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SUMMARY
Many biological effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD, dioxin) are mediated by a soluble intracellular protein,
the Ah receptor (AhR). After binding of TCDD to the cytoplasmic
AhR there occurs a poorly understood “transformation” step,
wherein the TCDD-AhR complex is converted to a form that can
bind to DNA with high affinity. The binding of transformed AhR
to a specific dioxin-responsive element (DRE) upstream of a
given gene stimulates transcriptional activation of that gene.
Using a gel retardation assay we examined the interaction of
transformed human cytosolic TCDD-AhR complexes with a syn-
thetic DNA oligonucleotide containing a single DRE site. Trans-
formation and DNA binding of human AhR in vitro was ligand
dependent and specific for DRE-containing DNA. Unlike rodent

hepatic AhR, in vitro transformation of human AhR was corn-
pIetely temperature dependent. Although at 4#{176}AhR binds ligand,
no transformation of human TCDD-AhR complex was observed
at 4#{176}even after 24 h; however, rapid transformation as measured
by DNA binding was detectable as early as 10 mm after warming
to 22#{176},with maximal binding by about 60 mm. Calf thymus DNA-
Sepharose or DRE-Sepharose column chromatography showed
that transformed human cytosolic AhR interacts with DNA as a
single species. The absolute temperature dependency of human
AhR transformation mimics that observed in vivo and provides a
useful system to study the mechanism of AhR transformation in
detail.

Biological responses to the environmental toxicant TCDD

are elicited through specific binding of TCDD to the AhR, a

soluble protein that is thought to be a member of the steroid

hormone receptor superfamily (2). Recently, Ema et al. (3) have

reported the cDNA sequence for mouse AhR; although the AhR

is functionally similar to the steroid hormone receptor super-
family, the cDNA sequence for the ligand-binding subunit of

AhR shows little similarity to any of the steroid hormone

receptors. A simple model has been proposed for the most

extensively characterized response to TCDD, namely the in-

duction oftranscription ofthe CYPJAI’ gene. After high affin-

ity binding of TCDD to cytoplasmic AhR, the TCDD-AhR

complex undergoes a temperature-dependent process termed

transformation, wherein the AhR is converted to a DNA-

binding complex that subsequently accumulates within the cell

nucleus (4-7). Binding of ligand-AhR complexes to a specific

This work was supported by grants from the National Cancer Institute of
Canada with funds from the Canadian Cancer Society (P.A.H. and A.B.O.), the
American Cancer Society (Grant CN-4) (M.S.D.), and the Michigan Agricultural

Experiment Station (M.S.D.).
I Nomenclature for the cytochrome P450 gene superfamily is as described by

Nebert et al. (1)

consensus sequence, or DRE, is necessary for transcriptional

activation of the CYPJAJ gene (8, 9). Numerous studies have

shown that the DRE exhibits the properties of a transcriptional

enhancer and will confer TCDD responsiveness upon a heter-

ologous promoter and gene, in an AhR-dependent manner (9,

10).

Utilizing a gel retardation assay to measure specific protein-

DNA interactions, it has been possible to demonstrate the

interaction of transformed ligand-AhR complexes formed in

vivo and in vitro with DRE-containing oligonucleotides (8, 9,

11). Transformed TCDD-AhR complexes bind to the DRE

oligonucleotide specifically and with high affinity (K,, � 1 nM)

(12), and the presence of the receptor in this complex has been

demonstrated using radiolabeled TCDD and TCDD agonists

(9, 12, 13).

Comparison ofthe DRE sequence from the 5’ -flanking region

ofthe mouse and rat CYPJAJ genes with the flanking sequences

of the human gene has revealed the presence of several putative

DRE sequences contained within the human TCDD regulatory

domain (reviewed in Ref. 14). The action of human AhR

appears to be biochemically similar to that described in rodent
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species (15-18); although human nuclear TCDD-AhR corn-

plexes have been reported to bind to a DRE (19, 20), the process

of human cytosolic AhR transformation and interaction with

DREs has not been examined in any detail.

Here we report a series of experiments designed to charac-

terize specific binding of human cytosolic AhR, transformed in

vitro, to DRE-containing DNA.

Materials and Methods

Animals. Male Sprague-Dawley rats (200-300 g) were obtained from

Charles River Breeding Laboratories (Wilmington, DE), and male

Hartley guinea pigs (250-400 g) were from the Michigan State Depart-

ment of Health (Lansing, MI). All animals were exposed to 12 hr of

light and 12 hr of darkness daily and were allowed free access to food

and water.

Cell line. L5180 cells (derived from a human colon adenocarcinoma)

were obtained from the American Type Culture Collection (Rockville,
MD). LS18O cells were routinely grown in a-minimal essential medium

containing 10% fetal bovine serum and were passaged at confluency by

trypsinization.

Preparation of cytosol. Hepatic cytosol was prepared in HEGD

buffer (25 mM HEPES, pH 7.5, 1 mM EDTA, 10%, v/v, glycerol, 1 mM

dithiothreitol), as previously described (21). Cytosol from LS18O cells

was prepared in HEGD buffer containing 3 mM EDTA (18). All protein

determinations were by the method of Bradford (22), using BSA as the

standard.

Synthetic oligonucleotides. A complementary pair of synthetic

oligonucleotides of the sequences 5’-GATCTGGCTCTTCTCAC-

GCAACTCCG-3’ and 5’-GATCCGGAGTTGCGTGAGAAGAGCCA-

3’ (containing the 20-bp AhR binding site of DRE3 and designated as

the DRE oligonucleotide) and 5’ -GATCTGGCTCTTCTCACT-

CAACTCCG-3’ and 5’-GATCCGGAGTTGAGTGAGAAGAGCCA-3’

Icontaining a single nucleotide transversion substitution (underlined)
and designated as the mutant DRE oligonucleotide] were synthesized

(Dalton Biochemical, Toronto, Canada), purified by high performance

liquid chromatography, annealed, and radiolabeled with [-y-2P]ATP

using T4 polynucleotide kinase (Pharmacia), as previously described

(9).

Gel retardation assay. Cytosol (16 mg of protein/ml for hepatic

cytosol and 10 mg of protein/ml for cell cytosol) was incubated with 20

nM TCDD for 2 hr at 22� before gel retardation analysis. In some
instances, as noted in the text, cytosol was incubated with 20 nM MC

or 20 nM dexamethasone. The assay was done essentially as previously

described (8). Briefly, 80 �g of cytosolic protein were incubated for 15

mm with 225 ng of poly(dI-dC) (Boehringer Mannheim, Montreal,

Canada) in HEGD buffer containing 95 mM NaC1, followed by the

addition of 100,000 cpm (0.4-0.5 ng of DNA) of [2P]DRE oligonucle-

otide, and the sample was incubated for an additional 15 mm (the final

incubation volume was 25 � Samples were mixed with Ficoll sample

buffer, loaded onto a 4% nondenaturing polyacrylamide gel, and elec-

trophoresed in TAE buffer (6.7 mM Tris, pH 8.0, 3.3 mM sodium

acetate, 1 mM EDTA). Variations of the aforementioned procedures

are described in the text or in the figure legends. The presence of

specific protein-DNA complexes was determined by autoradiography

of the dried gel.

In some instances the amount of protein-DNA complex formed was

determined by excising the specific radiolabeled band from the dried

gel and determining the amount of #{176}Pradiolabel by liquid scintillation.

The amount of specifically bound [�2P]DRE was estimated by meas-
uring the radioactivity present in the inducible band, identified in a

cytosolic sample incubated with TCDD, and subtracting the amount of

radioactivity present at the same position in a parallel lane containing

cytosol not treated with TCDD. The difference between these two

values represents the specific TCDD-inducible binding of transformed

TCDD-AhR to [2p]DRE and is presented as the amount of TCDD-

AhR-DRE complex formed.

Velocity sedimentation analysis on sucrose gradients. The
procedure used was essentially that of Harper et al. (18). Briefly,

cytosols to be analyzed for [3H]TCDD specific binding were incubated

with 20 nM [:�H]TCDD in the absence or presence of a 100-fold molar

excess of the competitor TCDF (the specific time and incubation

temperature are indicated in the figures and figure legends). After

incubation, unbound or loosely bound radioligand was removed by

treatment with dextran-coated charcoal (0.1 mg of dextran-coated

charcoal/mg of cytosolic protein) and samples were analyzed on 10-

30% sucrose density gradients (18). After centrifugation, each gradient

was fractionated and the radioactivity in each fraction was determined

by liquid scintillation. [‘4C]Formaldehyde-labeled BSA (4.4 S) and

catalase (11.3 5) were included in each gradient as internal sedimen-

tation markers.

HAP adsorption assay. Specific binding of [3H}TCDD to cytosol

was measured using the HAP adsorption assay as described previously

(21). Aliquots (0.5 ml) ofcytosol (0.2 mg/ml) were incubated with 2 nM

l3H]TCDD in the absence or presence of the competitor TCDF (200

nM). After incubation for 2 hr at 20�, 0.2-mi aliquots of the incubation
mixture were added to tubes containing HAP (125 mg of HAP in 250

�l of HEGD buffer). After a 30-mm incubation, the HAP pellets were

washed three times with 1 ml of HEGD buffer containing 0.05% (v/v)

Tween 80 to remove unbound ligand. After the last wash, radioactivity

remaining in the HAP pellet was determined by liquid scintillation.

Specific binding of [H]TCDD to the AhR was computed by subtracting

the amount of [1H]TCDD bound in the presence of TCDF from the

amount of [tH]TCDD bound in the absence of competitor.

DNA-Sepharose column chromatography. Double-stranded
concatenated DRE oligonucleotide was prepared as described by Ka-

donaga and Tjian (23), to give oligomers that ranged in size from about

80 bp to 1500 bp. Ligated DRE oligonucleotide or calf thymus DNA

was covalently coupled to CNBr-activated Sepharose 4B (Pharmacia)

as described by the manufacturer. A 3-ml column of DRE-Sepharose

(10 �g of DRE oligomer) or calf thymus DNA-Sepharose (12 � of calf

thymus DNA) was equilibrated with HEGD buffer containing 50 mM

NaCl. Cytosol (about 18-20 mg of protein), transformed in vitro by

incubation with 20 nM [‘3H]TCDD at 22� for 2 hr, was applied directly

to the column. After sample application, the column was washed with

2 column volumes of HEGD containing 50 mM NaC1 and was then

eluted with a 50-mI gradient of 50 mM to 1000 mM NaCl in HEGD.

Radioactivity and conductivity in each fraction were determined.

Results

Formation of the TCDD-AhR-DRE complex. Incuba-
tion of rat hepatic cytosol with 20 nM TCDD for 2 hr at 22”

and subsequent analysis by gel retardation in order to measure

TCDD-AhR binding to [12P}DRE oligomer resulted in the

detection of two protein-DNA complexes (Fig. 1, lanes 1 and

2). The characterization of these two complexes has been

previously described by Denison and Yao (12). Complex A,

present only in cytosols incubated with TCDD, represents the

TCDD-inducible protein-DNA complex, whereas complex B

represents a noninducible protein-DNA complex, because it is

present in both TCDD-treated and untreated samples. Complex

B appears to represent the binding of a protein(s) to single-

stranded DRE oligomer remaining after reannealing of the

complementary single-stranded oligonucleotides and 12P-label-

ing of the DNA (12). The radiolabeled band that migrates the

furthest represents free, non-protein-bound, [12P]DRE oligo-

mer.

Correspondingly, two distinct protein-DNA complexes were

observed using TCDD-treated human cell cytosol. A single

TCDD-inducible protein-DNA complex that migrated to the
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Fig. 1. Comparison of DNA-binding complexes from in vitro transformed
rat hepatic cytosolic AhA and human LS1 80 cell cytosolic AhR. After 2
hr at 22#{176},untreated or TCDD-treated (20 nM) rat liver cytosol or human
LS1 80 cell cytosol was mixed with 32P-labeled ORE oligonucleotide and

the formation of protein-DNA complexes was analyzed by gel retardation.

same position in the acrylamide gel as that of rat complex A

was detected in TCDD-treated cytosol, and a noninducible

protein-DNA complex was detected in both TCDD-treated and

untreated rat and human cytosols (Fig. 1, lanes 3 and 4).

Occasionally, a small amount of complex A was detected in

untreated human cytosol (Fig. 1, lane 3); it could result from

the binding to DRE oligomer of AhR transformed by some

endogenous ligand present in the cytosol in the absence of

TCDD and/or it may represent a noninducible protein-DNA

complex that migrates to a position similar to that of complex

A.
Similar TCDD-inducible protein-DNA complexes were also

obtained using cytosols prepared from Hepa-1 cells (mouse

hepatoma), A431 cells (human squamous cell carcinoma), and

MCF7 cells (human breast carcinoma). In all instances in vitro

transformation of AhR with TCDD resulted in the formation

of a single TCDD-inducible protein-DNA complex that mi-

grated to the same position as did rat hepatic TCDD-AhR-

DRE complexes (data not shown).

The presence of TCDD in complex A was demonstrated using

[:tHITCDD and nonradiolabeled DRE oligomer (Fig. 2). Cyto-

solic LS18O AhR was transformed by incubation for 2 hr at 22#{176}

0 5 10 15 20 25

GEL SLICE NUMBER

Fig. 2. Co-migration of L3HITCDD with the inducible protein-DNA com-
plex. A, Human LS1 80 cell cytosol was incubated with dimethylsulfoxide
(untreated), [3HITCDD, or [3H]TCDD and a 10-fold molar excess of
unlabeled TCDD, for 2 hr at 22#{176};protein-[32PIORE complexes were
resolved by gel retardation. B, Cytosol was incubated with [3H]TCDD or
[3H]TCDD plus a 1 0-fold molar excess of TCDD for 2 hr at 22#{176},followed
by incubation with unlabeled ORE oligomer, and samples were resolved
by gel retardation. Each lane of the gel was sliced into 5-mm sections,
and the amount of [3H]TCDD in each slice was determined by liquid
scintillation. The arrow indicates the position of the TCOO-inducible
protein-DNA complex.

with 20 nM [H]TCDD, in the absence or presence of a 10-fold

molar excess of nonradiolabeled TCDD. The treated cytosol

was then analyzed by gel retardation using [‘2PJDRE oligomer,

protein-DNA complexes were identified by autoradiography

(Fig. 2A) or by gel retardation analysis using nonradiolabeled

DRE oligomer, and the distribution of [‘H]TCDD throughout

the lane was quantitated by liquid scintillation counting of gel

slices (Fig. 2B). A single peak of [‘H]TCDD, corresponding to

the position of complex A (Fig. 2A), was detected in samples

incubated with nonradiolabeled DRE oligomer (Fig. 2B) and

was not detected in samples where the specific binding of [HJ

TCDD was competed away by excess nonradiolabeled TCDD.

These results are comparable to those previously described

using radiolabeled TCDD (13) or TCDD agonist (9, 12) and

confirm the presence ofthe AhR in the human TCDD-inducible

protein-DNA complex.

Ligand specificity and nucleotide specificity of AhR-
DNA binding. Formation of the AhR-TCDD-DRE complex
was dependent upon AhR occupancy by AhR agonists (Fig. 3),

because incubation of cytosol with 20 nM TCDD or MC resulted
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2 E. F. Yao and M. S. Denison, unpublished observations.

lane 1234
Fig. 3. Ligand specificity of the inducible signal. After 2 hr at 22#{176},
untreated cytosol or cytosols incubated with 20 n� TCDD, 20 n�.i MC,
or 20 n� dexamethasone (DEX) were mixed with the 32P-labeled ORE
oligonucleotide and protein-DNA complexes were then analyzed by gel
retardation. A, Position of the TCOO-inducible protein-DNA complex; B,
Position of the noninducible protein-DNA complex.

in formation of an inducible protein-DNA complex; incubation

with dexamethasone (a non-AhR agonist) did not produce an

inducible protein-DNA complex. Additionally, incubation of

cytosol with increasing concentrations of TCDD or MC ranging
from 0.1 to 20 nM resulted in a concentration-dependent in-

crease in specific protein-DNA complex formation (Fig. 4),

with maximum DNA binding being induced by 5 nM TCDD or

MC and an EC� of �1 nM ligand.

The DNA-binding specificity of transformed human TCDD-

AhR complex is shown in Fig. 5. Formation of complex A was

inhibited by the addition of excess nonradiolabeled DRE oh-

gomer to the incubation mixture (Fig. 5, compare lanes 2 and

3), but not by an excess of nonspecific DNA that lacked a DRE

sequence (Fig. 5, compare lanes 2 and 4). The nonspecific DNA

was a 66-bp EcoRl-HindIII DNA fragment isolated from the

plasmid pGEM3.79; it spans the region from base -1248 to

-1302 upstream of the mouse cytochrome cyplal transcription

start site (24) and contains 12 bp of pGEM3 polylinker. Thus,

the transformed human AhR binds specifically to DRE-con-

taming DNA. Sequence specificity of DNA binding was also

examined in experiments using a mutant DRE oligonucleotide

(Fig. 5, lanes 5-8) that contains a single nucleotide transversion

substitution within the DRE core consensus sequence (. .

TTG#{231}GTG . . .mutated to . . . TTGAGTG . . .). We previously

observed that guinea pig hepatic AhR binds to this mutant

LIGAND CONCENTRATION (nM)

Fig. 4. Dose dependence of the ligand-inducible signal. After 2 hr at 22#{176},
cytosols treated with various concentrations of TCDD or MC (0-20 nM)
were mixed with the 32P-labeled ORE oligonucleotide, and then protein-
DNA complexes were analyzed by gel retardation. The ligand-AhR-DRE
complexes were excised from the dried gel and the amount of radioac-
tivity in each ligand-AhR-DRE complex was determined by liquid scintil-
lation.
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LANE 1234 5678

Fig. 5. DNA specificity for the binding of transformed TCDD-AhR com-
plex. Lanes 1-4, after 2 hr at 22#{176},untreated or TCDD-treated cytosol
was mixed with the 32P-labeled ORE oligonucleotide, followed by the
addition of HEGD buffer (lanes 1 and 2), 100-fold excess nonradiolabeled
ORE (lane 3), or 100-fold excess nonspecific DNA (lane 4), and was
analyzed by gel retardation. Lanes 5-8, after 2 hr at 22#{176},untreated or
TCOD-treated cytosol was mixed with the 32P-labeled ORE (lanes 5 and
6) or 32P-labeled mutant ORE oligonucleotide (lanes 7 and 8) and then
analyzed by gel retardation. The arrow indicates the position of the
TCDD-inducible protein-DNA complex.

DRE with a 2000-fold lower affinity than to the wild-type

DRE.2 Unlike that found with 2P-labeled wild-type DRE oh-

gomer, no TCDD-inducible protein-DNA complex was ob-

served using the t2P-radiolabeled mutant DRE (Fig. 5, compare
lanes 6 and 8), with human cytosol. Thus, a single nucleotide
substitution within the core DRE consensus sequence signifi-

cantly reduced the binding of transformed human AhR, sug-

gesting that human AhR recognition of DNA is similar to



TABLE 1
Effect of temperature on hepatic TCDD-inducible protein-ORE
complex formation

a values indicate the amount (mean ± standard deviation) of specific TCDD-

inducible protein-ORE complex formation at the indicated temperatures (three or
four experiments).

b Ratio of inducible complex formed at 4#{176}compared with 20#{176}.
C Values are significantly different from those observed at 22#{176}(p < 0.01), as

determined by the Student t test.

TCDD
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rodent AhR recognition of DNA. In a more extensive muta-

tional analysis of DRE sequence-specific binding, we have

observed no difference between the DNA sequence specificity

of human AhR and rodent AhR (25).

Temperature dependency of AhR transformation!
DNA binding. The temperature dependence of in vitro AhR

transformation was examined by comparing the amount of

TCDD-AhR-DRE complex formed at various times and tem-

peratures (Fig. 6). In contrast to the positive signal observed

with cytosol incubated for 2 hr at 22#{176},no TCDD-inducible

protein-DNA complex formation was observed when human

cytosol was incubated with TCDD at 4#{176}for 2 or 26 hr before
gel retardation analysis. Lack of inducible complex formation

at 4#{176}was not due to failure of TCDD to bind to the AhR,
because we previously observed that incubation of LS18O cy-

tosol with 20 nM [:�H]TCDD for 2 hr at 4#{176}resulted in maximal

higand binding to human AhR (18). Prolonged incubation of

cytosol at 4#{176}also did not result in any significant decrease in

measurable [3H]TCDD specific binding (data not shown). Fur-

ther, the quantitative similarity in the amount of TCDD-AhR-

DRE complex formed in samples incubated for 24 hr at 4#{176}and

subsequently warmed to 22#{176}for 2 hr (Fig. 6, lanes 5 and 6),

��omp�red with �mpl@� int�ubt�tt�d for only 2 hr at 22#{176}(Fig 6,
ltnw� I �1nd �h indk�te� thtt human DRE�binding TCDD�AhR
t’omp1�x�s ttpp�tr to b� �tthl� for �4 hr itt 4Q In �ontrft�t
h�pitic �ytosoli� AhR from guin� pt� or r�tt did not d�mon�
�trittti this t�ppiirent t�h�olut� tomper�ttiro dopondon�y (Ti�hk�
1), Although th� �ih�otut� amount of tnin�fornmtion �
ur�d by DNA binding v�rl�d h�tw�n � �nduehhl@ prot�tn�

F�NA i�omph&’x forrmnlon o�urrod �ft�r ‘2 hr tu 4� in i11 �p�ci�
�xl�’pt humtrn,

wt� pr�vious1y obs�rv�d thu tig�nd�d AhR binds to th� DuE
in �t i to 1 nfl�o (11); con�quentty1 �ompari�on of tIm ttmount
of IHJTCDD �pociflv hindin� with tht� imoont of DRE bound

lane I 2345678
Pig. #{149},Temperature #{248}ependen� of in vitro tr�n�form�tion of human
Ahfl: Top, ayto�Ih (untre�t� or TGD�4re�te�) were �n�$y�e�1 by gel
reterdetien Lene� I end � oyteeol wee innubeled with or without TC�D
§1 22� for 2 hr l�nee 1 end 4, �yteeol wee inoubete#{248}with or without
TCDD et 4� for 2 hr lene� �8, oytoeol we� in�ubeted with or without
TCDD et 4� for �4 hr en� then in�ubete�1 for en e�#{248}itionel2 hr et �
(lwie� 5 end �) or 4#{176}(lwie� 7 end 8). The arrow indioetee the po�ition
of the TC�D�in�1uoible protein�NA oomplex.

S #{149}peoes

Amount of specific TCDD-AhR-DREcompex

bound” Relative amount
bound#{176}

22#{176} 4#{176}

cpm %

Hartley guinea pig 12,51 9 ± 1 703 12,922 ± 204 103 ± 16
Sprague-Oawley rat 8,326 ± 955 1 970 ± 395’ 24 ± 5
Human 2,147±356 55�75C 2.8±7

TABLE 2
Species variation in hepatic AhR transformation and DRE binding

Species AhR� DRE bound DRE-bound AhR

(mo//mg (mo//mg %

Hartley guinea pig 43.2 ± 4.5 47.6 ± 3.0 1 10.1 ± 6.9
Sprague-Dawley rat 51 .0 ± 2.0 25.4 ± 4.9 49.8 ± 9.6
Humnnb �6Q±30.0 114±�.1 4.4±2.Q

d AhRPonoentr�lion ifipresents the number of (mol of I�l1lTGOO spet�(fic hinc.ling/
mu of oyto�oli� prolein. Ve$u�a for guin�e pig end ref were #{248}el�rminedby lIAP
hsn#{248}ing��ey en#{248}Ihe velue for hwmen we� #{248}eterminerlfly sworobe #{248}enhitygre#{248}ienl
e0ely��b: Velueb reprebent the mean ± 8ten#{248}ef#{248}Oev/efion of �f leebi three deter-
mlnetions:

e �ytoeol wee from the humeri inteetinel ep/thelfel cell line 1-nIHO:

In the TCDD�nduc�hte t�omplex ehoutd ollow qtrnntitiuivo �
t�metion of the relet�vo d�groe of AhR trenet�rm�tion (Teble

2), These dein indicet� u highly wirlthl� dogro� of OVt�re11

hepni� Ahft treneformt�tion omong �p�io� A high dogrett of

treneformetion wt� oh�rvt�d with guin�e pig �ytoeol, whereee

bee lndu�ible complox wu� formed with ri�t, Compdrttlvttly
hunmn t�,vtoeoli(� TCDD�AhH votnp1s�xes (�/innt)t efflvltmtly

treneform end/or I#{241}ndto tht� DRE o1igonut’1eotidt� in vitro,

We previouely obe�rv�d ( 1$) thdt 10 rho trfIneformetiun of
human AhR reeutte in (te convorelon (rum u t�rm eodinmnting

et 9 5 (Mr �$S,000) to ti form eediunmting dl (1,2 � (M 175,000),

To exemine whethor t�mperitture-dopondent trenetormetion in
vitro reeulte in en �tneto�oue change in AhR eedimentet(on, we
verried out gridient ventrifbgntion nnnlye(e of � HJTCDD�AhR
vomplexee formed at 4’ end � (F� 7)

Invubetion of’ f ‘HJTCDD-trented L�41$0 vytoeol (or � hr et
� resulted in n significunt bee of AhR (IHJTCDD �ptwif1c
bhnd(n�) �omptred wIth incuhetlon Ulr ‘.� hr n 4� (Fi�, 7�
vompere A end B) Bevnuee unoccupied hunmn Ahil k

tively unetehie ( 15) perhope the devre�ee �n IHITI’DD epevUiv
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possible to determine the time of higand-dependent transfor-

mation independently of the time for higand binding (Fig. 8).

Cytosols were incubated with 20 nM TCDD for 2 hr at 4#{176};the

time was sufficient to allow maximum higand binding to the

AhR but the low temperature prevented higand-dependent

transformation. After this incubation period, the incubation

temperature was increased to 22#{176}and at various times there-

after aliquots were incubated with DNA for a total of 10 mm

[5 mm with poly(dI-dC) followed by 5 mm with [�2P]DRE

ohigonucleotide] and applied to the pohyacrylamide gel. Com-

pared with the untreated (no TCDD) control, small but detect-

able amounts of TCDD-AhR-DRE complexes were seen at the

earliest practical time point (10 mm at 22#{176}),and amounts

increased with longer times of incubation at 22#{176}. Maximum

complex formation appeared to occur after about 60 mm at 22#{176}
and remained constant for at least 180 mm. Parallel samples

incubated with [:�H1TCDD and assayed for 9 S AhR content

Fig. 8. Time dependence for in vitro transformation of human AhR.
LS18O cytosol was incubated for 2 hr at 4#{176}with 20 n� TCDD. After 2
hr aliquots were taken, warmed to 22#{176},and analyzed by gel retardation
at various times after warming; the TCDD-AhR-ORE complexes were
excised from the dried gel and the amount of radioactivity in each TCOD-
AhR-DRE complex was determined by liquid scintillation. Parallel samples
incubated with [3H]TCDD in the presence or absence of 100-fold excess
TCOF were analyzed by sucrose density gradient to determine the
concentration of 9 S AhR.

Fig. 7. Sucrose density gradient analy-
sis after incubation at 4#{176}and 22#{176}.Ali-
quots of the same cytosol were incu-
bated with [3H]TCDD in the absence or
presence of a 100-fold excess of non-
radiolabeled TCDF at various tempera-
tures and then analyzed by sucrose
density gradient centrifugation. Arrow-
heads, positions of[14C]BSA (4.4 5) and
[14C}catalase (CAT) (1 1 .3 5), added as
internal sedimentation markers. A, Cy-
tosol incubated at 4#{176}for 2 hr; B, cytosol
incubated at 22#{176}for 2 hr; C, cytosol
incubated at 4#{176}for 2 hr and then
warmed to 22#{176}for an additional 2 hr.

([3H]TCDD specific binding) showed a steady decrease in 9 S

receptor content such that at 60 mm about 65% of the 9 S AhR

remained, whereas only about 25% was detectable at 150 mm.

Binding of transformed human AhR to DNA- or DRE-

Sepharose. Previous studies (7, 26) demonstrated that trans-

formed rodent AhR can exist as two distinct DNA-binding

forms. To determine whether human AhR behaves similarly,

we examined the specific binding of transformed human AhR

to DNA-Sepharose and DRE-Sepharose. Chromatography of

transformed [3H]TCDD-bound AhR complexes from LS18O

cell cytosol resulted in three distinct radioactive peaks (Fig. 9).

The majority of radioactivity eluted in the flow-through frac-

tion (representing material that did not interact with the col-

umn), whereas the remaining radioactivity eluted as two dis-

tinct peaks, i.e., peak 1 (at low salt concentration) and peak 2

(at high salt concentration). Further characterization of peak
1 and peak 2 (Fig. 9) indicated that peak 1 represents nonspe-

cific binding and peak 2 represents specific binding to the

column, because (i) transformation of AhR by [�H]TCDD in

the presence of excess nonradiolabehed competitor abolished

the binding of peak 2 but not peak 1 to batch DNA-Sepharose

and DRE-Sepharose columns (Fig. 9, A and B) and (ii) peak 1

but not peak 2 was detected in cytosol incubated with [3H]

TCDD at 4#{176}(nonpermissive temperature for transformation)

(Fig. 9C). In addition, recycling of fractions from peak 2 to

sucrose density gradient analysis showed the presence of a 6 S

[�H]TCDD-binding AhR complex (Fig. 10), characteristic of

transformed AhR (18), whereas no specific binding was de-

tected in fractions recycled from the flow-through fractions or

from peak 1. Although quantitatively similar peaks were also

obtained when transformed [‘H]TCDD-AhR was chromato-

graphed on DNA-Sepharose or on DRE-Sepharose (Fig. 9, A

and B), peak 2 ehuted at about 420 mM NaCl from DRE-

Sepharose, compared with about 320 mM NaC1 from DNA-

Sepharose. In both instances the radioactivity associated with

the nonspecific binding to the column eluted at about 80-90

mM NaC1. These data indicate that the affinity of binding of

transformed human AhR was higher to DRE-containing DNA

than to bulk nonspecific DNA. Thus, in contrast to the results

observed by Henry et al. (7), only one form of human AhR

([:�H]TCDD specific binding peak) could be bound and subse-

quently eluted from DNA- or DRE-Sepharose.
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Discussion

Many biochemical and toxicological actions of TCDD are

mediated by the AhR, a soluble, intracellular, multimeric pro-

tein complex that binds to DNA and stimulates gene expression

in a higand-dependent manner (6-8, 27-29). We previously

examined the physiochemical properties of the AhR from hu-

man LS18O cells (18) and now extend those observations to

examine and characterize transformation and specificity of
DNA binding of human AhR.

Using gel retardation analysis, we have shown that human

LS18O cytosohic AhR can transform in vitro to a form that

specifically binds to a DRE-containing ohigonucleotide, in a

ligand-dependent manner. The presence of the AhR in the

TCDD-inducible protein-DNA complex was demonstrated by

the co-migration of a [�H]TCDD-specific binding component

in the same position in the gel. The specificity of DRE binding

of human AhR was demonstrated using DRE-containing and

non-DRE-containing competitor DNA fragments, as well as a
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mutant DRE oligonucleotide. More exhaustive DRE muta-

tional analysis revealed no significant difference in nucleotide-

specific DRE binding of human AhR, compared with that

determined for other animal species (25). These results confirm

that the inducible protein-DNA complex truly represents spe-

cific binding of transformed human TCDD-AhR complex to

the DRE.

The affinity of a given compound for the AhR is a major

determinant of the potency of that compound as an inducer of

CYPJAI (27, 30). Recently, Cuthill et al. (31) postulated that

the difference in biological potency between halogenated

(TCDD) and nonhalogenated [MC and benzo(a)pyrene] com-

pounds observed in vivo was due in part to the differential

ability of these compounds to transform AhR. They demon-

strated, in the rodent cell line Hepa-1, that the relative ability

of TCDD and MC to induce DRE-specific DNA-binding in

vitro was directly proportional to their AhR binding affinity

(determined in vitro) and was correlated with their potencies

in vivo (with TCDD being several thousand times more potent

than MC). In contrast, in our experiments the relative biolog-

ical potency of TCDD and MC as inducers of CYPJAI in

human cells is not well correlated with their affinity for the

AhR or with their ability to induce AhR transformation. There

was no significant difference between the AhR binding affinity

of TCDD and MC in human LS18O cell cytosol in vitro (K(J =

5.2 nM and 5.3 nM, respectively) (18), nor was there any dose-

dependent difference in TCDD-inducible protein-DNA com-

plex formation with each compound (Fig. 3). However, TCDD

is a significantly more potent inducer of CYPIAI-dependent

aryl hydrocarbon hydroxylase activity (32, 33). Thus, at least

in human cells, the difference in biological potency between

TCDD and MC is not simply due to a difference in their

apparent affinity for the AhR or to any apparent difference in

their ability to induce AhR transformation. The difference

between TCDD and MC may be related more to differences in

their cellular distribution and/or rate of metabolism.

A significant amount of information is available regarding
the binding of higand to the AhR; however, little is known about

the events that occur during the transformation of AhR to its

DNA-binding form. It is clear that AhR transformation is

higand dependent and involves at least the loss of an hsp90

molecule(s) from the liganded cytosohic AhR complex. Analo-

gous studies with steroid hormones and their receptors would

suggest that the loss of heat shock protein hsp90 is induced by
a ligand-dependent conformational change in the receptor pro-

tein(s). Transformation of human AhR is accompanied by a

decrease in sedimentation and apparent molecular weight from

8-10 S and -285,000 to 6 S and -176,000 (18), respectively.

Because the molecular weight of the ligand-binding subunit of

the human AhR is about 110,000 (18, 19, 34), the transformed

AhR must represent a complex of at least two proteins. Several

recent studies have, in fact, demonstrated that transformed rat

AhR exists as a heterodimer containing both ligand-binding

and non-ligand-binding subunits (29, 35). More recently, Hoff-

man et al. (36) isolated a human cDNA clone that encodes a

non-TCDD-binding 80-kDa protein, the AhR nuclear translo-

cation factor, which appears to be a component of the nuclear

AhR complex (37). Thus, the transformed human AhR appears

to be a heterodimer, consisting of at least one higand-binding

subunit and one AhR nuclear translocation factor subunit.

Whether other proteins or factors are present in the DNA-

binding form of the AhR remains to be determined.
Transformed human TCDD-AhR complexes bound to DNA-

Sepharose or DRE-Sepharose columns can be eluted as a single
specific binding peak (peak 2) by high salt (0.3-0.4 M NaC1).

Analysis of peak 2 on sucrose density gradients showed a single

6 S binding species, characteristic of transformed heteromeric

human AhR (18). In addition, the lack of specific [�H]TCDD

binding to Sepharose alone (data not shown) confirmed that

transformed TCDD-AhR complex bound specifically to the

DNA rather than to the column matrix itself. In contrast to

our results, Henry et al. (7) reported that two distinct rodent

cytosolic [�H]TCDD-specific binding peaks can be salt-eluted

from calf thymus DNA-Sepharose columns. Their subsequent

analysis revealed that one of these peaks represented higand-

occupied AhR monomer, which bound to DNA with relatively

low affinity (eluted from the column with 0.19 M NaCl), and

the second represented a ligand-occupied multimeric AhR form,

which bound to DNA-Sepharose with relatively higher affinity

(eluted with 0.28 M NaC1). More recently, they demonstrated

that of these two forms only the “high affinity” multimeric

form could specifically bind to a DRE-containing oligonucleo-

tide (29). Although the high affinity multimeric AhR form

identified by Gasiewicz and co-workers (7) appears to be com-

parable to our single specific binding peak (peak 2), in no

instance have we observed a lower affinity human AhR form

eluting from DNA-Sepharose or DRE-Sepharose. It is possible,

however, that a small amount of a lower affinity form exists

but is masked by the large nonspecific binding peak (peak 1)

observed with human cytosol.

Temperature-dependent AhR transformation and nuclear

translocation have been observed in cells in culture from a

variety of species and tissues. In these studies [:�H]TCDDAhR

complexes failed to accumulate within the nucleus of cells

maintained at 4#{176},whereas those at 20#{176}showed significant

nuclear AhR accumulation (5). Decreased AhR transformation/

nuclear translocation (DNA binding) at low temperatures may

result from inhibition of a critical (temperature-dependent)

step in the transformation process, such as a ligand-induced

protein conformational change, a phosphorylation or dephos-

phorylation event, the association or dissociation of AhR and

other factors, and/or some other as yet undefined event.

In contrast to observations with rodent cytosol (Ref. 7 and

Table 1), transformation of human AhR in vitro requires not

only higand but also elevated temperature, similar to that ob-

served in cells in culture. Although incubation of LS18O cell

cytosol at low temperature (4#{176})prevents any TCDD-AhR-DRE

complex formation, it does not adversely affect binding of

ligand to AhR, nor is there any apparent decrease in AhR
sedimentation, indicative of AhR dissociation or transforma-

tion. Taken together, these results suggest that AhR higand

binding and transformation are independent events (i.e., higand

binding is an essential first step but it is not sufficient for

transformation). Furthermore, because transformation of hu-

man AhR is exceptionally temperature dependent, our results

suggest that in vitro transformation of human AhR, unlike

rodent AhR, could be a useful model for examining the tem-

perature-dependent mechanism of AhR transformation to its

DNA-binding form in greater detail.

We previously observed that human AhR is extremely labile

and is rapidly inactivated at elevated temperature (15). Al-
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3 P. A. Harper and J. V. Giannone, unpublished observations.

though increasing the temperature to 22#{176}allowed detection of

transformed TCDD-AhR complexes by gel retardation analysis,

a significant amount of AhR complex was apparently macti-

vated (as determined by [�HJTCDD specific binding). In addi-

tion, a further increase in temperature (to 37#{176})resulted in the

total loss of the TCDD-inducible protein-DNA complex (data
not shown), indicating that the transformed human AhR was

less stable at elevated temperature. These results suggest that

occupied human AhR, hike unoccupied AhR, is extremely labile

at elevated temperature, and this may help explain the low

level of human AhR reported by other investigators (38).

The inactivation of human AhR and formation of the TCDD-

AhR-DRE complex at 22#{176}may, at first, seem contradictory, in

that an increase in protein-DNA complex formation occurs

concomitantly with AhR inactivation. However, comparison of

the time course of TCDD-AhR-DRE complex formation with

the amount of [4H]TCDD specific binding in the 9 5 region

(Fig. 8) shows that complex formation was maximal by 1 hr,

whereas 9 S AhR progressively decreased throughout the 3-hr

experimental time period. Maximal DNA binding by human

AhR occurred by the time that 9 S AhR decreased by only 30%.

These results, combined with the data in Table 2, suggest that

very few human TCDD-AhR complexes can transform and/or

bind to the DRE, although those that do so transform and bind

rapidly and are apparently stable at 22#{176}for at least 3 hr. The

low level of human TCDD-AhR-DRE complex formation may

result from the extreme lability of human AhRs and/or the

presence or absence of additional “factors” that may modulate

AhR transformation and DNA binding. Recent studies with
steroid hormone receptors revealed the presence of nuclear

factors necessary for high affinity DNA binding of transformed

ligand-receptor complexes (39). It is unknown whether similar

factors exist that modulate AhR functionality. Additionally, it

could be argued that the majority of human AhR does indeed

transform but specifically binds to a DNA sequence distinct

from the DRE. Given our DNA- and DRE-Sepharose chroma-

tography results, which indicate no significant difference in the

amount of AhR ([3HJTCDD specific binding) eluting from

DRE-Sepharose versus DNA-Sepharose (which should bind all

transformed AhRs irrespective of their DNA sequence prefer-

ence), we think this possibility unlikely. The in vitro results
presented here imply that very little of the total measurable

human cytosohic AhR can transform and/or bind to DNA.

Interestingly, recent studies examining cytosohic and nuclear

AhR concentrations in LS18O cells incubated in the absence or

presence of [3H]TCDD revealed that <10% of total cytosohic

AhR present in these cells is found associated with the nucleus
after TCDD exposure under apparently optimal conditions.

Thus, the in vitro results obtained here are in reasonably good

agreement with those obtained in intact cells. Whether this, in

addition to the reduced higand binding affinity of human AhR,

plays a role in the reduced TCDD responsiveness of humans

remains to be determined.

The absolute temperature dependence of transformation of

human AhR, coupled with the utility of gel retardation analysis

to measure binding of transformed AhR to its DNA recognition

site, provides us with a tractable system for isolation and

characterization of factors necessary for transformation and

DRE binding of human AhR.
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