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SUMMARY

The major cytochrome P450 (P450EF) in the mouse embryo
fibroblast C3H/10T1/2CL8 (10T1/2) cell line, which is very active
in polycyclic aromatic hydrocarbon metabolism, is immunologi-
cally distinct from known P450 families but shares homology
with an adrenocorticotropin hormone-regulated P450 from rat
adrenal glands (P450RAP). P450EF is more effectively induced
by benz[a]anthracene (BA) than by 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), which is anomalous for aryi hydrocarbon recep-
tor (AhR)-mediated transcriptional activation. Evidence is pre-
sented here that induction of P4S0EF is consistent with media-
tion by the AhR but also involves an additional selective stabili-
zation of P450EF by BA. P450EF-specific nRNA was measured
by in vitro translation of 10T1/2 mRNA and subsequent immu-
noprecipitation with antibodies that recognize P450EF. P450EF
mRNA was equally stimulated (>10-fold) by BA (10 um) and

TCDD (10 nm) after 6 hr of induction in 10T1/2 cells. This equal
stimulation of P450EF by BA and TCDD is consistent with
transcriptional activation of the gene by the AhR. BA induction
of mRNA declined 3-fold between 6 and 18 hr, due to metabolism
of BA. Steady state P4S0EF mRNA levels declined quickly once
this stimulation was removed, whereas total P4SOEF protein
levels, measured by immunobilotting, continued to increase. Dur-
ing a 6-hr inhibition of protein synthesis with cycloheximide, both
total PASOEF and functional cytochrome, measured by potycyclic
aromatic hydrocarbon metabolism, decreased by 60% in unin-
duced and TCDD-induced transformed 10T1/2 cells. This is
consistent with relatively rapid degradation of P4S0EF (t,, = 4
hr). No such decline was seen when BA was present, indicating
a stabilization of P450EF, which can explain the additional effec-
tiveness of BA in enhancing the level of P450EF.

Increased P450 can be attributed to receptor-mediated tran-
scriptional activation of the gene, post-transcriptional mRNA
stabilization, or substrate-induced post-translational protein
stabilization (1). Induction of P450s by PAHs, such as 3-
methylcholanthrene or BA, or halogenated aromatic hydrocar-
bons, such as TCDD, is controlled by binding to the cytosolic
AhR (2-4). Expression of both members of the CYPI gene
family (CYPIA1 and CYP1A2) is stimulated by PAH binding
to the AhR. This produces enhanced rates of transcription of
the activated gene in isolated hepatocytes and in liver of mice
(5-7) and rats (8-10).

The action of the AhR in the induction of CYP1A1 has been
extensively studied in variants of Hepa-1 cells, and this has
established the role of a functional TCDD-receptor complex in
the expression of CYP1A1 (11-14). The cytosolic receptor has
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been characterized as a helix-loop-helix protein (15, 16) that
translocates into the nucleus after ligand binding and dissocia-
tion of the 90-kDa heat shock protein (17-19). The AhR binds,
as a heterodimer with the AhR nuclear translocator protein
(20), to multiple DNA recognition motifs (dioxin-responsive
elements) upstream of exon 1 of CYPIAI to activate its tran-
scription (21, 22).

CYP1ALl is the most active P450 in the metabolism of PAHs
(23). The mouse embryo fibroblast 10T'1/2 cell line converts a
high proportion of PAHs to the carcinogenic dihydrodiol epox-
ides through a PAH-inducible reaction (24-26). However,
Cypla-1 gene expression in 10T1/2 cells after induction by
TCDD and BA is extremely low (26), even though the AhR
effectively stimulated a Cypla-1 promoter-reporter fusion gene
transiently transfected into 10T1/2 cells, thus indicating active
AhR complexes (27). A novel PAH-metabolizing P450, tem-
porarily denoted as P450EF, has been identified in these cells
and is induced by both TCDD and BA (26). P450EF comprises

ABBREVIATIONS: P450, cytochrome P450; PAH, polycyclic aromatic hydrocarbon; BA, benz{a]anthracene; TCDD, 2,3,7,8-tetrachiorodibenzo-p-
dioxin; AhR, aryl hydrocarbon receptor; DMBA, 7,12-dimethylbenz{a]anthracene; DMSO, dimethyisuifoxide; 10T1/2, C3H/10T1/2CL8; MCA celis,
3-methyicholanthrene-transformed C3H/10T1/2CL8 cells; Hepa-1, Hepa-1c1c7; HPLC, high pressure liquid chromatography; SDS, sodium dodecy!
sulfate; PAGE, polyacrylamide gel electrophoresis; TCA, trichloroacetic acid; PBS, phosphate-buffered saline.
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the majority of the P450 content in 10T'1/2 microsomes, both
constitutively and after PAH induction. Purification and im-
munological characterization of this enzyme established the
presence of a 55-kDa protein that is substantially distinct from
CYP1ALl, not only in terms of positional selectivity for DMBA
metabolism but also in terms of immunological characteristics
(26, 28). The use of specific antibodies established that essen-
tially all PAH metabolism in 10T'1/2 microsomes is catalyzed
by this form (28). P450EF failed to cross-react with antibodies
to members of the major microsomal families 1-4. However,
P450EF exhibited cross-reactivity with an antibody to an ad-
renocorticotropin hormone-stimulated P450 isolated from rat
adrenal cortex (P450RAP), which also showed similar PAH
metabolic activity and regioselectivity (28-30). Studies from
our laboratory showed that P450EF or the characteristic PAH
metabolism is also expressed in stromal fibroblasts from rodent
uterus (31), prostate (25), mammary gland,’ and embryonic
primary cultures.? Expression of P450EF in these endocrine
tissues is induced by TCDD or PAH, suggesting the involve-
ment of the AhR in the regulation of its expression.

Surprisingly, the maximum increase of functional P450EF
in 10T'1/2 cells produced by BA is 2 times greater than that
produced by TCDD. This is unlike the normal regulation of
expression via the AhR, where TCDD is typically the most
effective ligand. In this report, we present an analysis of the
regulation of P450EF by BA and TCDD at both the protein
and mRNA levels. By utilizing a reticulocyte translation system
to generate [*S)apo-P450EF in proportion to the specific
mRNA, we establish that maximum induction of P450EF
mRNA is consistent with involvement of the AhR. In addition,
we provide evidence for substrate-induced stabilization of
P450EF protein by BA, which can account for the exceptional
effectiveness of BA at the protein level.

Experimental Procedures

Chemicals. DMSO, BA, and DMBA were purchased from Aldrich
Chemical Co. (Milwaukee, WI). TCDD was obtained from Chemsyn
Science Lab. (Lenexa, KS). L-[*S]Methionine (1000 Ci/mmol) was
purchased from Amersham (Arlington Heights, IL). The rabbit retic-
ulocyte lysate, the ribonuclease inhibitor (RNasin), and the amino acid
mixture (minus methionine) were purchased from Promega (Madison,
WI). The fluorographic reagent Amplify was purchased from Amer-
sham. The substrates for the color development, i.e., nitroblue tetra-
zolium and 5-bromo-4-chloro-3-indolyl phosphate, were obtained from
Promega. Oligo(dT)-cellulose (type 3) was purchased from Collabora-
tive Research, Inc. (Bedford, MA). Coomassie brilliant blue, gentamicin
sulfate, and cycloheximide were obtained from Sigma Chemical Co.
(St. Louis, MO). Bicinchoninic acid assay reagents were purchased
from Pierce Chemcial Co. (Rockford, IL). Pansorbin was obtained from
Calbiochem. (La Jolla, CA) and Nonidet P-40 from Particle Data Lab.
(Elmhurst, IL).

Antibodies. Polyclonal anti-P450EF (28), anti-P450RAP (29), and
anti-CYP1A1 (26) served as primary antibodies for the Western im-
munoblots and the immunoprecipitations. Anti-g-actin serum was pur-
chased from Sigma Immunochemicals (St. Louis, MO). Goat anti-
rabbit IgG-alkaline phosphatase conjugate was obtained from Promega.

Cell culture and treatments. 10T1/2, MCA, and Hepa-1 cells
were grown in Dulbecco’s modified Eagle’s medium (GIBCO) supple-
mented with 10% fetal bovine serum (Gemini) and gentamicin sulfate.
10T1/2 and Hepa-1 cells were treated at 80% confluence with either
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0.1% DMSO, 10 uM BA, or 10 nM TCDD. MCA cells were grown in
Dulbecco’s modified Eagle’s medium/F-12 medium (1:1; GIBCO) sup-
plemented with 10% fetal bovine serum and gentamicin sulfate. At 8
days after confluence, cells were treated, as a multilayer culture, with
the respective inducer. Between 18 and 24 hr of exposure to the inducer,
cycloheximide treatments were performed at a final concentration of
10 uM. DMSO-treated cells (uninduced) were exposed to cycloheximide
for a period of 6 hr.

Preparation of microsomes and metabolism assay. Cells were
harvested after 6, 18, and 24 hr of treatment, washed in ice-cold PBS,
and stored in liquid nitrogen. Microsomes from all groups of treatments
were prepared as described previously (26). The protein concentrations
were assayed by the bicinchoninic acid method. The DMBA-metabo-
lizing profiles of P450EF were determined according to previously
described methods (32). Microsomal incubations were carried out at
0.5 mg/ml. After a 5-min preincubation at 37°, reactions were initiated
by addition of 10 uM DMBA. Reactions were stopped after 15 min of
DMBA metabolism, and metabolites were extracted and prepared for
analysis by HPLC according to previously described methods (32).

Electrophoresis and Western immunoblotting. Microsomal
proteins were separated by SDS-PAGE (7.5% acrylamide) according to
the method of Laemmli (33) and were transferred to nitrocellulose.
Cross-reactive proteins were visualized with goat anti-rabbit IgG cou-
pled to alkaline phosphatase, using nitroblue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate as substrates for the color reaction (26).
The induction factor of P450EF relative to constitutive levels was
determined by comparing densitometric scans of immunoblots obtained
at several microsomal loadings and by averaging the integration ratios
from five independent microsomal preparations.

Total RNA isolation. The isolation of total RNA from cultured
cells and selection of poly(A)* mRNA were performed according to
standard protocols, using the guanidinium isothiocyanate method and
two cycles with oligo(dT), at an oligo(dT)/RNA ratio of 0.1 g/400 ug
(34).

In vitro translation and subsequent immunoprecipitation.
Total RNA or mRNA was translated (1 hr at 30°) in a rabbit reticulo-
cyte translation system (minus methionine) using 40 uCi of [*S]
methionine as a radiolabel, with 1 unit of RNasin, according to the
protocol of Promega. Varying amounts of 10T'1/2 mRNA were used to
establish an approximately linear relationship between the amount of
translated mRNA and [*S)methionine incorporated into newly syn-
thesized protein. Thus, 2, 4, 5, and 6 ug of mRNA, when incubated in
the rabbit reticulocyte translation system, provided the following
amounts of ¥S-protein: 1.1, 2.3, 2.9, and 5.5 X 10* cpm/ul of translation
product, respectively. Five micrograms of mRNA were used for each
subsequent in vitro translation.

In detail, the method for quantitation of [**S]P450EF was as follows.
Aliquots of reticulocyte translation product (2 X 2 ul) were removed to
determine the total incorporation of [**S]methionine into newly syn-
thesized proteins. Translation product (2 ul) was incubated with 1 N
NaOH/2% H;0; (123 gl) for 10 min at 37°, mixed with ice-cold 26%
TCA (0.5 ml) and 5% bovine serum albumin (10 l), and incubated for
10 min on ice. TCA precipitates were recovered by centrifugation (30
sec, 13,000 X g), dissolved in 0.4 ml of 0.1 N KOH, and reprecipitated
with 0.5 ml of 25% TCA. Pellets were dissolved in 0.6 N KOH and
transferred for radioactivity counting. These measurements were used
to submit the same amount of *¥*S-translation product for immunopre-
cipitation, by adjustment of the amount withdrawn.

Immunoprecipitation was carried out by sequestering specific anti-
body complexes to Pansorbin according to previously described meth-
ods (35, 36). Equal levels of **S-translation product from each reaction
(1.3 X 10° cpm) were mixed with an equal volume of 10% SDS solution,
and then samples were boiled (3 min) and diluted 10-fold in PBS, pH
7.0, supplemented with 1 mmM EDTA, pH 8.0, and 0.5% Nonidet P-40.
To remove proteins that bind nonspecifically, Pansorbin (40 ul) that
had been prewashed with PBS containing 1 mM EDTA and 0.25%
Nonidet P-40 was first incubated with each sample for 1 hr at room



temperature. After centrifugation (10 min at 130,000 X g), supernatants
were incubated with 20 ug of preimmune IgG at room temperature for
20 min and then with Pansorbin (40 ul) for another 1 hr. After an
additional centrifugation, supernatants were incubated with 12 ug of
specific immune IgG (anti-P450RAP, anti-CYP1Al, or anti-8-actin) at
4° overnight and then with Pansorbin (40 ul) for another 10 min at
room temperature. After centrifugation, pellets containing Pansorbin-
bound IgG-protein complex were suspended in PBS (300 ul) supple-
mented with 1 mM EDTA, 0.56% Nonidet P-40, 0.1% SDS, and 10 mMm
methionine and were centrifuged through 1.5 M sucrose (1 ml). Pellets
were then repeatedly washed in this buffer until radioactivity reached
constant levels. Pellets were resuspended in Laemmli electrophoresis
buffer and boiled for 3 min; 10% of the supernatant was used to
measure the total radioactivity of the immunoprecipitate and 90% was
applied for SDS-PAGE.

Analysis of immunoprecipitated protein. Total immunoprecip-
itates were analyzed by SDS-PAGE (7.5% or 12% acrylamide). After
electrophoretic separation of proteins, gels were fixed in isopropanol/
water/acetic acid (25:65:10, 30 min) and soaked in Amplify for fluorog-
raphy (30 min). Gels were dried (2 hr at 60°) and exposed to Kodak X-
ray film; exposure times ranged between 1 and 60 days. Pure rat hepatic
CYP1Al (1 ug) was added as a standard on every gel containing the
immunoprecipitates and was stained separately with Coomassie bril-
liant blue. The relative mobility of CYP1A1 was used as a molecular
weight marker for the immunoprecipitated protein.

Results

Quantitation of P450EF protein levels in 10T1/2 and
MCA cells. Immunoblots with anti-P450EF were used to
quantitate levels of PA50EF in both 10T'1/2 and MCA cell lines
(Fig. 1A). These immunoblots measured total P450EF in the
microsomes (subsequently referred to simply as total P450EF),
which comprised functional hemoprotein and potentially a
proportion of apoprotein. Based on these immunoblots, total
P450EF was present at comparable levels in microsomes from
untreated 10T'1/2 and MCA cells. In both cell lines, basal
expression of total PA50EF was stimulated to a greater extent
by BA than by TCDD. Densitometric analysis of immunoblots
from three 10T1/2 and five MCA cell microsomal preparations
showed an average total P450EF induction factor of 17 + 2.1
for BA and 6 + 1.2 for TCDD. BA was therefore 3-fold more
effective than TCDD in elevating total P450EF in both cell
lines, whereas CYP1A1 was undetectable after treatment with
either BA or TCDD (Fig. 1B).
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Fig. 1. Induction of total P450EF in 10T1/2 and MCA celis. Microsomes
from DMSO-, BA-, and TCDD-treated 10T1/2 and MCA cells, as well as
microsomes from TCDD-treated Hepa-1 cells, were prepared after 24 hr
of induction. Microsomal proteins (8 ug/lane) were separated by SDS-
PAGE and transferred to nitroceliulose. Visualization of immunoreactive
proteins was achieved by the alkaline phosphatase method. A, Immu-
nobiot with anti-P450EF; B, immunobiot with anti-P4501A1 (CYP1A1).
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Functional P450EF, measured by total DMBA-metabolizing
activity, was induced similarly in both 10T1/2 and MCA cell
lines. The average induction factor for this activity, determined
from three independent experiments, was 8.0 + 1.1 for BA and
5.0 = 0.9 for TCDD. Surprisingly, for both 10T1/2 and MCA
cells the ratio of BA/TCDD induction was always higher for
total P450EF levels measured by immunoblots (3.3 + 0.6) than
for functional P450EF measured by DMBA metabolism (1.7 +
0.2). This suggests that, when BA is the inducer, a significant
proportion of the total P450EF is not optimally active in
DMBA metabolism.

Quantitation of PASOEF mRNA levels. P4A50EF mRNA
was quantitated by immunoprecipitaion of [*S]P450EF gen-
erated from in vitro reticulocyte translation of 10T1/2 mRNA.
Anti-P450RAP, which immunoprecipitates P450EF more effi-
ciently than does anti-P450EF, was used to immunoprecipitate
[3°S]P450EF. The steady state level of PA50EF mRNA was
reflected by a 55-kDa immunoprecipitated protein (Fig. 2A).
P450EF mRNA, measured from two independent immunopre-
cipitations, was increased 3-fold by BA and 6-fold by TCDD
(Fig. 2B), reversing the effectiveness of the inducers at the
protein level. There was no immunoprecipitable protein corre-
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Fig. 2. Induction of PAS0EF mRNA levels in 10T1/2 and MCA celis.
mRNA (5 ug) from DMSO-, BA-, and TCDD-treated 10T1/2 cells and
from BA-treated Hepa-1 cells (24 hr) was transiated in a rabbit reticulo-
cyte translation system. Equal amounts of radioactivity (1.3 x 10° cpm)
were utilized for each immunoisolation of PASOEF with anti-P4S0RAP

(12 ug). A, SDS-PAGE analysis of the immunoprecipitates after fluorog-
raphyandautoradiogfaphy(10-dayexpostm) B, Relative inducibility of
P450EF mRNA in 10T1/2 cells, derived from densitometric scans of the

autoradiograms averaged for two independent experiments. Error bars,
range of induction in these two experiments. C, Equivalent P450EF
mRNA levels in MCA cells measured by reticulocyte transiation, as
described for A. CYP1A1 mRNA levels in TCDD-induced MCA cells and
BA-induced Hepa-1 cells were compared by using anti-P4501A1
(CYP1AT1). D, Inducibility of P4S0EF mRNA in MCA cells, derived from
densitometric scans of autoradiograms averaged for three independent
immunoprecipitations, showing the range of variability of induction from
three experiments (error bars).
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sponding to P450EF mRNA from BA-treated Hepa-1 cells (Fig.
2A).

The equivalent experiment with MCA cells (Fig. 2C) shows
much larger differences in P450EF mRNA between the induc-
ers. There was only a 3-fold increase of mRNA by BA, compared
with >60-fold stimulation by TCDD (Fig. 2D). CYP1A1 was
undetectable by this method in TCDD-induced MCA cells,
consistent with previous CYP1A1 ¢cDNA hybridization (37),
whereas it was clearly detected in BA-induced Hepa-1 mRNA
(Fig. 2C). A second, weaker, more mobile band was co-precipi-
tated in each case at about one third the intensity of P450EF
and was not identified. Immunoprecipitation of 8-[*S]actin
from these mRNA translates as an internal standard (detected
as a 45-kDa protein) indicated similar efficiency levels for each
sample (data not shown).

Time course for P450EF induction. One possible expla-
nation for the greatly diminished levels of BA-induced P450EF
mRNA, relative to levels after TCDD treatment, in MCA cells
is that BA is removed by metabolism in the 24-hr period before
isolation of mRNA. To test this possibility, we measured
P450EF mRNA steady state levels after 6 and 18 hr of induction
with BA and TCDD. Two independent experiments showed
that P450EF mRNA was equally induced by both inducers after
6 hr of treatment. After 18 hr, the TCDD induction level was
maintained at the 6-hr level, whereas the BA induction level
decreased 3-fold (Fig. 3, A and C). The corresponding total
P450EF increased between 6 and 18 hr for both inducers, with
greater effectiveness of BA (Fig. 3B). There was a 3-fold decline
in BA-induced P450EF mRNA between 6 and 18 hr, concomi-
tant with a 5-fold increase in the protein (Fig. 3D). DMBA
metabolism provides a measure of functional P450EF, distinct
from total protein. This activity also increased in parallel with
total P450EF protein levels between 6 and 18 hr and showed a
2-fold decline after 24 hr of treatment with BA (Fig. 4A). The
microsomal level of BA in MCA cells, which should be propor-
tional to the residual cell BA, declined to <10% of initial levels
after 18 hr and was almost undetectable at 24 hr (<0.5 pmol/
mg of protein) (Fig. 4B). The capacity to deplete BA from the
medium is proportional to cell density and is therefore higher
for MCA cells, which, unlike 10T'1/2 cells, grow as multilayers.
Microsomal BA levels in high-density MCA cells at 18 hr were
generally 5-fold lower than those in typical 10T1/2 induction
experiments at 24 hr (Fig. 1).

Fig. 4C presents time courses for induction of DMBA metab-
olism by BA and TCDD in MCA cells at a lower cell density,
comparable to that in 10T1/2 cells (Fig. 1). There was no
decline of total DMBA-metabolizing activity between 18 and
24 hr of induction, consistent with slower removal of BA.
TCDD- and BA-induced DMBA metabolism was equally stim-
ulated after 6 hr, but BA was twice as effective during the next
12 hr. A similar late effect of BA was seen for total P450EF
(Fig. 3D), except that differences between the inducers were
larger.

Turnover of P450EF. The rapid decline of P450EF-de-
pendent DMBA metabolism after depletion of BA suggested
that the enzyme might be relatively labile in the absence of a
substrate. To test this possibility, we examined the effect on
P450EF levels of inhibiting new protein synthesis for a short
period, thus providing a measure of the removal rate. The same
period of inhibition was examined in uninduced cells and in
cells maintained with either TCDD or an excess of BA (boosted
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Fig. 3. Time dependence of PAS0EF mRNA and total protein induction
in MCA cells. P450EF mRNA levels quantitated by rehwlocytetmnslanon
and immunoprecipitation are compared with the micro-
somal P450EF protein levels quantitated by immunoblots. A, SDS-PAGE
analysis of immunoprecipitations from translated mRNA isolated from
DMSO-, BA-, or TCDD-induced MCA cells (treated for 6 or 18 hr). Equal
amounts of radioactivity (1.5 %< 10° cpm) were utilized to immunoprecip-
itate P4S0EF with anti-P450RAP. B, Immunobilots of the corresponding
P450EF from microsomal preparations. Microsomal proteins (8 ng/lane)
were separated by SDS-PAGE and transferred to nitrocellulose. Visuali-
zation of immunoreactive proteins was accomplished by using the alka-
line phosphatase method. C and D, Relative P4AS0EF mRNA (C) and total
P450EF (D) levels averaged from densitometric scans of the autoradi-
ograms and the immunobiots obtained from two independent experi-
ments. Error bars, range of variability of induction in these two experi-
ments.

at 12 hr of induction). Inhibition of protein synthesis was
achieved with cycloheximide treatment, which was applied for
a period of 6 hr, beginning at a time when maximum induction
had been achieved (after 18 hr). When cells were treated with
BA, total P450EF (Fig. 5A) and DMBA-metabolizing activity
(Fig. 4C) increased slightly from 18 to 24 hr and were largely
insensitive to the 6-hr cycloheximide treatment (Figs. 5A and
6). In contrast, microsomes from TCDD-induced cells exhibited
a 2-5-fold decline in DMBA metabolism (Fig. 6) and a 5-fold
decline in TCDD-induced total P450EF (Fig. 5A) when protein
synthesis was inhibited. The same period of protein synthesis
inhibition in uninduced cells produced almost the same effect
as in TCDD-induced cells; there was a 5-fold decrease of
constitutive total P450EF (Fig. 5B) and a 3-fold decline in
DMBA metabolism (Fig. 6).

Efforts have been made to measure the turnover of P450EF
and the post-translational regulation of BA more directly, by
pulse-chase labeling of uninduced, BA-induced, and TCDD-
induced MCA cells. Attempts were made to assess P450EF
levels from specific immunoprecipitations after 2 hr of [*S]
methionine labeling (35). Unfortunately, we could not detect
an inducible 55-kDa %*S-labeled protein that would correspond
to the less abundant P450EF, whereas simultaneously con-
ducted immunoprecipitations of 8-actin revealed a 45-kDa pro-
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Fig. 4. Time course of functional P4S0EF induction in MCA cells. Total
DMBA metabolism was measured with BA-treated (10 um) MCA cell
microsomes after 6, 18, or 24 hr of induction or 24 hr of DMSO
treatment (0 hr of induction). A, Conditions of high density of MCA celis
and a single treatment with BA. Data shown represent total DMBA
metabolism avemged from two separate microsomal incubations. B,
Corresponding residual nﬂerosomalBAlevelsmtheceus determined by
HPLC analyses. C, Total DMBA activity from MCA cell
microsomes prepared after 6, 18, or 24 hr of either BA (10 um) or TCDD
(10 nm) treatment. The BA concentration was boosted with an additional
10 um BA at 12 hr of induction, to ensure the presence of the inducer
throughout the induction time. Data show the average total DMBA-

activity from two separate microsomal incubations. Error
bars, variability within these incubations.

tein that was clearly distinguishable against the background.
Immunoprecipitation from cell lysates seems to provide less
efficient immunoprecipitation than seen with the reticulocyte
translation system, possibly because of unusually strong bind-
ing of this type of P450 to membrane phospholipids, as has
been observed during purifications of P450EF and P450RAP
(28, 29).

Discussion

The induction by PAH and TCDD of P450EF in 10T1/2
cells suggests that the AhR mediates this process in much the
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Fig. 5. Loss of total PA50EF in MCA cells during cycioheximide (CHX)
inhibition of protein synthesis. Microsomes were isolated after 6, 18, or
24 hr of BA or TCDD treatment or 24 hr of DMSO treatment. The
indicated cycloheximide treatment was applied between 18 and 24 hr of
induction. A, Immunobiot (with anti-P450EF) of microsomes (8 ug/lane)
from DMSO-, BA-, and TCDD-treated cells and from cells that were
simultaneously treated with cycloheximide for the final 6 hr. The BA
eoncentratlonwasboostedwnhanaddmonal10mBAat12hrof
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Fig. 6. Loss of DMBA functional P450EF in MCA cells during cyclohexi-
mide (CHX) inhibition of protein synthesis. The same microsomes de-
scribed for Fig. 5, to which cycloheximide was added at a 10 um final
concentration between 18 and 24 hr of BA or TCDD induction, were
analyzed for DMBA metabolism. Total activity of DMBA metabolism was
detetmtedafterHPLCanalysisofDMBAmtaboﬁtesgeneratedfmn
microsomes from 24-hr-treated cells. Data shown represent
total DMBA metabolism from two separate microsomal incubations. Error
bars, variability within two separate microsomal incubations.

same way as has been established for CYP1A1 induction (3, 6,
38). The ECs for induction by TCDD of P450EF-mediated
metabolism in 10T1/2 cells (about 0.1 nM) is fully consistent
with this mechanism.? However, BA, a relatively weak AhR
agonist, is 2-3 times more effective in elevating levels of
P450EF in 10T1/2 cells than is TCDD, the strongest agonist
(2, 3, 39), whereas the reverse is seen for the AhR-mediated
induction of CYP1A1 in mouse Hepa-1 cells (26). Two sets of
experiments presented in this paper establish a mechanism for
P450EF induction that is consistent with mediation by the
AhR but also explains the exceptional effectiveness of BA. We
show that TCDD and BA are equally effective in elevating
P450EF mRNA and that stimulation by BA declines as the
inducer is metabolized, just as has been reported for induction
of CYP1A1 in hepatocytes (40). The exceptional stimulation of

3D. L. Alexander and C. R. Jefcoate, unpublished observations.
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P450EF by BA arises because even very low concentrations of
BA apparently slow the degradation of what is otherwise a very
labile protein. The same regulation of P450EF is seen in both
10T1/2 and transformed MCA cells.

Steady state levels of P4A50EF mRNA in MCA and 10T1/2
cells have been quantitated by in vitro translation of mRNA,
followed by immunoprecipitation with antibodies that specifi-
cally recognize P450EF. These antibodies immunoprecipitate a
protein from reticulocyte-translated 10T1/2 mRNA with the
same mobility (55 kDa) as P450EF in SDS-PAGE. Several
additional experiments validate this approach. There was no
immunoprecipitable protein translated from BA-induced Hepa-
1 mRNA, which does not produce P450EF (26), whereas
CYP1A1l was immunoprecipitable by anti-CYP1Al. In addi-
tion, only the related rat adrenal P450RAP (based on molecular
weight and adrenocorticotropin hormone inducibility) (29) was
immunoprecipitated by the same antibody from reticulocyte
translates of rat adrenal cell mRNA (data not shown). Using
this method, we showed that BA and TCDD produce similar
maximum steady state levels of P450EF mRNA in both cell
lines after 6 hr of treatment, whereas BA was relatively less
effective at 18-24 hr as a result of metabolic depletion. This
difference was even greater in MCA cells, which are not contact
inhibited and consequently can grow to higher cell densities
than 10T'1/2 cells, resulting in much higher rates of BA deple-
tion.

The time courses for BA stimulation of total P450EF and
functional protein were very different from those for changes
in mRNA. Both total P450EF protein and DMBA metabolism
increased between 6 and 18 hr, indicating that loss of P450EF
mRNA during this time is not paralleled by a loss of P450EF.
This is very similar to previously reported differences in turn-
over of CYP1A1 mRNA and protein during treatments of rat
hepatocytes (40), mouse liver, and extrahepatic tissues (38)
with PAH. This difference in the time course for P450EF
mRNA and protein can in part be attributed to unstable
P450EF mRNA, which declines rapidly once the BA-activated
transcription of PA50EF mRNA slows, concomitant with de-
pletion of BA. This, however, does not explain how protein
continues to rise during removal of this inducer, while the
mRNA level declines.

The substantial losses of total P450EF protein and activity
that occurred when protein synthesis was briefly inhibited by
cycloheximide indicate rapid turnover of the protein. In unin-
duced and TCDD-induced MCA cells, the approximately 4-fold
loss of total P450EF and DMBA metabolism during the 6-hr
period of inhibited protein synthesis is compatible with half-
lives for hemoprotein and apoprotein of 3—4 hr. This may
actually represent an underestimate of the degradation rate.
The lesser utilization of amino acids for synthesis during cyclo-
heximide treatment can cause a compensatory decrease in
general protein degradation as this process becomes less nec-
essary to replenish the amino acid pool (41). However, when
BA was present in these cells, this cycloheximide treatment
produced no discernible loss of P450EF, suggesting a half-life
for P450EF of at least 24 hr. This decrease in degradation rate
would be sufficient to cause a 5-10-fold elevation of P450EF
without any increase in the rate of synthesis. Stabilization of
P450EF through binding of BA in the substrate site is the
simplest explanation for this slower degradation and would be
analogous to substrate effects on other P450s (40, 42, 43).

However, we cannot exclude the possibility of indirect effects
of BA on this stability. For example, stability of CYP2 proteins
can be decreased by phosphorylation (44). Cycloheximide may
have additional effects within the cells. For example, superin-
duction caused by a cycloheximide-mediated increase of mRNA
synthesis in TCDD-induced Hepa-1 cells has been reported for
CYP1Al catalytic activity (45). However, such changes in
mRNA cannot contribute to the changes reported here, because
translation was fully inhibited. An indirect effect of BA on
P450EF through an additional labile protein that affects the
turnover remains possible but seems unlikely.

BA produces a much larger increase in total P450EF than in
the associated PAH metabolism, whereas for TCDD these
changes are closely matched. This discrepancy could arise from
50% inhibition by a residual BA metabolite or an additional
proportion of P450 apoprotein after BA induction (about 50%).
The latter could readily arise if heme synthesis is limiting in
these cells. Fig. 7 shows a general scheme for regulation of
P450EF in 10T1/2 cells that incorporates processes of regula-
tion described in this paper.

When administered together, TCDD and BA produce only a
slightly greater enhancement of DMBA activity than does BA
alone. This is consistent with BA exhibiting nearly maximal
effectiveness at the AhR, which is not improved by the presence
of TCDD. At low concentrations of BA it may be possible to
see additivity between the two inducers, because BA apparently
stabilizes P450EF at concentrations lower than those that
stimulate synthesis. These conditions, however, would be dif-
ficult to control because of continuously changing concentra-
tions of BA caused by metabolism. We are currently testing for
PAHs that stabilize P450EF without activating the AhR. The
natural turnover of P450EF in 10T'1/2 and MCA cells is much
more rapid than that reported for P450s in hepatocytes (11 hr)
(40). This rapid turnover suggests an important role of P450EF
in the regulation of key functions in these cells.

Recent work from this laboratory has described the isolation
of a cDNA encoding P450EF from 10T1/2 cells. RNA hybrid-
ization of this cDNA revealed an mRNA species of 5.2 kilo-
bases, which is 3 times longer than needed to encode the
protein. The deduced amino acid sequence from this cDNA

P450EF gene / BA
Ah receptor
haN TCDD
P450EF mRNA

~1— cycloheximide
BA

apo P450EF Cyt PASOEF ===——==BA  cytP450EF

proteolysis
heme amino acids
heme synthesis

Fig. 7. Model for the regulation of P450EF tumover by BA and TCDD.



showed 41% similarity to the sequence of CYP1Al; conse-
quently, P450EF has been designated CYP1B1 (46).
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