, pol
BTDOERERD hotspot 1X, GAGOSHDKEI L Zh
MHEBIZ4-6X 7 L F FHENTALED 2 7 172
72D1ZxF LT, HIV-1 RT ®Z28R2 5.0 hotspot 1£, GG
DPVDARTH 722 THhH. EFNELT, pol
BiZ GAG &M L L7881 error free l217 2 54, €
DL, PO misalignment ZHE 2 F 720, FEAEMIZ
REDFBRI-TLEIZENREZON TS, —,
HIV-1 RTIZ GAGO 3D GH & 2 A TH MO
misalignment Z#2 2 3O T, KD & Z A 2R IDH
Z %. Pol B® X 9 1T distributive {2 DNA A% % 17 9 BEF
&, ISR L THIBICRE - MEEER YR, Thid
HRIAS X D flexible (272 5 2 & 2 EM L, bulky Z Ak
DL ZAHTIRFHR O slippage VHEZ D) R T 2 5D1EAH
Vs

2) 8-0x0-dG

8-ox0-dG I FE{LIY DNAH; O—>TH Y, DNA LT
A Tsyn 7+ — 2 %A, #F, DNA LI AT h
TOBHEAICI VRIS ND DS, BRESN R - 2 8A,
B OB T DNA polymerase [ A& 9 2 &k b, 8-
0x0-dG D syn 7 + — LI T 7= v L R RN 2 K
¥ % 72® (Kouchakdjian et al., 1991), ##2#& TG : C
=T | ADKILEAEE SN D, In vitro Tl 8-oxo-
dG OV Y AL X7 LA F F O)fﬁ‘ﬁfﬂiliﬁ’) “I‘
JAS—BILEoTRLZDZIEPHONT
(Shibutani et al., 1991). 8-o0x0-dG ® 3 <"’Fiﬁ0)§;§?ﬂ®
B a ARz 2T 2 TT 74 v — RIS
#ii9 &, & bdpol BiE8-ox0-dGITH LT P v &
DL 7F=vERY ALEENDTNICEI72. 8-
0x0-dGA3F ¥ v 7D L ZAHIHE L, ZO Fitoiit
BTl E, YV rENYAGERDBEL ot
(Efrati et al. 1999). % % T2, pol ol 8-0x0-dG IZ%)
LCTI0MEEWEEETY P VXD 7 TF= 21
0 iAA7Z. (Efratietal, 1997)

3) Propanodeoxy guanosine
Propanodeoxy guanosine (PdG) 1%, IFE O # LD
I U 5 bifunctional 72 71 )V R = VAL &% & DNA O Kt

CEIVAERTIARERMNMEOEFTVE LT,
Marnett 5D 7V — 72X VAT THLR TV S
PAG IZ AN S R TH B 720, TV v =21) v
7 OYEFEX & 54 lﬁﬁiﬂ‘é H’L}_' b, DNAG T Dk
F)fﬂ')ttﬁl_%ﬁik/\,c‘: "W, PdG &t
primer/template % J£ 2 | JEP'F{EU:L\ Eirbyitl s,
pol B2 PAG D712, PAG O 5N & 2 Kk & H1H
WAL Y JAA Thbypass T2 I dH - 7=
(Hashim et al., 1997). Z®Z &5, strand slippage A%
RIoTWAHIEDREEING., T2, ORI, K
51 @ pol T, Klenow fragment % ]\ 7245 5 & 13 72 -
NQRVAR

4) Abasic lesion
Abasic lesion IZIZHARICKR 23 0&, DNAZY o
VI—ERY N CDOBT I ALTTELT S YLV ER
DERC L ZICTE2H0020¥MH 5. WiFZIZHL T,
HEMMIH Y220 2B 7Y iz 10f, By 3
LIZ10CDHETRI > T EifEShTwd
(Lindahl, 1982). Abasic site (apurinic/apyrimidinic
site ; AP% A ) TiZDNA polymerase 51 F - CTL F
9728, KB Tid SOSFEAH 2 % (Lawrence et al.,
1990). APH A MIEARMICIZBER TR B EN LT,
TOREIZ, K X F7—=¥IZAPH A F DAV IZ dAMP
2D A i\f’:ﬂlﬂl(A rule EIFFIEN TV S) D H 57280
(Lawrence et al., 1990), T2 B TH L 72 AP
A MU TIRERERN R T LTI LIS, L
DNAFNRTEDMHZA>SGC>C=TT,AIZGD 1015,
CRTOS0DOHETH D &) #HiiAsdh 5 (Randall et
al., 1987 ; Takeshita et al., 1987). FPHDOESIZ L - T
27 LFF ROMMB LRI ARDEPENT S E 0
Wi d %A%, JEARMIZE) X5 —F X A-rule 125D
EV) DOMMEHE RS> TWDH, THIZIENMRZ H w7
WHN R ENFTVH D, ADBAPH A F DA VIZA -
2L ZIZDNALEADRDR LI L LICARSEAN
DAXT AT L= 3 YIZESDIZx LT (Cuniasse
et al., 1987 ; Kalnik et al., 1988), CX TIiZ5EA DI
HTLEW, GRIBEICE>TRSEADMITLE
VTENBHDLVH)WEADH B L Vv (Cuniasse et al.,
1990). & 2 A%, 4E, FEMBETIE A-rule lI20ED 2%
WHRIERDEE SN TE TS, COST DM TIX
APH A ORI WVICI Y AT N 285 vy a o
7z (Neto et al., 1992 ; Cabral Note et al., 1994). 1E 4
oL, 7% %7 OMNL T3 apurinic site DAV 1L
GAHLY AN 242D 1) (Klinedinst and Drinkwater,
1992), BEBDO T I A I FE V2R TH GABELMIC
YA Eh7: (Kunz et al., 1994). c-Ha-ras #1451 O%
PALDBRIZIE T ALY 3A F 172 (Kamiya et al, 1992) 5,
80 %3 C DO AR T > 72728 C-rule £ 29 D b #i

i 24T % (Gibbs and Lawrence, 1995). Efrati & 13 in
vitro Tt b pol @& pol & H W TAPH A4 b
translesion 71 2 17v>, pol BIZIZAPH 1 + D 5MIZ 3
5 S gk & MY 72 3 % HLY A A T bypass § 5 filii] A3
HbHT ExRWDOIF/. TN E “ANTP-stabilized” 2 # = X
AEXHNT TS, ZO#RE, - 107L—-203 7+ E
7o AXE L A5 & % (Efrati et al, 1997). 2+, b
BOPIGTHROLNZHETHLZ., CoZ b,
PdGiEpol Il & o> THiME LTORlHA VD LT
THhbIENbhrb.

4. BER [CBIF B 1%E!

Pol X BER D EFIZFF 51128 < polymerase T, UV
85 D151 (Nucleotide excision repair ; NER) {21348 %
B, ZZTIE, Fig 212> T, pol BO&kEI % &7
BER i ## % S5 5.

BER Dz #) D A 7 v 71X DNA glycosylase 12 & % "é"éﬂi
L7k ok L B 2: T 5. DNA glycosylase (2
monofunctional 7 4 ® &, bifunctional 7 %@@2?@@?)‘
HoH., HWEELERLTHELAPY A M HTELEZS
TR L2 BUREDS, BEIEESHICTE-APH A
O IMITY Y Ak %2 AN T BEEDL SIS ThZ$ 5 AP
lyase ifith Z 5>, THIZ X b 3EKIEICHE U S trans-4-
hydroxy 2-pentenal-5-phosphate 1 7 F 1 <~ —{j & Kb

ZMET 5 (Fig. 2460, Ai#EICX W ELZAPH A b
1Z1E AP endonuclease 2%\ > T 5] 12 1% 2-deoxyribose
5-phosphate (ARP) %, 3" i1ZZ D F F MRS I2HET
5N L KEEH (3-OH) A5k 3 5. dRP b Z D% D G
ZHET 5.

BEROXRDAT » 7i3P )i L E DNAGKTH 5.
¥ 9, Fig. 24 MR TRE T, 3OM%EEIT AP
endonuclease 7% £ 725%F > T\» % 3-phophodiesterase i1k
SIVBRESNLZDICH LT, monofunctional
glycosylase/AP endonuclease O T/ U 72 dRP (%
pol BDOFED ARPIHEETH 2D, $72, S3&WwH YK
V= ADEAHIZZOM SO E > TWb 20, v
Tho7ay 7IZ5BIEHNTEL, AL ERD
DNAGHKD A 7 v 7122w\ Tlx, Fortini %%, DNA
glycosylase ®# R X 1) fli+>41 %5 DNA polymerase 25
FHLEV)ETIVEREL T2 (Fortini et al., 1999).
Bifunctional glycosylase D #:#&Tld, 5AKbGAT <25
A7 —=2aryTEAREIIHLD, FKGioTT Y ¥
B B2z &3 <, pol BAIHIERIFAL TF v
v T3 55 (short patch). —57, monofunctional
glycosylase Dt Tix, 4 TdH % dRP D25 N
72®, pol BIZ & % 13D ¥ A (short patch) &£, PCNA
A7 D DNA polymerase 6/el2 X %, DNASZFASL

36 OMERIS (long patch) S8G 352 8104 5
HMHEDEHET CIZRDAT v FIZBLH, BEOBEIL,
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Endogenous lesion

9 J
C'ICTA; ! E’I‘AG

GAGATCTCATC
3'I|||ll|||||5'
Monofunctional Bifunctional
glycosylase glycosylase
S - ¥ e
CTCTA AGTAG CTCTA AGTAG
GAGATCTCATC GAGATCTCATC
FlllLLLLLLLL S 3‘.LJ.I.I.|.I*.I.LL|.I.5’
s s
5'1%1‘#3' ¥ T
CTCTA AGTAG CTCTA AGTAG
GAGATCTCATC GAGATCTCATC
gLLLLLLLLLLL 5 3 lllLLLLLLLL 5
dRP 5 3
5" ey OPPPTT Y T TTTTT
CTCTA AGTAG
CTCTA AGTAG GAGATCTCATC
GBGRTCTCATC 3
PRI &
/ v et ¥

e 5 T ?
CTCTAGAGTAG CTCTAGAGTAG
GAGATCTCATC GAGATCTCATC
FLLLLLLLLLLL S gL 5
W, \ 4
v =,
Y s 5 8
5 ; CTCTAGAGTAG
| GAGATCTCATC
CTCTAGAGTAG FLLLLLLLLLLL 5
GAGATCTCATC
gL 5 \
v & TTITITITIT ©
CTCTAGAGTAG
9 GAGATCTCATC
9 3 3
CTCTAGAGTAG v
GAGATCTCATC
gLLLLULLLLLL S Tigl
5
CTCTAGAGTAG
GAGATCTCATC
3

Fig. 2 Outline of BER pathways in mammals. The enzymes believed to be responsible for the various
reaction steps are indicated. See text for details.

DNA ligase I 23T 2 5 L. XRCCLIZ I3 AbsEG
Pz oA o TRV, pol B ligase M % 14 AriZ &
LobExET LD, TOBEREMEELTWSE
HETHLEZZHNSE. XRCC1DN KA pol B C
Kup b &4 1, XRCC1dD CA¥uiASDNA ligase M & 5 &
LTWaIENbhoTwb (Kubota et al. 1996) .
XRCC1DA%E 5T, ZIIRENHEHABE D LICH
HAEH A 5 2 L IZEBRIEH I TV 5. GElico
WTIET Rk R B Sz v,

FASL 7-DNA# 2 HIcd & 2 A TDNase IV (FEN1) ¢
Y % (Klungland and Lindahl, 1997) &\ 9 27 v 7H A
5% (Fig. 2 /2410 .

BERDRHED AT v 7%, BEHEKINZDNADY
Kk, TH b dHHDNAO K% ligase lZ X DD
LT EThDH. HEMILTIE 420 DNA ligases 235
RENTWAHA, I TIZDNA ligase I & M 25T
WwWahbE#z2 5N TWwh. Short patch #1213 DNA
ligase I & Il ®ifj 7%, long patch#&F#IZIZEEL LT
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SF LNV Tpol BIZKI - TWnEIErFlodbl
PLF® X 5 127% % (Kunkel and Wilson, 1998). Pol B®
8kDa F x4 ~ @@ HhH (Helix hairpin helix) €7 — 7
o 3L O fil B D L TR BB ASEE 2 % & (ARP D 1
MopFE ¥y 78I LT BIEEROSANE X %)
APH A b SNZEI ) AADIA D, 5dRPAASDNA &
FADSEENTLys 72583 D 3 % groove IZILFE % & ¥
¥ v THTEL., Thxpol DT, TOHE KDL
55 LT3 5dRPHAT8kDa K A £ » @ dRPase i 12
Xy 7281 THh 5 DNA ligase 250 U %. pol BA5F
¥ v 7RO D 6E, T3, pol BATANTP % #iR3
HAT v THhBiiE 5. Single nucleotide ¥+ v 7 % $§
DODNARZKELIZE X, A>T BANTPZ X %21E5
BRI D5 KDY YA 8kDa K A 4 V23 % AP lyase
DOIEPETAE IZHG L, ZRUT X - THA DNA%)“QO
BER LN DNHEEIED SR ARV T AT VS
CATHIEEINSG., TohIiZk V)(ﬁf’i%l)fi@T(nL@
WHRDE@NEIND I LIRS, polﬂ@N*?:"fﬁSkDaO)
KX A4 Y23F ¥ v 7d 5-phosphate IZ#5H 35 Z &1
Dpol BABK Y T U7 Mkl b, pol BIZ J:ZJX
7 L F FO@PUI AR IR RIS 7225, IELw
ANTP L #4635 &, 8kDad KX A YidbI »IZihtt
HFOOTA~EE, CRIG R AL 2 O—EBaHaKELMDY
CATASTLBRX 7 LAF Fagfl b oMulitt 2
b3 5. pol B&IELwifidtxr & oMHMEAFERATE N
1, RILD/INE T Y7+ A— 3 v OBALAMSEE RS
D5l & &%51<. TOWEREMLOR T v b2 20
WCHELZHZREZEZL TS D) Arg 283 T minor
groove M HAEM T 558 TH ), FA oML KE
AR ENAHEHCH L. MG TG THR 2 7
L % F F D@ minor groove E M EAEHT5 £ 25
5. R283ADZEFAKTIE pol B & minor groove & MDA
HAERA %L b, R AF—EDRX 7 L+ F FOER
PDBEFIE T T LT EbhroTnD

5. BEBhDSESNIHR

1994 £ 2O D 7 — T2 & o THE ST O 5 B H3Hss
SNz, g7 v T 7 —EUETHT 5N N Kbl
M 8kDa & CRUAEMD3IKDaD2DODF AL YD) b,
fil bR DAEAES B 31KDa K X £ ~ % H\WwT, Davies
0I5k, Mo’ &odtfhg, 72, Mn® & dTTP L o3k
Fish 2 1E 54 T (Davies I et al,, 1994), Sawaya 5 &
31KDa F 2 4 » &£ 39KDa®» 4 £ % ik L T L 72
(Sawaya et al., 1994). Pelletier 51X 7 v b pol B(4 ) &
primer/template & ddCTP @ 3455 12D W TN L Tw
% (Pelletier et al., 1994). & H12, FIHEDO R VAR % E
WTWw5. 8kDa K x4 v LFPOT I/ EEES % F§0
b ? 1213 terminal deoxynucleotidyl transferase X
polyadenylate polymerase %3 - T, C A¥ifiliZ DNA 2

WETEF X ANVDOT A XL BRI DZODER) 25
—+¥3%bbH, Klenow fragment, HIV-1 iz 5 # 3%,
T7RNAKRY X T — t&ﬁwawé.CXthAL
L7AdlE, 2 2 NERP Do TENRZHT L H I

DOREN D B X ) kg hf T, BMDNAIZHG L%’Tb\
EIREWVZ . HBIKO DL O (DNA) 2 F2 4 F ORI
HZENL, KOG % palm(FDV5), 200kE%
thumb GBIHiR) & fingers CHIR LI D 4 RDIR) LIT-A T
%. 8kDa N * 4 ridfingers N A £f Y DIZHONWTn 5
BT, BHWIZ80EHWTRAET S 200X D8
F U NG helix 6% %b. 2200 KX A »O#E T

FHAKEET, palm KA AL U2 bFNAEENS X9 I2H)
CEF v AUHHL. #MEFHTITHR DNA K G

Twb EEPUAIEFICT o T 7 —EBIZERZE R .

ZOZEMH, DNAICKHELTWS L EIX, Z?D8kDa
DG DGR 2 W AAT L) BRIEEI > TS LS
ﬂ FERRZSH, ST T4 < —HEARTIE8kDa F X 4

Vidpalm T X DL WLEICH B (72721, %*E':'aﬂf.d)ﬂ”ﬂ
THEEPHEIC A>TV LIEELRZETE R
(Sawaya et al., 1994) .

BEHI o polymerases @ 7 X / L% & Klenow
fragment DR IEDO R E S LA HE T, Delarue & 13,
WP EE R, RFsShT7 I VBoOETLEF—7
% WoUF, Motif A, B, C&&Af}iFTwb (Fig. 3 ;
Delarue et al., 1990). #5dbfEE L Y, pol BTl Asp 256
723 Motif A, Asp190/Asp 192 2% Motif C12%47:% & # 2
L, WEFNRHIHEICEETHLEZZON. TDZ
ik, ThHD7 I VBOERKTEIXZLAF VL
T VAT 7 =Dk, 100 f522 5 50,000 54 LT 7z
ZETHEMIFONTVS. Asp2561d Arg254 & & b 12
NHEO BB IEO 72D MoERA + » LRED
MR & 2D B%EH%Z LTWwab. Motif COMMT
3 /E’iﬂiZo@ﬁE'f T rAERFEETALEEZLONTSE

, pol B-Mn’ "HEKOWEL S RS TVD
(Davxes I et al, 1994). Pol BO{EYELRA. TIXfR$ %
TIAR—DRET 5 3-0H & ddCTP D) YL 2D
DM 4 F AT XT, Asp190/192 & Asp 256 O JE PR
123 - 7= (Pelletier et al., 1994). Palm K X £ Y 3o
AL EDBRHD3ODKR) 25 —E L pol BOMT
BAFMEDS VDS, pol BIIMbD 3D LWL Dh D TR

AW RO, O AL o piEE Mo 35D X 512
TYFNRFLVTERL, RFLVTHBHIE, @
Motif A Motif C & ) & FiiZd %, @ Motif CH ¥
— YOI RV ETH S (Sawaya et al., 1994). 25
DEEIZ, Bk DZEIREFAR DT & A4 Tpol BO
WEEFELLHB TN Lo o7,

6. Mutants DEEFHSESNIHR
H5bH, BEDRKHMOBEAL 2 M T 55512, 22KE
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——————————— Motif A --------- -——-

++ + + + +

h-pola 858 FILLL
T4 DNA pol 403 YIMSF
EC-Klenow 700 VIVSA

r-polf 12 NGGIT
m-TdT 165 NQLFT
HIV-1 RT 260 SVTVL

MLVELANFEKNVSQATIHKY
ALDILAENDELRENEGSCL
VGDAYFSVPLDKDFRKYTA

————— Motif B —--—---—=-——--

Y.SQIELRIMAHLSRDKGL 30 EQRRSA |K|AINFGLI [YG| MSAFGLARQLNI 101 RMIMQVH

%
D| ENSLYPSIIQEFNICFTTV 66 IRQKAL |K|LTA.NSM |YG| CLGFSYSRFYAK 25 NLEVIYG|D| TDSIMIN
D| LTSLYPSIIRQVNISPETI 121 TNQLNR |K[ ILI.NSL |YG| ALGNIHFRYYDL 33 EDFIAAG|D| TDSVYVC
D) D|

T7 DNA pol 470 VOQAGI|D|A.SGLELRCLAHFMARFDN 24 PTRDNA |K| TFIYGFL [YG| AGDEKIGQIVGA 104 AYMAWVH (D)
D| D|
D| D|
D D|

---- Motif C ---

+ + + 4+ 4

.ELVFEV
.EIQVGC
MDVLLTH
VDFLITS
.DLYVGS

147 RGAESSG
146 RGKMTGH
49 IVIYQUM

Fig. 3 Multiple alignments of polymerase sequences for motifs A, B and C. Strictly conserved positions are boxed,
generally hydrophobic residues are indicated by a (+) at the top line. The three motifs are identified as
motif A, motif B and motif C. The number of amino acids between motifs for each sequence is also indicated.

BUKZHEE U T A2 L 3IREAN L TERTHE. b
% BB OB % fREEIC A S N7z mutants 215 C, 1
ZFRUIOWTER TR - HAE B TE A1,
KRR L ZOEAZ T o A LB L DG A
12 %. BT CTHl~<X72X 912, mutants (34§55 % fEAT 9
HEEIZ, DRLLRVWHSEHO I ENTES, Wi,
B HRIEREA Do TSI, BRI EEE I E T
727 3 BRASFRMICEIL S €72 mutants Z/ER L
T, in vitro TOM & %2 WT, EATZ D FEERE 1T
) ZEHNTES. pol BO mutants (2 11 3 HiEE, {ER
XN, TR RS SN TV BEDT, & TLAHNIZN
HETE WS, DINIS, 20o—8%RT.

Pol O 7 3 /179 %K H A 5 184 F H £ TOHIITSF
HRESRTWT, HHICEEZ L 22505, Date
51, TOEHITDOWTT v b pol BDZEIRERAKRE 1E
WL, BEAZHRLTHRZLE IS, RISSADERE
BRI ANTP IR 2 K, A8 & A BB L2V ol2
BEHIEMEAT99.98 %A T HZ EnD, T4 —Dik
WICEETH D LT 72 (Date et al., 1990).

R283A & R283K D RIREERARD RN 22 5, R283 5%
FIFEOME FIZEE TRV &, R283 5k & HA!
EDOMDOKEREE DB CEETH L 2 &, FAER
WCHARTHBERHELH 200 5D 1 LW T 5T &8
RSNz F 7, TICH L TA%Z ANS fidelity (28 L
TGCGEVWNDL I T —IIRRERKT2AR o 72
(Beard et al., 1996). ZT® X ) RElILEa >y 74— X —
va VAL AL IS O OERETEZD ) 5L E R
LNTW5,

ZOEM, BAEROpol BLEHAFIETHLZONH
AMEM: 2 7 A dominant negative mutants A%, J v kT2
O EN TS, wihd, random mutagenesis (2
LD RBH D polA DEFMAREZFEEIC L THHES D
D T3 5 (Clairmont and Sweasy 1996). —21%, 1717
H25340FHETOT I/ Ba RIS/ L RATB-
TREAFFTOHN TS, MERFTRREHIES L
MMS &2 % 508, UVESZHIEADbL ZWnwZ &h
5, NERTIE% { BERFHEINTWL L EZ LN,
b9 —213Y265C mutant T, Hifkiifil 71— 7
FOFENEL B, TOHRAM T BB ST REH X
B AR O pol BAMFAE L TWTH 7V F MALHEZ I

122

b, BEETLREEES, v PY265CORBICLY 7
W WALFNZH T 5 2RO E5A . 51 % (Clairmont
and Sweasy 1998). supF & cll H{n T2 >T7 L5 DY
XY MVRY F =237 ) 4L FICEaE—THllARAEINRTE
D, BB pol BHRBLTVE~ Y A LNI2MINT,
5 v FY265C # 3B X5 & FIRGEIRA S A R 5
v bpol BEFHEHSE/-LEZ085 LA LA, HILT
WhaWI Y ba—)LIZHART, 3bp L EDKRIEIT 4015,
LSRR 75 H N L 72 (Clairmont et al. 1999).
Tyr2651%, *MITORKRELSEI Y T+ A=Y a V&
LICEETHLEEZLNTWAT I/ BRETDHY,
in vivo DFER % FfHF TV 5.

HbHbIC

ATl D 5 7%, DNA polymerase BIZBH 5 5 Al
REFLHIETWAEw, HoET—<IZLT
WALEHETII L WD, HEHMEICK, THL Z LD
TEY, WHLALRMENLOHMAEMET L L VI A
FANERSLZ EIZL, UL, Ehdfheirb, &
ERVOBEALTEDHITLZ ) Il holz. TDOV
2, TRHEZH VTV JEMOANIZELT, HAZBW
AL I I RIEELTAHE. THLVTVDOLERL,
[ZHUEKETTRNIHW T L WIERIZ % % 2 5 gk
NHRIV]EVIBIEEZTHW, 2, FKIlELA
BomLaxz), FMEOmhIZE-sTHERLT
ARV A WA R IEMNTRAERMIRIZ R > 72, &
(2% DNA polymerase (23 %%  DRBAITEL S I,
F72, pol BHHIZOWTOH L il db i s, WNEH
BEALEAEL Lo TWBEK LS. ZORIEHRIOME
i & THBEV 2w, I L TESES S R L
TWw5, mammalian ® DNA polymerase (22 W T,
Table 1IZEH L TEVADOTBEIILTWAZTAS
LS. R, BEOLOICHRSENRT, KHOW®F
BICTEBRZBMF LA E 2 BRETLET.
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Micronucleus test in rats after oral administration of
methyl methanesulfonate for 4 weeks

Shigenari Ozawa, Rika Takayama, Kazuo Kobayashi, T'suyoshi Kitamura
and Nobuo Shibata

Toxicology Research Laboratory, Kissei Pharmaceutical Co., Ltd.
2320-1, Maki, Minamiazumi, Nagano 399-8305, Japan

Summary

As a part of an extensive collaborative study of micronucleus assays, we examined whether the
micronucleus test can be integrated into the 4-week general toxicity study of rats in a study in which
methyl methanesulfonate (MMS) was administered at doses of 3, 10, and 30 mg/kg/day. The

results can be summarized as follows :

1) Increased frequencies of reticulocytes with

micronucleus in peripheral blood was observed from the second day of administration in the 10 and
30 mg/kg/day groups. 2) Increased frequencies of immature erythrocytes with micronucleus of
bone marrow was observed in the 30 mg/kg group. 3) There were no effects on the incidence of
mature erythrocytes with micronucleus in either peripheral blood or bone marrow in any dose
group. 4) On histopathological examination, an inhibitory effect of MMS on development of sperm
but no effect in the spleen was observed. These results obtained with MMS suggest that it is
possible to integrate the micronucleus assay into general toxicity studies using rats. The peripheral
blood samples collected at the 3rd day after the beginning of treatment and bone marrow and
peripheral blood samples collected at necropsy 4 weeks after the beginning of treatment were
shown to be reliable for assessment of the frequency of micronucleated cells.

Keywords . micronucleus assay, chronic treatment, rat, CSGMT

Introduction

The micronucleus test using methyl methanesulfonate
(MMS) described here was conducted as a part of the
13th collaborative study organized by the Collaborative
Study Group for the Micronucleus Test (CSGMT). The
study was designed to demonstrate the feasibility of
incorporating micronucleus assays into general toxicity
studies using the same animals. The scope and summary
of this study are reported separately (Hamada et al.,
2000). MMS is an alkylating agent and known to be a
micronucleus inducer (rat treated twice : Wakata et al.,
1998 ; mouse with single treatment : Hayashi et al.,
1989 ; CSGMT, 1992)

Materials and Methods

Chemicals
Methyl methanesulfonate (MMS, CASRN 66-27-3, Lot
No.09419 LR, purity : 99.9%) was purchased from
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Aldrich Chemical Co. (Milwaukee, WI, USA) and
dissolved in water for injection (JP grade, Otsuka
Pharmaceutical Factory, Inc., Tokushima, Japan) .

Animals

Twenty-five male Sprague-Dawley (IGS) rats aged 4
weeks (body weight range : 70 to 80 g) were purchased
from Charles River Japan, Inc. (Atsugi, Japan) and were
housed in a room maintained with controlled temperature
(22.7 to 23.3C) and relative humidity (45.3 to 55.3%),
with 13.5 changes of air per hour, and a 12-hour
light/dark cycle in a barrier system. The animals were
allowed free access to tap water and a laboratory animal
diet (y-irradiated CE-2, CLEA Japan, Inc., Tokyo, Japan)
throughout the acclimatization and experimental periods.

Study design

Rats were treated with 3, 10, or 30 mg/kg of MMS for 4
weeks. The maximum dose in this study was the
minimum dose that had produced positive results in a rat
micronucleus study (Wakata et al., 1998), and the
additional two doses were selected with a common ratio of
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Fig. 1 Time-course of changes in frequencies of MNRET in peripheral blood of male rats treated orally with MMS

once a day for 28 days

about 3. The volume of administration was 5 m//kg body
weight. Five animals were assigned to each group. The
control animals received distilled water in the same
manner as MMS. All animals were observed for survival
every day and were weighed once a week. A 24 h food
consumption value was determined weekly.

The peripheral blood was sampled before treatment
and at 24 h after the 2nd, 3rd, 4th, 7th, 14th, 21st, and
final treatments. The bone marrow was collected 24 h
after the last treatment. Acridine orange staining
(Hayashi et al., 1983) was used to identify bone marrow
micronuclei, and peripheral erythrocytes were stained
with acridine orange supravitally (Hayashi et al., 1990).
The animals were necropsied on the day following the
final dose after euthanasia with carbon dioxide. Various
organs, such as the liver, spleen, testes, and
epididymides, were weighed and fixed with 10 % buffered
formalin. These fixed organs were embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (HE).
The specimens were then examined microscopically to
evaluate the effects of MMS. The frequencies of
micronucleated immature erythrocytes (MNPCE),
micronucleated mature erythrocytes (MNNCE), and
micronucleated reticulocytes (MNRET) were examined
on the basis of observation of 2,000 of each respective cell
type. To assess cytotoxicity, the percentage of
reticulocytes (RET) was obtained by analyzing 1,000
erythrocytes for bone marrow and for peripheral blood.
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Statistical analysis

The mean and standard deviation were calculated for
the frequencies of MNPCE, MNNCE and MNRET, and
the percentage of RET in the overall erythrocyte count for
each treatment group. The frequencies of MNPCE,
MNNCE, and MNRET were compared between the
negative control group and each treatment group, using a
significance test employing a binomial distribution-based
statistical procedure (Kastenbaum and Bowman, 1970).
Student’s t-test (Yoshimura, 1987) was used for
comparison of RET percentage in the overall erythrocyte
count between the negative control and the treatment
groups. The level of statistical significance of difference
was set at 0.05.

Results and Discussion

No animal died during the treatment period. No
changes in clinical signs, body weight or food
consumption were observed. The MNRET frequencies in
peripheral blood are shown in Fig. 1. Increases in
MNRET frequencies were observed from day 2 of
administration in MMS-treated groups. Significant
differences from the control group were observed in the
10 or 30 mg/kg groups. The maximum frequency of
MNRET was observed at day 2 or 3 of administration, and
remained constant thereafter. The frequencies of
MNNCE in the peripheral blood are shown in Fig. 2. High
MNNCE frequencies were observed at day 21 or 28 of
administration in the 30 mg/kg group, but were not
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Fig. 2 Time-course of changes in frequencies of MNNCE in peripheral blood of male rats treated orally with MMS
once a day for 28 days
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Fig. 3 Time-course of changes in percentages of RET in peripheral blood of male rats treated orally with MMS once
a day for 28 days
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Fig. 4 Micronucleus and RET frequencies in bone marrow of male rats treated orally with MMS once a day for 28
days
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Table 1 Organ weights in male rats treated orally with MMS once a day for 28 days
Dose No. of Final body weight Liver Spleen Testes Epididymides
(mg/kg) animals (g)
[Absolute organ weight *']

Control 5 347.2 + 187 14.35 £ 1.39 0.78 = 0.09 294 £0.15 0.85 = 0.07
MMS ' 3 mg/kg 5 369.0 £ 49.2 16.68 + 3.46 0.75 £ 0.12 3.19 = 0.30 0.87 = 0.09
MMS : 10 mg/kg 5 381.2 = 20.3 19.07 + 1.68 0.77 £ 0.11 3.16 = 0.20 0.90 = 0.07
MMS : 30 mg/kg b 320.4 + 46.8 17:21 £ 2.71 0.84 +0.17 2.64 £ 0.30 0.69 = 0.07**
[Relative organ weight "]

Control 41.28 + 2.36 2.25+0.28 8.48 = 0.21 245+ 0.14
MMS : 3 mg/kg 4492 + 397 2.07 £ 045 8.73 = 1.09 2.36 = 0.19
MMS : 10 mg/kg 4998 +2.12** 2.02 = 0.30 8.32 +0.83 2.36 £ 0.21
MMS : 30 mg/kg 53.65 = 1.14 ™% 2.60 + 0.22 834 + 1.15 2.17 £0.29

Values are means + standard deviations. Units are as follows -

** 1 p<0.01 (significant difference from the control)

a) gandb) g/kg.

Table 2 Histopathological findings in male rats treated with MMS orally once a day for 28 days

Findings Dose Control MMS MMS MMS
(mg/kg) 3 mg/kg 10 mg/kg 30 mg/kg
Grade - 4+ ++ +++ | -+ A+ | -+ A+ | -+
Testes
Vacuolar degeneration of seminiferous tubules | 5 0 0 0 5 0 0 0 4 1 0 0 3 1 1 0
Exfoliation of germ cells into the lumen 5 0 0 0 5 0 0 0 5 0 0 0 0 0 5 0
Epididymal spermatids
Cell debris in epididymal ducts 5 0 0 0 5 0 0 0 3 2 0 0 0 0 4 1
Liver
Extramedullary hematopoiesis 0 5 0 0 0 5 0 0 1 4 0 0 0 5 0 0
Granulomatous lesion 2 3 0 0 32 0 0 4 1 0 0 4 1 0 0

Grading was as follows :

significantly different from control group frequencies.
Percentages of RET in peripheral blood are shown in
Fig. 3. There were dose-dependent decreases in RET
percentage for about 1 week, but no dose-dependent
changes thereafter. The MNPCE frequencies, MNNCE
frequencies and RET percentages in bone marrow are
shown in Fig. 4. Increase in MNPCE frequencies was
observed at 30 mg/kg. A significant difference from the
control group was observed for the 30 mg/kg group.
However, there were no significant differences from the
control group in either MNNCE frequencies or RET
percentages. No remarkable abnormalities were observed
in necropsy findings at 24 h after the final administration.
The organ weights and relative organ weights are shown
in Table 1. A tendency toward increased liver weight was
observed in the 10 and 30 mg/kg groups. Significantly
decreased weight of the epididymides was observed in the
30 mg/kg group. Significantly increased relative liver
weights were observed in the 10 and 30 mg/kg group.
The histopathological findings are shown in Table 2.
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—, no remarkable change ; +, slight changes ; + +, moderate changes ; + + +, severe changes.

Vacuolar degeneration of the seminiferous tubules and
exfoliation of germ cells into the lumen or cell debris in
epididymal ducts were observed in 2 of 5 males in the 10
mg/kg/day group and all males in the 30 mg/kg/day
group. The range and severity of these findings were focal
and mild in the 10 mg/kg/day group, and extensive and
moderate in the 30 mg/kg/day group, respectively. Only
spontaneous or incidental findings were observed in the
liver. No abnormalities were observed in the spleen or
bone marrow.

Micronucleus assays are usually performed as
independent studies in mice using a short-term treatment
protocol. The mouse peripheral blood micronucleus assay
has been integrated into general toxicity studies and long-
term carcinogenesis bioassays (MacGregor et al., 1990) .
However, long-term micronucleus assays with mice are
not usually performed, since most general toxicity studies
use rats. If repeat-dose micronucleus assays with 2-week
or longer treatment is feasible with rats, labor and
number of animals can be reduced ; in addition

information on toxicokinetics and other diverse toxicity
information and genotoxicity can be obtained
simultaneously in the same animals, with great benefit to
the comprehensive safety evaluation of chemicals. We
conducted a micronucleus assay in rats receiving
repeated treatment for 4 weeks, and evaluated whether
the micronucleus assay could be incorporated in the 4-
week general toxicity study of the rat when methyl
methanesulfonate (MMS), a well known micronucleus
inducer was used as a model chemical at doses of 3, 10,
and 30 mg/kg/day.

The present study suggested that the micronucleus
assay can be integrated into general toxicity studies in
rats. The peripheral blood samples collected at the 3 rd
day after the beginning of treatment and the bone marrow
and peripheral blood samples collected at necropsy 4
weeks after the beginning of treatment were found to be
acceptable for assessment of micronucleus frequencies.
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Organic chemistry plays critical roles in studies of environmental mutagens
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Summary

The role of organic chemistry in the science of environmental mutagenesis is discussed. The importance of
teaching young students the fascination of organic chemistry is emphasized.

organic chemistry, genome, mutagenesis, mutagens
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Does tamoxifen-induced DNA damage cause
endometrial cancer?
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Summary

I have previously described genotoxicity of tamoxifen-derived DNA adducts in this journal
(Environ. Mutagen Res., 20 : 201-211, 1998) . However, a large number of reports regarding this
issue have published in last two years. Here I review the recent findings from my laboratory and
others. Tamoxifen-DNA adducts are primarily formed via sulfation of o-hydroxy moieties of
tamoxifen, N-desmethyltamoxifen, and tamoxifen N-oxide. a- (N*Deoxyguanosinyl) tamoxifen
(dG-N*TAM) and a-(N*deoxyguanosinyl)-N-desmethyltamoxifen (dG-N*N-desmethylTAM)
were major adducts in the liver of rats and mice treated with tamoxifen. o-(N*Deoxyguanosinyl)
tamoxifen N-oxide (dG-N*TAM N-oxide) was also detected as a minor adduct in mouse liver.
Site-specific mutagenesis studies showed that dG-N*TAM is a potential mutagenic lesion,
generating mainly G —T transversions, accompanied by fewer G — A transitions in mammalian
cells. This tamoxifen adduct can be removed from DNA by nucleotide excision repair. Significant
amounts of dG-N*-TAM adducts were detected in the endometrium of women treated with
tamoxifen; a marked inter-individual variation was observed in the level of tamoxifen-DNA adducts.
Such mutagenic tamoxifen-DNA adducts, if not repaired, may act as initiators, leading to
development of endometrial cancer. Genotoxicity of toremifene, a chlorinated tamoxifen analog, was
much lower than tamoxifen, due to the limited formation of DNA adducts induced by toremifene
metabolites. Use of toremifene, instead of tamoxifen, may reduce incidence of endometrial cancer in

Symposium

women receiving breast cancer prevention treatment.

Keywords . tamoxifen, toremifene, DNA adduct, endometrial cancer, breast cancer

Tamoxifen, an antiestrogen, is widely used as a first-line
endocrine therapy for breast cancer patients ; more than
500,000 women in the United States currently are being
treated with this drug (Osborne, 1998). A randomized
clinical trial of healthy women at high risk of developing
this disease showed that therapeutic doses of tamoxifen
reduced the risk of invasive breast cancer approximately
50% (Fischer et al., 1998). Therefore, tamoxifen was
approved in 1998 for use as a chemopreventive agent.
Unfortunately administration of tamoxifen to breast
cancer patients was associated with an increased risk of
endometrial cancer (Killackey et al., 1985 ; Seoud et al.,
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1993 ; Fischer et al,, 1994 ; van Leeuwen et al., 1994 ;
Clarke et al., 1998 ; Bernstein et al., 1999). The increase
in endometrial cancers was also observed during the
tamoxifen chemoprevention trial (Fischer et al., 1994 &
1998). Tamoxifen has been listed as a human carcinogen
by the IARC (IARC Monographs, 1996). The cellular
mechanism responsible for this carcinogenic effect has
not been defined (Tannenbaum, 1997 ; Wogan, 1997 ;
Stearns and Gelman, 1998). Since tamoxifen induces
hepatocellular carcinomas in rats (Williams et al., 1993 ;
Greaves et al., 1993 ; Hard et al., 1993) and tamoxifen-
DNA adducts have been detected in rat liver (Han and
Liehr, 1992 ; Osborne et al., 1996 ; Tannenbaum,
1997 ; Divi et al., 1999), DNA adducts induced by
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This paper was persented at the 11th JEMS Annual Symposium at the ABC Hall, Tokyo, June 3rd, 2000. The Symposium entitled “Chemical Mechanisms of
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133




tamoxifen metabolites may initiate endometrial cancer.
However, in women treated with tamoxifen, the risk of
developing hepatocellular cancer is minimal. The failure
to detect tamoxifen-DNA adducts (Carmichael et al.,
1996 & 1999) in human endometrial tissue (Hemminki
et al,, 1996) or in liver (Martin et al., 1995) supported
the view held by some investigators (Stearn and Gelman,
1998 ; Carmichael et al., 1999) that estrogenic and/or
other epigenetic effects of tamoxifen account for the
carcinogenic properties of the drug.

Formation of tamoxifen-DNA adducts
in rodents

Tamoxifen is metabolized in the liver of rodents and
humans to a-hydroxytamoxifen (¢-OHTAM), N-
desmethyltamoxifen (N-desmethylTAM), tamoxifen N-
oxide (TAM N-oxide), and 4-hydroxytamoxifen (4-
OHTAM) (Phillips et al., 1994 ; Jarman et al., 1995 ;
Poon et al., 1995). The differences in metabolism and
activation of tamoxifen in rat and human has been
recently reviewed (White, 1999). Tamoxifen o-sulfate is
highly reactive the exocyclic amino group of guanine in
DNA, resulting in the formation of two trans (fr-1 & fr-2)
and two cis ( fr-3 & fr-4) epimers of a-( N*
deoxyguanosyl) tamoxifen (dG-N*“TAM) (Fig. 1)
(Dasaradhi and Shibutani, 1997), as similarly observed
with a-acetoxytamoxifen (Osborne et al., 1996 & 1997 ;
Dasaradhi and Shibutani, 1997). Trans and cis forms of
dG-N“TAM are produced via a short-lived carbocation
intermediate (Sanchez et al., 1998). «-OHTAM is a
substrate for rat and human hydroxysteroid
sulfotransferases, suggesting a metabolic pathway by
which tamoxifen could be activated to react with DNA and
thereby exert genotoxic effects in target tissues
(Shibutani et al., 1998 b & 1998 ¢ ; Davis et al., 1998).

A mass-spectroscopy analysis indicated that dG-N-
desmethylTAM is another major adduct, in addition to
dG-N*TAM, in the liver of rats treated with tamoxifen
(Rajaniemi et al., 1999). When rats were treated with N-
desmethylTAM, one major adduct was also detected in
the liver by *P-postlabeling-HPLC analysis (Phillips et
al.,, 1999 ; Brown et al., 1999). «-acetoxy-N-desmethyl-
TAM was recently prepared from «-OHTAM as a model
activated form of N-desmethylTAM (Gamboa da Costa et
al., 2000 ; Kitagawa et al., 2000). This activated form is
highly reactive to dG, resulting in two products identified
as a mixture of two trans-epimers or two cis-epimers of o-
(N*deoxyguanosinyl) - N-desmethyltamoxifen (dG-N*
N-desmethylTAM) (Fig. 1). Using these standards,
dG-N*-N-desmethylTAM was detected as the second
major adduct in the liver of rats and mice treated with
tamoxifen by “P-postlabeling-HPLC analysis (Umemoto
et al., in submission) .

a-(N*Deoxyguanosinyl) tamoxifen N-oxide (dG-N*
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TAM N-oxide) (Fig. 1) was identified by reacting dG
with o-acetoxytamoxifen N-oxide (Umemoto et al.,
1999). This adduct was also detected in the liver of mice
treated with tamoxifen ; the trans- and cis-forms of dG-
N“TAM N-oxide accounted for 7.2% and 0.7 %,
respectively, of the total tamoxifen-DNA adducts
observed (Umemoto et al., 2000). However, these
adducts were not detected in the liver of rats (Umemoto
et al., in submission). The formation of dG-N*TAM N-
oxide adducts may be due to the N-oxidation activity of
flavin-containing monooxygenase in the mouse liver
(Mani and Kupfer, 1991 ; Mani et al., 1993 ; Lim et al.,
1994 ; Hengstler et al., 1999).

a-(N*-Deoxyguanosinyl) -4-hydroxytamoxifen (dG-
N%4-OHTAM) is also generated when 4-OHTAM
quinone methide (Moorthy et al., 1996), produced by
oxidation of 4-OHTAM, is reacted with dG in vitro
(Marques and Beland, 1997). However, this adduct was
not found in the liver of rats treated with tamoxifen or o-
OHTAM, and 4-OHTAM (Martin et al., 1998 ; Beland et
al., 1999). These results suggest that 4-OHTAM may not
be involved in the formation of tamoxifen-DNA adducts.
Thus, tamoxifen-DNA adducts are formed primarily via
sulfation or acetylation of a-hydroxylation of tamoxifen
and its metabolites, N-desmethylTAM and TAM N-oxide.

Mutagenic potential of dG-N*tamoxifen
DNA adducts

Among several tamoxifen-DNA adducts described
above, mutagenic specificity and frequency of dG-N*
TAM was established using site-specific mutagenesis
studies ( Moriya, 1993) . Oligodeoxynucleotides
containing a single stereoisomer of dG-N*TAM were
inserted into a gapped single-strand vector as described in
Fig. 2 (Terashima et al., 1999). The constructed vectors
modified with dG-N*TAM were used to transfect simian
kidney (COS-7) cells. The progeny plasmid obtained
was used to transform Escherichia coli DH10B for
detecting mutations. The transformants were analyzed by
oligodeoxynucleotide hybridization and sequencing to
determine the mutational specificity.

dG-N*TAM adducts promoted primarily G— T
transversions, along with small numbers of G— A
transitions (Table 1). Except for one trans-epimer (fr-1)
of dG-N*“TAM, the mutational frequencies were 12.4-14.3
%, which is slightly higher than that observed with dG-
C8-AAF, a typical model chemical carcinogen (Shibutani
et al., 1998 a). No significant mutations were observed
with the unmodified vector. The mutagenic specificities
were similar to that observed in primer extension
reactions catalyzed by mammalian DNA polymerases on
dG-N*TAM-modified DNA templates (Shibutani &
Dasaradhi, 1997) and in the liver DNA of lambda/lacl
transgenic rats (Davies et al., 1997). Thus, dG-N“TAMs
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Fig. 2 Construction of single-stranded vectors containing a single dG-N%TAM adduct
The upper stand is a part of ss pMS2 sequence. The probes listed were used for oligodeoxynucleotide
hybridization to determine mutation specificity of dG-N°-TAM.

Table 1 Mutagenic potential of dG-N*TAM in simian kidney cells

dG-N“TAM
Mutation  dG trans-1  trans-2  cis-1 cis-2
G—T 0.4 1.1 9.6 10.9 12.3
G—A 0 1.5 2.8 1.7 1.7
G—C 0 0.7 0 0.8 0
A 0 0 0 0 0
Total 04% 33% 12.4% 134% 14.0%

are mutagenic lesions in mammalian cells. The mutagenic
potential of dG-N*N-desmethylTAM and dG-N*TAM
N-oxide adducts has not yet examined.

Repair of tamoxifen-DNA adducts

To determine the repair potential of tamoxifen-DNA
adducts, a labeled 143 base pair duplex was assembled
from six different oligodeoxynucleotides (Fig. 3). A 15-
mer oligodeoxynucleotide containing a single dG-N°TAM
used for site-specific mutagenesis studies (Terashima et
al., 1999) was 5 labeled with P and inserted at the
center of the DNA duplex. Arrows in Fig. 3 indicate the
expected sites of dual DNA incision by mammalian or
human nucleotide excision repair. When the duplex was
incubated with cell-free extracts from mammalian cells or
reconstituted human excision nuclease system, *P-
labeled 24-32 mers were released (Shibutani et al.,
2000 b). This indicates that dG-N*TAM adducts can be
removed by nucleotide excision repair. If tamoxifen-DNA
adducts are not repaired, such adducts may initiate
mutations, leading to development of endometrial
cancers.
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Detection of tamoxifen-DNA adducts in
human endometrium

*P-Postlabeling combined with chromatography have
been used to detect tamoxifen-DNA adducts in
endometrial tissues (Hemminki et al., 1996 ; Carmichael
et al., 1996 ; Shibutani et al., 1999). However, there is a
conflict regarding the detection of tamoxifen-DNA
adducts in the human tissues. Using a ““P-postlabelling -
TLC technique, Carmichael and his colleagues failed to
detect tamoxifen adducts in the endometrium of
tamoxifen-treated patients (Carmichael et al., 1996).
Using **P-postlabeling-HPLC analysis, Hemminki et al.
detected a putative tamoxifen-induced adduct in the
endometrial tissues obtained from breast cancer patients
(Hemminki et al., 1996) : the level of tamoxifen adducts
was 0.29-0.82 adducts/10° bases but the adducts were not
identified using standard markers. Carmichael et al.
(1999) recently reported a *’P-postlabeling-HPLC
analysis in which they were unable to reproduce the
results of a study by Hemminki et al. (1996).

Using a combination of butanol extraction procedure
and *P-postlabeling-TLC (Shibutani et al., 1999) (Fig. 4),

Adducted DNA

1) enzyme digestion
micrococcal nuclease
spleen phosphodiesterase

nuclease P1

N +Xp+Yp+--—-

2) butanol extraction
3) *?P-labeling

N + *pXp+ “pYp +--

4) PEl-cellulose TLC

D1 D1
D2
TLC
—
(] @ D3
origin origin

HPLC/radioisotope detector

Fig. 4 “P-Postlabeling analysis used for detection of tamoxifen-
DNA adducts

we detected tamoxifen-DNA adducts in endometrial
tissues ; the level of the total tamoxifen adducts were 1.5-
13.1 adducts/10° bases. This analytical method, however,
fails to resolve the two trans-epimers of dG-N*-TAM and
to clearly separate them from other tamoxifen-DNA
adducts. Therefore, analysis of tamoxifen adducts in the
human endometrium was recently attempted by coupling
high resolution **P-postlabeling-HPLC (Martin et al.,
1998) with partial purification of DNA adducts
(Shibutani et al., 2000a). We found that cis and trans
tamoxifen-DNA adducts were present in significant
amounts in endometrial tissue in eight of 16 women
treated with tamoxifen (Table 2). The level of total
tamoxifen adducts was 0.2-18.0 adducts/10° bases in
agreement with our previous study using *P-postlabeling-
TLC (Shibutani et al., 1999). We attribute the failure of
other investigators to detect these lesions (Carmicheal et
al., 1996 & 1999) to a relative lack of sensitivity of
methods used for the analysis. The tamoxifen-DNA
adduct levels in target organs have been correlated with
tumor incidence in experimental animals (Ottender and
Lutz, 1999) ; comparable data do not exist for human
subjects. Tamoxifen-DNA adducts are miscoding lesions
(Shibutani and Dasaradhi, 1997) and have been shown to

Table 2 Level of Tamoxifen-DNA adducts in the endometrium of
women treated with tamoxifen

Sample  Age  Duration of dG-N“TAM Total
therapy trans-form  cis-form
(months) fr-1 fr-2 fr-3&4
(adducts/10° dNs)
T1 46 4 4.9 2.5 8.3 15.7
T4 45 37 3.2 0.26 2.8 6.3
T7 49 40 052 4.2 N.D. 4.7
T8 75 34 N.D. ND. 40 4.0
T10 38 7 0.51 1.6 N.D. 2.1
T11 73 72 6.0 5.6 6.4 18.0
T12 76 15 N.D. 0.20 N.D. 0.20
T14 52 60 N.D. ND. 16 1.6

be mutagenic in mammalian cells (Terashima et al.,
1999). This fact, coupled with their presence in the
endometrium, suggests that a genotoxic mechanism may
be responsible for tamoxifen carcinogenic effect on this
tissue.

One of the trans-epimers (fr-1) of dG-N*TAM was
detected in six endometrial samples (Table 2) ; the level
of adduct was 0.5-6.0 adducts/10° bases (Shibutani et al.,
2000a). Under *P-postlabeling-HPLC condition used
for this analysis, the retention time of fr-1 of dG-N*TAM
was similar to that of the major trans-epimer (fr-2) of
dG-N*N-desmethylTAM observed in vitro (Kitagawa et
al., 2000). Therefore, fr-1 detected in the endometrial
samples may contain the trans-epimer of the dG-N*N-
desmethylTAM adducts. The endometrial DNA samples
will be reexamined when an appropriate HPLC system
that can resolve all the isomers of dG-N*“TAM, dG-N*N-
desmethylTAM, and dG-N*TAM N-oxide has been
established.

Inter-individual variation in the level of
tamoxifen-DNA adducts in human
endometrium

A marked inter-individual variation was observed in the
level of tamoxifen-DNA adducts in the endometrium of
women treated with tamoxifen (Shibutani et al., 2000a)
(Table 2) ; one subject developed a high level of adducts
(15.7 adducts/10° bases) after only 4 months treatment
while another subject showed a low level of adducts (1.6
adducts/10® bases) even after 5 years treatment. No
tamoxifen adducts were detected in eight of 16 patients.
This variability may occur due to the differences in the
activity of enzymes involved in the o-hydroxylation of
tamoxifen and its metabolites and/or cellular
sulfotransferases that converts a- OHTAM to an activated
form that can react with DNA. o-OHTAM was recently
found to be deactivated by O-glucuronylation (Boocock
et al., 2000). The capacity detoxifying o.-OHTAM may
vary depending on individuals and influence the formation
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of tamoxifen-DNA adduct. In addition, adduct levels also
vary depending on the ability of nucleotide excision repair
to tamoxifen adducts (Shibutani et al., 2000b) .

Lower genotoxicity of toremifene

Toremifene, a chlorinated tamoxifen analog (Fig. 5),
has been used for breast cancer chemotherapy since 1996
in Japan and 1998 in United States. Tamoxifen is a
hepatocarcinogen in rats while toremifene is not (Hard et
al., 1993). We found recently that «-hydroxytoremifene
is not a substrate for hydroxysteroid sulfotransferases and
that reactivity of a-acetoxytoremifene to DNA is at least
two order of magnitudes less than that of a-
acetoxytamoxifen (Shibutani et al., unpublished data) .
These results are consistent with the fact that toremifene
promoted two-order of magnitude lower levels of DNA
adducts in rat liver compared to tamoxifen (White et al.,
1992). Genotoxic effects of tamoxifen are thought to be
involved in development of rat hepatocarcinoma. The
lower genotoxicity of toremifene may be due to the
limited formation of DNA adducts induced by toremifene.
Since clinical effects of toremifene for breast cancer
patients are similar to that of tamoxifen, the use of
toremifene may reduce incidents of endometrial cancer
observed in breast cancer patients treated with tamoxifen
and  healthy receiving  tamoxifen
chemoprevention.

women

Conclusion

Mutagenic tamoxifen-derived DNA adducts, if not
repaired, may pose a potential risk of development of
endometrial cancer in women treated with tamoxifen.
Less genotoxic drugs such as toremifene may be better
chemopreventive agents for healthy women at high risk of
breast cancer.
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Formation of direct mutagen MX in water samples and induction of toxic

effects
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52-1, Yada, Shizuoka 422-8526, Japan

Summary

A potent direct mutagen, 3-chloro-4-dichloromethyl-5-hydroxy-2 (5 H)-furanone (MX), has been
detected from tap water, swimming pool water and domestic effluent after chlorine disinfection. MX induced
glandular stomach cancer on Wistar rats in two stage carcinogenesis test with N-methy-N’-nitro-N-
nitrosoguanidine. After intragastrically administration of MX to Wistar rats, the liver and stomach were
applied to *P-postlabeling method, DNA-adducts were formed with and without 2-amino-3-methyl
imidazo-[4, 5-f] -quinoxaline (MelQx) which is found in broiled meats and fish. To detect the precursors
of MX contained in domestic effluent, several materials were chlorinated and analyzed by GC-MS-SIM
method. Polyphenolic compounds containing ( # ) catechin and diosmin were identified. These results show
that MX may give adverse effect on aquatic organisms and also on human beings as a potent mutagen and
carcinogen in the water samples. Therefore, the risk assessment and risk management of MX will be

important task in near future.

Keywords : 3-chloro-4-dicholoromethyl-5-hydroxy-2(5H)-furanone (MX), mutagenicity,

carcinogenicity, DNA-adduct, MX precursor
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19744, KI¥|® Harris 5 (1974) 13 ¥ ¥ v E=JII'F
WMD=2—FY) VAT, PINBRAY VERIEVKE
KEHML TV ERICHMAADTERD N &,
1992 4F 7 v vy = — o) Flaten (1992) 1 7K 8 7Kt} o) 45 3 i i
L POEBRARHEBE A DRERPHBET S &,
S 5121995 4 K [€ > Morris (1995) 13 3 FALFL L 72 K8
KEHMT 2 L1 X0 BE4E 5,000 AABEIEA A L2,
8,000 ADSHEMATACREB L TW B REMAH B 2 & 7%
EEME LTS, bETIE, %S (1987) A5KH K
KB DAKEY AT b DOIASA TS & §5 75 5 HI

i[]

Zft 2000459 H25 4B 200049 25 1
OR AL R 2

TAHILEREDTVDLA, WHRUHLPA L OHEFIZA
LN, KEFKOEFLIE &R LA R T
Thbh, VUL RTRENES 2205, ERT 5
A BRI RN AR ) O MR D R RHll 25 1 2 72 R &
oTWwah, —J7, 1981 4B THHEK i T i v 28 5
AT H Z E WIS, 198444 F %
® Holmbom & (1987) &% O {44 i 25 3-chloro-4-
(dichloromethyl) -5-hydroxy-2 (5 H) - furanone (MX) T &
5 %W ST L. MX I pHS LA T O FEME K Tt
ruanu7z g/ k(AR 2L ), pH6-8 TldhBRAE
LD, EHICVTATLAR—THLE-MXELTDH
fFIETAHEEZOLNTWS (Fig. 1). KEAKHPIZIZTT
ICHBIEREREREWERHAEWEE LTy ha X
¥ v, NOffE, Na= b)), "a7x /-, FK
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Fig. 1 Chemical structure of 3-Chloro-4-(dichloromethyl)-5-hydroxy-2-(5H)-furanone (MX)

705 — VENRHRE I TV S (HIR, 1993, =,
1993) %%, 1986 4 LAR# K K] (Meier et al., 1987), 74 »
7 ~ K (Hemming et al., 1986), H A (Suzuki et al.,
1990, fifet al., 1991) % T MXAUKE K D8R 2 %
REWEE L THMRE SN, FZHHITKEK
(Kinae, 1992) & & 12, 7— VK (125, 1994) %5i)l|
/K (Kinae et al., inpress) & ) MX % ;@R L7z, F72
MX 257 v b & FV 7z BERBEEPAERTHICHRSA L
#7895 Z L (Nishikawa 5, 1999), X 512 MXAEEHI
FENSAWHEE O DNAM AT 53 % 2 & OKH,
2000) 2 Ex S L7, MX DRk E LCTid7 3
Y, IVKBAEEDTZIVEH, ¥HICFO Ty
(Horth, 1992) # &2 7 = / — MLEWAE ST WD
A, FHH OWEGEYEK X D Hi7z e MX O iR A DR %
fiofz. SZTE, FFLOT—FLEBDITHRADHR
IZDoWTikR %,

1. KEEHS MX DS REESE

FH OIX1990 456 24E /I D720, 4l 20 H o
KEAKZEMBICHRILL, pHZ2IZHELZOL
Amberlite XAD-2000 8 J5 1238 L 7z, Wea5W % B lg — F
VTHIM L7-0 5, Salmonella typhimurium TA100 (-
S9mix) # VT Ames ikl & 7o 72, 2512, BT
F v b o MX A 24 18 55 % HPLC Ty L 72D 5 X
F AL L, GC-MS-SIM #: T MX D% i % 17 - 72 (Kinae,
1992). FHELHLOT— 7 2 HFOTHKETHE SN TV S
MX it & KK D A2 FEVEI R 3 % % 54 % Table 1
BI O Table 21" L7z, MX&EIZWIHOREIZH
WTHERP RIS L VR ), 74257 Y Fhk
67 ppm AR L, W5 TIEHEED60%, HlEH
57% & Eifliz /m L7z,

T = VKIE—REIZAKEARDBFH SN TBY, »2H
WIS RPOHBERA L TWDH 206 MXD
fFAEDSEE S Nz, 22 CHMTTNOLAE, e 77—
KEFRELL, AKEARE R L T, ZREMEE LD
WCMX a2 L7z, 204 % Table 2128 L7z, &
WOE VXS, typhimurium T 1LY 72 V) i B 3,212
revertants # 7k L, MX O EZ R 3 5 %7 5-%1%
17.0% T& - 7= (41 etal.,, 1994).

AR, ENKRFROM NN AROABEHE AL 2 L 2 -
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TWwh., 22T, [HAKBOHNOWIIAKE Y 2R H
DRFExRATH 72, FOFER, TR T o wm)IKIC
W R AGESD S, HPLC THrmlj L7221, AFL
1L L GC-MS-SIM 2@ L72& 25 MXAHFET S 2
L 2R L 72 (Fig. 2). MX O3 Ik o 42728 S g P2t
T 5% 5313 5.0-30.0% T & - 72(Kinae et al., in press).
BAEE ToOWE2 S, MXAEM LYK, KiEk, 7
— VK, WHKICHEET A EDRHLNE 7.

2. MXDEEFRMEEED AN

MX OZREHIZE L TMeier 5 (1987) 11 S.
typhimurium TA100 ¥ % JHT v 5 Ames B TG L
T5ZE7%<, Inmol %790 BXZ6,000-13,000
revertants ¥ 53T A2 L AL THY, LM
HEHEDT 75 FF T 0B, R, DYPETHA SN/ &
B O AF-2 ICIET 2 5D TH -7z, ZDH,
MX (2D W T MR &M 7 v MEkE FWvT, defn
KR EFREEEL L OEREMIHE SN T 5.
L, fEAAR - KliHid~7 2 MX 2R L55 L7zo
5, WK VESIKB (T Ay M) T v AL ZHOTHR
L7z, ZosE, MXUIIFRE, B, OB, W, Rl
7 &% A DNAHS 2 #5769 5 2 & (Sasaki et al.,
1997), F72CHOMBIZBVWT~ A M~ A ¥ ¥ CREME
e difr3 % &, R EFEELZET L L
(fii # K etal,, 1995) ZHH S A2 L 7.

h, FHE OIS & oL FEFE T, MX % F344
Iy b OHWIZEGF 5 & BRI CRMEB R I DNA
AL R A E I DNA BRI A L5 2 &6 MX
PEPAA =T —LLTOFEREZAETHIL, £
7o DNA G BER 4 v = F > I e BE RS 06 1k %
KT ENSRMPATOE—F—L LTOIEMNT 2T
AR & & % il L 72 (Furihata et al., 1992). & 512,
Pl S & O IEFFZE T MX & Bk & L€ Wistar 7 v b
W25 2 728y, BRI MR RNE TS A S, IRE#
WALz ST A 2 S, MXDEBAFEICBITLT
OE—4%—& LTIERT % et % #54 L 72 (Nishikawa
et al., 1994). & Z CTH® Wistar 7 v {2100 ppm ® N-
methyl- N-nitro- N-nitrosoguanidine 7K & 8 14 [l 45-
L7=:®b, 0,10, 30 ppm O MX Z fkok$e - L7z, F2ERR
65 MBI L2 2 A, HOLKE & WMEIcZ

HPLC Elution Profile of AcOEt Ext.

OD (254nm)

| -

Table 1 Contents of MX in tap water

Country Contents(ng/L) Contribution(%) Researchers
U.S.A. ND-33 ~ 33 Meier (1987)
Russia ND-15 ~=.36 Meier (1987)
Finland 15-67 19-46 Kronberg (1988)
Japan ND-9 =~ 23 Suzuki (1990)
Japan 0.1-33 0.2-36 Kinae (1990)

U. K. ND-3 ~ 60 Horth (1990)
Japan 0.18-1.05 0.5-2.2 Ishiguro (1991)
China 3.8-584 15-57 Huixian (1995)
Spain 5.6-10 8.3-20 Romero (1997)

Table 2 Contents of MX in swimming pool water and the

contribution ratio to the total mutagenicity

(Kinae 1994)

;—— MX Contents Contribution of MX

(ng/L) (%)
A private/indoor 0.6 1.0
B ” 1.4 2.2
(6 0.6 0.5
D 13.9 17.0
E 11 34
F public/indoor 2.0 8.1
G 1.0 5.6
H public/outdoor 0.9 1.8
I 1.6 3.2
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Fig. 2 Isolation of MX from river water
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Table 3 Incidence of gastric proliferative lesions in rats treated with MNNG and/or MX Table 5 MelQx-DNA adduct formation with and without MX
(Nishikawa, 1999)

Group MelQx-DNA adduct (per 10" nucleotides)
Group (ppm) No. of Fundus Pylorus Total Liver Gastric mucosa
1 MNNG + MX(30) 27 3(11.1) 15(55.5) 6(22.2) 24(88.8)** 8(29.6)* 25(92.5)* MX-MelQx 122 924
2 MNNG + MX(10) 27 13.7) 21(77.7) 6(22.2) 17(62.9** 7(259  26(96.2)**
3 MNNG 26 0 13(50.0) 1(3.8) 8(30.7) 1(3.8) 17(65.3) . o . o
4 MX (30) 9 0 0 0 2(99.9) 0 2(22.2) Table 6 Mutagenic activity of several chemicals before and after chlorination
5MX(10) 10 0 0 0 0 0 0 Mutagenic activity (Net His" revertants)
6 Nontreatment 10 0 0 0 0 0 0 Sample TA100,-S9mix (mg/plate)
MNNG : N-methyl-N-nitro- N-nitrosoguanidine NaClO, 1000 ppm H,0 Sample
ADC : adt_fnocarcinoma. Catechin mix 104 (6.25) 56 (6.25) 35 (5)
JjH : atyplc*al hyperplasia (+) Catechin 0 (6.25) G.L K. E.
P <0.05, 7" P <0.01 vs. MNNG alone group Hesperetin 266 (1.56) 20 (12.5) K.E.
Hesperidin 912 (12.5) 18 (12.5) K E.
Table 4 Induction of primary tumors in wistar rats after exposure to MX in drinking water for 104 weeks Quercetin 117 (3.13) 164 (6.25) 447 (5)
(Komulainen, 1997) Rutin 157 (12.5) 152 (125) 124 (5)
) Diosmin 915 (3.13) 7 (12.5) 35 (5)
Tissue Male Bl Phloroglucinol K.E. G.1 G.L
Mammary glands adenocarcinoma (22 %) Phloroglucinol trimethyl ether 227 (0.78) K. E. K E.
fibroadenoma (68 %) 2,4-Dichlorophenol K. E. K. E. K. E.
2,6-Dichlorophenol K. E. K E. K. E.
Liver cholangioma (8 %) cholangioma (66 %) 2 4,6-Trichlorophenol K E. K E. K E.
adenoma (8%) L-Tryptophan 90 (1.56) 7 (6.25) 27 (5)
Adrenal glands cortical adenoma (28 %) cortical adenoma (32 %) MelQx 145 (0.2) 10 (0.25) 0(0.2)
K. E. ! Killing effect
Thyroid glands follicular carcinoma (55 %) follicular adenoma (72 %) G.1 : Growth inhibition
follicular adenoma (43 %) The figures in parentheses showed the amount (mg) per plate
Lungs alveolar & bronchiolar adenoma (14 %) alveolar & bronchilar adenoma (4 %)
MX : male 5.0, female 6.6 mg/kg/day
L7z, 3SHM D5 %I MelQx(50% DMSO) % e —
50mg/kg R & 722 % X 9 FEI1H - L7, MelQx % 5 5- 4. MX ORISR EDIBERIE
NENWEAA DS, 8%, 25.9%, 29.6%DHETHIEL LA+ F FO# 4 T3-(2-deoxyribofuranosyl-N°- LT b 24 WE IR ISR L, FIE & RIS 2 i L 7=, EAEREKDKEAK L ) MX A ST 595,
TWb Z & ZHER L 72 (Nishikawa 5, 1999) (Table 3). adenosinyl) propenal (M,A-dR) # /£ § % 2 & 2 W] 5 A HHMEL D DNAZSII L, ¥P- KA PSANLEICLY BUEE CUAKBEUK IS 5 7 3 VR 7 IV REE
T, #XLH’JJ@?LEJZ{) 65.0-92.5% & SR TRDIZ. WL, COLEWBHVESTHICBITHERITELS D MelQx-DNA f§ ik % 52 ik L 7z (Table 5). < Ok 4, ED7 I VHDHEMAE 2D, HEHRUBERM T MX 24
B, MX(30ppm) D HMEGIZHB VT HMEBIZHRAER  2boTwbELTWwA. Franzen 5 (1998) X MX % 7 MelQx B G HTIIFMTLI0 2 7 LA F F 4720 KL TWw2bDEE 2 5 T2 (Meier et al., 1985,
WK Z22%DHETHERE L., 7453V FD TIIVURTFI) Iy, VF IV EKBRTPTRILDSH, 6.318, HHIBETI0'X 7 LA F F4720) 1.7 MelQx-  Kronberg et al., 1988). X512, iEFT L v b1 7
Komulainen 5 b MX #fflffd> 7 v MZZhZN 508 & y7 v vEDNAWTH S 10-formyl-1, N*- DNARIMADSTEIR S 72D 12k LT, MX & MelQx % 770 lD7 I BOEFELHIZHE TS MX A4
06.6mg/kg/day 45 L7-0 5, 104 H[fiH L7-&  benzoquinone propenoguanosine % 0.1% DUt THT W BG LB, WHBETZAZR10X 7 LAF T2 2 L2 HE ST (Horth, 1989, Huixian et
=5, FUB BB EUTE, FORIR, MICEEICMASA% . %75, Munter ©(1998) i MX % 9l DNA & S F%7:0 12206, 102 7 LA F%7:0 24 MOMIE  al. in press). %% 5 ERAEOAEAL & b127— 1
WAMEDSADSETE L2 L S LT % (Komulainen 5, &4, 10°X 7 L+ F F4720 0.6l 3-(2-deoxy-B-D- PRSI, MXEDHOH LD G LT EICED K, X 5IEHIAR E LK OERE T 2 Ik &
1997) (Table 4). Zh 5 OFEEK K25, MXIZIHHEZ  ribofuranosyl) - 7H-8-formyl[2, 1-i] pyrimidopurine (pfA- MelQx-DNAf kDTS, BFIETIZAR 245, MRl ) MXZ58RELZ. ShbDZ L2 %25L, 73
BEMEH E LTEHT A2 L, WFEEIYWORIFAIZB W dR) & & $123-(2-deoxy-B-D-ribofuranosyl)-7H-8- TIX L5588 LT w7, CDRERD S MX DG 12 X YHOHL T ACEWE D MX OFEKE 2 b
TRA=31——BIOTuE——L LTEMTS  formyl-9-chloro[2, 1-i]pyrimidopurine (cl-pfA-dR) % 45 DR ORBIEH OWNED LS L, MelQx DIfPEED S 2 b0 LM Sh7. 22T, AEEAREGYEAR
Z b, A LEY R LT B R i A 8B B L CTwb. Munter 5(1999) 13 & 5123-(8-D- SQUE X7 L, DNAfFIREAS LS L 7z Bk A% WAAET WM DD AT F V8, 75K/ 4 FH,
LIENHLENERST ribofuranosyl)-7-formylimidazo[1, 2-a] purine-9 (4 H)- ABNT. F7:, MXHBEMERCEEFEHLTZO  MelQx % & 14FEOLAM % LT, IR R K T
3. MX & DNA {1t one (efGuo) % 0.3mol % DK TH#EL72. Th oD% WHERDIFH 2L, &2 iE MX-DNAMIIAAER S o, iR 24 B BIRGHT CHE 2L (500 — 1000 ppm) % 17
' : B2 5 MXAIDNAD £E LT 7= v iRIER T 7=~ nNazZ &2k D, BHEEIZ MelQx-DNA A A o515 A Sz, VIFNVZ—F )V CHil %, Ames i & ) &R
Schut & (199D (AP MR O DNAICMX 22T FRIEEHGT 20l sns. JHH ST MX B BETZURIELEZ SN, T4bb, MXIRZhHE  EHRBRET-7. S typhimurium TA 100, -S9mix T
RiBL=0L, ¥P- KA IRV ETHREFLI-LE A, L OmER S ok @ 2-amino-3, 8-dimethylimidazo-[4, SN DNA X BRI A 52 & & b 12, M %EAT  catechin, hesperetin, hesperidin, diosmin 738y %8 5 Jg 1
MX @ DNAfIAAS 10" X 7 L 4 F F472 0 1-2 % 5-f]quinoxaline (MelQx) 23347 L 72354 @ DNA {4 Ik /‘/%E’ﬁ§ﬁ7r£'9'"é & Z O DNA A& 2 8 X & % ) #Z 8 L7z (Table 6). Pk 43122 T HPLC # 47\,
END T EEWE L. Curieux 5 (1997) I MX 2470 DR %EIT- 7. B Wistar 7 v + (684) (2/KH 1 kg BEYEAURME < 7, MX A W5 % W L= Db, - 2% ) — IV TAF
BB DNA L KIEEE 5L 10027 LAF R4z 122 47:9) 30mg il 5 & 91 MXKIGHR % 3 H #1455 MELZ:. KWT, GC-MS-SIM #: T MX O 4 it % 3,
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Table 7 Contribution ratio of MX to the total mutagenicity

of chlorinated samples

. Mutagenicity
Saple

(revs/250 mg)
Catechin mix 4160
(=) Catechin 4240
Diosmin 73200

MX content  Contribution
(ng/250 mg) (%)
84 36.3
225 95.5
173 4.3

S N
H H OH
OH COOH
A-1 B-1

OH
OH

)
HO o ‘
B o

catechins

HO

OH HOO!

diosmin

Fig. 3 Possible mechanisms for formation of MX

MX DFFEAE & MR L 72 3B D W TR 5 e GC-MS-
SIM #: % 47\, Mo X v gs L7z (Table 7). £
DKL, catechin mix (kA 2K K % B = F OV THi
L7 ®), (*)catechin, diosmin 3% <1 250 mg
W= 1) 84ng, 225ng, 173ngdOMX AW L. Thb
OEERIE N T 5 HF5FRIZZNEN36.3%, 95.5%,
43%% 55 L 7>, i, Huixian 5 13 tryptophan % 330
M35 ri2kh) MX% 58 L CTwa (in press).
Langvik & (1994) 1£3, 4, 5f7® H#»*-OH ¥ 7-13%-OCH,
WL 72N AT VT o MX 2R T 5 2 L,
% 5 |2 homovanilic acid ® X 9 (2 1{7.® formyl 2D LH
DICRE AR AT HILEW D S O R H S MX DAL
#AWHTW5. F7-, Huixian 5 (in press) (X3, 4fL®
H7A5-OH ¥ 7213-OCH, IS L 72X AT VTR Ko
5 MXAVERKT 52 &, ferulic acid @ X 9 1 formyl 2D
b ICREHZAHTLILED L S EMX P ERT 5
A5, 2f 0 HAS-OH I L 72t G A 5 & MX AVERK
Lawes Lz, Zhwz, 717 % v HX diosmin
LMXMER LA EEEZ D EFIg3IlBVT
catechin HIE D A-1 13X Y € VB O 2, 67 HERILDN D
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272, ¥ 7> diosmin D A-213N V¥ ¥ BRI R HFSH
AhnZ koS MXORikEE %212, L LAB-
1B LUB-213~ Y £V BICREHDPFAEL, 3, 40112
EIIEDH D 2 L h o MXDFIERAEE 2o TWEH DL
HELZ., SRS OEBRERE,S, MXAR) 7=/ —
MLEWE W ERT LI RO E o7 BUES D
CHEARLBLIOZRLIZE TR RS TR
FMH A 17T, MXOEROHEMEZERL TWAb.

fa S

AEAizbhbhotazfEL, HoHEENZE
) 2 TRLEADDDOTHY, HKHDIIA, WA, %,
FALH, X5IEE, BEFCHELASAHINTNS.
LA L, AEEARICAEGIEK, THHEK, REHK,
GIEHEK, MAKSENBATHILEEZDE, Thb%
BT 2 720 3N, 4V LB, YA
FEThD., FHHIEMXOKREHTOSAIRE, %R
M, SEASAMEE & B ICEN S O YE ORHT, 1998) (2
SOWTHET LT A7, MXDHEELRETHY, EI&A
ME2ETHIEDWHL IRz T2, o FWHE

AIfET B & Rt R R H A FERE D LA DNA A
AR A BEE S/, iR, Hirose 5 (1999) 13
MX D EZHHET — & 5 RKEKIZBITFLMXD) 22
i 247V, FEELATHIEI5ng/kgKE/H, 1 HOHER
#H7 I 3 40ng/kg K H, FREDKIL U7 OFHETE S
MXiEEZ150ng L LTWb., ThHIEMXDE bAD
Vil 2 17T o 72O FEHITH 5. BUE, BREKH
F¥AFXFY VHEZIZ LD, DDT, 7% VBT A7 IV,
HRAZHANHR SN TEY, 2h b oW HELE
AEEE o TWh, SHEMXEZENSL EOBEAEERMIC
SOVTHTHITHET 2 LENH A ).

Bl iz
AMFRICEHELZHS 2B £ LEVSBALY 7 —
WEeT « DA TR, MBI L2 R L E 5.
B, AFEOEIZIEAEB R AZER KA X D FE
E7e.
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Formation and development of mutagenic and/or carcinogenic compounds
through free radical mechanisms in foods

Kiyomi Kikugawa, Kazuyuki Hiramoto and Tetsuta Kato

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

Summary

Free radicals including carbon-centered, oxygen-centered and pyrazine cation radicals are involved in the
DNA damage and the formation of mutagens in foods. Carbon-centered radicals generated from
arylbenzenediazonium salts modified DNA bases. Reactive oxygen species generated from fragrant
furanones or pyranones produced by Maillard reaction in many foodstuffs or hydroxyhydroquinone in
roasted coffee beans broke the DNA strand. Scavenging of the free radicals by ethanol or phenolic
antioxidants prevented the DNA damage. Pyrazine cation radical produced in the Maillard reaction
participated in the formation of heterocyclic amine mutagens. Scavenging of the pyrazine cation radicals by
ascorbate or erythorbate or decreasing the pyrazine cation radical by controlling sugar content prevented
the formation of the mutagens. The mutagenicty of hamburger was effectively reduced by addition of
ascorbate or erythorbate and by addition of a large amount of sugars or onion.

Keywords : carbon-centered radical, reactive oxygen species, pyrazine cation radical, Maillard
reaction, DNA damage, heterocyclic amine
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Fig. 1 Generation of carbon-centered radicals from aryldiazonium
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Fig. 2 Fragrant furanones and pyranones produced by Maillard
reaction

1981), #Eiirh o tyramine %2 < A1 phenol, [ 3 i,
bamethan % etilefrin, X % |Z 2-aminofluorene 75 N T
i fil g & BSOS LT T 5 etk D & % diazotyramine
(Ochiai et al., 1984), p(or o0)-diazophenol #i (Kikugawa
and Kato, 1988), diazo bamethan, diazo etilefrin
(Kikugawa et al., 1987, 1989) &£ U fluorene-2-
diazonium # (Kato et al., 1991), diazouracil (Katchman
etal, 1963) % EDT I NI TV =T LG RHAH. LD
D% NTER - WA ZRL, HMBD, plor o)-
dizaophenol, fluorene-2-diazonium salt, 5-diazouracil
EFig. LWIRT L) ICHBMWICEHR 2l L T, A
Yy by 7HlZHWZESRIZE - T, kEPLT Y
HNVORAEDPHERINT VS, KETLT VA IVHHEHE
DNAKi #1569 %5 2 &, DNASHUIMI 22 5 2 & 28
DhoTWD NS, 1996). kEPLT YA IV Oz
FBEIGAS, TINT TS WEOER - AN
WKHEGLTWwaEEZzbNA, REPLITIIVANIE, T
5 ) —=NR7x ) — VHHRBLANIC X o THE SR, K
ISR DN DA D .

2. Nzt Maillard RIGICK D ER T DBED
FERSDSERFET ~, BRENICERTFID
SIYHIEREL, DNA ZEEiT D

Maillard BOSIZ & 0 AER L, a2 &) i 2 w14 £
WICHEET A S /D75 7 v, €5 ¥ (Fig. 2)
DNASUIBIMED D B Z b oiz, TLH DS
BBV EEZ D > TWA 720, O MERFTOIREE &
ENTWE, SRSOESIBETIRLETH DA,
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Fig. 3 Structure of hydroxyhydroquinone (HHQ) in roasted
coffee beans

PE4MF T CDNASHUIMIEE A 7R3, SRS OMICiE
WD Y, BELEX EFEICLTERT S A —8—
F XY FHI L o TRBILKFE AL, RAEESE
BAF LV e FaFx I v VANEARTL-DL
¥ %z 517 (Hiramoto et al,, 1995). B FaF I L5 7
NVOEEHRAE Y b5 v TH% 72 ESRIZ & - THfE
BENTWD., BT, BUMICHEES LTTaeHh
IR R, KR MO /IMGRER D Btk Th -7z, Thb
WOy 2 — v, 7z 7 —VIEHBILAlL, 4%
FL—MAlRETHIESNS., TS ORFMIET TSR
ST R7z (B IS, 1996 ; Kikugawa et al., 1999).
BlkdH D Z L2, Thbid, Fed F »Ii2 & ZaR1ER
e LDL Ot # BEST 2 1EH % 3 5 (Ando et al.,
2000), ZORMTIEZDNADKAERZ Y, BALHLIERS
MEL->TWAI LIRS, TNHHKSIEDNA &R
< LDL TIIeL SofEfZ2 3 225, b5 ofE
MO EELREKE D > TVWDHILEERLTY
%

3. J-E—RILEICHFETDHEROFVER
OF/ VEHEEFEF, BRNICERFPD
SYNIEREL, DNA ZEET 2

I— b —IZIZDNASHYIW 25| & e 2 W E DAL
R E N T W72 A (Kato et al., 1994), € O A 1K
hydroxyhydroquinone (HHQ) (1, 2, 4-benzenetriol) (Fig.
3) TH 5 Z &»bi -7 (Hiramoto et al., 1998) .
HHQ 3R> € > ofCi & L Cif kRS = %4 L DNA
ST &k 29 2 & AV S T 7z (Kawanishi et al.,
1989) %%, I—b— b L REMLL, T—b— DRk
FRAEBRTHLIENDE LD LN, T—b— T3
DRI L TBRBILKEOfFERAE , TOHN
1§45 & LT caffeic acid 7 &2 X T 727%, HHQ
NZEDOREWTH A Z EAbh-72. HHQ I pyrogallol
(1, 2, 3-benzenetriol) L & T AHMDOKRY) 7=/ —
WAZIEEE L C % o bk 3% %2 5843 % (Hiramoto et
al., 2000). HHQIZMM LM T LETH 2705, HESE
FFCREBbEZAICHBIBLZEI L TA—/—FF
YR, BMILAE, CFaFI VI TVANERETS.
Y TIFHHQLE D5 0.5 — 0.6 BV O @EER{LKFHE %
BAETAH, e FOF VT IANVDAERPAE Y T v

Gle
(Reducing Sugars)

Gly
(Amino Acids)

+ creatinine

(Jagerstadt et al., 1983)

THlZ W72 ESR CHEE ST\ 5. HHQ @ F1 Bk
BA=N—FF Y FY AL % —¥(SOD) THIEXH,
FHE LA — 8= F 2 FHMEN I BRI & {2 L
TwaLtEz2 505, DNADOFYIKKISIZZY 2 —),
7 x ) — VIR, &EF L — bAlZR ETHIES R
. I—b—ZRe & BRI B IR P o B bk i
BEAL, BERNOERBERL D AT LE2Hh0LL5
(SR O TEVE I ASBIRTRIE I 7 > TV B REMEAS
b % L O D 5 (Long and Halliwell, 2000) .

4. MFAXA S— RRIGFEFEDESF U HF
FVSIABATOYAOUYIT I
EREDERICES LTV

TG B, 0TS 1 MelQx 7% & @ imidazo-
quinoxaline-type D5 « FAAVEANTFOH A 2 v &
TIVHBERT S, bhubiuid glucose/glycine/crea-
tinine S5z hsAFaH 4210 9273 VEKD
BT NRIZB O THIBIZ AT 5 pyrazine cation radical
DERFARICECHYS LTI EE RV LE
(Kato et al., 1996 ; Kikugawa et al., 1999 : Kikugawa,
1999 ; Kikugawa et al., 2000a ; Kikugawa et al.,
2000b). 48 28 R o kI glucose/glycine ®
Maillard J5 it o w1412 creatinine 2850 L CAERKS 5
&V X = 4 (Jugerstadt et al., 1983) (Fig. 4) 25420

Maillard Intermediates

NH2
N=
e
YN z

1Qx, MelQx, 4,8-DiMelQx, 7,8-DiMelQx

Fig. 4 Formation of imidazoquinoxaline-type heterocyclic amines
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Fig. 5 ESR signal and structure of pyrazine cation radical (Kikugawa et al., 1999)

STz, glucose/glycine O St CTH M 3 % pyrazine
cation radical (Namiki et al., 1975) 13 Fig. 51233 & 9 %
ESR A7 MV & RT 7%, glucose/glycine O I EL Bt
i @ pyrazine cation radical® ff ff & &
glucose/glycine/creatinine ¢ JJlI 2 i i 0> 25 5 5Pk o) iy
X & LEMG L7z 25, glucose/glycine @ E L A
1:20»& X, pyrazine cation radical ® 4 & Z ¥ E MO
i X A% K2 7% - 72, Pyrazine cation radical D12 3,
BRFEPEOARIZH, &I glucose D ARAEE
A58 H I, pyrazine cation radical 2328 ¥ 5 AR L2 5
LTWa I EDREEh.

Pyrazine cation radical & 25250 & o B, s
RS0 L CERE 5 2 2 AWK S ORI X -
THER SNz, WPEER) 7 = 7 —VEDEF VRIS R
TOERELERZHH T ENbhro T
(Weisburger et al, 1994 ; Oguri et al., 1998) %%, b
#1Lix, BHA, sesamol, EGCGZ X D7 =/ — VEMH
pyrazine cation radical Z {23 % & & b ITERJFA K %
P52 2 & & W L, pyrazine cation radical D%k
EERFEDOEE O E DT, S 512, KSRIZT
5 ) —VZEFEMLTYH, pyrazine cation radical D3/ |2
DARFEOERIZD LWL 5 27, cysteine % N-
acetylcysteine 72 X ® F 4 — VAL &%, ascorbate,
erythorbate 2 @ L ¥ 7 b Y EIO#HRMIC X V) pyrazine
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Table 1 Effect of food factors on the genertion of pyrazine cation radical and the
formation of mutagenicity in the model system and in hamburger

Food factor % ESR signals % Mutageniciy % Mutagenicity
of the model of the model of cooked
system(mM)?  system (mM)"”’ hamburger (%)’

Phenolic antioxidant

BHA 0(100) 20(100)

Sesamol 0(100) 40(100)

EGCG 0(100) 40(100) 97(0.33)

Thiol compound
CysH 10(10) 30(50) 100(0.33)
NAC 0(10) 94(0.33)
Reductone
Ascorbate 0(50) 60 (50) 65(0.33)
Erythorbate 0(50) 60 (50) 60(0.33)
Maillard reductone
4-Hydroxy-3(2H)- 200(20) 100(100)

furanones

“ The model system composed of 0.2 M Glc/0.4 M Gly heated at 120 C for 5 min
" The model system composed of 0.2 M Glc/0.4 M Gly/0.4 M creatinine heated at
120 C for 2 h. “Hamburger prepared by heating ground beef at 200 C for 20 min

! B
| o
\
S g ¢
Glc + Gly R 07 R, +
4-Hydroxy-3(2H)-furanones
L

Phenolic antioxidants
Thiol compounds
Unsaturated fatty acids
Reductones

(Ascorbate, Erythorbate)

He N H
H N TH

1,4-Di(carboxymethyl)-
pyrazine cation radical

'

GOOH | 4
¢Ha
+ many other components

1
GHz
COOH

NH

HN” ~N-CH;,

e}
Creatinine
NH,
N=<
COOH X< _N N
|
CH, I Ohls
N3
[N] Y7ON z
N Imidazoquinoxaline-type
| mutagens
Gt
COOH

Fig. 6 Possible pathway for the generation of pyrazine cation radical and the mutagen formation in
the reaction of glucose, glycine and creatinine, and the effect of food factors

cation radical 257 2: 4, EEEOA R D PPl S 7z,
Maillard I CTHEIKTZL ¥ 2 b oEFEET 5 7 VH
DML pyrazine cation radical #2352 &% <,
L LAMRT AEAICH D, BREERD I L 2o
72. 2oOZkiE, Maillard USIZBWT, 75 /7 VW
pyrazine cation radical D I KIZ 7 > T 5 2 & &IRIE
LTwa. DlEoig% Table 1 & Fig. 612 F & TR
L 7e,
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ETFNVARTEREARZIGH L2EWH oD 5
EGCG % % i (2 & & 28 B & A2 B O B 1 #E A
L7225, EEOREMBR Tro2BE2 b Lz0b <
ATECREEE L7235, 20 BETOZRIFA K & 45 T
L72boo, ERMRGRE T, 2EAEHEI LD
- 72 (Kato and Kikugawa, 1999). EGCG, cysteine, N-
acetylcysteine, ascorbate, erythorbate % /N> /N\— 7 ®
EFRF OB B L 724, EHICHVON L RE

250

Glc content in ground beef: 0.07 %

+ Glc + Fru + Lac + Suc
200t L
2
5 150
&
2,100 A~ .
S
3
s 50

o

1 | 1 1 1 1 1
0 0204060.81.01.2

0 0204060 0204060 020.40.6

% Sugar added to ground beef

Fig. 7 Mutagenicity of cooked hamburger prepared by additon of glucose (Glc), fructose (Fru),
lactose (Lac) and sucrose (Suc)to ground beef. Thirty grams of ground beef was heated at
200 C for 20 min. The mutagens in cooked hamburger were concentrated by use of blue
rayon, and the mutagenicity was tested using Salmonella typhimurium TA98 strain with

metabolic activation

Table 2 Participation of free radical species in mutagen formation and activity.

Source Free radical species ~ Scavenging or Activity
reducing factor
Aryldiazonium Carbon-centered Ethanol DNA base modification
salts radical
Maillard Oxygen-centered Ethanol DNA strand break
reductones radical
Coffee Oxygen-centered Ethanol DNA strand break
HHQ radical
Maillard Pyrazine cation Ascorbate Heterocyclic amine
reaction radical Erythorbate formation
Glucose at
high amount

(0.33%) DO EF A~DEMTIX, EGCGRF F+— 1k
BEWITIER Y237 £, ascorbate 3 X ¥ erythorbate @ &
VAT, THOHIZL o TMBAHRBLL 7o o N — 7 D%
FFEPEIE 5012 F T & L7z (Kato et al., 2000) (Table
. NYNXN— 7 ORI EAIIZ0.33% (w/w) D
ascorbate, erythorbate Z {9 % Z & 12X ) ZRFED
WA S D 2 Edibh oz,

E 7V T glucose DR MIEIZ L V), pyrazine cation
radical & Z RO EWRAEA SNIZDT, NyIN=F
DFBEZ, B & D X 0.07 % (w/w) FEFE DR ITHA & %
NTWB4E0EHIC, Wi b E0O&ITHEglucose,
fructose 5 X Urlactose % ¥l L T/ > 28— 7 28 S M
A L7z, 2 o8E, WiREE0.3% (w/w) O ITCHIR
MTIE, ZREMERH2HHRSN, KIBE0T%
(w/w) DL b o> 3 SR C I3 28 BRI 150 10 L
72 (Fig. 7) (Kato et al., 2000). &% 0.7 % (w/w) L Lo
BITRRRIN A > N — 7 OB R RN TH D =
Ebhor, FOSHIHSEGERVT IV T —%
33 % (v/w) 2 7235ty BRI ELEBET TR
DoledS, RTA L EIXATA YRR A,
RFEBVEB IS 1ML 7. ZOROKT A ¥ &

F17 4 > OERINEHEBEE 0.3 % (w/w) LU 038 Jo 8 i i
WL 20T, ZREEIBML-EEZOND. &K
A VIZHENERICEENDL R 7 2/ —VOFIRIE
BOOLNT, FEORMOEENRKECILERLTWVS.
HARTIE, NyN=FORBIZY <A F %2 ANDSHEAH
fibhsds, F0EHWIZ16.6% (w/w), 33% (w/w)D
FIAFORMIELY, NN — T DOEREEIL80%
BIXU50%I24K F L7z (Kato et al., 1998). ZDO¥&Eix
W ICHERIEA0.9% (w/W) L EICR B N N—=T DM
U< A F2WMTH I LIk D, ZREU: R E I
TEBLI D bholz. TDEHI, NIN—-FDOER
JEO AR, EITHEOBRMI XY, #abila bo—
WENDZEDbMY, ERFEOAKZIHT 5121
HEEE 0.7 % (w/w) LLE ORI R RIS 5 & LwvwZ &
Bbhotz, ZmOBEDRMIC LY pyrazine cation
radical DA SN b7 L EZ 5 5.

& B

B B AWENET 5, ER - EVAME
AL BIZTF 20T 287 ) —F VA NDH
HLTwaZ xR 7:., T TRBEXRRP 72D, R
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Electrochemical studies of quinone and nitroarene in generation and
quenching of superoxide
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Summary

Quinones are common in several natural products and endogeneous biochemicals or generated through
metabolism of aromatic hydrocarbons. Some quinones are potent redox active compounds which can
undergo enzymatic redox cycling with their corresponding semiquinone anion radicals and as a result

generate superoxide anion radicals.

In this paper, we review the catalytic activity of quinones and nitroarenes, as mediators in the reductive
activation of molecular oxygen and in the oxidative quenching of superoxide, examined by electrochemical

method.
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BALRER SIS & o TR L 2oid e 1, AEKICBUT 5
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WYERE R & R T 2L R, ¥ 2 REEALY
WHE R HERALKFZEDOF 7 R (Bolton et al.,
2000), TRV T7RATYRAMN) T =) VEDOF
7 v %A A K (Doroshow and Davis, 1986), 7L # <
£ 3~ (Hecht, 1995)%° ¥ % 3 » K(Kim et al., 1996) %
BHLENTWS, ZDI)bF ) VR EEWIZE>TAEL
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*jﬁli HABSEZ RG22 1L AR Y v KT o o [BEEEREOWEEBLE WHl oL mbsi ] crEkshrz.
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Mechanisms of Depression and Repression of Activity In Environmental Mutagenesis”, was organized by Masataka Mochizuki and
Sponsored by the Japanese Environmental Mutagen Society.
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Fig. 1 Generation of superoxide catalyzed by quinone in biological
(A) and electrochemical (B) systems
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NDBHEDO B TRITIZL D A—=—=FF T FOERIK
ISICEHL, ¥ 2 ryBL0=burL—rE@EST L
D OBTRBEISNOWTH AL 27 v 7KLY A b
)= (CVEE), FAT77L YT v WSV ARLY v A
M) —iE(DPVEE), BF vy vy VAT T o0 ) 7 —
T A b Y) =3 (PSCC %) DAL T2 X 2 bt
ErAT, AFRTEX ) B buT7L—roT =
F T I AN HBEGTNO—BFBH S (A =8
—FFTFOAER)E, A——FF T Fh5=tuT
L—=—rBLUF ) vAO—EHFBEHE (A —/—F F
¥ FOH L) OELACF RN L OME B LKL
Lo THROLNIZINEDILEY DERALETIE L A — 3
—FF T FREERBIOHERE L OMBIZOWTHER
5.

1. Z—=I\—FF2 RERRG O

1) CVi&, BKU DPVEIC KD

7Y NI X VIEEAKIC X B MR E IR TR I X
SoTHIERIEING., §4bbT7T 7% i
cytochromeP 450 reductase 2 D ICHEH I L > T T
BILEZITCT Y NSF ) V7 2F ST ANDERT
5. BERIT VIR ) 0T7=F 05T NIZEoT—
BEIRICESNTA= = F I FHPAEKL, ZOBmHEN
O—EBFBHLIEPMBEEDOG ES&EE RS
(Doroshow, 1983). ZZTCT7 Y hI¥/ VIZk BH#
DR B CIH L BOS & AL AT 2 2 L %
A7z (Fig. 1). #WIEE, 0.1MOMEHEET b5 5L
T YRS LR LFFEME L L DMF#ERY, A4k
MM, SHPRASE, B X ORGSR E g%
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saturated O, (b) or anthraquinone under saturated O, (c)in
DMEF solutions (1ml) containing 0.1 mol dm * NEt,ClO, at
a Pt electrode (diameter 1.6 mm) with a scan rate of 100 mV
s "at 25C. The potentials are vs. Ag/Ag” (0.01 mol dm™)
AgNO, in 0.1 mol dm* NBu,ClO, in MeCN

width, 200 mV pulse period, 5 s quiet T

CEERLTVS.

CVEIRE LETBIE TNy 7 75 v FlEm (FelEE
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TXFYFPOEBOAZEREIIET LI ENEZOLNS.
ZIZT, A—=1—FF ¥ FOAERKIS % DPV i TllE
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JEIZHEY R =8 —F F ¥ FOERISO BT 72
(Fig. 3). CVIETMEANDEFBEUSABI ST
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VI SBES FOETFBIUSIZL 2 A—/8—F F 3
FREDWY & 1T 72468, 7> b 5% 7 v 3RALET
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Fig. 3 DPV of p-benzoquinone (BQ), anthraquinone (AQ) or 6, 13-pentacenequinone (PQ) under saturated O,.
The conditions is as follows ; 0 mV init E, -1800 mV final E, 20 mV/s scan rate, 50 mV pulse amp, 50 ms pulse
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TLE I LN ESR (Q) ORREZ L (7 —1 X
M) =) ZRRLGETH Y, BRSSO EER /ST
A= DN AER R FHETH L. £ TPSCCHEEH
WC, ¥/ UTZF I I ANDSBEST~D—EHT
BHKISIZ L > THE L L2BEETH A 7 Vo (s —
YA —n—=%) B L, ¥ ALEMDOAR—8—F
XY NFAREZWES ML, T, AMOERZ =+
o7 L—iZonThirv, ¥/ el MER
CVER DPVE LMD &M TITo 72, MIEMIE
OmVICEEL, D2WTEMZZLZhOLEMD &
T e (Epc D2, 250mB B AT v 7 L72RD, &
TRAREDOEBFELQvs t) ZHE L. BILERRED
P 7 a y Mgt (y 22 2 —a 25 24) ik, Anson 7
Oy F(Quvst)FRBICIDEH STy PANEEHL
7=t%, ZOBEMT Ty b OHR(uC/msec’?) Z R 7.
FEEIL, BRNETTB I MEEWIEMFIE T THITY,
NS OEEUED SALEWMD A —8—F F 2 FERKR &
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TYEIFR I IDA—IN—FF ¥ FEKIERY PSCCEIC
XoTirL7: (Fig. 4). 7T ¥/ vO—ETET

157



+15.004

+13.504

+12.004

+10.50+

+9.000+

+7.500

Charge/uC

+6.0004

+4.5004

+3.0004

+1.5004

0.000 — —
000 400  80.0 120 160 200 240
Time/msec

T

Fig. 4 PSCC of 0.1 mmol dm ? anthraquinone under argon (a),
saturated O, (b) or anthraquinone under saturated O, (c).
The potentials are stepped from 0 to -1216 mV (Epcl of
anthraquinone) for 250 ms. Other conditions are as in Fig. 1

B (EpeD) 12-1216mV TH 5720, TOEMENTFT
PSCCHE% 1T o 72. TR, MFEMMEMHET, 7 b
5% 7 v 01mMERTHlE ShzEAR([S+0,] =
0.755uC/msec'/?) i3, HAMEMH T ([S]=
0.018 uC/msec’ ) BX U7 ¥ b7 ¥/ Y AT
([0,] = 0.480 uC/msec"?) TOEL R & 125212 LI 5
ZEAREN, TYNIFI T AT I ANVIEEEHE
ST EWALERTCY A 2 V) BLTA— S —FF T F
OFERE L TWAH I EAVRENT. S 52 Anson 7
Oy NEBRTROBEHREND A== F ¥ FOJRAE
#121400mmol dm ®, #— Y+ —1"—HiZ141TH 2
ZENHL R E R oT RICT VNI F ) VEEEER
CTIRBEDOFEE %175 72 (Fig. 5). ZO#E%, 0.001mM —
0.1mM DHEERPTIE A —/3—F F ¥ FOAEpE L
BB ICHBIL, DT = F—N—HIZX o> TA
— =% F Y FOAEREMELL THWDH I EAREN, T
VI xR v ofitaeid 2 OREHPCIEHITETSH
LIEHWSHERST. ‘
DLk, PSCCH:ZE VT Y FNTIF /) VDA—IS—F F
Y RARBER BT 2 2 EXMREIC R 72, £2T
fieonx ) ve=ba7L—rDA—r—%F T FAEK
A SICL, SHILEYORRILEN (Epal) & D
MBIz O WTHHE L7z (Table 1). ZO#54, -1000mV
A 5-1300mV IC AL EN (Epal) 2 F T AF / = b
O7L—yTl, 724 VSTV INDPOMBESTNDE
F-RENCAE D A E O ([S + 0,] >[S] + [0,]) 23
S, A—8—FF T FPEMBEMICEAELTWD I ED
SRENZ. $5IC, Epal /s wbaWiz & A — 3—F
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Fig. 5 Effect of anthraquinone concentration on the catalysing
formation of superoxide. Each point represents the mean
value of three runs, and the error bars indicate the standard
deviation. Turnover numbers are givin in parentheses for
each concentration
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EpalZ#oF /v bur7l—r2lRyd L, =
a7 L—rOEFEEREEY  COH60%TH 7.
Pk, BEALFNTEEH VDI EICEDF /B
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Table 1 Chronocoulometric data for quinone and nitroarenes in the presence or absence of oxygen :

nitroarene anion radical for superoxide generation

Catalytic activity of quinone and

compounds Epcl® (s1® [S+0,]" [0,]° Amount of O,- ¢ Turnover
(mVvs. Ag/Ag +)  (uC/msec”®)  (uC/msec”?)  (uC/msec"?) (mmol dm ™) number*
QUINONE
benzoquinone =812 0.022 0.027 0.006 1 0
1,4-naphthoquinone - 981 0.019 0.037 0.017 3 0
1-OH-anthraquinone - 1052 0.018 0.048 0.030 9 0.1
menadione - 1071 0.018 0.060 0.035 46 0.5
1-Cl-anthraquinone - 1166 0.020 0.389 0.225 786 7.3
anthraquinone - 1216 0.018 0.755 0.480 1400 14.1
5,12-naphthacene- - 1319 0.019 1.667 1.087 3060 29.7
quinone
NITROARENE
4-NO,-quinoline N-oxide - 1012 0.017 0.041 0.015 43 0.5
1,3-diNO,-naphthalene - 1095 0.018 0.079 0.048 70 0.7
1.7-diNO,-naphthalene - 1134 0.019 0.198 0.107 395 39
3-NO,-fluoranthene - 1204 0.019 0.521 0.378 675 6.5
m-diNO,-benzene — 122% 0.018 0.560 0.400 T3 7.8
1,6-diNO,-naphthalene — 1248 0.019 0.738 0.550 928 9.2
1-NO,-pyrene = 1325 0.018 1.394 1.086 1580 16.2

* Applied potential for PSCC experiment.

" The potentials were stepped from 0mV to Epcl of compounds. The integrations of current were measured for 250 ms with 0.1mM
substrate under argon [S], 0.1 mM substrate under saturated O, [S + O,] or saturated O, [O,] in DMF(1mL) containning 0.1 mmol dm"
3 TEAP at a Pt electrode (diam. 1.6mm), and the diffusional slops of a linear plot (charge vs t'/* ; Anson plot) were obtained. All values were
substracted by [DMF] as background. The concentration and diffusion coefficient of saturated O, in DMF are 4.5mmol dm® and 4.7 x

10 °cm®/s.

¢ Amounts of generated superoxide = [S + O] = ([S] + [O]) x 5.45 x 1000

4 Turnover numbers of redox cycling = ([S + O] — ([S] + [0])/[S]

o Sy .
Electrode Q 0, Electrode ¢ 0
Epal of Q" (—— Epal of 05"
(<-1038 mV) (-1038 mV)
Q” 0, 0,

Fig. 6 Electrochemical system for superoxide quenching catalyzed
by quinone
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B, CVEEILE 27 bo% /) v EBESFTLEORBD
—~BIBBUSBRECHL 2L ko7 (Fig. 2). T4b
b, 2=s8—% %3 Fli£-1038mV CHES T~0O—&
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BWTIER —S—F %3 FORE{LIZ-1110mV THETL,
TYMIX) VIHFAETLHARTT2mMV A —/8—F F 3
FREfLShe 3w rdvRsnz, £, ZoMLE
MISBT 28k — 2 oMb ASh. ZOA—/i—
XY FO-BIRAUSHEORNNG, A—ri—FF ¥
FRET7 Y 5% ) o BT BEIUSHHE LT,
VEY 2244 2 L2 BRLTVWE I ERELLRD
(Fig. 6). 37%bb, 1600mV A5 0mV~EL #4515

A

22, V7Y NIX )07 =F I VAN, A—I8—
TFIFFLD L -EBIFBRILESISNRTVAD (Epal =
1190mV), 7Y N IF ) VT A VT IV ANIEA =8 —
FTXRIRNLDLRET VN TF ) Bk E NS, 2) A
—R=FF Y IRPLT YN TF I AOETBEG
DHEAT L TR TOVERL, 7Y bT% /7 VIdiHET
END, DMBITENLT VN IF I T4 TVH
WVIFFERRIL S N, TORRBICERIENT 5. Dk
DX BBILEITCTA 2V ERYETIEICEoTA—
NW—=FF T FOBALEMIET Y SF )70
HNVOBALBEMOWEL I T ML, TYFTF ) VDA
— =% F Y FOHLIGEZ MBS 5 2 LWL LR
-7z,
ESIZDPVEEZHWTA—N—FF Y F0bF ) v
DO EF B UL O FEM 72 AT 2 47 - 72 (Fig. 7). £
M2, 3-VRAFNT VN TIFR I VIE, A=N—FF T
K2 6F 7 Vo510 BT BENUC I D BRLEM O
RAFANDY T RELV Ry 7 A% A 72 VOIS
BALEREOWMMAA SN, 2, 3-VAFALT V FIF
I VISA=IN—F F ¥ ROFEFRGT~DOH G % fili
LTWabZEdmRahi., £/, A—=1—=FF L FORE
fLBEHEIZ2, 3-VAFLT Y NI X iR
(0.05 - 0.2mM) IZIBI L THML TWB I Lnn, &
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Fig. 7 DPV of p-benzoquinone (BQ), 2, 3-dimethyl anthraquinone (DAQ) or 6, 13-pentacenequinone (PQ) under
saturated O,. The conditions are as follows ; -1800 mV init E, 0 mV final E, 20 mV/s scan rate, 50 mV pulse
amp, 50 ms pulse width, 200 mV pulse period, 5 s pre-excitation T
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Fig. 8 PSCC of 0.1 mmol dm * 2-methylanthraquinone under
argon (a), saturated O, (b) or anthraquinone under
saturated O, (¢). The potentials are stepped from -1437 to -
1226 mV (Epa 1 of 2-methylanthraquinone) for 250 ms.
Other conditions are as in Fig. 1

OFEEFPTIE, fRIERREL2, 3-UAF VT Vb
S% ) v EWLRITY A 2 VEET 5D+ A
LTWABZERWPLNER ST ), Xy VIF ) R
6, 13-V ¥t F /)T, 2, 3-VAFAT VT
XV EAMOBFREISIEA LN G o7z,
KIZPSCCEZHWTF /vy TL—rDA—
N—F ¥ FHEREOHMEILZ AR, A—X—FF T F
W2 AE B AL =T L 72, I ALIE 0 m VIZEE L,
DOWTHENMN 2 BEHZOECEM ((1437mV) (2 10sec A T v
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7L CHEBER LIS ROA—IN=F X FEiLEW
DT =F I ANERESE EHICEMEENE
ot & oL EN (Epal) i2250msec A7 v 7 L7z
LEO, BALERREORIEZIL(Q vs ) ZWE L 72, B
LEREOME 7oy Ml a0 7 —a 2y J L),
Anson 7 v b (Q vs tY) FREICL DV EMH T T v b
LWL 7218, COBMT Oy DR (uC/msec'?) Z
Kevrz. EBL, WAEE T X OMLEWIHAFAET T
LTV, S OARMED SIEEWIC L o TS /e
A——FF Y FlFERET -V F—N=HTEDbLL
e 2 S L7, TORE, 2-AF VTN TF Y
® 0.1mM % Tl (Fig. 8), A—/5—*%F ¥ FOMRHKI
TAD BT LB ([S + 0,] = 0.448 uC/msec’?)
i, BESM % ([S]=0.014uC/msec?) B L O°%F /
¥ IEEAE T ([0,] = 0.194 uC/msec'’) TOEREE 135
W Em A EAURENS. X 5ICAnson 7 H v bR
TRDEBERELY2-AFVT VI TF ) Y DA—3—
F % M3 1310mmol dm™®, ¥ — > F — 13—
12169 THDHZ ENW LN E Lol RO T B TH 4
DF ) v bu7Ll—rDA—S—FF T FHEREZ
W5 HIzL #%%ﬁﬁ%ﬁmmntwﬁ%%&ﬁL
72 (Table 2). Z®O#E%, 1250 ~-1100mV (2 —EF#%
W (Epcl) Z24H3A5F/ = h ETI/—/'CI;tX—
=k F Y FO—EFRRACIHE ) BRALTE R & 8N
([S+ 0,0 >[S]+[0,])HA b, RA—28—=FF ¥ FH
BRI R ST Wb Z AR E/z, FIZ, Epcl
AKEL, A—r8—FF ¥ FOBALEN (-1056 mV) (23
WEpcl 24T ALaWi3 &, il A% < A & <

Table 2 Chronocoulometric data for quinone and nitroarenes in the presence or absence of oxygen . Catalytic activity of quinone and

nitroarene for superoxide quenching

compounds Epal® [s]® [S+0,]" [0,]° Amount of O, Turnover
(mVvs.Ag/Ag+)  (uC/msec'”)  (uC/msec”®)  (uC/msec'’?) (mmol dm ) number’
QUINONE
1-Cl-anthraquinone - 1136 0.015 1.019 0.711 1600 19.6
anthraquinone - 1190 0.016 0.679 0.357 1670 19.5
2-t-Bu-anthraquinone - 1212 0.014 0.382 0.177 1040 14.0
2-Me-anthraquinone - 1226 0.014 0.448 0.194 1310 16.9
2,3-diMe-anthraquinone - 1261 0.018 0.318 0.126 947 9.7
5,12-naphthacene- - 1286 0.014 0.137 0.121 218 2.9
quinone
NITROARENE
3-NO,-fluoranthene = 1155 0.018 +0.670 0.342 1690 17.0
1-NO,-pyrene - 1289 0.019 0.183 0.083 439 4.2

* Applied potential for PSCC experiment

" 0,. were generated at -1437mV (Epc1 of O,) for 10s and the potentials were stepped to Epa 1 of compounds. The integrations of current
were measured for 250 ms with 0.1 mM substrate under argon [S], 0.1 mM substrate under saturated O, [S + O,] or saturated O, [O,] in

DMF (1mL) containning 0.1 mmol dm * TEAP at a Pt electrode (diam. 1.6mm), and the diffusional slops of a linear plot (charge vs t

1/2 .
)

Anson plot) were obtained. All values were substracted by [DMF] as background. The concentration and diffusion coefficient of saturated

0, in DMF are 4.5mmol dm ~* and 4.7 X 10 cm’/s

¢ Amounts of depleted superoxide = [S + O] — ([S] + [0]) x 5.45 X 1000

4 Turnover numbers of redox cycling = ([S + O] —

A=N—=FF T FEWHELE ¥/ OB TET M
XUy BLUOEDO -7 uViEE RS RS DY — A =N
—$%196%/R_L, = ba7lL—ropTid3-=ba7
Wk TG T U === 17.0 %R L7,

Pl BERALFENFEER VL2 LI2L), A—3—
TF I F /) vBI =T L= ETEB
Bzl SN Lz, A—=28—FF ¥ FOHEREIZF
JryBrrmburLl—ro—dH N (Epcl) 2
AF L, A—/,3—=% % F(Epal =-1056mV) %* 5
1100mV ~-1250mV (22 LB (Epc ) DdH 5 F /) ¥ X
= ba7 L= ~OBETFRE UL, BRLEICOENF
Yy TEENVEZ THEITLTWS., A—28—FF L F8
F)rRbu7lL—=YEL RNy 7 AL 7V EEL
TA=N=FF T FEMBEIH LT 5720121, A—
N—FF Y RGO 8 FRE IS T AL H
CH#IT T2 E(RTy 7)), ~EFRLINALEY
DAL A =8 —F F ¥ FORLE Y e~ 1 F
ADEMTEHIHEST L TG AT ET L E (AT
2 T 2)WVEETH L., PSCCHE L VW BT LA
¥¥vi%%hﬁit%?%ﬁ&mux%771mﬁm

BERALFWIHEITRETHH L ZRLTED, 20
%&%&E%@%&mﬁﬁﬁfé:tu;of,%/y
R PET L= I3 A= 8—F F ¥ PRI EE S
TNHET LR EZ LN,

& a8

NI EL R FE SN D BEALEW R A RN TR

([sl+[oD),/[s]

BEMEAL 2 2 728, DNASOAEKES TS T 5
;k# RO & &L b, Lo, THE, G
WX BAEES TOBRBRISE ZNICE > TH ERS
’éné RERD A ZZALHBPHL NI RDIZONT,
WEPERE 3 2 e E 3 LA O SEE B X VA A
PEHEINALELIZHh->TEL. Hl2IE, XyYEL Y
LZFOMALICHWE LTx ) YRS 5 2 & ovHih
XN, RYVELYOF ) AARINEVERRSR 2 58 LT
MaEEHT 22 LD HE SN TW 5 (Penning et al.
1998). wf%EmX®m@Mmmdﬁﬁmi4¢Wf
RIS IS L AR ORICIE L E ¥ 7 Y EOLEY
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G % B AALF T2 H WD 2 2k > THIL,
fiznx /) vypro—bturl—ri@iEioMo &
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—bha7Lb—=ridF¥ ) v EFEBRICEHEND TR E) I
JEDSHEIT L TA—S—F F ¥ FOIEB LW EIL %
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Genotoic properties of alkylating agents . mutagenicity and its modulating
effects

Kazuhiko Takahashi, Chiharu Kato, Hiroaki Kato

Faculty of Pharmaceutical Sciences, Nagoya City University
3-1 Tanabe-dori, Mizuho-ku, Nagoya 467-8603, Japan

Summary

Our study is focused on the relationships between chemical reactivity and genotoxic properties.
Mutational specificities of N-methyl-N-nitrosourea (MNU) and methyl methanesulfonate (MMS) were
analysed using ada-and/or ogt-deficient strains of Escherichia coli, which encode O"-methylguanine-DNA
methyltransferases. SN 1-type methylating agents, MNU, induced predominantly GC — AT transitions in all
strains. In contrast, SN 2-type methylating agents, MMS, showed wide mutation spectrum. MMS effeciently
induced GC — AT and AT — GC transitions in both wild type and ogt-strains. In ada-strain, GC —TA
transversions were strongly induced. However, GC — AT transitions were predominantly induced in ada-
ogt-strain.

The capacities of methylating agents in inducing the adaptive response were also examined. Exposure of
E. coli cells to a low concentration of methylating agents increases their resistance to both mutagenic and
cytotoxic effects of alkylating agents. This process is known as the adaptive response and is triggered by
formation of methylphosphotriesters in the DNA. Methyl iodide, a typical SN 2-type methylating agents and
a very weak mutagen, induced the adaptive response in E. coli to a similar extent to those induced by potent
mutagenic methylating agents such as MNU and N-methyl-N'-nitro- N-nitrosoguanidine (MNNG). The

YYERIYT A

mechanism of induction of the adaptive response involve direct methylation of Ada protein itself.

Keywords : methylating agents, mutation spectrum, adaptive response, O°-methylguanine-DNA

methyltransferase

&

TV EMALANZMINELC X 59 & {x - DNA # {L2#15
fili L, MRS EEIER R 2R WA - it A
FTAHIENRAOLNTWS., —~HT, ZLDAEWIZD X
)BT VFMEAIOIEIH L THILT 2 T & - T
Wa., fMifex AFAMEANCE 5T &, ZODNAHIZL
7l B 10HELL LD X F AL AT 5.

I[]

ZAF D 20004E8 H 18 H 28 : 200048 H 18 H
O H AR BREIZ FGF55

FINHDAFVALDNASEME Z RS K BT B EEH
REALTVWS., 612, KR % ETIHKRED X 7
MEANCHTD > TEH LTHBL L, BREDOT VXL
AN & 5 2R SETE S E R R BB ER SR L TPt %
W45, ZORSIGERSE]EIER, 7LVF AL
DNAG 2 BET 2HEREFFEEGR SN RTDH
5 Z EDH LM E %5 T A (Nakabeppu and Sekiguchi,
1986 ; Teo et al., 1986 ; Sekiguchi and Nakabeppu,
1987). DX ) BT IVFVLHIOBICIER « 22RE R
A E IR W IO S B R EHE 1 7V F VAR DAL AR RS

AR H ARSI ARG ER B MAR Y 2RI A [HREEREOEIEREB L Pl o b7k crEshe.
This paper was presented at the 11th JEMS Annual Symposium at the ABC Hall, Tokyo, June 3rd 2000. The Symposium entitled “Chemical
Mechanisms of Depression and Repression of Activity In Environmental Mutagenesis”, was organized by Masataka Mochizuki and

sponsored by the Japanese Environmental Mutagen Society.
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Table 1 In vitro alklation patterns of DNA expressed as precent of total alkylation

MNU MNNG MMS DMS
(s =0.42) (s =0.42) (s =0.83) (s =0.86)

Adenine

N1- 0.7-1.3 1.0 1.9-3.8 1.0-3.0

N 3- 8.0-9.0 12.0 10.4-11.3 15.0-18.0

N 6- nd - nd —

N7- 0.8-2.0 - 1.8 2.0
Cytosine

0* 0.1 = nd nd

N 3- 0.06-0.6 2.0 <1.0 22
Guanine

N1- nd = nd -

N 3- 0.6-1.9 - 0.6 1.1-1.3

0 6- 5.9-8.2 7.0 0.3 0.2-0.3

N7- 65.0-70.0 67.0 81.0-83.0 71.0-76.0
Thymine

0~ 0.1-0.3 = nd =

N 3- 0.1-0.3 ~ 0.1 =

o* 0.1-0.7 = nd =
Total

phosphotriesters  12.0-17.0 = 0.8 =
References b,c,d, e a b, d a,cd

Dash indicates data not reported. nd indicates adduct not detected or below limits
of detection. Data from (a) Lawley and Thatcher (1970), (b) Beranek et al.
(1980), (c) Newbold et al. (1980), (d) Singer and Grunberger (1983), (e)

Den Engelse et al. (1986)

TEKAET 2 2 EHE 2 5N TV S, (LAY BUSHE o R
% B Rl DX FIALH %2 Fvy, RS X OSEIS IS
BHERRICOWTHRE L7,

1. XFIUERIDIEFHRIGHEE DNA XF)UL
BBAiI

T FMALKNI IR FE 2 oo & L, ERNENTT
POE3 % KE FHRD—DTH B, 7V F VLA O KIEIL,
Z OB XD — 70 TR R B (SN 1) BUS & 5
THCRAL AR (SN2) BUSIZ A S b, SN1 KBTI,
ZOBOSHEIEDT N F VALK DI AE L, KEfko
BRIER KRB IEBRTH 5. —F, SN2KIETIE,
TDORUSHEIEDT W 3 WALH DY & RAZ AR D B |24
i3 %, £72, RO ORBMARITH LRSI
{7 %. Swain & Scott(1953) I%, substrate constant
(sfit]) 2 FAHEIC LT 7 v 3 WALHI 0 BUS AR &
WKL TWS., T4bb, s HIZMA A SN2 7L
F VALK T D 2 GAL A F VAT 2R EMEE LT
KEN, O/ CT U F VALFNL SN IR ETE % 4
LTwW5.

Table 1121, N-= b a VIR#E (MNU), N-AF)L-N-
= ME-N-Z bV Z 7=V (MNNG), AFILAY
AR B (MMS), ¥ A F VR (DMS) % in vitro
DNA LIS L7z E D7V F ALk A bt & =
NOSDAFIMALHID sltiz 4. TS0 A F ALK &
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DNA £ DU & 0 12 FER UL E o Ik A 43 2 .
CDHH, OAFNTT=r, ORAFVFIY, AF
WY ZEE M) AT NG E, BER T & ORISR,
SN 2 9 UG % 7”7 3 MMS %2 DMS (2 X T SN 19 It
2R T MNURMNNG TE <L ER LTS, 209
L, 0% T-XF NI T = VR, sfli & HIBYEA D 2
Z EDHE ST B (Lawley, 1974 5 Bartsch et al.
1983).

’

2. XFIERIDETFEEYE

SN1HY X F VALHI & SN2 [ 2 FIOLILAIIC & 5 DNA
MARD AR D b K & HLESIE, OAF VT T =
YRONAFNF IV Y OBERT L ORISAERY T
HoH. TNHDAF VAL IIRIL DNA DBRIZHE - 71
KB L, RREROFBIECHEG LTwD %
A BTV 2 (Loveless, 1969 ; Preston et al., 1986).

BEALTXTOEYOMIBIZIE, O AF VT T =
YRORAFNFIVDORAF VKA BEREEY V32 Y
LY AFA4 VRIS ZIMBENE AT S 05
methylguanine-DNA methyltransferase (MGTase) 25f 7
¥ % (Potter et al., 1987 ; Rebeck et al., 1988 ; Samson,
1992). KWGWIZi% ada @fn T L ogt BIZTIZE D a—F
END 250 MGTase B FFET 5. Ogt ¥ ¥ 287 B ik
WIS 2 5 V0 THHDIZH LT, Adad ~
N RIIMRIRED 2 F VLRI X ) FEERE NS,

Table 2 Bacteria strains used

Strain

Genotype

Reference or source

WU 3610
MZ 101
MZ 120
MZ 140

AB

KT
YN

B/r, lew(am), tyr(och)

as WU 3610, butAogt:: cat
as WU 3610, butA (ada-alkB): kan
as MZ 101, butA (ada-alkB):: kan

1157 K-12, argE3 hisG4 leuB6 proA2
thr-1 ara- 14 galk2 lacY1 mtl- 1
xyl-1 thi-1 rpsL 31 supE 44 tsx-33

211 as AB 1157, butAogt ' cat

180 as AB 1157, butA (ada-alkB): kan

George and Witkin (1975)

Takahashi (P 1. KT 211 x WU 3610, Cm")
Takahashi (P 1. KT 180 x WU 3610, Km")
Takahashi (P 1. KT 180 x MZ 101, Km")
Howard-Flanders et al. (1964)

Takano et al. (1991)
Takano et al. (1988)

Leu™ Mutation frequency

Tyr* Mutation frequency

® 014
S

P

3

wn

001
(a) (b)

1 0.00 ——
025 5 75 10 12520 10 20 30 40 50

MNU (mM)

MMS (mM)

Fig. 1 Killing effect of MNU (a) and MMS (b) in E. coli tester

strains.

(O) in WU 3610 (wild type) ; (@) in MZ101 (ogt) ; (&) in
MZ120 (ada) ; () in MZ 140 (ada,ogt)

107473
10'5:
10763
1077 3

10- 8+

10-9 T
0.001 0.01

0.1 1

10743
()
10754
10767

1077

10783
:

09 .
0.001 0.01

1 I

0.1 1

MNU (mM)

100

109
{ (b)
10—6‘5.,l;
10777
10-8 0.1 1 10
1075
(d)
10777
]
—8 1 T T
18 0.1 1 10
MMS (mM)

. 2 Mutation frequency induced by MNU (a, ¢) and MMS (b,d) in E. coli tester strains.

(O) in WU 3610 (wild type) ; (@) in MZ101 (ogt) ; (&) in MZ 120 (ada) ; (D) in MZ 140

(ada,ogt)
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Table 3 Growth of T, bacteriophage on E. coli suppressors

Supppressor DNA sequence T, bacteriophage
change wild type B 17 NG19  och427  ps292 ps 205
Leucine locus
wild-type AT—GC + - = = = -
Sul GC—TA + + + = - -
Su2 GC—AT s + - = - -
Su3 GC—CG % — + = — =
Tyrosine locus
wild-type AT—GC + = = - = -
SuB GC—AT + = = + X +
Sub5 TA— AT + = = + + -
SuC GC—TA + - + + £3 -
Och427 ? + = = + = -
pseudo wild-type GC—AT + - = — N ~
250 » 400
WU3610 (wild type) W MNU 0.9 mM MZ120 (ada) CIMNU 0.23 mM
200 4 '
& BMMU1.2mM | 3004 WMNU 0.32 mM
o 1504
=
200
X 1004
>
S ] 100
()]
=1 0| o
g 400Twz101 3007
2 (ogt) O MNU 0.9 mM MZ140 (ada ogt) CIMNU 0.02 mM
250 ’
S 300 W MNU 1.2 mM W MNU 0.05 mM
X 200
5
£ 2007 1504
=
100, 100
50
0 0
wl Su2 Su'l Su3 wt SuB  SuS SuC och427 p5292 pw.t. wt Su2 Sul Su3 t. SuB
(AT/(I:)(G(JAT)(G(JTA)(GC/L(:XAT/GC)(WAT)(AT/TA ) ( GC/TA) (GC/AT) (AT/GC)( GC/AT)( G(‘JUTA)(G;('GX A'IVY/CC)(GUUAT)(ASTLj?'A)(S(;JCT;Ch4Z7 pszg?GpU“//ﬂt)
— Leulocus — | S 1Y 1,7 | Leu locus — L Tyrlocus — 1

Fig. 3 Mutational fingerprints of MNU

KB Bk WU 361012, 7 V¥ L1 DNA #4015
IS5 3 28157, ada$ X O ogt W5 % KL 7=
A BRKK & EH L (Table 2), SN1MY X FVALKITH 2
MNU & SN2y 2 F MALHITdH 5 MMS O i {z- 5=t
XY B Ada Y X7 B E Ogt ¥ 28 2 BOM Y % Et
L7.

1) FRHHBIVER

SN1#Y A F VALK TH B MNU I3, ogt KM (MZ101)
VX L CTEERR (WU 3610) & AR RS Z R L7,
—J)i, ada @5 T % KL 72 MZ 120 BT3B PERR 12 1
NTHBEZEERD, BXCada 815 L ogt B#{Z T O
CHRHEKRTH 2 MZ 140125 LT b I EASS {7
- 72 (Fig. 1). IS, MMSOBIEMEHICBWTD,
ogt KA (MZ101) 13 Br itk & MRIEOKZNTH Y,
ada RIAMR (MZ120) 3 X 0 ogt K ABKE Tl 5 %2k & 72
ot.uimiv&.w?nmx%»wﬂuiéﬂ%w
HOFEBUZNS ada Bln T HEELRBEE A B2 L Twb E
EVHENE o7,
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2) BEEFEREA

AMFZE TH 723 B bR L, tyr IETF B X O leu B{ET

AZZN LM ochre, amber#IEa Fr 2fFoFm v,
OA Y PERMMRTH D, LzdoT, a4 v 3k
FOY Y EBUGSEM 7L — P ORERTAILICLY,
FO T PIREORMEBURERAR L 0 4 ¥ v IF BRI
HMANOLRERIMT 5 EDSTE 5.

Fig. 2121&, MNUB X I"MMS # % Leu” B & O Tyr”
BURARHE %779, MNU, MMSWERIZKH LTS,
MZ101 (ogt) #4132 WU 3610 (wild type) ¥k & (ZIF R FEE
BN THo72. —F, ada BIZTEKBELTWLHT
EEIEZYEE ), 4512 ada, ogt " E/RIBHETR D 5%
e kot

3) BEEAXI ML

WU 3610 (leu, tyr) ¥kB & % D IB1EREH RIBVETIZ,
amber 3 X U ochre & TOZRERIZIINZ, 7L v
H—ZERICL > TOERERRIERT E. Tho0H
I ZE AR D K #5313 T, bacteriophage % W72 %7 L v
H—MHTIZ L) 58T 22 AT & % (Oshorn et al.,
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Fig. 5 pB-Galactosidase activity induced by methylating agents (Takahashi and Kawazoe, 1987h).
The tester strains were treated with methylating agents in K-medium. After incubation at 37 C for 2 h, the
optical density at 600 nm was measured and j-galactosidase activity was quantified according to the method
of Miller (1972). (O) in the strains E. coli CSH26/pMCP 1000 carring alkA*-'lacZ gene ; and (@) in

CSH 26/pSK 1002 carring umuDC ~'lacZ gene

1967 ; Kato et al., 1980). Table 3(2i%, Hw/z#H 7L v

— 72 %L T4 bactriophage & Z O/ Ny — ¥, BL Y
€ SN B DNABRIERECH D 21L& 77 3 (Elespuru et al.,
1991).

Fig. 3121, MNU#% Leu’ B & O Tyr a4 8k %,
FT Uy — N LA 2R 9. WU 3610 (wild type)
BIZBWTIX, WINOREETS Su2, SuB, pseudo
wild type ~NOZEREHE TR SR, Ihsidvwih
3 GC— AT transition Td - 7z. MZ101 (ogt) #RIZ BT
b, WU3610 4k & [i4£IC Su2, SuB, pseudo wild type ™~
DOERPEHE TR SNz, 72, MZ120(ada) ¥R &
MZ 140 (ada, ogt) % Tlx, Su2 & SuB 0% ¥LH i1
THI X, WU3610 %% MZ 101 ¥ T 5 1172 pseudo

wild type ~NOEFUZIZ L A LR LN Loz, TDX
912, MNU TiEs s b %L, MGTase DA HEIZH
72 53 GC— AT transition 23 Tdh - 7.

Fig. 41213, MMS#% Leu’ B X O Tyr {874 54k %,
FT Ly — gl LR R 2 R 3. WU 3610 (wild type)
P, MZ101(ogt) HRIZB WV Tid, MNUIZHARTEWAR
AR MVERL, Su2, SuB, pseudo wild type D%
T2 wild type R Sub D & 9 R ATH. THOLERY
S/, MZ120(ada) #RIZB W Tk, GC—AT
transition 294 L, Sul ~®D % (GC — TA trans-
version) 288N L7z, %72, MZ140(ada, ogt) ¥ T,
K#E5ASu2, SuB, pseudo wild type DAY A 5
5 X 912 GC— AT transition Td - 72.
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Table 4 Induction of 3-galactosidase by methylating agents (Takahashi and Kawazone, 1987 b)

s value CSH 26/pMCP 1000 (alkA)

CSH 26/pSK 1002 (umuDC) Ratio (alkA/umuDC)

Senstivity Potency Sensitivity Potency Sensitivity Potency
MNNG 0.42 0.00008 404,500 0.0007 83,100 0.11 4.87
MNU 0.42 0.016 3,461 0.15 794 0.11 4.36
MMS 0.83 0.22 980 0.14 441 1.57 2.22
DMS 0.86 0.095 860 0.13 480 0.73 1.79
Mel >1 0.035 1,489 4.05 61 0.00864 2447

Sensitivity (mM) is the concentration of the compound at which the response is twice the background
Potency (unis/OD 600/mM) is the - galactosidase activity per mM calculated from the half-maximal activity
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Fig. 6 Killing and mutagenic effects of MNU in E. coli WP2 cells
adapted by pretreatment with 0.5 mM of Mel (Takahashi
and Kawazoe, 1987a ; 1987b)

(@) in the adapted cells ; and (O) in the unadapted cells

3. BININEDFESHE

TV F MALKNI 3 B IR T 5 [N IS %
&, ZHi% Bk DNAHW T E S 2 51E#E K[ SOS It
BIEIZW O IR o 728K TS S 5 (Little and
Mount, 1982 ; Walker, 1985 ; Lindahl et al., 1988). =
D WIS 1T A F VALANC X 5 DNA 5 2 1615 FE % 3
WFEEREINTHRTH L. ZORISICIEada, alkA,
alkB, aidB 7% & O@n 153 £ 5% (Volkert, 1988),
Z095 Y ada {5 TP O R EHERIZLTnS,
ada 811732 — K3 A Ada ¥ v /87 13 X F)V{L DNA
1 D5 #% O°-methylguanine-DNA methyltrans-
ferase (MGTase) ifi T % $#2 & [l IRF (2 D5 T-FED
FEOEERFE LTHRELTWA. Aday ¥ 287 HiZ
354 HOT I 7S %D, MGTase & L Tid69fFHD
VATA VI (Cys-69) LIZXAF V) YEEMN) AT
VLD AFNVIEE, 321 FHD Y A7 14 5K (Cys-
321 FICR O AFNT T HOAFVFIvHHD
AFNHx T WNBEEE F5D, ~FOAKREHRTH L.
ZD3 b, Cys-691 A F VA SIS 7= Ada & /%
7 H\% ada 8512 E O 72O BT T ORGAE AR
T-& L THEfE$ 4 (Nakabeppu and Sekiguchi, 1986 ;
Teo et al., 1986 ; Sekiguchi and Nakabeppu, 1987).
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Table 5 Induction of O™methylguanine-DNA methyltransferase
by Mel in E. coli WP 2 (Takahashi, 1995)

Methyl iodide Activity
(mM) (units/mg protein)
0 0.85
0.01 3.87
0.03 22.80
0.1 20.96

E. coli WP2 cells were treated with Mel in K-medium. After
incubation at 37 C for 90 min, cell lyaste was prepaired by the
method described by Takahashi et al. (1991). O°-menthyl-
guanine-DNA methyltransferase in the lysat was measured by
incubation with ["H] MNU-treated DNA. One unit of activity
represents acceptance of 1 pmol of methyl group from methylated
DNA

1) XFIVEEIOBEISINZEFEELE L SOS NEFESHE
DLEE
WL HEGE L SOSINEFERER, TN LT alkA -
lacZ b4 {5 (Otsuka et al., 1985) & umuDC -’lacZ il
Hitfn 1 (Oda et al., 1985) # F O KGR LD -5 -
by —EEEICE D ERMICHE L2, Fig. 5121,
A FIVALAI & L TMNU, MNNG, MMS, DMS, =7
fExF IV MeDIZX D iFEShZB-FT 7 b ¥ —Eih
PEER$T. TRHDXFVALFIC K 2 EEZ,
Sensitivity & Potency # R#5 (2 L TR MIZILEL L 72
(Otsuka et al., 1985). Sensitivity (mM) (&Y 7 75
YO 20O EE R TIRETH Y, Potency
(units/OD 600/mM) 1 KiGPED 1/2 /R $ I BT
MM %) DA T Yy —EiEERT. R
5 DA% Table 4 127797, SN 119 A F WALHITdH 5 MNU,
MNNG %, SN2 X F VLA TH S MMS, DMS (Tt
N TalkA L umuDC & @ Sensitivity Dl 23/N S
Potency Dtk & v, §74bH, MNU, MNNG »*
MMS, DMS 2R TH#Is s & FEfED <, X FI)
VBN ZATVOAKEEMHBLTWAEEZLR
. THICH LT, B R SN2 A F VALK TS %
Mel %%, MNU %> MNNG (2 [£-X T Sensitivity D H A3/ &
<, Potency DILAVK E W fitiz /R L7z,
COEHI, BMETORBABEICLHEITERE
PED §5 s Mel A3\ i i b 5 i 5 iE 28 L 724, B
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Fig. 7 Inactivation of 0°-methylguanine-DNA methyltrasferase
activity by direct and DNA-mediated methylation of Ada
protein (Takahashi et al., 1988).
The remaining methyltransferase activities after incubation
with methylated DNA (@) and the activity of directly
methylated Ada protein (O) are plotted against
concentration of the agents used

VB 1T 35 TR R & L C OIS b A A
SNTVBEHED B E T KB H WP2 bk 2 B his:
MG 05 mM 3 AL A FIVOLEAEF 37T, 905 HAiE:
%+ 5L, MNUOSIIEH, BRERFFREMIKL
CHHMEE 72 - 72 (Fig. 6). % 72, #ILIGE O key enzyme
<% 2% MGTase b Mel CHEAH SN TH Y (Table 5),
Mel 757 v F WMALANC B3 2 PR B & L C ol
INEAFELTWAI LWL LR STE,

2) AYEAFIVIC K DEINGEHFEDS FHE
SN1M A F VALKl TdH A5 MNU X MNNG VA
DNA L ORISIC & ) ZRFF IS LT3 O0%-AF IV
FT RO AFNFIVRATFNY) VRN AT
VES KT DI END, BRFEWIHL, Po#ER
AR D . 20T &GN E O FEbE D 5
%3 CHH#T X % (Otsuka et al, 1985). & A%, &
M O 55 Mel S8RV lIS IS S HRE 2 R L2 2 L
12, MNU % MNNG & 357 - 7o iR DALY A
ZLaEm RS, Mel DL IS YEE 3EIZ, Ada ¥y
Sy B R A FMET S 2 LIS D EGRER T &
LCiEMALT 2 e 2 bha. £2T, MRy~
22 B A T in vitro DFHEBGRIC K 2REWT 5 2 &
kAT,
F4. AFVALHIO Ada ¥ ¥ 287 EOFFD MGTase i
PEV 13 2 ARIETEALVERT IS D W CRaT L7z, Fig. 710R
+ X 912, MelLH L 72 DNA Tl MGTase % R ED

1 2 3 4

. - |lac

Fig. 8 Transcription-promotion activity of Ada protein pretreated
with methylated DNA (Talkahashi et al., 1988).
Ada protein was incubated with DNAs indicated and then
applied to transcription reaction. Lane 1, DNA without
treatment ; lane 2, DNA treated with 10 mM MNU at 37 T
for 0.5 h ; lane 3, DNA treated with 100 mM MMS at 37 T
for 16h ; lane 4, DNA treated with 100 mM Mel at 37 C for

16h

Mel Th TR ICAERILT T ERD o 72 (DNA-
mediated methylation) 7%, Ada % ¥ /%7 ¥ % Mel TR
+ 2 & (direct methylation), & 0 il T MGTase ifitk
G L. 2R s oRRIE, Mel i3 DNA & O RS2
IO ESIEEDT X 4L R0 AF VT T =Y, 08X
FNFIY, AFVYYBP)IATAVRERDTSL
PERES, LAY VAL ORI & %
FLTHEY, Ml DZERFEEHAE DD TN C L —%
+2%. —7i, SN1#AF VLI TH S MNUADNA %
4r L7 DNA ® x F L4t (DNA-mediated methylation) (=
LY Ada ¥ v 87 HEDERE CARHELL, SN2ZIERIE
PE 2 F ALK Td 5 MMS 1& MNU & Mel & O %
fEMZRL7.

Kiz, AF VALK TEHEAF VL L7z Ada ¥ MEAVA -
2 ada BIZF OEBRER T £ LTl SN E 0%
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Table 6 Mehtyltransferase and transcription-promotion activities of Ade protein
treated with methylating agents (Takahashi et al., 1988)

Ada proteintreated with

none (conrtol)
MNU

5mM

10 mM

20 mM
MMS

0.15 mM

0.30 mM

0.60 mM
Mel

0.02 mM

0.04 mM
Incubated with MNU-treated DNA

MGTase activity Relative
(%) transcription level
100 1.0

85 1.2
57 1.2
16 1.2
83 20.5
52 36.1
31 82.1
66 5.0
42 8.0

88.2

5HU2F % 7212, Nakabeppu & Sekiguchi @ J5 i
(1986) 12 & % SRER I PG MG LR & VTR L 72,
ada BT OTOE— % —$HIR % & DNA W F 12 Ada
¥ »737 %, RNA polymerase * O % il 2 Tz 5[
WHERETR S -2, ~%8) v & [a2PIUTP % &
CHREBRHEMA CBE21To72. 7, PWEREREE L
T RNA polymerase & 0§ 7517 ClE G A #4732
lacUV5 8in+ D710 € — & — 4l % #5 DNA Wi F- % Ji
Wz, INLDEGEWERY T2 )N T I FELKKEIC
X YoEEL, ada ¥55.9)1% 98 # 3k D mRNA, lacUV 5 iz,
HWiZ 63O mRNA & LTS 3.

Fig. 8121%, X FVALAITULEE L 7- DNAIZ X 2 Ada ¥
¥ 37 B D ada UL T DEEGAGEEY % Rk, R0
DNAZHM L 723554600203, ada 70 E— 5 — 5 0l
IR S e, 10mM & MNU C, 37T, 307% 1L
HMUZDNAZRAE XD &, adai#ilE T DS HH <
A S N7z, MMS TREEL 723541213, MNU 04
WCHAN, ada BIZ T OEGRAEF TG, SIS L
T, Mel D34 1213 MMS & 6] U4t T DNA Z LB
Tb ada BIZF OB IZMAE X HF, Melid DNA D £
FIALZ A U C ada 3815 D5 % 4838 L 72\ 2 & 25
bhdhot.

Table 6(21d, X F VALK T X F V1L L 7 Ada %
N7 B X B ada BIEF OBERMEF 253, oo
T, BEMOF— 5V 7S5 0%70 3 X —%T
L, ada 25 & lacUV5ESEWOMMECR LT
»%. MNUTAda % > /87 B4 A LT3 ada #1{x1-
DRHATEAE S e, LH»L, Mel CAda ¥ > /52 %
BUIS D L, G50 RA 5 b ada MBS T ORE % EHE |
7. 52, MMS TUHL L 7=8541213, ada iz o
G2 AL, ada BAZT DG RI1E MNUQLE L
ZZDNARSETF LABETH o7, DL HIZ, Ada ¥
YT HEAFVALDNA Z A S 2T, A F UL
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AITRILS 2 2 L2 X > TH ada BIET OEBAHER T-
ELTHEM LS R, B51C, ZREMEDOT Mel A58
VIS EEEREE R T DI, SETHORTVALS
ZDNAD X F AL %X $ Ada ¥ ¥ 73 7 B ASHIE A F
MLS N TEGRERN T & LTIEEE S 25 Lvsds
ISEDFH GBS 2 LW Sk 7o 7o,

AFIALANZ L D Ada ¥ > 232 B D L DI AS A F L
LS D LEEIGEN & LTHEMILS R a5, 40
LIAHWLMERSTWRV, DNAD A FLALE 4 L
7Yt LIRS, cys-69 ASEIRIZ S 2 9 A F LALAIC
LD AFIALESN D o GEVER, 25 0 AR B | T 0 72 4
1% (Shevell et al., 1988) D 7 I / H~DIESFRIY 72 A F )L
LD G LT bRt EAE L SN 5.

5 ]

BE B EE 2 RO LR O b EE 4T
D—2U&, BUNERYE, 3% b b chemoselectivity,
regioselectivity, 1 X UNstereoselectivity Td 5 9. il
LHFM %0 LIGEIE T T4 THEOSRE Y, a1
R 2 & BAR T EVER MG 32 2 LS REIC 2 5 C
7. MUAFMEE V)25 25 A F VLA B
WThH, ZHEEMEN 2RI LWL E o 7m,
MMSI2& % 0“2 F Vo7 = > DBEN in vivo & in
vitro TIX R 2 2 L L wvH A, MMSIZE 3
MGTase D AMGEHALICE B LM ST 2
(Sledziewska- Géjska and Torzewska, 1997). {b21 il i
25 OREFIFIIEC & ) B RFRBEHEOMIIC K X T
BMRTEHZL2MFLTw3,

AWEEITI IZh72) Sk E T L, 4
R RFIREE - R %, SRR -
PIRERBHZ, UMK AFAEBRRE - vhBIAFHECESCRE, 1 3%

E, BANRE R - £ %%, FDA(USA) -
R. K. Elespuru i H 12 & w72 L £ 9.
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Activation mechanism of environmental mutagens
by porphyrin iron model oxidation systems

Keiko Inami, Eriko Okochi, Masataka Mochizuki
Kyoritsu College of Pharmacy, Minato-ku, Tokyo 105-8512, Japan

Summary

Many environmental carcinogens damage DNA at an initiation step in carcinogenesis, and Ames test is a
short term screening of possible carcinogens. Most carcinogens require enzymatic activation through
oxidation by cytochrome P 450, which metabolizes promutagens to active species in the mutation assay. Iron
(III) porphyrin and an oxidant catalyze the oxidation mimicking the metabolism by cytochrome P450. In
this study, some carcinogens were tested in order to generalize the use of the chemical models. We
investigated the best conditions for mutation assay with the chemical models. The activation of 2-
aminofluorene, benzo[a]pyrene and tryptophan pyrolysates (Trp-P-1 and Trp-P-2) and 2-
acetylaminofluorene (AAF) in mutation assay using Fe (F;P)Cl and three oxidants ; tert-butyl
hydroperoxide (t-BuOOH), m-chloroperoxybenzoic acid (mCPBA), and magnesium monoperoxy-
phthalate (MPPT). Aromatic amines displayed higher levels of mutagenicity with -BuOOH, whereas the
polycyclic hydrocarbon was preferentially activated when m CPBA was used. All promutagens were
mutagenic in the presence of Fe (F;P) CI/MPPT. Our results show that this activation system will be
generally useful as an alternative of the conventional assay with S9 mix, and a type of mutagens will be able
to be estimated from the difference of activity in different models used.

On the other hands, the mechanism of metabolic activation of AAF was investigated with Fe (F;P)C1/¢-
BuOOH. A major product obtained from this reaction was 2-nitro-9-fluorenone (NO,F = 0), which
showed mutagenicity on Salmonella typhimurium TA1538. During the oxidation of AAF by the chemical
model, the formation of NO,F = O attended with a decrease of AAF, which was analyzed by HPLC. In order
to estimate the contribution of NO,F = O to the total mutagenicity after chemical model oxidation,
mutagenicity was assayed using Salmonella typhimurium YG 7131 which is deficient in nitroreductase, and
the result was compared to that in a parent strain Salmonella typhimurium TA1538. The mutagenicity of
AAF decreased significantly in Salmonella typhimurium YG 7131, which suggested that most of the
mutagenicity derived from AAF in the presence of the chemical model was due to NO,F = O formed.
Furthermore, the amount of NO,F = O formed in the incubation mixture accounted for the mutagenicity,
and suggested further that the mutagen formed in the models was NO,F = O.

Keywords : Cytochrome P450 model, metalloporphyrin, metabolic activation, oxidation,
2-acetylaminofluorene
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Fig. 1 Mechanism of cytochrome P450-catalyzed oxidation

ZRSINTHABINCHER S 225, —hTfoBhEM L%
B LHEMERIATLI 0D 5. LB L ) BULSY
POTHUTERVHEREZELLZELH Y, a4
SE X2 EETH B (Wright, 1980). 2 (kA fz
IO IR, BERZ ST 0 KGR,
PH, 14+ Y BEL L DHl# % %1+ % (Paolini and
Cantelli-Forti, 1997). F7:B¢ER Tl KOG % W
DI ENTELRWIEITMAT, HELCHmA Y >
NI SNTAERDZ + 53RN T 2 2 L 25T &
T, EIRICBIAMRAE LTS, 2N 2%
THHMT, & 87 Bt R0 %
& 7 % (Meunier, 1994 ; Mansuy et al., 1989). [£#E 5
VL pH R SUBILEE (3B % 52012 < <, LD 3 12 )
RAD2v, SHICHVAERIMIZE 209 b EDHE
DI L DRBREDEALA 2, —EDREATE &
Nab. COL)IIHEEFNVEHVDL L TR XE L
BOSKRMZRZET S LDTE, RLERKISHEKD
AR CB D O WBEDT L 20, SE0 2L 3
BREDOMIHICHHTH 5.

RHED S Ll b EELZODPBLKETH Y, 32
Uy — A& £ 15 cytochrome P450 ASHuLM Y 70 12 ) %
5> Tw%. Cytochrome P450 41— 5 F-e 3 b
KE#K T, NADPH HIK D850 % FIH L CHE 5 T % 3
PALL, TORRE, BEETIEWIEAShL L2
Lo TKEMD LA W~ & 23 2 (Sheldon, 1994)
(Fig. 1). Cytochrome P450 O fili#+ 4 2 L Tlxk -k
ED cytochrome P450 IZJEEASEA XN 2 &, —ETE
TLEINTHRV T4 U dFE ) 4 Fplifks 4 U Tg
EMALL, ThAHYIHOKIEREICRK 2.
Cytochrome P450 DifMEHLTH 5KV 7 4 1) ¥ ghssfk
FERALAI DA T 2 L M ER TAIG S, 4%
PICTEMMTHL RV 7 40 v F v 4 Fipilks
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Cytochrome P450

Chemical model

Porphyrin iron Oxidant
complex

1. Mutation assay

2. Mechanism of metabolism

Fig. 2 Alternatives for cytochrome P450

WL ZBILT 2 XU FS Fy vy N 2K 2
SENHMSN TS (Groves et al.,, 1979). Z o
cytochrome P450 Z (X U & § 2 (RN OB LEEZE DS
CBY, BN T7 4 VPR IEYE ROk b
AFTFOX Y PEBETAIEDS, KL 74 U8
KL BALAI 2 5B EEF VOMEXHI L L7
(Fig. 2).

Z M F TIZFIZ N-nitrosodialkylamine O 1C# i 1 < %,
BTNVTR FET IV I—VOERAZIBEIZ LT, Bk
AT T 21L%E 5V DM %47 - 72 (Okochi and
Mochizuki, 1995). & 5122 RIEVEREBLIC S < AEWiE
P % $i58%12 N-nitrosodialkylamine O {L % 885 L 7= & =
5, TN X WMALHNZEZYED B Salmonella typhimu-
rium YGT108 TAFED T WV F VI (A F N, TF )L, 7
2 Y, 75 V) % $$2 N-nitrosodialkylamine o %5 5 Jii
PARBIL, ZOEREMEST LV F VMR THL 2 L
Z W] 5512 L 72 (Okochi et al., 1995 ; Okochi et al.,
1997). 2 F W {L¥EFNVIZ X 5 T N-nitrosodi-
alkylamine (Z/E RN & [ K1 a- K EEILRE T CHCE S 1
5 EAIRENT.

AR TIMEFET V2 H V2 RE MR IC B W
T, BUSEBERBRALH O IC & 2 Z R EEA~ 0 2
BRI L7729 2T, WS OhDEREH T2 RN
EHHIL, (LEE TV OB RV RBA OIS LA % H
e L7z S5 L¥E 7 % v T RO MLk
T 5 S & TILEEF L OL M E R L 7.

1. ERERMHRCBII2LREFILOBEAN

LT 7L 2 RHRE LT Ames IS H LT B HF
RHEHDEDOD, ZHEDNETIICBHEEALIK % A
M L 7 AR % 1T 5 T B 720 1 R AT 258 20 )
BB S NERMEA I # T & 5 (Salmeen et al., 1988 ;
Rueff et al., 1992). A28 TiZ Ames 12 B W TILsE
TV HBERORD Y ITHVT, LEEFLVEGAL
FEORISHEZEEHE T L — MSIFML CRER L 72, A%

Metalloporphyrin

Tetrakis(pentafluorophenyl)-

porphyrinatoiron(lll) chloride

(Fe(FsP)Cl)

Oxidant

CH, COOH
CHy— ¢~ OOH

CH
. cl

tert-Butyl ) m-Chloroperoxy-
hydroperoxide  penzoic acid
(t-BuOOH ) (mCPBA)

(o)

1
COOH
COO- Mgz"

2

Magnesium
monoperoxyphthalate
(MPPT)

Fig. 3 Structures of chemicals used

BRIZHWAL G oM % Fig. 312R L7,

1) ZEREFEENDBROLE

ZW)E T 5 2-aminofluorene (AF) (& 5FAl 22 OIS B
BRI T IR TVWBEZ EIIZ, BHICAFTES
TEnh, KFRICBWTEHEMET272001LEY
ELTEAN., AFOERFEEEBIEME X7 3 2 K28
cytochrome P450 12k Wb ShTe Fufi L7 3/
Ik 572, TF Wbk Lofat bz i THRMmIY
UG ER T3 A N-acetoxy-2-aminofluorene & 7¢ ) DNA
& B9 % (Heflich and Neft, 1994) .

Bt L7z BSOS I ERE 2 B L, SO LR
M3 572812 CH,CN, dioxane ¥ 721X dimethyl-
formamide (DMF) # i \w7-. AF # ## (CH,CN,
dioxane ¥ 721X DMF) I2#%f# L, Fe(F;P)Cl 50nmol/
(CH,CN, dioxane ¥ 7213 DMF) % i B&i5 12 oiE L, t-
BuOOH 150nmol/ ") » &M  (pH7.4) Z 7ML TR
ISBIGEE L7z, ZoRISH A A v ¥ 2= P (25C, 1, 3,
5, 10, 20 min) L 721%, Salmonella typhimurium TA 1538
L) U (pH7.4) OiRMEEMA, X5y T
TH =% FRLMATRANT N 3 — ZFERREHI—FE IS
A7z, COEREMAREL, HBLAGRERaD
A EREETOLEIE, KOOSR (1, 3,
5, 10, 20 min) D & 2> Tl b F\WIEPEZ /R L2 T a
O =—Cl# L 7. CH,CN, dioxane ¥ 7zix DMF ®
FTHORKISERZ VT AF OZRIEMEIZFB L 7225,
Z D% F)EEYEZ CH,CN > dioxane > DMF DJIHTH -
72 (Fig. 4A). B X 2 O ) KKK, HE
X o THERT 2 MBALIGERAT 2 5 2 & R E & 25
LR L s T 52 Lk EhHiIFSN b, DMFidAE
KN @ cytochrome P450 12 & ) N- X F IV IEDEEAL A

HENTHY ey, 1990), ARFFEIZH WV TH DMF i1k
FET N ERIET 572012 AF OLREEAE F§ 5 &
EZ7.

2) ZEREEENDE(LRIDRE

b5 7 VI VB EAEANC X 0 AR 2 B kg Al
MY EREIIH T SR b %7 % (Guengerich
and MacDonald, 1984). =2 Tk FuxXu+F F& L
T t-BuOOH (Traylor and Xu, 1990), # & L Tm-
chloroperoxybenzoic acid (m CPBA) (Groves et al., 1981),
& magnesium monoperoxyphthalate (MPPT) (Querci and
Ricci, 1989 ; Hoffmann et al., 1990) 2 H v CTZE R %
B L7z, BRALAI DN X 2 BUBE D@ W 2 B %
7202, HHEKRT IV ThbAF &L BATFHFRKALAK
# T 5 benzolalpyrene (BlalP) % H\vThat L7z,

AF 2 W72 E 13w oA 2 v T b A RH
PESBL, TOEREEMEDOME S 1L-BuOOH >
MPPT > mCPBA T& - 7z (Fig. 4B). AFIZDWTikd
B WERFIGEESG O N5 T, Fe(FP)Cl, 7213
FALH & B R CTAERGEM 2 3Bk L 72 (Fig. 4C). o
KA, Fe(F;P)ClF 7213 MR LA % b < RCTITE R %
B9, Fe(F;P)Cl & BALAIDSILAE L7 RO A TESR
JEPEZ B L 7.

-}, BlalP OS54 AER Tl mCPBA & MPPT &
SO A TEREVEA B L 72 (Fig. 5A). t-BuOOH %
HW2R2TlEay b a— L Toaa=— 520 T, Bal
PCidwmdZVau=—¥290TH-7-DT, bIH»T
3 LHPEREMEZ R L2, BlalPIZoWTRD HW
EREIGEDR SN -5 T, Fe(F,P)Cl, 72131t
# 2 B < AT RENE 2 Bk L 72 (Fig. 5B). T O#iR,
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Fig. 4 Mutagenicity of AF in Salmonella typhimurium TA 1538

(A) Effect of oxidant on the mutagenicity of AF in Salmonella typhimurium TA 1538 in the
presence of Fe( F;P) Cl. Fe( F;P) Cl 50nmol/plate and ¢-BuOOH (@ ) ;
150 nmol/phosphate buffer (pH 7.4), 3min, mCPBA (H) : mCPBA 500 nmol/dioxane,
20min, MPPT (&) ; MPPT 500 nmol/ phosphate buffer (pH 7.4), 20 min.

(B) Effect of solvent on the mutagenicity of AF in Salmonella typhimurium TA1538 in the
presence of Fe (F;P)Cl and t-BuOOH. Fe (F,P)Cl 50 nmol/plate and ¢-BuOOH
150 nmol/plate. CH,CN (@), dioxane (), DMF (&)

(C) Mutagenicity of AF in Salmonella typhimurium TA 1538
AF/CH,CN, Fe (F;P)Cl 50nmol/CH,CN, ¢-BuOOH 150 nmol/ phosphate buffer (pH 74),
3min ; Complete (@), — Fe(F,P)Cl (&), —¢BuOOH ([))
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Fig. 5 Mutagenicity of B(a]P in Salmonella typhimurium TA 1538

(A) Effect of oxidant on the mutagenicity of AF in
Salmonella typhimurium TA1538 in the presence of Fe
(FsP) CL. Fe (F,P)Cl 50 nmol/plate and #BuOOH (@) ;
150nmol/phosphate buffer (pH 7.4), 20min, m CPBA
(l) : mCPBA 500 nmol/dioxane, 20 min, MPPT (&) ;
MPPT 200nmol/ phosphate buffer (pH 7.4), 20min

(B) Mutagenicity of BlalP in Salmonella typhimurium
TA1538. Bla]P/CH,CN, Fe (F,P)Cl 50nmol/CH,CN
MPPT 200 nmol/phosphate buffer (pH 7.4), 20min ;
Complete (@), — Fe(F;P)Cl (&), —¢-BuOOH ([)

Fe (F;P) Cl % 72 (3 MRALAI % Bi < 5 Cl3 4 B 2 F 8l ¢
¥, Fe(F;P)Cl & ALK AT L 22 R TO AL RGN %
FEHLL 7.

[/ CRERI 3 2 ML Al Ot v id, b Fax
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XY FEBEEE N OIALEET VT, LG A
W) 72O DEREAEEERB L Tw b 2 L2
ZONDH, AW TIIEREZ 13 CDMBILA Y % H
FE LTV TRINER O FMIZH 2 S 2w,

3) BYXDEERREZAVERRLRIR

INFETOREN S, Fe(F,P)Cl/t-BuOOH 255 F ik
73 U E xR WML L, Fe(F,P)Cl/mCPBA & Fe
(FsP) CI/MPPT 13 % B A 05 & ik e ALK #% % 5k < G PE1E
L, ZREISNT LA O RED RO S, &
W7 3 »Kix§ALT % Fe (F,P)Cl/t-BuOOH % v T
TAYA )y 7T I THDTrp-P-1& Trp-P-20%
PG Z B L 72, Trp-P-1& Trp-P-23% 7 3 / 05
LI T FOF 7 I/ RZHK LA Ic 2 R
Z5E8l3 % (Mita et al., 1981). Fe (F;P)Cl/t-BuOOH ®»
PO 88 2 Bt L7459 X v, CH,CN > dioxane >
DMF OISR E DI L 722 &5, ZOELNE
i & AL D W APE LS 5 T2 RIS A A BR L 72,
Trp-P-11Z CH,CN Z J W Tl L 722%, Trp-P-21%
CH,CN & dioxane (2 (%% L 72 52 - 72728 DMF % H\»»
THE L7, ZOMPIZAF O R ERER L W US4
T, Trp-P-1& Trp-P-20 W hofbaiy b 2 s+
B 72 (Fig. 6). Trp-P-1 TIEMILA O AT D 285
2RI L7225, Z 0% REEMEZ Fe (F,P) Cl ® 3412
XoTESHITHML7. Trp-P-2 TiZFe(F,P)Cld %\
13 t-BuOOH % ki < R TII AR % %323, Fe(F,P)

soo[ (A) Trp-P-1 (B) Trp-P-2
o
K]
s
8
& 300
=
[d
>
]
['4
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Fig. 6 Mutagenicity of Trp-P-1 (A) and Trp-P-2 (B) in
Salmonella typhimurium TA 1538
(A) Trp-P-1/CH,CN, Fe(F;P)Cl 50nmol/CH4CN, t-
BuOOH 150 nmol/phosphate buffer (pH 7.4), 20min ;
Complete (@), - Fe(F;P)Cl (&), - ¢-BuOOH ([])
(B) Trp-P-2/DMF, Fe (F;P)Cl 50 nmol DMF, ¢-BuOOH
150 nmol/phosphate buffer (pH 7.4), 20min ; Complete
(@), —Fe(F,P)Cl (&), —¢-BuOOH ([])

Cl & t-BuOOH 28347 L 72 2 T A2 HL 50 % fe it L
7

T, HEET I VHEEARTH S 2-acetylamino-
fluorene (AAF) (37 3 /W37 F ML hTBy, 7
b7 I FEDON-KBAGERZ T L TA R % JEBL
3 % (Heflich and Neft, 1994). AF Tid Fe (F;P)Cl
50 nmol/t-BuOOH 150 nmol T4 ¥ 5 % M © & 7247,
AAF (ZAF L i U &M TIREREMZ BB L 2 h o 7.
ZZ TAAF O 28R § & WIS L€ 70V O R & 3
R L72%&MTH 5 Fe(F;P)Cl 250nmol/t-BuOOH
750nmol THEG} L7z & 2 A, AAF I3 ITkAF L TS
Bt % %8l L 7= (Fig. 7). % 7:Fe(F,P)Cld %\ i t-
BuOOH % Fg < A TIEEREE %2 %6 3l¢ 3, Fe(F,P)Cl
L t-BuOOH 23445 L 722 TO A AAF O35 YE % Bt L
7o. AAF OZREIGMEIZAF X ) K<, 73 2 8EICk
RTT7 I FEOHPBAL S NIZ Wz IZ AAF O3
AT LAz & 272,

CNETORFE % Table 112F b7z, Wi 5 EELA
ERWDLIETHERTHIEREN R WREELH S D
DO, Fix OEIIFIT IR L CTEREEZ BB L
TBY, ALHEFIVIC L - THAL S IUTERGEMEZ 5638
L 7z. Rueff 5 13ff 4 DILFE TNV & v TERE MR
BRIZIGH L T2 4%, BUSHZ S U 72 RIS 3R
&AL T 5 (Rueffetal, 1992). ZO#ERTIIHH
7 X ¥ (AF, AAF) A5 uat 4 271) v 7732 (1Q) ik
t-BuOOH Tilt < itk b 2, £ EA I & ki bk (B
la]P, 7, 12-dimethylbenzo[a]anthracene, 3-methyl-
cholanthrene) (£ PhIO TriWAR G2 W T L L%
WMELTWS, fb#EF NV E L Tt-BuOOH 35 &F K7

/
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Fig. 7 Mutagenicity of AAF in Salmonella typhimurium TA 1538
AAF/CH.CN, Fe(F;P)Cl 250 nmol/CH,CN, ¢-BuOOH
750 nmol/phosphate buffer (pH 7.4), 10min ; Complete
(@), —Fe(F,P)Cl (&), —¢-BuOOH ([))

IVREOFEEKREEHALT LD L, MPPTX
mCPBA 3% Bk 5 F ALK K % & 0 3 CIHPEIL L
7o ABFECTOMEE, Rueff 5L & BREUICK T
% BALA O R AT LRI Td > 72, Fe(F,P)Cl, M
(LA 5\ T % B ¢ R TIE RIS 2 BB, b
BEFOUASOmix DALH & L T2 RIS RIS T
X3 Lhbirot.

2. {E2EFIVIC KD 2-acetylamino-
fluorene OZEEFE M FEIRHEIE DREEZA

fLFET NV &2 W TREEBOREHZIEH T 2720
2, ALFETFIVICL > TERFEMEZ BB L 72 AAF 5 5
25 SRIFTEE R O Higfe - [l g &2 547z, AAF 1 Miller & 12
X o TERBAWEORENE L OB S D3 L 72AL G
THY, BUEE TICHEMZAEHBEIRE I TS
(Miller et al., 1961).

BOS G 1 & 28 B8 501 3R % 0 4= fF (AAF 500 nmol, Fe
(F;P) C1 250 nmol, £-BuOOH 750nmol) & 1 & Ktk
E 7 )V % H v (AAF 0.5mmol, Fe (F;P) CIl 0.06 mol, ¢-
BuOOH 15mmol), X SIZHUGHEEZ 2k & KL T
AAF # b S TERE 2B L7z, B oh Utk %
BB Lz0bt—F v A5 70< b r 574 =12
XL, fBongrmoZREEEEREL, £
WEIEVEAZ HilE L7, '"H-NMR, IR, MSDFeFT—
yED, R#EZLEL LWAEREE L T2-nitro-9-
fluorenone (NO,F = O) % [i] % L 7 (Fig. 8).

Z 2 CTERENABRDOEN T TONOF = 0 DA Z
Biitd A 7:012, R TH %S AAF & NO,F = O O
197 24t % HPLC TH&T L 72, AAF (& Fe (F;P)ClD &,
F 7213 t-BuOOH O A DAFAE F T L % o 7298,
Fe (F;P) Cl/t-BuOOH O AF7E T Tl AAF 500 nmol (& St
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Table 1 Mutgenicity of some mutagens activated by Fe (F;P) Cl and oxidant

mutagen oxidant
Aromatic amine AF, AAF t-BuOOH > MPPT
Polycyclic aromatic BlalP MPPT > mCPBA
hydrocarbon
Heterocyclic amines Trp-P-1, Trp-P-2, t-BuOOH
N-Nitroso compounds  N-Nitrosodialkylamine  ¢-BuOOH

Alkyl = methyl, ethyl,
propyl, butyl

AAF

Fe(FsP)Cl NH?CI:CHs

t-BuOOH

l

ST
jinqpuilwm

(0]
2-Nitro-9-fluorenone

K (NO2F=0) /

Physical properties

TH-NMR (ppm, in CDClI,)
8.47-8.50 (m, 1H, Ar-H)
8.40-8.45 (m, 1H, Ar-H)
7.58-7.80 (m, 4H, Ar-H)
7.42-7.49 (m, 1H, Ar-H)

IR (cm-1)
1714 (-C=0)
1520, 1338 (-NO,)

MS m/z 225

mp. 221.0~223.5°C

Fig. 8 Identification of NO,F = O from AAF by Fe (F,P) Cl/¢-BuOOH

g ] LA LT 221.5nmol (8 50 %) F T4 L 7= (Fig.
9A). EREMREBEOMERE LY, Fe(F;P)Cl/t-BuOOH
TAREMEZ BB L, Fe(F;P)Cl% 7213 ¢t-BuOOH # &
CRTIEIEREEAEIH L2 L ED —F L T/
Fe (F,P) Cl/t-BuOOH O AFAE FIZB W T, AAF -5 E %
M7z )ie LClHZEL7ZZNOF =004 K2 %L 7
(Fig. 9B). ZDO#5iHE, NO,F = O DR iE SUSRE 124K
fFLTHWIML, WP L7ZAAF D9 HNOF =0133.6%
AR L7
X5 1L F OO FIZBIT 5 NOLF = 0 25
JEERBANOFGEBST L2012, =bulb ¥y y—
X % KR8 L 72 Salmonella typhimurium YG 7131 % H\v,
BIKETDH 5 Salmonella typhimurium TA1538 & DZE B
Wz ®RLA, =tolLby 2y —¥a2RELE
Salmonella typhimurium YG71311%, = bufb&¥z e
FaFINVT I VBT AIENTELRVWDIIER
JEGPEAME T 9 4 (Yamada et al., 1997). i TdH 5
NO.F = O {Z Salmonella typhimurium TA1538 |[ZHb~XT
Salmonella typhimurium YG 7131 T# L WA BTG 0
AR 5, NOF = 02 L S 748 S AMK
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T L7z (Fig. 10A). [Al#kiZ Fe (F;P) Cl/t-BuOOH IZ & %
AAF O REEM S Salmonella typhimurium YG 713112
BOWTHELWEKFAALNZZ &M, {LFEETIVOF
fE M 2B 1T % AAF D ZEREIETED K E 5 A NO,LF = O
22 bDTHBZ Edbio 72 (Fig. 10B).

% Z TFe(F,P)Cl/t-BuOOH IZ X ) AAF 2> A L 72
NO,F = O ®\ZH L TAAF OEREMEZ 7a v ML, B
O NO,F = 0 DEREEYE L i L2 E 25, WHD
EPEIE—3 L, AAF OZREIEMEIZAER S 5 NOF =0
T T & 72 (Fig. 11).

PLEDfER LD, Fe(F,P)Cl/t-BuOOH (2 X - T AAF
IENO,F =0 b3x b Z & ZiEHL, S5 L%EE
FIVDLEAE FIZBIT 5 AAF OZ RENEMHIE NOLF = 0
WX BIEETH B &S 2% - 72 (Fig. 12).

TNA L YEROIMVOEBLIZHE S TEY, NOF
DI TDH 5 C. elegance TO EXH R TDH
D, T3y MFOIZ Y —2IZEoTHEKRT S
(Pothuluri et al., 1996 ; Cui et al., 1996). 7 v bX 7
FOW I 70y —2a%Hwiz AAF OCHHERE T, AF,
7-hydroxy-AAF, 5-hydroxy-AAF, 3-hydroxy-AAF, 1-

600 (A) AAF 10 (B) NO,F=0
500 st
z
400
€ sl
300
4t
200
2
100
B . N -
0 10 20 0 10 20
Time (min)

Fig. 9 Decrease of AAF (A) and increase of NO,F = O (B) by
Fe (F,P) Cl/t-BuOOH AAF/CH,CN, Fe(F;P)Cl 250
nmol/CH,CN, +BuOOH 750 nmol/phosphate buffer (pH

74), 25C

800 (A) NO,F=0 (B) AAF/Fe(F4P)Cl/t-BuOOH
2
%_ 600
@
T
]
$ 400
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o

200

0 10 20 0 250 500
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Fig. 10 Mutagenicity of NO,F = O (A) and AAF with Fe (F.P)
Cl/t-BuOOH (B) in Salmonella typhimurium TA1538
(@) and Salmonella typhimurium YGT7131 (&)

hydroxy-AAF 7 E I 5N TV B DY, TOHTT VA
L O I Ol T 2-acetylamino-9-fluorenol & 2-
acetylamino-9-fluorenone 234§ % 2 & A3 S 1,
X5 9L I ER B TDH o 72 (Smith and
Thorgeirsson, 1981 ; Lenk and Rosenbauer-Thilmann,
1993). 2 F D{L¥EFIVIZ X B AAF OFALRUS T,
HARN ERBEIC 7 VA L v BRO I 2 BRILT 5 2 L AUR
Ihr.

—J, NEBILIcX s =t aftaWoEmid,
prostaglandin H synthase % peroxidase % BR{LE¥HE & L
THIWW#%e T, AF %5 2-nitrofluorene (NO,F) D2
HE XN T A (Boyd et al., 1983 ; Boyd and Eling,
1984). Prostaglandin H synthase & & % AF DAL T%
REMAZRBT 52 LRSI TEB Y, M2 BRILHE
BB X OEREM BB M ST 225, TOX
REGEVERIZ = oS DS O LA & Sh,
WCAFH kD7) —5 I H e ERTwb (Boyd and
Eling, 1985 ; Boyd et al., 1985). %7z NO,F VYA R NG

1200

800 |
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Fig. 11 Correlation of mutagenicity of AAF by Fe (F;P)Cl/¢-
BuOOH with that calculated based on NO,F = O formed
under the same conditions
Mutagenicity of AAF in the presence of Fe (F;P) Cl/t-
BuOOH (@), mutagenicity of 2-nitro-9-fluorenone (O)

0 Chemical model g
JubW- N4y
NHCCHzs NO:2
(o]

AAF NO,F=0

Fig. 12 Formation of NO,F = O from AAF by Fe (F;P) Cl/#-BuOOH

DOEHHMEIC X > TAF ##H L TAAF 2B L,
NO,F & AAF Ti& Al UDNAfH AL T 5 & A
HX T (Moller et al., 1987 ; Moller and Zeisig,
1993 ; Moller et al., 1994). AF & NO,F & h Zhi&(L
BICSNTEBRT LA DDA, T b7 I FEDR
7RI BIEINRTF Y-S T A, fLFEET
VTS F & —CHEORR AT, BILRICE-
T7 I NSRS s & 2R L7 (Peng et al,
1995). {LHFETFNICEL 5 AAFDORRALIZE D 7 T 3
FEON-BILE 7V F L Y BROIMIPBRILSI N
NO,F=0%FELZZ LI, ChETIcHEEhTEB
59, HiBBRILEBTH 5.

fa S

M OZEREREMRBRONH#RE LULEET VE
vk 22, 2585 Th 5 2-aminofluorene, benzola]
pyrene, MU 7 &7 7 v B3RP TdH S Trp-P-1 & Trp-
P-2, 2-acetylaminofluorene D REEZ M L7z, S
SIZHRIVT 4 Y EREE, BIHEZEEEVRTIRE
REMIIRBET, LFEFVORET ORTHEZ R
L7, 20X ICEREERBRICBWT, fLFEETNV
2k o CTEREAEMALT A EDTE, {LFET VO
RBABRE LTOHRAMNH LR o7, SHICH
WBELVT 4 kAL B LAl ORRIL D 2T 2 2
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