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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and related planar halogenated aromatic hydrocarbons (PHAHs) are 
found at high concentrations in some marine mammals. Species differences in sensitivity to TCDD and PHAHs are 
a major limitation in assessing the ecological risk to these animals. Harbor seals accumulate high levels of PHAHs 
and are thought to be highly sensitive to the toxic effects of these compounds. To investigate the mechanistic basis 
for PHAH toxicity in harbor seals (Phoca vitulina ), we sought to characterize the aryl hydrocarbon receptor (AHR), 
an intracellular protein that is responsible for PHAH effects. Here we report the eDNA cloning and characterization 
of a harbor seal AHR. The harbor seal AHR eDNA has an open reading frame of 2529 nucleotides that encodes a 
protein of 843 amino acids with a predicted molecular mass of 94.6 kDa. The harbor seal AHR protein possesses 
basic helix-loop-helix (bHLH) and Per-ARNT-Sim (PAS) domains. It is most closely related to the beluga AHR 
(82%) and human AHR (79%) in overall amino acid identity, indicating a high degree of conservation o'f AHR 
structure between terrestrial and some marine mammals. The ligand binding properties of the harbor seal AHR were 
determined using protein synthesized by in vitro transcription and translation from the cloned eDNA. Velocity 
sedimentation analysis on sucrose gradients showed that the harbor seal AHR exhibits specific binding of [3H]TCDD. 
The [3H]TCDD-binding affinity of the harbor seal AHR was compared with that of the AHR from a dioxin-sensitive 
mouse strain (C57BL/6) using a hydroxylapatite assay. The equilibrium dissociation constants of seal and mouse 
AHRs were 0.93 ± 0.19 and 1.70 ± 0.26 nM, respectively. Thus, the harbor seal AHR bound TCDD with an affinity 
that was at least as high as that of the mouse AHR, suggesting that this seal species may be sensitive to PHAH effects. 
The characteristics of the AHR potentially can be used as a biomarker of susceptibility to dioxin-like compounds, 
contributing to the assessment of the risk of these compounds to marine mammals and other protected animals. 
© 2002 Elsevier Science B.V. All rights r;served. 
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1. Introduction 

2,3, 7,8-Tetrachlorodibenzo-p-dioxin (TCDD) 
and related planar halogenated aromatic hydro­
carbons (PHAHs) are widespread environmental 
toxicants that have generated serious concern be­
cause of their ubiquitous distribution, toxicity, 
and bioaccumulation potential (Jensen, 1987; 
Tanabe et al., 1994). As apex consumers, marine 
mammals such as seals and odontocete whales 
often accumulate relatively high levels of these 
and other lipophilic pollutants in their tissues 
(Tanabe et al., 1987; Bergek et al., 1992; Hutchin­
son and Simmonds, 1994; Norstrom and Muir, 
1994; Colborn and Smolen, 1996; O'Shea, 1999). 
In the last 40 years, several episodes of marine 
mammal mortality and morbidity have occurred 
worldwide (Addison, 1989; Colborn and Smolen, 
1996). Chemical pollutants including PHAHs 
have been suggested as causal agents or contribut­
ing factors in some of these episodes (Tanabe et 
al., 1994; Deguise et al., 1995; Colborn and Smo­
len, 1996; Ross, 2000; Van Loveren et al., 2000). 
However, the role of these chemicals in marine 
mammal disease remains uncertain and controver­
sial (Addison, 1989; O'Shea, 2000a,b; Ross et al., 
2000). Contributing to this uncertainty are the 
dramatic differences in sensitivity to PHAHs that 
exist among vertebrate species (Poland and Knut­
son, 1982; Pohjanvirta and Tuomisto, 1994), cou­
pled with the lack of direct information 
concerning the sensitivity of marine mammals to 
TCDD or other PHAHs (Marine Mammal Com'­
mission, 1999). 

The harbor seal is a widely distributed pin­
niped, inhabiting temperate and sub-arctic coastal 
areas on both sides of the North Atlantic and 
North Pacific Oceans. Harbor seals are thought to 
be one of the most sensitive species to infectious 
and chemical disease, as suggested by recent 
episodes of mass mortality. Since 1988, almost 
18 000 harbor seals have died in the North and 
Baltic seas (Dietz et al., 1989; Osterhaus, 1989); 
smaller episodes of seal mortality have also oc­
curred in North America (Duignan et al., 1995). It 
has been suggested that the effects of the viral 
epizootic affecting harbor seals may have been 
worsened by impairment of the seal's immune 

system by environmental pollutants (de Swart et 
al., 1995; Ross et al., 1995, 1996b, 2000; Van 
Loveren et al., 2000). Harbor seals inhabiting 
polluted coastal areas are known to accumulate 
high levels of dioxin-like chemicals. For example, 
the relatively high concentrations of PCBs (85-
701 ~g/g wet wt.) found in harbor seal blubber in 
the German and Dutch Wadden Sea (Reijnders, 
1980; Addison, 1989; Lukas et al., 1990; Storr­
Hansen and Spliid, 1993) have been implicated in 
the mass mortalities noted above (de Swart et al., 
1996; Ross et al., 1996a), as well as, impaired 
reproductive success (Helle et al., 1976; Reijnders, 
1986) and other effects (Brouwer et al., 1989). 
Concentrations of PCBs and other contaminants 
in North American seals are somewhat lower, but 
remain a cause for concern (Hong et al., 1993; 
Lake et al., 1995; Hong et al., 1996; Simms et al., 
2000). The accumulation and potential impact of 
dioxin-like compounds in harbor seals demon­
strate the need to better understand the mechanis­
tic basis of PHAH susceptibility in these and 
other pinnipeds. 

Exposure to TCDD, the most potent dioxin, 
produces a wide range of species-specific toxic and 
biological effects, including cancer, hepato- and 
immuno-toxicity, teratogenesis, and lethality (re­
viewed in Poland and Knutson, 1982; Pohjanvirta 
and Tuomisto, 1994). Most of these effects are 
mediated by an intracellular protein, the aryl hy­
drocarbon receptor (AHR), to which these chemi­
cals bind with high affinity (Poland et al., 1976). 
The AHR is a member of a family of transcrip­
tional regulatory proteins that contain the basic­
helix-loop-helixjPer-ARNT (AHR nuclear 
translocator)-Sim (bHLH-PAS) domains (re­
viewed in Schmidt and Bradfield, 1996; Hahn, 
1998a). The unliganded AHR exists as a complex 
that includes two molecules of a 90 kDa heat­
shock protein (hsp90) and hepatitis B virus X-as­
sociated protein 2 (XAP2; also called Ara9 and 
AlP) (Meyer et al., 1998). Binding of ligand to the 
AHR leads to dissociation of the hsp90 complex. 
Transformation to the DNA-binding form re­
quires association of the ligand-bound AHR with 
ARNT, another protein in the bHLH-PAS family 
(Hoffman et al., 1991; Reyes et al., 1992). Activa-
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tion of gene transcription by transformed AHR 
complexes occurs through interaction with xeno­
biotic-responsive enhancers (XREs) located in the 
promoter of CYPlA and other TCDD-responsive 
genes. TCDD toxicity is thought to be the result 
of altered gene expression regulated by the AHR­
ARNT dimeric complex and/or other changes 
caused by the ligand-activated AHR (Schmidt and 
Bradfield, 1996). Studies in AHR-null mice have 
shown that the AHR is essential for the acute 
toxicity and teratogenicity of TCDD (Fernandez­
Salguero et al., 1996; Mimura et al., 1997; Peters 
et al., 1999). 

Differences in AHR characteristics are known 
to underlie some of the species and strain differ­
ences in PHAH sensitivity. For example, mouse 
strains classified as 'responsive' (C57BL/6) and 
'nonresponsive' (DBA/2) to PHAHs express dis­
tinct AHR alleles (Poland and Glover, 1990; 
Chang et al., 1993) and the 5-l O-f old difference 
in the LD50 for TCDD sensitivity of the two 
strains can be explained by a similar difference in 
the dioxin-binding affinities of their respective 
AHR proteins (Okey et al., 1989; Poland et al., 
1994). This suggests that AHR characteristics can 
be critical determinants of PHAH susceptibility. 
The sensitivity of marine mammals to PHAH is 
largely unknown and is not easily measured, since 
legal and ethical concerns preclude the direct test­
ing of toxic chemicals on these animals. Alterna­
tive approaches are needed to assess their 
sensitivity for PHAH toxicity. We propose that 
the sensitivity of marine mammals to PHAH 
might be inferred by determining the char­
acteristics of their AHRs using in vitro molecular 
and biochemical experiments that do not require 
the use of toxicity testing in whole animals (see 
also Karchner et al., 2000; Jensen and Hahn, 
2001). 

The objective of this study was to investigate 
the potential TCDD sensitivity of harbor seals by 
characterizing the AHR from this species. This 
was accomplished by the eDNA cloning, in vitro 
expression, and functional analysis of the harbor 
seal AHR. The ligand binding affinity of the seal 
AHR was examined by saturation binding using 
radiolabeled TCDD. The results suggest that the 
AHR may be a useful biomarker of potential 

susceptibility to PHAH toxicity m marine 
mammals. 

2. Materials and methods 

2.1. Materials 

The mouse AHR expression vector (pSPORT­
mAHR; Ahb-I allele) (Burbach et al., 1992) was 
generously provided by Dr C. Bradfield (McArdle 
Center for Cancer Research, Madison WI). 
2,3, 7,8-Tetrachloro[l ,6-3H]dibenzo-p-dioxin (33 
Ci/mmol) was obtained from Chemsyn Science 
Laboratories (Lenexa, KS). 2,3,7,8-Tetra­
chlorodibenzofuran (TCDF) was obtained from 
Ultra Scientific (Hope, RI). Methylated [methyl-
14C]ovalbumin was obtained from NEN Life Sci­
ence Products, Inc. (Boston, MA). Methylated 
[methyl-14C]catalase was synthesized as described 
earlier (Karchner et al., 1999). 

2.2. Sample collection and RNA isolation 

Harbor seal livers were obtained from animals 
that died or were euthanized for medical reasons 
during rehabilitation at The Marine Mammal 
Center (TMMC) in 1991. The samples were stored 
at - 80 °C, with one brief accidental thaw, until 
used for RNA isolation. The animal used for the 
experiments reported here was MMC # HS-468 
('popcorn'; died 7 June 1991). Total RNA was 
isolated using RNA STAT-60 (Tel-Test B, Inc.). 
Poly(A)+ RNA was purified with oligo(dT) spin 
columns (5 Prime-3 Prime, Inc). 

2.3. RT-PCR and sequencing procedures 

The seal AHR was cloned using a RT-PCR 
approach with degenerate primers that were de­
signed as described earlier (Hahn and Karchner, 
1995; Karchner and Hahn, 1996). One J.tg of 
poly(A)+ RNA was reverse transcribed with ran­
dom hexamers using the Gene-Amp RNA-PCR 
kit (Perkin-Elmer) following the manufacturer's 
directions. Primers were synthesized by National 
Biosciences, Inc or Life Technologies, Inc Primer 
sequences were: Qf, 5'-AACCCITCIAAGMG-
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ICAYMG-3'; B2, 5'-gctctagaGCTCIRCYTCIG­
TRTAICC-3'; HSL-3'4, 5'-ATTGATGCGGC­
TAATGGGCTGCCAC; HSL-5'7, 5'-GCTGG­
GGAGGACTGTAATGAAACATC-3'; Bel, 5'­
CCCAAGCTTGGGCACCATGAACAGCAGC­
AG-3'; and HSL-3', 5'-GGGGTTGGAATTATA­
GGAATCCACTGG-3'. After first strand eDNA 
synthesis, PCR amplification was performed using 
QF and B2 primers under the following condi­
tions: 30 cycles of (15 s at 94 °C, 45 s at 50 °C, 
and 1 min at 72 °C). A final 72 oc, 7 min exten­
sion followed the last cycle. The PCR products 
were cloned into pGEM-T Easy (Promega) vector 
and sequenced as described earlier (Karchner et 
al., 1999). 

For 5'- and 3'-rapid amplification of eDNA 
ends (RACE), adaptor-ligated, oligo(dT)-primed, 
double-stranded liver eDNA was synthesized us­
ing a Marathon eDNA Amplification kit (Cion­
tech). For 3'-RACE, gene specific primers 
(HSL-3'4) were coupled with adaptor primers in 
the PCR reactions and the products were cloned 
and sequenced. For 5'-RACE, primer Bel, which 
was designed based on the beluga AHR mRNA 
sequence (Jensen and Hahn, 2001), and seal-spe­
cific primer HSL-5'7 were used. For determina­
tion of the full length seal AHR sequence, at least 
three clones were sequenced completely (forward 
and reverse). 

2.4. Sequence analysis 

AHR amino acid sequences were aligned using 
ClustalX (Thompson et al., 1994, 1997) and these 
aligned sequences were used to construct phyloge­
netic trees using distance and maximum parsi­
mony criteria within PAUP*4.0b8 (Swofford, 
1998). Positions with gaps were omitted. 

2.5. Expression construct 

The Bel/HSL-3'15 primer pair was used to am­
plify a 2650 bp (full-length) harbor· seal eDNA 
from liver. The PCR product was ligated into 
pGEM-T Easy to make plasmid pGEM_PvAHR 
encoding the full-length harbor seal AHR protein. 
Advantage eDNA polymerase mix (Clontech) was 
used in the PCR reactions to maximize fidelity of 

amplification. All eDNA constructs were verified 
by complete sequencing. 

2. 6. In vitro protein synthesis 

TNT Quick coupled Reticulocyte Lysate Sys­
tems (Promega) were used to synthesize unlabeled 
or [35S]methionine-labeled proteins following 
manufacturer's directions. One-half J..lg of 
pGEM_PvAHR or pSPORTmAHR was used in 
each 25 J..lml reaction. Five J..ll of the TNT reac­
tions was separated on 10% SDS-polyacrylamide 
gel electrophoresis. Gels were fixed, dried onto 
filter paper, and exposed to film overnight. 
The [35S]methionine-labeled proteins were 
quantified by scintillation counting of excised gel 
fragments. 

2. 7. Velocity sedimentation analysis 

AHR proteins were expressed by in vitro tran­
scription and translation and analyzed by velocity 
sedimentation on sucrose gradients in a vertical 
tube rotor (Tsui and Okey, 1981). For each recep­
tor or the unprogrammed lysate (UPL) control, 
two identical TNT reactions (100 J..ll total) were 
combined, diluted 1:1 with MEEDMG buffer (25 
mM MOPS, pH 7.5 at the rate of 20 °C, contain­
ing 1 mM dithiothreitol, 1 mM EDTA, 5 mM 
EGTA, 0.02% NaN3, 20 mM Na2Mo04 , 10% 
(v:v) glycerol), split into two 100 J..ll aliquots and 
incubated with [3H]TCDD (2 nM) ± TCDF (400 
nM) for 18 h at 4 °C. Velocity sedimentation 
analysis was performed as described earlier 
(Karchner et al., 1999). 

2.8. Saturation binding analysis 

The specific binding of eHJTCDD to in vitro 
expressed harbor seal and mouse AHRs was mea­
sured using a hydroxylapatite binding assay 
(Gasiewicz and Neal, 1982), with modifications. 
The seal and mouse AHR proteins were synthe­
sized by in vitro transcription and translation as 
described above. For each AHR, four 50 J..ll reac­
tions were combined and then diluted four-fold in 
MEEDG buffer (2SmM MOPS, 1 mM EDTA, 5 
mM EGTA, 0.02% NaN3, 10% (v:v) glycerol, 1 
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mM DIT, pH 7.5). The diluted TNT -expressed 
AHRs were then split into 50~~ aliquots that were 
incubated in I 0 x 75 mm glass tubes for 22 h at 
4 oc with each of eight concentrations of 
[
3H]TCDD in DMSO (0.1, 0.2, 0.5, 1, 2, 4, 8, 10 

nM, each in duplicate). (Initial experiments 
showed that equilibrium was attained after 
overnight incubation at 4 °C). A 5 ~I aliquot was 
taken from each tube to determine the total con­
centration of [3H]TCDD. After the incubation, 
200 ~I of resuspended HAP (50%, v:v in 
MEEDG) were added to each tube and the tubes 
were incubated on ice for 30 min. A 0.5 ml aliquot 
of MEEDGT buffer (MEEDG buffer plus 0.1% 
Tween 20) was then added and the contents were 
transferred to a 1.5 ml Eppendorf tube, which was 
then centrifuged at 700 x g. After two additional 
washes with MEEDGT, the HAP pellet was 
transferred to a scintillation vial and the radioac­
tivity (total bound [3H]TCDD) was measured on 
a Beckman 5000 scintillation counter. For the 
measurement of nonspecific binding, 'unpro­
grammed' TNT lysate (UPL; TNT lysate plus an 
empty expression vector) was incubated with the 
same concentrations of [3H]TCDD and analyzed 
by the HAP assay; UPL lacks specific [3H]TCDD 
binding as assessed by velocity sedimentation and 
other methods (Karchner et al., 1999; Jensen and 
Hahn, 2001). The binding of eHJTCDD to UPL 
was plotted as a function of the free [3H]TCDD 
concentration and fit to a linear model; this rela­
tionship was used to calculate the non-specific 
binding at each concentration of free [3H]TCDD 
in the incubations with in vitro synthesized 
AHRs. Specific binding for each AHR was calcu­
lated as the difference between the actual total 
binding and the calculated non-specific binding. 

The equilibrium dissociation constants (Kd) for 
harbor seal and mouse AHRs were obtained from 
the respective specific binding curves using the 
equation for the Langmuir binding isotherm: B = 

Bmax[L]/[L] + ~. where B is specifically bound 
[
3H]TCDD, Bmax is maximum bound receptor, L 

is the concentration of free ligand, and Kd is the 
equilibrium dissociation constant. Non-linear re­
gression analysis was performed using Prism ver­
sion 3 software for the Macintosh (GraphPad) as 
described earlier (Jensen and Hahn, 2001). 

3. Results 

3.1. Cloning of a harbor seal AHR eDNA 

Using the RT-PCR approach described in Sec­
tion 2, we obtained a full-length AHR eDNA 
sequence from harbor seal liver. Initially, degener­
ate primers Qf and B2 produced a 849-bp partial 
AHR eDNA. The remainder of the 5' coding 
sequence was obtained using the Bel/HSL-5'7 
primer pair; 3' coding and UTR sequences were 
obtained by 3'-RACE with the HSL-3'4 primer 
(Fig. 1). The harbor seal AHR eDNA has an 
open reading frame of 843 amino acid residues 
that encodes a protein with a predicted molecular 
mass of 94.6 kDa (Fig. 2). The C-terminal se­
quence includes 105 bp of 3'-UTR with a poly 
(A)+ tail preceded by a po1yadenylation signal 
sequence (AA T AAA). 

3.2. Sequence comparisons 

Alignment of the amino acid sequences of 
mammalian AHRs revealed high overall amino 
acid identities among harbor seal, beluga, human, 
and mouse AHRs (Fig. 3). The harbor seal AHR 
is most closely related to the beluga AHR (82% 
overall amino acid identity) and shares 79 and 
66% identity with the human and mouse AHRs, 
respectively. The N-terminal half of harbor seal 

DNA b inding 

Dlmerlzatlon 
hsp90 binding 

--- Ligand binding 
bHLH PAS·A PAS-B 

0 0.5 1.5 2 2.5 3kb 

1-------il Qf/82 

3'AACE HSL-3'4 

H BeVHSL-57 

Fig. I. Strategy for cloning and sequencing of the harbor seal 
AHR eDNA. A schematic diagram of the seal AHR eDNA is 
shown. For orientation, the functional domains of human and 
murine AHRs are indicated above the eDNA. Below the 
eDNA, the initial RT-PCR product (Qf/82) and RACE prod­
ucts are indicated. See text for details. 
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P' IPCNO V QKS HC TQ CF 
2 161 CCC AT.\ CCC AAT TM' C.U. CCA TCC CCA TAC C'CT ACT AAT AAT 1'TA C.AA CAT 'M'T CTC ACA 2 2 2 0 

P IC M EPSPYPTNNL&DPVT 

2221 TCT TI'A CAA GTr CCT CM AAC CAA ACC CAT GC.A CTC .UT CCA QC "'?- ACe ACA CTA ACT 1210 
CLOVPENOTMCLMPCSTTVS 

llll CCT CAC CCC TCT TN:. CCC CGC CCC CTC TC'C C'TC TAT CAC TGC CAC CCQ GAG CCA Cc:.A CCC 2 l CO 
PQACYAC A V LYQCQ CP P 

2l ' l WX. ACT CTC CCC CCC A'TC CCC TAC CAT CCA. CCC CCA. OC'C CXA CAC CCA TTT TTA ~ J4J,C 2 COO 
$ VAl." YO AAA O A LNK. 

2C0 1 TTT CAC AAT CCA CCA C'M' TTA AAT C.U ACe TAT C'CT GCT C.U. TtA AAT A.AT ATA CCT AAC (2 C60 

PON CCVLN&TYPAC LifN I CN 

2 C 61 ACT c.\C ACT ACe «aCA CAT CTf CAC CCC C'TT CAT CAC CCA. TCA C.U. CCC ACA CCT 'M"C C'CT 1520 
TQTT T KLO A L HH SI: A I.P f'P 

'2521 CAT 'n'C ACA TCC ACT c;c.A 'M"C CTA Tll 'nC C.U CCC CAT 'M"1' ATC CAl: CTI' CCT TTT CC:C 2 510 

Dt.TSSC P L 
2511 ATC ACT 'n'C CAG .U.C A Tf AC\ G.AA TAA TA.A AAC 'TCT CAC 'TCT TCC TC.\ TCC .u.A A.U. All 16 C 0 

2U1 All .u.A AU l'' ' 

Fig. ?.. The nucleotide and deduced amino acid sequence for a harbor seal AHR eDNA. Thi~ sequence has been deposited into the 
Genbank and DDBJ databases with accession number AB056700. 
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Fig. 3. Alignment of harbor seal. beluga, human. and mouse AHR amino acid sequences. Sequences were aligned with Clustal. 
Accession numbers and references for sequences used are: beluga AHR (Jensen and Hahn, 2001) (accession number AF332999), 
human AHR (Dolwick et a!., 1993a) (accession number Ll9872), and mouse AHR (Ahb-1 allele, Burbach et al., 1992) (accession 
number M94623). The functional domains labeled were identifiecf by, homology to other mammalian AHRs (see text). Identical 
amino acids are shaded and boxed. 
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Table I 
Amino acid identity (%) in full-length and. N- and C-tcrminal 
regions of mammalian AHRs 

Harbor seal Beluga Human Mouse 

Harbor seal 82 79 66 
Beluga 91 (N) 83 51 

74 (C) 
Human 88 (N) 91(N) 53 

70 (C) 76 (C) 
Mouse 83 (N) 85 (N) 85 (N) 

49 (C) 51 (C) 53 (C) 

*AHR amino acid sequences were aligned using Clustal. The 
boundaries between the N- and C-terminal regions for this 
table are residues 423, 423, 424, and 418 for harbor seal AHR, 
beluga AHR, human AHR and mouse AHR, respectively. 
Full-length comparisons at upper right; N- (N) and C-terminal 
(C) comparisons at lower left. 

AHR showed 95% amino acid identity with bel­
uga AHR in the basic regions, 100% in the HLH 
motif, and 95% in the PAS domain. The percent 
identity of the harbor seal AHR in comparison 
with the human AHR is 100% in the bHLH 
region and 94% in the PAS domain. There is also 
high identity with beluga (74%), and human 
(70%) AHRs in the C-terminal half, which is 
usually more divergent than the N-terminal half 
among AHRs (Table 1). 

Phylogenetic analysis of published mammalian 
AHR sequences showed that the seal AHR 
grouped with AHRs from beluga, human, and 
rabbit; a separate clade of mammalian AHRs 
included those from mouse, rat, and hamster (Fig. 
4). Phylogenetic analyses using all vertebrate 
AHR sequences (not shown) indicated that the 
seal AHR amino acid sequence groups with the 
'AHRl clade' rather than the 'AHR2 clade' re­
cently identified in some vertebrates (Hahn et al., 
1997; Karchner et al., 1999). 

Differential dioxin sensitivity between C57BL/6 
and DBA/21 mice is due to the properties of their 
AHRs (Ahb-l and Ahd alleles, respectively). A 
single amino ·acid change (Aia375 to' Val375) ap­
pears to be responsible for the altered ligand 
binding affinity (Poland et al., 1994). The corre­
sponding amino acid residue in the harbor seal 
AHR is alanine (Ala380), as seen in the ·high 
affinity mouse Ah b-l allele. Cys216, which is a 

critical residue for AHR function (Sun et al., 
1997), is also conserved in the harbor seal AHR. 

3.3. In vitro translation and functional 
characterization 

An in vitro transcription/translation system was 
used to demonstrate the ability of the harbor seal 
AHR eDNA to encode protein. Fig. 5 shows that 
the [l5S]methionine-labeled translation product of 
the harbor seal AHR eDNA was a single band of 
approximately 110 kDa. This is slightly higher 
than its predicted size (94.6 kDa); similar differ­
ences in predicted size and mobility on SDS­
PAGE gels has been noted also for other AHRs, 
and may be due to anomalous migration on dena­
turing gels or to post-translational processing 
(Burbach et al., 1992; Dolwick et al., 1993a; 
Carver et al., 1994; Jensen and Hahn, 2001). The 
seal AHR band was slightly larger than that of 
the mouse AHR, consistent with their relative 

0.05 ,........, 

seal AHA 

beluga AHA 

human AHA 

rabbit AHA 

mouse AHA 

rat AHA 

hamster AHA 

...._ _______ Fundulus AHA1 

Fig. 4. Phylogenetic analysis of mammalian AHR amino acid 
sequences.Full-Iength AHR sequences were aligned using 
ClustaiX and a neighbor-joining tree was constructed using 
PAUP*4.0b8. Positions with gaps were omitted and distances 
were corrected for multiple substitutions. Numbers represent 
bootstrap values based on I 00 replicates. An identical topol­
ogy was obtained in one of the two most parsimonious trees. 
Sequences and accession numbers are as listed in the legend to 
Fig. 3, plus the following: rabbit (Takahashi et al., 1996) 
(D38226), rat (Carver et al., 1994) (U09000), hamster (Kor­
kalainen et al., 2000) (AF275721). Fundulus AHRI (Karchner 
et al., 1999) (AF024591) was used as an outgroup. 
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M S U 

Fig. 5. In vitro expression of harbor seal and mouse 
AHRs.Harbor seal and mouse AHRs were synthesized by in 
vitro transcription and translation in the presence of [35S]-Ia­
beled methionine. One-half llg of pGEM_PvAHR or 
pSPORTmAHR was used in each 25 Ill reaction. Five Ill of the 
TNT reactions was separated on 10"/o SDS-polyacrylamide gel 
electrophoresis and analyzed by ftuorography. Positions of 
molecular weight standards (in kDa) are shown. Abbrevia­
tions: Mouse AHR (M), seal AHR (S). unprogrammed lysate 
(U). 

predicted sizes (94.6 kDa for seal vs. 90.3 kDa for 
mouse). 

The ability of the harbor seal AHR to bind 
ligand was tested with in vitro expressed AHR 
protein (Fig. 6). Lysates containing unlabeled in 
vitro translated harbor seal AHR were incubated 
with [3H]TCDD and analyzed by velocity sedi­
mentation on sucrose density gradients. The har­
bor seal AHR exhibited a peak of [3H]TCDD 
specific binding that was displaced by a 200-fold 
excess of 2,3,7,8-TCDF (Fig. 6A). The sedimenta­
tion coefficient of harbor seal AHR was 10.7 S, 
similar to that of the mouse AHR (Fig. 6B). No 
specific binding was detected using in vitro trans­
lation products of the empty vector (UPL; Fig. 
6C). This result shows that harbor seal AHR 
encodes protein capable of specific binding of 
eHJTCDD. 

To determine the [3H]TCDD-binding affinity of 
the seal AHR, saturation binding :tnalysis was 
performed using an hydroxylapatite adsorption 
assay (Gasiewicz and Neal, 1982) with varying 
concentrations of eHJTCDD; the results were 
comparea with those obtained with the Ah h-I 

allele from a dioxin sensitive mouse strain 

2ooo A Harbor seal 
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Fig. 6. Specific binding of [3H]TCDD to in vitro-expressed 
harbor seal and mouse AHRs as assessed by velocity sedimen­
tation on sucrose gradients.AHR proteins were expressed by in 
vitro transcription and translation and incubated with 
[
3H]TCDD (2 oM) ±400 nM TCDF for 18 h at 4 °C. 
Reactions were applied to 10- 30"/o sucrose gradients and 
centrifuged for 140 min at 60000 rpm in a VTi 65.2 rotor. 
Total bound [3H]TCDD (dpm) is indicated by the filled 
squares, and non-specific binding (bound [lH]TCDD that is 
not displaced by 200-fold excess cold TCDF) is indicated by 
the open squares. (A) Harbor seal AHR expressed from 
pGEM_PvAHR; (B) Mouse AHR expressed from pSport­
mAHR; (C) UPL (TNT lysate programmed with empty vec­
tor). The UPL total bound [3H]TCDD shown in (C) has also 
been plotted in (A) and (B) as open circles. The sedimentation 
markers [14q ovalbumin (3.6 S) and p4qcatalase (11.3 S) 
eluted at fractions 3- 4 and 14- 15, respectively. 
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Fig. 7. Saturation binding of [3H]TCDD to in vitro-expressed 
harbor seal and mouse AHRs as assessed by a hydroxylapatite 
adsorption assay.AHR proteins were expressed by in vitro 
transcription and translation and incubated with various con­
centrations of [3H]TCDD for 22 h at 4 °C, followed by 
separation of bound and free [3H]TCDD by adsorption to 
hydroxylapatite as described in Section 2. Open squares repre­
sent total binding and open circles represent non-specific bind­
ing as determined using unprogrammed lysate. Filled circles 
represent specific binding determined by subtracting the calcu­
lated non-specific binding values from the total binding in each 
tube. The curve through the specific binding points was derived 
by a non-linear curve fit to the Langmuir binding isotherm as 
described in Section 2. The curves shown are from one of two 
independent experiments, which produced similar results. 

(C57BL/6) (Fig. 7). The harbor seal and mouse 
AHR cDNAs were expressed and assayed under 
identical conditions. Nonspecific binding was mea­
sured by saturation binding analysis of UPL, as 
done earlier (Jensen and Hahn, 2001). Specific 
binding was calculated as the difference between 

· - total and nonspecific binding, as described in Sec­
tion 2, and equilibrium dissociation constants (Kd) 

were determined by non-linear regression analysis 
of the specific binding curves. The Kd for the harbor 
seal AHR (0.93 nM; 95% confidence interval 0.51-
1.35 nM)) was not significantly different from that 
of the· mouse AHR (1.70 nM; 95% confidence 
interval 1.11-2.23 nM). 

4. Discussion 

4.1. The harbor seal AH R sequence is highly 
similar to those of beluga and human 

The cloning and sequencing of AHRs from 
humans and experimental animals have led to 
major advances in our understanding of the mech­
anisms underlying sensitivity to dioxin toxicity 
(Burbach et al., 1992; Ema et al., 1992, 1994; 
Poland et al., 1994). However, the structural and 
functional characteristics of AHRs in marine mam­
mals are poorly understood (Hahn, 1998a). In 
marine mammals, a full-length AHR eDNA se­
quence has been reported only from beluga (Jensen 
et al., 1999; Jensen and Hahn, 2001). Here we 
describe the first full-length AHR eDNA sequence 
from a pinniped, the harbor seal-a species that is 
known to accumulate high concentrations of 
PHAHs in its tissues. Given the differences in 
sensitivity to TCDD toxicity among mammalian 
species (Poland and Knutson, 1982; Pohjanvirta 
and Tuomisto, 1994), it was of interest to compare 
the primary structures of several mammalian 
AHRs. The harbor seal AHR protein is most 
similar to the beluga AHR in amino acid sequence. 
This was not unexpected because although these 
two species represent distinct evolutionary lineages 
(pinnipeds and cetaceans) within class mammalia, 
they both are members of the Laurasiatheria and 
thus more closely related to each other than either 
is to rodents or primates (Madsen et al., 2001; 
Murphy et al., 2001). Harbor seal and beluga AHR 
cDNAs encode proteins of almost identical size 
(843 and 845 amino-acid, respectively) that are 82% 
identical in overall amino acid sequence. These 
results indicate that harbor seal and beluga express 
AHR proteins that are closely related structurally. 

The harbor seal AHR eDNA demonstrated 
strong N-terminal sequence conservation with the 
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beluga and human AHRs. The greatest similarity 
between the sequences is found within the con­
served bHLH domain, which has been shown to 
mediate DNA binding and play a secondary role 
in AHR/ARNT dimerization in mammalian 
AHRs (Dolwick et al., 1993b; Fukunaga et al., 
1995; Fukunaga and Hankinson, 1996; Swanson 
and Yang, 1996). The PAS domain, which is 
important in ligand binding and AHR/ARNT 
dimerization (Dolwick et al., 1993b; Whitelaw et 
al., 1993), is also highly conserved. Furthermore, 
the seal and other mammalian AHRs show high 
similarities even in the carboxyl-terminal half (74 
and 70% with beluga and human, respectively). 
As seen in beluga, human, and mouse AHRs, the 
harbor seal AHR contains a Gin-rich region, 
which is thought to play an important role in 
mediating transactivation by the AHR (Jain et al., 
1994; Whitelaw et al., 1994). Overall, the sequence 
comparisons demonstrate that there is high degree 
of conservation of AHR structure between terres­
trial and some marine mammals, and suggest that 
the basic mechanism of TCDD toxicity may be 
similarly conserved in these two groups. 

4.2. Harbor seal may be sensitive to PHAH 
effects 

The harbor seal AHR protein synthesized by in 
vitro transcription and translation demonstrated 
specific and high affinity binding of (3H]TCDD. 
The TCDD-binding affinity of the harbor seal 
AHR was at least as high as that of the AHR 
from a dioxin-sensitive strain of mice (Kd values 
of 0.93 and 1. 70 nM, respectively; lower Kd indi­
cates higher affinity), 1 suggesting that this seal 

1 The absolute Kd values obtained using [3H]TCDD in this 
and other experimental systems are overestimates of the true 
Kds• because the concentration of free eHJTCDD is overesti­
mated in the presence of large amounts of nonspecific binding 
proteins (Bradfield et a!., 1988). The rabbit reticulocyte lysate 
used for the in vitro transcription and transiation reactions 
unavoidably contributes a sizeable amount of protein to the 
binding assay. Thus, as is the case for experiments using tissue 
cytosol, the Kd values obtained in this system reflect relative 
binding affinities that are useful only in comparing samples 
evaluated under identical conditions, and cannot be compared 
directly with Kd values measured in other systems. 

species also may be sensitive to PHAH effects. 
Consistent with the notion that harbor seals are 
capable of responding to PHAHs at environmen­
tally relevant levels of exposure, Boon et al. 
(1997) and van den Brink et al. (2000) presented 
evidence for induction of CYPlA in harbor seal, 
as inferred from PCB concentration-dependent 
patterns of PCB congener accumulation. Our re­
sults also indicate that the TCDD-binding affinity 
of the seal AHR is likely to be greater than that 
of the human AHR, as determined in a earlier 
study comparing the TCDD-binding affinities of 
human, beluga, and mouse AHRs (Jensen et al., 
1999; Jensen and Hahn, 2001). The high binding 
affinity of harbor seal AHR is also supported by 
the presence of an alanine at position 380. A 
comparison of the amino acid sequence and bind­
ing affinities of the mouse Ahb-I and Ahd alleles 
shows that the Alanine375

- Valine375 polymor­
phism is responsible for the difference in binding 
affinities, and comparison of the human and 
mouse AHR sequences suggests that a similar 
difference (Valine381

) could contribute to the rela­
tively low ligand binding affinity of human AHR 
as well (Ema et al., 1994; Poland et al., 1994). 
Harbor seal and beluga AHRs contain Alanine at 
the corresponding residue (Alanine380) and show 
TCDD-binding affinities much higher than that of 
the human AHR (this study, Jensen and Hahn, 
2001). 

Marine mammals such as harbor seal and bel­
uga are known to accumulate high levels of 
PHAHs in blubber and other tissues (Bergek et 
al., 1992; Hutchinson and Simmonds, 1994; 
Norstrom and Muir, 1994; Colborn and Smolen, 
1996). A variety of factors, including differences 
in pharmacokinetics and in the capacity to metab­
olize TCDD and PHAHs (Tanabe et al., 1988; 
Boon et al., 1992; van den Berget al., 1994), may 
contribute to interspecies variability in susceptibil­
ity to chemical effects in marine mammals. In 
addition, differences in other components of the 
AHR pathway could contribute to species differ­
ences in sensitivity to PHAHs (reviewed in Hahn, 
1998b). Nevertheless, the high TCDD-binding 
affinity of marine mammal AHRs and the accu­
mulation of high concentrations of PHAHs pre­
dicts that certain marine mammals, such as 

~------------------------------------------------------------------------- -
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harbor seal and beluga, may experience a greater 
threat from TCDD and PHAHs than terrestrial 
mammals. 

4.3. AHR polymorphisms 

Our conclusions regarding the sensitlVlty of 
harbor seals to PHAHs assumes that the AHR 
eDNA that we isolated from a single animal is 
representative of harbor seal AHRs generally. 
However, polymorphisms at the AHR locus have 
been demonstrated in several species, including 
humans (Kawajiri et al., 1995; Micka et al., 1997; 
Smart and Daly, 2000; Wong et al., 2001), mice 
(Poland et al., 1986, 1994; Chang et al., 1993; 
Ema et al., 1994), rats (Poland and Glover, 1987; 
Pohjanvirta et al., 1998), and fish (Roy and Wir­
gin, 1997; S. Karchner and M. Hahn, unpub­
lished). In mice, the allelic variants differ in 
ligand-binding affinities (Ema et al., 1994 Poland 
et al., 1994), while no functional differences have 
been seen among human variants (Wong et al., 
2001). Whether AHR polymorphisms exist in har­
bor seal is not yet known; such polymorphisms 
could result in AHR proteins with greater or 
lesser dioxin-binding affinity than the one de­
scribed here. Nevertheless, variation in AHR 
structure and function among individuals within 
species is almost certain to be much lower than 
variation among species. Our results therefore 
suggest that at least some individual seals may be 
sensitive to PHAH effects. 

4.4. The AHR may be a useful biomarker for 
dioxin susceptibility· in marine mammals 

Biomarkers are generally defined as biochemi­
cal, physiological, or other types of biological 
changes that indicate the presence (exposure) or 
effects of xenobiotic compounds (Committee on 
Biological Markers of the National Research 
Council, 1987). In addition, some biological char­
acteristics can be used as biomarkers of suscepti­
bility (Eubanks, 1994; Perera, 1997; Puga et al., 
1997; Nebert et al., 1999). Most, if not all, effects 
of TCDD are thought to result from interactions 
with the AHR (Schmidt and Bradfield, 1996; 
Gonzalez and Fernandez-Salguero, 1998). Thus, 

the expression and characteristics of AHRs may 
control the sensitivity of animal species to the 
effects of PHAHs. The use of AHR knock-out 
mice, in which the AHR gene is inactivated, has 
confirmed that the AHR is necessary for the 
biochemical, lethal, and teratogenic effects of 
TCDD (Fernandez-Salguero et al., 1995, 1996; 
Schmidt et al., 1996; Mimura et al., 1997; Peters 
et al., 1999). In addition, several studies have 
shown that differences in AHR characteristics, 
including ligand-binding affinity, appear to be 
critical determinants of differential dioxin sensi­
tivity (Okey et al., 1989; Poland et al., 1994; 
Sanderson and Bellward, 1995; Pohjanvirta et al., 
1998). Although the AHR is not the only factor 
that can influence the susceptibility to PHAH 
effects, it is clear that the AHR plays an impor­
tant and perhaps primary role in determining 
susceptibility to PHAH toxicity. 

The essential role of the AHR in PHAH toxic­
ity suggests that this protein might be useful as a 
biomarker of susceptibility to dioxin toxicity in 
aquatic mammals or other species of wildlife. For 
example, cloning of AHR cDNAs and characteri­
zation of AHR ligand-binding affinities in distinct 
lineages of aquatic mammals (pinnipeds, 
cetaceans, mustelids, ursids, and sirenians) could 
indicate whether any of these are particularly 
sensitive to dioxin-like chemicals. In addition, in 
vitro competitive binding studies or transactiva­
tion assays using cloned AHRs could reveal spe­
cies-specific structure-activity relationships for 
AHR binding and activation, which are important 
in the TCDD toxic-equivalency approach to risk 
assessment. 

4.5. Conclusion 

Assessing the impact of PHAHs and other con­
taminants on marine mammal health is a 
formidable challenge (Marine Mammal Commis­
sion, 1999). Because direct toxicity testing of 
chemicals is difficult or impossible in most marine 
mammals, indirect approaches must be used to 
infer marine mammal sensitivity to, and effects of, 
chemical contaminants. In this regard, the chal­
lenges associated with marine mammal toxiCology 
are similar to those encountered in human toxi-
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cology, where direct approaches are also pre­
cluded. In the latter situation, in vitro approaches 
are being widely used to provide data that can be 
used to infer human sensitivity to chemicals (Mac­
Gregor et al., 2001). We suggest that similar in 
vitro studies can also be valuable in marine mam­
mal toxicology. For example, characterization of 
cytochrome P450s and other xenobiotic-metabo­
lizing enzymes can contribute to an understanding 
of differences in the metabolism and persistence 
of PHAHs in marine mammals (White et al., 
1994; Bandiera et al., 1995; Godard et al., 2000; 
Teramitsu et al., 2000; White et al., 2000; Boon et 
al., 2001). Similarly, and as shown for other 
groups of wildlife (Karchner et al., 1999; Hawkins 
et al., 2000; Matthews and Zacharewski, 2000), 
the study of receptors involved in the mechanisms 
of xenobiotic toxicity in marine mammals may 
provide important information about receptor di­
versity and species-specific properties, such as lig­
and-binding affinity and structure-binding 
relationships, that may underlie species differences 
in susceptibility (Jensen, 2000; Jensen and Hahn, 
2001). The 'weight of evidence' approach for as­
sessing the effect of chemicals in marine mammals 
(Marine Mammal Commission, 1999; Ross, 2000) 
provides a useful framework within which to in­
terpret such data. In vitro studies such as those 
described above can make an important contribu­
tion to this approach. The results presented here 
provide a foundation for understanding the mech­
anistic basis of PHAH toxicity in harbor seals and 
show how molecular and biochemical studies may 
contribute to assessing the health risks of environ­
mental contaminants in protected marine species. 

Acknowledgements 

This work was supported in part by NIH Grant 
ES06272 and by the US NOAA National Sea 
Grant College Program Office, Department of 
Commerce, under Grant No. N.A46RG0470, 
Woods Hole Oceanographic Institution (WHOI) 
Sea Grant Project No. R/B-137 and Grant No. 
NA86RG0075, WHOI Sea Grant project No. R/ 
P-64. The US Government is authorized to pro­
duce and distribute reprints for governmental 

purposes notwithstanding any copyright notation 
that may appear hereon. We are grateful to Dr 
Brenda Jensen, Dr Wade Powell and Dr Sibel 
Karchner for advice and valuable discussions, to 
Diana Franks for technical assistance with the 
TCDD-binding assays, and to Dr Krista Hanni 
and The Marine Mammal Center for providing 
the samples of seal liver. We thank Eric Montie, 
Joanna Wilson, and Dr Sibel Karchner for helpful 
comments on a draft of this manuscript. This is 
contribution No. 10418 from the Woods Hole 
Oceanographic Institution. 

References 

Addison, R.F., 1989. Organochlorines and marine mammal 
reproduction. Can. J. Fish Aquat. Sci. 46, 360-368. 

Bandiera, S.M., Torok, S.M., Lin. S., Ramsay, M.A., 
Norstrom, R.J., 1995. Catalytic and immunologic charac­
terization of hepatic and lung cytochromes P450 in the 
polar bear. Biochem. Pharmacol. 49, 1135-1146. 

Bergek, S., Bergqvist, P.-A., Hjelt, M., Olsson, M., Rappe, C., 
Roos, A., Zook, D., 1992. Concentrations of PCDDs and 
PCDFs in seals from Swedish Waters. Ambio 21, 553-556. 

Boon, J.P., Van Arnhem, E., Jansen, S., Kannan, N., Petrick, 
G., Schulz, D., Duinker, J.C., Reijnders, P.J.H., Goksoyr, 
A., 1992. The toxicokinetics of PCBs in marine mammals 
with special reference to possible interactions of individual 
congeners with the cytochrome P450-dependent monooxy­
genase system: an overview. In: Walker, C.H., Livingstone, 
D.R. (Eds.), Persistent Pollutants in Marine Ecosystems. 
Pergamon, New York, pp. 119-158. 

Boon, J.P., Vandermeer, J., Allchin, C.R., Law, R.J., Klun­
soyr, J., Leonards, P.E.G., Spliid, H., Storrhansen, E., 
Mckenzie, C., Wells, D.E., 1997. Concentration-dependent 
changes of PCB patterns in fish-eating mammals: structural 
evidence for induction of cytochrome P450. Arch. Environ. 
Contam. Toxicol. 33, 298-311. 

Boon, J.P., Lewis, W.E., Goksoyr, A., 2001. Immunochemical 
and catalytic characterization of hepatic microsomal cy­
tochrome P450 'in the sperm whale (Physeter macro­
cephalus). Aquat. Toxicol. 52, 297-309. 

Bradfield, C.A., Kende, A.S., Poland, A., 1988. Kinetic and 
equilibrium studies of Ah receptor-ligand binding: use of 
e25I]2-iodo-7,8-dibromodibenzo-p-dioxin. Mol. Pharma­
col. 34, 229-237. 

Brouwer, A., Reijnders, P.J.H., Koeman, J.H., 1989. Polychlo­
rinated biphenyl (PCB)-contaminated fiSh induces vitamin 
A and thyroid hormone deficiency in the common seal 
(Phoca vitulina). Aquat. Toxicol. 15, 99-106. 

Burbach, K.M .• Poland, A., Bradfield, C.A., 1992. Cloning of 
the Ah receptor eDNA reveals a distinctive li!!l!-nd_-acti­
vated transcription factor. Proc. Nat!. Acad. Sci. USA 89, 
8185-8189. 



70 E.-Y. Kim. M.E. Hahn j Aquatic Toxicology 58 (2002) 57-73 

Carver. L.A .• Hogenesch. J.B .• Bradfield. C.A .• 1994. Tissue 
specific expression of the rat Ah-receptor and ARNT 
mRNAs. Nucl. Acids Res. 22. 3038-3044. 

Chang. C.Y.. Smith. D.R.. Prasad. V.S.. Sidman. C.L., 
Nebert. D. W .• Puga. A.. 1993. Ten nucleotide differences. 
five of which cause amino acid changes. are associated with 
the Ah receptor locus polymorphism of C57BL/6 and 
DBA/2 mice. Pharmacogenetics 3. 312-321. 

Colborn. T .• Smolen, M.J .. 1996. Epidemiological analysis of 
persistent organochlorine contaminants in cetaceans. Rev. 
Environ. Contam. Toxicol. 146, 91-172. 

Committee on Biological Markers of the National Research 
Council, 1987. Biological markers in environmental health 
research. Environ. Health Perspect. 74, 3-9. 

de Swart, R.L., Ross. P.S .• Timmerman, H.H .• Vos, H.W .• 
Reijnders. P.J.H .• Vos, J.G .• Osterhaus, A.D.M.E .• 1995. 
Impaired cellular immune response in harbour seals (Phoca 
vitu/ina) feeding on environmentally contaminated herring. 
Clin. Exp. Immunol. 101, 480-486. 

de Swart, R.L., Ross, P.S., Vos, J.G., Osterhaus. A.D .• 1996. 
Impaired immunity in harbour seals (Phoca vitulina) ex­
posed to bioaccumulated environmental contaminants: re­
view of a long-term feeding study. Environ. Health 
Perspect. 104 (Suppl. 4). 823-828. 

Deguise, S., Martineau, D .• Beland, P .• Fournier, M .• 1995. 
Possible mechanisms of action of environmental contami­
nants on St. Lawrence beluga whales (Delphinapterus leu­
cas). Environ. Health Perspect. 103, 73-77. 

Dietz, R., Heide-Jorgensen, M.-P .• Harkonen, T .• 1989. Mass 
deaths of harbor seals (Phoca vitulina) in Europe. Ambio 
18, 258-264. 

Dolwick, K.M .• Schmidt, J.V .. Carver, L.A .• Swanson, H.l., 
Bradfield, C.A., 1993a. Cloning and expression of a human 
Ah receptor eDNA. Mol. Pharmacol. 44, 911-917. 

Dolwick, K.M .• Swanson, H.l., Bradfield, C.A .• 1993b. In 
vitro analysis of Ah receptor domains involved in ligand­
activated DNA recognition. Proc. Nat!. Acad. Sci. USA 
90, 8566-8570. 

Duignan, P.J., Saliki, J.T .• St Aubin, D.J., Early, G., Sadove, 
S., House, J.A., Kovacs, K .• Geraci, J.R., 1995. Epizootiol­
ogy of morbillivirus infection in North American harbor 
seals (Phoca vitulina) and gray seals (Halichoerus grypus). 
J. Wildlife Dis. 31, 491-501. 

Ema, M .• Sogawa, K., Watanabe, N .• Chujoh, Y., Matsushita, 
N .• Gotoh. 0., Funae, Y.. Fujii-Kuriyama. Y.. 1992. 
eDNA cloning and structure of mouse putative Ah recep­
tor. Biochem. Biophys. Res. Commun. 184, 246-253. 

Ema. M .• Ohe, N .• Suzuki. M .• Mimura. J., Sogawa, K .• 
Ikawa, S .• Fujii-Kuriyama, Y., 1994. Dioxin binding activ­
ities of polymorphic forms of mouse and human aryl 
hydrocarbon receptors. J. Bioi. Chern. 269; 27337-27343. 

Eubanks, M .• 1994. Biomarkers: the clues to genetic suscepti­
bility. Environ. Health Perspect. 102, 50-56. 

Fernandez-Salguero. P .• Pineau, T .• Hilbert, D.M .• McPhail, 
T .• Lee. S.S.T .• Kimura. S .• Nebert, D.W .• Rudikoff, S .• 
Ward, J.M., Gonzalez, F.J., 1995. Immune system impair­
ment and hepatic fibrosis in mice Jacking the dioxin-bind­
ing Ah receptor. Science 268, 722-726. 

Fernandez-Salguero. P .• Hilbert. D.M .• Rudikoff. S .• Ward. 
J.M .• Gonzalez. F.J .• 1996. Aryl-hydrocarbon receptor­
deficient mice are resistant to 2,3. 7 .8-tetrachlorodibenzo-p­
dioxin-induced toxicity. Toxicol. Appl. Pharmacol. 140, 
173-179. 

Fukunaga. B.N.. Hankinson, 0.. 1996. Identification of a 
novel domain in the aryl hydrocarbon receptor required 
for DNA binding. J. Bioi. Chern. 271, 3743-3749. 

Fukunaga, B.N .• Probst. M.R .• Reiszporszasz. S .• Hankinson. 
0., 1995. Identification of functional domains of the aryl 
hydrocarbon receptor. J. Bioi. Chern. 270, 29270-29278. 

Gasiewicz, T.A .• Neal, R.A .• 1982. The examination and 
quantitation of tissue cytosolic receptors for 2,3,7,8-tetra­
chlorodibenzo-p-dioxin using hydroxylapatite. Anal. 
Biochem. 124, 1-1 I. 

Godard, C.A.J .• Leaver, M.J., Said, M.R., Dickerson, R.L.. 
George, S., Stegeman, J.J., 2000. Identification of cy­
tochrome P450 1 B-like sequences in two teleost fish species 
(scup, Stenotomus chrysops, and plaice, Pleuronectes 
platessa) and in a cetacean (striped dolphin, Stene/la 
coeruleoalba). Mar. Environ. Res. 50, 7-10. 

Gonzalez, F.J., Fernandez-Salguero, P .• 1998. The aryl hydro­
carbon receptor: studies using the AHR-null mice. Drug 
Metab. Dispos. 26, 1194-1198. 

Hahn, M.E., 1998a. The aryl hydrocarbon receptor: a compar­
ative perspective. Comp. Biochem. Physiol. 121C. 23-53. 

Hahn, M.E., 1998b. Mechanisms of innate and acquired resis­
tance to dioxin-like compounds. Rev. Toxicol. 2. 395-443. 

Hahn, M.E., Karchner, S.l., 1995. Evolutionary conservation 
of the vertebrate Ah (dioxin) receptor: amplification and 
sequencing of the PAS domain of a teleost Ah receptor 
eDNA. Biochem. J. 310, 383-387. 

Hahn, M.E., Karchner, S.l., Shapiro, M.A., Perera, S.A., 
1997. Molecular evolution of two vertebrate aryl hydrocar­
bon (dioxin) receptors (AHRl and AHR2) and the PAS 
family. Proc. Nat!. Acad. Sci. USA 94, 13743-13748. 

Hawkins, M.B., Thornton, J.W., Crews, D., Skipper, J.K., 
Dotte, A., Thomas, P., 2000. Identification of a third 
distinct estrogen receptor and reclassification of estrogen 
receptors in teleosts. Proc. Nat!. Acad. Sci. USA 97, 
10751-10756. 

Helle, E., Olsson, M., Jensen, S., 1976. PCB levels correlated 
with pathological changes in seal uteri. Ambio 5, 261-263. 

Hoffman. E.C., Reyes, H., Chu, F.-F., Sander, F., Conley, 
L.H., Brooks, B.A .• Hankinson, 0 .. 1991. Cloning of a 
factor required for activity of the Ah (dioxin) receptor. 
Science 252, 954-958. 

Hong, C.S., Bush, B .• Xiao, J., Qiao, H.C .• 1993. Toxic 
potential of non-ortho and mono-ortho coplanar polychlo­
rinated biphenyls in Aroclors(R), seals. and humans. Arch. 
Environ. Contam. Toxicol. 25. 118-123. 

Hong, C.S .• Calambokidas, J .• Bush, B .• Steiger, G.H .• Shaw, 
S .• 1996. Polychlorinated biphenyls and organochlorine 
pesticides in harbor seal pups from the inland waters of 
Washington State. Environ. Sci. Techno!. 30, 837-844. 

}lutchinson, J.D~. Simmonds, M.P.. 1994. Organochlorine 
contamination in pinnipeds. Rev. Environ. Contam. Toxi­
col. 136, 123-167. 



E.- Y. Kim, M.E. Hahn/ Aquatic Toxicology 58 (2002) 57-73 71 

Jain, S., Dolwick, K.M .. Schmidt, J.V., Bradfield, C.A., 1994. 
Potent transactivation domains of the Ah receptor and Ah 
receptor nuclear translocator map to their carboxyl ter­
mini. J. Bioi. Chern. 269, 31518-31524. 

Jensen, A.A.. 1987. Polychlorobipneyls (PCBs). poly­
chlorodibenzo-p-dioxins (PCDDs) and polychlorodibenzo­
furans (PCDFs) in human milk, blood. and adipose tissue. 
Sci. Total Environ. 64. 259-293. 

Jensen, B.A.. 2000. Characterization of an aryl hydrocarbon 
receptor from a cetacean: An approach for assessing con­
taminant susceptibility in protected species. Ph.D. Thesis, 
Woods Hole Oceanographic Institution/Massachusetts In­
stitute of Technology: 

Jensen, B.A. and Hahn, M.E., 2001. eDNA cloning and 
characterization of a high affinity aryl hydrocarbon recep­
tor in a cetacean, the beluga, Delphinapterus leucas. Toxi­
col. Sci. accepted. 

Jensen, B.A., Karchner, S.l., Hahn, M.E., 1999. Molecular 
characterization of an aryl hydrocarbon receptor in a 
whale, the beluga Delphinapterus leucas. Toxicol. Sci. 48 
(1-S), 44 Abstract 211. 

Karchner, S.l.. Hahn, M.E., 1996. A reverse transcription­
polymerase chain reaction (RT-PCR) approach for cloning 
Ah receptors from diverse vertebrate species: partial se­
quence of an Ah receptor from the teleost Fundulus hetero­
clitus. Mar. Environ. Res. 42, 13-17. 

Karchner, S.l., Powell, W.H., Hahn, M.E., 1999. Identification 
and functional characterization of two highly divergent 
aryl hydrocarbon receptors (AHR1 and AHR2) in the 
teleost Fundulus heteroclitus. Evidence for' a novel subfam­
ily of ligand-binding basic helix-loop-helix Per-ARNT-Sim 
(bHLH-PAS) factors. J. Bioi. Chern. 274, 33814-33824. 

Karchner, S.L, Kennedy, S.W., Trudeau, S., Hahn, M.E., 
2000. Towards a molecular understanding of species differ­
ences in dioxin sensitivity: Initial characterization of Ah 
receptor cDNAs in birds and an amphibian. Mar. Environ. 
Res. 50, 51-56. 

Kawajiri, K., Watanabe, J., Eguchi, H., Nakachi, K., Kiy­
ohara, C., Hayashi, S.-i., 1995. Polymorphisms of human 
Ah receptor gene are not involved in lung cancer. Pharma­
cogenetics 5, 151-158. 

Korkalainen, M., Tuomisto, J., Pohjanvirta, R., 2000. Re­
structured transactivation domain in hamster AH receptor. 
Biochem. Biophys. Res. Commun. 273, 272-281. 

Lake, C.A., Lake, J.L., Haebler, R., Mckinney, R., Boothman, 
W.S., Sadove, S.S., 1995. Contaminant levels in harbor 
seals from the northeastern United States. Arch. Environ. 
Contam. Toxicol. 29. 128.:..134. 

Lukas, B., Vetter, W., Fisher, P., Heidemann, G., Plotz, J., 
1990. Characteristic chlorinated hydrocarbon patterns in 
the blubber of seals from different-marine-;egwns. Chemo­
sphere 21, 13-19. 

MacGregor. J.T., Collins, J.M., Sugiyama, Y., Tyson, C.A., 
Dean, J., Smith, L., Andersen, M., Curren, R.D., Houston. 
J.B., Kadlubar, F.F., Kedderis, G.L., Krishnan. K.t Li, 
A.P., Parchment, R.E., Thummel, K., Tomaszewski, J.E., 
Ulrich, R., Vickers, A.E., Wrighton, S.A., 2001. In vitro 

human tissue models in risk assessment: report of a con­
sensus-building workshop. Toxicol. Sci. 59, 17-36. 

Madsen, 0., Scally. M .• Douady, C.J., Kao, D.J .• DeBryk, 
R.W., Adkins, R., Amrine, H.M., Stanhope, M.J., de 
Jong, W.W., Springer, M.S., 2001. Parallel adaptive radia­
tions in two major clades of placental mammals. Nature 
409, 610-614. 

Marine Mammal Commission, 1999. Marine Mammals and 
Persistent Ocean Contaminants: Proceedings of the Marine 
Mammal Commission Workshop, Keystone, Colorado, 12-
15 October 1998. O'Shea, T.J., Reeves, R.R., andLong, 
A.K., Ed. 150 pp. 

Matthews, J., Zacharewski, T., 2000. Differential binding 
affinities of PCBs, HO-PCBs, and aroclors with recombi­
nant human, rainbow trout (Onchorhynkiss mykiss), and 
green anole (Anolis carolinensis) estrogen receptors, using a 
semi-high throughput competitive binding assay. Toxicol. 
Sci. 53, 326-339. 

Meyer, B.K., Pray-Grant, M.F., vanden Heuvel, J.P., Perdew, 
G.H., 1998. Hepatitis B virus X-associated protein 2 is a 
subunit of the unliganded aryl hydrocarbon receptor core 
complex and exhibits transcriptional enhancer activity. 
Mol. Cell. Bioi. 18, 978-988. 

Micka, J., Milatovich, A., Menon, A., Grabowski, G.A., 
Puga, A., Nebert, D.W., 1997. Human Ah receptor (AHR) 
gene: localization to 7pl5 and suggestive correlation of 
polymorphism with CYP1Al inducibility. Pharmacogenet­
ics 7, 95-101. 

Mimura, J., Yamashita, K., Nakamura, K., Morita, M., Tak­
agi, T., Nakao, K., Ema, M., Sogawa, K., Yasuda, M., 
Katsuki, M., Fujii-Kuriyama, Y., 1997. Loss of teratogenic 
response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in 
mice lacking the Ah (dioxin) receptor. Genes Cells 2, 
645-654. 

Murphy, W.J., Eizirik, E., Johnson, W.E., Zhang, Y.P., 
Ryderk, O.A., O'Brien, S.J., 2001. Molecular phylogenetics 
and the origins of placental mammals. Nature 409, 614-
618. 

Nebert, D.W., lngelman-Sundberg, M., Daly, A.K., 1999. 
Genetic epidemiology of environmental toxicity and cancer 
susceptibility: human allelic polymorphisms in drug-metab­
olizing enzyme genes, their functional importance, and 
nomenclature issues. Drug Metab. Rev. 31, 467-487. 

Norstrom, R.J., Muir, D.C.G., 1994. Chlorinated hydrocar­
bon contaminants in arctic marine mammals. Sci. Total 
Environ. 154, 107-128. 

O'Shea, T.J., 1999. Environmental contaminants and marine 
mammals. In: Reynolds, J.E., Rommel, S.A. (Eds.), Biol­
ogy of Marine Mammals. Smithsonian Institution Press, 
Washington, DC. 

O'Shea, T.J., 2000a. Cause of seal die-off in 1988 is still under 
debate. Science 290, 1097. 

O'Shea, T.J., 2000b. PCBs not to blame. Science 288, 1965-
1966. 

Okey,. A.B., Vella, L.M., Har:per, P.A., 1989. Detection and 
characterization of a low affinity form of cytosolic Ah 
receptor in livers of mice nonresponsive to induction of 



72 E.-Y. Kim, M.E. Hahn I Aquatic Toxicology 58 (2002) 57-73 

cytochrome Pl-450 by 3-methylcholanthrene. Mol. Phar­
macol. 35, 823-830. 

Osterhaus, A., 1989. A morbillivirus causing mass mortality in 
seals. Vaccine 7, 483-484. 

Perera, F.P., 1997. Environment and Cancer: Who are suscep­
tible? Science 278, 1068-l 073. 

Peters, J.M., Narotsky, M.G., Elizondo, G., Fernandez-Sal­
guero, P.M., Gonzalez, F.J., Abbott, B.D .. 1999. Amelio­
ration of TCDD-induced teratogenesis in aryl hydrocarbon 
receptor (AhR)-null mice. Toxicol. Sci. 47, 86-92. 

Pohjanvirta, R., Tuomisto, J., 1994. Short-term toxicity of 
2,3, 7 ,8-tetrachlorodibenzo-p-dioxin in laboratory animals: 
effects, mechanisms, and animal models. Pharmacol. Rev. 
46, 483-549. 

Pohjanvirta, R., Wong, J.M.Y., Li, W., Harpur, P.A., 
Tuomisto, J., Okey, A.B., 1998. Point mutation in intron 
sequence causes altered carboxyl-terminal structure in the 
aryl hydrocarbon receptor of the most 2,3,7,8-tetra­
chlorodibenzo-p-dioxin-resistant rat strain. Mol. Pharma­
col. 54, 86-93. 

Poland, A., Glover, E., 1987. Variation in the molecular mass 
of the Ah receptor among vertebrate species and strains of 
rats. Biochem. Biophys. Res. Commun. 146, 1439-1449. 

Poland, A., Glover, E., 1990. Characterization and strain 
distribution pattern of the murine Ah receptor specified by 
the Ahd and Ahb-J alleles. Mol. Pharmacol. 38, 306-312. 

Poland, A., Knutson, J.C., 1982. 2,3,7,8-Tetrachlorodibenzo­
p-dioxin and related halogenated aromatic hydrocarbons: 
examination of the mechanism of toxicity. Annu. Rev. 
Pharmacol. Toxicol. 22, 517-554. 

Poland, A., Glover, E., Kende, A.S., 1976. Stereospecific, 
high-affinity binding of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
by hepatic cytosol. J. Bioi. Chern. 251, 4936-4946. 

Poland, A., Glover, E., Ebetino, F.H., Kende, A.S., 1986. 
Photoaffinity labeling of the Ah receptor. J. Bioi. Chern. 
261, 6352-6365. 

Poland, A., Palen, D., Glover, E., 1994. Analysis of the four 
alleles of the murine aryl hydrocarbon receptor. Mol. 
Pharmacol. 46, 915-921. 

Puga, A., Nebert, D.W., McKinnon, R.A., Menon, A.G., 
1997. Genetic polymorphisms in human drug-metabolizing 
enzymes: potential uses of reverse genetics to identify genes 
of toxicological relevance. Crit. Rev. Toxicol. 27, 199-222. 

Reijnders, P.J.H., 1980. Organochlorine and heavy metal 
residues in harbour seals from the Wadden Sea and their 
possible effects on reproduction. Netherlands J. Sea Res. 
14, 30-65. 

Reijnders, P.J.H., 1986. Reproductive failure in common seals 
feeding on fish from polluted coastal waters. Nature 324, 
456-457. • 

Reyes, H., Reisz-Porszasz, S., Hankinson, 0., 1992. Identifica­
tion of the Ah receptor nuclear translocator protein (Arnt) 
as a component of the DNA binding form of the Ah 
receptor.-Science 256, ll93-ll95. _ 

Ross, P.S., 2000. Marine mammals as sentinels in ecological 
risk assessment. Hum. Ecol. Risk Assess. 6, 29-46. 

Ross, P.S., de Swart, R.L., Reijnders. P.J.H., Vanloveren, H .• 
Vos, J.G .• Osterhaus, A.D.M.E .• 1995. Contaminant re­
lated suppression of delayed-type hypersensitivity and anti­
body responses in harbor seals fed herring from the Baltic 
Sea. Environ Health Perspect. 103, 162-167. 

Ross, P., de Swart, R .• Addison, R., Van Loveren, H .• Vos, J., 
Osterhaus, A., 1996a. Contaminant-induced immunotoxic­
ity in harbour seals: wildlife at risk? Toxicology 112, 
157-169. 

Ross, P.S., Swart, R.L.d., Timmerman, H.H., Reijnders, 
P.J.H., Vos, J.G., Loveren, H.V., Osterhaus, A.D.M.E., 
1996b. Suppression of natural killer cell activity in harbour 
seals (Phoca vitulina) fed Baltic Sea herring. Aquat. Toxi­
col. 34, 71-84. 

Ross, P.S., Vos, J.G., Birnbaum, L.S., Osterhaus, A.D., 2000. 
PCBs are a health risk for humans and wildlife. Science 
289, 1878-1879. 

Roy, N.K., Wirgin, 1., 1997. Characterization of the aromatic 
hydrocarbon receptor gene and its expression in Atlantic 
tomcod. Arch. Biochem. Biophys. 344, 373-386. 

Sanderson, J.T., Bellward, G.D., 1995. Hepatic microsomal 
ethoxyresorufin 0-deethylase-inducing potency in ovo and 
cytosolic Ah receptor binding affinity of 2,3,7,8-tetra­
chlorodibenzo-p-dioxin: comparison of four avian species. 
Toxicol. Appl. Pharmacol. 132, 131-145. 

Schmidt, J.V., Bradfield, C.A., 1996. Ah receptor signaling 
pathways. Annu. Rev. Cell Dev. Bioi. 12, 55-89. 

Schmidt, J.V., Su, G.H.-T., Reddy, J.K., Simon, M.C., 
Bradfield, C.A., 1996. Characterization of a murine Ahr 
null allele: Involvement of the Ah receptor in hepatic 
growth and development. Proc. Nat!. Acad. Sci. USA 93, 
6731-6736. 

Simms, W., Jeffries, S., Ikonomou, M., Ross, P.S., 2000. 
Contaminant-related disruption of vitamin A dynamics in 
free-ranging harbor seal (Phoca vitulina) pups from British 
Columbia, Canada and Washington State, USA. Environ. 
Toxicol. Chern. 19, 2844-2849. 

Smart, J., Daly, A.K., 2000. Variation in induced CYPlAl 
levels: relationship to CYPlAl, Ah receptor and GSTMl 
polymorphisms. Pharmacogenetics l 0, 11-24. 

Storr-Hansen, E., Spliid, H., 1993. Coplanar polychlorinated 
biphenyl congener levels and patterns and the identification 
of separate populations of harbor seals (Phoca vitulina) in 
Denmark. Arch. Environ. Contam. Toxicol. 24, 44-58. 

Sun, W., Zhang, J., Hankinson, 0., 1997. A mutation in the 
aryl hydrocarbon receptor (AHR) in a cultured mam­
malian cell line identifies a novel region of AHR that 
affects DNA binding. J. Bioi. Chern. 272, 31845-31854. 

Swanson, H.l., Yang, J.-H., 1996. Mapping the protein/DNA 
contact sites of the Ah receptor and Ah receptor nuclear 
translocator. J. Bioi. Chern. 271, 31657-31665. 

Swofford, D.L., 1998. PAUP*. Phylogenetic Analysis Using 
Parsimony (*and Other Methods). Version 4. Sinauer As­
sociates, Sunderland, MA, p. 1998. 

Takahashi, Y., Nakayama, K., Shimojima, T., Itoh, S., Ka­
mataki, T., 1996. Expression of aryl hydrocarbon receptor 
(AhR) and aryl hydrocarbon receptor nuclear translocator 



E.- Y. Kim, M.E. Hahn I Aquatic Toxicology 58 (2002) 57-73 73 

(Arnt) in adult rabbits known to be non-responsive to 
cytochrome P-450 !AI (CYPIAl) inducers. Eur. J. 
Biochem. 242, 512-518. 

Tanabe, S., Kannan, N., Subramanian, A., Watanabe, S., 
Tatsukawa, R., 1987. Highly toxic coplanar PCBs: occur­
rence, source, persistency and toxic implications to wildlife 
and humans. Environ. Pollut. 47, 147-163. 

Tanabe, S., Watanabe, S., Kan, H., Tatsukawa, R., 1988. 
Capacity and mode of PCB metabolism in small cetaceans. 
Mar. Mam. Sci. 4, 103-124. 

Tanabe, S., Iwata, S., Tatsukawa, R., 1994. Global contami­
nation by persistent organochlorines and their ecotoxico­
logical impact on marine mammals. Sci. Total Environ. 
154, 163-177. 

Teramitsu, 1., Yamamoto, Y., Chiba, 1., Iwata, H., Tanabe, S., 
Fujise, Y., Kazusaka, A., Akahori, F., Fujita, S., 2000. 
Identification of novel cytochrome P450 lA genes from 
five marine mammal species. Aquat. Toxicol. 51,-145-153. 

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. 
CLUSTAL W: improving the sensitivity of progressive 
multiple sequence alignments through sequence weighting, 
position-specific gap penalties and weight matrix choice. 
Nucl. Acids Res. 22, 4673-4680. 

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., 
Higgins, D.G., 1997. The CLUSTAL_X windows inter­
face: flexible strategies for multiple sequence alignment 
aided by quality analysis tools. Nucl. Acids Res. 25, 4876-
4882. 

Tsui, H.W., Okey, A.B., 1981. Rapid vertical tube rotor 
gradient assay for binding of 2,3,7,8-tetrachlorodibenzo-p­
dioxin to the Ah receptor. Can. J. Physiol. Pharmacal. 59, 
927-931. 

van den Berg, M., Dejongh, J., Poiger, H., Olson, J.R., 1994. 
The toxicokinetics and metabolism of polychlorinated 
dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) 
and their relevance for toxicity. Crit. Rev. Toxicol. 24, 
1-74. 

van den Brink, N.W., de Ruiter-Dijkman, E.M., Broekhuizen, 
S., Reijnders, P.J.H., Bosveld, A.T.C., 2000. Polychlori­
nated biphenyls pattern analysis: Potential nondestructive 
biomarker in vertebrates for exposure to cytochrome P450-
inducing organochlorines. Environ. Toxicol. Chern. 19, 
575-581. 

Van Loveren, H., Ross, P.S., Osterhaus, A.D., Vos, J.G., 
2000. Contaminant-induced immunosuppression and mass 
mortalities among harbor seals. Toxicol. Lett. 112-113, 
319-324. 

White, R.D., Hahn, M.E., Lockhart, W.L., Stegeman, J.J., 
1994. Catalytic and immunochemical characterization of 
hepatic microsomal cytochromes P450 in beluga whales 
(Delphinapterus leucas). Toxicol. Appl. Pharmacal. 126, 
45-57. 

White, R.D., Shea, D., Schlezinger, J.J., Hahn, M.E., Stege­
man, J.J., 2000. In vitro metabolism of polychlorinated 
biphenyl congeners by beluga whale (Delphinapterus leu­
cas) and pilot whale (G/obicephala me/as) and relationship 
to cytochrome P450 expression. Comp. Biochem. Physiol. 
126, 267-284. 

Whitelaw, M., Gottlicher, M., Gustafsson, J.A., Poellinger, L., 
1993. Definition of a novel ligand binding domain of a 
nuclear bHLH receptor: co-localization of ligand and 
hsp90 binding activities within the regulable inactivation 
domain of the dioxin receptor. EMBO J. 12, 4169-4179. 

Whitelaw, M., Gustafsson, J.A., Poellinger, L., 1994. Identifi­
cation of transactivation and repression functions of the 
dioxin receptor and its basic helix-loop-helix/PAS partner 
factor ARNT: Inducible versus constitutive modes of regu­
lation. Mol. Cell. Bioi. 14, 8343-8355. 

Wong, J.M., Harper, P.A., Meyer, U.A., Bock, K.W., Morike, 
K., Lagueux, J., Ayotte, P., Tyndale, R.F., Sellers, E.M., 
Manchester, D.K., Okey, A.B., 2001. Ethnic variability in 
the allelic distribution of human aryl hydrocarbon receptor 
codon 554 and assessment of variant receptor function in 
vitro. Pharmacogenetics 11, 85-94. 


	

