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SUMMARY

Immunoprecipitation experiments performed on cytosolic ex-
tracts of the mouse hepatoma cell line Hepa-1c1c7 (Hepa-1)
confirm that the 9-S, unliganded, cytosolic aryl hydrocarbon (Ah)
receptor complex contains the 90-kDa heat shock protein and
the Ah receptor protein but reveal that it does not contain the
Ah receptor nuclear translocator (ARNT) protein. These experi-
ments confirm that the 6-S liganded form of the receptor identi-
fied in nuclear extracts of cells treated with 2,3,7,8-tetrachioro-
dibenzo-p-dioxin (TCDD) contains the Ah receptor protein and
ARNT but not the 90-kDa heat shock protein. The 6-S li

Ah receptor complex activates transcription of the CYP1A7 gene
via its binding to upstream xenobiotic-responsive elements

(XREs). Treatment of cytosolic extracts of Hepa-1 cells with
TCDD in vitro transforms the Ah receptor complex to the XRE-
binding state. No such transformation occurs in a C~ mutant
deficient in ARNT activity. When in vitro synthesized ARNT was
added concomitantly with TCDD to C~ cytosolic extracts, it
associated with the Ah receptor and restored Ah receptor-
dependent XRE-binding activity to the extracts. Covalent cross-
linking experiments in nuclear extracts of Hepa-1 and human
LS180 cells treated with TCDD in vivo demonstrate that both
ARNT and the Ah receptor bind directly to_.the XRE core se-
quence.

The Ah receptor® binds a variety of environmentally impor-
tant carcinogens, including polycyclic aromatic hydrocarbons,
heterocyclic amines, and halogenated aromatic hydrocarbons
such as TCDD and polychlorinated biphenyls (1) (reviewed in
Ref. 2). The liganded receptor complex activates transcription
of the CYPIA1 and CYPIA2 genes and several other genes
involved in xenobiotic metabolism (reviewed in Ref. 3). The
CYP1A1l and CYP1A2 proteins play important roles in the
metabolic activation of polycyclic aromatic hydrocarbons and
heterocyclic amines, respectively, to their ultimate carcinogenic
metabolites (reviewed in Refs. 4 and 5). The Ah receptor also
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2“Ah receptor” refers to the 90-kDa ligand-binding subunit. “Ah receptor
complex” refers to any multimeric protein complex containing the Ah receptor.

mediates most, if not all, of the carcinogenic and toxic effects
of the halogenated aromatic hydrocarbons, although metabo-
lism of these compounds does not appear to be involved (6).
The location of the unliganded Ah receptor complex has not
been fully resolved (7), although the weight of evidence suggests
that this moiety is cytoplasmic (8, 9) and it is found in the
cytosolic fraction after conventional subcellular fractionation.
The composition of the unliganded receptor complex has not
been fully determined. The complex sediments at about 9 S in
sucrose gradients and is about 280 kDa in size (10). It contains
the Ah receptor (30 kDa in Hepa-1 cells and certain mouse
strains) (11, 12), HSP90 (13, 14), and perhaps two other pro-
teins (15). After TCDD treatment, the Ah receptor is found in
the nuclear fraction, as assessed by conventional subcellular
fractionation. Operationally, therefore, transformation of the
Ah receptor complex by TCDD results in translocation of the
Ah receptor to the nucleus. The nuclear form of the receptor
stimulates transcription of the CYPIAI gene via interaction

ABBREVIATIONS: Ah, aryl hydrocarbon; ARNT, aryl hydrocarbon receptor nuclear translocator; DTT, dithiothreitol; EMSA, electrophoretic mobility
shift assay(s); GST, glutathione-S-transferase; HSP90, 90-kDa heat shock protein; PAGE, polyacrylamide ge! electrophoresis; TCDD, 2,3,7,8-
tetrachlorodibenzo-p-dioxin; XRE, xenobiotic-responsive element; SDS, sodium dodecyl sulfate; EGTA, ethylene glycol bis(8-aminoethyl ether)-
N,N,N’ N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; dBrUTP, bromo-dUTP; Hepa-1, Hepa-1c1c7.
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with XRE sequences located 5’ to the coding region of the gene
(16, 17). The liganded Ah receptor can be extracted from nuclei
associated with the 87-kDa ARNT protein (18). This Ah recep-
tor-ARNT heterodimer is about 176 kDa in size and sediments
at about 6 S in sucrose gradients (19, 20).

Elferink et al. (21) provided evidence that the form of the Ah
receptor complex that binds the XRE contains two polypeptides
that bind the XRE core sequence directly. One of these poly-
peptides was identified as the Ah receptor, but the other was
not identified. We showed previously that ARNT is found
associated with the Ah receptor during binding to the XRE,
although those experiments did not allow us to ascertain
whether ARNT binds the XRE directly (18). In this paper we
investigate whether ARNT binds the XRE directly and there-
fore corresponds to the second polypeptide detected by Elferink
et al. (21). This seemed likely for several reasons, including the
fact that both ARNT and the Ah receptor contain basic helix-
loop-helix motifs (11, 12, 22). These motifs are found in a
variety of transcription factors, where they function in both
protein dimerization and DNA binding. We also address the
question as to whether ARNT is a component of the 9-S
unliganded Ah receptor complex.

The Hepa-1 cell line is a widely used model for studying the
mechanism of action of the Ah receptor. Mutants of the Hepa-
1 line with reduced or undetectable inducibility of CYP1A1
enzyme activity, and defective in Ah receptor function, have
been assigned to three complementation groups, probably rep-
resenting three different genes (reviewed in Ref. 23). In mutants
of group C, the cytosolic receptor is present at normal levels as
assessed by ligand binding, is of apparently normal size (9 S),
and is capable of binding ligand but is unable to translocate to
the nucleus after binding ligand (24). C- mutants are defective
in ARNT function, although both of the C~ mutants contain
normal levels of ARNT mRNA (22). In certain of the present
studies we utilize a C~ mutant to investigate the role of ARNT
in the TCDD-dependent transformation of the Ah receptor
complex to the XRE-binding state.

Materials and Methods

Chemicals. TCDD was obtained from the National Cancer Institute
Chemical Carcinogen Repository. Safety precautions were taken during
preparation, handling, and disposal of solutions containing TCDD (17).
[¥*S]Methionine and [**P]JdATP were from Amersham and NEN
DuPont, respectively. All other chemicals purchased were of the highest
quality available.

Antisera. A polyclonal antiserum against the mouse Ah receptor
was raised in New Zealand White rabbits using the published amino-
terminal peptide sequence (25) coupled to keyhole limpet hemocyanin
via an additional cysteine at the amino terminus (Immuno-Dynamics).
The antiserum was affinity-purified using the amino-terminal peptide
coupled to bovine serum albumin and immobilized on CNBr-activated
Sepharose (Pharmacia), according to the manufacturer’s instructions.
The human ARNT cDNA was digested with EcoRI, and the carboxyl-
terminal fragment coding for amino acids 399-777 was isolated and
cloned into the GST fusion vector pGEX-1AT (Pharmacia). The re-
sulting plasmid, pGEX1AT-ARNT-1.2, was then used to transform
Escherichia coli JM101 to ampicillin resistance. Colonies were isolated
and checked for correct orientation of the insert. Large-scale cultures
were induced with 1 mM isopropy!l 8-D-thiogalactopyranoside at an Agp
value of 0.9 and were grown for an additional 5 hr at 37°. The fusion
protein was purified from inclusion bodies according to the method of
Marston (26) and was used to immunize New Zealand White rabbits.
Bacterial extracts of JM101 expressing the GST and GST-ARNT-1.2

fusion proteins were prepared and immobilized on CNBr-activated
Sepharose. To adsorb all nonspecific antibodies, the polyclonal ARNT
antiserum was diluted 1/10 in 10 mM Tris- HCI, pH 7.5, and incubated
with immobilized bacterial extract expressing GST only. After centrif-
ugation, the supernatant was incubated with Sepharose beads contain-
ing immobilized GST-ARNT-1.2 extract. A column was packed with
the Sepharose beads and washed consecutively with 10 mM Tris- HCI,
pH 7.5, and with 10 mM Tris- HCI, pH 7.5, containing 0.5 M NaCl. The
specific ARNT-1.2 antibodies were eluted with 100 mM glycine, pH
2.5. The antiserum that recognizes the mouse 84-kDa and 86-kDa heat
shock proteins (27) was a generous gift of Dr. Steven Ullrich, National
Institutes of Health (Bethesda, MD). An IgG fraction of the rabbit
antiserum was prepared and used without further purification.

Cell culture and cellular extracts. The mouse hepatoma cell line
Hepa-1, the C™ mutant c4, and the human colon adenocarcinoma cell
line LS180 were cultured and maintained as described (28). Cells were
harvested by the scraping of confluent monolayers into ice-cold phos-
phate-buffered saline. Cytosolic extracts were made from cells cultured
in the absence of TCDD. Nuclear extracts were made from cells that
had been treated with TCDD (2 nMm for Hepa-1, 10 nM for LS180) in
culture for 90 min at 37° before harvesting in ice-cold phosphate-
buffered saline. Protease inhibitors (200 uM phenylmethylsulfonyl flu-
oride, 100 uM leupeptin, and 40 units/ml aprotinin) and 1 mM DTT
were added to all cytosolic and nuclear extraction buffers immediately
before use.

Cytosolic extracts for EMSA and for UV cross-linking experiments
were prepared by the method of Shapiro et al. (29). Nuclear extracts
for the EMSA and UV cross-linking experiments were prepared from
cells that had been suspended in 10 mM HEPES, pH 7.5, for 15 min
on ice, centrifuged, resuspended in 1 cell pellet volume of HED (25 mM
HEPES, 2 mM EDTA, 1 mM DTT, pH 7.5), and homogenized with a
loose-fitting Dounce homogenizer. Cell breakage was monitored under
the microscope. After centrifugation (10 min, 14,000 X g, 4°), the
supernatant (cytosolic fraction) was discarded. The nuclear pellet was
resuspended in 1 pellet volume of HED containing 0.4 M KC1 (HEDK)
and was rocked at 4° for 30 min. After homogenization with a tight
fitting pestle, glycerol was added to a final concentration of 20% (v/v).
The nuclear fraction was centrifuged at 180,000 X g for 30 min at 4°,
and the supernatants were then frozen at —80° until further analysis.
Nuclear extracts for immunoprecipitation and immunoblotting exper-
iments were prepared as described above except that the HED buffer
for swelling the cells and the HEDK nuclear extraction buffer were
supplemented with 20 mM sodium molybdate. Nuclear extracts were
prepared in the absence of glycerol and were centrifuged at 180,000 x
g for 120 min rather than 30 min. Also, the nuclear supernatant was
dialyzed overnight against 250 volumes of HEDG (HED containing
10% glycerol) with 20 mM Na,MoO, and was then centrifuged for 10
min at 14,000 X g at 4°. The cytosolic extracts for the immunoprecipi-
tation and immunoblotting experiments corresponded to the superna-
tant obtained after Dounce homogenization of these last cells. Protein
concentration of all extracts was determined according to the method
of Bradford, using bovine serum albumin as standard.

Immunoprecipitation and immunoblotting. Immunoprecipita-
tion of cytosolic and nuclear extracts was performed with a modification
of the method described by Poland et al. (30). In brief, extracts diluted
in HEDG, supplemented with 20 mM Na,MoO,, 1% Tergitol NP40
(Sigma), 150 mM NaCl, and 5 mM EGTA, were precleared with Protein
A-agarose (Boehringer-Mannheim) on a rocking table for 3 hr at 4°.
Affinity-purified antibodies against Ah receptor were added to the
supernatant, which was then incubated overnight at 4°. Immuncom-
plexes were precipitated with Protein A-agarose for 3 hr at 4°, washed
five times with the aforementioned buffer, and boiled with SDS-sample
buffer (2% SDS, 5% B-mercaptoethanol, 10% glycerol, 40 mM Tris-
HC], pH 6.8) for 8 min. Supernatants were subjected to SDS-PAGE
using a Miniprotean-II gel electrophoresis apparatus (Bio-Rad). For
immunoblots, proteins were transferred to nitrocellulose (Hybond-
ECL; Amersham) by means of a semi-dry blotting technique. After



blocking with 5% BLOTTO (5%, w/v, nonfat dry milk powder, 0.1%
Tween 20 in Tris-buffered saline) containing 4% goat donor serum
(Sigma), the membranes were probed with the antibody preparations,
appropriately diluted in 5% BLOTTO. Antigen-antibody complexes
were detected with a goat anti-rabbit antibody coupled to horseradish
peroxidase (Pierce Chemicals), using the enhanced chemiluminescence
(ECL) detection system (Amersham). Prestained molecular weight
markers (Sigma) were used. Because the staining process significantly
alters the molecular weight of the marker proteins, so that the nominal
molecular weights provided by the manufacturer are incorrect, the
molecular weights of the prestained markers were calibrated by com-
paring them with a series of nonstained molecular weight markers.

EMSA. Preparation of the ?P-labeled double-stranded synthetic
oligonucleotide, which contained base pairs —999 to —979 of the mouse
CYP1AI gene (encompassing XRE1) and additional nucleotides at
both ends, and the EMSA were essentially as described (18). In some
experiments EMSA was performed with cytosolic extracts that had
been incubated with 10 nM TCDD (added from a 100X stock solution
in dimethylsulfoxide) in vitro for 3 hr at room temperature. During in
vitro transformation of the cytosolic extracts of the C~ mutant by
TCDD, COS-7 cytosolic extracts transfected with pPBM5/NEO-M1-1
or pPBM5/NEO or in vitro synthesized ARNT protein was added before
gel shift analysis, as indicated.

Generation of the ARNT protein. Human ARNT was generated
from the ARNT expression vector pPBM5/NEO-M1-1 (22), either via
transfection into COS-7 cells or via in vitro transcription/translation.
Transfection of COS-7 cells with pPBM5/NEO-M1-1 or pPBM5/NEO
and labeling with [**S])methionine were performed as described previ-
ously (18). Cytosolic extracts of COS-7 cells were prepared as described
above for EMSA. For in vitro transcription/translation assays, the
TNT T7-coupled reticulocyte lysate system containing RNase inhibitor
(RNAsin) was programmed with pPBM5/NEO-M1-1 according to the
manufacturer’s instructions (Promega).

UV cross-linking. The primer §’-TGAGCTCG-3’ was annealed to
the oligonucleotide 5'-TCCGGCTCTTCTCACGCAACTCCGAGCTC
A-3’, and dBrUTP (Sigma) instead of dTTP was used for second-
strand synthesis with DNA polymerase I (Klenow fragment; New
England Biolabs). Thus, three dBrUTPs (shown in bold) were incor-
porated in the second strand, as follows: 5'-TGAGCTCGGAGUUGC
GUGAAGAAGAGCCGGA-3’. Nuclear extracts (100 ug of protein),
diluted in 25 mM HEPES, pH 7.5, containing 1 mM DTT, 1 mM EDTA,
and 10% glycerol, were incubated with 2.5 ug of poly(dl-dC) (Phar-
macia) for 20 min at room temperature and then incubated with the
labeled XRE for another 20 min. UV cross-linking was performed by
irradiation with a Photodyne transilluminator, emitting predominantly
at A 302 nm, for 30 min. Either the incubation mixture was irradiated
directly, or it was subjected to nondenaturing PAGE and the portion
of the gel containing the receptor-XRE complex was irradiated, and
the receptor-XRE complex then electroeluted from the gel overnight
in 20 mM HEPES, 20 mM Tris- HCI, 1 mM EDTA, pH 8.0. Irradiated
material was boiled in SDS-sample buffer for 3 min to disrupt protein-
protein complexes and all protein-XRE complexes except those in
which protein and DNA were covalently cross-linked. The electroeluted
protein-XRE complexes were precipitated with acetone and subjected
to denaturing SDS-PAGE (7.5%). To the complexes irradiated in
solution, affinity-purified Ah receptor or ARNT antibodies or the
corresponding preimmune IgG were added in some cases, as indicated
in the text, and incubated overnight at 4°. Immuncomplexes were
precipitated for 2 hr with Protein A-agarose (which had been previously
equilibrated in 10 mm Tris. HC), pH 7.5, 1 mM EDTA, 0.3 M NaCl, 10
ug/ml bovine serum albumin), washed three times in the same buffer,
and then subjected to SDS-PAGE (7.5%). The dried gel was exposed
at —80° to Kodak X-OMAT AR X-ray film.

Results

Characterization of affinity-purified antibodies to
ARNT and the Ah receptor. Affinity-purified Ah receptor
and ARNT antibodies were prepared as described in Materials
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and Methods. When cytosolic extracts prepared from Hepa-1
or human LS180 cells grown in the absence of TCDD (i.e.,
“uninduced cytosols”) were probed on immunoblots with the
antibodies to the carboxyl-terminal half of human ARNT, a
single protein, migrating at about 95 kDa, was detected in both
extracts (Fig. 1A, lanes 1 and 5). This is close to the known
size of 87 kDa for human ARNT (22). This protein was also
detected in nuclear extracts prepared from cells of both strains
that had been grown with TCDD (i.e., “induced nuclei”) (Fig.
1A, lanes 2 and 6). The amount of the protein was greatly
diminished in uninduced cytosol and induced nuclei of the C~
mutant, which is deficient in ARNT activity (Fig. 1A, lanes 3
and 4). Considerably more of the protein was detected in
extracts prepared from strain vT{2} (data not shown). vT{2} is
a derivative of the C~ mutant transfected with the human
ARNT cDNA expression vector pPBM5/NEO-M1-1, which is
known to overexpress ARNT mRNA (22, 31). These results
demonstrate that the ARNT antibodies are monospecific for
ARNT in both cytosolic and nuclear fractions.

Antibodies generated to the 19-amino acid amino-terminal
peptide of the mouse Ah receptor detected a single protein in

Role of ARNT in Ah Receptor Action
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Fig. 1. Characterization of affinity-purified polycional Ah receptor and
ARNT antibodies. Protein (100 xg) from uninduced cytosolic (C), induced
nuclear (N+), or uninduced nuclear (N—) extracts of Hepa-1, C~ mutant,
and LS180 cells were subjected to SDS-PAGE, transferred to nitrocel-
lulose, and then probed with ARNT antibodies (A) or Ah receptor anti-
bodies (B). The positions of the molecular weight markers (recalibrated
as indicated in Materials and Methods) are indicated on the /eft.
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uninduced cytosols from Hepa-1 cells and LS180 cells, of about
95 kDa and 110 kDa, respectively (Fig. 1B, lanes 1 and 4).
These are close to the expected sizes for the Ah receptor in
Hepa-1 and LS180 cells, i.e., 90 kDa (11, 12) and 110 kDa (32),
respectively. Thus, the Ah receptor antibodies specifically de-
tect the corresponding protein in cytosols of these strains. The
antibodies also uniquely detected the Ah receptor in induced
nuclei of LS180 cells (Fig. 1B, lane 6). The receptor was not
found in uninduced nuclei of LS180 cells (Fig. 1B, lane 5),
consistent with the known behavior of the receptor. In induced
nuclei of Hepa-1 cells, the antibodies detected a protein of
about 110 kDa, as well as the approximately 95-kDa Ah recep-
tor. The larger protein was also detected in uninduced nuclei
of Hepa-1 cells (Fig. 1B, lane 2) and therefore does not corre-
spond to a precursor or derivative of the Ah receptor. The larger
protein (like the Ah receptor) was not detected if the antibodies
were preabsorbed with the Ah receptor peptide used to generate
the antibodies or if preimmune serum was used (data not
shown), demonstrating that the larger protein represents a
species that cross-reacts with the Ah receptor antibodies. It
should be noted that ARNT and the Ah receptor from Hepa-1
cells migrated at indistinguishable rates on SDS-PAGE.
Demonstrated that ARNT is not a component of the
cytosolic 9-S Ah receptor complex. We were unable to
immunoprecipitate the unoccupied cytosolic receptor complex
with ARNT antibodies. We therefore used another approach
to ascertain whether this complex contains ARNT. Induced
nuclei and uninduced cytosols of Hepa-1 cells were treated with
antibodies to the Ah receptor, and the resulting immunoprecip-
itates were subjected to SDS-PAGE and then probed on West-
ern blots with the ARNT antibodies. ARNT was not detected
in immunoprecipitates from uninduced cytosolic extracts (Fig.
2, lane 3), whereas it was detected in immunoprecipitates from
induced nuclear extracts, as expected (Fig. 2, lane 4). [Because
the Ah receptor antibodies immunoprecipitate, in addition to
the Ah receptor, another protein from nuclear extracts of Hepa-
1 cells (Fig. 2), another formal interpretation of this last finding
is that ARNT is associated with the latter protein, rather than
the Ah receptor, in nuclei.] To exclude the possibility that the
Ah receptor antibodies are unable to immunoprecipitate the 9-
S cytosolic complex, we also probed the precipitated cytosolic
and nuclear complexes with Ah receptor antibodies. The Ah
receptor was detected in the cytosolic extracts (Fig. 2, lane 1)
as well as the nuclear extracts (Fig. 2, lane 2), demonstrating
that the Ah receptor antibodies are able to precipitate both
forms of the receptor. Both precipitates were also probed with
HSP90 antibodies. Whereas HSP90 was identified in the un-
induced cytosolic form of the receptor (Fig. 2, lane 5), it was
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not detected in the nuclear form (Fig. 2, lane 6). These exper-
iments therefore demonstrate that ARNT is not a component
of the untransformed cytosolic Ah receptor complex. They also
indicate that HSP90 is not a component of the transformed
nuclear receptor complex.

Association of exogenous ARNT with the Ah receptor
after TCDD treatment of cytosol in vitro. The C~ Hepa-1
cell mutant c4 is defective in ARNT function. In this cell line,
the 9-S Ah receptor complex is present, but it cannot be
transformed in vivo to the XRE-binding state by TCDD (24).
In vitro synthesized and 3°S-labeled ARNT protein was con-
comitantly added with TCDD to a cytosolic extract of the C~
mutant, which was then incubated for 3 hr at room temperature.
When these extracts were immunoprecipitated with Ah recep-
tor antibodies, coprecipitation of labeled ARNT was observed
(Fig. 3, lane 1). In cytosol not treated with TCDD, the ARNT
protein was barely detectable after immunoprecipitation with
Ah receptor antibodies (Fig. 3, lane 2). A very faint signal was
also observed when preimmune serum was used (Fig. 3, lane 5).
The faint signal was most likely due to a nonspecific interaction
of labeled ARNT protein with IgG, because no precipitation of
ARNT protein occurred in the absence of antibodies (Fig. 3,
lanes 3 and 4). These experiments demonstrate that exogenous
ARNT associates with the Ah receptor in cytosolic extracts
after the extracts are treated with TCDD.

Restoration of XRE binding in C~ extracts by addition
of ARNT. An induced nuclear extract of Hepa-1 cells was
incubated with the 3*P-labeled double-stranded XRE-contain-
ing oligonucleotide and then subjected to nondenaturing
PAGE. The position of the band corresponding to the Ah
receptor-XRE complex is indicated in Fig. 4 (lane 1, arrow).
This band was not detected when a 100-fold excess of unlabeled
XRE was added to the incubation mixture (Fig. 4, lane 2). It
was also not detected with uninduced nuclear extracts of Hepa-
1, with induced nuclear extracts of the C~ mutant (22), or with
uninduced Hepa-1 cytosol (Fig. 4, lane 3). When a cytosolic
extract of Hepa-1 cells was treated with TCDD in vitro, the Ah
receptor-XRE complex was produced (Fig. 4, lane 4). However,
this complex was not generated when a cytosolic extract of the
C~ mutant was treated with TCDD in vitro (Fig. 4, lane 6).
When extracts prepared from COS-7 cells that had been trans-
fected with the human ARNT cDNA expression vector pPBM5/
NEO-M1-1 or the parental plasmid pPBM5/NEO were added
to C™ cytosol and the mixture was treated with TCDD, the Ah
receptor-dependent band was observed with the extract con-
taining ARNT (Fig. 4, lane 7) but not with the extract prepared
from COS-7 cells containing the parental plasmid (Fig. 4, lane
8). Similarly, when increasing amounts of a rabbit reticulocyte

6

N Fig. 2. ARNT is not a component of the untransformed
cytosolic Ah receptor complex. Uninduced cytosolic (C)
or induced nuclear (N) extracts from Hepa-1 cells (200
ug of protein each) were immunoprecipitated with affinity-
purified Ah receptor antibodies, subjected to SDS-PAGE,
transferred to nitrocellulose, and probed with Ah recep-
tor, ARNT, and HSP90 antibodies. The molecular weight
markers are indicated on the /eft. Only the range above
65 kDa is shown, to exclude the bands corresponding to
IgG light and heavy chains.

HSP 90
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Fig. 3. Exogenous ARNT can associate with the Ah receptor in TCDD-
treated cytosol. Uninduced cytosol from the C~ mutant (150 g of protein)
was incubated at room temperature with 8 ul of rabbit reticulocyte lysate
containing in vitro transcribed, translated, and *S-labeled ARNT, in the
presence (+) or absence (=) of 10 nm TCDD. After treatment with Ah

receptor antibodies (+), corresponding preimmune IgG (P), or no anti-
bodies (—), precipitates were run on SDS-PAGE and subjected to auto-

radiography.

lysate containing in vitro synthesized ARNT were added to the
C~ cytosol, they resulted in the generation of increasing
amounts of the protein-XRE complex (Fig. 4, lanes 9-12). The
protein-XRE complex was not generated when the reticulocyte
lysate was programmed with the parental plasmid pBM5/NEO
(Fig. 4, lane 13). Thus, in the C~ cytosol, TCDD-dependent
binding of the Ah receptor complex to the XRE can be restored
by addition of ARNT protein in vitro.

UV cross-linking of the Ah receptor to the dBrUTP-
substituted XRE. Cell extracts were incubated with a 3P-
labeled, double-stranded oligonucleotide containing three
dBrUTPs in the core sequence of the XRE. The extracts were
irradiated with UV to cross-link protein molecules to the XRE
core sequence. They were then boiled in SDS-sample buffer to
disrupt protein-protein interactions and noncovalent protein-
DNA interactions, run on SDS-PAGE, and exposed to X-ray
film (Fig. 5). We did not treat the extracts with DNase before
electrophoresis, because the electrophoretic mobility of Ah
receptor-dependent protein-XRE complexes is not recognizably
affected by such treatment (21). Several cross-linked protein-
DNA complexes were observed when an induced nuclear extract
from Hepa-1 cells was used (Fig. 5, lane 1). The most prominent
of these had apparent molecular sizes of 44, 46, 67, 75, 95, and
140 kDa. The presence of a 100-fold excess of unlabeled XRE
abolished all of the bands (Fig. 5, lane 2). The protein-DNA
complex at approximately 95 kDa was not observed when either
a nuclear or cytosolic extract of uninduced Hepa-1 cells was
used (Fig. 5, lanes 4 and 5, respectively). When uninduced
cytosolic extracts from Hepa-1 or C™ mutant cells were trans-
formed with TCDD in vitro and subsequently UV cross-linked,
the 95-kDa band was observed in Hepa-1 cells (Fig. 5, lane 6)
but not in the C~ mutant (Fig. 5, lane 7). However, when a
cytosolic extract of COS-7 cells transiently transfected with
pBM5/NEO-M1-1 was added simultaneously with TCDD dur-

1 2 3 4 5 6 7 8 9 1011 1213
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Etract N NC CCC cCC CcCcccC
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TCDD invivo + + - - - -

TCDD in vitro - - . + -+ o+ o+ o+ o+ o+ o+ o+
Invivosynthesized ARNT - . . . . . 4+ . . . . . .
In vitro synthesized ARNT - - . . . . . . 05 1 2 3 0

.

Fig. 4. Restoration of Ah receptor-dependent XRE binding to the C~
mutant. EMSA of Hepa-1 and C~ mutant cells were performed using 100
ug of protein for cytosolic extracts and 5 ug of protein for nuclear
extracts. H, Hepa-1; M, C- mutant; C, uninduced cytosolic extract; N,
induced nuclear extract. Arrow on the left, position of the Ah receptor-
XRE complex. Lane 2, a 100-fold excess of unlabeled double-stranded
oligonucieotide was included. Lanes 7 and 8, 10 ug of protein from
cytosolic extracts of COS-7 celis, transfected with pBMS/NEO-M1-1 or

pBM5/NEO, respectively, were added. Lanes 9-12, increasing amounts
(0.5-3 ul) of rabbit reticulocyte lysate programmed with ARNT were
added. Lane 13, 3 ul of unprogrammed lysate.

ing in vitro transformation of cytosol of the C~ mutant, the 95-
kDa cross-linked complex was generated (Fig. 5, lane 8). The
95-kDa complex was not seen when a cytosolic extract of COS-
7 cells transfected with the parental plasmid pPBM5/NEO was
used (data not shown). Generation of the 95-kDa band is
therefore dependent upon TCDD, a functional Ah receptor,
and ARNT and must therefore correspond to a protein-XRE
complex (or complexes) between the Ah receptor complex and
the XRE. TCDD did not enhance formation of any of the other
protein-DNA complexes in either nuclei or cytosols of Hepa-1
cells (compare Fig. 5, lane 1 with lane 4 and lane 6 with lane 5,
respectively). The latter complexes were also observed using
cytosols from the C~ mutant (compare Fig. 5, lane 7 with lane
5). Formation of these complexes is therefore not dependent
upon TCDD, a functional Ah receptor, or ARNT. These com-
plexes may correspond to constitutive XRE-binding proteins,
such as those previously detected in Hepa-1 extracts (33), or to
other proteins that bind DNA sequences other than the XRE
core sequence that are present in the double-stranded oligonu-
cleotide used for the EMSA.

When the Ah receptor-XRE complex from TCDD-treated
Hepa-1 cells was cross-linked by UV directly in a nondenatu-
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Fig. 5. UV cross-inking of the nuclear Ah receptor complex to the
dBrUTP-substituted XRE. Nuclear (N) extracts were prepared from
Hepa-1 cells (H) or C~ mutant cells (M) grown in the presence (+) or
absence (—) of 2 nm TCDD for 390 min. Cytosolic extracts (C) were
incubated with (+) or without (—) 10 nm TCDD in vitro. The extracts were
then incubated with the dBrUTP-containing and *P-labeled double-
stranded oligonucleotide, encompassing XRE1. Proteins were cross-
linked to the de in solution, except for /ane 3, where the Ah
receptor-XRE complex was cross-linked directly in the gel after nonde-
naturing gel electrophoresis and then eluted from an appropriate slice of
the gel. Lane 7, cytosolic extract of the C~ mutant was cross-linked in
the absence of TCDD. Lane 8, cytosol was incubated with an extract
prepared from COS-7 cells transfected with pBMS/NEO-M1-1 in the
presence of TCDD.

ring polyacrylamide gel, electroeluted, and run under denatur-
ing conditions, the 95-kDa complex and certain of the other
protein-DNA complexes were observed. Furthermore, two ad-
ditional bands at about 40 kDa and 220 kDa were also detected.
These last bands were also seen on occasion when cross-linking
was performed in solution, particularly when longer times of
irradiation were used (data not shown). The 220-kDa band
could represent a complex in which both XRE-binding com-
ponents of the Ah receptor are cross-linked to the same XRE
molecule (see below), as suggested by Elferink et al. (21). The
40-kDa band could represent an additional XRE-binding com-
ponent of the Ah receptor that is cross-linked only under more
intense irradiation conditions or a degradation product of either
ARNT or the Ah receptor.

Demonstration that ARNT and the Ah receptor both
bind the XRE core sequence directly. Elferink et al. (21)
found that, after TCDD activation in vitro, the Ah receptor
complex from rat liver cytosol contained two proteins, of similar
but distinct apparent molecular weights, that could be cross-
linked to the XRE core sequence and resolved by subsequent
SDS-PAGE. One of these proteins was shown to be the Ah
receptor; the other was not identified. As described above,
however, we detected only one Ah receptor-dependent band (at
about 95 kDa) in analogous experiments with Hepa-1 nuclear
extracts when cross-linking was performed in solution. We
investigated the composition of this band using the ARNT and
Ah receptor antibodies. UV cross-linking to the dBrUTP-
substituted and 3?P-labeled double-stranded XRE oligonucleo-
tide was carried out in solution using nuclear extracts prepared
from Hepa-1 cells that had been cultured in the presence of
TCDD. The cross-linked extracts were boiled in SDS-sample
buffer (to disrupt noncovalent protein-protein interactions),
diluted to 0.4% SDS, and then treated with the ARNT and Ah
receptor antibodies. Both the ARNT and Ah receptor antibod-
ies precipitated a cross-linked protein-XRE complex of about
95 kDa from Hepa-1 nuclear extracts (Fig. 6, lanes 3 and 6,
respectively). In the supernatants obtained after immunopre-
cipitation, the same bands were detected as in the extract not
treated with antibodies, except that the intensity of the protein-
XRE band at 95 kDa was diminished (compare Fig. 6, lanes 2
and 5 with lane 1). (Note that equivalent amounts of material
were loaded in Fig. 6, lanes 1, 2, and 5, but that 3-fold greater
amounts of extract were used to obtain the immunoprecipitates
loaded in Fig. 6, lanes 3 and 6.) The corresponding preimmune
antibody preparations did not precipitate protein-XRE com-
plexes from the Hepa-1 extracts (Fig. 6, lanes 4 and 7). These
results indicate that the 95-kDa band detected in Hepa-1
extracts contains two different cross-linked complexes, corre-
sponding to the ARNT and Ah receptor proteins individually
cross-linked to the core region of the XRE, which were not
resolved during electrophoresis. This is consistent with the fact
that these two proteins in Hepa-1 cells are both about 90 kDa
and cannot easily be resolved by SDS-PAGE (see Fig. 1).
Because the Ah receptor antibodies detected another protein
in addition to the Ah receptor in nuclear extracts of Hepa-1
cells (albeit of 110 kDa), we also carried out UV cross-linking
and immunoprecipitation experiments using nuclear extracts
of human LS180 cells, in which the Ah receptor antibodies
detect only the Ah receptor (see Fig. 1). The LS180 cell line
has the added advantage that it possesses ARNT and Ah
receptor proteins that are sufficiently different in size from one
another that they can be resolved by SDS-PAGE. The ARNT
antibodies precipitated an approximately 95-kDa protein-XRE
cross-linked complex from nuclear extracts prepared from
LS180 cells grown with TCDD (Fig. 6, lane 10). This is con-
sistent with the known size of the human ARNT protein (22)
(see Fig. 1). The Ah receptor antibodies precipitated a cross-
linked protein-XRE complex of about 110 kDa (Fig. 6, lane
13), which is consistent with the size of the Ah receptor in
LS180 cells (32) (see Fig. 1). The corresponding preimmune
antibody preparations did not precipitate any protein-XRE
complexes from LS180 nuclear extracts (Fig. 6, lanes 11 and
14). These experiments therefore demonstrate that both ARNT
and the Ah receptor bind the XRE directly.
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Fig. 6. ARNT and the Ah receptor both interact directly with the XRE
core sequence. The dBrUTP-substituted and *P-labeled double-stranded
XRE oligonucleotide was cross-linked in solution with nuclear extracts
prepared from Hepa-1 (H) or LS180 (LS) cells that had been grown with
2 nm or 10 nm TCDD, respectively. The extracts were boiled for 3 min in
SDS-sample buffer and diluted, and then ARNT (A) or Ah receptor (L)
antibodies or IgG fractions from the corresponding preimmune sera (Pa
and P, respectively) were added, as indicated. The resulting immuno-
precipitates, or one third of the supermnatant from each immunoprecipi-
tation, were then subjected to SDS-PAGE. Lanes 7 and 8, cross-linked
material, in amounts equivalent to those in the corresponding supema-
tants, was subjected to SDS-PAGE directly, without immunoprecipita-
tion. Closed arrow, position of the immunoprecipated Ah receptor from
LS180 cells. Open arrow, position of immunoprecipitated ARNT from
LS180 cells and immunoprecipitated Ah receptor and ARNT from Hepa-
1 cells.

Discussion

The size of the untransformed cytosolic Ah receptor complex
has been estimated to be about 280 kDa by gel filtration and
sucrose gradient analysis (10) and about 340 kDa by chemical
cross-linking and SDS-PAGE (15). In the latter case, evidence
for subunits of about 97, 96, 88, and 46 kDa was obtained.
Because the Ah receptor, HSP90, and ARNT are all about 90
kDa, one possibility is that the unliganded untransformed Ah
receptor complex contains one molecule of each of these poly-
peptides. However, our results show that the immunoprecipi-
tated unliganded receptor complex does not contain ARNT,
and they are therefore incompatible with this idea. Further-
more, our analysis of the immunoprecipitated nuclear Ah re-
ceptor complex confirms that this complex does contain ARNT.
Thus, ARNT must associate with the Ah receptor only after
TCDD triggers release of the Ah receptor from the 9-S cytosolic
receptor complex. OQur demonstration that exogenously added
ARNT can associate with the Ah receptor after TCDD treat-
ment of cytosol in vitro supports this last proposal. This pro-
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posal is also consistent with a model for Ah receptor transfor-
mation put forward by Gasiewicz and co-workers (20). Based
on physico-chemical analysis, those investigators suggested
that TCDD causes release of the free Ah receptor from the 9-
S cytosolic form of the receptor and that the free Ah receptor
then associates with a cytosolic protein to generate the high
affinity DNA-binding form of the receptor (20). We identify
this cytosolic factor as being ARNT. Interestingly, in the stud-
ies of Gasiewicz and co-workers (20), the cytosolic factor did
not appear to be required for TCDD-dependent release of the
Ah receptor from the 9-S complex. This therefore suggests that
ARNT does not actively participate in the process whereby
TCDD triggers dissociation of the 9-S complex.

We and others have observed that after ligand binding in
vivo the receptor can be found in the nucleus of Hepa-1 cells
as a homogeneous species of about 6 S (18, 19). However,
Wilhelmsson et al. (34) and Perdew (35) detected the 9-S as
well as the 6-S species in nuclei of Hepa-1 cells treated with
TCDD in culture. When we treated induced nuclei with Ah
receptor antibodies, HSP90 did not coimmunoprecipitate with
the Ah receptor. Our results therefore do not support the notion
that the large 9-S form of the receptor can translocate to the
nucleus after binding ligand. However, the difference between
the result obtained’ in our experiment and those obtained by
Wilhelmsson et al. (34) and Perdew (35) may relate to differ-
ences in extraction procedures or to other conditions used in
the different experiments, and the aforementioned issue should
be considered to remain unresolved.

We previously demonstrated that the 6-S Ah receptor com-
plex extracted from nuclei of Hepa-1 cells grown with TCDD
is a heterodimer consisting of the Ah receptor and ARNT.
Furthermore, we showed that the XRE-binding form of the
receptor contains both proteins (18). However, these experi-
ments did not allow us to determine whether ARNT binds
directly to the XRE or associates with the XRE indirectly, by
“piggy-backing” on the Ah receptor. Elferink et al. (21) provided
evidence that the XRE-binding form of the Sprague-Dawley
rat Ah receptor complex contains two different proteins that
bind the XRE directly. The molecular sizes of these two pro-
teins were determined by SDS-PAGE to be 110 kDa and 100
kDa, and the smaller was identified, by labeling with a photo-
affinity ligand, as the Ah receptor. If, as is likely, the rat
receptor behaves similarly to the mouse receptor, then the
other protein detected by Elferink et al. (21) must be ARNT.

Under more intense UV irradiation conditions we observed
two additional TCDD-dependent protein-XRE complexes, of
about 40 and 220 kDa. The 40-kDa protein could represent a
novel XRE-binding protein or a degradation product of either
ARNT or the Ah receptor that was generated during processing
of the sample. Elferink et al. (21) observed a species of about
220 kDa in their cross-linking experiments and showed that
this species contained the Ah receptor. They provided evidence
that the 220-kDa species corresponds to a complex in which
one molecule of the Ah receptor and one molecule of the other
XRE-associated protein that they identified are both cross-
linked to the same XRE-containing double-stranded oligonu-
cleotide molecule (21). It is therefore likely that the 220-kDa
cross-linked complex that we observed represents a complex
between the XRE, Ah receptor, and ARNT (and perhaps also
the 40-kDa protein).

Based on our results, we provide the following working model
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for the mechanism whereby the Ah receptor activates transcrip-
tion of the CYPIAI gene. 1) Binding of the 9-S Ah receptor
complex with TCDD or other agonist ligands results in disso-
ciation of HSP90 and possibly other proteins and release of the
Ah receptor. 2) The free Ah receptor heterodimerizes with
ARNT in the cytosol. 3) The heterodimer translocates into the
nucleus. 4) Both ARNT and the Ah receptor bind directly to
the core sequences of XREs located 5’ to the coding sequence
of the CYPI1AI gene. 5) Transcription of the CYPIA1 gene is
thereby activated.

In summary, we show that ARNT is not a component of the
unliganded cytosolic 9-S Ah receptor complex, and we demon-
strate that both subunits of the nuclear Ah receptor complex
bind directly to the XRE core sequence. Finally, we have
demonstrated that addition of in vitro synthesized ARNT pro-
tein along with TCDD to cytosolic extracts of the C~ mutant
results in association of the ARNT protein with the Ah receptor
and its participation in binding to the XRE. These last results
are similar to those recently reported by Poellinger and co-
workers (36). These results substantiate the working model
presented above and also represent a significant step towards
reconstituting Ah receptor activity in vitro.
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