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SUMMARY

The cDNAs for the four murine aryl hydrocarbon (Ah) receptor
alleles were cloned and sequenced, and the deduced amino acid
sequences were compared. The Ah>! allele encodes a protein
of 805 amino acids, the Ah? and Ah®* alleles encode proteins of
848 amino acids, and the Ah>* allele encodes a protein of 883
amino acids. The alleles differ by eight point mutations in the
common open reading frame (the initial 805 amino acids) and by
additional sequences at the carboxyl end. The amino halves of
the proteins, containing a spliced leader sequence, a basic helix-
Ioop-helb(motif andtwoso-ammaadrepeats (PAAS), have

except for a single amino acid change in the
seoondPAASbox The Ah® allele, which has a lower ligand

binding affinity, differs from the Ah®2 receptor by only two amino
acids. Mutagenesis experiments with these cloned cDNAs, using
in vitro transcription and translation and 2-{'%iJiodo-7,8-dibro-
modibenzo-p-dioxin binding, indicate that the low ligand binding
affinity of the Ah? allele is attributable to a valine at residue 375;
changing this amino acid to an alanine, as in the Ah™2 protein,
enhances the affinity 4-fold. For in vitro translated Ah>' and Ah™>
2 alleles the K, values were ~6-10 pm and for Ah® the K, value
was ~37 pm. Using 5’ truncation and mutations to produce 3’
translam ?'uncabon sites, we mapped the ligand binding region
for the

The Ah locus was defined as a difference in responsiveness
of inbred strains of mice to polycyclic aromatic hydrocarbons,
originally in their response to 7,12-dimethylbenzanthracene-
induced skin inflammation (1) and then in the induction of
cytochrome P4501A1-mediated monooxygenase activity in liver
and other tissues by systemic administration of 3-MC (2).
C57BL/6 mice challenged with 3-MC show an induction of
hepatic cytochrome P450IA1 and associated AHH activity,
whereas DBA/2 mice fail to respond. In genetic crosses and
backcrosses between these mice, the trait of aromatic hydro-
carbon responsiveness is inherited as an autosomal dominant
trait and the alleles are designated responsive (Ah®, for B6) and
nonresponsive (Ah?, for DBA/2). Administration of TCDD, a
more potent inducer than 3-MC, induces cytochrome P4501A1
and AHH activity (3) in all inbred strains of mice, those
responsive and those nonresponsive to polycyclic aromatic hy-
drocarbons; however, a larger dose of TCDD is required in the
aromatic hydrocarbon-nonresponsive strains (4).

Further studies established that the Ah locus determined a
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soluble protein that specifically binds [*HJTCDD with high
affinity and that has rank-ordered binding affinities for various
ligands that match their potencies to induce AHH activity (5).
Thus, the Ah locus encodes the Ah receptor, a protein that
binds to polycyclic aromatic hydrocarbons and TCDD (and
other isosteric halogenated aromatic hydrocarbons) and me-
diates their pleiotropic gene expression. The Ah? allele ex-
presses a protein with diminished binding affinity for ligands,
resulting in virtual insensitivity to weak agonists such as 3-MC
and diminished sensitivity to more potent agonists such as
TCDD (4).

With the aid of [**I]Br,DpD to photoaffinity label murine
liver cytosol, it was possible to identify four different allelic
forms of the Ah receptor, namely Ah? (low affinity, apparent
molecular mass of ~104 kDa, stabilized by sodium molybdate)
and three high affinity alleles, Ah*! (~95 kDa), Ah>? (~104
kDa), and Ah>® (~105 kDa) (6, 7). The Ah® allele is found in
AKR, DBA/2, and 129 strains, the Ah>' allele is carried by
C57, C58, and MA/My strains, the Ah®? allele is carried by
BALB/cBy, A, and C3H strains, and the Ah®? allele is found
in Mus caroli, Mus spretus, and MOLF/Ei.

Subsequent work has established many of the molecular
details of activation of the receptor. The unliganded receptor

ABBREVIATIONS: Ah, aryl hydrocarbon; PAAS, periodicity; Ah, Amt, and single minded; 3-MC, 3-methyicholanthrene; AHH, aryl hydrocarbon
hydroxylase; TCDD, 2,3,7,8-tetrachiorodibenzo-p-dioxin; Amt, Ah receptor nuclear transiocator; ORF, open reading frame; PCR, polymerase chain
reaction; hsp90, 90-kDa heat shock protein; ['21]Br.DpD, 2{'*{}iodo-7,8-dibromodibenzo-p-dioxin; TCDBF, 2,3,7,8-tetrachiorodibenzofuran; EGTA,
ethylene glycol bis(s-aminoethy! ether)-N,N,N’ N’-tetraacetic acid; MOPS, 3<N-morpholinojpropanesulfonic acid.
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exists as a large complex (280 kDa, associated with hsp90),
similar to some of the steroid hormone receptors (8, 9). Upon
ligand binding, the Ah receptor dissociates from hsp90 and
becomes phosphorylated, and the activated receptor-ligand
complex specifically binds to an enhancer region, a dioxin-
responsive element, with a consensus sequence of T(T/
A)GCGTG (10, 11). It was subsequently shown that the acti-
vated receptor binding to this enhancer is a heterodimer com-
posed of the liganded Ah receptor and a second protein, Arnt
(12, 13). Cloning of the human Arnt cDNA (12, 13) and the
murine Ah®! (14, 15) and human Ah (16) receptors revealed
that both Arnt and the Ah receptor are basic helix-loop-helix
proteins that share a second motif, i.e., two imperfect 50-amino
acid repeats (PAAS boxes) spaced 100 amino acid apart. A
database search showed homology of these cDNAs with two
other Drosophila genes, sim and per (12, 14). In summary, the
Ah receptor is a novel transcription activation factor sharing
some similarities with steroid hormone receptors in ligand
binding and dissociation from hsp90 but differing in that the
Ah receptor and Arnt are basic helix-loop-helix proteins and
not zinc-finger proteins. In this report we clone the cDNA for
the alleles of the Ah receptor, examine the mutation in the Ah?
allele that is responsible for the low affinity ligand binding, and
further characterize the ligand binding domain of the Ah recep-
tor.

Materials and Methods

Cloning and sequencing of the cDNA for the Ah alleles.
Poly(A)* RNA was prepared from the livers of C57BL/6 congenic mice
homozygous for each of the four Ah alleles (6, 7). We synthesized
primers (with 5’ restriction enzyme sequences) based on the known
sequence of the Ah*! allele ORF (14, 15), and cDNA prepared by PCR
was subcloned and sequenced (Fig. 1). We subcloned and sequenced
first the 5’ and 3’ halves of the ORFs (nucleotides 1-1263 and 1241~
2418) and then the entire ORF, ending at the Ah*! stop site (nucleotide
2418). Lacking success in one-sided PCR extension (rapid amplification
of cDNA ends), we identified a region in the published Ah>! cDNA, 3’
to the translation stop site, that was largely preserved in the human
Ah cDNA (15, 16). Thus, the ultimate primers for PCR of the entire
ORF of each allele were primer 17 [GGCTAAGCTTAT-
GAGCAGCGGCGCCATCA, which contains a 5’ HindlIII site (under-
lined) and sequence corresponding to nucleotides 1-21] and antisense
strand primer 47X [CGATCTCGAGAAAAGCACCAAACCATTTA,
corresponding to nucleotides 3137-3119 with a Xhol restriction site
(underlined)]. The cDNAs were cut with restriction enzymes, subcloned
into Bluescript SK~ (Stratagene, La Jolla, CA), and sequenced by the
dideoxynucleotide method, using [«-**S]ATP and primers based on the
AR®! allele (16). For each allele, cDNAs from two independent reverse
transcription/PCRs were sequenced on both strands, to avoid reverse

transcription/polymerase errors. Plasmids were purified using Qiagen
adsorption (Qiagen, Chatsworth, CA) (17).

Cloning into phagemid and mutagenesis. The cDNA of the Ah
receptor allele, generated by PCR with a 5’ primer containing a HindIII
site and a Kozak consensus sequence (18) and a 3’ primer containing
an Xbal site, was inserted into the multiple cloning site of the phagemid
p-ALTER-1 (Promega, Madison, WI) (19). This plasmid also contains
adjacent T'7 and SP6 RNA polymerase promoters, a 8-lactamase coding
region (producing ampicillin resistance), and a phage fl region so that
single-stranded DNA can be formed and mutagenized. Single-stranded
DNA was generated, purified, and hybridized to the specific mutation
primer and a second primer to convert the frame-shifted -lactamase
gene back to ampicillin resistance; the DNA was prepared with T4
polymerase and T4 ligase and then introduced into competent cells
(BMH71-18 mutS and then Escherichia coli JM109), all according to
the manufacturer’s instructions (20). The mutagenic primer for con-
version of Ah®%, (phenylalanine) to Ahuis (leucine) was
TGTTTTGCAAGAAGCGGGAA, and for the reverse conversion of
Ahs (leucine) to Ah®%,s (phenylalanine), guanine was changed to
adenine (at the underlined position); for conversion of Ah®2y; (alanine)
to Ah%;s (valine) the primer was TCTCTGAGTGACGATGATGT, and
for the reverse conversion of Ah%q; (valine) to Ah>%;s (alanine) adenine
was changed to guanine (see Table 3).

For 3’ truncations in the Ah®! allele, a codon in the ORF was
mutagenized to a translation stop site, at the amino acid positions
indicated in Fig. 4. These constructs were checked by sequencing over
the mutagenized region and by comparison of the apparent molecular
mass of [**S]methionine-labeled translation product with that predicted
(21, 22).

For 5’ truncations, the cDNA was prepared from the cloned Ah*!
allele with primers with suitable restriction sites (5’, HindlIII; 3’, Xbal),
5’ Kozak consensus sequence (18), sequence complementary to the
desired start site of the ORF ¢cDNA, and standard 3’ primer sequence
at the translation termination site. For the combined 3’ and 5’ trun-
cations in Fig. 4, cDNA was prepared by PCR with 5’ primers as
described above and a 3’ primer containing complementary sequence,
a translation truncation site at codon 401, and an Xbal restriction
sequence. The most complex construction, shown in Fig. 5, consisted
of the two PAAS boxes (spaced by seven amino acids) from two
constructs made by PCR, cut with restriction enzymes, and then
ligated, i.e., 1) HindIII restriction sequence/Kozak consensus sequence/
ORF amino acid sequence 130-188/Xhol restriction sequence and 2)
Xhol restriction sequence/ORF amino acid sequence 288-805/Xbal.
These constructs were checked by sequencing over 5’ ends, determi-
nation of the approximate size of the cDNA by agarose gel electropho-
resis, and determination, on sodium dodecyl sulfate-polyacrylamide
gels, of the size of the [*S]methionine-labeled translation product (21),
which was visualized by fluorography (22) using Amplify (Amersham,
Arlington Heights, IL).

In vitro transcription and translation. All cDNAs were cloned
into p-ALTER-1 and expressed using a coupled transcription/transla-
tion system (TNT coupled reticulocyte lysate system or TnT coupled

17 15
—> —
(1-21) (1242-1263)BAM HI
Fig. 1. Diagram of Ah®>' cDNA. Primers used to
amplify alleles by PCR were primers 17, 15, 16,
(1263-1241) (2417-2394)  (2935-2917) 14X, and 47X. The nucleotides are numbered from
-— -— -— the translation start site of the ORF (numbers in
parentheses).
16 14X 47X
2418 BP >

OPEN READING FRAME
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SPLICED LEADER BASIC HELIX

+ 1

b-1 MSSGANITYASRKRRKPVQKTVKPIPAEGIKSNPSKRHRDRLNTELDRLA 50
b-2 MSSGANITYASRKRRKPVQKTVKP IPAEGIKSNPSKRHRDRLNTELDRLA .
b-3 MSSGANITYASRKRRKPVQKTVKP IPAEGIKSNPSKRHRDRLNTELDRLA
d MSSGANITYASRKRRKPVQKTVKP IPAEGIKSNPSKRHRDRLNTELDRLA

Loop HELIX
b
b-1 SLLPFPQDVINKLDKLSVLRLSVSYLRAKSFFDVALKSTPADRNGGQDQC 100
b-2 SLLPFPQDVINKLDKLSVLRLSVSYLRAKSFFDVALKSTPADRNGGQDQC .
b-3 SLLPFPQDVINKLDKLSVLRLSVSYLRAKSFFDVALKSTPADRNGGQDQC
d SLLPFPQDVINKLDKLSVLRLSVSYLRAKSFFDVALKSTPADRNGGQDQC

PAAS BOX
b-1 RAQIRDWQDLQEGEFLLQALNGFVLVVTADALVFYASSTIQDYLGFQQSD 156
b-2 RAQIRDWQDLQEGEFLLQALNGFVLVVTADALVFYASSTIQDYLGFQQSD .
b-3 RAQIRDWQDLQEGEFLLQALNGFVLVVTADALVFYASSTIQDYLGFQQSD
d RAQIRDWQDLQEGEFLLQALNGFVLVVTADALVEYASSTIQDYLGFQQSD

PAAS BOX
t

VIHQSVYELIHTEDRAEFQRQLHWALNPDSAQGVDEAHGPPQAAVYYTPD 20C
VIHQSVYELIHTEDRAEFQRQLHWALNPDSAQGVDEAHGPPQAAVYYTPD .
VIHQSVYELIHTEDRAEFQRQLHWALNPDSAQGVDEAHGPPQAAVYYTPD
VIHQSVYELIHTEDRAEFQRQLHWALNPDSAQGVDEAHGPPQAAVYYTPD

Ul
wN -

QLPPENASFMERCFRCRLRCLLDNSSGFLAMNFQGRLXYLHGQNKKGKDG 250
QLPPENASFMERCFRCRLRCLLDNSSGFLAMNFQGRLKYLHGQNKKGKDG .
QLPPENASFMERCFRCRLRCLLDNSSGFLAMNFQGRLKYLHGQNKKGKDG
QLPPENASFMERCFRCRLRCLLDNSSGFLAMNFQGRLXYLHGQNKKGKDG

1
WN -

QAOUUDUO QAUUOU

PAAS BOX

b-1 ALLPPQLALFAIATPLQPPSILEIRTKNFIFRTKHKLDFTP IGCDAKGQL 300
b-2 ALLPPQLALFAIATPLQPPSILEIRTKNFIFRTKHKLDF TP IGCDAKGQL .
b-3 ALLPPQLALFAIATPLQPPSILEIRTKNFIFRTKHKLDF TP IGCDAKGQL
d ALLPPQLALFAIATPLQPPSILEIRTKNFIFRTKHKLDFTP IGCDAKGQL

PAAS BOX
} —

ILGYTEVELCTRGSGYQF IHAADILHCAESHIRMIKTGESGMTVFRLLAK 350
ILGYTEVELCTRGSGYQF IHAADMLHCAESHIRMIKTGESGMTVFRLFAK .
ILGYTEVELCTRGSGYQF IHAADMLHCAESHIRMIKTGESGMTVEFRLLAK
ILGYTEVELCTRGSGYQF IHAADMLHCAESHIRMIKTGESGMTVFRLLAK

U
wWN -

1
WN -

HSRWRWVQSNARLIYRNGRPDYIIATQRPLTDEEGREHLQKRSTSLPFMF 400
HSRWRWVQSNARLIYRNGRPDYIIATQRPLTDEEGREHLQKRSTSLPFMF .
HSRWRWVQSNARLIYRNGRPDYIIATQRPLTDEEGREHLQKRSTSLPFMF
HSRWRWVQSNARLIYRNGRPDYIIVTQRPLTDEEGREHLQKRSTSLPFMF

ATGEAVLYEISSPFSPIMDPLPIRTKSNTSRKDWAPQSTPSKDSFHPSSL 450
ATGEAVLYEISSPFSPIMDPLPIRTKSNTSRKDWAPQSTPSKDSFHPSSL .
ATGEAVLYEISSPFSPIMDPLPIRTKSNTSRKDWAPQSTPSKDSFHPSSL
ATGEAVLYEISSPFSPIMDPLP IRTKSNTSRKDWAPQSTPSKDSFHPSSL

D.O'?'U’ D.?’UU’ [N oo
WN -

MSALIQQDESIYLCPPSSPALLDSHFLMGSVSKCGSWQDSFAAAGSEAAL 500
MSALIQQDESIYLCPPSSPAPLDSHFLMGSVSKCGSWQDSFAAAGSEAAL .
MSALIQQDESIYLCPPSSPAPLDSHFLMGSVSKCGSWQDSFAAAGSEAAL
MSALIQQDESIYLCPPSSPAPLDSHFLMGSVSKCGSWQDSFAAAGSEAAL

1
wWN -

KHEQIGHAQDVNLALSGGPSELFPDNKNNDLYSIMRNLGIDFEDIRSMON 550
KHEQIGHAQDVNLALSGGPSELFPDNKNNDLYNIMRNLGIDFEDIRSMQN .
KHEQIGHAQDVNLALSGGPSELFPDNKNNDLYNIMRNLGIDFEDIRSMQON
KHEQIGHAQDVNLALSGGPSELFPDNKNNDLYNIMRNLGIDFEDIRSMQN

g
WN -

EEFFRTDSTAAGEVDFKDIDITDEILTYVQDSLNNSTLLNSACQQQPVTQ 600
EEFFRTDSTAAGEVDFKDIDITDEILTYVQDSLNNSTLMNSACQQQPVTQ .
EEFFRTDSTAAGEVDFKDIDITDEILTYVQDSLNNSTLMNSACQQQPVIQ
EEFFRTDSTAAGEVDFKDIDITDEILTYVQDSLNNSTLMNSACQQQPVTQ

g
wWN -

HLSCMLQERLQLEQQQQLQQPPPQALEPQQQLCQMVCPQQDLGPKHTQIN 650
HLSCMLQERLQLEQQQQLQQPPPQALEPQQQLCQMVCPQQDLGPKHTQIN .
HLSCMLQERLQLEQQQQLQQPPPQALEPQQQLCQMVCPQQDLGPKHTQIN
HLSCMLQERLQLEQQQQLQQPPPQALEPQQQLCQMVCPQQDLGPKHTQIN

U
WN -

GTFASWNPTPPVSFNCPQQELKHYQLF SSLQGTACEFPYXPEVDSVPYTQ 70C
GTFASWNPTPPVSFNCPQQELKHYQLE SSLQGTAQEFPYKPEVDSVPYTQ .
GTFASWNPTPPVSFNCPQQELKHYQLFSSLQGTAQEFPYXPEVDSVPYTQ
GTFASWNPTPPVSFNCPQQELKHYQLFSSLQGTAQEFPYXPEVDSVPYTQ

oUoU QAUDUOU Q.U'?'D' AUUDU0D QUDUUD
WN =

U
WN -

NFAPCNQPLLPEHSKSVQLDFPGRDFEPSLHPTTSNLDFVSCLQVPENQS 750
NFAPCNQPLLPEHSKSVQLDFPGRDFEPSLHPTTSNLDFVSCLQVPENQS .
NFAPCNQPLLPEHSKSVQLDFPGRDFEPSLHPTTSNLDFVSCLQVPENQS
NFAPCNQPLLPEHSKSVQLDFPGRDFEPSLHPTTSNLDFVSCLQVPENQS

HGINSQSAMVSPQAYYAGAMSMYQCQPGPQRTPVDQTQYSSEIPGSQAFL 800
HGINSQSTMVSPQAYYAGAMSMYQCQPGPQRTPVDQTQYSSEIPGSQAFL .
HGINSQSAMVSPQAYYAGAMSMYQCQPGPQRTPVDQTQYSSEIPGSQAFL
HGINSQSAMVSPQAYYAGAMSMYQCQPGPQRTPVDQTQYSSEIPGSQAFL

1
wWN =

SKVQS &5
SKVQSRGIFNETYSSDLSSIGHAAQTTGHLHHLAEARPLPDITPGGFL 848
SKVQSRGVENETYSSDLSSIDHAVQTTGHLHHLAEARPLPDISHELVGSCS 850
SKVQSRGIFNETYSSDLSSIGHAAQTTGHLHHLAEARPLPDITPGGFL 848

U'q’b’ 0.0‘U’U.' DD UO0O QA
WN -

[-X

b-3 SHARMKF IQEQDTGTVRVGHQYYFSKTFDSCI 883

Fig. 2. ORF of the four murine alleles of the Ah receptor. The amino acid
semmofﬂnfmxmuﬁnedbbswerededtmdbycoNAsequm\g
Each cDNA was by two independent reverse transcription/
PCRs, and each strand was sequenced at least twice for verification.
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wheat germ extract system; Promega) with 1 ug of phagemid DNA/
50-ul reaction for 1 hr at 30°, according to the manufacturer’s instruc-
tions (20). All transcripts were transcribed with SP6 RNA polymerase,
using circular DNA without capping. Where indicated, the translation
products were radiolabeled with [**S]methionine (Amersham no. S1015,
1000 Ci/mmiel, translation grade, ~40 uCi/50-ul reaction mixture).

Radioligand binding. ['*I}Br,DpD (2176 Ci/mmol) was synthe-
sized and purified as described previously (23). Murine liver cytosol
from C57BL/6 congenic mice was prepared by homogenization in
MDENG buffer [20 mM MOPS, pH 7.5 (20°), 1 mM dithiothreitol,
1 mM EDTA, 0.02% sodium azide, 10% glycerol] plus 1 mM EGTA,
with or without 20 mM sodium molybdate, at a final protein concentra-
tion of about 7 mg of protein/ml and was stored at —80° until use.
Liver cytosol was diluted to 100 ug of protein/ml in MDENG buffer
(without molybdate or EGTA).

The translation products were diluted (2.5 ul into 1 ml of MDENG
buffer; final concentration, ~100 ug of reticulocyte lysate protein/ml)
and incubated with varying concentrations of [**I)Br,DpD, with or
without a 200-fold molar excess of unlabeled TCDBF. For saturation
plots, the liver cytosol and/or translation products were incubated
overnight at 4°, the free ligand was absorbed with charcoal/gelatin
(final concentrations, 1%/0.1%), and the supernatant was quantified
by v scintillation counting as reported previously (24). In some cases,
as noted, the incubation was at 20° for varying periods of time.

Results

Poly(A)* RNA was prepared from the livers of C57BL/6
congenic mice homozygous for each of the Ah alleles and, using
primers based on the cloned sequence from Hepa 1 cells (Ah*!
alleles), cDNA was prepared, subcloned, and sequenced. In Fig.
2 are shown the deduced amino acid sequences for the ORF of
each of the four murine Ah alleles. The deduced sequence for
the Ah®! allele is identical to that isolated from Hepa 1 cells
(14) and contains 805 amino acids; the Ah®>? and Ah? alleles
each encode 848 amino acids and the Ah®?® allele encodes 883
amino acids. In the ORF common to all of the alleles, i.e., the
first 805 amino acids, there are only eight point mutations that
result in amino acid differences between the alleles. The first
nine amino acids, a spliced leader sequence for the Ah®*! allele,
and the basic helix-loop-helix sequences are identical for all of
the alleles. The next >600 base pairs, encoding two 50-amino
acid imperfect repeats (PAAS boxes) spaced by 100 amino
acids, are identical in all four alleles except for a single point
mutation in the second PAAS box. The translation termination
codon, TGA in the Ah*! allele, has been mutated to CGA
(arginine) in the other alleles, extending the ORF.

Because three other groups have reported sequencing of one
or more of the murine Ah receptor alleles (14, 15, 25), it is
useful to note any inconsistencies. Burbach et al. (14) reported
sequence for the Ah*! allele in Hepa 1 cells, Ema et al. (15) for
the Ah%! allele from C57BL/6 mice, and Chang et al. (25) for
the Ah*! and Ah? alleles from C57BL/6 and DBA/2 mice,
respectively. We note the following disparities. 1) Amino acid
74 was reported by all authors for all alleles as serine, except
in Hepa 1 cells, where it is threonine. 2) Amino acids 132, 133,
171, and 172 were found by us for all four alleles and by Burbach
et al. (14) for Ah>! to be leucine, valine, glutamine, and leucine,
respectively. In contrast, Ema et al. (15) found for Ah>' and
Chang et al. (25) found for Ah®! and Ah? that these residues

Any amino acid that differs between alleles is emphasized by bold type.
Major motifs are indicated by overlining (spliced leader, basic helix-loop-
helix region, and PAAS boxes).
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were phenylalanine, leucine, histidine, and valine, respectively.
3) Chang et al. (25) found amino acid 324 in Ah? to be isoleucine,
and we find it to be methionine. All reports agree that in Ah*!
residue 324 is methionine. The Ah locus was first defined as a
strain difference in responsiveness to polycyclic aromatic hy-
drocarbons (Ah®, responsive; Ah?, nonresponsive), and the dif-
ference was shown to be due to a difference in ligand binding
affinity for the Ah® versus Ah? receptors. Because the Ah*2? and
Ah? alleles encode proteins of the same size, it is instructive to
compare their sequences (Fig. 2). They differ at only three
amino acids, as follows: Ah%>2, amino acid 348, phenylalanine;
amino acid 375, alanine; and amino acid 754, threonine; Ah?,
amino acid 348, leucine; amino acid 375, valine; amino acid
754, isoleucine.

The cDNAs for the Ah®!, Ah>2, and Ah? alleles were sub-
cloned into the p-ALTER-1 phagemid (which can produce
single-stranded DNA for mutagenesis and has two bacterio-
phage promoters for in vitro transcription). The cloned cDNAs
were expressed in a combined transcription/translation system,
using SP6 polymerase and rabbit reticulocyte lysate or wheat
germ extract. Using 1 ug of plasmid DNA, the quantity of Ah
receptor protein produced in the coupled reticulocyte or wheat
germ system was roughly the same for each allele, as determined
by [*S]methionine incorporation (Fig. 3) and by immunochem-
ical staining of Western blots (data not shown). The translated
products were evaluated for ligand binding. Specific binding of
[**I]Br;DpD was observed only with products formed in the
reticulocyte lysate system and not in the wheat germ system
(Table 1). Similar results have been observed for the translation
of steroid hormone receptors. The hsp90, which is thought to
be essential for conformational stability and ligand binding of
the steroid hormone receptors and the Ah receptor, is present
in reticulocyte lysate, but an immuno-cross-reacting species

Ahb-1  Apb-2  Apd
R WGlR WGlR WG

205 —

116 — .-‘
95 —9“ e

68 —|

e

Fig. 3. Autoradiograph of translated products of Ah*', Ah>2, and Ah®
cDNAs. One microgram of plasmid cDNA containing each of the alleles
was transcribed and then translated in a combined system (TyT; Pro-
mega) with SP6 polymerase plus rabbit reticulocyte lysate (R) or wheat
germ (WG) extract, with j . An aliquot (2.5 ul) of each
reaction mixture was resoived on a 7.5% polyacrylamide gel, and the
bands were visualized by autoradiography (see Materials and Methods).

TABLE 1

Radiofigand binding to in vitro translated Ah®>', Ah>?, and Ah“ alleles
of the murine Ah receptor

The p-ALTER-1 piasmids containing the An>', Ah®2, and Ah® cDNAs were tran-
scribed and translated in a combined system (TnT, with SP6 polymerase) that
included rabbit reticulocyte lysate or wheat germ extract. A 2.5-u! aliquot of the
reaction mixture was diluted with 1 mi of ice-cold MDENG buffer and incubated
with 2.5 x 10* dpm of [***1]Br, DpD, with or without a 200-fold molar excess of
TCDBF, for 18 hr at 4°, unbound ligand was removed by charcoal/gelatin adsorp-

Specific binding

Allele Rabbit reticulocyte ~ Wheat germ
lysate extract
dpm/mi

AR 8161 0

Ah®2 8267 0

Ah° 2170 0

Control (no cDNA added) 273 0

TABLE 2
Saturation binding to Ah™', Ah®2, and Ah® receptors in mouse liver
cytosol and expressed in an in vitro transiation system
Hepatic cytosol was prepared at ~7 mg/mi in MDENG buffer with +20 mm sodium
molybdate and stored; for use, it was diluted to 100 xg/mi in MDENG buffer. One
of plasmid cDNA containing each of the Ah cDNAs was transcribed and
transiated in a 50-u! reaction, and the translation product was diluted (1.25 ul/mi
of MDENG buffer). Binding was performed at various ligand concentrations, with
or without a 200-fold molar excess of TCDBF, for 18 hr at 4°. The radioligand
concentrations were 10, 20, 40, 60, 80, 100, and 200 x 10° dpm/mi and 400 X
10° dpm/mi for A,

Number of Correlation
points  coefficient Ko Brex

pm  fmollmg
Liver cytosol
An*? 8 0.967 34 134
Ahb? 7 0.927 26 89
8 0.913 35 109
An? 7 0.847 91 40
8 0.910 146 49
8 0.892 146 51
6 0.916 94 31
8 0.892 146 51
moi1.25 ul

Translation product
1 7 0.857 10 1"
7 0.912 9 10
An>? 7 0.874 8 5
7 0.928 6 5
AW 7 0.838 37 3
7 0.948 37 4

was not detected in wheat germ extract (26, 27). At a single
ligand concentration, ['*I]Br,DpD specific binding to the
translated Ah®! and Ah®? receptors was approximately 4 times
greater than binding to the low affinity Ah? receptor.

Ligand binding to the murine Ah receptors was examined in
full saturation curves (Table 2). For the in vitro translated
Ah"! and Ah®? receptors, the equilibrium dissociation con-
stants (Kp) ranged from 6 to 10 pM, whereas for the Ah? allele
the Kp was 37 pM, roughly 4-5 times larger. We also examined
the specific ligand binding to hepatic cytosol from C57BL/6
congenic mice homozygous for the Ah>!, Ah>?, and Ah? alleles.
As noted previously, the apparent K, is a function of the Ah
receptor concentration and total protein concentration, i.e., at
higher total protein concentrations there is increasing misclas-
sification of nonspecific binding and an increase in the apparent
Kp value (24). Thus, the Ah>! and Ah®? receptors at 100 ug of
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cytosolic protein/ml had K, values of ~20-35 pM and the Ah?
receptor had a K value of ~90-140 pM (mean, 125 pM), which
is roughly 4-5-fold higher.

The difference in sensitivity to polycyclic aromatic hydro-
carbons that originally defined the Ah locus appears to reside
solely in the Ah receptor, because we see a difference in specific
ligand binding to liver cytosol from C57BL/6 congenic mice
(Ah® versus Ah?) and to the in vitro translated products of the
Ah®? versus Ah? alleles. As noted above, the Ah®? and Ah?
alleles encode receptors that differ at only three amino acids.
We mutated each of the alleles, at one or both of the amino
acid positions in the ligand binding domain at which they
differ, to encode the amino acid of the alternate allele. As
shown in Table 3, the translated product of the wild-type
Ah®? allele had about 3.5 times the specific binding of the Ah?
product (at one ligand concentration). Mutation of the Ah>?
allele to change amino acid 348 from phenylalanine to leucine
yielded a protein that retained ligand binding affinity. In con-
trast, mutation of the Ah®? allele to change amino acid 375
from alanine to valine greatly reduced specific binding, as did
the double mutation. For the Ah® allele, mutation of amino acid
348 from leucine to phenylalanine did not enhance binding, but
conversion of amino acid 375 from valine to alanine, or the
double mutation, resulted in greater binding. In summary, the
data indicate that the lower affinity binding in the Ah? allele is
attributable to the point mutation changing Alag;s to Valass,
and hence this site is critical to the ligand binding domain.

One can further define the ligand binding domain of the Ah
receptor by using receptor constructs that delete part of the
protein. Dolwick et al. (28) previously characterized the ligand
binding domain of the Ah®>*! allele. We examined three series of
truncated receptor constructs, containing 1) carboxyl-end trun-
cations produced by mutating the ORF codons to translation
termination codons, 2) a series of amino-terminal deletions
produced largely by PCR, usually with a 5’ primer containing
a HindIll restriction site and a consensus translation start
sequence connected to sequence complementary to progres-
sively more 3’ sequence in the ORF, or 3) amino-terminal
deletions combined with carboxyl translation termination at
amino acid 402. The constructs were examined by sequencing
over point mutations, determination of the size of the cDNA,
and determination on gels of the sizes of the [**S]methionine-

TABLE 3

Effect of point mutations on the specific radioligand binding of the
transcribed/translated products of the cDNAs of the Ah®? and Ah*
alleles

The cDNAs for Ah™>* and Al alleles, cloned into p-ALTER-1, were mutated at two
apedﬁcmmemmwmm)mmmmmom
containing each of the constructs were transcribed and transiated in the combined
reticulocyte system, and specific ligand binding was determined with an aliquot of
the reaction mixture (1.25 ul diluted to 1 mi with MDENG) by incubation at 4°
ovemight with 4 x 10* dpm/mi ['®1)Br;DpD, with or without a 200-fold molar
excess of TCDBF (see Materials and Methods).

Specific binding
dom/mi
Al wikd-type (Lsss, Vsre) 2,143
A2 Agys — Vsrs 555
AN Lasg — Faug 760
Al Lsug — Faas, Vars — Asrs 6,931

Ah Receptor Alleles 919

labeled translation products, compared with their calculated
sizes.

In Fig. 4 are seen the results of ligand binding by a series of
carboxyl-terminally truncated forms of the Ah™" receptor. Spe-
cific binding equivalent to that seen with the full length con-
struct (1-805 amino acids) was unaffected by successive trun-
cations down to 403 amino acids, but further shortening to 377
amino acids eliminated binding. Thus, the carboxyl-terminal
side of the ligand binding domain is sharply defined.

In a second series we examined the effect of amino-terminal
truncations (Fig. 5). Deletions from the amino-terminal side
produced a gradual loss of ligand binding. 1) Removal of amino
acids 2-78, the basic helix-loop-helix region, resulted in a ~30%
decrease in binding; 2) further truncation from amino acid 79
to amino acid 129 produced loss of ~30% of the original binding;
3) further shortening by removal of amino acids 130-181, the
first of the two 50-amino acid repeats (or PAAS boxes), resulted
in an additional loss of binding of ~10%; and 4) removal of
amino acids 182-287 produced complete loss of specific binding.
In a third series of truncation experiments (Fig. 5, bottom), the
same amino-terminal truncations were tested with carboxyl
termination at amino acid 402. In this series, approximately
the same graded loss of ligand binding as observed with amino-
terminal deletions was seen. The reason for this graded loss of
binding with amino-terminal deletions is unknown but may
represent reduced binding to hsp90 and hence reduced stabili-
zation of the Ah receptor. Our findings corroborate those of
Dolwick et al. (28).

Discussion

The murine Ah locus was first defined as a strain difference
in response to polycyclic aromatic hydrocarbons and was later

434 532 648 705 773
287339 377403 4g4

127 79 130183 604 666 742 805
O U T e O
BASIC
SPECIFIC SPECIFIC
BINDING BINDING
(dpms) M (dom)
1-805 5800 1-805 8481
1-773 5843 1-604 8131
1-742 7209 1-532 9994
1-705 7737 1-484 7583
1-666 6638 1-434 8656
1-648 5901 1-403 7914
1-377 86

B%
3
i
%
g
8
i

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

EE’SSF)EEE‘!I’

920 Poland et al.
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shown to encode the Ah receptor, which binds these planar
aromatic ligands to mediate their pleiotropic effects. In this
report we present the amino acid sequences for all four murine
alleles, deduced from their cloned and sequenced cDNA.

All of the Ah® alleles (Ah*!, Ah>? and Ah%?) display high
affinity ligand binding. These alleles differ by a few point
mutations in the common ORF and by additional sequence at
their carboxyl ends; Ah®! contains 805 amino acids, Ah"?
contains 848 amino acids, and Ah®? contains 883 amino acids.
The amino-terminal half of the protein contains the DNA
binding domain (the basic region), the Arnt binding domain
(helix-loop-helix), and the ligand binding domain. In truncation
experiments the carboxyl side of the ligand binding domain
was sharply defined at amino acid 402, and amino-terminal
truncations produced a more graded loss of binding. These
results are in accord with those of Dolwick et al. (28). The
function of the carboxyl half of the Ah receptor remains to be
determined, but the glutamine-rich region may be involved in
transcription activation.

The Ah? allele, which encodes the receptor with the lower
ligand binding affinity, is most appropriately compared with
the Ah®? allele, because the two alleles express proteins of the
same size that differ in only two amino acids. In this report, it
is shown that the lower ligand affinity of the Ah® receptor is
attributable to valine at position 375 and that mutation of this
residue to alanine, as found in the Ah®? receptor, enhances
ligand affinity (Table 3). For in vitro translated products, we
found that ['*I]Br,DpD binding shows a K of ~7 pM for the
Ah®? allele and a K, of ~37 pM for the Ah? allele, an approxi-
mately 5-fold difference. [The in vitro translated Ah>' allele
has a Kp of ~9 pM, close to its estimated true Kp (24).] The
apparent K, for the Ah receptor is a function of the receptor
concentration, relative to total protein concentration, and ap-
proaches a limiting value at infinite dilution that is equivalent
to the kinetic K, (Kp = k-,/k.,). As also shown in Table 3,

J 184

BINDING _(dpm)

—l 10467

| 7213

J 4365

| 3542

Fig. 5. Effect of amino-terminal truncations of the Ah™'

65 receptor on ligand binding. The Ah>' constructs were

synthesized, transcribed, and translated and
binding was determined as described in Materials and
Methods.

9798

6327

5354

2794

when liver cytosol is the source of receptor the apparent Kp
values are ~30 pM for Ah*2 and ~125 pM for Ah?, also a 4-5-
fold difference, but with higher absolute values attributable to
the receptor/protein concentration.

It is common to contrast C57BL/6 and DBA/2 mice, because

the Ah locus was first defined as a difference in response to
polycyclic aromatic hydrocarbons between these two strains.
Because these strains differ in many genes and traits, other
than the Ah locus, that can influence drug action and phar-
macokinetics, it is preferable to compare congenic strains, i.e.,
mice with the same genetic background differing only in the
trait of interest, e.g., C57BL/6-(Ah®") versus C57BL/6- (Ah?).
However, there is another, perhaps less widely appreciated,
difference between these two strains; C57BL/6 carries the
Ah®! allele, so Ah®! is contrasted with Ah®. The Ah>! receptor
is more thermostable (7) than the Ah*2 receptor and is not as
easily activated in vitro. The addition of sodium molybdate to
buffer stabilizes the Ah*2? and Ah? receptors much more than
the Ah™? receptor (7, 29). These observations all suggest that
the Ah®! receptor is more stable and binds to hsp90 more avidly
than do the Ah™2 and Ah¢ variants. With these caveats in mind,
it is useful to examine pertinent observations from the litera-
ture.
For the induction of hepatic AHH activity by TCDD, the
ED;, values were found to be ~1.7 X 10~® mol/kg for C57BL/6
mice and ~1.6 X 10~ mol/kg for DBA/2 mice, a 9-fold differ-
ence (4). In general, an approximately 10-fold difference was
found between Ah™' or Ah™? and Ah strains (4). Using [*H]
TCDD, stabilization of the Ah? receptor with sodium molyb-
date, and velocity sedimentation assays, Okey et al. (29) re-
ported that in liver cytosol from C57BL/6 mice the K, (Ah*!)
was 1.8 + 0.2 X 10~ M and in that from DBA/2 mice the K,
was 16 + 2.5 X 107 M, a 9-fold difference.

Whereas Ah? mice show a nearly absolute insensitivity to
polycyclic aromatic hydrocarbons in vivo, primary fetal cell
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cultures from Ah? mice respond to polycyclic aromatic hydro-
carbons in vitro (30, 31). Niwa et al. (30) reported that the ECs,
for TCDD induction of AHH activity in fetal cell cultures
derived from C57BL/6 mice was 0.12 X 10~® M, compared with
1.9 X 10~® M for cells derived from DBA/2 mice, a 16-fold
difference. A similar ~10-fold difference was seen with 3-MC
as an inducer.

In a more recent report, Harper et al. (32) compared AHH
induction in fetal cell cultures derived from C57BL/6 and DBA/
2 mice and found that the ECs, values for TCDD and 1,2-
benzanthracene were virtually identical in cultures from the
two strains; furthermore, the binding affinities for [*'HJTCDD
were similar (2-3-fold differences in K, values between strains).
It is difficult to explain these data showing the loss in fetal cell
cultures of the differences seen in adult mice. Qur results in
the current study indicate that the lower ligand binding affinity
and reduced sensitivity of the Ah? receptor are intrinsic in the
primary structure of the receptor. It is possible that 1) post-
translational modification is present in rabbit reticulocyte ly-
sate but not in fetal tissue or 2) there are higher receptor
concentrations in fetal tissue versus adult tissue, enhancing
mass action; this might explain the results of Harper et al. (32).

In summary, in this report we present the amino acid struc-
tures of the four murine variants and identify the point muta-
tion in the Ah allele that accounts for lower affinity binding.
Further analysis of the Ah receptor domains should provide a
deeper understanding of structure-function relationships.
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