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ABSTRACT

The identities of the adducts formed on reaction of the model
electrophilic and carcinogenic esters 1'-acetoxysafrole or 1'-

acetoxyestragole with deoxyguanosine in vitro and those formed
in vivo in the hepatic DMA of 12-day-old male C57BL/6 x C3H/
He F, (hereafter called B6C3F,) mice treated with 1'-hydroxy-
safrole or 1'-acetoxysafrole were investigated further with more

discriminating high-performance liquid chromatgraphy systems

than previously used. The adducts formed from the reactions of
1'-acetoxysafrole or 1'-acetoxyestragole are strictly analogous

and are distinguished by the prefixes S and E, respectively. Five
adducts, including S(E)-ll identified by Phillips et al. (Cancer Res.,
41: 176-186, 2664-2671, 1981) as N2-(frans-isosafrol-3'-

yljdeoxyguanosine and the analogous isoestragole derivative,
have been characterized from the reactions with each ester.
Adducts S-l and E-l, tentatively identified by Phillips ef a/, as A/2-
(safrol-1'-yl)- or A/2-(estragol-1'-yl)deoxyguanosine, were each

resolved into a pair of diastereomers. The proposed structures
for each diastereomer were confirmed by nuclear magnetic res
onance and circular dichroism spectroscopy. Two new adducts,
i.e., S(E)-V and S(E)-VI, were isolated from each reaction mixture.
On the basis of their pKÂ«s,their loss of 3H from [8-3H]deoxygua-
nosine, their retention of 3H from [1 ',2'-3H]deoxyguanosine, and

their nuclear magnetic resonance spectra, Adducts S-V and E-V
were characterized as 8-(frans-isosafrol-3'-yl)- and 8-(frans-is-
oestragol-3'-yl)deoxyguanosine, respectively. Adducts S-VI and

E-VI were characterized in a similar manner as 7-(fra/7s-isosafrol-
3'-yl)- and 7-(frans-isoestragol-3'-yl)guanine, respectively. Ad

ducts S-lll and E-lll, minor components described in the earlier
studies, were not observed in the present work. High-perform

ance liquid chromatography of hydrolysates of the hepatic DNA
ct male 12-day-old B6C3F, mice killed 9 h after a single dose
(0.1 /Â¿mol/gbody weight) of [2',3'-3H]-1 '-hydroxysafrole showed

trut Adducts S-la, S-lb, S-ll, S-IV (identified by Phillips ef a/, as
^-(frans-isosafrol-S'-ylXJeoxyadenosine), S-V, and S-VI were

present at average levels of 3.5, 7.0, 24.4, 2.9, 1.2, and 3.6
pmol/mg DNA, respectively. Similar levels of these adducts were
found in the hepatic DNA after administration of the same dose
of [2',3'-3H]-1 '-acetoxysafrole under identical conditions.

INTRODUCTION

The hepatocarcinogens safrole and estragÃ³le are members of
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a series of naturally occurring alkenylbenzene derivatives which
are found, usually as minor components, in a variety of spices,
essential oils, and vegetables (1-3). Safrole and estragÃ³le are
metabolized by the rat and mouse in vivo to 1'-hydroxy deriva

tives, which show greater carcinogenic activity than do the parent
compounds (4-6). These metabolites possess moderate hepa-

tocarcinogenic activity when administered to male preweanling
mice by i.p. injection (4, 6-9). Hepatocarcinogenic activity has

also been demonstrated on chronic feeding of these carcinogens
to adult mice and, in the case of safrole and 1'-hydroxysafrole,

also on feeding to rats (1, 4, 6-9). More recent studies from this
laboratory have strongly implicated 1'-sulfooxysafrole as the
major ultimate electrophilic and carcinogenic metabolite of 1 '-

hydroxysafrole in mouse liver (7,10,11).
Studies by Phillips ef a/. (10,12) demonstrated 2 major adducts

and 2 minor adducts in enzymatic digests of hepatic DNA from
mice treated with either 1'-hydroxysafrole or 1'-hydroxyestra-
gole. These adducts cochromatographed on HPLC4 with adducts
generated in nonenzymatic reactions of 1'-acetoxysafrole or 1'-

acetoxyestragole, which have been utilized as models for the
electrophilic, mutagenic, and carcinogenic activities of the syn
thetically unavailable sulfuric acid esters (5, 6,9,10,12). On the
basis of their chemical properties and their NMR spectra, 2 of
the adducts (designated as E-l I and E-IV in this paper) were
characterized as /^-(frans-isoestragol-S'-ylJdeoxyguanosine and
/^-(frans-isoestragol-S'-ylXJeoxyadenosine, respectively. The
corresponding adducts formed from 1'-acetoxysafrole (S-ll and

S-IV) were assigned the analogous structures by the same
criteria. Adduct E-l from the reaction of 1'-acetoxyestragole with
dGuo was characterized as A/*-(estragol-1 '-yljdeoxyguanosine

on the basis of chemical studies, while Adduct E-lll was tenta
tively regarded as /^-(c/s-isoestragol-S'-ylXJeoxyguanosine. Ad
ducts S-l and S-lll from the reactions of 1'-acetoxysafrole were

assumed to have analogous structures, but the supporting data
were more limited.

In the present report, the above structures for E-l and S-l have
been confirmed by NMR spectroscopy and by the resolution of
each adduct into a pair of diastereomers, which are enantiomeric
at the C-1' position of the alkenylbenzene moiety. Two new

adducts [S(E)-V and S(E)-VI] were Observed on reaction of each

ester with dGuo; these products were characterized as either
isosafrole or isoestragole derivatives which are substituted at
the C-8 or N-7 positions, respectively, of the guanine residue.
Both diastereomers of Adduct S-l as well as Adducts S-V and

4The abbreviations are: HPLC, high-performance liquid chromatography; d,
doublet; dGuo, 2'-deoxyguanosine; MUP, 8 M urea in 0.24 M sodium phosphate,

pH 7.0; NMR, nuclear magnetic resonance.
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S-VI were identified by cochromatography in hydrolysates of the
hepatic DNA of mice given a hepatocarcinogenic dose of 1'-
hydroxysafrole or 1'-acetoxysafrole. Some of these data have

been reported in an abstract (13).

MATERIALS AND METHODS

Chemicals. The synthesis of A/*-(frans-isosafrol-3'-yl)deoxyadenosine
(10), 3'-bromoisosafrole (5), and racemic 1'-hydroxysafrole (5), 1'-ace
toxysafrole (5), [2',3'-3H]-1'-hydroxysafrole (11), 1'-hydroxyestragole
(6), and 1 '-acetoxyestragole (6) have been described previously. The
assignments of the allylic protons in the 60-MHz 'H-NMR spectrum of
1 '-hydroxyestragole from earlier work (6) were found to be incorrect and

should be as follows, ppm [number of protons, multiplicity, coupling
constant (s)] assignment: 5.18 (1,d,6) H-1'; 6.06 (1,multiplet,6,10,17) H-
2'; 5.34 (1,d,17) H-3'a; and 5.18 (1,d,10) H-3'b.

For the synthesis of [2',3'-3H]-1'-acetoxysafrole, a procedure based
on the method described by Drinkwater ef al. (6) was used. [2',3'-3H]-
1'-Hydroxysafrole (7.5 mg, approximately 4 Ci/mmol), in 1 ml of diethyl

ether containing 15 n\ of triethylamine and 73 Â¿igof 4-dimethylaminopyr-

idine, was acetylated with 10 /J of acetic anhydride at room temperature.
Additional triethylamine (15 n\) and acetic anhydride (10 //I) were added
at 2 h to drive the reaction to completion. After 8 h the reaction mixture
was extracted with distilled water, dried (Na2CO3 and MgSO4), and
evaporated to dryness under reduced pressure at room temperature.
This product (55% yield) had a specific activity of 3.5 Ci/mmol and a
radiochemical purity of greater than 95% as determined by reverse-
phase HPLC in a concave gradient (Waters Program 10) of 50% aceto-

nitrile in water to 100% acetonitrile for 20 min (retention time, 13.7 min).
[8-"C]dGuo and [8-3H]dGuo were obtained from Schwarz/Mann

(Orangeburg, NY). [1 ',2'-3H]dGuo was purchased from Amersham Cor

poration (Arlington Heights, IL). Unlabeled dGuo, cetylpyridinium bromide,
and Sephadex LH-20 were obtained from Sigma Chemical Company (St.
Louis, MO). D2O, dimethyl sulfoxide-d6, and CDCI3 were supplied by

Aldrich Chemical Company (Milwaukee, Wl). HPLC grade acetonitrile
and methanol were purchased from EM Omnisolv (Gibbstown, NJ) and
Burdick and Jackson (Muskegon, Ml), respectively. Hydroxylapatite
(DNA-Grade Bio-Gel HTP) was obtained from Bio-Rad (Richmond, CA).

Instrumentation. HPLC was performed on an ALC/GPC 204 liquid
Chromatograph equipped with a U6K injector, a 660 solvent programmer,
and a 440 absorbance detector from Waters Associates (Milford, MA).
Analytical (4.6 x 250 mm, 5 Mm) and preparative (10 x 250 mm, 10 ^m)
Ultrasphere ODS columns were obtained from Beckman Instruments,
Berkeley, CA. A 10 ^m /Â¿BondapakPhenyl column (3.9 x 300 mm) was
purchased from Waters Associates. Fractions of 0.5 or 1 ml were
collected with a Retriever III fraction collector (Isco, Lincoln, NE) and
assayed for 14C and 3H after addition of 5 or 10 ml of Aquassure

scintillation cocktail from New England Nuclear (Boston, MA). A Mark III/
6800 scintillation spectrometer (Searie Analytical, Inc., Des Plaines, IL)
was used. Although the HPLC profiles for products from dGuo or for
DNA digests were quite similar on a daily basis, absolute retention times
for both preparations varied significantly on different days and with
different columns. The reasons for this variation are unclear, although
elution times differed with the amount and the composition of the sample
injected. Accordingly, adducts (either formed in the same reaction or
added as standards) were routinely monitored by their absorbance at
254 nm whenever 3H or 14Cwas monitored in HPLC effluents.

NMR spectra were determined on a 200-MHz Bruker WP200 spec

trometer (Bruker Instruments, Billerica, MA). Circular dichroism spectra
were obtained on a Jasco J-41C recording spectropolarimeter (Japan

Spectroscopic Co., Ltd., Tokyo, Japan). Samples for IR spectroscopy
were prepared as 3-mm KBr pellets, and the spectra were obtained on

an Acculab 2 IR spectrophotometer from Beckman Instruments (Berke
ley, CA).

Reactions of 1'-Acetoxysafrole or 1'-Acetoxyestragole with La

beled dGuo. 1 '-Acetoxysafrole or 1'-acetoxyestragole (25 ITIM)was re

acted with dGuo (2.5 rriM) in 0.1 M sodium phosphate buffer (pH 7.0) con
taining 20% acetone at 37Â°for various times. In some cases, [8-14C]-
dGuo (0.8 MCi/^mol), [8-3H]dGuo (8 /iCi/Mmol), or [1 ',2'-3H]dGuo (8 nC\Â¡

Mmol) was added to the reaction mixture. Analytical separation of the
alkenylbenzene-nucleoside adducts by reverse-phase HPLC was

achieved on an Ultrasphere ODS column with 20% acetonitrile in water
(System A) or 40% methanol in water (System B) with a flow rate of 1
ml/min. A MBondapak Phenyl column, eluted with 40% methanol in water
(System C), was also utilized in studies of the safrole adducts. The
designation of the adducts conforms with and extends the nomenclature
used by Phillips ef a/. (10,12). The prefix S or E was used to distinguish
between the adducts formed from 1 '-acetoxysafrole or 1 '-acetoxyestra

gole.
Large-Scale Preparation of dGuo Adducts la, Ib, and V. To obtain

material for spectral characterizations of Adducts la, Ib, and V, reactions
of 1 '-acetoxyestragole or 1'-acetoxysafrole (3.7 mmol) and dGuo (3.7

mmol) were carried out in 150 ml of 0.1 M sodium phosphate buffer (pH
7.4) containing 20% acetone at 37Â°for 24 h. After extraction with diethyl

ether (3 x 150 ml), one-half of the cloudy aqueous phase was applied to
a Sephadex LH-20 column (2.5 x 30 cm) and eluted with water; fractions
were monitored by HPLC analysis. For the reaction with 1'-acetoxyes

tragole, the fractions that eluted at 500 to 860 ml contained E-la and E-
Ib, and E-V eluted between 900 and 1300 ml. Resolution of E-la and E-

Ib was accomplished by repetitive runs on preparative HPLC in System
B at 3 ml/min; these adducts eluted at 43 and 47.5 min, respectively.
For purification of E-V (retention time, 41 min), which was contaminated
with E-ll and smaller amounts of other UV-absorbing components, 2

consecutive series of preparative HPLC runs were required with System
B at 3 ml/min. Approximately 3 mg each of purified E-la and E-lb and 10
mg of E-V were obtained. These products were greater than 95% pure,

as determined by analytical HPLC in Systems A and B with detection at
254 and 280 nm. Similar yields of the safrole adducts S-la, S-lb, and S-

V were achieved in an analogous manner. In each case, the HPLC
retention times of the 1'-acetoxysafrole adducts were 2 to 3 min less
than for the analogous products from 1'-acetoxyestragole.

Large-Scale Preparation of Guanine Adducts E-VI and S-VI. Ad
ducts E-VI and S-VI for spectral characterization were purified from 24-
h reactions of 1'-acetoxyestragole (9.2 mmol) or 3'-bromoisosafrole (5.8

mmol) with dGMP (2.8 mmol) in 100 ml of 0.1 M potassium phosphate
buffer (pH 7.4) containing 50% acetone at 37Â°C. The precipitate which

formed on extraction with diethyl ether (4 x 100 ml) was collected,
washed with water and diethyl ether, and dried under reduced pressure.
Yields of 96 and 41 mg of crude precipitate were obtained from the 1 '-
acetoxyestragole and 3'-bromoisosafrole reactions, respectively. The

major UV-absorbing component in a 2-mg aliquot of the precipitate from
the 1'-acetoxyestragole reaction was collected from repetitive runs on

analytical HPLC in 40% acetonitrile in water (retention time, 4 min).
Preparative HPLC with 25% acetonitrile in water with a flow rate of 3
ml/min was used to obtain a major UV-absorbing peak (retention time,
29.5 min) from a 10-mg portion of the precipitate from the 3'-bromoiso-

safrole reaction.
Preparation of Hepatic DNA Adducts from Preweanling Mice.

Twelve-day-old male C57BL/6 x C3H/He F, (hereafter called B6C3F,)
mice were given injections of 0.1 /Â¿molOf [2',3'-3H]-1 '-hydroxysafrole
(2.0 Ci/mmol) or [2',3'-3H]-1 '-acetoxysafrole (3.5 Ci/mmol) per g body

weight and killed 9 h later. Livers from 3 to 4 mice were pooled, and the
DNA was isolated by a modified hydroxylapatite procedure based on
previous methods (14, 15). Uvers were homogenized with a Potter-
Elvehjem apparatus in 30 volumes of MUP, 10 mw EDTA, and 1%
sodium dodecyl sulfate. An equal volume of chloroform:isoamyl alco-
hokphenol (24:1:25, v/v) saturated with the above MUP:EDTA: sodium
dodecyl sulfate solution was added and, after vigorous agitation for 5
min on a wrist shaker, the emulsion was centrifuged at 4000 x g for 10
min. The aqueous supernatant was reextracted in the same manner, the
resulting aqueous supernatant was extracted twice with an equal volume
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of diethyl ether, and the residual ether was evaporated with a stream of

nitrogen.
A "batch" hydroxylapatite procedure similar to that of MÃ¼llerand

Rajewsky (16) was then used. Fifty-mi centrifuge tubes containing

hydroxylapatite (3 g/g tissue) in 0.014 M sodium phosphate (pH 7.0; 6
ml/g hydroxylapatite) were heated at 85Â°Cfor 15 min. After centrifugation

for 30 s at 800 x g, the buffer was removed by aspiration, and the DNA
sample was introduced. After agitation for 15 min, the supernatant was
removed. The hydroxylapatite was then similarly washed 3 times with
MUP (5 ml/g hydroxylapatite) for 5 min and once with 0.014 M sodium
phosphate (pH 7.0; 15 ml/g), and the DNA was eluted with 3 washes of
0.48 M sodium phosphate (pH 7.0; 1 ml/g). The DNA was precipitated
from the combined eluates as the cetylpyridinium bromide salt by the
method of Geek and Nasz (17). DNA (0.5 to 1 mg/ml) was redissolved
in 5 mw 2-bis(2-hydroxyethyl)amino-2-{hydroxymethyl)-1,3-propanediol

(pH 7.1) containing 5 mM MgCk and 0.13 mM CaCI2, and the final
concentration was determined by UV spectroscopy (1 mg DNA/ml = 20

AÂ»Â»units). Finally, the DNA was hydrolyzed to nucleosides by Method
III of DÃ©teloset al. (18) except that phosphodiesterase I (type VIII) from
Crotalus durissus terrificus venom (0.05 unit/mg DNA) was substituted
for phosphodiesterase I (type VII) from Crotalus atrox, and the DNA
digests were chromatographed without prior extraction with solvent. In
a few cases, apparently because of the retention of some of the cetyl
pyridinium salt, the DNA pellet was poorly soluble in the buffer used for
enzymatic digestion. After the addition of sodium acetate to 0.1 M and 2
volumes of ethanol, these samples were vortexed vigorously, stored at
-20Â°C overnight, and centrifuged to recover the DNA. This procedure

usually facilitated complete solubilization of the DNA. However, the DNA,
even when not completely in solution, was readily hydrolyzed enzymat-

ically to nucleosides.
In several experiments, DNA precipitated by cetylpyridinium bromide

was redissolved in 0.01 M sodium phosphate buffer (pH 7.0) and heated
at 70Â°Cfor 5 h to hydrolyze adducts with labile glycosidic linkages. The
DNA was then precipitated overnight at -20Â°C by the addition of sodium

acetate (final concentration, 0.1 M) and 2 volumes of ethanol. The
supernatant was evaporated at 37Â°C under reduced pressure, and the

residue was dissolved in 20% acetonitrile in water for HPLC. The heat-

treated DNA was enzymatically hydrolyzed to nucleosides as described
above.

RESULTS

Chromatographie Analysis of the Reactions of 1'-Acetox-
ysafrole or 1'-Acetoxyestragole with [8-14C; 8-3H]dGuo or [8-
14C;1',2'-3H]dGuo. The use of Ultrasphere ODS columns with

isocratic solvent systems for the HPLC separation of the reaction
products of 1'-acetoxysafrole or 1'-acetoxyestragole with dGuo

revealed a more complex profile of adducts than was obtained
on Spherisorb ODS columns with the gradient solvent system
used by Phillips et al. (10,12). Better resolution of the radioactiv
ity associated with each adduct was also obtained by decreasing
the flow rate from 2 to 1 ml/min. Typical chromatograms of the
products obtained on reaction of 1'-acetoxysafrole with [8-14C;8-
3H]dGuo or [8-14C;1',2'-3H]dGuo with System A are shown in

Chart 1, and the yields of the products are given in Table 1.
Results entirely comparable to those for the reaction products
of 1'-acetoxysafrole and dGuo were obtained with 1'-acetox

yestragole (Table 1), except that the retention times of the
estragÃ³le adducts were 2 to 3 min longer. As expected, Adducts
S-ll and E-ll cochromatographed in System A with material
previously characterized as /^-(/rans-isosafrol-S'-yl)- and A/2-
(frans-isoestragol-3'-yl)deoxyguanosine (10,12).

Chromatography in System A gave a pair of products (desig-
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Chart 1. HPLC profiles of products from in vitro reactions of 1'-acetoxysafrole
with [8-3H; 8-"C]dGuo (A) and [1',2'-3H; 8-"C]dGuo (B). The reaction mixtures
(50-Ail aliquots) were chromatographed in System A (see "Materials and Methods")
after a 72-h incubation at 37Â°C. Adducts S-lb and S-VI coeluted under these
conditions. J'-HOS, 1'-hydroxysafrole; 3'-HOS, 3'-hydroxyisosafrole.

Table 1
Yields of adducts obtained on reaction of dGuo with 1 '-acetoxysafrole orT-

acetoxyestragole in vitro
Reaction mixtures containing either [8-14C; 1',2'-3H]- or [8-14C; 8-3H]dGuo were

incubated for 72 h at 37Â°Cas described in 'Materials and Methods." An aliquot

from each reaction was chromatographed in System A, and 0.5-ml fractions were
collected for determination of 3H and 14C.

Formed in the reaction of dGuo with

1' -Acetoxysafrole 1' -Acetoxyestragole

% of [8-14C]- % of [8-14C]-
dGuo con- % relative dGuo con- % relative

Adduct verted to S-ll verted to E-ll

laIbIIVVIo1.4,1.9a1.3,

1.99.6,
13.32.9,
4.00.5,

0.41414(100)3042.5,

2.6"2.7,

2.49.9,
10.13.5,
3.30.6,

0.42626(100)345
* The first figure of each pair was obtained from a reaction containing [8-14C;

1',2'-3H]dGuo, and the second figure was obtained from a reaction of [8-14C; 8-
3HWGuo.

The yields of Adducts S-VI and E-VI could not be determined directly, since
they coeluted with Adducts S-lb and E-lb, respectively. Since Adducts S-VI and E-
VI did not retain the 8-3H or 1',2'-3H of dGuo (see "Results"), the amounts of these
adducts were estimated from the excess 14Cin the Ib peaks, compared with that
expected from the amount of 3H in these peaks and the observed 14C:3Hratio for
Adducts S-ll and E-ll.

nated Adducts la and Ib) which were present in essentially
equimolar amounts. Formation of these adducts relative to the
formation of Adduct II appears to be favored in the reaction of
1'-acetoxyestragole compared with 1'-acetoxysafrole. Incuba

tion of the reaction mixtures for up to 72 h, as compared to 1-h
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incubations, did not result in additional modification of dGuo but
the amount of I4C eluting in the region of Adduct Ib increased.
Comparison of the 8-14C:8-3H or 8-14C:1',2'-3H ratios of Adducts

la and Ib with those for Adduct II suggested that this increase
resulted from the gradual depurination of a dGuo adduct to give
a guanine adduct (designated Adduct VI) which coeluted with
Adduct Ib. Thus, on reaction with 1'-acetoxysafrole or 1'-ace-
toxyestragole, 86 to 101 % of the 3H from dGuo labeled in either
the 8- or 1',2'-positions was retained in Adducts S-la or E-la;

there was no apparent difference in retention for reactions incu
bated for 1 or 72 h. On the other hand, the retention of the 3H

at either of these positions decreased from a range of 91 to 98%
at 1 h for the eluates containing Adducts S-lb and E-lb to 70 to

86% at 72 h. Although Ib and VI were not resolved during
chromatography of these reactions of dGuo and 1'-acetoxysaf
role or 1'-acetoxyestragole, definitive separation was achieved

on chromatography of enzymatic digests of the hepatic DNA
from mice treated with 1'-hydroxysafrole or 1'-acetoxysafrole

(see below).
HPLC of these reaction mixtures in System A also revealed

the presence of another product (designated Adduct V) which
was formed at one-third the level of Adduct II (Chart 1; Table 1).
With either 1- or 72-h incubations this adduct retained 102 to
105% of the expected 1' ,2'-3H, but only 1 to 4% of the expected
8-3H relative to Adduct II. A minor product, Adduct III, reported

in previous work (10, 12), was not observed with the reaction
conditions and HPLC solvent systems used in the current study.

Characterization of Safrole and EstragÃ³le Adducts la and
Ib Formed in Vitro as Diastereomers of N2-(Safrol-1'-yl)- and
W2-(Estragol-1'-yl)deoxyguanosine. On the basis of its reten
tion of 3H from [8-3H]deoxyguanosine, its partition between

aqueous buffers and organic solvents as a function of pH, and
acid hydrolysis studies, Phillips ef al. (12) tentatively assigned a
structure of /^-(estragol-l'-yl)deoxyguanosine to Adduct I
formed from 1'-acetoxyestragole. More limited data indicated
that Adduct I formed from 1'-acetoxysafrole had an analogous

structure (10). With the resolution of Adduct I from each reaction
mixture into 2 products, further characterization was necessary
to clarify their structures.

In agreement with the earlier studies on each Adduct I, the pH
partition coefficients (19) of Adducts E-la and E-lb between a
series of 0.05 M buffers and 1-butanol:diethyl ether (1:4, v/v)

demonstrated that each of these adducts had pK* values at both
acid and alkaline pHs (Chart 2). In addition, the profiles of
Adducts E-la and E-lb were indistinguishable. The presence of

an acidic pK. in each case excluded the possibility of alkylation
at the N-1 or O6 position, since substitution at these positions

prevents aniÃ³nformation at alkaline pH (19).
Retention of the majority of the 3H at the 8- and 1' ,2'-positions

(Chart 1) provided evidence that these adducts are not substi
tuted at the N-7 and C-8 atom. Substitution at the N-7 position
labilizes the 3H attached to C-8 so that it exchanges readily with
water (20), while reaction at C-8 would displace the 3H at this
position. Retention of the 3H at the 1' ,2'-positions demonstrated

that these adducts retained the deoxyribose moiety.
In order to fully delineate their structures, Adducts E-la, E-lb,

S-la, and S-lb were isolated from large-scale reactions of 1'-
acetoxyestragole or 1'-acetoxysafrole with dGuo (see "Materials
and Methods"). The NMR spectra for each pair of purified ad

ducts were virtually identical (Chart 3). The close similarity of the

80
LU
O)
<

Â¡60
I
I 40

5Â«

8 IO I2
pH

Chart 2. Partitioning of Adducts E-la, E-lb, and E-V as a function of pH between
aqueous buffers and 1-butanol:ethyl ether (1:4, v/v) according to the procedure of
Moore and Koreeda (19). The 14C-labeted adducts produced in vitro by reaction of
1'-acetoxyestragole with [8-14C]dGuo were isolated by chromatography in System

A.

%o

ppm

Chart 3. "H-NMR spectra (200 MHz) in dimethyl sulfoxide-d, (DMSO) of Adducts
S-la, S-lb, E-la, and E-lb (0.5 to 2 mg in 0.4 ml). The samples were obtained from
large-scale reactions of dGuo with 1'-acetoxysafrole or 1'-acetoxyestragole (see
"Materials and Methods"). The formulae illustrate the chiral C-1' atom of the

alkenylbenzene moiety which is responsible for the generation of each pair of
diastereomers.

chemical shifts and splitting patterns of the allylic protons to
those of 1'-hydroxyestragole and 1'-hydroxysafrole, respec
tively, ("Materials and Methods;" Ref. 6) indicated retention of
the C-2', C-3' double bond. A downfield shift of 0.4 ppm relative
to that of the 1'-hydroxy compounds for the C-1 ' signal was

evident in each spectrum. Deshielding effects of similar magni
tude have been observed for alkyl protons coupled to the A/2
position of dGuo (21, 22). The C-1 ' signal, which appeared as a

triplet at 5.5 ppm, was actually an overlapping doublet of doub-
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ADDUCTS FORMED BY ELECTROPHILIC AND CARCINOGENIC ESTERS

lets, due to coupling with both the C-2' proton of the allylic
system and the N2 proton. Homonuclear decoupling studies
substantiated the assignments, since the doublet for the A/2

signal at 7.0 to 7.1 ppm (J = 8 Hz) collapsed to a singlet when
the C-1 ' signal was irradiated. Further evidence for the coupling

was provided by the addition of D20; after the exchange of the
A/2 proton, the C-1 ' signal simplified to a doublet (J = 5 Hz).

Three other signals, at 10.4, 5.3, and 4.7 ppm, also disappeared
upon addition of D20. These signals were assigned to the N-1,
3'-OH, and 5'-OH protons, respectively. The remaining assign

ments were made by comparison with the chemical shifts and
splitting patterns of the protons observed in the NMR spectra
for dGuo, 1'-hydroxyestragole, 1'-hydroxysafrole, and Adducts

E-ll and S-ll. The collective data are consistent only with struc
tures of A/^estragoM '-yl)dGuo for Adducts E-la and E-lb and
/^-(safrol-l '-yl)dGuo for Adducts S-la and S-lb.

The final structural evidence for these adducts was provided
by their circular dichroism spectra (Chart 4). The spectra for each
pair of adducts exhibited the mirror image relationship expected
for a pair of diastereomers formed by introduction of an additional
asymmetrical center as a result of substitution at the C-1'

position of the alkenylbenzene moiety. The CD spectra of each
pair are not expected to be perfect mirror images since each
adduct contains o-deoxyribose. Thus, each pair of adducts are
diastereomers which are enantiomeric only at the C-1 ' position

(see Chart 3, top). The absolute configuration of each adduct at
the C-1 ' position was not determined.

Characterization of Safrole and EstragÃ³le Adducts V
Formed in Vitro as 8-(trans-lsosafrol-3'-yl)- and 8-(frans-ls-

+ 80 -

CD

-40 -

240 260 280 300
WAVELENGTH(nm)

Chart 4. Circular dichroism spectra of Adducts E-la, E-lb, S-la, and S-lb in
methanol at 22Â°C.The negative deflection of the base line at low wavelengths was

observed in methanol blanks. The molar ellipticities for each adduct are as follows:
E-la, [Â«]Â»,= 8.2 x 104, [flbâ€ž= -3.5 x 10*; E-lb, [Â»]Â»Â«= -6.7 x 104, [Â»feâ„¢= 3.3
X 104; S-la [fl]2Â«= 4.6 x 104, [Â«W = -2.1 x 104; and S-lb [Â»kÂ«= -5.0 x 104,

oestragol-3'-yl)deoxyguanosine. The finding of both acid and

alkaline pKaSfor Adduct E-V ruled out substitution at the N-1 or
O6 atoms of dGuo. The further finding that the basic pKa for

Adduct E-V was approximately 3.0, almost 1 pH unit higher than
the values for Adducts E-la, E-lb, and E-ll (Chart 2, Ref. 12),

suggested that the substitution of the deoxyguanosine residue
of Adduct E-V occurred at a position other than the A/2atom.

The loss of the 3H from [8-3H]dGuo in Adducts E-V and S-V

was consistent with substitution at either the N-7 or C-8 atom
of dGuo. If substitution had occurred at the N-7 position, labili-

zation of the glycosidic bond and significant levels of sponta
neous depurination would be expected (23-26). Retention of 3H
from [1 ',2'-3H]dGuo showed that the adducts retained the deox-

yribose moiety. Furthermore, no difference in the amount or
Chromatographie mobility of either Adduct S-V or Adduct E-V

was detected for reaction mixtures incubated at pH 7.0 for 1 or
72 h at 37Â°C.This lack of lability also argued against an imidazole

ring-opened structure similar to those described for a variety of
N-7 and C-8 adducts (24, 27-29). Furthermore, the lack of
increased IR absorption for Adduct E-V compared with that
observed for Adducts E-ll and dGuo in the 1650 to 1740 cm"1

region, where the C = O stretching vibrations for an imidazole
ring-opened adduct would be expected, led to the same conclu

sion (data not shown).
Substitution at the C-8 position appeared to be the only

remaining possibility, and further evidence for this substitution
was obtained from the NMR spectra of Adducts E-V and S-V
isolated from large-scale reactions of 1'-acetoxyestragole or 1'-
acetoxysafrole with dGuo (see "Materials and Methods").

The NMR spectra of Adducts E-V and S-V are characteristic

of propenylbenzene derivatives in which the double bond is in
the C-1 ', C-2' position (Chart 5). The coupling constants indicate

a frans configuration about the double bond [E-V and S-V, JV-2'
= 15.8 Hz (first-order estimate)]. The C-2' signal for each adduct

consists of a pair of triplets which are partially obscured by the
C-1 ' and 1' signals. Integration of each spectrum demonstrated

a 1:1 ratio for the propenylbenzene residues and the dGuo
residues. The lack of any signal which may be assigned to the
C-8 proton of dGuo in the spectra of the adducts in dimethyl
sulfoxide-de provided additional evidence against substitution at
the N-7 position. The C-3' signal at 3.7 ppm in each spectrum

represents an upfield shift of approximately 0.4 ppm relative to
the C-3' signals of Adducts E-ll (4.1 ppm) and S-ll (4.04 ppm)

(10, 12). Moschel ef al. (30) observed an identical upfield shift
for the mÃ©thylÃ¨neprotons of 8-(p-methoxybenzyl)guanosine
(4.08 ppm) relative to those of ^-(p-methoxybenzyljguanosine

(4.47 ppm). The broad singlet in each spectrum at 6.5 ppm,
which integrated as 2 protons that exchanged in D20, was
assigned to the N2 protons. The presence of 2 protons and the
lack of coupling for this signal ruled out A/2 substitution. Two

other exchangeable signals were also identified by the addition
of D20. The signal at 5.2 ppm for each adduct was assigned to
the 3'-OH, and signals at 5.45 ppm (E-V) and 5.6 ppm (S-V)
were assigned to the 5'-OH. The signal for the N-1 proton, which

frequently occurs as a very broad peak, was not identified in
either spectrum; identification of this signal has been difficult in
spectra of other adducts of dGuo (12, 22, 31). The 2'b proton

signal of Adducts E-V and S-V exhibits an unusual downfield
shift to 2.8 ppm compared with analogous signals in E-ll, S-ll,
and dGuo (10, 12, 32). On the basis of a similar downfield shift
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ChartS. 1H-NMR (200 MHz) of Adducts E-V and S-V in dimethyl sulfoxide-cfÂ«

(DMSO) (2 mg in 0.4 ml). The samples were obtained from large-scale reactions of
dGuo with 1 '-acetoxyestragole and 1 '-acetoxysafrole, respectively (see "Materials
and Methods"). As illustrated in the upper section, the signals for the 2'b proton of

the deoxyribo.se moiety suggest that the conformation about the glycosyl bond is
syn.

of the signal for the 2'b proton for A/-(deoxyguanosin-8-yl)-2-

acetylaminofluorene relative to that for A/-(deoxyguanosin-8-yl)-
2-aminofluorene, this shift has been suggested to be character

istic of adducts which assume a syn conformation about the
glycosyl bond (32). Comparison of the NMR spectra of W-(deox-
yguanosin-8-yl)-A/-methyl-4-aminoazobenzene (31) and A/-{deox-
yguanosin-8-yl)-4-aminoazobenzene (18) revealed analogous dif
ferences in the chemical shifts of the 2'b signal. Thus, this
downfield shift of the 2'b signal for E-V and S-V provides

additional evidence for substitution at C-8. All of the data pre
sented above are consistent with structures of 8-(frans-isoestra-
gol-3'-yl)deoxyguanosine and 8-{frans-isosafrol-3'-yl)deoxy-

guanosine for Adducts E-V and S-V, respectively.

Characterization of Safrole and EstragÃ³le Adducts VI
Formed in Vitro as 7-(frans-lsosafrol-3'-yl)- and 7-(frans-
lsoestragol-3'-yl)guanine. HPLC analysis of the reaction mix
tures of 1'-acetoxysafrole or 1'-acetoxyestragole with [14C,3H]-

dGuo suggested the presence of additional adducts (S-VI and
E-VI), which had retention times similar to those of Adduct S-lb
and E-lb and retained 14Cfrom [8-14C]dGuo but which did not
retain 3H from either [8-3H]dGuo or [1',2'-3H]dGuo. In addition,
while the reaction of 1'-acetoxysafrole or 1'-acetoxyestragole

with dGuo was essentially complete in less than 1 h, S-VI and
E-VI appeared to increase in amount during incubations of the
reaction mixtures for up to at least 72 h at 37Â°C.These prop

erties suggested the formation of S-VI and E-VI by spontaneous

depurination of dGuo adducts substituted at N-7 (23, 24, 26).
Large-scale reactions of 1'-acetoxyestragole, 1'-acetoxysaf

role, or 3'-bromoisosafrole with dGMP were carried out in order

to obtain material for spectral characterizations. Reaction with
dGMP facilitated the purification of the desired adducts in view
of the large differences in solubility between the putative guanine
adducts and the nucleotide analogues of Adducts la, Ib, II, and
V. Thus, Adducts S-VI and E-VI were isolated from the material
that precipitated from these reaction mixtures (see "Materials
and Methods"). Although the precipitate from the 1'-acetoxyes

tragole reaction with dGMP showed a single major product on
analytical HPLC, the corresponding precipitate from reaction with
1'-acetoxysafrole was a complex mixture, and preliminary at

tempts to obtain S-VI from it were unsuccessful. Because bro
mine as a leaving group enhances the attack of benzyl electro-
philes at the N-7 position of guanine (33), 3'-bromoisosafrole

was reacted with dGMP in an attempt to simplify the isolation of
S-VI. The precipitate from this reaction also contained a large

number of components. Since preliminary results (see below)
had shown that a 3H-labeled product which chromatographed in

the same region as Adduct S-VI was released by thermal hy
drolysis of the hepatic DNA from mice treated with [3H]-1'-

hydroxysafrole, this tritiated fraction was used to identify S-VI in
the HPLC of the precipitate from the 3'-bromoisosafrole reaction

with dGMP. Preparative HPLC with 25% acetonitrile in water
yielded sufficient material for NMR studies.

As expected for guanine derivatives, the NMR spectra of
Adducts S-VI and E-VI did not show the characteristic signals
for the protons in deoxyribose (Chart 6). One-proton singlets at
7.91 and 7.90 ppm were assigned to the C-8 proton of guanine
for Adduct S-VI and E-VI, respectively. For each adduci, the A/2
protons of guanine gave a 2-proton singlet at 6.15 ppm, which
disappeared on exchange with D2O. A broad 1-proton singlet at
10.8 ppm in the spectrum of Adduct E-VI, which disappeared on
exchange with D2O, is characteristic of the N-1 proton; an
analogous signal was not identified in the spectrum of Adduct
S-VI. As with Adducts S-V and E-V, the signals for the protons

of the safrole and estragÃ³le side chains were characteristic of
propenylbenzene derivatives with the double bond in the C-1 ',C-
2' position and substitution at the C-3' position. Doublets at
6.43 and 6.60 ppm were assigned to the C-1 ' proton of Adduct
S-VI and E-VI, respectively. The C-2' protons of S-VI and E-VI

were assigned to the doublet of triplets at 6.35 which was
partially obscured by the signals for the C-1 ' and A/2protons. A

frans configuration about the double bond was consistent with
the large coupling constants observed for these signals [S-VI,
Jr.2- = 16.8 Hz; E-VI, Jr,2. = 16.0 Hz (both are first-order
estimates)]. Two-proton doublets at 4.95 ppm (J2-.3-= 6.0 Hz) in
each spectrum were assigned to the pair of C-3' protons. These

signals were shifted downfield relative to those of Adducts S-V
and E-V (3.7 ppm) or Adducts S-ll (4.04 ppm) and E-ll (4.1 ppm)

(10, 12). A similar downfield shift was observed by Mosche! et
al. (30) for the mÃ©thylÃ¨neprotons of 7-(p-methoxyben-
zyljguanosine relative to those of 8-(p-methoxybenzyl)guanosine
and A/2-(p-methoxybenzyl)guanosine. Chemical shifts for the ar

omatic, methylenedioxy, and methoxy protons of the safrole and
estragÃ³le moieties were similar to those observed for the dGuo
adducts described above. These data are consistent with the
structures 7-(frans-isosafrol-3'-yl)- and 7-(frans-isoestragol-3'-

yOguanine for Adducts S-VI and E-VI, respectively.
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ADDICTS FORMED BY ELECTROPHILIC AND CARCINOGENIC ESTERS
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Chart 6. 'H-NMR (200 MHz) of Adducts E-VI and S-VI in dimethyl sulfoxide-d6
(DMSO). The samples were obtained from large-scale reactions of dGMP with 1'-
acetoxyestragole and 3'-bromoisosafrote, respectively (see "Materials and Meth
ods').

Chromatographie Analysts of Hepatic DMA Hydrolysates
from 12-Day-Old Mice Treated with [2',3'-3H]-1'-Hydroxysaf-
role or [2',3'-3H]-1 '-Acetoxysaf role. Hepatic DNA isolated from

male 12-day-old B6C3Fi mice 9 h after an injection of 0.1 Â¿imol
of [2',3'-3H]-1 '-hydroxysafrole per g body weight contained 54
Â±5 pmol of 3H-containing adducts per mg of DNA in 3 experi

ments. This level of adducts was within the range of 68 Â±18
pmol/mg found previously for hepatic DNA isolated by a phenol
method from mice treated in a similar manner (7). Male B6C3F,
mice treated with this dose of 1'-hydroxysafrole on Day 12

developed an average of about 2 hepatomas/liver within 1 year
(7).

Administration of [2',3'-3H]-1'-acetoxysafrole under identical

conditions resulted in a similar level of covalent binding to hepatic
DNA (34 Â±16 pmol/mg). This finding is consistent with the
equivalent carcinogenic activity of 1'-hydroxysafrole and 1'-
acetoxysafrole in male B6C3F, mice under these conditions.5

HPLC analysis of enzymatic digests of some of these DNA
samples revealed indistinguishable adduct profiles for the fiver
DNA of mice treated with either 1'-hydroxysafrole or 1'-acetox-

ysafrole (Chart 7; Table 2).
A major and a minor 3H-containingpeak cochromatographed

in System A with standards of the adducts previously character
ized by Phillips ef a/. (10) as A/2-(frans-isosafrol-3'-yl)deoxy-
guanosine (S-ll) and /v*-(frans-isosafrol-3'-yl)deoxyadeno-
sine (S-IV), respectively. Peaks of 3Halso coeluted with Adducts
S-la, S-lb, S-V, and S-VI in System A (Chart 7). The identity of

5R. W. Wiseman, J. A. Miller, and E. C. Miller, unpublished results.
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Chart?. HPLC analysis of a hepatic DNA hydrolysate from 12-day-old male
B6C3F, mice. The animals were sacrificed 9 h after treatment with a carcinogenic
dose of [2',3'-3H]-1'-hydroxysafrole (0.1 /imol/g body weight). The adducts were

resolved on an analytical Ultrasphere ODS column in System A for 40 min followed
by a linear gradient to 100% acetonitrile over 8 min. Standards from the reaction
of 1'-acetoxysafrole with unlabeled dGuo were cochromatographed with this

sample. The resolution of S-lb and S-VI is exceptionally good in this chromatogram.

Table 2

Relative yields of adducts in the hepatic DNA of preweartling mice treated with
[2 ',3'-'H]-1 '-hydroxysafrole or [2 ',3'-3H]-1 '-acetoxysafrole

Male B6C3F, (12 days old) were given i.p. injections of 0.1 Â«tmolof [2',3'-*H]-
1'-tiydroxysafrote or [2',3'-3H]-1 '-acetoxysafrole per g body weight and sacrificed
9 h later. DNA was isolated by a hydroxylapatite procedure (see "Materials and
Methods"), and the adducts were resolved by HPLC in System A.

Hepatic DNA from mice treated with

1'-HydroxysafroleAdductS-la

S-lb
S-ll
S-IV
S-V
S-VI
Totalpmol/mg3.5

Â±0.6s

7.0 Â±0.7
24.4 Â±4.9

2.9 Â±0.8
1.2 Â±0.5
3.6 Â±0.6

42.7 Â±2.y%

relative
to S-ll14

29
(100)

12
5

151

'-Acetoxysafrolepmol/mg3.9

Â±0.9
7.2 + 1.8

21 .4 Â±7.8
2.6 Â±0.3
0.7 Â±0.3
3.3 Â±0.5

38.6 + 10.7Â°%

relative
to S-ll18

34
(100)

12
3

15

* Average Â±SD of HPLC analysis of 3 pools of 3 livers each.
6 Identified adducts accounted for 80 Â±6% of the DNA-bound 3H in the 3

samples.
0 Identified adducts accounted for 84 Â±2% of the DNA-bound 3H in the 3

samples.

the tritium-containing adducts from the hepatic DNA with the
synthetic adducts formed in reactions of 1'-acetoxysafrole with
dGuo or deoxyadenosine was further demonstrated by cochro-
matography of the tritium-containing and UV-absorbing peaks in
Solvent Systems B and C; representative retention times for the
adducts in the 3 systems are given in Table 3. For the liver DNA
from [2',3'-3H]-1'-hydroxy- or [2',3'-3H]-1'-acetoxysafrole-

treated mice, the 6 adducts accounted for approximately 80%
of the DNA-bound 3H. Early eluting radioactivity (3 to 7 min)
accounted for 5 to 15% of the total 3H in the DNA digests; it

may represent incompletely digested oligonucleotides or addi
tional adducts which are not retained under these HPLC condi
tions. The remaining radioactivity eluted in a diffuse fashion
throughout the chromatogram.

With the HPLC conditions used in the previous study (10),
Adducts S-la, S-lb, S-V, and S-VI had very similar retention times
and would all presumably have been contained within the peak
designated as Adduct I. It is unlikely that any Adduct S-VI was
contained in these hydrolysates of hepatic DNA since Adduct S-
VI was not detected when HPLC analysis with System A was
carried out on digests of DNA isolated by the phenol procedure
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Table 3
Representative retention times of safrole adducts formed in vivo and in vitro

The retention times were obtained on cochromatography of a mixture of the
adducts formed from 1 '-acetoxysafrole and dGuo with an enzymatic hydrolysate
of 80 /jg of hepatic DMA from mice treated with [2',3'-3H]-1'-hydroxysafrole. The

retention times are for the peaks of absorbance at 254 nm for the adducts formed
In vitro; in each case, the peaks of 3H, collected as 0.5-min fractions, from the
adducts formed in vivo coincided with the UV-absorbing peaks. For System A, an

Utrasphere OOS column was eluted with 20% acetonitrile in water for 35 min
followed by an 8-min linear gradient of 20 to 100% acetonitrile. In System B, an
Utrasphere ODS column was eluted with 40% methanol in water for 35 min
followed by a 6 min linear gradient of 40 to 100% methanol. For System C, 40%
methanol in water was used to elute a nBondapak Phenyl column for 40 min
followed by a 6-min linear gradient of 40 to 100% methanol. In all cases, the flow
rate was 1 ml/min. Each set of values was obtained in a single run. Although some
differences in absolute retention times were observed between repetitive runs, the
relative positions of the peaks were always the same.

Retention time (min) with

AdduciS-la

S-lb
S-lls-tvS-V

S-VISystem

A29.0

31.9
34.7
45.6
23.8
32.6"System

B24.6

26.2
29.9
45.1
23.7*

24.6System

C26.7

28.4
35.2
50.8
32.0
37.4

* In some cases, Adduct S-V was not resolved from S-la and S-VI.
6 In some cases, Adducts S-lb and S-VI were not resolved.

used previously.6 Adduct S-VI was released nonenzymatically

on incubation of hepatic DNA in sodium phosphate buffer (pH
7.0), either for 48 h at 37Â°Cor for 5 h at 70Â°C.Since this adduct

was sometimes poorly resolved from Adduct S-lb in System A,
a thermal hydrolysis (70Â°Cfor 5 h) was introduced after the DNA

purification and before the enzymatic digestion of the DNA in
several experiments to permit more accurate quantitation of
Adducts S-lb and Adduct S-VI. The levels of S-VI observed on

HPLC of thermal hydrolysates of the hepatic DNA samples were
similar to those obtained on HPLC of the enzymatic digests in
those cases where Adduct S-VI was adequately resolved from
Adduct S-lb. Our data may underestimate the formation of S-VI

in vivo, because some of this adduct was probably lost sponta
neously during the DNA isolation procedure. Since it is expected
that N-7 adducts would be removed rapidly in vivo by either

spontaneous or enzymatic depurination, the values obtained at
9 h may not reflect the maximum level of S-VI formation.

The finding that the levels of the DNA adducts were similar
when either 1'-acetoxy- or 1'-hydroxysafrole was injected raised
the question of whether or not injected 1'-acetoxysafrole was

directly reactive with the hepatic DNA in vivo. Accordingly, the
extent of binding of [3H]-1 '-acetoxysafrole was compared in 12-

day-old male mice that were previously untreated or were pre-

treated with pentachlorophenol (0.04 /uimol/g body weight), a
strong and relatively specific inhibitor of hepatic sulfotransferase
activity for 1'-hydroxysafrole (7). As in the case of pentachloro
phenol pretreatment of mice given injections of [3H]-1 '-hydrox

ysafrole (7), pretreatment with pentachlorophenol reduced the
formation of hepatic DNA-bound derivatives from [3H]-1 '-acetox

ysafrole (0.1 /Â¿mol/gbody weight) to approximately 15% of the
levels observed without the pretreatment (i.e., 18.5 versus 2.8
pmol/mg). These data are most readily explicable on the as
sumption that the acetic acid ester is readily hydrolyzed in vivo
and that the hepatic adducts arise from suit uric acid esterification
of the resulting 1'-hydroxysafrole.

6 M T. Leithauser, J. A. Miller, and E. C. Miller, unpublished results.

DISCUSSION

The data presented here confirm and extend previous obser
vations from this laboratory (10, 12) that the major site of
substitution of dGuo by 1'-acetoxysafrole and 1'-acetoxyestra-

gole is the exocyclic amino group, as evidenced by the structures
of the major products, A/2-(frans-isosafrol-3'-yl)deoxyguanosine
(Adduct S-ll), /^-(safrol-l '-yl)deoxyguanosine (Adducts S-la and
S-lb), and the analogous estragÃ³le adducts. Since the 1'-acetox
ysafrole and 1'-acetoxyestragole used as reactants were ra-
cemic mixtures, the formation of diastereomers of the 1'-substi

tuted adducts did not provide any information on whether or not
this reaction occurred via an SW1or SN2 type of reaction. Earlier
studies characterized Adducts S-IV [/^-(frans-isosafrol-S'-

yl)deoxyadenosinej and E-IV, the analogous isoestragolyl deriv

ative, as products formed by reaction at the exocyclic amino
group of deoxyadenosine (10, 12). Data presented in this paper
show that reactions at the C-8 and N-7 positions of dGuo with
the 3'-carbon atom of the alkenylbenzene moiety also occur.
Attack at the C-8 position, to yield 8-(frans-isosafrol-3'-yl)- and
8-(frans-isoestragol-3'-yl)deoxyguanosine (Adducts S-V and E-

V), is a major reaction with dGuo in vitro. Substitution at the N-
7 position appears to be less favored and gives rise to 7-(trans-
isosafrol-3'-yl)- and 7-(frans-isoestragol-3'-yl)deoxyguanosine,

which readily undergo hydrolysis at neutrality to yield Adducts
S-VI and E-VI. The minor products S-lll and E-lll, reported in the
previous studies and tentatively regarded as A/2-(c/s-isosafrol-3'-
yl)- and A/*-(c/s-isoestragol-3'-yl)deoxyguanosine were not ob

served under the experimental conditions used in the present
study. The reason for this discrepancy is not evident, but it is
possible that these presumed adducts were artifacts produced
during chromatography or the procedures used for the isolation
of the DNA and the preparation of 14C-adduct markers.

As noted earlier (10) and extended in this report, the adducts
formed from [3H]-1 '-hydroxysafrole in mouse hepatic DNA are
identical to those formed nonenzymatically from 1'-acetoxysaf

role and DNA or deoxyribonucleosides. These data thus strongly
support the deductions from other approaches (7, 11) that 1'-

sulfooxysafrole is the principal precursor of the hepatic DNA
adducts formed from 1'-hydroxysafrole in preweanling male

B6C3F! mice. The structures of each of the adducts and their
relative contributions to the hepatic DNA adducts in 12-day-old
male B6C3F, mice treated with a carcinogenic dose of 1'-
hydroxysafrole or 1'-acetoxysafrole are shown in Chart 8 and

Table 2.
The relative proportions of the adducts obtained from the

hepatic DNA were somewhat different from those found in model
reactions of dGuo with 1'-acetoxysafrole (compare Charts 1 and

7 and Tables 1 and 2). The most striking difference in these
profiles was the proportion of 8-(frans-isosafrol-3'-yl)-dGuo (S-

V), which accounted for almost 20% of the dGuo adducts formed
in vitro but only about 1% of the total 3H in mouse liver DNA 9 h
after injection of [2' ,3'-3H]-1 '-hydroxysafrole. Another distinction

was seen for the pair of diastereomers, S-la and S-lb; although

these adducts were formed at equimolar levels in vitro with
dGuo, there was a 2-fold preference for the formation of S-lb in

vivo in the hepatic DNA. Finally, the data suggested that attack
at the N-7 position was favored in vivo. The reasons for these

differences in adduct distribution between the in vitro reactions
with dGuo and the in vivo reactions with hepatic DNA are not
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Charta. Structures of the adducts formed by nonenzymatic reaction of 1'-
acetoxysafrole with dGuo or 2'-deoxyadenosme and in the hepatic DMA of 12-day-
old male B6C3F, mice after treatment with a carcinogenic dose of 1'-hydroxy-
safrole or 1'-acetoxysafrole. The assignment of the configuration about the C-1'

carbon in S-la and S-lb is arbitrary. In contrast to the other adducts, which were
isolated and characterized as the nucleoside adducts, S-VI is shown as the guanine

adduct which is released spontaneously from nucleoside adducts and hepatic DNA
at neutral pH.

known. However, steric constraints imposed by the chiral DNA
structure are the most likely source of the observed differences
since preliminary studies on the reaction of [2',3'-3H]-1 '-acetox-

ysafrole with supercoiled SV40 DNA in vitro revealed an adduct
profile similar to that found in hepatic DNA in vivo (13).

Substitution of the C-8 position of guanine by an electrophilic

carbon atom has been reported previously by Leonard ef al. (34,
35) and Mosche! ef al. (30, 36) in chemical studies on related
allylic and benzylic electrophiles. These authors demonstrated
that several adducts at the O6 position of guanine and guanosine

could undergo rearrangements to form a variety of products
including C-8-substituted adducts. In the case of O6-(p-methox-

ybenzyl)guanosine, the rearrangements occurred rapidly in
aqueous media at neutral pH (30). If deoxyguanosin-O6-yl ad
ducts are formed by reaction of 1'-acetoxysafrole and 1'-ace-

toxyestragole in vitro, they must be extremely unstable; we have
seen no evidence for short-lived intermediates even with HPLC
of 5-min incubations of dGuo with these acetoxy derivatives.

The rapid and gentle method of preparation of hepatic DNA
used in the present study allowed the isolation of hepatic DNA
containing the new labile adduct, 7-(frans-isosafrol-3'-yl)de-
oxyguanosine, from mice treated with 1'-hydroxy- and 1'-ace

toxysafrole. This adduct spontaneously decomposed at neutral
pH to yield 7-(frans-isosafrol-3'-yl)guanine (Adduct S-VI). Since

the analogous product was formed in nonenzymatic reactions of
1'-acetoxyestragole with dGMP or dGuo, these findings provide

a structural basis for the earlier demonstration of the formation
of apurinic-apyrimidinic sites from 1 '-acetoxyestragole treatment

of supercoiled SV40 DNA (37) and the appearance of alkali-labile
lesions in the DNA of human cells treated with 1'-acetoxysafrole
or 1'-acetoxyestragole (38). Although the formation of labile N-7

adducts of dGuo residues in DNA in vitro and in vivo is well
documented for aflatoxin B, (26, 29) and a variety of alkylating
agents (23-25), evidence for the formation of such depurinating

adducts for a number of carcinogens, including benzo(a)pyrene
diol-epoxide (39, 40), /V-acetoxy-2-acetylaminofluorene (37, 41),
and A/-benzoyloxy-A/-methyl-4-amino-azobenzene (37,41 ), is lim
ited to in vitro studies. Use of this mild rapid procedure for the
isolation of DNA should facilitate detection of similar labile ad
ducts formed from other carcinogens in vivo. Studies on the
formation of these labile adducts in biological systems may
facilitate definition of the role, if any, in mutagenesis and carci-
nogenesis in vivo of adducts that give rise to apurinic-apyrimidinic
sites in DNA. Several lines of evidence for the mutagenic potential
of apurinic-apyrimidinic sites in DNA have been presented by a
number of workers (42-44).

Recent studies by Randerath ef al. (45) and Phillips ef al. (46)
suggest that safrole, estragÃ³le, and several related alkenylben-
zenes yield qualitatively similar major and minor adducts in the
hepatic DNA of mice. The levels of these adducts in the DNA
paralleled the hepatocarcinogenicities of the parent compounds
in this species. An important question is the relative contributions
of the various adducts (e.g., la versus Ib, II, etc.) in the DNA to
the biological activities exhibited by these compounds, since
studies with other carcinogens have demonstrated that structur
ally related adducts can vary greatly in their absolute mutagenic
efficiencies (mutation frequency/DNA adduct) and have also
shown dramatic differences in activity between stereoisomers
(47-49). In a preliminary approach to this problem, the relative
abilities of 6 acetoxy alkenylbenzene derivatives, including 1'-
acetoxysafrole and 1'-acetoxyestragole, were compared for the

production of apurinic-apyrimidinic sites in supercoiled SV40
DNA and for the induction of mutations in Salmonella typhimu-

rium TA100 (13). Since no correlation was observed between
these 2 activities or with the activities of the corresponding
hydroxy alkenylbenzene derivatives to induce hepatomas in
preweanling male B6C3F, mice (8), the results suggest that the
N-7 adducts formed by esters of 1'-hydroxysafrole and 1'-

hydroxyestragole may not play a major role in the mutagenic and
carcinogenic activities of these compounds. On the other hand,
our recent observations on the highly hepatocarcinogenic ace-
tylenic derivative, 1'-hydroxy-2',3'-dehydroestragole (8, 50),
strongly suggest that the 1'-adducts are important in the muta

genic and carcinogenic activities of the alkenylbenzene carcino
gens. Thus, 1'-hydroxy-2',3'-dehydroestragole appears to give
rise in the hepatic DNA only to a pair of diastereomers at the A/2
position of dGuo, each of which is substituted on the 1'-carbon

atom of the carcinogen (50).
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