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SUMMARY

JERINA, D. M., DANSETTE, P. M., LU, A. Y. H. & LEVIN, W. (1977) Hepatic Micro-

somal epoxide hydrase: a sensitive radiometric assay for hydration of areme oxides

of carcinogenic aromatic hydrocarbons. Mol. Pharmacol. , 13, 342-351.

A rapid, highly sensitive thin-layer chromatographic assay is described for measure-
ment of epoxide hydrase activity with 11 substrates, including alkeme oxides, K-region

arene oxides, and mon-K-region arene oxides. The highest and lowest specific activities

observed were for phenanthrene 9,10-oxide (39 nmoles of product per minute per milli-
gram of protein) and dibenzo[a,h Janthraceme 5,6-oxide (0.4 mmole of product per
minute per milligram of protein) with liver microsomes from untreated rats. The most

sensitive assay for epoxide hydrase activity was the hydration of benzo[a]pyreme 4,5-
oxide. Prior treatment of rats with phenobarbital resulted in a 1. 7-2. 7-fold increase in
the rate of hydration for the 1 1 substrates, whereas 3-methylcholanthreme treatment
increased the epoxide hydrase activity approximately 1.3-1.9-fold.

INTRODUCTION

The enzyme epoxide hydrase plays a
central role in the metabolic transforma-
tiom of many olefimic and aromatic drugs
and environmental chemicals. Epoxides
and arene oxides, formed by the cyto-
chrome P-450 monooxygenase system, are

converted into trans, vicinal diols through
the catalytic action of this microsomal
enzyme. In addition to its role in the
metabolism and excretion of nonpolar,
xenobiotic substrates ( 1), epoxide hydrase

may also protect against the adverse ef-
fects of certain drug metabolites. Arene
oxides, for example, are potent mutagems
toward bacterial and mammalian cells
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(2-4), have been implicated as hepatotoxic
metabolites in vivo (5), transform cells in
culture (6), and are carcinogenic in vivo
(7-9). In the absence of further metabolic

activation, the dihydrodiols produced from
these arene oxides by epoxide hydrase are
either weak or inactive as mutagems (7, 8,

10-13) and cell-transforming agents (6).
Despite the wide interest in the possible

roles played by epoxide hydrase in altering

the metabolism-induced mutagemicity and
carcinogenicity of polycyclic aromatic hy-
drocarboms such as benzo[a]pyrene (cf.

refs. 12 and 13), relatively little has been
done to establish rapid and sensitive as-
says for the hydration of a variety of
polycyclic hydrocarbon arene oxides. The
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present study describes such am assay with

11 alkeme and areme oxide substrates. No

clear evidence was found to indicate that
more than one enzyme was responsible for
the activity observed with each of these
substrates in microsomes from control as
compared with induced animals. The first
comparison of the specificity of microsomal
epoxide hydrase toward several arene
oxides of a single polycyclic aromatic hy-
drocarbon, bemzo[a]pyreme, is presented.

MATERIALS AND METHODS

Substrates. Structures ofthe specifically
tritiated alkeme and arene oxide sub-

strates and the specific activities at which
they were used are given in Table 1. [7-

3H]Styreme oxide is the most commonly
used substrate (14) for assay of epoxide
hydrase. The sample used in the present
studies was purchased from New England
Nuclear. [7,8-3H]Octeme 1,2-oxide was pre-
pared by catalytic reduction of 1,2-epoxy-
oct-7-ene in clyclohexane with tritium

gas in the presence of 5% palladium on
carbon. The product was isolated by vac-

uum distillation. The structure and purity
of the product were established by nuclear
magnetic and mass spectra. Hydration of
0 1,2-oxide’ was previously assayed by gas
chromatography (15). [2-3H}Naphthaleme
1,2-oxide has been used as am epoxide hy-
drase substrate (16). Syntheses of [3-3H]-
phemanthreme 9, 10-oxide, [7-3H}bemz[a}-
anthraceme 5,6-oxide , and benzo[a]pyreme
4,5-, 7,8-, and 9,10-oxides with the tritium
label at position 6 have been reported (17).
Of these substrates, hydration of P 9, 10-
oxide has been assayed by high-pressure
liquid chromatography (18), and generally
labeled BP 4,5-oxide, by thin-layer chro-
matography (19). Syntheses of [11,12-3H1-
benzo[a]pyrene 1 1 , 12-oxide, [1 1 , 12-3H]3-
methylcholamthrene 1 1 , 12-oxide, and [5,6-
3H]dibenz[a,h]anthracene 5,6-oxide were

I The abbreviations used are: 0 1,2-oxide, octene

1,2-oxide; P 9,10-oxide, phenanthrene 9,10-oxide; BP

4,5-, 7,8-, 9,10-, and 11,12-oxides, benzo[a]pyrene

4,5-, 7,8-, 9,10-, and 11,12-oxides, MC 11,12-oxide, 3-

methylcholanthrene 11, 12-oxide; N 1,2-oxide, naph-

thalene 1,2-oxide; S 7,8-oxide, styrene 7,8-oxide; BA

5,6-oxide, benz[a]anthracene 5,6-oxide; DBA 5,6-

oxide, dibenz[a,hjanthracene 5,6-oxide.

achieved by cyclization of the tritium-la-

beled trans dihydrodiols (20). Assay of
epoxide hydrase activity toward MC 11,12-
oxide was previously studied by gas chro-
matography (21) and high-pressure liquid

chromatography (22).
Stock solutions of each substrate were

prepared in acetomitrile containing 0.1%
concentrated ammonia and stored at -80#{176}
prior to use. The presence of the ammonia
was essential to prevent acid-catalyzed de-

composition of the substrates, particularly
the isomerization of mom-K-region arene

oxides (N 1,2-oxide, BP 7,8-oxide, and BP
9,10-oxide) to phenols.

Enzyme preparations . Immature male

Long-Evans rats (50-60 g) were obtained
from Blue Spruce Farms, Altamomt, N. Y.,

and were maintained on a commercial diet
and water ad libitum. Rats were injected
intraperitomeally with sodium phemobarbi-
tal (75 mg/kg/day) in NaCl or 3-methyl-
cholanthrene (25 mg/kg/day) in trioctan-
oin for 4 days. Control rats were injected
with either NaCl or trioctamoim. Liver mi-

crosomes were prepared in 0.05 M Tris (pH
7.5) containing 1.15% KC1 and were
washed with 1.15% KC1-10 m�i EDTA as
previously described (23). The microsomes

were suspended in 0.25 M sucrose (20 mg of
protein per milliliter) and stored at -90#{176}

for 3-7 days prior to use. No significant
loss of epoxide hydrase activity was ob-
served for the 1 1 substrates assayed in this
study when microsomes were stored under
these conditions. Protein concentrations
were determined by the method of Lowry
et al. (24).

Assay procedures. In order to ade-

quately study 11 substrates simultame-
ously, a uniform assay procedure was

sought which combined speed, sensitivity,
and a small incubation volume. Although
differential extraction procedures such as
those developed for the assay ofS 7,8-oxide
(14) and N 1,2-oxide (16) have the advan-
tage of high speed, chromatographic as-
says generally offer increased sensitivity
because of lower blanks. Thin-layer chro-
matography proved to be the method of

choice, as a result ofthe introduction of the
5 x 20 cm LQDF silica gel thin-layer plate

by Quantum Industries (25). These four-



TABLE 1

Substrate ___________

I 7- 3H � Styrene oxide � 0.5

� 7,8- 3H � Octene oxide � 2.0

I 2-�I1 I Nophthoiene 1,2-oxide 0.9

� 3-3H � Phenonthrene 9,iO-oxide #{149}7.4

I 7- 34.4 � Benzolol onthrocene 5.6-oxide 9.5

I 6-3H I Benzolol pyrene 4,5-oxide 5 9

16-3H1 Benzololpyrene 7,8-oxide 8.6

I 6- 3H) Benzo)o)pyrene 9,iO-oxide 5.8

I ii,12-3H � Benzolol pyrene ii,i2-oxide 5 8

I ii,i2-3H � 3-Methyichoionthrene - 3.0

ii,i2 - oxide

5.9

TLC � Rfofb
Solvent System Product

A 021

A 027

C 022

8 035

B 037

B 038

B 03i

B 029

B 037

A 046

c 025

lo]
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Substrates for epoxide hydrase

The dots in each structure indicate the positions of the tritium.

I 5,6-3H1 Dbenzolo.hI onthrocene-
5,6- oxide

Structure Specific Activity

(�Ci/..� mole)

ig:ci
0

igi�i�j
0

i�iOj

ei��
p�D;I�r

i�fgTgT

1�1

cH3T� �

(1 The thin-layer chromatography (T.L.C.) solvent systems were: A, chloroform-ethyl acetate (8:2); B,

benzene-methanol (93:7); C , benzene-chloroform-ethyl acetate (1:1:1).

b Chromatographic reference standards of both cis and trans dihydrodiols used in this study were

obtained as described in the references cited for synthesis of the substrates under MATERIALS AND METHODS,

and references cited therein. R, values are those of the trans metabolites.

channel plates have a monabsorbent load-
ing zone to which aqueous solutions can be

applied directly. Thus aliquots from four
incubations can be applied to the channels

of the plate, and all four channels can
be developed simultaneously after brief
drying of the loading zone in air. Standard
chromatographic chambers (4 x 12 x 9 in.,
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Brinkmamn Instruments) accommodate 10

plates (40 assays) simultaneously. The ex-
tremely high efficiency achieved through
the use of the Quantum Industries LQDF

plate permits thin-layer chromatographic
assays which are as rapid as the less semsi-
tive assays based on differential extraction
of substrate and product.

The standard incubation mixture con-
sisted of 25 �d of 0.5 M Tris-HC1 buffer (pH
8.7 at 37#{176}),50 jd of water and resuspended
microsomes, and 5 �il of substrate solution,

in that order, to reach a final volume of 80
/Ll. The reaction mixture, in the absence of

substrate, was brought to room tempera-
ture and then incubated at 37#{176}for various
times following addition of substrate. In-
cubation at 37#{176}prior to addition of sub-
strate was found to be unnecessary be-
cause of the very small reaction volume.
The reaction was terminated by addition
of 25 .il of tetrahydrofuram to the incuba-
tion mixture, mixing, and then placing the
tubes on ice. After the incubation, 35 jd of
the mixture (one-third of the sample) were

applied to one of the four loading zones on
each plate. Application of the sample as a
tight band was unnecessary, since this

zone of the chromatographic plate is mom-

absorbent. Unlabeled carrier diols were
added to each chromatogram to permit vis-
ualizatiom of the metabolite region under
ultraviolet light, except in the case of oc-
tene 1,2-glycol, which was visualized with
iodine vapor. For incubatioms under comdi-
tions of high conversion of substrate, all
the product dihydrodiols, except those
from S 7,8-oxide and 0 1,2-oxide, which

have low extinction coefficients, could be
detected under ultraviolet light without

added carrier. After development of the
plates (see Table 1 for solvent systems), the
product bands were localized, the plates
were stored in room light for 2 hr, and the

gel containing the products was scraped
into scintillation vials containing 1.0 ml of
methanol (26) and agitated. After addition

of 15 ml of Scintisol (Isolab), radioactivity
was measured by scintillation spectrome-
try. The 2-hr period prior to removal of the
gel from the plate eliminated the high er-
roneous background observed because of
activation of the plates by ultraviolet light

when the gel was counted immediately.
Imcubations with microsomes which had

been boiled for 10 mm served as controls
and were identical with zero-time incuba-
tions, except for imcubatioms with S 7,8-

oxide and P 9,10-oxide, for which small but
detectable nonemzymatic conversion was

observed.

RESULTS

Assay and product analysis. The assay

procedure proved highly efficient, in that

100-150 assays were routinely performed
by one individual per day. Enzymatic
rates were essentially the same when 2-5

�l of acetonitrile, the solvent used to dis-

solve the substrates, were present in the
reaction mixture. Thus the presence of 6%
acetomitrile (5 �l) did not appear to inhibit
the reaction. All substrates had a broad
pH optimum in the range of pH 8.2-9.0 at
370 with microsomes from control and

treated animals. Preliminary experiments

established that the substrate comcemtra-
tioms used were both saturating and ap-
paremtly momimhibitory toward catalytic
activity. Since recoveries of product dihy-
drodiols were found to be essentially quam-

titative (more than 95%) for several se-
lected samples, correction for recovery was
unnecessary. For all substrates except the
non-K-region arene oxides, only product

and unchanged substrate were detected as
radioactive bands on the plates. The um-
stable, mom-K-region arene oxides (N 1,2-
oxide, BP 7,8-oxide, and BP 9,10-oxide)
suffered extensive breakdown to phenols
in the course of incubation and analysis.

Nonemzymatic rearrangement of the mom-
K-region areme oxides to phenols did not

interfere with the quamtitatiom ofthe dihy-
drodiols formed en.zymatically, since the
phenols had considerably higher R�. values
than the dihydrodiols. Spontaneous hydra-

tiom of K-region arene oxides to dihydro-
diols or isomerizatiom to phenols (27) was

not substantial under the conditions of the
assay.

In order to determine whether any cis

addition of water occurred during emzy-
matic hydration of selected areme oxides,
carrier amounts of both cis and trans dihy-

drodiols were applied to the plates along
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with the incubated samples of each of the

following substrates: P 9,10-oxide, BA 5,6-
oxide, BP 7,8-oxide, and DBA 5,6-oxide.
The thin-layer chromatographic separa-
tion of the cis and trans dihydrodiols at

positions 7 and 8 of benzo[a]pyrene was
greatly improved by first saturating the
plate with 10% boric acid in methanol and

air drying overnight prior to use. The
amounts of radioactivity associated with
the cis dihydrodiol carrier compared to the

trans isomer ranged from 0% to 2% and
were not considered significant. Prior

studies on the dihydrodiols from maphtha-
leme (28), phenanthrene (18), and 3-methyl-

cholanthreme (21, 22), produced by epox-
ide hydrase under conditions in which cis
isomers would have been detected, also

failed to detect significant amounts of cis

dihydrodiols.
Linearity ofproduct formation with in-

cubation time and protein concentration.

Optimal concentrations for the 11 sub-
strates varied over a 20-fold range, from
0. 1 to 2.2 mM, depending on the substrate

assayed. The substrate concentrations
used, for which maximal rates of metabo-
lism were obtained, were as follows: S 7,8-
oxide, 1.0 mM; 0 1,2-oxide, 1.4 mM; N 1,2-
oxide, 2.2 mM; P 9,10-oxide, 0.4 mM; BA
5,6-oxide, 0.3 mM; BP 4,5-oxide, 0.2 mM;

BP 7,8-oxide, 0.1 mM; BP 9,10-oxide, 0.2
mM; BP 11,12-oxide, 0.3 mM; MC 11,12-

oxide, 0.2 mM; and DBA 5,6-oxide, 0.2 m�.
Plots of product formation as a function of
incubation time and protein concentration

are shown in Figs. 1 and 2, respectively.
The only substrate which showed a compli-
cated time curve was N 1,2-oxide (Fig. 1).
Although the reaction rate was constant at
2.25 m�i N 1,2-oxide for 6 mm, sigmoidal
plots with a region showing a higher rate
were observed at 0.63 and 1.26 mr*vi sub-
strate concentrations. In the case of N 1,2-
oxide as substrate, these results are fur-
ther complicated by the short half-life of
this areme oxide in aqueous solution (t,12 =

2-3 mm) and possible substrate inhibition

of the reaction. Thus, at 0.36 and 1.26 m�
N 1,2-oxide, the rate of reaction at earlier
times ofimcubation (up to 2 mm) may have
been low because of substrate inhibition,
but was considerably faster after longer

incubation times, probably because the

substrate concentration was decreased
through metabolism and spontaneous
isomerization to the phenol. At high sub-
strate concentrations (2.25 mM), product
formation was linear with time (up to at
least 6 mm), possibly because the rate of

the reaction was slowed during the entire
incubation by the higher concentration of

N 1,2-oxide.
For plots of linearity of diol formation as

a function of time (Fig. 1), protein comcem-
tratioms ranged from a low of 2 �g/80 j.il,

for P 9,10-oxide, to a high of 200 p�g/80 p.l,

for DBA 5,6-oxide, in order to obtain suita-
ble conversion of substrate. Substrates for
which the best linearity was observed,
such as 0 1,2-oxide, P 9,10-oxide, BP 4,5-
oxide, and MC 11,12-oxide, actually dis-
played linear rates for 2-3 times the 6-8-
mm periods shown. In contrast, the rates
of hydration of BA 5,6-oxide, BP 7,8-oxide,
and BP 9,10-oxide were constant for only
1-2 mm.

The effect of protein concentration on
the rate of diol formation was examined in
Fig. 2 with the intention of establishing
the upper limit of protein concentration at
which linearity was maintained, or a con-
venient linear range of protein comcemtra-

tion at which the substrate could be as-
sayed. Linearity of product formation as a
function of protein concentration for the
hydration of 0 1,2-oxide, N 1,2-oxide, and
BP 7,8-oxide was observed above 150 �tg of

protein per 80 �l. Hydration of P 9,10-
oxide and BA 5,6-oxide was proportional to
protein concentration from 0 to 20 �g of
protein per 80 �l and was not examined at
higher concentrations. The upper limit of
linearity of reaction rate ranged from 25 to
100 �g of protein per 80 .�l for the remain-
img substrates. Hydration of S 7,8-oxide
was linear with time for at least 15 mm,
and with protein concentrations as high as
60 �ig/80 �l (data not shown).

Effects of prior treatment. Once linear

conditions of assay had been established

for the 11 substrates, effects of the micro-
somal inducing agents phenobarbital and
3-methylcholamthreme were examined.

The specific activities (mamomoles of prod-
uct formed per milligram of protein per
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FIG. 1. Plots ofproduct formation vs. time

Microsomal protein was obtained from the livers of phenobarbital-treated rats. Substrate concentrations

are given under RESULTS. Experimental points are the averages of two or three determinations. The

following protein concentrations (per 80-�.cl incubation) were used: 0 1,2-oxide, 20 .cg; N 1,2-oxide, 75 �g; P

9,10-oxide, 2 ;.Lg; BA 5,6-oxide, 2 .tg; BP 4,5-oxide, 10 �g; BP 7,8-oxide, 5 �g; BP 9,10-oxide, 5 �g; BP 11,12-

oxide, 50 /Lg; MC 11,12-oxide, 100 �g; DBA 5,6-oxide, 200 �g.
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minute) for liver microsomes from control

as well as phemobarbital- and 3-methyl-
cholamthreme-treated animals are pre-
sented for all 11 substrates in Table 2. For

microsomes from control animals a 100-fold
variation in specific activity was observed
between the most active and least active
substrates: 39.3 and 0.4 mmoles of product
per minute per milligram of protein for P
9,10-oxide and DBA 5,6-oxide, respec-

tively. Although P 9, 10-oxide is the most

active substrate known for epoxide hy-
drase, considerations of sensitivity of the
assay (see below) suggest that other sub-
strates may be more generally useful. In-

terestimgly, MC 11,12-oxide, with the very
low specific activity of 1.2 nmoles of prod-
uct per minute per milligram of protein,
has been used as a substrate for two stud-
ies of epoxide hydrase activity (21, 22).



/- Dxi

/
a/ � 5,6- Dxi

/
� � I I

15 20

20

2
� is

0

B
a
0

� 10
0
0
a
0.

S

05

z
B

0
Lu
B
a
0

U

0
0
a
0.1

� 01

5 Ia

PROTEIN I�gI

I-

2

B

0

B
a
0

0
0
a
0.

E

z
B

0

B
a
0

:D
0
0
a
0.

S

90

80

.70

60

.50

�
.40

30 a

20 a� �#{176}�6�Dioi

10

I I I

25 50 75 00 125 ISO 175 200

PROTEIN I�gI

55.

sO� 0

4 5 � �,//�DioiOc�eGy

40

35. 0

25

30�

20�

I 5 /#{149}/
10 //

/,/

os//

V.

. 7.8-Dixi

8P ii,i2-Dixi

v___#{149}��#{149}�__1 � � i I I .1

01

0�

25 50 75 100 125 ISO 175 200

PROTEIN I�gI

�u (:, IUU I� 01) if� CUU

PROTEIN I�J9)

FIG. 2. Plots ofproduct formation vs. protein concentration

Protein concentration is expressed as micrograms per 80-�.cl incubation. Incubation times were 2 mm

except for 0 1,2-oxide and BP 4,5-oxide, for which 5 mm were used, and BP 9,10-oxide, for which 1 mm was

used. Other conditions were the same as in the legend to Fig. 1.
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The average induction by phemobarbital
was 2.2-fold for the 11 substrates, with BP

7,8-oxide (1.7-fold) and BP 4,5-oxide (2.7-

fold) representing the extremes. The aver-

age induction by 3-methylcholamthrene
with the same substrates was 1 . 5-fold

(range, 1.3-1.9-fold). The similarity in the
extent of induction for all 11 substrates
with either phemobarbital or 3-methyichol-
anthreme argues in favor of induction of a

single enzyme or a family of enzymes with
similar specificity with either inducing
agents. In two additional incubation ex-
periments (data not shown), the effect of 3-
methylcholanthrene treatment was found
to be somewhat variable, with average in-
ductions of 1 .2-fold and 1 . 7-fold for the 11

substrates. The origin of this biological
variation is unclear.

Sensitivity of assay. Although none of
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TABLE 2

Effects ofphenobarbital and 3-methyicholanthrene treatment on rat liver microsomal epoxide hydrase activity

Immature male Long-Evans rats were treated with phenobarbital (75 mg/kg/day) or 3-methylcholan-

threne (25 mg/kg/day) for 4 days. Values represent the means ± standard errors for three preparations of

microsomes, each of which was prepared from the pooled livers of three rats. All values obtained after

treatment with phenobarbital or 3-methylcholanthrene are significantly different from control values (p <

0.05). The substrate concentrations are given under RESULTS.

Substrate Micro- Incuba- Expoxide hydrase activity
somal tion time

protein Control Phenobarbital 3-Methylcholan-
concen- threne
tration

�g/80 d mm nmoles product/mm/mg protein

S 7,8-oxide 50 5 6.3 ± 0.02 13.0 ± 0.7 10.2 ± 0.4

0 1,2-oxide 50 5 13.1 ± 0.2 28.6 ± 1.4 20.2 ± 0.4

N 1,2-oxide 100 2 9.1 ± 0.7 20.8 ± 1.0 15.0 ± 0.3

P 9,10-oxide 10 2 39.3 ± 0.5 89.0 ± 0.9 57.8 ± 2.8

BA 5,6-oxide 20 2 12.4 ± 0.5 29.4 ± 1.4 19.4 ± 0.6

BP 4,5-oxide 15 5 7.2 ± 0.5 19.1 ± 1.0 13.5 ± 0.8

BP 7,8-oxide 25 2 7.8 ± 0.5 15.2 ± 0.5 10.4 ± 0.6

BP9,1O-oxide 25 1 6.4 ± 0.3 15.2 ± 0.6 10.0 ± 1.1

BP 11,12-oxide 50 2 0.8 ± 0.03 1.7 ± 0.02 1.1 ± 0.1

MC 11,12-oxide 50 5 1.2 ± 0.07 2.7 ± 0.09 2.0 ± 0.07

DBA 5,6-oxide 50 2 0.4 ± 0.02 1.0 ± 0.09 0.6 ± 0.02

the present experiments was designed to
provide optimum possible sensitivity for

each substrate in terms of minimum sub-
strate concentration, maximum protein
concentration, and maximum incubation

time within linearity, a comparison of the
existent data proves most informative.
Sensitivity based on the experimental data
obtained with liver microsomes from con-
trol animals (Table 2) is presented in Table
3. A direct comparison of the number of

times product formation exceeded the
blank is somewhat misleading, in that
some of the substrates, especially P 9, 10-

oxide and BA 5,6-oxide, were incubated
with very little protein. Nonetheless, BP
4,5-oxide appeared to be the most sensitive
substrate for the assay. The high sensitiv-
ity of the assay for hydration of BP 4,5-
oxide was due to a very low blank coupled
with an intermediate specific activity for
this substrate (Table 2).

DISCUSSION

The present study provides a compari-

son of hepatic microsomal epoxide hydrase
activity toward a range of substrates, in-
cluding alkene oxides, K-region arene ox-
ides, and non-K-region arene oxides. In
addition, the specificity of epoxide hydrase

toward all the known areme oxides of a

carcinogenic hydrocarbon, benzo[a]pyrene,
has been measured. More than 20-fold
variations in substrate concentrations, 15-

fold variations in incubation times, and
100-fold variations in protein concentra-
tions were required in order to achieve
linearity of product formation with time
of incubation and enzyme concentration

for the 11 substrates studied (Table 1).
In the absence of information on com-

parative specific activities for a range of
substrates, compounds such as S 7,8-oxide
and MC 11,12-oxide have routinely been
used as substrates for determination of
epoxide hydrase activity (14, 21, 22). Epox-
ide hydrase has 84-97% less specific activ-

ity toward these substrates than it has
toward P 9, 10-oxide, presently the most

active substrate known for measurement
of epoxide hydrase (Table 2). Despite the
high specific activity of epoxide hydrase

toward P 9,10-oxide, BP 4,5-oxide proved
to be the substrate that provided the most

sensitive assay, because of a particularly
low blank (Table 3). Very low blanks were
also observed for BP 11,12-oxide and DBA
5,6-oxide, but low enzymatic activities pre-
vented high sensitivity with these sub-

strates.
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TABLE 3

Comparison ofsensitivity ofassay for all 11 substrates

The concentration of microsomal protein and incubation time for each substrate are described in Table 2.

Blank values obtained without enzyme did not significantly increase with time under the conditions of the

assay, except in the cases of S 7,8-oxide and P 9,10-oxide.

Substrate Radioactiv- Radioactivity of product No. of times Total product
ity blank formed

- Microsomes + Microsomes

dpm x 10-s dpm dpm pmoles

S 8,7-oxide 93 302 2,130 7 1,570

0 1,2-oxide 489 2,020 16,100 8 3,180

N 1,2-oxide 306 1,010 4,030 4 1,780

P 9,10-oxide 496 2,620 15,100 6 757

BA 5,6-oxide 421 806 11,100 14 488

BP 4,5-oxide 197 25 7,060 284 533

BP 7,8-oxide 241 2,020 12,600 6 439

BP 9,10-oxide 156 705 2,600 4 182

BP 11,12-oxide 321 71 1,210 17 89

MC 11,12-oxide 100 312 2,220 7 285

DBA 5,6-oxide 237 25 454 18 34

No consistent relationships between
structure and specific activity are appar-
ent from the substrates studied. For exam-
pie, K-region arene oxides ranged from the
most active to the least active substrates.
Non-K-region arene oxides, such as N 1,2-
oxide, and structurally unrelated alkene
oxides, such as S 7,8-oxide and 0 1,2-oxide,
were intermediate in activity. Stericaiiy

hindered substrates (BP 11,12-oxide, MC
11,12-oxide, and BP 9,10-oxide) ranged
from low to intermediate in activity. For
the four arene oxides of benzo[a]pyreme
which were studied, BP 4,5-, 7,8-, and 9,10-
oxides had similar intermediate activities
while BP 11,12-oxide had low activity. The
latter areme oxide is not a significant me-
taboiite of benzo[a]pyreme when micro-

somes from mouse liver and lung or rat
liver are used as the source of the mixed-
function oxidase (see ref. 29). Interest-
ingly, the two stereoisomers of the highly
mutagenic BP 7,8-diol 9,10-epoxides do not

appear to be substrates for purified epox-
ide hydrase (10, 30).

Variation in induction of enzyme activ-

ity toward a range of substrates can be
taken as evidence for more than a single
enzyme. Since similar induction factors for
1 1 substrates were observed using micro-
somes from rats treated with either phemo-
barbital (average, 2.2-fold) or 3-methyl-
choianthrene (average, 1.5-fold), no evi-

dence was obtained for multiple forms of

epoxide hydrase with different substrate
specificities. In addition, am excellent cor-
relation was found between the ratios of
the rate of hydration of S 7,8-oxide and the
rate of hydration of 10 other epoxide hy-
drase substrates for each of nine samples
of human liver which had been taken at
autopsy (31). Thus the use ofalkeme oxides
as well as areme oxides of complex poly-
cyclic aromatic hydrocarbons as substrates
appears to measure the same enzyme ac-
tivity with the rapid, sensitive thin-layer
chromatographic assay described. Further
studies are required to establish whether
epoxide hydrase is a single enzyme in liver
tissue or a family of closely related en-
zymes.
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