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Abstract

Human microsomal epoxide hydrolase (EPHX1) is active in the metabolism of many potentially carcinogenic or otherwise
genotoxic epoxides, such as those derived from the oxidation of polyaromatic hydrocarbons. EPHX1 is polymorphic and
encodes allelic variation at least two amino acid positions, Y113H and H139R. In a number of recent molecular epidemiological
investigations, EPHX1 polymorphism has been suggested as a susceptibility factor for several human diseases. To better evaluate
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the functional contribution of EPHX1 genetic polymorphism, we characterized the enzymatic properties associated w
of the respective variant proteins. Enzymatic profiles were evaluated withcis-stilbene oxide (cSO) and benzo[a]pyrene-4,5
epoxide (BaPO), two prototypical substrates for the hydrolase. In one series of experiments, activities of recombinant
proteins were analyzed subsequent to their expression using the pFastbac® baculovirus vector inSpodoptera frugiperda-9 (Sf9)
insect cells, and purification by column chromatography. In parallel studies, EPHX1 activities were evaluated with huma
microsomes derived from individuals of known EPHX1 genotype. Using the purified protein preparations, rates of cS
BaPO hydrolysis for the reference protein, Y113/H139, were approximately 2-fold greater than those measured with th
EPHX1 allelic variants. However, when activities were analyzed using human liver microsomal fractions, no major diffe
were evident in the reaction rates generated among preparations representing the different EPHX1 alleles. Collective
results suggest that the structural differences encoded by the Y113H and H139R variant alleles exert only modest im
EPHX1-specific enzymatic activities in vivo.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Microsomal epoxide hydrolase (EPHX1; EC
3.3.2.3) is a smooth endoplasmic reticulum enzyme
that is expressed relatively ubiquitously in most tis-
sues and in many species[1,2]. Enzymatically, EPHX1
typically catalyzes the hydrolysis of epoxides totrans-
dihydrodiols, and is responsible for the detoxification
of a wide variety of suspected genotoxins[3]. In certain
instances, the initialtrans-dihydrodiol metabolites are
further activated by subsequent P450 catalysis to form
highly electrophilic and reactive dihydrodiol-epoxides
that, in a stereoselective manner, form covalent adducts
with DNA [4]. Thus, EPHX1 is important for its dual
functional role in detoxication as well as bioactivation
processes.

The gene and corresponding cDNA sequences en-
coding human EPHX1 have been characterized pre-
viously [5,6,2]. The translated EPHX1 protein is the
product of a single gene[7,8], although alternatively
spliced non-coding regions of exon 1 have been re-
ported [9]. Previously, we established that the hu-
man EPHX1 protein is polymorphic, with amino acid
substitutions at two positions, Y113H and H139R
[5]. These data were confirmed using independent
methods by other laboratories[10,11]. More recently,
other EPHX1 single nucleotide polymorphisms (SNPs)
were identified[12,13]. However, most of these lat-
ter SNPs represent polymorphisms either within non-
coding regions of the transcriptional unit, or are syn-
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and associated toxicity can be quite variable. For
example, CYP2D6 is highly polymorphic, with over
50 variant alleles identified in human populations.
Individual CYP2D6 alleles result either the absence
of functional changes or in any of a constellation of
functional alterations that include amino acid changes,
splicing defects, premature termination of translation,
and frameshifts[15]. As a result, CYP2D6 enzymatic
activity and idiosyncratic reactions to pharmacological
substrates of CYP2D6 can vary greatly depending
on genotype[16,15]. In addition to their impact in
pharmacology, interindividual differences in cancer
susceptibility also have been associated with genetic
polymorphism within the biotransformation process
[17,18].

Since the identification of EPHX1 polymorphisms,
a large number of epidemiologic investigations have
been conducted examining the association of cancer in-
cidence and other disease endpoints with EPHX1 geno-
type. For example, McGlynn et al.[19] were among
the first to report an apparent association between the
incidence of hepatocellular carcinoma (HCC) and the
EPHX1 H113 allele in a Chinese population. These re-
sults were intriguing, especially in light of the reported
role of human EPHX1 in aflatoxin B1 metabolism[20],
an important risk factor in the development of HCC.
Although a similar association with EPHX1 H113 and
HCC was reported separately[21], subsequent epi-
demiological studies examining this relationship fur-
ther were unable to detect an association between
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nomous and therefore do not alter the protein s
ure of EPHX1. A total of eight non-synonomous SN
or EPHX1 are currently listed in the NCI dbSN
atabase (http://www.ncbi.nlm.nih.gov/SNP), includ-

ng the Y113H and H139R polymorphisms. The
aining six non-synonomous dbSNPs either have

et been validated or were identified to date only wi
single heterozygote individual. Thus, it appears lik

hat the Y113H and H139R SNPs remain as the m
ommon human EPHX1 amino acid variants in the
an population.
In addition to EPHX1, a large number of gene

olymorphisms have been cataloged for other
ransformation enzymes. These include variant
oth phase I and phase II metabolism pathways
s the cytochrome P450s and glutathione transfer
espectively [14]. The functional impact of thes
olymorphisms with respect to xenobiotic metabol
,

EPHX1 genotype status and the frequency of HCC
ease[22,23]. These include results from a more rec
investigation by McGlynn et al.[24]. EPHX1 polymor-
phisms also have been studied with respect to sev
other disease endpoints and have been variously as
ated with colorectal polyp formation[25], lung cancer
[26,27,28], orolaryngeal cancer[29], and sensitivity to
1,3-buadiene[30]. A review of selected molecular ep
demiological investigations examining associations
EPHX1 genotype with cancer susceptibility has be
published[17]. Elucidating the potential contributio
of EPHX1 genotype as a risk factor in human disea
either alone or with combined interactions with oth
polymorphic loci, remains an important and active a
of research investigation.

Although the existence of EPHX1 genetic polym
phism is firmly established, the relative enzymatic c
tribution of the commonly studied EPHX1 Y113H an

http://www.ncbi.nlm.nih.gov/snp
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H139R polymorphisms has been examined only to a
limited extent. With the initial discovery of the respec-
tive EPHX1 SNPs, the resulting four allelic variants
were evaluated for relative functional activities using
benzo[a]pyrene-4,5-epoxide (BaPO) as substrate[5].
When normalized to inherent levels of immunoreac-
tive EPHX1 protein, it was concluded that only min-
imal differences in enzymatic specific activities were
apparent among the variants[5]. Another investigation
similarly examined the enzymatic capacity of the re-
spective EPHX1 variants but also failed to discern a
correlation between EPHX1 polymorphism and enzy-
matic activity[31].

Given the potential important role that EPHX1 con-
tributes to the chemical biotransformation process,
and the suggested association of genetically encoded
differences in EPHX1 protein structure with the in-
cidence of certain diseases, it is important to more
rigorously characterize the functional impact of es-
tablished EPHX1 polymorphisms. In the present in-
vestigation, we re-evaluated the metabolic capabil-
ity of human EPHX1 allelic variants with two well-
characterized chemical substrates,cis-stilbene oxide
(cSO) and benzo[a]pyrene-4,5-oxide. In these stud-
ies, we used purified EPHX1 allelic proteins from
baculovirus-infectedSpodoptera frugiperda-9 (Sf9)
cells, a system not previously used for functional analy-
sis of polymorphic EPHX1 variants, as well as micro-
somal preparations derived from high quality human
livers of known EPHX1 genotype.
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dihydrodiol (BPDD) was a gift from Dr. Mont Juchau,
University of Washington, Seattle. BaPO and BPDD
were used in accordance with recommendations out-
lined in the National Cancer Institute handling guide-
lines and with approval from our institutional biosafety
committee. Isooctane was obtained from Sigma Chem-
ical Co., St. Louis, MO; HPLC grade methanol was
obtained from Burdick and Jackson, Muskegon, MI.
Access to human liver bank specimens was kindly pro-
vided by Dr. Kenneth Thummel, University of Wash-
ington.

2.2. Construction of recombinant bacmid and
recombinant baculovirus

The coding region of the four EPHX1 alleles,
previously cloned in the pSG5 expression vector
[5], were amplified using PCR and primers that
created artificial restriction sites (NotI FP, 5′-GAAGC-
GGCCGCAGTGCTTCTCCCTGTGCTG-3′; PstI RP,
5′ -AGCCTGCAGGGCACTTGTGGGGGGAGGTG-
G-3′). The resulting fragments were gel purified,
restricted and subcloned into the multiple cloning
site of the pFastbacTM vector. Competent DH5�
cells were transformed, plasmids were isolated, and
the DNA sequence of each insert was confirmed by
cycle sequencing with an ABI Model 377 sequencer
(Applied Biosystems, Inc., Foster City, CA). Com-
petent DH10BacTM cells were transformed with the
recombinant pFastbac plasmids, and bacmids were
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. Materials and methods

.1. Materials

The Bac-to-BacTM Baculovirus Expression Syste
nd other supplies used in the construction of
acmid, recombinant baculovirus, and Sf9 cells w
btained from Invitrogen Life Technologies, Carlsb
A. All reagents used in the purification of prote
ere obtained from J.T. Baker, Phillipsburg, NJ. P

ein purification columns were obtained from Am
ham Pharmacia Biotech, Piscataway, NJ. [3H] cSO
as a generous gift from Dr. Bruce Hammock, U
ersity of California, Davis. (+/−)-Benzo[a]pyrene
,5-oxide was obtained from Midwest Research
titute, Kansas City, MO. (+/−)-Benzo[a]pyrene-4,5
solated following recombination of the insert in
he bacmid DNA. Sf9 cells were transfected with
acmid DNAs, and recombinant baculovirus sto

or each EPHX1 allele were obtained from th
ultures.

.3. Purification of microsomal epoxide hydrolase

Baculovirus stocks were used to infect Sf9 cells
ection conditions were optimized for the viral tit
he multiplicity of infection, and the time duration f
PHX1 expression. The infected cells were grown
–6 days in 250 mL suspension cultures contai
race’s Insect Medium supplemented with 10% f

alf serum. At the end of the culture period cells w
arvested, washed with phosphate-buffered saline

he cell pellet was frozen until purification in 10 m
otassium phosphate buffer (pH 7.4) containing
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Genapol C-100. The method of Lacourciere et al.[32]
was used to purify EPHX1 protein from Sf9 cells,
except that Tris–HCl buffer was replaced by potas-
sium phosphate buffer. Purified proteins were stored in
10 mM potassium phosphate buffer (pH 7.4) at−80◦C.
Protein fractions obtained during the protein purifica-
tion procedure were monitored for EPHX1 content by
western immunoblot analysis[5] and cSO hydrolysis
[33].

2.4. Preparation of human liver microsomes

Microsomes were prepared[34] from livers of six
human donors that were previously determined to pos-
sess homozygous EPHX1 genotypes[35]. The EPHX1
homozygous genotypes were: Y113/H139 (samples
127, 137), H113/H139 (103, 133), and Y113/R139
(104, 141). Microsomal protein concentrations were
determined using the BCA Assay (Pierce, IL). The
specific EPHX1 content in the human liver microso-
mal samples was determined by western immunoblot
analysis[5]. Our institutional human subjects review
committee approved the studies using human tissues.

2.5. Western immunoblot analysis

Human liver microsomes and purified epoxide
hydrolase proteins were characterized initially by
Western immunoblotting. Proteins were separated by
SDS-PAGE on 10% acrylamide (ReadyGel®, Bio-
Rad precast gels) and blotted onto PVDF membranes
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somal proteins (pooled from three livers) were used as
the enzyme source to determine rate constants for the
human enzyme, and to determine a suitable substrate
concentration for further experiments with cSO. Typ-
ically, 0.25�g of purified enzymes, or 5�g of human
liver microsomes, and cSO (56�M) were used in the
incubation mixture. Reactions were terminated by ad-
dition of isooctane (200�L). The solution was mixed
for 20 s and an aliquot (25�L) of the aqueous phase
was analyzed by liquid scintillation spectroscopy. Incu-
bations without enzyme were performed in phosphate
buffer to estimate non-enzymatic hydrolysis. Product
formation was determined as a fraction of the total num-
ber of counts present in the incubation mixture.

2.7. Enzyme assay of benzo[a]pyrene-4,5-oxide
hydrolysis

Hydration of BaPO was determined by the method
of Omiecinski et al.[36], with modifications. Briefly,
BaPO (0.66 or 240�M) was incubated with the en-
zyme source, followed by HPLC product separation
and fluorescence detection. Incubations, with purified
enzyme or human liver microsomes, were carried out
in a final volume of 150�L in 10 mM potassium phos-
phate buffer (pH 7.4) at 37◦C for 15 min. Typically,
0.25–0.5�g of purified enzymes, or 5�g of human
liver microsomes, were used in the incubation mix-
tures. The reactions were terminated by addition of
10�L of perchloric acid, centrifuged, and 5–10�L
o the
C by
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r

2

are
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Immobilon-P, Millipore Corp., Bedford, MA). The a
ibodies used, and the methods employed have be
orted earlier[5]. Band intensities were quantified
canning densitometry using Millipore BioImage s
are (Ann Arbor, MI). The intensities of the bands w

eported as corrected OD, which refers to the ave
D after background subtraction.

.6. Enzyme assay and kinetics of cis-stilbene
xide hydrolysis

The hydration of cSO by purified EPHX1 enzym
r human liver microsomes was determined by
ethod of Gill et al. [33]. Briefly, [3H] cis-stilbene ox

de was mixed with the enzyme preparation in a fi
olume of 100�L containing 10 mM potassium pho
hate buffer (pH 7.4) at 37◦C and reactions were co
ucted for 3 min. Initially, pooled human liver micr
f acidified supernatant was injected directly onto
18 HPLC column. Quantification was achieved
omparison of peak areas for enzymatically gener
PDD to a standard curve produced by spiking a

fied incubation buffers with 0–5 nmoles of synthe
PDD. All other procedures, involving HPLC sep

ation, and fluorescence detection were similar to
eported previously[36].

.8. Data analysis

Data were analyzed with Microsoft Excel softw
5.1 (Microsoft Corp., Redmond, WA) and the

etic constants were calculated using K.cat softw
1.3.1 (BioMetallics Inc., Princeton, NJ). Curve

ing was performed assuming constant absolute e
nd kinetic constants were calculated after analys
ata with velocity versus substrate concentration p
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Fig. 1. Western immunoblot of purified, baculovirus-derived EPHX1
proteins. Equal amounts (0.125�g) of the EPHX1 allelic variants
were loaded in the lanes and equivalence in levels among the pu-
rified proteins was verified by densitometry determination of band
intensities.

Eadie-Hofstee plots, and Lineweaver-Burke plots. Sta-
tistical analysis of rate data was performed with Prism®

v3.0 (Graphpad Software Inc., San Diego, CA). The
rate data were tested for differences by performing a
one-way ANOVA, with Tukey’s multiple comparison
test.P values <0.05 were accepted as statistically sig-
nificant.

3. Results

3.1. Purification of microsomal epoxide hydrolase
proteins

The four allelic variants of the EPHX1 protein were
expressed using baculovirus infection of Sf9 insect
cells. Membrane fractions of the respective cell prepa-
rations were subjected to protein purification schemes
as described in Section2. Overall, the yield of EPHX1
from the infected cells was on the order of 0.5–2.0%
of the total cellular protein. The integrity and specific
EPHX1 content of the proteins purified to near ho-
mogeneity was assessed by immunoblotting analyses.
Fig. 1presents results from an immunoblot analysis of
the respective purified proteins. A single immunore-
active band, corresponding to the expected molecular
mass for EPHX1 (∼49 kDa), was observed for each of
the EPHX1 protein variants.

Microsomal samples prepared from human livers
that had been stored at−80◦ also were assessed for
E lot

Fig. 2. Western immunoblot analyses performed with human liver
microsomes. Purified EPHX1 proteins (5 and 10 ng) were used as
positive controls. Five micrograms of protein sample was loaded in
each lane. Band intensities were determined by densitometry and the
values generated were used to normalize the rate data with human
liver microsomes (Table 2).

analysis conducted with these samples (5�g pro-
tein/lane) are presented inFig. 2. Computer densito-
metry was performed to determine the specific con-
tent of EPHX1 in each microsomal or purified protein
preparation and the corresponding values were used to
normalize subsequent reaction velocity calculations.

3.2. Enzymatic activity analyses

Metabolic activities were assessed using the proto-
typical EPHX1 substrates, BaPO and cSO. As depicted
Fig. 3, BaPO is selectively metabolized to BPDD by
EPHX1[37], while cSO is selectively metabolized by
EPHX1 to 1,2-diphenyl-1,2-ethanediol[33].

Fig. 3. Metabolism of BaPO and cSO by microsomal epoxide hy-
drolase.
PHX1 activity. The results of Western immunob
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Fig. 4. V vs. S plot for pooled human liver microsomal proteins
with cSO as substrate. Microsomes from three human livers were
pooled and the reaction velocities were determined. All velocities
were initial velocities. The data points represent mean values and
the error bars represent standard deviations of the mean. The line
depicts non-linear regression of the data points. The meanKm and
Vmax values were 25�M and 52 nmol/min/mg protein, respectively.

3.3. Hydrolysis of cis-stilbene oxide

Hydrolysis of cSO was first evaluated using a pooled
microsomal sample from three human livers. The mi-
crosomal sample catalyzed cSO hydrolysis with char-
acteristic Michaelis–Menten kinetics, and averageKm
andVmax values of 25�M and 52 nmol/min/mg pro-
tein, respectively. These results are presented inFig. 4.

Using a saturating concentration of cSO substrate
(56�M), reaction velocities for the hydrolysis of cSO
were determined for the purified EPHX1 protein prepa-
rations, and in liver microsomes obtained from indi-
viduals homozygous for three of the four known pro-
tein variants. To illustrate these results,Fig. 5presents
graphically the data obtained with the Y113/H139 ref-
erence protein.Tables 1 and 2present the detailed re-
sults derived from the reaction rate studies. The refer-

Fig. 5. Vvs.Splot illustrating results obtained with cSO as substrate
and a purified sample of Y113/H139 EPHX1 reference protein. See
T

ence enzyme preparations generated reaction rates that
were greater than those obtained from the other allelic
variants (Table 1). Although less than 2-fold, the dif-
ferences were statistically significant (P< 0.01), as de-
termined by ANOVA analysis. A similar trend in wild
type versus variant EPHX1 activities also was obtained
with the human liver microsomes (Table 2), although
the differences in the latter case were not statistically
significant (P > 0.05). Per unit of protein, the purified
enzyme preparations yielded reaction rates that were
approximately 4–5-fold higher than those obtained us-
ing the liver microsomal fractions.

3.4. Hydrolysis of benzo[a]pyrene-4,5-oxide

The hydrolysis of BaPO to BPDD was similarly
evaluated with the purified EPHX1 proteins. The re-
action rates were measured at two BaPO substrate con-
centrations, 0.66 and 240�M, levels of substrate used
in previous investigations and representative of lim-
iting and saturating substrate concentrations, respec-
tively [35]. These results are presented inTable 1. At
the lower substrate concentration the reference allele
exhibited a significantly higher (2-fold) reaction rate
compared to the EPHX1 protein variants (P < 0.01).
However, relative to each other, the mEH variants them-
selves demonstrated no apparent differences in reaction
rates, as determined by a one-way ANOVA (P> 0.05).
The higher substrate concentration enabled approxi-
mately 7–10-fold increases in reaction rates compared
t ates
n tly
l lic
v n 2-
f X1
v
e trate.

e of
t ith
B ntra-
t es,
r X1
c d by
d -
t
n
t ugh
a
ables 1 and 2for detailed reaction rate analyses.
o the low substrate concentration. The reaction r
oted for the H/R allele in particular were significan

ower (P < 0.01) than the other three EPHX1 alle
ariants, although these differences were less tha
old in magnitude. The activities of remaining EPH
ariants did not differ significantly (P> 0.05) from ref-
rence protein at the saturating level of BaPO subs

Human liver microsomes, homozygous for thre
he four allelic EPHX1 variants, were also tested w
aPO using the same two different substrate conce

ions (Table 2). In the human liver microsomes studi
ates of BaPO hydrolysis were normalized to EPH
ontent in the microsomal samples, as determine
ensitometric analysis (Fig. 2). Analysis of the reac

ion rates at 0.66�M by one-way ANOVA indicated
o statistically significant difference (P> 0.05) among

he various microsome sample preparations. Altho
nalysis of the reaction rates at 240�M by a one-way
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Table 1
Metabolism of EPHX1 substrates by purified epoxide hydrolase

Protein cSO (nmol/min/mg protein) BaPO (0.66�M) (nmol/min/mg protein) BaPO (240�M) (nmol/min/mg protein)

Y/H 286± 10a 8.2 ± 1.2a 57± 3.8
H/H 158± 13.5 4.4 ± 0.7 45± 7
Y/R 178± 18.3 5.2 ± 0.6 50± 5.3
H/R 146± 9.8 5.1 ± 0.9 37± 2.2a

All values are mean± S.D. or reaction rates (n = 3).
a Significantly different from other allelic variants (P <0.01).

Table 2
Metabolism of EPHX1 substrates by human liver microsomes

Protein Allele cSO (nmol/min/mg protein) BaPO (0.66�M) (nmol/min/mg protein) BaPO (240�M) (nmol/min/mg protein)

HLM 127 Y/H 67.7 ± 7.9 1.00± 0.04 9.24± 0.59
HLM 137 Y/H 52.5 ± 3.3 0.89± 0.08 8.19± 0.36
HLM 133 H/H 34.4 ± 3.2 0.98± 0.006 7.68± 0.7
HLM 103 H/H 33.6 ± 1.3 0.88± 0.04 8.57± 0.67
HLM 141 Y/R 41.5 ± 2.8 0.82± 0.04 8.14± 1.39
HLM 104 Y/R 39.1 ± 1 0.77± 0.06 9.53± 0.67

All values are mean± S.D. or reaction rates (n = 3); HLM: human liver microsomes.

ANOVA revealed an apparent difference in the reaction
rates (P < 0.05) among the six microsomal samples,
when analyses were conducted using a paired compar-
ison test, no significant difference among the micro-
somal samples (P > 0.05) was detected. Similar to the
results obtained with the purified Sf9-derived prepa-
rations, 9–12-fold increases in reaction rates were ob-
served in the microsomal samples subsequent to in-
creasing the BaPO substrate concentration from 0.66
to 240�M. The purified EPHX1 preparations demon-
strated an approximately 4–6-fold increase in BaPO
hydrolysis rates relative to the human liver microsome
samples. However, the overall trends exhibited in mea-
sured BaPO hydrolysis rates between the two systems
were similar.

4. Discussion

Microsomal epoxide hydrolase plays a pivotal
role in the generation of bay-region diol-epoxides of
the carcinogenic polyaromatic hydrocarbons, such as
benzo[a]pyrene[38]. The critical nature of EPHX1
bioactivation in polyaromatic hydrocarbon- induced
carcinogenesis was demonstrated in EPHX1 null mice,
which were completely resistant to the tumorigenic ef-
fects of dimethylbenz[a]anthracene in a complete car-

cinogenesis assay[39]. However, EPHX1 plays a pro-
tective role in other chemically mediated toxicities.
For example, expression of EPHX1 protects against
styrene 7,8-oxide induced genotoxicity in mammalian
cells[40].

In the current investigation we sought to more defini-
tively assess the functional relationships of EPHX1 al-
lelic status. In part, we exploited baculovirus infected
insect cells engineered to over produce the respective
EPHX1 allelic variants. Enzymatic activities were an-
alyzed using EPHX1 enzyme derived either from puri-
fied, baculovirus-expressed EPHX1 protein or from hu-
man liver microsomes prepared from tissues of known
EPHX1 genotype. Two prototypical EPHX1 substrate
probes were employed in the analyses, cSO and BaPO.
For cSO, the reaction rates for EPHX1-mediated hy-
drolysis were determined and compared among the
different allelic variants. In the case of BaPO, enzy-
matic activities were measured at two substrate con-
centrations, representing saturating and near-Km levels
of substrate, respectively. By performing enzymatic as-
says with purified EPHX1 enzymes, variables such as
uniformity of expression and potential influences from
competing reaction pathways in cell lines were more
easily controlled. The assays conducted with human
liver microsomal preparations that were homozygous
for three of the four EPHX1 allelic protein variants en-
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abled comparison of activity measurements within lipid
environments more closely resembling those occurring
in vivo (the remaining protein variant, H113/R139, was
not assayed because the available liver bank samples
did not include any individuals of this genotype).

For cSO, hydrolysis rates (Tables 1 and 2) were ob-
tained using a substrate concentration of 56�M, subse-
quent to the determination of enzymatic rate constants
obtained with pooled human liver microsome fractions
(Fig. 4). Experiments conducted with both purified en-
zymes and with microsomal preparations indicated a
modest (<2-fold) difference in cSO metabolism among
the four EPHX1 different allelic variants, with the ref-
erence Y113/H139 genotype exhibiting the highest lev-
els of activity. Although the derived cSO rate constants
were approximately 4-fold higher than those reported
by Kitteringham et al.[31], our results were otherwise
consistent with those previous studies in that no strong
association was observed between EPHX1 allelic sta-
tus and corresponding rates of cSO hydrolysis.

The results obtained from the BaPO experi-
ments demonstrated similar trends to those obtained
with cSO. Using purified enzymes, relative activities
demonstrated for BaPO hydrolysis between the respec-
tive EPHX1 allelic variants, again with the Y113/H139
allele exhibiting the highest activity (Table 1). In con-
trast, the results of assays conducted with human
liver microsome samples demonstrated no statistically
significant difference in BaPO hydrolysis among the
tested variants (Table 2). The current results, obtained
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patients is the consequence of enhanced degradation
of certain allelic variants of the enzyme[44]. Analyses
of translational rates and protein half-lives for the re-
spective EPHX1 protein variants has been investigated
previously in our laboratory using transient transfec-
tion techniques in COS-1 cells[45]. Although not sta-
tistically significant, the H113/H139 EPHX1 variant
tended to exhibit a shorter protein half-life than the re-
maining variants. The results from the studies reported
here suggest only modest differences in the measured
rates of specific activity among the respective EPHX1
variants, however, inherent allelic differences in pro-
tein stability also may lead to altered rates of clearance
of epoxide species in vivo. The relationship between
EPHX1 protein stability and epoxide metabolism in
vivo remains unclear, although it is likely that poten-
tial differences in enzyme stability, together with poly-
morphisms in the 5′-flanking region affecting transcrip-
tional rates[46], may combine to modify metabolism
and clearance of epoxides. In addition, results from sev-
eral studies suggest that interactions between specific
polymorphic loci, such as between EHPX1 and the cy-
tochrome P450s[28], and/or between EPHX1 and the
glutathione-S-epoxide transferases[29], will likely de-
termine unique genotypes that are most highly suscep-
tible to chemically-initiated diseases. Further studies
conducted on large population samples will required
to thoroughly address these gene–gene interaction de-
terminants[18].

Given the broad substrate specificity inherent in
E as
t , i.e.,
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d en-
v atic
s tion
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t
T dro-
c and
o ers,
t
r en
c ther
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ith BaPO and human liver microsomes, also w
onsistent with data reported previously from ass
sing S9 fractions obtained from human livers[35].

A potential source of variability in estimating t
n vivo activity of EPHX1 is enzyme stability. Th
henomenon of varying stability of polymorphic va
nts has been documented with other biotransform
roteins, including the soluble form of human epox
ydrolase, EPHX2[41], and theN-acetyltransferase

42]. For example, specific amino acid substituti
n N-acetyltransferase, NAT2, have been shown to
er the stability of the resulting protein, thereby
uencing the metabolic capacity of the enzyme[42].
he thiopurineS-methyltransferases (TPMT) are a
olymorphic, and patients with TPMT deficiency
t a high risk of hematopoietic toxicity[43]. In stud-

es conducted to assess the functional consequen
PMT polymorphism, lower TPMT content in som
f

PHX1, it is intriguing to ask the additional question
o whether the model EPHX1 substrates used here
SO and BaPO, serve as adequate surrogates fo
icting EPHX1 activities among the large array of
ironmental epoxides that may otherwise be enzym
ubstrates. An early study compared EPHX1 reac
ates among 11 substrates using microsome pre
ions obtained from nine different human livers[47].
he substrates included several polyaromatic hy
arbon epoxides, together with styrene 7,8-oxide
ctane 1,2-oxide. Across the entire panel of nine liv

he results demonstrated high correlations (r = 0.87 to
= 0.99) of EPHX1 activity for each substrate wh
ompared against EPHX1 activity for each of the o
ubstrates[47], indicating that enzymatic activities o
ained with any one are predictive for others. Ho
ver, in a more recent study, EPHX1 hydrolytic act
ies were evaluated across three substrates:cis-stilbene



V.P. Hosagrahara et al. / Chemico-Biological Interactions 150 (2004) 149–159 157

oxide, carbamazepine-10,11-epoxide, and naphthalene
oxide, within a panel of microsome samples obtained
from 15 human livers[31]. These investigators pro-
vided evidence supporting the idea of substrate-specific
variation for EPHX1. Therefore, although the data pre-
sented in the current investigation suggest no major
specific activity alterations associated with the 113/139
EPHX1 allelic substitutions; it remains possible that in-
dividual EPHX1 variants may possess unique substrate
preferences and associated activity differences.

Furthermore, other provocative biological roles for
EPHX1 have been proposed, including function as a
bile acid transporter[48], participation in vitamin K1
oxide reductase activity[49], and a role in endogenous
metabolism of steroid epoxides[50]. It remains to be
determined whether EPHX1 polymorphism may func-
tionally influence these processes.
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