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Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates many
of the biological and toxic effects of halogenated aromatic hydrocarbons (HAHS), polycyclic
aromatic hydrocarbons (PAHSs), and other structurally diverse ligands. While HAHSs are several
orders of magnitude more potent in producing AhR-dependent biochemical effects than PAHSs or
other AhR agonists, only the HAHSs have been observed to produce AhR-dependent toxicity in
vivo. Here we have characterized the dissociation of a prototypical HAH ligand ([3H] 2,3,7,8-
tetrachlorodibenzo-p-dioxin [TCDD]) and PAH-like ligand ([3H] p-naphthoflavone [BNF]) from
the guinea pig, hamster, mouse, and rat hepatic cytosolic AhR in order to elucidate the relationship
between the apparent ligand-binding affinities and the divergent potency of these chemicals. Both
compounds dissociated very slowly from the AhR with the amount of specific binding remaining
at 96 h ranging from 53% to 70% for [3H]TCDD and 26% to 85% for [3H] PNF, depending upon
the species examined. The rate of ligand dissociation was unaffected by protein concentration or
incubation temperature. Preincubation of cytosol with 2,3,7,8-tetrachlorodibenzofuran, carbaryl, or
primaquine, prior to the addition of [3H]TCDD, shifted the apparent I1Csq of these compounds as
competitive AhR ligands by ~10- to 50-fold. Our results support the need for reassessment of
previous AhR ligand-binding affinity calculations and competitive binding analysis since these
measurements are not carried out at equilibrium binding conditions. Our studies suggest that AhR
binding affinity/occupancy has little effect on the observed differences in the persistence of gene
expression by HAHs and PAHSs.
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The aryl hydrocarbon receptor (AhR) is a ligand-activated member of the basic-helix—loop-
helix PAS domain superfamily of proteins that mediates the biological and toxic effects of
halogenated aromatic hydrocarbons (HAHSs) (Safe, 1990; Schmidt and Bradfield, 1996).
HAHSs are a diverse group of widespread, persistent, and toxic environmental contaminants
that include the polychlorinated dibenzo-p-dioxins, dibenzofurans, biphenyls, and related
compounds (Safe, 1990). The most potent HAH activator of the AhR and AhR-dependent
effects is that of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin). Mechanistically, the
AhR resides in the cytosol as part of a complex containing two molecules of heat shock
protein 90 (hsp90) and other proteins (Petrulis and Perdew, 2002). Upon ligand binding, the
ligand: AhR protein complex translocates into the nucleus wherein it is released from its
associated proteins and heterodimerizes with the aryl hydrocarbon receptor translocator
(ARNT) protein (Hankinson, 1995; Whitlock, 1999). Binding of the ligand:AhR:ARNT
complex to its specific DNA recognition site, termed the dioxin response element, stimulates
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transcription of adjacent downstream genes (Denison et al., 1998a; Schmidt and Bradfield,
1996; Whitlock, 1999).

Interestingly, while a closely related class of compounds, the polycyclic aromatic
hydrocarbons (PAHS), can bind to and activate the AhR and produce the same AhR-
mediated biological effects as HAHSs, these compounds typically bind with a much lower
affinity and do not cause AhR-dependent toxicity (Poland and Glover, 1980; Poland and
Knutson, 1982). While it has been reported that TCDD and the potent PAH AhR ligand 3-
methylcholanthrene (3-MC) were equally efficacious inducers of AhR-dependent CYP1A1l
in rat liver, TCDD was ~30,000 more potent (Poland and Glover, 1974). In addition, it was
observed that CYP1A1 gene induction by 3-MC was transient, with its associated enzymatic
activity returning to control levels by 8 days, compared to persistent maximal induction of
CYP1AL1 activity for > 35 days by TCDD.

Subsequent studies demonstrated that in mouse hepatoma (Hepalclc7) cells, TCDD was
~1000-fold more potent as an inducer of CYP1AL1 activity as compared to 3-MC despite
only having a three to fourfold greater binding affinity for the AhR (Riddick et al., 1994).
Other AhR agonists, such as the tryptophan- and indole-derived compounds 6-formylindolo
[3,2-b]carbazole and indolo[3,2-b]carbazole are very potent inducers with extremely high
affinities for the AhR, but, like 3-MC,theyonly transiently induce AhR-dependent gene
expression (Chen et al., 1995; Wei et al., 1998). Reports such as these raise questions as to
whether the inability of PAHSs to produce AhR-dependent toxicity is related to their binding
affinity, metabolic stability, and/or other factor(s).

In addition to binding kinetics studies defining the affinity of various HAHs and PAHs for
the AhR, characterization of ligand binding indicated that TCDD and other HAHSs bind the
receptor essentially irreversibly within the window of time that binding analysis is carried
out (Bradfield et al., 1988; Bunce et al., 1988; Farrell et al., 1987; Henry and Gasiewicz,
1993). These results raise questions as to the appropriateness of using traditional equilibrium
binding affinity calculations for the AhR. However, the majority of these studies on AhR
ligand-binding persistence have focused on rat hepatic cytosolic AhR and on HAHSs with
essentially no information as to whether similar binding characteristics are observed for
other species or AhR ligands. Here, we have further characterized persistent binding of
prototypical HAH (TCDD) and PAH-like (B-naphthoflavone [BNF]) ligands to the cytosolic
AhR from several species.

Materials and Methods

Materials

[3H]TCDD (18 Ci/mmol) and 2,3,7,8-tetrachlorodibenzofuran (TCDF) were generously
provided by Dr Steven Safe (Texas A&M University). [3H] BNF (19 Ci/mmol),
manufactured by ChemSyn Laboratories (Lenexa, KS), was a kind gift from Dr Mark Hahn
(Woods Hole Oceanographic Institute; Butler et al., 2001). [3H]17p-Estradiol (Ey; 28 Ci/
mmol) was purchased from NEN Life Science (Boston, MA). Dextran (size 124,000 MW
average) and diethylstilbestrol (DES) were from Sigma (St Louis, MO), Norit A charcoal
from JT Baker (Phillipsburg, NJ), and BiogelHTP hydroxyapatite (HAP) from BioRad
(Hercules, CA). Carbaryl (1-naphthyl N-methylcarbamate) was obtained from Chem Service
(Media, PA), and primaquine diphosphate from Aldrich (Milwaukee, W1).

Animals and preparation of cytosol

Male Hartley guinea pigs (400 g), Sprague—Dawley rats (200 g), C57BL/6 mice (20 g), and
Golden Syrian hamsters (125 g) were obtained from Charles River Laboratories
(Wilmington, MA). All animals were exposed to 12 h of light:12 h of dark daily and given
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free access to food and water. Calf uterine tissue was obtained from a local slaughter house
(Dixon, CA). Hepatic and uterine cytosol was prepared in HEDG (25mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5, 1mM ethylenediaminetetraacetic
acid, 1mM dithiotreitol, 10% [v/v] glycerol) buffer as previously described (Denison et al.,
2002b) and protein concentrations determined by dye-binding (Bradford, 1976). Cytosol
was stored at —80°C until use.

AhR binding and dissociation experiments

For standard binding experiments, hepatic cytosol from the indicated species (2 mg protein/
ml) was incubated with 2nM [3H]TCDD (a saturating concentration [data not shown]), in
the presence or absence of 200nM TCDF, for 2 h at 20°C and [3H]TCDD-specific binding
determined by the HAP assay as previously described in detail (Denison et al., 2002b). To
insure receptor saturation for incubations with higher protein concentrations (5-10mg/ml),
10nM [3H]TCDD and 1M TCDF were used. For dissociation experiments, after the initial
[3H]TCDD/TCDF incubation, samples (1.25 ml) were transferred onto dextran-coated
charcoal (DCC) pellets (1 mg:10 mg in HEDG) and incubated at room temperature for 10
min with periodic vortexing to remove free and loosely bound ligand. The “stripped”
supernatants were collected following centrifugation and TCDF added to each incubation to
a final concentration of 200nM. The time of readdition of TCDF was defined as the zero
time point in these studies. Aliquots (200 ul) were taken at the indicated times and
[3H]TCDD-specific binding was determined by HAP binding. Dissociation experiments
with BNF were the same as described above except 10nM [3H] BNF (a saturating
concentration [data not shown]) and 1uM TCDF were used in the incubations. For
preincubation binding experiments, hepatic cytosol was incubated with increasing
concentrations of the indicated chemical added either simultaneously with 2nM [3H]TCDD
or for 1 h prior to the addition of [3H]TCDD. This was followed by the standard 2-h
incubation for binding experiments, for a total incubation time of 3 h at 20°C, and
[3H]TCDD-specific binding determined by HAP analysis. 1Csps from the resulting data were
calculated using a Pseudo-Hill plot (Taylor and Insel, 1990).

Estrogen receptor (ER) dissociation experiments

Results

Calf uterine cytosol (2 mg/ml) was incubated with 2nM [3H]E; in the presence or absence of
100-fold excess DES for 2 h at 20°C. Samples (500 ul) were transferred onto DCC pellets (1
mg:10 mg in HEDG) and incubated at room temperature for 10 min with periodic vortexing
to remove free and loosely bound ligand. The “stripped” supernatant was collected
following centrifugation, DES was added to a final concentration of 200nM, and samples
were further incubated at 20°C. The time of readdition of DES was defined as the zero time
point in these studies. Aliquots (250 pl) were taken at the indicated times, transferred to a
DCC pellet (1 mg:10 mg in HEDG), and specific binding of [3H]E, determined as we have
previously described (Lashley et al., 2002).

Thermal stability of occupied versus unoccupied AhR

In order to examine the persistence of AhR ligand binding, we first determined the thermal
stability of the AhR over time. Previous studies have reported that unoccupied rat AhR is
susceptible to thermal inactivation as revealed by a progressive decrease in the ability of
cytosol to specifically bind [3H]TCDD when incubated in the absence of ligand for
increasing times at different temperatures (Bunce et al., 1988; Kester and Gasiewicz, 1987).
In addition, these studies reported that incubation with the ligand (TCDD) stabilized the
AhR against thermal inactivation. In order to obtain information about AhR stability for our
dissociation analysis, the stability of occupied and unoccupied AhR was examined at 20°C,
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the temperature of our standard AhR ligand-binding assay, and at 4°C, a temperature at
which the AhR is inherently more stable. To be able to compare our analysis to that of
previous studies, aliquots of rat hepatic cytosol incubated at each temperature were taken at
the indicated times and mixed with [2H]TCDD in the presence or absence of a 100-fold
molar excess of TCDF. After an additional 2 h incubation, [2H]TCDD-specific binding was
determined by HAP analysis (Fig. 1). Unoccupied receptor was more susceptible to thermal
inactivation at 20°C as compared to 4°C. At 20°C, more than 80% of [3H] TCDD-specific
binding to rat hepatic cytosol was lost by 8 h whereas at 4°C, it took 60 h to lose the same
amount of binding activity. These results are consistent with previous studies that reported
half lives ranging from ~40 min at 30°C to ~31.9 h at 5°C (Bunce et al., 1988; Kester and
Gasiewicz, 1987).

To confirm the effect of temperature on the dissociation of the [SH]TCDD-AR complex,
rat hepatic cytosol was first incubated for 2 h with [3H]TCDD in the presence or absence of
100-fold molar excess TCDF at 4°C or 20°C. Samples were then transferred to a DCC pellet
to remove free and loosely bound ligand, TCDF added to the supernatant (to 200nM), and
further incubated at 4°C or 20°C. The time of readdition of TCDF was defined as the time
zero point for these studies. Aliquots were taken at the indicated times and [3H]TCDD-
specific binding was determined by HAP assay. Similar to previous studies, ligand-bound
receptor was significantly more resistant to thermal inactivation than unoccupied receptor
(Fig. 1). At 60 h of incubation at 20°C and 4°C, only 30% and 20% of [3H]TCDD-specific
binding was lost, respectively. Not only do these results confirm that TCDD binding confers
both stability and resistance to thermal inactivation to the rat AhR (with respect to ligand
binding), but the minimal loss in [3H]TCDD-specific binding over time also demonstrates
that the [3H]TCDD ligand does not readily dissociate from the rat AhR at either temperature.

Persistent binding of [3H]TCDD to hepatic cytosol of various species

TCDD has been reported to bind to the AhR with a relatively high affinity (1pM-10nM,
depending on the species and assay employed (Bradfield et al., 1988; Denison et al., 1986a)
and for the rat hepatic AhR, TCDD dissociates very slowly with a T1/, on the order of ~70 h
(Henry and Gasiewicz, 1993). To determine whether this slow rate of ligand dissociation is a
characteristic of AhRs from other species, ligand dissociation experiments identical to those
described above were carried out using hepatic cytosol from Hartley guinea pigs, Golden
Syrian hamsters, C57BL/6 mice, and Sprague—-Dawley rats (Fig. 2). Similar to the above
results, [?H]TCDD dissociated slowly from the AhR of all the species tested, especially
within the 2 h time frame of standard competitive ligand-binding assays. At 3 h (Fig. 2A),
[3H]TCDD-specific binding to guinea pig, hamster, mouse, and rat cytosol, was 102 + 11%,
82 + 1%, 86 + 6%, and 92 + 6% of that at time zero, respectively. In addition, to characterize
better the time course of persistent binding (i.e., resistance to ligand dissociation), identical
experiments were carried out and specific binding determined at times out to 96 h after the
addition of TCDF. At 96 h, [BH]TCDD-specific binding was 70 + 5%, 64 + 5%, 53 + 15%,
and 65 * 11% of that at time zero for the species listed above, respectively (Fig. 2B). Taken
together, a small amount of ligand (10-20%) dissociated within 3 h from the mouse, rat, and
hamster cytosolic AhR, and the remainder dissociated very slowly throughout the remaining
experimental time period. There was no apparent ligand dissociation from the guinea pig
AhR during the 3-h incubation period.

While some of the reduction in ligand binding could result from AhR inactivation/
denaturation, our results clearly demonstrate the persistence of [3H]TCDD-specific binding
to hepatic cytosolic AhR for all of the species studies here. One possible explanation for the
slow rate of ligand dissociation could be that the low cytosolic protein concentration
typically used in binding experiments (2 mg/ml) may not favor dissociation of extremely
hydrophobic ligands, such as TCDD, into the aqueous incubation mixture. To test this
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possibility, we examined the rate of ligand dissociation from guinea pig hepatic cytosolic
AR (the species with the most persistent ligand binding) in incubations containing
increasing cytosolic protein concentration (Fig. 3). These results revealed no significant
difference between the protein concentrations examined and the relative rate of ligand
dissociation from the AhR for up to 48 h.

Persistent binding of [3H] BNF to hepatic cytosol of various species

The ability of other HAHSs, to bind persistently to the AhR has been reported (Brown et al.,
1994), but the resistance to dissociation was only inferred by the inability of [3H]TCDD to
displace bound, nonradioactive PCB congeners from the AhR. Although a similar indirect
approach could be taken with other AhR ligands, the availability of [3H] BNF of high
specific activity (Butler et al., 2001) provided an avenue with which to test directly the
persistence of binding of PAH-like ligands to the AhR. Accordingly, dissociation
experiments, identical to those described above, were performed using [°H] PNF, a
prototypical PAH-like ligand for the AhR. Similar to our results with [3H]TCDD,
dissociation of [3H] PNF from the AhR was also very slow. At 3 h, < 10% of [3H] PNF was
displaced from all three of the species tested (Fig. 4). [3H] PNF dissociation was slowest
from the guinea pig AhR and more rapid from the hamster and rat AhRs with 85 +13%, 60 +
5%, and 26 + 25% of specific binding remaining at 96 h for each species, respectively.
These results demonstrate that BNF, like TCDD, persistently binds to the hepatic cytosolic
AhR from various species, with some species differences in ligand dissociation.

It may be questioned as to whether the dissociation we observe at the nonphysiological
temperature of 20°C is biologically relevant and as such, we examined the rate of ligand
dissociation from guinea pig hepatic cytosolic AhR at 37°C. These experiments revealed
that the rate of dissociation for [BH]TCDD at 37°C was similar to that observed at 20°C
(compare Figs. 2b and 5). Interestingly, the dissociation of [3H] PNF from the AhR was
actually significantly reduced at 37°C as compared to 20°C (compare Figs. 4 and 5). While
the reason for the more persistent binding of BNF at the elevated temperature remains to be
determined, these results do confirm that the persistent binding results we obtained are not
an artifact of the reduced temperature of the binding reaction.

[3H]E, dissociates relatively rapidly from the bovine uterine cytosolic ER

The relatively rapid dissociation of ligands from other nuclear receptors has been previously
reported, with Ty, values on the order of 2—4 h for the estrogen and progesterone receptor
(Boctor et al., 1983; Ogle, 1986; Wooge et al., 1992). To confirm that the persistence of
AR ligand binding we observed was not simply an artifact of our experimental system, but
is a characteristic of the AhR, we examined the dissociation of [3H]E, from calf uterine ER.
Experimental controls were the same as that for the AhR experiments and incubations
consisted of uterine cytosol treated with [3H]E, (2nM) in the presence or absence of 100-
fold molar excess unlabeled DES for 2 h at 20°C, followed by charcoal stripping of free and
loosely bound ligand and the readdition of unlabeled DES to a final concentration of 200nM.
Aliquots were taken at various times and [3H]E specific binding determined using the DCC
binding assay with the time of readdition of DES defined as the zero time point. In contrast
to the persistent binding of ligands to the AhR, dissociation of [2H]E, from the ER was
significantly faster with ~40% of [2H]E,-specific binding lost by 3 h, ~60% lost by 6 h, and
~80% lost by 24 h (Fig. 6). These results are consistent with previously published
dissociation rates for [2H]E, and confirm the validity of the experimental system we used to
measure ligand dissociation and the unique ligand-binding persistence of the AhR.
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Effect of persistent AhR ligand binding on analysis and interpretation of binding results

Our dissociation experiments indicate that both a high affinity ligand (TCDD) and a lower
affinity ligand (BNF) bind the hepatic cytosolic AhR from several species relatively
persistently. This has significant implications with regard to analysis of typical AhR
competitive ligand-binding experiments and interpretation of their results. The persistent
binding of ligands to the AhR suggests that competitive ligand-binding assays may actually
represent a “race between ligands to bind first,” with higher affinity ligands binding
preferentially if the ligands are at equal concentrations. If this is true, then the actual binding
affinity calculated from competitive binding experiments between TCDD and a weaker
ligand may result in a significant underestimation of the actual affinity of a competitive
ligand for the AhR. To test this, guinea pig hepatic cytosol was incubated with increasing
concentrations of TCDF added either simultaneously with [3H]TCDD, as in a typical
competitive binding experiment, or allowed to preincubate for 1 h prior to the addition of
[3H]TCDD, followed by a 2-h incubation and determination of [3H]TCDD-specific binding.
As was expected, the competitive binding curve for TCDF upon 1-h preincubation was
shifted to the left by ~50-fold, indicating a greater apparent binding affinity than suggested
by the simultaneous addition experiments (Fig. 7). The calculated ICggs for TCDF were
1.6nM and 44.3pM for the simultaneous addition and preincubation samples, respectively
(Table 1). This result raises questions as to whether the apparent relative affinities measured
for other ligands using radioligand displacement from the AhR are also significantly greater
than currently thought.

Numerous compounds have been described that can activate the AhR yet do not appear to
compete with [3H]TCDD for binding to the AhR (Denison and Nagy, 2003; Denison et al.,
1999; Fontaine et al., 1999; Ledirac et al., 1997). While we have previously documented
that there are some technical issues with regards to the specific binding assay methodologies
used in these experiments, the binding persistence we observe here could contribute to the
inability of other investigators to demonstrate competitive ligand binding by these so-called
“ligand-independent” or nonbinding activators of the AhR. One interpretation is that these
chemicals are actually very weak AhR ligands that do not effectively compete with
[3H]TCDD for ligand binding. If this is true, then utilizing the preincubation approach
demonstrated above should allow us to demonstrate the ability of some of these nonbinding
AR activators to bind effectively to the AhR. In these experiments, three compounds
(thiabendazole, carbaryl, and primaquine) were added to a final concentration of 100uM to
guinea pig hepatic cytosol either 1 h before, or simultaneously with [3H]TCDD and specific
binding of [H]TCDD determined as described above. Interestingly, using the binding assay
method we previously optimized for lower affinity ligands (Denison et al., 1998b), we
actually observe that each of these chemicals can displace [*H]TCDD binding to the AhR
even when added simultaneously with [BH]TCDD (Fig. 8). Moreover, as expected,
preincubation with either carbaryl or thiabendazole at this concentration resulted in a
significantly lower amount of [3H]TCDD binding under the experimental conditions used.
In contrast, primaquine was equally effective at preventing radio-ligand binding in both
incubation formats. Concentration-dependent binding inhibition experiments with carbaryl
and primaquine revealed that each compound was a more efficient competitor when added
prior to [BH]TCDD with an increase in the calculated ICsq for binding of each compound of
~10-fold (Table 1). These results also support the use of preincubation in [3H]TCDD-
binding experiments to aid in the identification of weak AhR ligands since equilibrium is not
reached in a typical experiment due to the very slow dissociation of the radioligand.

Discussion

In this study, we have demonstrated the persistent binding (i.e., extremely slow dissociation)
of [BH]TCDD to the guinea pig, mouse, hamster, and rat hepatic cytosolic AhR. Ligand
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dissociation from the rat AhR was previously shown to have a biphasic pattern (Bradfield et
al., 1988; Henry and Gasiewicz, 1993). This two component dissociation rate was suggested
to result from an initial relatively fast dissociation of ligand from nontransformed receptor
and a slower rate of dissociation from both the monomeric (ARNT-free) and heterodimeric
(ARNT-bound) forms of the receptor. While our results suggest a similar two component
dissociation rate for rat, mouse, and hamster AhR, we had an insufficient number of data
points during the initial dissociation time to allow rate calculations. It is possible that the
differences in [BH]TCDD dissociation rates between the cytosolic AhR of the species tested
that occurred primarily during the initial phase of our time course study may be related to
species differences in AhR transformation efficiencies. The relative TCDD-induced
transformation efficiencies for AhR from these four species in order of highest to lowest is
guinea pig > rat > hamster > mouse (Bank et al., 1992; Denison et al., 1991). However, if
ligand dissociation was directly related to transformation state of the AhR as suggested for
the rat AhR (Henry and Gasiewicz, 1993), then the rank order of ligand dissociation for
these four species would be expected to be inversely related to their rank order of
transformation efficiency. Consistent with this hypothesis, the greatest degree of
transformation and most persistent ligand binding of both [BH]TCDD and [3H] BNF was
observed with guinea pig cytosolic AhR, while that of the mouse AhR, which transforms
relatively poorly in vitro (< 10%, Bank et al., 1992; and unpublished observations),
demonstrated the greatest degree of ligand dissociation in these experiments. This low
efficiency of transformation of the mouse AhR has been suggested to be due to the extreme
resistance of Hsp90 to dissociate from the mouse AhR, a phenomenon not observed for the
AhR from other species (Denison, 1992; Denison and Vella, 1990; Denison et al., 1986b).
However, the rate of ligand dissociation from the AhR of the remaining species did not
correlate as well with their transformation efficiencies. The lack of a consistent relationship
between the degree of AhR transformation and ligand dissociation suggests the involvement
of other factors, and/or the existence of unique structural differences among the AhRs of
different species which remain to be identified.

Recent studies have demonstrated relatively rapid dissociation of ligand from human AhR
expressed in COS cells (Ramadoss and Perdew, 2004, 2005). These results, combined with
those reported by Bradfield et al. (1988), suggested that AhR ligand-binding affinity was
affected by protein concentration. Accordingly, the lack of TCDD dissociation we observed
could result not from persistent ligand binding, but from the extreme lipophilicity of this
ligand such that it would remain more tightly bound to the AhR because it is essentially
insoluble in the aqueous incubation media. However, several lines of evidence obtained here
argue against this possibility. First, if the lack of ligand (TCDD) dissociation was due to its
lipophilicity, then it would be expected that the off rate of BNF, a more water soluble
compound, would be much faster than that for TCDD. Given that the log Kow for TCDD is
6.80 (Gobas et al., 1988) whereas the calculated log Kow for BNF is 4.68 (Meylan and
Howard, 1995), BNF is approximately two orders of magnitude more soluble in water than
TCDD. However, our results show that both compounds persistently bind hepatic AhR from
several species. In fact, at 37°C, BNF dissociated somewhat slower from guinea pig hepatic
cytosolic AhR than TCDD. In addition, increasing the protein concentration of the binding
incubation in order to provide more hydrophobic and nonspecific binding sites had no
significant effect on [3H]TCDD-binding persistence. While a previous study demonstrated
that increasing C57BL/6J cytosolic protein concentrations could alter the apparent
dissociation constant (Kd) values determined by Scatchard analysis (Bradfield et al., 1988),
their results show that this change was due to an alteration in the association rate constant
(k1) and not the apparent dissociation rate constant (k_1), and this would be consistent with
our results. In contrast, a recent study reported a protein concentration-dependent
dissociation of the photoaffinity AhR ligand 2-azido-3-[(12%)1]iodo-7,8-dibromodibenzo-p-
dioxin from the human, but not the mouse AhR (Ramadoss and Perdew, 2004). Site-directed
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mutagenesis, and additional studies using mouse and human AhR chimeras (Ramadoss and
Perdew, 2005), indicate that this species-specific difference was attributed to valine 381 of
the human AhR (Ala375 in the mouse AhR), an amino acid within the ligand-binding pocket
responsible for its 10-fold lower binding affinity (Ema et al., 1994; Ramadoss and Perdew,
2004). While this previously reported lack of ligand dissociation from the mouse AhR is
consistent with our results, the relatively rapid dissociation of ligand from the human AhR
may reflect a species-specific difference in persistent binding of ligands and may be related
to the lower ligand-binding affinity of the human AhR. However, this remains to be
determined.

Our studies demonstrate persistent binding of ligand to the AhR in vitro and suggest the
ability of the AhR to be persistently activated, however, the AhR is known to be relatively
rapidly degraded by the proteasome in vivo and in cells in culture following ligand binding
(Pollenz, 1996, 2002; Pollenz and Buggy, 2006; Song and Pollenz, 2002). As might be
expected, the dramatic reduction in measurable AhR levels is directly correlated with
reductions in the maximal level of induced AhR-dependent gene expression (Song and
Pollenz, 2002). While effect of persistent ligand binding to the AhR we observe may be
countered to some degree by AhR degradation, it should be noted that these and other
studies demonstrate that AhR is not completely eliminated and that ligand- and AhR-
dependent gene expression continues, albeit at a reduced level. The ability of the guinea pig
AhR to bind to DNA up to 48 hours after ligand addition (data not shown) indicates that the
persistently bound ligand (TCDD) maintains the AhR in its transformed DNA binding state.
However, given reported differences in the overall rate and amount of ligand-dependent
AhR degradation in various cells in culture and in vivo (Pollenz, 1996; Pollenz and Buggy,
2006; Pollenz and Dougherty, 2005), it is likely that persistent ligand binding to and
activation of the AhR could contribute to cell-, tissue-, and species-specific differences in
AhR-dependent gene expression.

The persistent binding of both TCDD and BNF to the AhR has interesting implications with
regard to our understanding the mechanism of AhR-dependent toxic and biological effects
of HAH versus non-HAH ligands. While, all AhR agonists induce AhR-dependent gene
expression (Denison et al., 1999; Poland and Glover, 1974; Riddick et al., 1994), their
potencies can vary by several orders of magnitude and only HAHs have been observed to
produce the AhR-dependent battery of toxic effects associated with TCDD exposure. A
number of reports have examined the mechanistic reason for this. Possible explanations
include differences in binding affinity, binding persistence, AhR transformation and DNA
binding, recruitment of transcriptional cofactors, gene expression and/or embolic stability of
the ligands. The results of our studies suggest that it is unlikely that the differences in
toxicity of HAH and non-HAH AhR agonists are due to their persistence of ligand binding.
While affinity may play a role in the initial binding of ligand to AhR, dictating how much
AhR is occupied at a given ligand concentration, loss of ligand from the AhR does not
appear to be significantly different once the AhR has transformed. The more likely
difference is that the less potent PAHs and other compounds are relatively quickly
eliminated by both basal and AhR-induced metabolizing enzymes in exposed cells. Once the
pool of PAH ligand is reduced, less is available to bind newly synthesized AhR and the
induction response is progressively reduced. Interestingly, the ability of PAHs (i.e., BNF
and 3-MC) produce persistent induction of CYP1A1 and/or CYP1Al-dependent enzymatic
activity (in some cases for up to 45 days) has been reported by several laboratories (Brauze,
2004; Moorthy, 2000 and references therein). While the mechanism for this persistent
induction response is not clear, it appears to occur in an AhR independent manner (Moorthy,
2000). In contrast, HAH ligands that are metabolically stable produce persistent gene
activation as a result of continual availability for binding and activation of newly
synthesized AhR and this can lead to toxic effects. This hypothesis is supported by a study
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showing prolonged induction of CYP1A1 mRNA expression in human keratinocytes when
cotreated with BNF and the CYP1A1 suicide inhibitor 1-ethynylpryene (Berghard et al.,
1992). In addition, increased in vivo AhR-dependent embryotoxicity by metabolically labile
PAHs in Fundulus heteroclitus has been observed when they are treated in conjunction with
a CYP1A1 inhibitor (Wassenberg and Di Giulio, 2004; Wassenberg et al., 2005). These
results indicate that PAHs can produce AhR-dependent toxicity if they are not metabolized
and eliminated, but instead remain available for AhR binding for an extended period of time.

From an experimental standpoint, our results also question the feasibility of using typical
equilibrium binding kinetics approaches for the calculation of accurate AhR ligand-binding
affinity. The expression of ligand-binding affinity as a Kd is determined by the relationship
between the on and off rates of a ligand for its receptor, k; and k_q, respectively. In the case
of the AhR, accurate determination of a Kd is limited by the fact that there is little to no
dissociation (k_1), especially within the time frame of standard binding experiments,
typically 2 h. According to the assumptions and equations of receptor occupancy theory, in
order to reach equilibrium and accurately determine an equilibrium dissociation constant for
a ligand, the incubation time for a competitive binding experiment must continue for at least
four to five half lives of dissociation (Taylor and Insel, 1990). Our results clearly
demonstrate that this requirement is not met using current AhR competitive binding analysis
protocols (1-3 h incubation), and is also not realistically practical for this system. The
inappropriateness of deriving Kd values from [3H]TCDD-binding experiments is further
demonstrated by the results of our preincubation experiments with TCDF. Previous studies
have demonstrated that the order of addition of cold competitor and labeled ligand can affect
apparent affinity measurements from competitive displacement of specific binding (Brown
et al., 1994; Farrell and Safe, 1987). However, these studies were only carried out at single
competitor concentrations. Here we have demonstrated that when cytosol is preincubated
with increasing concentrations of TCDF for 1 h prior to the addition of labeled TCDD, the
relative affinity estimated from its ICg is increased by ~50-fold. Accordingly, since
equilibrium is not reached during the incubation time of a standard [3H]TCDD-binding
experiment, absolute Kd values cannot be determined. What is actually being measured is a
race between ligands competing to be “first to bind” which is based on their relative
affinities and concentrations, and could be used to determine an association constant. Useful
information can still be obtained from [3H]TCDD-binding experiments for determining
relative Kd values for comparisons between ligands providing that they are tested using the
exact same experimental protocols. However, values for different compounds cannot be
directly compared from studies with different experimental designs, especially with regards
to incubation time and order of chemical addition.

Although the results obtained in our studies complicate binding analyses, they also provide
an avenue to address the ongoing debate regarding ligand-independent activators of the
AhR. A number of reports have described compounds that can stimulate ligand-dependent
AR transformation and DNA binding, and also induce AhR-dependent gene expression, but
state that these agonists must activate the AhR indirectly since they fail to displace
[3H]TCDD in ligand-binding assays (Delescluse et al., 1998; Fontaine et al., 1999; Gradelet
et al., 1997; Ledirac et al., 1997; Lesca et al., 1995). In contrast, other investigators have
been able to demonstrate the specific binding of some of these same compounds to the AhR,
carbaryl and primaquine being two examples (Backlund and Ingelman-Sundberg, 2004;
Denison et al., 1998b). One possible explanation for these differing results is the ligand-
binding protocol used in the former studies, particularly with regard to the concentrations of
[3H]TCDD and competitor used. Consistent with our previous report, use of a modified
competitive binding assay that facilitates the identification of low-affinity AhR ligands
(Denison et al., 1998b), as well as preincubating cytosolic with the chemicals in question,
has allowed us to demonstrate clearly the ability of carbaryl, primaquine, and thiabendazole
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to inhibit the binding of [2H]TCDD to the AhR. More importantly, allowing ligand to
preincubate with cytosol prior to the addition of [2H]TCDD resulted in a consistent ~10-fold
shift in the 1C5q for each of the compounds tested suggesting that this experimental
modification of the ligand-binding protocol will be useful in demonstrating the binding of
low-affinity ligands to the AhR

The lack of protein structure information on the AhR ligand-binding domain limits our
ability to propose an exact mechanism for persistent ligand binding. However, using an
available homology model of the AhR ligand-binding domain (Denison et al., 2002a;
Procopio et al., 2002; Pandini et al., 2007) we hypothesize that ligand binding induces a
conformational change in the receptor that traps the ligand within the binding pocket. The
current homology model represents an hsp90-free state of the AhR, and we propose that this
model represents the closed, or ligand bound, conformation of the ligand-binding domain.
One can envision that in the presence of hsp90, the ligand-binding pocket is in a much more
open conformation, and ligand binding within the pocket leads to a structural change that
causes the pocket to close over the ligand, effectively trapping it and thus dramatically
reducing ligand dissociation. This structural change, and apparent increase in binding
affinity, could occur simultaneously with AhR transformation as previously suggested
(Henry and Gasiewicz, 1993). While a similar “ligand trap” model has been proposed for
steroid hormone receptors, this mechanism does not appear to trap their ligands as
effectively as that of the AhR since ligands can more rapidly dissociate from these receptors
(Notides et al., 1979; Weichman and Notides, 1977). Like the AhR, ER transformation from
an inactive to active state was demonstrated to increase the apparent affinity of ligand
binding and is a proposed mechanism for the biphasic dissociation of ligands from the ER
(Notides et al., 1979; Weichman and Notides, 1977). We propose a ligand-binding model
that is very similar to that of the ER wherein ligand can dissociate from untransformed
ligand:receptor complex (LR), but once AhR is converted into its transformed state (LR*),
ligand cannot readily dissociate. In this scenario, binding affinity is important in the initial
interaction between ligand and receptor (LR), but once binding has induced the necessary
conformational change in the AhR (LR¥*), all ligands, regardless of their initial affinity,
would become similarly trapped within the binding pocket and not dissociate from the
receptor. It remains to be determined whether ligand-dependent differences in AhR structure
and/or interaction with nuclear cofactors exist that also play a role in the differential
response and/or responsiveness of a given species or cell to HAHs, PAHSs, and other AhR
agonists.
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FIG. 1.

Ligand binding confers thermal stability to Sprague—Dawley rat hepatic cytosolic AhR.
Unoccupied receptor: Rat hepatic cytosol (2 mg/ml) was incubated at the indicated
temperature and aliquots (500 ul) were removed at the indicated times incubated with 2nM
[BH]TCDD in the absence or presence of 200nM TCDF for 2 h. Occupied receptor: Rat
hepatic cytosol (2 mg/ml) was incubated with 2nM [3H]TCDD in the absence or presence of
200nM TCDF for 2 h, stripped with DCC to remove free and loosely bound ligand, and then
incubated with cold TCDF (to 200nM) for the indicated times at the indicated temperatures.
For both unoccupied and occupied receptor incubations, specific binding of [BH]TCDD was
determined using the HAP assay and data are presented as the mean + SD of triplicate
incubations.
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FIG. 2.

[BH]TCDD does not readily dissociate from the hepatic cytosolic AhR from various species.
Hepatic cytosol (2 mg/ml) from the indicated species was incubated with 2nM [3H]TCDD in
the absence or presence of 200nM TCDF for 2 h, charcoal stripped to remove free and
loosely bound ligand and then further incubated with cold TCDF (to 200nM) at 20°C.
Specific binding of [BH]TCDD was determined by the HAP assay at the indicated times out
to 12 h (A) or 96 h (B). Data are presented as the mean £ SD of at least quadruple
incubations.
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FIG. 3.

Protein concentration does not affect the persistence of [2H]TCDD binding to Hartley
guinea pig hepatic cytosolic AhR. Guinea pig hepatic cytosol of increasing protein
concentrations (2-10 mg/ml) was incubated with [BH]TCDD in the absence or presence of
100-fold excess TCDF for 2 h. The final concentration of [BH]TCDD was 2nM for the 2 mg/
ml samples, and 10nM for the 5 and 10 mg/ml samples. After 2 h, incubation were charcoal
stripped to remove free and loosely bound ligand and then incubated with 200nM TCDF (2
mg/ml samples) or 1uM TCDF (5-10 mg/ml samples) at 20°C. Specific binding of
[BH]TCDD was determined by the HAP assay at the indicated times. Data are presented as
the mean + SD of at least triplicate incubations.
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FIG. 4.

[BH]BNF does not readily dissociate from hepatic cytosolic AhR from various species.
Hepatic cytosol (2 mg/ml) from the indicated species was incubated with 10nM [3H] BNF in
the absence or presence of 1 uM TCDF for 2 h, charcoal stripped to remove free ligand and
then incubated with cold TCDF (1 uM) at 20°C. Specific binding of [3H] pNF was
determined by the HAP assay at the indicated times. Data are presented as the mean + SD of
at least triplicate incubations.
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FIG. 5.

Persistent binding of [BH]TCDD and [2H]BNF to guinea pig hepatic cytosolic AhR is
observed at 37°C. Guinea pig hepatic cytosol (2 mg/ml) was incubated with 2nM
[BH]TCDD in the absence or presence of 200nM TCDF, or 10nM [3H]BNF in the absence or
presence of 1uM TCDF for 2 h, charcoal stripped to remove free and loosely bound ligand
and then incubated with TCDF (200nM or 1 uM, respectively, at 37°C). Specific binding of
[BH]TCDD and [3H] BNF was determined by the HAP assay at the indicated times. Data are
presented as the mean + SD of at least triplicate incubations.
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FIG. 6.

[BH]E, dissociates relatively rapidly from bovine uterine cytosolic ER. Bovine calf uterine
cytosol (2 mg/ml) was incubated with 2nM [3H]E in the absence or presence of 200nM
DES for 2 h, charcoal stripped to remove free and loosely bound ligand and incubated with
cold DES (200nM) at 20°C. Specific binding of [3H]E, was determined at the indicated time
using the DCC method as described under the “Materials and methods” section. Data are
presented as the mean + SD of at least triplicate incubations.
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TCDF has a higher apparent binding affinity for guinea pig hepatic cytosolic AhR when
incubated prior to [BH]TCDD addition. Simultaneous addition: Guinea pig hepatic cytosol (2
mg/ml) was incubated with 2nM [3H]TCDD in the absence or presence of TCDF at the
indicated concentration for 3 h at 20°C. Preincubation: Guinea pig hepatic cytosol (2 mg/ml)
was incubated in the absence or presence of the indicated concentration of TCDF for 1 h at
20°C followed by the addition of 2nM [3H]TCDD and further incubation for 2 h. Specific
binding of [?H]TCDD was determined by the HAP assay at the indicated times. Data are

presented as the mean + SD of at least triplicate incubations.
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FIG. 8.
Binding of “ligand-independent” AhR activators to the guinea pig hepatic cytosolic AhR.

Simultaneous addition: Guinea pig hepatic cytosol (2 mg/ml) was incubated with 2nM
[3H]TCDD in the absence or presence of 100uM of the indicated compounds for 3 h at
20°C. Preincubation: Guinea pig hepatic cytosol (2 mg/ml) was incubated in the absence or
presence of 100uM of the indicated compounds for 1 h at 20°C followed by the addition of
2nM [BH]TCDD and further incubation for 2 h. Specific binding of [2BH]TCDD determined
by the HAP assay. Data are presented as the mean £ SD of at least triplicate incubations.
The asterisk (*) identifies those compounds for which significantly more [3H]TCDD-
specific binding was inhibited by preincubation as compared to simultaneous addition, as
determined by the Student's two-tailed t-test (p < 0.05).
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TABLE 1
Preincubation Shifts the Apparent 1Cgq of Ligands for the AhR

1Cso (M)

Compound  Simultaneous addition  Preincubation

TCDF 1.6 x 1079 44 x 10711
Carbaryl 15x 1075 3.1x10°6
Primaquine 3.2x10°5 47x10°8

Page 23

Note. Simultaneous addition: Guinea pig hepatic cytosol (2 mg/ml) was incubated with 2nM [3H]TCDD in the absence or presence of increasing
concentrations of the indicated compounds for 3 h at 20°C. Preincubation: Guinea pig hepatic cytosol (2 mg/ml) was incubated in the absence or

presence of increasing concentrations of the indicated compounds for 1 h at 20°C followed by the addition of 2nM [3H]TCDD and further

incubation for 2 h. Specific binding of [3H]TCDD in all incubations was determined by the HAP assay and IC50s calculated from a Pseudo-Hill

plot of the competition displacement curves.
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