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Abstract—Distribution of epoxide hydrolase activity in subcellular fractions of livers from male
Swiss—Webster mice and Sprague-Dawley rats was monitored with trans-S-ethylstyrene oxide, trans-
stilbene oxide and benzo[a]pyrene 4,5-oxide following differential centrifugation. With the former two
substrates the highest activity was encountered in the cytosolic fraction; however, significant activity
was found in the mitochondrial fraction. These fractions hydrated benzo[a]pyrene 4,5-oxide very slowly,
and the major benzo[a]pyrene 4,5-oxide hydrolyzing activity was recovered in the microsomal fraction.
Using Triton WR-1339-treated mice, it was shown that trans-g-ethylstyrene oxide hydrolyzing activity
was predominantly localized in the mitochondria rather than in lysosomes and peroxisomes. Subsequent
separation of the mitochondrial fraction into submitochondrial components by swelling, shrinking, and
sonication, followed by sucrose density gradient centrifugation, showed that most of the epoxide
hydrolyzing activity was present in the matrix and intermembrane space fraction. Significant activity
was also present in the outer and inner membrane fractions. However, epoxide hydrolyzing activity in
these fractions was reduced if either increased sonication times were used or the fractions were washed,
indicating possible contamination of these fractions by the matrix and intermembrane space enzyme(s).
The epoxide hydrolase activity in the mitochondrial and cytosolic fractions in mice appeared similar
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with regard to inhibition, molecular weight, and substrate selectivity.

Epoxidized compounds are an important group of
xenobiotics which may either be present in our
environment or form metabolically in vivo from
olefinic or aromatic compounds. A number of these
epoxides are potentially toxic, mutagenic and/or car-
cinogenic [1]. Such epoxides can undergo
metabolic conjugation with glutathione (GSH), a
reaction sometimes catalyzed by glutathione S-trans-
ferases (GSH transferases); be reduced enzymati-
cally to the corresponding olefin; or be hydrolyzed
to diols by epoxide hydrolases [2-5]. Of these meta-
bolic routes, the greatest attention has been focused
on epoxide hydrolases.

The epoxide hydrolases are ubiquitous in nature,
occurring in all vertebrate species tested [6] and in
a variety of other organisms. These epoxide hydro-
lases have also been detected in almost all mam-
malian tissues tested [6, 7]. Subcellular distribution
studies initially indicated that styrene oxide hydro-
lase activity in such mammalian tissues occurred
predominantly in the endoplasmic reticulum [8, 9].
Subsequent studies, however, have shown that epox-
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t One becquerel (Bq) equals one disintegration per sec-
ond (International System of Units).

ide hydrolase activity is fairly widespread in the liver
cellsif different compounds are utilized as substrates.
For instance, a higher level of epoxide hydrolase
activity is observed in the 100,000 g supernatant frac-
tion than in any other subfraction if juvenile hormone
mimics or epoxidized fatty acids are used as sub-
strates [10-14], and epoxide hydrolase activity also
occurs in the nuclear membrane of mammalian liver
cells [15]. The nuclear epoxide hydrolase activity
monitored with styrene oxide and benzo[a] pyrene
4,5-oxide appears to be due to the same enzyme as
that present in the endoplasmic reticulum [16].

Inroutine subcellular distribution studies on epox-
ide hydrolase activity in mammalian liver, significant
activity was encountered in the mitochondrial frac-
tion {13, 14]. This study verifies the occurrence of
epoxide hydrolase activities in mammalian liver
mitochondria using trans-g-ethylstyrene oxide and
other epoxides as substrates.

MATERIALS AND METHODS

Chemicals.  1-[4'-Ethyl-"“*C-phenoxy]-3,7-dime-
thyl-6,7-epoxy-2E-octene (ethyl epoxide, 0.63
GBqgt/mmole, > 96 per cent F) was obtained from
the Stauffer Chemical Co., Mountain View, CA,
U.S.A., and purified to >99 per cent as described
[11,17). Methyl cis-9,10-epoxystarate was syn-
thesized from [1-"*CJ-oleic acid (1.1 GBg/mmole,
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synthes1zed and purified by hlgh performance liquid
chromatography (h.p.l.c.) as reported earlier [18];
trans- and cis-stilbene oxides (2.1 GBg/mmole) were
synthesized by base treatment of the corresponding
chlorohydrin obtained by reduction of desyl chloride
by PHl]sodium borohydride and purified by thin-
layer chromatography (t.l.c., silica gel GFxs,) using
ether-hexane (10:1) as the solvent system. The
products, identified by their u.v. spectra, were found
to be >99 per cent chemically pure and > 97 per
cent isomerically pure when cochromatographed
with authentic standards in a number of solvent
systems. [*H]-Benzo[a]pyrene 4,5-oxide (37 MBg/
mmole) was supplied by Professor F. Oesch (Uni-
versity of Mainz, Mainz, West Germany). p-Chloro-
phenoxyepoxypropane, allylbenzene oxide, and
other compounds were either obtained commercially
or synthesized in this laboratory by phenoxydation
of the corresponding olefin with m-chloroperoxy-
benzoic acid. All other chemicals used were of ana-
Iytical grade or the best grade commercially
available.

Enzyme preparation. Male mice (Swiss—Webster,
30-40g, 9 to 12-weeks-old) and rats (Sprague-Daw-
ley, 200-280¢) obtained from Simonsen Laborato-
ries, Gilroy, CA, were killed by cervical dislocation
and by decapitation, respectively. The livers were
removed immediately and rinsed in ice-cold 0.25M
sucrose. Non-hepatic tissue was discarded, and the
livers were weighed and then homogenized in 0.25 M
sucrose-Tris—HCl (10mM, pH 7.4) buffer using a
loose fitting Potter—Elvehjem homogenizer to give
a10% (w/v) homogenate. The homogenate was cen-
trifuged at 600g for 10 min. The precipitate was
rehomogenized and recentrifuged at the same speed
to give the cell nuclei and debris fraction. The two
supernatant fractions were centrifuged at 6,500 g for
10 min, giving the heavy mitochondrial fraction. This
mitochondrial fraction was resuspended and repel-
leted at the same speed. The process was repeated
once more. The 6,500 g supernatant fraction was
subsequently centrifuged at 12,000 g for 10 min to
give a light mitochondrial fraction which was washed
once. The 12,000 g supernatant fraction was subse-
quently centrifuged at 100,000 g for 60 min to give
the microsomal pellet and the cytosolic supernatant
fraction. The microsomal pellet was washed once.
Cell nuclei and debris, heavy and light mitochondria,
and microsomes were resuspended in the same
buffer.

The procedure of Sottocassa et al. [19] was used
to separate submitochondrial fractions. A portion
of the heavy mitochondrial pellet was resuspended
in 10mM Tris-HCI (pH 7.5) buffer to give a 40%
(w/v) homogenate based on initial homogenization.
After 5min, a one-third volume of 1.8 M sucrose
containing 2 mM adenosine-triphosphate and 2 mM
MgSO, was added. After an additional 5 min, the
mixture was sonicated at 4-5 amp for 30-60 sec with
a Branson Sonifier. The sonicated mixture was then
layered on top of a 1.18 M sucrose solution and
centrifuged in a Beckman SW 41 rotor for 3 hr at
100,000 g. Five distinct phases were obtained: a fluffy
layer on top, a clear yellowish layer consisting of the
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matrix and intermembrane space, the oute

chondrial membrane layer, an intermediate 1.18 M
sucrose layer, and the inner mitochondrial mem-
brane pellet on the bottom. The individual layers
were removed and the pellet was resuspended in
0.25M sucrose-Tris—HCl (10 mM, pH 7.4) buffer.

The procedure of Leighton et al. [20] was followed
to separate lysosomes from mitochondria. Triton
WR-1339 was administered to mice i.p. in 0.9%
(w/v) NaCl at a dose of 850 mg/kg 3.5 days before
the mice were killed. Mice were starved for 16 hr
before killing; livers were removed and then homo-
genized as indicated earlier and the various subcel-
lular fractions Were obtained. The 6, 500 g pellet was
washed twice and resuspenueu in 45% \W/V) sucrose
(1 ml/g of liver). Two ml of this suspension was
layered on top of 2 ml of 60% sucrose. Subsequently,
Sml of 34.5% and 2 ml of 14.3% sucrose were lay-
ered on top. The tube was then centrifuged at
80,000 g for 2hr in a SW 41 rotor. Two distinct
fractions were obtained. The top fraction lying
between 14.3% and 34.5% sucrose was gently
siphoned off from the top, while the bottom layer
lying above 60% sucrose was removed by piercing
the cellulose nitrate tube from the bottom. This
bottom layer had separated into upper and lower
portions which were collected individually.

The various subcellular and submitochondrial
fractions were diluted with buffer to give appropriate
protein concentrations before use. Protein concen-
tration was determined by the method of Lowry et
al. [21] using bovine serum albumin, fraction V, as
the standard.

Marker enzyme assays. Marker enzymes were used
to follow the separation of subcellular and submi-
tochondrial fractions. The inner mitochondrial mem-
brane marker enzyme, cytochrome oxidase (EC
1.9.3.1), was assayed by following the oxidation of
sodium dithionite-reduced cytochrome ¢ at 550 nm
[20]. NADPH-cytochrome ¢ reductase (EC 1.6.2.4),
an endoplasmic reticulum marker, was assayed at
550nm in 50 mM phosphate buffer (pH 7.5) with
0.3 mM KCN according to the method of Sottocassa
et al. [19]. Cytochrome P-450, similarly an endo-
plasmic reticulum marker, was estimated by the
CO-difference spectra of sodium dithionite-reduced
preparations following the procedure of Omura and
Sato [22]. Acid phosphatase (EC 3.1.3.2), a marker
for lysosomal activity, was assayed using p-nitro-
phenyl phosphate as substrate according to Berg-
meyer [23] in the presence of 0.3% Triton X-100.
Enzyme assays were performed after fractions were
incubated for 5 min in 50 mM sodium citrate buffer,
pH 4.8. Urate oxidase (EC 1.7.3.3), a peroxisomal
enzyme, was measured at 292 nm in the presence of
0.1% Triton X-100 according to the method of
Kalckar [24]. Lactate dehydrogenase (EC 1.1.1.27),
a marker for the cytosol, was assayed at 340 nm
following published procedures [23]. Citrate syn-
thase (EC 4.1.3.7), to follow mitochondrial matrix,
was assayed by the procedure of Shepherd and Gar-
land [25]. Adenylate kinase (EC2.7.4.3), to monitor
mitochondrial intermembrane space, was followed
according to published procedures [23].

Epoxide hydrolase assays. Epoxide hydrolase
activity (EC 3.3.2.3) was monitored using a variety

the outer mito-
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Epoxide hydrolase activity in mouse liver

of epoxidized substrates. trans-f-Ethylstyrene oxide
hydration was followed by an assay procedure based
on partitioning of unreacted epoxide from the
enzyme incubation into isooctane, with the diol prod-
uct being retained in the aqueous phase [18]. A
similar procedure, with minor modifications, was
employed in assays utilizing frans- or cis-stilbene
oxides as substrates. Ethyl epoxide and methyl cis-
epoxystearate hydration was monitored following
the procedures of Mumby and Hammock [26] and
Gill and Hammock [13], respectively. Benzo
{alpyrene 4,5-oxide hydration was followed by t.l.c.
according to the method of Jerina et al. [27]. p-
Chlorophenoxyepoxypropane, allylbenzene oxide,
and styrene oxide hydration were assayed by gas—
liquid chromatography (g.l.c.) using a flame-ioni-
zation detector (2.5% OV-101 on Gas Chrom Q
100-200 mesh, 1.5 mm X 1.2 m glass column). Prod-
uct diols were detected as their n-butyl boronic
diesters, with appropriate internal standards. Unless
otherwise indicated, the following concentrations of
epoxides and incubation times were used: frans-g-
ethylstyrene oxide (5 X 107*M, 10 min), trans- and
cis-stilbene oxides, allylbenzene oxide, styrene
oxide, and benzo[a]pyrene 4,5-oxide (5x 107°M,
10 min), ethyl epoxide (2 X 107° M, 10 min), methyl
cis-epoxystearate (2.2 X 10°M, 10min), and p-
chlorophenoxyepoxypropane (5 x 1073M, 30 min).
These substrate concentrations were below their
respective solubility limits. Enzyme incubations
involving radiometric assays were run in 50-150 ul,
whereas g.l.c. assays were run in 1ml of enzyme
preparation. In all cas-s, the protein concentration
used was such that the appearance of diol was linear
with incubation time (0-30 min). Incubation condi-
tions were used that approached substrate satura-
tion, and the reactions were linearly dependent upon
nondenatured protein concentrations  (1-20 ug/
incubation).

Molecular weight estimation. Mitochondrial epox-
ide hydrolase molecular weight was estimated using
a Sephacryl §-200 column (86 X 2.5¢cm, i.d.) eluted
with sodium phosphate buffer, pH 7.4, I=0.2M.
Proteins of known molecular weight, including the
cytosolic epoxide hydrolase, were used as standards
as reported previously [14].

Effect of inhibitors of the cytosolic epoxide hydro-
lase on the mitochondrial epoxide hydrolase. Known
inhibitors of the cytosolic epoxide hydrolase were
assayed at concentrations greater than the Is for the
cytosolic epoxide hydrolase. Inhibitors were added
in 14l EtOH to 50 ul of mitochondrial matrix and
intermembrane space fraction and incubated for
10 min at 37° prior to the addition of frans-f-ethyl-
styrene oxide as substrate. After 10 min, diol for-
mation was assayed as described above.

RESULTS

Subcellular distribution of marker enzymes and
purity of fractions in normal mice. Of the total protein
present in the initial homogenate of normal Swiss—~
Webster male mouse liver, 86 per cent was recovered
in the individual subcellular fractions. A significant
portion of the protein loss probably occurred during
the process of washing pellets. These washes were
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not quantified for protein content or enzyme
activity. Distribution of marker enzymes in the sub-
cellular fractions is given in Table 1. NADPH-cyto-
chrome ¢ reductase, a marker enzyme for the endo-
plasmic reticulum, was present in greatest amounts
in the microsomal fraction. Significant levels of the
enzyme, however, were also observed in the light
and heavy mitochondrial fractions, 34 and 8.8 per
cent of the microsomal specific activity, respectively.
This contamination of the mitochondrial fractions
by the microsomial fraction can be reduced with an
increasing number of washes, particularly in the
heavy mitochondrial fraction. After three washes
only 4-5 per cent of both the microsomal cytochrome
P-450 and NADPH-cytochrome ¢ reductase were
observed in the heavy mitochondrial fraction in com-
parison to 9-10 per cent with two washes. With
repeated washings, however, a decrease in total yield
of the mitochondrial fraction was observed. This
microsomal contamination of mitochondria was not
crucial since frans-f-alkylstyrene oxides, poor sub-
strates for the microsomal epoxide hydrolase
[18,28], were used to monitor epoxide hydrolase
activity in most experiments. Thus, in routine experi-
ments, mitochondria were washed only twice.

Cytochrome oxidase activity was recovered pre-
dominatly in the heavy mitochondrial and cell nuclei
and debris fractions (Table 1). This activity in the
cell nuclei and debris fraction was probably due to
contamination by mitochondria or incomplete dis-
ruption of cellular material. A low level of cyto-
chrome oxidase was found in the light mitochondrial
fraction. Low cytochrome oxidase levels in the
microsomal and cytosolic fractions indicated minimal
contamination by intact mitochondria.

Lactate dehydrogenase, a marker enzyme for the
cytosol, was predominantly located in the 100,000 g
supernatant fraction (Table 1). Low levels of activity
were recovered in the cell nuclei and debris fraction
with lesser activity in the other fractions. In contrast,
acid phosphatase activity, monitored by p-nitro-
phenyl phosphate, was quite evenly distributed in
the subcellular fractions, with the highest levels
recorded in the light and heavy mitochondrial frac-
tions. Significant levels of activity were also found
in the microsomal and cell nuclei and debris frac-
tions. The widespread distribution of p-nitrophenyl
phosphate hydrolyzing activity was probably encoun-
tered due to the presence of a variety of enzymes
that are able to utilize p-nitrophenyl phosphate as
substrate. For instance, phosphatases present in the
endoplasmic reticulum are known to hydrolyze p-
nitrophenyl phosphate [29]. This marker proved very
useful, however, in distinguishing between
mitochondrial-rich and lysosomal-rich fractions.

Epoxide hydrolase activity in subcellular fractions
in normal mice. Subcellular distribution of epoxide
hydrolase activity in male Swiss—-Webster mouse liver
varied with the substrate used for monitoring
activity. With benzo[a]pyrene 4,5-oxide, the highest
level of activity was found in the microsomal fraction
(Table 1). Significant levels of activity were also
present in the light and heavy mitochondrial frac-
tions, and in the cell nuclei and debris fraction.
Activity in the mitochondrial fractions was probably
due to contamination by the microsomal or nuclei



S. §. GiLL and B. D. Hammock

2114

pixo-¢“p duarhd({pjozuaq 10] ‘W 10 =1 ‘0°6 HA “I81nq [DH-SIL], Ul pUR BPIXO SUIQ|US-SUDI
pue apIxo JulAISIAYIa-¢-supa 10§ * N 70 = (1) UONBNUAILOd JUol 4/, Hd ‘19jyng s1eydsoyd winipos ur /¢ 18 paloluow sem AAIOR asejoIpAy apixodg L
“BLIPUOYOOILE SWOS HIIM TONDRI) SLIGap PUR [2]2NU []90 2} JO UOIBUIIEIUOD PUR P21 [eLIpUOYI0IIuI
jo osuadxo dqissod Ayl 18 SUOHORY [ELIPUOYIOTNU PAYILIND A[ySig po1f O) PaudIsep sem SWOYSS UOHESNILIUSD [RAUSIDJIP SIGL, 'JE[IUIS SeM SINIAIOR
awAzUa Jo UONNGLISIP dane[1 Y ‘suonieiedard uoamiag uoneLeA Sem 219y YSnoy ] ‘sowy sa1y) pareadal seam juswadxa Sy ‘SIaAY asnour 531y Suisn
uoneredaid e WoJj SUONBUILLIISP 391} 0) OM} JO WNWHUIW € Jo sadelaae are patiodal sonjep -, (upjoxd Sur) ., urw. sajouru ur al1e SILIANOE SWAZUD IV ,

0 €9 6L 001v It 0 Tl 1143 21qn[os
L'L S0 0's 0t 1z e 811 L8 SIWOSOITA

14 9y LS ¢l 5€ L 24 iy gupuoyso
W8y

£l v'e (414 06 144 96 01 091 BLIpUOYd0II
Kaeopy

L 61 91 091 €T Z8 0L 0LT SHqop pue
Bpnu D
oPIXO-G*p apIxo apixo aseuadolphyap aseeydsoyd ISBPIXO asejonpal (Sur) uonoely
suaiid{rjozusg audqInIs su1KisjAyyg a1e108 POV SWOIYD0IAD 3 SWOIYO0IA uajoxd Jenjeogng

-SuUDAl -gJ-suv.a “HdAVN 1e10L,
LasejoapAy sprxodg
# 0TI O[RLL IDISAI A —SSIMG [RWLIOU 10 SUOIIRYT IRINIIO0GNS B SOWAZUS IoyIew pue A31Anoe osejoiphy spixods jo a:sﬁmbw“q 1 3ige],



Epoxide hydrolase activity in mouse liver

and cell debris fractions as indicated by the presence
of NADPH-cytochrome c reductase (Table 1). With
trans-fB-ethylstyrene oxide, however, the highest
level of activity was recovered in the 100,000g
soluble fraction or the cytosol. Significant levels of
activity were also found in the light and heavy mito-
chondrial fractions. The specific adenylate kinase
and citrate synthase activities of the cytoselic fraction
were greater than fifty and two hundred times lower,
respectively, than those of the mitochondrial matrix
and intermembrane space, indicating that the major-
ity of the cytosolic epoxide hydrolase activity did not
arise from mitochondrial lysis during homogeniz-
ation. Of the total trans-G-ethylstyrene oxide hydro-
lase activity recovered in the various subcellular frac-
tions, 11,20, 5.8, 1.1 and 63 per cent of the activity
was present in the cell nuclei and debris, heavy and
light mitochondrial, microsomal, and cytosolic frac-
tions, whereas with benzola]pyrene 4,5-oxide the
same fractions had 31, 14, 6.3, 45 and 4.3 per cent.
With trans--ethylstyrene oxide and benzo|a]pyrene
4,5-oxide, 70 and 78 per cent, respectively, of the
total epoxide hydrolase activity in the crude cell
homogenate were recovered in the subcellular frac-
tions. The discarded washings of the subcellular frac-
tions probably accounted for a significant amount of
the epoxide hydrolase activity lost with both
substrates.

With trans-stilbene oxide as substrate, the sub-
cellular distribution of epoxide hydrolase activity
was very similar to that observed with trans-p-ethyl-
styrene oxide (Table 1). In contrast, its geometrical
isomer, cis-stilbene oxide, shows a pattern of distri-
bution more akin to that observed with
benzola]pyrene 4,5-oxide.

Subcellular distribution of marker enzymes and
epoxide hydrolase activity in mice treated with Triton.
Pretreatment of rats with Triton WR-1339is reported
to result in the selective uptake of the Triton by the
liver lysosomes, giving rise to a selective decrease
in lysosomal equilibrium density in a sucrose gradient
[20]. Thus, an attempt was made to utilize this tech-
nique for lysosomal separation in subcellular frac-
tions, Mice treated with Triton WR-1339 had livers
with weights similar to that of normal livers. These
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livers, however, were a lighter brown than normal
livers. Homogenates prepared from such livers gave
a subcellular distribution of marker enzymes and
epoxide hydrolase activity quite similar to that of
normal livers (Table 2). However, higher levels of
cytochrome oxidase were encountered in the cell
nuclei and debris and mitochondrial fractions, pro-
ably due to the presence of administered Triton
WR-1339 in these fractions. Schnaitman and Green-
awalt [30] reported similar values for cytochrome
oxidase in rat preparations activated with Lubrol
WX.

Epoxide hydrolase specific activity was highest in
the light mitochondrial fraction, with high levels in
the heavy mitochondrial and cytosolic fractions. The
greatest amount of total epoxide hydrolase activity
present, however, was in the cytosolic fraction. Of
the total epoxide hydrolase activity recovered, 8.4,
17, 7.8, 4.0 and 63 per cent were in the cell nuclei
and debris, heavy and light mitochondrial, micro-
somal and cytosolic fractions, respectively, showing
a pattern of distribution similar to that of untreated
mice.

The heavy and light mitochondrial fractions were
layered separately onto discontinuous sucrose gra-
dients and were centrifuged to separate mitochondria
and lysosomes. Two distinct layers, an upper
lysosomal-rich and a lower mitochondrial-rich layer,
were obtained in both cases, as shown for the heavy
mitochondria (Table 3). Distribution of marker
enzymes shows that mitochondria and lysosomes can
be distinctly separated. A 4.9 per cent mitochondrial
contamination of the lysosomal fraction and a 3.6
per cent lysosomal contamination of the mitochon-
drial fraction were observed, based on marker
enzyme specific activities. Table 3, however, illus-
trates that peroxisomes, as indicated by urate oxidase
activity, and mitochondria do not separate. Similar
results were obtained by Leighton et al. [20],
although with a more complex procedure they were
subsequently able to separate lysosomes, mitochon-
dria and peroxisomes.

Epoxide hydrolase activity as monitored by
trans-B-ethylstyrene oxide was present predomi-
nantly in the mitochondrial fraction. Only 0.1 per

Table 2. Distribution of epoxide hydrolase and marker enzymes in subcellular fractions of Triton WR-1399-treated
Swiss—Webster male mouse liver*

Total NADPH- trans-p-
Subcellular protein  cytochrome ¢ Cytochrome Acid Lactate Urate Ethylstyrene oxide
fraction {mg) reductase oxidase phosphatase dehydrogenase oxidase hydrolase

Cell nuclei

and debris 360 17 1600 13 280 57 13
Heavy

mitochondria 220 13 2000 7.7 64 240 43
Light

mitochondria 46 23 180 27 96 630 94
Microsomest 170 72 40 16 270 60 13
Soluble 580 27 NDi# 5.0 2500 9.3 60

* Enzyme activities are expressed in nmoles - min~! - (mg protein) ! and are average values of two to four determinations

from a preparation using four mice.
+ Microsomes were not washed.
i Not detectable.
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cent of the total recovered epoxide hydrolase activity
was present in the lysosomal fraction. Though it was
not possible to separate peroxisomal and mitochon-
drial fractions totally, it was observed during sucrose

g - 52§ density gradient separations that peroxisome activity
N o | S8R |SZS | EE” was present predominatly (97 per cent) in the bottom
g B 582°0 %EE portion of the mitochondrial fraction. In contrast,
- _g Eng a greater amount of the epoxide hydrolase activity
g z <ok (72 per cent) was in the upper portion of the mito-
£ 3 Y £ %g chondrial fraction. This partial separation of per-
2 Elal, - S- g oxisomes and mitochondria showed that epoxide
g Ry g ‘?E o | EoZ hydrolase activity was largely associated with the
- g§%0o |7 £F 2 mitochondria.
=5 =35 NPT .
2 0 £ B Distribution of marker enzymes and epoxide
o o Eg00 hvdrol ivity in th b'yhd'lp
0 542 ydrolase activity in the submitochondrial compo-
s - nents. Separation of submitochondrial components
& Tg e . . p . . . p
2 92 |oco| 888 in a discontinuous sucrose density gradient resulted
& gt |22 | 53¢ in a visual separation similar to that reported by
3 -3 o & Sottocassa et al. [19]. Of the five distinct fractions
9 83 .
s oS collected, the three major ones are an upper layer
S, é:.; £ corresponding to the matrix and intermembrane
KE 2 O E space, an intermediate layer directly beneath the
oy L < E < p B y y
g 85 Eg upper layer consisting of the outer membrane, and
o & S%|lon | 2o @ PP 4 g At
= 5 g R E g an inner membrane pellet. Distribution of marker
= 2 373, =l % enzymes and epoxide hydrolase activity in these
j=c @ =g g three submitochondrial fractions (Table 4) shows
=2 Tae that a separation such as that reported by Sottocassa
°g.g p PO y
3 PR et al. [19] for the rat was obtained, although no
5 2 © ERR marker enzyme was run for the outer membrane.
= .8 @\ e T y .. . .
D S s vz 3 Absolute activities in the rat, however, differ from
[ - = O 0.8 &
3 TE |©g | 5.8 those reported here for the mouse. NADPH-cyto-
% 2 <& @ | 8382 P Yy -
S5 2 N 23T chrome ¢ reductase, lactate dehydrogenase and acid
=4 g 8273 yarog A
N = 88 e phosphatase values were followed to show possible
e's 3 g £ percent contamination of the mitochondrial fractions
g g B g by the microsomal, cytosolic and lysosomal com-
=& g o - ponents, respectively. The highest level of epoxide
g ‘é _E? 21gsc|E% E 8 hydrolase activity was recovered in the matrix and
B E SE|Q~ |5EE% intermembrane space fraction. Significant epoxide
B e ox geBEs v p gn p
g S & °© e E2& hydrolase activity was also observed in the outer and
52 E S £§ inner membrane fractions. Most of the specific
e 8 T 5 S8 activity in these two fractions (83 and 88 per cent,
EQ . ES g2 respectively), however, could be removed with a
273 | @ o E &“; 2 single resuspension and recentrifugation, indicating
. TEg < | 8 L2 E robable contamination of these fractions by the
o0
2 828 |nv |2Eaz atrix and  intermemb fraction.. Th
& 22 |5 ES2E matrix and intermembrane space fraction. e
=l - . . .
_g g § ® z % - = results of the subcellular and submitochondrial dis-
= & o) £ tribution studies (Tables 1-4) thus show that a sig-
© 235 nificant amount of epoxide hydrolase activity was
! 2= YE . P Y y
5 L= § g present in the matrix and/or intermembrane space.
2, — & o | B583 Mitochondrial epoxide hydrolase activity in rat
9] <D 2D g O = @ . D y . .
= SEE|RY | 2285 liver. Subcellular and submitochondrial separations
HE| T SZ238 demonstrated only low levels of mitochondrial epox-
g $-=0 . Y lowlc . .
8 £ 5E o ide hydrolase activity in rat liver, using trans-f-
2 zHRe 2 ethylstyrene oxide (Table 5). Using trans-stilbene
> = ER-R- 2 oxide as substrate, epoxide hydrolase activity in the
a 5 S—= | B Eg 6,500 g and 12,000 g pellets was not detected, and
= =] Se=38 . . .
- E g g g7 = very low levels were detected in submltochondrllal
2 E .% 83| A Eu-g L:j ga;tilons.lln gontra.ss, v;'lit](; b?nzo[a]tpy'rtene 4,5-fox1d§
= * B VIity w oun
= 22|85 ‘sgg igh levels of epoxide hydrolase activity were

in the nuclear and cell debris, light mitochondrial
and microsomal fractions. Activity in the light mito-
chondrial fraction was largely due to microsomal
contamination since the fraction was washed only
once and significant microsomal contamination
occurred.

Hydration of various epoxides by the mouse mito-



of the 6,500 ¢ pellet of normal Swiss~-Webster mouse liver after swelling-

e hydrolase and marker enzymes in fractions

Table 4. Distribution of epoxid

syradient™

contraction-sonication and differential centrifugation in a discontinuous sucrose g

Epoxide hydrolase

trans-f3- trans-  Benzola]-
pyrene
4,5-oxide

Ethylstyrene Stilbene

Adenylate  Citrate
synthaset

Lactate

Acid
phosphatase dehydrogenase

Cytochrome

NADPH-

cytochrome ¢

Total
protein

Submitochondrial

fraction

oxide

oxidet

kinaset

oxidase

reductase

(mg)

Matrix and

intermembrane

space
Outer membrane

Inner membrane

B
2N —

o
ISR

104
43
42

443
256
360

1000
660
220

100
190
150

16
38
20

9.6

69
90

4.6
20

11

8.4
57

Epoxide hydrolase activity in mouse liver

ion 95 mg of protein from the heavy mitochondrial fraction described in

* Values are expressed in nmoles- min~'- (mg protein)~! and are averages of a minimum of two to four determinations of a preparation using three mice.

Values between preparations varied but relative values are similar. For this preparat

) and 93 per cent of the total protein used were recovered in the three

Table 1 was used. All the frans-B-ethylstyrene oxide hydrolase activity (110 per cent

hydrolase activity was recovered in the 1.18 M sucrose fraction.

fractions shown above. The rest of the protein (7 per cent) containing 1 per cent of the epoxide

f the membrane-bound fractions. Activity in the

+ Increased sonication times lead to an increase in enzyme activity in the matrix fraction at the expense o

latter fractions could also be reduced by washing and recentrifugation.
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epoxide hydrolase. T
drial epoxide hydrolase was able to hydrate a variety
of substrates (Table 4). wrans--Ethylstyrene oxide,
methyl cis-epoxystearate and trans-stilbene oxide
were rapidly hydrated, whereas hydration of the
ethyl epoxide was relatively slower. cis-Stilbene
oxide, allylbenzene oxide, styrene oxide and
benzo[a]pyrene 4,5-oxide were, in contrast, poor
substrates. The highest specific activities of cis-stil-
bene oxide and benzo|a]pyrene 4,5-oxide hydrolase
were greatest in the outer membrane fraction, This
observation supports the theory of Oesch {2] that
the minimal level of epoxide hydrolase activity in
the mitochondrial fraction when styrene oxide is

arrealc el AT AC TR A

used as a substrate is due largely to microsomes
adhering to the mitochondrial membranes. The very
low relative rates of hydration of these epoxides
were similar in the matrix and inner membrane frac-
tions. In general, epoxides that are good substrates
of the microsomal and nuclear epoxide hydrolase,
such as benzofa]pyrene 4,5-oxide and styrene oxide
[2], were poorly hydrated by the mitochondrial epox-
ide hydrolase, but epoxides that are good substrates
of the cytosolic epoxide hydrolase were hydrated
rapidly by the mitochondrial epoxide hydrolase.

Gel filtration and inhibition of the mitochondrial
epoxide hydrolase. Gel filtration profiles were con-
sistent with the mitochondrial epoxide hydrolase
having a molecular weight between 120,000 and
140,000 daltons, and the elution volumes of the
epoxide hydrolase activities in the mitochondrial and
cytosolic fractions were indistinguishable on Seph-
acryl $-200. Similarly, a variety of compounds, such
as chalcone oxide, hydroxychalcone, 2-bromo-4'-
nitroacetophenone and 5,5'-dithiobis(2-nitrobenzoic
acid), which act as good inhibitors of the cytosolic
epoxide hydrolase, also serve as good inhibitors of
the mitochondrial epoxide hydrolase.

DISCUSSION

The results of the subcellular distribution studies
(Tables 1-3) show that four enzyme markers for
various organelles of mouse liver cells were usually
distributed as published reports indicate, following
differential centrifugation [19, 30-33]. The cytosolic
fraction of mouse liver had little contamination from
the various subcellular particulate-bound enzymes
(Table 1) or with enzymes from the matrix or inter-
membrane space of lysed mitochondria. This infor-
mation, along with earlier published reports [13, 14],
further indicates that the cytosolic epoxide hydrolase
encountered in mouse liver does not result from
dissociation or solubilization of the endoplasmic
reticulum or other particulate fractions.

The subcellular distribution studies further dem-
onstrate that a significant amount (25 per cent) of
total trans-p-ethylstyrene oxide hydrolase activity
recovered in subcellular fractions was present in the
light and heavy mitochondrial fractions. This activity
in the mitochondria consisted of the second largest
component of epoxide hydrolase activity in the cell.
Epoxide hydrolase activity in the mitochondria is
not a result of contamination from either of the three
major, presently known sources of epoxide hydro-



2118

S. S. GiLand B. D. HaMMock

Table 5. Epoxide hydrolase activity of subcellular and submitochondrial fractions of
Sprague-Dawley male rat liver*

trans-f- trans-
Ethylstyrene Stilbene Benzo[ua]pyrene

Fraction oxide oxide 4,5-oxide
Cell nuclei

and debris 0.7x0.1 ND¥ 4.0=x03
Heavy

mitochondria 03=x01 ND 0.6 +x0.02
Light

mitochondria 2010 ND 9.5+0.2
Microsomes 20x1.0 ND 150390
Cytosol 5724 26+0.2 012001
Heavy mito-

chondrial sub-fractions
Matrix and

intermembrane

space 1.8x0.1 ND
Outer membrane 1.0x0.1 0.1+0.02
Inner membrane 0.5+0.1 ND

* Values are expressed in nmoles - min™" - (mg protein) ! and are averages of a minimum
of two to four determinations of a preparation using two rats.

t Not detectable.

lase: the nuclear membrane, microsomal and cyto-
solic fractions. Table 1 illustrates that microsomal
and cytosolic contamination was minor, as indicated
by NADPH-cytochrome ¢ reductase and lactate
dehydrogenase levels, respectively. Similarly, the
nuclear fraction is unlikely to have been a major
contaminant because the speed of centrifugation
used (600 g for 10 min) generally sediments most of
the nuclei. In fact, at this speed, significant amounts
of the mitochondria were precipitated as indicated
by cytochrome oxidase (Table 1) [20]. Further, by
using benzo[a]pyrene 4,5-oxide hydrolase as an
enzyme marker for nuclear membranes [15], one can
conclude that its relative presence in the cell nuclei
and debris and mitochondrial fractions (Table 1)
does not explain the epoxide hydrolase activity
encountered in the mitochondrial fraction. Since
trans-fB-alkylstyrene oxides are poor substrates for
the microsomal epoxide hydrolase [18, 28], they are
also not likely to be good substrates for the immu-
nologically similar nuclear epoxide hydrolase [16].
Thus, epoxide hydrolase activity present in mito-
chondria was probably not due to contamination by
nuclei.

Differential centrifugation did not separate lyso-
somes and peroxisomes from mitochondriain normal
Swiss-Webster mouse liver (Table 1). However,
trans-fB-ethylstyrene oxide hydrolase activity was
shown to be absent from the lysosomal fraction in
enzyme preparations from Triton WR-1339-treated
mice (Tables 2 and 3). Peroxisomes are also not
likely to be the site of high epoxide hydrolase activity,
although more careful studies should be done to
separate peroxisomes and mitochondria. It is, there-
fore, reasonable to conclude that the epoxide hydro-
lase activity encountered in the 6,500 g and 12,000 ¢
fractions was present largely in the mitochondria.

Within the mitochondria, epoxide hydrolase
activity occurred predominantly in the matrix and/or
intermembrane space (Table 4), which could not be
separated by the procedures reported here. The
epoxide hydrolase activity encountered in the inner
and outer membrane fractions of mitochondria may
have resulted from contamination by proteins from
the matrix/intermembrane space. The absence of any
previous réport demonstrating epoxide hydrolase
activity in the mitochondria of mammals is due, in
part, to other investigators using either styrene oxide
or benzo[a]pyrene 4,5-oxide as substrate and the rat
liver as an enzyme source [9, 15, 16, 34, 35]. The data
presented here and elsewhere {14, 28, 36] show that,
using these substrates and rats, it is unlikely that
mitochondrial epoxide hydrolase would have been
encountered. With styrene and benzo[a]pyrene
4,5-oxide as substrates, epoxide hydrolase activity
occurs predominantly in the endoplasmic reticulum
and the nuclear membrane [9, 15, 16, 35], whereas
with ethyl epoxide, methyl cis-epoxystearate,
trans-f-ethylstyrene oxide and trans-stilbene oxide,
maximal activity is observed in the cytosolic fraction,
with significant levels occurring in the mitochondria
[13, 14, 37]. Nuclear and microsomal epoxide hydro-
lases occur in higher levels in rats than in mice. The
reverse relationship, however, holds true for cyto-
solic and mitochondrial epoxide hydrolases
[6,13, 14, 28]. Thus, attempts to delineate subcel-
lular distribution of epoxide hydrolase activity must
be qualified with the substrate and animal species
utilized.

The mitochondrial epoxide hydrolase appears
similar, in some respects, to the cytosolic epoxide
hyrolase. Both enzymes have similar substrate selec-
tivities (Table 4) [13,14,26,28] and molecular
weights [14], and they are inhibited by the same
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compounds. This similarity of the cytosolic and mito-
chondrial epoxide hydrolases might be expected
since it is generally recognized that mitochondrial
and cytoplasmic protein-synthesizing systems are
tightly coupled [38].

A major biological function of any of the epoxide
hydrolases in mammalian liver and other tissues has
not yet been unequivocally demonstrated, and the
mitochondrial epoxide hydrolase is no exception. In
addition to possible involvement in some aspects of
intermediary metabolism, these enzymes could be
involved in the metabolism of potentially damaging
epoxidized compounds. Such epoxides in mitochon-
dria can possibly result from free radicals formed
during normal respiration or from oxidation of ole-
finic and aromatic compounds by mitochondrial
oxygenases. Epoxide metabolizing activity in mito-
chondria may be crucial since epoxidized natural
products or xenobiotics could disrupt membrane
integrity or alkylate biologically significant mol-
ecules. For instance, Allen and Coombs [39] recently
reported that mouse mitochondrial DNA is excep-
tionally susceptible to alkylation by several polycyclic
aromatic hydrocarbons, presumably after activation
by oxidases on the inner or outer mitochondrial
membrane [40,41]. Since epoxide hydrolases
capable of hydrating arene oxides are reported to
be largely absent from mitochondrial membranes
and matrix epoxide hydrolase, just as the cytosolic
epoxide hydrolase [36] does not appear to rapidly
hydrate arene oxides, such resuits might be antici-
pated. However, the epoxide hydrolases in the mito-
chondrial matrix could protect mitochondrial DNA
from other reactive epoxides that could serve as
substrates.

As judged from previous literature, epoxide
metabolizing systems appear to be ubiquitous in
mammalian liver cells. GSH transferases occur in
high levels in the cytosol [5] and, in addition, GSH
transferases occur in the mitochondrial and micro-
somal membranes [42-44]. Epoxide hydrolase
activity has been reported previously in the cytosol
and in the microsomal and nuclear membranes
[2, 11, 14, 15]. Thus, this report of epoxide hydrolase
activity in the mitochondrial fraction is not altogether
surprising.
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