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Phenobarbital (PB) is a potent inducer of cytochrome P450 enzymes, particularly CYP2B1/2B2. Although
the mechanism(s) of PB induction of CYP2B1/2B2 is not fully understood, current research is focusing on
the role PB may play in altering the binding of nuclear proteins to critical DNA response elements in the
5*-flanking region of these genes. In this study, rat liver nuclear proteins were analyzed for DNA binding
ability using both a general consensus and a CYP2B2 sequence-specific AP-1 oligonucleotide. We demon-
strate that in vivo PB treatment enhances protein binding activity to the consensus AP-1 oligonucleotide.
Likewise, a putative AP-1 site, identified at -1441 in the CYP2B2 5*-flanking region, also formed a sequence
specific DNA/protein complex which was enhanced after PB exposure. These data may support a role of
AP-1 in the PB induction mechanism of CYP2B1/2B2. q 1996 Academic Press, Inc.

PB induces the activity of a wide variety of enzymes involved in biotransformation of both
endobiotics and xenobiotics (1). The induction of cytochrome P450 enzymes is particularly im-
portant due to their role in the hydroxylation of steroids, drugs, and carcinogens/mutagens (2).

Current investigations into the mechanism(s) of the major PB-inducible cytochrome P450
enzymes, CYP2B1/2B2, are focusing on the role PB may serve in altering the binding of
nuclear proteins to critical DNA response elements which enhance transcriptional initiation of
these genes. Ramsden et al., using transgenic mouse strains containing various rat CYP2B2
constructs, have proposed the role of one or more negative regulatory factors in the regulation
of CYP2B2 gene expression; PB may function to modify or relieve these repressors (3). A
positive glucocorticoid enhancer (GRE), located 1.3 Kb upstream of the transcription initiation
site in the CYP2B2 promoter region, has been functionally identified by Jaiswal et al. (4).
Using transient transfections of FGC4 hepatoma cells, Shaw et al. have shown that the anti-
progestin/anti-glucocorticoid, RU486, can inhibit PB-dependent induction, implicating involve-
ment of a steroid receptor in the PB induction mechanism (5). Shephard et al., have identified
two DNA sequences in the CYP2B2 promoter that bind rat liver nuclear proteins that are
enriched or activated by in vivo PB treatment (6). Trottier et al., have also identified a phenobar-
bital response element upstream of the CYP2B2 promoter (7). The objective of our study was
to determine whether in vivo PB treatment affected protein binding to a putative AP-1 site at-
1441 in the CYP2B2 5*-flanking region. In addition, AP-1 binding activity was compared
using both an acute and chronic in vivo PB dosing regimen.

MATERIALS AND METHODS
Chemicals. Sodium phenobarbital was supplied by Ransdell Co. (Louisville, KY). Chemicals were purchased from

Sigma Chemical Co. (St. Louis, MO), unless otherwise specified. Radioisotopes were obtained from Amersham
(Arlington, IL).
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FIG. 1. Electrophoretic mobility shift assay (EMSA) of the AP-1 consensus element. (A) Nuclear extracts were
prepared from treatment groups (described in Methods) and incubated with radiolabeled AP-1 consensus as described
in methods. Lane 1, free probe without nuclear protein; Lane 2, nuclear extracts (5 Tg) from SDC18h; Lane 3,
SDPB18h; Lane 4, SDC5d; Lane 5, SDPB5d. (B) Nuclear extracts (5 Tg) from SDPB18h (lanes 2-4) or SDPB5d
(lanes 5-7) were pre-incubated in the presence of either no competitor (lanes 2 and 5) or 100-fold molar excess of
unlabeled AP-1 consensus (lanes 3 and 6) or unlabeled SP-1 (lanes 4 and 7). Lane 1 is free probe without nuclear
protein.

Animals. Four month old, male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) were injected i.p.
with either 100 mg/kg PB 18 hours before sacrifice (SDPB18h), or 70 mg/kg PB daily for 4 days and sacrificed on
day 5 (SDPB5d). Controls for either injection received equivalent volumes of normal saline (SDC18h, SDC5d).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared from rat liver according to Howard et al.
(8). Protein concentrations were quantitated by the Bradford method (9). HeLa nuclear extracts induced with phorbol 12-
myristate 13-acetate (phorbol ester) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

The consensus sequence for AP-1 was purchased from Promega Corp., Madison, WI. A CYP2B2 sequence-specific
oligonucleotide was synthesized at the University of Kentucky Macromolecular Structural Analysis Facility (Lexington,
KY), and annealed to form a double-stranded 25 bp element (2B2/AP-1). Both oligonucleotides were radiolabeled
with [K-32P]dATP using T4 kinase (GIBCO-BRL, Long Island, NY).

EMSAs were carried out as described by Howard et al. (8). Competition studies were carried out by preincubation
for 20 min. at 220C, in reaction buffer containing 10-to 100-fold molar excess of unlabeled self-competitor oligonucleo-
tide or an unrelated DNA sequence of similar size (SP-1, Promega Corp).

RESULTS

The effects of PB on liver nuclear proteins that may potentially influence CYP2B1/2B2 gene
expression were examined after acute (18 hour) or chronic (5 day) in vivo exposure to PB. An
AP-1 consensus sequence, previously defined for the ability to bind AP-1 protein complex from
HeLa nuclear extracts after induction by phorbol esters (10), was tested for nuclear protein binding.

FIG. 2. A comparison of the sequence of the putative AP-1 binding site in the CYP2B2 gene to an AP-1 consensus
sequence. The sequence of a segment from the 5* flanking region of the CYP2B2 gene extending downstream from
position -1456 is shown with the putative AP-1 binding site in bold letters. The AP-1 consensus sequence shown is
from Bohmann et al. (10).
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FIG. 3. Cross competition by either the consensus AP-1 or 2B2/AP-1 for phorbol ester-induced HeLa nuclear
protein (2.5 Tg) binding. Lanes 1-7 represent labeled consensus AP-1 and competition by 2B2/AP-1 at 0-, 10-, 50-,
or 100-fold molar excess. Lanes 8-13 represent labeled 2B2/AP-1 and competition by consensus AP-1 at either 0-,
10-, 50-, or 100-fold molar excess. Lanes 1 and 8, free probe without nuclear protein.

PB treatment of rats did result in a 5-to 7-fold increase in protein binding to this AP-1 consensus
sequence (Figure 1). The magnitude of binding did not differ with acute or chronic doses of PB.
DNA binding was sequence specific as determined by competition with unlabeled self oligonucleo-
tide but not an unrelated sequence (SP-1, Figure 1).

FIG. 4. EMSA analysis of an AP-1 site located within the 5*-flanking region of the CYP2B2 gene (CYP2B2/AP-
1). (A) Nuclear extracts (5 Tg) were incubated with radiolabeled 2B2/AP-1 as described in the legend to Figure 1.
(B) Titration of nuclear protein binding to the 2B2/AP-1 element. Nuclear extracts were pre-incubated in the presence
of 0-, 10-, 50-, and 100-fold molar excess of unlabeled AP-1 (lanes 2-5) or 100-fold molar excess of unlabeled SP-
1 (lane 6). Lane 1, free probe without nuclear protein.
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FIG. 5. Cross-competition for liver protein binding to the consensus AP-1 sequence by the CYP2B2 sequence-
specific AP-1. Liver nuclear extracts (5 Tg), isolated after 5 days of PB exposure (SDPB5d), were incubated in the
presence of 0-, 10-, 50-, and 100-fold molar excess of the 2B2/AP-1 element (Lanes 1-4). Lane 5, 100-fold molar
excess of an unrelated SP-1 element; Lane 6, free probe without nuclear protein.

Computer analysis of CYP2B2 gene sequences identified a site identical to the AP-1 consen-
sus sequence (Figure 2) at position-1441 within the 5-flanking region. To characterize the
CYP2B2 sequence as an AP-1 binding site, a series of binding studies was performed with
phorbol ester-induced HeLa nuclear extracts and liver nuclear extracts from PB-induced rats.
Figure 3 demonstrates cross-competition for AP-1 binding by the 2B2/AP-1 sequence where
a HeLa protein complex bound by the labeled AP-1 consensus sequence is specifically and
effectively competed by an excess of unlabeled 2B2/AP-1 sequence (lanes 1-7). Likewise, the
labeled 2B2/AP-1 sequence can form an AP-1-like complex with HeLa nuclear proteins which
is also effectively competed by the similar AP-1 consensus sequence (lanes 8-13). Analysis
of the CYP2B2/AP-1 sequence in EMSA assays detected liver nuclear protein binding which
was consistent with the mobility and PB induction pattern seen with the consensus AP-1
sequence (Figure 4). A similar cross-competition profile to those with phorbol ester-induced
HeLa nuclear extracts was seen with liver nuclear extracts from PB-treated rats (Figure 5).

DISCUSSION

In analyzing a region of the CYP2B2 gene spanning from-1402 to /165, Shephard et al.,
have identified two DNA sequences, located between-183 to-199 and-31 to-72 of the CYP2B2
promoter, that bind rat liver nuclear proteins that are enriched or activated by in vivo PB
treatment (6). In later studies by this same group, the distal sequence was shown to interact
with a member of the octamer transcription family and may be involved in the tissue-specific
expression of CYP2B2, whereas the proximal sequence was shown to interact with members
of the C/EBP family forming heterodimers with other transcription factors (11). Trottier et
al., in transient transfections of primary rat hepatocytes, have identified a phenobarbital re-
sponse element (PBRE) located between nt-2155 and-2318 of the CYP2B2 gene (7). This
large 163 bp fragment, when used in EMSAs, resulted in a complex binding pattern consisting
of multiple bound complexes. Upadhya et al. and Ram et al. have described a minimal PB-
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responsive promoter in the CYP2B1/2B2 gene by construction of a minigene consisting of
179nt of the 5*-upstream region (12, 13). The regions-69 to-98nt and-126 to-160nt have been
identified as positive and negative regulatory elements. The positive element includes the
‘barbie box element’; a highly conserved 17 bp sequence found in a variety of genes that
encode barbiturate-inducible proteins, including the CYP2B2 gene (14, 15). Identification of
a putative AP-1 site at-1441 in the CYP2B2 gene described in our studies indicates another
potential regulatory site worthy of further investigation; however, the precise role of this
sequence in mediating the induction of CYP2B1/2B2 in rat liver remains to be delineated.

In summary, this is the first report of an increase in AP-1 binding after in vivo exposure to
PB. Although others have reported the presence of AP-1-like sequences in the CYP2B2
promoter based on similarity to the AP-1 consensus (16), we are the first to demonstrate and
define nuclear protein binding to the putative AP-1 site in the CYP2B2 gene. Furthermore,
this increase in binding activity occurs within 18 hours of an acute in vivo exposure to PB
and persists with chronic treatment for 5 days. These results provide further evidence to support
a role for AP-1 transacting factors in the molecular mechanism(s) of PB-dependent induction
of cytochrome P450 enzymes and possibly other PB-inducible enzyme systems. Future investi-
gations into the transcriptional nature of the increased AP-1 binding activity and its relationship
to other identified elements within the CYP2B2 gene may provide insight into the pleiotropic
response of cells to PB.
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