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In vitro clastogenicity of 19 organic chemicals found in
contaminated water and 7 structurally related chemicals

Atsuko Matsuoka, Makoto Hayashi and Toshio Sofuni

Division of Genetics and Mutagenesis, National Institute of Health Sciences
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Summary

We tested the clastogenicity of 19 organic chemicals reportedly found in contaminated
water, and 7 structurally related chemicals. We used the iz vitro chromosomal aberration
test with the Chinese hamster cell line CHL/IU in the presence and absence of mouse liver
S9 mix. Nine of the 26 chemicals were positive. Benzaldehyde was positive only in the
absence of S9 mix. Five chemicals (1,2-dichloroethane, 2,4,6-trichlorophenol, heptachlor,
acetophenone, and biphenyl) were positive only in the presence of S9 mix. Three chemi-
cals (1,3-dichloropropene, pentachlorophenol, and cyclohexylamine) were positive in both
the absence and presence of S9 mix. Seventeen chemicals, including dibutylphthalate, di
(2-ethylhexyl) phthalate, and methoxychlor (which we now suspect to be endocrine
disruptors), and geosmin (a major odorous chemical in a water source) were negative in
this study. All the chemicals mentioned above were water contaminants, except 1,3-
dichloropropene and cyclohexylamine, which were structural relatives of contaminants.

Keywords : chromosome aberrations, organochloric chemicals, mouse liver S9,

water contamination, endocrine disruptors

Introduction

Water pollutants can come from industrial waste,
organic solvents such as those used in dry cleaning,
from drugs, including organochloric agricultural
drugs that can disrupt the endocrine system
(Kayama, 1998) (if released into the environment
they could affect the reproduction of wild animals),
etc. Many studies have reported contamination of
surface water by geosmin and 2-methylisoborneol
(Piet et al., 1972), of secondary effluents from
wastewater treatment plants by chlorobenzene,
benzaldehyde, biphenyl, etc.(Ellis et al., 1982), of
ground water by dichloromethane, dichloroethanes,
etc. (Sugito, 1983), and of river and tap water by
trichlorophenol, methoxychlor, heptachlor, etc.
(IARC, 1979). Sometimes sterilization of water with
chlorine results in chlorine substituted organic
chemicals (Rook, 1974) in tap water.
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For the initial hazard identification of water pol-
lutants, we investigated the clastogenicity of 19
water contaminants and 7 structurally related chem-
icals with and without mouse liver S9, which is
reported to be a more effective activation system
than rat liver S9 for chlorinated mutagens (Bartsch
et al., 1975 ; Miyata et al., 1981), and most chemicals
in the present study were chlorinated.

Materials and Methods

Chemicals tested

We tested 13 organochloric chemicals, 9 aromatic
chemicals, and 4 alicyclic chemicals. Table 1 shows
their abbreviations, CAS Registry numbers, purity,
sources, the references in which their contamination
in water was reported, and their clastogenicity in
this study.

Cells

We used the Chinese hamster lung fibroblast cell
line CHL (Ishidate and Odashima, 1977). Cells were
maintained in Eagle’s minimum essential medium
(Gibco 61100-061) supplemented with 10% heat-
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Table1 Water contaminants tested and their clastogenicity

Chemical (Abbreviation) CAS No.  Purity Source® Ref.” Clastogenicity®
%) S9—  S9+

Organochloric chemicals
dichloromethane*” 75-09-2 99 T 1 = —
1,1-dichloroethane (1,1-DCE) * 75-34-3 95 il 1 . =
1,2-dichloroethane (1,2-DCE) * 107-06-2 99 T 1 = +
cis-1,2-dichloroethylene* 156-59-2 97 A 1 = =
1,3-dichloropropene 542-75-6 96.5 T o+ +
chlorobenzene* 108-90-7 98.0 w 2 = =
p-dichlorobenzene* 106-46-7 98.0 w 2 = =
1,2,3-trichlorobenzene 87-61-6 99 T - =
2,4,6-trichlorophenol* 88-06-2 99.9 w 3 = +
pentachlorophenol® 87-86-5 99.9 w 3 T+ +
methoxychlor* 72-43-5 98 S 3 .
heptachlor* 76-44-8 99.8 W 3 i s +
heptachlor epoxide* 1024-57-3 99.9 W 3 = =
Aromatic chemicals
benzaldehyde* 100-52-7 99.9 W 2 + =S
acetophenone* 98-86-2 99 T 2 = e
phenylacetonitrile 140-29-4 99.7 w = =+
1,3,5-trimethylbenzene 108-67-8 97.0 w =
dibutylphthalate (DBP)* 84-74-2 99 T 2 i
di (2-ethylhexyl) phthalate (DEHP) * 117-81-7 98 T 2 e =
naphthalene* 91-20-3 >99 w 2 = +
biphenyl* 92-52-4 99 4N 2 = +
dibenzofuran 132-64-9 99.8 4§ = =
Alicylic chemicals
cyclohexylamine 108-91-8 99 T -+ g
[-menthol 2216-51-5 99.9 B = =
geosmin* 19700-21-1  >98.0 w 4 = =
2-methylisoborneol* 2371-42-8 99.9 W 4 & =

Dichloromethane

1,1-Dichloroethane

1,2-Dichloroethane

Cl

CH3~CHCl ,

CICH,— CHCI

60 -

*T, Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan ; A, Aldrich Chemical Co., Inc., Milwaukee, WI, USA ;
W, Wako Pure Chemical Industries, Ltd., Osaka, Japan : S, Sigma Chemical Co., St. Louis, MO, USA.
"The chemical with an asterisk was reported as a water contaminant in 1 : Sugito, 1983 (in ground water),
2 : Ellis et al., 1982 (in secondary effluents from wastewater treatment plants), 3 : IARC, 1979 (in river and
tap water), and 4 : Piet et al., 1972 (in surface waters). Chemicals without asterisk were structural

relatives of contaminants.
¢—, negative ; =, equivocal ; +, positive.

inactivated calf serum. The modal chromosome
number was 25. The doubling time was about 15 h.

S9 mix .

The S9 fraction (Oriental Yeast Co., Ltd., Tokyo,
Japan) was prepared from the liver of male BALB/
¢ mice pretreated with polychlorinated biphenyl
(Kanechlor-500, 500 mg/kg) . 10 mZ of S9 mix consist-
ed of 2 m/ of 20 mM HEPES buffer (pH7.2), 1 m/
each of 50 mM MgCl:, 330 mM KCl, 50 mM glucose
6-phosphate, 40 mM NADP, and distilled water-all
mixed and filter-sterilized-and 3 m/ of the S9 frac-
tion. The mixture was prepared just before use.

Treatment

Cells were seeded at a density of 2 X 10*/5 m/ of
medium in a glass culture bottle. On the third day,
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they were treated for 6 h with 0.5 m/ of S9 mix or
medium, 2.5 m/ of medium, and 0.015 m/ of a
DMSO solution containing one dose of a chemical,
except di (2-ethylhexyl) phthalate (DEHP). Beca-
use the DEHP doses were very high, cells were
treated with 0.5 m/ of S9 mix or medium and 2.5 m/
of DEHP suspended in medium. The culture bottle
was sealed with a rubber stopper during treatment
to prevent evaporation. Then the reaction mixture
was replaced with fresh medium, and the cells were
incubated for 18 h more. Chemicals were tested up
to the dose showing clear cytotoxicity or practically
preparable (homogeniously suspended in medium
or the solubility limit in the solvent).

Chromosome preparations were made as follows.
Colcemid (final concentration 0.2 x#g/mi) was add-
ed to the culture 2 h before cell harvesting. The cells
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Fig.1 Frequency of structural chromosome aberrations induced by chemicals in the
presence (@—@®) and absence (O—O) of mouse liver S9 mix.

were trypsinized and incubated in 75 mM KCl
hypotonic solution for 15 min at 37C. They were
fixed with ice-cold fixative (methanol : glacial acetic
acid, 3 :1) three times. Two drops of the cell sus-
pension were spread on a clean slide glass and
stained with Giemsa solution.

All slides were coded before observation. The
number of cells with chromosomal aberrations was
counted on 100 well-spread metaphases. The types
of aberrations were classified into 5 groups :
chromatid gaps (including iso-chromatid gaps),
chromatid breaks, chromatid exchanges, chromo-
some breaks, and chromosome exchanges (data not

shown). A gap was defined as an achromatic lesion
equal to or more than the width of a chromatid that
was not accompanied by a dislocation of the portion
of the chromatid(s) distal to the lesion, and gaps
were taken into account in the evaluation. The
incidence of polyploid cells in the 100 metaphases
was also recorded. Solvent treated cells served as
controls. The following criteria, based on our histor-
ical database (Matsuoka et al., 1991), were used to
judge clastogenicity - negative (—) if less than 4.0%
of cells were aberrant ; equivocal (£) if 5.0-9.9%
cells were aberrant, and positive (+) if 10% or more
cells were aberrant.
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Fig.1

Results

Fig.1 shows the dose-response curves for fre-
quencies of cells with structural chromosome aber-
rations along with the structures of the tested chemi-
cals.

Dichloromethane did not cause cytotoxicity or
clastogenicity even at the very high dose of 8 mg/m!/
(94 mM) . 1,1-Dichloroethane (DCE) and its isomer
1,2-DCE did not induce chromosomal aberrations in
the absence of S9 mix. In the presence of S9 mix, 1,
2-DCE induced a high frequency (66.7%) of struc-
tural aberrations at 1.0-2.0 mg/m/ (10-20 mM) while
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1,1-DCE did not induce chromosomal aberrations
even at 11.7 mg/m! (118 mM). 1,3-Dichloropropene
was positive both with and without S9 mix. In the
presence of S9 mix, it also induced polyploidy with
a frequency of 18% at 0.0625 mg/m/ and 12% at
0.0938 mg/mi. Two chlorine-substituted phenols, 2,
4,6-trichlorophenol and pentachlorophenol, induced
structural aberrations in the presence of S9 mix. The
latter induced structural aberrations (35% at 0.3
mg/m! (1.13 mM)) in the absence of S9 mix as well.
Heptachlor at 0.125 mg/m/ (0.34 mM) induced
structural aberrations in 35% of cells in the presence
of S9 mix. Heptachlor epoxide did not induce chro-
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mosome aberrations, and its cytotoxicity decreased
with the addition of S9 mix.

Benzaldehyde was positive without S9 mix and
acetophenone was positive with it. Benzaldehyde
induced polyploidy (11% at 0.8 mg/m! with and
without S9 mix). Phenylacetonitrile yielded an
equivocal result (7% at 1 mg/m/) in the presence of
S9 mix. Dibutylphthalate (DBP) and DEHP were
negative. DEHP also did not cause any apparent
cytotoxicity even at the very high dose of 20 mg/m/
(51 mM). DBP was cytotoxic at > 0.2 mg/m/ (0.72
mM) in the absence of S9 mix, but not in its pres-
ence. Naphthalene vielded an equivocal result (8%

at 0.04 mg/m/) in the presence of S9 mix. Biphenyl
was clearly positive (35.0% at 0.015 mg/mZ (0.1 mM)
and 51.0% at 0.02 mg/m/(0.13 mM)) in the presence
of S9 mix.

Cyclohexylamine at 0.5 mg/m/ induced structural
aberrations in 67.9% of cells in the absence of S9
mix, and the frequency decreased in the presence of
S9 mix. Geosmin and 2-methylisoborneol, which
are the major odorous chemicals produced by
attached blue-green algae in a water source, was
negative with and without S9 mix.

cis-1,2-Dichloroethylene, three chlorine-
substituted benzenes (chlorobenzene, p-
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dichlorobenzene, 1,2,3-trichlorobenzene), methoxy-
chlor, 1,3,5-trimethylbenzene, dibenzofuran, and
[-menthol did not induce chromosome aberrations
with or without S9 mix.

Discussion

Dichloromethane, an organic solvent used in labo-
ratories and factories, did not cause any apparent
cytotoxicity or clastogenicity in the present study
although it is mutagenic in the Salmonella/mi-
crosome mutation assay (Jongen et al., 1978 .
Ishidate, 1991).

1,2-DCE was positive in the presence of S9 mix in
the Salmonella mutation assay (Rannug et al., 1978)
and in the present study. Those responses may have
been due to activation by cytochrome P-450 and
conjugation with glutathione (Rannug et al., 1978 ;
Rannug and Beije, 1979 : McCall et al., 1983). 1,
2-DCE is also positive in the recessive sex-linked
lethal mutation assay in Drosophila (King et al.,
1979) and is carcinogenic in mice and rats (National
Cancer Institute, 1978). It is negative in the i vivo
micronucleus test (Jenssen and Ramel, 1980), per-
haps because an active metabolite does not reach
the bone marrow. The fact that 1,2-DCE induced
chromosome aberrations and 1,1-DCE did not may
be due to metabolic differences (McCall et al., 1983).

1,3-Dichloropropene, a widely used ground fumi-
gation agent, is positive in S. typhimurium TA100
and TA1535 (Stolzenberg and Hine, 1980) and in E.
coli. WP2 her (Moriya et al., 1983). It was clas-
togenic in the present study and induces sarcoma in
mice after subcutaneous administration (Van Duur-
en et al., 1979).

Heptachlor was used as an insecticide in Japan
until 1972, when its registration was cancelled
(IARC, 1979). Although heptachlor epoxide is no
longer manufactured, it has been detected in air,
water, food, etc., indicating its formation in the
environment (IARC, 1979). As expected, heptachlor
induced chromosome aberrations in the presence of
S9 mix. The purported metabolite, heptachlor epox-
ide, however, did not induce chromosomal aberra-
tions although its cytotoxicity was as strong as that
of heptachlor.

p-Dichlorobenzene used as a moth repellent and
fungicide, was negative in the present study. It is
also negative in mutagenicity (Loser and Litchfield,
1983) and teratogenic studies in rats (Giavini et al.,
1986) and rabbits (Hayes et al., 1985).

Chemicals with an aldehyde as a main functional
group, such as acetaldehyde, formaldehyde, cin-
namic aldehyde, and perillaldehyde, induce chromo-
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some aberrations in CHL cells (Ishidate, 1988). In
the present study, benzaldehyde also induced posi-
tive response.

DBP and DEHP were negative in this study, but
DEHP is positive in the mouse dominant lethal test
(Singh et al., 1974 ; Autian, 1982) and induced 8AG/
6TG-resistant mutation, chromosomal aberrations
and morphological transformation in the Syrian
golden hamster embryonic cells after transplacental
administration (Tomita et al., 1982). DEHP is nega-
tive in the Ames test and L5178Y mouse lymphoma
assay (Kirby et al., 1983) and the iz vivo cytogenetic
test in Fischer 344 rats (Putman et al., 1983), but its
hydrolysis product, mono (2-ethylhexyl) phthalate, is
clastogenic in CHO cells (Phillips et al., 1982).
Because DEHP is not hydrolyzed in the presence of
S9 mix (Daniel and Bratt, 1974), the clastogenicity
of DEHP could not be detected in the present study.

Biphenyl, used mainly as a material in organic
chemical synthesis, was positive (35% and 51% at
0.015 and 0.02 mg/m/, respectively) in the presence
of S9 mix. It is negative in the Ames test (Ishidate,
1991), so the active metabolite produced by the S9
mix might not be mutagenic in bacteria.

The clastogenicity of geosmin and 2-
methylisoborneol has not been reported previously.
Geosmin (which has a strong earthy, musty smell)
and 2-methylisoborneol (which has an earthy,
muddy smell) were cytotoxic at about 1 mM but did
not induce chromosome aberrations. Geosmin is not
mutagenic in the Salmonella mutation assay (Sim-
mon et al., 1977).

The detected level of contaminants in water was
much lower than the dose used in the present study.
For example, 1,2-DCE, which was clastogenic in the
present study, was detected at a level of 8 xg/l in
tap water (IARC, 1979). The lowest dose of 1,2-DCE
that showed clastogenicity was 1 mg/m/. That is 10°
times higher than the contamination level. This
study may be more important qualitatively than
quantitatively.

In conclusion, 9 of the 26 chemicals were clas-
togenic in the present study. Seven of the 19
contaminants were clastogenic. The strongest clas-
togen among the water contaminants was biphenyl.
1,2-DCE, heptachlor, and biphenyl, which were all
water contaminants, were strongly activated by
mouse liver S9 mix, suggesting that the chemicals
may be metabolized in humans to potent clastogens.
DBP, DEHP, and methoxychlor are endocrine
disruptors, acting on hormone and arylhydrocarbon
receptors (Ema et al.,, 1994). They do not target
DNA, which explains why they were negative in the
present study.
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New era in hazard identification and risk assessment of
carcinogens - from ‘testing’ to ‘studying’ agents and from
“groups (population)” to “individuals”

Hiroshi Yamasaki

Unit of MuHistage Carcinogenesis, International agency for Research on Cancer
150 cours Albert-Thomas, Lyon Cedex 69372, France

Summary

Recent advanced knowledge in mechanism of multistage carcinogenesis is changing the way by
which we identify carcinogens and estimate their risks to human. Thus, IARC monographs on
carcinogen evaluation now incorporate mechanistic information as an important component for
the final classification of agents for their carcinogenic risk to humans. The NTP and EPA of USA
also consider full use of mechanistic information. These trends reflect the progress made not only
in biological sciences, but also in regulatory sciences, both of which now realize that more solid
scientific information and less default assumptions can be used for risk assessment of carcinogens.
The use of mechanistic information on cancer hazard identification and risk assessment is often
regarded as if a revolutionary step had been created. However, it is only in fact a form of evolution
from earlier practice. In the past, we used data from mutation assays, as well as those derived
from cytogenetic studies, for identifying carcinogens. These endpoints were based upon our
mechanistic understanding of carcinogenesis at that time, according to which carcinogenesis
involved gene and chromosomal mutations. We have thus been using mechanistic information for
a long time.

Then, why a seemingly new era is being welcomed? A major reason may stem from the fact that
both scientists and regulators started to realize that we can do better than hazard identification
based on “white” and “black” decisions. Thus, we started to characterize hazard, using mechanis-
tic information so that we can provide better basis for risk assessment. At the same time, we
started to realize that not all carcinogens are mutagenic and thus “non-genotoxic” mechanisms of
carcinogenesis have attracted much attention. Since numerous cellular molecules are possible
targets of non-genotoxic activities of agents, it is more practical to study various chemicals with
working hypothesis rather than making efforts to establish short-term tests based on individual
endpoints.

There have been, and still are, attempts to categorize agents based on mechanistic information,
in the hope that risk assessment will thus be simplified. Such categories include “genotoxix/
nongenotoxic”, “tumor-initiating/-promoting” and “peroxisome proliferation inducing” agents.
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It is my personal view that such categorization is not only useless, but sometimes impedes the
conduct of meaningful risk assessment. Since we usually evaluate the possible risk of “individual”
agents rather than as a “group” or a “category”, there is no need to group agents. As we need to
evaluate “individual” agents, risk assessment needs to be conducted also for “individuals” rather
than for “general population” ; even if we are exposed to a given agent at a similar level, the
actual risks we receive from it heavily depends on host factors of individuals.

(This paper, chaired by Taijiro Matsushima, was presented as the special lecture at the 26th annual
meeting of the Environmental Mutagen Society of Japan, and held at the Hadano Culture Hall in

Hadano, Japan, December 3-5, 1997.)

Keywords : nongenotoxic, cancer risk assessment, molecular epidemiology, hazard charac-
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B¥c e b ORIEWE D Pott 1< & D RIE I NTU
Sk, SEFIC L ARIEWEORE ISERLKENEZRL TS
72 L, BFE T International Agency for Research on
Cancer (IARC) DRIl Xk TIE¥ T — i b &
WS RS> TWa, L L, IR RIER 2 %
+T2HEL, BEEIHRTHL LET— 22T nE vy
REZF->TWa, Fo2, Wik Hilicks74X
RIGEBRICIZLE D, FHICL 22T RERBRININS L
27e ), EEERIC L ARIEWEREI MR E 72, w7
Z o+ oy b ERHAGEERDY, B L RIEWERED
KA > TV BEDITEMD I L { ThH 5 (Tomatis,
1990).

LaL, B ERLIERE 2 X 2052 85,
EITLA LK R TREBMEEMINTE S HERLL
TH2DEIZ 7)) —=> ZEFBR I NI, BRI, R
WED % B S NG W EERFEESA LN W
*EELTTy MFORBMAREZMAATHREINL
Ames FEH— 2 D\ FEERE % £\ 72 (Ames et al,,
1975). 1970 4EA#% %A 5 1980 I IZRIAK R - efh
REEREIC LR 7)) —= v ZEDBRI N, 220
518 LT — 2 (B O RIETE I K L xkEI 2 R L
72 (De Serres and Ashby, 1981).

—75, 1990 £ & b RHE A A = X LD, 0T
LALVT, RIBICIZW L OPDBIE TR VETH S
HE WD 72 (Fearon and Vogelstein, 1990). L727%*
5T, RIEWESEZNSLDMIEFEIEGIEREI LD
7259 Lt AR I NS, ), BIZEEZE
Y L72R 27 ) —=v ZEDP LDT— 2 I 3ERIEDE
D65% LT RTELWEINHELPITL - 72(Ashby
and Tennant, 1991). T b b, bitbOEREHIZ(T,
HEHEERHEE L2272 P TR TE L WHES 2
MAGEAET 2FH4EH S L2, v bW % nongenotoxic &
RIEER 2RI TE LT A MER L VWDT, AH=X4
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DR HWFIZ % - 72 (Yamasaki et al., 1996).

Vb k) e bz, B b7 X MERIETT
274, WAHWALERE L L ICRERE - Gl L X
5T AMENE F 572, £ LT 1991 4RIC TARC (3, £
/) 75 7® Preamble #&E LT, X 7=ZXLHECM
DIFEREBMANTE b ORIEWE ZFTHET 22 HREL
72 (IARC, 1991). NTP(National Toxicology Pro-
gram) b 1996 EDRIEL K— LR L &9 Tt %
B A #L T v %, K [# Enuironmental Protection
Agency (EPA)? Cancer Assessment Guidelines (&
1998 4 5 A e, WEDTAEIEITA > TV DA, A7
ZZLHRE OO LR EEVRKEEINDI LD L
B b b (Page et al.,, 1997).

bhbild, 7R MERTHICRENE “H07 "2 L7
7P OHETIHMETELVIFRICE > TWS, T4b
B, Mg biTEkE b, 3924 L L v hazard charac-
terization” 2 €A TW 3, [KEICHT L~V TORIE
IR DR—ZATHEATEY, L2 LE6072H
5% STV I I HIRA L B (3 4k dhin s L Bb i
5.

Hazard & Risk : SO o0 FHEIF L CIRRISNT
N TWEHPEELENDDH L, Hle LT 'Benzo (a)
Pyrene” # W THMT 5 &, AEEVITHAINTY
2 & %1213 “hazard” TH ), BB TE b o9&k
XNk risk™Ic7%c . L72H" - T, “hazard identifica-
tion” (3 “risk assessment” DHE—BERHIZ% 5.

AN ZZXLHRERRICT DREETM
(337 ULV TEALY

A A =R LR R RIEERHME IS DI, By b
LWHEDE I ICEZLNNHTH DA, HLULLEIL» S
ERENTW2DTH 5. Ames 7 A b, Pefafk R 7 2
MlE, FEAFLC “ZRERT, “RfafkRET A S =
ZLELTHELTwE LI FRIZEITNTWE, Z
M k9 7 genotoxic A 7 = A 412, # L < nongenotox-
ic A =X HMAMNAY, HECEEINLE FOMINE

Table1l Use by IARC Monographs working groups of mechanistic information in making overall evaluations of car-

cinogenecity (modified from Vainio, 1994)

AGENT IARC Monogr. Degree of evidence Overall Supporting evidence
Vol. (year) of carcinogenicity evaluation
Human Animal
Atrazine 53 (1991b) | | 2B Other mechanisms ' increased risk of
tumours known to be associated with
hormonal factors observed in both
epidemiological and experimental
studies are consistent with the effects
of atrazine on the hypo-thalmic-pitu-
itary-gonadol axis
Beryllium and beryllium 58 (1993c) S S 1 Evaluation as a group - all the beryl-
compounds lium compounds studied were found
to be carcinogenic in experimental
animals
Cadmium and cadmium 58 (1993c) S 1 Evaluation as a group ' based on the
compounds - fact that ionic cadmium casues
-Cadmium compounds S genotoxic effects in a wide variety of
-Cadmium metal L tests, including human cells
Diethyl sulfate 54 (1992a) I S 2A Structure-activity - alkyalting agent
which ethylates DNA. Consistently
positive results in a broad spectrum
of assays including somatic and germ
cells of mammals iz vivo
Ethylene oxide 60 (1994) L S 1 See Fig. 2
4,4'-Methylene bis
2 (chloroaniline)
(MOCA) 57 (1993b) I S 2A Comprehensive genotoxic
Structure-activity : aromatic amine
Metabolism : humans metabolize
MOCA to N-hydroxy MOCA which
can bind to DNA in urothelial cells in
man
Methylmercury com- 58 (1993c) I 2B Evaluation as a group - based on
pounds S similarities between various methyl-
Methylmercury chloride mercury compounds with regard to
kinetics, metabolism and genetic tox-
icity
Tetrachlorodibenzo-para-
dioxin (TCCD) 69 (1997) L S 1 See Fig. 3
Ultraviolet A, B and C
radiations 55 (1992b) S 2A Mutagenic in a broad spectrum of

assays, including human cells in vivo

I, inadequate evidence ; L, limited evidence : S, sufficient evidence
1, 2A, 2B : IARC classification of carcinogens (see IARC, 1991 or Preamble to any IARC Monographs published)

EATVNNTHR LA ZIMANDS W) BT, »
RRLHLOWFHEED L) IHEZLNTWEDTHS
J. I H LN KT, RIEETHMEiE bbb
DI A 7 = X LR AT 21 - THH R 2 A
NDZEFLETH D,

MBADIZEALEIZIICD L ) HIISRT, FFckdD
TESETOZ 2 L, Ly L, 1970 FRic+
T ZEED _BRBERIEOWIE, S, RIEWE 123
genotoxic T WHIE»H L2 HIIT TICHLPIE 572

(Yamasaki, 1988). & b5 L Al U & 9 12 genotoxic
B £ U nongenotoxic Zc ZK 2% & b I/EH L (2R3
), BB THIBEERTTICHAL S, L2L, I
&9 MR RBHFMIC LN (F L 5 IZ DD
BEDHFETH 5.

CHDEHTH LOHR ZIHT 2 DICRIFHLEE -
72— DRI, genotoxic, FHHEIZFERIFIERX 7
= ZALELTHAK S22 5 THA 9. “Genotoxic % A
=X AIIHAIRMm SN TWwA, LA L, nongenotoxic
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Group 1—The agent (mixture) is carcinogenic to humans.

The exposure circumstance entails exposures that are carcinogenic to humans.

This category is used when there is sufficient evidence of carcinogenicity in humans. Exceptionally, an agent (mixture)
may be placed in this category when evidence in humans is less than sufficient but there is sufficient evidence of

carcinogenicity in experimental animals and strong evidence in exposed humans that the agent (mixture) acts through a

relevant mechanism of carcinogenicity.

Fig.1 Example of the use of mechanistic information in carcinogen evaluation by the IARC Monographs. Directly taken from
the Preamble of IARC Monographs on the Evaluation of Carcinogenic Risks to Humans (1998). The underline was

added by the autor.

Evaluation

Ethylene oxide is a directly acting alkylating agent that :

mental animals ;

Overall evaluation
Ethylene oxide is carcinogenic to humans (Group 1)

There is limited evidence in humans for the carcinogenicity of ethylene oxide.
There is sufficient evidence in experimental animals for the carcinogenicity of ethylene oxide.
In making the overall evaluation, the Working Group took into consideration the following supporting evidence.

(i)  induces a sensitive, persistent dose-related increase in the frequency of chromosomal aberrations and sister
chromatid exchange in peripheral lymphocytes and micronuclei in bone-marrow cells of exposed workers
(ii)  has been associated with malignancies of the lymphatic and haematopoietic system in both humans and experi-

(iii) induces a dose-related increase in the frequency of haemoglobin adducts in exposed humans and dose-related
increases in the numbers of adducts in both DNA and haemoglobin in exposed rodents ;

(iv) induces gene mutations and heritable translocations in germ cells of exposed rodents ; and

(v) is a powerful mutagen and clastogen at all phylogenetic levels.

Fig.2 Mechanistic evaluation used to upgrade ethylene oxide from “Group 2A” to “Group 1” by the IARC Monographs

(IARC, 1994).

Overall evaluation

tal animals ;

2,3,7,8-Tetrachlorodibenzo-para-dioxin is carcinogenic to humans (Group 1).

In making the overall evaluation, the Working Group took into consideration the following supporting evidence :

(i) 2,3,7,8-TCDD is a multi-site carcinogen in experimental animals that has been shown by several lines of evidence
to act through a mechanism involving the Ah receptor ;

(ii)  this receptor is highly conserved in an evolutionary sense and functions the same way in humans as in experimen-

(iii) tissue concentrations are similar both in heavily exposed human populations in which an increased overall cancer
risk was observed and in rats exposed to carcinogenic dosage regimens in bioassays.

Fig.3 Mechanistic information used to upgrade TCDD from “Group 2A” to “Group 1” by the IARC Monographs (IARC,

1977).

BAA=ZZXLEHETVMOENT VAW "CHHSE LW
EZTH5D., L»L, “72h 5 genotoxic # 71 =X LDF
PRYITHLE" LnIH)FZIFBR-TWBELES, flifla -
FF VNN TOF TR BRICHEA TV EIHE, 1
b DFGILF R % ek e H 2 THIRANTIT { BRDRES
LB,
ANZZXLHRICE > TRESNL
REEFEOH

IARC %% 1991 4R 12398 ) R 7 1€ / 775 7 D Pre-
amble ZREL, 2 HA=ZXLHMBEWMANTLLR, 0D
BT & ) Bl A2 L 7251 % Table 1 12515 5.

IARC ?OFHifi T3 Group 1 OFHMiliAsF 2 L5 1213, 1%
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T3 Group 1 AT E 7RI 72, 1998 4RHIAE S
DFT L\ Preamble T2 DWE A Group 1 127 - 72,
71 L < & —13 genotoxic (ethyleue oxide) (IARC,
1994), ¥ 9 —213 nongenotoxic % X 77 = X A (TCDD)
HURDSHAN 6 L2 HER (TARC, 1997) TH B, 2D
BT, ¥DL) %A H =X LD FHEDR R > 727
#, Fig.2, 3ic#hzFng|H L7,

A A= ZXLHRE, WEOREMIHZ L) &vw o7
— 7T 572072 TIR %R, BTNV —T~BAT

THLDICHLMHHTE S, L 21E, »rWErEImE
BRAER D 6 78I H S & LT Group 2 A, H B\ 2
BIZOHHINDE L) EOHT “A =X LRIk
DEMICTORIEA 7 = ZLHE FTIMEA L Lo
WrEid &, Group3 TIN5, Tk LEHR

FEICFF RN X =X s etk & LTI, “perox-

isome proliferation (= & 2 K" “JRv precipitates (=
£ BBEMEIE" " a,-microglobulin 12 & 2 BE” %05 5.
NI NGICE, FHMEIN T A3WEH Lo »
HERXLZE > TOATMTIEZFHRT 5 L v FEE 72
LHIRARIRVETH B,

KE NTP & 1996 4F0 2L % Report on Carcino-

gen |2V Z b S5 FIEWE ORIICIZ A = X LHIR
PMANT VDS, EHRIZDA L N—L LTI HE
NTP DZEERXCBML TWw B, £ H=ZLHREH
DIRAL§HE, IARCHOLDERILZLE L2, L L,
IARC 3RIEME % 4 DD I N —7125BT HDIcx L
TNTP TIE 20D N=T LI wDTYRRA H =X
LHIRDBMRMEEICITZE A TL B, 1998 45 H
BE, IARC & NTP DB TA A= XL MR 2 EHT
HIWHTED D - 72D FEEIR(UV) 7251372 L B 5 . IARC
Group2 A L 72d 2 x L T, NTP |2 Known
human carcinogen &k L7z,

AT = X LR 2 WRANTHIEYE 2 Ml § 5 12103,
£ LTz FEHMEZE b L 12 L7l s k)
Sk b, WEEE, e, MlEs, B,
LF#, REEEED—DOD A H =X LT 5l
BRELEDNGDHDL, LI2h5T, AH=ZLMAEIA
NWTRIEBWEOFHEZ T 51213, SHE TOEETFT— 52,
BB L OER 7)) —= 0 FEr DT % 47,
=T UYL MMIC BT A E 2 6, BlEERIN A T
L V) BEICHILENDDL., FHEORBRTIE, 20
WELT WAL T3 % W2, T OB RGO F
fiic b 2 HIC 3R B H 5,

REVEE—DDAN_ZXAT
FETIDDIHEHZ

RIBE R A =X LA LB L L) LT 2R84
3, TR =z —9 -7 mE—3Y—bbthz-
o, —IRENIC BRI RIE LR T S L X2, ZOSEIIH
PN TH S, 21U, "o REEO_BRIEREE T
NTHRIE7Ta®— a MEH 22" g7 e —y —
DESRIRARBREELRREZ LV, L) L) XUk H
THEHIN LD TRIRDG L WDTH B, L L, EA
DT EL, REBWEOSFE LTHEHEENS E, Fio
©T NOBRELFUFERESNT, “REToE—5—
7% < 13 nongenoxic” 2% Y, “Nongenotoxic % ¥'E
B70E——L LTUEAITA” T4-TLEIDTH
%. 3512, “BJE7 0 E— % —I3 nongenotoxic 7D T

VA7 HENT L) @RISR L T L -7, TCDD
R TPA BRET R E— 3 AMEMZFOH, FEHICE
RETERT2DTY Z75E0 & l3v 2 2 WEiIZHE
Thd., Fh—E " RE7oe—9—"t5HI N2 L,
A=z —9—-"Th “BELREBWE” TLH WL
TIONE, THOBRY T, B, f=>x2—5—, %
V7R —{Ef L& WIIE I3 ST w
o, LIBNSMEDHIB L2 X512, “BE7oE— 3
AERERO" WEE LT, WEEEEOTIDIREH
TH2H, “BE7oe—2 =" LTWE*3EHT 2D
(3 A7\ (Yamasaki, 1988).

[f L X912, peroxisome proliferation #*t k@ 4
aTRELZWEEZ LN BEH L, “peroxisome
proliferator” &\ ) WEBL A Eh 72, b “perox-
isome proliferation # 5| &R ITWE” & L TORDE
FIIHHTH 72, LH L, peroxisome proliferation (3
EFTIEES L WD T, “peroxisome proliferator (3
WP RIFIBEWE TH L LERLTLE 72, LaL,
“& 5 WIE H* peroxisome proliferation % 7 v + D HFHH
HalZ5] &k 2 L 72T, Z #1iF peroxisome proliferator
THY, & MBIV, Lidvwiin, ZoWwE
D ER 2 Ml RIZ L T 3Rt h ), ZD(E
M e FRBECHESLTWE2 b2 WDTH
5.

B, —BRBEBVWEODE TR boid
“Genotoxic” £ “Nongenotoxic” TH» 5. ZD43¥%
genotoxic (I X 7 =X AL, H25WIIWEDIER L LT
I L EITIIIEFICHERTH B, FIITRRER, “DNA
FEANTAR" 55, FFED event & 5\ IZEF 2 BE L TR
LTwad26Thb. L, WEEHHNTSE X123
COEFRIIMEHAHEL <, RELZITEL.

JLXK, “Nongenotoxic” &9 EHE» LHMRTE 2 k
912, genotoxic USD A A= X LpIT L A LRI 1L
T2 lebDB3HTH 72, Ly L, TCDD »*
Ahvt7 7 — %0 L TRIETREZEES Y, X
AL RIBIE 7 ) — S AN REREL, BT
DE— a3 VIEEROMEDEL ¥ v v THA 2 3
2= =2 a v ERELALDTEIHEEIPHL LIS -
7. ¥ 7% b5, nongenotoxic FRIEWE L BFR S L5 —1E
2, CODL) LRERDIEREROMBA-> TS, %
HIZIF AW V278 —$EAWE, 7)) —F U ANERY
B, Xx v 7HAMEWE M2 2L a8 B
OND, ZDL)LHEDEH, EHITKELINLE
nongenotoxic carcinogen £ F53 % L 1) & 1) 2 7 A
121313 > & B 9 (Yamasaki et al., 1996).

BELHBIZTIDREDHMHERY 22\, IARC T2 H
DEFEDWHRBDE AT 5, Yhbhbhiz, ZOA
2P 772N, BARN, TAVAN, FA VA, th
EAN, 772NN ->TBY, 2OANRbOE LIS
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LZ2OEOE#K A LN B, & T, genotoxic/non-
genotoxic D& I ICINHEDAREI—m v XN /JET
—o 9 NANICL T AEHSTESL, L, 2R
MNEIZ “BEATHE” twine, bbb “bb,
HiriiEa—o v ATTR” ICE SR TGakd %
TH»S ., FRIEWE DML F (H 2 OB I LT
TENL. AR OO (72 L 2 IEX v v THAIEED
B x2bEbTEHHEELLLTLEY &9 %58 (non-
genotoxic) ¥ T 5013, €2 DHELT -5 ZRAT
Hitk 5,

REYVECEERDDD

DT, RIEA H =X 2H genotoxic 7T Tld %
Ve W) B LIS - TIHRIL L2, B 2WEPE
BIEALTERRZRTOTHITREIIZWESH
7%, progein kinase C Z &AL L 22 LIERT 5 &9 %
W IERES T 27259, LFEZ b, ZOH
3, “ZREEFAE” B LU “protein kinase C &tk
" B& % end-point T B LIELW A2 baiZawn, L
L, “FBMME"ICETHMET 2ICi3, ZBRIEREA A
S ZLDOHARD HH 2 TEMP D 5, “RIEERIC I IERK
DEETFEAPRLETH S FE2BDHI L 6T, Ml
Mo 72— ITOERIIT CICBRBIIHESORT,
DY RERIIMBOWL OPDERIGHE D T TEYFIC
13 “BME" L% B,

“RIBToE— 3 VIS E LW FRIL, L
Sk 0BRED H HREE AT H 5 E» B I L2,
ZLT, WMEH»IZ TPA BADHE 2K < 35 & BH IR
TaE— a3 Y IEIEL & 2FIFEEM S 172 (Burns
etal., 1983). L»L, Co#%d, BMH3I/l TPARE
BRILTHENT, EROBBETIIZ W, FHEIZ
PEARN IS RMEDEAE T 2 3 2 IREIC L7 RIEERR & A 72
HEHhe v, “MESH L E LTHIHENSIZLALDH)
YIEERIL, RIESH LN W EINBRIRE THAIN
rE RS e eI CRIBESRINTE LW DY
JHRTH 5.

MIEOHEL Y b, KBETORBWEOKISIZIED,

L5 LR THEINGE D, 2 HRT 2 HPEETHS ).
FNLE) HEREBRLLOICEIREB I A =X LHAE
182 L9 wERT—FH L D EHEOEWIMEE TR
T2LHZ 5.

ENDOREY XD E—HRTIREEW

FIEYIE % genotoxic/nongenotoxic N7V —7 12
3Ty, ZV—7HOEZDOWENFEHOY R 7385 &
iz, EbSTYT/3—ayXSTANVA/T7 0%
ANCHBLTY, HroRE) R 73R 5. EIERH
SR ICE->TEIDPLTHS, Lich->T, HEW
IR 271013, 2 NS L THFREINERERES

172

5. kL COEBRIIATRTHSIH, L7 /a7
ayz7 Mk, fflz AOEET 2R HXEREEH ]
BelcZe ), MADRIE) 2 7FHBIEY L EBbNS.
¥ T2, BRCA 1,2, hMSH 2, APC, ATM &\»»72
HHRIISERE D <, KRR W & 2 70 A5 12 [F]
EENTWE, LL, P40DEEID L ITHREDY R
7R EAT Y, MOBEHEREXF LIS DR
2¥boLELN, CNLORERBERTHSH. I
T TOMEF— BB OMES» 57/ L —IREEHHBE R
N, BN/ a7av e b 6DT—F EANT
HEATITLEA.

& ECFAN HD “HIER” OERAN)

B 15~20 0, bHbIIZZIRERIEN:, i
LAY ERBAA=ZLELTEND, BB TAML
LCHERWT &7 LB, 722 21X Ames 7 R F DFER
DIE R EER L 60~65 %DM L 27 W3 E -
Twa, L L, i3 Ames 7 A M ASDTIETIZ %
¢T, Ames TR hD Y L1127 > T B RRERIFE
FHREA A= ZLATIE e WE W) BHALHEEZRLT
WBIZT &RV, LdoT, W LRABEREEZ D
ricL7zfbn s 2 MEZBREL TH 60~65 % DHEAME
FEI e,

= D#IN, nonmutagenic carcinogen NFR i & V)
27 EHMBICEPENBEREIFLE, 22, Xrv
THAMEL—DODAH =L EHFEZS, L, Lo»
DLZEFALEZMAL, »2WE MaMa =7 —
vavEYWLLETEE, ZOMEREE LEDET
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Summary

Cell transformation assays are in wvitro assays that measure the ability of chemicals,
viruses or specific genes to alter the cellular phenotypes that are associated with neoplastic
transformation of cells. Cells with induced, heritable phenotypic changes, such as mor-
phological alterations, can be shown to have a higher propensity to progress to tumor
cells, which validates the use of these phenotypic markers as quantitative measures of cell
transformation. Cell transformation assays differ from other short-term in vitro assays for
carcinogens because they are not predicated on a theoretical association between car-
cinogenesis and mutagenesis and therefore are able to detect chemical carcinogens that
are not active in mutational assays. Cell transformation assays can be used for the
identification of potential carcinogens, for studies of the mechanism of action of chemi-
cals, and for studies of the carcinogenic process. Each of these uses are illustrated with the
Syrian hamster embryo cell transformation model. This model uses normal, diploid cells
and identifies a number of known human carcinogens not active in other short-term
assays for carcinogens. The limitations of cell transformation assays are also discussed.
One major limitation is the use of rodent cells rather than human cells, and the possible
ramifications of this are discussed. The differences between transformation of human
versus rodent cells have implications to the cancer and aging processes.

Keywords : cell transformation, mutagenesis, nongenotoxic carcinogens, Syrian
hamster embryo cells, cellular senescence, immortalization

Introduction

Identification of environmental carcinogens and
assessment of the potential risks of these substances
to humans requires experimental systems to mea-
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sure qualitatively and quantitatively the activity of
carcinogens and tumor promoters. Cell culture sys-
tems are potentially very useful experimental
models for such studies. A variety of short-term,
inexpensive cell culture assays to examine the effects
of putative carcinogens is readily available. Some of
these cell transformation assays have a high predic-
tive ability for the detection of known carcinogens
with few false-positive results (Isfort and LeBoeuf,
1995 ; Isfort and LeBoeuf, 1996) . Cell transformation
is defined as the induction of phenotypic alterations
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Table1 Advantages and disadvantages of cell transforma-
tion systems for carcinogen testing

Table 2 Chemicals that induce SHE cell transformation
and are reported as nonmutagenic

Advantages

1. Cell transformation assays are not predicated on a
theoretical correlation between carcinogenesis and
mutagenesis or other genotoxic endpoints.

2. Cell transformation assays have been shown to detect
known human carcinogens not readily detected by
other tests.

3. These assays can potentially detect tumor promoters
and cocarcinogens.

4. Cell transformation systems can be used to study the
cellular mechanisms of carcinogenesis.

Disadvantages

1. Cell transformation assays require more specialized
technical expertise than assays with prokaryotic cells.

2. Some cell transformation assays involve subjective
scoring criteria.

3. The time required to perform cell transformation
assays can be relatively long compared to mutational
assays.

4. The development of cell transformation assays is not
as advanced as other toxicity tests.

5. Cell transformation assays commonly use rodent cells
rather than human cells.

in cells in culture (for example, morphological trans-
formation, focus formation on cell monolayer,
growth in agar, and altered growth potential on
plastic). These phenotypic changes are associated
with the neoplastic transformation of the cells
measured by their ability to form tumors in animals.
The use of cell transformation assays to study chem-
ical carcinogenesis allows analysis of the cellular
events in neoplastic progression independent of
certain host effects, such as immunological surveil-
lance and cell-tissue interactions.

Cell transformation assays as tests for the poten-
tial carcinogenicity of chemicals have several advan-
tages and disadvantages as listed in Table 1. In
contrast to several other short-term in vitro tests,
such as the Ames test, cell transformation assays for
carcinogens are not predicated on a theoretical cor-
relation between carcinogenesis and mutagenesis or
other genotoxic endpoints. Rather, the endpoints of
these assays can be related to the neoplastic conver-
sion of a cell, a central, but not singular, aspect of
carcinogenesis. Cell transformation assays are
based, however, on the assumption that neoplastic
transformation induced in cells in culture occurs by
the same mechanisms as neoplastic alteration of
cells i vivo. Cell transformation assays have detect-
ed chemicals that are not detected readily in gene
mutation assays (Table 2). This result suggests that
cell transformation assays detect relevant
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3-Aminotriazole (Amitrole) (Inoue et al., 1981)
Arsenicals* (Lee et al., 1985)

Asbestos* (Hesterberg and Barrett, 1984)
Benzene (Tsutsui et al., 1997)

Colcemid* (Tsutsui et al., 1984)
Diethylstilbestrol* (Barrett et al., 1981)
175-Estradiol (Tsutsui et al., 1987)

Sodium Bisulfite (Tsutsui and Barrett, 1990)
Testosterone (Tsutsui et al., 1995)

*Gene mutation and cell transformation measured con-
comitantly in the same cells.

carcinogen-induced events other than gene muta-
tions. For example, certain known human carcino-
gens that are not readily detected by other short-
term tests have been shown to induce SHE cell
transformation : including diethylstilbestrol (Bar-
rett et al., 1981), 17B8-estradiol (Tsutsui et al., 1987),
arsenic (Lee et al., 1985), benzene (Tsutsui et al.,
1997), and asbestos (Hesterberg et al., 1984). These
results emphasize the importance of cell transforma-
tion assays in the testing of chemicals for potential
carcinogenicity.

The cellular mechanisms of carcinogenesis can
also be addressed experimentally with transforma-
tion assays, including the multi-stage models of
carcinogenesis, oncogenes and cancer, and the rela-
tionship between mutagenesis and carcinogenesis
(Barrett, 1991 ; Barrett et al., 1987a). In addition to
detecting carcinogens, cell transformation assays
can potentially detect tumor promoters (Barrett et
al., 1987b). However, the mechanisms of tumor
promotion are undefined as we have discussed in
more detail elsewhere (Barrett, 1987). Tumor pro-
motion probably involves changes in population
dynamics that cannot be mimicked in cell culture.
Therefore, the relevance of cell transformation sys-
tems to study this problem can be questioned
(Barrett and Thomassen, 1985).

The disadvantages of cell transformation assays
include the more specialized technical expertise and
facilities needed for these assays compared to some
other short-term assays. Some variability in results
with cell transformation assays exists due mostly to
variability in fetal bovine serum which is a required,
but undefined, component in most mammalian cell
culture systems. This variability has been reduced
with optimization of culture conditions.

Another disadvantage of cell transformation as-

says includes subjective scoring criteria. However,
recent attempts to use computer-based image analy-
sis look promising. The time required for these
assays, which is 2 to 6 weeks depending on the
system, is protracted compared to prokaryotic muta-
tion assays. In general, several months may be
required to complete and repeat assays on a chemi-
cal. In addition, if one wishes to confirm that cells
transformed by a chemical are tumorigenic iz vivo,
several additional months, up to 1 year, are
required. An advantage, however, is the strong
correlation between i vitro agar growth and tumor-
igenicity i vivo. However, this is still more rapid
and cost efficient than iz vivo animal bioassays.

Cell culture systems for studying carcinogenesis
provide important information on the cellular basis
for neoplastic transformation and permit the detec-
tion of chemicals that induce this change. In addi-
tion, cell transformation assays are valuable experi-
mental tools for predicting the carcinogenic poten-
tial of chemicals and for studies for mechanism of
action of carcinogens and mechanisms of the carci-
nogenic process.

The Syrian hamster embryo (SHE) system has
been used successfully for each of these applica-
tions. This system has a number of advantages,
including the fact that it uses normal, diploid cells ;
it has a low frequency of spontaneous transforma-
tion, and the cells are highly sensitive to a wide
variety of carcinogenic agents. Drs. LeBouef and
Tsutsui have illustrated the utility of this model to
predict carcinogenic potential of chemicals. Our
laboratory has shown that this system detects many
of the known human carcinogens (Barrett et al.,
1985), and we have studied their mechanisms of
action with this model (Barrett, 1991 ; Barrett et al.,
1987a). This system has also been used to study the
relationship between mutagenesis and car-
cinogenesis (Barrett and Fletcher, 1987).

The multistep process of carcinogenesis can also
be studied in the SHE cell model (Barrett, 1987).
The first detectable change in these cells, following
carcinogen exposure, is a morphological change.
Morphological transformation is the basis for quan-
titative studies of cell transformation by chemicals
in this model, but the mechanisms leading to mor-
phological transformation are yet undefined. SHE
cells that are morphologically transformed have a
higher propensity to escape cellular senescence and
become immortal. Carcinogenic-induced immortal
cells are initially nontumorigenic and must undergo

a number of additional alterations to become tumor-
igenic, including loss of tumor suppressor gene (s)
and activation of oncogene (s), but the exact genes
involved are mostly unknown (Barrett, 1993 ; Boyd
and Barrett, 1990).

Escape from cellular senescence is an important,
carcinogen-induced step in the neoplastic progres-
sion of cells (Vojta and Barrett, 1995). However,
human cells and hamster cells have shown a distinct
difference in the ability to escape cellular senescence
(Vojta and Barrett, 1995), a process that requires
the loss of normal genes that regulate cellular senes-
cence (termed senescence genes). Identification of
these genes and their role in cancer is important for
understanding multistep cell transformation. There-
fore, our laboratory has focused on this question.

Normal cells in culture have a limited lifespan in
culture. After a number of population doublings,
they cease proliferating, fail to respond to mitogenic
signals, and enlarge in size, a process termed cellular
senescence. Many, but not all, tumor cells can be
grown indefinitely in culture and therefore have
escaped senescence and are immortal. Several lines
of evidence support the hypothesis that the program
of cellular senescence is controlled by specific genes
and these senescence genes are inactive or mutated
in immortal, cancer cells (Vojta and Barrett, 1995).
Most hybrids between normal cells and immortal
cells undergo cellular senescence, indicating that
immortality is recessive. Hybrids that escape senes-
cence have nonrandom chromosome losses. Fusions
of certain immortal cell lines with other immortal
cell lines may also yield senescent cell hybrids, and
four complementation groups for senescence have
been reported (Pereira-Smith and Smith, 1983).
Introduction of the senescence program to immortal
cell lines has been shown by chromosome transfer
and more than a dozen cellular senescence genes
have been mapped to chromosomes 1, 2, 3, 4, 6, 7, 9,
11, 13, 17, 18, and X by this experimental approach
(Vojta and Barrett, 1995 ; Oshimura and Barrett,
1997). Specific chromosomes induce senescence of
certain cell lines and not others, indicating that
different senescence genes are altered in different
immortal cell lines. Cell cycle control proteins (e.g.,
p53, Rb, and pl6) are often mutated in immortal cell
lines, and transfer of these genes to immortal cell
lines can restore the senescent phenotype. These
findings support the hypothesis that senescence is
genetically controlled. A few known genes are
involved in this process, but multiple other genes
have been mapped but not yet cloned.
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Following the introduction of specific chromo-
somes to immortal cell lines and the restoration of
the senescent program, the cells may show growth
arrest after only a limited number of cell divisions
(<10), or after 20-40 population doublings, depend-
ing on the chromosome introduced (Oshimura and
Barrett, 1997). These results suggest different mech-
anisms of senescence regulation and that two func-
tions are associated with senescence genes. The first
function is cell cycle arrest. Cell cycle control pro-
teins (e.g., Rb, p53, and pl6) have properties of
senescence genes as discussed above. A second puta-
tive function of senescence genes, which have been
mapped but not yet cloned, is the regulation of
telomerase. Telomeres, the repeat sequences at the
ends of chromosomes, shorten in normal somatic
cells, but not in immortal cells that have an active
telomerase enzyme that synthesizes new telomere
repeat sequences. Senescence genes may function by
regulating the activity of telomerase in immortal
cells, resulting in telomere shortening and eventual
cellular senescence. For example, introduction of
chromosome 3 into a renal cell carcinoma cell line
resulted in suppression of telomerase activity,
telomere shortening, and cellular senescence.

A model for cellular senescence has been proposed
(Oshimura and Barrett, 1997). According to this
model, cellular senescence is the consequence of the
accumulation of multiple types of cellular damage
during growth and aging. Cell division arrest in
senescent cells is the consequence of damage-
induced activation of specific cell cycle control path-
ways (checkpoints) that arrest cells for repair.
Cellular senescence may be a state of semi-
permanent arrest (checkmate) due to the inability
to repair cellular damage. Escape from cellular
senescence requires multiple mutations/defects in
cell cycle checkpoint controls, and/or activation of
new “repair” capacities, protection from cell dam-
age, or blocks to cell death. Escape from cellular
senescence may lead to genetic instability and in-
creased risk of neoplastic progression. Several lines
of evidence support this model, including the find-
ings that cellular senescence is genetically
controlled, multiple senescence genes are inactivat-
ed in immortal cell lines, multiple pathways are
involved in cellular senescence, and multiple types
of cellular damage accumulate in aging cells.

A further understanding of the genes involved in
cell transformation and immortalization or, more
importantly, a better understanding of non-
mutagenic mechanisms leading to cell transforma-
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tion and carcinogenesis, will assist in the under-
standing and development of better in vitro predic-
tor assays for carcinogens.
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Mutagenic cytosine analogs - Mispairing and mutagenesis

Kazuo Negishi
Gene Research Center, Okayama University, Tsushima, Okayama 700-8530, Japan

Summary

We have found two highly mutagenic cytosine analogs, N*-aminocytidine and P-nucleoside.
Inside cells, these analogs are metabolized to the triphosphates, which can be incorporated into
DNA by the replication machinery. Due to their ability to pair with guanine and adenine, they can
induce replicational errors which would result in mutations. There seems to be two reasons for
their high mutagenic potency. First, their efficient incorporation and low tautomeric constants
cause high error rates in replication. Second, the analogs are retained in DNA because the cellular
repair systems cannot remove these incorporated analogs efficiently.

(This paper, chaired by Toshihiro Ohta, was presented to the 9th JEMS Annual Symposium, “Synthetic
Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya Hayatsu, sponsored
by the Environmental Mutagen Society of Japan, and held at Yakult Hall, Tokyo, May, 29, 1998.)
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0 UEMbEh, BEBAEHRICAY, THXMHEL
S72t%, MUY CEREICK ) DNA CHAEN S L H 2
LA, KM KBRE N-T I/ v F V0280
M THE#ET S L, N-T I/ 74X F V5 DNA
thicBiEE 2 115 (Nomura, et al., 1987 ; Negishi, et al.,
1988). 7272L, K#mD N-T 2/ v F v i L
CHhDBEBTHT I /{LE2iF, 7)) v Eofbawic
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LTS, 52 M)V FILATERLLEN-TI /U F
U ERRBHEICHGAZE S &, DNA F oSG ED K
WHITAXLOF UV ICHAEIN TS, U, —
E, N-T3I/vFvrFhizzof@Ehn»ry) v &k
WKE 5 72tk, TAFLVFIOUABRICHVLNZD
DEHFEZ LMD, 72, BRAADA =X Lr6H 2T,
RNA IZDNA & ) b EWERTIGA LTV % TREME:
baY, BESNPTHS., THLIHICEFFVVRD
YhyryTruZiiEewEREER O L bh o
72, =k, eFeXIATIvBOL TR
eI LT & 72(Janion and Glickman, 1980 ;
Sledziewska-Géjska and Janion, 1982 ; BChenek
and Janion, 1985). N-tbFuoxi v Fornfgad,
) ERBDFHETAF LRI LT - L ERFEEIKE
W, BEESA IV RNEW N E FeX o T XU F
VyOBA, FIVrRF—XITLHAADLTGITH
ZHNBY, ZOMRIEIFS LWL IITAZ S, N-EF
Xy F Yy LN TRE R NS D (Popowska
and Janion, 1975 ; Popowska and Janion, 1977), <
DEI LS b oTwZHn, EFaXI AT I o
NIZA XTIV FUVICEHPELE, N-XL
X v ForetL s FoHEAL LT, Brown 59D
IN=T3Fi e TAX L)V RX Vv AL F T sz
fED, P-X 7 v Ay F(dP) L &fHF7:. Zofbao%k
RIFMEEFRIL A, EBWEEEZREOZ Eb 72,
T, ZHICHEREREL, ZOXERX S =X LEZHGE
L 72 (Negishi et al., 1997). Zo{ba¥idhigo > b >
PTFu L3R, FIvoXF—EITEN ) VB
L3N THEBRHRIZASLL LW (Fig.1). 3y %
F—EERSERBRKGHETIE, 3LACERFEEZR
7w, F72, VRP-XZ7Vv AL FGEP)I3IZEA RS
JFHEEZRS e ny, U, 7)YV Forit—+
WHMEHRE) IV e) vBELAWcH LB bR
5. KW dP 2 &0EHIciimy 2 &, 2 e b F 3
1000 Ficx LT AP 14 F £ Tid, MA7zdP#
I L T DNA o> dP 258 5.,

a)
H\
N—H"Q Ny
N
/' N wwy_\N\
N =N
/-%% ------ H-N
H
c G
c) HoN
N-H=Q N
/ NebN ) N\
N »=N
/-*% ------ H-N
H
Cam G

b) g
o-H-N N
H;C =
4
/' NN ) .Y
N— \=N
/0
T A
d)  HN H
N-H-N_ N
4
;T ) N
N— \=N
-
Cam A

Fig.2 Normal base-pairs (a, b) and models of Cam-G pair (¢) and Cam-A pair
(d. An amino form of Cam is close to C not only in its ability to
hydrogen-bond with G, but also in its shape. Its imino form is close to T in
its shape as well as in its ability to hydrogen-bond with A .

3. BRI S—FEOHE

N-T I/ TFHXovF 2 dCam D b Y ) VEEA,
dCamTP (Negishi et al., 1985) <% dP & b 1) 1) &1k,
dPTP(Zaccolo et al., 1996 ; Negishi et al., 1997) %7
T=YOMFRLTT=vOMFICbEATNEZ L
&, EALERICEET 2 2 23 TE S, SRithiceE I
SBHAITOWTE, dP2ELA ) ITX 7 v A F FDA
BICEDI L, dATP & dGTP 2HGAL Z L 255EH I 1
Tw3, dCam #*E F 7 Y ALaW L L ToORIME % £
STWahl®, 3fifEE kW dCam 2504 ) o

RIVAF FORRKIIKEETH S, 2T, dCamTP #

HGA 472 DNA # KIS ICEA L7z X X D% R 2 RHT
T5Irickn, MEEMIZEERE L Tvw 2 (Matsumoto et
al., 1992).

ENTE, B¥EINSDTFaZ3r7T= 377
=V LR EHIRTELIDEL ), ZoBHE L
T, BANCRRICAEREICL 2MMAXETHFZ LN
5. ERERTHIL I VIZIBEAEDT I/ RTH
LT3, N7 3/ v F 2084, NMR THHT
T5L, 2%y FOLTFADBEIN, ZORILITT:
3TH D, Xt RITORERL HAE SO T
S/RTHBI Dbl ->TWE, F72, AR
FPLTEL TSI L, Brown b2 & &K
%5 (Brown et al., 1968) 757 3 / B KT 5
CLEIMENL W, 22T, TI/RIHT0%, 43/
B 30 B/KIER P THEL T WD EHE L LI EHT
&%. DNA ARICB 2HGAANDEERTIE, dCamTP
2ACTP » 1/2 D% T/ 7 =>DMF &£ LT, dTTP

ND1/20 DNETT T=rDMHFICHAZNG, 73 /R
W T=DOMFIZ, 437893 T757=DMFICEGA
FNsETNUE, 43I/ BOHGAAMRIIT I/ LY
B\ Z &% 5, BEKED Kool 513, 3 ¥ v 401
DI LSBT 22 KERMEREZF WY 7
VAT bVE CFEED RIRMICT = oMF L L
THRAENSL Z L 2HE L, KEHEAD DNA AKDEE
DIFHOBIRICUIETII LT W L 2HMELTW S
(Moran et al., 1997). b LI hp—fxaic 4Tz 3
T, TI2R, A3 RB3ENERIT=, F
BT T=v LRFEEAREERTELIPLTIEILL, ¥
Fov, F@3F I (77 90)ITHBEPRT 292
CENLDAD IZHAZEN S L w9 Z L Ii2% 5 (Fig.
2). TOZELIFABOBIKIECEEEEZ 5N 5,
N-T IV F Vi)V RXZ2vF Y FE LTERBRR
FRICADL, T2k, VRXIZ7vHF FTHB N
CamTP 7" #ilaN TH L T 3 aEEMES KR E WS & 2R
LTw3, dP D¥AIKIE, XK THEDT, VR
X7VAF FPTPAAP » 64 L 5 alREME 124 7 »
2, TDEILN) KX VvAF FTFu s dgiotiik
EXEHA 2R L T, RNAICHGAZ N2 Y 5 »ida
WERWHBETH S, 22T, PTP 24K L, ZDHGAA
ZETNVRTHRZEZAS, CTPOfKY L LT, UTP
DD ELTHF e s, TF=r b 7T7=0E
LIHEM 2R TE B2 L Hbh > 72 (Morivama et
al., 1998). #h%ix, CTP »fLhH & LTE< 84, CTP
D250 1, UTP XD & LT & &, UTP D 543
ND1THh5%. bL, HIlBNTPTP " TE NI, IEERH
RDODT7O LA TLT7—2ETIEHNTHRINS,
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NHNH,

o LA

LA

N
H Holol

N4-Aminocytosine HO OH

N*-Aminocytidine

N*-Hydroxycytosine NG OH

NHNH, NH

1t
HO OH

5-Azacytidine

LA, Lfl
mw
HO

N4-Hydroxycytidine

P-nucleoside (dP)

Fig.3 Mutagenic cytosine analogs.

4, N*-PE/)IFIIPP-XILAYRD
ERRMERFEERLD

ZOBERNO—2HIZ, BRAADHEN LW LAHZ
LB, WThY, 2R EIHTXZVvAF FIZ—
BEFTIE, FLAYHEELRSITIHAINSG, 20X
SN TREHEENE IR TV TH, 7T ) T
FELEET LN ZDRABHEEADL T 55, JHUIHMIC
THuZE2mMiTHEETILETRET a7 2R
LTL %\, DNA HOMAELEIAE->TLE) &
WO IR E Z b b, ERE, P-XZ7 VA FEMZ
R TR AR T S, IRMRETRRKE L -
BRERIBLEALAFBL LTV, BELIBEINT
W BBRDOKIBL, HEED ISR Z > Tw b
bor#EZLND, MOEREWET Fu70%a, 5-7
DEYIINERITIE, BREAD L) LHRMHTDNA
mERIE HNBIE, FEROMBIMY v, I
BELLEGRILLTELLROEEZ LIS, 5-7T 0%
M5 UIEEMIC L -5 TIF100%F 3 v L EEWL LS
LHTE LY, BRFBRITIE LW, E2iFz—4
ZF A2 P TI3ELEEZRE L Ww, bitbNDOBERD
BTy, 5-707 7 0 ERMKDNA ITEHALT
b, BRFEIILCBEEINL D2 -7 (Noskov et al.,
1994), 5-70ET7 U ANERERTOHICIE, X7V
FF KT —NBT NS A>T AU ENEH DL
Wb Tw b (Kaufman, 1988). 73 / v F 2 R P-X
VAT ROHA, TDE)LEXIVAFET - 2E
T LI L AEERSELS D E ) L, FEHLAT
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(3728, Bedicinz 227 e 7 DiRE, DNA D
B, BREEO=ZEFRHIBBRICH L 26, 7TV
DEEIISH TN L, HAICHEET S —ICL ) LRI
T 2 aREME A (Negishi et al., 1988 ; Negishi et
al., 1997).

L9 —onEEMEE LTRBEL OGP E L LI
2. fla s R & 0 EE S LS <A, DNA #1iS
EREMT o 7R YT LICL ), RREBE
LEL b ETHREND, uorABC BREEERDA
MTHNRBE, TI/VFVralgfs, ToOBERER
W72 gorA ZBERTO DNA W dCam D& &I, F4E
L DI, #7150 %<, ZEREEIS 3MHREICT
X7, IZAV Y FBEEROEETT I/ FYICE
LERBER KT S, ZORIF2—4ETH-T.
ErexyvyForons, REEHECLL20T, &
Faxy v FUorahht->ehERL I 22y FIEHE
RCIEE I NS 2 L Hhh 5 (Negishi et al., 1988).
Dk HEERDIEPIC, DNAKY X7 —KYAHITHE
X7 VAF P EHRT 28D > TWnd 6 L,
FOMEREDTR T ST ERK, ThbbTrFIa—T—
=L O I NT WS, HETFIa—7T
— T, TTF=vDT7F e/ ThblrFrxs7T
FoUNELACEREEE RS TV, —F, T/ v
FYOLyTREFDOHIIEESE6SET, T o830
(Schaaper and Dunn, 1998). P-X 7V A4+ FTL X
DW= TIERETH D, ZnkHIT, TI/ ¥
FUURP-X 7 VA Y Rl B E AR D
MBS HFN) I HESFHITAHAZEL, Ik, KR

BEHEOBEIDIRR EHZ LD,

Fig. 315, A TICHMALN TV AERFES by v (v
Fo)TFHa 7 eRnT ERBREEDF YT Fu Tk
LT EMEPRLDEIICAZDIIDICETHLF
Dunih b, COLEMIE, b L LEiiie DNA o
5.AFNY PO EVMVCRTHMELLTHETH
2 (Jost and Saluz, 1993)7%%, 2Dy DIFEREE LR
T2 EDEHI T 5 (Podger, 1983 ; Zimmermann
and Scheel, 1984 ; Katz, 1985 ; Podger and Grigg,
1986 ; Schmuck, 1986 ; McGregor et al., 1989 ; Katoh
et al, 1993 ; Stopper, 1993). Z DILAWATELIKEE 1
13, GCHiEX» 6 CGIRHEM~ND T v RAN—=D 3 »
BT LTHS. RIS —ETNVIRERD, Z
DT FuriE, BEDTT = LIRS,
Vb UM ERRT A RENlH S, THITAEE
BYETRHETLII LN TEL W, 2HOTFHu It
LI B 1 2 B8 A FOLIKIEBEER L ORI &
5 E v i it S T v B (Jackson-Grusby et
al.,, 1997). L2 L, SN TREHRBROLRE L H =X
LFETHHATE DL LIIFEZIT VDT, Kk L THER
ORI OME L B b3,

2EXM

Brown, D. M., M. J. E. Hewlins and P. Schell (1968) The
tautomeric state of N (4)-hydroxy-and N (4)-amino-cytosine
derivatives, J. Chem. Soc.(C), 1925-1929.

BCebenek, K. and C. Janion (1985) Ability of base analogs to
induce the SOS response : effect of a dam mutation and
mismatch repair system, Mol. Gen. Genet., 201, 519-524.

Chu, B. C. F., D. M. Brown and M. G. Burdon (1974) N
(4)-Amino-and N (4)-hydroxycytosines as base analogue
mutagens, Mutat. Res., 23, 267-273.

Freese, E. (1959a) The difference between spontaneous and
base-analogue induced mutations of phage T4, Proc. Natl.
Acad. Sci. USA, 45, 622-633.

Freese, E. (1959b) The specific mutagenic effect of base
analogues on phage T4, J. Mol. Biol., 1, 87-105.

Jackson-Grusby, L., P. W. Laird, S. N. Magge, B. J. Moeller
and R. Jaenisch (1997) Mutagenicity of 5-aza-2-
deoxycytidine is mediated by the mammalian DNA meth-
vltransferase, Proc. Natl. Acad. Sci., U.S.A, 94, 4681-4685.

Janion, C. and B. W. Glickman (1980) N*-Hydroxycytidine :
A mutagen specific for AT to GC transitions, Mutat. Res.,
72, 43-47.

Jost, J. P. and H. P. Saluz (1993) (Eds) DNA mathylation :
Molecular biology and biological significance, Birkhduser
Verlag, Basel.

Kaufman, E. R. (1988) The role of deoxyribonucleotide
metabolism in 5-bromo-2’-deoxyuridine mutagenesis in
mammalian cells, Mutation Res, 200, 149-155.

Katoh, Y., M. Maekawa and Y. Sano (1993) Effects of 5-
azacytidine on somatic mutation in a soybean test system,
Mutat. Res., 300, 49-55.

Katrizky, A. R. and A. J. Waring (1962) Tautomeic azines.
Part 1. The tautomerism of 1-methyluracil and 5-bromo-1-

methyluracil, J. Chem. Soc., 1540-1544.

Katz, A. J.(1985) Genotoxicity of 5-azacytidine in somatic
cells of Drosophila, Mutat. Res., 143, 195-199.

Matsumoto, K., T. Yashiki, T. Bessho, K. Negishi and H.
Hayatsu (1992) Analysis of phage MI13mp2 mutants
produced from transfection of phage DNA having N*-
aminocytosines at defined sequence positions, Mutat. Res.,
268, 59-64.

McGregor, D. B., A. G. Brown, P. Cattanach, W. Shepherd,
C. Riach, D. S. Daston and W. J. Caspary (1989) TFT and
6TG resistance of mouse lymphoma cells to analogs of
azacytidine, Carcinogenesis, 10, 2003-2008.

Moran, S., R. X.-F. Ren and E. T. Kool (1997) A thymidine
triphosphate shape analog lacking Watson-Crick pairing
ability is replicated with high sequence selectivity, Proc.
Natl. Acad. Sci. USA, 94, 10506-10511.

Moriyama, K., K. Negishi, M. S. J. Briggs, C. L. Smith, F.
Hills, M. J. Churcher, D. M. Brown and D. Loakes (1998)
Synthesis and RNA polymerase incorporation of the
degenarate ribonucleotide analogue rPTP, Nucleic Acids
Res., 26, 2105-2111.

Negishi, K., C. Harada, Y. Ohara, K. Oohara, N. Nitta and H.
Hayatsu (1983) N*-Aminocytidine, a nucleoside analog that
has an exceptionally high mutagenic activity, Nucleic Acids
Res., 11, 5223-5233.

Negishi, K., T. Bessho and H. Hayatsu (1994) Nucleoside and
nucleobase analog mutagens, Mutat. Res., 318, 227-238.
FRIFFIHE, FFERK (1995) X 7 VA F F 7o 7 k 2348

WEGRAR, BOE BRE BER, 40, 1564-1571,

Negishi, K., M. Takahashi, Y. Yamashita, M. Nishizawa and
H. Hayatsu (1985) Mutagenesis by N*-aminocytidine :
induction of AT to GC transition and its molecular mecha-
nism, Biochemistry, 24, 7273-7278.

Negishi, K., K. Tamanoi, M. Ishii, M. Kawakami, Y. Yama-
shita and H. Hayatsu (1988) Mutagenic nucleoside analog
N*-aminocytidine : Metabolism, incorporation into DNA,
and mutagenesis in Escherichia coli, J. Bacteriol., 170,
5257-5262.

Negishi, K., D. M. Williams, Y. Inoue, K. Moriyama, D. M.
Brown and H. Hayatsu (1997) The mechanism of mutation
induction by a hydrogen bond ambivalent, bicyclic N*-oxy-
2’-deoxycytidine in Escherichia coli, Nucleic Acids Res., 25,
1548-1552.

Nomura, A., K. Negishi, H. Hayatsu and Y. Kuroda (1987)
Mutagenicity of N*-aminocytidine and its derivatives in
Chinese hamster lung V79 cells : Incorporation of N*-
aminocytosine into cellular DNA, Mutat. Res., 177, 283-287.

Noskov, V., K. Negishi, A. Ono, A. Matsuda, B. Ono and H.
Hayatsu (1994) Mutagenicity of 5-bromouracil and N°-
hydroxyadenine studied by yeast oligonucleotide transfor-
mation assay, Mutat. Res., 308, 43-51.

Podger, D. M. (1983) Mutagenicity of 5-azacytidine in Sal-
monella typhimurium, Mutat. Res., 121, 1-6.

Podger, D. M. and G. W. Grigg (1986) Enhancement of
frameshift mutagenesis in Salmonella typhimurium deriva-
tives of hisC3076 by 5-azacytidine and other agents,
Mutagenesis, 1, 283-286.

Popowska, E. and C. Janion (19750 The metabolism of
N*-hydroxycytidine-a mutagen for Salmonella typhimur-
ium, Nucleic Acids Res., 2, 1143-1151.

Popowska, E. and C. Janion (1977) N*-Hydroxycytidine

185



reduction system in toluenized cells of Salmonella
typhimurium, Acta Biochim. Pol., 24, 197-205.

Schaaper, R. M. and R. L. Dunn (1998) Effect of Escherichia
coli dnaE antimutator mutants on mutagenesis by the base
anolog N‘-aminocytidine, Mutat. Res., 402, 23-28.

Schmuck, G., R. Pechan, D. Wild, D. Schiffmann and D.
Henschler (1986) SOS-dependent mutagenic activity of
5-azacytidine in Salmonella, Mutat. Res., 175, 205-208.

Stopper, H., C. Korber, D. Schiffmann and W. J. Caspary
(1993) Cell-cycle dependent micronucleus formation and

mitotic disturbances induced by 5-azacytidine in mam-

Zimmermann, F.K. and 1. Scheel (1984) Genetic effects of
5-azacytidine in Saccharomyces cerevisiae, Mutat. Res., 139,
21-24.

Zaccolo, M., D. M. Williams, D. M. Brown and E. Gherardi
(1996) An approach to random mutagenesis of DNA using
mixtures of triphosphate derivatives of nucleoside ana-
logues, J. Mol. Biol., 255, 589-603.

Sledziewska-Gojska, E. and C. Janion. (1982) Effect of proof-

reading and dam-instructed mismatch repair systems on
N*-hydroxycytidine-induced mutagenesis, Mol. Gen.
Genet., 186, 411-418.

Environ. Mutagen Res., 20 : 187 - 194(1998)

AFiE 1998 £ 5 H 29 H, WHDY 7V b h—)VThlfl S h - HABSARE Y2 E O
HOMARY Y RY 7 L [€ 7))V DNA {5 & 250 | (e @ 2RI, FEZsk) ©

gFanl: (BR 2HIERE).

MLy I 523 DNA OFR &
DNA BEHEERIC & 2585

malian cells, Mutat. Res., 300, 165-177.

1

JR By RFREGER TR A8 T 739-8526 HULE SN 1-3-1

Preparation of DNA substrates containing unique thymine oxida-
tion lesions and
their recognition by DNA repair enzymes

Hiroshi Ide

Graduate Department of Gene Science, Faculty of Science
1-3-1 Kagamiyama, Higashi-Hiroshima 739-8526, Japan

Summary

Reactive oxygen species generate structurally diverse thymine lesions that exert differential
cytotoxic and genotoxic effects. They are also processed by different DNA repair enzymes
depending on their structure. Thymine glycol, urea residues and 5-formyluracil represent three
major classes of oxidative thymine damage formed by C5,C6 hydroxylation, ring fragmentation
and oxidation of the methyl group, respectively. Chemical and biochemical methods to introduce
these lesions into natural DNA and oligonucleotides have been developed and the introduced
damage can be characterized and confirmed by specific base excision repair enzymes, mostly
cloned from Escherichia coli. These DNA substrates have also proved to be powerful tools to
uncover catalytic mechanisms and to screen the activity of mammalian DNA repair enzymes.

(This paper, chaired by Masataka Mochizuki, was presented to the 9th JEMS Annual Symposium,
“Synthetic Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya
Hayatsu, sponsored by the Environmental Mutagen Society of Japan, and held at Yakult Hall, Tokyo,
May, 29, 1998.)

Keywords : DNA damage, DNA repair, damage introduction, oligonucleotide, reactive ox-
ygen species

SEBORMED L U CTERT 2GR RIS, MmENL A
PR TH Y, FL LTRSENEE FeXin
7 U NH DNA L Ks LELIRE 2 3 5. £ 72,
s DELIAE L, SMVREBRT TH L XS T =
OB L > TERT 2ERME A —3—F v 7L T

&

EVMOBIZEHRE 5 DNA 1213, HH 5\ I35HY
RRITL ) S S HMEDRET 5. RIEEOHEI
DNA B ERHB T F — 23 L, MladteRR

BRI %RT (Friedberg et al., 1995). D IEEZN W3 LD, EHEREEIFEIMER TV X UILA L 13
F7e N, BEEMICEbOT 2L DNAEEE2 52 50

‘ N ™ A ] 13 \ A P il X
1‘ ZAF 1998 457 H 21 1 7'1‘%&?. im%uliﬁb{ff‘*fﬁﬁﬁéaﬁ)é &, INET
| T : 1998 47 29 H 12 100 LRSI TIzAlE S LT 5 (von Sonntag,
; OB AR & RF S 1987 ; Breen and Murphy, 1995). L 724~ T, G148
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Fig.1 Structures of major oxidative thymine damage. 1, thymine ; 2, thymine glycol

(5,6-dihydro-5,6-dihydroxythymine) . 3,
5,6-dihydro-6-hydroxythymine

(thymine C5-hydrate) . 4,
hydrare) . 5,

urea ; 6, N-formylurea ; 7,

5,6-dihydro-5-hydroxythymine
(thymine C6-
formamide ; 8, N'-formyl-N?-

pyruvylurea ; 9, 5-formyluracil ; 10, 5-hydroxymethyluracil.

FI2 X 2 DNA HEOEWHEE 5T L~V TH L
PITT B2, MIRNICFAET 2 DNA #ER- 1518
ROHEERICERECECRBE s T ED Lk H 27
0L 2T EDREMBUVEND L, TDI2HIT, HrDIE
5% DNA ICHEIICEA L DNA B OSHR H 5\t
EERBENRE L LTHWSZ 22k ), DNA EED
HlaN 7 oy v 7P InNTEL,

DNA kit & O RS T I3 0 EE L AR T 5
7%, RIS IIEIEIAL OB I IS £ (von Son-
ntag, 1987 ; Breen and Murphy, 1995). A& X T,
4 FEDIFIHE D P THEBMI DR H5 e b FICHFZE S LT
\» % thymine HIXRDIRE % H.0 2, DNA ~DOFFEM 7%
EA L DNA EERERIC L 288>\ THRHRT 5.

1. Thymine E{bLIBEDIFERNEBAE

N F TICRE 1172 thymine HRDIAB X Z DR
IS E, C5,C6 M/KERILA Y, BRBARAERY,
methyl ZEEE LA 12 K5 2 115 (Fig. 1). Thymine
glycol (2) 13 C5, C 6 FL/KEEILAE M DIEM) % A
THY, ZDIEI»5HLH B\ 36 (07251 HkELI iz
KRHPI(3, 4) BRIEENT WS, BEERSHETIZ S5 L,
6 LT HDKREEIE L AER T 2Dk L, SEIMRTH
B3 B KFIMIE 6 PLOKEEILIR () DA TH S, S HICE
)2V VROBL- WAL D EIRFBERIEG) D L5 &
AR L 5. REREERWICBELTYH, Wi
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fLORREEICIE U T 3 £ & F 2ol 4 (6-8) 3[R &
INTwb, 510D methyl ZEDEEALA B MIC I, 5-
formyluracil (9), 5-hydroxymethyluracil (10) 2% %.
Thymine glycol DEAIZIE, B2 Ty ) 7L
(KMnO.) F 723 UEELA R 2 7 4 (0sO4) BELATH W
LB, e UEEAH ) 7 Al thymine D 5, 61D
—EiEAERILL, T4 )l (pH 8.6) Tl3 thymine
glycol 2, M 1 1 (pH 4.3) T (¥ 5-hydroxy-5-
methylbarbituric acid ##&RIZAERKT 5 (Ilida and
Hayatsu, 1971). W TCI3lWE DR AW & & 5.
Thymine ? 8 {t )X & T4 K 3 % 5-hydroxy-5-
methylbarbituric acid (3% E TH %55, N1 L2374 %
V) R—=ZTEHBRINX 7 VAT FFEERIT IR
12 & 0 BHER L 72 methyltartronylurea i &4k 122 1L L
RF W, LT, B2y 7 vfgn ) 7 L0H T DNA
2 4 L 72 5-hydroxy-5-methylbarbituric  acid
methyltartronylurea I2ZfLL T3 & HZ 5115,
IV ) 7 AL 95 < YRR DEE(L e X
BIRSAHE Z D R wiced, RIoSM (R, RICE:H,
B ICER T 2UE»DH 5. £72, thymine & 1 » 7S
FELA ) ITX 7 vAF FEEE{LL, thymine glycol %
BIMIEAT 22 L b A[EETH % (Kao et al., 1993 ;
Sarkar et al., 1998). Fig. 2|2, thymine # 1 » 721}
S 19merAt) IX 7 VvAFFERBSU T Y Y
2 (pH 8.6) TR L 72k DKM S & O HPLC 4 X

AT

A

L 1 1 ]

0 20 40 60
Retention time (min)

Fig.2 HPLC elution profiles of oligonucleotides treated
with KMnO.. A 19mer oligonucleotide containing a
single thymine was treated with KMnO, and prod-
ucts were analyzed before (A) and after (B) HPLC
purification. Samples were eluted with a
acetonitrile gradient [7% (0-5 min), 7-12% (5-45
min) ] in 0.1 M triethylammonium acetate (TEAA),
and monitored by UV absorption at 260 nm. Peak 1,
unreacted 19mer ; peak 2,
thymine glycol.

19mer containing

X DR L 22ERo HPLC 547 F v — b 2R9. &
DIERP b B LI, A)VITXI7vEF Fpo
thymine Z5%¢ 2 ICBILL L9 L35 &, BIRKIED 728,

KIS @B b 53 R & DRI E % 5. L7z
25T, HPLC 53R ) 727 YT 3 FEQKENC
LSOMWAGBEL 25, MEELA 2 37 4(0s0,) b
thymine » 5, 6 i —FE#iA 2RI IC@ILL,

thymine glycol 7% 3 % (Beer et al., 1966 ; Ide et
al., 1985). Cytosine b b H ITKIST 5 AR (34
BTED, —jgryic, LMiCKICHT 2IEMED S VA
NN TLIIX VAL ERA ) TX 7 LA F
F® preparative Z#ALICHV 52D IH L, EiliT
BREE M BB LA 2 S AT 5 R 2 K ¥ RRD
DNA DBtz 51T 5, HEELE 2 37 4%
“ % £ DNA # @ 4 thymine ® ¥ 2 % #% thymine

-

glycol ICERT 52 LT H D%, @~ oA
)7 LD A L EEE, BIRISE FE T 5 LEEDEMLZ
5642 thymine glycol I2Z 3 2D (38 L\, L bk
N72HENIEIZ, thymine glycol 122V T U3, AIST
537X X7 VA F F=1) »E(thymidine glycol
5’-triphosphate) # &% L, Z#% terminal deoxynu-
cleotidyl transferase (TdT) T DNA Hi2#A§ 5 Fik
HHEREI N T % (Hatahet et al., 1993).
LRDFHETT 7RI FHE0IF )T 7L AFF
(2 A L7z thymine glycol Z 7V 7 ) &L8E (pH 12, %
) §5EE) IV BRI L, thymine glycol (3E
AR BRI ITE I 15 (Ide et al., 1985 ; Sarker
et al., 1998). Z DRIRMFT TIZSHYIMFIIEE S & 7%\,
72, thymine ? methyl 2% & & 2> U® SH THE#E L
T L, ZoRIRIC L )BLEET % acetol fragment %
ERTHILICLD, BAZINT thymine glycol 3 &
Uk RIRHED R %M 5 2 & » T & % (Hariharan,
1980). R AR T I 54 b T/ 2 — 22BN R
RIKHEDBAL L HE SN T 5 (Guy et al., 1990). =
DEE, DNAAKICHW2 AGDT 3/ Hoffa#ikic
{3 phenoxyacetyl (PAC) 2%, C o fxi# 3 12 (3 acetyl 26
THWRZ LITL ), BEDHEEOBIRERN (BT >
=77k, 60°C, 6REMH]) ISl K DAL EET(RT
YE=TKY, iR, 6 R THR#EE T Tw B,
DNA A% v 5 & KB ORK 2 AKTE 2
728, ZRIENMRICE 24 TX 7 vHF PGk
BT %8 b AT 4L T v % (Gervais et al., 1998).
5-Formyluracil D A 213, BRI i R Ak
TIFZA b/ 72— HErREINTW5,
R HETIE, MRTETAXLX2vEFFZ)
# (5-formyl-2’-deoxyuridine 5’-triphosphate,
fdUTP) 2 &M L, TNZ2DNA KXY 45 —ERIET
DNA #H12HA¥ % (Yoshida et al., 1997). fdUTP (3
KIGW DNA R) X =¥ 18X 77—Y T7 DNA
RV ATZ—EDLWIHETH), DNA BEEKERIZS
Nzmmy s LML ATTP ICEWHRT 5. —F, DNA
AR v 2 AL T3, 5-formyluracil 2583 OB
R T TRARETHML T L F 9 720, formyl 3
Dif#LE L L T ethylenediamine &3k % H\» 2 Ji,
% 7213 5-formyluracil D HIBR1K & 7c 2 (& #4622 A
TE2HEPGHLNT WS, RIETIE, TrE=ZTICE
B DBIRH#ED%, formyl FEDORHER [N, N-di-(3,
5-dichlorophenyl) ethylenediamine] # (< & ) fx2: 3
% (Ono et al., 1994). #%# Tl3, 5-formyluracil 7 HiExX
BE LT 2 oDKEEHR % acetyl 2 THRi# L 72 5-(1, 2-
dihydroxyethyl) uracil # 7 2 %4 b2 & 0 &A%,
T yE=TRBIC LY FIERAD acetyl & A D723
TOWBDRER,EZRET S, KT, AV T2 2L H
FF2zZ# 37 FXEBNalO,) & L 5-(1, 2
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Fig. 3 Recognition of thymine damage by endonucleases III, IV and V. A, 5’-**P-labeled 19mer oligonucleotides containing a
single thymine (19T), thymine glycol (19TG) or urea (19UR) at the same position were annealed to the complementary
strand and incubated with endonucleases III, IV, and VIl. Products were analyzed by 16% denaturing polyacrylamide gel
electrophoresis. B, cleavage sites (arrows) and products formed by the repair enzymes and piperidine treatment.

dihydroxyethyl) uracil #7* & 5-formyluracil ™~ ® %
#4T- T\ 5 (Sugiyama et al., 1996). 4L 6 D% T
I3, LAY X7 vAF FEHWT UV mfRhE
HIE 4T\, 5-formyluracil D _EIHEEMICH T 552
BOUMETLTWS,

2. EEERZALEEDOESR

1) A)IXILAFF

A LR oMERICIE, FREFRRES L LI
TWwabKIGHHKXDDNABERBRER»GH VL5,
Thymine glycol (3 N-glycosylase/AP lyase ifitt % 3
2 endonuclease III(Nth) # & UVI(Nei) (2 & 1) 323
115 (Melamede et al., 1994 ; Wallace, 1994 ; Don-
gvan et al., 1997 ; H:H, 1997). FRFEF%IE (T endonu-
clease III, Vil ® (¥ », formamidopyrimidine
glycosylase (Fpg) 3 £ U* AP endonuclease [endonu-
clease IV (Nfo), exonuclease Il (Xth) | 12 & - T & 27
S5 (Melamede et al., 1994 ; Wallace, 1994 ; Don-
gyan et al., 1997 ; £, 1997). L722->T, Tih )
L% thymine glycol DNA # endonuclease 11l
(& % \» (3 endonuclease V) 3 & Uf endonuclease IV
(& %\ 3 exonuclease III) TRFE L Y)HridE % <X 5
CLIRENVEBOEHREHERT A LHTE S, Fig. 3
A IZZD—%7R7T. Thymine glycol B & UIRFEKIE
rHEUF)ITX7VvAF FIZERE L. KX HETA
BlL, T4KR)YXZvAF FXxF—XL [y2P]ATP 2
FAWTH Kz PPAERE L 72, Mg 7=—11L
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72. 2% endonuclease IIl, endonuclease VI, endonu-
clease IVTHLE L, Mz R 727 )T 3 FESK
oMLz, HEBEEZEZTLWETIE, wWIho&E
BERT LM x> FIFFEO 5117 \»A%, thymine glycol
#Z & T I 19 TG 13 endonuclease (L — > 6) 5 &
U endonuclease V(L — > 14) 12 & D 2% & Lo~
Y FBN T35, —7, endonuclease IVI3 thymine
glycol 2R L7280, Il S FIZERA TV 2w
(v—=>7, 8). REREZECEE I9UR 13, Hniz
SHEOWTNOBEBERICL > TLRBI UM I NT
W3 (L—10-12, 15), YD/ x> FOBBIEZ ZRER
12 & > TH7% Y, endonuclease V> endonuclease IV >
endonuclease IIDNEE 7 > T 5, 2L, Ri&ERER
@ DNA $HUIMiHRE D 2 7% 2 72T, endonuclease VI
TIIERBINIMDER D 3 Kz ) wBHFK - 72
¥ (B, o-BilEAR), endonuclease VT3 3 Kifihs
OH ¥, endonuclease III T (3 3’ K #i 1T ¥ (4-
hydroxypentenal) 752 \» 72 & (8- e A= B ) o A= i
PELTWELHTH 5 (Fig.3B). v — 1313,

thymine glycol # &UHE 2B E~R) B L7z
DT, B, o-BEEERYMID~—7 —TdH 5. endonuclease
I, VIl SEUIMrEE (2 sk s ff % £ b 7 v lyase TH 5
DIZHx L, endonuclease IVOTEYE (3 Mok s i % £ 5
hydrolase T# % (Wallace, 1994 ; 1, 1997). VI Eo
MRP LD L L) I2, FEDHRBEELLT ) TX 7L
AFF2HRELLTHNLI EITL), BEEZORE
RO ZERERE IS O W TOSHR D FREICHE S 2 &

DNA thymine thymine

glycol  urea  9lycol  yrea
endoll — + — + - - - =
endolV — — — — — 4+ - +

1 2 3 4 5 6 7 8

Fig.4 Agarose gel analysis of plasmid DNA containing
thymine glycol and urea residues. pDEL19 plasmid
DNA containing thymine glycol (lanes 1, 2, 5, 6) or
urea residues (lanes 3, 4, 7, 8) was treated with
endonucleases III (lanes 2, 4) or IV (lanes 6, 8).
Intact (Form I, lower bands) and nicked (Form
II, upper bands) DNA were separated by 0.8%
agarose gel electrophoresis.

HTE D, B, S8 & DB T3, endonuclease
L, IDARSMiZ 3° KA ) v BgIc L ) 7oy 7 &
NTWwb72H(Fig.3B), 2N F F T35l %< DNA
R AT =X BEEARNTE LW, EROMIEN
T 3, endonuclease III, VIl 75 {E M L 72 %, 3-
phosphodiesterase # £ UF 3’-phosphatase i1k % & o
endonuclease IV Z7z2(3 exonuclease 7% 3’ &
5B ) W (B-BiBEA ) R0 BB (8, O-MiBEEA M)
EBRELIOHEZ LTS5 v —Kir K I 3.

5-Formyluracil (3, 3-methyladenine glycosyalse 11
(AIKA) i & ) 3% Z 115 (Bjelland et al., 1994 ; F:H,
ARFEXK). 5-Formyluracil % AR A L7241
TXZVAF FEEE AIKA L4 v Fax— T35k,
AlkA @ N-glycosylase i ¥ (2 £ ) DNA » & 5.
formyluracil 29 B & AL L 5547 (abasic site) 754
L3, Lirl, COFFTRBUINIAHES &7 nizo,
RIVT2VNT I FERKEITIIRINT X LW, FZT,
AlkA R#1% 1= AP endonuclease it % & SEEH (72 &
Z (¥ endonuclease IV) & £ > % 2 ~— ¥ 2 & Bt
HBAL TR A5k = 0 BRIV ETRE & 70 B

2) RAED DNA

77 R 3 Fizi¥A L7 thymine glycol |3, endonu-
clease IId 2\ (IVIALEE IS & 1) SMEIIF A4 L2 > h—
A =% 3 % Form I (super coil) #* & Form II (nick-
ed circular) ~%1t.3 % (Melamede et al., 1994). Form
LEND75 23 Fiz7 70— 2 ERukEN L 0 fific
ST X 3, Thymine glycol DNA O 7L # 1) LB = &
DEA LR ERIN, FERED 2, endonuclease
IVE5 L U exonuclease Iz & ) UIBF & 115, Fig. 4 13,
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Fig.5 Analysis of N-glycosylase activity of endonuclease
II. A, Duplex M13 DNA containing *H-labeled
thymine glycol ([*H] TG-DNA) or thymine ([*H]
T-DNA) was incubated with the indicated amounts
of endonuclease III. Radioactivity released from
DNA was measured after removal of [*H] DNA by
an anion exchange column. B, HPLC analysis of
radioactive materials released from [*H] TG-DNA
upon endonuclease III treatment. Arrows indicate
the elution positions of authentic thymine glycol
(a), 5-hydroxymethyluracil (b) and thymine (c).

MUERALA R I 7 L MLBE B L U LA R S 7 A+ T LA
VARFELIZ £ ) thymine glycol 3 L O RE/RILE 2 h 2
WA L7Z2pDEL19 7 5 2 3 F(4.8kb) # endonu-
clease Ill, endonuclease IV& £ > ¥ 2 x— %, 774
7 — X EADKENIC £ ) M L 22455 TH 5. Thymine
glycol Z&T7°7 2 3 F DNA (3 endonuclease 117 &
LD RSN Form I~NELLTWAE2(L—2 2),
IRFHERHE % ETL 77 2 2 F DNA (2 endonuclease 1o
127 endonuclease IViZ X > T34 Form [I~Z{LL T
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Wa(L—r4, 8).

3) N-Z')ar5—+HiEH%

Endonuclease 1II, VIliZ Eifo endonuclease i&TED
FPIS, ERETFAXF L) R—Z28ON-7Y) a2 i
A Z YWY 2 61 (N-glycosylase i) # 5 L T\ %
(Fig. 3 B) (Wallace, 1994 ; #:1, 1997). L72»'- T,
BRI DB S e EALA P H H 5\ (3 HC TSI LT
WwiLlE, N-glycosylase &1 (< & 2 HE DR AW HET
» 5. Fig.513, DNAK ) x5 —¥ &\ T—HH
M 13 DNA # [*H-methyl] dTTP f#4E FTHERL, =
N2 UEgfbA 2 3 7 L0051, endonuclease 1T & £ >~
¥a2x— b LHERTHS. N-glycosylase iEMEIC & 1
YK E N7z [*H-methyl] thymine glycol # 7 =% ¥ &
$ah 5 A5 ) DNA 2 H408EL, Bl S 72 st
##M%E L 72, Thymine glycol %3 A L 72 DNA T3, i#
B X N2 GG A ¥ 2 X— |} L 72 endonuclease
Mok e & ickmL T 2%, Ao [*H-methyl]
thymine DNA TI(3¥ i3 6 41T w7 v (Fig. 5
A). S5 ITHEEEI N REHEE D R 2 DD 5 729D
2, T=F & Mh 5 rnETE % ¥ HPLC T L
72(Fig.5B). B O MG EHE Y — 7 P m D
thymine glycol E—7 £ —#L72Z &4 5, endonu-
clease 1I1? N-glycosylase ifi14 12 & ) thymine glycol
ADNA 2 5 BEINTW S Z R I L7z,

3. DNA BEBRMAEDILA

1) BEBROIERAKE

CHNFITICHBEINLELAREEERERIL N-
glycosylase &b AZ AT oMM 7)) a7 —X L
N-glycosylase D (3512 AP lyase ifitk# &b b2
DI NS, ERAFFRNT I/ BE RS X #kS dh
ERFTOFER 6, N6 DEERD MR HEE S
T\ % (David and Williams, 1998). HitiZe 7)) 22 5
—¥ T, XL KR—RZAD CUEFIHFET 2K
FrmEIC L i (H0+ : B-Enz > OH +
H*B-Enz), OH 7" CL i2xf LRI T 5 2 LiT &
NEEDBEET B HZ LN TW5b, BBOERTI,
BEROT I EDTEHEALI N C U ISR L,
FD Wi & [ (3 —BE R Schiff HAEATZ K S
5, 2512, Schiff P ME2» 5 3 DY) Y BD B
Bl (B L5 DY) B o Bl TS 5 & F R
51T % (David and Williams, 1998). Schiff ik
A, KFEATEF P ) 724 NaBHY) I & DET S
N, BME—REMICKEL70R) v 7P ERIN5,
Fig. 613, KFLERVEF ) 72444 T, thymine
glycol H 5 W IFIRFHKELZ G 5P ALY X 7
VA F FIE (19 TG, 19 UR) & endonuclease 1% A
»¥a~—PFL, Ih% SDS-PAGE TH#T L72KRT
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Fig. 6 NaBH. trap of the Schiff base intermediate formed
between oligonucleotide substrates and endonu-
clease IlI. Endonuclease III was incubated with
19mer oligonucleotide substrates (*?P 5’-labeled)
containing thymine (19T), thymine glycol (19TG)
or urea (19UR) in the absence and presence of
NaBH.. After incubation, samples were analyzed by
10% SDS-polyacrylamide gel electrophoresis.

H5, KREAKRTEF ) 7LTRAL ZWEAL,

thymine glycol 3 £ VR FZREDWTHLOMLE T, K
SFRERDYM S PR LI2(V—> 7, 11). 7&FEfL
R EF MY A TREE L 72385803, VIR 7 <
% 1), endonuclease Il (4 ¥ 1k 23.4 kDa) & J£'H (19
mer) 7 Q) 7 INIESTFRERD/NY FPRD L
nrz(v—>8,12), F72, TN 603y R, WEZTD
KFALRTES b)) 7L (L—6, 10)H 5\ (3HH
B2 E % WIE 19T &£ endonuclease INNDLEE (L —
¥ 4) T34 L% » - 72, Endonuclease IR
T3/ ERE R XA dh i AT DA R 6, BUBIZ (3
120-Lys *B b > TV B 2 EWREINT WD T &P
b, 7R ¥ 713120-Lys L EBHMOTA X )
RK=Z2DClU DMITERINTEbDEHZLND,

2) SN DNA EEE=R

falk, b B LU= 205 KEBH endonuclease 111
REQ s ao—=r 727 (Hibert et al., 1997 .
Aspinwall et al., 1997 ; Sarker et al., 1998). 7 @ —=
v &0k EB 73, endonuclease [~ N-A i
A1C# 80-100 FXFE DR % T I/ BERH &2 & A, ZDHE
GERBET I /BEINDORER Y1326 %FRETH -
72. L7 L, endonuclease [ filt {3 14 12 A vl K 7%
hairpin-helix-hairpin (HhH) € # — 7 & C Kimfll D 4
Fe4S 7 7 2% =431 TH Y, endonuclease I
LR EREE R LTINS, Ju—=7L

" AB1157 NKJ1004

pos (nth* nei) (nth™ ner)
pEK/mNth1 == = = = =
PTG — - — — + +

protein (1g) 022 02 2 022 022

' “ ” ® s ubstate
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Fig.7 Repair activity for thymine glycol in the cell free
extracts from E. coli AB1157 and NKJ1004 harbor-
ing pEK/mNthl. Cell free extracts (0.2 or 2 ug as
protein) from E. coli AB1157 (nth* nei*) (lanes 1,
2), NKJ1004 (nth~ nei”) (lanes 3, 4), IPTG-treated
NKJ1004 (lanes 5, 6), and IPTG-treated NKJ1004
harboring pEK/mNth1 (lanes 7, 8) were tested for
the 19mer oligonucleotide substrate containing
thymine glycol. Products were analyzed by 16%
denaturing polyacrylamide gel electrophoresis.

727 ZBIET (mNth 1) # KB TR 2, Hilak
R ISR T B IEERE R TR E 2 JE L 72 (Fig. 7).
WIEFDOHRBLZ, thymine glycol #iikd 2 2 FENEER
endonuclease III(Nth) 3 & U'VIl(Nei) # K18 L 72 K5
Wbk (nth™ nei™) TiTvy, HPENIE 212 thymine glycol
EEUA ) IR VAF FEFRE L LTHC, Y
RIDAER R 5 b 5 & 512, K NKJ 1004 (nth~
nei”) TIXEREEIED LNV L (L—1 3,
4), ¥4k AB 1157 (nth* nei*) Tl endonuclease
IIB L OVIIC KT 2 b T ifErilo sz (L —
~ 2). %72 endonuclease I k€0 7 DRH~R 7 5 —
(PEK/mNth 1) 2 # A L 72 NKJ 1004 Ti3, IPTG ¥
RICHIREZ U)W 52D b7z (L—> 8), LI EosE
R, mNth 181 FEWH KB E D endonuclease 111
E[BEZ thymine glycol I518iEM % 3> L 2R/ T
W3,

4. DNA HE0O—RNEEANE

AKX T, F 3 P BALHED DNA ~OFR R 1) 7%
AE L DNA f5EREFIC L 2 RBIc> Wb~z 2o
BRI I BILMEEGE IUCETALILLADD
DNA - +1) a2 7 LA F FAD@B A1) —3) 2BH% X
nTwnz,

e

1) SEIRM 7 Ot 2 /R 3l dE - e

2) RAKROTIZAL b=y b ZRHWARE

3) BERMZcE AL

BAEDL IS, $TRTOMBIGAGICEMTE 28 A Y
i3z <, HEB LR HENIIS LTINS D FiEA
AR ENT WS, dEHOBMRETHRANTE L h 7220
OB B L AL 1) —3) D KT - 5T oW T3,
FOLDMEHEBH I L T2 & 2uw Ok, 1997). £
72, HEE2) 2D TIZ, BRI L TR
ERT2OT BT L B BLRE D R DEE & 7
STWw3, IN2WRT 2HEE LT, HEORERIC
allyloxy 2% Hv» Pd° 12 & ) 3§ % 4 (Hayakawa
etal., 1990), HILEER#ED H-RZA KA —+E/~>—%
M5 5E»H 5 (Wada et al., 1997). FEFE, allyloxy
PR % F 72 51 5-hydroxy-5, 6-dihydrothymine
(thymine C 5-hydrate) # &4 Y) ITX 7V A F FOA
B S LT E ) (Matray and Greenberg, 1994 ;
1997), Ak I b o0 G2 &G ) X7 L
TF FARICIHENG Z L iFE N5,

| 22
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Oxidative DNA damage and mechanisms of mutagenesis

Hiroyuki Kamiya and Hiroshi Kasai
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Occupational and Environmental Health
1-1 Iseigaoka, Yahatanishi-ku, Kitakyushu 807-8555, Japan

Summary

DNA lesions produced by reactive oxygen species appear to be one of the causes of mutations
that either occur spontaneously or are induced by environmental mutagens. Recently, we found
that 2-hydroxyadenine is formed by Fenton-type reactions and that this DNA damage is as
mutagenic as 8-hydroxyguanine when present either in DNA or in the nucleotide pool.

We review here the mutagenicity of 2-hydroxyadenine, which is studied in in vitro and in vivo

experiments carried out in our laboratory.

(This paper, chaired by Keiji Wakabayashi, was presented to the 9th JEMS Annual Symposium,
“Synthetic Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya
Hayatsu, sponsored by the Environmental Mutagen Society of Japan, and held at Yakult Hall, Tokyo,

May, 29, 1998.)

Keywords ' reactive oxygen species, 2-hydroxyadenine, 8-hydroxyguanine, mutation
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R, N2DHHZED TV LENEREEY, S
ETELHERZEZTWLILIHLRICAND DO
5. EMEBRE BN THRCET 204 % 5F, 5
BOBRBARIFRLHMR LRI > T HAERT 2.
TEMERESR I X > T4 L 72 4R1 DNA 13, B o
NEFRT L L0k, BRI, L5205
ST EHZ LM% (Ames, 1983 ; ¥R, #74, 1996).

AWMTIE, EUBEICL->TET L2 EELBILWD
DNAHBETH 2 LWL ich ) D95 b5 2-
hydroxyadenine (2-OH-Ade) ¥ & % & O B5# 12>\ T

Rt 1998 4£7H 9 H
R 1998 47 A 16 H
(OLES =53 T EN

A

MARB L LY B, M, 2-OH-Ade DERIZOWT,
K2, DNA D 2-0H-Ade DiFERT 2ERICOW Tk
N5, RIS, XZ7VvAF KT =iz kT 3 2-
hydroxy-2’-deoxyadenosine 5’-triphosphate (2-OH-
dATP) DiFH#T 2ERICOWTHENS,

1. 2-Hydroxyadenine O4%H

1) BBREARICICH T 3 2-hydroxyadenine ®
R
IGTERRR 1T & - THRAE, W sz 205, &
F I F MO DNA BEAET 5, HicER L DH 8-
hydroxyguanine (7, 8-dihydro-8-oxoguanine, 8-OH-
Gua) T, iR 2 AT 2mRBEERFIC L > THET 2
CEDPRESCHRE SN TS DNAHETH ) (Kasai,
1997 ; Kasai and Nishimura, 1984 a, 1984 b, 1984 ¢
Kasai et al., 1984, 1986 ; #X%, #1H, 1995), #laNT
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NH, NH,
1
NZ NN N XN
[0 = ¥
PN — gl
Ho” N~ N o >N N
deoxyribose deoxyribose
2-enol 2-keto

(2-hydroxyadenine) (1,2-dihydro-2-oxoadenine)

Fig. 1 Structure of 2-hydroxyadenine.

FELLTGTEEEZFIHRIT LI LML IIINT
V2% (Wood et al., 1990 ; Cheng et al., 1992 ; Kamiya
et al., 1992, 1995 a ; Wagner et al., 1997).

ok, FHH 63, DNA, dA, dATP %G1k FR A
R TH 5 Fe’-EDTA-O, TR % &, MLk
{t.& 11, 2-hydroxyadenine (1, 2-dihydro-2-oxo-adenine,
2-OH-Ade, guanine?® MR T H 5 2 & » 5H
isoguanine & M1 5) (Fig. DA4ET 5 2 L 2 H il
L7z (Kamiya and Kasai, 1995). 7z, BREME T
»H5H=FY) o =HE (NTA) & Fe** L DK D & (Fe?t-
NTA-O.) T 2-OH-Ade "R T 5 L2 BVl L T
\» % (Murata-Kamiya et al., 1997). Fig. 2 |2 Fe**-
EDTA-O; Ofs, Fe?*-NTA-O, L8, y fRAHIZ L - T
495 2-OH-Ade DER®EZ R L7,

€/ ¥ —(dA) # Fe*-EDTA-O, X Fe*"-NTA-O, &
HL72HE, MPWREOENZINVETOLENIH S
7%, 2-OH-Ade D4R 8-OH-Gua & (ZIZEFEE TH
~72(Fig. 2). #l@NTHREIEIZ, €/ =—IZBWTI3Z
OMHISIFEFREERT 2 LHEE NS, —F, DNA %
Fe’*-EDTA-O, JLF L 72841213, 2-OH-Ade 13 8-OH-
Gua D 1/40 FEE L 22 AR L e 2 > 72 (Fig. 2). L72hi-
T, DNAW D7 7= 5 # b & 1L T 2-OH-
Ade 7R T 2EIAEIHF N EH 3T WEEDbNS,

y ¥R T dA ZRHE L 72HA12I3, 2-OH-Ade 3T
&7 - 72(Fig. 2). 72, XEILH L 72A L RIEEO#S
RThHo7 (B, RRET— ). BKENZ XIS, v #2,
X oRIZ (1, fh D I2 8-hydroxyadenine 741K
T35, ComFKIIFITRFSI NG, HOEEEXT
Hb, Ll & LRBRENDERTII, Fe* D5 T 5
Fenton £k )X J& T (3 2-OH-Ade 7%, J& 4t # T (2 8-
hydroxyadenine 7/EK T % &% 2 51 5.

2) DNA IZ 2-0H-Ade H*4ERT 2 )— b

EEE & 912, 2-OH-Ade (3, DNA H T3 R R A
WETHBENEY, TN LIIERFRIC 2-0H-Ade 13
BGLTWLWI L 2ERTLE2DTHS ) »,

Bk, mutT & L TCHOENTWI KBRS 2 —F7—
% — # AR ¥ %%, 8-hydroxy-2’-deoxyguanosine 5’-
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A B s
1.0 1.0 1.0 1.0
0.6
0.02 I N.D.
Fe?*-EDTA Fe’.EDTA  Fe®"-NTA y-ray
(ds DNA] dG /dA

Fig.2 Formation of 2-OH-Ade in DNA (A) and in mono-
mer (B). Relative vyields (8-OH-Gua=1.0) are
shown. Open and closed bars represent the yields of
8-OH-Gua and 2-OH-Ade, respectively. N. D., not
detected.

triphosphate (8-OH-dGTP) % M 7k 43 fift § % B %
(MuwtT&HHBE) 22— FLTWR I LWL
72 (Maki and Sekiguchi, 1992). Z®»Z X3, DNA
DTT = HEBEOEHEN LIS L 5 8-OH-Gua D &
TbY, X7VAF RT— NI4T DEILINAE X 7 v
5 F, 8-OH-dGTP bERZFHT L2 L &, DNA K
) 25— EBEORIZ8-OH-dGTP 2 DAL 2 &
BRLTWS, ERIZ, ZORLMEEEE 7V A4F FiZ
DNA K1) A7 —XDIE L 7% 1), DNA $§hIcH ) A Z
NBEZEPPLPTENT W5 (Cheng et al., 1992 ;
Maki and Sekiguchi, 1992). F7z, MutT i % K <
KIGHEBREDRNTICL Y, DNA H 2B 5% 8-OH-
Gua DERICIIM L DORBEIFREDFHF G52 L Twb
EHEZES LT % (Tajiri et al., 1995).

B3 5 L, 2-OH-Ade DHAITL I D2 OD)L— b
I2& > T2-OH-Ade # DNA W IZER T B L HZ b
5. 72721, 2-OH-Ade D%, DNA H TOHE AKX
ISz e b, R L 72 2-OH-dATP @ DNA K
VA —XIZE M) AADPEELRBTHLEHZ S
o, FEEE, FHIL2-OH-dATP *DNA K1) £ 77—+
DIFELDIEEHLPITLTWA (Fa).

3) #BEaA DNA T#H & 13 2-hydroxyadenine

ML ER TS 3, 8-OH-Gua O s B f i IC B &
5%, 2-OH-Ade I12xt LT, Aot FER Tl %
W, L7227, BHEETIE, #l2i DNA o 2-0H-
Ade DRI, WOFBE 2L 57 WD HEH
KThb, FRI7a~> 7T 7 4 —LERESNIEHA
Bb¥72GC-MS i, T—7+4 777 b EaWin
WIEHFBEINDL LD, HETHLIH LN TW
LRMETH B, Jaruga 513, b FIEEMIE 2 @RE LKk
RTE L, SRR % GC-MS BTt L
2. FOKER, WPEH S 1 KERI%ICIE, 2-OH-Ade ¢
8-OH-Gua 7 1/5 &% DNA HicER Lo L 25 L

m,

5' 3

d (+) |GGTCGACTTAAGGTACC
s (+) (-) [CCGG_CCAGCTGAATTCCATGG TTAA]
Apal Sall — EcoRl

5' 3

d (+) GGTACCTTAAGICGACC
s() CATGGAATTCAGCTGG

EcoRl SSan
i el Apal

amp”
ColE1

ori

& N
5 — AOH

ds (+) 3 -— l
lagging strand A (+)

§ ——»
3

ds (-) § - —

leading strand ~

5

33— AOH

y

Fig.3 Structure of shuttle vectors containing 2-OH-Ade (left) and schematic presenta-
tion of the replication of template strands with 2-OH-Ade (right). Closed circles
represent 5’-phosphate groups. The A* indicates the position where the 2-OH-Ade
or the unmodified adenine was incorporated. The SV40 origin and the ColEl
origin for the replication in COS-7 and in E. coli, respectively, and the ampicillin

resitance gene are also shown.

T\ 3 (Jaruga and Dizdaroglu, 1996). L7:45-5 7T,
W EOEAIC L 5T, 2-OH-Ade 73z o DNA
ICERT A LD, ERIGEZ ->TWwWaEEbNS,

2. 2-Hydroxyadenine OFRITIER

1) DNA #® 2-hydroxyadenine "' T 23X 7
LAFFDIRA>a—RL—a>

Kz, (3, 2-OH-Ade » DNA K) £ 5 —+i2k 3
HKERE N DNA ARDRIZEWT, X7V AFFD IR
Ava—RKv—2 a3 %2FRT 0L EFN

Y-BLU PR IS WS L EWHRL A, 2-OH-
Ade 25T 12O A ) X 7 v A F FE2AKL, #
BIDNA L LTHW, &8EDNA KT 54 ~—27T
== &%, 1ML (INTP, N=A, G, C T)#%
MR 724G TDNA R ) 45— (K ) X5 —F a
BIUB 7v /Wi IE s 754 =—hEERT-12
EZH, BHICE > THETFDRCH B HDD, (1)K
AT7—¥ a k g TIZATMP & ACMP 7%, )7 Vv / —
W1 Tz dTMP & dGMP A9HR 1) 5A % 11 % fdi 1) % 8152
L 72 (Kamiya and Kasai, 1996). BUKZE 513, 5 TA*
A 3 (A*=2-OH-Ade) K5t o 2-OH-Ade 12 5F L T3
SHWDKR) A5 —€L b dAMP 2 DAAKEZ ETH
% (Kamiya et al., 1995 b ; Kamiya and Kasai, 1996).
72, 2MNEHE DNA % v, 45X ANTP 145 F
TOXR) A5 —CRKIETH SN, STRHEEEY % T
L7222, TA*ABSIOBAIZIE AAMP DI A A
%5 ThWEH(S D8 A 12 GACE F) T IT
dCMP D H D A 258188 2 1172 (Kamiya et al.,, 1995
b} Kamiya and Kasai, 1996).

DLED#ERD 6, 2-OH-Ade [ FHERENDRICBWT
XI2VAFFEDIZRAL va—FRr—Lar2FEHTAH
EAH LT 5 T2,

2) DNA #® 2-hydroxyadenine H'fHB2 THER
TEHER

EHIL, FiLoMEEHE 2T, 2-OH-Ade DABH
BLURHEMIZIC BT A RER LM L7, BB
327 ) —=v7%FHE L, HIREERMIL, 5 GTCGA*
C 3 (Sall ) £ 5 CTTA*AG 3 (AATL HAr) 1238 A
L7z, #%%(2 dAMP OHUD) AAADBIEEE 1172 TA*A
i 2-OH-Ade, i 3ZZ DMDEILD 2-OH-Ade %
MELZZLDTH A, 2-0H-Ade 2 ELA ) ITX 7 v F
FFE AR v P27 % —pSVK 3 ITEAL, KI5
WHB LIV COS-THifgIc b7 v 27273 3
L7, 2O, HB>OBDY) —T1 7, X7
HARDENWEZBET 272012, ZAKHDZNFNDHY
C20H-Ade 2 A L7275 23 FR2BEL L
(Kamiya and Kasai, 1997 a, 1997 b) (Fig. 3).

Fig. 4 .k, COS-7#ifarh COFRERKL 2D
WiRZ R L7z, K, COS-7 Mgk 412 GA*C B4 D
2-0H-Ade DEEFTF7 X > 7H{AMKETI20.6—0.8
%T, ) =T 4 Y 7EHARREL D L@y, —T, TA*A B
H ) 2-OH-Ade DERERIZZN L) LKL, V=T«
YO, IX AL L1201 %TRETH 72 TA*
A BEHE, bk L72 &9 12 dAMP DR aA & 25 il B4
NTBEES L, RFRTESITHY), 202 HET
%k 2-0H-Ade DERKL, ¥105%THDEHEESIN
5. CORRFITIE, S (C-OH-Ade % & F %o\ 8
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©
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0 o
A*C GA*C TA*A
(San) (AfI) (San) (AfI)
COS-7 E. coli
B
g 100+
Q
o
3
$ 50
]
o

0- lagging leading lagging leading lagging leading lagging leading
GA*C TA*A GA*C TA*A
(San) (Af) (Sah) (AfM)

COSs-7 E. coli

Fig.4 Comparison of mutations induced by 2-OH-Ade in
COS-7 and E. coli. (A) Mutation frequencies in
COS-7 and E. coli. Open and closed bars represent
the mutation frequencies during lagging and lead-
ing DNA syntheses, respectively. (B) Content of the
induced mutations. Closed box, A — G ; open box,
AA ; hatched box, A — T : dotted box, A — C. Re-
printed with permission from Biochemisry, 36,
11125-11130, 1997. Copyright 1997 American Chemi-
cal Society.

DEBORKMI NG 20, EFEOEREEIHN1I%THS
EHEEI NS, OIS, A DNA ZHWTHLNT
V5 8-OH-Gua DAEF L [ifEf TH % (Cheng et al.,
1992 ; Kamiya et al., 1992, 1995 a ; Wagner et al.,
1997). L 724> T, DNA HIZ4: L 72 2-OH-Ade (3 8-
OH-Gua L FIFREICKREZFRTH L W2 5.,

GA*C BLo o 2-OH-Ade (&, KW, COS-7 filan
WINOBARILYL, X ITHANFICT 7= DRE
R L7, kIS TA*A 54 o 2-0H-Ade &
FRERBIZOT T DORRERY T X v ZHABREC
BEINT W5, CORKERERNVET ML, TTIC
FEME -GAE I N TWDB X9 IT, 2-0H-Ade 23 L T
dCMP (GA*C) £ 72 {3 dAMP(TA*A) W HU D A F L 72
FRTH 5 b s (Kunkel, 1990 ; Shibutani and
Grollman, 1993). ) —7 1 > Z8{AMRIEDOBRIZI3, K%
EROENADRAD Lz, U3, RidoETAL 6% 2
5L, 2-OH-Ade*C 7213 2-OH-Ade* A 2* 5 DK
) =T 4 v TEAMREDH N L ERET S, L7
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75T, GA*C KA D 2-OH-Ade (2xF L TIZ dCMP %*
WHAEFNTA->GERELIZADRRIKERIFHRS

1, TA*A EHIH 0 2-0H-Ade 12xF L TiZ dAMP 2910

DAFNTA->TERL ADRIKERDPFERINIEH
Z6Nb, ZoOFERE, ABRENTOMREBBLL—
H3 5, BEKFENC L3, TA*A sl o 2-OH-Ade »°
KB, COS-7HlanWwFhogdizd, A->GER%E
LFHERLALZETHDL, 2L, HIIBATDNA R X F
—YII(KBHE) ST X 7= F 7213 e (COS-7 #Hl
) % TA*A Ee H o 2-OH-Ade 2% L T 4 dCMP #
W AAIZZLEZRLTWS, 2, KBWTIZ, K5
LR b A->CERMBEINTWS, 22 kid, K
) # 7 =XM% 2-OH-Ade 124 L T dGMP % i) 5AA
L ERT.

PDbtnr—4s%F+tH5 L, 2-0H-Ade (3 8-OH-Gua
CRIBEICERREEEAL, FOAXRT PIE, FEL
TA-GER, 5 BEERX»GCOHAICIE, A->Gofh
ICADKREK, TA*A B DHAICIE, A-T, A-G%
BYRRKERTHD EAERITTHND.

3. 2-OH-dATP DRI IER

1) 2-OH-dATP @ DNA R!) X5 —H 2L 2EY)
AP

WIS, X7V AFF7—LicETrLEbb
2-OH-dATP » DNA K1) * 7 —+IC L 2D AL Z M
L7 ARA ) TX 7V AF RV 754 <
— %M, 2-OH-dATP #3E X L TH5 2 TDNA K
A7 —=¥RInziT-o72L A, 774 2—8{DME»#
gInte, KMo 7 v/ —Wih TI3gE% DNA o T
AL ITH L TD A 2-O0H-dATP DY) AA DB S
72, =0, WILEMWla D B REER TH S DNA K £ 7
— a DEFAITII, PO T 213 CEIEITH LT,
D AABIEE S 1172 (Kamiya and Kasai, 1995).

S 5 IHal, KW OERER, DNA R 47—+
DAL, % DNA D G LI A L T 2-0OH-
dATP 7B N AN 5 2 L2 /i L7 (BUA -5, K%
FF—2). ZDKRY) AT —EELETTER S L5 IR
DENDOEREIZ O W TOFMIZBRELSHTH 5.

2) 2-OH-dATP WA THER T 2ER

FHE 6L, HE %2772 DNA RiBkE (T4 X2 2 7 L
AL R=Z) VB PHRBNTHERT 2ELRDOT v £ A4 R
ZF2ICBF L, 2-OH-dATP 55T 2 4 R 272,
NN, KEHBREKRICEBX 7 vAF F2EmML
THD AFHE, Yok DNA LD lacl #iZfHIicEL R
BRE2MRNT 5 LD TH 5 (Inoue et al., 1998).

B, SEFSFRIBEDX 7 VFF F2HML, lacl
F 7212 lacO #EAE I BT 5 ERIEKEE KD 72 (Fig.
5). K& dATP X dGTP 2% L T L AR IIFH R

1

3

g

E

£

g

2 -

o

3

20 . . . . -
0 10 20 30 40 50

nucleotide added (nmol)

Fig.5 Induction of mutations in lacI and lacO loci by
2-OH-dATP and 8-OH-dGTP. Relative frequencies
of lacI™ and lacO° mutations in the chromosomal
DNA are shown. Closed circles, 2-OH-dATP ; open
circles, 8-OH-dGTP : open triangles, dATP or dGTP.

= 3
e | 76% 51%
=
E 21 single-base
= 12 fold 9 fold substitutions
S +TGGC
s
o 21%
0 others
8-OH-dGTP control 2-OH-dATP

Fig.6 Frequencies and content of mutations in-
duced by 8-OH-dGTP and 2-OH-dATP.

SN o702kt L, 2-OH-dATP kiR & L THW
72 8-OH-dGTP DRI T, BARIEIICERIERE D |5
PEEIN, o ki3, AroEmLEER 2L
ZF FORGHEAENICI) AZNTEREZFR L L
BART 5. BE, MHHERMICE CERSRLEX 2 LA
T F2im L7238 a1213, MR~ RGHERM T ED
BT s8I nTw 3,

Kz, BEEKD lacl 5T DB % AT L 72, Fig. 6
T, BROKEDHWNREERROMIMMEL R L2, #
DR, HALERLEROBIE (L, 2-OH-dATP OFMIC
ORI ER L7222 L8 »Ic% - 72, 8-0H-
dGTP DA I3 2 D LR LI 1215 TH 72, 2o
RREBH®Z 7 LA F F & B TR EERN~OIY
RBHRIZW e LALYE 2 L, 220H-dATP O F % 8-
OH-dGTP & 0 # 3B REMI BN L2k b, 20
&3, X7 LAF FF— iz L 72 2-OH-dATP 2*
TR LRI T 2B RICE b TEELEE 2T
WRAZLERBTELDTHB.

2-OH-dATP (2 & > Tl S L7236 18 R gE R ) 84
%I2G + C—>T-AF5> 25—V 3> Tho7 (Inoue
etal, 1998). —75, 8-OH-dGTP I & » TR S 7=

L

2-OH-dATP

SN

G T
Ao

dTTP acre
GC—-T-A AT — GC

Fig.7 Proposed model for G+ C— T - A transversion
induced by 2-OH-dATP in E. coli.

FEIRERIE, FEAENA-T->C+GbFFrvRIN—
Va3 TH-72. 8-OH-dGTP DA RRE BT, 73 fREE TG
T2 K< mut T WK TR SN2 ERBRLRBRE N
THDNA KR ) A7 —ERICDFERE» L TFRE Tz
RELFA—DIDTHHo72, THZ &3, #FizlchHRL
REBRPAN LN TH LI L 2R LTS, 2.0H-
dATP »i#HL72G - Co>T A5 2NN—=Y 30D
ERCBERE L LTI, Fig. 712RT L9512, 8% DNA
D GHRALITH LT 2-OH-dATP 25 A S, kD HEHL D
FRIZ 2-OH-Ade #3124 L TATTP "l AEh 5 &
ERHEEL T WD, FE, BEDOFHEDERT, KM
DHEBEER, DNA K1) £ 5 =55, 85 DNA 1o G
PILIZH LT 2-0H-dATP 2t A 2 L 2RI L T
WD (R, B, KREET—2).

2-OH-dATP (2 8-OH-dGTP & 9 & &R 5175 <,
72, G- CoT Ao A=V av28BRTA
EIIRWICEHINBEREZ L TH B, LIEiici3, &
BREICENG - CoT - ARROBENEHT B L, £
112 DNA 24 L 72 8-OH-Gua Dif &R & (fE»
AL e O BDbNTEZ, L, FELOMEEIL,
G-CoT+ AbMF A=V 3 yOFERICIE, DL
&£ 4 2-OH-dATP DK S 3 2 gt 2wk L T
Wa, 51T, IR, AT, IREERBILTHERIND
BRIZIG-C>T -Ab52 23— 3 ThHhbHH, 8
OH-Gua FAERSIN TV LT W I E2HELTW S
(Akasaka and Yamamoto, 1994). L722¥-> T, i&tE
FERDFRT 2EEE HIho DNA 575 THM T %
DIF, KREUDEG D ZCBUET(R, fabreZ & TH 2
L8R b s,
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5 B

Pk, FHLPMRZEZED TV S 2.0H-Ade #HLY) |
\F, (LA DNA 815 E AR T 2K RO 2O W Tl
HIEXT &, —HDOEREREZEE L 5 L, 2-0OH-
Ade D, Frlcx 7 v A F F 7 — ) dTo 2-0H-
dATP DAERIL, EHERBERIFRT IEROPTREL
RENZH-> TS HREEI RSN L BbIL D, 4D,
SHLBMEICE T, HEMERER O RL R R
PRETH 5,

Z2EX®
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Summary

Site-specifically modified oligodeoxynucleotides were used to explore the mutagenic
properties of estrogen-derived DNA adducts or anti-estrogen, tamoxifen-derived DNA
adducts in mammalian cells. Using an i vitro experimental system that can quantify base
substitutions and deletions, estrone 2, 3-quinone-induced DNA adducts, N?*(2-
hydroxyestron-6 (a, 8)-yl)-2’-deoxyguanosine (2-OHE,-6-N*dG) and N°- (2-hydroxyestron-
6(a, B)-yl)-2’-deoxyadenosine (2-OHE,-6-N°-dA), were found to be miscoding lesions.
Model estrogen-DNA adducts, N?-[3-methoxyestra-1, 3, 5 (10)-trien-6 (a, B)-yl]-2'-
deoxyguanosine (dG-N%3MeE) and N°-[3-methoxyestra-1, 3, 5 (10)-trien-6 (a, 8)-yl]-2’-
deoxyadenosine (dA-N°-3MeE), structurally similar to 2-OHE,-6-N*-dG and 2-OHE,-6-N°-
dA, were inserted into single-stranded (ss) phagemid vectors.These modified ss vectors
were transfected into simian kidney (COS-7) cells. The progeny plasmid obtained were
used to transform Escherichia coli DH10B. The transformants were analyzed by
oligodeoxynucleotide hybridization and sequencing to determine the mutation frequency
and spectrum. Targeted mutations representing G = T and A — T transversions were
mainly detected opposite 2-OHE;-6-N*-dG and 2-OHE.:-6-N°-dA, respectively. These results
indicate that estrogen-DNA adducts are mutagenic and act as initiators in mammalian
cells.

We also found that a-sulfate tamoxifens are highly reactive to DNA, forming four
diastereoisomers of «@-(N*deoxyguanosinyl)tamoxifen (dG-N*:-TAM). Sulfation of a-
hydroxytamoxifen («-OHTAM), a major metabolite of tamoxifen, catalyzed by rat or
human liver hydroxysteroid sulfotransferase resulted in dG-N*>TAM adducts in DNA.
dG-N%TAM adducts are highly miscoding and mutagenic lesions, generating mainly G —
T transversions, along with G — A transitions and/or G — C transversions in mammalian
cells. These mutagenic TAM-DNA adducts were detected in endometrium obtained from
patients treated with TAM.

Thus, estrogen-and tamoxifen-derived DNA adducts result in mutations and pose a
potential risk to women treated with estrogen or tamoxifen.
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1. Genotoxicity of estrogens

Endogenous and synthetic estrogens have been
suspected to be involved in the development of
breast and endometrial cancers (IARC Monographs,
1979 . Henderson et al., 1988 . Zumoff, 1993). These
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Fig. 1 Structures of estrogen-DNA adducts.

hormonal substances induce several different
tumors including mammary and uterine tumors in
rodents (IARC Monographs, 1979 . Liehr, 1990).
The mechanism of the carcinogenic effect of
estrogens is unknown and may relate to promotion
and/or initiation of cancer (Henderson et al., 1988 ;
Fishman et al., 1995). Estrogens increase the fre-
quency of mitotic activity in target organs. As a rare
consequence of this estrogen-induced proliferation,
malignant phenotypes may occur due to replication
and chromosomal translocation errors during cell
division (Henderson et al., 1988 . Preston-Martin et
al., 1990) and may develop cancers. Alternatively,
treatment of estrogens has been known to form
DNA adducts in tissues of animals (Liehr et al.,
1986a ; Gladek and Liehr, 1989 ; Liehr, 1990). DNA
damage may lead to mutations that initiate human
cancers (Lawley, 1994).

1) Estrogen-induced DNA damage

Estrogens are metabolized by estrogen 2- and 4-
hydroxylases to catecholestrogens (Liehr et al.,
1995 ; Hayes et al., 1996), which, in turn, are oxid-
ized to form semiquinones and quinones by cyto-
chrome P450 (Martucci and Fishman, 1993). Both
2- and 4-hydroxyestradiols induce DNA adducts in

202

cultured Syrian hamster embryo cells (Hayashi et
al., 1996). The 2, 3-and 3, 4-quinones of estrogens are
thought to be reactive intermediates that directly
bind to DNA (Dwivedy et al., 1992). Estrone 2,
3-quinone reacts with dG or dA, forming N*-(2-
hydroxyestron-6 (a, fB)-yl)-2’-deoxyguanosine (2-
OHE,-6-N?-dG) and N°-(2-hydroxyestron-6 (a, S)-
yl)-2’-deoxyadenosine (2-OHE.-6-N°-dA) (the struc-
tures in Fig.1), respectively (Stack et al., 1996).
Reaction of estrone 3, 4-quinone with dG produced
7-[4-hydroxyestron-1 (a, 8)-yl] guanine, with loss of
deoxyribose (Stack et al., 1996).

Yoshizawa and his colleagues found that
pyridinium 3-methoxyestra-1, 3, 5 (10)-trien-6-yl sul-
fate (3MeE-6-S) is highly reactive to deoxynu-
cleosides and DNA, forming N’ [3-methoxyestra-1,
3, 5 (10)-trien-6 (@, B)-yl]-2’-deoxyguanosine (dG-
N2-3MeE) and N°-[3-methoxyestra-1, 3, 5 (10)-trien-
6 (a, B)-yl]-2’-deoxyadenosine (dA-N°-3MeE) ad-
ducts (Fig. 1) (Itoh et al., 1996 and 1998 ; Shibutani
et al., 1997a). They proposed (Takagi et al., 1991)
that the 6-hydroxyl group of 6-hydroxyestrogens is
sulfonated, and that the highly reactive benzyl
esters may form covalent adducts with DNA. Sur-
prisingly, the reacting positions of 3MeE-6-S to dG
and dA were same to that induced by estrone-2,

dNTPs

.. AGAAAGGAGA®
CCTTC X CTTCTTTCCTCTCCCTTT

-

o
A

GGAAG|G |[GAAGAAAGGAGA"
T
A

Pay ooy e}

i

Fig. 2 Diagram of the primer extension assay and analysis
of reaction products.

3-quinone. The chemical structures of dG-N*-3MeE
and dA-N°-3MeE are quite similar to that of 2-OHE.-
6-N>-dG and 2-OHE.-6-N°-dA. Thus, dG-N*-3MeE
and dA-N°-3MeE may also be used as model
estrogen-DNA adducts.

2) Miscoding specificity of estrogen-DNA

adducts

2-OHE-N?-dG-or 2-OHE.-N°-dA-modified 24-mer
was prepared by reacting a single dG or dA embed-
ded in a 24-mer oligodeoxynucleotide with 2-OHE;-
derived quinone (Terashima et al., 1998a) and used
for in wvitro mutagenesis studies. Primer extension
reactions catalyzed by mammalian DNA polymer-
ases were conducted in the presence of four deox-
ynucleoside triphosphates (ANTPs) on the modified
templates, as shown in Fig. 2. The fully extended
products were recovered from the gel and subjected
to two-phase gel electrophoresis (Shibutani, 1993).
The migration of fully extended products was
compared with standards representing products
containing dC, dA, dG, or dT opposite the lesion or
one-and two-base deletions that can be completely
resolved on our established two-phase gel electro-
phoresis, based on their different migration (Fig. 2).
Thus, miscoding specificities can be determined
quantitatively.

When pol a, a mammalian replicative enzyme
was used, 2-OHE;-N*-dG directed the incorporation
of dCMP (6.3%), the correct base, opposite the
lesion. 2-OHE,-N°-dA generated preferential incor-
poration of dTMP (23%), the correct base, opposite
the lesion, accompanied by small amounts of misin-

corporation of dACMP (0.54%) and one base deletion
(0.56%). Using pol B, functioning as a repair
enzyme, only the correct bases, dCMP and dTMP,
were incorporated opposite 2-OHE,-N%-dG and 2-
OHE.-N°-dA, respectively. When pol ¢, another
mammalian replicative enzyme, and PCNA were
used, 2-OHE.-N*dG promoted incorporation of
dCMP (3.1%) opposite the lesion, accompanied by
small amounts of misincorporation of dTMP (0.
52%) . 2-OHE,-N°-dA promoted preferential incorpo-
ration of dTMP (62%) opposite the lesion, along
with small amounts of misincorporation of dCMP
(3.2%) and one-base deletions (0.34%). Thus, the
miscoding specificities and frequencies varied de-
pending on the DNA polymerase used as similarly
reported for other DNA adduct (Shibutani et al.,
1991).

These results indicate that endogenous estrogen
quinone-derived DNA adducts have miscoding
potential : G > A and A — G transitions and dele-
tions are predicted in mammalian cells. In human
breast cancer, G > A (Mazars et al., 1992 . Sasa et
al., 1993) and A — G transitions (Blaszyk et al.,
1994 ; Nigro et al., 1994) were detected mainly, along
with some G — T transversions (Coles et al., 1992 .
Biggs et al., 1993) and deletions (Sato et al., 1992 ;
Hamelin et al., 1994). Thus, the miscoding
specificities of estrogen quinone-derived DNA ad-
ducts are quite similar to that observed in human
breast cancer.

3) Mutagenic event of estrogen-DNA ad-

ducts

We also found that model estrogen DNA adducts,
dG-N2-3MeE and dA-N°-3MeE adducts, have mis-
coding potential (Shibutani et al., 1997a). Site-
specifically modified oligodeoxynucleotides contain-
ing a single dG-N*-3MeE or dA-N°®-3MeE were insert-
ed into a gapped single-strand vector as described in
Fig. 3 (Terashima et al., 1998b). Due to the ss struc-
ture, repair of DNA adducts is minimal (Moriya,
1993). These constructed vectors were used to estab-
lish the mutagenic specificities and frequencies of
dG-N%3MeE and dA-N°-3MeE. The vectors modified
with dG-N%-3MeE and dA-N°-3MeE were used to
transfect simian kidney (COS-7) cells. The progeny
plasmid obtained were used to transform Escheri-
chia coli DH10B. The transformants were analyzed
by oligodeoxynucleotide hybridization and sequenc-
ing to determine the mutation specificity.

When a dG-N*-3MeE-modified vector was used,
dCMP (92.5%), the correct base, was preferentially
incorporated opposite the lesion (Tablel). Fifteen
targeted mutants representing G — T transversions
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Fig. 3 Construction of a single-strand vector containing a single estrogen-DNA adduct
The upper stand is a part of ss pMS2 sequence : X represents dG-N*-3MeE or dA-N®-3MeE

Table 1 Mutational specificity of model estrogen-DNA adducts in COS-7 cells®

Number of Targeted Mutations
(dG, dG-N*-3MeE, dA or dA-N°-3MeE — X)

Plasmid G T A C A others®
pMS2(dG) 198(100%) 0(<0.5%) 0(<0.5%) 0(<0.5%) 0(<0.5%) 0
pMS2(dG-N*-3MeE) 212(93%)  15(6.6%) 0 2(0.9%) 0 0
pMS2(dA) 0(<0.5%) 0(<0.5%) 2000100%) 0(<0.5%) 0(<0.5%) 1
pMS2(dA-N®-3MeE) 3(1.5%) 33(16%) 171(83%) 0 0 5

2Adducted ssDNA (100 fmol) was used to transfect COS-7 cells. Progeny phagemid was recovered
and used to transform E. coli DH10B for mutation analysis.

"Non-targeted mutations are listed below.

*TCC(= t) TCCTCACCTCTC *TCCTCCTCA*CC(— g2 and t3) TCTC

were detected, along with two mutants showing G
— C. The frequency of the targeted mutation was
7.5%. No mutations were observed with the un-
modified vector. When a dA-N°®-3MeE-modified
vector was used, preferential incorporation of
dTMP (82.6%), the correct base, was also observed
opposite the lesion (Table 1). Thirty-three targeted
mutants representing A — T transversions were
detected, accompanied by a small number of
mutants showing A — G transitions.

The frequency of the targeted mutation was 17.4%.
Some non-targeted mutations were detected oppo-
site dC two bases 3’ to dA-N°-3MeE lesion. The
frequency of targeted mutation observed opposite
dA-N®-3MeE was 2. 3 times higher than that obser-
ved opposite dG-N*-3MeE. Thus, the dA-N°-3MeE
lesion was much more mutagenic than the dG-N*-
3MeE lesion. This is the first evidence that the
estrogen-DNA adducts are highly mutagenic and act
as initiators in mammalian cells.

4) Other possible mechanisms of estrogen-
induced mutation

When estrogen quinones are reduced to the semi-

quinones during redox cycling, free radicals produce
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oxidative damage, including 8-oxo-7, 8-dihydro-2’-
deoxyguanosine (8-0xodG) in DNA (Han and Liehr,
1994). 8-OxodG is a mutagenic lesion, generating
primarily G — T transversions in mammalian cells
(Shibutani et al., 1991 ; Cheng et al., 1992 ; Moriya,
1993). This mutagenic lesion has been detected in
mammary DNA from breast cancer patients (Malins
et al.,, 1993). Thus, if 8-0xodG is not repaired,
oxidative damage may also contribute to the initia-
tion of cancer.

Estrogen-3, 4-quinone directly reacts with dG resi-
due, resulting in N7-(4-hydroxyestron-1-yl) guanine
and an apurinic site in DNA (Stack et al., 1996 ;
Cavalieri et al., 1997). Apurinic/apyridiminic
(abasic) sites have been shown to generate muta-
tions in mammalian cells. In our # vitro studies
using pol @ and pol ¢ (Shibutani et al., 1997b ;
Mozzherin et al., 1997), preferential misincorpora-
tion of dAMP was detected opposite a natural or
synthetic abasic site during DNA synthesis. In COS-
7 cells, dAMP, dCMP, and dTMP were incorpo-
rated at similar frequencies opposite a natural
abasic site (Cabral Neto, et al., 1992). In another
study in COS-7 cells, preferential incorporation of
dAMP was observed opposite a synthetic abasic

Qf?ﬁ
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HO Estrogen

ff

; 4-OH- 2-OH-Estrogen
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¥
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Fig.4 Proposed mechanisms of DNA damage induced by estrogen.

site, accompanied by a small number of deletions
(Takeshita and Eisenberg, 1994). In human
Ilymphoblastoid cells, dGMP was incorporated pri-
marily opposite natural abasic sites (Klinedinst and
Drinkwater, 1992). Although the mutation spectra
observed in the three studies were different, unsta-
ble depurinating sites induced by estrogen-3, 4-
quinone may promote mutations. Alternatively, the
unstable adduct, N7-(4-hydroxyestron-1-yl)-2’-
deoxyguanosine, itself may also have a mutagenic
potential.

The increased formation of 16a-hydroxyestrogen
metabolites may be associated with an increased
risk for developing mammary cancer in rodents
(Fishman et al., 1995). Since 16a-hydroxyestrone
reacts covalently with amino groups in proteins
through the Schiff base (Miyairi et al., 1991), 16«-
hydroxyestrogen may also reactive with DNA, form-
ing DNA adducts.

Both 2-and 4-hydroxyestradiols have been shown
to form DNA adducts in cultured hamster embryo
cells (Hayashi et al., 1996). In our studies, stable
model estrogen-DNA adducts similar to that gener-
ated by 2-hydroxyestrogen have highly mutagenic
potential. Thus, estrogen-derived DNA adducts,

depurinic sites, as well as oxdative damage may be
involved in the development of human cancers in-
cluding breast and endometrial cancers (Fig. 4).
4-Hydroxyestrogens have been shown to be car-
cinogeneic in the kidneys of male Syrian hamsters
while 2-hydroxyestrogens were not (Liehr et al.,
1986b ; Li and Li, 1987). However, 2-and 4-
hydroxyestrogens and their major metabolites,
estradiol-2, 3-quinone and estradiol-3, 4-quinone, did
not show any tumorigenic potency in liver of B6C3F,
male mice (Cavalieri et al., 1997) . Carcinogenicity of
estrogen may be vary depending on the organs
examined, the species and the sex of animals. So far
no carcinogenic studies of estrogen metabolites such
as hydroxyestrogens and estrogen quinones have
been investigated in mammary and uterus tissues of
animals. Further studies will be required to explore
the carcinogenicity of estrogen and its metabolites.

2. Genotoxicity of an anti-estrogen,
tamoxifen

Tamoxifen (TAM) is widely used for the chemo-
therapy of breast cancer and is being considered as
a prophylactic agent for healthy women with a
positive family history of breast cancer (Nayfield et
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Fig.5 Structures of trans-or cis-forms of dG-N*-tamoxifen.

al., 1991 ; Jordan, 1993 ; Powles et al., 1993). How-
ever, this drug is a potent hepatocarcinogen in rats
(Williams et al., 1993 ; Greaves et al., 1993 ; Hard et
al., 1993). Treatment with TAM increases the inci-
dence of endometrial cancer in breast cancer
patients (Seoud et al., 1993 : Fischer et al., 1994 .
van Leeuwen et al., 1994). Thus, TAM has been
listed as a human carcinogen by the IARC (IARC
Monographs, 1996) .

1) Tamoxifen-derived DNA adducts

Treatment with TAM produces DNA adducts in
the livers of rodents (Han and Liehr, 1992 ; White et
al., 1993). Several mechanisms have been proposed
to explain the formation of DNA adducts induced by
TAM (Potter et al.,, 1994) 4-Hydroxytamoxifen
quinone methide, produced by the oxidation of
4-hydroxytamoxifen, may react with DNA to form
TAM-DNA adducts (Moorthy et al., 1996). Tamox-
ifen 1, 2-epoxide, another oxidative species, was
initially reported to react with DNA (Phillips et al.,
1994a and 1996a) . However, the same group recently
concluded that tamoxifen 1, 2-epoxide itself is
devoid of DNA-binding activity (Osborne et al.,
1996) . a-Hydroxylation of TAM and its metabolites,
tamoxifen N-oxide, N-desmethyltamoxifen, and 4-
hydroxytamoxifen, leads to formation of nucleoside
adducts (Potter et al., 1994 ; Phillips et al., 1994a
and b Jarman et al., 1995). However, a-
hydroxytamoxifen has only a low level of reactivity
to DNA in vitro (Phillips et al., 1994a).

We found that when 2’-deoxyguanosine (dG) was
reacted with a-sulfate tamoxifen (a-sulfate TAM),
four reaction products were isolated by HPLC
(Dasaradhi and Shibutani, 1997). All products have
similar UV absorbance and exhibited at m/z 637,
identifying the molecular weight as 636 daltons.
These data suggest that four products are expected
to be diastereoisomers of dG-tamoxifen. The struc-
ture of each of the isomers of dG-tamoxifens was
analyzed by 600 Hz NMR. Fr-1 and fr-2 were
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identified as the epimers of frans-form of a-(N*
deoxyguanosinyl) tamoxifen (dG-N%-TAM, the struc-
tures in Fig.5). Fr-3 and fr-4 were identified as the
epimers of cis-form of dG-N*TAM (Dasaradhi and
Shibutani, 1997).

2) Formation of tamoxifen-derived DNA ad-
ducts through sulfation of a-OHTAM

We recently found that sulfation of «-OHTAM
catalyzed by rat liver hydroxysteroid (alcohol) sul-
fotransferase a (STa) resulted in dG-N*TAM ad-
ducts in DNA (Shibutani et al., 1998b) . Based on the
levels of the expression and relationship of human
sulfotransferases to the rat enzymes that activate
benzylic alcohols, human hydroxysteroid sulfotrans-
ferase (hHST) may play a significant role in the
activation of benzylic alcohols in human livers
(Glatt et al., 1995). Moreover, similarities in the
substrate specificities of STa and hHST are consis-
tent with the possibility that hHST may also catal-
yze the sulfation of «-OHTAM. The formation of
TAM-derived DNA adducts was investigated by
incubation of DNA with (E)-a-OHTAM, 3’-
phosphoadenosine 5’-phosphosulfate (PAPS), and
four distinct recombinant human sulfotransferases.
Using *P-postlabeling and HPLC analysis, two
TAM-DNA adducts were detected in incubations
that included the human hydroxysteroid sulfotrans-
ferase SULT2A1 (hHST), but not with human
phenol sulfotransferase SULTI1A1*2, estrogen sul-
fotransferase SULTI1E, or monoamine sulfotransfer-
ase SULTIA3 (Shibutani et al., 1998c). When
compared with standards of stereoisomers of a-
(NV*-deoxyguanosinyl) tamoxifen 3’-monophosphate
(dG#»-N-TAM), the major adduct was identified
chromatographically as an epimer of the #rans-form
of dG-N*-TAM, and the minor adduct was identified
as an epimer of the cis-form. As shown in Fig. 6,
since a conversion between the (E)-and (Z) -form of
a-OHTAM occurs through a carbocation intermedi-
ate (Dasaradhi and Shibutani, 1997 ; Shibutani et
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Fig.6 A mechanism for the formation of dG-N*tamoxifen DNA adducts.

Table 2 Miscoding specificities of dG-N*-tamoxifen adducts”

C(%) A %) G(%)

T%) A% A (%)

pola
dG 78.0
dG-N*-tamoxifen
fr-1 14.6 4.9
fr-2 1.5 1.6
fr-3 1.0 1.5
fr-4 2.3 2.3
pold
dG 13.8
dG-N*-tamoxifen
fr-1 6.5
fr-2 1.4
fr-3 0.70
fr-4 0.40

0.79
0.24
0.29
0.70

1.0 1.4
0.30 0.60
1.3 1.6
0.53 3.3

0.30

aC, A, G, T, A', and A? represent the amount of the fully extended
product containing dC, dA, dG, dT, and one-and two-base deletions
opposite the lesion produced from the starting primer, respectively.

al., 1998b), the cis-form of dG-N*TAM can be for-
med through this conversion. These results indicate
that sulfation of a-OHTAM catalyzed by hHST
results in the formation of dG-N*TAMs in human
tissues.

3) Miscoding and Mutagenic properties of
tamoxifen DNA adducts
Primer extension reactions catalyzed by mam-
malian DNA polymerases were conducted in the
presence of all four dNTPs on site-specifically

I

modified templates containing a single stereoisomer
of dG-N-TAMs (Shibutani and Dasaradhi, 1997), as
similarly described in Fig. 2 (Shibutani et al., 1996) .
When pol a was used, DNA synthesis on un-
modified templates led to the expected incorpora-
tion of dCMP opposite dG (Table 2). The epimers of
trans-forms (fr-1 and fr-2) and the epimers of cis-
forms (fr-3 and fr-4) of dG-N*>TAM adducts promot-
ed the incorporation of dCMP (1.0-14%) and dAMP
(1.5-4.9%) opposite the lesions, accompanied by
small amounts of incorporation of dGMP. One-and
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Fig. 7 Tamoxifen-DNA adducts in human endometrium.

two-base deletions were also detected. Using pol d,
primer extension reactions were blocked one-base
before dG-N*>-TAM lesions. Some of the primers
passed the lesions to form the fully extended prod-
ucts. Preferential incorporation of dCMP, the cor-
rect base, was observed opposite the lesions. Fr-1 of
the trans-form of dG-N*TAM only promoted small
amounts of misincorporation of dTMP (0.3%). No
deletions were detected. The miscoding specificities
obtained by pol ¢ were much different from that of
pol a. Thus, dG-N*>TAMs have miscoding poten-
tials : G = T and G — C transversions and deletions
are predicted in mammalian cells.

4) Mutagenic properties of dG-N*tamoxifen
DNA adducts

15-mer oligodeoxynucleotides containing an each
isomer of dG-N*TAM or unmodified dG were pre-
pared as described previously (Shibutani and Dasar-
adhi, 1997). These oligodeoxynucleotides were ligat-
ed into a gapped single-strand vector as similarily
described in Fig. 3. The vectors modified with dG-
N>-TAM were used to transfect COS-7 cells. When
dG-N2.TAM-modified vectors were used, targeted
mutants representing G — T transversions were
mainly detected, along with G — A transitions and/
or G — C transversions. No mutations were observed
with the unmodified vector. The mutagenic
specificities were quite similar to that observed
vitro (Shibutani and Dasaradhi, 1997) and in the
liver DNA of lambda/lacl transgenic rats (Davies et
al,, 1997). Thus, dG-N*-TAMs were mutagenic
lesions in mammalian cells.

5) Detection of tamoxifen-DNA adducts in
human endometrium
Phillips and his colleagues failed to detect TAM-
DNA adducts in leucocytes (Phillips et al., 1996b) or
in endometrium (Carmichael et al., 1996) of TAM-
treated patients. On the other hand, using a **P-
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postlabeling-HPLC method, Hemminki et al. detect-
ed a TAM-induced adduct in leucocytes (Hemminki
et al., 1997) and endometrial tissues (Hemminki et
al., 1996) obtained from breast cancer patients.
However, these results were criticized because the
radioactivity of a TAM adduct detected was only
twice that of background, and the adduct was not
identified using standard (Orton et al., 1997).
Recently we have analyzed 13 endometrial samples
obtained from TAM-treated patients and 10 untreat-
ed samples, using a combination of **P-postlabeling
and HPLC analysis (Shibutani et al., 1998a). TAM-
DNA adducts were detected in 6 samples while no
adducts were observed in the control samples. Using
standard markers, the major TAM adducts were
identified chromatographically as #rans-form and
cis-form of dG-N-TAM (Fig. 7). Thus, mutagenic
dG-N%.TAM adducts may participate in the initia-
tion of endometrial cancer.

Conclusion

Estrogen-and tamoxifen-derived DNA adducts
result in mutations and pose a potential risk to
women treated with estrogen or tamoxifen. These
results raises concerns about the use of estrogen in
hormone replacement treatment or the use of tamox-
ifen as a chemopreventive agent for healthy women
as well as its use in treatment of breast cancer.
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Summary

Ultraviolet (UV) light damages biologically important molecules including DNA, and the
damage to DNA appears to be involved in the process of skin cancer through the mutagenic
activation of proto-oncogenes and/or the inactivation of tumor suppressor genes.

In this paper, we review the mutational properties of UV-induced DNA lesions, and in particu-
lar, those of photoproducts at thymine-thymine sites.

(This paper, chaired by Kiyomi Kikugawa, was presented to the 9th JEMS Annual Symposium, “Syn- ’ ‘
thetic Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya Hayatsu, it
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goRF I Lo —L(6-4)F 2 ¥4 ~—(Fig.1)»*
I FLEIMNE rh TR T AR Z LIS, SEIMREHA
RiZOoWTih~3,

1. ras BIEFFROIOOQTIVBRFZISHA
V—hHFERITDIEER
1) b b c-Ha-ras BIZFOLERH L HAEENEA

FHERAWE DNA BEFREZEOHR
t b c-Ha-ras #1Z113, & FDEE» 5% % < Y
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SNBFERETFTH Y, ZOWEEALIZIS ras EIEZT D% PERIELTT IV BPERINTG ras BT %2+ A:é A§§

ENE (2 F 212, 13, 7203 61) OHIEESPERTH - 72oMilar, BEERLT7r— A2 2HKRL2a0= pEB I i e mrcgaraa-

5 2 L2 E N T 5 (Nishimura and Sekiya, —& L THBEET2ZL2TE3, CHORMIZLY, ¥4 BECED - [l

1987). HH LI, EAEOKREHEZHML LT, £ b 513, BFER D DNA BEOBRERZR L2, 2% *

c-Ha-ras 815 T DAL FAK 2 LIATICIT > 72 (Miura et Table 1 12777, }

al.’ 1987) ) i 7:’ = mé\ﬁi C-Ha.ras lﬁ{i% é‘ 7 i F\‘] —Gi\gl—Thr—Cys-Ijsu—Leu—Asp- Iig—Leu—Asp—Thr-Ala—Gly— 6l—3%11-G1\1—Tyr—Ser—Alz-x—Met—Af:: i(
< U e e ' >

fE™7 £ )L 2D long terminal repeat ? FiftIZE AT 2
L, Y7 AHRKRDONIH3IT3IHIETRIL, Ho501 LD
WEHEALEAL L SNBET I /B2 EHRL THB W ras i
BFDEAICIE, BEER(F I VXA 7r—2X =3 y)
ERT L L e Bl L7 (Kamiya et al., 1989).
c-Ha-ras BIZFOKETDOEEIZ, DNA 7t v b2k
2 X BB TFRADEIDES I 5 &5, WHICHIER
B R BERRAER AT & 3T 72 (REHEIC D W T o 8 OKi% -
A, 1990) B I Nz, 2D, DNA 7ty b
AT & ) IR 2 A T A DNA 2 ras 5T
iz, EIFRRMICGEAT L LR TH L, Loy
>7TC, ras BIZTOHEALEMTH D, 2 K12, 6112
DNA B2 EA L, ras BIZTX7 ¥ —ICHLAA SIS
NIH3T3#ilgic b7 2727 a5, HIEE

o] o] o]

HN)j/ HN)j/ HN ‘"vOHﬂ .
N 0N N ek
—
o—kr"o OR, R{0 0-P-0 ORy

R0 i
o o
(6-4)photoproduct of TpT
o i [¢] o o]
HN NH HN NH
07N N" 0 oéI\N A N~ o

H H H
(o]
R0 o-F-0 OR, RO 0-P-0 OR,
.

O0—v=0

cys-syn cyclobutane trans-syn cyclobutane
thymine dimer thymine dimer

Fig. 1 Structures of DNA lesions formed by ultraviolet light.

2) o7 BFI ST —%FALTc
Ha-ras BIZFR0 5 —DiEE

c-Ha-ras BIZFPD 2 F 61 12 5-CAR-3’(R=A 72
3G EVIEFIE L >TEBY, Iy iveza—FLT
W3, FH LT, 5-CAA-3DAHHEE 3-GTT-5’ B h o
TT#MALIC 7078 BFI v FL2—(VR-V VB
PR, sT=TBLUV IS5 2- L BIEE, tsT=T) %
BATEIEICLR, FIv5f=e—280F) TR
VA F F(Fig.2 D L 12) LA L, @dikiks o=
7T T7 4 =X ) EAEICHER L, s ot )
IXZVFFRET=—Y 7L, DNAY) F—¥ick
DHEFEIETDNA ALy b2 LA, 2D DNA 7
v M3, KIS Bell, WIZ EcoRV EA#H L Tw
% (Fig. 2).

X7 % — & LT, &McHa-ras # 15T D EcoRV-
Bell 888 (a F > 61 #58) ik F o oE AZIC &
D>t 2%/ L% > T b pEB(Fig. 2) # f v
72. 7, pEB % EcoRV, Bcll TRH LS » & ZfL
51%E L7 2DNAKRF IV Ff~>—2E8LDNA &
v b & Bell S THifs L7z, DWT, EcoRV HIC L
D NI D EcoRV 7 % #5H S &, FFONEASE L, HRD~
7 % — %K% L 72 (Kamiya et al., 1993 a).

3) >onTICBRFIELT—%EAL -
Ha-ras BIZFIZ & 2 NIH3T3 fH#fan b 5 > X
TH—A—= 3>

E Lok ) IcHEE L2272 —% NIH3 T 34l

ZhZ 2727 ary iz, ZOMREE Table 2 12K
T, E¥RBT7I/BTHLIINS I 6123 —FLT
W % 3-GTT-5 (sense $4 13 5’-CAA-3) L 51 # # O c-

Table 1 DNA lesions studied with ras-NIH3T3 system

DNA lesions Mutation Reference®
O°-methylguanine G—A (1)
8-hydroxyguanine G — T, flanking mutation ), 3
8-hydroxyadenine A—-G A—-T, (A—-0C (4)
abasic site analogue G — A, flanking mutation (5)
abasic site G — A, flanking mutation (6)
hypoxanthine A—-G (7)
xanthine G—A (8)

#(1)Kamiya et al., 1991 ; (2) Kamiya et al., 1992b ; (3) Kamiya et
al., 1995b ; (4) Kamiya et al., 1995a ; (5) Kamiya et al., 1992d ; (6)
Kamiya et al., 1993b ; (7) Kamiya et al., 1992a : (8) Kamiya et al.,

1992c¢.
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GAG ACC TGT CTG CTG GAT|ATC CTT GAT ACC GCA GGC CAA GAA GAA TAC TCT GCG ATG CGT
TAG CTG CCA CTC TGG ACA GAC GAC CTA|TAG GAA CTA TGG CGT CCG GTT CTT CTT ATG AGA CGC TAC GCACTAG

>< Ll2 ><e===L1l'====>

<=e L13

DNA cassette

Fig. 2 Nucleotide sequence of the DNA cassette with a cyclobutane thymine dimer. The cassette
was inserted into pEB digested with EcoRV and Bc/l. The thymine dimer are shown by TT.

Table 2 Number of foci induced by ras genes

Experiment No.

ras gene Codon 617
113) 2C) 3d) 40)
Gln -6l 3 GTTS 0 5 0 4
(normal)
csT=T 3 GT=T% 2 49 6 15
tsT=T 3 GT=T% 16 93 11 41
Lys-61

(activated) 3 TTTS 37 512 88 360

“Sequences in the antisense strand are shown.
230 ng of DNA was used.

9150 ng of DNA was used.

920 ng of DNA was used.

“50ng of DNA was used.

Ha-ras E15F 0546, KOBEIERRE (7 + — 4 AKX
) LA LTV W BRI NT . CobT 4Ll
BHRREES, B2 E—D ras BIZTOVEASI NI L
X2, Ak DNA OB ARIEDFERTH DL EHEZ HLNE, —
B, WHALRT I /B THE) P rEa—FLTWw3
3-TTT-5 BH ##5D c-Ha-ras EEFOHE, H L WE
BHRIREE (7 + — 7 A EE) B I T2, sT=T %
HT 5 ras &5 TDHA, Lys-61 ras EIZTD 4 —10 %
N7+ — AEHEEE, tsC=C ZH T % ras BIZT DY
BIF1—43% D7 + — A ABEEE R LI, 2D L
i3, IRV 6lLICEBALY 2707 s v BIF 3 5 —w—
2k oT, BEIWGFERINTT I /BBERIPELIE
BRT. E2, COMERDP S, tsT=T DlH* csT=T &
DLEWERFEEZELTWAZ LML R -T2
(Kamiya et al., 1993 a). %7z, Lys-61 ras #Efz T % 100
% & LIZBRD 7 + — 7 ARRKEIL, BXEMDERIGEE
ERTODEFEZ LILED, ras &I51H 1HIRICE2
E—ASSBA0H DT, EBROEREIINLNIHTE
INVEHEHENL DB DL,

4) onT I ERFIUTAT—DFERTIER

Lo ko LTHELNLT +—h Z2DMNah &5 Yuta
R DNA ZHiH L, A X172 c-Ha-ras B1E T DA
#4T-72(Table 3). csT=T AR LLERL LTI,
FT—>A Ty ZN=2 3 VRO EETH - 72,
ZDOHAITIE, sense D T F > 61 DELHIIZ 5’-CTA-3
k), TIBFaf L itBE BRI LIk T
ras BAZFHEMEALS N LHEE S NS, iz, 5-T,
3T DY EBDPRBHINT WS, (sST=THHERK L7
BFROYBIZFT2A PSSV AN=Va v Tho12
(Table 3). £72, 5 TT-325-AA-3 & ¥ > T ALICEHR
LTwiebod zimii3ne,

#Hik 35 L0, KIBHEICBITA2ERZARY PILIG,
cST=THWIT2AFF AN =V 3, tsT=TH
T>AFFVANRN=Da EREINTWLIDT,
PRI LNIZZ LITh 5,

2. XNEVDFIERIDIEZEEDY v NIRRT —
ZRU-@BT

1) FIVFAT—%5BALz> v PRI I—DIE
3

falt, HEHED— AL, VKD COS-7HIlRT7 Z 2
SFELTHT A v PARTZ =2 HWT, T(6-4)
THEIWesT=T(Fig. D DFHRT 2EBDMHN 24T -
72 (Kamiya et al., 1998). 2D+ F VX7 ¥ — (Fig.
3) 1%, SV 40 nERGES 25, COS-7THENTT Z 2
SRPELTHBENS, £72, ColE1l nERES 24 L,
COS-7 #fanr 5L L7277 A 2 K 2 KW THHE S
BTHITARETH 5. 218D DNA 53, HIREER
AAL DRBFEIALTH 5 5°-CTTAAG-3’ O TT ITEA
FTHILEL, Y VBT ISA MERHWTAY) X
JVEF EEABLI, AN ITX 7 LA F FidmEks
saw 7774 =L ) ESMEICHER LA
DNA #Z~X7 2 =D (+)-81F 7213 (—) - T h
P A L7z AL %2 SO 2 () -7 ¥ 7
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Table 3 Mutations detected in cells transformed by a ras gene with a thymine dimer

Thymine dimer Sequence® Focus observed Codon 61 (amino acid)
5 TA3 8 CTA (Leu)
GT 2 CAC (His)
AT 1 CAT (His)
csT=T CA 1 CTG (Leu)
TC 1 CGA (Arg)
TA+TG 1 CTA+CCA (Leu+Pro)
CT+GT+AT 1 CAG+CAC+CAT (GIn+His)
5 AT3 9 CAT (His)
AA 7 CTT (Leu)
tsT=T RC 1 CGA (Arg)
AA+TA+GA 1 CTT+CTA+CTC(Leu)
other” 1
“Mutated sites are indicated by underlines.
"Both sites were mixtures of T and A.
5' 3'
d (+) GGTCGACTTAAGGTACC
S (+) () [ccge ccaccreaarTccaTee TTAR
Apal AT EcoRl s
5 3 5 =TT —
ds () (+) T GGTACCTTAAGTCGACC GGCC ds (+) 3= )
(-) CATGGAATTCAGCTGG F lagging strand =
EcoRl Aff Apal
e
3!
SV40 5
ori ds () 3 ——
leading strand —
amp” o ~ )
PSVKAM2
(2106 bp)

ColE1
ori

Fig.3 Structure of double-stranded vectors with either T (6-4) T or csT="T (left) and schematic presentation of the replication
of template strands containing T (6-4) T or ¢csT=T (right). The SV40 origin and the ColE1 origin, which work in COS-7
cells and in E. coli, respectively, and the E. coli ampicillin resistance gene are shown. Closed circles represent 5’-
phosphate groups. The TT with asterisks or the TT represents the photolesion.

SHAERIZ, (=)-8H2%Y) —7 1 » ZESHA RIS @ E L
5] X ICKFLTH LB DT, HEERCBIT bHiARY
BEDENETHRDE ENTE S,

2) FITAT—NERFRAE

TO6-HT BE VW ST=T 2HL~7 % —% COS-7 #f
N lZBA L, MR 2 & 53 S 4172 DNA # X L 72, [[]
UL 72 DNA # HIREER AAT] TR LCLD L L
TWwhneZINEFNKRBE~NE M7 A7 2723~
L, BELEKD(Fig. 4). BREFEZ, TOG-HTDH
AWesT=T &) @<, X 78#HARKFZ 4.7 %, ) —
T4 THAREIC23% TH -2, FICHLT,
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ST=TNERRI1IBUTFTTH-72. THOT v A R
DA, HMSH(DNA B & ZHWEH) bERI
72002, EBOERFIIDLELHBLNIAED 2 15
ThoEWEZIND, 72, WTHOBAL X 784
BAEKEDFH) —T 4 v ZEABREL ) D ERRRI G
EVWIRERTH o7z, csT=T DEERY, Fak L7 ras
BIEF-NIH3T3#ENR LD w5, 243, (1)
ras WAEFORTIE, I E—KDOHHPKNETH 5725
CERFRZEHRED 22X H D, 2) v+ bAR7
g —DFRTIE, MFHHOEEICL) DNA HFoERE
12U TR B2 LR, Q) HOWIEA R 52 L%
HPEETHL EEBbISE, Q)IBELTTH B, ras

ETDORTIE, B IV IZETEY & GC IZE TR
NDYx 73 i esT=T »% % (Fig. 2). DNA ¥
VAT =N 7 VA F FEMAT BRI, BHEEES,
ACHNIC & 2 ZREEE D@ W AE R TR 2 RGN
TERIRETEDSH B, oo EREME L LT, (4) YL (COS-7 #ll
fa) L =7 Z(NIH 3 T 3#il2) » DNA K £ 53—+ (2
L2EECLFEZH5NDH, ZOITREMREN X IE
5.

3) FIVIAT—DERARI M
TO-TDERZARZ FViF, 3-T->Comd £<
PR LEZESHTWS(Table 4). hoERELTYH
3T DIFERERI Z N, BIKECLDL LTI, T
(6-4)T O 5B CH T ICEBRI N2 L DA 4
FIRBINTHDEZETHDL, WITNL)—T 4 v 78]

3

~ 6

>

o 4.70

o

g

=3

o

L 2

c

2

s 0 | cis-syn | cis-syn

= (6-4) (6-4)
unmodified unmodified

double strand (+) double strand (-)

lagging leading

Fig.4 Mutation frequencies of photoproducts in COS-7 cells.

BRFED LD TH 5.

—%, csT=T IZWEE W Z~<=2 bV %55k L7 (Table
4). ZX 7HAREEE ) — T 1 v ZEHA T m A
HTRL LY, 3 T>CFEFLEFIT->-GRY-T—A
GTEFRMINTWD, F72,5-TT-3 4 5-AC-33~& ¥
CTACERLIZLDLRAMEINT WD, ras 5T —
NIH3T3#ENDRTIZETH 723 T>A M5 X
W=D a3 VBIBEAERBIN T Ww, 2, b
LR DB N DEDIRECEHEL TS,

3. ENRFER DNA BIEOEEIXRT NIV

1) FIL84T—NDERTRDIE

b L7z &9 12, miFLEflie < T(6-4)T, csT=T,
tsT=TD3EDF I v F4>—RBTHILIERLFR
T5IENMLEDITh -~ Lo 3HEED BTG I
WTIE, D7 —7IC & ) KIGH S H3EER b T %
BEZRTZ PNUHTFHRSLN TS (Table ). ¢sT=T 3z K
BHEHPTIT>A NS AN—2 3 0R3F.T>C}
TV arvRBERTLY, BETRIINERZS
ELAWEREINTW S, KBETH S LRI,
ras BIET—NIH 3 T 3 #ilan R TH S 72455 & F
LTwa2% COS-7THIEDRTIHELN/IZ D EIZEL 5
TWwa,

tsT=T 3KEH DR, BREDRDOW S T5-T— A b
FUAN=Y 3 YRTORKREREZFERT I EHMEIN
TWwb, ras BIETDRTIEF-T>A T v A=
3 VDFERVBEINIDTIDEIZ—HK LTS, L
2L, ras BIETFDORTIE, TT > AA DS > FLERY
BN, TORRKERIBEIN TV W, 1HER

Table4 Mutations induced by T (6-4) T and ¢sT=T in COS-7 cells

T(6-4)T csT=T
Sequence”  double strand (+) double strand (—) double strand (+) double strand (—)
lagging leading lagging leading
5 TC3 17 10 6 4
5 TG 3 3 0 7
5 TA 3 5 4 1 1
5CT3% 1 1 4 2
5 GT ¥ 0 1 2 2
5 AT 3 0 0 2 3
5 ACY3 0 0 1 3
AT 0 0 2 2
ATT 0 0 0 1
+A 0 0 0 2%
others 0 47 6 20

“Mutated sites are indicated by underlines.

“The C residue at the 5-flanking position of TT changed to T (5 CTTA to TTTA).
“One clone has a 5 GTTA sequence and four clones have a 5 CTTT sequence. One clone
has a sequence deleted at A (5 CTTA to CTT).

“These clones have a 5 CTATA sequence.

®One clone has a 5 GTTA sequence and one clone has a 5 CTTT sequence.

217




Table 5 Mutations induced by UV lesions

DNA lesions Organism Mutation Reference®
csT=T E. coli 3-T—A,3-T—>C 1)
E. coli 3-T—A,3-T—>C (2)
S. cerevisiae weakly mutagenic (3)
tsT=T E. coli 5-T = A, AT (1)
E. coli 5-T = A, AT (2)
S. cerevisiae 5-T = A, AT (3)
T6-4T E. coli I-T=C 4)
E. coli 3-T—>C (2
S. cerevisiae  3-T —C (5)
T(6-4)T (Dewar isomer) E. coli 3-T — C etc. (4)
E. coli 3-T — C etc. (2)
cis-syn cyclobutane TU dimer E. coli 3-U—->TC—T (6)
cis-syn cyclobutane TC dimer E. coli weakly mutagenic (7)
TA dimer E. coli 3A—T (8)

#(1) Lawrence et al., 1990 : (2) Smith et al., 1996 : (3) Gibbs et al., 1993 : (4) LeClerc et
al., 1991 ; (5)Gibbs et al., 1995 ; (6)Jiang et al., 1993 ; (7) Hosfall et al., 1997 ; (8) Zhao

and Taylor, 1996.

KRERI, ras BIETORTREM ERIETEL VDT,
FERICEDERPELIZPBEPIIHLI TR WD, ¥
T LBERDOFEHKIL ras BIZT—NIH 3 T 3fla TH%
RERELSEHOITELDEWZ B,

T(6-4) T (ZKEH, BHBPTIT>CrI7RAYy
T vy L, COS-7HIEDRTH: SRR & —5
5. COREFRICIE, TO-HDT D I-T L GHERLD
IREFREADPESNTEY, TO-4HT 2HLAREDE
N EEZERDT— 2 22 L Twv % (Fujiwara
and Iwai, 1997).

fhic, FEHSHDOWIETIZIY L% - 728 T(6-4)
T 1212 3-T OWEEN# 7% 5, Dewar isomer 2 fFFE 3
5. COBBOFRERIIKGE THN ST WS,
FT->ChE, WENANZ MLERT EHREZINTW
5.

2) thOFNRFEFE DNA BEH5|ZEZTER

INFTII, 5-TT-3EHLICET 5 DNA BFEOER
IZDOWTRNT &7, BRTH DAY, DAL b IEE
34T 5. FHLHPH G L) TR AT &
% i DEESMRT 7 DNA 5055 St 2 34 R RT3
ELTUE, YR-vy yz7aT7 sy RTUSAL~—58
HF 515 (Tableb). 2L, ¥ 7u7 8 LRI L >—
hoo CHitElL, 5, 6 - AKA L L > Twd i
a7 2 /7 ALE R T v & D (Tessman et al., 1994)
IS E, IRINLINTHS, ZNITLBETU Y
A=—2FLAY “TT" LiigEh, 3-U—->TEEE]
ERIT., COUNFNTCIA~>—HkEEZLEC—
TEEEZFRTDHEMMTES, L, v2-v > ¥
7a7 g oRT-CHOA4~>—13, HFH)EEGE»EL X
WEREINTE ) (Table 5), F7ZHGR D RHAIK -
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T b AL DS & 227 - 7248112 T-A 94 = —
BH DN, TNEIF-A->TEEZFERT 5 (Tableb).

3) BOMRHBRTIERARS M

Miller 1, KM@ SN2 G L, lacl EIZTI2B
TEEEEMBHT L, HRERERIIG-CoA-TH
EEMICZ<, 20WTG-C>T ARSI N
(Miller, 1985). Hauser 513, ¥ % h~7 & —255}+
FREMEIL, $v CV-1filarp THFE I L5 LR % T
L7z, ZO#FE, G- C>A-T»61%, G-C—>T-
A %13 % &t LT % (Hauser et al., 1986). 72,
Y MRZ S —2HET D IS IR 2 IR
L, G'CoATEENFINBTHLI EPMEINT
\» % (Calcagnile et al., 1996).

SRR BE L7277 F 2 3 N2 b L ofiladmi
Yrp THBS S, TOEREBIETLLMKICGC—
A - T ZHE25HR 2172 (Thomas and Kunkel, 1993 ;
Carty et al., 1993). S L2513, FHREEDIZLA
Eldyza7s RE) IV y4~>—0RKEHRE L
Twb,

U EDfERIE, Ceaty7u7 s B85 f>—thD
CHHMMWT I /L3N T, G Co> A TERZFERT
5LV ETNEXFT S, LAL, Bl g,
CDRAN=ALITHEEN TR DR H T 5 (Table
5, £/, v w7y RIS 2—FDCHEIEDOBLT 2
ACBIB O 8 B 3 KN T D 15 B 1 R L TR W L »
9 ¥ (Barak et al., 1995) b & 0, 7% < & L KIGH IS
BIL T oRBEITARMIRE VR 5,

HE 513, —A$7 7 — ¥ DNA ICHX 2 IREF L, K
WiChZ7vr 2727 av L2l h, GoCERE, o
WT G— T 2% %M L7z (Negishi and Hao, 1992).

COEREFR L 72 DNA #HIBZ, RMTH 507 IR
MEHZ & DM EREDFGPEZ LN,

5 B

DIk, &% 6 OW% % LI INRF 7 DNA 850°
GISE I FTERICOWTHRNRT S HRKEZIRDES &,
IR L > THEHRIN L KEOBEOFHMIZOWTIZ
WELAB LRI Z 0, Ak, SH6LAMRITEST,
BRDOFRDIENLETH D,

Z2EXM
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Role of sequence-specificity of DNA damage

Shinji Oikawa and Shosuke Kawanishi

Department of Hygiene, Mie University School of Medicine
2-174, Edobashi, Tu, Mie 514-8507, Japan

Summary

It is well known that various kinds of active oxygen and other radical species, alkylating agents
and UV can induce site-specific DNA damage. Sequence-specificity of DNA damage is determined
by oxidation potential of radical species, DNA recognition of alkylating agents, ionization poten-
tial and molecular electrostatic potential of DNA. Cells have repair mechanisms that correct such
site-specific DNA damage. However, when these defenses are oversaturated, such as under
conditions of highly oxidative stress, the DNA damage has an increased miscoding potential. In
this paper, we review mechanisms of the site-specific DNA damage and its association with the
carcinogenicity process and with the carcinostatic effect.

(This paper, chaired by Takehiko Nohmi, was presented to the 9th JEMS Annual Symposium, “Synthetic
Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya Hayatsu, sponsored
by the Environmental Mutagen Society of Japan, and held at Yakult Hall, Tokyo, May, 29, 1998.)

Keywords - oxygen radical, UV, alkylating agent, DNA damage, sequence-specificity
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AR FHAR O IE F A (A sl S T B Y,
MM AR D B R OHERR IS AT 2 M2 H T T 5.
L2 L, EHIEIDORE5E (uncontrolled growth) % ## 1) 3K
L, b VRRCERE T 2 MlaEMsH ),
EMEE T b “DA” THDH. fMlarrAlts 2
BICBZSDRT o7 2H ), BEELEROV LI
DNA O#f54% 5. DNA 5% b 72 6 T EE LR K(E
TREHRR LR E D BN K 1, BREBLFIEFEOILY:
BRFB LT ANZEOEWIR T EHFEZ 6N TW
5. FRICIREBULYE, &Y, MR REHRL £ il

24+ 199848 F 24 H
2199849 H 2 H
OHARRBIARIAF2

FRIR TR PE 712 & 5 DNA I B W TiE R
FKEEELHREHNEZRL LTS, Fokakld, BEAL
BRI L B RPAIZ, NO B LUEMREENES
HEELNT W5, blbNAINETITHLNICLTE
72 DNA 85O EERH R 2 HEBESEE T U
iz &k 5 DNA #iff, UVARSGHC L 28 FBE#ET
52 DNAEEB LT VXA AR I L B
DNA iz » TS L, ZBRIE, EHA, LA EH
BT ARFEHHET 5.

HILbILHHE. L 72 DNA AR IR 0 355 2
HEDRNTIZ, & N DATREET c-Ha-ras-1 B LU H5AHD
H&EFps3 D bERENDKRy PAKy P 28T
100~400 bp AW 2 Y770 —=o 7352 L2k
) 47 - 72 (Yamamoto and Kawanishi, 1991 a ; Yama-
shita et al., 1998). DNA H5 7 ¥ S 51 85 B4 0 AT
1213 Maxam-Gilbert &E#IHL, A—FF7 9% 75 A
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Table 1 Site specificity of DNA damage induced by vari-
ous kinds of active oxygen and other radical

species
Radical Site-specificity of DNA damage
OH radical
~T~C>
e } G~T~C>A
N centered radical G
SO.~ radical GG>G
RO radical poly G

BL—H—FT U b A= —TERMLINLEZ 25
2, ALK DNAHEE D O & 5 T H 5% 8-o0x0-7, 8-
dihydro-2’-deoxyguanosine (8-oxodG) ? 7€ (3 & Kt
RS HPLC % v TiT - 72, DNA BB oA
22X b7 w7 H % BT electoron spin resonance
(ESR) I & 0 i L 72,

1. EMEBRSIVUEESINIICELS DNA
BEDERICIIFRY

RN TE L 2B R ICII A — Y —F F 2 F
(0:7), WEILKEH0.), EF BRI NVLFT VAN
(+OH), —HEHEER(0.)7H 5. ILFICITHE LAY
DEFH LT VA7V (RO, ROO:), NRE BB
EEE R, NO L X &b, (EMERERIC X 2 DNA
R I3FE 2 DEHEDAAE L, HEBOMIRRED 21
EFNRL D,

0.7, H.0,, * OH (3 3 ErHEE R 7 1 (0.) " E N Fh
1, 2, 3|/ FEILINTZHTTHY, ‘0, FIERTED
BESTTH5H, FEMIZDNA #HET 5 G T
ERICE>THEL S, Y RptEICET -0OH, 0., &
B REARETH DL L HEZ 5N D, Tablel ITRT &9
12, - OH I3IEHICKELBILETLEMNEZF>T WD
T, 1 FLAETRTCOELZ IS L 275 o RER %
FEAET B, FoBEBEEA L DB LT DNA 8% 1Y)
Wrs 5. WIHEDERLSBERME LTT 7= (A) D
{85 & 1172 2-hydroxydeoxyadenosine (2-OH-dA), 8,

5’-cyclodeoxyadenosine (cyclo-dA), 8-hydroxy-
deoxyadenosine (8-OH-dA), ¥ ¥ ¥ (C) »EfL 3 1L

7z 5-hydroxydeoxycytidine (5-OH-dC), 7 7 = ¥ (G)
R S 17z 8-0x0dG, 8,5’-cyclodeoxyguanosine
(cyclo-dG), glyoxal-dG i hn#, + 3 » (T)A54E14E &
n7zs 37 a—n, k%, 5formyldeoxyuridine
(5-CHO-dU) Eh#ikis 2T\ 5 (Ide et al., 1993
Murata-Kamiya et al., 1997). —7%, '0, (3G % F¢i
1248453 % (Kawanishi et al., 1986 ; Ito et al.,
1993).

NO A EF—2 2> L RKIEDEH N7 ) —F
ANTHY, EEPICEELEEN2HT 5—FHT, B
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RRIEIC & - TREIZHEA S LS & DNA 574 ¥ 25
ERILEIGAZLLLTAREMEIREINT NS
(Liu and Hotchkiss, 1995). NO (34EB 5T TRk
RBILEZITRT L, NO & O DRIERITH 53
—**<F+4 74 F(ONOO) (ZNO & D iEtED 5N
TRIEISFETH A, ONOO™ (3, A, G, C, T, X
ToHFEZHEBE L, & 512, T4 Kk DNA # o 8-
oxodG E i L B hn 2 ¥ % (Inoue and Kawanishi,
1995). F7z, 46 DERLK) DNA 853 - OH HlitE#)
THHIS S 2 &2 5, DNA BB EMEREIZIER
«OH ICIEWRISHE 282 2 L L2 ICh ), ZDIE
HREIZNO & O, P IRJIe L THEK L7 ONOO DH 5
FED AR D, £7203 ONOO™ Do i FE THRR L7z b
DEFHZ 515 (Epe et al., 1996).

—F, ERNSSVLSUANENERPLTIVANIZ
DNADE I DG E2HRERMICESET 2
(Yamamoto and Kawanishi, 1991 b). fififigZ o 7
IFHMD G LD L GGD & % Gkl % ik < 18
%3 % (Kawanishi et al., 1989a). BFpL7 oA
(RO*, ROO*)F5-GGG-3D &5 %X GEHIHD
il G #8153 % (Tada-Oikawa et al., 1998). %7 ¥
HNDOBALRILENL, BRPLT UM, WET D7
W, BEPLIPANVDIRIKS L bLHEZ oD, F
72, 4008 A, G, C, T)HGORALEM AR D
K<, ¥R GG R GGG FENR Y G EHIIES ICEILS
119 \» (Sugiyama and Saito, 1996). L72»-> 7T, 7
CAHNDOBAEITC B AT EITIUSA, G, C, T, 47
DT XTHEBINE 55, BIGEICEMAKS % 5
IZHEVWERIL I N T WG S, 2 512 GG, GGG A RFEM
B IS, ‘

LR EHEETIIRIRIC X > T DNA L DFEAKED
R b0, ZNFIREDORSI T DNA ICHHE 2 5 2
brHzZond, RYVAMEIIEHEIN TV E=y 7Lk
B 22350 ME HoOp DAFAAE T THRIBEE R A2 K
L DNA ZERFERICEET 5, = v 7 Vibato
DNAHBG OB ERINFEREEIC, T, GTH Y
(Kawanishi et al., 1989 b), /3L b3 G 25R5#H <
15 S5 (Yamamoto et al., 1989). F72, KRFEE
ISR LN TWEIRIAMETIEHSIN T
Wil b HoO, DAFEAE F TR R A% EK L, DNA
Bl T %, F#125-GTC-3 O T % HALFRRAICHH
%3 % (Oikawa and Kawanishi, 1998).

2. UVABRRICLDIBEFBHZNULIERER
ISR DNA 88

KEFSEIMREDE MICEEEEGI SR T L3 &<
LNTWD, INFTEMRUTLEIEDVAICESGT D
13 UVB(280-320 nm) £ H 2 6T & 7245, UVA IT L 3
WAMED B B 2 L vt 1172 (Setlow et al., 1993).
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Fig. 1 Site-specificity of DNA cleavage induced by 365 nm irradiation in the
presence of riboflavin or hematoporphyrin.
The **P 5 end-labeled 337 bp DNA fragment obtained from the c-Ha-ras-1
protooncogene was exposed to 6.6 J/cm? UV light (365 nm) with 0.05 mM
riboflavin (A) or 0.1 mM hematoporphyrin (B) in 100/ of 10 mM sodium
phosphate buffer (pH 7.9) containing 2¢M/base sonicated calf thymus

DNA and 5¢M DTPA.

IARC (International Agency for Research on Can-
cer) ICBWT L UVA DREPAMIZ UVB L FFRED 2
Ak MR L THDA D AREMEA IR 12 W) & il L
Tw3, UVA (3 DNA ZEEHEB L2 W2 e 6, 4
MOERE Sy & 4 L 724200 7% DNA {R150 wTREtE A %
5, BENICIZ7 78, 770 v HRRLT7 4 ) v
He EORMBS 0 EBAFET S, Ler'>T, Th
b DARN G F-H8EEIMRIC & 0 ke S IUTHAER T 2 1E1E
FEASHIERIC DNA 28T HE2 605, bbbl
2 UVA IS L 2 RPAMELR AT 5720, s+
THAE FIZBWT UVA HEHic & 2 DNA 150 EERLS)
R RAE R B 2 R L 72,

(1) V&A77Er(toet al, 1993) BLO7' T ~
¥ (Ito, and Kawanishi, 1997 a) : ') K7 7 £ > (ribo-
flavin) X 7" 7 ) ~ (pterin) f#1& F T UVA (365 nm) #

DNA (a4t U 728558, MGHEKRAAHIC DNA 2485 S
iz, ZDIFIBECHFRELEIL 2 A8 DNA ICBWT G ¢
A L7285 (5°-GG-3) D 5l G TH D, G HAME
TIIEEIIRD s > 72 (Fig. 1A). F72, LW
DNA DV &£ > TH % 8-0x0dG AR ML,
512 8-0x0dG (Z G 1B 1T 5 8-0x0dG LSNPS I I~
TESITER L. 2D 8-0x0dG £k iT 5-GG-3' D 5’
il GITBWTHHEICHMLL, ChHnT &t 2 A4
DNA H D GG #E KR D 5 M G H¥fx b & 51
ThHDHOERMESINTWEZEE I —%T 3
(Sugiyama and Saito, 1996). L 724> T, UVA 4t
A NEREI N K777 7 ) ~i3 DNA Hi
D THRLBILINR TG ERTRINZ N L TRE
e L, 8-0xodG FHFDMALIIAE 243 5 2 L R
R BOEOWZER, EEEEE PRSI ST
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Fig. 2 Site-specificity of DNA cleavage induced by streptozotocin.
The **P 5’ end-labeled 348-bp DNA fragment obtained from the human p53
tumor suppressor gene (A), or 261-bp fragment obtained from the c-Ha-
ras-1 protooncogene (B), was incubated with 0.5 mM STZ and 10uM/
base of sonicated calf thymus DNA in 200/ of 10 mM sodium phosphate
buffer (pH 7.8) containing 2.54M DTPA.

WISy A GG RS 5 3TA DB 2 AT
DNA 57 £ K L T b GG B H 2 8-0x0dG # A2 B
THZ e LTwa (Halletal., 1996). L7ch - T
HEERNIZBWT D, BB 113 GG & EHENIZKIET
LWEI7e <, BENLT W T ARSI R A% DNA 8
BHEI D ) b eFEZ LN,

(2) H® 74 rH(Kawanishi et al., 1986) : K
W7 4) AGHRE T, MEHISEL T 4 ) CHE
T2 L& DRIk L TREEBBICZ 5. WEMER
W74 ) YHODEDTHEI~NPPERLT 4 )~
(hematoporphyrin) D#E F T UVA % Mgt L 724558,
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1 AR DNA ICB W T G RICHEE I N (Fig. 1
B), %72, 8-0oxodG & b L7z, ESR DAERENH 2
DIRBITIZ 10, DGR S 72, 72, 2 A8 DNA
DIBIIRD SN -7z,

VI ED#ER» 5, UVA RERNEHES FHFETT
DNA #5355 2 L2 2 L7z, 2o DNA 5D
AR R R (25 T DAL ISR AE 5.
FRCE T RZEMED W ES 13T BEIZ 0 L TR
12 5-GG-3' BtH o 5 G 2 ¥R RIVICHRE T 5 2 L 2532
LN (AN
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Fig.3 Alteration of site-specificity of duocarmycin A-induced cleavage of DNA fragment by distamycin A.
The **P 5 end-labeled 98-bp DNA fragment obtained from the c-Ha-ras-1 protooncogene in 2004/ of 10
mM sodium phosphate buffer (pH 7.9) containing 50«M.base of sonicated calf thymus DNA was
incubated 37°C for 5 min in the presence of 10#M distamycin A. Then 5x¢M duocarmycin A was added,
and the reaction mixture was incubated at 20°C for 60 min.

3. ZIFIVEEIPRAAFIC K DIEREETIIT
£1) DNA &8

TIFNMLKIDZ b v 7 b b v v (streptozotocin,
STZ) 3, H&Z > 7 v N> 2B B #ilao DNA #1815
L, BRMICHERBRIEICWR2 5 EHEZ 6N TW 5,
STZ (3 H & DNA #{8H L, Zo#EMIRICIBWTH
DNA #f, 5127 K b= 2 2FE L7z (Murata et
al., 1998). STZ iZ & 5 DNA ® X F)UALIC (3IEHHELS
HRELZDH Y, 5-GGG-3 A DOHIRD G H 5 \Wid5-
GG-3 D 3l G ik S 72 (Fig. 2). 6D
DNA R 7 K b= 2545+ b ) 7 A R0EEE T b
D AT IMEII N L, EHEE LT
CH:* DB RS I NIz, 272, A F A= u VY REID
DNA O G % X FMALT %%, Fi2 5°-GGG-3’ Do
G 2 AFNMELRT W, 6 DIFRESIFRRIE IS8
& B AL D 4y f § & 4L (molecular electrostatic
potential) I & - TIN5,

DA DALEFFREICH O SN BHAHIICE 5 DNA D
IR G FRERROMIR L EETH 5. FiBIUEIED
HEWETH ST 24 )~ 4 ¥ >~ A(duocarmycin A)
1Z2 A8 DNA IZBWT, AZF723TH 320 kil
TWBERIDP TR D 3 KIFISENADERIN3) 2iF
My 7 a7 aX A BRTHEIERHFRRRIICT VEALT
5, 12, 7v* <4 (bleomycin) (3 DNA 4+ ®
5.GC-3 B & U 5.GT-3 5l % EF 7/ — L& TRE
L, ¥v—F L& 2MMingkrfIRas+E2EHLL, T4
¥ ) R—ZADH5S TDNAYIK 2T (T 7 —F
4 3 S 15 E47) (Yamamoto and Kawanishi,
1992). &~ F A2 ) F / A ¥ F ~(neocarzinostatin) (3

DNA D~ A F+—7NV—7 (%) 2ii#l, 351270 %
TATDZY VAL VBTNV E FA %D SHALA
Mick D EMELd , KEGIEHKEICL Y DNA 10
Flixt D 5-AGC-3+3-TCG-5" % HALEHFr R I LT
3 % (Hiraku and Kawanishi, 1997). 2 &9, #i
AANE DNA OFFE DIEIES] 2387 L, T Xk
L DNA Y& X ) DNA #48%% L, DNA @8 H%E
REREREZBATSHZ L2 LD AL 72H00E 2 FER
EEb, L»L, irAHRZBHM, 2RICHKSTLL
R ERSCEAmESBN S, PIATA K D DNA Y
Wittt % DNA fEARE L EFEIR LI LICL N HE®RS
HEER 2R T 5 2 LA RETH B, bbbk
? DNA #EARIEICOWTH A A A D DNA Y)W i1
5@ B & U DNA Y OB RENZIC O W TR
HEITo7%, Tat oA AR, AT IR DE
B DA Z TIVXNALT 5%, G-CYEFEA ITE TEAL
TOTNVENMIERD SN, LrLl, Tatan=
A ACDNAKARETHET 4 R4V VA
(distamycin A) 23X 2 &, G- CHEHEMA 3 —4
AR L CECHI T 2L T TV X WAL D B e ke
28 65172 (Fig. 3) (Yamamoto et al., 1993). 2o
DNA #fEniE kRO EE, T4 ALV VA
HMTIZA D 5 W T OMEKESNIC & 2EDIRIF N~
AF—IN—T7%BBLTNVINMET DN, T4 RF~
A AEEFLE ZIZTIEGCH B\ (3 CoE KBS
DG BN A F =T N =T R BB LT NLINALT S
EEZOND, Thbb, TatANeA L rALT Y
2824 ADPETET L L DNADGH %\ IF CaEli
BLSI DAL T 3 eI I N, TORREGCH LI
CHFEEHAL AT VIS NG LHEEINL, 5
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12, bbb AR TV A~4 2 » D DNA #EAR
FIZE 2HMEHICOWTORE %24T-72. 32D E®R
— VERPy) » LR S LT w5 DNAK A RE
PyPyPy (37 VAL L v n—HTHL T awAf
12 & 2 DNA VIl odE SR e Bk 2 24k 3¢, Gov4 D
fie L 72Ees o 3Bz L 72 C (5°-GGGGC-3’) & Fr 2y
I L 72, LLEO#ESE D 5, DNA #SA R I3 DA A A
DIEFFR A Tk 2 23, & 512 DNA tIHriG
PEEMET 2 2 L ARE I 7,

4. DNA EBECHIFIIEREIHREDER

LR AL =z -3y, 7O0E—vay, 7
07 Vy Y3 rDEEREERETREEM» T THETT 5.
A=y —3 3 VIZIEFEMIED DNA A5 IR SR 1Y
B E R, BESLEBEIFORY IC L ) RIRERHHE
A S AUTEAE I 2 28 A MRS L 2 ANl 72 AR T b
. EHREERARES VI 2K DNA 2 3%
T 5. BALRICEMOIEFICEV-OH 3T XTIk E
it L, BALRITEMAENERBLT VAN, ks
CHN, BEDLT YNNI R T WG,
B2 GG, GGG EHH o G o 8 fir % B AL L 8-ox0dG %
ZHERT S, DNARED? SRRERE L ITIIHIAI
W72 57 8 2T W EIEARLET D2 W, RIRE
EoEEZICIPLCEDLRY PRAK Y FED DNA D
FREDIMMPHEBEINE L PUETH L, L2h > T,
DNA O & D5 I IEBRCH R 2 25 Sk 2 &
NDPITOWTIRNT 24T ) 2 X 3307 A KRS 2 R § 2
9 ZTIHEHICEETH B,

SOMRIT & 2 HEIERCHIFR R DNA B> v T,
UVB 2L 2 DNA DE#FEMNZHEE L LT, EY) 32
FKPEYHIRIE S T v B (Davies, 1995). S Hibhbitb
WIIHPAMEZRT UVA L AERNERIEME () K7
ZEy, 7T SR IC X BETBEIZ AN L2 DNA 18
PR 2 AT L 725, A8 DNA 128 W T 5-GG-3’ i
5 D GHEEBE N, ZD G DBEILEKWICIT 8-
oxodG & EN 5 2 L &R L7 (Ito and Kawanishi,
1997 b). Z DX EFREENIC & 2 X AERCH R R 72
8-0x0dG DA IIE FZ AN &4 1 i1cdkm L 72
KT H 5. %4 5 (Shibutani et al., 1991) I3 8-0xodG
HERICE DRARERDZAR PNVELTG>TDO T~
ZN—=V a3 rEHRELTWS, Leh->T, b MEERE
WTD ras BIZTOEEN ) L GG > TCHERIFZ
NE THAIXND CCTOEY IV U REMDERIC L S
EEINTELY, bilbilid5-GG-3 B D5 MG
AR L 72 8-0x0dG I2E B GG > TGD F 7 v 23—
CarDafEEb e d ) ) b EFZTnD,

AP EIE O TERE 2 HE 2872 L Tw 55E(E
T AHVEEIZ T p53 h 5. OB T DERIIM
I, KB, FUE, BWESIZLA L ONA TEEET
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BHLN, "y ARy MTBIFAEREROHIE L K
£2 < 31T 5 (Saito et al., 1996). 2L 6 D% %
FRET L 7cAE S, Wik o pss M rERIEZG->T b
FYARN=D a YRR EERD 132 ED, ZD ) b
60 % IZEEIL S LT\ GG EKERCH IZ B 1T 5 G ITm%R
SREERD b2, L7eh> T, DNA BB T 51
FEEHFF R p53 B Lo & T 5 ZHEHTA BLE(E
FOFRRERDBAIITES G LTWEEHELZ LN,

T VX NMALHIRPLASAFNIC & 5 DNA #2313 DNA
BOHIERCIFERIEZRET L) A THEHETH L, A b
V7 RV by R AF = b a v RE I SES R RN
12 5-GGG-3 BADHRD G H 512 5-GG-3” D 3l
DG EAFMET B, 2D LIFBEHS B ELOST
## {7 (molecular electrostatic potential) (2 & % &%
oMb, F72, WADFEFREITH W LI AHH AR
D% 1X DNA 2 BRI T 20T, MPARICE S
DNA DI HEFF RN 57 AR R D IR ICEETH
5. bIbIUIFE2 DA K L DNA L DK s % 41
HEVER TR AR TR 2B L T LU T
fEdT L, PLAsAANC & 5 DNA YIHFSe 7L X uAbic 33
FERLAVEF RN 7 o Tl M B 2 7o LT b 2
EERMMLTER, 51, bitbiid DNA D4 Tk
12 & B4 AR DIGEAERLH R 2RI UINT A% DNA 5 A sl 3
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25 DEFH* DNA DIEFIEACHIFFRIES & L THA
ABRRDA = 2 —v a3 vR7TuE— 3 AMEH, 2
MBANREICED L ITEE T TH», A% 6%
LWRDPRLETH 5,

Z2EXM

Davies, R. J. H. (1995) Ultraviolet radiation damage in DNA,
Biochem. Soc. Trans., 23, 407-418.

Epe, B., D. Ballmaier, I. Roussyn, K. Briviba and H. Sies
(1996) DNA damage by peroxynitrite characterized with
DNA repair enzymes, Nucleic Acids Res., 24, 4105-4110.

Hall, D. B., R. E. Holmlin and J. K. Barton (1996) Oxidative
DNA damage through long-range electron transfer, Nature,
382, 731-735.

Hiraku, Y. and S. Kawanishi (1997) Actinomycin D amplifies
site-specific DNA cleavage induced by neocarzinostatin,
Biochem. Biophys. Res. Comm., 239, 134-138.

Ide, H., K. Akamatsu, Y. Kimura, K. Michiue, K. Makino, A.
Asaeda, Y. Takamori and K. Kubo (1993) Synthesis and
damage specificity of a novel probe for the detection of
abasic sites in DNA, Biochemistry, 32, 8276-8283.

Inoue, S. and S. Kawanishi (1995) Oxidative DNA damage
induced by simultaneous generation of nitric oxide and
superoxide, FEBS Lett., 371, 86-88.

Ito, K., S. Inoue, K. Yamamoto and S. Kawanishi (1993)
8-Hydroxydeoxyguanosine formation at the 5’ site of 5’-GG-
3’ sequences in double-stranded DNA by UV radiation with
riboflavin,. J. Biol. Chem., 268, 13221-13227.

Ito, K and S. Kawanishi (1997a) Photoinduced hydroxylation
of deoxyguanosine in DNA by pterins : sequence specificity
and mechanism, Biochemistry, 36, 1774-1781.

Ito, K. and S. Kawanishi (1997b) Site-specific DNA damage
induced by UVA radiation in the presence of endogenous
photosensitizer, Biol. Chem., 378, 1307-1312.

Kawanishi, S., S. Inoue, S. Sano and H. Aiba (1986)
Photodynamic guanine modification by hematoporphyrin
is specific for single-stranded DNA with singlet oxygen as a
mediator, J. Biol. Chem., 261, 6090-6095.

Kawanishi, S., K. Yamamoto and S. Inoue (1989a) Site-
specific DNA damage induced by sulfite in the presence of
cobalt(II) ion. Role of sulfate radical, Biochem. Phar-
macol., 38, 3491-3496.

Kawanishi, S., S. Inoue and K. Yamamoto (1989b) Site-
specific DNA damage induced by nickel (II) ion in the
presence of hydrogen peroxide, Carcinogenesis, 10, 2231-
2235.

Liu, R. H. and J. H.Hotchkiss (1995) Potential genotoxicity of
chronically elevated nitric oxide : a review, Mutat. Res.,
339, 73-89.

Murata, M., A. Takahashi, I. Saito and S. Kawanishi (1998)
Site-specific DNA methylation and apoptosis induced by
diabetogenic streptozotocin, Biochemical Pharmacology, in
press.

Murata-Kamiya, N., H. Kamiya, M. Muraoka, H. Kaji and

H. Kasai (1997) Comparison of oxidation products from
DNA components by gamma-irradiation and Fenton-type
reactions, J. Radiation Res., 38, 121-131.

Oikawa, S. and S. Kawanishi (1998) Distinct Mechanisms of
Site-specific DNA Damage Induced by Endogenous
Reductants in the Presence of Iron (III) and Copper(II),
Biochem. Biophys Acta, in press.

Saito, M., S. Takahashi, Y. Uesaka and K. Enomoto (1996)
p53 gene mutations in the human lung carcinoma, Nippon
Rinsho-Japanese Journal of Clinical Medicine, 54, 497-502.

Setlow, R. B., E. Grist, K. Thompson and A. D. Woodhead
(1993) Wavelengths effective in induction of malignant
melanoma, Proc. Natl. Acad. Sci. USA, 90, 6666-6670.

Shibutani, S., M. Takeshata and A.P. Grollman (1991) Inser-
tion of specific bases during DNA synthesis past the
oxidation-damaged base 8-oxodG, Nature, 349, 431-434.

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

Tada-Oikawa, S., S. Oikawa and S. Kawanisi (1998)
Oxidative DNA damage and apoptosis induced by
metabolites of butylated hydroxytoluene, Biochem. Phar-
macol., 56, 361-370.

Yamamoto, K., S. Inoue, A. Yamazaki, T. Yoshinaga and S.
Kawanishi (1989) Site-specific DNA damage induced by
cobalt (II) ion and hydrogen peroxide : role of singlet
oxygen, Chem. Res. Toxicol., 2, 234-239.

Yamamoto, K. and S. Kawanishi (1991a) Site-specific DNA
damage induced by hydrazine in the presence of manga-
nese and copper ions : The role of hydroxyl radical and
hydrogen atom, J. Biol. Chem., 266, 1509-1515.

Yamamoto, K. and S. Kawanishi (1991b) Free radical pro-
duction and site-specific DNA damage induced by hydral-
azine in the presence of metal ions or peroxidase/ hydrogen
peroxide, Biochem. Pharmacol., 41, 905-914.

Yamamoto, K. and S. Kawanishi (1992) Enhancement and
alteration of bleomycin-catalyzed site specific DNA cleav-
age by distamycin A and some minor groove binders,
Biochem. Biophys. Res. Comm., 183, 292-299.

Yamamoto, K., H. Sugiyama and S. Kawanishi (1993) Con-
certed DNA recognition and novel site-specific alkylation
by duocarmycin A with distamycin A, Biochemistry, 32,
1059-1066.

Yamashita, N., M. Murata, S. Inoue, Y. Hiraku, T. Yo-

shinaga and S. Kawanishi (1998) Superoxide formation
and DNA damage induced by a fragrant furanone in the
presence of copper (II), Mutat. Res., 397, 191-201.

227




!

Environ. Mutagen Res., 20 : 229 - 234(1998)

Symposium

This paper, chaired by Hideo Ikeda, was presented to the 9th JEMS Annual Symposium, “Syn-
thetic Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya
Hayatsu, sponsored by the Environmental Mutagen Society of Japan, and held at Yakult Hall,

Tokyo, May, 29, 1998.

Specific interaction between damaged bases in DNA
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Summary

T4 endonuclease V is a DNA repair enzyme from bacteriophage T4 which catalyzes the
first reaction step of the pyrimidine dimer specific base excision repair pathway. The
crystal structure of the enzyme complexed with a duplex DNA substrate, containing a
thymine dimer, has been determined at 2.75A resolution. The atomic structure of the
complex reveals the unique conformation of the DNA duplex, which exhibits a sharp kink
with a 60° inclination at the central thymine dimer. This kink divides the duplex into two
B-DNA regions, each of which makes extensive polar interactions with the basic concave
surface of the enzyme. The adenine base complementary to the 5’ side of the thymine
dimer is completely flipped out of the DNA duplex and is trapped in a cavity on the
protein surface. These structural features allow an understanding of the catalytic mecha-
nism and implicate a general mechanism of how other repair enzymes recognize damaged

DNA duplexes.

Keywords - T4 endonuclease V, base excision repair, pyrimidine dimer, base flip-out

Introduction

Excision repair directly acts on damaged moieties
within DNA duplexes to proceed reactions for their
elimination. Although nucleotide excision repair
(NER) is assumed to play a central role in this
process, the structural analyses of its molecular
machinery is not impressive, because of their com-
plicated and unstable architectures. On the other
hand, base excision repair (BER) involves simpler
enzymes at least for the initial steps of the reaction
pathways, although it remains unclear how these
enzymes may interact with other molecules par-
ticipating in the later reaction steps. In the initial
step of BER, a DNA glycosylase directly excises the
modified base moieties from DNA duplexes to pro-
duce apurinic-apyrimidinic (AP) sites. The phos-
phate backbone at the abasic site is subsequently
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cleaved, either by the AP lyase activity belonging to
the same DNA glycosylase or by the actions of other
AP endonucleases. From the structural biology
viewpoint, the BER enzymes are indeed good tar-
gets to clarify the mechanism by which repair
enzymes specifically recognize lesions within DNA
duplexes.

This report focuses, in particular, on the direct
visualization of a damage recognition mechanism,
which is based on the first successful X-ray struc-
ture determination of a representative BER enzyme,
T4 endonuclease V, complexed with a DNA duplex
containing a pyrimidine photodimer. This crystallo-
graphic study revealed an unexpected damage rec-
ognition mechanism that flips a base out of a DNA
duplex. The structural features of the DNA defor-
mation implied that this mechanism can be general-
ized to damage recognition by various repair
enzymes. Since then, the crystal structures of some
other BER enzymes have been determined and such
implications for the repair mechanism are indeed
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Fig. 1 Structure of T4 endo V-DNA substrate complex. The
protein and the DNA substrate containing a thymine-
dimer at the center are shown by a ribbon model and
a wire model. The thymine-dimer is denoted by bold
lines. Note the flipped-out adenine base which lies
behind the H1 helix.

becoming a reality.

1. Crystal structure of T4 endonuclease
V in the DNA-free state

Endonuclease (endo) V from bacteriphage T4 is
the most popular DNA repair enzyme that has been
biochemically investigated for a long time (Dodson
and Lloyd, 1989). This enzyme has high affinity for
both cyclobutane-type pyrimidine dimers (PDs) and
AP sites within DNA duplexes and two distinct
catalytic activities ; scission of the glycosyl bond at
the 5" side of PD and subsequent cleavage of the
phosphodiester bond at the 3’position of the abasic
site through B-elimination. This enzyme binds only
to double stranded DNA and scans nontarget
sequences by electrostatic interaction to search for
the damaged site (Dobson and Lloyd, 1989).

The T4 eodo V protein purified from E. coli
overproducing strain was crystallized (Morikawa et
al., 1988) and the first crystal structure of DNA
repair enzymes was determined at 1.6 A resolution
(Morikawa et al., 1992) and afterwards refined at
1.45A resolution (Morikawa et al., 1995). The
enzyme is composed of a single compact domain,
although it exhibits the two distinct activities. The
molecule, consisting of three «-helices and the con-
necting loops, shows a remarkably unique arrange-
ments of a-helices (Fig.1). The NH2 terminal seg-
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ments penetrates between the two major H1 and H3
third helices, preventing their direct contacts. The
two residues at the terminus lies on the molecular
surface, whereas the internal peptide groups all
form hydrogen bonds with the surrounding atoms.
This folding scheme is inexplicable with the close
packing category for the assembly of a-helices. The
molecular graphic display of the electrostatic poten-
tials exhibits a positively charged concave surface
with a dimension of about 50 A X40 A . This positive
area, contributed by about ten basic residues, is
largely over the diameter of a B-DNA duplex and
hence overall appears to be consistent with the
proposal that the enzyme can scan non-target
sequences (Dobson and Lloyd, 1989).

In parallel with crystallographic study, the exten-
sive mutation analyses were carried out to identify
crucial residues for the glycosylase activity (Doi et
al., 1992). Various mutant enzymes were isolated
using site directed mutagenesis and their activities
were examined. Among them, E23Q (replacement of
Glu by GIn), E23D and R3Q completely abolished
the activity. Notably, the former two mutants
maintained the full DNA substrate binding ability,
although R3Q completely lost this ability. Two
mutants, R22Q and R26Q, also exhibited the
extremely low activity. In the crystal structure, Arg
3, Arg22, Glu23, and Arg26, were concentrated in a
small area on the basic and concave surface, as
though the negative charge of the Glu23 side chain
floats in a sea of the positive charges. In combina-
tion with the mutational analysis (Doi et al., 1992),
thus, the crystal structure allowed the identification
of the glycosylase catalytic center (Morikawa et al.,
1992), where Glu23 are surrounded by the three
basic Arg3, Arg22, and Arg26 residues.

The crystal structures of the three active site
mutants, E23Q, E23D and R3Q, all were determined
at atomic resolution (Morikwa et al., 1995). The
E23Q and R3Q mutants hardly showed the signifi-
cant conformational change, except for the sub-
stituted side chains and some water molecules in the
close vicinity of the catalytic center. On the other
hand, the E23D mutation induced a small, but sig-
nificant, change in the backbone structure, such as
an increased central kink of the HI1 helix at the
Pro25. However, the catalytic center showed no
notable structural change that should be directly
associated with the impairment of the glycosylase
activity. These results suggest that the negatively
charged side chain of Glu23 and the positively char-
ged guanidino group are crucial for the glycosylase
activity and the DNA substrate binding, respective-
ly.

Fig.2 Wire model of the DNA duplex in the complex
(protein part not shown). The thymine-dimer and
the complementary adenine on the 5 side are denot-
ed by bold lines. Note the hole generated by the
flipping-out of the adenine base and the distortions of
the adjacent two base pairs. This hole is actually
filled up by various chemical groups involved in the
catalytic reaction.

2. Crystal structure of T4 endonuclease
V complexed with a DNA duplex

1) Overall view of the complex

The crystallographic study of the active site
mutants also revealed that the E23Q mutant is the
most appropriate to cocrystallize with a DNA sub-
strate duplex, because it retains the full substrate
binding ability and exhibits no significant confor-
mational change. After the extensive screening of
synthetic DNA duplexes, we finally obtained the
crystals of the mutant enzyme complexed with a
DNA duplex,

ATCGCGTTGCGCT

AGCGCAACGCGAT
which has a thymine dimer (bold letters) at the
center.

The crystal structure of the complex was solved at
2.75A resolution by the molecular replacement
method using a 1.45A structure of the DNA-free
enzyme. The conformation of the enzyme in com-
plex with the DNA coincide well with that of the
DNA-free enzyme, except for a loop (residues 125-
130) near the carboxyl terminus and side chains and
a part (83-91) of a long loop which shows different
side chain orientations. The rmsd values between
the two structures are 0.39A for all main chain
atoms and 0.68A for all the atoms including side

R-strand
5

L-strand

Fig.3 Schematic drawing of polar interactions between the
enzyme and the DNA substrate. Open letters denote
the thymine dimer. Polar interactions in the close
vicinity of the thymine dimer are eliminated from the
figure. Trp128 makes stacking interaction with the
sugar ring of C (R-3). Note that direct read-out and
water mediated indirect read-out are equally impor-
tant for the enzyme-DNA substrate recognition.

chains.

The sharply kinked (60 degrees) DNA duplex is
bound to the concave basic surface and this kink
divides the duplex into two B-DNA regions (Figs. 1
and 2). Half of the basic surface covers the L-strand
through lots of direct and water-mediated hydrogen
bonds with a sugar-phosphate backbone and like-
wise the remaining half does the R-strand (Fig. 3).
However, any interactions were not observed
between DNA bases and protein atoms at all. As
suggested before (Iwai et al., 1994), the enzyme
interacts with the thymine dimer in the minor
groove (Fig.1).

2) Base flipping out

Compared with other protein-DNA complex
involved in transcription, the most remarkable fea-
ture of the complex (Figs.1 and 2) is that the
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Fig.4 Flipped-out adenine base accommodated into the
cavity on the protein surface. The adenine base
(white) makes very intimate contacts with protein
atoms.

adenine base complementary to the 5 side thymine
of the photo-dimer is completely flipped out of the
B-DNA duplex interior, while the dimer itself
remains inside the duplex. The apparent hole creat-
ed by the base flipping-out is further expanded by
the concavo-convex distortion of adjacent two base
pairs, although the base-pairs themselves are not
disrupted. The adenine base flipped out is accom-
modated into a cavity on the enzymatic surface (Fig.
4). Surprisingly, this adenine makes no polar inter-
action with protein atoms within the -cavity.
Instead, it appears to be sandwiched between two
layers consisting of protein atoms and water mole-
cules through van-der Waals interactions. In fact,
T4 endo V could efficiently cleave the modified
DNA substrate duplexes (Fig.5), which contain
guanine, thymine cytosine and even 5-phenyl uracil
in place of the complementary adenine (Maeda,
unpublished result). This finding supports the
above hypothesis that no polar interactions in the
cavity are prerequisite for the cleavage.

3)  Other interactions with DNA

The sharp kink at the central thymine dimer is
accompanied with striking deformation of the back-
bone structure. Most notably, the spacings between
the adjacent two phosphates, both of which belong
to the thymidine dimer becomes smaller by 1.5A , as
compared with 6.7A in the B-DNA duplex. These
two phosphates are recognized through seven direct
polar interactions with five basic residues including
Arg3. In particular, the two phosphates form four
hydrogen bonds with the side chain of Arg3, whose
replacement by Gln abolished the substrate binding
ability. Likewise, the neighboring phosphate pair
with a shortened spacing forms water-mediated
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Fig.5 Cleavage of various DNA substrates by T4 endo V.
A, G, C, T, and Uph denote synthetic 30-mer DNA
duplexes which contain adenine (normal substrate),
guanine, cytosine, thymine, and 5-phenyl uracil,
respectively, as complementary bases to the 5’ side of
the thymine dimer. All of the DNA duplexes are
efficiently cleaved by T4 endo V.

hydrogen bonds with the enzyme.

4) Roles of base flipping-out

The crystal structure of the DNA substrate has
not been determined in the absence of the enzyme
vet. However, NMR analyses revealed that synthetic
DNA duplexes containing PD maintains all of base
pairs, although hydrogen bonds with PD are wea-
kened (Kemmink et al., 1987a and b ; Lee et al.,
1994) . These results imply that the remarkable DNA
kink is induced by the binding of the enzyme.
Presumably, the electrostatic force between the
enzyme and the DNA backbone may crash the PD
moiety which has weaker stacking interactions.
Thus, the kink should be coupled with the deforma-
tion of the sugar-phosphate back bone around PD. I
assume that the flipping-out of the adenine base
even takes place in concert with the kink. Then, the
roles of the base flipping-out partly would be to
alleviate the local tension generated by the kink. In
addition to no polar interaction between the base
and protein atoms within the cavity, this hypothesis
is consistent with the finding that a DNA duplex
containing an abasic site is efficiently bound to the
enzyme (Latham et al., 1995).

Another interesting feature of the base flipping is
that the resultant hole of the DNA duplex is filled up
by many protein atoms that all participate in the
catalytic reaction of endo V. Thus, the apparent
hole provides an empty space for the catalytically
active residues, such as the NH2 terminus, Arg22,
Glu23 and Arg26, to access to a target for the cata-
lytic reaction. The enclosure of the hole also may

play an important role in the protection of the tran-
sition state from unfavorable contacts with the sol-
vent molecules. In addition, the trapping of the
flipped-out base into the cavity may contribute to
preventing the slippage of the DNA substrate along
the protein interface and thus to making its correct
and intimate contact with the enzyme.

Biochemical studies reveled that an imino-
covalent enzyme-substrate intermediate is formed
between the @-amino terminus and the C1’ atom of
the 5’ deoxyribose of PD (Schrock and Lloyd, 1991 .
Dodson et al., 1993). The configurations of the cata-
Iytic residues in the hole essentially supports the
catalytic scheme (Schrock and Lloyd 1991 ; Dodson
et al., 1993 ; Iwai et al., 1995) proposed on the basis
of this biochemical evidence. The a-amino terminus
is actually located within a distance from the CI’
atom, which is capable of the covalent bond forma-
tion. The carboxyl side chain of Glu23 would stabi-
lize the positively charged Schiff base intermediate
(Manuel et al., 1995) and donate a proton to a
pyrimidine ring so as to make the N-glycosyl bond
cleavable. Furthermore, it also may participate in
B-elimination. The side chains of Arg22 and Arg26
appear to have structural roles in securing of the
thymine ring and sugar moiety.

5) Comparison with other enzymes

A similar flipping-out base was also found in DNA
methyltransferase (MT)-DNA complexes (Cheng et
al., 1993, Klimasukas et al., 1994), although this
enzyme does not belong to DNA repair enzymes. In
detail, however, the base-flipping out in these com-
plexes are seriously different from that in T4 endo
V. First, in the MT-DNA complex, a loop of the
enzyme undergoes a large conformational change
and penetrates into the hole within the DNA duplex,
although the T4 endo V-DNA complex shows no
conformational change of the enzyme. Secondly, the
former complex shows a straight B-DNA duplex, in
contrast with the sharp kink in the latter complex.
Thirdly, in the PD recognition, only one adenine
base complementary to PD is flipped out, whereas
the flipped-out cytosine in the MT-DNA complex is
the actual target for the catalytic reaction. Most
recently, the crystal structure of the uracil-DNA
glycosylase (UDG) complexed with a DNA duplex
(Slupphaug et al., 1997) has been reported. This
repair enzyme cleaves the N-glycosyl bond at toxic
uracil bases within DNA duplex to produce abasic
sites. The complex structure revealed that the uracil
base is flipped out of the straight B-DNA duplex and
is completely buried into the enzyme through many
polar interactions with protein atoms. This struc-

tural feature is very similar to that of the MT-DNA
complex, although one side chain of the enzyme is
inserted into the hole of the DNA duplex. In both of
the MT-DNA and UDG-DNA complexes, many
polar interactions are concentrated in the close
vicinity to the target bases for the catalytic reaction.
It is conceivable that these enzymes may be able to
compulsorily pull the target bases out of the DNA
duplexes. The T4 endo V-DNA complex contrasts
with these complexes. In the former complex, the
polar interactions are spread over the entire DNA
duplex with the sharp kink, and the mechanism of
the DNA deformation induced by binding with the
enzyme already has been discussed above. There-
fore, at the moment, it is likely that there are two
distinct base flipping-out mechanisms.

Concluding remarks

The base flipping out is indeed an important and
universal phenomenon in the biological world. Con-
ceivably, this is the DNA recognition mechanism
specific for enzymes, since simple DNA binding
proteins like transcrptional reguratory factors have
never shown the disruption of base pairs. Replica-
tion or transcrption process requires very large
molecular machinery which consist of dozens pro-
teins. In order for these super molecular complexes
to achieve sophisticated catalytic reactions involving
sequencial many steps, they need to contact with
the large internal region of a DNA duplex which
contains many reaction targets, and hence the DNA
duplex must be unwound to expose them. On the
other hand, the target for BER or MT is simply a
small base, and then catalytic residues within
enzymes are allowed to access to target bases, inside
or outside the duplex case by case, only if they could
be flipped out of the interior to exterior. It is prereq-
uisite for this hypothesis that the base flipping-out
should be frequently found in DNA relevant
enzymes, in particular, involved in repair for mis-
match base pair.
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Summary

Problems, both current and future, in the studies of environmental mutagens and their actions
are raised by the author, whose speciality has been chemical and biochemical investigations on
reactions of nucleic-acids.

(This paper, chaired by Naohide Kinae, was presented to the 9th JEMS Annual Symposium, “Synthetic
Models for DNA Damage and Mutagenesis”, organized by Kazuo Negishi and Hikoya Hayatsu, sponsored
by the Environmental Mutagen Society of Japan, and held at Yakult Hall, Tokyo, May, 29, 1998.)
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2 A HIFRZ
ACGIH  American Conference of Governmental Industrial Hygienists — KE#EEHEEMIRKLH
ACIC ASEAN Chemical Industry Council T T AAbEILEXHR
ACIC Australian Chemical Industry Council T —Z b7 ) PALELESR 1
ACN Asian Chemical News . (HEzER) ‘
ADN Accord européen relatif au transport international des — PIFEZKES &R oD [ B 24 12 B9 5 BRI 1
marchandieses Dangereuses par voie du Navigation inter-
ieure
ADR Accord européen relatif au transport international des  fEF&¥y oD [EFR 8 i 12 B3 2 KR 1 E
marchandieses Dangereuses par Route
AEGL Acute Exposure Guideline Level DHURESAFTL L
AFL-CIO American Federation of Labor and Congress of Industrial  >KEJ5 [ 8 S RIHL & 25 ‘
Organizations ‘
AICS Australian Inventory of Chemical Substances A —Z b7 ) TERAFALEIEA o~V b)) —
AIHC American Industrial Health Council KEEEHEFRS
AISI American Iron and Steel Institute pNEIFR N RS
ALJ Administrative Law Judge CR)ATEE R E
AMA American Medical Association KEE¥2
ANSI American National Standards Institute KEFAE S ‘
APME Association of Plastics Manufacturers in Europe BRI 72 2 F v 7 By 2 ‘
ASTM American Society for Testing and Materials KEM BB 2
ATSDR  Agency for Toxic Substances and Disease Registry CR) AEWE - PRE R (HHS) ‘
BACT Best Available Control Technology Il FH W R 7 35 i 0 45 BRE AT
BAT Best Available Technology I FH RT RE 7 F5e v D B A
BDAT Best Demonstrated Available Technology FERE S AL72F F WTRE Ze Foeris D BT (RCRA)
BEI Biological Exposure Indices A B B AR
BMU Bundesminister fuer Umweit, Naturschutz und Reaktorsi- i) P EREE + HIARE - R hLes :
cherheit _ it
BPT Best Practicable Technology FE e BT HE 7 f e D B [
C&EN Chemical & Engineering News (HEsE#) ‘
CAA Clean Air Act REE L
CAIR Comprehensive Assessment Information Rule SIEMREAm S HRBLA (TSCA8a)
CAP Compliance Audit Program PUASH o = I/ VN
CBI Confederation of British Industry SeE T EE
CBI Confidential Business Infomation TR N
CCFA Codex Committee on Food Additives BRRINIHAERS
CCO Chemical Control Order (I i a4
CDC Center of Disease Control and Prevention CR) IR x R v 2 —
CEC Commission of the European Communities R S AR B 2
CEFIC European Council on Chemical Industry Federation RRIN AL T 3ed
CEPA Canada Environmental Peotection Agency 7+ &R T
CEPA Canadian Environmental Protection Act 7+ TR R
CEPA Commonwealth Environmental Protection Agency (58) HIPBREE T
CERCLA Comprehensive Environmental Response, Compensation ‘el f 5 55 xf o #ifi f ¥ fE 12 (SARA # 1 b v
and Liability Act (Superfund) I, 1D
CFR Code of Federal Regulations (G QELE:i55N K
CHIP Chemicals (Hazard Information and Packaging for Supply) (F) L (B D T2 DD faba A EMERE RSB &
Regulations ML %) Bl
CHIPs Chemical Hazards Information Profiles L@y — PR 7 a7 4 v
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1 CIA
CIIT
ﬂ CIM

“ CMA
"‘ CMR
CcoT

CPB
Il CPR
CPSA
| CPSC
| CRR
CSIN
CSMA
cuI
W
CWA

DAO
DEA
DENR
DHHS
DIG
DOA
DOC
DOL
DOT
DSL

EC

EC

ECA
ECB
ECCMF

ECDIN

ECE
ECETOC

ECN
ECR
EDCEL
EDC
EDF
EDSTAC

EEA
EEB
EEC
EFTA
EHC
EHS
EINECS

ELINCS
EMAS

EMIC
EPA
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Chemical Industries Association

Chemical Industry Institute of Toxicology

Convention Internatinale concernant le transport des Mar-
chandies par chemins de fer

Chemical Manufacturers Associatioin

Chemical Marketing Reporter

Committee on Toxicity and Chemicals in Food, Consumer
Products and the Environment

Chemicals in Progress Bulletin

Controlled Products Regulation

Consumer Products Safety Act

Consumer Products Safety Commission

Chemical Regulation Reporter

Chemical Substances Information Network

Chemical Specialities Manufacturers Association

Chemical Use Inventory

Chemical Week

Clean Water Act

DENR Administrative Order

Drug Enforcement Administration

Department of Environment and Natural Resources
Department of Health and Human Services

Data Interpretation Guides

Department of Agriculture

Department of Commerce

Department of Labor

Department of Transportation

Domestic Substances List

European Commission

European Communities

Enforceable Consent Agreement

European Chemicals Bureau

European Council of Chemical Manufactures
Federation

Environmental Chemicals Data and Information
Network

United Nations Economic Commission for Europe

European Centre for Ecotoxicology and Toxicology
of Chemicals

European Chemical News

Euro Chemicals Report

European Dangerous Chemicals & Environment Law

Endocrine Disrupting Chemical

Environmental Defence Fund

Endocrine Disruptor Screening and Testing Advisory
Committee

European Economic Area

European Environmental Bureau

European Economic Community

European Free Trade Association

Environmental Health Criteria

Environmental Health Service

European Inventory of Existing Commercial
Chemical Substances

European List of Notified Chemical Substances

European Union’s Eco-Management and Audit
Scheme

Environmental Mutagen Information Centre

Environmental Protection Agency
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