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T

he aryl hydrocarbon receptor (AhR) is a ligand-dependent nuclear receptor that mediates a broad spectrum of toxic and
biological effects resulting from exposure to structurally diverse
synthetic and natural compounds (1, 2). The prototypical and
most studied AhR ligand is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), an environmental contaminant and known human carcinogen (3). However, numerous other halogenated aromatic hydrocarbons (HAHs), polycyclic aromatic hydrocarbons (PAHs),
and PAH-like compounds have also been described that possess
high affinity for the AhR and can activate AhR-dependent signal
transduction and produce diverse biological/toxic effects in various species (1, 4). The AhR-mediated toxic and biological effects
are produced by metabolically stable dioxin-like HAH ligands,
including TCDD, 2,3,7,8-tetrachlorodibenzofuran (TCDF), 3,3=,
4,4=,5-pentachlorobiphenyl (PCB126), and others. In contrast,
metabolically labile AhR ligands, including PAHs 3-methylcholanthrene (3MC), ␤-naphthoflavone (BNF), and 6-formylindolo[3,2-b]carbazole (FICZ), produce transient biological effects
associated with AhR activation but no AhR-dependent toxicity,
despite the fact that they also possess relatively high affinity for the
AhR (5–7).
While the ligand-dependent mechanism of AhR signaling has
many similarities to that of members of the steroid hormone nuclear receptor superfamily, the AhR is unrelated and it is a member
of the basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) superfamily of regulatory proteins (8, 9). In its native state, the inactive
unliganded AhR exists in the cytosol complexed with at least two
molecules of hsp90 and the cochaperone proteins XAP2 and p23,
and these proteins contribute to the cytosolic localization of unliganded AhR, protect it from degradation, and maintain it in a
ligand and DNA binding-competent state (10–13). Following ligand binding to a site within the ligand-binding domain (LBD),
the AhR protein complex translocates into the nucleus, hsp90 and
cochaperones dissociate, and liganded AhR interacts with a homologous nuclear protein Ah receptor nuclear translocator
(ARNT), leading to formation of the liganded AhR-ARNT dimer,
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which can bind to DNA with high affinity (14). The process by
which ligand converts the AhR into its DNA binding form is commonly referred to as AhR transformation (15). Binding of the
ligand-activated/transformed AhR-ARNT complex to its specific
DNA recognition site, the dioxin response element (DRE), stimulates transcription from adjacent promoters/genes and ultimately results in AhR-dependent biological and toxic effects
(16, 17).
While the mechanisms of AhR activation and signal transduction have been extensively characterized using TCDD as the ligand/agonist, several recent studies have suggested that the functional activity of the AhR can be differentially altered by the
specific ligand to which it is bound (18–20). This idea is supported
by gene microarray studies which have reported the ability of different AhR ligands to not only induce expression of a common set
of gene products but to also induce a distinctly different, ligandspecific set of AhR-dependent gene products (21–23). Ligandspecific modulation of the AhR signaling pathway has been
suggested to result from ligand-dependent changes in the AhR
which could allow it to interact with different nuclear factors or
dimerization partners, to bind to unconventional DREs or unique
DNA sequences, and/or to be bound by different coactivators (24–
27). For these changes to occur, significant differences in the binding interactions between ligands and amino acids within the AhR
LBD must occur, and these differences must translate into alterations in AhR structure/function that ultimately lead to distinct
ligand- and AhR-dependent biological responses (1, 2).
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The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that can be activated by structurally diverse chemicals. To examine the mechanisms responsible for the promiscuity in AhR ligand binding, we determined the
effects of mutations within the AhR ligand-binding domain (LBD) on the activity of diverse AhR ligands. Site-directed mutagenesis identified Ile319 of the mouse AhR and, to a lesser extent, Phe318 as residues involved in ligand-selective modulation of AhR transformation using a panel of 12 AhR ligands. These ligands could be categorized into four distinct structurally related groups based on their ability to activate AhR mutants at position 319 in vitro. The mutation I319K was
selectively activated by FICZ and not by other examined ligands in vitro and in cell culture. F318L and F318A mutations
resulted in the conversion of AhR agonists ␤-naphthoflavone and 3-methylcholanthrene, respectively, into partial agonists/antagonists. Hsp90 binding to the AhR was decreased with several mutations and was inversely correlated with AhR
ligand-binding promiscuity. Together, these data define overlapping amino acid residues within the AhR LBD involved in
the selectivity of ligand binding, the agonist or antagonist mode of ligand binding, and hsp90 binding and provide insights
into the ligand diversity of AhR activators.

Soshilov and Denison

MATERIALS AND METHODS
Plasmid constructs. m␤AhR/pcDNA3 and m␤Arnt/pcDNA3 have been
previously described (38, 39). Point mutations of m␤AhR/pcDNA3 were
carried out using the QuikChange technique (Stratagene). All constructs
were verified by sequencing.
In vitro expression. Wild-type (wt) and mutant AhRs were synthesized in vitro in the presence of L-methionine or [35S]L-methionine
(PerkinElmer) using the TNT Quick coupled transcription/translation
rabbit reticulocyte lysate kit (Promega). To compare relative expression
levels of each mutant AhR, aliquots of in vitro synthesized 35S-labeled wt
and mutant AhR protein were analyzed by SDS-PAGE as previously described (39). Unlabeled AhR and ARNT were used for functional analysis
studies.
Gel retardation assay. Wild-type and mutant AhRs and ARNT were
synthesized in vitro in the presence of unlabeled L-methionine using the
TNT Quick coupled transcription/translation rabbit reticulocyte lysate kit
(Promega). The resulting AhR and ARNT translation mixtures were
mixed in a 1:1:8 (vol/vol/vol) ratio with 150 mM KCl MEDG buffer (25
mM MOPS [morpholinepropanesulfonic acid; pH 7.5], 10% [vol/vol]
glycerol, 15 mM KCl, 1 mM EDTA, 1 mM dithiothreitol [DTT]) and
incubated with the indicated concentration of TCDD or 1% (vol/vol)
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dimethyl sulfoxide (DMSO; the solvent control) for the indicated periods
of time at room temperature. Annealed double-stranded oligonucleotides
containing the AhR-ARNT DNA binding site (DRE3) from the murine
CYP1A1 upstream regulatory sequence were 32P labeled, and gel retardation analysis was conducted with the transformed AhR reactions as detailed previously (39). Gels were visualized using Fujifilm imaging plate
(IP) analysis (FLA9000 and BAS-SR imaging plates) and quantitated with
Fujifilm MultiGauge software.
Hydroxyapatite (HAP) ligand binding assay. [3H]TCDD (13 Ci/
mmol) was obtained from Steven Safe (Texas A&M University). Determination of [3H]TCDD binding to the in vitro synthesized proteins diluted in 150 mM KCl MEDG buffer (8:92, vol/vol) was as previously
described (33). For competitive displacement experiments, the indicated
concentrations of 3MC or BNF were added to the binding reactions.
Equivalent amounts of unprogrammed in vitro synthesized reactions were
used as a nonspecific binding control (40). For affinity measurements, the
in vitro transformation reactions and nonspecific binding controls were
incubated in the presence of increasing concentrations (1 to 20 nM) of
[3H]TCDD.
Coimmunoprecipitation and Western blotting assays. COS-1 cells
were transiently transfected with AhR expression vectors using Lipofectamine 2000 (Invitrogen) at an 8 g/20 l ratio in 10-mm tissue culture
plates. Cell lysis and hsp90 coimmunoprecipitation analysis were performed as previously described (10). The anti-hsp90 antibody 3G3 was a
kind gift of Gary Perdew (Pennsylvania State University). Western blotting was carried out using a 1:400 dilution of the anti-AhR M20 antibody
(Santa Cruz).
Reporter gene induction assays. COS-1 cells were transiently transfected in 96-well plates using the following amounts per well: 0.5 l Lipofectamine 2000 (Invitrogen), 20 ng wt m␤AhR/pcDNA3 or 60 ng of mutant AhR expression vectors, and 100 ng pGudLuc6.1 (41) and
pcDNA3.1⫹ (Invitrogen), the latter added to adjust the mixture to a total
DNA content of 200 ng. Twenty-four hours after transfection, cells were
incubated with DMSO (0.1%, vol/vol) or the indicated concentration of
ligand for 18 to 22 h, washed cells were lysed using passive lysis buffer
(Promega), and aliquots were analyzed for firefly luciferase activity using
the luciferase reporter assay system (Promega) and an Orion microplate
luminometer (Berthold Detection Systems). Aliquots (5 to 10 l) of cell
lysates were analyzed for protein concentrations using the Bio-Rad Bradford protein assay as described by the manufacturer.
Statistical analysis. Analysis of statistical significance of differences of
experimental values was conducted using the Student t test in Excel or
SigmaPlot. Determination of ligand binding affinity was conducted by
regression analysis of the saturating binding curves in SigmaPlot.
AhR PASB LBD homology model. AhR Per-Arnt-Sim B (PASB) LBD
homology model pictures were generated in PyMol (version 1) using the
Protein Data Bank (PDB) file kindly provided by Laura Bonati (University
of Milano-Bicocca, Italy).

RESULTS

Amino acid residues 318 to 320 are involved in ligand-specific
activation. Site-directed mutational analysis studies previously
identified a small number of amino acid residues within the LBD
that appear to be involved in ligand-specific AhR activation (1,
34–36). When mapped onto the PASB LBD homology model,
these residues (H285, F289, F318, and H320) delineate a smaller
region of the LBD, which also contains a previously uncharacterized Ile319 (Fig. 1, yellow residues). Given the central position of
Ile319 in the LBD region of interest (Fig. 1), this residue may be
involved in ligand selectivity of AhR activation. To examine the
role of each of these targeted amino acids (H285, F289, F318, I319,
and H320) in ligand-selective AhR activation, we determined the
effect of their mutation to alanine on ligand-dependent transformation/DNA binding of in vitro synthesized AhR after confirming
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How might the AhR bind and be activated by structurally diverse ligands? Similar to the AhR, the pregnane X receptor (PXR)
can bind and be activated by a structurally diverse collection of
ligands. The results of 3-dimensional protein structure analysis of
PXR ligand binding has revealed that the dramatic structural promiscuity of PXR ligands can be explained by the characteristics of
its binding pocket, which allows structurally diverse ligands to
bind in a variety of different orientations and positions within the
PXR LBD (28–30). By analogy, the structural diversity of AhR
ligands may also result from differential interactions of ligands or
classes of ligands with different residues within the AhR LBD (1,
2). Consistent with this hypothesis is the identification of AhR
antagonists that appear to be ligand selective in that they can preferentially inhibit the ability of some ligands (i.e., TCDD and related HAHs) to bind to and activate the AhR, while other AhR
ligands (i.e., PAHs, flavonoids, indirubin) are not affected (31).
Although progress in understanding the details of the molecular
mechanisms of ligand binding and ligand-dependent AhR activation/transformation has been hampered by the lack of a 3-dimensional structure of the AhR LBD, site-directed mutagenesis studies
and structure-function analysis using a homology model of the
AhR LBD have produced some insights (32, 33).
Relatively few studies have directly examined the effects of AhR
LBD mutagenesis on the binding of and/or activation by structurally diverse ligands. However, several specific residues whose mutation resulted in ligand-specific differences in AhR functionality
and agonist activity have been identified (1, 34–36). Interestingly,
when these specific residues (H285, F289, F318, and H320) are
mapped onto the mouse AhR LBD homology model (32, 33), they
are located in proximity to each other, suggesting that they may
encompass a distinct region of the LBD involved in ligand-specific
activation of the AhR. This region is also adjacent to amino acids
previously implicated in ligand binding (Ala375) and hsp90 binding (Phe281), indicating possible involvement of ligand-dependent hsp90 displacement in ligand-selective effects (10, 37). As
suggested by these studies, ligand-selective interactions with the
AhR remain to be more clearly identified and characterized. Accordingly, here we describe the results of studies using a combination of site-directed mutagenesis and functional analysis to investigate the mechanism of AhR ligand selectivity.

Ligand-Selective Mutations of AhR
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M, respectively) at which maximal DNA binding response is
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FIG 2 Specific region of the mAhR PASB is involved in ligand-specific activation. (A) Protein expression of AhR mutants. Indicated AhR mutants were
synthesized in vitro in the presence of [35S]methionine, separated with SDS-PAGE, and analyzed by autoradiography. A representative gel is shown. (B) In vitro
synthesized wild-type or mutant AhRs and ARNT were incubated in the presence of solvent control DMSO (1%, vol/vol) or AhR agonists TCDD (20 nM), 3MC
(1 M), BNF (1 M), indirubin (1 M), or ANF (10 M) for 2 h and analyzed by the gel retardation assay. Representative gels are shown. SC, specific complex
(liganded AhR-ARNT-DRE). (C) Quantitation of gels shown in panel B. Values represent means ⫾ standard deviations from three independent reactions.
Asterisks indicate those values that are significantly higher than DMSO controls (not shown) at P values of ⬍0.05 as determined by the Student t test and
demonstrate an at least 2-fold increase over the background (DMSO) reaction values. (D) [3H]TCDD binding to select mAhR mutations. In vitro synthesized
wild-type or mutant AhRs were incubated in the presence of 10 nM [3H]TCDD and in the presence or absence of 1 M 3MC for 30 min, and [3H]TCDD bound
to the protein fraction was determined by the hydroxyapatite assay. Specific binding was calculated as total binding (in the absence of 3MC) normalized to
binding in the unprogrammed TNT reaction. Values represent means ⫾ standard deviations from three independent reactions. Asterisks indicate the values that
are significantly lower than corresponding [3H]TCDD reactions at P values of ⬍0.05 as determined by the Student t test. (A to D) Results are representative of
three independent experiments.
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FIG 1 Structural model of the mouse AhR (mAhR) PASB domain. Residues

[3H]TCDD specific binding
(% of w tA hR )

H320

produced (50% effective concentrations [EC50s] for TCDD, 3MC,
BNF, indirubin, and ANF were 3.3 nM, 2.8 nM, 8.4 nM, 3.1 nM,
and 0.15 M, respectively).
The wild type (wt) and mutant proteins were synthesized in
vitro, incubated in the presence of ligands, and analyzed for DNA
binding using the gel retardation assay. In this experiment, the
wtAhR was activated by all ligands to approximately similar levels,
while AhRs containing H285A and F289A were essentially inactive
(Fig. 2B). In contrast, the AhRs with Ala substitutions at positions
318 to 320 could transform and bind to DNA in a ligand-specific
manner (Fig. 2B).
The specific AhR-ARNT-DRE bands were quantitated, adjusted to the background (DMSO) levels, and normalized to the
wtAhR/TCDD level (Fig. 2C). In this and consequent experiments
in this study, the background (DMSO) levels of DNA binding of
the wtAhR were consistently at 5 to 10% of total complex formation in the presence of TCDD. These DMSO values were used to
calculate the specific complex formation and were not presented
separately in most experiments.
While H320A was activated by all compounds in the examined
panel except ANF, AhR containing I319A exhibited the most selective response, with 3MC being the only ligand that could activate DNA binding by this mutant AhR to a level significantly
greater than background (Fig. 2C). [3H]TCDD binding experiments confirmed that I319A did not bind TCDD (Fig. 2D). In
agreement with a previous study (35), F318A was activated by
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FIG 3 Mutations affect maximal level, EC50s, and partial antagonist potential of AhR agonists. (A and B) In vitro synthesized wild-type or mutant AhRs and

ARNT were incubated in the presence of increasing concentrations of TCDD (A) or 3MC (B) and analyzed by the gel retardation assay. Values represent means ⫾
standard deviations from three independent reactions. (C) In vitro synthesized wild-type or mutant AhRs and ARNT were incubated in the presence of solvent
control DMSO (1%, vol/vol) and/or AhR agonists TCDD (10 nM), 3MC (1 M), ANF (10 M), and BNF (1 M) as indicated for 2 h and analyzed by the gel
retardation assay. Representative gels are shown. (D) Quantitation of gels shown in panel C. Values represent means ⫾ standard deviations from three
independent reactions. Asterisks indicate those antagonist (compound and TCDD) values that are significantly lower than TCDD-alone reactions at P values of
⬍0.05 as determined by the Student t test.

TCDD (and to a smaller extent by 3MC) but not by BNF (Fig. 2C).
The [3H]TCDD binding by this mutant relative to that of the
wtAhR (40%; Fig. 2D) was similar to its DNA binding level relative
to that of the wtAhR (Fig. 2C).
Mutations affect EC50s and antagonist properties of AhR ligands. To further investigate the TCDD-specific activation of
F318A and the 3MC-specific activation of I319A, their EC50s were
determined from concentration curves (Fig. 3A and B). While the
maximal level of F318A/TCDD activation decreased relative to
that of the wtAhR (Fig. 3A), the measured EC50 was little changed
(6.9 nM for F318A compared to 2.8 nM for wtAhR). In contrast,
the I319A mutation resulted in a much larger increase in the EC50
(86.1 nM for I319A compared to 3.3 nM for wtAhR) (Fig. 3B).
Since 3MC could fully displace [3H]TCDD from F318A (Fig.
2D) but only activated its DNA binding to half the level of TCDDdependent activation (Fig. 2C), this compound may possess some
antagonist properties with the TCDD-activated F318A. DNA
binding of F318A was analyzed following transformation in the
presence of TCDD and/or 3MC, partial agonist/antagonist ANF,
or BNF, which is a chemical isomer of ANF and, reportedly, an
AhR agonist. All three compounds (3MC, ANF, and BNF) activated DNA binding of F318A to significantly lower levels than
TCDD and displayed antagonist-like properties in decreasing
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TCDD-dependent DNA binding of this mutant (Fig. 3D). In contrast, only ANF demonstrated antagonist properties with the
TCDD-activated wtAhR (Fig. 3D). ANF is termed partial agonist/
antagonist of the AhR since it is capable of partially activating AhR
on its own (Fig. 3D) in addition to antagonism in the presence of
a stronger agonist (TCDD). These results demonstrated that both
3MC and BNF behave as partial agonist/antagonists of F318A
(Fig. 3D). Unlike F318A, the I319A mutation did not display any
antagonist properties with inactive compounds (TCDD, BNF,
and ANF) (data not shown).
Mutations of Ile319 demonstrate ligand-selective properties.
Since I319A demonstrated the most ligand-selective characteristics in the preliminary experiments, a strategy was designed to
generate a series of mutations of Ile319 in which this residue was
converted into all possible amino acids (except Pro or Gly, which
would likely disrupt the overall PASB domain fold) and then to
examine the ability of these mutant AhRs to be activated by an
expanded set of structurally diverse AhR ligands/agonists. Initial
in vitro expression analysis revealed that the mutations did not
negatively affect the AhR protein expression levels (data not
shown).
In addition to TCDD, 3MC, BNF, and indirubin, the AhR agonist panel was expanded to include dibenz[a,h]anthracene
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N

F

(DBA) and benzo[a]pyrene (BaP) as prototypical PAHs and
TCDF and PCB126 as additional HAHs, as well as the following
compounds. FICZ (Fig. 4A) is a potent AhR agonist and a proposed endogenous ligand (42, 43). THS-017 (Fig. 4D) is an atypical AhR ligand that also binds to HIF2␣ and was used to further
refine the homology model of the AhR PASB LBD (32, 44). YH439
(Fig. 4D) is an atypical ligand that was used to identify ligandspecific differences with a His285 mutation (36). Leflunomide
(Fig. 4A) is an atypical AhR agonist recently shown to be an activator of zebrafish AhR1a (an AhR which does not bind TCDD) in
vivo (45, 46). Since direct binding of leflunomide to the AhR has
not been previously reported, we confirmed its ability to compete
with [3H]TCDD in ligand binding experiments using guinea pig
hepatic cytosolic AhR and a hydroxyapatite binding assay (data
not shown).
To facilitate analysis, the agonist panel was divided into four
groups based in part on the structural characteristics of the compounds (Fig. 4A to D). This classification of AhR agonists was also
based on the results of functional analysis, as detailed below.
Groups 2 and 3 included PAHs and HAHs, respectively, while
groups 1 and 4 included heteroatom-containing PAHs and atypical AhR ligands, respectively.
We examined the ability of each of the 12 structurally diverse
AhR ligands/agonists (Fig. 4A to D) to stimulate the transformation and DNA binding of the wt and the Ile319 mutant AhRs using
maximal activating concentrations of each compound (determined in preliminary studies). The results of these DNA binding
studies are presented in Fig. 5A to D and Table 1. AhRs containing
mutations of Ile319 to charged residues (R, D, E, or H) or to
aromatic residues (Y or W) failed to transform and bind to DNA
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TABLE 1 Ligand-selective DNA binding of Ile319-mutated AhRs
AhR ligand classificationc

R
K
D
E
N
Q
S
H
T
A
Y
C
V
M
L
I (wt)
F
W

⫺1.37
⫺1.35
⫺1.05
⫺0.87
⫺0.82
⫺0.3
⫺0.05
0.18
0.35
0.42
1.33
1.34
1.66
1.68
2.32
2.46
2.44
3.07

Group 1

Group 2

Group 3

Group 4

FICZ
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Ile319 was mutated to the indicated residue.
Observed free energy of solvation, kcal mol⫺1 (61).
c
⫹ indicates mutations active with a given ligand in the DNA binding assay; ⫺ indicates inactive mutation/ligand combinations. Mutation/ligand activities specific for a given
group of ligands are shaded.
b

in response to any ligand. Mutations of Ile319 to hydrophobic
residues (C, V, M, and L), which were expected to result in minimal structural changes, were activated by all ligands (Table 1). In
contrast, mutation of Ile319 to the remaining seven amino acids
(K, N, Q, S, T, A, and F) revealed a dramatic range in ligandspecific response to different ligands (Table 1 and Fig. 5A to D).
Analysis of the results of these experiments have allowed categorization of the 12 tested AhR ligands/agonists (Fig. 4A to D) into
four groups based on similarities or differences in their ability to
stimulate transformation and DNA binding of AhRs containing
particular Ile319 mutations, as described below.
Group 1 ligands. Only compounds in this group (FICZ, BNF,
leflunomide) (Fig. 4A) could stimulate transformation/DNA
binding of I319Q (Fig. 5A). While there are no obvious major
structural similarities between the compounds in this group, each
does have a single double-bonded oxygen (Fig. 4A) not found in
most other tested AhR ligand agonists, suggesting unique ligandprotein interactions within the LBD that would not be observed
with other ligands. Interestingly, FICZ was the only ligand agonist
that could stimulate transformation and DNA binding of I319K,
and it was consistently more potent than BNF or leflunomide in
activating DNA binding of AhRs containing I319S, I319T, I319A,
or I319C substitutions (Fig. 5A, Table 1, and data not shown).
Based on the likely similarity with the wtAhR/FICZ activation, one
can assume that FICZ directly binds to and activates I319K; however, this cannot be experimentally tested due to the lack of radiolabeled FICZ for binding studies.
Group 2 ligands. This group contains the prototypical PAHs:
3MC, DBA, and BaP (Fig. 4B). Unlike AhR ligands from other
groups, group 2 compounds demonstrate robust activation of
AhRs containing I319A or I319T substitutions (Fig. 5B). Based on
these criteria alone, FICZ could also be included in this group
(Fig. 5A); however, its ability to activate a distinct subset of other
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mutant AhRs (I319K, I319N, I319Q) suggests that it interacts in
the binding pocket in a unique manner and thus it was not included in this group. The compounds in this group share obvious
structural similarities in that they represent a series of fused aromatic rings.
Group 3 ligands. Compounds included in this group consist of
the prototypical HAH AhR ligands (TCDD, TCDF, and PCB126)
(Fig. 4C) and are unable to activate I319A, in addition to being the
only ligand group (TCDD and PCB126) that could activate I319F
(Fig. 5C). Interestingly, TCDD was a significantly more efficacious
activator of I319T than the other HAH ligands tested (TCDF and
PCB126) (Fig. 5C).
Group 4 ligands. Compounds within this group (YH439,
THS-017, indirubin) (Fig. 4D) were unique in that they failed to
activate AhRs containing either I319T or I319A and, overall, activated the fewest number of mutant AhRs (Fig. 5D). Only AhR
containing Ile319 mutations to C, V, M, and L could be transformed and bind to DNA in response to these compounds. The
compounds in this group comprise mostly novel atypical AhR
ligand/agonist structures (Fig. 4D), which may explain their high
sensitivity to mutational changes.
Overall, these results reveal significant differences in the ability
and/or potency/efficacy of different AhR ligand agonists to stimulate AhR transformation and DNA binding of AhRs containing
different mutations (Fig. 5A to D). These results are consistent
with significant differences in the specific binding of different ligands or classes of ligands to the AhR. Moreover, they suggest
differences in ligand-dependent mechanisms of AhR transformation and argue against a common set of amino acid interactions
within the AhR LBD for all ligand agonists.
Expanded mutagenesis of Phe318. Given the success with the
Ile319 mutations, a similar series of Phe318 mutations to all
amino acids (except Gly and Pro) was generated, and the level of in
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FIG 6 Ligand-specific activation of Phe318 mutations. In vitro synthesized
wild-type or mutant mAhRs and ARNT were incubated in the presence of
solvent control DMSO (1%, vol/vol) or TCDD (20 nM), 3MC (1 M), BNF (1
M), indirubin (1 M), ANF (10 M), DBA (0.1 M), BaP (1 M), FICZ
(0.1 M), PCB126 (1 M), TCDF (0.1 M), YH439 (10 M), or leflunomide
(100 M) for 2 to 2.5 h and analyzed by gel retardation assay. Gels were
visualized and specific bands were quantitated. Values represent means ⫾
standard deviations from three independent reactions.

vitro protein expression of all of these Phe318 mutations was similar to wtAhR (data not shown). Overall, the Phe318 mutagenesis
resulted in several inactive mutants (S, D, Q, K, and R), while the
remaining mutations demonstrated two common phenotypes, as
follows.
The first type of Phe318 mutants included mutations to E, N,
H, T, C, V, and I and demonstrated a functional profile reminiscent of the F318A mutant. Specifically, similar to F318A (Fig. 2C),
these mutants demonstrated higher activation with TCDD than
other ligands of the preliminary agonist panel (F318N, F318H,
F318C, F318I) (Fig. 6A). However, with the expanded agonist
panel, these mutants also demonstrated generally higher activation with FICZ and DBA, as demonstrated for F318E in Fig. 6B.
The second type of Phe318 mutants included mutations to Y,
M, W, and L and demonstrated comparable DNA-binding levels
with all ligands studied (Fig. 6A and B), with few exceptions. Specifically, F318L appeared to be much less active with BNF and
YH439 compared to all other ligands examined (Fig. 6B).
Overall, Phe318 mutations did not present much interest for
developing ligand-selective AhR variants. Unlike the variable patterns for the Ile319 mutants (Table 1), the ligand-selective Phe318
mutants appear to predictably favor activation by certain ligands
(FICZ, DBA, and TCDD).

May 2014 Volume 34 Number 9

BNF is a partial agonist/antagonist of F318L. The disproportionate reduction in the ability of BNF and YH439 to stimulate
transformation and DNA binding of F318L was further examined using BNF. One possible explanation for the reduced activity of these ligands with F318L is that this substitution selectively reduced binding of these ligands. Accordingly, we
examined the concentration-dependent ability of BNF to compete with [3H]TCDD for binding to both wt and F318L-containing AhRs. These competitive binding experiments not only
demonstrate that the presence of the F318L mutation does not
eliminate the ability of BNF to effectively compete with
[3H]TCDD for binding to the AhR, but they indicate that BNF
is only a slightly weaker competitor for the mutant AhR than it
is for the wtAhR (Fig. 7A).
Next, the concentration-dependent ability of BNF to stimulate
AhR transformation and DNA binding was compared for the
wtAhR and F318L. The results of these experiments (Fig. 7B) reveal that the F318L mutant AhR requires more than 400 times
more BNF to produce a DNA binding response than that observed
with the wtAhR (EC50s for wtAhR and F318L were 9.03 ⫾ 0.36 nM
and 3.8 ⫾ 2.0 M, respectively). These results demonstrate that
the reduced potency of BNF as an agonist of F318L is due to a
change in its efficacy as an activator of AhR transformation and
DNA binding and not due to its inability to bind to the AhR,
suggesting possible AhR antagonist potential. Moreover, the
F318L mutation appears to alter or restrict the ability of BNF to
interact with particular residues within or adjacent to the LBD
important for AhR transformation.
The BNF antagonist potential with F318L was examined using
increasing BNF concentrations in the presence of TCDD in the
AhR transformation reaction (Fig. 7C). While BNF was capable of
activating DNA binding of F318L in a concentration-dependent
manner (agonist activity), in the presence of TCDD, it significantly decreased the TCDD-dependent activity (Fig. 7C), which
constitutes antagonism. The resulting U-shaped dose-response
antagonist curve (Fig. 7C) is characteristic for partial AhR agonist/
antagonists, such as ANF and MNF, which previously demonstrated antagonist activity at lower concentrations and full agonist
activity at higher concentrations (47–50).
In fact, the BNF biphasic antagonist response curve for TCDDactivated F318L (Fig. 7C) is essentially identical to that obtained
for this mutant with TCDD in the presence of increasing concentrations of ANF, a well-established partial AhR agonist/antagonist
(Fig. 7D). Since BNF did not demonstrate antagonism with
wtAhR/TCDD at 1 M (Fig. 3D) but was an antagonist at this
concentration with F318L (Fig. 7C), this specific mutation was
responsible for converting BNF into a partial agonist/antagonist.
It appears that the F318L mutation also improved the ANF antagonist properties, since ANF (at 1 M) decreased TCDD-dependent wtAhR DNA binding by 35% (Fig. 3D) compared to a decrease of 55% with F318L (Fig. 7D).
Although partial agonist/antagonist is an accepted term for
AhR ligands with this type of activity, it is important to realize that
these compounds act as agonists and antagonists likely through
two distinct mechanisms, possibly binding in two distinct but
overlapping sites within the AhR LBD with a resulting agonist or
antagonist mode of interaction. In this mechanism, higher-affinity binding in the antagonist site would result in antagonist properties at lower concentrations and the characteristic U-shaped
curve.
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FIG 7 BNF is a partial antagonist of an AhR containing an F318L substitution. (A) In vitro synthesized mAhR(F318L) was incubated in the presence of 10 nM
[3H]TCDD and indicated concentrations of BNF for 30 min, and [3H]TCDD bound to the protein fraction was measured by the hydroxyapatite assay. The
unprogrammed TNT lysate was used as a nonspecific binding control, and specific binding was calculated as a difference between the total and nonspecific
reactions. Values are presented as means ⫾ standard deviations from three independent reactions. Asterisks indicate the values that are significantly lower than
the no-competitor reaction, as indicated by the Student t test with P values of ⬍0.05. (B) In vitro synthesized wt or F318L mAhR (with added ARNT) was
incubated with increasing concentrations of BNF for 2 to 2.5 h and analyzed by the gel retardation assay. Gels were visualized, and specific bands were quantitated.
Values represent means ⫾ standard deviations from three independent reactions. The curves were fitted using the nonlinear regression analysis (SigmaPlot). (C)
In vitro synthesized F318L mAhR was transformed in the presence of increasing concentrations of BNF alone or in the presence of 10 nM TCDD and analyzed
as described for panel B. (D) In vitro synthesized F318L mAhR was transformed in the presence of increasing concentrations of ANF alone or in the presence of
10 nM TCDD and analyzed as described for panel B. (C and D) Asterisks indicate the values that are significantly lower than the TCDD reaction at P values of
⬍0.05 as determined by the Student t test. (A to D) Results are representative of three independent experiments.

Effects of mutations on TCDD ligand binding affinity and
hsp90 binding. The effect of select TCDD-responsive Phe318 and
Ile319 mutations, including F318E, F318L, F318A, and I319V on
[3H]TCDD binding affinity was examined using nonlinear saturating binding curve analysis with an in vitro synthesized mutant
and wtAhR proteins. The calculated [3H]TCDD affinity values (as
averages ⫾ standard deviations of triplicate measurements) were
3.2 ⫾ 0.5 nM, 3.2 ⫾ 0.4 nM, 3.1 ⫾ 0.1 nM, and 2.5 ⫾ 0.6 nM for
F318E, F318L, F318A, and I319V, respectively. There were no
significant differences among these values and that of the wtAhR
(2.6 ⫾ 0.8 nM), indicating that the examined mutations at positions Phe318 and Ile319 have little effect on the affinity of TCDD
for the AhR. However, certain mutations at these positions,
such as I319A, completely eliminated TCDD binding altogether (Fig. 2D), and this “all or nothing” effect with regard to
ligand binding suggests that insertion of specific amino acids in
these positions may result in significant alterations within the
ligand binding pocket that contribute to steric constraints and
loss of ligand binding.

1714

mcb.asm.org

In addition to ligand binding, the PASB domain mediates AhR
binding to hsp90, and residues within the binding pocket have
been shown to be involved (9, 39, 51). Since hsp90 maintains the
AhR in a ligand-binding competent state (52), mutation-mediated changes in AhR-hsp90 association may result in variable effects on binding and activation by different ligands, potentially
underlying ligand-specific mechanisms. Therefore, AhR mutants
with various degrees of ligand promiscuity were examined for
hsp90 binding. These included I319K (activated only by FICZ in
vitro), F318E (activated by most compounds but with preferential
activation by FICZ, DBA, and TCDD), and F318L (activated by
most compounds equally well to TCDD).
Hsp90 binding to these mutants and wtAhR was examined in
transient transfections in COS-1 cells (Fig. 8A). Although similar
amounts of AhR protein were produced from each of the expression constructs used in these studies (see inputs in Fig. 8A), hsp90
binding levels varied significantly between the mutant AhRs. Specifically, hsp90 binding to the I319K AhR was the lowest, binding
to F318L was similar to that of wtAhR, and binding to F318E was
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FIG 8 Hsp90 binding analysis with select mAhR mutations. (A) COS-1 cells
were transfected with indicated mAhR constructs and 20 h later lysed using
RIPA lysis buffer. Lysates were immunoprecipitated using anti-hsp90 antibody (3G3) or IgM control, and the precipitated proteins were analyzed by
Western assay using anti-AhR or anti-beta-actin antibodies. Representative
gels are shown. (B) Quantitation of gels shown in panel A. Values represent
means ⫾ standard deviations from three independent reactions. Asterisks indicate the values that are significantly different from the wild type (wt) at P
values of ⬍0.05 as determined by the Student t test.
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intermediate to that of I319K and F318L (Fig. 8B). Interestingly,
the hsp90 binding values were inversely correlated with ligand
promiscuity of these mutations.
Activation of ligand-selective mutations in cell culture. Select
AhR mutations were further characterized in reporter assays in
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FIG 9 FICZ-specific mutation is not activated by other AhR ligands in cell culture. COS-1 cells transiently transfected with wild-type or mutant mAhR (or
control plasmid pcDNA3.1⫹ [ctrl]) and DRE-containing reporter pGudLuc6.1 were treated with solvent control DMSO (0.1%, vol/vol), TCDD (10 nM), FICZ
(0.1 M), PCB126 (1 M), DBA (0.1 M), BaP (1 M), indirubin (1 M), or 3MC (0.1 M) for 18 to 20 h. (A) Cells were lysed, and lysates were analyzed for
firefly luciferase activity. Results are representative of three experiments. (B) Aliquots of lysate in panel A were analyzed by Western assay with anti-AhR antibody
(M20). Values represent means ⫾ standard deviations from three independent reactions.
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cell culture. AhR constructs and an AhR-responsive luciferase reporter pGudLuc6.1 (41) were transiently transfected into COS-1
cells. Cells were incubated with a panel of ligands for 20 h, and the
luciferase activity of cell lysates was measured. Transient transfections were optimized for equal levels of AhR proteins (Fig. 9A).
Overall, the patterns of ligand-specific activation in the reporter
assay (Fig. 9B) matched those observed with the in vitro transformation/DNA binding assays. Specifically, AhRs containing
I319Q, I319F, or I319K demonstrated highly ligand-specific activation with both the in vitro and cell culture-based assays (Fig. 5A
to D, 9B).
However, several differences between the in vitro and cellbased experimental systems were also observed. I319Q was not
activated by indirubin in vitro (Fig. 5D) but was readily activated
in cell culture (Fig. 9B). It is possible that indirubin may be metabolically converted into a different AhR ligand with a different
ligand-specific profile, namely, with specificity similar to group 1
ligands. Chemical transformation in cell culture into AhR ligands/
agonists has been previously observed for other indole-containing
compounds, including the formation of FICZ (43).
While I319T mutant AhR was readily activated into its DNA
binding form by TCDD in vitro (Fig. 5C), this was not observed in
the reporter assay (Fig. 9B). In contrast, PCB126 was more active
with this particular mutation in the reporter assay (compared to
TCDD) than with the in vitro DNA binding assay (Fig. 5C and 9).
The mechanisms underlying these differences remain to be determined.
The results from the representative Phe318 mutation F318E
are demonstrated in Fig. 9B. Similar to the DNA-binding assay
(Fig. 6B), this mutation was most active with FICZ and DBA but
was also active with other compounds. Other Phe318 mutations,
such as F318A, revealed similar ligand specificity in reporter assays
(data not shown). Due to differences in antagonist mechanisms
between the TNT-based and COS-1 cell experimental systems, as
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well as due to BNF toxicity at required concentrations, antagonist
properties of Phe318 mutations (including F318L) have not been
studied in reporter assays.
DISCUSSION
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The classical AhR-dependent mechanism of activation of gene
expression has been generally well characterized, and the linearity
of this pathway implies that various AhR agonist ligands would
trigger similar AhR-mediated biological responses. However, this
point of view has been challenged by multiple studies. Ligandspecific biological responses have been observed in some instances
of AhR-dependent transcription, including that of T cell differentiation and the effects of selective AhR modulators (18, 24–27,
53–57). To account for these ligand-specific differences, modifications of the classical pathway have been suggested, with most
involving ligand-selective binding of the AhR complex to unconventional DRE sequences (24, 25, 58) or binding by different subsets of coactivators (27). These mechanisms imply ligand-dependent differences in the conformation of the AhR complex, and
therefore distinct ligand-specific mechanisms of binding of ligands to the AhR would likely exist. In fact, different AhR ligands
may bind within the ligand-binding domain (LBD) in distinct
sites (59).
Mutations of Ile319 reveal a diversity of ligand-selective
mechanisms. Ile319 has been found to be a key residue in ligand
specificity since mutations of this residue resulted in a wide variety
of ligand-selective effects (Table 1). In contrast, mutations of
Phe318 presented a more predictable pattern, in general favoring
certain ligands (TCDD, DBA, and FICZ) over others (Fig. 6A and
B). Both these amino acid residues are predicted to line the LBD
cavity and are therefore termed fingerprint residues (33, 60). In
tern AhR, Val present in the position homologous to mouse Ile319
may contribute to the lower affinity of the tern AhR for TCDD
(40). However, since [3H]TCDD binding affinity was not changed
with several Phe318 and Ile319 mutations in this study (F318A,
F318L, F318E, I319V), the contribution of these positions to the
affinity of bound ligand in mouse AhR appears to be minor.
In contrast, the nature of the amino acid at position 319 appears to have a critical effect on the AhR ligand promiscuity (Table
1). The observed activation patterns correlate to some extent with
solvation energy (61) of the substituted amino acids. Several hydrophilic residues (with low solvation energy) (Table 1) in this
position favor AhR activation by group 1 compounds, while only
substitutions to hydrophobic residues (with high solvation energy) (Table 1) retain activity with the group 4 compounds. Substitutions to Ala or Phe appear to differentiate the group 2 and
group 3 compounds (Table 1), indicating that the size of the hydrophobic side chain may determine subtle differences in ligand
binding.
Mutations of Phe318 result in changed agonist and antagonist modes of activation. This study has identified Phe318 as an
amino acid residue involved in determination of agonist/antagonist behavior of AhR ligands and exerting a lesser effect on ligand
selectivity than Ile319.
The F318L mutation dramatically decreased BNF-dependent
agonism (Fig. 7B), while it only slightly affected BNF binding (Fig.
7A). Thus, BNF antagonist activity may be due to BNF binding to
the AhR, while the F318L mutations would interfere with the BNF
binding in the agonist conformation/site. Thus, Phe318 mutations (F318L and F318A, as discussed above) may distinguish be-

tween the agonist and antagonist binding sites for compounds like
BNF and 3MC. To our knowledge, this is the first report of an
individual residue within the PASB involved in AhR transformation. Unlike Phe318 mutations, no antagonist activity was found
for Ile319 mutations with inactive compounds, indicating distinct
structural roles for these residues.
Currently, there are several hypotheses regarding the mechanism of antagonist action on AhR functionality. In one possible
mechanism, antagonists would bind to the AhR but, unlike agonists, would be unable to displace hsp90 from the PASB domain
binding site (10). In this mechanism, Phe318 would facilitate
hsp90 displacement by BNF through destabilization of AhRhsp90 interactions, and the F318L substitution would interfere
with this effect. However, hsp90 binding to F318L was similar to
that of the wtAhR (Fig. 8B), arguing against this mechanism.
Moreover, considering that some hsp90 binding determinants are
located within the LBD and close to Ala375 (10) (Fig. 1), binding
of any ligand, agonist or antagonist, would be expected to displace
hsp90 from the AhR LBD. Accordingly, the mechanism of action
of AhR antagonists will require further study.
Bound hsp90 may maintain AhR ligand promiscuity. Hsp90
binding studies revealed an inverse correlation between levels of
hsp90 binding and ligand promiscuity of AhR mutations. Specifically, levels of hsp90 binding were lowest with I319K, intermediate with F318E, and greatest with F318L and wtAhR, while ligand
promiscuity was lowest with I319K (activated only by one ligand
[FICZ]) and greatest with F318L and wtAhR (activated by most or
all ligands tested) (Fig. 8B). This correlation was further observed
for hsp90 binding studies with F318A and I319V (data not
shown). Since hsp90 has been proposed to maintain the AhR LBD
in an open ligand-binding competent state (13), it is possible that
decreased hsp90 binding would result in a diminished ability of
most AhR ligands to bind within the AhR LBD, and only the most
optimal ligands (such as FICZ, TCDD, and DBA) would be able to
bind to and activate these AhR mutants. In this mechanism, reduced hsp90 binding would invariably result in fewer active ligands (i.e., reduced ligand promiscuity with a given AhR mutation).
Table 2 summarizes and compares the functional properties of
select AhR LBD residues implicated in ligand binding and characterized in this and previous (10, 37) studies. One common thread
from the comparison of these data appears to be the interconnection of hsp90 binding properties with the agonist/antagonist
modes and ligand promiscuity of AhR activation. This interdependence confirms the overlap of hsp90-binding and ligandbinding regions (10) with the antagonist/agonist region, which
was suggested by the structural proximity of the involved amino
acid residues (Fig. 1).
Consistent with this common overlap of functional properties
(Table 2), Ala375, previously shown to stabilize bound TCDD and
whose mutation can dramatically decrease TCDD binding affinity
(33, 37), may itself demonstrate ligand-selective preferences in
ligand binding. In fact, indirubin is a more potent activator of the
human AhR, which contains a Val in position 375, than the mouse
AhR, which contains an Ala in this position (62).
The validity of the classical mechanism of AhR activation by
structurally diverse chemicals. Taken together, the mutagenesis
and functional activity results presented here and elsewhere
clearly demonstrate that the AhR can directly bind and be activated by structurally diverse chemicals (1, 2, 36, 63–66). These
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TABLE 2 Ligand-binding and hsp90-binding properties of select AhR LBD residues
Residue

Function

Mutation

Region of aa 280 to 287

Mediates hsp90 binding

Phe318

Mediates agonist/
antagonist switch
Mediates ligand-specific
agonist binding
Mediates agonist binding

To various
residues
To Ala, Leu

Ile319
Ala375

To K, Q, A, T, F
To Val
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Additional properties of
mutations

Decreased hsp90 binding

Changed ANF agonist/
antagonist potential
Decrease in hsp90 binding

10

Decrease in hsp90 binding

This study

Converted 3MC and/or BNF into
an antagonist
Conferred various degrees of
ligand-selective activation
Decreased AhR affinity for
TCDD

Reference

This study

37

Furthermore, ligand-selective mutations can be used as biological
probes for functional classifications of AhR agonists, in order to
elucidate the mechanisms of binding and toxicity of dioxin-like
compounds, as well as to study endogenous AhR-dependent pathways. Finally, development of ligand-specific AhR bioassays will
be useful in environmental and pharmacological screening and
will further our understanding of the mechanisms of AhR-dependent toxic and biological effects.
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