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ABSTRACT The aryl hydrocarbon receptor (AHR) is a
ligand-activated transcription factor, until now described only
in vertebrates, that mediates many of the carcinogenic and
teratogenic effects of certain environmental pollutants. Here,
we describe orthologs of AHR and its dimerization partner
AHR nuclear translocator (ARNT) in the nematode Caeno-
rhabditis elegans, encoded by the genes ahr-1 and aha-1,
respectively. The corresponding proteins, AHR-1 and AHA-1,
share biochemical properties with their mammalian cognates.
Specifically, AHR-1 forms a tight association with HSP90, and
AHR-1 and AHA-1 interact to bind DNA fragments containing
the mammalian xenobiotic response element with sequence
specificity. Yeast expression studies indicate that C. elegans
AHR-1, like vertebrate AHR, requires some form of post-
translational activation. Moreover, this requirement depends
on the presence of the domains predicted to mediate binding
of HSP90 and ligand. Preliminary experiments suggest that if
AHR-1 is ligand-activated, its spectrum of ligands is different
from that of the mammalian receptor: C. elegans AHR-1 is not
photoaffinity labeled by a dioxin analog, and it is not activated
by b-naphthoflavone in the yeast system. The discovery of
these genes in a simple, genetically tractable invertebrate
should allow elucidation of AHR-1 function and identification
of its endogenous regulators.

The mammalian aryl hydrocarbon receptor (AHR) is a ligand-
inducible transcription factor that can be activated by envi-
ronmental pollutants such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and benzo[a]pyrene, and AHR mediates the
carcinogenic, teratogenic, hepatotoxic, and immunotoxic ef-
fects of these compounds (1, 2). Unliganded AHR resides in
the cytoplasm in a complex with the 90-kDa heat shock protein
(HSP90) and the immunophilin homolog ARA9 (3). Upon
binding ligand, AHR translocates to the nucleus, dissociates
from HSP90, and complexes with another transcription factor
termed ‘‘AHR nuclear translocator’’ (ARNT) (4, 5). Both
AHR and ARNT are members of a family of regulatory
proteins that contain an N-terminal basic helix–loop–helix
DNA-binding motif and a PAS domain named for its discovery
in Drosophila Period, mammalian AHR and ARNT, and Dros-
ophila Singleminded (6–10). The PAS domain in AHR has
been shown to mediate interaction with HSP90, binding to
ligand, and heterodimerization with ARNT (11–13). The
AHR:ARNT heterodimer binds a specific DNA sequence, the
xenobiotic response element (XRE; also known as the dioxin
response element or AhRE), to regulate the transcription of
target genes.

Current evidence suggests that there are at least two classes
of AHR agonists, which initiate different cellular responses. In
the first class, certain polycyclic aromatic hydrocarbons such as
b-naphthoflavone (bNF), as well as the carcinogen benzo-
[a]pyrene produced by cigarette smoking and other combus-
tion processes, initiate a limited response including the induc-
tion of at least three enzymes of the cytochrome P450 pathway
and other drug metabolizing enzymes which then metabolize
the inducing ligands (4). Some of the resultant electrophilic
intermediates can mutate DNA (14). The second class of
ligands, including halogenated aromatic hydrocarbons such as
TCDD, are poorly metabolized and do not interact directly
with DNA (15, 16). However, these agonists typically have
greater potency than the first class because they initiate a
broader pleiotropic response that includes induction of both
the genes mentioned above and other less well characterized
genes that are thought to be responsible for the toxic, terato-
genic, and carcinogenic effects of these compounds.

Although an endogenous ligand for AHR has not yet been
described, the embryonic expression of AHR (17) and the
teratogenic effects of TCDD suggest that AHR and its pre-
sumptive endogenous ligand(s) play a role in embryonic de-
velopment andyor homeostasis (18, 19). Disruption of the
murine Ahr gene by homologous recombination has been
reported by two groups whose results differ in several respects
(20, 21). However, both studies conclude that Ahr2y2 mice
suffer from defects in liver development and exhibit decreased
constitutive expression of xenobiotic metabolizing enzymes
such as CYP1A2 and the glucuronosyl transferase UGT1A6.

Among the many questions that remain about the function
and regulation of AHR are: Do endogenous ligands exist?
Does AHR have ligand-independent or ARNT-independent
functions? What other proteins interact with AHR or ARNT
to influence the activity of the signaling complex? These
questions have proven difficult to address in mammalian
experimental systems, and until recently, it has not been
possible to pursue them in a simple model organism amenable
to genetic analysis because no invertebrate AHR ortholog had
been described.¶ Here, we present molecular and biochemical
characterization of AHR and ARNT orthologs in the nema-
tode Caenorhabditis elegans. We have named the correspond-
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ing genes ahr-1 (AHR-related protein) and aha-1 (AHR-
associated protein), respectively.

MATERIALS AND METHODS

Isolation of cDNAs. We sequenced part of the C. elegans
cosmid F52F3 and found a region predicted to encode a
protein with similarity to the PAS domain of AHR. We
designed primers 3gp16 (59-ATTTCGGTGCTTATTG-
GATAAC) and 3gp23 (59-GACTAGATTATAGAGTG-
GCATTGGTAG) and amplified a partial cDNA from a mixed
stage cDNA library (22). We used the PCR product to screen
8 3 105 plaque-forming units of this library and isolated a
single cDNA clone (96GA), which lacked the first exon of
ahr-1. We used this cDNA to probe a blot of electrophoreti-
cally separated C. elegans RNA and found that it hybridized to
RNA of a single size. We amplified the 59 end from other
cDNA libraries, first using a lgt11-specific primer (59-
ATATGGGGATTGGTGGCGACGAC or 59-ATTATTTT-
TGACACCAGACCAACTG) and an ahr-1-specific primer,
3gp38 (59-AGCTGACAGGAACTGAGAGTTGTGTAG).

We diluted and reamplified this product using a second
lgt11-specific primer, lFX (59-ACAAGATCTAGAGGTG-
GCGACGACTCCTGGAGCCCG) or lRX (59-GTCA-
GATCTAGATTTGACACCAGACCAACTGGTAATG) or
alternatively an SL1 trans-splice leader primer (23) (59-
GTTTAATTACCCAAGTTTGAG) and a primer specific to
the ahr-1 helix–loop– helix domain, 3gp39 (59-AA-
GAAAGCTGACTGCAAGTCGGAGC). Both strategies
amplified the same cDNA sequence. An SL2 primer (24) and
3gp39 amplified no product.

To find a C. elegans ARNT homolog, we searched data from
the Genomic Sequencing Consortium (http:yyeatworms.
swmed.eduy) (25) by using the TBLASTN algorithm (26). In the
summer of 1996, these researchers sequenced the cosmid
C25A1, which includes aha-1. We designed primers NTp1
(59-AATGGAAGATGAAGATATGGGCATGC) and NTp5
(59-AACCACGTATTCGAACTGTTCCGAG) to predicted
aha-1 coding sequence and amplified a cDNA fragment from
existing libraries. We used this fragment to screen a mixed-
stage lgt11 library and isolated cDNAs, some of which in-
cluded part of the SL1 splice leader.

Construction of Expression Vectors. We amplified the
96GA ahr-1 cDNA insert by using PCR with lFX and lRX
primers, cut with BamHI (in ahr-1 exon 2) and BglII (in l
primer), and subcloned into pSP72 (Promega). This construct
was cut with BamHI and ligated to the linker oligonucleotides
59-AGCTTGCCACCATGGCTCACCATCATCATCAC-
CACGTACGG and 59-GATCCCGTACGTGGTGATGAT-
GATGGTGAGCCA, which added a Kozak consensus trans-
lational start site (27). We created four further constructs as
follows.

(i) pJ345: We cut the above plasmid with NcoI and BamHI
and ligated to two linker oligonucleotides: 59-CATGTATG-
CCAGCAAACGTCGCCAGCGGAACTTCAAAAGGGT-
ACGG and 59-GATCCCGTACCCTTTTGAAGTTCCGCT-
GGCGACGTTTGCTGGCATA, which added the ahr-1 se-
quences lacking in the 96GA isolate; (ii) pJ343: We PCR-
amplified aha-1 cDNA from a lgt11 clone by using the primers
lFX and NTATG: 59-CTGAAGCTTGCCACCATGGCT-
CAGGATATATTTATGGA, which replaced the SL1 splice
leader with a Kozak translational start consensus sequence.
We digested the resulting product with BglII and HindIII and
cloned into pSP72; (iii) pJ350Y: We digested pJ345 with NsiI
and BglII and purified the ahr-1 39 sequences. We then cut
BTM116 (28) with EcoRI and BamHI and ligated to the ahr-1
sequences and linker oligonucleotides 59-AATTCAT-
GAGAGGGCATGCA and 59TGCCCTCTCATG, and (iv)
pJ353Y: We used 3gp30 (59-CAATCAACAGCTGCACTTC-
CATTACC) and lFX to PCR-amplify 39 ahr-1 sequences from

96GA phage. We subcloned the resulting fragment into the
EcoRV site of pSP72, cut it out with EcoRI and BglII, and
cloned it into BTM116 that had been digested with EcoRI and
BamHI.

In Vitro Translation. We expressed AHA-1, AHR-1, AHR,
and ARNT in TNT rabbit reticulocyte lysates as recommended
by the supplier (Promega), using the plasmid templates pJ343,
pJ345, pSPORTM’AHR (12), and pSPORTARNT (12), re-
spectively.

DNA Binding Assays. We combined approximately equimo-
lar amounts of each protein in the presence of 1 mM b-naph-
thoflavone (bNF; Aldrich) in 0.2% Me2SO or Me2SO alone
and coincubated the proteins for 90 min at room temperature.
We added 1 mg of poly (dIdC) and binding buffer (25 mM
Hepes, pH 7.5y200 mM KCly10 mM DTTy10% glyceroly5
mM EDTA) and incubated the proteins 10 min on ice in a total
reaction volume of 16 ml. We then added a labeled probe (0.4
ng) and an unlabeled competitor, and after 10 min of addi-
tional incubation on ice, we loaded the reactions onto 0.5X
TBE (90 mM Trisy64.6 mM boric acidy2.5 mM EDTA, pH 8.3)
4.5% acrylamide gels at 4°C. The XRE probe was 59-
TCGAGGGGCATTGCGTGACACC, annealed to 59-
TCGAGGTGTCACGCAATGCCCC. The XREmut2 com-
petitor was 59-TCGAGGGGCATTACGTGACACC an-
nealed to 59-TCGAGGTGTCACGTAATGCCCC (the point
mutation is underlined).

Coimmunoprecipitation with HSP90. We produced proteins
by in vitro translation in the presence of [35S]methionine. We
then used rabbit HSP90 antibody (generously provided by
Alan Poland, NIOSH, Morgantown, WV) or preimmune sera
to immunoprecipitate proteins from these reactions (13).

Photoaffinity Labeling. We produced proteins as above,
incubated them with 2-azido-3-[125I]iodo-7,8-dibromodibenzo-
p-dioxin (125I-N3Br2DD), irradiated them for photoaffinity
labeling, and separated them by SDSyPAGE (12).

Assays for Receptor Activation in Yeast. We introduced
pJ350Y, pJ353Y, and pLexA-AHRND166 into Saccharomyces
cerevisiae carrying the reporter plasmid pSH18–34 in which the
GAL1 promoter is fused to the bacterial lacZ gene and the
upstream activating sequence (UASG) has been replaced with
eight LexA binding sites (29). We assayed b-galactosidase
activity in triplicate for each strain.

RESULTS

Discovery of AHR and ARNT Homologs in C. elegans. We
discovered a genomic region predicted to encode a peptide
with similarity to the PAS domain of mammalian AHR while
sequencing a portion of cosmid F52F3 from C. elegans linkage
group I in connection with another project. We designed
primers to predicted coding sequences and used PCR to
amplify a DNA fragment from a mixed-stage cDNA library
(22), confirming that these sequences are transcribed. We
labeled the fragment, probed the same library, and isolated a
single phage clone (see Materials and Methods). The genomic
sequence since has been confirmed by the C. elegans Genome
Sequencing Consortium (25). We have named the gene ahr-1
(aryl hydrocarbon receptor-related). The predicted AHR-1
protein shares 38% identity with human AHR over a region of
395 amino acids (Fig. 1A), and sequence comparisons indicate
that AHR-1 is related most closely to AHR among PAS-
domain proteins (Fig. 1C).

To ask whether C. elegans also has an ARNT ortholog, we
searched data from the sequencing consortium for sequences
that could encode ARNT-like proteins and found such a
sequence in cosmid C25A1, also from linkage group I in the
vicinity of ahr-1. We isolated a cDNA for this gene that
included an SL1 splice leader, indicating that it is full length.
The amino-terminal sequence of 377 residues of the predicted
protein is 45% identical to human ARNT (Fig. 1B) and is more
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similar to ARNT than to other PAS domain proteins (Fig. 1C).
Based on this information and the results of experiments
described below, we have named this gene aha-1 (AHR-1
associated).

Binding of AHR-1 and AHA-1 to the Xenobiotic Response
Element. The AHR and ARNT amino acid residues demon-
strated to be important for binding to the XRE are conserved
in C. elegans AHR-1 and AHA-1, respectively (Figs. 1 A and
B) (30, 31). Conservation of these residues distinguishes
AHR-1 from PAS domain-containing proteins other than
AHR and also suggests that an AHR-1:AHA-1 heterodimer
might bind specifically to the XRE. To test this possibility, we
transcribed ahr-1 and aha-1 in vitro, translated the resulting
mRNAs in rabbit reticulocyte lysates, incubated aliquots of the
reaction mixture with a labeled XRE probe, and then carried
out electrophoretic gel mobility-shift assays. As shown in Fig.
2A, neither AHR-1 nor AHA-1 alone binds the probe, but
when the proteins are coincubated, they interact to bind the

XRE and decrease its mobility. At least two complexes are
evident. This binding is sequence-specific: The labeled probe
can be displaced by a 200-fold excess of unlabeled XRE but not
by an unlabeled competitor having a single point mutation in
the core binding domain (59-TGCGTG mutated to 59-
TACGTG). Complex formation is not affected detectably by
addition of the AHR ligands bNF or TCDD to the reaction
(data not shown; see below).

We tested the ability of the C. elegans and mammalian
proteins to form interspecies heterodimers in similar gel-shift
assays. As shown in Fig. 2B, murine AHR can complex with C.
elegans AHA-1 to bind the XRE sequence specifically. In the
converse experiment, C. elegans AHR-1 can be made to
complex with human ARNT but only when a large molar
excess of ARNT is added to the reaction (Fig. 2C).

AHR-1 Binding to HSP90. To determine whether C. elegans
AHR-1 and AHA-1 share additional biochemical properties of
their mammalian cognates, we assayed for coimmunoprecipi-

FIG. 1. Predicted amino acid sequences of AHR-1 and AHA-1 and their comparison with other PAS domain proteins. (A and B) C. elegans
AHR-1 and AHA-1 are aligned with their human homologs. Identical residues are boxed. There are only minimal sequence similarities to the human
proteins beyond residues 400 and 375 for AHR-1 and AHA-1, respectively. The regions beyond the PAS domain are not aligned. Filled circles are
placed over the residues in the basic domains of the mammalian proteins that have been shown to be important for DNA binding (30, 31); dark
bars identify the PAS repeats, and in A, a lighter bar extends the PAS B repeat to include the sequences sufficient for AHR ligand binding (13).
The sequences of AHR-1 and AHA-1 have been submitted to the GenBank database (accession nos. AFO39570 and AF039569). (C) N termini
through the PAS domains (as defined in ref. 37) are aligned by using the CLUSTAL method (MEGALIGN) with a PAM250 residue weight table
(DNASTAR, Madison, WI). Species names are abbreviated as follows: Homo sapiens (H.s.), Drosophila melanogaster (D.m.), Oryctolagus cuniculus
(O.c.; rabbit), Mus musculus (M.m.), and C. elegans (C.e.). The accession numbers for the proteins included in this analysis are: U40575 (M.m. SIM1);
U40576 (M.m. SIM2); P05709 (D.m. SIM); U42699 (D.m. TRH); U77968 (H.s. NPAS1, also termed MOP5 U51628); U81984 (H.s. EPAS1, also
called MOP2 U51626); D89787 (M.m. HLF); PIR 138972 (H.s. HIFa); P35869 (H.s. AHR); D38226 (O.c. AHR); A46266 (M.m. AHR); A26588
(D.m. PER); P27540 (H.s. ARNT); A56241 (M.m. ARNT); D63644 (M.m. ARNT2); U51627 (H.s. MOP3); U77970 (H.s. NPAS2, also called MOP4
U51625); AF000998 (M.m. CLOCK); U59302 (H.s. SRC1); D45239 (O.c. ARNT); AF016053 (D.m. ARNT); AF012108 (H.s. AIB1); and AB002107
(H.s. PER, also called RUGUI AF022991).
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tation with the HSP90 present in rabbit reticulocyte lysates.
The results shown in Fig. 3 demonstrate that rabbit HSP90
binds AHR-1, although less effectively than it binds murine
AHR. Like ARNT, AHA-1 does not bind HSP90 well; only
threefold more AHA-1 is immunoprecipitated by the HSP90
antibodies than by the preimmune serum. We conclude that C.
elegans AHR-1 and AHA-1 have HSP90 binding properties
similar to those of mammalian AHR and ARNT, respectively.

Dioxin Binding Assays. Dioxins such as TCDD are high
affinity ligands for mammalian AHR, but no dioxin-binding
proteins so far have been identified in invertebrates (32). To
test whether AHR-1 could bind a dioxin, we produced the
protein in vitro as above and attempted photoaffinity labeling
with the dioxin analog 125I-N3Br2DD (12). As shown in Fig. 4,
the photoactivated ligand covalently labeled murine AHR in a
parallel control reaction but failed to label AHR-1.

Assay for AHR-1 Activation in Yeast. Three possible expla-
nations for the inability of C. elegans AHR-1 to bind 125I-
N3Br2DD could be: (i) AHR-1 activity is regulated by li-
pophilic ligands that do not include dioxins; (ii) AHR-1 does
not bind a ligand, but the activation of AHR-1 is regulated by
other post-translational events; and (iii) AHR-1 is localized
always to the nucleus and is constitutively active. To help
distinguish between these possibilities, we used a yeast expres-
sion system and two plasmid constructs to assay AHR-1
activity. In one expression construct (pJ350Y), we replaced the
basic and helix–loop–helix domains of AHR-1 with the DNA-
binding and dimerization domains of LexA (Fig. 5A). In the
other (pJ353Y), we also removed the putative HSP90- and
ligand-binding domains from AHR-1 to generate a constitu-
tively active mutant. We assayed these expression vectors in
cells containing a lacZ reporter driven by eight LexA binding
sites upstream of a minimal promoter (29). pJ353Y activated
transcription of the lacZ reporter, indicating that the carboxy-
terminal region of AHR-1 contains a transcriptional activation
domain. However, pJ350Y failed to activate expression of the
reporter (see below). These data indicate that the PAS domain
of AHR-1, which aligns with the HSP90- and ligand-binding
regions of AHR, exerts a repressive function that inhibits
nuclear translocation or transcriptional activation.

To determine whether a known AHR ligand could activate
AHR-1 in this system, we added bNF to yeast containing the
pJ350Y construct. bNF activated a LexA–AHR fusion protein
in a parallel control experiment, but it failed to activate AHR-1
(Fig. 5B). Immunoblot analyses (not shown) with LexA-
specific antibodies indicated that approximately equal
amounts of the AHR-1 and control murine AHR fusion
proteins were produced.

DISCUSSION

Sequence analysis of ahr-1 and aha-1 and biochemical char-
acterization of their gene products provide strong evidence
that these genes are the C. elegans orthologs of Ahr and Arnt.
AHR-1 shares 38% identity with human AHR over the regions
of AHR shown to mediate DNA binding, dimerization with
ARNT, interaction with HSP90, and ligand binding. More-
over, AHR-1 shares important biochemical properties with
mammalian AHR. AHR-1 binds HSP90; it appears to require
some form of post-translational activation in a yeast expression
system, and it interacts with either human ARNT or C. elegans
AHA-1 to bind the xenobiotic response element XRE in vitro.
However, in our assays, AHR-1 is not activated by the AHR

FIG. 2. Gel mobility-shift assays for DNA binding. C. elegans
AHR-1 and AHA-1 and mammalian AHR and ARNT were tran-
scribed and translated in vitro in independent reactions, combined as
indicated in the presence or absence of b-naphthoflavone (bNF), and
incubated with a labeled XRE probe. The reactions were then
electrophoresed on nondenaturing polyacrylamide gels. Unlabeled

XRE or XREmut2 DNA was added as competitor to some reactions
to assay the sequence specificity of binding. In (C), an additional 2 ml
(111) and 0.5 ml (11) of baculovirus-expressed ARNT (42) was
added as indicated to the binding reactions. Arrows indicate the
position of free probe.
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ligand bNF, and it does not bind the dioxin analog 125I-
N3Br2DD.

Amino acid residues in AHR and ARNT that have been
proven important for recognition and binding to the XRE (30,
31) are conserved in their respective C. elegans orthologs. The
consensus XRE sequence for the AHR:ARNT complex, 59-
(TyG)NGCGTG-39, is asymmetrical (33). ARNT recognizes
the 39 sequence GTG, and AHR binds the 59 portion of the
XRE (34–36). Two other human PAS domain proteins, HIF1a
and MOP2yEPAS1yHIF2a, have been shown to prefer the 59

half sites CAC or TAC over the XRE sequence NGC (37). In
this study, we have shown that the binding of C. elegans
AHR-1:AHA-1 to the XRE is not competed effectively by a
DNA fragment containing the core sequence 59-TACGTG-39,
demonstrating that C. elegans AHR-1 and mammalian AHR
have similar half-site sequence preferences.

Whereas ARNT was known to dimerize with other PAS
domain proteins, AHR had not been shown to form a DNA-
binding complex with proteins other than ARNT and its
closely related paralog ARNT2. We have demonstrated that
mammalian AHR can interact with C. elegans AHA-1 to form
a ligand-responsive complex that recognizes the XRE. C.
elegans AHR-1 also can form an XRE-binding complex with
mammalian ARNT, although this interaction requires excess
amounts of baculovirus-expressed ARNT.

Activation of C. elegans AHR-1. The data presented here are
consistent with a model in which AHR-1 requires some form
of post-translational activation to enter the nucleus or to
unmask the transcriptional activation domain. This activating
event may or may not include binding to a lipophilic ligand, but
if AHR-1 ligands exist, they do not include 125I-N3Br2DD or
bNF. When the basic helix–loop–helix motif in AHR-1 was
replaced with the DNA-binding and dimerization domains of
LexA (construct pJ350Y; Fig. 5), the fusion protein was unable

FIG. 3. Coimmunoprecipitation with HSP90. C. elegans AHR-1
and AHA-1 and mammalian AHR and ARNT were independently
translated and labeled with [35S]methionine in rabbit reticulocyte
lysates. Rabbit HSP90 antibody or preimmune sera were used to
immunoprecipitate (IP) proteins from these reactions, and the HSP90-
associated proteins were resolved by SDSyPAGE. The percentage of
total protein translated that immunoprecipitated was calculated, and
the average of two experiments was recorded as ‘‘% IP’’.

FIG. 4. Photoaffinity labeling of AHR-1 and AHR with a dioxin
analog. C. elegans AHR-1 and mammalian AHR were expressed in
rabbit reticulocyte lysates. The proteins were incubated with 125I-
N3Br2DD, photoaffinity labeled, separated by SDSyPAGE, and visu-
alized by autoradiography. The sizes of murine AHR and C. elegans
AHR-1 are indicated by filled and open arrows, respectively. No
labeling of AHR-1 could be detected.

FIG. 5. Receptor activation assays in yeast. (A) Schematic repre-
sentation of C. elegans AHR-1 and of the LexA protein fusions
expressed by pJ350Y, pJ353Y, and the LexA-AHRND166 control
construct (29). In pJ350Y, the LexA DNA binding and dimerization
domains replace the AHR-1 bHLH domain. pJ353Y lacks the PAS
domains. The control construct LexA-AHRND166 is a fusion of LexA
and human AHR as diagrammed. The regions of the AHR PAS
domain required for binding to HSP90 and to ligand (13) are indicated.
(B) b-naphthoflavone (bNF) dose-response curves for the proteins
encoded by pJ350Y and LexA-AHRND166 in the yeast expression
system. Immunoblot analyses (not shown) using anti-LexA antibody
showed that similar amounts of the fusion proteins were synthesized
in cells containing pJ350Y or LexA-AHRND116.
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to activate transcription of a reporter gene under the control
of a LexA enhancer in yeast. Rather, it behaved like the
similarly constructed AHR fusion in the absence of ligand,
suggesting that the LexA–AHR-1 fusion is localized to the
cytoplasm and repressed. Addition of saturating levels of bNF
to the pJ350Y-containing cells did not increase expression of
the reporter gene. When the PAS domain was deleted from
this construct (in pJ353Y; Fig. 5), the resulting protein was able
to activate transcription. These data indicate that the carboxy-
terminal region of AHR-1 includes a transcriptional activation
domain and that the PAS domain, which aligns with the
HSP90- and ligand-binding regions of AHR, has a repressive
function that inhibits nuclear translocation or transcriptional
activation.

In gel-shift assays, we detect at least two presumed AHR-
1:AHA-1 complexes. The presence of multiple complexes may
reflect efficient binding by a rare truncation product or
post-translational modification of one or both proteins. These
DNA-binding complexes form in the absence of any exogenous
ligands. Because we do not yet understand the molecular
nature of AHR-1 activation, we cannot distinguish between
two possible explanations for this finding: (i) that the absence
of a nuclear barrier, or a low affinity of rabbit HSP90 for
AHR-1, or both, in reticulocyte lysates allows the AHR-
1:AHA-1 complex to form and bind the XRE without activa-
tion and (ii) that one or more of these complexes includes
AHR-1 that has been ‘‘fully activated’’ by an AHR-1 ligand in
the reticulocyte lysate or by some other mechanism. Whatever
the explanation, the efficiency with which these complexes
form suggests that AHA-1 can compete successfully with
rabbit HSP90 for binding to AHR-1 under these assay condi-
tions.

Other cellular signaling pathways may play a role in the
regulation of AHR-1 activity. Protein kinase C-dependent
phosphorylation is necessary for AHR signaling in some
mammalian cell lines (38, 39). Specifically, dephosphorylation
of AHR inhibits DNA binding, and phosphatase treatment of
ARNT inhibits heterodimerization with AHR (40). AHR-1
may be phosphorylated differentially in vivo, and its phosphor-
ylation state in the reticulocyte lysates or in yeast, or both, may
have affected its behavior in these assay systems.

Implications of an Invertebrate AHR Complex. The discov-
ery of AHR and ARNT orthologs in C. elegans indicates that
the AHR signaling complex evolved before nematodes and
mammals diverged .500 million years ago and that orthologs
of these molecules are likely to exist in other phyla. Indeed, an
ARNT homolog recently has been identified in Drosophila
(41). The sequence information presented here should facili-
tate the isolation and characterization of other such homologs.
Further experimentation will reveal whether developmental
functions of the AHR signaling complex also have been
conserved. It will be of interest from environmental and
toxicological standpoints to determine whether any of these
gene products are activated by dioxins and other man-made
pollutants.

We currently are screening for mutations in ahr-1 and aha-1
to allow functional analysis as well as generating reporter
constructs and antibodies with which to examine the expres-
sion patterns of these gene products in C. elegans. We antic-
ipate that genetic and phenotypic analysis of ahr-1 and aha-1
will clarify their roles in C. elegans development and lead to
identification of genes that regulate AHR-1 signaling.

Note Added in Proof. While this article was in press, an independent
analysis of data generated by the C. elegans genome project concluded
that the genes we have termed ahr-1 and aha-1 are possible homologs of
AHR and ARNT genes, respectively (43). In addition, an AHR homolog
is encoded by the spineless-aristapedia gene in Drosophila (44).
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