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group.

While this behavior illustrates that iso-
lated-molecule calculations may not suc-

ceed in all cases in predicting reactivity
trends in these enzyme-catalyzed reactions,
it is encouraging that in only one molecule

out of the seven which we could study was
such an exception noted. Further, as both
carcinogens and noncarcinogens are pres-
ent in the bottom two-thirds of Table 1, it
is clear that for these molecules cancino-
genicity cannot be correlated in any simple

way with extent of initial epoxidation.
The above experimental results do, how-

ever, suggest a rough correlation between
the proportion of a PAH’s metabolism oc-
curiing at the “first epoxidation” bond, and
the predictions of the localization energy

calculations. Thus, compounds for which
formation of the first epoxide is predicted
to be difficult (high ortho-localization en-
ergy) tend experimentally to undergo little
or no metabolism at that bond.

Stabilization of cationic i-i-system (III or
IV) from ring opening of first epoxide II.

Columns 3 and 4 of Table 1 indicate that
the cationic it-system corresponding to IV
in Scheme I is, for all PAH studied, pre-
dicted to be more stable relative to the
parent epoxide than the cationic ir-system
corresponding to III. This prediction can be
compared with experiment through consid-
eration of the reaction by which the phenol
is formed from the epoxide. The reaction

proceeds through a mechanism, involving

the “NIH shift” (16), in which the rate-
determining step involves opening of the

oxirane ring to form a cation bearing a
positive charge on the carbon adjacent to
the carbon which will ultimately bear the
hydroxyl group (27). Our calculations of the
relative stabilities of cations III and IV
(Table 1) predict the mode of ring opening
in every case to be

H

leading to a phenol bearing the hydroxyl

group at a position corresponding to carbon
7 of BaP (i.e., at the carbon atom more

remote from the bay region within the “first
epoxide” bond). These predictions are in
excellent agreement with product distnibu-

tion studies (22, 26), as well as with the
theoretical results of Harvey et al. (10),
based on the perturbational molecular or-
bital (PMO) method (28). In the case of
BaP itself, rearrangement of the 7,8-epox-
ide was found by Waterfall and Sims to
yield exclusively the predicted 7-OH prod-
uct (26). In the cases of three other PAH

studied by Sims (22), the phenol formed at
the “first epoxide” bond had the hydroxyl
group predominantly in the predicted po-
sition: Chrysene metabolized by a rat liver
homogenate system yielded the predicted
1-OH isomer over the 2-OH isomer in a
ratio of 4.8:1. Phenanthrene, under analo-
gous conditions, yielded the predicted 1-OH
isomer over the 2-OH in a ratio of 1.9:1.

Benz[a]anthracene favored formation of
the predicted 4-OH isomer over the 3-OH
isomer by ratios of 1.4 and 1.67 for liver
microsomal and homogenate metabolism,

respectively. In addition, Hecht et al. (29)
have recently reported that metabolism of
5-methylchnysene likewise affords the pre-
dicted 1-OH and 7-OH isomers, but no de-
tectable 2-OH or 8-OH compounds. Di-
benz[a,h]anthracene proved an exception,
in producing the alternative (3-OH) isomer
at a ratio (compared with the predicted 4-

OH isomer) of 1.4:1 for the microsomal

system and 1.5: 1 for the homogenate sys-

tem. Interestingly, for the four compounds
exhibiting preferential production of the

phenol at the predicted position,4 the nela-
tive ratios by which production of the pre-
dicted phenol exceeds that for the alterna-
tive phenol (BaP > chrysene > phenan-
threne > benz[a]anthracene) parallel the
differences in calculated stabilization en-
ergy (Table 1) between the preferred and
the alternative cations (BaP = 0.257$; chry-
sene = 0.188/’.�; phenanthrene = 0.179fl;

benz[aJanthracene = 0.172fl).

Although the cation stabilization enen-
gies in column 4, Table 1 exhibit a wide
variation, seemingly unrelated to carcino-

genicity, elimination of those PAH whose

4 5-Methylchrysene is not included here since our

calculations do not make allowance for the methyl
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high ortho-localization energies make for-

mation of the initial epoxide unlikely (i.e.,
the top ten-all noncarcinogens) discloses
a pattern among the remaining twenty

compounds. With four exceptions, the ex-
tent of cation stabilization for the carcino-

gens (lying between 1.012$ and 1.042/3) ex-
ceeds that for the noncarcinogens (lying
between 0.986$ and 1.011$). The presence
of exceptions (benzo[c]phenanthrene,
benzo[c]chrysene, benzo[g]chrysene, and
benzo[c]pentaphene) at this point need not
be surprising, however, as differing reactiv-
ities at a single step in the activation se-
quence are unlikely to be sufficient to dis-

tinguish carcinogens from noncarcinogens.
It is more probable that the cumulative
effects of differing reactivities at several

steps would be a significant determinant of

a compound’s carcinogenicity, and a later

section of this paper discusses improved
results using a compound index of carcino-
genicity.

Nevertheless, the cation stabilization en-
ergy does discriminate roughly between
carcinogens and noncarcinogens, a point
that has been noted previously by others

(7, 8). While gratifying, this energy param-

eter is unable to distinguish levels of carci-

nogenic potencies among the carcinogens.
For example, a plot of cation stabilization
energy versus Iball Index for the bottom

twenty compounds in Table 1 (Fig. 1, Table
2) exhibits considerable scatter. However,

since the Iball Index, given its most opti-
mistic interpretation, must reflect mini-
mally the ease of progression of the PAH

through both the epoxidation and hydra-
tion steps, with possibly significant contni-
butions from the remaining metabolic

steps, the expectation of a simple relation-
ship must, as mentioned above, be naive.
We will return to this point.

Ortho- localization energy for formation
of second epoxide VI from dihydrodiol V.

The values shown in Column 5, Table 1,
show relatively little significant variation

through the PAH studied in the rates of
formation of the second epoxide VI from
the dihydrodiol V. Since there are virtually
no published comparative experimental
data on formation of diol epoxides (or their
metabolic products, bis-(dihydrodiols) or
dihydrodiol-phenols), little detailed analy-
sis of our calculated values is possible. How-
ever, Bergen et al. have recently reported
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FIG. 1. Stabilization energy ofcation oftype IV (Scheme I,) c’s Iball Index ofparent compound

Compounds plotted are carcinogens (#{149})and non-carcinogens (0) falling below the top ten compounds in

Table 1. Values of cation stabilization energies for non-carcinogens are taken from Table 1, column 4, and for

carcinogens from Table 1, column 4, or Table 2, column 2. Iball Indices are taken from Table 2, column 4. The

dashed line represents a rough division in cation stabilization energies between carcinogens and non-carcinogens.
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TABLE 2

Cation stabilization energie? and Iball mdi

carcinogens in Table 1

ces5 for

E(IV) E(VII)

Name - E(II) - E(VI)(fi) (/‘l)
Iball

. d
in ex

Dibenzo[a,llpyrene 1.012 0.830 82

Dibenzo[a,ilpyrene 1.042 0.891 74

Benzo[alpyrene 1.032 0.867 72

Dibenzo[a,hlpyrene 1.041 0.882 68

Dibenzo[a,e]pyrene 1.019 0.846 50

Dibenz[a,h]anthracene 0.017 0.840 26

Benzo[g]chrysene 0.984 0.777 18

Tribenzo[a,e,i]pyrene 1.029 0.861 17

Benz[a]anthracene 1.022 0.848 7

Dibenz[a,j)anthracene 1.014 0.833 5

Benzo[c]phenanthrene 0.987 0.784 5

Benzo[c]chrysene 0.992 0.795 3

C’ Values taken from Table 1, columns 4 and 6.
h Values taken from text references 4 and 20.

that carcinogenic PAH tend to have high
superdelocalizability indices at the bond of
second epoxidation (9).

Stabilization of cationic ‘u-system VII

from ring opening of diol epoxide VI. Cat-

ion stabilization energies derived from oxi-
nane ring-opening of dihydrodiol epoxides
VI (Column 6 of Table 1) display a pattern
which parallels closely the corresponding
relation found for the stabilization of IV. In

the present case, the extent of stabilization
for the carcinogens varies between 0.830$
and 0.891$, exceeding that for the noncar-
cinogens, which varies between 0.780/3 and
0.828fl. As before, the cation stabilization
energy is incapable of accounting for van-
ations in carcinogenicity among the carcin-
ogens. A plot of Iball Index of parent com-
pounds versus extent of cation VII stabili-

zation (not shown) presents an almost exact
replica of the relation found in the case of
cation IV.

These results are in general agreement
with those of Jenina et al. (7, 8), who have
used a PMO approach (28) to demonstrate

that: (1) benzylic carbonium ion formation
in the bay region of a given PAH (corre-
sponding to the cationic it-system in com-
pound VII) produces the greater energetic
stabilization compared with formation of
other possible benzylic carbonium ions, and
(2) there is a very rough relation between

carcinogenic strength of PAH and extent of

stabilization of their bay region benzylic
carbonium ions.

As indicated above, while ortho-localiza-
tion energy for formation of the first epox-
ide and cation stabilization energies for ox-
inane ring-opening of epoxide and dihydro-

diol epoxide can serve as indicators of non-
carcinogenicity, neither reactivity index

alone satisfactorily mirrors the order of car-
cinogenic potency, as measured by the Iball
Index. Recognizing the inadequacy of char-
actenizing such a complex biological re-
sponse as tumor induction by a single num-
ben, we nevertheless felt it would be instruc-
tive to investigate whether the expenimen-
tal data could be satisfactorily reproduced
by a two-parameter fit involving both or-

tho-localization energy and cation stabili-
zation energy. Multiple linear regression

analysis of the relevant data in Table 2
yielded the equation

IC! = -722.9 OLE + 515.6 CSE + 1891.2

with a correlation coefficient of 0.90. Here
OLE and CSE are the ortho-localization
energy and cation stabilization energy for
formation and ring-opening of the initial

epoxide. ICI is the appropriate Iball Index.
Only one compound out of twelve, tri-

benzo[a,e,ilpyrene, gave a calculated Iball

Index statistically significantly different
from the observed value (although it is
correctly predicted to be in the carcinogenic
range). Significantly, the deviations noted
earlier no longer appear. This suggests that
both indices are significant determinants of
carcinogenicity, a point worth emphasizing
in view of the almost exclusive preoccupa-
tion with carbonium ions in recent theonet-
ical studies (7, 8, 10). In addition, applica-
tion of the relation to the first ten PAHs in
Table 1 leads to small (i.e., less than 10) or
negative calculated Iball Indices, consistent
with their noncarcinogenicity. It may be

that ortho-localization energies and cation
stabilization energies calculated by more
reliable methods (e.g., self-consistent field
(SCF) theory or PMO theory) might give a
superior correlation, but given the ques-
tionable quantitative significance of the
Iball Index, we have not felt it worth pun-
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suing, but content ourselves with pointing
out the importance of both epoxidation and

hydration steps.

Approximations involved in the calcu-

lations. Both the H#{252}ckelmolecular orbital
method and the localization energy concept
involve simplifying assumptions which re-
duce their effectiveness if one seeks abso-
lute numerical values of selected parame-

tens for individual molecules (30). More so-
phisticated molecular orbital methods have

been applied to large, polyaromatic systems
(5), as have alternative methods of calcu-
lation (4). Nevertheless, results obtained

from the H#{252}ckel and localization energy
approximations are valuable when used to
compare relative values of a carefully de-
fined parameter within a family of related

molecules (30).
A more specific approximation involves

the use of ir-electron energies to represent
the total energies of the molecules. The
destabilizing influences of the strained
epoxide ring and of the dipolar character of
III, IV, and VII, are not explicitly taken
into account in our calculations. Nor are

the effects of possible internal hydrogen
bonding within the angular benzo ring of
the syn stereoisomen (31) of diol epoxide

VI, which would be expected to assist epox-
ide ring opening (32). Nevertheless, to a
first approximation, the effects exerted by

these factors should represent relatively
uniform perturbations through the series of
PAH studied, and we have thus considered
them to have little effect on the relative
ordering of the values presented here.

Caution is required when applying mo-
lecular orbital reactivity indices to enzy-
matic reactions, as mentioned earlier. In a
given PAH, differing enzyme binding affin-
ities for different regions of the PAH mol-

ecule may predominate over the effects of
differing reactivities of those regions. For

example, while localization energy calcula-
tions predict the K region double bond to
be the most reactive within a given PAH,
product distribution studies show that in
fact the K region is usually not the most
extensively metabolized bond in the mole-
cule.

On the other hand, little experimental
information is available to permit compar-

ison among a number of PAH of extent of
reaction at a single site. Possibly in this
case, as reaction at a common site in a

group of related molecules is being com-
pared, the effects of differing reactivities
from one molecule to another could pre-

dominate over differences in binding to the
enzyme. In the limited number of cases in
which our calculated results were compared

with the results of product distribution
studies, the extent of agreement was grat-

ifying, suggesting that here the calculated
local reactivity may be the dominant factor
in determining extent of reaction among

these structurally related molecules.
The model. Our results present several

suggestive relations concerning carcino-
genic potency and PAH metabolism. These

should be prefaced by emphasizing that our
calculations, and thus our interpretations,
are based on the mechanism of activation
of carcinogenic PAH occurring through di-
hydrodiol epoxide formation adjacent to

and in the bay region, and it must be re-

called that direct experimental evidence for
the generality of the dihydrodiol epoxide-
bay region mechanism is at present limited
(7, 8, 13-19).

On the basis of this mechanism, however,
our calculations suggest three possible
points along the pathway of formation and
reaction of the diol epoxide at which carci-
nogenic PAH may differ from noncarcino-
genic PAH. First, carcinogenic PAH exhibit
sufficient reactivity at the bond of “first
epoxidation” to produce at least some
threshold amount of the initial dihydrodiol.
In terms of the values reported in Column
2, Table 1, carcinogenic PAH exhibit an
ortho-localization energy of -3.337f3 or less.

Second, among those PAH which exhibit
the above property, carcinogens undergo
ring-opening reactions of the two epoxides
which pass through intermediates of suffi-

ciently high ir-electron stabilization energy.
Presumably, increased ease of formation of

ring-opened intermediates IV and VII
would provide for more facile production of
the dihydrodiol V and the biomolecule ad-
duct VIII. Additionally, the combined ef-
fects of cation stabilization energy and or-

tho-localization energy may be an improved
measure of carcinogenic strength.
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SUMMARY

NORDQVIST, M., D. R. THAKKER, W. LEVIN, H. YAGI, D. E. RYAN, P. E. THOMAS, A.
H. CONNEY, AND D. M. JERINA. The highly tumonigenic 3,4-dihydrodiol is a principal

metabolite formed from dibenzo[a,h]anthracene by liver enzymes. Mol. Pharmacol.,

16: 643-655 (1979).

Pretreatment of rats with 3-methylcholanthrene or Aroclor-1254 caused a 2- to 3-fold
enhancement in the rate of metabolism of [‘4C]-dibenzo[a,h]anthracene (DBA) by liver
microsomes and altered the relative amounts of some of the metabolites formed compared
to metabolism by microsomes from untreated rats. These changes consisted mainly of a
decrease in phenols and an increase in unidentified minor metabolites. Pretreatment of

rats with phenobarbital caused less marked changes in the profile of metabolites formed

from DBA, and the rate of metabolism of DBA was significantly reduced per nmol of
cytochrome P-450 compared to microsomes from untreated rats. Under all incubation
conditions, DBA 3,4-dihydrodiol was the major dihydrodiol metabolite which accounted

for 24-28% of the total metabolites. Less than half this amount of the 1,2-dihydnodiol was
formed, and only trace amounts of the K-region 5,6-dihydrodiol could be detected. Two
major phenolic metabolite fractions were detected. After 3-methylcholanthrene- on Aro-

clor-pretreatment, metabolites more polar than the dihydnodiols were also formed. In the
absence of epoxide hydrase, DBA was converted primarily into phenols by a purified and
reconstituted cytochrome P-448 monooxygenase system. Addition of highly purified
epoxide hydrase resulted in the formation of DBA 1,2- and 3,4-dihydrodiols as well as

more polar metabolites with a concomitant decrease in the amounts of phenolic metab-
olites. The predominance of DBA 3,4-dihydrodiol as a metabolite on incubation of DBA
either with rat liver microsomes or with the highly purified, reconstituted monooxygenase

system in the presence of epoxide hydrase is of considerable importance since this is the
most potent carcinogenic metabolite of DBA presently known. The 3,4-dihydrodiol
formed from DBA by liver microsomes from 3-methylcholanthrene-treated rats was found
to be 60% optically pure. Evidence is presented which indicates that bay region diol
epoxides are formed from racemic DBA 3,4-dihydrodiol.

INTRODUCTION cepted that DBA and other polycyclic ano-

Dibenzo[a,h]anthnacene was the first matic hydrocarbons require metabolic
chemically pure substance reported to in- transformation to highly reactive metabo-
duce neoplasia (1). It is now generally ac- lites (ultimate carcinogens) before they co-
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FIG. 1. Structures of DBA and potential metabolites of DBA used as chromatographic standards for

HPLC; stereochemistry is relative

valently bind to cellular macromolecules
and cause cancer (2-5). In an attempt to
explain and predict the carcinogenicity of
polycyclic aromatic hydrocarbons, a hy-

pothesis termed the “bay-region” theory
has been formulated (6-9). The theory pre-

dicts that the most tumonigenic dihydrodiol
(proximate carcinogen) of a given hydro-
carbon will be on an angular benzo-ning and

will have a bay-region double bond. Meta-
bolic epoxidation of this double bond pro-
duces a bay-region diol epoxide, the pro-
posed ultimate carcinogenic metabolite.

Recent studies on the metabolic activa-
tion of DBA’ and its dihydrodiols to bac-
tenial mutagens (10) established that DBA
3,4-dihydrodiol, which has a bay-region 1,2-
double bond (Fig. 1), caused a higher mu-
tagenic response in S. typhimurium than
did DBA or its 1,2- and 5,6-dihydrodiols.
Since DBA H4-3,4-diol, a compound in

C Abbreviations used: DBA, dibenzo[a,hlanthra-

cene; DBA 1,2-dihydrodiol, trans-l,2-dihydroxy-1,2-

dihydrodibenzo[a,h�anthracene; DBA 3,4- and 5,6-di-

hvdrodiols, other trans dihydrodiols of DBA; DBA

H,-3,4-diol, trans-3,4-dihydroxy-1,2,3,4-tetrahydro-

dibenzo[a,h]anthracene; 4-hydroxy-H -DBA, 4-

hydroxy - 1,2,3,4 -tetrahydrodibenzo[a,h]anthracene;

HODBA, phenols of DBA; DBA 5,6-oxide, di-

benzo[ a, h lanthracene 5,6-oxide; DBA 5,6-quinone,

dibenzo[a,h)anthracene 5,6-quinone; DBA 7,14-qui-

none, dibenzo(a,h]anthracene 7,14-quinone; BA,

benzo[alanthracene; BP, benzo[a�pyrene; HPLC, high

pressure liquid chromatography.

which the bay-region 1,2-double bond of
the 3,4-dihydrodiol is saturated, was poorly
activated, a bay-region 3,4-diol- 1,2-epoxide
is the probable metabolite responsible for
the high mutagenicity on activation of the
3,4-dihydrodiol. For reasons which are pres-
ently unclear, the K-region 5,6-dihydrodiol
can also be metabolically activated to prod-
ucts which are highly mutagenic but only
when high enzyme or high substrate con-
centrations are used in the mutagenesis
assay.

Metabolism of DBA has been studied
previously in whole animals (1 1-13), liver
homogenates ( 14, 15) and microsomal prep-
arations (15-17) by thin-layer chromatog-
raphy and uv analysis. Although evidence
has been presented for all three possible
dihydrodiols as metabolites of DBA (15),

only the 5,6-dihydrodiol was available as a
synthetic standard. Arene oxides are
thought to be the precursors of all these
dihydrodiols (3, 16-18).

The principal aim of the present investi-
gation has been to establish the extent to
which DBA is converted to the 3,4-dihydro-
diol by liver microsomes from control or
induced rats as well as by a highly purified

and reconstituted monooxygenase system.
It is important to determine the amount of

this dihydrodiol formed since the bay-re-

gion theory predicts that the 3,4-diol-1,2-
epoxide(s) of the weak carcinogen benzo-
[a]anthracene (BA) should be more reac-
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tive than those of DBA (6-9). Yet, DBA is

known to be a much more potent carcino-
gen than BA (19). Since the theory makes
no attempt to take into account the extent

of metabolism at a particular position of a
hydrocarbon, a possible explanation for the

inversion in predicted carcinogenic activity

is that BA is very poorly converted into a
bay region 3,4-diol-1,2-epoxide(s) while this
is a major route of metabolism for DBA.

Recent studies have shown that the 3,4-
dihydrodiol of BA is indeed a very minor
metabolite of this hydrocarbon (20), while
earlier results suggested that the 3,4-dihy-
drodiol of DBA might be a major metabo-
lite (15).

MATERIALS AND METHODS

Chemicals. [14C]-DBA (Fig. 1) was ob-
tamed from Amersham-Searle. When ana-

lyzed by HPLC, the material had <0.6%
radiochemical impurity in the metabolite
region and was free of uv-detectable impur-

ities. The compound was used at a specific
activity of 11.6 mCi/mmol. DBA 1,2- and
3,4-dihydrodiols (Fig. 1) were prepared as
previously described (21). DBA 5,6-dihy-
drodiol and DBA 5,6-oxide were synthe-
sized by modifications of the methods out-
lined for K-region arene oxides (22). DBA
5,6- and 7,14-quinone were prepared by es-
tablished procedures (23, 24). A presumed

mixture of 5- and/or 6-HODBA was ob-
tamed by acid catalyzed dehydration of the
K-region 5,6-dihydrodiol (25). Aroclor-1254
(lot KC-12-638) was obtained from Mon-
santo Chemical Co., St. Louis, MO.

Incubations. Incubation mixtures with
liver microsomes contained 0.25 to 2.00 mg
of microsomal protein, 200 .tmol of potas-
sium phosphate buffer (pH 7.4), 6 �.tmol of
MgCl2, 2 �imol of NADPH, and 100 nmol of
[‘4C]-DBA (in 100 �.tl of acetone) in a total
volume of 2.00 ml. For incubations with the

reconstituted monooxygenase system (cf
26, 27) with and without addition of purified

epoxide hydrase (42 to 334 units)2, micro-
somes were replaced by 0.10 to 0.20 nmol of
cytochrome P-448, 1500 units of purified

2 One unit of epoxide hydrase activity is defined as

1 nmol of styrene glycol formed per mm. One unit of

cytochrome c reductase is defined as 1 nmol of cyto-

chrome c reduced per mm at 22#{176}.

cytochrome c reductase2 and 60 jig of dilau-

noyl phosphatidylcholine, and the pH of the
potassium phosphate buffer was 7.0. All
incubations with DBA were at 37#{176}for 10

mm except for one experiment, in which
the incubation time was 30 mm. Incuba-

tions of unlabelled DBA 3,4-dihydnodiol
(3.2 �tmol) were done at 37#{176}for 15 mm with
20 mg microsomal protein from 3-methyl-
cholanthrene-treated rats, 5.0 mmol of po-

tassium phosphate buffer (pH 7.4), 0.15
mmol of MgCl2 and 0.05 mmol of NADPH
in a total volume of 50 ml. Unconverted

substrates and metabolites were extracted
into ethyl acetate:acetone (2:1) after incu-

bation. The organic phase was dried over
anhydrous sodium sulphate and evaporated
under nitrogen. Residues were dissolved in
150 .tl of methanol (DBA metabolites) or
250 �d of tetrahydrofuran (DBA 3,4-dihy-
drodiol metabolites) and analyzed by

HPLC.
Liver microsomes were prepared from

immature (50-60 g) male rats of the Long-
Evans strain (28). The cytochnome P-450
content of the microsomes from control-,
phenobarbital-, 3-methylcholanthrene- and
Aroclor-pretreated animals was 0.87, 2.10,
1.69 and 3.50 nmol/mg of protein, nespec-
tively, determined as described by Omuna
and Sato (29). Highly purified cytochrome
P-448 (26), NADPH-cytochrome c reduc-
tase (30) and homogeneous epoxide hydrase

(31) were prepared by established pnoce-
dures.

Analysis of metabolites. Synthetic refer-
ence compounds and metabolites of DBA
were chromatognaphed on a DuPont Zor-

bax ODS (octadecylsilane) column (6.2 mm
x 25 cm). A linear gradient (1.2 ml/min)
from 70% methanol in water to 100% meth-
anol was used at a rate of gradient change

of 1%/mm after an initial delay of 1 mm
(Spectra Physics, model 3500B). The ef-
fluent was monitored at 280 nm. Fractions
were collected every 0.3 mm throughout
the metabolite profile except for the sub-
strate peak, which was collected as a single
fraction. Radioactivity of the fractions was
determined by scintillation spectrometry

(Aquasol, Packard Tricarb Model B2450).
Results obtained from the microsomal and
the reconstituted monooxygenase system
were corrected for zero-time experiments,
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analyzed as described above. For prepara-
tive isolation of DBA 3,4-dihydrodiol me-

tabolites, a linear gradient (1.2 ml/min) of

50% methanol in water to 100% methanol
was used at a rate of change of 1%/mm.

Both retention times on HPLC and flu-
orescence spectra were used to establish
the identities of the metabolites of DBA.
Metabolite fractions were collected from
the HPLC column and diluted with meth-
anol prior to spectroscopic analysis. The
1,2- and 3,4-dihydrodiol fractions had fluo-
rescence emission and excitation spectra
identical to those of the authentic synthetic
standards (21); emission maxima at 410 nm
for the 1,2-dihydrodiol and at 407 and 430
nm for the 3,4-dihydrodiol (excitation at

277 nm). The amount of radioactive metab-

olite which was cochromatographic with
synthetic 5,6-dihydrodiol (emission max-
ima at 370 and 390 nm) was generally too
small to allow confirmation of its presence
by fluorescence. Two radioactive metabo-
lite fractions were detected in the phenol
region of the chromatograms. These metab-

olite fractions (phenol-i and -2 fractions)
were established to be phenolic by the
marked spectral changes which occurred on
addition of sodium methoxide. The original

spectra returned upon acidification with
ammonium chloride. If DBA 3,4-dihydro-
diol is metabolized to 3,4-diol-1,2-epoxides,
benzo-ning tetraols, tniols, and a keto diol
could be detected as break-down products

since such diol epoxides are predicted to be
highly reactive (6-9). For this reason, the

fluorescence spectra of the metabolites of
DBA and of DBA 3,4-dihydrodiol were
compared to that of 4-hydroxy-H4-DBA
(21), which also has an 8,9-dialkyl substi-
tuted BA chromophore (see RESULTS). Flu-
orescence spectra were measured with a

Perkin-Elmer Spectrofluonimeter, model
MPF-3L.

Enantiomeric purity of metabolically

formed DBA 3,4-dihydrodiol. Racemic
DBA 3,4-dihydnodiol was allowed to react
with the acid chloride of (-)-a-methoxy-a-

tnifluoromethylphenylacetic acid in dry
pynidine. The resulting pair of diastereo-
menic bis esters (32, 36) were separated by
chromatography on the ODS column with
a gradient of 80% to 100% methanol in water

at a rate of change of 1%/mm and a flow

rate of 1.2 mi/mm; retention times 20.0 mm
and 20.7 mm. The two diastereomer peaks
were of equal size and had uv maxima
nearly identical to authentic dihydrodiol.

Radioactive 3,4-dihydrodiol formed from

[14C]-DBA by liver microsomes from 3-
methyicholanthrene-treated rats was di-
luted with nacemic DBA 3,4-dihydrodiol,
converted to the diasteneomenic bis esters
and chromatographed as above to deter-
mine enantiomenic purity nadiochemically.

RESULTS

Chromatographic properties of synthetic
derivatives of DBA. The three metabol-

ically probable trans dihydrodiols of DBA
were well separated from each other, as
well as from phenols and quinones of DBA,

by HPLC on a reverse phase ODS column
(Fig. 2A). The bay-region 1,2-dihydnodiol

emerged first from the ODS column, fol-
lowed by the K-region 5,6-dihydrodiol and
finally by the 3,4-dihydrodiol. The order of
elution of these dihydrodiols is predictable
based on considerations of conformation
and polarity (32). The K-region phenols (5/
6-HODBA), the 5,6-oxide and 5,6-quinone
emerged as one peak designated as phenol

fraction- 1 . Ultraviolet spectra before and
after chromatography established that
DBA 5,6-oxide survived the HPLC column
intact. The DBA 1,2- and 3,4-dihydrodiols
were dehydrated with a 1: 1 mixture of 6 N
HC1:methanol at room temperature for 0.5
hr to produce two phenolic products in each
case. Based on absorbance at 280 nm, about
80% of the phenol produced from the 1,2-
dihydrodiol and 40% of the phenol pro-
duced from the 3,4-dihydrodiol chromato-
graphed in phenol fraction-i (cf Fig. 2B).
The major dehydration product from the
3,4-dihydrodiol (60%) eluted in phenol frac-
tion-2. Mass spectra of these three major
dehydration products (M� = 294) con-

firmed that they were phenols. A minor
dehydration product (-20%) of the 1,2-di-
hydrodiol chromatographed between the
phenol-i and -2 fractions. By analogy to
isomenic phenols of other hydrocarbons
(32), 2- and 3-HODBA might be expected
to chromatograph in the phenol-i fraction
while 4- and possibly i-HODBA should




