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The activated aryl hydrocarbon receptor (AHR) and the AHR nuclear translocator (ARNT) bind DNA as a
heterodimer. Both proteins represent a novel class of basic helix-loop-helix (DHLH)-containing transcription
factors in that (i) activation of AHR requires the binding of ligand (e.g., 2,3,7,8-tetrachlorodibenzo-p-dioxin
[TCDD]), (ii) the xenobiotic responsive element (XRE) recognized by the AHR/ARNT heterodimer differs from
the recognition sequence for nearly all other bHLH proteins, and (iii) both proteins contain a PAS homology
region, which in the Drosophila PER and SIM proteins functions as a dimerization domain. A ¢cDNA for mouse
ARNT has been cloned, and potential functional domains of ARNT were investigated by deletion analysis. A
mutant lacking all regions of ARNT other than the bHLH and PAS regions is unimpaired in TCDD-dependent
dimerization and subsequent XRE binding and only modestly reduced in ability to complement an
ARNT-deficient mutant cell line, c4, in vivo. Both the first and second a helices of the bHLH region are
required for dimerization. The basic region is required for XRE binding but not for dimerization. Deletion of
either the A or B segments of the PAS region slightly affects TCDD-induced heterodimerization, while deletion
of the complete PAS region severely affects (but does not eliminate) dimerization. Thus, ARNT possesses
multiple domains required for maximal heterodimerization. Mutants deleted for PAS A, PAS B, and the
complete PAS region all retain some degree of XRE binding, yet none can rescue the ¢4 mutant. Therefore, both
the PAS A and PAS B segments, besides contributing to dimerization, apparently fulfill additional, unknown

functions required for biological activity of ARNT.

The aryl hydrocarbon receptor (AHR) is a component of a
soluble, intracellular protein complex that binds a variety of
environmentally important carcinogens, including polycyclic
aromatic hydrocarbons (found in cigarette smoke and smog)
and certain halogenated hydrocarbons, such as 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) and polychlorinated biphe-
nyls. Ligand triggers transformation of the AHR complex to a
form which can activate transcription of the CYPIAI and
CYPI1A2 genes and induce several other enzymes of xenobiotic
metabolism. The CYP1A1 and CYP1A2 enzymes are directly
involved in the conversion of polycyclic aromatic hydrocarbons
and heterocyclic amines (found in cooked food), respectively,
to their active genotoxic metabolites, and the AHR therefore
plays an important role in carcinogenesis by both classes of
compounds (reviewed in references 35, 36, and 48). TCDD is
metabolized only very poorly, and the parent compound is
probably the active agent. TCDD acts as a tumor promoter, or
nongenotoxic carcinogen (reviewed in reference 47). Several
polycyclic aromatic and halogenated hydrocarbons have also
been shown to be teratogenic, and teratogenesis is mediated by
the AHR (reviewed in reference 6). TCDD also affects the
differentiation of keratinocytes (reviewed in reference 18).
These last observations suggest that the AHR plays a role in
embryogenesis, perhaps by binding an as yet unidentified
endogenous ligand. In cells untreated with ligand, the AHR
(90 kDa in the C57BL/6 mouse strain [4]) is isolated in the
cytosolic fraction as part of a multimeric protein complex of
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about 280 kDa (11), which also contains the 90-kDa heat shock
protein (HSP90) (10, 37) and perhaps other components (39).
HSP90 appears to be required for ligand binding (40). After
cells are treated with ligand, the AHR is found in the nuclear
fraction, from which it can be extracted in the form of a
heterodimer with the 87-kDa AHR nuclear translocator pro-
tein, ARNT (44). HSP90 appears to be necessary for binding of
ligand and also apparently inhibits DNA binding by the
unliganded AHR, presumably by preventing its association
with ARNT (40). It is not clear, however, whether the AHR is
released from the 280-kDa complex before or after transloca-
tion into the nucleus (38, 53). The AHR/ARNT complex
activates transcription of the CYPIAI gene via its binding to
short DNA sequences, termed xenobiotic responsive elements
(XREs), located in the 5' flanking region of the gene. XREs
are also found in certain other genes responsive to AHR-
dependent induction. A consensus XRE sequence required for
functionality has been identified as 5'-T/GNGCGTGA/CG/
CA-3' (28). Both the AHR and ARNT bind directly to the
XRE core sequence (41).

A cDNA for human ARNT (hARNT) and cDNAs for the
C57BL/6 mouse AHR and human AHR have been cloned (4,
20, 25). The encoded proteins resemble each other, and the
Drosophila SIM protein, in their amino-terminal halves (see
Fig. 2 for potential functional domains of ARNT). At their
most amino-terminal segments of similarity, ARNT, AHR, and
SIM contain basic helix-loop-helix (bHLH) motifs. This motif
is found in a number of transcription factors that bind DNA as
homodimers or heterodimers. In these transcription factors,
the basic submotif is responsible for DNA binding and the
HLH submotif is responsible, either completely or in part, for
dimerization (reviewed in reference 31). Interestingly, the
basic region of AHR conforms only poorly to the consensus
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sequence for this submotif, while the basic region of ARNT
conforms well. Further toward their carboxy termini, ARNT,
AHR, and SIM contain a region of sequence similarity of
about 300 amino acids (the PAS domain), which is also present
in the Drosophila PER protein. The PAS domain in each of the
four proteins contains two copies of an approximately 50-
amino-acid degenerate direct repeat, referred to as the PAS A
and B repeats (34). Recently, the PAS domains of PER and
SIM have been shown to mediate heterodimerization between
these two proteins, and the PAS domain of PER has also been
shown to mediate homodimerization (23).

The AHR/ARNT complex therefore represents a new class
of transcription factor, which differs from other bHLH-con-
taining transcription factors in a number of important ways.
(i) The activity of the AHR is unique among bHLH proteins
in that it is dependent on the binding of a ligand. (ii) The
XRE differs from the E-box sequence, CANNTG, which is the
core sequence recognized by nearly all other bHLH proteins
(exceptions include the transcription factors SREBP-1 and
SREBP-2 [22, 55]). (iii) Besides SIM, no other known bHLH
protein contains a PAS domain. Deletion analysis of mouse
AHR has allowed for the approximate demarcation of certain
functional domains, including those for ligand binding (within
amino acids 230 to 380, encompassing the PAS B repeat) (13,
52) and HSP90 binding (within amino acids 230 to 421) (52)
and a segment capable of XRE binding in the presence of
hARNT (the amino-terminal 289 amino acids, encompassing
the bHLH motif, the PAS A repeat, and part of the PAS B
repeat) (13). Furthermore, an 80-amino-acid internal deletion
toward the amino terminus of hARNT, which includes the
bHLH motif, was shown to prevent its dimerization with the
mouse AHR (29). We report here a mutational analysis of
ARNT, with a particular focus on defining domains responsi-
ble for dimerization and XRE binding. We use ARNT and
AHR proteins that are derived from the same species (mouse)
and include among our deletion mutants several in which
putative functional domains are excised precisely, so that we
can more accurately assess their role in ARNT function.

MATERIALS AND METHODS

Isolation of the mARNT cDNA and generation of the
mARNT expression vector. A liver cDNA library from a
C57BL/6 X DBA hybrid mouse (Stratagene) was screened
with a fragment from the 5’ end of the hARNT cDNA, yielding
a 2.3-kb mouse ARNT (mARNT) cDNA (pCEV4/3’'mARNT)
that contained all except the first 294 nucleotides (nt) of the
coding sequence. To obtain the 5’ end of the cDNA, the 5’
rapid amplification of cDNA ends (5" RACE) procedure was
performed, using mRNA from Hepa-1 cells as the template.
The 3’ PCR primer corresponded to nt 627 to 649 of mARNT,
and the 5" PCR primer was the 5" RACE System Universal
Amplification Primer (Gibco/BRL). The 5’ end of the 5’
RACE product contained (from 5’ to 3’) 15 guanosine residues
generated by the 5' RACE procedure, 11 nt derived from the
untranslated region of the mRNA, and then the ATG trans-
lational initiation codon. The 5 RACE product and the cDNA
were joined at the common ApaLl site (position 637 in
mARNT) and then inserted into the multiple cloning site of
the mammalian expression vector pcDNAIJ/Neo (Invitrogen),
in the correct orientation for in vivo expression. This construct,
which thus contained the complete coding sequence of
mARNT, was capable of rescuing the C~ mutant (i.e., it
generated clones resistant to the benzo[ghi]perylene plus
near-UV reverse selection upon transfection into C~ mutant
cells, as assayed by the procedure described below) but only at
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moderate efficiency. This construct also directed the synthesis
of only low amounts of ARNT mRNA and protein upon in
vitro transcription and translation (performed as described
below). Since homopolymer tracts located on the 5’ side of
cDNA inserts have been reported to inhibit expression in vivo
and in vitro (17, 45, 54), in the following steps we eliminated
the 15 guanosine residues at the 5’ end of the ARNT cDNA
and also replaced the chimeric cDNA (i.e., the one above
derived from both the C57BL/6 X DBA hybrid mouse and
Hepa-1 cells) with one derived totally from Hepa-1 cells. A
cDNA library was prepared in the vector pCEV4 (24), using
mRNA from the c31 derivative of Hepa-1 cells. (c31 is a
mutant derivative of Hepa-1 cells that expresses an inhibitor of
AHR action but which expresses a normal ARNT protein
[50].) The library was screened with the mARNT cDNA,
yielding a clone that contained all except for the first 183 nt of
the ARNT coding sequence. (This clone was subcloned into
pCEV4, and the resulting construct was capable of rescuing the
C™ mutant at high efficiency, thus confirming the normality of
this cDNA derived from c31 cells.) A three-way ligation was
performed between the ApalL1-BamHI ARNT fragment from
this plasmid (BamHI cuts at nt 2574 in the cDNA, 198 nt 3’ of
the stop codon), pcDNAI/Neo digested with HindIIl and
BamHI, and a PCR product generated as follows. PCR was
carried out with the pcDNAI/Neo-chimeric cDNA as template.
The 5' primer contained (reading 5’ to 3') a 5-nt random
spacer, a HindIII restriction site, and nt —10 to +4 of mARNT.
The 3’ primer was the same as that used for the 5’ RACE
procedure. The PCR product was digested with HindIII and
Apall. The product of the three-way ligation, pcDNAI/Neo/
mARNT, thus contained the complete coding sequence of
mARNT derived from Hepa-1 cells and lacked the 5’ poly(G)
tract. pcDNAI/Neo/mARNT expressed the ARNT protein in
vitro and rescued the C™ mutant at approximately 20- and
7-fold-higher efficiencies, respectively, than the pcDNAI/Neo/
chimeric ARNT construct containing the poly(G) tract. A
construct ¢containing the chimeric mouse cDNA but lacking the
5’ poly(G) tract expressed as well as pcDNAI/Neo/mARNT in
vivo and in vitro, demonstrating that poor expression was due
to the poly(G) tract rather than to the source of the cDNA.
Generation of the AHR expression vector. pSportAHR, the
mouse AHR cDNA (4) in the pSV.Sportl expression vector
(Gibco/BRL), was kindly provided by Christopher Bradfield
(Northwestern University Medical School, Chicago, Ill.).
When this vector was used to program in vitro transcription
and translation (the SP6 promoter drives the cDNA insert),
only low amounts of AHR protein were obtained. Sequencing
of the 5’ of pSportAHR showed that the translational initiation
codon was preceded immediately by a HindIII restriction site
and that the sequence surrounding the initiation codon pro-
vided a very poor context for translational initiation (26). The
AHR cDNA was transferred to pcDNAI/Neo, and the se-
quence surrounding the ATG initiation codon was changed to
one more favorable for translational initiation, as follows. The
HindIII-Sspl fragment encompassing the complete coding
sequence of the AHR c¢cDNA was excised from pSportAHR
(SspI cuts 130 bp 5’ of the cDNA end and 659 bp 3’ of the
stop codon) and inserted into HindIII- and EcoRV-digested
pcDNAI/Neo (both enzymes cut in the multiple cloning site) in
the correct orientation for in vivo expression, to generate
pcDNAI/Neo/HindIIIAHR. PCR was performed on a restric-
tion fragment of pSportAHR containing the first 499 nt of the
AHR cDNA, using a 3’ primer corresponding to nt 286 to 299
of AHR and a 5’ primer containing, from 5’ to 3’, a 5-nt
random spacer, a HindIIl restriction site, 10 nt identical
(except for substitution of C for G at position —4) to those
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immediately upstream of the translational initiation codon of
the ARNT expression vector pcDNAI/Neo/mARNT (used
because pcDNAI/Neo/mARNT expresses well both in vivo and
in vitro), and the first 24 nt of the AHR coding sequence except
that nt 4 to 6 were changed from the serine codon AGC to the
serine codon TCG (so as to improve the context for transla-
tional initiation [26].) The PCR product was digested with
HindIIl and Bpul1102I (which cuts at position 211 in the
cDNA), and the HindIII-Bpu1102I fragment so obtained was
substituted for the corresponding fragment of pcDNAI/Neo/
HindIIIAHR, thereby generating the plasmid pcDNAI/Neo/
AHR. pcDNAI/Neo/AHR directed in vitro AHR protein
synthesis at approximately fourfold-greater efficiency than
pSportAHR.

Generation of mutant derivatives of ARNT. The bHLHA,
bHLHAB, and AB derivatives of ARNT were generated by
PCR using pcDNAI/Neo/mARNT as the template. All of the
5’ primers contained, reading 5’ to 3’, a 4-nt random sequence,
a HindlIll restriction site, an ATG codon embedded in a
sequence favorable for translational initiation, and then 12 to
14 nt corresponding to the appropriate target sequence in the
cDNA. The 3’ primers contained a 4-bp random sequence, an
Xhol restriction site, a stop codon, and 12 nt of the appropriate
cDNA sequence. PCR products were ligated to HindIII- and
Xhol-digested pcDNAI/Neo to generate the required expres-
sion constructs. The ARNT deletion mutants were made by the
oligonucleotide-directed mutagenesis system of Nakamaye and
Eckstein (33), using the Amersham Oligonucleotide Directed
In Vitro Mutagenesis System, version 2.1. Mutagenesis was per-
formed on the full-length ARNT cDNA directly on pcDNAI/
Neo/mARNT (since pcDNAI/Neo contains an M13 origin of
replication), or the ARNT insert was excised with HindIII and
BamHI from pcDNAI/Neo/mARNT and inserted into
M13mpl8, and mutagenesis was performed on the latter
construct. In the latter cases, the mutated ARNT cDNA was
transferred back into pcDNAI/Neo for expression.

Two clones were isolated and analyzed for each mutation.
All mutations were confirmed by sequencing. In addition,
other portions of certain clones were sequenced, as indicated
in the text. Plasmids were prepared by the Qiagen maxiprep
procedure as instructed by the supplier (Qiagen, Chatsworth,
Calif.).

In vitro transcription and translation. The AHR and
ARNT cDNAs and their mutant derivatives were all contained
in the pcDNAI/Neo vector in the appropriate orientation for in
vitro expression from the T7 polymerase promoter. The con-
structs were expressed in the TNT T7 coupled reticulocyte
lysate system, in the presence or absence of L-[>**S]methionine
(final concentration, 1 mCi/ml; specific activity, >1,000 Ci/
mmol; Amersham) according to the protocol from the supplier
(Promega). All reactions were incubated for 90 min at 30°C.
The degree of expression of each construct was assayed by
subjecting an aliquot from the incubation performed in the
presence of [**S]methionine to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and subsequent
densitometry.

Protein dimerization. pcDNAI/Neo/mARNT (or mutant
derivatives thereof) and pcDNAI/Neo/AHR were transcribed
and translated in vitro, separately from one another, unless
otherwise stated. ARNT was synthesized in the presence of
[**S]methionine, while AHR was synthesized in the absence of
isotope. The TNT incubation mixtures containing the two
proteins were then mixed such that the molar ratio of ARNT
or its mutant derivative to AHR was 1:3. The mixture was
incubated with 10 nM TCDD (in dimethyl sulfoxide [DMSO],
to a final concentration of 0.2% DMSO) or solvent alone for 3
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h at room temperature. At the end of the incubation, the
reaction mixture volume was adjusted to 25 mM N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-1.2 mM
EDTA-10% glycerol-200 mM NaCl-0.1% Nonidet P-40, pH
7.4 (immunoprecipitation buffer). Affinity-purified polyclonal
antibody to AHR or the corresponding preimmune immuno-
globulin G fraction (41) was then added, and the incubation
continued for an additional 2 h. The antigen-antibody complex
was precipitated with protein A-Sepharose CL-4B beads
(Pharmacia) for 1 h at room temperature. The pellets were
washed four times with the immunoprecipitation buffer and
then boiled in SDS sample buffer (27). The supernatants were
precipitated with acetone at —20°C and boiled in the same
buffer. The immunoprecipitates and supernatants were sub-
jected to SDS-PAGE with a 7.5 or 15% gel, and the dried gel
was then exposed to X-ray film, which was subsequently
analyzed by densitometry.

XRE binding. Unlabelled ARNT (and its mutant deriva-
tives) and unlabelled AHR were synthesized in vitro. Equimo-
lar amounts of the two proteins were then mixed and incubated
with 10 nM TCDD (in DMSO, to a final concentration of 0.2%
DMSO) or solvent alone for 3 h at room temperature. The
DNA binding mixture [25 mM HEPES (pH 7.5), 200 mM KC],
10 mM dithiothreitol, 10% glycerol, S mM EDTA, 50 pg of
poly(dI-dC) - (dI-dC) per ml] was then added, and incubation
continued for 20 min at room temperature. The mixture was
then incubated for an additional 20 min in the presence of a
32p.labelled double-stranded synthetic oligonucleotide con-
taining the mouse XRE1 sequence as described previously (41)
except that the labelled XRE was purified by passing it first
over two Chroma Spin-10 columns (Clontech) and then twice
through a Centrex Microfilter (Schleicher & Schuell). Some
incubations contained a 100-fold excess either of the unla-
belled XRE oligonucleotide or of a mutant oligonucleotide
containing two substitutions in the core region of the XRE
(20). Samples were run on a 4.5% nondenaturing polyacryl-
amide gel in 1X HTE (200 mM HEPES, 100 mM Tris, 5 mM
EDTA, pH 8.0) buffer for 2.5 h. The gel was dried, exposed to
X-ray film, and subjected to densitometry.

Cells and cell culture. The Hepa-1clc7 (Hepa-1) cell line
and its mutant derivative, c4, were cultured in nucleoside-free
alpha minimal essential medium (Irvine Scientific) supple-
mented with 10% heat-inactivated fetal calf serum as described
previously (19). Transfections were performed with 50 pg of
DNA per 150-mm-diameter dish or 20 ng of DNA per
100-mm-diameter dish in the presence of 2% fetal calf serum
by the calcium phosphate method of Chen and Okayama (5).
At the end of the transfection period, the cells were treated
with 15% glycerol for 1.5 min.

Reverse selection. Twenty-four hours after the glycerol
shock, transfected c4 mutant cells were treated with 10 nM
TCDD; 24 h later, they were subjected to the benzo[ghil
perylene plus near-UV reverse selection procedure at 5 X 10
cells per 100-mm-diameter dish (19) or were selected in 400 g
of G418 (Gibco) per ml (final concentration) at 5 X 10* cells
per 100-mm-diameter dish.

CAT assays. The ARNT cDNA and mutant constructs were
cotransfected with plasmid pMC6.3k (16) into c4 mutant cells.
At 18 to 24 h after glycerol shock, cells were treated with 10
nM TCDD. They were harvested 24 h later. The fetal calf
serum used in these experiments was treated with dextran-
charcoal to remove inducers of CYPIAI, and the chloram-
phenicol acetyltransferase (CAT) assay was performed as
described previously (50). CAT activity obtained with the
vector pcDNAI/Neo without an ARNT insert averaged about
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1% of that obtained with pcDNAI/Neo/mARNT and was
subtracted from the value obtained with each ARNT construct.

DNA sequence information. The mnARNT cDNA nucleotide
sequence has been submitted to GenBank. The accession
number is U10325.

RESULTS

Isolation and sequencing of the mARNT cDNA. We previ-
ously isolated the hARNT cDNA. However, we decided to
obtain and analyze a mARNT cDNA, because the AHR cDNA
available to us was derived from the mouse and we wished to
study the interaction of ARNT and AHR proteins that were
derived from the same species. Furthermore, some of the
planned functional assays of the mARNT cDNAs involved
their expression after transfection into the C™ mutant deriva-
tive of the mouse Hepa-1 cell line, c4, and previous experi-
ments had led us to believe that the hARNT protein might
function only poorly in these cells (20). A mouse cDNA
containing the complete coding sequence was derived from
Hepa-1 cells as described in Materials and Methods. The
encoded mARNT protein contained 791 amino acids and is
two amino acids longer than hARNT. The mARNT cDNA
contains the 15-amino-acid exon previously shown to be absent
from some hARNT cDNA clones (20). The coding sequences
of mMARNT and hARNT are 94 and 91% identical at the amino
acid and nucleotide levels, respectively (Fig. 1). The amino
acid sequences of the bHLH motifs of mouse and human
ARNTs are identical. The PAS A and PAS B direct repeats in
the two proteins are also identical except for one conservative
difference in PAS B (proline and alanine in the mouse and
human proteins, respectively).

Construction of vectors expression mARNT and AHR and in
vitro mutagenesis of the ARNT cDNA. The vector pcDNAI/
Neo was used for expression of the cDNA clones. This vector
utilizes the human cytomegalovirus early gene enhancer/pro-
moter sequences to drive expression of the inserted cDNA in
vivo and the T7 promoter for expression in vitro. The con-
structs were designed, as described in Materials and Methods,
for high-efficiency expression of ARNT and AHR.

Mutant derivatives of the ARNT cDNA were generated by
oligonucleotide-directed mutagenesis or by PCR. The mutant
constructs are illustrated in Fig. 2. The domains so indicated
were precisely excised from AbHLH, AHLH, Ab, AH1, and
AH2 (4, 20). bHLHAB lacks the 69 amino-terminal amino
acids and a carboxy-terminal segment containing a glutamine-
rich segment. AB contains the complete PAS region, while
AAB lacks this region. b(HLHA and AA were designed to study
the role of each of the PAS direct repeats together with the
regions flanking each of them that show some conservation
among PAS proteins. Two isolates of each mutation were
obtained and tested in the functional assays described below.

ARNT does not homodimerize. Full-length ARNT and the
bHLHAB derivative are both capable of dimerization with
AHR (see below). The bHLHAB protein, which extends from
amino acids 69 to 475, is not immunoprecipitable with our
polyclonal anti-ARNT antibody preparation which was gener-
ated to a fusion protein containing amino acids 399 to 777 of
hARNT (41) (Fig. 3, lanes 2 and 4). The full-length ARNT
cDNA and the bHLHAB cDNA were transcribed and trans-
lated together, using a coupled T7 DNA polymerase-rabbit
reticulocyte lysate transcription-translation system, in the pres-
ence of [>*S]methionine. The mixture was incubated with or
without 10 nM TCDD and then treated with the ARNT
antibodies. The antibodies immunoprecipitated the full-length
protein, but not the bHLHAB protein from the mixture,
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whether the incubation mixture had been pretreated with
TCDD or not (Fig. 3, lanes 5 and 7). Thus, at least under the
conditions of the assay, ARNT does not homodimerize. In the
ensuing heterodimerization experiments between the ARNT
derivatives and AHR, the two subunits were therefore synthe-
sized separately, prior to mixing them to test for heterodimer-
ization.

Ability of the ARNT mutants to dimerize with the AHR.
Each mutant ARNT protein was synthesized from the corre-
sponding ¢cDNA construct. The *°S-labelled proteins were
subjected to SDS-PAGE and quantitated by densitometry.
Equimolar amounts of labelled ARNT proteins were then each
mixed with a threefold molar excess of full-length unlabelled
AHR protein which had been synthesized in a separate
transcription-translation reaction, and the mixture was incu-
bated for 3 h in the presence or absence of 10 nM TCDD. The
mixtures were then treated with affinity-purified antibodies
prepared against a peptide corresponding to AHR amino acids
12 to 31 (41). The resulting immunoprecipitates were subjected
to SDS-PAGE, and the supernatants were precipitated with
acetone and also subjected to SDS-PAGE. The molar amount
of each mutant ARNT protein coprecipitated with the AHR
was compared with the amount of full-length ARNT protein
coprecipitated with the AHR in the same experiment. The
average values for all experiments are presented in Table 1.
Illustrative results are shown in Fig. 4.

In Fig. 4, the first two lanes correspond to the immunopre-
cipitate and supernatant, respectively, obtained after the la-
belled, full-length AHR protein was treated with the AHR
antibodies. The AHR antibodies routinely immunoprecipi-
tated 80 to 100% of the AHR protein. In all other lanes,
full-length AHR was unlabelled, and ARNT or one of its
derivatives were labelled. Full-length ARNT dimerized with
the AHR, and TCDD treatment increased the proportion of
ARNT that dimerized to about 90%. The immunoglobulin G
fraction obtained from the preimmune AHR serum did not
coprecipitate ARNT. AbHLH and AHLH, AH1, and AH2 did
not dimerize with the AHR either in the presence or in the
absence of TCDD, indicating that both H1 and H2 of ARNT
are required for heterodimerization. Consistent with the re-
sults for AbHLH, the isolated PAS region (AB) dimerized only
extremely poorly, if at all. Ab dimerized as efficiently as
full-length ARNT. Therefore, the basic region is not required
for dimerization. bHLHAB also dimerized as efficiently as
ARNT, and therefore the 69 amino-terminal and 316 carboxy-
terminal amino acids are not required for dimerization. AA
and bHLHA dimerized only slightly less efficiently than
ARNT, and therefore loss of either the PAS A or PAS B
segment only marginally affects dimerization. However, if the
complete PAS is removed (AAB), dimerization is much re-
duced (but not eliminated). Thus, either the PAS A segment or
the PAS B segment must be present for efficient dimerization
to occur, or less likely, the ARNT sequence between amino
acids 238 to 297, which is present in both AA and bHLHA and
missing from AAB (but which is not conserved in the PAS
protein family), is important for dimerization. In either case,
the results indicate that the HLH region is not sufficient for
maximal dimerization.

Binding to the XRE. Equimolar amounts of in vitro-synthe-
sized ARNT and AHR were mixed and incubated in the
presence or absence of 10 nM TCDD and analyzed for the
ability to generate an AHR/ARNT/XRE complex by gel
mobility shift analysis. A gel shifted band was obtained with
AHR and ARNT after TCDD treatment (Fig. 5A), whereas no
XRE complex was formed with either protein on its own. The
complex generated with the in vitro-synthesized proteins be-
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FIG. 2. Structures of the ARNT mutants. The solid boxes represent the PAS A and PAS B direct repeats. The hatched areas flanking the
repeats represent segments that show sequence similarity to PER, SIM, and AHR.

haved like the AHR/ARNT/XRE complex generated with
cytosolic extracts of Hepa-1 cells in that (i) the amounts of
both complexes were increased by TCDD treatment, (ii) a
100-fold excess of unlabelled XRE oligonucleotide reduced
the amounts of both complexes, and (iii) a 100-fold excess of
an oligonucleotide containing two mutations in the core se-
quence of the XRE (20) did not compete for binding (Fig. 5A).

84
58
48 B

36.5

26.6

1 2 < 4 5 6 7 8
FIG. 3. Assay of ARNT homodimerization potential. The bHLHAB
cDNA was expressed on its own (lanes 1 to 4) or was transcribed and
translated together with the full-length ARNT cDNA (lanes 5 to 8). The
lysates were incubated with (+) or without (=) TCDD and treated with
the ARNT antibodies, and the resulting precipitates (p) and supernatants
(s) were subjected to SDS-PAGE.

Interestingly, however, the complex generated with the in
vitro-synthesized proteins migrated slightly faster than the
complex generated with cytosol, suggesting that the latter
contains additional protein(s) not present in the former or that
the patterns of posttranscriptional modification are different in
the two systems.

Each mutant ARNT protein was mixed with an equimolar
amount of the AHR protein, and the mixture was analyzed by
gel shift analysis. The average amount of the AHR/ARNT/
XRE complex produced by each mutant (relative to the
amount of complex produced by the wild-type ARNT protein)
is presented in Table 1. Representative results are shown in
Fig. 5B. AbHLH, AHLH, AH1, and AH2 did not generate
AHR/ARNT/XRE complexes. Ab, which formed stable het-
erodimers with AHR in solution, was unable to generate an
AHR/ARNT/XRE complex. (In certain experiments, including
the one illustrated in Fig. 5B, a small amount of retarded
complex was generated when the AHR was translated without
added ARNT, in the presence of TCDD. This probably results
from the presence of a small amount of ARNT in the
reticulocyte lysate. The small amounts of complex detected
with AbHLH, Ab, AHLH, AH1, AH2, and AB are no greater
than this background level.) In the presence of TCDD, AAB,
AA, and bHLHAB all generated the complex with the same
efficiency as they formed heterodimers, and their efficiency of
XRE binding is therefore driven by their efficiency of het-
erodimerization. bBHLHA formed the AHR/ARNT/XRE com-
plex less efficiently than it dimerized with AHR. Both bHLHA
clones were sequenced over the bHLH region and shown to be
normal, and their deficiency in XRE binding is therefore not
due to gratuitous mutations introduced into the basic region.



VoL. 14, 1994 FUNCTIONAL DOMAINS OF ARNT 6081
TABLE 1. Summary of results with the mutant constructs’

Construct Dimerization XRE binding Rescue of ¢4 mutant CAT activity in cotrans-
_TCDD +TCDD _TCDD +TCDD in reverse selection” fected c4 cells

ARNT 39+3 100 27*x2 100 100 100

AbHLH <2 <2 <2 <2 <0.1 ND

Ab 26 =4 817 <2 <2 <0.1 ND

AHLH <2 <2 <2 <2 <0.1 ND

AH1 <2 <2 ND <2 <0.1 ND

AH2 <2 <2 ND <2 <0.1 ND

AAB 81 18+2 363 182 <0.1 0x2

AA 262 74+3 303 73+ 4 <0.1 0x2

bHLHAB 37x3 873 23+3 82+8 255 50 12

bHLHA 262 455 4+0 16 =3 <0.1 4 x2°

AB 4x2 6+2 ND <2 <0.1 ND

¢ Each value is the mean of 4 to 14 independent determinations (* standard errors); each determination is expressed as a percentage of the same parameter measured

with full-length ARNT (+TCDD) on the same occasion. ND, not done.

b Ratio of clones surviving the reverse selection to those surviving G418 selection, as a percentage of the ratio obtained with full-length ARNT.

¢ Not significantly different from 0 at P = 0.05.

DNA binding and transcriptional activation of certain other
bHLH proteins have been shown to be reduced or eliminated
in the presence of naturally occurring or artificially produced
dimerization partners which lack basic regions (1, 2). We
investigated whether the Ab derivative of ARNT would behave
in such a fashion in vitro. As shown in Fig. 6, a 10-fold excess
of Ab nearly completely inhibited XRE binding by ARNT, in
the presence of TCDD, while AbHLH (which cannot dimerize)
had no effect. (A 10-fold excess of AbHLH slightly diminished
XRE binding, but this dimunition was no greater than with a
10-fold excess of an unrelated protein, luciferase). Thus Ab
behaved in the expected fashion for bHLH proteins and,
importantly, can potentially be used as a dominant negative
regulator of ARNT expression.

Tests for full in vivo activity of the mutants. Two assays were
performed to test for full functionality. In one assay, each
construct was transfected into the ARNT-deficient mutant of
Hepa-1, c4, and the cells were then subjected to the reverse
selection (to select for cells which had reacquired CYPIAI
inducibility) or plated in G418-containing medium (to select
for cells expressing the Neo® gene). For each plasmid the
frequency of clones surviving the reverse selection was then
expressed as a fraction of the frequency of G418-resistant
clones obtained. The frequency of G418-resistant clones thus
controlled for differences in transfection frequencies obtained
with the different plasmids. In the second assay, certain
constructs were cotransfected with the plasmid pMC6.3k into
c4 cells, and the cells were then analyzed for TCDD-induced
CAT activity. pMC6.3k contains a portion of the rat Cyplal
gene extending from about nt —6300 to +2566, fused to the
CAT reporter gene. CAT activity is highly inducible in Hepa-1
cells transiently transfected with pMC6.3k but is inducible in c4
cells only if they are cotransfected with ARNT. The CAT
activity obtained with each mutant ARNT construct was then
calculated as a percentage of the activity obtained with full-
length ARNT. The results of both assays are summarized in
Table 1.

The mutants were tested for in vivo functionality. In inter-
preting these assays, we have assumed that each mutant
protein is expressed in the c4 mutant cells as efficiently as the
full-length ARNT protein. As expected, all of the mutant
constructs that were unable to bind the XRE were incapable of
rescuing the C™ mutant in the reverse selection. These mutants
were not tested in the CAT assay. bHLHAB was about 25%
efficient in the reverse selection assay and about 50% efficient

in the CAT assay. Interestingly, both ARNT and bHLHAB
generated nearly as much CAT activity in the latter assay when
the transfected c4 cells were not treated with TCDD as when
they were treated with TCDD. (The activities in ARNT- and
bHLHAB-transfected cells in the absence of TCDD averaged
71 and 93%, respectively, of their activities in the presence of
TCDD [data not shown].) Similar observations have been
made by others using AHR expression vectors (14, 30). We
have no explanation for this behavior of the ARNT expression
vector, but it may be related to overexpression of the ARNT
protein in the transfected cells. Since bPHLHAB is normal, or
very nearly normal, with regard to XRE binding, this suggests
that a domain(s) that is missing from this construct is required
for maximal expression of biological activity, AAB and
bHLHA were also inactive in both functional assays, although
they were capable of XRE binding, albeit with much reduced
efficiency. Therefore, either the portion of the protein between
amino acids 298 and 458, encompassing the PAS B segment,
also contains a domain (or domains) required for full in vivo
functionality, or the weak XRE binding exhibited by these
mutants is not sufficient for biological activity. AA, which is
capable of nearly normal levels of XRE binding, was negative
in both functional assays, and thus the PAS A segment must
possess an additional function (besides its role in dimerization)
required for biological activity.

DISCUSSION

Low-stringency hybridization of the full-length hARNT
cDNA to human genomic DNA detected only the ARNT gene
(20). No other genes closely related to ARNT therefore appear
to exist in the human. Similar experiments have not been
reported for the AHR. Even if there are no other genes closely
related to the AHR, it is nevertheless very possible that ARNT
and the AHR have other dimerization partners besides each
other. The sequences of mouse and human ARNTSs are much
more similar to each other (92% amino acid identity overall)
than are the mouse and human AHR sequences (73% identity
overall); In particular, the mouse and human ARNT proteins
differ by only a single amino acid over the bHLH and PAS
direct repeats, and this amino acid difference is conservative.
In contrast, the mouse and human AHRs differ by 13 amino
acids over these regions (4, 12, 25). Thus, evolution of ARNT,
including its dimerization domains, has been more constrained
than has evolution of the AHR. This suggests that ARNT is
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FIG. 4. Dimerization analysis of the ARNT mutants. Each mixture contained the AHR and a one-third molar amount of the indicated ARNT
mutant (no added ARNT in the first two lanes; full-length ARNT in the third through eighth lanes). The AHR antibody was used throughout
except in the seventh and eighth lanes, for which preimmune serum (PIS) was used. bHLHAB, bHLHA, and AB were subjected to SDS-PAGE
using 15% polyacrylamide; 7.5% polyacrylamide was used for the other ARNT mutants. p, immunoprecipitate; s, supernatant; +, TCDD

treatment; —, no TCDD treatment.

more likely to have alternative dimerization partners than the
AHR. Such additional dimerization partners could represent
(i) receptors for other xenobiotic compounds or (ii) proteins
involved in developmental pathways. Contrary to our precon-
ception, the mouse and human ARNT proteins were equally
efficient at rescuing the c4 mutant according to the reverse
selection procedure (data not shown). This is understandable,
considering the marked sequence similarity of the two pro-
teins.

The mARNT protein was found to be incapable of ho-
modimerization, at least under the conditions used for the
assay. Equivalent experiments have not been reported for the

AHR. However, the fact that ARNT and the AHR can be
synthesized separately and yet form heterodimers with high
efficiency when they are subsequently mixed indicates that if
AHR homodimers exist, they are labile and their formation
does not preclude the formation of ARNT/AHR het-
erodimers.

One of the major focuses of our experiments was to inves-
tigate the potential roles of the HLH and PAS domains of
ARNT in dimerization. Certain bHLH transcription factors
that contain an additional dimerization motif, the leucine
zipper, immediately flanking the bHLH region provide a
potentially useful analogy for ARNT. The structure of a
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FIG. 5. XRE binding analysis. (A) A nuclear extract from Hepa-1 cells that had been grown in the absence or presence of 10 nM TCDD for
1 h (prepared as described previously [41]) or in vitro-synthesized ARNT, AHR, or both ARNT and AHR, treated with TCDD or untreated, as
indicated, was incubated with *?P-labelled double-stranded XRE oligonucleotide in the absence or presence of a 100-fold excess of the unlabelled
XRE oligonucleotide (W) or a 100-fold excess of a mutant XRE oligonucleotide (M) containing two substitutions in the core region of the XRE
and then subjected to gel shift analysis (20). (B) XRE binding by the ARNT mutants. ARNT and its mutant derivatives (or no ARNT [—]) were
mixed with equimolar amounts of AHR, incubated with or without 10 nM TCDD, as indicated, and subjected to gel shift analysis. The solid arrow

indicates the ARNT/AHR/XRE complex. The open arrow indicates free probe.

homodimer of one such bHLH-Zip protein, Max, when bound
to its DNA recognition sequence, has been solved by X-ray
crystallography (15). In this structure, H2 and the leucine
zipper form a continuous a helix which constitutes a single
dimerization interface. Since it seems unlikely that H2 and
PAS A of ARNT form a continuous a helix (because, for
example, a proline residue occurs in the interval between
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FIG. 6. Inhibitory effect of Ab on XRE binding. Mixtures contain-
ing equimolar amounts of ARNT and AHR and 0-, 3-, or 10-fold-
greater molar amounts of the indicated proteins (Luc., luciferase) were
incubated with 10 nM TCDD and subjected to gel shift analysis. The
solid arrow indicates the ARNT/AHR/XRE complex.

them), the bHLH-Zip proteins do not provide a perfect
analogy for ARNT. A better analogy is probably provided by
the AP-4 transcription factor, which, although binding DNA as
a homodimer, contains a bHLH region and two leucine
zippers, one of which is not contiguous with the bHLH-Zip
region (21). Since ARNT is a representative of a new class of
bHLH proteins, in this initial analysis of ARNT we decided to
study deletions rather than point mutations. Mutagenesis of
conserved amino acids in the H1 and H2 regions of bHLH-Zip
proteins, or introduction of a-helix-breaking amino acids into
these regions, may not necessarily lead to complete loss of
function (43, 46), and a functional consensus sequence for the
PAS domain has not been defined. One reservation concerning
the use of deletion mutants (and indeed all types of mutant) is
that they can potentially give misleading results due to inap-
propriate folding of the corresponding proteins.

It was originally proposed that the H1 and H2 regions of the
bHLH proteins form separate a helices (32), and this has been
confirmed for the Max homodimer (15). Mutants of bHLH-
Zip proteins deleted for H1 or H2 are generally incapable of
dimerization (3, 21), although deletion of H1 of the HLH
protein Id did not completely eliminate its dimerization poten-
tial (1). We found that deletion of either H1 or H2 from
ARNT completely destroyed its ability to heterodimerize with
the AHR. Deletion of either the PAS A or PAS B region
slightly reduced the dimerization ability of ARNT, whereas
elimination of both regions markedly reduced dimerization.
Thus, ARNT appears to possess three dimerization domains:
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the HLH domain, both a helices of which are absolutely
required for dimerization, and the PAS A and PAS B seg-
ments, which each appear to enhance the strength of het-
erodimerization. This is to some degree analogous to the
situation with AP-4. Deletion of both leucine zippers of AP-4
appears to substantially reduce the strength of homodimeriza-
tion, while disruption or deletion of either leucine zipper
alone, although appearing to reduce the strength of ho-
modimerization to some degree, reduces it less than does the
loss of both leucine zippers. In contrast to the situation with
PER, in which the isolated PAS region confers potential both
for homodimerization and for heterodimerization with SIM
(23), the PAS region of ARNT is incapable of directing
dimerization with AHR. The difference between the PAS
region of ARNT and PER may be related to the fact that PER
does not possess an HLH motif, and its PAS region may have
evolved to be self-sufficient.

The basic region of ARNT, like that of bHLH and bHLH-
Zip proteins (3, 9, 15, 49), functions in DNA binding but not in
dimerization. Although bHLHA is more adversely affected in
XRE binding than in dimerization, it seems unlikely that the
PAS B segment directly contacts DNA. It seems more likely
that this region serves to modify protein folding in the AHR/
ARNT dimer so that the basic region is oriented correctly for
XRE binding. The fact that deletion of PAS B affects het-
erodimerization only slightly, and the fact that deletion of PAS
A, which is closer to the basic region, only marginally affects
XRE binding, both suggest that the result obtained with
bHLHA is not an artifactual one resulting from aberrant
folding of this protein. Mutations in the HLH region of bHLH
proteins and in the HLH or leucine zipper regions of bHLH-
Zip proteins can generate derivatives that dimerize in the
presence of the relevant DNA recognition sequence but not in
its absence (8, 9, 21). DNA thus appears to stabilize dimer
formation in these cases. The degree of TCDD-dependent
dimerization of each of the ARNT mutants (except for Ab and
bHLHA, discussed above) was very similar to the degree of its
TCDD-dependent XRE binding, and in particular, in no case
was TCDD-dependent XRE-binding more efficient than
TCDD-dependent dimerization. Thus, no evidence was ob-
tained that the XRE sequence catalyzes dimerization of
ARNT and the AHR.

TCDD treatment enhanced heterodimerization of ARNT
and the AHR and their binding to the XRE. At least one
function of ligand is to trigger release of HSP90 from the
AHR, and some evidence indicates that this is its only function
(40). HSP90 maintains the AHR in a non-XRE-binding form
(13, 52) apparently by preventing its dimerization with ARNT
(41, 51). Reticulocyte lysate contains HSP90 (reference 7 and
our observations), and this undoubtedly explains, at least in
part, why TCDD has a stimulatory effect on dimerization and
XRE binding in our experiments.

Why has ARNT (and presumably the AHR) evolved three
dimerization domains? The two proteins bind each other
strongly. For example, the ARNT/AHR dimer is not disrupted
by 1 M KCl (42). Strong binding may be a requirement for full
biological activity, and the multiplicity of dimerization domains
may serve to attain this. It is possible that either protein may
bind weakly with other HLH proteins that lack PAS domains.
In cells which express both ARNT and the AHR (or which
express another, hitherto unknown HLH PAS protein together
with either ARNT or the AHR), the high affinity of the HLH
PAS proteins for each other might favor HLH PAS/HLH PAS
heterodimer formation over HLH PAS/HLH heterodimer
formation. Studies on AP-4 demonstrate the credibility of this
idea. An AP-4 mutant lacking the two leucine zippers can
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dimerize with the bHLH protein, E12. However full-length
AP-4 cannot dimerize with E12. Apparently the great affinity
of AP-4 molecules for each other precludes the binding of
AP-4 with E12, whereas the affinity of molecules of the leucine
zipper deletion mutants for each other is not sufficient to
prevent dimerization with E12 (21). In addition, the PAS
domains of ARNT and the AHR may also permit association
with other proteins that contain a PAS region but no bHLH
motif. Finally, the presence of the three dimerization domains
may allow the formation of trimers, or higher-order structures,
perhaps containing more than two types of subunit.

bHLHAB was moderately reduced in ability to restore
function to the C™ mutant, indicating that a domain(s) missing
from this construct is required for maximal expression of
biological activity. Since an mARNT construct missing the first
183 nt of the ARNT coding sequence, and which probably
initiates translation at methionine 67, rescues the ¢4 mutant as
efficiently as full-length mARNT, as assessed by the reverse
selection assay (see Materials and Methods), and since the
human cDNA derivative, M3-1, which terminates at a position
corresponding to amino acid 628 of mARNT, rescues the c4
mutant as efficiently as full-length hARNT (20), the functional
domain(s) missing from bHLHAB is probably located between
amino acids 474 and 627. The glutamine-rich segment located
toward the carboxy terminus of ARNT therefore appears not
to be functional, although such regions have been shown to act
as transcriptional activation domains in other proteins. It is
possible that the glutamine-rich region of ARNT does not
function as a transcription activation domain or that the
glutamine-rich region found in the same approximate positions
in ARNT and AHR are redundant, only one being required for
activity. Evidence was also obtained that the PAS A segment
and also perhaps a region encompassing the PAS B segment
may each play roles (in addition to their roles in dimerization)
essential for full in vivo functionality. Transcriptional activa-
tion and nuclear translocation activities are among the addi-
tional properties that may be manifested by ARNT that have
not been localized on the protein.
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