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SUMMARY

Intestinal cytochromes P450 (P450) may function in the “first
pass” metabolism of drugs, the detoxification of xenobiotics, or
the activation of carcinogens. However, little is known about the
expression of specific P450 genes in intestinal mucosa. We have
previously shown that a P450 mRNA that is homologous to rat
liver P4501IB1 (P450Db) is expressed in rat small intestine and is
inducible by phenobarbital, polyhalogenated biphenyls, and or-
ganochlorine pesticides. However, there are multiple highly ho-
mologous genes in the IIB subfamily and, therefore, studies
using liver-derived cDNAs or oligonucleotides based on those
cDNAs cannot definitively establish the identity of the intestinal
mRNA(s). The polymerase chain reaction was used to enzymat-
ically amplify cDNA synthesized from intestinal and hepatic RNA,
and the amplified segments were identified by Southern biot
analysis. These studies demonstrated that the amplified segment
of the phenobarbital-inducible P450 mRNA in intestine was iden-
tical to this same segment of the hepatic P450b mRNA; further-
more, this analysis showed that P450e was not expressed in
intestine. To definitively establish the identity of the intestinal
mRNA, the full coding sequence of the P450b mRNA was cloned
from intestinal and hepatic RNA and sequenced. The sequences
of the intestinal and hepatic cDNA were identical and coded for
P450b; the deduced protein sequence in the F344 rat differed in
one amino acid from the reported sequence in Sprague-Dawley
rats and, thus, represents a different allele of the same gene. An

increment in intestinal P450b mRNA was detected as early as 1
hr following a smgle intraperitoneal injection of phenobarbital;
this prompt rise in mMRNA suggested that transcriptional activa-
tion may be the primary mechanism for induction. Nuclear run-
on experiments were performed using nuclei isolated from intes-
tinal mucosa 3 and 6 hr following treatment with phenobarbital.
The rate of transcription of the P450IIB1 gene was increased
approximately 6-fold 6 hr following phenobarbital; this was very
similar to the increment in P450b mRNA as measured by quan-
titative dot blot analysis. Therefore, the predominant mechanism
for the induction of P450b mRNA in intestine in response to
phenobarbital was an increase in gene transcription. These stud-
ies indicate that the same member of the P450IIB subfamily,
P450I1B1 or P450Db, is expressed and inducible by similar mech-
anisms in small intestine and liver. Although putative P450b
mRNA and apoprotein have been identified in lung and testes,
the capacity for induction by phenobarbital, and presumably
other xenobiotics, is unique to liver and intestine. In contrast,
P450e or P4501IB2, which is expressed in liver and induced by
phenobarbital in parallel with P450b, is not expressed in small
intestine and, therefore, the tissue-specific expression of these
two closely linked genes appears to be regulated by separate
mechanisms. Comparison of transcriptional regulation of these
genes in liver and small intestine may provide a model to study
tissue-specific P450 gene expression.

The intestinal mucosa is exposed to multiple ingested natural
and man-made chemicals that include pharmaceutical agents
and environmental toxins and carcinogens. The enterocytes
lining the small intestinal mucosa contain enzymes capable of
metabolizing many of these compounds (1-5). Therefore, the
intestine may act as a metabolic organ in series with the liver,
the main organ in the body involved in xenobiotic metabolism.

This work was supported by National Institutes of Health Grant DK 41393-
01 and a Veterans Administration Associate Investigatorship Award to P.G.T.
and National Institutes of Health Grant DK 32842-05 and a Veterans Adminis-
tration Merit Review to J.J.G.

As in liver, the microsomal monooxygenase system may be the
major pathway for the oxidative metabolism of xenobiotics in
small intestinal mucosa. This enzyme system consists of phos-
pholipid, NADPH P450 reductase, and multiple hemoproteins
called the P450s that provide for a broad substrate specificity
(6-8). The P450 apoproteins are encoded for by a superfamily
of related genes that, at present, contains eight families of
mammalian genes (9-11). The complement of P450 enzymes
that are expressed in any given tissue will, to a large extent,
determine the phenotypic metabolic capacities of that tissue.
Therefore, the elucidation of the metabolic importance and

ABBREVIATIONS: P450, cytochrome P450; DTT, dithiothreitol; bp, base pair; DMBA, 7,12-dimethylbenz[a]anthracene; TES, N-tris[hydroxymethyl]

methyl-2-aminoethanesulfonic acid; SDS, sodium dodecyl sulfate.
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tissue-specific regulation of extrahepatic P450s will depend
initially on identification of the specific P450 forms expressed
in that tissue. However, because of overlapping substrate spec-
ificities and the marked homology of P450 genes in certain
subfamilies, extrahepatic P450s cannot be definitively identi-
fied using enzyme assays, antibodies to hepatic P450 apopro-
teins, or, in some cases, cDNA probes isolated from liver (11).

The P450IIB gene subfamily in rat appears to contain 9-11
highly homologous genes (12). In liver, it has been firmly
established that P450IIB1 (P450b) and P450IIB2 (P450e)
mRNAs and functional hemoproteins are expressed and are
induced by phenobarbital as well as multiple other xenobiotics
(11, 12); these two P450 genes are 97% similar in both amino
acid and cDNA nucleotide sequence (12). Labbe and co-workers
(13) have cloned a full length cDNA, designated P45011B3, that
is constitutively expressed in male and female rat liver and is
not inducible by phenobarbital; a portion of this cDNA is
identical to gene 5 described by Atchison and Adesnik (14).
Recently, another member of this gene subfamily, P4501IB4,
was cloned from rat liver; the 4.3-kilobase mRNA was expressed
at low levels in liver and was induced by phenobarbital approx-
imately 6-fold (15). As yet, the apoproteins encoded for by
either P4501IB3 or P450IIB4 mRNA have not been isolated
from rat liver, nor have the cDNAs been expressed in yeast or
mammalian cell lines to determine whether they code for func-
tional P450s. Although these four genes are the only P4501IB
genes that have been demonstrated to be expressed in liver, it
is possible that other genes in the P450IIB subfamily are
expressed in small intestine or other extrahepatic tissues.

We previously reported that members of the P450IIB
subfamily were expressed in rat small intestine, based on mo-
lecular hybridization analysis using cDNA and oligonucleotide
probes (16). P450b-like mRNA was identified in rat small
intestinal mucosa and was inducible following treatment with
phenobarbital, polyhalogenated biphenyls, and organochlorine
pesticides (16). P450e-like mRNA appeared by Northern blot
analysis to be present constitutively in small amounts but was
not inducible (16) (the studies described in this report were
unable to confirm the low level constitutive expression of P450e
in small intestine). Therefore, our previous work suggested that
these two closely linked genes, which are induced by phenobar-
bital in parallel in liver, are regulated differently in small
intestine. However, because of the number of highly homolo-
gous genes in the P450IIB subfamily, the identity of mRNAs
expressed in intestine cannot be definitively established using
liver-derived cDNAs or oligonucleotide probes based on those
cDNAs. In fact, the oligonucleotide probe used to identify
P450b-like mRNA in our previous study (16) has the identical
sequence as three other rat genes identified by Atchison and
Adesnik (genes 2, 3, and 4) (14) and the newly described
P4501IB4 (15).

The purpose of this study was to definitively identify the
P450IIB genes that are expressed in rat small intestine and
then to investigate the molecular mechanisms responsible for
induction of expression by phenobarbital. To accomplish this,
we used the polymerase chain reaction (17) to amplify specific
sequences of either P450b or P450e mRNAs from small intes-
tinal RNA samples. Oligonucleotide primers were used to en-
zymatically amplify cDNA that had been synthesized from
intestinal RNA (18). The identity of the amplified segments
was confirmed by Southern blot analysis, using oligonucleotides
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homologous to DNA sequences internal to the amplified seg-
ments. Following this analysis, the full coding sequence of the
P450IIB ¢cDNA was amplified from intestinal and hepatic
mRNA, cloned, and sequenced. From these studies it was
concluded that P450b mRNA is expressed and inducible in
small intestine and that P450e mRNA is not expressed in
intestinal mucosa. Nuclear run-on studies demonstrated that
the predominant mechanism for the induction of P450b mRNA
was an increase in gene transcription.

Experimental Procedures
Materials

Guanidinium isothiocyanate, cesium chloride, T, polynucleotide ki-
nase, Klenow enzyme, and T, ligase were obtained from Bethesda
Research Laboratories (Gaithersburg, MD). [**P)JdCTP (>3000 Ci/
mmol), [*P]JATP (>5000 Ci/mmol), **S-dATP (1000 Ci/mmol), Hy-
bond-N nylon membranes, and Hybond-M polyuridine chromatogra-
phy paper were obtained from Amersham Corporation (Arlington
Heights, IL). Avian myoblastosis virus (AMV) reverse transcriptase,
all restriction enzymes, oligothymidylate 15, and dideoxynucleotides
were obtained from Boehringer Mannheim Biochemicals (Mannheim,
FRG). Taq polymerase was purchased from Perkin Elmer-Cetus Cor-
poration (Norwalk, CT). Oligonucleotides were synthesized by the
University of Michigan Gastrointestinal Peptide Hormone Center’s
oligonucleotide synthesis facility. Nu Sieve, Se Kem, and Se Plaque
agaroses were obtained from FMC Biochemical (Rockland, ME). Esch-
erichia coli RNA was purchased from Calbiochem. All other chemicals
were obtained from Sigma Chemical Company (St. Louis, MO).

Animals

Male F344 rats weighing 200-250 g were used in these studies. In
some experiments, as indicated in the text, Sprague-Dawley rats were
used. The animals were housed in wire-floored cages and had free
access to standard laboratory rat chow and water. In our previously
reported work (16), we used only Sprague-Dawley rats. In this study,
we used Fisher 344 rats, a genetically more homogeneous strain of rat,
to facilitate comparisons between animals. Studies were performed to
establish that F344 rats expressed P450IIB genes in the same fashion
as previously reported for Sprague-Dawley rats.’ Animals were treated
with phenobarbital (80 mg/kg) administered as a single intraperitoneal
dose and were killed at the times specified for each experiment. Control
animals (or “untreated” rats) were injected with 0.15 M NaCl.

RNA Extraction

Livers and small intestines were removed from rats that had been
anesthetized by ether inhalation. A portion of each liver was immedi-
ately frozen in liquid nitrogen. Each small intestine was thoroughly
washed with ice-cold 0.15 M NaCl and opened longitudinally, and the
mucosa was removed by scraping with a glass slide, as previously
described (16). Total RNA was extracted from the tissues using a
modification of the technique of Chirgwin et al. (19), as previously
described (16). In some experiments, RNA was extracted as described
by Chomczynski and Sacchi (20). Polyadenylated RNA was isolated
from aliquots of total RNA using polyuridine paper chromatography
(21), as previously described (16).

DNA Probes

A full length P450b cDNA, clone pSP450, and a P450e cDNA
corresponding to exons 6-9 of the P450e gene, clone R17 (22), were
gifts of M. Adesnik (New York University). A P450c cDNA probe,
p210, that was cloned from rat liver was gift of Dr. J. Fagan [Fairfield,
IA (23)]. A full length P450 reductase cDNA, pSP65-OR, that was

! Unpublished data.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

812 Traberetal.

cloned from rat liver was a gift of Dr. C. Kasper [Madison, WI (24)].
Control cDNAs used in nuclear run-on experiments included a human
B-actin cDNA, pHFBA-1 (25), and an 18 S ribosomal RNA ¢cDNA (26),
both gifts of Dr. Craig Thompson (University of Michigan). The cDNAs
that were used in Northern or dot blot analyses were isolated from
their plasmid vectors and radiolabeled with [**P]dCTP using a random-
primed oligonucleotide labeling method (27), as previously described
(16). Oligonucleotides were 5’-labeled with [**P]JATP using T, polynu-
cleotide kinase, as previously described (16). Unincorporated nucleo-
tides were removed from the labeled DNA using Sephadex G-25 or G-
50 chromatography (Nick columns; Pharmacia, Uppsala, Sweden).

Northern Blot Analysis

Samples of total or polyadenylated RNA were size separated by
electrophoresis in 2.2 M formaldehyde-agarose gels. The RNA was
transferred to Hybond-N (Amersham) nylon membranes by an electro-
blotting method and cross-linked to the membranes using UV radiation
(28). The membranes were prehybridized, hybridized, and washed
according to the membrane manufacturer’s recommendations.

Quantitative Dot Blot Hybridizations

Dot blots were performed as previously described (16), except that
Hybond-N membranes were used and the RNA was fixed to the
membranes by UV radiation cross-linking. Following autoradiography,
the blots were quantitated using a Betascope 603 Blot Analyzer (Be-
tagen Corporation).

Enzymatic Amplification and Identification of mMRNA

cDNA synthesis. cDNA was synthesized from either total or po-
lyadenylated RNA using oligothymidylate (15) (1 ug) as a primer or
random hexamer primers (Promega Biotech, Madison WI) and AMV
reverse transcriptase (13 units/reaction), in a total reaction volume of
50 ul containing 50 mM Tris- HCI (pH 8.3), 50 mM KCl, 8 mMm MgCl,,
10 mM DTT, and 0.5 mM levels each of dATP, dCTP, dGTP, and
dTTP. The reaction mixture, without the reverse transcriptase, was
incubated at 41° for 15 min; the reverse transcriptase was then added
and the reaction was allowed to proceed for 1 hr at 41°.

Polymerase chain reaction. Segments of the P450b or P450e
cDNAs were enzymatically amplified using oligonucleotide primers and
thermostable DNA polymerase isolated from the bacterium Thermus
aquaticus (Taq polymerase), as described by Saiki et al. (17). Twenty
microliters of the cDNA synthesis reaction mixture were amplified
using 1 uM levels of each oligonucleotide primer (20-mers) and 2.5 units
of Taq polymerase, in a total reaction volume of 100 nl containing 10
mM Tris- HCI (pH 8.3), 50 mM KC], 1.5 mm MgCl;, 2 mM DTT, 0.01%
gelatin, and 200 uM levels each of dATP, dCTP, dGTP, and dTTP.
The reaction mixture was overlayed with 100 ul of mineral oil and
subjected to 30 cycles of amplification. The samples were heated to 94°
for 1 min in a programmable heating block (Perkin Elmer-Cetus),
cooled to a specific annealing temperature, and held there for 2 min;
temperatures of annealing will be presented in Results. The tempera-
ture was then increased to 72° and held there for 3 min to allow DNA
synthesis by the polymerase to proceed. Following the final cycle, the
temperature was held at 72° for an additional 10 min to allow for
complete extension of primed DNA segments.

Southern blot analysis of polymerase chain reaction prod-
ucts. Aliquots of the polymerase chain reaction mixture were electro-
phoresed in 3% Nu Sieve and 1% Sea Kem agarose gels containing
ethidium bromide (0.5 ug/ml), using a Tris/borate/EDTA buffer. After
photography, the DNA was electrophoretically transferred to Hybond-
N nylon membranes and the DNA was bound to the nylon using UV
radiation cross-linking. The membranes were prehybridized in a solu-
tion containing 5% sodium dodecyl sulfate, 5% standard saline citrate,
and 100 ug/ml sonicated salmon sperm DNA. Hybridizations were
performed in the same solution that contained 1.5 X 10° cpm/ml of 5’-
labeled oligonucleotide probe. The hybridization was performed at the
hypothetical temperature of dissociation of DNA-DNA hybrids (29) for

the oligonucleotide to maximize the specificity of hybridization. The
membranes were washed in 1X standard saline citrate and 6% sodium
dodecyl sulfate at the temperature of hybridization, and autoradiogra-
phy was performed with Kodak X-Omat film between two intensifying
screens.

Ligation Reactions

In some experiments, the polymerase chain reaction primers con-
tained restriction endonuclease sites to facilitate the cloning of ampli-
fied segments into plasmid vectors. The polymerase chain reaction
product was digested with the appropriate endonucleases and then
separated in a low melting point agarose gel (Sea Plaque). The plasmid
vector was also digested and separated in a low melting point agarose
gel. Ligations were performed “in gel” using T, ligase (BRL), as
described by Crouse et al. (30). The ligations were incubated for 4 hr
at room temperature, diluted 5-fold with water, and then transformed
into competent bacteria (XL1-Blue; Stratagene).

DNA Sequencing

Double-stranded DNA templates were sequenced using the dideox-
ynucleotide termination method (31). Purified plasmid DNA was stably
denatured, as described by Hattari and Sakaki (32), and sequencing
was performed using modified T, DNA polymerase (Sequenase 2.0;
United States Biochemical, Cleveland, OH) and 3*S-dATP, as described
by the manufacturer.

Nuclear Run-on Assay

The method used was adapted from several published reports (33—
36). Nuclei were isolated by modifying and combining the methods of
Thompson et al., (33), McDonald and Goldfine (34), and Bloor et al,
(36). Mucosal scrapings were washed twice in ice-cold 0.15 M NaCl, 5
mM DTT, and resuspended in nuclei lysis buffer (10 mm Tris- HCI, pH
7.4, 10 mM NaCl, 5§ mM DTT, 2% Nonidet P-40). This suspension was
homogenized in a Dounce homogenizer, using 10 strokes of the loose
pestle, and centrifuged at 800 X g and 4° for 10 min. The pellet was
resuspended in nuclei lysis buffer, homogenized, and centrifuged again
in the same fashion. The resulting pellet was resuspended in sucrose
buffer (2.4 M sucrose, 1 mM CaCl,;, 5 mM DTT) by vortexing and was
centrifuged at 50,000 X g at 4° for 1 hr. The pellet containing the
purified nuclei was resuspended in nuclei storage buffer (40% glycerol,
50 mM Tris- HCI, pH 8.3, 0.1 mM EDTA, 5 mM MgCl;) and an aliquot
was counted in a hemacytometer and frozen at —80°. This method
yielded intact nuclei by phase contrast microscopy.?

Transcription reactions were initiated by addition of 60 ul of 5%
run-on buffer (256 mM Tris- HCI, pH 8.0, 12.5 mM MgCl,, 750 mM KCl,
1.25 mM levels, each of ATP, GTP, and CTP) and 30 ul of [**PJUTP
(>3000 Ci/mmol, 10 uCi/ul) to 210 ul of nuclei storage buffer containing
5 % 107 nuclei (33, 34, 36). Following incubation at 30° for 30 min, the
labeled RNA transcripts were isolated as described by Celano et al
37.

Plasmids containing the cDNAs of interest were denatured by heat-
ing in 0.2 M NaOH and were applied to nitrocellulose, using a Minifold
II slot blot device (Schleicher and Scheull) as described (33). The
following cDNAs were used: pSBF1 (full coding sequence of P450b,
cloned as described in this manuscript), p210 (P450c cDNA probe),
pSP4500R (P450 reductase cDNA), pHFBA-1 (human g-actin cDNA),
prA (human 18 S ribosomal RNA c¢cDNA), and the bacterial vector
pGEM, which served as a negative control for nonspecific binding. The
nitrocellulose containing the bound cDNAs were prehybridized at 60°
for 8 hr in a solution containing 10 mM TES, pH 7.4, 0.2% SDS, 10

2 Since the completion of these studies, the method of nuclei isolation has been
altered. Although both methods yielded nuclei that were competent in nuclear
run-on assays, the revised method provides for a significantly improved yield of
nuclei. In the revised method, Nonidet P-40 was omitted from the nuclei lysis
buffer and the homogenization was changed to 10 strokes with the loose pestle
and 10 strokes with the tight pestle (the homogenization was performed only
once). The remainder of the protocol was not altered.
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mM EDTA, 0.3 M NaCl, 1 X Denhardt’s solution, and 5 ug/ml E. coli
RNA. This solution was replaced with 2 ml of the same solution
containing 1 X 10’ cpm/ml labeled RNA transcripts and hybridization
continued for 36 hr (cpm were equalized for each sample of nuclei).
The membranes were washed in three changes of 0.1X standard saline
citrate and 0.1% SDS, at the hybridization temperature. Following
autoradiography, the blots were quantitated using a Betascope 603 Blot
Analyzer.

Results

Specificity of the polymerase chain reaction primers.
The oligonucleotide primers used for the polymerase chain
reaction were designed using oligonucleotides described by Om-
iecinski et al. (38) and sequences published by Kumar et al.
(22) for P450e and by Suwa et al. (39) for P450b. The amplified
segments of either P450b or P450e were 200 bp in length and
were located in exons 7 and 8 of the respective genes (Fig. 1).
The location of the primers was chosen to include intron 7 so
that an amplified segment of genomic DNA, which might
contaminate the RNA samples, could be differentiated from
amplified mRNA by its larger size (500 bp versus 200 bp). The
primer located in exon 8, designated B/E, had the same se-
quence for both P450b and P450e and, thus, was a common
primer used in each amplification reaction. The primers located
at the 5’ end of the amplified segment, located in exon 7, were
those designed by Omeicinski et al. (38); the sequence of the
oligonucleotide primer for P450b (B) differed from the sequence
of the primer for P450e (E) by four nucleotides (Fig. 1). The
primer for P450b was homologous to sequences located in genes
2, 3, and 4 described by Adesnik and Atchison (12) and to
P4501IB4 (15); therefore, the B primer would also amplify these
gene products if expressed in the tissue from which the RNA
was extracted. Neither of the 5’ primers would hybridize to the
P450IIB3 mRNA described by Labbe et al. (13).

The specificity of the polymerase chain reaction primers was
tested using known cDNA templates for P450b and P450e. The
P450b (pSP450) and P450e (R17) cDNAs were isolated from
their plasmid vectors and used as polymerase chain reaction
templates to investigate the specificity of the primers and to
define the optimum reaction conditions. Ten picograms of
template cDNA were mixed with 1 ug of sonicated salmon
sperm DNA and amplified by the polymerase chain reaction.
When annealing of primers was performed at 55-65° and 30
cycles of the polymerase chain reaction were completed, there

§-TCACACCGGCIACCAACCCT-3'
5-TCICACAGGCCACCAICCCT-3'

=
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was evidence that the P450b cDNA was amplified to a small
extent by the P450e-specific primer (data not shown). On the
other hand, at these annealing temperatures the P450b primer
was completely discriminatory and did not amplify the P450e
cDNA template. When the annealing step was performed at
72°, both B and E primers were highly specific for P450b and
P450e templates, respectively (Fig. 2). Therefore, the amplifi-
cations for the remainder of the experiments were performed
by denaturation at 94° for 1 min, followed by primer annealing
and extension at 72° for 3 min. Primer annealing of 20-mers at
such a high temperature possibly diminishes the efficiency of
the amplification reaction but was necessary for the required
specificity.

Amplification of hepatic and intestinal mRNA. For
these experiments, amplified hepatic and intestinal RNA sam-
ples were compared on the same agarose gel with amplified
P450b and P450e cDNA templates and amplified rat genomic
DNA. Total and polyadenylated RNA was isolated from rat
liver and from the proximal third of the small intestinal mucosa
12 hr following a single intraperitoneal injection of phenobar-
bital (80 mg/kg). Aliquots of polyadenylated RNA from liver
and small intestine were used to synthesize cDNA and were
then amplified with the primers as described above. Fig. 3A
shows the agarose gel of the polymerase chain reaction products
of rat genomic DNA, the P450b and P450e cDNA templates,
and the liver and small intestinal cDNA. When rat liver DNA
was amplified with either the B or E primer, a single band of
500-bp size was found (Fig. 3A, lanes 2 and 4, respectively). As
expected, a product of 200-bp length was seen when liver cDNA
was amplified with either the B or the E primer. This indicated
that both P450b and P450e mRNA were expressed in liver, as
previously described by multiple investigators. In small intes-
tine, a product of 200 bp was also amplified using the B primer;
when the E primer was used, no reaction product was evident.

The amplified product was identified using oligonucleotide
probes that were designed to hybridize to sequences of either
P450b or P450e nested within the amplified segments (se-
quences and location of oligonucleotides, designated B.2 and
E.2, are shown in Fig. 1). The B.2 oligonucleotide was designed
to differentiate P450b from P450IIB3, P45011B4, and genomic
clones 5, 16, and 25. As seen in Fig. 3B, the B.2 oligonucleotide
hybridized to the B-amplified genomic sequences, the amplified
P450b ¢cDNA template, and the B-amplified product of both

Fig. 1. Description of the polymerase
chain reaction primers and oligonucieo-
tide probes for P450b and P450e. This
diagram depicts exons 7 and 8 of the
P450b and P450e genes. The primer des-
ignated B/E is located in exon 8 and has
the same sequence as both P450b and
P450e; thus, this oligonucieotide was a
common primer used in each

Exon 8 (142 bp)

chain reaction. The 5’ primers located in
exon 7 differed by four base pairs (under-

— Exon 7 (188 bp) 0.3kb
B2 =

| 3-GTCGAGAGGTACTGGGTGTC-5'

3-AGAACGGGGITAACCAAATG-5'
3-AGAACCGGGATAACCITATG-5'

/1 _BE

lined); B and E for P450b and P450e,
respectively. The predicted size of the
polymerase chain reaction product from
either P450b or P450e mRNA was 200
bp. In contrast, the predicted size of am-
pliﬁed genomic DNA was 500 bp. The

tides B.2 and E.2 were de-
signed to be homologous to sequences
in exon 7 and within the amplified seg-
ments for P450b and P450e, respectively.
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1 2 3 4 5 6

201bp™

Fig. 2. Ampiification of P450b and P450e cDNAs. The insert cDNAs of
pSP450 (full length P450b cDNA) and R17 (cDNA of exons 6-9 of P450e)
were isolated from the plasmid vectors and ampiified using the polym-
erase chain reaction (see Experimental Procedures) and the primers
described in Fig. 1. Ten picograms of cDNA were mixed with 1 xg of

salmon sperm DNA and subjected to 30 cycles of the polymerase
reaction as follows: denaturation at 94° for 1 min and annealing and
extension at 72° for 3 min. Eight microliters of the products were
separated in a 1% Sea Kem, 3% Nu Sieve agarose gel containing
ethidium bromide and were photographed under UV illumination. Lanes
1 and 6, 1-kb DNA ladder (BRL, Bethesda, MD); /ane 2, P450b cDNA
ampiified with the B and B/E primers; /ane 3, P450b cDNA amplified with
the E and B/E primers; /ane 4, P450e cDNA amplified with the E and B/
E primers; /ane 5, P450e cDNA ampiified with the B and B/E primers.
201 bp, size of the marker in the DNA ladder.

liver and small intestinal RNA. There was no cross-hybridiza-
tion with the amplified polymerase chain reaction products
using the E primer. The filter shown in Fig. 3B was stripped to
the B.2 oligonucleotide probe and rehybridized with the E.2
oligonucleotide (Fig. 3C). The E.2 probe hybridized to both B-
and E-amplified genomic sequences, the amplified P450e cDNA
template, and the E-amplified polymerase chain reaction prod-
uct of liver. Even after extended periods of exposure, no hy-
bridization was detected in Fig. 3C, lane 9, indicating that no
P450e mRNA was present in the small intestinal RNA samples.
The hybridization of the E.2 oligonucleotide to genomic se-
quences amplified by the B primer was expected, because the
E.2 oligonucleotide is also homologous to gene 3 described by
Atchison and Adesnik (14), which would also be amplified by
the B primer.

When the B.2 oligonucleotide was hybridized to the polym-
erase chain reaction products in lanes 6 and 8 Fig. 3B, two
bands were obtained, one at the expected 200-bp location and
another band representing a lower molecular weight DNA.
Hybridization with strand-specific oligonucleotides indicated
that this was due to synthesis of both double- and single-
stranded DNA, because asymmetric amounts of primers had
been inadvertently added to the polymerase chain reaction (Ref.
40 and data not shown).

Because of the high temperature of annealing of the primers
and the resultant potential decrease in efficiency of amplifica-
tion, it was possible that a small amount of P450e mRNA was
present and yet not detected. Therefore, the annealing reaction
was performed at 55° and the amplification was continued for
30 cycles. Southern blot analysis of the polymerase chain
reaction products still failed to identify any P450e mRNA
amplified in small intestinal mRNA (data not shown.).

A. 12345 67 89

Fig. 3. Amplification of P450b and P450e mRNA. Polyadenylated RNA
was extracted from lkiver and proximal small intestinal mucosa of rats
treated with a single dose of phenobarbital (80 mg/kg) and killed 12 hr

liver genomic DNA was amplified. A, The polymerase chain reaction
products were separated in a 1% Sea Kem, 3% Nu Sieve agarose gel
that contained ethidium bromide and were photographed under UV
ilumination. Lane 7, 1-kb DNA ladder (BRL); /ane 2, rat liver genomic
DNA (1 ug) amplified with B and B/E primers; /ane 3, rat liver genomic
DNA (1 ug) ampiified with the E and B/E primers; /ane 4, P450b cCDNA
ampilified with the B and B/E primers; /ane 5, P450e cDNA ampiified with
the E and B/E primers; /ane 6, rat liver polyadenylated RNA (1 xg) from
rats treated with phenobarbital 12 hr before sacrifice, reverse transcribed
and amplified with the B and B/E primers as described in Experimental
Procedures; /ane 7, rat liver polyadenylated RNA (1 xg) from rats treated
with phenobarbital 12 hr before sacrifice, reverse transcribed and ampii-
fied with the E and B/E primers as describe din Experimental Procedures;
lane 8, rat small intestinal polyadenylated RNA (1 ng) from rats treated
with phenobarbital 12 hr before sacrifice, reverse transcribed and ampi-
fied with the B and B/E primers as described in Procedures;
lane 9, rat small intestinal polyadenylated RNA (1 ng) from rats treated
with phenobarbital 12 hr before sacrifice, reverse transcribed and ampi-
fied with the E and B/E primers as described in Experimental Procedures.
B, The gel in A was transferred to a nylon membrane and hybridized
with P-labeled B.2 tide (Fig. 1). C, The membrane used in
the hybridization of B was stripped of the probe and rehybridized with
%2p.abeled E.2 oligonucieotide (Fig. 1).

Further experiments were conducted to determine whether
P450e may be expressed in the small intestine in a nonpoly-
adenylated form. Fig. 4 shows an agarose gel of products of a
polymerase chain reaction that amplified cDNA-generated total
RNA that was reverse transcribed using random hexamer
primers rather than oligothymidylate. The RNA used was from
both Sprague-Dawley and F344 rats treated with three daily
doses of phenobarbital, to determine whether there were either
strain differences or effects of more prolonged induction. P450e
mRNA was amplified from liver cDNA, but there was no
amplified DNA present in the reactions containing cDNA from
the intestine of either rat strain. From these experiments, one
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Fig. 4. Ampilification of P450e using cDNA that was synthesized from
total RNA using random primers. This an ethidium bromide-stained 3%
Nu Sieve, 1% Sea Kem agarose gel of PA50e ampiified products. Lane
1, intestinal RNA from Sprague-Dawley rat that was treated with three
daily doses of phenobarbital, reverse transcribed with random primers
and ampiified with the E-specific ; lane 2, intestinal RNA from a
F344 rat that was treated with three daily doses of phenobarbital, reverse
transcribed with random primers and ampiified with the E-specific
primers; /ane 3, liver RNA from a F344 rat that was treated with three
daily doses of phenobarbital, reverse transcribed with random primers
and ampiified with the E-specific primers; /ane 4, R17 cDNA that was
ampiified with the E-specific primers; /ane 5, DNA size markers.

can conclude that P450e is not expressed in small intestinal
tissue in either a polyadenylated or nonpolyadenylated form.
Cloning and sequencing of the full length intestinal
P450IIB and mRNA. The analysis described above strongly
suggested that P450b mRNA was expressed in small intestine;
however, the amplified segment could conceivably have been
derived from another, as yet unidentified, member of the
P4501IB gene family. To definitively identify the intestinal
P450IIB mRNA, primers were designed to amplify the nearly
full length mRNA containing the entire coding sequence of the
P450b apoprotein. The primer at the 5’ end of the mRNA
contained a Not1 restriction endonuclease site and the primer
on the 3’ end of the mRNA contained a Xbal restriction site.

5’ primer: 5'-
GTGGCGGCCGCACCGTGGTTACACCAGGACCATGGAG
CCCA-3’

3’ primer: 5’-
CACTCTAGAAGGCCATTCCCAACAGAACTGGGGCAC
ATG-3’

Intestinal and hepatic RNA (1 ug) was reverse transcribed
as described under Experimental Procedures and 30 cycles of
the polymerase chain reaction were completed (94° for 1 min
and 72° for 3 min). The reaction product from liver and intes-
tinal RNA contained a single fragment of DNA, approximately
1600 bp in size (data not shown). The 1600-bp fragment was
ligated into a pBluescript KS—plasmid (Stratagene, La Jolla,
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CA) and sequenced. Both strands were sequenced using a series
of oligonucleotide primers (17-mers). Eleven full length cDNAs
from two separate animals were cloned from intestinal RNA
and sequenced. In addition, nine full length cDNAs were cloned
from hepatic RNA obtained from the same animals. Multiple
clones from different animals were sequenced to help identify
potential mistakes in base incorporation by the polymerase
chain reaction. Each cDNA sequenced from the liver and small
intestine had the identical nucleotide sequence, which differed
in only one base from the published sequence of the P450b
cDNA (41).2 The full length cDNA encodes a protein of 491
amino acids in length that is identical to P450b, except it codes
for a glycine in position 192 instead of aspartate as originally
reported (41, 42). Because there is no protein sequence data
published for this amino acid (42), it is difficult to determine
whether there was a cloning or sequencing error in the original
report (41) or whether this represents an allelic difference
between strains of rats. Because it has been shown that there
are minor allelic differences in certain strains of rats (43), this
represents the most likely possibility.

Time course of induction of intestinal P450b mRNA.
In our previous studies on the induction of intestinal P450b
mRNA in response to chemical inducers, rats were adminis-
tered the compounds in four daily doses and studied approxi-
mately 20 hr following the final dose (16). To begin investiga-
tions into the mechanism for the increase in steady state
intestinal P450b mRNA levels, a time course of P450b mRNA
induction was performed following a single dose of phenobar-
bital. Rats were administered a single intraperitoneal injection
of phenobarbital (80 mg/kg) and were killed 1, 3, 6, and 12 hr
later. RNA was extracted from liver and the proximal 20 cm of
the small intestinal mucosa (beginning 10 cm past the pylorus)
from each rat, and Northern blots were performed using total
RNA and RNA hybridized with *P-labeled R17 cDNA. The
Northern blot of total intestinal RNA shown in Fig. 5A dem-
onstrates that a 2.1-kb mRNA species, corresponding to the
expected size of mature P450b mRNA (16), was increased as
early as 1 hr following injection of phenobarbital and was
markedly induced by 6 hr.

Quantitative dot blots were performed and quantitated by
directly counting 8 emmisions from the membrane using a
Betascope 603; results were recorded as number of counts over
30 min (minus background counts) per ug of RNA. The number

2 It should be noted that there are | discrepancies bet the seq

of the P450b cDNA (30) and the sequence of the P450b gene (28) as reported by
the same investigators using the same strain of rat. These discrepancies are also
duplicated in the Genbank data files. The sequence of the cDNA correlates with
the protein sequence data (31) in thoee areas where the protein has been
sequenced. In addition, our full length cDNA differs in only one nucleotide from
the published cDNA sequence (30). The published genomic sequence (28) has
differences when compared with the cDNA; some of the differences encode for
different amino acids and this is not indicated in the manuscript. The differences
are at the following locations in the sequence:

Base number cDNA

66 C Leu G Leu
662 c Thr G Arg
663 C Thr G Arg
1030 T Ile C Val
1119 C Gln A His
1223 T Leu G Arg
1292 T Asp c Asp
1295 C Ala T Val
1296 (o} Ala T Val
1299 T Asn C Asn
1349 G Arg A His
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Fig. 5. A, Northemn blot analysis of time course for induction

of P450b mRNA in small intestinal mucosa. Ten micrograms

of total RNA isolated from proximal small intestine were

separated in a 1% agarose gel, transferred to nylon mem-

brane, and hybridized with *P-labeled P4501IB1 cDNA that

was cloned as described in Resuilts. Lane 7, untreated rat;

lane 2, rat treated with phenobarbital (80 mg/kg intraperi-

toneally) and killed 1 hr later; /ane 3, rat treated with phe-

nobarbital (80 mg/kg intraperitoneally) and killed 3 hr later;

PB-6h lane 4, rat treated with phenobarbital (80 mg/kg intraperi-

toneally) and killed 6 hr later. B. Nuclear run-on assay.

+ Untreated rats and rats treated with phenobarbital (80 mg/

o Amanitin kg intraperitoneally) were used to isolate nuclei from jejunal

mucosa. These nuclei were used for in vitro transcription

.- and the labeled transcripts were hybridized to bound plas-

mids containing cDNAs, as described in Experimental Pro-

cedures. CONT, nuclei from untreated rats; PB-3h, nuclei

from rats treated with a single intraperitoneal dose of phe-

nobarbital and killed 3 hr later; PB-6h, nuclei from rats

treated with a single intraperitoneal dose of phenobarbital

and killed 6 hr later; PB-6h + aamanitin, same nuclei as PB-

6h, pretreated with 2 ug/ml amanitin before transcription

reaction. pGEM, plasmid vector without cDNA insert;

p4501IB1 (P450b), pSBF-1, full coding sequence of P450b,

as described in Results; p450/A1, p210, P450c-specific

probe; Reductase, pSP65 OR, full length P450 reductase

cDNA,; BActin, pHFBA-1, human actin cDNA. C, Quantitative

comparison of nuclear run-on with mRNA levels. The nuclear

run-on blots that are shown in B were quantitated using a

Betascope 603 and the results were normalized for actin

activity; the induced levels are expressed as a percentage

of the values found in untreated nuclei. The levels of P450b

(P45011B1) mRNA determined by quantitative dot blot analy-

sis, as reported in Results, have been normalized for values
in untreated animals (for each time point n = 3 animals).

pGEM
pASONB1
p450IA1
Reductase
B Actin

o
g

600

Nuclear Run-on
P4501IB1 mRNA

[N

400 -

Percent of control value

200
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of counts bound to small intestinal RNA isolated from un-
treated animals was 265 + 8 counts/ug of RNA (three experi-
ments). Following treatment with phenobarbital this increased
to 709 + 98 counts/ug of RNA at 3 hr (p < 0.011 versus
untreated), 1516 + 142 counts/ug of RNA (three experiments)
at 6 hr (p < 0.0001 versus untreated), (three experiments), and
1342 + 237 counts/ug of RNA (three experiments) at 12 hr (p
< 0.011 versus untreated). Hence, P450b mRNA was induced
approximately 6-fold at 6 hr following a single dose of pheno-
barbital and did not increase further by 12 hr. Furthermore,
this degree of induction was not appreciably greater than that
observed after 4 consecutive days of phenobarbital treatment
(16).

Nuclear run-on assays. The results of the time course of
induction suggested that the increment in P450b mRNA might
be due to an increase in gene transcription. Therefore, nuclei
were isolated from intestinal mucosa of untreated rats and of
rats 3 and 6 hr following treatment with phenobarbital (80 mg/
kg); initiated transcripts were labeled and hybridized to mem-
brane-bound cDNAs as described in Experimental Procedures.
As seen in Fig. 5B, there was no appreciable difference between
control and 3- and 6-hr-treated nuclei in the transcription rate
of B-actin, P450 reductase, or P450IA1 genes. In contrast, there
was a marked increase in the transcription of the P450IIB1
gene in the nuclei from the phenobarbital-treated rats. Treat-
ment of the nuclei with a-amanitin (2 ug/ml), which inhibits
RNA polymerase II activity, markedly inhibited labeling of the
transcripts; it is unknown why P450IA1 gene transcription was
only moderately inhibited. The plasmid used for binding
P450IA1 (P450c) has been shown to be highly specific for P450c
and does not cross-react with the other member of the P4501
family, P450IA2 (P450d). In addition, the relatively high level
of transcription of the P450c gene, as noted in these experi-
ments, correlates with constitutive expression of P450c mRNA
in untreated rats on standard rat chow diets.! The filters were
counted using the Betascope 603 and the degree of induction
of transcription, as measured by nuclear run-on, was compared
with the induction of mRNA measured using dot blot analysis
(Fig. 1C). This demonstrated that the increment in transcrip-
tion closely paralleled the increase in P450b mRNA.

Discussion

These studies demonstrated that the major phenobarbital-
inducible P450IIB mRNA in rat small intestinal mucosa is
P450b or P450IIB1, the same P450 that is inducible in liver.
P450b-like mRNA has been identified in other rat extrahepatic
tissues including lung and testes, using oligonucleotide probes
(44), as we had shown for intestine (16). However, the oligo-
nucleotide used to identify P450b mRNA in our previous work
(16) as well as in the other study (44) had sequences that would
cross-hybridize with at least four other P45011B genes (14, 15).
The direct sequencing of intestinal P450b mRNA as presented
here represents the first definitive proof that P450b is expressed
in extrahepatic tissues. In addition, P450b mRNA is markedly
induced in intestine by phenobarbital and other inducers and
is predominantly polyadenylated (16). In contrast, the putative
P450b mRNA (44) and P450b apoprotein (45) identified in
other tissues are not inducible by phenobarbital (44, 45) and
the RNA is not extensively polyadenylated (44).

These experiments further indicate that P450e is not ex-
pressed in small intestine and, combined with data from other
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tissues as reported by Omiecinski (44), lend support to the
concept that P450e is liver specific. In previous work, it was
suggested that P450e-like mRNA was expressed in small intes-
tinal mucosa in constitutive levels but was not inducible by
phenobarbital or other chemical inducers (16). The hybridiza-
tion found on Northern blots in the previous work may have
represented hybridization to another member of the P4501IB
family or hybridization of the oligonucleotide probe to residual
ribosomal RNA (polyadenylated RNA was purified with one
binding cycle to polyuridine paper). Because there was binding
to RNA that corresponded to the size of both 28 S and 18 S
ribosomal RNAs and the band intensity was in the same
relative proportions, we feel that the latter is the more likely
possibility. These findings suggest that Northern blot analyses
using oligonucleotide probes and long autoradiographic expo-
sure times should be interpreted with care.

The observed pattern of P450IIB gene expression in intes-
tinal mucosa substantiates the findings of studies that have
attempted to identify P450IIB apoproteins in intestine. Bon-
kovsky et al. (46) used Western blot analysis and a monoclonal
antibody to P450b (recognizes both P450b and P450e apopro-
teins) and found that a protein the size of P450b was present
in microsomes from rats treated with phenobarbital; however,
a band appropriate for the size of the P450e apoprotein was
not identified. Christou and co-workers (47) obtained identical
results using a polyclonal antibody that recognized both P450b
and P450e in rat liver microsomes. However, these same inves-
tigators found contradictory results when they examined the
enzymatic activity of intestinal microsomes. In these studies,
Christou et al. (47) used the metabolism of DMBA to identify
P450IIB functional holoenzymes in extrahepatic microsomes.
This analysis indicated that phenobarbital altered the regiose-
lectivity of DMBA metabolism to a pattern consistent with
induction of P450e in small intestinal microsomes (47); the
inability to detect P450e apoprotein by Western blot was at-
tributed to the insensitivity of the technique. However, because
of the high sensitivity of the polymerase chain reaction (18), it
is unlikely that the DMBA metabolic activity found by these
investigators was due to P450e. Of interest, Sesardic et al. (48)
have suggested that P450 enzymes may exhibit a broader range
of substrate specificities in extrahepatic tissues than the same
P450 enzymes in liver. Using immunoinhibition studies, these
investigators found that the P4501A1 gene product (rat P450c)
in intestine was able to catalyze benz[a]pyrene hydroxylation
and phenacetin O-deethylation; in contrast, P450c in liver
microsomes appeared to catalyze only benz[a]pyrene hydrox-
ylation and not the deethylation of phenacetin (48). It is
possible that a similar situation occurs with the enzymatic
activity of P450b in intestinal mucosa.

Because of substrate overlap and close homology within
many P450 subfamilies, the methods used in this study may
prove useful for the evaluation of other P450 subfamilies in
extrahepatic tissues. Several approaches were available to de-
finitively identify the intestinal P450IIB mRNA, 1) Northern
blot analysis with multiple oligonucleotide probes to evaluate
all possible genes, 2) direct cloning from an intestinal cDNA
library of the cDNAs that cross-hybridize with liver-derived
DNA probes, and 3) enzymatic amplification of specific se-
quences of intestinal cDNA as well as amplification of full
length ¢cDNA, using primers derived from known P450 se-
quences. Enzymatic amplification was chosen for these exper-
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iments for the following reasons: 1) the amplified product can
be directly analyzed by hybridization analysis with oligonucle-
otide probes, 2) the sensitivity of this method allows one to
demonstrate the absence of expression of a specific nRNA, and
3) full length cDNAs with known sequences can be rapidly
cloned and sequenced to definitively identify the expressed
mRNA in the tissue. The data presented in this study indicate
that, for highly homologous multigene families, enzymatic am-
plification of cDNA can be used to rapidly assess the presence
or absence of expression of specific mRNA in tissues and can
be used to definitively identify the expressed mRNA by se-
quencing analysis.

The inducibility of P450 genes has been an area of intense
research, in an attempt to understand the molecular mecha-
nisms by which xenobiotics can induce gene expression. The
mechanisms of P450IIB gene induction in rat liver following
treatment with phenobarbital have been partially elucidated.
Using nuclei isolated from rat liver and a cDNA probe that
recognizes both P450b and P450e mRNAs, nuclear run-on
studies have demonstrated that the predominant mechanism
for the induction of P450IIB mRNA in liver is due to transcrip-
tional activation of the genes (49, 50). The prompt and marked
induction of P450b mRNA in small intestinal mucosa following
phenobarbital treatment suggested that transcriptional activa-
tion may be one mechanism by which P450b was induced in
small intestine. Nuclear run-on experiments confirmed this
impression, and quantitative analysis demonstrated that vir-
tually all of the increase in P450 mRNA could be accounted
for by an increment in transcription. In liver, transcription of
P45011IB genes was previously shown to be induced 23-fold over
control levels 3-12 hr following treatment with phenobarbital
(50). In our studies we found a 6-fold induction of P450b gene
transcription in proximal small intestinal mucosa. This degree
of induction in both studies is in close agreement with our
previously reported data following treatment with four daily
oral doses of Aroclor, where P450IIB mRNA was induced 6-
fold in proximal small intestine and 19-fold in liver (16); the
induced levels in intestine were 30% of induced levels in liver
(16). The cDNA probes used in the nuclear run-on experiments
(Ref. 50 and this manuscript) as well as the mRNA quantitation
in small intestine and liver (16) would be expected to hybridize
to both P450b and P450e transcripts and possibly to other
P450IIB gene products as well. However, because we have
shown that P450e, as well as four other P450 genes, is not
expressed in small intestine, this assay most likely detects
predominantly P450b transcripts in intestine. Because P450e
as well as P450b is inducible in liver, this may partially account
for the lower degree of transcriptional induction in small intes-
tine versus liver.

Although P450b and P450e gene transcription has not been
separately evaluated in liver, it has been assumed that induction
of expression by phenobarbital of both genes occurs in parallel
and is regulated at the level of transcription (11, 12). In con-
trast, the data presented in this study demonstrate that tran-
scriptional activation of these genes is not regulated coordi-
nately in the small intestine. The tissue-specific differences in
the expression of these two closely linked genes may provide a
model for experimentally examining transcriptional mecha-
nisms responsible for induction by phenobarbital.

In previous studies, we have shown that there is a heteroge-
neous intratissue distribution of P450IIB gene expression (51,

52). In liver, P450IIB genes are constitutively expressed and
induced by phenobarbital (51) and other inducers (52) predom-
inantly in zones 2 and 3 of the liver acinus; this has been
confirmed by other investigators using oligonucleotide probes
(53). In intestine, there is differential expression of P450b gene
expression along the horizontal and vertical axes of the intes-
tine. In both untreated and xenobiotic-treated rats, P450b
mRNA was found predominantly in the proximal intestine,
with relatively less in the distal intestine (horizontal gradient
of expression) (16). Experiments employing in situ hybridiza-
tion demonstrated that P450IIB mRNA was induced predom-
inantly in the more mature enterocytes located in the intestinal
villus, with little mRNA detected in crypt cells (16). Therefore,
the expression of P450IIB genes not only is regulated in a
tissue-specific fashion but also varies within the same tissue.
Study of these genes may also provide a model to investigate
mechanisms for differential intratissue gene expression in liver
and small intestine.

In summary, P450b (P450I1IB1) mRNA, but not P450e
(P450IIB2) mRNA, is induced in the intestinal mucosa of rats
following treatment with xenobiotics known to induce this P450
in liver. The P450b mRNA is rapidly induced following admin-
istration of phenobarbital and this induction is mediated by an
increment in the transcription of the gene. The rapid induction
of P450b in intestinal mucosa may have implications for the
adaptive response of the intestine to metabolize ingested xen-
obiotics.
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