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The intracellular dioxin receptor mediates signal transduction by dioxin and functions as a ligand-activated
transcription factor. It contains a basic helix-loop-helix (b HLH) motif contiguous with a Per-Arnt-Sim (PAS)
homology region. In extracts from nonstimulated cells the receptor is recovered in an inducible cytoplasmic
form associated with the 90-kDa heat shock protein (hsp90), a molecular chaperone. We have reconstituted
ligand-dependent activation of the receptor to a DNA-binding form by using the dioxin receptor and its
bHLH-PAS partner factor Arnt expressed by in vitro translation in reticulocyte lysate. Deletion of the PAS
domain of the receptor resulted in constitutive dimerization with Arnt. In contrast, this receptor mutant
showed low levels of xenobiotic response element-binding activity, indicating that the PAS domain may be
important for DNA-binding affinity and/or specificity of the receptor. It was not possible to reconstitute dioxin
receptor function with proteins expressed in wheat germ lysate. In line with these observations, reticulocyte
lysate but not wheat germ lysate promoted the association of de novo synthesized dioxin receptor with hsp90.
At least two distinct domains of the receptor mediated interaction with hsp90: the ligand-binding domain
located within the PAS region and, surprisingly, the bHLH domain. Whereas ligand-binding activity correlated
with association with hsp90, bHLH-hsp90 interaction appeared to be important for DNA-binding activity but
not for dimerization of the receptor. Several distinct roles for hsp90 in modulating dioxin receptor function are
therefore likely: correct folding of the ligand-binding domain, interference with Arnt heterodimerization, and
folding of a DNA-binding conformation of the bHLH domain. Thus, the dioxin receptor system provides a

complex and interesting model of the regulation of transcription factors by hsp90.

The intracellular dioxin receptor (also termed the aryl hy-
drocarbon receptor) is a ubiquitous basic helix-loop-helix
(bHLH) factor (4, 10) that mediates signal transduction by the
toxic environmental contaminant dioxin (2,3,7,8-tetrachlorodi-
benzo-p-dioxin) (for recent reviews, see references 33, 42, and
47). In the absence of ligand the receptor exists in an inducible
cytoplasmic form. Dioxin induces nuclear translocation of the
receptor (reference 34 and references therein) and regulates
dimerization with the bHLH partner factor Arnt, enabling
both proteins to specifically recognize cognate response ele-
ments (xenobiotic response elements [ XREs]) within regulated
genes (9, 24, 38, 46). Individually, neither the receptor nor
Arnt shows any detectable affinity for this target sequence (23,
46). Moreover, they do not appear to bind the twofold sym-
metric CACGTG or CAGCTG E box motifs (23, 46) that are
recognized by the great majority of bHLH and bHLH-leucine
zipper (bHLH-Zip) proteins, including lymphoid transcription
factors, the oncoproteins Myc and Max, and factors involved in
vertebrate myogenesis and Drosophila neurogenesis (for recent
reviews, see references 20 and 21). Structural analysis of the
protein-DNA complexes generated by a homodimer of the
bHLH-Zip factors Max and USF has demonstrated E box
recognition by the basic region and the formation of a parallel
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four-helix bundle by the two helices in the HLH domain (11,
12).

In the absence of ligand, the dioxin receptor is stably asso-
ciated with the 90-kDa heat shock protein hsp90 (29, 50),
which in certain model systems has been demonstrated to act
as a molecular chaperone (48, 26). Although the role of hsp90
in dioxin receptor function remains unclear, it appears that
hsp90 both blocks receptor-Arnt dimerization (46), resulting in
repression of receptor function, and chaperones a high-affinity
ligand-binding conformation of the receptor (35). Ligand-in-
duced receptor activation involves release of hsp90 and con-
comitant unmasking of the dimerization and DNA-binding
activities of the receptor (35, 46, 50). Ligand-binding (9, 45)
and hsp90-binding (45) activities of the receptor are colocal-
ized within the C-terminal half of the PAS domain, a region
with homology to Arnt and the Drosophila factors Per and Sim
that is contiguous with the bHLH motif of the receptor (re-
viewed in reference 43). Interestingly, the PAS domain has
recently been reported to mediate homodimerization pro-
cesses of the Drosophila factor Per (19), which, in contrast to
the dioxin receptor, Arnt, and Sim, does not contain a bHLH
motif.

In our efforts to understand the mechanism of activation of
the dioxin receptor and to further examine the functional ar-
chitecture of the receptor, we have reconstituted ligand-depen-
dent DNA and dimerization activities of the receptor by using
receptor and Arnt proteins expressed in vitro in reticulocyte
lysate. Deletion of the PAS domain of the receptor resulted in
constitutive dimerization with the bHLH partner factor Arnt.
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However, this receptor mutant showed low levels of XRE-
binding activity, suggesting that the PAS domain may be im-
portant for the DNA-binding specificity of the receptor. Inter-
estingly, it was not possible to reconstitute dioxin receptor
function with proteins translated in wheat germ lysate. Al-
though Arnt was functional in reconstitution experiments upon
expression in wheat germ lysate, receptor expressed in this
translation system failed to bind ligand or dimerize with Arnt
and bind target DNA. In correlation with these observations,
the dioxin receptor was associated with hsp90 upon expression
in rabbit reticulocyte lysate but not when it was expressed in
wheat germ lysate, indicating a role for hsp90 in the folding of
a functional receptor form. We have previously observed as-
sociation of hsp90 with the ligand-binding domain that is lo-
cated within the C-terminal half of the PAS region of the
dioxin receptor (45). In the present studies we have found that
hsp90 also physically interacts with the bHLH motif of the
dioxin receptor, an event that appears to be important for
conversion of the bHLH domain into a DNA-binding confor-
mation but not for dimerization processes.

MATERIALS AND METHODS

Plasmid constructions. Plasmids used to translate full-length dioxin recep-
tor (p)DR/ATG/BS) and Arnt (p(GEM/Arnt) have previously been described (25,
46). For construction of plasmid DRAPAS/GEM, fragments of plasmid pSpor-
tAhR (4) were amplified by PCR with primers designed to provide segments
containing codons 1 to 82 (bHLH) and 340 to 805 (C terminus) of the murine
dioxin receptor gene. Inclusion of Clal and Xhol restriction sites in the primers
used to amplify the bHLH coding sequence allowed facile digestion and sub-
cloning into Clal-Xhol-digested pGEM7Zf(+) (Promega), thus yielding
pDRbHLH/GEM. Inclusion of Xhol restriction sites flanking primers used to
amplify the C-terminal coding sequence allowed subcloning of this fragment into
Xhol-digested pDRbHLH/GEM, yielding pPDRAPAS/GEM. A NotI-Xbal frag-
ment from pDR/ATG/BS was subcloned into Notl-Xbal-digested pDRAPAS/
GEM, thus replacing most of the PCR-derived C terminus with original cDNA
sequence. pDRAPAS codes for the extra amino acids A, R, and G at the Xhol
linker. For construction of pDRbHLH/Arnt, plasmid pBM5Neo M1-1 (17) was
amplified by PCR with primers designed to provide codons 128 to 774 of the
human Arnt cDNA. Inclusion of X#ol sites flanking the coding sequence allowed
facile digestion and subcloning into a pGEM?7 shuttle vector, replacement of
much of the PCR-derived sequence with a Ce/lI-Xbal fragment from pBM5Neo
M1-1, and then subsequent Xhol digestion and subcloning of the Arnt C-termi-
nal fragment into Xhol-digested pDRbHLH/GEM, thus yielding pDRbHLH/
Arnt. This plasmid encodes the extra amino acids A, R, and V at the Xhol linker.
The fidelity of all remaining PCR-derived segments of these plasmids was veri-
fied by dideoxy sequencing.

Cells and extract preparation. Mutant, dioxin-resistant Hepa-1 c4 or Hepa-1
c12 cells (15) were grown in minimal essential medium supplemented with 10%
fetal calf serum, 100 U of penicillin, and 100 mg of streptomycin (GIBCO-BRL)
per ml as previously described (50). When near confluency, the cells were har-
vested and homogenized in TEG buffer (20 mM Tris-HCI [pH 7.4], 1 mM
EDTA, 10% [wt/vol] glycerol, 1 mM dithiothreitol) and centrifuged at 120,000 X
g for 45 min. The resulting supernatant was either used as a cytosolic extract
(typical protein concentration, ~5 mg/ml) immediately or stored at —70°C until
required.

In vitro expression of proteins. Wild-type or mutant dioxin receptor forms or
Arnt were expressed by in vitro transcription and translation of the correspond-
ing plasmids in rabbit reticulocyte lysate or wheat germ lysate (Promega) under
conditions recommended by the manufacturers. The bHLH factors E12 and E47
were expressed by in vitro translation in reticulocyte lysate following transcrip-
tion of the plasmids E12R and E47S, respectively (27). For immunoprecipitation,
labeled proteins were generated by in vitro translation in the presence of
[3*S]methionine (New England Nuclear).

DNA and ligand-binding assays. In vitro-translated dioxin receptor or dioxin
receptor in crude cytosolic cell extracts was treated in the presence or absence of
10 nM dioxin for 2 to 3 h at 25°C. Specific ligand-binding activity of in vitro-
translated proteins was determined as previously described (25), by using [*H]di-
oxin (40 Ci/mmol; Chemsyn) as a ligand, with the exception that the washing
steps were carried out in the presence of 0.5% Tween 20. The DNA-binding
activity of the dioxin receptor was monitored by a gel mobility shift assay per-
formed essentially as described previously (16, 28). Briefly, DNA-binding reac-
tion mixtures were assembled with the indicated in vitro-translated proteins or
cellular extracts in 10 mM HEPES, (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid) (pH 7.9)-5% (volivol) glycerol-0.5 mM dithiothreitol-2.5 mM
MgCl,-1 mM ethylene diaminetetraacetic acid—0.08 (wt/vol) Ficoll at a final
concentration of 50 mM NaCl and in a final volume ranging between 30 and 50
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ul. A 36-bp 32P-3’-end-labeled, double-stranded oligonucleotide XRE (5), span-
ning the dioxin-responsive XRE1 element of the rat cytochrome P-4501A1 pro-
moter region (13), was added to the reaction mixtures as a specific probe in the
presence of 1 g of poly(dI-dC) (Pharmacia) nonspecific competitor DNA. After
addition of the specific probe, the reaction mixtures were incubated for 20 min
at 25°C. Protein-DNA complexes were then immediately analyzed on a 4%
(acrylamide/bisacrylamide ratio of 29:1) low-ionic-strength native polyacryl-
amide gel at 30 mA, by using a Tris-glycine-EDTA buffer (16).

Antibodies and i precipitation experiments. For coimmunoprecipita-
tion experiments, wild-type or mutant dioxin receptor or Arnt was labeled by in
vitro translation in the presence of [**S]methionine prior to addition to the
unlabeled, in vitro-translated partner factor. Protein mixtures were incubated in
a total volume of 20 pl with or without 10 nM 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) at 25°C for 2 h, in the presence of 1 mg each of the protease
inhibitors aprotinin and leupeptin per ml. The samples were then precleared with
preimmune serum (10 pl) for 15 min; this step was followed by the addition of
50 pl of a 50% slurry of protein A-Sepharose (Pharmacia) in TEG-150 buffer
(TEG buffer containing 150 mM NaCl and 0.1% Triton X-100), incubation for 15
min under gentle shaking, and centrifugation. Supernatants were then incubated
with either dioxin receptor antiserum (46) or Arnt antiserum (23) for 30 min at
room temperature to coimmunoprecipitate the heterologous dimerization part-
ner with protein A-Sepharose as described above. The resin was washed three
times with TEG buffer. To reduce nonspecific protein adsorption, protein A-
Sepharose had been equilibrated in TEG buffer containing 1 mg of bovine serum
albumin per ml prior to use. Immunoprecipitated proteins were separated
through a sodium dodecyl sulfate (SDS)-7.5% polyacrylamide gel. For fluorog-
raphy, gels were soaked in 1 M salicylic acid (Sigma) for 20 min, dried and
exposed to film, and/or analyzed by phosphoimaging (Fuji). Association of in
vitro-translated wild-type or mutant dioxin receptor with hsp90 was analyzed in
an hsp90 coimmunoprecipitation assay that was performed as recently described
(25, 45) by using either the monoclonal anti-hsp90 immunoglobulin M (IgM)
antibody 3G3 (30) (Affinity Bioreagents) or an equal concentration of the control
mouse IgM antibody TEPC 183 (Sigma). In the experiment presented in Fig. 4C,
the precipitated material was further analyzed by immunoblotting by using the
monoclonal anti-hsp90 antibody 29A (49).

RESULTS

In vitro reconstitution of dioxin-dependent activation of the
dioxin receptor-Arnt complex. In initial reconstitution experi-
ments, we analyzed the ability of the dioxin receptor and Arnt
to bind DNA by using proteins expressed in vitro in rabbit
reticulocyte lysate. As expected (9, 46), the expressed proteins
did not recognize the XRE target sequence individually, as
assessed by gel mobility shift analysis (Fig. 1A, lanes 2 to 4).
Moreover, in the absence of one another, in vitro-expressed
factors did not bind to DNA, even following dioxin treatment
in vitro (compare lanes 2 to 4 in Fig. 1A). In contrast to
previously reported findings (9), in vitro-translated dioxin re-
ceptor was stably repressed in the absence of ligand treatment,
resulting in no detectable levels of XRE-binding activity upon
the addition of in vitro-translated Arnt (Fig. 1A, lane 5). In the
presence of dioxin, however, a protein-XRE complex was gen-
erated by the in vitro-translated dioxin receptor and Arnt (Fig.
1A, lane 6). Specific polyclonal antibodies against the dioxin
receptor (2, 46) or Arnt (23) were used in DNA-binding inhi-
bition or protein complex supershift experiments to confirm
that the dioxin-induced XRE complex harbored both the di-
oxin receptor and Arnt (Fig. 1B). Thus, the DNA-binding
function of the in vitro-translated dioxin receptor was strictly
ligand dependent. In agreement with this observation, the di-
oxin receptor shows specific high-affinity dioxin-binding activ-
ity in vitro following expression in reticulocyte lysate (9, 25)
(see Fig. 4D).

Differences in functional activities between dioxin receptor
and Arnt following expression in reticulocyte versus wheat
germ lysates. We next compared in vitro translation of both the
dioxin receptor and Arnt in rabbit reticulocyte lysate and
wheat germ lysate. As assessed by [>*S]methionine labeling and
SDS-polyacrylamide gel electrophoresis (PAGE) analysis,
both factors were routinely expressed as intact proteins in
wheat germ lysate at levels (approximately 50 to 80%) that
were roughly comparable to those generated in reticulocyte
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FIG. 1. In vitro reconstitution of ligand-inducible DNA-binding activity by the dioxin receptor and Arnt expressed in reticulocyte lysate. (A) Aliquots of
unprogrammed reticulocyte lysate (10 wl; lane 2) or translation mixtures containing dioxin receptor (10 wl; lane 3), Arnt (15 l; lane 4), or dioxin receptor (10 ul) plus
Arnt (15 pl) (lanes 5 and 6) were incubated with 10 nM dioxin or vehicle alone (0.1% dimethyl sulfoxide) for 2 h at 25°C; this step was followed by gel mobility shift
assay with a 3°P-labeled XRE oligonucleotide probe. Lane 1 shows the mobility of the free XRE probe. (B) The ligand-induced, reconstituted XRE-binding activity
was analyzed by gel mobility shift assay in the absence or presence of antireceptor (a-DR; lane 2), anti-Arnt (a-Arnt; lane 3), or preimmune (P.1.S.; lane 4) serum. The
positions of the free probe (Free), the receptor-containing complex (R), and a supershifted receptor complex (ssR) are indicated. Fast-migrating XRE complexes are

the result of nonspecific protein-DNA interaction.

lysate (data not shown). However, it was not possible to re-
constitute either constitutive or dioxin-induced XRE-binding
activity by the dioxin receptor and Arnt with wheat germ lysate
as a protein source (Fig. 2A, lanes 6 to 9). In control reactions,
similar levels of dioxin receptor and Arnt expressed in reticu-
locyte lysate showed strong XRE-binding activity in the pres-
ence of dioxin (Fig. 2A, compare lanes 5 and 9).

To examine which protein was functionally deficient upon
translation in wheat germ lysate, we attempted to use these
proteins to reconstitute the DNA-binding activity of the dioxin
receptor by in vitro complementation of extracts from either
Arnt- or receptor-deficient hepatoma cells. The ligand-occu-
pied cytosolic dioxin receptor expressed in Arnt-deficient
Hepa-1 c4 cells does not exhibit any detectable levels of spe-
cific XRE-binding activity in vitro (5) (Fig. 2B, lane 2). Fol-
lowing the addition of increasing concentrations of Arnt ex-
pressed in wheat germ lysate, however, the XRE-binding
activity of the ligand-stimulated mutant Hepa-1 c4 receptor
was reconstituted in a dose-dependent manner (Fig. 2B, com-
pare lanes 5 to 8). As demonstrated with specific antibodies,
the reconstituted XRE complex harbored both the dioxin re-
ceptor and Arnt (Fig. 2C). Conversely, dioxin receptor ex-
pressed in wheat germ lysate was used to functionally comple-
ment a cytosolic extract from dioxin receptor-deficient Hepa-1
c12 cells. Even in the presence of high concentrations of in
vitro-translated dioxin receptor, no receptor-dependent XRE-
binding activity was detected (Fig. 2D). In control experiments,
the dioxin receptor was translated in vitro in reticulocyte lysate
prior to its addition to the crude receptor-deficient Hepa-1 c12
extract. Whereas no receptor-dependent XRE-binding activity
was observed when using the dioxin-treated extract or reticu-
locyte lysate-expressed receptor alone, this form of receptor
strongly promoted XRE-binding activity following its addition
to the extract (Fig. 2E, compare lanes 2 to 6), which is consis-
tent with the strong cooperativity in DNA binding between the
dioxin receptor and Arnt (23).

The wheat germ lysate-expressed dioxin receptor form fails
to dimerize with the Arnt partner factor. In excellent agree-
ment with the failure of the ligand-free dioxin receptor ex-
pressed in reticulocyte lysate to show XRE-binding activity
following incubation with Arnt (Fig. 1A), this form of receptor
did not dimerize with Arnt in coimmunoprecipitation experi-
ments using specific antibodies against Arnt (Fig. 3A, lane 1).
In the presence of dioxin, however, the receptor formed a
stable physical complex with Arnt, resulting in coimmunopre-
cipitation with Arnt antibodies of the [>*S]methionine-labeled,
in vitro-translated dioxin receptor (Fig. 3A, compare lanes 1
and 2). In contrast, similar levels of dioxin receptor produced
in wheat germ lysate did not physically interact with Arnt
expressed in either wheat germ lysate (Fig. 3B) or reticulocyte
lysate (data not shown).

The dioxin receptor expressed in wheat germ lysate is not
associated with the molecular chaperone hsp90. To monitor
physical interaction in solution between de novo synthesized
dioxin receptor and the molecular chaperone hsp90, we em-
ployed in coimmunoprecipitation experiments a monoclonal
IgM antibody, 3G3, that is capable of specifically recognizing
either free hsp90 or hsp90 complexed with other proteins (30).
These antibodies specifically coimmunoprecipitate the dioxin
receptor expressed in reticulocyte lysate (25) (Fig. 4A, com-
pare lanes 1 and 2), demonstrating stable association of the
receptor with hsp90, but fail to precipitate the dioxin receptor
form expressed by in vitro translation in wheat germ lysate. In
the case of the dioxin receptor form expressed in wheat germ
lysate, only low levels of nonspecific interaction were observed
with the anti-hsp90 antibody compared with that observed with
an irrelevant IgM monoclonal antibody (Fig. 4B, compare
lanes 1 and 2). Thus, the dioxin receptor failed to become
associated with the wheat germ hsp90 homolog. In control
experiments, material precipitated by the 3G3 antibodies from
either reticulocyte or wheat germ lysate was analyzed in im-
munoblot experiments by using a distinct anti-hsp90 antibody,
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FIG. 2. Differences in XRE-binding activity between dioxin receptor (DR)
and Arnt following expression in reticulocyte lysate versus wheat germ lysate. (A)
Aliquots of dioxin receptor (10 wl) and Arnt (15 wl) expressed in reticulocyte
lysate (lanes 3 to 5) or wheat germ lysate (lanes 7 to 9) were incubated with 10
nM dioxin for 2 h at 25°C; this step was followed by gel mobility shift analysis with
a 3?P-labeled XRE probe. The positions of the receptor complex (R) and free
probe (Free) are indicated. (B) The mutant Arnt-deficient Hepa-1 c4 cell extract
(10 wl; 4 mg of protein per ml) was incubated in the absence (lane 2) or the
presence of increasing concentrations (7.5 to 20 ul) of Arnt expressed in wheat
germ lysate (lanes 5 to 8). The mixtures were incubated with 10 nM dioxin for 2
h at 25°C before XRE-binding activity was monitored by gel mobility shift
analysis. The XRE-binding activity of 15 ul of unprogrammed wheat germ lysate
(U.W.G.L.) and the highest concentration of Arnt alone are shown in lanes 3 and
4, respectively. Lane 1 shows the mobility of the free XRE probe. (C) Specificity
of the reconstituted XRE complex was assessed by antibody experiments. The c4
extract was coincubated with Arnt expressed in wheat germ lysate (15 pl) in the
presence of 10 nM dioxin for 2 h at 25°C, in the absence (lane 1) or presence of

FOLDING OF DIOXIN RECEPTOR bHLH AND PAS DOMAINS 759

A B

Lysate: R.L. Lysate: W.G.L.
EE EE
< < < <
+ + + +
x o x o«
Factor: 0o A Factor: Ao o
Dioxin: - + Dioxin: - +
kDa: 200 - kDa: 200 -
97- = < DR 97 -
69 - 69 -

1 2 1 2

FIG. 3. Dimerization between the dioxin receptor (DR) and Arnt can be
reconstituted in reticulocyte lysate (R.L.) but not wheat germ lysate (W.G.L.).
(A) Aliquots of Arnt (10 1) and 3>S-methionine-labeled dioxin receptor (10 pl)
translated in reticulocyte lysate were incubated in the absence (lane 1) or pres-
ence (lane 2) of 10 nM dioxin for 2 h at 25°C; this step was followed by
immunoprecipitation with anti-Arnt polyclonal antiserum. Immunoprecipitated
proteins were separated by SDS-PAGE and visualized by fluorography. (B) The
immunoprecipitation protocol described in the legend to panel A was repeated
with 3°S-methionine-labeled dioxin receptor (10 ul) expressed in wheat germ
lysate. The positions of coimmunoprecipitated dioxin receptor and of molecular
mass standard proteins are indicated.

29A (49). This analysis demonstrated that similar levels of
rabbit or wheat hsp90 were precipitated by the 3G3 antibodies
(Fig. 4C). Given the background that the dioxin receptor
present in hepatoma cells shows no dioxin-binding activity in
vitro following salt- and temperature-induced disruption of the
receptor-hsp90 complex (35), we were curious to examine the
ligand-binding activity of the wheat germ lysate-expressed di-
oxin receptor form. In contrast to the dioxin receptor ex-
pressed in reticulocyte lysate (25) but consistent with its inabil-
ity to generate a stable complex with hsp90, dioxin receptor
expressed in wheat germ lysate did not show any detectable
levels of [?H]dioxin-binding activity in vitro (Fig. 4D). In con-
clusion, the dioxin receptor was defective in three critical func-
tional properties upon in vitro translation in wheat germ lysate
compared with that in reticulocyte lysate: (i) binding of ligand,
(ii) association with hsp90, and (iii) dimerization with its
bHLH partner factor Arnt and, consequently, DNA binding.
Role of the bHLH and PAS domains in DNA recognition by
the dioxin receptor. The carboxy-terminal half of the PAS
domain of the receptor harbors both ligand-binding (9, 45) and
hsp90-binding (45) activities. Moreover, the PAS domain motif
has recently been reported to represent a dimerization motif
within the Drosophila non-bHLH factor Per (19). To study
PAS function in our reconstituted system with reticulocyte

antireceptor (a-DR; lane 2), anti-Arnt (a-Arnt; lane 3) or preimmune (P.LS.;
lane 4) serum. The positions of the free probe, the receptor-containing complex
(R), and a supershifted receptor complex (ssR) are indicated. (D) The mutant
receptor-deficient Hepa-1 c12 cell extract (10 pl; 4 mg of protein per ml) was
incubated in the absence (lane 1) or presence of increasing concentrations (5 to
15 pl) of the dioxin receptor expressed in wheat germ lysate (W.G.L. DR; lanes
4 to 6). After treatment with 10 nM dioxin (for 2 h at 25°C), XRE-binding activity
was analyzed by gel mobility shift analysis. XRE-binding activities by unpro-
grammed wheat germ lysate (U.W.G.L.) (15 pL) and the highest concentration
of dioxin receptor are shown in lanes 2 and 3, respectively. The position of the
free probe is indicated. (E) The gel mobility shift protocol mentioned in the
legend to panel D was repeated with dioxin receptor expressed in reticulocyte
lysate (R.L. DR). The positions of the free probe and the receptor-containing
complex (R) are indicated. U.R.L., unprogrammed reticulocyte lysate.
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FIG. 4. Dioxin receptor (DR) expressed in reticulocyte lysate but not wheat
germ lysate is associated with hsp90. The dioxin receptor was translated in
reticulocyte lysate (R.L.) (A) or wheat germ lysate (W.G.L.) (B) containing
35S-methionine. Aliquots of the labeled receptor (10 ul) were incubated with
anti-hsp90 antibody 3G3 (5 wl) or control IgM ascites fluid which had been
preadsorbed to a resin of goat anti-mouse IgM-Sepharose. After extensive wash-
ing, immunoprecipitated proteins were analyzed by SDS-PAGE and fluorogra-
phy. Lanes 1 and 2 show the dioxin receptor coimmunoprecipitated by the
hsp90-specific antibody (S) and the control IgM antibody (C), respectively. The
positions of precipitated dioxin receptor and of the molecular mass standard
proteins are indicated. 3G3 or irrelevant TEPC monoclonal antibodies were used
to precipitate material from unprogrammed reticulocyte lysate (R.L.) or wheat
germ lysate (W.G.L.), as indicated (C). The precipitates was separated by SDS-
PAGE and analyzed by immunoblotting with the monoclonal antibody 29A.
Lanes 1 and 4 show nonprecipitated, crude lysates. (D) Ligand-binding experi-
ments. Unprogrammed reticulocyte lysate (stippled bars) or reticulocyte lysate
containing in vitro-translated dioxin receptor (solid bars) was incubated with 2.5
nM [*H]dioxin for 90 min at 25°C; this step was followed by adsorption to
hydroxylapatite at 4°C for 30 min. After extensive washing, bound [>H]dioxin was
determined by scintillation counting. In control experiments, the specificity in the
binding reaction was assessed by performing the reaction in the presence of a
150-fold molar excess of tetrachlorodibenzofuran (TCDF). Results of a repre-
sentative experiment are shown. R.L., reticulocyte lysate; W.G.L., wheat germ
lysate.
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FIG. 5. Both the bHLH and PAS domains are required for strong binding of
the dioxin receptor to the XRE. (A) Schematic structures of Arnt, wild-type
dioxin receptor (DR), a dioxin receptor deletion mutant lacking almost the
entire PAS motif (DRAPAS), and a swap mutant in which the bHLH domain of
Arnt has been substituted with that of the dioxin receptor (DRbHLH/Arnt).
Codon numbers are indicated. (B) Gel mobility shift assays were performed
according to the protocol outlined in the legend to Fig. 1 with dioxin-treated,
reticulocyte lysate-expressed Arnt (10 pl; lane 1), dioxin receptor (DR) (10 wl;
lane 2), swap mutant DRbHLH/Arnt (10 pl; lane 3), deletion mutant DRAPAS
(10 wl; lane 4), or mixtures of Arnt and the dioxin receptor (10 wl each; lane 5),
Arnt and DRbHLH/Arnt (10 pl each; lane 6), and Arnt and DRAPAS (10 pl
each; lane 7). The positions of the free probe and the receptor-containing
complex (R) are indicated. XRE complexes of faster mobility represent nonspe-
cific protein-DNA interactions.

lysate-expressed proteins, we compared the XRE-binding ac-
tivity of the wild-type dioxin receptor to that of the dioxin
receptor deletion mutant DRAPAS (shown schematically in
Fig. 5A) lacking almost the entire PAS motif. Moreover, we
have previously shown that the bHLH motif is critical for
dioxin receptor-Arnt interaction. Thus, deletion of the bHLH
domain of Arnt abrogates heterodimerization with the ligand-
activated dioxin receptor in vitro (23, 46) and functional inter-
action in vivo (46). We were therefore interested in studying
the specificity in the bHLH-mediated dimerization process by
substituting the bHLH domain of Arnt with that of the dioxin
receptor, creating the swap mutant DRbHLH/Arnt (Fig. 5A).

DRAPAS and DRbHLH/Arnt proteins were expressed in
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FIG. 6. Dimerization between Arnt and the dioxin receptor deletion mutant DRAPAS or swap mutant DRbHLH/Arnt is ligand independent. (A) Arnt expressed
in reticulocyte lysate (R.L.) in the presence of 3°S-methionine (10 wl) was incubated with the wild-type dioxin receptor (DR) (10 pl; lanes 1 and 2) or DRbHLH/Arnt
(10 pl; lanes 3 and 4) in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 10 nM dioxin (for 2 h at 25°C). Following immunoprecipitation with anti-dioxin
receptor antibodies, immunoprecipitated proteins were visualized by SDS-PAGE and fluorography. The position of coprecipitated Arnt is indicated. The 3°S-
methionine-labeled swap mutant DRbHLH/Arnt expressed in wheat germ lysate (W.G.L.) (10 pl) was incubated in the absence (lane 5) or presence (lane 6) of
reticulocyte lysate-expressed Arnt and coimmunoprecipitated with anti-Arnt antibodies directed to the N terminus of Arnt. The positions of the coprecipitated swap
mutant DRbHLH/Arnt and of the molecular mass standard proteins are indicated. (B) Reticulocyte lysate-expressed, >*S-methionine-labeled Arnt (10 pl) was
incubated with reticulocyte lysate (R.L.)-expressed DRAPAS (10 wl) in the absence (lane 1) or presence (lane 2) of 10 nM dioxin (for 2 h at 25°C) and
immunoprecipitated with anti-dioxin receptor antibodies. The positions of coprecipitated Arnt and of the molecular mass standard proteins are indicated.

reticulocyte lysate at levels that were very similar to if not
slightly exceeding those of the wild-type dioxin receptor (data
not shown). DNA binding analysis in the presence of Arnt and
dioxin demonstrated that deletion of the PAS domain of the
dioxin receptor led to a significant loss of XRE-binding activ-
ity, as compared with that of the wild-type receptor (Fig. 5B,
compare lanes 5 and 7). In a similar fashion, substitution of the
bHLH domain of Arnt with the corresponding domain of the
dioxin receptor resulted in low levels of XRE-binding activity
by DRbHLH/Arnt upon the addition of wild-type Arnt and
dioxin (Fig. 5B, compare lanes 3, 5, and 6). Analogous to the
case of the wild-type receptor, the DRAPAS mutant did not
exhibit any XRE-binding activity alone but required the pres-
ence of the Arnt partner factor to promote low but significant
levels of XRE complex formation (Fig. 5B, compare lanes 4
and 7). Consistent with the low levels of XRE-binding activity
in vitro of these heterodimeric complexes, expression in tran-
sient cotransfection experiments of Arnt together with either
DRAPAS or DRbHLH/Arnt did not significantly increase the
low levels of dioxin induction of a minimal XRE-driven re-
porter gene that were produced by endogenous dioxin receptor
and Arnt in HeLa cells (data not shown). In contrast, cotrans-
fection of these cells with expression vectors encoding the
wild-type dioxin receptor and Arnt results in strongly en-
hanced, ligand-inducible reporter gene activity (23).

The low levels of in vitro DNA-binding activity produced by
DRAPAS together with Arnt are consistent with the notion
that the PAS domain may be important for the stability of the
dioxin receptor-Arnt heterodimeric complex. By analogy, the
low levels of DNA-binding activity of DRbHLH/Arnt in the
presence of wild-type Arnt may also be due to an impaired
dimerization efficiency. To address this issue, we performed
coimmunoprecipitation experiments with [**S]methionine-la-
beled proteins expressed in reticulocyte lysate. Interestingly,
the bHLH swap mutant DRbHLH/Arnt showed very strong
dimerization with labeled wild-type Arnt (Fig. 6A), as deter-
mined by coimmunoprecipitation with antibodies directed
against an epitope located immediately N terminally in relation
to the bHLH motif of the dioxin receptor (2, 46). In fact, very

similar amounts of Arnt were coimmunoprecipitated by these
antibodies upon exposure to either the ligand-stimulated wild-
type dioxin receptor or the DRbHLH/Arnt mutant (Fig. 6A,
compare lanes 2 to 4). However, whereas dimerization of Arnt
with the wild-type dioxin receptor was dioxin inducible (Fig.
6A, lanes 1 and 2), physical interaction of Arnt with DRbHLH/
Arnt was constitutive (Fig. 6A, compare lanes 3 and 4). More-
over, Arnt showed bona fide levels of dimerization with the
bHLH swap mutant DRbHLH/Arnt following expression in
wheat germ lysate. In agreement with deletion of the ligand-
binding domain, the dimerization activity of DRAPAS was
ligand independent (Fig. 6B, compare lanes 1 and 2).

In the cases of both DRbHLH/Arnt and DRAPAS, these
results suggest that the low levels of XRE-binding activity
produced by these proteins may not be due to an impaired
stability of the heterodimeric complexes that were generated
with wild-type Arnt. Deletion of the PAS domain or substitu-
tion of the bHLH motif appears rather to result in an altered
DNA-binding affinity and/or specificity of the heterodimeric
complexes. It is striking that Arnt (17) contains the Arg, His,
and Glu residues that were shown in X-ray crystallographic
studies to recognize specific bases in the E box target sequence
for the bHLH-Zip factors Max and USF (11, 12), whereas only
the Arg residue is conserved in the dioxin receptor (4, 10).
Importantly, however, the DRAPAS and the DRbHLH/Arnt
mutants did not recognize the E box motifs wE3 and kE2 of
immunoglobulin enhancers either individually or when coincu-
bated with Arnt or other bHLH factors, such as E12 (data not
shown). It will therefore be interesting to use expressed mini-
mal hetero- and homodimeric complexes of the bHLH and
bHLH-PAS domains of the dioxin receptor and Arnt in target
site selection experiments in order to define optimal recogni-
tion motifs for this class of mutants.

Evidence that the bHLH domain of the dioxin receptor may
be a target for the molecular chaperone hsp90. Given the
striking differences in functional activities of the wild-type di-
oxin receptor following expression in reticulocyte versus wheat
germ lysate and the correlation to interaction with hsp90 (see
above), we next examined functional properties of the
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FIG. 7. The DRbHLH/Arnt swap mutant expressed in wheat germ lysate
does not show XRE-binding activity. Gel mobility shift assays were performed
with the 3?P-labeled XRE probe in the presence of Arnt expressed in reticulocyte
lysate (10 wl; lane 2), the swap mutant DRbHLH/Arnt expressed in reticulocyte
lysate (15 pl; lane 3) or in wheat germ lysate (15 pl; lane 4), a mixture of Arnt
and DRbHLH/Arnt expressed in reticulocyte lysate (15 ul each; lane 5), and a
mixture of Arnt expressed in reticulocyte lysate and DRbHLH/Arnt expressed in
wheat germ lysate (15 pl each; lane 6). All reactions were incubated with 10 nM
dioxin for 2 h at 25°C prior to gel shift analysis. Lane 1 shows the mobility of the
free XRE probe. The positions of the reconstituted receptor-containing complex
(R) and the free probe are indicated.

DRAPAS mutant expressed in wheat germ lysate. As observed
with the wild-type dioxin receptor, this mutant receptor form
did not exhibit any XRE-binding activity upon in vitro trans-
lation in wheat germ lysate (data not shown). In contrast, both
reticulocyte lysate- and wheat germ lysate-expressed forms of
the bHLH swap mutant DRbHLH/Arnt formed a strong con-
stitutive complex with Arnt in coimmunoprecipitation assays
(Fig. 6A, compare lane 4 with lanes 5 and 6). However, al-
though wheat germ lysate-expressed DRbHLH/Arnt dimer-
ized efficiently with wild-type Arnt, it did not show any detect-
able levels of XRE-binding activity in the absence or presence
of Arnt in gel mobility shift assays (Fig. 7). In control reactions,
reticulocyte lysate-expressed DRbHLH/Arnt together with
Arnt generated low but significant levels of XRE-binding ac-
tivity (Fig. 7, compare lanes 5 and 6). Thus, although the HLH
dimerization motif of the dioxin receptor was functional when
expressed in wheat germ lysate, this expression system did not
appear to promote folding of the heterodimerized complex
into a conformation that actively binds DNA.

The difference in XRE-binding activity between reticulocyte
lysate- and wheat germ lysate-expressed forms of DRbHLH/
Arnt prompted us to examine the abilities of these forms to
associate with hsp90. It is noteworthy that the bHLH domains
of the MyoD and E12/E47 transcription factors have been
proposed to be conformationally modulated by hsp90. How-
ever, this process appears to involve transient interaction with
hsp90, since it has not been possible to document any stable
complexes between these proteins and hsp90 (39, 40). In co-
immunoprecipitation experiments, [*’S]methionine-labeled,
reticulocyte lysate-expressed wild-type Arnt is not precipitated
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FIG. 8. Association of hsp90 with the bHLH motif of the dioxin receptor.
Reticulocyte lysate (R.L.)-expressed, >°S-methionine-labeled Arnt and
DRbHLH/Armt (A); E12 or E47 (C); DRAPAS (D); or wheat germ lysate
(W.G.L.)-expressed DRbHLH/Arnt (B) was immunoprecipitated with hsp90
specific antibody as described in the legend to Fig. 4. Lanes 2 and 4 show proteins
immunoprecipitated by the control IgM antibody (C), while lanes 1 and 3 show
proteins specifically coimmunoprecipitated with hsp90 (S). The positions of the
in vitro-translated proteins are indicated. Asterisks indicate precipitated
DRbHLH/Arnt. The positions of the molecular mass standards are also indi-
cated.

by hsp90 antibodies (25) (Fig. 8A, compare lanes 1 and 2).
Remarkably, however, labeled DRbHLH/Arnt was specifically
immunoprecipitated by the hsp90 antibodies upon expression
in reticulocyte lysate (Fig. 8A, compare lanes 3 and 4), indi-
cating that the bHLH domain of the dioxin receptor mediates
the formation of a stable complex with hsp90. In contrast,
wheat germ lysate-expressed DRbHLH/Arnt was not associ-
ated with hsp90, as assessed by the hsp90 coimmunoprecipita-
tion assay (Fig. 8B). Moreover, the hsp90 antibodies did not
coimmunoprecipitate the E12 or E47 factors following expres-
sion in reticulocyte lysate (Fig. 8C), in agreement with the
reported failure to observe any complexes between hsp90 and
these factors by different experimental techniques (40). Given
the result that wheat germ lysate-expressed, hsp90-free
DRbHLH/Arnt maintained strong dimerization activity (Fig.
6A), these data suggest a role for hsp90 in chaperoning a
DNA-binding conformation of the bHLH domain of the dioxin
receptor. In the case of bHLH-PAS factors, this very function
of hsp90 appears to be limited to the dioxin receptor, since
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FIG. 9. Model of the different roles of hsp90 in modulating functions of the nuclear glucocorticoid and dioxin receptors and the bHLH factors MyoD and E12/E47.
hsp90 interaction with the hormone- and ligand-binding domains of these nuclear receptors is essential for chaperoning a ligand-binding conformation as well as for
maintaining them in their latent forms, while hsp90 interaction with the bHLH domains is thought to chaperone the DNA-binding conformation of these domains. See

the text for details.

wild-type Arnt is not associated with hsp90 and exhibited het-
erodimerization and XRE-binding activities when expressed by
in vitro translation in reticulocyte and wheat germ lysates.

DISCUSSION

Ligand-dependent activation of the dioxin receptor. The
dioxin receptor is a ubiquitous bHLH transcription factor that
appears to be confined to the cytoplasmic compartment (ref-
erence 34 and references therein) of nonstimulated target
cells. In the absence of regulatory signals, the receptor is re-
covered in cytosolic extracts in a ligand binding-inducible con-
formation that is associated with the molecular chaperone
hsp90 (7, 29). Importantly, ligand-induced derepression of the
receptor involves the release of hsp90 (50) and nuclear trans-
location (34). Thus, ligand-dependent activation appears to
distinguish the dioxin receptor from other bHLH factors. Al-
though the bHLH-Zip factor SREBP-1 (51) is regulated by
cellular sterol levels and nuclear transport, this activation pro-
cess has recently been reported to involve proteolytic cleavage
of the membrane-bound SREBP-1 precursor form (44).

By using in vitro expression assays, we have reconstituted
ligand-dependent activation of the dioxin receptor in vitro and
characterized functional domains involved in this process. The
present results suggest a complex mechanism for activation of
the receptor and the assembly of a functional receptor form.

The PAS domain distinguishes both Arnt and the dioxin
receptor from the bHLH and bHLH/Zip classes of transcrip-
tion factors (for a recent review, see reference 43). In the case
of the dioxin receptor, the C-terminal half of this domain
constitutes the ligand-binding domain (9, 45) and is associated
with hsp90 (45). Interestingly, the corresponding region within
the PAS domain of Arnt mediates neither of these activities
(17, 25, 37). In contrast to the results of a recent study (9), we
observed that our cell-free model system faithfully reconsti-
tuted repression of the ligand-free dioxin receptor. Thus, di-
oxin receptor expressed in vitro in reticulocyte lysate neither
bound target DNA nor dimerized with Arnt. Consistent with
the notion that PAS-hsp90 interaction is involved in the re-

pression of dioxin receptor-Arnt heterodimerization (46), the
fusion of the PAS domain with heterologous DNA-binding and
transactivation domains results in the inhibition of these func-
tions (45).

Deletion of the PAS domain, harboring the ligand-binding
domain of the dioxin receptor, resulted in constitutive dimer-
ization of the receptor with its partner factor Arnt. In agree-
ment with this observation, deletion of the hormone-binding
domain of the glucocorticoid receptor yields a mutant that
exhibits constitutive functional activities (14). Remarkably,
however, although the dioxin receptor PAS deletion mutant
showed significant dimerization activity, the XRE-binding ac-
tivity of the resulting heterodimeric complex was markedly
reduced, as compared with that of the wild-type dioxin recep-
tor-Arnt complex. In a similar fashion, deletion of the Zip
motif of the bHLH-Zip factor USF results in a reduction in
DNA-binding activity (22). Moreover, the Zip motif has been
shown to determine dimerization specificity of bHLH-Zip fac-
tors (1, 18), in addition to stabilizing homo- and heterodimeric
bHLH-Zip complexes. Our results indicate that deletion of the
PAS domain of the receptor does not abrogate its dimerization
activity with Arnt. Assuming that the generated heterodimeric
complex maintains DNA-binding activity, it could therefore be
interesting to examine by target site selection methods whether
the PAS deletion mutant exhibits any altered specificity com-
pared with that for the wild-type receptor-Arnt complex. Given
the role of the PAS domain in the homodimerization processes
of the Drosophila factor Per (19), it will also be interesting to
perform a more detailed analysis of the importance of the PAS
domain within both Arnt and the receptor for the relative
stability of oligomeric complexes. Strikingly, the bHLH-Zip
domain of USF has been shown to tetramerize in solution,
whereas the minimal bHLH domain forms only a dimeric com-
plex (11).

Modulation of dioxin receptor function by the molecular
chaperone hsp90. In extracts from nontreated cells, the dioxin
receptor is recovered as a complex with the molecular chap-
erone hsp90 (8, 30, 37, 50). Like the dioxin receptor, the
glucocorticoid receptor belongs to a class of inducible tran-



764 ANTONSSON ET AL.

scription factors that is stably associated with hsp90 in its
latent, ligand-free form. As summarized in the model in Fig. 9,
hsp90 appears to act as a chaperone, maintaining a high-affin-
ity ligand-binding conformation of both the glucocorticoid (see
references 36 and 41 for reviews) and dioxin receptors. Con-
sistent with this model, neither the glucocorticoid receptor (6)
nor the dioxin receptor is associated with hsp90 or exhibits
ligand-binding activity upon expression in wheat germ lysate.
Moreover, in strong support of the model mentioned above,
the glucocorticoid receptor exhibits reduced ligand responsive-
ness when expressed in Saccharomyces cerevisiae cells contain-
ing low levels of hsp90 (31) or mutant forms of hsp90 (3).

It also appears that hsp90 is involved in the repression of
both receptors in their ligand-free states. This notion is sup-
ported by the observation that fusion of the ligand-binding and
hsp90-binding domains of the glucocorticoid receptor (32) or
the dioxin receptor (45) inactivates an otherwise constitutive
transcription factor in the absence of ligand. It remains un-
clear, however, whether hsp90, by binding to the ligand-bind-
ing domain, passively or actively inhibits function of the target
factor (reviewed in reference 3).

hsp90 has also recently been reported to conformationally
activate the DNA-binding activity of homodimers of the bHLH
factors MyoD and E12 and MyoD/E12 heterodimers. Whereas
bacterially expressed MyoD and E12 show bona fide levels of
homo- and heterodimerization activities, hsp90 activates their
DNA-binding activity in an ATP-independent manner but is
not retained in the bHLH protein complex (39, 40). In striking
analogy to this model, the DRbHLH/Arnt mutant of the dioxin
receptor could heterodimerize with Arnt but not bind DNA or
hsp90 upon expression in wheat germ lysate. In contrast, when
expressed in reticulocyte lysate, the bHLH domain of the di-
oxin receptor was associated with hsp90 and showed dimeriza-
tion and DNA-binding activities. As outlined in Fig. 9, two
distinct chaperoning functions of hsp90 in modulating dioxin
receptor function are therefore likely: (i) correct folding of the
ligand-binding and, possibly, repressed receptor conformations
and (ii) folding of a DNA-binding conformation of the bHLH
domain. The dioxin receptor system may therefore provide an
interesting model for the regulation of transcription factor
function by molecular chaperones and for the investigation of
the mechanism of action of hsp90. We have recently shown
that a cellular factor, possibly Arnt, plays a role in enhancing
the release of hsp90 from the ligand-bound receptor (25). It
remains to be determined whether factors in addition to hsp90
and Arnt are necessary and sufficient for the two critical steps
in the signaling pathway of the dioxin receptor: repression of
the ligand-free receptor form and subsequent ligand-depen-
dent activation.

ACKNOWLEDGMENTS

We thank Christopher A. Bradfield (Northwestern University Med-
ical School, Chicago, Ill.) for providing pSportAhR, Oliver Hankinson
(UCLA) for pBM5Neo M1-1 and mutant Hepa-1 cells, and Marika
Ronnholm and Ann-Charlotte Wikstrom (Karolinska Institute) for the
29A antibody.

This work was supported by grants from the Swedish Cancer Society.

C.A,, M.L.W,, and J.M. contributed equally to this work.

REFERENCES

1. Beckman, H., and T. Kadesch. 1991. The leucine zipper of TFE3 dictates
helix-loop-helix dimerization specificity. Genes Dev. 5:1057-1066.

2. Berghard, A., K. Gradin, I. Pongratz, M. Whitelaw, and L. Poellinger. 1993.
Cross-coupling of signal transduction pathways: the dioxin receptor mediates
induction of cytochrome P-450IA1 expression via a protein kinase C-depen-
dent mechanism. Mol. Cell. Biol. 13:677-689.

3. Bohen, S. P., and K. R. Yamamoto. 1993. Isolation of Hsp90 mutants by

10.

11.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

MoL. CELL. BIOL.

screening for decreased steroid receptor function. Proc. Natl. Acad. Sci.
USA 90:11424-11428.

. Burbach, K. M., A. Poland, and C. A. Bradfield. 1992. Cloning of the Ah

receptor cDNA reveals a distinctive ligand-activated transcription factor.
Proc. Natl. Acad. Sci. USA 89:8185-8189.

. Cauthill, S., A. Wilhelmsson, and L. Poellinger. 1991. Role of the ligand in

intracellular receptor function: receptor affinity determines activation in
vitro of the latent dioxin receptor to a DNA-binding form. Mol. Cell. Biol.
11:401-411.

. Dalman, F. C., E. H. Bresnick, P. D. Patel, G. H. Perdew, S. J. Watson, and

W. B. Pratt. 1989. Direct evidence that the glucocorticoid receptor binds to
hsp90 at or near the termination of receptor translation in vitro. J. Biol.
Chem. 264:19815-19821.

. Denis, M., S. Cuthill, A.-C. Wikstrom, L. Poellinger, and J.-A. Gustafsson.

1988. Association of the dioxin receptor with the mr 90,000 heat shock
protein: a structural kinship with the glucocorticoid receptor. Biochem. Bio-
phys. Res. Commun. 155:801-807.

. Denis, M., and J.-A. Gustafsson. 1989. Translation of glucocorticoid recep-

tor mRNA in vitro yields a nonactivated protein. J. Biol. Chem. 264:6005—
6008.

. Dolwick, K. M., H. I. Swanson, and C. A. Bradfield. 1993. In vitro analysis of

Ah receptor domains involved in ligand-activated DNA recognition. Proc.
Natl. Acad. Sci. USA 90:8566-8570.

Ema, M., K. Sogawa, Y. Watanabe, Y. Chujoh, N. Matsushita, O. Gotoh, Y.
Funae, and Y. Fujii-Kuriyama. 1992. cDNA cloning and structure of mouse
putative Ah receptor. Biochem. Biophys. Res. Commun. 184:246-253.
Ferré-D’Amaré, A. R., P. Pognonec, R. G. Roeder, and S. K. Burley. 1994.
Structure and function of the b/HLH/Z domain of USF. EMBO J. 13:180-
189.

. Ferré-D’Amaré, A. R., G. C. Prendergast, E. B. Ziff, and S. K. Burley. 1993.

Recognition by Max of its cognate DNA through a dimeric b/HLH/Z do-
main. Nature (London) 363:38-45.

Fujisawa-Sehara, A., K. Sogawa, M. Yamane, and Y. Fujii-Kuriyama. 1987.
Characterization of xenobiotic response elements upstream from the drug-
metabolizing cytochrome P-450c gene: a similarity to glucocorticoid re-
sponse elements. Nucleic Acids Res. 15:4179-4191.

Godowski, P. J., S. Rusconi, R. Miesfeld, and K. R. Yamamoto. 1987. Glu-
cocorticoid receptor mutants that are constitutive activators of transcrip-
tional enhancement. Nature (London) 325:365-368.

Hankinson, O. 1983. Dominant and recessive aryl hydrocarbon hydroxylase-
deficient mutants of the mouse hepatoma cell line, Hepa-1, and assignment
of the recessive mutants to three complementation groups. Somatic Cell
Genet. 9:497-514.

Hapgood, J., S. Cuthill, M. Denis, L. Poellinger, and J.-A. Gustafsson. 1989.
Specific protein-DNA interactions at a xenobiotic-responsive element: co-
purification of dioxin receptor and DNA-binding activity. Proc. Natl. Acad.
Sci. USA 86:60-64.

Hoffman, E. C., H. Reyes, F. F. Chu, F. Sander, L. H. Conley, B. A. Brooks,
and O. Hankinson. 1991. Cloning of a factor required for activity of the Ah
(dioxin) receptor. Science 252:954-958.

. Hu, Y.-F., B. Liischer, A. Admon, N. Mermod, and R. Tjian. 1990. Tran-

scription factor AP-4 contains multiple dimerization domains that regulate
dimer specificity. Genes Dev. 4:1741-1752.

Huang, Z. J., 1. Edery, and M. Rosbash. 1993. PAS is a dimerization domain
common to Drosophila Period and several transcription factors. Nature
(London) 364:259-262.

Jan, Y. N, and L. Y. Jan. 1993. HLH proteins, fly neurogenesis, and verte-
brate myogenesis. Cell 75:827-830.

Kadesch, T. 1993. Consequences of heteromeric interactions among helix-
loop-helix proteins. Cell Growth Differ. 4:49-55.

Kirschbaum, B. J., P. Pognonec, and R. G. Roeder. 1992. Definition of the
transcriptional activation domain of recombinant 43-kilodalton USF. Mol.
Cell. Biol. 12:5094-5101.

Mason, G. G. F., A.-M. Witte, M. L. Whitelaw, C. Antonsson, J. McGuire, A.
Wilhelmsson, L. Poellinger, and J.-A. Gustafsson. 1994. Purification of the
DNA binding form of dioxin receptor: role of the Arnt cofactor in regulation
of dioxin receptor function. J. Biol. Chem. 269:4438-4449.

Matsushita, N., K. Sogawa, M. Ema, A. Yoshida, and Y. Fujii-Kuriyama.
1993. A factor binding to xenobiotic response element (XRE) of P-450IA1
gene consists of at least two helix-loop-helix proteins, Ah receptor and Arnt.
J. Biol. Chem. 268:21002-21006.

McGuire, J., M. L. Whitelaw, 1. Pongratz, J.-A Gustafsson, and L. Poel-
linger. 1994. A cellular factor stimulates ligand-dependent release of hsp90
from the basic helix-loop-helix dioxin receptor. Mol. Cell. Biol. 14:2438-
2446.

Miyata, Y., and L. Yahara. 1992. The 90-kDa heat shock protein, hsp90, binds
and protects casein kinase II from self-aggregation and enhances its kinase
activity. J. Biol. Chem. 267:7042-7047.

Murre, C., P. Schonleber-McCaw, and D. Baltimore. 1989. A new DNA
binding and dimerization motif in immunoglobulin enhancer binding, daugh-
terless, MyoD, and myc proteins. Cell 56:777-783.

Nemoto, T., Y. Ohara-Nemoto, M, and J.-A. Gustafsson. 1990. The trans-



VoL. 15, 1995

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

formed glucocorticoid receptor has a lower steroid binding affinity than the
nontransformed receptor. Biochemistry 29:1880-1886.

Perdew, G. H. 1988. Association of the Ah receptor with the 90 kD heat
shock protein. J. Biol. Chem. 263:13802-13805.

Perdew, G. H., and M. L. Whitelaw. 1991. Evidence that the 90-kDa heat
shock protein (hsp90) exists in cytosol in heteromeric complexes containing
hsp70 and three other proteins with Mr of 63,000, 56,000, and 50,000. J. Biol.
Chem. 266:6708-6713.

Picard, D., B. Khursheed, M. J. Garabedian, M. G. Fortin, S. Lindquist, and
K. R. Yamamoto. 1990. Reduced levels of hsp90 compromise steroid recep-
tor action in vivo. Nature (London) 348:166-168.

Picard, D., S. J. Salser, and K. R. Yamamoto. 1988. A movable and regulable
inactivation function within the steroid binding domain of the glucocorticoid
receptor. Cell 54:1073-1080.

Poellinger, L., M. Géttlicher, and J.-A. Gustafsson. 1992. The dioxin and
peroxisome proliferator-activated receptors: nuclear receptors in search of
endogenous ligands. Trends Pharm. Sci. 13:241-245.

Pollenz, R. S., C. A. Sattler, and A. Poland. 1994. The aryl hydrocarbon
receptor and aryl hydrocarbon receptor nuclear translocator protein show
distinct subcellular localizations in Hepa 1c1c7 cells by immunofluorescence
microscopy. Mol. Pharmacol. 45:428-438.

Pongratz, L., G. G. F. Mason, and L. Poellinger. 1992. Dual roles of the 90
kDa heat shock protein in modulating functional activities of the dioxin
receptor. J. Biol. Chem. 267:13728-13734.

Pratt, W. B. 1993. The role of heat shock proteins in regulating the function,
folding and trafficking of the glucocorticoid receptor. J. Biol. Chem. 268:
21455-21458.

Probst, M. R, S. Reisz-Porszasz, R. V. Agbunag, M. S. Ong, and O. Hankin-
son. 1993. Role of the aryl hydrocarbon receptor nuclear translocator pro-
tein in aryl hydrocarbon (dioxin) receptor action. Mol. Pharmacol. 44:511-
518.

Reyes, H., S. Reisz-Porszasz, and O. Hankinson. 1992. Identification of the
Ah receptor nuclear translocator protein (Arnt) as a component of the DNA
binding form of the Ah receptor. Science 256:1193-1195.

Shaknovich, R., G. Shue, and D. S. Kohtz. 1992. Conformational activation

FOLDING OF DIOXIN RECEPTOR bHLH AND PAS DOMAINS

40.

41.
42.
43.

44,

45.

46.

47.
48.
49.
50.

51.

765

of a basic helix-loop-helix protein (MyoD) by the C-terminal region of
murine hsp90 (hsp84). Mol. Cell. Biol. 12:5059-5068.

Shue, G., and D. S. Kohtz. 1994. Structural and functional aspects of basic
helix-loop-helix protein folding by heat shock protein 90. J. Biol. Chem.
269:2702-2711.

Smith, D. F., and D. O. Toft. 1993. Steroid receptors and their associated
proteins. Mol. Endocrinol. 7:4-11.

Swanson, H. I., and C. A. Bradfield. 1993. The AH-receptor: genetics, struc-
ture and function. Pharmacogenetics 3:213-230.

Takahashi, J. S. 1992. Circadian clock genes are ticking. Science 258:238—
240.

Wang, X., R. Sato, M. S. Brown, X. Hua, and J. L. Goldstein. 1994.
SREBP-1, a membrane-bound transcription factor released by sterol-regu-
lated proteolysis. Cell 77:53-62.

Whitelaw, M. L., M. Géttlicher, J.-A. Gustafsson, and L. Poellinger. 1993.
Definition of a novel ligand binding domain of a nuclear bHLH receptor:
co-localization of ligand and hsp90 binding activities within the regulable
inactivation domain of the dioxin receptor. EMBO J. 12:4169-4179.
Whitelaw, M. L., 1. Pongratz, A. Wilhelmsson, J. A Gustafsson, and L.
Poellinger. 1993. Ligand-dependent recruitment of the Arnt coregulator
determines DNA recognition by the dioxin receptor. Mol. Cell. Biol. 13:
2504-2514.

Whitlock, J. P., Jr. 1993. Mechanistic aspects of dioxin action. Chem. Res.
Toxicol. 6:754-763.

Wiech, H., J. Buchner, R. Zimmerman, and U. Jakob. 1992. Hsp90 chaper-
ones protein folding in vitro. Nature (London) 358:169-170.

Wikstrom, A.-C., G. Akner, and M. Rénnholm. Unpublished data.
Wilhelmsson, A., S. Cuthill, M. Denis, A. C. Wikstrom, J.-A. Gustafsson, and
L. Poellinger. 1990. The specific DNA binding activity of the dioxin receptor
is modulated by the 90 kd heat shock protein. EMBO J. 9:69-76.
Yokoyama, C., X. Whang, M. R. Briggs, A. Admon, J. Wu, X. Hua, J. L.
Goldstein, and M. S. Brown. 1993. SREBP-1, a basic-helix-loop-helix-leucine
zipper protein that controls transcription of the low density lipoprotein
receptor gene. Cell 75:187-197.



