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Models of receptor action are valuable for describing properties
of ligand-receptor interactions and thereby contribute to mecha-
nism-based risk assessment of receptor-mediated toxic effects. In
order to build such a model for the aryl hydrocarbon receptor
(AHR), binding affinities and CYP1A induction potencies were
measured in PLHC-1 cells and were used to determine intrinsic
efficacies for 10 halogenated aromatic hydrocarbons (HAH):
2,3,7.8-tetrachlorodibenzo-p-dioxin (TCDD), 2,3,7,8-tetrachlorod-
ibenzofuran (TCDF), and eight polychlorinated biphenyls (PCB).
TCDD, TCDF, and non-ortho-substituted PCBs 77, 81, 126, and
169 behaved as full agonists and displayed high-intrinsic efficacy.
In contrast, the mono- and di-ortho-substituted PCBs bound to the
AHR but displayed lower or no intrinsic efficacy. PCB 156 was a
full agonist, but with an intrinsic efficacy 10- to 50-fold lower than
non-ortho-substituted PCBs. PCB 118 was a very weak partial
agonist. PCBs 105 and 128 were shown to be competitive antag-
onists in this system. The model was then used to predict CYP1A
induction by binary mixtures. These predictions were tested with
binary mixtures of PCB 126, 128, or 156 with TCDD. Both PCB
156 (a low-intrinsic efficacy agonist) and PCB 128 (a competitive
antagonist) inhibited the response to TCDD, while the response to
TCDD and PCB126 was additive. These data support the follow-
ing conclusions: 1) only 1-2% of the receptors in the cell need be
occupied to achieve 50% of maximal CYP1A induction by one of
the high-intrinsic efficacy agonists, demonstrating the existence of
“spare” receptors in this system; 2) the insensitivity of fish to
ortho-substituted PCBs is due to both reduced affinity and reduced
intrinsic efficacy compared to non-ortho-substituted PCBs; 3)
PCB congeners exhibit distinct structure-affinity and structure-
efficacy relationships. Separation of AHR ligand action into
the properties of affinity and intrinsic efficacy allows for im-
proved prediction of the behavior of complex mixtures of ligands,
as well as mechanistic comparisons across species and toxic
endpoints. © 2000 Academic Press
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The aryl hydrocarbon receptor (AHR)® is a soluble receptor/
transcription factor that mediates the toxicity of a variety of
compounds, most notably 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) and structurally related halogenated aromatic hydro-
carbons (HAH). Individual HAHs differ dramatically in their
potency for eliciting biological effects. Application of receptor
models based on pharmacological principles to evaluate rela-
tionships among chemical structures and biological potencies
of AHR ligands may aid in predicting their toxicity, both
individually and in mixtures (Poland, 1991, 1996). A “Recep-
tor Biology Roundtable” has called for quantitative assessment
of ligand-receptor interactions to aid in mechanism-based risk
assessment of environmental toxicants (Limbird and Taylor,
1998).

The potency of the ligand for eliciting a response (i.e., the
dose-response relationship) depends on the properties of af-
finity and efficacy®. Affinity is the strength of the interaction,
or binding, with the receptor, and is a property of the ligand
and receptor. Efficacy is the ability of that ligand-receptor
complex to produce a response (Ariens, 1954; Stephenson,
1956) and is influenced by both ligand- and tissue-specific
properties. The intrinsic efficacy of a ligand is the ability of
that ligand to convert the receptor to an active form (Furchgott,

* Abbreviations used: AHR, aryl hydrocarbon receptor; ARNT, aryl hydro-
carbon receptor nuclear translocator; BSA, bovine serum albumin; CYP1AL,
cytochrome P4501A1; DRE, dioxin responsive element; EROD, ethoxyresoru-
fin-O-deethylase; HAH, halogenated aromatic hydrocarbon; LSC, liquid scin-
tillation counting; MEM, minimum essential medium; PBS, phosphate-buff-
ered saline; PCB, polychlorinated biphenyl; PCB 77, 3,3'4,4'-
tetrachlorobiphenyl; PCB 81, 3,4,4'5-tetrachlorobiphenyl; PCB 105,
2,3,3' 4,4’ -pentachlorobiphenyl; PCB 118, 2,3',4,4',5-pentachlorobiphenyl;
PCB 126, 3,3',4,4',5-pentachlorobiphenyl; PCB 128, 2,2',3,3',4,4'-hexachlo-
robiphenyl; PCB 153, 22'44'5,5- hexachlorobiphenyl, PCB 156,
2,3,3',4,4' ,5-hexachlorobiphenyl; PCB 169, 3,3',4,4',5,5'- hexachlorobiphe-
nyl; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDF, 2,3,7,8-tetrachloro-
dibenzofuran; TEF, toxic equivalency factor.

‘ We have followed the definitions of these and other terms related to

receptor pharmacology as outlined in Jenkinson et al. (1995).
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1966)°. Thus, individual ligands can be characterized by their
affinity for the receptor and by the intrinsic efficacy with which
they activate the receptor. Tissue-specific properties (often
collectively termed “coupling”) include the concentrations of
receptors and other molecules required for transduction of the
signal initiated by the ligand-receptor complex to achieve a
response.

The best-studied and most frequently used measure of re-
sponse to AHR agonists is cytochrome P4501A (CYP1A)
induction. Following agonist binding, the AHR translocates to
the nucleus, forms a heterodimer with ARNT, and interacts
with enhancer elements (DREs) and transcriptional cofactors to
activate transcription of several genes, including CYP1A1 (for
reviews see Hankinson, 1995; Schmidt and Bradfield, 1996).
Based largely on CYP1A induction, the relationships between
chemical structure and response potencies for several AHR
ligands have been evaluated (for review see Safe, 1990). These
studies have resulted in identification of agonists, partial ago-
nists (Blank ez al., 1987; Astroff et al., 1988; Merchant et al.,
1992; Santostefano et al., 1992), and antagonists (Biegel et al.,
1989; Aarts et al., 1995; Lu et al., 1995; Gasiewicz et al., 1996;
Reiners et al., 1998; Ciolino et al., 1999; Henry et al., 1999).
AHR binding affinities, response EC50s, and/or response in-
hibition IC50s have been determined for some of the com-
pounds, but intrinsic efficacies of AHR ligands have not. A
quantitative assessment of intrinsic efficacies is necessary to
construct mechanistic models of AHR ligand action.

Here we report the characterization of AHR ligands in a
system where stimulus (AHR binding) and response (CYP1A
induction) were measured in whole-cell assays. The data were
used to build a stimulus—response model for the cells of inter-
est. The primary use of the model was to develop a general
pharmacological approach to distinguish the contributions of
affinity and intrinsic efficacy to AHR ligand potency. The
utility of this approach then was demonstrated by using these
data to determine the molecular basis for the relative insensi-
tivity of fish to ortho-substituted polychlorinated biphenyls
(PCBs). Reduced potency of these compounds in fish was first
suggested by in vivo studies of CYP1A inducibility (Gooch et
al., 1989) and later supported by studies of embryotoxicity
(Walker and Peterson, 1991) and CYP1A induction in vitro
(Hahn and Chandran, 1996).

The PLHC-1 cell line, derived from a hepatocellular carci-
noma of the teleost Poeciliopsis lucida (Hightower and Renfro,
1988), expresses an AHR and an inducible CYP1A (Hahn e¢

*1It is important to note that a tissue with sufficient receptors and other
required molecules will still produce a maximal response after treatment with
a ligand that has comparatively low intrinsic efficacy. Thus, due to differential
coupling, the same compound can be a full agonist, partial agonist, or antag-
onist in different tissues in the same organism (Kenakin, 1999). Here we will
refer to high-intrinsic efficacy and low-intrinsic efficacy agonists to indicate
properties of the ligand—receptor interaction that are independent of tissue. The
terms full and partial agonist are used to describe agonists that are capable or
incapable, respectively, of inducing the maximum possible response in a tissue.

al., 1993, 1996; Hestermann et al., 2000). Moreover, PLHC-1
cells, like fish and other fish cells, are relatively insensitive to
ortho-substituted PCBs, as measured by CYP1A induction and
uroporphyrin accumulation (Hahn and Chandran, 1996; Hahn
and Woodward, unpublished results). Therefore, these cells are
an appropriate system for testing the mechanism of insensitiv-
ity. Ten HAH, including TCDD, 2,3,7,8-tetrachlorodibenzofu-
ran (TCDF), and non-ortho-, mono-ortho-, and di-ortho-sub-’
stituted PCBs, were chosen to include known agonists as well
as suspected partial agonists and antagonists. Furthermore,
these compounds span a range of toxic potencies and many of
them occur in the environment at concentrations sufficient to
warrant concern for their effects in wildlife and humans (Jones,
1988; McFarland and Clarke, 1989; van den Berg et al., 1998).

We show here that the insensitivity of PLHC-1 cells to
ortho-substituted PCBs is due to differences in both affinity
and intrinsic efficacy compared to non-ortho-substituted PCBs.
Stimulus-response relationships determined for these HAH
broaden our understanding of the activities of these compounds
and provide a framework for future studies of other organisms,
tissues, AHR ligands, and responses.

MATERIALS AND METHODS

Chemicals and solutions. 2,3,7,8-Tetrachloro[1,6-*H]dibenzo-p-dioxin
((’H]TCDD, purity = 97%, specific activity 27 Ci/fmmol) was obtained from
- Chemsyn Science Laboratories (Lenexa, KS). TCDD, TCDF, and all PCBs
(purity > 98% for all) were obtained from Ultra Scientific (Kingston, RI).
Resorufin, ethoxyresorufin, and Amplex Red were from Molecular Probes
(Eugene, OR). Peroxidase conjugated goat anti-mouse antibody was from
Pierce (Rockford, IL). All other reagents were obtained from Sigma (St. Louis,
MO).

Phosphate-buffered saline (PBS) is 0.8% NaCl, 0.115% Na,HPO,, 0.02%
KCl, 0.02% KH,PO,, pH 7.4. Phosphate buffer is 50 mM Na,HPO, with pH
adjusted to 8.0 using 50 mM NaH,PO,. TCDD, TCDF, and PCB solutions
were prepared in dimethyl sulfoxide as described previously (Hahn er al.,
1996). Concentrations of [*H]TCDD solutions were verified by liquid scintil-
lation counting (LSC) on a Beckman LS5000TD.

Growth and treatment of cells. PLHC-1 cells (Hightower and Renfro,
1988) were grown at 30°C in minimum essential medium (MEM) containing
Earle’s salts, nonessential amino acids, L-glutamine, and 10% calf serum, as
described previously (Hahn et al., 1993). These cells express a single CYP1A
isoform, which has no detectable constitutive expression (Hahn ez al., 1996).
These cells also express only one AHR, an AHR2 form (Hahn, 1998; Hester-
mann, 1999). For EROD and CYP1A ELISA assays, cells were seeded into
96-well plates (Costar, Cambridge, MA) at 2 X 10° cells in 0.2 ml culture
medium per well. One day later the medium was removed and replaced with
0.2 ml serum-free MEM. The cells were then treated by addition of solutions
dissolved in DMSO or DMSO alone (1 wpl/well). DMSO concentrations were
=0.5% (v/v) in all treatments and did not affect cell viability. Following
treatment, plates were incubated at 30°C for 24 h. For TCDD-specific binding
experiments, (*H]TCDD and competitors were dissolved at twice the desired
concentration in 0.75 ml serum-free MEM in glass tubes. Cells were
trypsinized and resuspended at 2 to 4 X 10° cells/ml in serum-free MEM, and
0.75 ml cell suspension was added to each tube. Aliquots of cell suspension
were reserved for protein determination.

EROD and protein assays. EROD activity was measured using a multi-
well fluorescence plate reader by a modification of the method of Kennedy et
al. (1995). Cells were rinsed once with 0.2 ml room temperature PBS, and the
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EROD reaction was then initiated with the addition of 2 uM 7-ethoxyresorufin
in phosphate buffer (100 pl/well). The reaction was stopped after 8 min
(resorufin production is linear with respect to time over this period; Hahn ez al.,
1996) with the addition of 75 ul ice-cold fluorescamine solution (0.15 mg/ml
in acetonitrile). After a 15-min incubation, resorufin and fluorescamine fluo-
rescence were measured. Resorufin and protein concentrations were deter-
mined from standard curves prepared on the same plate. BSA was used for the
protein standard.

For the TCDD binding experiments, cell protein was measured by the
bincinchinoic acid method of Smith er al. (1985), using BSA as the standard
and MEM as the blank.

ELISA assay. Enzyme-linked immunosorbence assays to detect CYP1A
were performed essentially as described by Briischweiler et al. (1996). One
day after treatment in 96-well plates, cells were fixed in 50% ethanol for 15
min, in 75% ethanol for 15 min, and in 95% ethanol for 30 min. After washing
with PBS, nonspecific antibody binding was blocked with 10% fetal bovine
serum and 2% BSA in PBS for 1 h. The primary antibody, mouse anti-scup
CYPI1A monoclonal antibody 1-12-3 (10 pg/ml; (Park et al., 1986), was then
added in 100 ul blocking solution for 1 h. After three washing steps with PBS,
100 pl secondary antibody, peroxidase conjugated goat anti-mouse (1:1000 in
blocking solution), was added for 1 h. After another three washing steps with
PBS, 100 pl substrate solution (100 p#M Amplex Red, 100 uM H,0, in
phosphate buffer, pH 7.0) was added for 30 min. All incubations were
performed at room temperature.

Resorufin formation was measured in the fluorescence plate reader. For each
treatment, the background fluorescence, defined as the fluorescence detected in
untreated cells, was subtracted, and all values were normalized to the maxi-
mum response measured. The assay was also performed on wells without cells
or without the addition of primary antibody, and these controls yielded fluo-
rescence values nearly identical to those in untreated cells, consistent with our
earlier results detecting no CYP1A protein or EROD activity in untreated cells
(Hahn et al., 1996).

TCDD and competitor binding to the AHR.  Specific binding of ["HITCDD
in PLHC-1 cells was measured by a modification of the whole-cell filtration assay
of Dold and Greenlee (1990). For determination of the equilibrium dissociation
constant (K,) of TCDD binding to the AHR and the receptor content (R;) of
PLHC-1 cells, the cells were treated with increasing concentrations of [’H]TCDD
in the presence or absence of 200-fold molar excess of unlabeled TCDF and
incubated for 2 h at 30°C. This time was determined to be sufficient to achieve a
steady state of bound radioligand (Hestermann, 1999). For determination of
binding inhibition constants (K;), 0.5 to 1 nM [*H]TCDD and increasing concen-
trations of competitors (or a 200-fold excess TCDF treatment to measure nonspe-
cific binding) were dissolved in MEM. Cells suspended in MEM were subse-
quently added to ensure true competition, since off rates for AHR ligands can be
extremely slow (Farrell and Safe, 1987). Cell densities were equal among exper-
iments in order to minimize protein concentration effects on binding (Bradfield et
al., 1988). Following the incubation, tubes were vortexed briefly to assure even
distribution of cells, and a 0.1-ml aliquot was removed to determine final
[PHITCDD concentration. Three 0.45-ml aliquots of cell suspension from each
tube were then collected under vacuum on prewetted 25-mm Whatman GF/F
filters. In some cases cell aliquots were pelleted (200g, 10 min) and resuspended
in PBS prior to application to filters. Filters were then washed three times with 2.5
ml acetone that had been precooled to —80°C. The number of washes was
determined empirically as that necessary to remove the free ['H]TCDD remaining
on the filters. Replicates were processed in batches of 12 on a Millipore 1225 filter
manifold. Radioactivity remaining on the filter was quantified by LSC.

Data analysis and theoretical models. EROD data were fit to a modified
Gaussian function for determination of dose-response relationships, as de-
scribed previously (Kennedy et al., 1993; Hahn er al., 1996). CYP1A induction
data were fit to the Hill response function

[crP1a]  [A]

[CYP1A,,.] [A]+ EC50 M
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where CYPIA and CYPIA,,, are the amount of CYP1A content measured at
inducer concentration [A] and with 10 nM TCDD, respectively, and EC50 is
the concentration of inducer required to elicit half-maximal CYP1A expres-
sion. A modified version of this equation that included a term allowing for
nonzero background expression was used to fit data from the cotreatment
experiment (Fig. 6).

For AHR binding, total binding (without TCDF) and nonspecific binding
(with TCDF) were measured as the average of three replicates at each
[*H]TCDD concentration. Because the [*H]TCDD concentrations in the total
and nonspecific binding treatments were not exactly equal, specific binding is
shown as the difference of the total binding at a given concentration and the
nonspecific binding at the same concentration as determined from a linear
regression of the nonspecific binding data collected. These specific binding
values were calculated for illustrative purposes only and were not used for
determination of K, and R;. Those values were determined by simultaneous
fitting of the data collected to equations describing total and nonspecific
binding

A] X [R;
TB = ————[[j]xf K.,] + m{A) @
NSB = m[A] 3

where TB is total binding, [A] is the concentration of radioligand, NSB is
nonspecific binding, and m is the slope of the nonspecific binding curve. This
method has significant advantages over others, such as Scatchard plots, which
can place undue emphasis on a few points of the binding curve (Kenakin,
1999). Specific binding curves were plotted using the Hill-Langmuir isotherm:

[A] X [R7]

(Al + K, “

[A-R] =

where [AR] is the concentration of ligand-receptor complex (i.e., specifically
bound ligand). The data were also fit to equations that did not assume a Hill
coefficient of 1 (i.e., a lack of cooperative binding), but these showed no
statistical improvement, and the Hill coefficients were not significantly differ-
ent from 1.

Binding inhibition constants (K,) were determined by fitting inhibition data
from at least three experiments to the Gaddum equation (Gaddum, 1937):

SB [A]

" (14D v

where SB is specific binding and [I] is the concentration of competitor.
Competitive inhibition of ["HJTCDD binding by PCB 105 and antagonism of
CYP!A induction by PCB 128 were shown by Schild analysis according to the
following regression (Arunlakshana and Schild, 1959):

log ([[%/j]— - l) =log [I] — log K; ©6)

where [A'] is the concentration of ligand required to achieve the same amount
of specific binding (or response) in the presence of competitor [/] that would
be achieved by [A] in the absence of competitor. The ratio {A'[/[A] is called the
concentration ratio and is also represented by r. A linear regression of log (r —
1) on log [I] was performed. The regression supports a mechanism of com-
petitive antagonism if the slope = 1, and in this case alone the intercept
provides an independent estimate of K.

Stimulus—response coupling for individual AHR agonists was modeled
using the operational model of Black and Leff (1983). This assumes a hyper-
bolic relationship between the amount of ligand-receptor complex and the
observed response:
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E,_ [AR]
E, " K + [A K] @

where E, is the response observed at agonist concentration {A], E,, is the
maximal response, and K, is the concentration of ligand-receptor complex that
gives half-maximal response. K, thus represents an efficacy constant analogous
to the binding constant K,. Combining Eqgs. (4) and (7) yields:

[R7] X [A]

E,
E, ®

K; X K, + ([R;] + K)A]”

CYPIA induction (i.e., response) data for individual agonists were fit to Eq.
(8) using experimentally determined values for R; and K, (assuming K, = K,
for ligands other than TCDD) in order to determine values of K,. K, includes
both ligand- and tissue-specific properties, but since these assays were per-
formed in a single cell type, differences among K, values are solely ligand-
dependent. Relative intrinsic efficacies of the ligands were inferred from AHR
binding and CYP1A response data via the efficacy constant, K..

Fitting and statistical analyses were performed with SigmaPlot (Jandel
Scientific) and Jmp In (SAS Institute) software.

RESULTS

CYPIA response to HAH exposure. The induction of
CYPIA by HAH in PLHC-1 cells was quantified by its EROD
activity and by ELISA. Responses to TCDD, TCDF, and eight
PCBs (four non-ortho-, three mono-ortho-, and one di-ortho-
substituted) were measured. Representative induction curves
are shown in Figs. 1 and 2, and the induction EC50s for all 10
compounds are in Table 1. TCDD, TCDF, all four non-ortho
PCBs, and one mono-ortho PCB (156) induced CYP1A protein
and catalytic activity, while two other mono-ortho PCBs (105
and 118) and the one di-ortho PCB (128) induced little or no
measurable CYP1A.

AHR binding affinities. Binding affinities for the 10 com-
pounds were determined by inhibition of [’H]TCDD binding to
the AHR (Fig. 3). Specific binding of [*H]TCDD was mea-
sured by a whole-cell filtration method (Dold and Greenlee,
1990). The total, nonspecific, and specific TCDD binding
measured in PLHC-1 cells are shown in Fig. 3A. Inhibition
curves in Figs. 3B and 3C show the fraction of control
[’HITCDD binding as a function of inhibitor concentration. K;
values for each compound (Table 1) were determined by si-
multaneous fitting of three.or four such curves from indepen-
dent experiments, as described under Materials and Methods.
K, values for the agonists showed the same rank order potency
as EROD and CYPI1A induction EC50s (Table 1).

Two compounds, PCBs 105 and 128, inhibited TCDD-
specific binding but failed to induce EROD or CYP1A, sug-
gesting that they are antagonists in PLHC-1 cells over the
range of concentrations used. In order to determine if antago-
nism by PCB 105 is competitive, binding inhibition was mea-
sured at three concentrations of TCDD (Fig. 4A). The resulting
Schild plot is shown in Fig. 4B. The slope of the plot is not
significantly different from unity, supporting the identification

.of PCB 105 as a competitive antagonist. The K; determined
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FIG. 1. EROD induction by AHR agonists. Cells were treated with the
indicated concentrations of inducer and EROD activity (pmol of resorufin
formed per minute per milligram of cellular protein) was assayed 24 h later.
For each compound, the lowest concentration represents treatment with DMSO
alone. Points are means * SE of three wells, and these results are represen-
tative of at least three independent experiments. The modified Gaussian fits to
these data are plotted. (A) TCDD, PCB 77, PCB 126, and PCB 169 (Data are
from Hestermann ez al., 2000.) (B) TCDF, PCB 81, and PCB 156. PCBs 105,
118, and 128 were all nearly or totally inactive in inducing EROD.

from the intercept of the plot with slope constrained to 1 (2.5
uM) is not significantly different from that determined from
the data represented in Fig. 3C (4.6 uM; p > 0.15, 1 test).
Stimulus—response coupling. The logarithms of EC50 val-

ues are plotted against logarithms of K values.in Fig. 5A, such
that each point represents a single compound. The figure shows
that EC50s for CYP1A protein induction increase in a 1:1
relationship with increases in binding affinities, and EC50s are-
approximately 100-fold lower than Ks for each compound.
This relationship does not hold for EC50s for EROD induction,
where the slope of the line is significantly less than 1. This is
in agreement with our previous results for a more limited set of
compounds showing that EC50s based on EROD induction
overestimate relative potencies compared to CYP1A protein
induction in the same cells (Hahn et al., 1996; Hestermann et
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FIG. 2. CYPIA induction by AHR agonists. Cells were treated as in Fig.
1. ELISA-detected CYP1A protein content was assayed 24 h later. For each
compound, the lowest concentration represents treatment with DMSO alone.
Points are means * SE of three wells, and these results are representative of
at least three independent experiments. Values are normalized to induction
with 10 nM TCDD. The hyperbolic fits to these data are plotted. (A) TCDD,
PCB 77, PCB 126, and PCB 169 (Data are from Hestermann ef al., 2000.) (B)
TCDF, PCB 81, and PCB 156. PCBs 105, 118, and 128 were all nearly or
totally inactive in inducing CYP1A.

al., 2000). For this reason, CYP1A protein induction data were
used for the following analyses.

The ortho-substituted PCBs do not follow the relationship
between binding affinity and response potency seen with the
other compounds. Figure SA shows that the EC50s for CYP1A
induction by PCB 156 are much higher than predicted from its
receptor binding K;. The minimum ECS50 value of 50 uM for
PCB 118 places it even farther from the observed relationships
(not shown). The findings suggest that these compounds are
less efficient at eliciting a response following receptor binding.

Since AHR binding (stimulus) and CYP1A induction (re-
sponse) were measured in the same whole-cell system, it is
possible to determine relationships between the two and to
calculate relative intrinsic efficacies of the AHR ligands. This

-was done using the operational model (Black and Leff, 1983),

HESTERMANN, STEGEMAN, AND HAHN

as described under Materials and Methods. The model assumes
a hyperbolic stimulus-response relationship, which is consis-
tent with data from other receptor systems and the mechanism
of CYP1A induction. Fitted K, values for the agonists, as well
as calculated Ry, and Rys values, are shown in Table 2. K,
represents the amount of receptor-ligand complex required for
half-maximal response. These values are on the unit order of
magnitude for all full agonists except PCB 156, for which the
K, is ~10- to 40-fold higher. The K, values for the other three
compounds are at least an order of magnitude greater than that
for PCB 156. The Ry and Ry values are the fraction of
receptors. that must be occupied to elicit a 50 and 95% re-
sponse, respectively. Lower values indicate that fewer occu-
pied receptors are necessary for response. Thus, fewer than
30% of the receptors need be occupied for a 95% response to
TCDD, while >90% must be occupied for the same response
to PCB 156.

The stimulus-response relationship is shown graphically in
Fig. 5B, where the fitted constants were used to draw theoret-
ical stimulus-response curves for each agonist. Collectively,
the stimulus—response relationships represented in Table 2 and
Fig. 5B demonstrate quantitatively what was shown qualita-
tively in Fig. S5A, that PCB 156 is much less efficient in
eliciting a response after binding to the AHR than the other
compounds tested. Thus TCDD, TCDF, and the non-ortho-
substituted PCBs are high-intrinsic efficacy agonists, and PCB
156 is a low-intrinsic efficacy agonist for the PLHC-1 AHR.
Note that all are full agonists, as determined by maximal
response, in this system.

Demonstrating ligand character in a mixture. These data
demonstrate that the compounds tested include representatives
of three classes of receptor ligands: high-intrinsic efficacy

TABLE 1
Parameters for EROD Activity and CYPIA Protein Induction
and AHR Binding for Selected HAH

EROD EC50 CYP1A EC50

Compound (nM) (nM) K, (nM)
TCDD 0.016 = 0.004 0.015 = 0.003 0.76 £ 0.25
TCDF 0.014 = 0.006 0.032 = 0.003 1.5 = 0.60
PCB 126 0.029° + 0.004 0.12 = 0.03 16 = 7.3
PCB 81 0.063 + 0.008 0.19 = 0.03 29+ 69
PCB 77 - 073 2030 14 %5 860 * 420
PCB 169 1.6 = 0.43 18 %5 2200 = 1100
PCB 156 230 £ 61 1900 #+ 160 2500 *+ 1200
PCB 118 >50,000" >50,000" 2900 * 1300
PCB 105 ND* ND 4600 = 2200
PCB 128 ND ND 6600 + 3200

Note. All values are mean * SE of at least three separate determinations,
with one such experiment represented in Figs. 1 and 2 for induction and Fig.
3 for binding inhibition.

“ From Hestermann ez al., 2000.

* Minimal induction detected, but insufficient data for determining an EC50.

¢ ND, no induction detected.
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nonspecific binding. Specific binding of ['H]TCDD was measured by a whole-
cell filtration assay (Dold and Greenlee, 1990). Points are means * SE of three
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The plot through the specific binding points is from Eq. (4), with R = 103
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plot. Inhibition curves are shown for (B) full agonists and (C) partial agonist
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FIG. 4. Competitive inhibition of [’HJTCDD binding by PCB 105. Cells
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of specific ['HJTCDD binding measured in the absence of competitor and are
means * SE of three replicates. (B) Schild regression of data from A; see
Materials and Methods for explanation. The slope of the regression is not
significantly different from 1 (p > 0.5, ¢ test)

agonists (TCDD, TCDF, PCBs 77, 81, 126, and 169), low-
intrinsic efficacy agonists (PCB 156 and likely PCB 118), and
antagonists (PCBs 105 and 128). Models of receptor action
predict that each class of compound should display unique
properties when response is measured after cotreatment with a
high-intrinsic efficacy agonist such as TCDD (Goldstein et al.,
1974, p. 99). A mixture of two high-intrinsic efficacy ligands
should produce an additive response. An antagonist should
inhibit the response produced by the high-intrinsic efficacy
ligand alone. Since a low-intrinsic efficacy agonist has prop-
erties of both an agonist and antagonist, it should exhibit
concentration-dependent additive and inhibitory effects on the
action of the high-intrinsic efficacy ligand.

This cotreatmient was done with PCBs 126, 128, and 156 as
representatives of each class of ligand (Fig. 6). Cells were
treated with a range of concentrations of TCDD in the presence
of increasing concentrations of each PCB, and the EC50 for
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tional stimulus (AHR binding) is on the abscissa and was calculated using Eq.
(4) and the K, values in Table 1. Fractional response (CYP1A induction) is on
the ordinate and was calculated using Eq. (1) and the EC50 values in Table 1.

CYPI1A induction by TCDD was measured at each concentra-
tion of PCB. For each of the three mixtures, Schild regressions
were produced using the fitted EC50s for TCDD at each
concentration of PCB (Fig. 7). In such a plot, a high-intrinsic
efficacy agonist would be expected to show a slope of 0, a
competitive antagonist would be expected to show a slope of 1,
and a low-intrinsic efficacy.agonist would be expected to show
a slope between these two values.

PCB 126 alone induced CYP1A and, in cotreatment, caused
only a slight, insignificant increase in EC50s for CYP1A
induction by TCDD (Figs. 6A and 7). PCB 128 did not induce
CYPI1A but did cause a progressive increase in EC50s for
CYPIA induction by TCDD (Figs. 6B and 7). PCB 156 in-

-duced CYPI1A and increased the EC50s for TCDD in cotreat-

ment, although not to the same degree as PCB 128 (Figs. 6C
and 7). As predicted, the Schild regression indicates that
PCB126 is a high-intrinsic efficacy agonist (slope not signifi-
cantly different from 0), PCB 156 is a low-intrinsic efficacy
agonist (slope significantly different from both 0 and 1), and
PCB 128 is a competitive antagonist (slope not significantly
different from 1). The y-intercept for the PCB 128 regression

_predicts a K; (1.6 uM) that is not significantly different from

that determined by ligand binding (6.6 uM; p > 0.2, ¢ test).

DISCUSSION

This set of experiments represents the first quantitative de-
termination of stimulus-response relationships for AHR li-
gands in a single system. Structure—activity relationships for
both stimulus (receptor binding) and response (CYP1A induc-
tion) were determined in intact cells. From such assays, affin-
ities and intrinsic efficacies of ligands were evaluated, allowing
the structural parameters that determine agonism to be assessed
separately for each of these properties of the ligand-receptor
interaction. These data were also used to construct an opera-
tional model for AHR-ligand interactions, which has applica-
tion for risk assessment as well as predicting effects of pertur-
bations to the signaling pathway.

Interpreting CYPIA induction and competitive binding af-
Sfinities. The data presented here demonstrate a 1:1 relation-
ship between AHR binding affinities and CYP1A protein in-

TABLE 2
Stimulus-Response Coupling for AHR Agonists in
PLHC-1 Cells

K.* Ry’ Ry’
Compound (fmol/mg) (%) (%)
TCDD 2.0(041) 1.9 28
TCDF 2.5(0.73) 22 31
PCB 126 0.95(0.12) 0.74 13
PCB 81 0.70 (0.11) 0.97 16
PCB 77 2.1(1.0) 1.7 25
PCB 169 0.95 (0.17) 0.78 14
PCB 156 28 3.0) 43 94
PCB 118 >420° NA? NA
PCB 105 >910° NA NA
PCB 128 >880° NA NA

Note. These values were determined from CYPIA protein induction data as
described under Materials and Methods (Eq. (8)).

“ K, represents the amount of receptor-ligand complex required for half-
maximal response. '

? Ry and Ry are the fraction of receptors (expressed as a percentage) that
must be occupied by the indicated compound for 50 and 95% CYP1A induc-
tion, respectively. :

 Minimum K, values were determined by assuming 50% CYP1A induction
at 50 uM for PCB 118 and 10% CYP1A induction (the limit of detection) at
50 uM for PCBs 105 and 128.

¢ These compounds do not produce 50 or 95% maximal tissue responses.
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FIG. 6. Demonstration of ligand intrinsic efficacy by cotreatment. Cells
were cotreated with TCDD (concentrations indicated on the abscissa) and
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fits to these data are plotted.

duction potencies for non-ortho-substituted PCBs (Fig. 5A).
The correlation exists because TCDD, TCDF, and the non-
ortho-substituted PCBs have similar intrinsic efficacies (Table
2), so that differences in AHR binding affinities account for the
differences in CYP1A induction potencies among these com-
pounds. However, this same relationship would overestimate
K s for lower intrinsic efficacy ligands such as PCBs 156 and
118.

There was also a strong correlation between AHR binding
affinities and EC50s for CYP1A-catalyzed EROD induction,
which is consistent with earlier studies comparing AHR bind-
ing in rat hepatic cytosol and EROD response in vivo and in
HAIIE cells (Safe, 1990). However, the 1:1 relationship found
here between K, values and ECS50s for induction of CYPIA
protein does not hold true with EC50s for EROD induction.
This is due to inhibition of the enzyme activity by the inducing
compounds (Gooch et al., 1989; Hahn et al., 1993), which
lowers EC50s for EROD induction relative to EC50s for
CYPIA protein induction (Hahn ef al., 1996). For this reason,
subsequent analyses and conclusions were drawn from data for
induction of CYP1A protein, rather than activity.

Competitive antagonism involves mutually exclusive bind-

.
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ing of agonist or antagonist to the receptor. Inhibition curves
like those shown in Fig. 3 are often mistakenly held to be
evidence of binding competition, but they cannot distinguish
true competitive inhibition from other types (e.g., allosteric
inhibition or irreversible inactivation). Demonstrating compet-
itive binding inhibition requires the measurement of binding or
response with several concentrations of ligand and inhibitor,
followed by analysis by Schild regression (or an equivalent
analysis, such as by double-reciprocal plot, e.g., Blank et al.,
1987; Astroff et al., 1988; Hahn er al, 1989; Henry et al.,
1999) . Using this method, competitive inhibition of TCDD
binding to the AHR was shown here for the two antagonists,
PCBs 105 and 128.

Understanding the mechanistic basis of structure—activity
relationships. Previous studies have shown that, in fish, or-
tho-substituted PCBs are inactive or nearly so in terms of both
CYPI1A induction (Gooch et al., 1989; Newsted et al., 1995;
Hahn and Chandran, 1996) and toxicity (Walker and Peterson,’
1991; Zabel et al., 1995). The data here demonstrate that the
insensitivity of fish to ortho-substituted PCBs is a result of both
reduced affinity and reduced intrinsic efficacy of these com-
pounds (Table 3). Thus, receptor binding K were 10- to
100-fold greater for the ortho-substituted PCBs than for their
structurally related non-ortho-substituted counterparts (i.e.,
PCB 126 vs 156, 81 vs 118, and 77 vs 105). A comparison of
EC50s for CYP1A induction among PCBs with similar binding
affinities (PCBs 118, 156, and 169) reveals the reduced intrin-
sic efficacy of the ortho-substituted congeners. Table 3 not
only reinforces the finding that differences in affinity drive
differences in induction potency for the non-ortho-substituted

2 .
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FIG. 7. Schild regression for cotreatments. The EC50 values from the
curves in Fig. 6 were used for regressions. The EC50 value determined in the
presence of the highest concentration of each PCB was excluded due to high
baseline induction (PCBs 126 and 156) and/or limited solubility (PCBs 128
and 156). The slope of the PCB 126 regression is not significantly different
from O (p > 0.6) nor is the slope of the PCB 128 regression significantly
different from 1 (p > 0.5), while the slope of the PCB 156 regression is
significantly greater than O and less than 1 (p < 0.01 for both; 7 test).
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.TABLE 3
Relative Affinities, Efficacies and Potencies for CYP1A
Protein Induction in PLHC-1 Cells

Chlorination  Relative  Relative intrinsic Relative
Compound pattern affinity efficacy potency
TCDD 2,3,7,8 1 1 1
TCDF 2,3,7,8 0.5 0.8 09 -
PCB 126 33'44'5 0.05 2 0.2
PCB 81 3,44'5 0.03 3 0.1
PCB 77 3,344 0.0009 0.6 0.002
PCB 169 3,3'44'5,5 0.0003 2 0.0001
PCB 156 2,3,3'44'5 0.0003 0.05 0.00001
PCB 118 2,3'44'.5 0.0003 <0.005 <1 x 1077
PCB 105 2,3,3' 44’ 0.0002 <0.0002 <1x107®
PCB 128 2,2'33' 44" 0.0001 <0.002 <1 x 107®

Note. Relative affinities, efficacies, and potencies were calculated by divid-
ing the K;, K., and EC50 for TCDD by that for each compound.

PCBs (Fig. 5A), but also demonstrates that differences in
intrinsic efficacy are responsible for differences in induction
potency among the ortho-substituted PCBs. Our data provide a
mechanistic explanation for studies that have noted less than
additive interactions for CYP1A induction by mixtures of
TCDD and ortho-substituted PCBs both in vivo (Newsted et
al., 1995) and in cultured cells (Clemons et al., 1998) .

The results of this work also have broader applicability.
Properties of ligand-receptor interactions and tissue coupling
have a large effect on measured relative potencies for any
response. Potency depends on both affinity and efficacy, but
the toxic equivalency factor (TEF) concept as currently used
does not take into account differences in intrinsic efficacy
among compounds. This is important because low-intrinsic
efficacy compounds will yield less than additive responses in
mixtures with high-intrinsic efficacy agonists (Fig. 6). Further-
more, relative potencies from different endpoints and tissues
have been used to determine TEFs. Coupling between the
receptor and response can be different for these endpoints and
tissues, leading to different potencies among measured re-
sponses to a single ligand. Thus, a partial agonist for one
response or tissue could be a full agonist or an antagonist for
another. Therefore, relative potencies are tissue- and endpoint-
specific. _ -

Intrinsic efficacy spans a continuum between full agonism
and full antagonism. The set of compounds studied here had
intrinsic efficacies spanning this range. PCBs 118, 156, and
169 have similar AHR binding affinities (Tables 1 and 3) but
produce very different responses. Although there was insuffi-
cient response to PCB 118 in this cell type to quantify a
stimulus-response relationship, it is clear that the intrinsic
efficacy of PCB 118 is less than that of PCB 156, which in turn
has a lower intrinsic efficacy than PCB 169. Given that PCBs
105 and 128 have even lower binding affinities, it is possible
-that they are partial agonists rather than true antagonists and
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that solubility limitations® obscure their nature. However,
given that limitation, in this cell type, PCBs 105 and 128 are
antagonists in practice, if not in theory.

Stimulus—response modeling for the Ah receptor. AHR
binding assays traditionally have been performed using iso-
lated cytosol, a system that preserves only a few of the subse-
quent signaling events. A few previous studies have ap-
proached the question of quantifying AHR ligand intrinsic
efficacy using such in vitro systems. The concentration-depen-
dence of AHR binding, DRE mobility shift, and inhibition of
DRE mobility shift TCDD-induced were measured using cy-
tosol in studies of substituted ellipticines and flavones
(Gasiewicz et al., 1996; Henry et al., 1999). Several of the
compounds were also tested for their ability to inhibit TCDD-
dependent activation of a DRE-containing reporter construct in
mouse hepatoma cells. This system allowed the authors to
characterize the compounds’ agonistic and/or antagonistic
properties, and thereby determine properties of ligand structure
that affect those steps. These studies also provide insight to the
mechanism of antagonism for this class of compounds (see
below). Similarly, a study in cytosol of several dioxin and
furan congeners revealed a 10-fold range in receptor binding
affinities, but a 100-fold range in EC50 values for DRE mo-
bility shift, (Santostefano et al., 1992). These data suggest
differences in intrinsic efficacy among those compounds, re-
lated to the ability to promote transformation of the receptor to
a DRE-binding form.

While in vitro systems are valuable for determining the
mechanism(s) of differences in intrinsic efficacy among li-
gands, cultured cells allow a more complete assessment of
stimulus—response relationships, including tissue coupling. A
combination of AHR binding affinities measured irn vitro and
responses measured in vivo or in cultured cells could poten-
tially be used to classify a compound as an agonist, partial
agonist, or antagonist. However, since the concentrations of
ligand, receptor, and signaling cofactors vary among the as-
says, a quantitative stimulus-response model for the tissue
cannot be constructed. Our use of whole-cell binding and
response assays obviates these complications and thus allows
for construction of such a model.

Use of whole cells does introduce complicating factors.
Metabolism of AHR ligands can produce artifacts, such as
shifts in apparent potency and efficacy, that resemble differ-
ences in intrinsic efficacy, as seen by Riddick et al. (1994) in
a comparison of TCDD and 3-methylcholanthrene in Hepa-1
cells. Although PCB metabolism has not been measured di-
rectly in PLHC-1 cells and data in other fish systems are not
abundant, it appears that fish metabolize PCBs very slowly
(Hutzinger et al., 1972; Murk et al., 1994; White et al., 1997,

¢ PCBs are poorly soluble in aqueous solutions (Miller ez al., 1984; Doucette
and Andren, 1988). The highest concentration of PCBs 105 and 128 that could
be achieved in the cell culture system used here was 50 uM. In our hands,
these PCBs are at or near the limits of their solubility both in the stock solution
(10 mM in DMSO) and in the cell culture medium itself (50 uwM).
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Schlezinger, 1998; Schlezinger ez al., 2000), suggesting that
differential metabolism was not a factor in the present study.
Differences in kinetics of diffusion into the cell are also a
potential concern, but the extreme hydrophobicity of these
compounds makes such differences unlikely.

The operational stimulus-response model (Black and Leff,
1983) was chosen for this study because the value K, has a
definition that is easily related to the mechanism of AHR
signaling. K, includes both compound- and tissue-specific
properties (as well as species-specific properties, for cross-
species comparisons). It is a combination of the intrinsic effi-
cacy of the ligand (the ability to activate the receptor to a form
that induces a response) and the coupling properties of the cell.
Ligand-dependent interactions should not change among tis-
sues within an organism, but the tissue-specific properties can,
and, therefore, so might K, values. This is an important con-
sideration in future efforts to expand modeling to the level of
the organism. In our study, the compounds were compared in
the same cell type, so tissue-specific properties were constant
and differences in K, values are due solely to differences in the
intrinsic efficacies of the ligands.

Differences in intrinsic efficacy likely depend on ligand-
dependent differences in interactions between the AHR and
other molecules involved in signaling. Mounting evidence sug-
gests that a mechanism of reduced intrinsic efficacy for many
AHR ligands is upstream of DRE binding. The partial agonists
a-naphthoflavone (Santostefano et al., 1993), 6-methyl-1,3,8-
trichlorodibenzofuran (Santostefano et al., 1994), and PCB 156
(Petrulis and Bunce, 2000) have been shown in rat hepatic
cytosol to inhibit TCDD-induced DRE mobility shift at con-
centrations lower than those at which the compounds them-
selves produce such a shift. Neither 2,2’,5,5'-PCB (Aarts er al.,
1995) nor 2,2',4,4’,5,5'-PCB (Petrulis and Bunce, 2000) pro-
duce a DRE shift, but both of these di-ortho-substituted PCBs
are capable of inhibiting such a shift by TCDD. Several low-
intrinsic efficacy AHR ligands produced relatively little DRE
binding when compared to high-intrinsic efficacy ligands (San-
tostefano et al., 1994). Finally, a potent substituted flavone
antagonist (but not a structurally similar partial agonist)
blocked TCDD-induced translocation of the AHR to the nu-
cleus, as well as subsequent DRE binding (Henry et al., 1999).

The low-intrinsic efficacy of ortho-substituted PCBs suggest
an altered ligand-receptor conformation that is less efficient at
propagating the signal initiated by ligand binding. Ortho-chlo-
rine substitutions on PCBs hinder the ability of the phenyl rings
to assume a coplanar conformation, and this difference in
chemical structure may produce an important difference in
receptor tertiary structure. Such a change in conformation has
been shown for the estrogen receptor. Binding of an antagonist
to the estrogen receptor displaces an alpha helix relative to its
position when an agonist is bound (Brzozowski et al., 1997),
preventing binding of a transcriptional coactivator to the re-
ceptor (Shiau et al., 1998). It has been shown recently that the
unliganded AHR can interact with ARNT and DREs, but does

e
not induce transcription (Lees and Whitelaw, 1999), suggesting
the existence of similar conformation-dependent signaling
steps in the AHR pathway. Ligand-dependent differences in
AHR conformation also have been suggested by thermody-

namic studies (Rosengren et al., 1992), but such differences
have not yet been demonstrated directly.

AHR expression and tissue response. The value of the
operational model lies in its power to predict the effect of
perturbations to the tissue. For example, several treatments
have been reported to affect expression of the AHR, including
phenobarbital (Okey and Vella, 1984), PCB 153 (Denomme et
al., 1986), TCDD (Sloop and Lucier, 1987), TGF-8 (Dohr et
al., 1997), serum withdrawal (Vaziri et al., 1996), and loss of
a transcriptional regulator (Zhang ez al., 1996). The effect of
such changes on tissue response to AHR agonists has been
determined in some cases, but not all. A stimulus-response
model for the tissue in question should be able to accurately
predict the effect of such changes, since receptor concentration,
Ry, is an element in the model (see Eq. (8) under Materials and
Methods).

This model also reveals important aspects of signaling in the
absence of perturbation, including the presence of spare recep-
tors. The potential for “spare” or “reserve” AHR has been
proposed, beginning with the finding that only a fraction of the
agonist-occupied AHR accumulates in the nucleus under con-
ditions of maximal induction of CYP1A1 (Greenlee and Po-
land, 1979). Modeling of TCDD action has supported the idea
that some small fraction of receptors need be occupied to
produce a response (Brown et al., 1992, 1994; Andersen et al.,
1993). However, quantitative data confirming the existence of
spare receptors have been lacking. Analysis of our data using
the operational model revealed that only 1-2% of the AHR
molecules need be occupied by high-intrinsic efficacy agonists
for 50% CYP1A induction (Table 2), demonstrating that
PLHC-1 cells have spare receptors for this response. Even after
a threefold reduction in receptor content, these compounds
should still induce the same maximal level of CYPIA (Rys
values are less than 33%; Table 2), although higher agonist
concentrations would be required. Conversely, there is no
receptor reserve for a 95% maximal response to PCB 156, and
thus any reduction in AHR content would make this compound
a partial agonist for CYP1A induction. However, for another
gene or endpoint, differences in coupling could change the
fraction of occupied receptors required for a given level of
response, eliminating receptor reserve even for high-intrinsic
efficacy agonists. The magnitude of receptor reserve is there-
fore dependent on the agonist, tissue, and response of interest.

In summary, the potency of AHR ligands to induce a re-
sponse was separated into the properties of affinity and intrin-
sic efficacy, and the resulting values were used to build a
stimulus-response model for AHR signal transduction in
PLHC-1 cells. This work is the first study to quantitatively
determine intrinsic efficacies of AHR ligands. Stimulus-re-
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sponse models can provide useful insights for HAH risk as-
sessment and mechanisms of toxicity across the many end-
points currently under investigation. Expansion of the analyses
performed here to other species, tissues, and responses should
prove fruitful in studying AHR function and evolution.

ACKNOWLEDGMENTS

We thank Dr. T. Kenakin for writing an insightful and instructive text, Dr.
A. Poland for stimulating conversations, Dr. L. E. Hightower for the PLHC-1
cells, and Dr. W. Powell for assistance in improving this manuscript. This
work was supported by the Environmental Protection Agency (Grant R823889,
M.E.H. and J.J.S.), the Nationa! Institutes of Health (ES06272, M.E.H.), and
the National Science Foundation through a graduate fetlowship (E.V.H.). This
research was also supported in part by the NOAA National Sea Grant College
Program Office, Department of Commerce, under Grant NA46RG0470, WHOI
Sea Grant project R/B-124. The U.S. Government is authorized to produce and
distribute reprints for governmental purposes notwithstanding any copyright
notation that may appear hereon. This is contribution 10113 from the Woods
Hole Oceanographic Institution.

REFERENCES

Aarts, J. M., Denison, M. S., Cox, M. A., Schalk, M. A., Garrison, P. M.,
Tullis, K., de Haan, L. H., and Brouwer, A. (1995). Species-specific antag-
onism of Ah receptor action by 2,2',5,5'- tetrachloro- and 2,2,3,3'4,4'-
hexachlorobiphenyl. Eur. J. Pharmacol. 293, 463-474.

Andersen, M. E,, Mills, J. J., Gargas, M. L., Kedderis, L., Birnbaum, L. S.,
Neubert, D., and Greenlee, W. F. (1993). Modeling receptor-mediated
processes with dioxin: Implications for pharmacokinetics and risk assess-
ment. Risk Anal. 13, 25-36.

Ariens, E. J. (1954). Affinity and intrinsic activity in the theory of competitive
inhibition. Arch. Int. Pharmacodyn. Ther. 99, 32-49.

Arunlakshana, O., and Schild, H.O. (1959). Some quantitative uses of drug
antagonists. Br. J. Pharmacol. 14, 48 -58.

Astroff, B., Zacharewski, T., Safe, S., Arlotto, M. P., Parkinson, A., Thomas,
P., and Levin, W. (1988). 6-Methyl-1,2,8-trichlorodibenzofuran as a 2,3,7,8-
tetrachlorodibeno-p-dioxin antagonist: Inhibition of the induction of rat
cytochrome P-450 isozymes and related monooxygenase activities. Mol.
Pharmacol. 33, 231-236.

Biegel, L., Harris, M., Davis, D., Rosengren, R., Safe, L., and Safe, S. (1989).
2,2',4,4'5,5'-Hexachlorobiphenyl as a 2,3,7,8-tetrachlorodibenzo-p-dioxin
antagonist in C57BL/6J mice. Toxicol. Appl. Pharmacol. 97, 561-571.

Black, J. W., and Leff, P. (1983). Operational models of pharmacological
agonist. Proc. R. Soc. Lond. Biol. 220, 141-162.

Blank, J. A., Tucker, A. N., Sweatlock, J., Gasiewicz, T. A., and Luster, M. I.
(1987). a-Naphthoflavone antagonism of 2,3,7,8-tetrachlorodibenzo-p-diox-
in-induced murine lymphocyte ethoxyresorufin O-deethylase activity and
immunosuppression. Mol. Pharmacol. 32, 168-172.

Bradfield, C. A., Kende, A. S, and Poland, A. (1988). Kinetic and equilibrium
studies of Ah receptor-ligand binding: Use of ['*I]2-iodo-7,8-dibromo-
dibenzo-p-dioxin. Mol. Pharmacol. 34, 229-237."

Brown, M. M., McCready, T. L., and Bunce, N. I. (1992). Factors affecting the
toxicity of dioxin-like toxicants: A molecular approach to risk assessment of
dioxins. Toxicol. Lett. 61, 141-147.

Brown, M. M., Schneider, U. A., Petrulis, J. R., and Bunce, N. J. (1994).
Additive binding of polychlorinated biphenyls and 2,3,7,8-tetrachloro-
dibenzo-p-dioxin to the murine hepatic Ah receptor. Toxicol. Appl. Phar-
macol. 129, 243-251.

- Bruschweiler, B. J., Wurgler, F. E., and Feat, K. (1996). An ELISA assay for

HESTERMANN, STEGEMAN, AND HAHN

cytochrome P4501A in fish liver cells. Environ. Toxicol. Chem. 15, 592—
596.

Brzozowski, A. M., Pike, A. C., Dauter, Z., Hubbard, R. E., Bonn, T.,
Engstrom, O., Ohman, L., Greene, G. L., Gustafsson, J. A., and Carlquist,
M. (1997). Molecular basis of agonism and antagonism in the oestrogen
receptor. Nature 389, 753-758.

Ciolino, H. P., Daschner, P. J., and Yeh, G. C. (1999). Dietary flavonols
quercetin and kaempferol are ligands of the aryl hydrocarbon receptor that
affect CYP1A1 transcription differently. Biochem. J. 340, 715-722.

Clemons, J. H., Myers, C. R,, Lee, L. E. J.,, Dixon, D. G., and Bols, N. C.
(1998). Induction of cytochrome P4501A by binary mixtures of polychlo-
rinated biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
in liver cell lines from rat and trout. Aquat. Toxicol. 43, 179-194.

Denomme, M. A., Leece, B., Li, A., Towner, R., and Safe, S. (1986). Elevation
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) rat hepatic receptor levels
by polychlorinated biphenyls. Structure-activity relationships. Biochem.
Pharmacol. 35, 277-282.

Dohr, O., Sinning, R., Vogel, C., Munzel, P., and Abel, J. (1997). Effect of
transforming growth factor-B1 on expression of aryl hydrocarbon receptor
and genes of Ah gene battery: Clues for independent down-regulation in
AS549 cells. Mol. Pharmacol. 51, 703-710.

Dold, K. M. and Greenlee, W. F. (1990). Filtration assay for quantitation of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) specific binding to whole cells
in culture. Anal. Biochem. 184, 67-73.

Doucette, W. J., and Andren, A. W. (1988). Aqueous colubility of selected
biphenyl, furan, and dioxin congeners. Chemosphere 17, 243-252.

Farrell, K., and Safe, S. (1987). Absence of positive co-operativity in the
binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin to its cytosolic receptor pro-
tein. Biochem. J. 244, 539-546.

Furchgott, R. F. (1966). The use of beta-haloalkylamines in the differentiation
of receptors and in the determination of dissociation constants of receptor-
agonist complexes. Adv. Drug Res. 3, 21-25.

Gaddum, J. H. (1937). The quantitative aspects of antagonistic drugs.
J. Physiol. 89, TP.

Gasiewicz, T. A., Kende, A. S., Rucci, G., Whitney, B., and Willey, J. J.
(1996). Analysis of structural requirements for Ah receptor antagonist
activity: Ellipticines, flavones, and related compounds. Biochem. Pharma-
col. 52, 1787-1803.

Goldstein, A., Aronow, L., and Kalman, S. M. (1974). Principles of Drug
Action: The Basis of Pharmacology, 2nd ed. Wiley, New York.

Gooch, J. W, Elskus, A. A., Kloepper-Sams, P. J., Hahn, M. E., and Stegeman,
J. 1. (1989). Effects of ortho and non-ortho substituted polychlorinated
biphenyl congeners on the hepatic monooxygenase system in scup (Steno-
tomus chrysops). Toxicol. Appl. Pharmacol. 98, 422—433.

Greenlee, W. F., and Poland, A. (1979). Nuclear uptake of 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin in C57BL/6J and DBA/2J mice-role of the hepatic
cytosolic receptor protein. J. Biol. Chem. 254, 9814-9821.

Hahn, M. E. (1998). The aryl hydrocarbon receptor: A comparative perspec-
tive. Comp. Biochem. Physiol. 121C, 23-53.

Hahn, M. E., and Chandran, K. (1996). Uroporphyrin accumulation associated
with cytochrome P4501A induction in fish hepatoma cells exposed to Ah
receptor agonists, including 2,3,7,8-tetrachlorodibenzo-p-dioxin and planar
chlorobiphenyls. Arch. Biochem. Biophys. 329, 163-174.

Hahn, M. E, Goldstein, J. A., Linko, P., and Gasiewicz, T. A. (1989).
Interaction of hexachlorobenzene with the receptor for 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin in vitro and in vivo. Evidence that hexachlorobenzene is a
weak Ah receptor agonist. Arch. Biochem. Biophys. 270, 344-355.

Hahn, M. E., Lamb, T. M., Schultz, M. E., Smolowitz, R. M., and Stegeman,
1. 1. (1993). Cytochrome P4501A induction and inhibition by 3,3',4,4'-
tetrachlorobipheny! in an Ah receptor-containing fish hepatoma cell line
(PLHC-1). Aquat. Toxicol. 26, 185-208.




[ e
<

AFFINITY AND EFFICACY OF AHR LIGANDS 171

Hahn, M. E., Woodward, B. L., Stegeman, J. I., and Kennedy, S. W. (1996).
Rapid assessment of induced cytochrome P4501A (CYP1A) protein and
catalytic activity in fish hepatoma cells grown in multi-well plates: Response
to TCDD, TCDF, and two planar PCBs. Environ. Toxicol. Chem. 15,
582-591.

Hankinson, O. (1995). The aryl hydrocarbon receptor complex. Annu. Rev.
Pharmacol. Toxicol. 35, 307-340.

Henry, E. C., Kende, A. S., Rucci, G., Totleben, M. J., Willey, J. J., Dertinger,
S. D., Pollenz, R. S., Jones, J. P., and Gasiewicz, T. A. (1999). Flavone
~antagonists bind competitively with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) to the aryl hydrocarbon receptor but inhibit¢ nuclear uptake and
transformation. Mol. Pharmacol. 55, 716 -725.

Hestermann, E. V. (1999). Mechanisms of action for aryl hydrocarbon recep-
tor ligands in the PLHC-1 cell line. Ph.D. thesis, Woods Hole Oceano-
graphic Institution/Massachusetts Institute of Technology.

Hestermann, E. V., Stegeman, J. J., and Hahn, M. E. (2000) Serum alters the
uptake and relative potencies of halogenated aromatic hydrocarbons in cell
culture bioassays. Toxicol. Sci. 53, 316-325.

Hightower, L. E., and Renfro, J. L. (1988). Recent applications of fish cell
culture to biomedical research. J. Exp. Zool. 248, 290-302.

Hutzinger, O., Nash, D. M., Safe, S., DeFreitas, A. S., Norstrom, R. J.,
Wildish, D. J., and Zitko, V. (1972). Polychlorinated biphenyls: metabolic
behavior of pure isomers in pigeons, rats, and brook trout. Science 178,
312-314.

Jenkinson, D. H., Barnard, E. A, Hoyer, D., Humphrey, P. P. A, Leff, P., and
Shankley, N. P. (1995). International Union of Pharmacology Committee on
Receptor Nomenclature and Drug Classification. IX. Recommendations on
terms and symbols in quantitative pharmacology. Pharmacol. Rev. 47,
255-266.

Jones, K. C. (1988). Determination of polychlorinated biphenyls in human
foodstuffs and tissues: Suggestions for a selective congener analytical ap-
proach. Sci. Total Environ. 68, 141-159.

Kenakin, T. (1999). Pharmacologic Analysis of Drug-Receptor Interactions.
3rd ed. CRC/Raven Press, New York.

Kennedy, S. W, Jones, S. P., and Bastien, L. J. (1995). Efficient analysis of
cytochrome P4501A catalytic activity, porphyrins, and total proteins in
chicken embryo hepatocyte cultures with a fluorescence plate reader. Anal.
Biochem. 226, 362-370.

Kennedy, S. W., Lorenzen, A., James, C. A., and Collins, B. T. (1993).
Ethoxyresorufin-O-deethylase and porphyrin analysis in chicken embryo
hepatocyte cultures with a fluorescence multi-well plate reader. Anal. Bio-
chem. 211, 102-112.

Lees, M. J., and Whitelaw, M. L. (1999). Multiple roles of ligand in trans-
forming the dioxin receptor to an active basic helix-loop-helix/PAS tran-
scription factor complex with the nuclear protein Arnt. Mol. Cell. Biol. 19,
5811-5822.

Limbird, L. E., and Taylor, P. (1998). Endocrine disruptors signal the need for
receptor models and mechanisms to inform policy. Cell 93, 157-163.

Lu, Y. F,, Santostefano, M., Cunningham, B. D. M., Threadgill, M. D., and
Safe, S. (1993). Identification of 3'-methoxy-4'-nitroflavone as a pure aryl
hydrocarbon (Ah) receptor antagonist and evidence for more than one form
of the nuclear Ah receptor in MCF-7 human breast cancer cells. Arch.
Biochem. Biophys. 316, 470—-477.

McFarland, V. A., and Clarke, J. U. (1989). Environmental occurrence, abun-
dance, and potential toxicity of polychlorinated biphenyl congeners: Con-
siderations for a congener-specific analysis. Environ. Health Perspect. 81,
225-239.

Merchant, M., Morrison, V., Santostefano, M., and Safe, S. (1992). Mecha-
nism of action of aryl hydrocarbon receptor antagonists: Inhibition of
2,3,7,8-tetrachlorodibenzo-p-dioxin-induced CYP1Al gene expression.
Arch. Biochem. Biophys. 298, 389-394.

Miller, M. M., Ghodbane, S., Wasik, S. P., Tewari, Y. B., and Martire, D. E.
(1984). Aqueous solubilities, octanol water partition coefficients, and entro-
pies of melting of chlorinated benzenes and biphenyls. J. Chem. Eng. Data
29, 184-190. :

Murk, A., Morse, D., Boon, J., and Brouwer, A. (1994). In vitro metabolism of
3,3",4,4'-tetrachlorobiphenyl in relation to ethoxyresorufin-O-deethylase ac-
tivity in liver microsomes of some wildlife species and rat. Eur. J. Phar-
macol. Environ. Toxicol. 270, 253-261.

Newsted, J. L., Giesy, J. P., Ankley, G. T., Tillitt, D. E., Crawford, R. A.,
Gooch, J. W., Jones, P. D., and Denison, M. S. (1995). Development of toxic
equivalency factors for PCB congeners and the assessment of TCDD and
PCB mixtures in rainbow trout. Environ. Toxicol. Chem. 14, 861-871.

Okey, A., and Vella, L. (1984). Elevated binding of 2,3,7,8-tetrachlorod-
ibenzo-p-dioxin and 3-methylcholanthrene to the Ah receptor in hepatic
cytosols from phenobarbital-treated rats and mice. Biochem. Pharmacol. 33,
531-538.

Park, S. S., Miller, H,, Klotz, A. V., Kloepper-Sams, P. J., Stegeman, J. J., and
Gelboin, H. V. (1986). Monoclonal antibodies to liver microsomal cyto-
chrome P-450E of the marine fish Stenotomus chrysops (scup): Cross-
reactivity with 3-methylcholanthrene induced rat cytochrome P-450. Arch.
Biochem. Biophys. 249, 339 -350.

Petrulis, J. R., and Bunce, N. J. (2000) Competitive behavior in the interactive
toxicology of halogenated aromatic compounds. J. Biochem. Mol. Toxicol.
14, 73-81.

Poland, A. (1991). Receptor-mediated toxicity: Reflections on a quantitative
model for risk assessment. In Banbury Report 35: Biological Basis for Risk
Assessment of Dioxins and Related Compounds. (M. A. Gallo, R. I. Scheu-
plein, and K. A. V. D. Heijden, Eds.), pp. 417-426. Cold Spring Harbor
Press, Cold Spring Harbor, NY.

Poland, A. (1996). Meeting report: Receptor-acting xenobiotics and their risk
assessment. Drug Metab. Dispos. 24, 1385-1388.

Reiners, J. J., Lee, J. Y., Clift, R. E., Dudley, D. T., and Myrand, S. P. (1998).
PD98059 is an equipotent antagonist of the aryl hydrocarbon receptor and
inhibitor of mitogen-activated protein kinase kinase. Mol. Pharmacol. 53,
438-445.

Riddick, D. S., Huang, Y., Harper, P. A., and Okey, A. B. (1994). 2,3,7,8-
Tetrachlorodibenzo-p-dioxin versus 3-methylcholanthrene—Comparative

studies of Ah receptor binding, transformation, and induction of CyplAl.
J. Biol. Chem. 269, 12118-12128.

Rosengren, R., Safe, S., and Bunce, N. J. (1992). Kinetics of the association of
several tritiated polychlorinated dibenzo-para-dioxin and dibenzofuran con-
geners with hepatic cytosolic Ah receptor from the Wistar rat. Chem. Res.
Toxicol. 5, 376-382.

Safe, S. (1990). Polychlorinated biphenyls (PCBs), dibenzo-p-dioxins (PC-
DDs), dibenzofurans (PCDFs), and related compounds: Environmental and
mechanistic considerations which support the development of toxic equiv-
alency factors (TEFs). CRC Crit. Rev. Toxicol. 21, 51-88.

Santostefano, M., Liu, H., Wang, X. H., Chaloupka, K., and Safe, S. (1994).
Effect of ligand structure on formation and DNA binding properties of the
transformed rat cytosolic aryl hydrocarbon receptor. Chem. Res. Toxicol. 7,
544-550. )

Santostefano, M., Merchant, M., Arellano, L., Morrison, V., Denison, M. S,
and Safe, S. (1993). Alpha-naphthoflavone-induced CYP1A1 gene expres-
sion and cytosolic aryl hydrocarbon receptor transformation. Mol. Pharma-
col. 43, 200-206.

Santostefano, M., Piskorska-Pliszczynska, J., Morrison, V., and Safe, S.
(1992). Effects of ligand structure on the in vitro transformation of the rat
cytosolic aryl hydrocarbon receptor. Arch. Biochem. Biophys. 297, 73-79.

Schlezinger, J. J. (1998). Involvement of cytochrome P450 1A in the toxicity of
aryl hydrocarbon receptor agonists: Alteration of arachidonic acid metab-



TR

olism and production of reactive oxygen species. Ph.D. thesis. Woods Hole
Oceanographic Institution/Massachusetts Institute of Technology.

Schlezinger, J. J., Keller, J., Verbrugge, L. A., and Stegeman, J. J. (2000).
3’,4,4'-Tetrachlorobiphenyl oxidation in fish, bird and reptile species: Re-
lationship to cytochrome P450 1A inactivation and reactive oxygen produc-
tion. Comp. Biochem. Physiol. 125, 273-286.

Schmidt, J. V., and Bradfield, C. A. (1996). Ah receptor signaling pathways.
Annu. Rev. Cell Dev. Biol. 12, 55-89. :

Shiau, A. K., Barstad, D., Loria, P. M., Cheng, L., Kushner, P. J., Agard, D. A.,
and Greene, G. L. (1998). The structural basis of estrogen receptor/coacti-
vator recognition and the antagonism of this interaction by tamoxifen. Cell
95, 927-937.

Sloop, T. C., and Lucier, G. W. (1987). Dose-dependent elevation of Ah
receptor binding by TCDD in rat liver. Toxicol. Appl. Pharmacol. 88,
329-337.

Smith, P. K., Krohn, R. 1., Hermanson, G. T., Mallia, A. K., Gartner, F. H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk,
D. C. (1985). Measurement of protein using bicinchoninic acid. Anal.
Biochem. 150, 76-85.

Stephenson, R. P. (1956). A modification of receptor theory. Br. J. Pharmacol.
11, 379-393.

vanden Berg, M., Birnbaum, L., Bosveld, B. T. C., Brunstrém, B., Cook, P.,
Feeley, M., Giesy, J. P., Hanberg, A., Hasegawa, R., Kennedy, S. W,

HESTERMANN, STEGEMAN, AND HAHN

Kubiak, T., Larsen, J. C., van Leeuwen, F. X. R., Liem, A. K. D., Nolt, C.,
Peterson, R. E., Poellinger, L., Safe, S., Schrenk, D., Tillitt, D., Tysklind,
M., Younes, M., Waem, F., and Zacharewski, T. (1998). Toxic equivalency
factors (TEFs) for PCBs, PCDDs, and PCDFs for humans and wildlife.
Environ. Health Perspet;?. 106, 775-792.

Vaziri, C., Schneider, A., Sherr, D. H., and Faller, D. V. (1996). Expression of
the aryl hydrocarbon receptor is regulated by serum and mitogenic growth
factors in murine 3T3 fibroblasts. J. Biol. Chem. 271, 25921-25927.

Walker, M. K., and Peterson, R. E. (1991). Potencies of polychlorinated
dibenzo-p-dioxin, dibenzofuran, and biphenyl congeners, relative to 2,3,7,8-
tetrachlorodibenzo-p-dioxin, for producing early life stage mortality in rain-
bow trout (Oncorhynchus mykiss). Aquat. Toxicol. 21, 219-238.

White, R. D., Shea, D., and Stegeman, J. J. (1997). Metabolism of the aryl
hydrocarbon receptor agonist 3,3',4,4'-tetrachlorobiphenyl by the marine
fish scup (Stenotomus chrysops) in vivo and in vitro. Drug Metab. Disp. 25,
564-572.

Zabel, E. W., Cook, P. M., and Peterson, R. E. (1995). Toxic equivalency
factors of polychlorinated dibenzo-p-dioxins, dibenzofurans, and biphenyl
congeners based on early life stage mortality 'in rainbow trout (Oncorhyn-
chus mykiss). Aquat. Toxicol. 31, 315-328.

Zhang, J., Watson, A. J., Probst, M. R., Minehart, E., and Hankinson, O.
(1996). Basis for the loss of aryl hydrocarbon receptor gene expression in
clones of a mouse hepatoma cell line. Mol. Pharmacol. 50, 1454-1462.



	

