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Abstract--The aromatic hydrocarbon (Ah) receptor complex is a ligand-activated transcriptional 
activator consisting of at least two protein components. The ligand-binding component is the AhR 
protein, a cytosolic receptor encoded by the Ahr gene, which, upon ligand binding, translocates to the 
nucleus in a heterodimeric complex with the ARNT (Ah receptor nuclear translocator) component. 
The complex binds to several discrete DNA domains containing aromatic hydrocarbon responsive 
elements (AhRE) present in the regulatory region of the murine cytochrome P1450 Cyplal gene and 
of the other genes in the [Ah] gene battery. As a consequence of binding, a transcriptional complex is 
formed that activates the expression of these genes by as yet unidentified mechanisms. We have 
analyzed DNA-protein interactions in four of these domains, specifically, the AhREs located between 
-1085 and -482 (sites A, C, E, and D) of the upstream regulatory region of the murine Cyplal gene. 
We found that two DNA-binding proteins, present in cytosolic and nuclear extracts of mouse Hepa-1 
cells, showed overlapping DNA-binding specificities to those of the Ah receptor. One of these proteins 
had an apparent molecular mass of 35--40 kDa, bound only to AhRE3 (site D), and has been identified 
tentatively as a member of the C/EBP family of transcription factors. The second protein, purified by 
DNA-affinity chromatography, had an apparent molecular mass of 95 kDa and bound to a larger DNA 
motif that included the AhRE sequence, in AhRE3 and AhRE5 (sites D and A), but not in AhRE1 
or AhRE2 (sites C and E). This protein was not AhR nor was it ARNT, since it was found in 
receptorless (Ahr-) and in nuclear translocation-defective (Arnt) cells, as well as in cells that had not 
been exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; dioxin), a potent inducer of Cyplal 
expression. Evidence from in vivo methylation protection indicated that two G residues flanking 
AhRE3, one of which is required for binding of the 95-kDa protein, may be protected from methylation 
in uninduced ceils and become exposed upon dioxin treatment, suggesting that the 95-kDa protein may 
be constitutively bound to AhRE3, and be displaced by binding of the Ah receptor complex. These 
results lend support to the concept that the transcriptional regulation of the [Ah] battery genes could 
be modulated by combinatorial interactions of the Ah receptor complex with other transcription factors. 
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Polycyclic aromatic hydrocarbons such as TC DD§ 
(dioxin), 3-methylcholanthrene,  and benzo[a]pyrene 
are envi ronmenta l  pollutants that elicit a variety of 
toxic, teratogenic,  and carcinogenic responses in 
exposed animals [1-7]. Most of these responses are 
mediated by a cytosolic receptor protein termed the 
aromatic hydrocarbon (Ah) receptor. Upon  ligand 
binding,  the receptor undergoes a temperature-  
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dependent  t ransformation accompanied by trans- 
location to the nucleus. The nuclear  receptor binds 
to AhR Es  (also termed XREs  and D R E s  by other 
authors) in the regulatory region of the mur ine  
cytochrome P1450 Cyplal gene and possibly of 
several other  genes in the [Ah] gene battery. The 
result of this interaction is the transcriptional 
activation of the Ah-responsive genes [3, 5, 6, 8]. 
Possibly as part of the transcriptional activation 
mechanism, binding induces bending of the DNA at 
or near  the site of the p r o t e i n - D N A  interaction [9]. 

The gene encoding the l igand-binding receptor 
has been cloned recently and shown to contain a 95- 
kDa helix-loop-helix motif, characteristic of many  
transcriptional activators [10, 11]; however,  a 
transcriptionally functional Ah receptor is not  a 
single protein, but  a heterodimer that contains,  in 
addition to the l igand-binding moiety,  a second 
helix-loop-helix 84-kDa protein component ,  known 
as AR NT,  needed for nuclear  translocation of the 
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receptor [12, 13]. It has been shown recently that 
the Ah receptor and ARNT have little if any DNA- 
binding activity as monomers, and that a heterodimer 
of the two proteins is required for DNA binding and 
for transcriptional activation [14--16]. In addition 
to the ligand-binding moiety and the nuclear 
translocator protein, other cytosolic proteins have a 
transient role in receptor complex activity. One of 
these is the 90-kDa heat shock protein, which binds 
the unoccupied receptor and inhibits its DNA- 
binding activity [17]. 

Several helix-loop-helix transcriptional activators 
can readily form protein-protein interactions with 
other transcription factors, particularly those in the 
bZIP family, and modify the nature of the 
transcriptional response [18, 19]. Given the con- 
servation of a TCDD-binding protein with the DNA- 
binding properties of the Ah receptor complex 
throughout the vertebrates [20-23], it is attractive 
to speculate that, in addition to its role in 
detoxification, the Ah receptor may have other 
regulatory functions that are modulated by inter- 
actions with other proteins. Our laboratories are 
interested in the analysis of these other possible 
functions and of the various protein components 
that may be part of the regulatory complexes. Here 
we present evidence to indicate that, in addition to 
the Ah receptor and ARNT, at least two other 
protein components can interact with the AhRE 
motifs of the Cyplal gene. 

MATERIALS AND METHODS 

Protein extraction and purification 
To prepare protein extracts from tissue culture 

cells, mouse hepatoma Hepa-1 cells [24] were grown 
to confluence in 150-mm diameter plates in o~-MEM 
supplemented with 2 mM L-glutamine and 10% fetal 
bovine serum. Extracts were also prepared from 
three mutant derivatives of Hepa-1 cells, namely the 
c37, c2, and c4 cell lines. The c37 line is Cyplal  
metabolism-deficient [25, 26]; c2 is a "receptorless" 
mutant that has undetectable levels of Ah receptor 
and Ahr mRNA [10, 25, 27, 28], and c4 is a mutant 
defective in nuclear translocation of the Ah receptor 
[12, 25, 28]. Cells from 100 plates were harvested in 
PBS solution and centrifuged at 1500g for 5 min; 
then the pellets were resuspended in 50 mL of 10 mM 
HEPES, pH 7.9. After swelling on ice for 10 min, 
the cells were pelleted again and the pellets were 
resuspended in 15 mL of MDH buffer (1.5 mM 
MgC12, 2mM DTT, 25mM HEPES, pH7.9).  
Nuclear and cytosolic proteins were recovered by 
modifications of methods described by others [291. 
The cells were homogenized with 25 strokes of the 
"A" pestle of a Dounce homogenizer, brought to 
0.5% NP-40 and centrifuged at 1700g. The 
supernatant, containing cytosolic proteins, was 
precipitated by the addition of ammonium sulfate to 
46% (w/v) saturation. The pellet of nuclei was 
resuspended in 4 mL of HDEK1/10 buffer (25 mM 
HEPES, pH 7.9, 2mM D T r ,  2mM EDTA, 0.1M 
KCI) and, after the nuclei were in suspension, 
glycerol and KCI were added to 10% and 0.4M, 
respectively. The extract was placed in a rotating 

wheel for 30 min at room temperature, and then it 
was centrifuged at 15,000g for 20 min. The pellet 
was discarded, and the supernatant, containing 
extracted nuclear proteins, was adjusted to 5-10 mg/ 
mL of protein and kept at - 70  ° until needed. The 
ammonium sulfate precipitate of cytosolic proteins 
was collected by centrifugation, and the pellet was 
dissolved in HDEK1/10 buffer and dialyzed against 
100 vol. of the same buffer, 

To prepare protein extracts from bacterial cells 
expressing C/EBPol from an inducible lac promoter 
[30, 31] (a gift of Peter F, Johnson), the ceils were 
grown to mid-log phase in LB medium supplemented 
with 50 I~g/mL of ampicillin and harvested 3 hr after 
induction with 1 mM isopropylthio-fl-galactoside 
(IPTG). Bacterial pellets were resuspended in 
HDEK1/10 with 10% glycerol and lysed by sonic 
disruption. Nucleic acid fragments were removed by 
passing the extract through DEAE-cellulose in the 
same buffer. The flow-through fraction was collected 
and kept at - 70  ° until needed. 

DNA-affinity chromatography 

A support for DNA-affinity chromatography 
was prepared essentially as described by others 
[32, 33]. Two columns were prepared, one con- 
taining a double-stranded 29-mer synthetic oligo- 
nucleotide with the sequence of the AhRE3 
element (-1006) 5 ' -TCCAGGCTCTTCTCACGC- 
AACTCCGGGGC-3 '  ( -  978) (the underline denotes 
the central Ah receptor recognition core), and the 
other with the sequence 5 ' -TCCAGGCTCTFCT- 
G A G G G A A G T C C G G G G C - 3 ' ,  containing four 
transversions (underlined) in the central recognition 
core. The two complementary strands of each 
oligonucleotide were synthesized separately in an 
Applied Biosystems synthesizer, and they were 
phosphorylated with T4 polynucleotide kinase, 
annealed to the corresponding complementary 
strand, and catenated. Two milligrams of each 
oligonucleotide were used to prepare DNA affinity 
columns. The DNA was mixed with 2 mL of CNBr- 
activated Sepharose 4B, and the mixture was brought 
to a final volume of 6 mL with 10 mM potassium 
phosphate buffer, pH8.0  (KPB). The coupling 
reaction was allowed to proceed with gentle agitation 
for 16hr at room temperature. The mixture was 
then spun down, the buffer was removed, and the 
remaining reactive groups were blocked by incubation 
in 0.2M glycine, pH8.0,  for 2hr  at room 
temperature. The DNA matrix was washed suc- 
cessively with 10 mL of 10 mM KPB, 1 M KPB, 1 M 
KC1, twice with water, and twice with binding buffer 
B (20mM Tris-HCl, pH 7.8, 60mM KCI, 1 mM 
MgC12, 1 mM DTT). Approximately 80% of the 
DNA was coupled to the Sepharose, as determined 
from the recovery of trace amounts of radioactively 
labeled oligonucleotide mixed in with the bulk of 
the DNA at the beginning of the procedure. For 
binding, proteins in binding buffer B were 
recirculated over the columns at a rate of 0.2 mL/ 
min for 24 hr and washed with the same buffer; 
bound proteins were eluted by increasing the 
molarity of KC1 in the buffer. 
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DNA-binding activity assays 

For electrophoretic mobility shift assays, 10-15 pg 
of crude nuclear extract or 100-200 ng of affinity- 
purified protein were incubated in a total volume of 
30/~L with 10,000 dpm of double-stranded probe in 
a buffer containing 20 mM HEPES,  pH 7.8,240 mM 
KCI, 1 mM EDTA,  1 mM DTT, 1 #g poly(dI.dC)- 
poly(dI .dC),  and 10% glycerol. The Ah receptor in 
nuclear and in cytosolic extracts from untreated cells 
was activated to a DNA-binding form by TCDD and 
high salt treatments [34]. Binding of the probe was 
allowed to take place for 20 min at room temperature,  
and the samples were then loaded in non-denaturing 
4% polyacrylamide gels that were pre-run for 
45min at 10V/cm in 0.5X Tris-borate buffer. 
Electrophoresis proceeded for 2 hr and, after it was 
completed, the gel was dehydrated in 10% methanol, 
10% acetic acid for 20 rain, dried and exposed to an 
X-ray film. The A h R E  probes used for binding are 
specified in the legends. The C/EBPo~probe was the 
cognate recognition motif 5 ' - G A T C A A T I ' G G G -  
C A A T F C A G G C C T G A T T G C C C A A T T - 3 '  [35]. 
When using antisera, the extracts were preincubated 
with a 1 : 100 dilution of the antiserum for 30 rain on 
ice prior to the D N A  binding reaction. The anti-C/ 
EBPtr antiserum was a gift of Alan Friedman; the 
control anti-CTDBP serum that we used was raised 
against rat liver proteins bound to a calf-thymus 
DNA affinity column and was a gift of Rita Hannah. 

For southwestern blots, proteins were separated 
by electrophoresis in denaturing 6% or 7.5% 
polyacrylamide-SDS gels and were electro- 
phoretically transferred to Nytran membranes (TM, 
Schleicher & Schuell). After  transfer, membranes 
were washed in buffer B, and non-specific binding 
sites were blocked by incubation for 1 hr at room 
temperature in 5% non-fat milk in buffer B. Binding 
of the DNA probes took place for 2hr  at room 
temperature in 0.25% non-fat milk in high-ionic 
strength buffer B, containing 240mM KC1 and 
2 × 106 dpm of probe. After  binding, the membranes 
were washed three times in a buffer of the same 
composition, blotted and exposed to X-ray film. The 
probes used for DNA-binding assays were prepared 
by labeling each strand separately at the 5' end with 
T4 polynucleotide kinase in the presence of [~/_32p]_ 
ATP and then allowing the strands to reanneal. For 
southwestern blots, the labeled probes were also 
catenated by ligation with T4 DNA ligase. 

In vivo methylation protection analyses 

Hepa-1 cells were grown to 80-90% confluence 
and treated with 10 nM TCDD for the lengths of 
time indicated or left untreated. Methylation was 
carried out for 3 rain by adding 0.2% dimethyl sulfate 
in PBS to the cell monolayers. The cells were washed 
with PBS and lysed on the dish by addition of a 
buffer containing 50 mM Tris-HC1, pH 7.5,150 mM 
NaC1, 10 mM EDTA,  0.5% SDS and 200 pg/mL of 
proteinase K. After  incubation for 2 hr at 37 °, nucleic 
acids were extracted with phenol:chloroform (1:1) 
and precipitated with ethanol. RNA was removed 
by RNase treatment and, to decrease viscosity, DNA 
was digested with EcoRI. Following a second 
phenol :chloroform extraction and ethanol precipi- 

tation, methylated D N A  was cleaved with 1 M 
piperidine at 90 ° for 30 min. 

LMPCR was carried out essentially as described 
by others [36,37], using 5/zg of DNA for each 
sample and a set of three nested oligonucleotides 
for each DNA strand. For first strand synthesis, the 
coding strand primer was 5 ' -AACCTGCTCCA-  
TCCTCTGGG-3 '  and the non-coding strand 
primer was 5 ' -GTFCCCCTCCCCCAGCTA-3 ' .  
For PCR, the coding strand primer was 5 ' -CATC- 
C T C T G G G G G C A G A G G T - 3 ' ,  and the non-coding 
strand primer was 5 ' - C C C A G C T A G C G T G A C -  
AGC-3 ' .  These two primers were used for PCR in 
conjunction with the linker primer 5 ' -GCGGTG-  
A C C C G G G A G A T C T G A A T T C - 3 ' .  For the 
coding strand, the end-labeling primer was 5 ' -GG- 
C A G A G G T C G G G C T G C C - Y ,  and for the non- 
coding strand it was 5 ' - G T G A C A G C A C T G G G -  
ACCCG-3 ' .  DNA sampleswere denatured at 95 ° for 
5 rain, and first strand synthesis was with 1 U of 
Vent TM DNA polymerase (New England Biolabs) 
for 30 rain at 54 ° followed by 10 rain at 70 °. Uni- 
directional linkers were ligated for 16 hr at 16 ° using 
12 U of DNA ligase per sample. Following phenol 
extraction and ethanol precipitation of the ligation 
reactions, PCR was carried out for 20 cycles of 1 min 
at 95 °, 2 min at 60 ° and 3 min at 72 °. Conditions for 
2 cycles of extension of the end-labeling primers 
were 3.5 min at 95 °, 2 rain at 60 ° and 10 min at 76 °. 
For end labeling, primers were labeled with T4 
polynucleotide kinase in the presence of [y-32p]ATP. 
Approximately 5-8 pmol of end-labeled primer was 
added to each reaction. After extraction with 
phenol:chloroform and ethanol precipitation, 
samples were analyzed in 6% acrylamide sequencing 
gels, and the DNA fragments were visualized by 
autoradiography. Experiments were repeated with 
two different sets of methylated DNA samples, with 
similar results. 

RESULTS 

Detection of AhRE3-binding proteins in cultured 
wild-type and mutant mouse hepatoma cells 

When analyzed by gel mobility shift, evidence for 
the presence of a TCDD-dependent  Ah receptor-  
DNA complex is found only in protein extracts from 
wild-type cells. Protein extracts from mutant mouse 
hepatoma cell lines that lack a functional Ah receptor 
or are deficient in the nuclear translocator protein 
ARNT lack this complex [12,27,38,39].  To 
determine whether there were other proteins with 
similar binding specificities to the Ah receptor and 
ARNT, we examined extracts from these mutant 
cells for the presence of a protein that would bind 
specifically to the cognate AhRE3 probe. Nuclear 
extracts from TCDD-treated and untreated wild- 
type and the mutant cell lines c37, c2, and c4 were 
separated by electrophoresis and analyzed in 
southwestern blots. At  least three distinct proteins, 
present in all cell extracts, were found to bind 
AhRE3 with a high degree of specificity, particularly 
a protein of 95-100 kDa, and two others at 35- 
40 kDa and 72 kDa. These proteins were localized 
to the nucleus even in the absence of TCDD 
treatment, and, in the case of the 95-kDa protein, 
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Fig. 1. Southwestern blot analysis of wild-type and mutant Hepa-1 cells. Nuclear extracts were prepared 
from TCDD-treated (+) and untreated wild-type (wt), c37, c2, and c4 cells (-) ,  and 25/~g of protein 
was separated by electrophoresis in duplicate denaturing 6% polyacrylamide-SDS gels. Proteins from 
each gel were transferred to Nytran and probed for DNA-binding with the AhRE3 probe (panel A) 

or the mutant probe (panel B). 

it appeared to be as abundant in mutant as in wild- 
type cells (Fig. 1A). This protein had the binding 
specificity of the DNA-binding Ah receptor complex, 
since a mutant oligonucleotide, containing four 
transversions in the central recognition core, showed 
little affinity for the 95-kDa protein (Fig. 1B). The 
length of time required to get comparable X-ray 
images was 20-50 times shorter with the AhRE3 
probe than with the mutant probe, suggesting that 
the mutant probe had a considerably lower affinity 
for the specific AhRE motif (data not shown). The 
binding specificity of the AhRE3 probe was greatly 
enhanced at the higher ionic strength; when binding 
and washings were done at lower K ÷ concentrations, 
the AhRE3 probe bound to many other proteins, 
and the mutant probe also bound strongly to the 95- 
kDa band (data not shown). Similar findings have 
been reported for the binding of  the glucocorticoid 
receptor to its cognate site [40]. 

Two of the mutant cell lines used in these 
experiments have been shown to lack expression of 
the Ah receptor complex components responsible 
for DNA binding. The c4 cell line is ARNT-deficient 
[12, 25, 28], whereas the c2 cell line has negligible 
Ah receptor activity [10, 25, 27, 28]. Therefore, it is 
unlikely that the 95-kDa protein detected in these 

experiments is ARNT or AhR. Rather, our results 
would indicate that this protein is an uncharacterized 
DNA-binding factor that recognizes the same binding 
motif as the Ah receptor complex. 

Likelihood that the 35-40-kDa protein is a member 
o f  the C /EBP family 

It has been shown recently that C/EBPtr, a bZIP 
transcription factor involved in the regulation of 
many liver genes [31, 41, 42], binds to the glutathione 
S-transferase Ya gene AhRE motif and regulates 
expression of this gene, possibly in cooperative 
interaction with the Ah receptor [43]. For this 
reason, we conjectured that the 35-40-kDaprotein 
detected in southwestern blots might be C/EBPm 
To test this hypothesis, we examined the binding of 
oligonucleotides containing different AhRE motifs 
to C/EBPtr protein made in Escherichia coli by a 
bacterial expression plasmid. Of the four AhREs 
tested, only one of them, AhRE3, was efficiently 
bound by this protein (Fig. 2A). Preincubatiorl of 
the bacterial extract with anti-C/EBPt~ antiserum, 
but not with an antiserum against rat liver proteins 
eluted from a calf thymus D N A  affinity column, 
abolished the AhRE3-binding activity in the bacterial 
extract (Fig. 2B), confirming that the binding activity 
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Fig. 2. Electrophoretic mobility shift analysis of bacterially made C/EBPo~ binding to AhRE motifs. 
(A) Approximately 5/~g of an extract of E. coli cells engineered to express C/EBPa" was analyzed for 
binding of each of the four AhRE probes whose nucleotide sequences are shown in Table 1. Probes 
were assayed in the presence (+) as well as in the absence ( - )  of extract. (B) Prior to addition of 
probe, the bacterial extract was preincubated with no further additions (0); a 1 : 100 dilution of anti- 
calf thymus DNA binding proteins from rat liver (a, CTDBP); or anti-C/EBP0~ (crC/EBP) under the 

conditions described in Materials and Methods. 

Table 1. DNA sequence of oligonucleotides containing AhRE motifs used in electrophoretic 
mobility shift studies 

Motif Site Sequences 

AhRE1 Site C -919 TGGAGCAGCTTACGCACGCTAGCCTCAG-892 
AhRE2 Site E -1085 TTCCCCTCCCCCAGCTAGCGTGACAGCACTGGG-1053 
AhRE3 Site D -1006 TCCAGGCTCT~I'CTCACGCAACTCCGGG-980 
AhRE5 Site A -503 TGCGCTI'CTCACGCGAGCTI'GG-482 

AhRE motifs defined in Ref. 44 have also been given the indicated site denominations [45]. 
Only one strand of the double-stranded molecule is presented. The AhRE motif, CACGC, or 
its complement, GCGTG, is shown in bold characters. 

in the bacterial  extract was indeed that of C/EBPo~, 
and not that of  an irrelevant  bacterial protein.  

Examinat ion  of  the ol igonucleotide sequence of 
the four  A h R E s  tested (Table 1) suggested that one 
possible reason for the unique behavior  of A h R E 3  
was the presence of a C A A C T  motif,  resembling 
the C / E B P  cognate mot i f  C A A T T  [35]. To explore 
this possibility, we used gel retardat ion analyses to 
measure  the ability of cognate ,  wild-type, and mutant  
A h R E 3  oligonucleotides to compete  for binding to 

bacterial C/EBPtr .  Binding of the cognate C / E B P t r  
probe,  containing the mot i f  G G C A A T T ,  was 
efficiently competed  by itself as well as by wild-type 
A h R E 3 ,  containing the motif  C A C G C A A C ,  but 
not  by a mutant  A h R E 3  that contains the motif  
C A C G C A C A  (Fig. 3, probe B). The  differences in 
the amount  of  oligonucleotides needed for complete  
competi t ion suggest that the C/EBPo~ protein binds 
to its cognate site with a higher affinity than to 
AhRE3 .  Binding of wild-type A h R E 3  could be 
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Fig. 3. Competition analysis of C/EBPo~ binding specificity to AhRE3. Approximately 4 pg of the same 
bacterial extract used in Fig. 2 was allowed to interact with various amounts of unlabeled oligonucleotides 
bearing the cognate recognition sequence of C/EBPoL (B), AhRE3 (D), or a mutant AhRE3 (H) for 
5 rain under conditions favoring DNA-protein binding. Thereafter, radioactively labeled probes were 
added, incubation was continued for 20 rain, and complexes were analyzed by gel retardation. The 
molar ratios of unlabeled to labeled oligonucleotides are indicated at the top of each lane. The sequences 
shown denote only the central binding motif of each oligonucleotide; the complete sequences are 

presented in Materials and Methods and in Table 1. 

efficiently competed by itself as well as by the 
cognate C/EBPol oligonucleotide, but not by the 
mutated AhRE3 (Fig. 3, probe D). These results 
show that C/EBPoc specifically recognizes AhRE3, 
the motif present in the probe used for southwestern 
analysis, and suggest that the 35-40-kDa protein 
detected in Fig. 1A is likely to be a member of the 
C /EBP family of transcription factors. 

Partial purification of the 95-kDa DNA-binding 
component 

We used DNA-affinity chromatography to obtain 
a partially purified preparat ion of the 95-kDa Hepa- 
1 protein. We made use of the different binding 
characteristics of the two oligonucleotides tested in 
southwestern blots to prepare two columns, one 
containing the wild-type AhRE3 sequence and the 
other containing the mutant AhRE3 sequence. 
Nuclear and cytosolic extracts from TCDD-treated 
and untreated cells were bound to each of these 
columns in low-ionic strength buffer and eluted by 
increasing the ionic strength of the buffer. The 
presence of a TCDD-dependent ,  Ah receptor- 
dependent  DNA-pro te in  complex was clearly 
detectable as a slow-moving band in gel mobility 
shift analysis of crude nuclear extracts from TCDD- 
treated but not from untreated cells (Fig. 4A, lanes 
1-2). The identity of this band and of several of the 
other complexes has been well characterized by 
this and many other laboratories [39,46-52]. 

Chromatography of the extracts through a column 
containing the mutant oligonucleotide yielded no 
DNA-binding protein of sufficient affinity to be 
retained by the column. All the extracts, regardless 
of source and treatment, gave the same negative 
result. As an example, mobility shift analyses of 
eluted fractions from TCDD-treated nuclear extracts 
are shown in Fig. 4A, lanes 3-5. In contrast, 
chromatography through a column containing the 
cognate AhRE3 sequence resulted in the enrichment 
of a DNA-binding protein that, when assayed by 
gel mobility shift, presented two unexpected 
characteristics. First, its DNA-binding activity per 
unit protein was very high in nuclear extracts from 
TCDD-treated cells, but it was almost as high in 
nuclear extracts from untreated cells (Fig. 4A, 
compare lanes 6-8 with lanes 9-11). The activity was 
also present, although less abundantly, in treated 
and untreated cytosolic extracts (Fig. 4A, lanes 12- 
15). Second, the mobility of this protein when 
complexed with AhRE3 DNA was quite different 
from the mobility of the Ah receptor-containing 
band, appearing to migrate at the same rate as the 
fastest-moving complex of those found in crude 
extracts. Notwithstanding, the DNA-binding protein 
purified by affinity chromatography was the same 
95-kDa protein detected in crude extracts, since, 
when we analyzed these proteins in southwestern 
blots, the size of the affinity-purified protein was 
95 kDa, identical to the size of the protein detected 
in crude extracts (Fig. 4B). 
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Fig. 4. Analysis of DNA-binding proteins in affinity-purified extracts. (A) Proteins from nuclear and 
cytosolic extracts were adsorbed to an AhRE3-affinity column and bound proteins were eluted by 
increasing the molarity of KCI (lanes 6--15), and analyzed by gel mobility shift using an AhRE3 probe. 
The KCI molarity, indicated by the decimals above lanes 3-15, was increased up to 1 M, but only 
negligible binding activities were detected above 0.5 M and are not shown in the figure. A nuclear 
extract from TCDD-treated cells was adsorbed to a mutant-affinity column and similarly analyzed 
(lanes 3-5). A mobility shift assay of unfractionated nuclear extracts flom TCDD-treated (T) and 
untreated (0) cells is included for comparison (lanes 1 and 2). (B) Proteins from the unfractionated 
crude nuclear extract of TCDD-treated cells (CE) and from the affinity-purified (AP) material obtained 

from the same extract were analyzed in southwestern blots using AhRE3 as the binding probe. 

2 

The results from these experiments suggest that 
the 95kDa  is unlikely to be one of the known 
components of the Ah receptor complex, because 
the complex of the affinity-purified protein with 
D N A  shows a much faster mobility rate than the 
D N A - A h  receptor complex, and, furthermore, 
because the same 95-kDa protein can be found in 
cells lacking AhR as well as ARNT (Fig. 1A). 

Analysis of the binding sites of the 95-kDa protein 

To evaluate the binding specificity of the 95-kDa 
protein and to compare it with that of the Ah 
receptor complex/ARNT,  we examined crude 
nuclear extracts and affinity-purified protein for their 
ability to bind to all four AhREs.  Using gel 
retardation assays, the presence of the characteristic 
Ah receptor complex could be detected in nuclear 
extracts from TCDD-treated wild-type ceils, but not 
in extracts from untreated cells; the complex could 
be found regardless of which of the four AhRE 
probes was used (Fig. 5A). In contrast, the band at 
the mobility of the 95-kDa complex, present in crude 
extracts, was formed only when AhRE3 and AhRE5 
were used as probes, and not when the probes were 
derived from AhRE1 and AhRE2 (Fig. 5A). In 
addition, unlike the Ah receptor complex, this band 
was present in extracts from both TCDD-treated 
and untreated cells. These observations were 

confirmed when the affinity-purified extract was used 
as the source of binding protein. The 95-kDa protein 
had nearly undetectable binding activity to AhRE1,  
but it showed strong binding to AhRE5 (Fig. 5B), 
similar to the binding to AhRE3 (compare Fig. 5B 
with Fig. 4A). 

These results suggested that the fast-moving 
complex observed in crude extracts and the affinity- 
purified 95-kDa protein were the same, and that the 
binding specificity of this protein was very similar to 
the specificity of the Ah receptor complex, although 
subtle sequence differences allowed it to interact 
with AhRE3 and AhRE5,  but not with AhRE1 or 
AhRE2. Examination of the sequences involved 
(Table 1) pointed at the motif TTCT (or its 
complement, A G A A ) ,  immediately upstream of 
the CACGC receptor-binding motif, as a likely 
determinant for the binding differences. 

We used competition analyses to confirm this 
conclusion. Six double-stranded oligonucleotides 
harboring consecutive 2-base pair mutations in the 
AhRE3 motif were used to compete binding of the 
wild-type probe in electrophoretic mobility shift 
assays. As shown before [51], oligonucleotides M3 
and M4, bearing mutations affecting bases in the 
central GCGTG (or its complement, CACGC)  
motif, failed to compete the binding of the wild-type 
probe to the Ah receptor complex, which, on the 
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Fig. 5. Binding of the 95-kDa protein to only AhRE3 and AhRE5. (A) Gel mobility shift analysis of 
the four probes indicated (AhRE1, AhRE2, AhRE3, and AhRE5) was carried out with nuclear proteins 
from a crude extract of TCDD-treated (T) or untreated (U) cells. (P) denotes the probe alone, run in 
the absence of extract. (B) Equal volumes of the fractions eluted from an AhRE3 affinity column with 
0.1, 0.2, 0.4, and 0.6 M KC1 were tested for binding of AhRE1 and AhRE5 probes. The arrows point 

at the positions of the DNA:Ah receptor and the DNA:95-kDa protein complexes. 

other hand, was competed efficiently by the other 
four mutants tested (Fig. 6A). The binding specificity 
of the affinity-purified protein appeared to be subtly 
different. As for the A h  receptor complex, mutants 
M3 and M4 failed to compete wild-type probe 
binding, but in addition, mutants M1 and M2, 
bearing mutations in the A G A A  sequence next to 
the A h R E  motif, also failed to compete the wild- 
type probe (Fig. 6B). These results indicate that the 
binding target for the 95-kDa affinity-purified protein 
is larger than the AhRE3 motif, encompassing the 
complete C G T G A G A A  sequence defined by 
mutants M1, M2, M3, and M4 (Fig. 6C), and also 
found in AhRE5.  Judging from the relative band 
intensities in the autoradiograms of Fig. 6B, it 
appears that M1 and M4 are better competitors than 
M2 and M3, suggesting that the central T G A G  motif 
is of more consequence for efficient binding. 

Localization of the 95-kDa protein to the cell 
nucleus even in the absence of TCDD induction 
(Fig. 4) suggested the possibility that this protein 
could be constitutively bound to DNA.  To determine 
whether a protein was bound to AhRE3 in uninduced 
cells, we used in oioo methylation protection and 
analyzed the genomic D N A  by LMPCR. The results 
of these experiments indicated that TCDD treatment 
caused changes in the methylation patterns of the 
four G residues in the sequence G C G T G A G  of the 
AhRE3 antisense strand. As already shown by others 
[45,53], between 30 and 90min after TCDD 
treatment,  the two internal G residues, available for 

methylation in untreated cells, became protected as 
a result of A h  receptor complex binding. In contrast, 
the two outer G residues, protected from methylation 
in untreated cells, became more sensitive to 
methylation within the first 30min of TCDD 
treatment (Fig. 7). In the sense strand, the single G 
residue in the sequence became protected by TCDD 
treatment, in agreement with previous reports 
[45, 53] (data not shown). 

The results presented in this section are consistent 
with the idea that a constitutive protein, unrelated 
to the A h  receptor, may occupy the AhRE3 motif 
and possibly other AhREs in uninduced cells. After  
dioxin treatment, displacement of this protein would 
be required to allow binding of the Ah  receptor 
complex. 

DISCUSSION 

In this paper,  we present evidence to indicate that 
proteins other than the A h  receptor and ARNT can 
bind to the AhRE regulatory elements in the 
upstream sequences of the Cyp la l  gene. One of 
these proteins has a molecular mass of 35-40 kDa, 
and is likely to be a member of the C/EBP family 
of transcription factors, since bacterially made C/  
EBPo:can specifically recognize and bind to AhRE3.  
C/EBPol binding depends on the presence of the 
triplet A A C  3' to the central CACGC AhRE motif, 
and it is abolished by its double transversion to 
ACA.  None of the three other AhREs tested, 
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Fig. 6. Competition gel mobility shift assays of crude extract and affinity-purified 95-kDa protein. Crude 
nuclear extract (A) or affinity-purified 95-kDa protein (B) was allowed to inleract with a 200-fold molar 
excess of each of the six unlabeled oligonucleotides shown in (C) (only the antisense strand shown). 
After 5 rain, 32P-labeled wild-type (wt) AhRE3 probe was added, and incubation was continued for an 
additional 5 min. Complexes were separated in non-denaturing polyacrylamide gels. The top arrow 
indicates the band containing the Ah receptor complex; the bottom arrow points at the band containing 
the 95-kDa protein. The solid circles denote bases required for binding of both the Ah receptor complex 
and the 95-kDa protein; the open circles denote bases required solely for binding of the 95-kDa protein. 

AhRE1 (CACGCTA(3),  AhRE2 (CACGCTAG),  
and AhRE5 (CACGCGAG),  formed complexes 
with C/EBPcv, because the complete CACGCAAC 
motif is found only in AhRE3. A motif identical to 
AhRE3, present in the glutathione S-transferase ¥ a  
gene, has been shown recently to bind C/EBPo: 
and to confer C/EBPa~-dependent transcriptional 
activation to a reporter gene [43], We would expect 
similar results for reporter genes bearing the AhRE3 
of C y p l a l ,  but not other AhREs. 

Nuclear and cytosolic extracts from uninduced 
and TCDD-induced ceils were found to contain a 
second protein, with a molecular mass of 95 kDa, 
that bound to AhRE3 and AhRE5, but not to 
AhRE1 and AhRE2. Its binding specificity indicates 
that this protein is not AhR or ARNT, and this 
conclusion is confirmed by its presence in wild-type 
and Cyplal-deficient cells, as well as in receptorless 
and nuclear translocation-negative cells. Most likely, 
this protein is one of several that have been observed 
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Fig. 7. In vivo protein-DNA interactions at AhRE3. Hepa- 
1 cells were uninduced (0) or treated with 10 nM TCDD 
for 30 min (30) or 90 min (90). Genomic DNA was isolated 
and analyzed by LMPCR. The lane designated C contained 
a control of cloned genomic DNA methylated in vitro. 
Filled and open symbols denote G residues that exhibited 
decreased or increased methylation, respectively, after 
exposure to TCDD. The sequence shown to the right is 
the antisense strand of the AhRE3 (complement of the 
sequence shown in Table 1). The lane containing the 
control DNA was exposed for 2 hr; exposure of the other 

lanes was for 48 hr. 

to interact with the AhREs by other investigators 
[52, 54-56]. Its binding motif overlaps the GCGTG 
sequence (or its complement, CACGC) in the 
AhRE; however, competition analyses indicate that 
the complete binding site is formed by the sequence 
5 ' -CGTGAGAA-3 ' ,  which includes the next four 3' 
nucleotides from AhRE3. To date, no transcription 
factors have been identified with this sequence 
specificity. 

In v ioo footprinting analyses revealed changes in 
the methylation patterns of the four G residues in 
the antisense strand of the AhRE3 sequence 5'- 
TTGCGTGAGAA-3 ' .  The first and last G residues 
are protected in uninduced cells and become exposed 
after TCDD treatment, whereas the reverse is the 
case for the two middle Gs, which are exposed in 
uninduced cells and become protected after exposure 
to TCDD. Protection of these two G residues after 
exposure to TCDD has been observed previously 
[45, 53] and has been interpreted as evidence for A h  
receptor complex binding, a conclusion with which 
we fully agree. Exposure of the first G in uninduced 
cells and its protection after TCDD treatment have 
also been observed before, but it has been ascribed 
to an effect of DNA bending or to some other 
unknown reason [45, 53] rather than to occupancy 
of the site in uninduced cells. In the absence of 
further evidence to the effect, however, it seems 
more warranted to conclude that protection of this 
G residue is also due to protein binding. We believe 
that changes in methylation protection of this and 
also of the fourth G residue in the sequence suggest 

that, in uninduced cells, the site is occupied by a 
protein that must be displaced for transcriptional 
activation by the A h  receptor complex. At present, 
we cannot determine whether this putative protein 
is the 95-kDa protein, detected in southwestern blots, 
that we have purified by affinity chromatography. In 
this regard, it is interesting to note that another 
laboratory has identified a constitutive binding factor 
that recognizes the AhRE motifs and that may be 
associated with transcriptional repression of the 
C y p l a l  gene in certain cell types [56]. It is attractive 
to speculate that the putative repressor identified in 
those studies is the same as the 95-kDa protein that 
we have detected, and that binding of this protein 
to AhRE sequences intervenes in the negative 
regulation of the C y p l a l  gene. Other negative 
regulators of human C Y P 1 A 1  gene expression have 
been found that do not interact with AhRE motifs 
[571. 

Of all the AhRE motifs tested, only AhRE3 
appears to interact with C/EBPoc, and only AhRE3 
and AhRE5 bind the 95-kDa protein. Interaction of 
the A h  receptor complex with these two other factors 
is likely to modulate the regulation of C y p l a l  
expression at the level of these two AhREs. Our 
data support the concept that the transcriptional 
regulation of the A h  battery genes is modulated by 
combinatorial interactions of the A h  receptor 
complex with other transcription factors. It is 
unlikely, however, that we have identified all the 
proteins that can interact with the regulatory 
sequences in these genes. More likely, many other 
DNA-protein and protein-protein interactions of 
interest remain to be recognized. 
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