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ABSTRACT: Guinea pig hepatic Ah receptor (AhR) complex was transformed in uitro to its DNA-binding 
form by incubation with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin). Transformed TCDD-AhR 
was covalently cross-linked by UV-irradiation to a bromodeoxyuridine-substituted oligonucleotide containing 
its specific DNA recognition site, the dioxin responsive element (DRE). Denaturing gel electrophoresis 
and autoradiography identified four TCDD-inducible protein-DNA complexes, with molecular masses of 
approximately 97,105, and 1 15 kDa and a somewhat broader complex at  247 kDa. The 247-kDa complex 
appears to contain two distinct protein-DNA complexes of approximately 232 and 256 kDa and represents 
two proteins covalently cross-linked to a single DRE oligonucleotide, while the 97, 105, and 115-kDa 
complexes represent single protein-DRE cross-links. UV cross-linking to DRE oligonucleotides containing 
variable numbers of BrdU residues revealed that the 105-kDa protein, identiied as the AhR ligand-binding 
subunit by photoaffinity labeling with a radioiodinated AhR agonist, cross-links to the DRE core consensus 
(5’-GCGTG-3’); the 97- and 1 15-kDa non-ligand-binding proteins differentially cross-link immediately 
5’-ward of the core. Overall, our results not only demonstrate that the critical protein-DNA contacts which 
occur between the AhR complex and the DRE are made primarily by the ligand-binding subunit but also 
indicate that the AhR complex exists as two distinct heteromeric DNA-binding forms, containing one 
105-kDa ligand-binding subunit and either one 115- or one 97-kDa non-ligand-binding subunit. 

Exposure to the environmental contaminant 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin (TCDD,’ dioxin) and related halo- 
genated aromatic hydrocarbons results in a wide variety of 
species- and tissue-specific toxic and biological responses 
(Poland & Knutson, 1982; Safe, 1986). Many of these 
responses appear to be mediated by a solute intracellular 
receptor protein, the Ah receptor (AhR), which binds these 
compounds with high affinity (Poland & Knutson, 1982; Safe, 
1986; Whitlock, 1986; Poland et al., 1986). The AhR, like 
steroid hormone receptors, is a ligand-dependent transcription 
factor that modulates gene expression through a high-affinity 
interaction with a specific DNA enhancer element upstream 
of TCDD-responsive genes (Whitlock, 1986; Whitlock et al., 
1990; Carson-Jurica et al., 1990; Beato, 1991). 
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The induction of cytochrome P4501A1,2 a microsomal 
enzyme important in the metabolic detoxification and acti- 
vation of many environmental chemicals (Poland & Knutson, 
1982; Safe, 1986), has been used as a model system to examine 
the molecular mechanisms by which TCDD and the AhR 
modulate gene expression. Following binding of TCDD to 
the AhR, the TCDD-AhR complex undergoes a poorly 
understood process termed transformation3 that involves, at 
least in part, the dissociation of hsp90 (a heat shock protein 
of 90 kDa) and the subsequent conversion of the TCDD-AhR 
complex to its DNA-binding form (Perdew, 1988; Denis et 
al., 1988; Henry et al., 1989). Transformed TCDD-AhR 
complexes translocate into the nucleus and bind with high 
affinity to specific DNA sequences (termed dioxin responsive 
elements, DREs) adjacent to the CYPIA1 gene (Denison & 
Yao, 1991; Fujisawa-Sehara et al., 1987; Denison et al., 
1988a,b). Biochemical and genetic evidence indicates that 
formation of the TCDD-AhR-DRE complex is a critical step 
in transcriptional activation of the CYPIAl gene (Whitlock, 
1986, 1990; Legraverend et al., 1982). 

We have previously utilized gel retardation analysis to 
examine the binding of transformed TCDD-AhR complex to 
the DRE (Denison et al., 1988a,b, 1989; Denison & Yao, 
1991; Yao & Denison, 1992). Transformed TCDD-AhR 
complex recognizes and binds to a core DNA consensus 
sequence, 5’-GCGTG-3’, specifically and with high affinity 
(Denisonet al., 1989; Denison & Yao, 1991; Shen & Whitlock, 
1992; Yao & Denison, 1992). DREmutagenesis studies have 

In this report, we have defined transformation as the process by 
which the TCDD-AhR complex changes to a form which can bind to 
DNA with high affinity. 
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indicated the importance of nucleotides both within and 
adjacent to this core sequence in TCDD-AhR-DRE complex 
formation (Shen & Whitlock, 1992; Yao & Denison, 1992). 
UV cross-linking studies (Elferink et al., 1990; Gasiewicz et 
al., 1991) have demonstrated that transformed rat hepatic 
TCDD-AhR complex binds to DRE-containing DNA as a 
heterodimer, consisting of ligand- and non-ligand-binding 
subunits. Recently, Hankinson and co-workers (Hoffman et 
al., 1991) have reported the cloning of a gene which encodes 
a protein [termed the Ah receptor nuclear translocator (arnt)] 
that appears to be necessary for nuclear localization of the 
AhR complex. Demonstration of the presence of the arnt 
protein in the nuclear (transformed) form of the murine AhR 
complex (Reyes et al., 1991) suggests that the non-ligand- 
binding component of the transformed AhR complex identified 
by UV cross-linking (Elferink et al., 1990) is arnt or an arnt- 
like protein. 

The UV cross-linking experiments of Elferink et al. (1990) 
have suggested that the non-ligand-binding (arnt) protein may 
be the primary DNA-binding component of the transformed 
AhR heterodimeric complex; however, direct evidence to 
support this hypothesis is lacking. Here we have utilized gel 
retardation analysis, UV cross-linking, and DRE mutagenesis 
to analyze TCDD-AhR-DRE complex formation in greater 
detail. 

Swanson et al. 

EXPERIMENTAL PROCEDURES 

Chemicals. TCDD and TCDBF were obtained from Dr. 
S. Safe (Texas A&M University); [1251]AIBr~DD (2176 Ci/ 
mmol) was from Dr. G. Perdew (Purdue University); [CX-~~P]-  
CT (3000 Ci/mmol) and [T-~~P]ATP (6000 Ci/mmol) were 
from New England Nuclear; 5-bromo-2-deoxyuridine 5’- 
triphosphate (BrdU) was from Pharmacia-LKB Biotech- 
nology Inc. Molecular biological reagents were from Bethesda 
Research Laboratories and Boehringer Mannheim. 

Animals and Preparation of Cytosol. Male Hartley guinea 
pigs (250-300 g), obtained from the Michigan Department 
of Public Health (Lansing, MI), and male Sprague-Dawley 
rats (200 g), obtained from Charles River Breeding Labo- 
ratories (Wilmington, DE), were exposed to 12 h of light and 
12 h of dark daily and were allowed free access to food and 
water. Hepatic cytosol was prepared in HEDG buffer [25 
mM Hepes, pH 7.5, 1 mM EDTA, 1 mM DTT, and 10% 
(v/v) glycerol] as previously described (Denison et al., 1986) 
and was stored at -80 OC until use. Protein concentrations 
were determined by the method of Bradford (1976), using 
bovine serum albumin as the standard. 

Synthetic Oligonucleotides and Preparation of BrdU- 
Substituted DNA. A complementary *pair of synthetic 
oligonucleotides containing the sequences 5’-GATCTGG- 
CTCTTCTCACGCAACTCCG-3’ and 5’-GATCCGGAGT- 
TGCGTGAGAAGAGCCA-3’ [corresponding to the AhR- 
binding site of DRE3 (Denison et al., 1988a) and designated 
here as the wild-type DRE oligonucleotide] were synthesized, 
purified, annealed, and radiolabeled with [y-32P]ATP as 
previously described (Denison et al., 1988b). Annealing 
generates a double-stranded DNA fragment with a BamHI 
cohesive end at its 3’ terminus and a BglII cohesive end at its 
5’ terminus, relative to its normal orientation with respect to 
the CYPIAl gene promoter (Jones et al., 1986). For cross- 
linking studies, the synthetic oligonucleotide 5’-TCGGCTCT- 
TCTCACGCAACTCCGTGCTC-3’ (also containing the 
AhR-binding site of DRE3) was annealed to the 8 bp com- 
plementary primer, 5’-GAGCACGG-3’. The annealed tem- 
plate was end-filled with the Klenow fragment of 

DNA polymerase in the presence of 50 pM each of dGTP, 
dATP, and BrdU and 10 pM [3ZP]dCTP as described 
previously (Sambrook et al., 1989) and was designated as the 
BrdU-substituted wild-type DRE oligonucleotide. Nonra- 
dioactive DNA was synthesized by replacing the [32P]dCTP 
with 50 pM dCTP in the fill-in reaction. Mutant DRE 
oligonucleotide templates and primers for cross-linking studies 
were synthesized, annealed, filled-in, and radiolabeled as 
described above. The resulting wild-type and mutant BrdU- 
substituted DRE oligonucleotides used in our studies are shown 
in Figure 1. 

Gel Retardation Assay. Gel retardation analysis was 
performed as previously described (Helferich & Denison, 
1991). Briefly, guinea pig hepatic cytosol (16 mg of protein/ 
mL) was incubated with either DMSO (20 pL/mL) or TCDD 
(20 nM) for 2 h at 20 OC. Cytosol (80 pg of protein) was 
mixed with 225 ng of poly(dI.dC) and added to an incubation 
mixture containing 25 mM Hepes, 1 mM EDTA, 1 mM DTT, 
10% glycerol (v/v), and 80 mM KCl (final concentration). 
Following incubation for 15 min at 20 OC, the desired 32P- 
labeled DNA oligonucleotide ( 100 000 cpm, - 1 ng) was added 
to the mixture, and the sample was incubated for an additional 
15 min. Samples were loaded onto a 4% nondenaturing 
polyacrylamide gel, the products separated by electrophoresis, 
and the gels dried and analyzed following autoradiography. 

W Cross-Linking. The gel retardation assay mixture 
(containing BrdU-substituted 32P-labeled DNA) was UV- 
irradiated on ice (four 15-W lamps, >205 nm, UV Products) 
at a distance of 4-5 cm from the source. Irradiation times 
are indicated in the figure legends. Samples were then mixed 
with SDS-loading buffer, heated to 100 OC for 4 min, and 
then subjected to electrophoresis on 5-10% SDS-polyacry- 
lamide gradient gels (Laemmli, 1970). Protein-DNA com- 
plexes were resolved by autoradiography of the dried gel. 

Photoaffinity Labeling of AhR. Guinea pig cytosol ( 5  mg 
of protein/mL) was incubated with 0.94 nM [1ZSI]AIBr2DD 
in the absence or presence of a 200-fold molar excess of TCDBF 
for 30 min at room temperature. After incubation, the samples 
were cooled on ice for 5 min, mixed with charcoal/dextran 
(l.O%/O.l% final concentration), and further incubated for 
15 min. Following centrifugation at 3000g for 10 min, the 
supernatant was UV-irradiated [two 15-W UV lamps, >302 
nm (UV Products)] for 4 min at a distance of 8 cm from the 
source. The proteins were precipitated overnight at -20 OC 
with acetone (90% final concentration); the pellets was 
collected by centrifugation, resuspended in SDS sample buffer, 
and analyzed by SDS-PAGE. [1251]AIBrz;DD-protein com- 
plexes were detected by autoradiography of the dried gels. 

RESULTS 

WCross-Linking of Transformed TCDD-AhR Complex 
to the DRE. UV irradiation of protein-DNA complexes 
results in low-efficiency cross-linking of proteins to thymine 
residues with which the proteins are in close contact (Markow- 
itz, 1972). The efficiency of UV-induced cross-linking of 
nucleic acids to DNA-bound proteins can be significantly 
increased by the incorporation of BrdU residues into DNA 
fragments in place of thymine (Ogata & Gilbert, 1977; Hillel 
& Wu, 1978). Incorporation of BrdU residues into the primed 
wild-type DRE template produces a double-stranded oligo- 
nucleotide which contains three BrdU residues adjacent to 
and within the DRE AhR-binding core consensus, GCGTG 
(Figure 1). Gel retardation analysis using 32P-labeled BrdU- 
substituted wild-type DRE oligonucleotide resulted in the 
formation of a TCDD-inducible protein-DNA complex 
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DRE C O n " m U t 3  2 N N N O T  N G C G T G N z &  N N N z  
sequence G C C T  C 

Wild-typ. DRE 

Mutant DRE M1 

DRE G A a c A c G c a g c a a a a g a c c a 

~ ~ ~ ~ ~ ~ ~ ~ a g a @ g c g u g a g a a g a g c c g a  
C T C G T G C C T C L A C G C A C T C T T C T C G G C T  I O 1  Mutant DRE 113 

DRE M4 G A o c A c c c A G T T a g Q a  g a g c c g a 

Mutant DRE 165 

Mutant DRE M6 A G A A G A G C C G A 

Mutant DRE M, A G A A G A C C C G A 

FIGURE 1: Wild-type and mutant DRE oligonucleotides. The conserved and variable nucleotides contained within the murine DRE DNA 
consensus sequence are shown. The DNA sequence used in these studies corresponds to that we have previously defined as DRE3 (Denison 
et al., 1988b). BrdU-substituted wild-type and mutant DRE oligonucleotides used in these studies are as indicated. The nonsubstituted 
wild-type DRE oligomer was identical to the BrdU-substituted wild-type oligomer except that thymine was incorporated instead of BrdU. The 
double-stranded oligonucleotides were prepared as described under Experimental Procedures. The synthesized, annealed primed DNA is 
indicated by capital letters, the filled-in nucleotides are shown lower case letters, the BrdU residues are circled, the specific mutations are 
underlined, and the DRE *core" consensus sequenced is boxed. 

comparable to that produced using 32P-labeled unsubstituted 
wild-type DRE oligomer (Figure 2A). These data indicate 
that substitution of thymine residues with BrdU does not 
adversely affect TCDD-AhR-DRE complex formation. 

UV irradiation, SDS-PAGE, and autoradiography of 
incubation mixtures containing control or TCDD-treated 
cytosol and [32P]BrdU-~~b~tituted wild-type DRE oligonu- 
cleotide revealed the presence of four TCDD-inducible, UV- 
cross-linked protein-DNA complexes (Figure 2B). Although 
several other protein-DNA complexes were also observed, 
they were not TCDD-inducible and thus represented proteins 
which bind to DNA nonspecifically or with low affinity. A 
small amount of each of the proteins labeled in the presence 
of TCDD was also observed in the absence of added TCDD 
(Figure 2B). This "background" signal could be predicted, 
since gel retardation analysis of control cytosol (Figure 2A) 
also revealed a small amount of a protein-DNA complex which 
migrated to the same position as the TCDD-inducible complex. 
These complexes may represent AhR complex transformed 
after occupancy by an endogenous ligand and/or a small 
fraction of AhR complex transformed in the absence of ligand. 
The increased number of protein-DNA complexes observed 
by UV cross-linking compared to gel retardation analysis likely 
results from covalent cross-linking of low-affinity protein- 
DNA complexes that occur in solution but that are not stable 
enough to be resolved by gel retardation analysis. The DNA 
specificity of inducible protein-DNA binding was revealed in 
competition experiments which demonstrated that the TCDD- 
inducible protein complexes can be effectively eliminated by 
an excess of unlabeled wild-type DRE oligonucleotide (Figure 
2C) but not by an excess of nonspecific DNA oligonucleotide 
(data not shown). 

Comparison of the relative mobilities of the TCDD-inducible 
protein-DNA complexes to those of known protein standards 

has allowed calculation of the apparent molecular masses of 
the inducible complexes [97 f 2, 105 f 2, and 11 5 f 3 kDa 
and a somewhat broader complex at about 247 f 12 kDa (n  
= 5 ) ] .  Treatment of the protein-DNA complexes with 
micrococcal nucleus did not significantly alter the migration 
of any of the detected protein-DNA complexes, although the 
DNA oligonucleotide was progressively digested (data not 
shown). Previous studies have similarly observed that when 
the DNA used in protein-DNA-binding studies is of relatively 
small size, little or no alteration in the relative mobility 
(apparent molecular mass) of the protein-DNA complex was 
detected, even upon nuclease digestion (Elferink et al., 1990; 
Ogata & Gilbert, 1977; Hillel & Wu, 1978). 

UV irradiation times and gel analysis conditions which have 
been optimized for resolution of the three smaller complexes 
result in formation of the somewhat broader complex at 247 
kDa as described above. Occasionally, when samples are 
separated further on the denaturing gel and/or irradiation 
times are increased, the larger 247-kDa complex can be 
resolved into two distinct complexes of approximately 232 f 
3 and 256 f 4 kDa (Figure 3). Since both of these complexes 
formed in relatively similar amounts with increasing time of 
irradiation, we conclude that these complexes do not form 
from each other. Thus, the broader 247-kDa complex resolved 
in the standard cross-linking is accounted for by the fact that 
it is actually composed of two complexes. In the remaining 
experiments, we utilized standard analysis conditions which 
favor formation of the smaller inducible complexes. 

Previous studies with rat hepatic cytosol reported the 
formation of three TCDD-inducible UV-cross-linked protein- 
DREcomplexes (Elferinket al., 1990; Gasiewiczet al., 1991). 
In order to determine whether the number of TCDD-inducible 
protein-DNA complexes observed in our cross-linking studies 
is unique to guinea pig hepatic cytosol, we also cross-linked 
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FIGURE 3: Identification of two distinct high molecular mass TCDD- 
inducible, UV-cross-linked protein-DNA complexes. Guinea pig 
hepatic cytosol (16 mg of protein/mL) was incubated with DMSO 
(-TCDD) or 20 nM TCDD (+TCDD) for 2 h at 20 OC. Aliquots 
were then incubated with 32P-labeled BrdU-substituted wild-type 
DRE oligonucleotide, irradiated for the indicated time, and analyzed 
by SDS-PAGE and autoradiography as described under Experimental 
Procedures. The arrows indicate the positions of the TCDD-inducible 
protein-DNA complexes. The apparent molecular masses of the 
two higher complexes was calculated to be approximately 232 f 3 
and 256 f 4 kDa (n = 3). 

Guinea S.D. 
pig Rat 

TCDD - + - + 

45,000- 

FIGURE 2: TCDD-inducible, UV cross-linking of the transformed 
TCDD-AhR complex to DNA. Guinea pig hepatic cytosol (16 mg 
of protein/mL) was incubated in the absence (-TCDD) or presence 
(+TCDD) of 20 nM TCDD for 2 h at 20 OC. Aliquots were then 
incubated with 32P-labeled unsubstituted or BrdU-substituted (100 000 
cpm, 0.5-1 .O ng) wild-type DRE oligonucleotides as described under 
Experimental Procedures. Duplicate samples were analyzed directly 
by gel retardation (A) or UV-irradiated for 30 min and subsequently 
analyzed by SDS-PAGE (B) and protein-DNA complexes resolved 
by autoradiography. The arrows indicate the positions of the TCDD- 
inducible protein-DNA complexes. (A) Gel retardation analysis of 
DMSO-treated (-TCDD) and TCDD-treated (+TCDD) guinea pig 
cytosol incubated with wild-type 32P-labeled DRE oligonucleotide or 
32P-labeled BrdU-substituted wild-type oligonucleotide. (B) TCDD- 
inducible, UV cross-linking of proteins to BrdU-substituted wild- 
type oligonucleotide. The positions of protein standards are indicated. 
(C) Specificity of DNA binding of proteins inducibly cross-linking 
to BrdU-substituted wild-type oligonucleotide. TCDD-treated cytosol 
was incubated in the absence or presence of increasing amounts of 
wild-type DRE oligonucleotide. 

TCDD-treated Sprague-Dawley rat hepatic cytosol to the 
BrdU-substituted DRE oligonucleotide. These experiments 
revealed formation of four TCDD-inducible, UV-cross-linked 
protein-DNA complexes using rat cytosol (Figure 4), similar 
to that observed with guinea pig cytosol. Comparable results 
were also obtained using C3H/HeN mouse hepatic cytosol 
(data not shown). In these experiments, the low amount of 
TCDD-inducible protein-DNA complex formation observed 
using UV-irradiated rat cytosol, compared to guinea pig 

2 0 0 , 0 0 0 ~  

11  6,250- 

97,400- 

4 5 , O O O W  

4- 

2 
4- 

FIGURE 4: TCDD-inducible, UV cross-linking of the transformed 
guinea pig and rat hepatic cytosolic TCDD-AhR complex to DNA. 
Hepatic cytosol (16 mg of protein/mL) from the indicated species 
was incubated in the absence (-TCDD) or presence (+TCDD) of 20 
nM TCDD for 2 h at 20 "C. Aliquots were then incubated with 
32P-labeled unsubstituted or BrdU-substituted (100 000 cpm, 0.5- 
1 .O ng) wild-type DRE oligonucleotides as described under Exper- 
imental Procedures. The arrows indicate the positions of the inducible 
protein-DNA complexes. 

cytosol, was due to the low amount of inducible TCDD-AhR- 
DRE complex formed using this rat cytosolic sample, as 
determined by gel retardation analysis (data not shown). 
Overall, these results confirm that the TCDD-inducible 
protein-DNA complexes observed here are not unique to 
guinea pig hepatic cytosol. 

Identification of the Ligand-Binding (AhR) Subunit by 
UVCross-Linking with [ lZ51] AIBrzDD. Previous studies have 
suggested that the DNA-binding form of the AhR is a 
heterodimer, containing one ligand-binding and one non- 
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TCDD - + - - 
IIAIBrZDD - - + + 

TCDBF - - - + 

A 
DRE W T  MI M2 M3 
T C D D -  + - + - + - +  

2 00,000m 

11  6,250- 

97,400- 

66 ,20  O W  

45,OO 0- 

4- 

FIGURE 5: Identification of the ligand-binding subunit of the AhR 
complex. Guinea pig hepatic cytosol (16 mg of protein/mL) was 
incubated with DMSO (-TCDD) or 20 nM TCDD (+TCDD) for 
2 h at 20 OC. Aliquots were then incubated with 32P-labeled BrdU- 
substituted wild-type DRE oligonucleotide, irradiated for 30 min, 
and analyzed by SDS-PAGE and autoradiography as described under 
Experimental Procedures. Cytosol (5 mg of protein/mL) was 
incubated with 0.94 nM [lZ51]AIBr2DD in the absence (-TCDBF) 
or presence (+TCDBF) of a 200-fold molar excess of TCDBF for 
30 min at room temperature, charcoal-treated, and irradiated for 4 
min, and the proteins were precipitated and analyzed by SDS-PAGE 
and autoradiography as described under Experimental Procedures. 
The [ lZ51]AIBr2DD-AhR complex (arrow) migrates with an apparent 
molecular mass of 104.4 2 0.8 kDa (n = 5). 

ligand-binding (arnt) subunit (Elferink et al., 1990; Gasiewicz 
et al., 199 1). To identify which of our three smaller protein- 
DNA complexes (97,105, and 115 kDa) contains the ligand- 
binding subunit of the AhR complex, we utilized a photoaffinity 
radioiodinated TCDD agonist, [ 1251] AIBr2DD (Poland & 
Glover, 1987). UV irradiation of [ 1251]AIBr2DD-occupied 
AhR complex covalently cross-links the [ 1251]AIBr2DD to 
the ligand-binding subunit, resulting in the formation of a 
single 1251-labeled protein (Figure 5) with an apparent 
molecular mass of 104.4 f 0.83 kDa [comparable to the 103- 
kDa size previously reported for the guinea pig AhR ligand- 
binding subunit (Poland & Glover, 1987)l. Competitive 
inhibition of the formation of the 1251-labeled complex by 
TCDBF, another high-affinity AhR ligand, identified this 
complex as the ligand-binding subunit of the AhR complex 
(Figure 5, lane 4). Although the calculated molecular mass 
of the 12%labeled AhR complex was not significantly different 
from that of the 105-kDa TCDD-inducible pr~tein-[~~P] DNA 
complex, a slight difference in the relative mobility of each 
complex is apparent. We attribute this minor shift in the 
relative migration of the 1251-cross-linked AhR complex, 
compared to that of the pr~te in- [~~P]  DNA cross-linked 
complex, to the presence of covalently bound DRE oligonu- 
cleotide within the latter cross-linked complex and not the 
former. Although we have been unable to obtain satisfactory 
cross-linkingof the [ 12SI]AIBr2DD-AhR complex to the BrdU- 
substituted [ 32P] DRE oligonucleotide in the same experimental 
conditions, our results support the identity of the 105-kDa 
protein-DNA complex as the AhR ligand-binding subunit 
covalently bound to the DRE oligonucleotide. 

UVCross-Linkingof t he AhR Complex to Oligonucleotides 
Containing BrdU Residues within the Conserved DRE Core 
Sequence. We synthesized various mutant DRE oligonucle- 
otides such that the positions of the BrdU residue(s) within 
the DRE core sequence were varied (Figure 1). These BrdU- 

B DNA W T  MI M2 M3 W T  MI M2 M3 
TCDD - - - - + + + + 

e 
2 0 0 , 0 0 0 m  

1 1 6 , 2 5 0 W  

97,400- 

66,200) 

e e 
4- 

FIGURE 6: TCDD-inducible cross-linking of proteins to DRE 
oligonucleotides containing variable numbers of BrdU residues 
substituted within the DRE “core” region. Guinea pig hepaticcytosol 
(16 mg of protein/mL) was incubated in the absence (-TCDD) or 
presence (+TCDD) of 20 nM TCDD for 2 hat 20 “C. Aliquots were 
then incubated with 32P-labeled BrdU-substituted wild-typeor mutant 
(mutants 1-3, see Figure 1) DRE oligonucleotide. Protein-DNA 
complexes were then directly resolved by gel retardation (A), or 
samples were irradiated for 30 min and cross-linked protein-DNA 
complexes resolved by SDS-PAGE (B) as described under Exper- 
imental Procedures. The arrows indicate the positions of the inducible 
protein-DNA complexes. 

substituted DRE mutants allow identification of the nucleotide 
residue(s) in close contact with the various subunits of the 
ArH complex. To identify the nucleotide(s) within the DRE 
core consensus sequence which cross-link(s) to each of the 
three AhR complex protein subunits, we used BrdU-substituted 
wild-type and mutant (M 1-M3) oligonucleotides (Figure 1). 
Analysis of the binding of the transformed TCDD-AhR 
complex to these BrdU-substituted 32P-labeled DRE oligo- 
nucleotides revealed formation of a TCDD-inducible protein- 
DNA complex with the mutant oligomers M1 and M3 (which 
contain single-nucleotide substitutions) similar to that of the 
wild-type DRE oligomer (Figure 6A). TCDD-inducible 
protein-DNA complex formation with mutant M2 oligomer 
(which contained two nucleotide substitutions and only one 
BrdU residue) was significantly reduced, when compared to 
the wild-type oligonucleotide (presumably due to reduced 
affinity for the transformed AhR complex). These results 
indicate that although mutation of one nucleotide (in M1 and 
M3) had no significant effect, substitution of both of these 
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nucleotides (in M2) adversely affected DNA binding of the 
transformed TCDD-AhR complex. 

UV irradiation, SDS-PAGE, and autoradiography of these 
incubations revealed the specific BrdU residues to which the 
various protein subunits of the transformed TCDD-AhR 
complex can be cross-linked. Four TCDD-inducible protein- 
DNA complexes (97,105,115, and approximately 247 kDa) 
were observed with both wild-type and mutant M3 oligonu- 
cleotides in a TCDD-dependent manner (Figure 6B). Given 
that the M3 mutant oligomer contains only two BrdU residues 
which can form at most two cross-links (in contrast to the wild 
type which contains three BrdUs and can form three cross- 
links), the similarity in size of the larger (247 kDa) protein- 
DNA complex with each oligonucleotide suggests that this 
(these) complex(es) represent(s) a single DNA oligomer cross- 
linked to two proteins rather than three. 

In contrast to the above results, only the 97-, 105-, and 
247-kDa protein-DNA complexes were inducibly formed using 
DRE mutant M1, and only the 105-kDa protein-DNA 
complex was inducibly formed using DRE mutant M2 (Figure 
6B). The results with the M1 mutant oligomer demonstrate 
that the site of covalent attachment of the 115-kDa subunit 
occurs only with the first BrdU residue (indicated in boldface 
type) directly 5‘-ward of the five base pair DRE core, 
BBGCGBG, while that of the 105-kDa (ligand-binding) 
subunit occurs with the BrdU residue (indicated in boldface 
type) contained within the five base pair DRE core, GCGBG. 
Although gel retardation analysis indicated a significant 
decrease in AhR complex binding to the M2 oligomer (Figure 
6A), TCDD-inducible protein-DNA cross-linking was ob- 
served (Figure 6B). Additionally, given that the 97-kDa 
protein complex was formed using DRE mutants M 1 and m3 
(but not M2), this implies that this protein can cross-link to 
either of the two BrdU residues (indicated in boldface) directly 
upstream of the five base pair DRE core, BBGCGBG. These 
results demonstrate an overlapping DNA-binding/contact 
specificity of the 97- and 115-kDa AhR complex subunits 
with the DRE oligonucleotide. 

UVCross-Linkingof the AhR Complex to Oligonucleotides 
Containing BrdU Residues Outside of the Conserved DRE 
Core Sequence. To examine the sites of contact/cross-linking 
of the three AhR complex protein subunits outside of the 
DRE core sequence, we used BrdU-substituted wild-type and 
mutant (M4-M7) DRE oligonucleotides (Figure 1). Analysis 
of binding of the transformed TCDD-AhR complex to these 
BrdU-substituted 32P-labeled DRE oligonucleotides revealed 
formation of a TCDD-inducible protein-DNA complex with 
all DRE oligomers (Figure 7A). UV cross-linking analysis, 
however, revealed little or no TCDD-inducible protein-DNA 
complex formation with the M 4 M 7  mutant oligomers (Figure 
7B), compared to that obtained with the wild-type substituted 
DRE oligonucleotide (Figure 6B). These results indicate that 
transformed TCDD-AhR complexes do not cross-link to BrdU 
residues at these positions to any significant degree. Although 
the 97- and 1 15-kDa proteins bind to BrdU residues directly 
upstream of the core sequence on the coding strand (Figure 
6B), they fail to cross-link to BrdU residues at these same 
positions (M6 and M7 oligomers) on the noncoding strand 
(Figure 7B), demonstrating tht the two non-ligand-binding 
AhR proteins preferentially contact these base pairs only on 
one strand of the DRE oligomer. The lack of cross-linking 
of the 105-kDa protein to the BrdU located immediately 3‘- 
ward of the conserved GCGTG sequence on the coding strand 
(M4 oligomer) indicates that the AhR subunit does not come 
in close enough contact to this residue to allow cross-linking. 

A 
DRE M4 M5 M6 M7 
T C D D -  + - + - + - + 

-__I_ -- 

B DNA M4 M5 M6 M7 M4 M5 M6 M7 
TCDD - - - - + + + +  

200,000c 

1 1 6 , 2 5 0 D  

9 7 , 4 0 0 C  

6 6 , 2 0 0 C  

45,OOOm 

FIGURE 7: TCDD-inducible cross-linking of proteins to DRE 
oligonucleotides containing variable numbers of BrdU residues 
substituted outside of the DRE “core” sequence. Guinea pig hepatic 
cytosol (16 mg of protein/mL) was incubated either in the absence 
(-TCDD) or in the presence (+TCDD) of 20 nM TCDD for 2 h at 
20 OC. Aliquots were then incubated with 32P-labeled BrdU- 
substituted wild-type or mutant (mutants 4-7, see Figure 1)  DRE 
oligonucleotide. Protein-DNA complexes were resolved by gel 
retardation (A), or samples were irradiated for 30 min and cross- 
linked protein-DNA complexes was resolved by SDS-PAGE (B) as 
described under Experimental Procedures. The arrows indicate the 
positions of the inducible protein-DNA complexes. 

Additionally, the lack of inducible cross-linking to BrdU 
residues further upstream of the core (on the noncoding strand) 
indicates the lack of involvement of these bases. Thus, the 
primary DNA contact sites for the protein subunits of the 
transformed TCDD-AhR complex(es) appear to be associated 
with nucleotide contained within the TNGCGTG sequence. 

DISCUSSION 

We have previously shown that guinea pig hepatic cytosolic 
TCDD-AhR complexes can transform in vitro to a form(s) 
that bind(s) to DRE-containing DNA in a nucleotide-specific 
and high-affinity (Kd -2.5 nM) manner (Yao & Denison, 
1992). DNA mutagenesis experiments (Shen & Whitlock, 
1992; Yao & Denison, 1992) have revealed that transformed 
TCDD-AhR complex primarily interacts with the core motif 
(indicated in boldface) of the DRE consensus sequence (G/ 
CNNNG/CTNGCGTGNG/CT/ANNNG/C) derived from 
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DRE sequence alignment (Denison et al., 1989; Yao & 
Denison, 1992). In this report, we have utilized a series of 
BrdU-substituted DRE oligonucleotides and UV cross-linking 
techniques to determine the relative positioning of individual 
transformed TCDD-AhR complex subunits on the DRE. Our 
results reveal the presence of five distinct TCDD-inducible 
protein-DNA complexes [97, 105, 115, and approximately 
247 kDa (the latter complex being composed of 232- and 
256-kDa complexes)] and demonstrate that the transformed 
guinea pig TCDD-AhR complex is composed of multiple 
protein subunits. 

The experiments described here utilize in vitro transformed 
TCDD-AhR complexes rather than those transformed in vivo. 
Previous studies have demonstrated that transformed cytosolic 
and nuclear TCDD-AhR complexes not only are similar in 
size (Denisonet al., 1991) but alsoexhibitthesamenucleotide- 
specific DNA-binding specificity (Shen & Whitlock, 1992; 
Yao & Denison, 1992), indicating that transformation of the 
AhR complex in vitro appears to faithfully mimic that which 
occurs in vivo. Additionally, there are currently no published 
reports which indicate that the cytosolic TCDD-AhR complex 
(transformed in vitro) and the nuclear TCDD-AhR complex 
(transformed in vivo) produce the same inducible, UV-cross- 
linked protein-DNA complexes. However, preliminary ex- 
periments with hepalclc7 cells (data not shown) indicate that 
the inducible cross-linking pattern is the same. Thus, our 
results should be comparable to those obtained utilizing 
TCDD-AhR complexes transformed in vivo. 

Recently, other investigators have demonstrated, using UV 
cross-linking, that the rat cytosolic TCDD-AhR complex, 
transformed in vitro, binds to DNA as a heterodimer, consisting 
of one ligand- and one non-ligand-binding subunit (Elferink 
et al., 1990; Gasiewicz et al., 1991). In contrast, our results 
support the existence of one ligand-binding subunit (105 kDa) 
and at least two distinct non-ligand-binding subunits (97 and 
115 kDa) contained within transformed AhR complexes. The 
only obvious difference between our experimental procedures 
and those previously described is in the final denaturing gel 
conditions (linear gradient gels in our studies compared to 
single polyacrylamide gel concentration in the others). 
Perhaps the greater separating power of linear gradient 
denaturing gels allows resolution of the additional protein- 
DNA complex seen in our studies. Although it is possible 
that our additional inducible protein-DNA complex resulted 
from proteolysis of a larger protein-DNA complex, several 
observations (data not shown) argue against his: (A) incu- 
bation of guinea pig cytosol at 22 OC for various times prior 
to or after TCDD treatment did not alter the number or relative 
ratio of TCDD-inducible cross-linked protein-DNA com- 
plexes; (B) consistently similar ratios of each cross-linked 
protein-DNA complex are observed using different cytosolic 
preparations; (C) four TCDD-inducible UV-cross-linked 
protein-DNA complexes were observed using hepatic cytosol 
from species other than guinea pig. 

Our cross-linking results might at first be interpreted to 
suggest that the transformed TCDD-AhR complex consists 
of four or five protein subunits; however, the largest inducible 
protein-DNA complex(es) observed was (were) only about 
247 kDa. Since the larger 247-kDa protein-DNA complex 
was observed to form more slowly than the smaller complexes 
(data not shown), we conclude that formation of the larger 
complex probably involves more than one cross-linking event, 
with the smaller protein-DNA complexes representing single 
proteins cross-linked to the DRE. While it is possible that the 
247-kDa protein-DNA complex represents cross-linking of 
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all three smaller proteins to the same DNA oligonucleotide, 
several points argue against this possibility: (1) the size of the 
largest complex is only about 247 kDa rather than >300 kDa 
(which would be expected if all three of the smaller proteins 
were cross-linked to the DRE); (2) if the 247-kDa protein- 
DNA complex represented a bound trimer, then we would 
expect to see inducible cross-linked complexes corresponding 
to DNA covalently bound to two and to three proteins, and 
these additional complexes were not observed; and (3) the 
larger 247-kDa complex was observed using a mutant DRE 
oligonucleotide which contained only two BrdU residues and 
thus could only form two covalent cross-links. Thus, our results 
imply that DNA-binding form of the AhR exists as a protein 
dimer rather than a trimer, and the presence of three distinct 
smaller inducible protein-DNA complexes suggests the 
existence of multiple heteromeric DNA-binding forms of the 
AhR complex. 

The DRE mutagenesis and cross-linking experiments not 
only indicate that the 105-kDa protein subunit is the only 
protein which inducibly cross-links to the DRE core sequence 
(GCGTG) but also support its identity as the AhR ligand- 
binding subunit. In addition, these experiments reveal the 
presence of two non-ligand-binding proteins (97 and 1 15 kDa) 
which bind to (are in close contact with) DNA immediately 
5'-ward, but not within, the DRE core (GCGTG). Previous 
DRE mutagenesis studies (Shen & Whitlock, 1992; Yao & 
Denison, 1992) have indicated that single-nucleotide substi- 
tutions within the core sequence (GCGTG), but not imme- 
diately upstream, eliminate TCDD-inducible protein-DNA 
complex formation. Additionally, methylation interference 
experiments (Shen & Whitlock, 1989; Saatcioglu et al., 1990) 
have demonstrated that methylation of the DRE core sequence 
(on both strands) interferes with TCDD-AhR-DRE complex 
formation whilemethylationoutsideofthe core has little effect. 
These results, combined with the observation that mutation 
of the specific nucleotides to which the 97- and 11 5-kDa 
proteins contact had no significant effect on the DNA-binding 
affinity of the transformed TCDD-AhR complex (Shen & 
Whitlock, 1992; Yao & Denison, 1992), suggest that it is the 
105-kDa ligand-binding subunit, rather than the 97- or 11 5-  
kDa subunits, that makes the critical DNA contacts necessary 
for high-affinity AhR-DRE complex formation. Additionally, 
although the AhR may be distinct from members of the steroid 
hormone receptor superfamily [due to the lackof a zinc finger 
DNA-binding motif within the AhR cDNA (Burbach et al., 
1992; Ema et al., 1992)], it is similar to this class of ligand- 
dependent transactivators in that both the ligand- and DNA- 
binding activities of the AhR appear to be contained within 
the same protein. 

Our results are consistent with the presence of two distinct 
DNA-binding forms of the guinea pig AhR complex, with 
each containing one 109-kDa ligand-binding subunit and either 
one 115-kDa or one 97-kDa non-ligand-binding subunit. This 
interpretation would also account for the larger 232- and 256- 
kDa inducibly cross-linked complexes. The discrepancy 
between the apparent molecular masses of the larger complexes 
and the sum of the apparent molecular masses of our proposed 
heterodimers is likely due to the fact that the larger complexes 
do not migrate at their actual molecular mass due to their 
more complex cross-linking (Le., two proteins cross-linked to 
the DNA compared to one for the smaller complexes). 
Consistent with our interpretation of the UV cross-linking 
studies are the recent gel retardation analysis results of 
Gasiewicz et al. (1991) which reported the identification of 
two distinct TCDD-inducible, protein-DNA complexes using 
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FIGURE 8: Proposed model for the specific interaction of the two 
transformed heterodimeric TCDD-AhR complexes with DRE- 
containing DNA. Nucleotides contacted on the coding strand are 
as shown. The arrows indicate the positions of the BrdU residues 
in the wild-type and mutant DRE oligonucleotides examined (Figure 
1). 

TCDD-treated guinea pig hepatic cytosol. The exact subunit 
composition of these two DNA-binding forms remains to be 
determined. 

The BrdU cross-linking results obtained here are in apparent 
contrast to the photoaffinity and chemical cross-linking studies 
of Perdew (1992), which demonstrated that the transformed 
mouse hepatoma (hepalclc7) cell AhR complex exists as a 
heterodimer composed of one 97-kDa ligand-binding subunit 
and one 85-kDa non-ligand-binding subunit (presumably arnt). 
Interestingly, preliminary UV cross-linking experiments uti- 
lizing TCDD-treated C57BL/6 mouse hepatic cytosol and a 
BrdU-containing DRE oligonucleotide resulted in the for- 
mation of only two smaller inducible protein-DNA complexes, 
unlike that obtained using guinea pig hepatic cytosol (data 
not shown). Given that the mouse hepatoma cells used in the 
chemical cross-linking studies were originally derived from 
C57BL/6 mouse liver (Bernhard et al., 1973), it is likely that 
the discrepancy between our results and those of Perdew ( 1992) 
results from species differences in the proteins associated with 
the transformed TCDD-AhR complex(es). 

A hypothetical model for the interaction of the two guinea 
pig heterodimeric DNA-binding forms of the AhR complex, 
on the basis of our in vitro cross-linking and BrdU distribution 
binding studies, is presented in Figure 8. Clearly, in uiuo, the 
high-affinity DNA binding of transformed AhR complex(es) 
as well AhR-dependent transcriptional activation will involve 
the interaction of the AhR and/or its subunits with additional 
nuclear proteins. In fact, nuclear chromatin-binding factors 
which specifically interact with the AhR complex have been 
recently reported (Dunn et al., 1993). Although the role of 
these specific binding factors in AhR-dependent action remains 
to be elucidated, nuclear accessory proteins which can 
modulate the functional activity of a variety of transcription 
factors, including members of the steroid and thyroid hormone 
receptor superfamily (Beebe et al., 1991; Yu et al., 1991; 
Adler et al., 1992; Pearce & Yamamoto, 1993), have been 
isolated. Thus, it is likely that proteins in addition to those 
identified here will be involved in the modulation of AhR 
action in the nucleus. 

The identity of the two non-ligand-binding subunits iden- 
tified here is currently unknown. Recently, Hankison and 

co-workers (Hoffman et al., 1991; Reyes et al., 1992) have 
reported cloning of a gene for a human protein (arnt) that 
appears to be a non-ligand-binding subunit contained within 
the nuclear (transformed) heteromeric AhR complex. Ex- 
amination of the DNA sequences of arnt (Hoffmann et al., 
1991) and the ligand-binding subunit of the AhR complex 
(Burbach et al., 1992; Ema et al., 1992) has revealed a putative 
basic/helix-loophelix (bHLH) motif contained within each 
protein. Although bHLH motifs have been shown to be 
essential for protein-protein and protein-DNA interactions, 
a functional role for the putative bHLH motifs contained 
within AhR and arnt in these activities remains to be 
determined. However, since bHLH motifs have been impli- 
cated in both DNA binding and dimerization (John & 
McKnight, 1989; Murre et al., 1992), one can envision the 
existence of multiple arnt or arnt-like proteins (which contain 
compatible bHLH motifs). In fact, the detection of alternative 
spliced products of arnt mRNA (Hoffman et al., 1991), 
combined with studies demonstrating functional heterodimer 
formation by heterologous bHLH-containing proteins (Murre 
et al., 1992), would support this hypothesis. Whether the 97- 
and 1 15-kDa non-ligand-binding proteins identified here are 
analogous or identical to arnt or each other remains to be 
determined; however, given that these two proteins are 
significantly larger than that reported for the human arnt 
protein [87 kDa (Hoffman et al., 199 l)] and that DNA binding 
by arnt has not been demonstrated, it is likely that these 
proteins are not arnt. Although Reyes et al. (1992) have 
demonstrated that arnt is contained within the transformed 
murine nuclear AhR complex, it is possible that arnt may be 
bound to the AhR complex via protein-protein interactions 
and does not directly contact the DNA itself. If this is the 
case then an inducible cross-linked protein-DNA complex 
corresponding to the arnt-DNA complex would not be detected 
by our UV cross-linking technique. The role of arnt and how 
it specifically interacts with the AhR and/or DNA remain to 
be elucidated. 

Since the 97- and 1 15-kDa non-ligand-binding subunits 
appear to contact only a small portion of the DNA, we suggest 
that these non-ligand-binding subunits have little intrinsic 
DNA-binding activity themselves. This conclusion is sup- 
ported by DRE mutagenesis experiments (Shen & Whitlock, 
1992; Yao & Denison, 1992) which indicate that mutation of 
the specific nucleotides in which these proteins contact has 
little effect on both formation of the TCDD-AhR-DRE 
complex and transcriptional enhancer activity. We envision 
that the 97- and 1 15-kDa non-ligand-binding proteins act as 
accessory or “chaperone-like” proteins for the ligand-binding 
subunit, in that they function to maintain the liganded AhR 
in a conformational necessary for nuclear accumulation and/ 
or high-affinity DNA binding. These accessory proteins may 
facilitate a conformational change in the ligand-binding 
subunit, resulting in exposure of its DNA-binding site and/or 
a nuclear localization signal sequence (in one or more of these 
proteins). In either instance, we would expect the 97- and 
1 15-kDa proteins to exhibit similar functions. 

It is currently unknown what physiological role these two 
DRE-binding forms of the AhR complex may play in 
transcriptional activation. We are currently attempting to 
isolate sufficient quantities of each complex in order both to 
characterize the protein components within each and to assess 
the ability of each to activate transcription, in vitro. It is 
possible that the different heterodimeric transformed TCDD- 
AhR complexes exhibit some differences in functionality, since 
they exhibit differences in their interaction with DNA. 
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Modulation of expression of the various subunits of the AhR 
complexes could not only could affect the relative concentration 
of each transformed heteromeric AhR complex but also could 
account for some of the apparent species- and tissue-specific 
differences in TCDD-responsiveness. 
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