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ABSTRACF

The homogeneous 3a-hydroxysteroid-dihydrodiol dehydrogenase of
rat liver cytosolcatalyzesthe NADP-dependentoxidationof a wide
variety ofpolycycic aromatic tmiss-dihydrodiols and has been implicated
intheirdetoxification(T. E. Smithgall,R.G. Harvey,andT. M. Penning,
J. BioLChem.,261:6184-6191, 1986).Thisstudyexaminedtheinfluence
ofmethylgroupsonthevelocityandstereochemicalcourseofenzymatic
benz(a)anthracene (BA) trizas-dihydrodiol oxidation. The racemic tmns
3,4-dihydrodlols of BA and 7-methylbenz(a)anthracene (7-MBA) were
completely consumed by the purified dehydrogenase, indicating that both
stereoisomers are substrates. However, 50% of the (Â±>.trans-3,4-dihy
drodiolsof 12-methylbenz(a)anthracene(12-MBA) and 7,12-dimethyl
benz(a)-anthracene(DMBA) were oxidized, suggesting that only one
stereoisomer is utilized in each case.At low substrate concentrations,
enzymaticoxidation of the tmns-3,4-dihydrodiolsof BA, 12-MBA, and
DMBAfollowedsimplefirst-orderkinetics.By contrast,oxidationof the
3,4-dihydrodiolof 7-MBA was of higher order, due to differencesin the
rate ofoxidation ofeach stereoisomer.Rate constants estimated for each
reaction indicate that the non-bay-regionmethyl group at position 7 has
a greaterenhancingeffectontherateof oxidationthanthehay-region
methylgroupat position12 (10- versus4-fold,respectively).The3,4-
dihydrodiol of DMBA, which possesses both non-hay- and hay-region
methyl groups, is oxidized more than 30 times faster than the unmeth
ylated parent hydrocarbon. The absolute stereochemistry of the prefer
entially oxidized dihydrodiols was assigned by cfrcular dichroism spec
trometry. For the 3,4-dihydrodiols of DMBA and 12-MBA, the stereo
isomer oxidized has the 3S,4S configuration. A large negative Cotton
effect was observed in the circular dichroism spectrum of the 7-MBA
3,4-dlhydrodiol which remained at the end ofthe rapid phase of oxidation
of this racemic substrate, indicating that the dehydrogenase displays
partial stereochemicalpreferencefor the 3S,4Senantiomer.Theseresults
suggest that methylation of BA at C-7 greatly enhances the oxidation of
the 3S,4S-dihydrodiol,while the presenceof a bay-regionmethylgroup
at C-12 completely blocks the oxidationof the 3R,4R-stereoisomer.
Rapid, stereoselectiveoxidationof methylatedpolycyclicaromatic irons
dihydrodiolsbythis routein rivomaysignificantlyinfluencetheircarcin
ogenicity.
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INTRODUCIION

PAH4 are widespread environmental pollutants that have
been implicated as etiobogical agents in human cancer. Meta

bolic activation of PAH is required for the expression of their
carcinogenic effects, and the ultimate carcinogens formed from
many of these compounds appear to be bay-region traits

dihydrodiol epoxides (1). Activation of benzo(a)
pyrene by rat liver microsomes has been studied in detail and

is a highly stereoselective process (2). Initial epoxidation of
benzo(a)pyrene by the cytochrome P-450 mixed-function oxi
dase system results in the formation of the 7R,85-epoxide,
which is then enzymatically hydrated to form the trans-7R,8R-
dihydrodiol. Secondary cytochrome P450-mediated epoxida
tion of the R,R-dihydrodiol at the 9,10-double bond results

primarily in the formation of the (+)-anti-diol-epoxide. Of the
four diasteriomeric bay-region diol-epoxides chemically possi

ble from benzo(a)pyrene, the (+)-anti-isomer is by far the most
tumorigenic metabolite (3). Thus, the stereochemistry of
benzo(a)pyrene activation contributes significantly to its carcin
ogenicity.

The tumorigenic potential of many PAH can be greatly

enhanced by the presence of a methyl group on the parent

hydrocarbon nucleus (4). For example, BA is only weakly

tumorigenic on mouse skin, whereas the structurally related 7-
methyl and 7,1 2-dimethyl derivatives of this compound show

greatly enhanced carcinogenicity (5). A similar phenomenon

has been observed with chrysene and its 5-methylated deriva

tive. The latter compound rivals benzo(a)pyrene in carcinogen
icity (6), whereas the unmethylated parent hydrocarbon is al
most inactive as a carcinogen (7). Thus, methylation appears

to_greatly enhance the carcinogenicity of many PAH, particu

larly when the methyl group is present on the bay region of the

molecule (8).

Although enhancement of PAH carcinogenicity by methyla

tion has been well documented, the mechanism responsible for
this phenomenon is poorly understood. Methylated PAH ap

pear to undergo carcinogenic activation via bay-region diol

epoxide formation (4), and methyl groups may enhance the
reactivity of these diol-epoxides toward DNA. For example,
the rate of hydrolysis of the anti-diol epoxide of 5-methylchry

sene, which contains a bay-region methyl group and is the most

tumorigenic of the monomethyl chrysenes (7), is greatly en

hanced in the presence of native DNA (9). This diol-epoxide

also readily alkylates DNA (9), suggesting that the bay-region

methyl group may promote association between DNA and diol

epoxide metabolites. Enhanced reactivity of diol-epoxides of

methylated PAH may be related to distortion of the planar

conformation of the PAH molecular by the methyl group (10).

In addition to influencing the reactivity of bay-region diol

epoxides, methyl groups could also enhance the carcinogenicity
ofPAH by altering their metabolism by detoxification enzymes.
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Table 1 Oxidationofthe trans-3,4-dihydrodithofBA and its mono-anddimethylatedderivatives
byhomogeneousdihydrodioldehydrogenaseOxidation

ofthe tmns-3,4-dihydrodiols ofBA, 7-MBA, 12-MBA, andDMBAwas
monitoredspectrophotometricallyby measuringthechangein absorbanceofthe
pyridinenucleotideat 340nm underthe reactionconditionsgiven.Initialvelocities

shown are the mean values calculated from at least threeindependentdeterminations,
in all casesthe SE waslessthan 10%ofthemean.Initial

velocityConcentration
(nmol/min/3,4-Dihydrodiol

(pM) mg)VU.S./K.'BA

25 11.44567-MBA
25 22.188412-MBA
10 4.63463DMBA
25 46.9 1877

OXIDATION OF METHYLATED TL4NS-DIHYDRODIOLS

One enzyme of interest in this regard is dihydrodiol dehydro

genase (EC 3.1.3.20), which catalyzes the NADP-dependent
oxidation of both enantiomeric trans-7,8-dihydrodiols of

benzo(a)pyrene (1 1) resulting in the formation of the corre
sponding 7,8-o-quinone (12). This reaction can suppress the

formation ofdiol-epoxides, as addition ofthe purified dehydro

genase significantly reduced the mutagenicity of benzo
(a)pyrene in the Ames test (13). Although the relative contri
bution of this enzyme to cellular metabolism of PAM remains

to be determined, purification data (14) and immunotitration

experiments with polyclonal antibod? indicate that dihydrodiol
dehydrogenase represents at least 1% of the soluble protein in
rat liver. These concentrationssuggestthat the enzymecould
successfully compete with alternative pathways of metabolism
for procarcinogenic trans-dihydrodiols. The present study dem

onstrates that methyl groups significantly alTect the rate and
stereochemical course of BA trans-3,4-dihydrodiol oxidation,

catalyzed by the homogeneous rat liver dihydrodiol dehydro
genase. The effect of methylation on the rate of enzymatic
oxidation is especially remarkable for the 3,4-dihydrodiol of
DMBA, which is more than 30-fold faster than that of the

unmethylated parent hydrocarbon. Methylation at the bay re
gion also prevents oxidation of the 3R,4R-dihydrodiol stereo
isomer of this potent proximate carcinogen. These fmdings
indicate that dihydrodiol dehydrogenase may significantly in
fluence the stereochemical composition of trans-dihydrodiols

of methylated PAH available for ultimate carcinogen forma

tion.

MATERIALS AND METhODS

imns-DihydrodlolSynthesis. Benzenedihydrodiol was synthesized ac
cording to our published prOcedure(15). Other trans-dihydrodiols used
in this study (Fig. 1) were synthesized according to the methods cited
in parentheses: BA 3,4-dihydrodiol (16); 7-MBA 3,4-dihydrodiol (17);
7,l2-DMBA 3,4-dihydrodiol(l8, 19).A description ofthe method used
to synthesize the 3,4-dihydrodiol of 12-MBA, as well as improved
methods for some of the other dihydrodiols will be forthcoming.' For
a recentreviewof generalmethodsusedin irwts-dihydrodiolsynthesis,
see Ref. 20. The purity of the trans-dihydrodiols of BA, 7-MBA, 12-

Fig. 1. Structuresof
derivatives.

MBA, and 7,l2-DMBA was confirmedby high performanceliquid
chromatographic analysis.

Purification ofDlhydrodiol Dehydrogenase.Dihydrodiol dehydrogen
ase was purified to apparent homogeneity from rat liver cytosol using
the published procedure (14). In this tissue, dihydrodiol and 3a-hy
droxysteroid dehydrogenase activities are catalyzed by the same en
zyme. The specific activity of the final preparation was 1.4 smol
androsterone oxidized/mm/mg of protein, and 0.3 @smolbenzenedi
hydrodiol oxidized/min/mg protein, when assayed spectrophotometri
cally at pH 7.0 and 25T in the presence ofeither 75 sM androsterone
and 2.3 mMNAD or 1.0 mrsbenzenedihydrodioland 2.3 m@.iNADP.

SpectrophotonietricAssayof tnms-Dihydrodlol Oxidation. The initial
velocityand end point ofenzymatic oxidation ofeach irans-dihydrodiol
substrate were determined spectrophotometrically in 1.0 ml of 50 mM
glycine buffer, pH 9.0, containing 2.3 m@.sNADP (Pharmacia/P-L
Biochemicals, Piscataway, NJ). Although previous studies have shown
that these conditions optimize the rate of trans-dihydrodiol oxidation
(11) it shouldbe emphasizedthat these reactionsratesarealso signifi
cant at physiological pH. The dibydrodiols were solubilized in the assay
with dimethyl sulfoxide (8% final concentration). Reactions were mi
tinted by addition ofthe purified enzyme (16-40 @g)and monitored by
followingthe increase in absorbance of the pyridine nucleotide at 340
nm; = 6270 M' cm@for NADPH. Controlincubationsshowedthat
no changein absorbancewas observedin the absenceof enzyme, and
that both the dihydrodiolsubstrateand nucleotidemust be presentin
orderforenzymaticoxidationto occur.

StereochemicalCourse of tsw-Dihydrodlol Oxidation. The stereo
chemical preference of the purified dehydrogenase for each irons
dihydrodiolsubstratewas determinedby measuringthe CD spectrum
ofthe unreacteddihydrodiolremainingafterincubationofthe racemate
with the purifiedenzyme. Incubationswereconductedin 10 ml of 50
mM glycine buffer, pH 9.0, containing 2.3 mM NADP and 10-25 @M

dihydrodiol solubilized in dimethyl sulfoxide. Following addition of the
purified enzyme (16â€”40@&g/ml),the reactions were incubated at 25'C
for various time intervalsand then terminatedby extraction of the
dihydrodiols with ethyl acetate (3 x 5-mi aliquots). The organic solvent
was removed under reduced pressure, and the resulting residues were
chromatographedon 250-sm silica gel thin layer chromatography
plates using chloroform:ethyl acetate (1:1) as running solvent. The
unreacted diols were visualizedunder UV and extracted from the silica
with ethanol. CD spectra were recorded on an Aviv Model 6ODS
spectropolarimeter at room temperature using a quartz cell with 1-cm
path length. CD spectra are expressed as millidegrees of ellipticity for
ethanolicsolutionsof each diol that absorbapproximately1.0 at their
Uv wavelengthof maximumabsorbance.

RESULTS

Initial Velocity of trans-Dibydrodiol Oxidation by Dihydrodiol
Dehydrogenase. The trans-3,4-dthydrodiols of BA, 7-MBA, 12-
MBA, and DMBA are readily oxidized by the homogeneous

rat liver dihydrodiol dehydrogenase in the presence of NADP
at pH 9.0 and 25C (Table 1). The limited solubiity of these

compounds prevented direct determination of Km and V,,,1,,

1) OH

:@x@
BA 3.4-DIOL

â€œ,- OH

1-MBA 3.4-DIOL

@roH

@I@I@AOH

12-MBA 3,4-0101

DMBA
trans-3R,4R-dihydrodiolsof BA and its methylated

S T. E. Smithgall and T. M. Penning, submitted for publication.

6 R. G. Harvey and C. Cortex, manuscript in preparation.

. VS/KU was calculated by dividing v (nmol/min/mg enzyme) by s (jaw) and

multiplying the result by 1000.
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OXIDATION OF MF.THYLATED TR4NS-DIHYDRODIOLS

values. However, the utilization ratio (V,,,@/Km)caii be com
puted for each dihydrodiol becausethe reactions were con
ducted at very low substrate concentrations relative to Km.
Under these conditions, the initial velocities follow first-order

kinetics, and the Michaelis-Menten equation simplifies to

p Vmaz

S K@

(21). Estimates ofthe utilization ratios obtained in this manner
for each trans-dihydrodiol substrate (Table 1) are directly com
parable to those previously reported for a wide variety of
polycyclic aromatic trans-dihydrodiols (1 1). Comparison of
these values indicates that the trans-3,4-dihydrodiol of DMBA
is oxidized very rapidly by the dehydrogenase, as the@
for this potent proximate carcinogen is almost 4-fold higher

than that observed for the unmethylated parent hydrocarbon

and almost 6 times higher than that previously reported for the

7,8-dihydrodiol of benzo(a)pyrene (1 1). The utilization ratio
observed for the 3,4-dihydrodiol of 7-MBA is also significantly
higher than that of the unmethylated BA dihydrodiol, suggest
ing that the presence of a methyl group at position 7 may

enhance the initial rate of oxidation. These results are consist

ent with earlier studies in which trans-dihydrodiols of 5-meth

ylchrysene were shown to be more rapidly oxidized than traits
dihydrodiols of the unmethylated parent hydrocarbon (1 1).
Methylated polycycic aromatic trans-dihydrodiols in general
may be more readily oxidized by the dehydrogenase.

Determination of the End Point of Enzymatic trans-Dihydro
diol Oxidation.To determinewhetheror not methylgroups
alter the stereochemical course of BA trans-dihydrodiol oxida

tion, the end point of oxidation of each racemic dihydrodiol

substrate was determined spectrophotometrically. Oxidation of

each trans-3,4-dihydrodiol substrate was monitored at 340 nm
until no further change in absorbance was observed; addition
ofa second aliquot ofenzyme at this time resulted in no further

absorbance change, confirming that each reaction had reached
completion. Progress curves for these reactions are shown in

Fig. 2. For the racemic trans-3,4-dihydrodiols of 12-MBA and

DMBA, the absorbance changes observed were approximately

50% ofthe theoretical maximum [calculated from the substrate

concentration and the molar extinction coefficient for

NAD(P)H, which is formed stoichiometrically during the re
action]. These results suggest that one stereoisomer was cÃ³m
pletely oxidized in each case; the preferred stereoisomers were
later identified by circular dichroism spectropolarimetry (see

below). However, the total absorbance changes observed for the
3,4-dihydrodiols of BA and 7-MBA were both approximately
100% of the theoretical maximum, suggesting that both enan
tiomers of these diols are substrates for the dehydrogenase (Fig.

2B).

Pseudo First-Order Analysis of Absorbance Data Determi
nation of the end point of oxidation of each trans-dihydrodiol
was conducted at diol concentrations well below Km.Therefore,

these reactions can be regarded as simple, first-order processes,

and semilog plots of the fraction of substrate remaining versus

time should be linear. Absorbance data obtained for all of the
trans-dihydrodiol substrates were reanalyzed in this manner
and resulted in linear semiog plots for the 3,4-dihydrodiols of
12-MBA and DMBA (Fig. 3A), as well as for the 3,4-diol of

BA (Fig. 3B). However, transformation of the absorbance data

obtained with the 3,4-dihydrodiol of 7-MBA resulted in a
curvilinear semilog plot (Fig. 3B), indicative of a higher order
reaction consisting offast and slow components (Fig. 3C). This
result indicates that although the dehydrogenase oxidized both
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Fig. 3. Pseudo-first-orderanalysisof enzymatictrans-dihydrodioloxidation.
The percentage of each trans-dihydrodiol substrate remaining (log scale) at a
given time wascalculated from the observedend point ofeach individual reaction
according to the simple relationship

% of diol remaining- (A.,.â€” A,)@

whereA@, is the maximumabsorbancechangeobservedat the conclusionof the
experimentandA, is the absorbancechangeobservedat a giventime point.A,
pseudo-first-order plots of DMBA (U) and 12-MBA (â€¢)3,4-dihydrodiol oxida
tion B, pseudo-first-orderplots of BA (â€¢)and 7-MBA (U) 3,4-dihydrodiol
oxidation C,pseudo-first-orderplotsofthe fastandslowcomponentsof 7-MBA
3,4-dihydrodiol oxidation. Estimates ofthe fast and slow components of 7-MBA
3,4-dioloxidationwereobtainedbyfitting aregressionlineto theslowcomponent
ofthe reaction (); this line was extrapolated to the origin to allow estimation of
the change in absorbancedue to the slow component during early time points.
The estimatedabsorbancechangeswerethensubtractedfromthetotal absorbance
changeto yield the contributionof the fastcomponent.

MINUTES

Fig. 2. Progresscurvesoftnzns-dihydrodioloxidation.The NADP-dependent
oxidation of trans-dihydrodiols, catalyzed by dihydrodiol dehydrogenase,was
followedspectrophotometricallyat 340 nm as describedunder â€œMaterialsand
MethOds.â€•Substrateswere present in the following concentrations: 3,4-dihydro
diolsof BA, 7-MBA, andDMBA, 25 ; 3,4-dihydrodiolof 12-MBA,10 @i.
Results are expressedas percentage of racemic dihydrodiol oxidized, basedon
the substrate concentration in each reaction and the molar extinction coefficient
for NADPH. A, oxidation of the 3,4-dihydrodiols of DMBA (R) and 12-MBA
(â€¢);B, oxidationofthe 3,4-dihydrodiolsof BA (â€¢)and7-MBA(R).
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Table2 Pseudo-first-orderrateconstanisfortheoxidationofthe trans-3,4-
dihydrodiols ofbenzfaJanthracene and its methylated derivatives

Pseudo-firstorder rate constantsfor the enzymaticoxidationof the 3,4-
dihydrodiols of BA, 12-MBA, and DMBA wereestimated directly from the slope
of semilogplotsof percentdihydrodiolsubstrateremainingversustime (repre
sentativeplots are shown in Fig. 3, A and B). The rate constants for the oxidation
ofthe S,Sand R,R enantiomersofthe 3,4-dihydrodiolof7-MBA weredetermined
byregressionanalysisoftheslopesofthe twocomponentreactionsthatcontribute
to thebiphasicsemilogplot observedwith this substrate(seeFig. 3, B andC).
The absolutestereochemistryof the preferreddihydrodiolswasdeterminedby
CD spectroscopy(seetext and Fig. 4). Rate constantsand percentageof conver
sionvaluesaremeansofatleastthreeindependentdeterminationsinallcases
the SE waslessthan 10%of the mean.k

(min' mg' % of con
3,4-Dihydrodiol Stereoisomer enzyme)versionBA

S,SandR,R 0.26 112
7-MBA 5,5 2.51 108

R.R 0.26
12-MBA S,S 0.98 48
DMBA S,S 8.69 47

OXIDATION OF METHYLATED T&4NS-DIHYDRODIOLS

stereoisomers of the trans-3,4-dihydrodiol of 7-MBA, one ster
eoisomer was oxidized more rapidly than the other.

Although Vmax/Kmdata (Table 1) provided an initial estimate

of the relative efficiency of enzymatic trans-dihydrodiol oxida

tion and allowed for direct comparison with previously pub
lished data (1 1), these estimates do not take into account
differences in stereochemical preference displayed by the de
hydrogenase for each racemic trans-dihydrodiol substrate.
Therefore, pseudo-first-order rate constants were determined

to provide a better estimate of the relative efficiency of BA

trans-dihydrodiol oxidation (Table 2). For the trans-3,4-dihy
drodiols of BA, 12-MBA, and DMBA, rate constants were
estimated directly from the slopes ofthe lines in Fig. 3 by linear
regression analysis. For the 3,4-diol of 7-MBA, which showed

biphasic kinetics, rate constants for the fast and slow compo
nents of the reaction were calculated based on the assumption

that both reactions are first-order processes (appropriate cor
rection for the contribution of the slow component in the
calculation of the rate constant for the fast component was
made; see the legend to Fig. 3 for details). Comparison of the

rate constants obtained in this manner indicates that the 3,4-

dihydrodiol of DMBA is oxidized more than 30 times faster by
the enzyme than the 3,4-dihydrodiol of BA. The rate constants

obtained for the 3,4-dihydrodiols of 7-MBA (fast component)
and 12-MBA are also significantly higher than that observed

for the 3,4-dihydrodiol of BA (10- and 4-fold, respectively),
suggesting that the presence of either methyl group greatly

enhances the rate of oxidation of BA non-K-region dihydrodi
ols. Although both methyl groups probably enhance the rate of
oxidation of the 3,4-dihydrodiol of DMBA, differences in the

rates of oxidation of the two monomethylated BA 3,4-dihydro
diols suggest that the non-bay-region methyl group (position 7)
may have the predominant effect on rate enhancement. In
addition, methylation appears to have a progressive influence
on the stereochemical course of dehydrogenation. Both stereo

isomers of the 3,4-dihydrodiol of BA are oxidized slowly, and
apparently at equal rates. However, introduction of a methyl

group at position 7 enhances the oxidation ofone stereoisomer
by almost 10-fold, and the presence of the bay-region methyl

group (position 12) appears to block the oxidation of one

stereoisomer completely.
Identification of the trans-Dihydrodiol Stereoisomers Prefer

entially Oxidized. In order to identify the stereoisomers prefer
entially oxidized by dihydrodiol dehydrogenase, large-scale in
cubations were conducted with each racemic trans-dihydrodiol
substrate and the purified enzyme. At the end of each reaction,
the unoxidized substrate was extracted and isolated by thin

layer chromatography, and its CD spectrum was recorded. The

length of each incubation was based on the progress of the

reaction monitored simultaneously at 340 nm.

The 3,4-dihydrodiols of 12-MBA and DMBA were incubated

with the enzyme for 4 h prior to CD spectroscopy of the

unreacted dihydrodiol. Both reactions plateaued at 50% of their

theoretical absorbance maximum during the first hour of this
incubation period. The CD spectra of the unreacted 3,4-dihy
drodiols isolated from these reactions are shown in Fig. 4, A

and B. Comparison of these spectra with one published for the

optically pure 3S,4S-dihydrodiol of DMBA (22) indicates that
the diols remaining at the end of the reaction have the 3R,4R

conformation. Thus, the enzyme appears to display absolute

stereochemical preference for the 3S,4S-dihydrodiols of both
12-MBA and DMBA.

Although the 3,4-diol of 7-MBA was shown to be completely

oxidized by the enzyme based on the total change in absorbance

at 340 nm (Fig. 2B), pseudo-first-order kinetic analysis suggests

that the enzyme oxidizes one stereoisomer faster than the other

(Fig. 3B). Further support for this conclusion was obtained by
incubating this 3,4-dihydrodiol with the purified enzyme until

the rapid phase of the reaction was complete (approximately 1

h); a large negative Cotton effect was observed in the CD

spectrum of the unreacted isomer isolated from the reaction at
this time (Fig. 4C). Comparison of this CD spectrum with one
published for the optically pure 3R,4R-dihydrodiol of BA (23)

suggests that the 3,4-dihydrodiol of 7-MBA is enriched with

U,
Ui
Ui

0
Ui
0
-I
@1

2

Fig. 4. Identification of the trans-dihydrodiol stereoisomers preferentially
oxidized by dihydrodiol dehydrogenase.Large-scale enzymatic oxidation reac
tions containing the 3,4-dihydrodiols of 12-MBA, DMBA, and 7-MBA were
conducted as describedunder â€œMaterialsand Methods,â€•and their progresswas
followedsimultaneouslyat340nm.Forthedihydrodiolsofl2-MBAandDMBA,
no furtherchangein absorbancewasobservedafter 4 h. Both reactionswere
extractedwithethylacetateat thistime,andtheunoxidizeddihydrodiolsubstrates
wereisolatedby thin layerchromatographyand their CD spectrawererecorded.
The 3,4-dihydrodiolof 7-MBA was incubatedwith the dehydrogenasefor 1 h
prior to extraction; pseudo-first-order analysis (Fig. 3, B and C) shows that the
fastphaseof the reactionhasreachedcompletionat this point. The unoxidized
substratewasisolatedby thin layerchromatographyandits CD spectrumwas
recorded.The CD spectrashownwerethen comparedto publishedspectrafor
opticallypuredihydrodiolsof BA andDMBA (22,23),andtheycorrespondto
the 3R,4R-dihydrodiolsof 12-MBA (A), DMBA (B), and 7-MBA (C).
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OXIDATION OF MET}IYLATED TR4NS-DIHYDRODIOLS

the R,R-isomer.7 Thus, dihydrodiol dehydrogenase displays par

tial stereochemical preference for the 3S,4S-dihydrodiol of 7-
MBA. As a control, oxidation of the racemic 3,4-dihydrodiol

of BA was conducted for 60 mm, at which point the reaction

was 50% complete. No Cotton effect was observed in the CD

spectrum of the unused substrate, suggesting that dihydrodiol
dehydrogenase displays no stereochemical preference for either
of the stereoisomers of the 3,4-dihydrodiol of BA. This result

is consistent with the linear first-order plot (Fig. 3A) and the
end point of the reaction (100%; Table 2).

DISCUSSION

This report demonstrates that the homogeneous dihydrodiol
dehydrogenase of rat liver cytosol catalyzes the NADP-depend
ent oxidation of the trans-3,4-dihydrodiols of BA and several

of its methylated, more carcinogenic derivatives. Comparison

of pseudo-first-order rate constants for the oxidation of these

dihydrodiols shows that methylation greatly enhances the effi
ciency ofoxidation. This effect is especially marked for the 3,4-

dihydrodiol of DMBA, which is utilized at more than 30 times
the rate of the 3,4-dihydrodiol of BA. We have reported a

similar phenomenon for the trans-1,2- and 7,8-dihydrodiols of

5-methylchrysene, which are oxidized 9- and 6-fold faster than

the 1,2-dihydrodiol of the unmethylated parent hydrocarbon

(1 1).

In addition to rate enhancement, methylation of the parent

hydrocarbon also significantly influences the stereochemical
course of enzymatic trans-dihydrodiol oxidation. Although the
dehydrogenase oxidizes both enantiomeric 3,4-dihydrodiols of
BA and 7-MBA, the presence ofa non-bay-region methyl group

at position 7 enhances the rate of oxidation of the 3S,4S-

dihydrodiol by almost 10-fold. In addition, the presence of the
bay-region methyl group at position I 2 completely blocks the
oxidation of the 3R,4R-dihydrodiol stereoisomer of both 12-

MBA and DMBA. Thus, depending on the substrate, dihydro

diol dehydrogenase can display an apparent lack of stereochem

ical preference (3,4-dihydrodiol of BA), partial stereochemical
preference (3,4-dihydrodiol of 7-MBA), or absolute stereo

chemical preference (3,4-dihydrodiols of 12-MBA and 7,12-
DMBA). We have previously reported (1 1) other trans-dihydro

diol substrates for which the enzyme appears to lack a stereo
chemical preference @7,8-dihydrodiolof benzo(a)pyrene@or for

which it displays at least partial if not absolute stereochemical

preference [e.g., the trans-1,2- and 7,8-dihydrodiols of 5-meth

ylchrysene].

The carcinogenic activation of BA (24), 7-MBA (25), and

DMBA (26) appears to proceed through the trans-3,4-dihydro

diols to bay-region diol-epoxides. Oxidation of these traits

dihydrodiol proximate carcinogens by dihydrodiol dehydrogen
ase to less reactive metabolites could suppress the formation of
diol-epoxide ultimate carcinogens. Since the @teAcochemistryof

BA and DMBA activation has been more thoroughly investi

gated than that of the monomethylated benz(a)anthracenes,

discussion ofthe potential contribution ofdihydrodiol dehydro
genase to detoxification will be limited to these two compounds.

Formation of trans-3,4-dihydrodiols from BA by Sprague

Dawley rat liver microsomes parallels that observed for the

trans-7,8-dihydrodiols of benzo(a)pyrene in terms of stereo

7 Absolute stereochemical assignment ofthe trans-3,4-dihydrodiols of 7-MBA,

basedon comparison of their CD spectra with those of the optically pure 3,4-
dihydrodiol of BA, is valid becausethe 7-methyl group neither alters the confor
mationnor interactswith the asymmetries]centersof thisdihydrodiol(23). The
sameargument applies to the assignmentofthe 3,4-dihydrodiolofl2-MBA based
on comparison to CD spectraof optically pure DMBA diols (22).

chemistry, as the predominant stereoisomer formed in each
case has the R,R configuration (2). However, subsequent me
tabolism of the enantiomeric BA 3,4-dihydrodiols by cyto
chrome P450 is markedly different. Whereas both the 7R,8R
and 7S,8S dihydrodiols of benzo(a)pyrene can be activated to

diol-epoxides by rat liver microsomes (27), the 3R,4R-dihydro
diol of BA is only poorly converted to the corresponding bay
region diol-epoxide, and no detectable diol-epoxides are formed
from the 3S,4S-dihydrodiol (28). Poor conversion to diol-epox

ides may partially explain why BA is weakly tumorigenic com
pared to other PAH, even though chemically synthesized bay

region diol-epoxides ofthis compound are active mutagens (29)
and carcinogens (24). In addition, dihydrodiol dehydrogenase

may suppress diol-epoxide formation by competing for the

3R,4R-dihydrodiol proximate carcinogen formed in vivo. Re
cent identification of a novel o-quinone (3,4-diketone) metab

olite of BA supports this hypothesis (28), as o-quinones have

been identified as the products of the enzymatic oxidation of
other trans-dihydrodiols (12).

Unlike BA, metabolism of DMBA to trans-3,4-dihydrodiols
appears to be less stereoselective. Liver microsomes from both
control and 3-methylcholanthrene-treated Sprague-Dawley rats

have been reported to produce 3,4-dihydrodiols ofDMBA with

a 3R,4R:3S,4S ratio of approximately 60:40, in contrast to

90: 10 for BA (2). The metabolites of DMBA that bind to DNA

of cultured mammalian cells appear to be derived from both

syn-andanti-3,4-diol-1,2-epoxides(30), but it is unclearat this
time whether either or both of the enantiomeric trans-3,4-
dihydrodiols of DMBA give rise to these diol-epoxides. Of
these and all of the other dihydrodiols tested to date (see Ref.

11), the 3,4-dihydrodiol of DMBA is by far the substrate most

rapidly oxidized by dihydrodiol dehydrogenase. However, the
enzyme appears to display absolute stereochemical preference

for the 3S,4S-isomer. If this enantiomer contributes signifi

cantly to the formation of reactive diol-epoxides, then the

dehydrogenase may play an important role in the detoxification

of DMBA. Alternatively, if the diol-epoxides were to arise

predominantly from the 3R,4R-dihydrodiol, then selective oxi

dation of the 3S,4S-dihydrodiol by the enzyme may effectively

enrich the proportion of the 3R,4R-isomer available for diol

epoxide formation. Resolution of this issue must await com

plete elucidation of the stereochemical course of DMBA acti

vation.

In summary, methylation of the parent hydrocarbon nucleus

markedly influences the rate and stereochemical course of BA

trans-3,4-dihydrodiol oxidation by dihydrodiol dehydrogenase
and this may contribute to the differences in carcinogenicity

observed in this series of compounds. Rapid, stereospecific
oxidation of trans-dihydrodiol proximate carcinogens by this
pathway may represent a previously unrecognized route of PAH

metabolism. The overall contribution of dihydrodiol dehydro
genase to cellular PAH metabolism is currently under investi
gation in this laboratory.
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