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Abstract—The initial rates of hydration of sixteen epoxides in the presence of cytosolic and microsomal
fractions of mouse liver were determined. 1,2-Disubstituted trans-epoxides were found to be excellent,
selective substrates for the cytosolic epoxide hydrolase, while 1,2-cis-epoxides were poorly hydrated
when one or more substituents was a phenyl moiety. Epoxides of cyclic systems including benzola]pyrene
4,5-oxide, and two cyclodiene analogs were hydrated almost exclusively by the microsomal epoxide
hydrolase while monosubstituted epoxides were hydrated by both systems. Some epoxides which were
mediocre substrates proved to be reasonable inhibitors of the cytosolic epoxide hydrolase, indicating
that the structural requirements for substrate binding and turnover are different. Some reagents known
to interact with sulfhydryl groups, including styrene oxide, proved to be good inhibitors. This work
facilitates the design of radiochemical and spectrophotometric assays for both major forms of epoxide
hydrolase as well as prediction of potential intrinsic substrates. Also such data may be meaningful in
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assessing the risk involved in human exposure to epoxidized xenobiotics.

It is now recognized that there are at least two forms
of epoxide hydrolase in mammalian tissue (EC
3.3.2.3, syn epoxide hydrolase or hydratase). The
most commonly studied form is largely attached to
cell membranes (although it may appear as a cyto-
solic form) and is referred to here as the microsomal
epoxide hydrolase [1-4]. The second form is largely
present in the cytosol and mitochondrial lumen
(although a small amount adheres tightly to cellular
membranes) and is referred to here as the cytosolic
epoxide hydrolase [5-8]. Both enzymes are of inter-
est to pharmacologists and toxicologists because they
hydrate epoxides which are present in the diet or air
of humans or are formed in vivo from olefinic or
aromatic precursers. Both enzymes add water to
epoxides in a trans manner to yield 1,2-diols. How-
ever, the enzymes differ in their subcellular, tissue,
sex and species distributions; they selectively hydrate
different substrates; they are induced and inhibited
by different compounds; and they have different
biochemical and immunochemical properties [5,
9-14]. Although an in vivo role has not been estab-
lished for either enzyme, both are undoubtedly
involved in the detoxification of potentially muta-
genic and/or carcinogenic epoxides. Since both
enzymes are involved in xenobiotic detoxification,
and they are induced and inhibited differentially, it
is imperative for valid risk assessment that their
substrate selectively is appreciated and that selective
substrates are available for their analysis.

Studies on the substrate selectivity and occasion-
ally the substrate specificity of the two epoxide
hydrolases are scattered in the literature {1-5], and
very few studies have involved a direct comparison
of activities [6~10, 12, 13,15, 16]. Thus, this work

* Author to whom correspondence should be addressed.

was undertake to compare the initial rates of hydra-
tion of a series of structurally simple epoxides by the
cytosolic and microsomal epoxide hydrolases. These
epoxides and several other compounds were then
screened as potential enzyme inhibitors.

MATERIALS AND METHODS

Substrates. Styrene oxide, p-chlorophenoxyepoxy-
propyl ether and trans-stilbene oxide were purchased
from the Aldrich Chemical Co. (Milwaukee, WI).
Limonene 1,2-oxide, cis-stilbene oxide, allylbenzene
oxide and cyclohexene 1,2-oxide were synthesized
by per acid oxidation of the commercially available
olefins [17]. 1-Phenyl-1-butene and 1-pentene (from
the Chemical Samples Co., Columbus, OH) were
oxidized with N-bromosuccinimide to the corre-
sponding bromohydrins which were cyclized in base
to yield trans-fB-ethyl- and propylstyrene oxides. The
cis-B-ethyl- and propylstyrene oxides were syn-
rhesized stereospecifically from a-bromopropio-
phenone and buteriophenone by reduction with
NaBH, and base catalyzed cyclization. The 7,8-epox-
ides of limonene and vinylcyclohexene were pre-
pared by first protecting the 1,2-position by bromi-
nation, oxidation with m-chloroperbenzoic acid, and
then removal of the bromines with zinc. In most
cases the corresponding diols were made by hydrat-
ing the epoxides in acidic aqueous tetrahydrofuran
(0.05N HzS0, in 40% aqueous THF). In the few
cases where this procedure led to decomposition,
the epoxide was hydrated in the dark in 0.2 M acetic
acid buffer, pH 4.0. In the case of the limonene
oxides, the cis-diols were also made from OsO,
oxidation of the corresponding olefin [18]. All com-
pounds were judged pure by thin-layer chromato-
graphy (TLC) using both a general charring spray
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and/or ultraviolet detection as well as epoxide and
diol selective spravs and by gas-liquid chromato-
graphy (GLC). Structures were verified at least by
their nuclear magnetic resonance and infrared spece-
tra. Radiolabeled. isomerically pure cis- and rrans-
p-ethylstyrene oxides and stilbene oxides were radio-
labeled as described eartier |7, 19].

Radiolabeled  benzo[e]pyrene  4.5-oxide was
provided by F. Oesch (Mainz, West Germany). HCE
and HEOM are isomeric cpoxides of compounds
from the cyclodiene group of insecticides were
provided by G. T. Brooks (Brighton. FEngland),
HCE (1.2.3.4.9.9-hexachloro-exo-5 6-cpoxy-
1.4.42.5.6.7 8. 8a-octahvdro-1.4-methanonapthal -
ene) s slowly converted to its corresponding tranis-

diol (1.2.3.4.9.9-hexachloro-1.4.4a.5.6.7.8.8u-
octahydro-1.4-methanonaphthalenc-rrans-3.6-diol)
while  the less  sterically  hindered  HEOM

(1.2.3.4.9.9-hexachloro-6.7-cpoxv-1.4.40.5.6.7.8.
8a-octahydro-1.4-methanonaphthalene) s rapmdhy
hydrated  to its corresponding  rens-diol
(1,2.3.4,9.9 - hexachloro- 1- 4, da. 506,780 8a-
octahydro-1.4-methanonaphthualene-rrans-6.7-diol)
by microsomal c¢poxide hvdrolases from severul
species.

Chemicals. Tris (hydroxvamino) methane (gold
label) was purchased from the Aldrich Chemical Co.
The geranylphenyl ethers were svnthesized as pre-
viously described [11.18.20]. while the trifluoro-
methyl ketones were prepared by modified Grignard
or Collman procedures [21]. Other compounds were
from established commercial sources.

Enzymes. Male Swiss—=Webster mice (Simonsen
Laboratories. Gilroy. CA). about 10 weeks old. were
killed by cervical dislocation. The gall bladder was
removed intact and discarded before removal of the
liver which was immediatedly immersed in chilled
potassium phosphate buffer (I = 0.2 M. pH 7. ). The
livers were dabbed dry. weighed. and then perfused
with chilled buffer. The perfused livers were minced
and homogenized in enough phosphate buffer to give
a 209 weight to volume solution. The liver homo-
genate was centrifuged at 10,000 ¢ (20 min. 0-47).
The  supernatant  fraction  was  centrifuged  at
100,000 g (60 min, 0—47). The resulting pellet (micro-
somes) was washed by resuspending in Fris buffer
(I =0.1M. pll 9.0) and then centrifuged agamn at
100,000 g (60 min. 0—°). The microsomal pellet was
resuspended in a solution of 57 glvcerol in Tris
buffer (pH 9.0) so that the microsomal suspension
was 50% (original liver weight to volume).

The S0% microsomal fraction was used immedi-
ately or stored at —707 and thawed immediately
before each use. The cyvtosolic fraction (100,000 ¢
supernatant) was stored in ice for immediate work
or at —70°. Protein concentrations were determined
by the Warburg—Christian method [22].

Initial rates. Initial rates of epoxide hvdration by
cytosolic and microsomal fractions were assaved at

enzvme concentrations  of 0257 original  wet
weight/v (0,153 mg/ml protein) in Tris  bufter
(I=02M. pH 7.4, 10 M EDTA) and 1%

(0.12 mg/ml protein) in Tris buffer (I = 0.1 M. pH
9.0, 10 *M EDTA). respectivelv, unless otherwise
noted. The appropriate substrates. SO nmoles. were
added in 10 ¢l of cthanol to I ml of the enzvme
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solution which had been premeubated at 37 for
Smin. The reaction mixture was vortexed gently and
incubated at 377 for various times. An internal stan-
dard. (Tuble Ty, T0nmoles. was added o 10yl of
cthanol just prior to the end of the incubation period,
The reaction was immediate!y stopped by addition
of approximately 230 my NeCL The sample was
extracted twice with Dl ot cther and the organice
phase was dried over anhvdrous Nao SO L The ether
was evaporated under oogentie stream of nitrogen.
and the residuce was dervivatized by addition of 30 g
n-butviboronic acid ¢ Addrich gold Lubel), in 30 pg ot
cthvl acetates then I 2od of the derivatized sample
was analvzed by Gl

Rutes were determined from o mimimmum ot three
time points cach in riplicate which viclded a regres-
sion fine passing through the origin when the data
were corrected for wononenzymatic hvdration. Fach
substrate was also incubiated m both boiled enzyvme
and in 17 (w vy bovme serum albumim solutions to
determine hackgrownd rates oF hvdration, These
rates varied from undetectable with rrans-stilbene
oxide to veryhigh with stvrene oxide. Nonenzvmatice
rates were subtracted from enzvmatic rates to correct
for spontancous hydrofysis

Generally four o1 five compounds were assaved
on one dav with oosingle cozvime fraction, Stvrene
oxide was alwavs run with the microsomal enzyme
and trans-stilbene oxide with the ovtosolic enzvme.
The rates of hvdration of cach compound on cach
day were then compared with that of the standard
compound run simultancousihy. Compounds with
similar mitial hydration then run
simultancoushy tor duect comparisen, Ultimatehy
cach compound was run o st feast 3 separate davs
with enzyme prepuarations from at feast two separate
liver pools. At least once. cach compound wus tun
with the substrates which were vdrated more and
less rapidiv thar el To e case of compounds
which were very rapudls o ey <lowl hvdrated,
decreused or meccased cozome concentrations were
used. The hvdration rares were then compared with
other compounds run under both the modified wand
routine [SIVARIE coneentiations

The hvdration of benzolajpyrene 5-oxide was
measured using o modification ot the method of
Jerinac e wfo {230 The substiate. 7 S nmoles.
added 11 2 g of aectonrtide to 150 1 of the enzvime
solution. and the mixture wie meubated for various
times at 377 The reaction was quenched by addition
of 100 @ ot cther cthanobsolution (2:1) and a super-
saturating amount of NaCl teas 30mye) After vig-
orous vortesing. another 100G 6l ot the ether -cthunol
solution wis Tavered on top and the emualsion was
broken by centrifugation. The agucouns phase was
extracted three times. and the extracts were pooled
and spotted on the cellulose profaver ot a channeled
TLC plate «Whatman [ KD The plaes were
developed 1 toluene imethane (91 and the epox-
ide and diob visaalized vader shor-woane uan s light
The spots. including and below, were
seraped into santiflation veads aodd 2wl ot counting
solutton was added (3 Amersham OCSE Triton N-
100 Radioactnviny wies monitored by higud soinal-
lation counting after the samplos were held for 24 hr
mothe darks spraecine the ! boabtn with water

rates ol
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Epoxide hvdration

after development was found to reduce the chem-
iluminescence more rapidly.

[*H]trans-Stilbene oxide hydration was measured
by addition of 10.2 nmoles of substrate in 4 ul of
ethanol to 200 ul of enzyme solution. The reaction
was stopped and extracted as described above using
ether instead of the ether—ethanol mixture. Non-
radiolabeled epoxide and glycol (500 nmoles each)
were added to each channel for u.v. visualisation.
The plates were developed in toluene—propanol
(20:1) and then scraped and counted as described
above.

Hydration of HEOM and HCE was monitored in
a fashion similar to the other nonradiolabeled sub-
strates in that the enzvme mixtures were extracted
with ether and the ether dried over Na,SO;. How-
ever, the extracts were then analyzed by electron
capture GLC without derivatization.

Inhibition studies. To screen for the effects of
different inhibitors. the previously reported radio-
metric partition assay with trans-f3-ethylstyrene oxide
was used with a substrate concentration of
5 x 107 M[19]. The inhibitor (0.1 or 1.0 nmole) was
added in 1 ul of ethanol 15 sec prior to addition of
the substrate (alsoin 1yl of ethanol) to 50 ul of 0.5%
(w/v) cytosolic fraction (0.3 mg/ml protein). After
addition of the substrate the mixture was gently
vortexed and incubated at 37° for 10 min. The reac-
tion was quenched with 100 ul isooctane, and vig-
orous vortexing partitioned the unreacted epoxide
into the organic phase. A 20 ul aliquot of the aqueous
phase was monitored for radioactivity by liquid scin-
tillation counting. Nonenzymatic hydration was
monitored by incubation of the substrate with boiled
enzyme.

GLC. A Hewlett—Packard 5710A gas-liquid chro-
matograph with a flame ionization detector was used
to determine initial rates of hydration of most sub-
strates. The columns were silanized glass spirals
(1.5m x 1.5mm i.d.) containing 2.5% OV 101 on
Gas Chrom Q (100/200 mesh). The injector port and
detector temperatures were both 300°. The column
temperature for quantitation of diols varied depend-
ing on the compound (see Table 1, 170°, 180°, 200°).
Nitrogen (carrier gas). hydrogen air flow rates were
20. 30, and 240 ml/min respectively. n-Butylboronic
esters of the internal standards and the authentic
diols (10 nmoles each) were used to calibrate the
Hewlett—Packard 3380A integrator based upon peak
ared.

Hydration of HEOM and HCE was monitored on
a Hewlett—Packard 3710A electron capture gas—
liquid chromatograph using a silane-treated
1.5mm X 2 m glass column packed with 29 OV 101
on Gas Chrom Q (100/120 mesh). the column tem-
perature was 250° while the injector and detector
were held at 300°. The carrier gas flow rate of 5%
methane in argon was 14 ml/min. Quantitation by
peak area using a Hewlett—Packard 3380A integrator
was based upon the ratio between the epoxide and
diol peak areas [11, 20].

RESULTS

GLC methodology. To increase the accuracy and
precision of the GLC assays, an internal standard
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method was employed in much of this work. and for
the analysis of HEOM and HCE hydration was based
upon the ratio of the diol and the epoxide substrate
[11.20]. Most of the epoxide substrates used in this
study were so volatile that large and varying amounts
of the epoxides were lost during work-up. This prob-
lem was avoided only when samples were carefully
concentrated using a small Snyder column. Even
relatively high molecular weight compounds such as
the stilbene oxides readily evaporated during
work-up or from cellulose pre-laver TLC plates if
extraordinary care was not taken. In contrast, all of
the diols were nonvolatile. stable compounds. Thus,
it was decided to use them as internal standards.

As shown in Table 1. one of three internal stan-
dards was chosen for each compound which gave a
sharp peak near but distinct from the product diol.
Experiments in which diol mixtures were extracted
with a variety of different sclvents and then the diol
ratio was analyzed by GLC demonstrated that the
polarities of the diols were so similar that the internal
standards also served to correct for extraction effi-
ciency. Styrene oxide and rrans-stilbene oxide were
analyzed by monitoring total diol produced. by
monitoring the diol/epoxide ratios following careful
work-up, and by the internal standard method just
described. All methods gave similar results, but the
internal standard method was used for subsequent
studies because it gave the least variability and was
less laborious.

Standard substrates. trans-Stilbene oxide was
chosen as the standard substrate against which other
epoxides were compared in preliminary studies
which indicated that this epoxide was an excellent
substrate for the cytosolic epoxide hydrolase [12].
There was little substrate loss due to volatility during
the course of the reaction. and trans-stilbene oxide
was found stable in ethanol solution at room tem-
perature and showed negligible nonenzymatic hydra-
tion. The compound is not highly soluble in that a
1.25 x 107 M solution in distilled water is visibly
turbid. Thus, all studies were run at 5 x 107" M to
facilitate direct comparisons of rates.

Conversion of trans-stilbene oxide to its diol at a
substrate concentration of 5 X 10°" M and an enzyme
concentration of 1% (w/v) was out of the linear
region in less than 10 min. At 0.25% the hydration
rate was linear for more than 30 min, and approxi-
mately 40% of the epoxide was converted to diol.

Styrene oxide lacked the numerous attributes of
trans-stilbene oxide as a substrate; however, it was
used as the standard substrate for studying the mouse
microsomal epoxide hydrolase because it has been
very commonly employed by numerous previous
workers [1. 2].

Initial rates of hyvdrarion. The initial rates of
hydration of the thirteen alkyl epoxides by the cyto-
solic and microsomal hepatic epoxide hydrolases are
shown in Table 1. All trans-epoxides opened to
erythro-diols and all cis-epoxides opened to threo-
diols with both the microsomal and cytosolic epoxide
hydrolases. The trans-disubstituted epoxides of the
substituted styrene oxide series were excellent
substrates for the cytoselic enzyme. The initial
rates of hydration of these epoxides were
propyl>ethyl>>phenyl>>methyl (A>B>C>D).
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Table 2. Hydration of benzo[a]pyrene 4,5-oxide by the cytosolic fraction*

Amount of diol (nmole)

% Cytosolic Incubation

fraction time Boiled Normal
(w/v equivalent) (min) enzyme enzyme
1 45 0.075 = 0.054 0.130 =0.032

90 0.043 = 0.12 0.150 = 0.012

S 45 0.170 = 0.050 0.361 = 0.03%

90 0.079 = 0.049 0.627 = 0.006

10 30 0.051 = 0.026 0.317 = 0.030

6() 0.087 = 0.065 0.764 £ 0.032

* A5 % 107 M solution of benzo[a]pyrene 4,5-oxide was incubated in Tris buffer (pH
7.4, 1=0.2M, with 1 x 10 *M EDTA) with or without enzyme.

A similar trend was noted earlier for a series of
terpenoid epoxides [11]. The four monosubstituted
epoxides (E, F, G, H) were all hydrated at reason-
alble rates. It should be noted that, under these
conditions in the mouse, styrene oxide (H) was
hydrated faster in the cytosolic than in the micro-
somal fraction. As indicated earlier [24], at the high
substrate concentrations often used in previous stud-
les styrene oxide inhibits the cytosolic epoxide
hydrolase. The cis-stilbene oxide (I) (investigated
earlier with the microsomal enzyme [25]) and cis-
p-methylstyrene oxide (J) were each hydrated at
rates approximately 10-fold lower than their corre-
sponding trans-isomers. Interestingly, hydration of
the cis-f-ethyl- and propylstyrene oxide derivatives
(data not shown) was negligible by either fraction.
The 1,1-disubstituted 7,8-limonene oxide (L) was
hydrated at a very slow but detectable rate by the
cytosolic enzyme.

Negligible hydration was observed for the epox-
ides on cyclic systems including vinylcyclohexene
1,2-oxide (K), limonene 1,2-oxide (M), cholesterol
5.6-epoxide (data not shown), HEOM, HCE and,
as shown in Table 2, benzo[a]pyrene 4,5-oxide. The
initial rate of hydration of benzo[a]pyrene 4.5-oxide
by the cytosolic fraction was estimated to be about
0.1 pmole-min~'-(mg tissue equivalent)™! or about
3000 times slower than the hydration of trans-stilbene
oxide. HEOM and HCE have no detectable diol
when incubated in buffer for up to 90 min. During
this same period no hydration of the substrates
appeared to occur with up to 19 (w/v) of the cyto-
solic fraction under conditions where 0.01 pmole
diol - min~'- (mg tissue equivalent) ' could have been
detected.

As indicated earlier, the microsomal fraction was
very poor at hydrating the trans-f-alkylstyrene
oxides (A.B.D) and trans-stilbene oxide (C)
[1.5.6,12.19]. The monosubstituted epoxides
examined were hydrated at similar rates in both
fractions. Interestingly, allylbenzene oxide (F) was
hydrated seven times faster than styrene oxide in the
microsomal fraction and cis-stilbene oxide (1) was
hydrated three times faster. Vinylcyclohexene 1,2-
oxide (K) is interesting in that it was very poorly
hydrated by both fractions. Possibly it could be a
good inhibitor of the microsomal enzyme. Both the
1.2 and the 7.8-limonene oxides (L, M) were good
substrates for the microsomal epoxide hydrolase.

Inhibition of cytosolic hydrolase. The thirtcen
epoxides and their respective diols. which were pre-
viously examined as substrates. were also screened
as potential inhibitors of the hydration of rrans-fi-
ethylstyrene oxide (Table 1). The only epoxides
which caused significant inhibition at one-fifth sub-
strate concentration were those which were also good
substrates for the cytosolic epoxide hvdrolase. For
instance, the best inhibitor, rrans-stilbene oxide, has
a K,, of 1 x 107*M compared to the K, of trans-f-
ethylstyrene oxide of 7 x 107 M. At two times sub-
strate concentration, vinylcyclohexane 7.8-oxide (()
and the two limonene oxides (L, M) gave approxi-
mately 50% inhibition. As expected. the inhibition
caused by high concentrations of styrene oxide
increased with preincubation time. None of the com-
pounds caused inhibition when the juvenoid R 20458
(K =2.0x10°M) was used as a substrate as
described earlier [5]. Inhibition by the corresponding
diols was very low.

A wide variety of compounds were then screened
as potential inhibitors of trans-f-ethylstyrene oxide
hydration by the cytosolic epoxide hydrolase (Table
3). p-Nitro-2-bromoacetophenone (1) was earlier
reported to inhibit the microsomal epoxide hydrolase
presumably by alkylating a catalytically important
histidine [26], and it caused good inhibition of cyto-
solic epoxide hydrolase even in crude form. p-
Nitro-2-bromoacetophenone is known to modity «
number of different amino acid residues. but its
selectivity, for instance with serine proteases. is
thought to stem from formation of a “transition-like”
intermediate at the active side following enzymatic
attack on the polarized carbonyl. Thus. a variety of
carbonyl containing compounds was screcned as
potential inhibitors (12-15, 20-30). 5.5'-Dithiobis
(2-nitrobenzoic acid) (2) also caused significant
inhibition at one-fifth and twice substrate concen-
tration. Thus, compounds 1 and 2 were used as
standard compounds for the comparison ot other
inhibitors. A variety of moderately water soluble
amino acid modifiers failed to cause significant
inhibition of the cytosolic epoxide hydrolase activity.
However, the sulfhydryl modifying organomercuri-
als (9, 10) were excellent inhibitors. Chalcone and
4-hydroxychalcone (12, 14). but not a closely related
compound (15), were found to be good inhibitors
as could be anticipated for a sulfhydryl containing
enzyme. As covered in greater detail elsewhere [24].
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Table 3. Percent inhibition of the hydration of trans-p-ethylstyrene oxide (5 x 107° M) by a variety of compounds of
diverse structure

Inhibitor concentration

Inhibitor concentration

No Inhibitor structure 107*M 107°M No. Inhibitor structure 107 M 107°M
1 0 37 75 0
onO<_ e
Br —_
, HOOC COOH ” o 4
DO .
0
g 16 Clye - ) 91
3 <10 29
| NCH,CH4
0
17 Smcp <10 <10
NO HO 3
4 2 <10
02N© SO4Na
NO, 18 Ho© CF, <10 3
0
5 <10 <10
Ochacs 19 HO <10 <10
OCH,CH3
0 CF,
6 N0z <10 <10 0
C‘©°" 20 F.CANCE <10 <10
NO, 3 3
7 NO, <10 27
OZN @ SO,Na o
NO2 21 A \ 12 17
8 NH <10 <10 F,C
1 N 2
0
9 98.2 9
Cl Hg@SOSNo . 22 CHg(CHz),OCCF3 13 17
S
<10 <10
10 HOHg©so,No 97.3 23 CH4(CH,) , CCF,CFy
2 3
<10 <10
1 <10 <10 B~ A A,
0
25 @—{ <10 <10
12 28 46 CF,
26 10 24
4/—CFy
13 84 08 [»]
e SN

U
28 @—\_«c& 11 35
0
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Table 3 cont. Pereent inhibition of the hydration of rrans-B-ethylstyrene oxide (5 x 10 ° M) by a variety of compounds
of diverse structure

Inhibitor concentration

[nhibitor concentration

No. Inhibitor structure 10 M 10 M Na. Inhibitor structure [T 1A
QO - 0
35 A\ Y
29 H,co©_< 16 19 00 o/_>_f—x ]
CF, .
30 7.2 12 36 0.0 H 1 12
Qe oo
0
37

0
38 Br ©O,_>_/—X 90
o]
39 B'QOM 19
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the corresponding chalcone oxide proved to be an
excellent inhibitor. Trichloropropene oxide (16) has
been widely used as an inhibitor of the microsomal
epoxide hvdrolase. Although it fails to inhibit the
activity of the cytosolic epoxide hydrolase on R 20458
[5]. it is 2 good inhibitor of rrans- -ethylstyrene oxide
hydration. A variety of fluorinated compounds failed
to give significant inhibition with the possible excep-
tions of 26-28 and 30.

A variety of previously described terpenoid com-
pounds [11. 20]. some of which are shown in Table
3, were also tested as possible inhibitors. As exem-
plified by compounds 33 and 40. all of the diols
tested proved to be poor inhibitors. The epoxides
were reasonable inhibitors and their inhibitory
potency generally correlated with their apparent
affinity for the enzvme when tested as substrates.
For instance, the 2.3-epoxide (39) is a poor substrate
and a poor inhibitor when compared with the cor-
responding 6.7-epoxides (37, 38). As discussed ear-
lier. substitution about the epoxide moiety increases
the apparent affinity of the substrate for the enzyme
but substitutions greater than 1,2-disubstituted epox-
ides decrease rather than increase the rates of
hydration. The 6.7-epoxygeranyl coumarin (35) was
a surprisingly good inhibitor. The lack of inhibition
by the free phenol (36) indicated that the terpenoid
moiety is important for inhibition. Interestingly, this
compound is the most abundant coumarin in
grapefruit oil {27]. Based upon the known inhibition
of the microsomal epoxide hydrolase by trichloro-
propene oxide and cyclohexene oxide, compounds

32 and 41 were prepared. They proved to be only
mediocre inhibitors.

DISCUSSION

An appreciation of the substrate selectivity and
ultimately substrate specificity (k../K.,) of the
enzymes involved in the metabolism of epoxidized
compounds is important for a variety of reasons.
Some epoxidized xenobiotics are potentially dan-
gerous toxins, carcinogens and mutagens. On the
other hand, epoxides occur on a wide variety of
natural and industrial products and intermediates.
[t may be desirable to limit human exposure to some
of these materials. but large scale restriction of
human exposure to epoxides and their precursors
would be socially expensive. personally unpleasant
and restrictive, and probably not toxicologically
valid. Thus. regulatory agencies need information
on the potential affinity of such epoxides for DNA
and their reactivity with biological nucleophiles as
well as their metabolism.

Based upon this and previous studies with the
cytosolic and microsomal epoxide hvdrolases. the
enzyme systems in the species studied appear to be
complementary. The cytosolic enzvme is very poor
at hydrating epoxides on a variety of cvclic systems
possibly due to steric hindrance. The marginal
hydration noted for the cytosolic epoxide hvdrolase
on benzo[alpyrene 4.5-oxide could be due. in part.
to a small amount of the microsomal epoxide hydro-
lase present in the cytosolic fraction. rrans-1.2-
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Disubstituted and tri- and tetrasubstituted epoxides
appear to be hydrated almost exclusively by the
cytosolic epoxide hvdrolase in mouse liver. ¢is-1.2-
Disubstituted compounds in the f-alkylstyrene oxide
series are very poorly hvdrated by either system.
Fortunately, they are metabolized by conjugation
with glutathione. An interesting observation is that
the guinea pig [19] and human [16] do hydrate c¢is-
B-ethylstyrene oxide. indicating the potential import-
ance of comparative studies. Other disubstituted
compounds such as cis-stilbene oxide and  cfs-
epoxysteric acid [ 10} are hvdrated by both fractions.

The monosubstituted epoxides are hydrated by
both the microsomal and cyvtosolic epoxide hydro-
lases. Such rapid hydration is potentially important
because many monosubsttuted cpoxides will react
with DNA. For instance. styrene oxide and allvl-
benzene oxide are mutagens in the Ames’ system
while the corresponding 1.2-disubstituted com-
pounds are not. With an epoxide of given reactivity
the mutagenic potency of a compound then depends.
in part. upon its affinity for nucleic acid as shown
for a series of glveidyl ethers [28]. Allvlbenzene
oxide provides a nice model for a variety of allyl
containing drugs and other xenobiotics such as allyl-
barbital and safrole which are likely to be epoxidized
in pivo. The ghveidyl ether of p-chlorophenol pro-
vides a nice model substrate for several major indus-
trial products. For instance. over 260 million pounds
of the diglvcidyl ether bis-phenol A is produced
annually in the United States while phenylglveidyl
ether is also a major ingredient in many epoxy-resin
systems. The lack of hydration of the I 2-epoxide
of vinvlevelohexene by either fraction may indicate
why vinvicyclohiexene dioxide was an effective radio-
metic compound in vive. The lack of hydration of
benzolalpyrene 4.5-oxide. HEOM. HCE. and other
epoxides on cyelic systems indicated that the cyto-
solic epoxide hyvdrolase will not be found important
in the metabolism of most arene oxides, cvclodiene
epoxides. and other such compounds.

A second value of such substrate selectivity studies
is to indicate potentially useful model substrates for
use in routine assays. rrans-fi-Methyl-. ethyl- and
propylstyrene oxides are good. discriminating sub-
strates for the cytosolic epoxide hydrolases of
rodents. The compounds are somewhat volatile, but
they are reasonably water soluble and. especially
trans-f3-ethyl- and propylstyrene oxides, are very rap-
idly turned over by the cytosolic enzyme. trans-Stil-
bene oxide is also a good substrate for the cytosolic
enzyme. [t has the advantage of being less volatile
and very stable to hydration n buffer. The diols of
each of these compounds differ greatly in polurity
from the epoxide so that epoxide hvdration can be
monitored by a simple partition method. Several of
these compounds have been radiolabeled at
52 mCi/mmole and all of the compounds (A-D) were
radiolabeled at -~ 10 Ciymmole in quantitative vield
using ["H|NaBH, [7. 19, unpublished information].
The difference in the ultraviolet spectrum of rrans-
stilbene oxide and its corresponding diol also aliowed
the development of a continuous spectrophotometric
assay [29].

Since a varicty of glyeidyl ethers can be readily
radiolabeled in a one-step procedure. they may also
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represent good model substrates. Substantial spec-
tral differences have been demonstrated for some
glycidyl ethers and their corresponding diols. alse
raising the possibility of continuous assays. Allyl-
benzene oxide might be considered as a potential
replacement for styrene oxide as a microsomal epox-
ide hydrolase model substrate. Not only is it hydrated
seven times faster. but it shows greater specificity of
hydration by the microsomal enzyme, it is less vol-
atile, less mutagenic, and much more stable both in
buffer and upon storage. This single substrate can
be used to monitor both the microsomal and cvtosolic
enzymes if one takes advantage of their different
subcellular distribution and/or pH optima.

Two other compounds appear to be useful sub-
strates for the microsomal epoxide hydrolase. In this
laboratory  cis-stilbene oxide radiolabeled at
50 mCiymmole or 10 Ci/mmole has proven to be an
excellent model substrate for the microsomal epox-
ide hydrolase of a variety of species including rhesus
monkey and man. It is relatively nonvolatile, stable
and rapidly hydrated by the microsomal enzyme. At
a pH of 9.0 very little hydration of this substrate is
catalyzed by the cytosolic epoxide hydrolase. but it
is slowly hydrated by the cytosolic enzvme at neutral
pH. The 1.2-epoxide of limonene is hydrated seven
times faster than styrene oxide by the microsomal
epoxide hydrolase. while its hydration by the cyto-
solic enzyme was nondetectable. It could be readily
radiolabeled by the selective reduction of the 7.8-
olefin with tritium gas.

A third value of such substrate selectively studies
is that they may indicate potential intrinsic sub-
strates. The large variations in cytosolic epoxide
hydrolase activity ovserved with sex and age and the
failure of attempts to induce the cytosolic epoxide
hydrolase with variety of compounds including
phenobarbital.  3-methylcholanthrene. butylated
hydroxyanisole. stilbene oxide and others may indi-
cate that the cytosolic epoxide hydrolase has a con-
stitutive role in addition to its ability to metabolize
xenobiotics. The high affinity of the enzyme for
terpenoid epoxides [11] suggested that it could be
a scavenger enzyme for such by-products of steroid
biosynthesis as squalene dioxide and lanosterol
24.25-epoxide. These compounds are substrates for
the cytosolic epoxide hvdrolase and the high affinity
but low tunrover of these substrates would be appro-
priate for compounds produced in small amounts as
biosynthetic by-products [5]. These epoxidized com-
pounds have been shown to be quite potent as
angiotoxic agents following injection into rabbits
[30].

The rapid hydration of cis- and rrans-1.2-disub-
stituted lipophilic epoxides indicated that lipid epox-
ides could be good substrates for the cytosolic epox-
ide hydrolase [11]. When subsequently tested. the
cis- and trans-9,10-epoxides of stearic acid as well
as their methyl esters were rapidly hydrated [10, 13].
such epoxides are known to form in lung tissue
following exposure to smog components [31], and
they may also form as a result of lipid oxidation and
peroxidation occurring in normal tissue. Both the
cytosolic and microsomal epoxide hydrolase as well
as glutathione S-transferases are probably involved
in such catabolism since it was previously found in
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this laboratory that cholesterol 5,6-epoxide is an
exceptionally poor substrate for the cytosolic epoxide
hydrolase while a number of steroid epoxides are
good substrates for the microsomal enzyme [2-4, 32].
The increased rate of hydration observed in com-
pounds such as trans-B-propylstyrene oxide or allyl-
benzene oxide indicate that lipid epoxides in which
the epoxide is a or f to an olefin or conjugated
olefinic system should be excellent substrates for the
cytosolic epoxide hydrolase. Such substrates could
be the epoxides of arachidonic acid or leukotriene
Ay. The hydration of the later compound to the diol
leukotriene B, is not inconsistent with the proposed
mechanism of epoxide hydration by the cvtosolic
epoxide hydrolase.

A knowledge of inhibitors of the cytosolic epoxide
hydrolase again has a variety of applications. If man
is exposed to such inhibitors in addition to a poten-
tially toxic epoxide, risk is enhanced. The high affin-
ity and low turnover of some terpenoid epoxides as
well as chalcone oxides [11, 24] could present such
a risk. Additionally. inhibitors can provide mechan-
istic information on the enzyme. The potency of a
variety of amino acid modifiers indicates that a
sulfhydryl group may be catalytically important.
Potent inhibitors may be of use in eliminating the
role of epoxide hydrolase in short-term mutagenicity
assays and in determining the pharmacological or
biochemical role of epoxide hydration in hepatocytes
or in vive. To this end a variety of potent inhibitors
have been synthesized. based upon the chalcone
oxide structure [24].

Thus. the cvtosolic microsomal epoxide hydrolases
appear complementary in that between them they
hydrate a wide variety of epoxidized xenobiotics.
Although both the cytosolic and microsomal epoxide
hvdrolases have been found in all vertebrate species
examined. the substrate selectivity studies described
here should be applied cautiously to other species.

Acknowledgements—This work was supported by NIEHS
Grant ES02710-02 and Bruce D. Hammock was supported
by NIEHS Rescarch Career Development Award ES
00107-04. The authors thank S. S. Gill. C. A. Mullin, K.

Ota and A. P. Svlwester, formerly of this laboratory. for

advice and assistance.

REFERENCES

. F. Qesch, Xenobiotica 3, 305 (1973).

. F. Ocsch. in Enzymatic Basis of Detoxication (Ed. W.
B. Jakobyv). Vol. 2. p. 277. Academic Press, New York
(1980).

3. A Y. H. Luand G. T. Miwa, A. Rev. Pharmac. Toxic.

20, 513 (1980).

4. F. P. Guengerich. in Reviews in Biochemical Toxicol-

ogy (Eds. E. Hodgson. J. Bend and R. M. Philpot),

Vol. 4, pp. 5-30. Elsevier-North Holland. Amsterdam

(1982).

2

9.

10.

1.

B. D. HaMMock and L. S, HasaGawa

. B.D. Hammock. S. S. Gill. S. M. Mumby and K. O
in Molecular Basis of Environmental Toxiciv (Ed. R
S. Bhatnagar), p. 229. Ann Arbor Science Publishers.
Ann Arbor, MI (1980).

. K. Otaand B. D. Hammock. Science 207, 1479 (1Us0)

.S, S, Gill and B. D. Hammock. Biochem. Pharma
30,2111 (1981).

.S, S Gill and B, D. Hammock. Nwireo Lond

S811 (1981).

B. D. Hammock. S. S, Gill. V. Stamoudis and [

Gilbert. Comp. Biochem. Physiol. 33B. 263 (1476}

S. S, Gill and B. D. Hammock. Biochem. hioplics

Res. Conynun. 89. 965 (1976).

S. M. Mumby and B. D. Hammock. Pestic

Physiol. 11. 275 (1979).

. B. D. Hammock. M. El-Tantawy. S. S, Gill T Has
egawa. C. A. Mullin and K. Ota, in Microsomes. Drie
Oxidations and Chemical Carcinogenesis (Eds. N
Coon, A. H. Conney. R W, Estabrook. H. V. Gl
boin. J. R. Gillette and P. J. O'Brien). Vol 2. p. 63>
Academic Press, New York (1980).

.S, S, Gill and B. D, Hammock. Biochere. Pliariia
29, 389 (1980).

. T. M. Guenthner. B. D. Hammock. UL Vogel and |
Oesch, J. biol. Chem. 256. 3163 {1981).

. F. Oesch and M. Golan. Cancer Lett. 9. 109 (N0

. P.Wang. J. Meijer and F. P. Guengerich. Biocheminem
21. 5769 (1982).

. N. N. Schwartz and J. H. Blumbertgs. Jo org. Clien:
29,176 (1964).

. B. D. Hammock. S. S. Gill and 1. E.
Fd Chem. 22, 379 (1974).

. Co AL Mullin and B. D, Hammock. cAnalyve. Biochien:
106. 476 (1980).

- So M Mumby and B. D Hammock o agric. Fd €l
27. 1223 (1979).

. B. D. Hammock. K. D. Wing, J. McLaughlin, VN
Lovell and T. C. Sparks. Pestic. Biochen. Physiol 17
76 (1982).

. E. Layne. in Mcthods in Enzymology (Lds. S0 P
Colowick and N. O. Kaplan). Vol. 3. p. 447, Academic
Press, New York (19357).

. Do M. Jerina, Po M. Dansette. A Y. Ho Lu and W
Levin, Molec. Pharmac. 13. 342 (1977).

. Co AL Mullin and B. D. Hammock. Archs Biochien:
Biophys. 216, 423 (1982).

LT Watabe and Ko Akamatsu, Biochim. biophvs. Acta
279. 297 (1972).

. G. C. DuBois, L. Appella. W Leving AU Y 1L
and D. M. Jerina. J. hiol. Chem. 253, 2932 (107x)

2971,

Bioches;

Cuasida.

AN

27. W. L. Stanlev and L. Jurd. J. agric. Fd Chem. 190 16
(1971).
. Go WL Ivie, )T MacGregor and B DL Hammoos

Mutation Res. 79. 73 (1980).

. L. S. Hasagawa and B. D. Hammock. Biochem. Pl
mac. 31, 1979 (1982).

. H. Imai, N. T, Werthessen. V. Subramunyam. PoW
LeQuesne. AL H. Solowayv and Kanisawu. Science 207.
651 (1980).

- AL Sevanian, Ro AL Stein and 1. F.
biophys. Acta 614, 489 (198(}).

. T, Watabe, M. Kunai. M. Isobe and N
Biochim. biophyvs. Acta 619, 414 (1980)

Nead. Biodum

Orzaws



