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Hamsters and Han/Wistar (Kuopio; H/W) rats show
peculiarly selective responsiveness to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). They are extremely
resistant to its acute lethality but sensitive to, e.g.,
enzyme induction. The biological effects of TCDD are
mediated by the AH receptor (AHR). Recent studies on
H/W rat AHR discovered a remodelled transactivation
domain which appears to be critical for the TCDD
resistance of these animals. Here, molecular cloning
and sequencing of hamster AHR reveals another type
of restructured transactivation domain. In hamsters,
the functionally pivotal Q-rich region is substantially
expanded and enriched in glutamine compared with
all other AHRs cloned to date. By contrast, the amino-
terminal end is highly conserved, which is in agree-
ment with the H/W rat AHR. Because of the additional
material in the transactivation domain, hamster AHR
protein is larger than that in rats or mice, but the
pattern of AHR mMRNA expression in tissues is
similar. © 2000 Academic Press

Key Words: 2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD;
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the
prototype for a class of halogenated aromatic hydrocar-
bons that are widespread and persistent environmen-
tal contaminants. Most of the biological effects of these
compounds are mediated by the aryl hydrocarbon re-
ceptor (AHR), a ligand-activated transcription factor,
which structurally belongs to a newly discovered fam-
ily of regulatory proteins: basic helix-loop-helix
(bHLH)/PAS transcription factors (1).

The molecular mechanism of AHR action has so far
been only elucidated for CYP1A1 induction, but this is
believed to be a general mode of gene regulation by the
AHR. In an inactive state, the AHR is located in the
cytoplasm in a protein conglomerate along with two
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molecules of the chaperone hsp90, certain immunophi-
lins and c-src. Binding of ligand such as TCDD results
in translocation of the AHR into the nucleus and dis-
ruption of the complex. Inside the nucleus, the AHR
dimerizes with a related bHLH/PAS protein, ARNT,
and then binds to DNA at specific sites containing a
consensus hexanucleotide core. These dioxin response
elements act as enhancers for genes regulated by diox-
ins. Since the enhancer sites are usually situated rel-
atively far upstream of the gene promoter, gene acti-
vation by dioxins probably involves nucleosomal
disruption and interaction with transcriptional coacti-
vators and/or corepressors (2).

The AHR protein consists of distinct functional mod-
ules. The bHLH domain located in the N terminus is
responsible for DNA binding and heterodimerization.
The PAS motif flanking the bHLH structure affords
specificity to dimerization and also contains most of the
ligand-binding domain. The C terminus comprises a
potent transactivation domain composed of several in-
teracting subdomains, one of which is a Q-rich subunit.
This has been shown to be essential for the transacti-
vation function of the AHR in vitro (3, 4).

Hamsters are highly resistant to the acute toxicity of
TCDD. Compared with guinea pigs, they tolerate an
over 1000-fold higher dose (5). The difference of the
same magnitude exists between a TCDD-sensitive
(Long-Evans, Turku AB; L-E) and resistant (Han/
Wistar Kuopio; H/W) rat strain (6). However, despite
their resistance hamsters and H/W rats are susceptible
to certain biochemical and even toxic effects of TCDD
including enzyme induction, thymus atrophy and feto-
toxicity (7). Recent cloning of H/W rat AHR revealed
changes in the architecture of the transactivation do-
main, which appear to be the principal reason for
TCDD resistance in H/W rats (8, 9). Therefore, the
primary structure of hamster AHR was determined to
find out if TCDD resistance has a similar basis in
hamsters and to gain better understanding of the role
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FIG. 1.

Location of primers used in PCR for cloning the hamster AHR (F, forward, and R, reverse). The positions of the basic

helix-loop-helix region (bHLH), PAS A and B repeat segments and the glutamine-rich subdomain (Q) are indicated.

of the AHR structure as a determinant of dioxin sen-
sitivity.

MATERIALS AND METHODS

Animals. Two golden Syrian hamsters, a male and a female,
were purchased from Harlan Nederland (Horst, The Netherlands).
The hamsters were killed by decapitation at the age of 4 weeks. The
following tissues were rapidly removed, flash-frozen in liquid nitro-
gen, and stored at —80°C until analysis: liver, lung, heart, kidney,
spleen, thymus, hypothalamus, testis and ovary.

Primers. The first primers (F137 and R1096) were selected from
highly conserved regions of the AHR. Thereafter, one of the primers
in subsequent PCR reactions was always chosen from the segment of
AHR cDNA already resolved. The primers are shown in relation to
the full-length AHR cDNA in Fig. 1. Their primary structures (5'-3")
were as follows: Anchor-RT, CCA-CCT-ACC-CAC-TAC-CCC-TCT-
CAT-T(22)-V; Anchor-R, CCA-CCT-ACC-CAC-TAC-CCC-TCT-CA,;
GSP1, GCT-TGT-TAA-TAA-CAT-CTT-GTG; GSP2, TGT-CTC-TAT-
GTC-GCT-TAG-AAG; GSP3, GGA-CTG-GCT-TCA-CTG-TTT-TCT-
GCA; Biotseq, CTT-GCT-TAG-GAA-CGC-CTG-GGA; Biotcomp,
CCC-AGG-CGT-TCC-TAA-GCA-A; F2406, CCC-GGC-GTT-CCA-
AGT-GTG-CAC-A; F2501, TGT-TTA-CAA-GTT-CCT-GAA-AAC-C;
F2584, CAT-GTC-CAT-GTA-YCA-GTG-CCA; F137, GCT-GAA-
GGA-ATY-AAG-TCA-AA; F820, GAA-CAA-GAA-GGG-GAG-GAT-
GGA; R1096, CAT-GCC-ACT-TTC-TCC-AGT-CTT-AAT-CAT,;
R1248, CAG-CGT-CAT-ACT-CCG-CTT-CTG; F1752, CAA-ACG-
CAT-GCA-GAG-TGA-GGA; R1826, CAC-GTA-AGT-GAG-GAT-TTC-
ATC-TG; R2904, TGG-ACA-GAC-AGT-CCC-GGT-ATC; R3023,
CTC-TCC-CTA-TGC-TCC-TGC-AGA.

RT-PCR for cloning. The liver samples were homogenized and
total RNA was isolated using Trizol reagent (Life Technologies,
Eggenstein, Germany). Protein was isolated simultaneously (10).
cDNA was synthesized with enhanced avian myeloblastosis virus
reverse transcriptase (AMV-RT) (Sigma, St. Louis, MO) or with
Omniscript reverse transcriptase (Qiagen, Hilden, Germany). For
cDNA synthesis, either oligo-dT or random hexamers were used as
primers in all cases except for cloning of the ends (see below). PCR
was performed with DyNAzyme EXT DNA polymerase blend
(Finnzymes, Espoo, Finland) and with either Uno Il or TGradient
thermocycler (Biometra, Gottingen, Germany). The “touchdown”
method was applied throughout all reactions: the annealing temper-
ature was set at about 5°C above the melting temperature of primers
for the first cycle and then decreased by 1°C/cycle down to the desired
final temperature (determined with the aid of the gradient feature of
the TGradient thermocycler). A total of 35 cycles were usually run.

To obtain the 3’ end of the cDNA, an anchored primer (Anchor-RT)
was employed in the RT phase followed by a total of 3 seminested
PCR reactions (Anchor-R as reverse primer with 3 different forward
primers: F2406, F2501 and F2584). The 5’ end was first pursued by
a modified ligation-based method (11). In brief, RT was conducted
with a gene specific primer (GSP1). cDNA was purified of the primer

with the Qiaquick PCR Purification Kit (Qiagen). The RNA template
was degraded by alkaline treatment (0.3N NaOH for 30 min at 50°C
followed by neutralization with 0.3 M acetic acid for 30 min at 50°C).
The single-stranded cDNA was concentrated with Pellet Paint co-
precipitant (Novagen, Madison, WI). A special 29-base oligonucleo-
tide (Biotseq) with a phosphate group at its 5’ end and the 3’ end
OH-group blocked with biotin was ligated to the 3’ end of the cDNA
with T4 RNA ligase (MBI Fermentas, Vilnius, Lithuania) (22°C for
16 h, 25°C for 6 h). Two seminested PCR reactions were then run
with a constant forward primer (Biotcomp; complementary to Biot-
seq) and two nested gene specific reverse primers (GSP1 and GSP2).
Since this method yielded a product suggestive of alternative splicing
of exon 1 (see below), the result was verified with a different ap-
proach. A homopolymeric dA tail was added to the cDNA generated
with the GSP1 primer using terminal deoxynucleotidyl transferase
(MBI Fermentas). The first PCR reaction was performed with the
Anchor-RT and GSP1 primers. This was followed by two seminested
PCR reactions with Anchor-R as the forward primer and GSP2 or
GSP3 as the reverse primer.

Cloning and sequencing. PCR products were cloned by blunt-end
cloning into pCR-Script SK(+) Amp plasmid (Stratagene, La Jolla,
CA) or pT7Blue-2 plasmid (Novagen). XLB-1 supercompetent cells
were used in transformations (Stratagene). The plasmids were pu-
rified by Wizard Plus SV Minipreps DNA Purification System (Pro-
mega, Madison, WI). The inserts were sequenced with an A.L.F. or
A.L.Fexpress DNA sequencer (Amersham Pharmacia Biotech, Upp-
sala, Sweden) using either Thermo Sequenase fluorescent labelled
primer cycle sequencing kit or Thermo Sequenase CY5 Dye Termi-
nator Kit (Amersham Pharmacia Biotech). All ambiguities were re-
solved by auxiliary clonings. The entire coding region was cloned and
sequenced from both the female and male hamster with identical
results.

Northern blotting. Poly(A)+ -RNA was purified from total RNA
with oligo dT-coated latex beads (Oligotex midi, Qiagen) and concen-
trated using Pellet Paint Co-Precipitant (Novagen). 2 ul 10 X MOPS,
10 wl formaldehyde and 3.3 wul formamide were added to 4.7 wl
mRNA sample, denatured for 10 min at 70°C and chilled on ice. After
electrophoresis in a 1.2% formaldehyde gel, the samples were trans-
ferred onto a positively charged nylon membrane (Hybond+, Amer-
sham Pharmacia Biotech) by capillary diffusion overnight. Prehy-
bridization and hybridization were accomplished in bottles in a
rotisserie-equipped hybridization oven (Hybaid, Teddington, UK) at
42°C in ULTRAhyb hybridization solution (Ambion, Austin, TX). A
rat oligo showing 100% homology to hamster AHR was 3’ end-
labelled using digoxigenin-ddUTP and terminal transferase (MBI
Fermentas). Detection was performed with the colorimetric detection
reagents NBT/BCIP according to manufacture’s instructions (Roche,
Mannheim, Germany).

Tissue specific expression. RT-PCR was carried out from 60 ng or
200 ng of total RNA by RobusT RT-PCR Kit (Finnzymes). Sequence
specific primers from exon 10 (F1752) and exon 11 (R2904) of the
coding region of hamster AHR were used (spanning of intron 10
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GAGGCTCACCTGGGCGCCGCCTCCGGGCCGCAGGTGGAGCGGGCAGGGCGCGGGCACCATGAGCAGCGGL 70
1 M S S G
GCCAACATCACCTACGCCAGCCGCAAGCGGCGCAAGCCGGTGCAGAAAACAGTGAAGCCAGTCCCCGLT 139
5 A N I T Y A S R KRR K PV Q K TV K P V P A
GAAGGAATCAAGTCAAATCCTTCTAAGCGACATAGAGACAGGCTAAACACAGAGTTGGACCGCCTGGCT 208
28 E G I XK 8 N P 8 KR HIRDIRILNTEL DR L A
AGTCTGCTGCCCTTCCCACAAGATGTTATTAACAAGCTGGACAAACTCTCAGTTCTTAGGCTCAGTGTC 277
51 s L L P PF P Q DV INIKILDI KU LS VL RUL S V
AGCTACCTGAGGGCCAAGAGCTTCTTCGATGTTGCGTTAAAATCCTCCCCCGCTGACAGGAATGGAGGC 346
74 S Y L R A K S VFF DV ALI K S S P ADUZ RNGG
CAGGAGCAGTGTAGAGCGTTCAGAGATGGACTGGACCTGCAAGAAGGAGAGTTCTTATTGCAGGCACTG 415
97 Q E Q ¢C R A F RDGILDULOQEGEVFULTUL Q A L
AACGGCTTCGTACTGGTTGTCACAGCAGATGCCTTGGTCTTCTATGCCTCCTCTACTATCCAAGATTAC 484
120 N G F VL VvV T™ADALUVYVF Y AS S TTI Q D Y
CTGGGCTTTCAGCAATCTGATGTCATCCATCAGAGTGTCTATGAGCTCATCCATACCGAAGACCGAGCT 553
143 L G F Q Q §$ DV I HQ sV Y EL I HTE DR A
GAGTTCCAGCGCCAGCTTCACTGGGCTCTAAACCCCGCACAGTGTACAGACTCTGCACAAGGAGGGGAT 622
166 E F Q R Q L HWAILNUPAOQCTD S A Q G G D
GAATCTCATGGCCTCTCACAGCCTCCGGCAGTCTACTTCAACCCAGACCAGCTTCCTCCGGAGAGCGLC 691
189 E S H GL S Q P P AV Y F NPD QL P P E S5 A
TCCTTCCTGGAGAGGTGCTTCATCTGCCGGCTCCGETGTCTGCTGGATAATTCCTCTGGTTTTCTGGCA 760
212 S F L ERCPF ITCURULIRUCLLDDNS S G F L A
ATGAATTTCCAAGGGCGGCTARAGTATCTCCATGGACAGAACAAGAAGGGGAAGGATCGAACACTACTG 829
235 M N F ¢ G R L K YL HG QDN KK G KD G T L L
CCCCCGCAGCTGGCTCTGTTTGCAATAGCCACCCCACTTCAGCCCCCGTCCATACTGGAAATCCGAACC 898
258 P P Q L AL F A I AT©PUL QP P S I L E I R T
AAAAACTTCATCTTCAGGACCAAACACAAACTAGACTTCACACCTATTGGTTGCGATGCCARAGGGCAG 967
281 K N F I F R T KHI KXKULDVF TP I G CDAIK G Q
CTTGTCCTGGGCTACACGGAAGCGGAGC TGTGCACCCGAGGCTCGGGGTACCAGTTCATCCACGCTGCC 1036
304 L v L G YT EAZEILTCT RG S G Y Q F I H A A
GACATGCTCTACTGCGCGGAGTTCCACGTCCGCATGATTAAGACTGGGGAAAGCGGCATGACAGTTTTC 1105
327 D M L Y ¢C A E F HV RMTIIXKTGE S GM TV F
CGGCTTCTGGCAAAGCACAGTCGATGGAGGTGGGTCCAGTCCAACGCTCGCTTGATCTATAGAAACGGG 1174
350 R L L AKX HS RWIRWV Q S NAIRTULTI Y RN G
AGGCCAGATTACATCATCGCAACTCAGAGGCCACTAACGGATGAAGAAGGAAGAGAGCACTTACAGAAG 1243
373 R P DY I I A T Q R P L T D EE G R EHL Q K
CGGAGTATGACGCTGCCCTTCATGTTCGCTACAGGAGAGGCTGTATTGTACGAGATCTCCAGCCCTTTC 1312
396 R $ M T L P FMVF AT G EA AV LY ETI S S P F
CCTCCCATAATGGATCCCTTGCCAATCCGTACCAAAAGCGGCACCGGTGCAAAGGACTGGGTTCCGCAG 1381
419 p P I M DUPUL P I RTIK S G TG A X DW V P Q

FIG. 2. Nucleotide and deduced amino acid sequence of the hamster AHR cDNA. Amino acids are numbered on the left and nucleotides
on the right. The termination codon is indicated with an asterisk (*). Repetitive DNA sequences and the possible alternative start site (see

text) are underlined.

prevented amplification of genomic DNA). The 12.5 ul RT-PCR re-
action contained 4 ul template, 2.5 pmoles of primers, 200 uM each
dNTP, 1.25 units AMV reverse transcriptase, 0.5 units DyNAzyme
EXT DNA polymerase, 1.5 mM MgCl, in RobusT reaction buffer. The
cycling conditions were: 46°C for 60 min, 94.5°C for 2 min 25 sec;
94.5°C for 35 sec, 66°C (1°C decrement per cycle) for 40 sec; 72°C for
2 min X 7; 94.5°C for 35 sec, 59°C for 40 sec, 72°C for 2 min X 25;
72°C for 10 min.

In vitro protein synthesis. The full-length hamster AHR con-
structed by PCR was subcloned into a mammalian expression vector

containing the expression cassette from pCl plasmid (Promega) in
the polylinker of pCR-Script SK(+) AMP plasmid (Stratagene) with
a kozak sequence incorporated immediately upstream the first ATG
of the insert. In vitro transcription and translation were carried out
using Single Tube Protein System3 (Novagen). 0.5 pug or 1 ug plas-
mid DNA was added to T7 transcription mix and incubated at 30°C
for 30 min. Methionine and translation mix were added directly to
transcription reaction and incubation was continued for 2 hours.

Western blotting. The in vitro-generated proteins as well as the
hamster lung and liver protein fraction were analyzed by immuno-
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TCAACACCAAGCAATGATTCCCTCCACCCCAGCTCGCTTATGAATTGCATGATCCAACAGGATGAGTCC 1450
442 s T P S N D S L H?P S S L MNTCMTIOQOQQUDE S

ATCTATCTCTGTCCTCCTTCGAGTGCTGCGCCGCTAGACAGCCATTTTCTCACCCACGGGAGTGAAGGC 1519
465 I vy .. ¢ p P S S A A PL DS HUF L THG S E G

GATGGTTGGCAGGACAGTATTGCATCAATAGGAAGTGAAGCTGAGTTGAAACATGAACAAATCGGACAT 1588
488 D G W Q D S I A S I G S E A E UL K HUE Q I G H

GGTCAGGACATGAACCCTGCAGTCTCTGGAGGCCCCCCGGGGCTCTTTCCAGATAATAGAAATAGTGAC 1657
511 G ¢ b Mm N P AV S G GP P G L F P DN RN S D

TTGTACAGCATCATGAAAAACCTAGGGATCGATTTCGATGACATCAAACGCATGCAGAGTGAGGAGTTC 1726
534 L Yy s I M K NL G I DF DDTI KU RMUGQS E E F

TTCAGGACTGAGCTGGCTGGCGAGGTTGACTTCAGAGACATCGACATAACAGATGAAATCCTCACTTAC 1795
557 F R T E L A G E V D F RDTI DI T D E I L T Y

GTGCAAGACTCTCTAAACAGGTCGACCTTGCTGAGTTCTGCCAGCCAGCAGCAGCCTGTGACTCAGCAC 1864
580 vV @ D S L N R S T L L S S A S Q Q@ Q P V T Q H

CTGAGCTGCATGCTGCAGGAACGCCTGCATCTGGGGCAGCGGCAGCTGCAGCAGCACGAAACTCAGGCA 1933
603 L §$ ¢ ML Q ERLHILGOQUR QL Q Q HE T Q A

GCGGAGCCCCAGCAGCAGCTGGGTCATCAGACGGCGCCCCAGCAAGAGCTGTGTCACCAGACGGCGCCC 2002
626 A E P Q 0 Q L GH Q T AZPIOQOQETULCHQTA AP

CAGCAACAGATGTGTCTTCAGATGGCGCCCCAGCAAGAGCTGTGTCATCAGATGGAACCCCAACAGCAG 2071
649 Q ¢ o M C L Q M A P Q Q EL CHQME P Q Q Q

CTGTGTCTTCAGATGGCGCCCCAGCAGCAGCTGTGTCACCAGACGGCACCCCAGCAACAGCTGTGTCTT 2140
672 L ¢ L ¢ M AP QO QL CHOQT™AU?PQOQ QUL C L

CAGATGGCGCCCCAGCAAGAGCTGTGTCACCAGACGGCGCCCCAGCCGGAGCTGGGTCAGAAAATGAAT 2209
695 Q M A P Q Q E L C H Q T A P Q P E L G Q K M N

CATGCGCAAGTCAATGGCATGTTTGCAAGTTGGAACCCCACCCCTCTCGTGCCTTTCAGCTGTCCTCAG 2278
718 H A Q V NGMV FASWNU®PTPULV P F S C P Q

CAGGAACTGAAGCATTATGACGTCTTTTCAGACTTGCAGGGGGCGATTGAGGAGTTCCCCTACARATCT 2347
741 Q EL K HY DV F S DIL Q G A I E EF P Y K S

GAGATGGACAGTATGCCTTACACACAGAGCTTTGCTCCCTGTAATCAGTCTGTGCTACCCCAGCGTTCC 2416
764 E M D S M P Y T Q S F A P CN QS V L P Qg R S

AAGTGTGCACAGCTGGACTTGCCTGGAAAGGGTTTCGAACCATCCCTGCACCCCAACACTTCTAATGTA 2485
787 K ¢ aAaQL DL P G K GPF E P SLHUPNT S N V

GGAGATTTTGTCACTTGTTTACAAGTTCCCGAAAACCAAAGACACGAGGTGCATCCACAGTCGGCCATG 2554
810 G D FVTCIL QV P ENQ RHEVHUP Qg S A M

GTCGCTCCTCAGACATACTATGCTGGGGCCATGTCCATGTACCAGTGCCAGCCAGGACCTCAGCACGTC 2623
833 v A P Q TY Y A G A M S MY Q C QP G P Q HV

CCTGTAGAGCAGATGCAGTACAGCCCTGCAGTCCCAGACTCCCAGGCATTTCTAAACAAGTTTCAGAAT 2692
856 P VvV E Q M Q Y §S p AV P D S Q A F L N K F QN

CAGGGAGTGTTAAATGAAACCTATTCGTCTGAATTAAACAGCGTTGGTCACAGGCAGACCACTGCTCAT 2761
879 Q G vL NETY S S EL NSV GHUROQT T A H

CTTCATCACCCTGCAGAAGGGAGGCCGTTTCCTGATATCACACCCAGCGGATTCCTGTAGCTTTGGGAA 2830
902 L HH P A EGU R PF PD I TP S G F L *

CAAGATACCGGGACTGTCTGTCCATGTTGGCCATCAGCACTCTTTTTCCAAGCCAGATTTTAATCTTTG 2899
TGTTGGGAAGAGGAGTTTAAAAACTGTTATCGGTTACCTATAAAATGGGAAGCTCTGCAGGAGCATAGG 2968
GAGAGACCACAAGCCTTTAAGTAGCTTTAGCACCTCAGCGTGCACATGCCCACAGCGGAGAGCTTTGGG 3037
GTTCTGGAGAGCTGAGCGTCTCCACTCAGTGACCAGCCAGAAAGACAACTTCAGGATTCCCGATGGTGT 3106
ACCARATACAGTTAGAAGACTAATTGATTTTAACCTCTCTGTGTCTCAGATGTTAGAATAAATGGTTTG 3175
GTGCTTTTATCAAAAAAAAAAAA. . .

FIG. 2—Continued

blotting after sodium dodecylsulfate—polyacrylamide gel electro- nitrocellulose membrane and then subjected to Western blot analysis
phoresis (SDS-PAGE). A 6% polyacrylamide minigel was run (Bio- using anti-AHR, rabbit polyclonal antibody (1:50,000) as a primary
Rad, Hercules, CA). The proteins were transfered onto a antibody (BioMol Research Laboratories, Plymouth Meeting, PA)
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basic-1 basic-2 helix-1
HamsterAHR 1 M-SSGANITYASRKRRKPVQKTVKPVPAEGIKSNPSKRHRDRLNTELDRLASLLPFPQDV 59
SDRatAHR L m e e e e e e e e e e e e e e e e e et e e e 59
BéMouseAHR 1 i e e e 2 59
HumanAHR 1 S e e e T et e i e e et e e 60
helix-2
HamsterAHR 60 INKLDKLSVLRLSVSYLRAKSFFDVALKSSPADRNGGQEQCRA--FRDGLDLQEGEFLLQ 117
SDRatAHR 60 L e e e T....SR..D....Q-V..WQ.......... 118
BéMouseAHR 60 .............. T e e e e T D....Q-IT..WQ.......... 118
HumanAHR 30 TE..... DN...AN..E..N......... 120
PAS-A
HamsterAHR 118 ALNGFVLVVTADALVFYASSTIQDYLGFQQSDVIHQSVYELIHTEDRAEFQRQLHWALNP 177
SDRatAHR 0 O 178
BOMOUSEAHR 110 ...ttt it ettt ettt e e e e e e e e e e 178
HumanAHR I Y 180
HamsterAHR 178 AQCTDSAQGGDESHGLSQPPAVYFNPDQLPPESASFLERCFICRLRCLLDNSSGFLAMNFE 237
SDRatAHR 179 S........ V.. T...P.-....YT....... NTA.M. R 237
Bé6MouseAHR 179 ----..... V..A...P.-A...YT....... N...M. 2 S 233
HumanAHR 181 S E.G..IE.AT..P.-TV.CY....I NSPLM. ...t ittt i it i ineanan 239
HamsterAHR 238 QGRLKYLHGONKKGKDGTLLPPQLALFAIATPLQPPSILEIRTKNFIFRTKHKLDFTPIG 297
SDRatAHR 238 L e e B i e e e e e e e i e e e e e e 297
B6MouseAHR 234 ............ . ..., 2 293
HumanAHR 240 ..K...... K.o..... 20 299
PAS-B
HamsterAHR 298 CDAKGQLVLGCYTEAELCTRGSGYQFIHAADMLYCAEFHVRMIKTGESGMTVFRLLAKHSR 357
SDRatAHR 298 ..., I..... V... NK. ..o oo, e 357
B6MouseAHR 294 ....... I..... 2 T 2 353
HumanAHR 300 ..... 2 S.I....... ... I..... T.NN. 359
HamsterAHR 358 WRWVQSNARLIYRNGRPDYIIATQRPLTDEEGREHLQKRSMTLPFMFATGEAVLYEISSP 417
SDRatAHR 15 5 = Y 417
BOMOUSEAHR 354 . ... ittt it ii it e e e e e, 0 N 413
HumanAHR 360 .T........ L.K........ Voo T R..NTK..... T....o.... ATN. 419
HamsterAHR 418 FPPIMDPLPIRTKSGTGAKDWVPQSTPSNDSLHPSSLMNCMIQQDESIYLCPPS---SAA 474
SDRatAHR 418 .S.. ..o N.SR...A...... K..F..N SAL. ... ---.P. 474
B6MouseAHR 414 .S............ N.SR...A...... K..F...... SAL . .. ciiiie s ---.P. 470
HumanAHR 420 A...... L.-.N..SG..SATT..L.K...N. LAAM........ Y.A.STS.T. 479
HamsterAHR 475 PLDSHFLT-HGSEGDGWQDSIASIGSEAELKHEQIGHGQDMNPAVSGGPPGLFPDNRNSD 533
SDRatAHR 475 ..., MDSM. .CGS..G.F.VASN..L....E.R.T. .V.LTL....SE..... K.N. 534
B6MouseAHR 471 L...... MGSV.KCGS....F.AA....A........ A..V.L.L. .SE..... K.N. 530
HumanAHR 480 .FENN.FNESMN.CRN...NT.PM.NDTI...... DQP..V.-SFA. .H....Q.SK 538
HamsterAHR 534 LYSIMKNLGIDFDDIKRMQSEEFFRTEL-~AGEVDFRDIDITDEILTYVQDSLNRSTLLS 591
SDRatAHR 535 ..... R...... E..RS..N...... DS--S..... S N....N 592
B6MouseAHR 531 ..... R.o..... E..RS..N...... DSTA...... Koo oo ini oo, N....N 590
HumanAHR 539 ... E..RH..N.K...NDF--S..... R SK.PFIP 596

FIG. 3. Comparison of hamster, rat, mouse, and human AHR sequences. Dots indicate identities while dashed lines indicate gaps
inserted to improve alignment. The basic helix-loop-helix region, PAS domain and glutamine (Q) rich domain are indicated by lines over the
domain and LXCXE motif by a double line (20). The sequence alignment was performed using Clustal W (1.7). The GenBank Accession
Numbers of the AHR sequences used are: Sprague-Dawley rat (U09000), C57BL/6 mouse (M94623), and human (L19872).

and an alkaline phosphatase-labelled anti-rabbit IgG as a second anti-
body (Roche). The bands were visualized with NBT/BCIP (Roche).

RESULTS

The coding region of hamster AHR cDNA proved to
contain 2763 nucleotides encoding a protein of 921

amino acids (Fig. 2). The calculated molecular weight
was 7.1 kDa larger than the wild-type rat receptor,
which was due to auxiliary material in the C-terminal
transactivation domain. The cDNA contained 6 repet-
itive sequences of satellite-like DNA incorporated to-
wards the 3’ end of the receptor (underlined in Fig. 2).
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QO-rich
HamsterAHR 592 SASQQQP-VTQHLSCMLQERLHLGQRQOLQQHETQAAEPQQQLGHQTAPQQELCHQTAPQQ 650
SDRatAHR 593 ..C. LS Q.E.———-—-————- - —— Q-.QH. T==memm————— 626
B6MouseAHR 591 C e e e Q.E.-———-——--r——— ..Q-.PPP———————————— 623
HumanAHR 597 QSLALNS H...BE.-w-mmmmmmm——— HHQKQVV--———-———~ =~ 631
Q-rich
HamsterAHR 651 QOMCLOMAPQQELCHQOMEPQQQLCLOMAPQQQLCHQTAPQQQLCLOMAPQQELCHQTAPQP 710
SDRatAHR 627 ———-mmm e ——— QTL R...QVEV. . H-—=-=w~-—--——-—- e m - —— = ————— 643
B6MouseAHR 624 --——————————— QAL . ...... OMVC. . mm—mmm e m e e 640
HumanAHR 632 —-m——mmmm— V.eevnnn QK. Kowmmmmm o m o e e e 643
Q-rich
HamsterAHR 711 ELGQKMNHAQVNGMFASWNPTPLVPFSCPQQELKHYDVFSDLQGAIEEFPYKSEMDSMPY 770
SDRatAHR 644 ..... TK.M....... ... A.P.S....... R...SL..G...TAQ....... V.o.o... 703
B6MouseAHR 641 D..--PK.T.I..T........ P.S.N......... QL. .S TAQ....... V..V.. 698
HumanAHR 644 ——————- M...... EN. .SNQF. DPQQ.N..T. . H.ISQ............. 696
HamsterAHR 772 TQSFAPCNQSVLPQRSKCAQLDLPGKGFEPSLHPNTSNVGDFVTCLQVPENQRHEVHPQS 830
SDRatAHR 704 ..N....... L..EH..GT...F..RD..R..... A..LE...S.......... GINS.. 763
B6MouseAHR 699 . .N...... PL..EH..SV...F..RD....... T...LD-FVS........ S.GINS.. 757
HumanAHR 697 N.IS. P H TE..Y.MGS PY.T..SLE....... L K.GLN... 756
HamsterAHR 832 AMVAPQTYYAGAMSMYQCQPGPQHVPVEQMQYSPAVPDSQAFLNKFONQGVLNETYSSEL 890
SDRatAHR 764 . ..S..A. ... ... ... A....T..D..H...EI.G..... S...SPSI...A..AD. 823
B6MouseAHR 758 LS LAL e RT..D.T...SEI.G..... S.V.S—-——-—----—-~ 805
HumanAHR 757 .IIT...C. Veooooo. E... TH.G....N.VL.GQ......... e e PA.. 815
HamsterAHR 892 NSVGHRQTTAHLHE---HPAEGRPFPDITPSGFL 920
SDRatAHR 824 S.I..L..A...P---RL..AQ.L......... 853
B6MouseAHR 805 ----——-—--———==---m e m o 805
HumanAHR 816 .NINNT T..QPLH..S.A.....L.S . 848

FIG. 3—Continued

Thus the C-terminus of the translated protein would
have some 60 extra amino acids compared with the
corresponding region in the rat AHR (Fig. 3). More
specifically, this change affected the Q-rich subdomain
so that this region was much larger in hamster than in
other AHRs cloned to date. The Q-rich region contains
49 glutamine residues in hamster, while the corre-
sponding figure for rat, mouse, and human receptors is
28, 27, and 25, respectively. The amino acid sequences
of rat, mouse and human AHRs were compared with
the corresponding hamster sequence (Fig. 3). This
analysis revealed a high degree of conservation in the
amino terminal half of the hamster receptor including
the basic helix-loop-helix and PAS domains. The amino
acid identity was lowest in the C-terminal transactiva-
tion domain (Table 1). The overall amino acid identity
to the rat, mouse and human receptors was 70%, 82%
and 61%, respectively.

The mRNA size of hamster AHR was determined by
Northern blot analysis (Fig. 4). It turned out to be
larger than in rat, approximately slightly over 7 kb as
compared with 6.6 kb in rat (12). Based on Northern
blot data, the UTR we resolved by 3’ race-PCR was
only partial (expected size ca. 4.2 kb), probably due to
a short stretch of successive adenines in the UTR re-
sulting in unspecific annealing of the anchor primer.

The tissue distribution of the hamster AHR was stud-
ied by the RT-PCR method (Fig. 5). Liver, lung and
thymus expressed the highest levels of AHR, with
lower levels observed in hypothalamus, heart, kidney
and spleen. To demonstrate the ability of hamster AHR
cDNA to encode protein, we used in vitro transcription/
translation system to make translation products (Fig.
6). Although the yield was low, the apparent molecular

TABLE 1
Identities of AHR Functional Domains

Hamster Hamster Hamster
'S 'S 'S
SD rat C57 mouse human
Domain % % %
DNA binding (9-20, 27-39, 220) 100 100 100
NLS (13-39) 100 96.3 96.3
NES (55-75) 100 95.2 100
HSP90 binding (27-79, 185-378) 92.3 92.7 87.4
Dimerization (40-79, 120-293) 93.9 92.5 88.8
pRB binding (~330; LXCXE) 100 100 100
Transactivation (493-920) 60.0 52.1 51.2

Note. Numbering is based on the hamster sequence. NLS, nuclear
localization signal; NES, nuclear export signal (35); pRb binding,
binding site for the retinoblastoma tumor suppressor protein (20).
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HAMSTER
RAT

74kb =

53kb %

FIG. 4. Northern blot analysis of hamster and rat AHR. Poly-A™
RNA was isolated from 250 pg of total RNA from liver.

mass of the translated protein (the highest band) was
similar to the protein recognized by the anti-AHR an-
tibody in hamster liver and lung samples being about
120 kDa. The AHR in H/W and L-E rats was notably
smaller (98 kDa and 106 kDa, respectively).

The 5" end of the hamster AHR mRNA exhibited
surprising variation. The expected 5’ structure was
elicited only in the case that the reverse primer in the
final PCR reaction was selected 5’ to the junction of
exon/intron 1 (nucleotides 120/121 in hamster cDNA),
as inferred from the organization of the mouse AHR
gene (13). If the reverse primer site was located down-
stream this junction, typical intron structure complete
with the invariant 3" AG dinucleotide was obtained 5’
to the junction. Both independent methods used
yielded the same result, although the number of the
probably intron-derived nucleotides preceding the
junction differed slightly (28 by ligation, 18 by tailing).

DISCUSSION

There are large inter- and intraspecies differences in
acute TCDD toxicity. The classical strain difference

= >
e < >~ -
= p < Z
= = &= =
-1 - = M
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exists between two mouse strains, the sensitive
C57BL/6 and the resistant DBA/2 strains, where the
sensitivity difference is about tenfold. DBA/2 strain
has a point mutation in the ligand binding domain of
AHR, which results in markedly reduced binding affin-
ity for TCDD (14, 15). The sensitive L-E and resistant
H/W rats show the largest intraspecies variation (ca.
1000-fold) in TCDD lethality. Recent cloning of H/W
rat AHR cDNA revealed a critical point mutation in the
first invariant nucleotide of intron 10 leading to altered
splicing of the mRNA. This gives rise to two different
proteins, both of which bear unique transactivation
domains (8). Genetic studies implied that the altered
AHR is the major determinant of TCDD resistance in
H/W rats (9). The largest interspecies difference in
acute TCDD toxicity exists between guinea pig and
hamster. Guinea pig is the most sensitive mammal
with an LD50 value of ca. 1 ug/kg, while hamster is
extremely resistant with an LD50 value of about 3000
na/kg (16, 5).

Hamsters and H/W rats share a number of features,
e.g., both are extremely resistant to the acute lethality
of TCDD, but sensitive to CYP1A1 induction by TCDD,
the mediation of which is the best-known function of
AHR. The present findings disclose that similar to H/W
rat AHR, hamster also has an altered C-terminal end
in its AHR. In H/W rats, mutations lead to two kinds of
receptor proteins, which have shortened transactiva-
tion domains. In hamsters, the Q-rich subunit of the
transactivation domain is strikingly larger than in
rats, mice and humans because of incorporation of
short DNA repeats. This repetetive sequence contains
codons for glutamine in the reading frame and thus it
increases the number of glutamine residues. The
Q-rich region is thought to play an important role in
mediating transactivation by the AHR (4). In some in
vitro studies, it has been shown to exhibit the strongest
transcriptional activity of several activation subdo-

SPLEEN

THYMUS
HYPOTHALAMUS
TESTIS/ OVARIO

FIG. 5. Tissue distribution of hamster AHR gene expression. Lane 1, male hamster and lane 2, female hamster.
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HAMSTER

LUNG

LIVER In vitro

-116 kDa

FIG. 6. Western blot analysis of AHR.

mains in the C-terminal half of the AHR sequence (17).
In other studies, the transactivation potency of the
Q-rich subdomain as such has proved to be low, but it
has been able to remarkably augment functions of
other subunits in this domain (18). A completely dif-
ferent function is exerted in the Kruppel protein of
Drosophila, where the Q-rich region is reported to be
crucial for transactivation repression (19). It is also
noteworthy that an important regulator of cell cycle,
the retinoblastoma tumor suppressor protein, has re-
cently been found to be associated with the AHR, and
the Q-rich subdomain is one of the two sites at which it
makes contact with the AHR (20). Interestingly, the
Q-rich structure is lacking in the AHR of some ex-
tremely TCDD-sensitive teleost fish such as rainbow
trout (21). In contrast, a fish species, Fundulus hetero-
clitus, which is sensitive to dioxins but capable of de-
veloping dioxin resistance after multigenerational ex-
posure, has been reported to possess a Q-rich
subdomain in one of its two AHRS (22).

The evidence obtained of alternative splicing of ham-
ster AHR mRNA at its 5’ end was totally unexpected
because it is unprecedented in all other species studied
hitherto. Since two independent methods relying on
entirely different primer structures provided essen-
tially the same result, it is unlikely to be due to con-
tamination with genomic DNA. The more probable ex-
planation is skipping of exon 1 in mRNA processing. If
the alternative transcript is translated, the first ATG
in frame with the wild-type start codon is at nucleotide
761. Usage of this codon as the translational start site
would generate a protein 134 amino acids smaller than
the full-length AHR and devoid of the critical
N-terminal bHLH structure. However, the neighbor
nucleotides of this codon do not favor efficient transla-
tion (23). Furthermore, although hamsters are resis-
tant to acute lethality of TCDD, they exhibit the typical
AHR-mediated phenomenon, P450 induction (24).
Hamster AHR is also fully able to bind to its cognate
response element in DNA (25). Therefore, alternative
splicing of AHR mRNA at the 5’ end may be a pecu-
liarity specific for hamster but of little, if any, func-
tional consequence.

There are differences in molecular weights of AHR
protein among species and also among strains in a
given species. The hamster receptor is one of the larg-
est studied (26, 27). Although the calculated molecular
mass is 103.3 kDa, Western analysis yielded a size of
approximately 120 kDa, which is in accordance with
earlier findings (26). This difference between the cal-
culated size and the mobility of protein has been ob-
served previously for rat, mouse and human AHR and
possibly reflects aberrant mobility during SDS-PAGE
electrophoresis or post-translational modifications of
proteins (8, 28, 29). The mRNA of hamster AHR was
also larger than that of the rat (~7 kb vs ~6.6 kb)
based on Northern analysis. Provided that we man-
aged to clone the full leader sequence, the 3’ untrans-
lated region constitutes the bulk of the mRNA paral-
leling the situation in the rat. The tissue distribution of
AHR gene expression resembled that in rats (12, 30),
mice (31) and humans (28).

The N-terminal end of the hamster AHR containing
the bHLH and the PAS domains is highly conserved.
This high degree of homology is not surprising since
the bHLH domain has been shown to mediate DNA
binding and the PAS region is important in ligand
binding and AHR/ARNT dimerization (32, 33). It is
obvious that the reason for dioxin resistance in ham-
sters cannot be found in this region. In contrast, the
hamster AHR stands out from all other AHRs cloned to
date for its C-terminal structure, especially for the
expanded Q-rich subdomain. This could conceivably
account for the peculiarly selective responsiveness of
hamsters to TCDD if one assumes promoter context-
dependent interplay between the transactivation do-
mains of AHR and ARNT (34). However, further stud-
ies are needed to elucidate the functional significance
of the structural alteration found.
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