
ABBREVIATIONS: AHH, aryl hydrocarbon hydroxylase; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDBF, 2,3,7,8-tetrachlorodibenzofuran; !(�,

equilibrium dissociation constant; EDen, effective dose that produces one-half the maximal response; SDP, strain distribution pattern; RI, recombinant
inbred; EDTA, ethylenediaminetetraacetate.
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SUMMARY

The Ah locus in mice, the presumed structural gene for the Ah
receptor, is polymorphic in mice: some inbred strains carrying
the Ah” allele express a high affinity receptor and are sensitive
to receptor agonists, while other strains carrying the Ahd allele
express a lower affinity receptor and are less sensitive to ago-
nists. Using the photoaffinity ligand for the Ah receptor, [125I]2
azido-3-iodo-7,8-dibromodibenzo-p-dioxin, we have identified
two allelic forms of the high affinity receptor (Ahb). In mouse
strains of the C57 and C58 family and MA/MyJ, the photoaffinity
labeled peptide in hepatic cytosol has an apparent molecular
mass of 95 kDa (Ahtll allele), whereas in other responsive strains
(e.g., C3H/HeJ, BALB/cByJ, A/J) the labeled peptide has an
apparent mass of 1 04 kDa (Ah�2 allele). In genetic crosses and
backcrosses between C57BL/6J and C3H/HeJ mice, the expres-

sion of these peptides is consistent with codominant inheritance
of two alleles at a single locus. From Scatchard plots of the
specific binding of the reversible ligand, [3H]-2,3,7,8-tetra-
chlorodibenzo-p-dioxin, to hepatic cytosol, most strains of
mice with the Ah�1 allele were found to have an Ah receptor
with a binding affinity, K0, of 0.4-0.7 n�, and a receptor concen-
tration of 1 30-1 60 fmol/mg of protein, whereas most strains
carrying the Ah�2 allele have a slightly lower receptor affinity, l(�
= 0.8-1 .3 nM, and a slightly lower receptor concentration, 80-
1 1 0 fmol/mg of protein. From analysis of the strain distribution
pattern of the Ah�1 and Ah�2 alleles in recombinant inbred strains,
the Ah locus was linked to several unmapped loci (H-17, H-38,
Ltw-2, Ly-18, DlNyul, DlNyu2), and this entire group mapped
to chromosome 12.

The Ah locus in mice was originally defined by a strain

difference in response to the administration of polycyclic aro-

matic hydrocarbons (1-3): some inbred strains (e.g., C57BL/6)

respond with the induction of hepatic cytochrome P1-450 and

associated monooxygenase activity, most commonly measured

as AHH activity, whereas other strains (e.g., DBA/2) show no

response. In appropriate genetic crosses, responsiveness (i.e.,

inducibility of AHH activity) segregates as a simple autosomal

dominant trait. The locus determining inducibility was termed

the Ah locus (for aromatic hydrocarbon responsiveness) and

the two alleles were designated Ahb (responsive) and Ah’� (non-

responsive). Since many polycyclic aromatic hydrocarbons in-

duce cytochrome P1-450 and enhance their own metabolism,

often to reactive intermediates, there is an extensive literature

on the association of the carcinogenicity and toxicity of these

compounds and the Ah locus (4).

TCDD and related halogenated aromatic hydrocarbons (hal-
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ogenated dibenzo-p-dioxin, dibenzofuran, azo(xy)benzene, and

biphenyl isomers) comprise another class of compounds which

are potent inducers of cytochrome P1-450 and AHH activity

(5). TCDD induces this response in strains of mice carrying
the Ah” allele as well as those carrying the A/i” allele (6). These
observations led to the hypothesis that: 1) the Ah locus encodes

a receptor, a macromolecule which specifically binds these

agonists and mediates the enhanced expression of cytochrome

P1-450, and 2) mice with the Ah’� allele express a receptor with

reduced affinity for these compounds, and hence display re-

duced sensitivity to induction. In the liver cytosol from C57BL/

6J mice (AW’ allele), a macromolecular species was identified

which had high affinity, saturable binding for [3HJTCDD, and

for which the binding affinity of other agonists corresponded

to their in vivo potency to induce AHH activity (7). Little or

no specific binding of [3H]TCDD was demonstrable in hepatic

cytosol of DBA/2J mice (Ah�’ allele).

Thus, the Ah locus appears to be the structural gene for the

Ah receptor. The Ah receptor is a soluble protein present in a

variety of vertebrate tissues that stereospecifically binds certain

planar polyaromatic compounds and initiates the coordinate
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expression of a number of genes. The mechanism of regulation

has been most studied for the cytochrome P1-450 gene, where
sequences 5’ to the first exon have been shown to have enhancer

activity, and which presumably bind the occupied receptor to
initiate transcription (8-il). The Ah receptor has many struc-

tural and functional similarities with the steroid hormone

receptors; however, no endogenous ligand has been identified

for the former.
Characterization of the Ah receptor has depended on the

reversible binding of radioligand and study of the physico-

chemical properties of the ligand-receptor complex under
nondenaturing conditions (i2-i4). A photoaffinity ligand for

the Ah receptor, [‘9]-2-azido-3-iodo-7,8-dibromodibenzo-p-

dioxin, has been recently described which permits covalent
labeling of the receptor and more direct analysis by denaturing

gel electrophoresis (15). In the hepatic cytosol from C57BL/6J
mice, the photoaffinity ligand labeled two peptides, one with
an apparent mass of 95 kDa-the ligand-binding peptide of the
Ah receptor,’ and a 70-kDa peptide, which is a proteolytic
fragment of the former, produced by a Ca2�-dependent thiol

proteinase (iSa).

The strain distribution pattern of the AW’ and AW’ alleles in

recombinant inbred mice has not permitted mapping of the Ah

locus (i6). Legraverend et ci. (i7), using inducibility of AHH
activity in somatic cell hybrids formed from mouse spleen cells
and Chinese hamster E36 cells, have reported mapping of the

Ah locus to murine chromosome 17.
We now report a third allele at the Ah locus in mice, i.e., two

distinguishable forms of the high affinity Ah receptor (AW’),

and from the strain distribution pattern of these alleles in
recombinant inbred strains we have mapped the Ah locus to
chromosome i2.

Experimental Procedures

Materials. Acrylamide, bisacrylamide, ammonium persulfate, so-
dium dodecyl sulfate, and N,N,N’N’-tetramethylethylenediamine were
purchased from Bethesda Research Laboratories. MOPS and Na-

MOPS, Coomassie brilliant blue, 2-mercapto-ethanol, and molecular
weight standards were purchased from Sigma Chemical Co.

Animals. All inbred, recombinant inbred, and congenic mouse
strains were purchased from The Jackson Laboratory.

Inbred strain. An inbred strain of mice is produced by 20 or more
consecutive generations of brother-sister matings. This inbreeding

produces a high degree of uniformity in the mice, i.e., homozygosity in
the vast majority of loci.

Congenic strain. A congenic strain is an inbred strain that has a
small segment of foreign chromosome introduced into its genome by

repeated backcrossing and selection. This places a specified differential
gene or genes of the segment into a homogeneous genetic background
for controlled comparisons.

Recombinant inbred (RI) strains. A set of RI strains is produced
from two existing inbred strains (called progenitor strains) by perpet-

uating for 20 or more generations by brother-sisters matings. This
provides a new series of inbred strains (i.e., mice that are homozygous
at the vast majority of loci), with each representing a reassortment of

1 From hydrodynamic measurements using nondenaturing conditions, the [3HJ
TCDD-Ah receptor complex in mouse liver cytosol has an apparent mass of 100

kDa in high salt buffers, while a larger aggregate with a mass of 250-300 kDa is
observed in low salt buffers (12, 13). The apparent mass ofthe peptide selectively
labeled by the photoaffmity ligand is 95 kDa, estimated by denaturing gel

electrophoresis. Since the composition of the large Ah receptor aggregate in low
salt is unknown, and might include other peptides which aid in receptor function,
we refer to the photoaffinity labeled peptide as the l�gand-binding peptide of the

Ah receptor, and not the Ah receptor.

the alleles of the progenitor strains. The concordance or near concord-
ance of the strain distribution pattern of the locus of interest and a
marker locus is used to estimate linkage or map distance. The recom-

binational frequency, r, is a function of the fraction of RI strains, R, in
which these two loci are recombinant or nonmathhing r = R/(4 - 6R).
The standard error of this estimate is:

SE = \�/ r(1 + 2r)(1 + 6r)2

where n = the number of RI strains in a set (18).

Radiolabeled ligands. [3H]TCDD (7) was purified on a reverse
phase C-18 HPLC column to >95% purity (Specific activity of 27.5 Ci!

mmol). [‘�I1-2-Azido-3-iodo-7,8-dibromothbenzo-p-dioxin was synthe-
sized and purified as described (14) (specific activity = 2176 Ci/mmol).

Buffers. The buffers used were: M/�ENG [25 mM MOPS, 1 mM 2-

mercaptoethanol, 1 mM EDTA, 0.02% sodium azide, pH 7.5 (0’), plus
10% glycerol] and MEG [25 mM MOPS, 1 mM EDTA, pH 7.5 (0’),

plus 10% glycerol].
Preparation of liver cytosol. The livers of two or three mice of

the same strain (matched for sex and age) were pooled and homogenized
in 9 volumes of MflENG buffer for use in reversible ligand binding, or
individual livers were homogenized in 9 volumes of MEG buffer for use
in photoaffinity labeling. The homogenates were centrifuged at 10,000
x g for 20 mm at 4’, and the supernatant fractions were centrifuged at

100,000 x g for 1 hr at 4’. The cytosols were frozen at -80’ until use.

[3HJTCDD binding. One ml of hepatic cytosol diluted to 2-2.5 mg

ofprotein/ml in MI3ENG buffer was incubated with [3H]TCDD at nine
concentrations from 0.33 to 2.1 nM in the presence or absence of a 200-

fold molar excess of TCDBF. The ligands were added in p-dioxane
(total solvent 10 �sl per 1-ml incubation). Each sample was analyzed in
duplicate. Following a 30-mm incubation at 20’, 0.5 ml of a suspension
of 3% charcoal/0.3% dextran was added, the mixture was gently agi-
tated for 5 mm, and the charcoal was removed by centrifugation. The

radioactivity in fractions was quantified by liquid scintillation spec-

trometry: the radiolabel in the total incubation mixture without addi-

tion of charcoal/dextran = total ligand concentration; the radiolabel in
[3H]TCDD incubate after charcoal adsorption = total bound ligand;
and the activity in the [3H]TCDD + TCDBF tube after charcoal

adsorption = nonspecifically bound ligand. Specific binding at each
ligand concentration was determined as total bound minus nonspecif-

ically bound; and the free ligand concentration was determined as total
ligand concentration minus total bound ligand.

Binding parameters were estimated by a computer analysis of the
[B] 1

Scatchard equation (19): - = - [B,,,,� - B], where [B] = specifically
[11 KD

bound, [F] = free ligand concentration, Bmai maximum specifically
bound, and KD = equilibrium dissociation constant. The protein con-
centration was determined by the Lowry reaction (20) using bovine

serum albumin as a standard, and binding was expressed per mg of
protein. For each binding curve, three parameters were obtained, KD,

B,,,�, and the correlation coefficient r. Only curves with r � 0.90 for

nine ligand concentrations were included. The data are reported as the
mean ± standard error of multiple separate binding curves.

Photoaffinity labeling. For each inbred, recombinant, or congenic
strain, a single mouse was killed, the liver was homogenized in 9
volumes of MEG buffer, and the cytosolic fraction was prepared and
stored as described above. The liver cytosol was diluted to 1 mg of
protein/ml with MEG buffer and incubated with 0.38 nM [‘�I]-2-azido-

3-iodo-7,8-dibromo-dibenzo-p-dioxin for 30 mm at 20’, and then incu-

bated for 5 mm at 4’. One-tenth volume of a suspension of charcoal!
dextran (10%:1%) was added for a 30-mm incubation at 4’ and removed
by centrifugation. The supernatant was immediately irradiated with
ultraviolet light as previously described (14). Four volumes of cold
acetone were added and stored overnight at -20’ for maximal precipi-

tation of the protein. The precipitate was collected by centrifugation,
washed with acetone/water (9:1), and dissolved in 1 ml of electropho-

resis sample buffer (ii) by heating in a boiling water bath for 2 mm.
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The photoaffinity labeled protein samples and molecular weight

standards (fl-galactosidase, 116 kDa; phosphorylase b, 97.5 kDa; bovine
serum albumin, 68 kDa; ovalbumin, 45 kDa) were subjected to dena-

turing electrophoresis on discontinuous polyacrylamide slab gels by the

method of Laemmli (21) as previously described (14). The separating
gel was routinely 7.5% acrylamide, 11 cm long, but for mobility deter-
minations, a 5-20% acrylamide gradient, approximately 25 cm long,
was used. The gels were fixed and stained and autoradiographs prepared

as described previously (14).
Phenotyping the Ly-18 antigen. Monoclonal antiserum to the

membrane antigen Ly-18 (22) was kindly provided by Dr. Ulrich
Hdmmerling. Dr. Rex Risser used cytolysis ofthymus cells to determine

the LY-18 phenotype using cells from C3H/HeJ as a negative control
and cells from a B6. C-H-245’By congenic strain as a positive control.

Results

Examination of [3H]TCDD binding to the Ah receptor in the

hepatic cytosol from inbred strains of mice carrying the Ah”

allele (high affinity receptor) revealed modest but reproducible

TABLE 1
Charactenzation of the Ah receptor in hepatic cytosol from inbred
strains of mice: receptor affinity, concentration, and apparent
molecular mass
The Ni receptor in the cytosol fraction of liver inbred strains of mace was charac-
terized by a saturation binding curve with [�H1TCDD and the apparent molecular
mass of the photoaffinity labeled peptide as described in Experimental Procedures.
The specific binding of [�I-IJTCDD in the saturation binding curve was analyzed by

linear regression analysis of the equation � = �-[B,,,,, - B] , to estimate the

equilibrium dissociation constant, K0, and concentration of binding sites B,,,,,. Only
binding curves wfth a correlation coefficient of r � 0.90 for all nine ligand concen-
trations are included.

Reversible ligand binding Photoaffinity labeled
peptide(mass #{149}m

kDa)na KDb B,,.�,’ r’�

flu frnol/mg protein

C57BL/6J 6 0.65 ± 0.15
C57BL/6ByJ 3 0.47 ± 0.04
C58/J 2 0.59
C57L/J 3 0.52 ± 0.08
C57BR/cdJ 1 0.69

151 ± 26
160 ± 4
159
131 ± 8
156

0.965
0.980
0.984
0.954
0.968

95
95
95
95
95

MA/MyJ 1 1 .1
CE/J 1 0.69

P/J 3 1 .1 ± 0.31

147
108

129 ± 31

0.938
0.966

0.952

95
104
104

BALB/cByJ 4 1.3 ± 0.37
BUB/BnJ 3 0.96 ± 0.14
SEC/i ReJ 3 1 .1 ± 0.09
A/J 4 0.81 ± 0.27
C3H/HeJ 5 1 .1 ± 0.17
CBA/J 4 1 .2 ± 0.33
PL/J 4 1.3 ± 0.52
SEA/GnJ 6 1.3 ±0.51
HRS/J 6 0.80 ± 0.41

82 ± 6
86 ± 9
89 ± 30
93 ± 5
86 ± 23
84 ± 13

107 ± 17
93±41
90 ± 16

0.945
0.965
0.935
0.969
0.940
0.945
0.951
0.954
0.965

104
104
104
104
104
104
104
104
104

CXBD/By 2 0.41
CXBE/By 2 1 .0
CXBG/By 2 0.83
CXBH/By 2 0.66
CXBI/By 2 0.92
CXBJ/By 2 0.55
CXBK/By 2 1 .2

168
80
81

111
120
162
104

0.982
0.970
0.980
0.985
0.958
0.965
0.958

95
104
104
104
104

95
104

B6.C..H-17’/By 1 1.2
B6.C�H�34c/By 1 0.63
B6 .t,4.j�3�C/By 2 1 .0

95
178

73

0.962
0.949
0.962

104
95

104
a �, number of individual experiments.

bK �L�kbflUfl� dissociation constant; values are the mean ± SD of n determi-

nations.
‘Bms*, receptor concentration, i.e., concentration of available binding sites/mg

of cytosol protein; values are the mean ± SD of n determinations.
a, mean correlation of n determinations.

differences (Table i). For strains in the C57 and C58 family,

the Ah receptor affinity (KD) was 0.4-0.7 nM, and the total

number of binding sites was i30-i60 fmol/mg of protein. Most
of the other strains had slightly lower affinity binding (KD =

0.8-1.3 nM) and a lower concentration of saturable binding
sites (Bmax2 80-iiO fmol/mg ofprotein). MA/MyJ, CE/J, and

P/J mice yielded intermediate values or a dissociation of low

KD and high number of sites.
We have previously characterized the Ah receptor in hepatic

cytosol from C57BL/6J mice using the photoaffinity ligand
[‘25I]-2-azido-3-iodo-7,8-dibromodibenzo-p-dioxin (14). This li-

gand labels predominantly two peptides with apparent molec-

ular masses of 95 kDa and 70 kDa, the labelings of which are

both blocked by coincubation of unlabeled competing uganda.

The 95-kDa peptide was shown to be the ligand-binding peptide

of the Ah receptor, and the 70-kDa moiety was found to be a
proteolytic fragment produced from the former by a Ca2�-

dependent thiol proteinase (i5a). The major peptide labeled by

the photoaffinity ligand in the C57 and C58 family of mice and
in MA/MyJ has an apparent mass of 95 kDa, while in all other

strains tested with the Ahb allele, the major peptide has an

apparent mass of i04 kDa (Fig. i, Table 1).

The F1 progeny of C57B1/6J mice (95 kDa) and C3H/HeJ
mice (104 kDa), express both peptides (Fig. 1). After analysis

of further crosses and backcrosses by comparison of the ob-

served and expected ratios in the x2 test, the inheritance was

consistent with two alleles at a single locus with condominant

inheritance: B6 x B6C3F1 = 14 B6 phenotype: ii F1 phenotype,

x2 0.36; C3H/He x B6C3F1 = 40 C3H/He phenotype: 34 F1
phenotype, x2 = 0.48; B6C3F1 x B6C3F1 = 24 B6 phenotype:

40 F1 phenotype: 17 C3H/He phenotype, x2 = i.05.

We examined the SDP of these Ah alleles in seven CXB

(BALB/cBy X CS7BL/6By) recombinant inbred strain (Table

1, Fig. 2A). The SDP of the alleles was BCCCCBC, determined
by photoaffinity labeling (Fig. 2A) and by reversible ligand

binding, with the B phenotype having a higher affinity binding

(KD 0.4-0.6 nM) and a larger number of binding sites (n =

160 fmol/mg) (Table i). This same SDP has been observed

previously for several other unmapped loci (23): i) Ly-18 (for-

merly Ly-m18), a lymphocyte surface alloantigen defined by a

monoclonal antibody (22); 2) Ltw-2, a hepatic peptide poly-
morphism identified by two-dimensional gel electrophoresis

(24); and 3) three minor histocompatibility loci, H-i 7, H-34,

and H-38 (25). H-i 7, H-34, and H-38 are each defined by
independently derived congenic strains in which BALB/cBy

histocompatibility alleles were introduced onto the C57BL/6By

strain background by continuous backcrossing. Linkage be-

tween Ah and Ly-18 was confirmed by the observed complete

concordance of these two loci in 17 AKXL and i2 BXH RI
strains (Table 2). Recently, additional loci, including two DNA

restriction fragment length variants related to endogenous xen-

otropic viral sequences (26) and the structural gene for apo-

lipoprotein B-i#{174}(27), have been added to this linkage group.
As was noted previously (26, 27), these loci exhibit significant

concordance with chromosome 12-specific, anonymous DNA

restriction fragment length variants Di2Nyui, Di2Nyu2, and

2 B,,�,,, the concentration of available ligand-binding sites, is equal to n[Rr],

where n is the number of ligand-binding sites per molecule of receptor and ERr]
is the concentration of the receptor. Assuming n = 1, then B,,,.,, is equivalent to
[Ri], the receptor concentration.
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Fig. 1. Strain difference in the apparent mr of the
Ah receptor. The hepatic cytosol from inbred
strains of mice was labeled with the 1251-photo-
affinity ligand; the products were analyzed by
denaturing gel electrophoresis and visualized by
autoradiography as described in Experimental
Procedures. The autoradiograph on the left corn-
pares the Ah receptor in nine strains; the right
panel compares the Ah receptor in C57BL/6J,
C3H/HeJ, and B6C3F1/J hybrid mice.

Di2Nyu,5 (formerly D12-1, D12-2, and D12-5) (28), indicating
that this cluster of genes maps to chromosome 12.

The Ah genotypes of the three minor histocompatibility

congenic strains, B6.C-H-l7, B6.C�H�34c, and B6.C�H�38c
were determined by photoaffinity labeling and electrophoresis
(Fig. 2B). Both H-17 and H-38 congenics possess the Ah allele

of the BALB/c (donor) strain, i.e., the 104-kDa peptide, mdi-

cating that the Ah allele had been cotransferred in the deriva-

tion of these strains. The results confirm that H-i 7 and H-38

are closely linked to the Ah locus and therefore on chromosome
12. In contrast, the H-34 congenic has the Ah allele of the
C57BL/6By strain, indicating that the Ah locus recombined

with the H-34 locus in the derivation of this strain. The latter

result indicates that either: 1) H-34 and Ah are unlinked; or 2)
a crossover occurred between H-34 and Ah. Monoclonal anti-

bodies specific for Ly-18 were used to show that the B6 . C-H-

38C congenic also carried the BALB/c donor allele of Ly-i8,

indicating that the segment of chromosome 12 including Ly-

18, Ah, and H-38 had been cotransferred. Unfortunately, it was

not feasible to test for Ly-18 in the other two congenics. The

fact that both B6 . C-H-i 7 and B6 . C�H�38c carry the BALB/c

allele of Ah and also reject each other’s skin grafts suggests
that these minor histocompatibility loci flank the Ah locus but

does not resolve the question of which is centromeric to Ah.

Previous work has shown that the introduced chromosome 12
segments of B6 . C-H-I 7 do not extend as far proximally as the
pol-7 DNA marker (26). The latter is apparently closely linked
to the Di2Nyu2 marker.

The linkage of Ly-18 and Ah was demonstrated in RI strains
(Table 2) bearing three Ah variants (AW’, 95-kDa peptide in

C57BL/6 and CS7L; AW’, i04-kDa peptide in BALB/cBy and

C3H/He; and Air” in AKR or DBA/2), indicating that these

variants are linked, if not in fact allelic, as assumed here. The

lack of recombination between Ah and Ly-18 among 36 CXB,

AKXL, and BXH RI strains establishes a 95% upper confi-

dence limit of 2.3 cM for the map distance separating these
loci. There are a total of 15 recombinants between Ah and

Dl2NyuI among 68 informative RI strains for an estimated

map distance of 8.2 ± 2.8 cM. The most probable gene order
Dl2Nyu2, (Ah, Ly-i8) and Dl2Nyu2, in the 19 BXH and CXB

RI strains makes it unnecessary to postulate any double cross-

overs, whereas alternative gene orders required three or more

double crossovers. The estimated distance between (Ah, LY-

18) and Di2Nyu2, 5.2 ± 3.6 cM, is subject to large sampling

error and must be considered tentative.

Discussion

In this report, we have identified a third allele at the murine

Ah locus, which subdivides the previously designated AW’ (re-

sponsive) allele into two types: those with the Ah”1 allele,
expressing a 95-kDa peptide, and those with the Ah”2 allele,

expressing a 104-kDa peptide. From the strain distribution

pattern of these alleles in RI strains, the Ah locus has been

linked to several unmapped loci, and all of these loci mapped
to chromosome 12.

The Ah locus/Ah receptor. The Ah locus was originally

defined by a functional polymorphism (1-3). Inbred strains

carrying Ah” alleles (e.g., C57BL/6) respond to the administra-
tion of 3-methylcholanthrene with the induction of hepatic

cytochrome P1-450 and AHH activity, whereas strains carrying
the Ah’� allele (e.g., DBA/2) fail to respond. In genetic crosses
responsiveness is inherited as a simple autosomal dominant

trait. Subsequent biochemical, genetic and pharmacologic in-
vestigations have supported the hypotheses that: 1) the Ah

locus encodes a soluble protein, the Ah receptor, which revers-
ibly binds 3-methylcholanthrene (and other agonists), and mi-
tiates the transcriptional regulation of cytochrome P1-450; and

2) the responsive mice express a receptor with a high affinity

for agonists, whereas nonresponsive strains (Ah” allele) express
an Ah receptor with substantially reduced affinity for inducing

compounds. We believe that all the available evidence is com-
patible with the hypothesis that the Ah locus is a single gene

that encodes the Ah receptor (i.e., the ligand-binding peptide
of the Ah receptor). Although other loci may affect the induc-

tion of AHH activity, (see below), it is confusing to refer to
these loci as part of the Ah locus or Ah complex.
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Fig. 2. Allelic forms of the Ah receptor: strain distribution pattern in CXB/By RI mice and 66 . C/By congenic strains. The hepatic cytosols from
individual mice were photoaffinity labeled and the products analyzed by gel electrophoresis and autoradiography as described in Experimental
Procedures. A. C57BL/6ByJ, BALB/cByJ, and CXB/By RI strains. B. Parental C57BL/6ByJ and BALB/cByJ strains and congenic B6.C�H�17d/By,
B6. C-H-34’/By, and B6 . C-H-38’/By strains.

It should be noted that the pleiotropic response regulated by

the Ah receptor is far more extensive than the induction of

cytochrome Pi-450 (29). TCDD and related halogenated aro-

matic hydrocarbons produce a spectrum of biological responses

(e.g., proliferation and/or differentiation of certain epithelial

tissue, immune suppression, altered lipid metabolism, hepatic

damage, and porphyria, tumor promotion). Two lines of cvi-

dence suggest these responses are mediated through the Ah

receptor: a) several of these agonist-induced responses have

been shown to segregate with the Ah locus in mice, and b) there

is a correlation between the binding affinity of agonists and

their potency to produce various biologic responses.

Ah” alleles. In this report we have found that among strains

responsive to polycyclic aromatic hydrocarbons, there are two

allelic forms of the Ah receptor: Ah�, which encodes a peptide

with an apparent mass of 95 kDa, and AW’�2 which encodes a

peptide of an apparent mass of 104 kDa. In most Ah� strains,

the Ah receptor in hepatic cytosol has a slightly higher binding

affinity for TCDD and higher receptor concentration (KD =
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0.4-0.7 nM, Bmax 130160 fmol/mg ofprotein) than in strains

carrying the AW’2 allele (KD = 0.8-1.3 nM, Bmax 8110 fmol/

mg of protein). The qualitative marker of apparent receptor

mass is a more accurate phenotype than the quantitative esti-

mate of reversible binding parameters.

Ahd allele. Although mice with the AW’ allele fail to respond

to 3-methylcholanthrene, administration of the more potent

agonist, TCDD, induces hepatic AHH activity to a comparable

extent as that observed in strains with either Ahb allele, but an

approximately 10-fold greater dose is required (7). It has not

been possible to demonstrate appreciable specific ligand bind-

ing in the hepatic cytosol from Ah’� mice, but following in vivo

administration of [3H]TCDD, a macromolecular-radioligand

complex has been extracted from hepatic nuclei which has

sedimentation properties similar to those of the Ah-receptor-

[3H]TCDD in mice with Ah” alleles (30). These observations

suggest the AW’ allele encodes an Ah receptor with a lesser

affinity for agonists resulting in diminished sensitivity. We do

not know if all AW’ strains express the same allele, because it

is difficult to characterize this low affinity receptor.
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TABLE 2

Strain distribution pattern of Ah, Ly-18, Dl2Nyul, and Dl2Nyu2 alleles in recombinant inbred strains
The abbreviations for the recombinant inbred strains are: AKXL, (AKR/J x C57L/J); CXB, (BALB/cBy x C57BL/6By); SWXL, (SWR/J x C57L/J); BXD, (C57BL/6J x
DBA/2J); and BXH, (C57BL/6J x C3H/HeJ). The symbols A, L, B, C, S, D, and H are used as generic symbols for alleles inherited from the progenitor strains AKR/J,
C57L/J, C57BL/6J (J or By), BALB/cBy, SWR/J, DBA/2J, and C3H/HeJ. ‘x means disordant; -, not determined. The strain distribution pattems for Ly-18, Dl2Nyul,
and Dl2Nyu2 are published in Refs. 22 and 23. The strain distribution patterns for the Ah locus have been published previously (17, 23) or were determined in this report
for CXB and BXH RI strains by photoaffinity labeling.
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Evidence for other alleles at the Ah locus or other loci
affecting the induction of AHH activity. The strain differ-

ence in response to induction of AHH activity by polycyclic
aromatic hydrocarbons, which was used to identify the Ah locus,

is a complex phenotype and could be affected by other loci.

Robinson et aL (31) presented some surprising results in crosses

between NIH substrains, including the observation that non-
responsiveness (noninducibility) in some crosses was dominant.

The authors suggested that these results were not fully explain-

able even with a model of two loci and three alleles at each
locus. One is at a loss to interpret these observations, since

they have not been pursued or confirmed by other laboratories

in the 13 years since the original report.

More convincing evidence that genes other than the Ah locus

influence the induction of AHH activity comes from the studies

of Hankinson and colleagues (32-34) and Whitlock and co-

workers (35, 36) on Hepa 1 cells, a cloned cell line derived from

a hepatoma in CS7L/J mice (37). From the wild-type cell,

which is highly inducible for AHH activity, at least four classes
of stable variants have been identified with absent or poorly

inducible AHH activity. Fusion experiments have demon-
strated these four classes are complementary and hence repre-

sent different genetic loci. Group A variants (Hankinson’s

classification) have Ah receptor binding and nuclear

translocation3 of the receptor comparable to wildtype Hepa 1
cells, with minimal induction of AHH activity, and appear to

represent mutations in the structural gene for cytochrome P1-

450. Group B variants have reduced Ah receptor binding (10%

of normal), normal nuclear uptake of the receptor, and the

maximal induced AHH activity is 1-20% of the wild type, with

a similar ED50. Miller et al. (35) isolated clones of similar

phenotype, with diminished sensitivity to induction, suggesting

an altered receptor affinity. It is likely that this complementa-

tion group is the Ah locus. Group D variants have normal Ah

receptor binding and translocation, but noninducibility is a

dominant trait in fusion experiments. It is proposed that these

variants produce a trans-acting dominant regulator. Group C

variants have normal Ah receptor binding but the receptor does

3 Nuclear tran.slocation. Upon incubation of Hepa 1 cells with [3H]TCDD at

4’, the radioligand-Ah receptor complex is found in the cytosol fraction (high

speed supernatant fraction), whereas, following incubation at 37’, much of the

[3HJTCDD-Ah receptor complex is associated with the nuclear pellet (38). This
suggests that occupied receptor undergoes a temperature-sensitive cytoplasm to

nuclear translocation. However, Whitlock and Galeazzi (39) have presented

evidence that the unoccupied Ah receptor resides in the nucleus, and its presence

in the cytosol is an artifact of cell disruption. Thus, it is not established whether,
upon ligand binding, the Ah receptor undergoes nuclear translocation or activa-

tion from a loose binding to a more tightly binding nuclear form.
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not translocate to the nucleus. Thus, a complementation group
distinct from that ofthe Ah locus controls nuclear uptake. This

result is in contrast to glucocorticoid receptor mutants in

lymphoblastoid cells, where mutations affecting receptor bind-

ing and nuclear translocation are in the same complementation
group (40, 41).

Linkage and mapping the Ah receptor. We have found
that the Ah locus is linked to two histocompatibility loci, H-i 7

and H-34, a soluble liver protein, Ltw-2, and the lymphocyte
surface antigen, Ly-i8. The Ah locus previously has been linked

to audiogenic seizure locus in BXD RI strains (42). All of these

loci are now mapped to chromosome 12 by linkage to the

Di2Nyui and Di2Nyu2 restriction fragment length polymor-

phism described by D’Eustachio (28). Lusis et al. (27) have

recently mapped the apolipoprotein B structural gene to the

proximal region of chromosome 12 and shown linkage to the
Ah locus.

The Ah locus should serve as a very useful marker for the
centromeric end of chromosome 12, because of the appreciable

frequency of each of the three alleles among inbred and RI
strains, the expression of the receptor in a wide variety of

tissues and cell types in cultures, and the ease of phenotyping.

Structural variation in the Ah receptor among mam-
malian species. In contrast to the analogous steroid hormone

receptors which show remarkable structural conservation

among mammalian species, the Ah receptor (i.e., the photo-

affinity labeled ligand-binding peptide of the receptor) shows

remarkable variation. The apparent mass of the labeled peptide
from eight vertebrate species varied from 95 kDa to 124 kDa,
and two allelic forms of the receptor were identified in the rat
(43). The Ah�’ allele in mice clearly affects receptor function.
In mammals, or possibly all vertebrate species, there does not
appear to be selection pressure to conserve the Ah receptor
structure, and this may indicate the absence of an endogenous

(or physiologic) agonist for the receptor.
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