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Microsomal epoxide hydrolase (mEH) catalyses the hydro-
lysis of xenobiotic epoxides, including various epoxide
derivatives of the procarcinogenic polyaromatic hydro-
carbons. Levels of mEH enzymatic activity among different
cell types and between individuals within the population
vary considerably. Genetic polymorphisms within the struc-
tural region of the human mEH gene exist and appear
to contribute to the population variance in functional
expression. In this study, we used single strand conforma-
tional polymorphism analysis and direct DNA sequencing
approaches to identify seven additional polymorphic sites
within the upstream region of the mEH gene, spanning –
743 to F185 bp, relative to the transcription initiation
site. Allelic frequencies and linkages of the polymorphic
nucleotides were determined in 51 individuals using restric-
tion fragment length polymorphism or competitive oligonu-
cleotide priming assays. To determine the functional
significance of the individual nucleotide substitutions, DNA
fragments representing the variant alleles were cloned into
the heterologous pBRAMScat2 reporter vector, transfected
into HepG2 cells and assessed for reporter gene expression.
Results indicated that certain of these polymorphic loci
might differentially regulate transcription, with the max-
imum contribution of any of the variants modifying levels
of reporter gene activity by ~ 30%. These observations
establish that genetic variation in the 59 flanking sequence
of mEH gene is likely an additional contributing factor to
the range of functional mEH expression existing in human
populations.

Introduction

Microsomal epoxide hydrolase (mEH*, E.C. 3.3.2.3) catalyses,
with broad substrate specificity, the conversion of highly
reactive, and cytotoxic arene oxides and aliphatic epoxides to
less toxic trans-dihydrodiols (1). Substrates for mEH are
principally xenobiotic epoxide metabolites generated by Phase
I oxidation reactions. Therefore, mEH biotransformation typic-
ally results in detoxification and preparation for Phase II
conjugation reactions. However, in certain cases, mEH also
participates in bioactivation pathways, with a well-character-
ized example being the metabolic conversion of benzo[a]pyrene

*Abbreviations: mEH, microsomal epoxide hydrolase; SSCP, single strand
conformational polymorphism; RFLP, restriction fragment length poly-
morphism; COP, competitive oligonucleotide priming; CAT, chloramphenicol
acetyl transferase; TK, thymidine kinase; ASO, allele-specific oligomer; SEAP,
secreted alkaline phosphatase.
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(a component of cigarette smoke) to the highly mutagenic
(1)-anti–7,8-diol–9,10-epoxide (2).

The mEH enzyme is expressed in all tissues thus far
examined (3,4) with highest levels in the liver, kidney, and
testis and 10–100-fold lower levels in the lung and lymphocytes
(5). Within cells, mEH is localized mainly to the endoplasmic
reticulum where it can transiently associate with the
cytochrome P-450 mixed function oxygenase system (6).
Endogenous substrates for mEH have not been readily identi-
fied. However, the mEH-catalysed hydrolysis of certain steroid
epoxides (7), indicates potential involvement in steroid meta-
bolism. Additionally, the high degree of mEH structural
conservation between several mammalian species (8) and
apparent ubiquitous tissue expression imply an important role
in cellular metabolism.

There is evidence for polymorphic mEH expression within
the human population. Interindividual differences in mEH
activity ranging in scale from several to 40-fold have been
reported in various human tissue types (5,9,10). Clinical studies
have demonstrated associations between low mEH enzyme
activity levels, and adverse drug responses or disease states.
Among these are reports that low levels of mEH activity
correlate with the occurrence of fetal hydantoin syndrome
(11,12). Individuals displaying hepatotoxicity in response to
phenytoin and acetaminophen exposure have decreased levels
of mEH activity when compared to control subjects (13,14).
In contrast, several other studies have not found an association
between mEH expression or genotype, and adverse anti-
convulsant drug responses (15–17).

Heckbertet al. (18) reported a consistent, but statistically
non-significant association between low mEH activity and
the occurrence of lung and other smoking-related cancers.
Recently, McGlynnet al. (19) reported the association of a
mEH exon 3 polymorphism, which reduces enzyme activity
in vitro, with the occurrence of hepatocellular carcinoma in
an aflatoxin and hepatitis B-exposed population. Interestingly,
Lancasteret al. (20) observed an association between the
higher activity exon 3 allele and the occurrence of ovarian
cancer. These findings imply mEH involvement in both preven-
tion and potentiation of the carcinogenic process.

The molecular basis for variation in mEH activity has not
been characterized completely. As indicated above, genetic
polymorphisms have been identified within the coding region
of the gene (15,21) which result in amino acid substitutions
at two positions (residue 113Tyr/His; residue 139Arg/His).In
vitro expression analyses indicated that the corresponding
proteins varied as much as 65% in relative activity (21).
However, these alterations were more likely the result of
altered protein stability, and not enzyme specific activity. While
these structural polymorphisms of the enzyme are likely
biologically and clinically relevant by themselves, they do not
appear to account for the complete spectrum of mEH activity
variation within the population.

Many human genes, including cytochrome P450 2E1 (22),
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apolipoprotein AI (23), CIII (24) and IL–4 (25), contain gene
promoter region polymorphisms that modulate their respective
transcriptional expression. We hypothesized that functional
genetic polymorphisms are present in the mEH promoter
region, which contribute to the range of variation noted
previously among individuals. In this report, we describe the
identification and functional characterization of polymorphisms
in the promoter region of the humanmEH gene. Seven
polymorphic loci were identified by polymerase chain reaction-
single strand conformational polymorphism (PCR-SSCP) ana-
lysis and by DNA sequencing. Allelic frequencies were deter-
mined either by DNA sequencing, restriction fragment length
polymorphism (RFLP) or competitive oligonucleotide priming
(COP) analysis. To ascertain the functional significance of
nucleotide substitutions, DNA fragments containing the variant
residues were cloned into heterologous pBRAMScat2 chloram-
phenicol acetyl transferase (CAT) reporter vectors containing
the thymidine kinase (TK) promoter. These chimeric DNA
constructs were transiently transfected and expressed in human
hepatoma HepG2 cells. The results of these experiments
demonstrate that polymorphic loci present in the 59 region of
the mEH gene differentially regulate transcriptional activity.

Materials and methods
PCR-SSCP analysis
Genomic DNA was obtained from a study of predominately Caucasian male
workers in western Washington State (26). DNA samples were PCR amplified
and radiolabeled using the primer sequences and annealing temperatures
shown in Table I, panel A. The locations of the PCR products within the
mEH promoter, relative to the transcription start site (27), also are indicated
in Table I. Each amplification reaction contained 2.5U Taq polymerase
(Promega, Madison, WI), 1.5 mM MgCl2, 0.5 µg genomic DNA, 100µM
dNTPs, 0.2µM primers and 2.0µCi of [α-33P] dATP (3000 Ci/mM, NEN)
in a volume of 25µl. PCR conditions included initial denaturation at 95°C
for 3 min, addition of polymerase and dNTP mix at 85°C, followed by 30
cycles with 1 min denaturation at 94°C, 45 s annealing (see Table I for
temperatures) and 72°C extension for 45 s. Reaction products were analysed
by agarose gel electrophoresis to verify expected size. SSCP analyses were
performed at room temperature using 6% acrylamide/7.5% glycerol gels and
electrophoresed at 8–10 W for 14–18 h, as described by Oritaet al. (28). For
analysis, gels were dried and subjected to autoradiography.

Table I. Oligomer primers used in amplification reactions. Forward (sense) and reverse (antisense) orientations are designated by FP and RP, respectively, in
the primer name. Annealing temperature is °C. Genomic location is with respect to the transcription start site (11). Product size incorporated amplificiation
primers. Primers were employed as follows: Panel A, SSCP analyses; Panel B, amplification of genomic DNA samples for RFLP determination; Panel C,
COP analysis.

Primer set Sequence (59→39) T° anneal Genomic location Product size (bp)

A FP1 CCACGCTGTGCACACATGAG 58 –25→1185 210
RP1 CCCAGTGCTTTCACCTGTCC

FP2 GCCCTCCTCTTCCTG 54 –193→157 250
RP2 GGCACTGGCCCCCAC

FP5 CCTGCTGTCACACCAGGC 58 –430→–165 266
RP5 CCAGGTGTATCACCCAGG

FPS3 TAGCTCTCCGACAAAGCAGACG 65 –613→–370 244
RPS3 AATAGCAGGTGGTTAATGCACC

FP6 GGTCTAGGAATTGTCAAGCGCCCAG 54 –743→–538 206
RP4 CAAGGAGCCCACCCT

B FP6 GGTCTAGGAATTGTCAAGCGCCCAG 65 –743→182 825
RPS4 TGTGAGAGAGGCAGGGCAGGCTGC

C FPS3 TAGCTCTCCGACAAAGCAGACG 63.5 –613→–343 271
RP-362C TTGCCACCTAGTAACAGCCC
RP-362T TTGCCACCTAGTAACAGCCT
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DNA sequencing

Genomic DNA samples that exhibited unique patterns with SSCP analysis
were PCR amplified, purified with Microcon-100 filters (Amicon, Beverly,
MA) and sequenced on both strands using thefmolTM cycle sequencing
system (Promega, Madison, WI). Sequence analysis employing Sequenase
Version 2.0 T7 DNA polymerase (USB, Cleveland, OH) was used to verify
plasmid identity (see below).

Genotype determination and allelic frequency

Genomic DNA samples were PCR-amplified with primers FP6 and RPS4
(Table I, panel B), ethanol precipitated, digested and analysed by agarose gel
electrophoresis. Six of the identified polymorphic residues occurred within
restriction enzyme recognition sites thereby allowing analyses by RFLP. Since
RFLP analysis was not possible at one polymorphic site, a modification of
competitive oligonucleotide priming (COP) analysis (29) was employed. The
allele specific oligonucleotides (ASO), RP–362C and RP–362T (Table I, panel
C) contained the variant base at the 39 end, rather than internally. Five ng of
FP6/RPS4-derived PCR product obtained from each genomic DNA was used
as a template in two separate PCR reactions containing 0.1µM of each
unlabeled ASO, 53105 dpm of either RP–362C or RP–362T32P-labeled
ASO, 0.2µM FPS3 and other PCR reagents as indicated above. PCR primers
with perfect complementarity to the template DNA at the variable nucleotide
are preferentially incorporated in the amplification reaction. Products were
electrophoresed in 1.5% agarose gels which were dried and analysed by
autoradiography. Hardy–Weinberg equilibrium was assessed for each poly-
morphic locus using theχ2 test at significance level ofP , 0.05.

Plasmid construction and preparation.

Fragments of mEH 59 DNA were generated by PCR amplification of genomic
DNA using the primer set shown in Table I, panel B. In several instances,
other amplification primers containing mismatches relative to the template
were used to create restriction sites and facilitate cloning. The PCR products
were digested with appropriate restriction enzymes (see below), agarose gel
purified and ligated into the reporter vector pBRAMScat2, which contains the
thymidine kinase promoter (30). DH5α E.coli cells were transformed and
resulting colonies screened either by PCR or grid hybridization for the
presence of mEH DNA sequence. Plasmids were prepared by the method of
Lee and Rasheed (31), and analysed by sequencing and restriction digestion
to verify insert size, junctions and polymorphic sites. Positive clones were
prepared in triplicate, quantified spectrophotometrically, and further assessed
by agarose gel electrophoresis with quantitative and qualitative (supercoiling)
comparison before use in cell transfection experiments.

Cell transfection

Human hepatoma cells (HepG2, ATCC #HB–8065) were grown in D-MEM/
F–12 media (Gibco/Life Technologies, Grand Island, NY) supplemented with
5% Nu-Serum (Collaborative Research, Bedford, MA), 100 U/ml penicillin
and 0.1 mg/ml streptomycin (P/S; Sigma, St Louis, MO) in 75 cm2 flasks
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(Becton Dickinson, Lincoln Park, NJ). Duplicate flasks were seeded for each
transfected DNA construct, and triplicate plasmid preparations were employed
for each construct in order to minimize artifactual results potentially arising
from either qualitative or quantitative variation. Thus, transfection assay
results were determined from the independent analyses of six flasks per
plasmid construct. At ~ 40% cell confluency, media was changed to D-MEM/
F–12 supplemented with insulin, transferrin, and selenium (ITSTM culture
supplement; Collaborative Biomedical Products, Bedford, MA) and P/S for
8 h. At that time, plasmid DNA transfections were performed using the
LipofectinTM reagent (32) and Opti-MEMTM media (Gibco/Life Technologies,
Grand Island, NY). Each flask was co-transfected with 10µg of chimeric
mEH/pBRAMScat2 plasmid DNA and 2.5µg of the plasmid pBC12/RSV/
SEAP, which contains a secreted alkaline phosphatase (SEAP) reporter gene
(33). This plasmid was included as an internal standard for normalization of
transfection efficiency. Other controls included mock-transfected flasks (no
DNA) and transfection with pBRAMScat2 containing no mEH inserts. Six h
post-transfection, media containing ITS supplemented with BSA and linoleic
acid (ITS1TM; Collaborative Biomedical Products) was added. At 48 h post-
transfection, aliquots of media were removed for SEAP analysis, cells were
lysed and extracts were assayed for total protein content (BCA Assay,
Pierce, Rockford, IL) and CAT protein content (CAT ELISA kit, Boehringer
Mannheim, Indianapolis, IN). SEAP (triplicate), protein (triplicate) and CAT
assays (duplicate) were analysed using a Molecular Devices 96-well plate
reader with Delta Soft II software, version 4.14. Coefficients of variation of
,10% were obtained for all assays. CAT ELISA results were normalized to
total protein and SEAP activity values obtained from identical flasks.

Results

Identification and localization of polymorphic loci
PCR-SSCP screening of the 59 region of themEH gene was
accomplished using the five primer sets shown in Table I, panel
A. Using this approach, no polymorphisms were identified in
the two-sample sets which encompassed the region spanning
from –193 to 1185 of the mEH gene (data not shown).
However, analysis of 24 genomic DNA samples suggested
that three of the five regions contained polymorphic loci.
Figure 1A, an autoradiogram obtained from the SSCP assess-
ment of the region spanning –430 to –165, demonstrated a
complex banding pattern suggesting the presence of multiple
polymorphic sites. In contrast, screening the regions –743 to
–538 (Figure 1B) and –613 to –370 (Figure 1C), demonstrated
simple banding patterns implying that fewer polymorphisms
were present.

DNA sequence was determined for putative polymorphic
regions in order to identify the exact polymorphic locations
and base substitutions. Seven polymorphic sites were identified,
and the positions with base substitutions (shown in Figure 2)
are as follows: –200C/T, –259C/T, –290T/G, –362A/G, –399T/
C, –613T/C, and –699T/C. PCR cycle sequencing enabled
the identification of polymorphic sites and determination of
genotype from a single reaction, as shown for four individuals
at the –362A/G site (Figure 3). In this example, individual #1
is a heterozygote, #2 and #3 are homozygous –362G, and #4
is homozygous –362A.
Frequency analysis
To assess polymorphic site frequencies, genomic DNA samples
from 51 individuals were genotyped by RFLP or COP analysis.
RFLP characterization was employed for the polymorphic sites
located at –200 (Mae III), –259 (Ssp I), –290 (Ban I), –399
(Bsl I), –613 (Nhe I) and –699 (Dde I). From this analysis we
concluded that the polymorphic allele frequencies were not
equal. For instance, variant residues –200T, –259T and –290G
were detected in 90/102 alleles analysed (88%). Likewise, the
polymorphic residues –613C and –699C were the predominant
variants, observed in 69/102 alleles (68%). RFLP analysis of
the DNA samples revealed a frequency of ~82% (83/102) for
the –399C variant.
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Because a diagnostic restriction site was not present, the –362
polymorphism was analysed by COP analysis. Characteristic
results of this analysis, obtained from the DNA of 15 indi-
viduals, are presented in Figure 4. Agarose gels shown in
Figure 4A and B (upper panels) demonstrate the presence of
a prominent 271 bp product derived from the primers FPS3
and either RP–362C or RP–362T, respectively. Figure 4A and
B (lower panels) present the autoradiograms obtained from
the dried gels. The PCR bands seen in Figure 4A contained
the radiolabeled RP–362C primer that is preferentially incorp-
orated in products containing the 362G allele. Likewise, the
autoradiogram in Figure 4B demonstrates the incorporation of
the radiolabeled RP–362T primer, indicative of the 362A
allele. From this Figure, it is concluded that individuals 1, 3,

Fig. 1. SSCP analysis of three regions of the humanmEH gene. Each lane
was loaded with radiolabeled PCR product from various genomic DNA
templates. Differences in the banding patterns suggest the presence of
polymorphic sites within the analysed DNA fragments. PanelA was
generated using the FP5/RP5 primer set and covers the region from –430
to –165. PanelB screened from –743 to –538 with the FP6/RP4 primers
and panelC was obtained from the FPS3/RPS3 primers and covers –613
to –370. Identical lane numbers in the three panels do not represent the
same DNA samples.
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Fig. 2. Polymorphic loci in the 59 region of themEH gene. The mEH 59
flanking region is depicted at the bottom and the polymorphic site locations
are shown above at –699, –613, –399, –362, –290, –259 and –200. Each
allelic construct, designated at the left, contains all of the polymorphic
residues indicated. Restriction sites used for cloning into pBRAMScat2 are
presented at the boundaries of each fragment containing relevant
polymorphic residues. *Indicates restriction site created by PCR. The CAT
ratios determined for orthologous clones (for example 200C/200T) and
shown on the far right are means6 standard deviations derived from two to
four experiments. Those marked with ** indicate statistical significance at
P , 0.05, compared with ratios of unity, using standardt-test analyses.

Fig. 3. PCR cycle sequence analysis of genomic DNA samples. Arrows
indicate the polymorphic site at –362. Individual #1 is a heterozygote as
seen by bands in both the A and G lanes. Samples #2 and #3 are
homozygous G, and #4 is homozygous A.

13 and 14 are homozygous for 362A, while subjects 2, 5, 6,
7, 8, 11 and 12 are homozygous for 362G. Heterozygous
individuals are 4, 9, 10 and 15. COP analysis of the –362
polymorphism for all 51 individuals analysed above revealed
a frequency distribution identical to the –613 and –699 variants,
with the G residue present in 68% of the alleles analysed.

Linkage analysis
Initial DNA sequence characterization, as well as allele fre-
quency determinations, suggested that some of the polymorphic
loci might be linked. Two linkages, each containing three
polymorphic sites, were confirmed from homozygous indi-
viduals and occur as follows. The –200/–259/–290 alleles exist
as either the combination C/C/T or T/T/G, while variants at
–362/–613/–699 occur as either A/T/T or G/C/C, respectively.
These are subsequently referred to as the –200 linkage
(–200, –259, –290) and the –600 linkage (–362, –613, –699).
The –399 site, which lies within the –600 linkage, appears to
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Fig. 4. Representative COP analysis. Fifteen genomic DNA samples were
characterized for polymorphism at the –362 site by competitive
oligonucleotide priming (COP). PanelA presents the results obtained from
PCR amplification with the radiolabeled primer RP–362C. The upper half
shows the ethidium bromide stained agarose gel with a prominent 271 bp
PCR product in all samples except the negative control (no DNA). Below
this is an autoradiogram of the dried gel showing preferential incorporation
of radiolabel (1) in templates containing the –362G allele. PanelB is
identical to panel A except the PCR was conducted with the radiolabeled
RP–362T oligomer. Samples 4, 9, 10 and 15 are heterozygotes; 2, 5, 6, 7, 8,
11 and 12 are homozygous G; 1, 3, 13 and 14 are homozygous A.

be independent from this group as can be deduced from the
allelic frequencies reported above.

The 51 genomic DNA samples used for the genotyping
analyses were obtained from 42 Caucasians, five Asians, three
native Americans and one Hispanic. Although the sample size
was small, no marked deviation was evident for any of the
races with respect to the linkages reported above. Each of the
polymorphic alleles at the 200 and 600 linkages was observed
in Caucasians, Asians and native Americans. Both alleles at
the –399 site were detected in the Caucasians, Asians and the
Hispanic. These observations demonstrate that the polymorph-
isms and their associated linkages, are present in several races.
However, because allele frequencies often vary among races
and the small sample size for some ethnic groups in this study,
only the 42 Caucasians were included for population analysis.

The polymorphic sites and linkages, allele frequencies,
genotype frequencies and expected frequencies at Hardy–
Weinberg equilibrium are shown in Table II. Frequency deter-
minations for the variant nucleotides within both linkages and
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Table II. Polymorphic sites, allelic base substitutions (listed 39 to 59), allelic frequency, genotypic frequency and frequencies predicted at Hardy-Weinberg
equilibrium. The data are derived from 42 Caucasian genomic DNA samples (84 alleles).

Linkage Genotype (allele) Allelic frequency Genotype frequency Expected frequency

200 –200T, –259T, –290G (TTG allele) 0.881 0.785 0.776
–200T/C, –259T/C, –290G/T – 0.190 0.210
–200C, –259C, –290T (CCT allele) 0.119 0.024 0.014

600 –362G, –613C, –699C (GCC allele) 0.679 0.500 0.461
–362G/A, –613C/T, –699C/T – 0.357 0.436
–362A, –613T, –699T (ATT allele) 0.321 0.143 0.103

none –399C (C allele) 0.798 0.643 0.637
–399C/T – 0.309 0.322
–399T (T allele) 0.202 0.048 0.041

the –399 site suggest each of these polymorphisms are in
Hardy–Weinberg equilibrium.

Transfection experiments
To assess the functional significance of these sequence vari-
ations, 12 mEH DNA fragments containing the polymorphic
sites were cloned into pBRAMScat2 reporter vectors using the
restriction sites shown in Figure 2. The CAT ratios shown at
the right of the figure were derived using the normalized CAT
expression of clones from two to four experiments. CAT
protein or SEAP activity was not detected in any of the mock
transfections. Chimeric constructs containing either of the
variant nucleotides at positions –200, –259, –290 and –399
demonstrated no consistent effect on CAT reporter expression.
In contrast, constructs, which contain allelic variants at posi-
tions –362, –613 and –699, appeared to modulate CAT expres-
sion by ~ 30% in an allele specific manner.

Discussion

We have identified and characterized seven polymorphic sites
in the mEH proximal promoter region. Six of these base
changes are transitions: five of the C/T class and one of
the A/G type. The –290 G/T polymorphism was the only
transversion identified in this study. These findings are in
general agreement with previous estimates showing that trans-
itions occur more frequently than transversions, with pyrimid-
ines favored over purines (34). The frequency of
polymorphisms within this region of the humanmEH gene
(~ 1 per 100 bp) is slightly higher than the mean heterozygosity
in the human genome of 1 per 250–300 bp estimated by
Cooperet al. (35). Four of themEH gene polymorphic sites
(–362, –399, –613 and –699) are apparent by comparing
recently published sequences (15,36). The three polymorphic
loci in the 200 linkage are not evident by comparative sequence
analysis, probably due to the relatively low frequency of the
CCT allele. An additional non-coding polymorphism, recently
identified at residue166 (16), was not detected by the
conditions employed in our SSCP analysis.

To our knowledge, the presence of two separate linkage
groups within a small promoter region, each containing three
variant bases, represents an unusual finding. Promoters of
numerous genes contain single polymorphic linkages. For
instance, the cytochrome P450 CYP2E1 promoter contains
five variant sites between –1259 and –771 bp, which were
reported by Hayashiet al. (22) to exist in complete linkage
disequilibrium. Linkage such as this is consistent with a gene
conversion event (37). Powers and Smithie (38) reported that
multiple gene conversions between fetalγ andα-globin genes
involve sequences,300 bp in length, and the linkages reported
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here are within this size range. To consider gene conversion
as a mechanistic explanation for our observations in the human
mEH gene, homologous sequence must be present on the
same chromosome. However, computer analyses of the DNA
sequence currently deposited in Genbank (Release 102.0)
reveals no unexpected sequence homologies to the mEH 59
upstream region.

The distal boundaries for themEH gene linkages are not
known. We have determined by DNA sequencing that the 200
linkage is not associated in a predictable manner with the
variants at166 (16), nor the exons 3 and 4 coding polymorph-
isms (21) which reside.6500 bp downstream. However, as
exemplified by the –399 site within the 600 linkage, this does
not preclude continued linkage downstream of the166 site.
The 59 boundary of the 600 linkage has not been determined.

The CAT expression data summarized in Figure 2 suggest
that two polymorphic loci in the human mEH 59 region (–362
and –613) are each capable of modulating transcriptional
activity by an average of ~ 30%. The importance of the –613
site (clones 613T/613C, CAT ratio5 0.70) is implied by the
finding that no difference in the CAT expression ratio resulted
when the –699 site was included in a similar construct (clones
699T/699C, CAT ratio5 0.68). Inclusion of the –399 site
within the –362 clones (see Figure 2) is also not likely to
contribute to the observed variation because its presence alone
did not alter the ratio of expression activities (clones 399C/
399T, CAT ratio 5 1.08). It is possible that functional
assessment of the entire linkage (–362 to –699) might reveal
more significant differences in activity between the two alleles.
Of interest, the 600 linkage is potentially not in Hardy–
Weinberg equilibrium (χ2 5 2.96, 0.05, P , 0.10). The
analysis of a larger population may reveal statistically signific-
ant differences between observed and expected frequencies.

The molecular mechanisms responsible for the observed
differences in transcriptional activity are unknown. We have
analysed the mEH promoter and the polymorphic positions
for the presence of transcription factor binding sites using the
compilation of Boulikas (39) and the TransFac/MatInspector
database (40). The –290 site lies within a near consensus (12/
13 bp) NF–1 recognition element (41). However, no consistent
effect on transcriptional activity was detected between the
variant 200 linkage alleles containing this site. We were
not able to identify putative transcription factor recognition
elements within or near the remaining polymorphic positions
characterized in this report. The higher measured transcriptional
activities of polymorphic fragments containing G or C at the
variant positions, compared to A or T in the respective
positions, imply that the increase in hydrogen bonding potential
at these sites may be a mechanistic factor. Future analysis of
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the mEH promoter region may help elucidate the molecular
basis for these variations.

The in vivo effects of the 59 polymorphisms identified in
the current study were examined in human liver samples that
were previously characterized for mEH activity level using
benzo[a]pyrene–4,5-oxide as substrate (42). Each of the 59
polymorphisms described above was determined in five low
(256 6 38 pmol/min/mg protein) and five high (10656 215
pmol/min/mg protein) activity liver samples and comparatively
analysed. No significant correlation between genotype and
mEH activity was demonstrated (data not shown). However,
when the genotypes were given a numerical ranking based on
thein vitro experimental data and plotted against liver activities,
the slope of the regressed line was positive, as would be
expected if there was a correlation. It is possible that analyses
of a larger data set might yield more insight into a potential
genotype/phenotype correlation.

Taken together, the functional effects of 59 upstream (this
study) and coding region (21)mEH gene polymorphisms
indicates that no single site accounts for the mEH activity
variations observed in the general human population. However,
combinations of ‘low activity’ alleles present in themEH
gene could account for the spectrum of phenotypic variation
observed in humans. A working hypothesis supported with
these findings is that allelic variation in the regulatory and
structural regions of themEHgene, and other factors function
co-operatively to determine an individual’s activity status.
Possible undetermined factors include additional 59 polymorph-
isms, post-transcriptional regulation, gene induction by envir-
onmental agents and variation in the levels of transcriptional
proteins required for mEH expression. The participation of
these factors must be characterized more definitively in order
to allow prediction of individual activities on the basis of these
integrated phenomena. Genetic polymorphisms within themEH
gene locus likely represent an important mechanism for the
modulation of carcinogen disposition that may ultimately
influence individual susceptibility to cancer development.
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