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ABSTRACT. The aryl hydrocarbon receptor nuclear translocator (ARNT) protein is involved in many
signaling pathways. Rainbow trout express isoforms of ARNT protein that are divergent in their C-terminal
domains due to alternative RNA splicing. Rainbow trout ARNT,, (rtARNT),) contains a C-terminal domain
rich in glutamine and asparagine (QN), whereas the C-terminal domain of rtARNT, is rich in proline, serine,
and threonine (PST). rtARNT, functions positively in AH receptor-mediated signaling, whereas rtARNT,
functions negatively. Studies were performed to understand how changes in the C-terminal domains of the two
rtARNT isoforms affect function. Deletion of the QN-rich C-terminal domain of rtARNT, did not affect
function in aryl hydrocarbon receptor (AHR)-mediated signaling, whereas deletion of the PST-rich domain of
rtARNT, restored function. Expression of the PST-rich domain on truncated rtARNT, or mouse ARNT
(mARNT) reduced function of this protein by 50—-80%. Gel shift assays revealed that the PST-rich domain
affected AHR-mediated signaling by inhibiting DNA binding of the AHR®ARNT heterodimer. Gal4
transactivation assays revealed a potent transactivation domain in the QN-rich domain of rtARNT,.. In contrast,
Gal4 proteins containing the PST-rich domain of rtARNT, did not transactivate because the proteins did not
bind to DNA. Secondary structure analysis of the PST-rich domain revealed hydrophilic and hydrophobic
regions. Truncation of the hydrophobic domain that spanned the final 20—-40 amino acids of the rtARNT,
restored function to the protein, suggesting that repressor function was related to protein misfolding or masking
of the basic DNA binding domain. Functional diversity within the C-terminal domain is consistent with other
negatively acting transcription factors and illustrates a common biological theme. BIOCHEM PHARMACOL 57;11:
1177-1190, 1999. © 1999 Elsevier Science Inc.
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The ARNTY protein is a member of the bLHLH/PAS family whereas the HLH and PAS domains are responsible for
of transcription factors. This family is characterized by the dimerization and ligand binding [3, 4, 6]. The bHLH/PAS
presence of a bHLH motif and a PAS domain, termed for family includes the AHR, HIF-1a, SIM, PER, and HIF-2«
homology among PER, AHR, ARNT, and SIM. The basic [7-10]. Recently, a new ARNT gene termed ARNT2 has
region has been shown to be crucial in DNA binding [1-5], been identified in mouse and rat [11, 12] as well as

alternatively spliced ARNT variants in rainbow trout [13]
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1 Abbreviations: ARNT, aryl hydrocarbon receptor nuclear translocator; AHR pathway, mediating the effects of halogenated aro-
AHR, aryl hydrocarbon receptor; mAHR, mouse AHR; bHLH, basic matic hydrocarbons, typified by TCDD [15-17]. In the
helix-loop-helix; rtARNT, rainbow trout ARNT; mARNT, mouse current model of AHR signal transduction, the AHR is
ARNT; hARNT, human ARNT; TCDD, 2,3,7,8-tetrachlorodibenzo-p- . . . .
dioxin; PAS, PER-ARNT-SIM; HIF, hyposia-inducible factor; GAR- activated by the ligand and then forms a heterodimer with
HRP, goat anti-rabbit horseradish peroxidase; GAM-HRP; goat anti- ARNT in the nucleus [18—-20]. The AHR® ARNT complex
mouse horseradi§h peroxidase; 'PER, periodigity; S'IM, single minded; TBS, then associates with the XRE to modulate the expression of
Tris-buffered saline; TTBS, Tris-buffered saline with Tween 20; TBE, Tris, . 5 21 221 1 dditi ARNT f
boric acid, EDTA; XRE, xenobiotic response element; DMEM, Dulbecco’s various genes [ ’ ’ ] n addition, orms a
minimum essential medium; FBS, fetal bovine serum, PCR, polymerase heterodimer with HIF-la to regulate hypoxia»inducible
chain reaction; DTT, dithiothreitol; TAD, transactivation domain; genes such as vascular endothelial growth factor, erythr0~

EMSA, electrophoretic mobility shift assay; TNT, transcription and L. .
translation; and P450, cytochrome P450. poietin, and numerous glycolytic enzymes and transporters
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function as a homodimer to regulate genes through the
CACGTG E-box element [27-29] and can interact with
SIM [30-32]. Thus, ARNT appears to be a protein critical
to the function of at least three distinct signaling pathways
that are activated by different stimuli.

Whereas the bHLH/PAS domains provide the ability of
ARNT and other bHLH/PAS proteins to dimerize with
each other and bind DNA, the C-terminus may provide
domains important for the functional diversity of the
various proteins. Indeed, the C-terminal domains of the
bHLH/PAS proteins are the least conserved regions of
these proteins and are reported to contain domains impor-
tant for transactivation and repression. Several reports have
mapped transcriptional activation domains to the C-termi-
nal end in mARNT, hARNT, ARNT2, HIF-1a, and dSIM
[6, 11, 24, 33-37]. In contrast, studies have illustrated that
mSIM1 and mSIM2 have a negative impact on ARNT-
mediated signaling that is related to the presence of
repression domains in the C-terminus [30, 31]. A similar
result has been reported for the two ARNT proteins
expressed in rainbow trout. rtARNT, and rtARNT, are
identical proteins over their first 533 amino acids, but each
has a distinct C-terminal domain due to the presence or
absence of an alternatively spliced exon that also causes a
shift in the reading frame [13]. rtARNT, lacks the exon and
has a C-terminal domain of 104 residues rich in proline,
serine, and threonine (PST-rich). rtARNT, contains the
exon and has a C-terminal domain of 190 residues rich in
glutamine and asparagine (QN-rich). rtARNT}, can com-
plement AHR-mediated signaling when expressed in mouse
hepatoma cells that lack functional ARNT protein,
whereas rtARNT, functions inefficiently in the cells and
has dominant negative activity over the rtARNT, protein
[13]. Because rtARNT, is divergent in its C-terminal
domain, it is hypothesized that this region must provide
some type of repressor functionality to the protein. Collec-
tively, these reports suggest that changes in C-terminal
domains of bBHLH/PAS proteins may be a mechanism for
generating functional diversity.

The experiments in this study were designed to provide
new information concerning how changes in the C-termi-
nal domains of rtARNT result in positive and negative
function in AHR-mediated signaling. The results indicate
that the C-terminal domain of rtARNT, functions in a
manner analogous to that of mammalian ARNT protein
and contains a potent transactivation domain. In contrast,
the 104-amino-acid PST-rich domain of rtARNT, is re-
sponsible for the negative impact of this protein on AHR-
mediated signaling. The addition of this domain to
rtARNT and mARNT proteins, whether in the presence or
absence of the amino acids encoded by the spliced exon,
results in AHR®ARNT complexes that have reduced
affinity for DNA and do not complement AHR-mediated
signaling in transfected cells. This effect was not specific to
the AHR®ARNT complex, as the PST-rich domain also
affected the ability of Gal4/rtARNT chimeras to bind
DNA. Truncation of 20—40 amino acids from the PST-rich
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domain relieved the negative impact of this sequence on
AHR-mediated signaling and revealed that the truncated
domain did not contain potent transactivation function.

MATERIALS AND METHODS
Materials

Specific antibodies against mouse ARNT protein (R-1) and
rainbow trout ARNT (rt-84) are identical to those de-
scribed previously [13, 38]. All antibodies are affinity-
purified IgG fractions. Antibodies against Gal4 1-147
(anti-Gal4) were purchased from Santa Cruz Biotechnol-
ogy. Specific antibodies against the FLAG™ epitope (M5
anti-FLAG™) were purchased from the Kodak Co. For
western blot analysis, goat anti-rabbit antibodies or goat
anti-mouse antibodies conjugated to horseradish peroxidase
(GAR-HRP, GAM-HRP) were utilized. Both of these
reagents were purchased from Jackson Immunoresearch.
Polyclonal rabbit B-actin antibodies were purchased from
the Sigma Chemical Co. Polyclonal rabbit antibodies
against mammalian P4501A1 were a gift from Dr. Colin
Jefcoate. TCDD was a gift from Monsanto. The reporter
plasmid pFR-Luc was purchased from Stratagene.

Buffers

PBS is 0.8% NaCl, 0.02% KCI, 0.14% Na,HPO,, 0.02%
KH,PO,, pH 7.4. 2X gel sample buffer is 125 mM Tris, pH
6.8, 4% SDS, 25% glycerol, 4 mM EDTA, 20 mM DTT,
0.005% bromphenol blue. TBS is 50 mM Tris, 150 mM
NaCl, pH 7.5. TTBS is 50 mM Tris, 0.2% Tween 20, 150
mM NaCl, pH 7.5. TTBS+ is 50 mM Tris, 0.5% Tween 20,
300 mM NaCl, pH 7.5. BLOTTO is 5% dry milk in TTBS.
2X lysis buffer is 50 mM HEPES, pH 7.4, 40 mM sodium
molybdate, 10 mM EGTA, 6 mM MgCl,, 20% glycerol. 5X
gel shift buffer is 50 mM HEPES, pH 7.5, 15 mM MgCl,,
50% glycerol. 0.5X TBE is 45 mM Tris-borate, 1 mM
EDTA. MENG is 10 mM MOPS, 5 mM EDTA, 0.02%
NaNj3, 10% glycerol.

Oligonucleotides

All primers are written 5'=3’. Restriction sites are under-
lined. ATG start codons and TTA stop codons are in
boldface.

Primer 1, TATAAAGCTTTGATCACCATGGCGG
CGACTACAGCT;

Primer 2, TATATCTAGAGGACAGTTCCAGGCCC
GGTGT;

Primer 3, TATAGGATCCCCTGTTGGGTGGCAG
GGACAGT;

Primer 4, TATAGAATTCTGTGGTCTGTCCAGTCT
CAGGAG;

Primer 5, TATAGAATTCATGGACTCTTCTATCC
CAGAG;

Primer 6, TATATCTAGACGATAATTAGACATG
CTCTCTTTG;
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Primer 7, TATATCTAGATTAGCTGTATGTGTC
GTTGGAGG;

Primer 8, TATATCTAGATTACTGCTGCCCCGA
CCCCAAGCG;

Primer 9, TATAGAATTCTCAGTAGGGATGGCCC
CTCAG;

Primer 10, TATAGGATCCTAGGGATGGCCCCTC
AGATG;

Primer 11, TATAGAATTCTCCCCTCCAGGGCAGT
GGAG;

Primer 12, TATAGAATTCCCCTCCAGGGCAGT
GGAG;

Primer 13, TATATCTAGATTACTGGCTGGTCC
AGCATGGCGA;

Primer 14, TATATCTAGATTAGAGAGAAGGAG
ACATTTGAGA;

Primer 15, TATAGAATTCGGCACCATGGACTA
CAAGGACGACGATGACAAAGACCTTCTATCCC
AGACATACCA;

Primer 16, TATAGAATTCGGCACCATGGACTA
CAAGGACGACGATGACAAAGCGGCGACTACAG
CTAACCCAGAA;

XRE-1, CGGCTCGGAGTTGCGTGAGAAGAG;

XRE-2, CGGCTCTTCTCACGCAACTCCGAG;

GAL4BS, ACTGCTCGGAGGACAGTACTCCGCT;

Cells and Growth Conditions

Type Il Hepa-1 variants were a gift from Dr. Jim Whitlock,
Jr. The cells were propagated at 37° in DMEM medium
containing 5% FBS. All cells were passaged at 1-week
intervals and used in experiments during a 2-month period.

Plasmid Construction

A mammalian Gal4 fusion expression vector was generated
as follows. A HindIII-Xbal fragment corresponding to the
Gal4 DNA binding domain (amino acids 1-147) was
excised from the plasmid psg424 [39] and ligated into
pcDNA3.1 (Invitrogen) to generate pc424. This vector
contains the Gal4 DNA binding domain upstream of a new
multicloning site and is under the control of a CMV
promoter. The multicloning site contains EcoRI, BamHI,
and Xbal restriction sites for the in-frame ligation of
cDNAs immediately downstream of Gal4 1-147.

Generation of mMARNT cDNAs and Expression Vectors

All mouse constructs were amplified by PCR using the
plasmid pMVmARNT as a template. Primer 1 and primer 2
were used to amplify a 2166-bp HindIIl-Xbal fragment
corresponding to full-length mARNT. The 1749-bp HindIlI-
BamHI fragment, mARNT g3, was amplified using primer 1
and primer 3. To amplify the mARNTsq; with HindlII-
EcoRlI sites, primer 1 and primer 4 were utilized. All PCR
products were digested and ligated into pcDNA3.1. These
plasmids are referred to by the prefix “pc” followed by the
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name of the construct. mMARNT/rtARNT chimeras were
generated as follows. Primer 10 and primer 6 were used to
amplify a 708-bp BamHI-Xbal fragment, rtARNT gy psT,
from the plasmid pMVrtARNT, ,. The 708-bp EcoRI-Xbal
fragment, rtARNTEy o, was amplified using primer 9 and
primer 6 from pMVrtARNT,. The expression construct
pcmARNT 565 ex.psT Was generated by ligating the
rtARNTgy pst fragment into the BamHI-Xbal sites of
pcmARNT5g;5. The rtARNTEy oy fragment was ligated
into the EcoRI-Xbal sites of pcmARNTsg; to create
pecmARNT5g5 gx on- To incorporate the eight-amino-
acid tag, FLAG™ into the 5’ end of mARNT, primer 15
and primer 2 were used to amplify from pMVmARNT.

Generation of rtARNT cDNAs and Expression Vectors

PCR was used to amplify fragments of rtARNT from the
plasmids pMVrtARNT,, pMVrtARNT,, and
pMVrtARNT, , [13]. All constructs contain EcoRI-Xbal
restriction sites, except for rtARNTEy pst. which has a
BamHI-Xbal site. Primer 5 and primer 6 were used to
amplify the full-length rtARNT, (1936 bp) and rtARNT,
(2306 bp) from pMVrtARNT, and pMVrtARNT,. Primer
5 and primer 7 were used to amplify a 1601-bp fragment,
tARNTs;5 from pMVrtARNT,. rtARNTs3; gy was gen-
erated using primer 5 and primer 8 with pPCMVrtARNT), as
a template. Primer 9 and primer 6 were used to amplify a
708-bp fragment, rtARNTEy oy, from rtARNT. The
708-bp BamHI-Xbal fragment, rtARNTgy pst, Was ampli-
fied from pMVrtARNT, , with primer 10 and primer 6.
The COOH end of rtARNT,, rtARNT pg, was amplified
using primer 14 and primer 6 with pMVrtARNT, as a
template. Primer 12 and primer 6 were used to amplify the
335-bp COOH end of rtARNT, (rtARNTqy) from
pMVrtARNT,. The 373-bp exon of rtARNT,, rtARNTgy,
was amplified from pMVrtARNT, with primer 9 and
primer 8. To generate rtARNT 4540, primer 5 and primer 13
were used to amplify the fragment from pMVrtARNT,.
Primer 5 and primer 14 were used to amplify the fragment
rtARNT 5,7 from pMVrtARNT,. The FLAG™ epitope
was incorporated into the 5 end of rtARNT,, creating
FLAG™.ttARNT,, by amplifying from pMVrtARNT,
with primer 16 and primer 2. For generation of Gal4/
rtARNT fusions, the rtARNT fragments were digested and
ligated into pc424, immediately downstream of the Gal4
DNA binding domain. For complementation studies,
rtARNT fragments were inserted into the multi-cloning
site of pcDNA3.1. All constructs were ligated in EcoRI-
Xbal sites except for ttARNT gy ps, which was inserted
into the BamHI-Xbal site.

Nucleotide and Amino Acid Analysis

PCR products were sequenced using the ABI 377 auto-
mated DNA sequencer (Applied Biosystems). Prediction of
the secondary structure of rtARNT, was performed using
Lasergene software (DNASTAR). Analysis of the amino
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acid sequence of rtARNT, for protein kinase sites was done
using the MOTIF database (ICR).

In Vitro Expression of ARNT Proteins

The recombinant rtARNT and mARNT proteins were
produced using the TNT™ Coupled Rabbit Reticulocyte
Lysate System, and the Gal4/rtARNT proteins were pro-
duced using the Wheat Germ Extract Kit essentially as
detailed by the manufacturer (Promega). Upon completion
of the 90-min reaction, samples were either combined with
an equal volume of 2X gel sample buffer and boiled for 5
min, or stored at —20° for use in functional studies. The
actual concentration of each recombinant protein ex-
pressed in each reaction was determined by western blot
analysis with the R-1, rt-84, anti-Gal4, or M5 anti-
FLAG™ antibody. Generally, 1-5 pL of TNT reaction was
used for functional studies and 1-5 L of the denatured
TNT for western blotting.

Eukaryotic Transfections and Reporter Gene Assays

Approximately 5 X 10° type II cells were plated into
60-mm culture dishes and incubated at 37° for 16-24 hr.
Then 1-2 pg of appropriate plasmid vectors were trans-
fected into cells with Lipofect AMINE™ as detailed by the
manufacturer (Gibco). For complementation studies, after a
24-hr recovery cells were incubated in the presence of 2 nM
TCDD or DMSO for an additional 20-40 hr. Cells were
harvested from plates by trypsinization, and total cell lysates
were prepared as detailed below. For transactivation studies,
the cells were also transfected with 1.0 pg of the reporter
gene pFR-Luc and 1.0 pg of pSV-B-galactosidase to mon-
itor transfection efficiency (Promega). Cells were harvested
24-48 hr after transfection. In these instances, harvested
cells were split into two equal fractions. One fraction was
used for the preparation of total lysates. The other fraction
was resuspended in reporter lysis buffer (Promega), and
B-gal and luciferase activities were determined as detailed
by the manufacturer (Promega). Three, four, or five plates
were transfected with each plasmid being evaluated, and
experiments were completed three times.

Production of Total Cell Lysates and Cytosol

Total cell lysates for western blot analysis were prepared by
sonicating cell pellets in 1X lysis buffer and NP-40 as
detailed previously [18, 38]. Cytosol was prepared from type
I Hepa-1 cells by homogenization in MENG buffer supple-
mented with leupeptin (10 pg/mL), aprotinin (20 pg/mL),
and phenylmethylsulfonyl fluoride (PMSF) (100 pM).
Homogenates were centrifuged at 22,000 g in a refrigerated
microcentrifuge, and aliquots of the supernatant were
stored at —70° prior to use in EMSA and immunoprecipi-
tation studies. Protein concentrations were determined by
the Coomassie Blue Plus assay (Pierce) using BSA as the
standard.
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Western Blot Analysis and Quantification of Protein

Protein samples were resolved by denaturing electrophore-
sis on discontinuous polyacrylamide slab gels (SDS-PAGE)
and were electrophoretically transferred to nitrocellulose as
described [38, 40]. Immunochemical staining was carried
out with various concentrations of primary antibody (see
text and figure legends) in BLOTTO buffer supplemented
with DL-histidine (20 mM) for 1-2 hr at 22°. Blots were
washed with three changes of TTBS+ for a total of 45 min.
The blot was then incubated in BLOTTO buffer containing
a 1:10,000 dilution of GAR-HRP or GAM-HRP (see text
and figure legends) for 1 hr at 22° and washed in three
changes of TTBS+ as above. Prior to detection, the blots
were washed in TBS for 5 min. Bands were visualized with
the enhanced chemiluminescence (ECL) kit as specified by
the manufacturer (Amersham). Multiple exposures of each
set of samples were produced. The relative concentrations
of rtARNT, P4501A1, and actin were determined by
computer analysis of the autoradiographs as detailed previ-
ously [18, 19]. Then the values for P4501A1 were divided
by the level of ARNT protein. All exposures analyzed by
this method were within the linear range established for
each antibody [18, 19]. In most instances, the mean and
standard deviation of at least three independent samples are
reported.

In Vitro Activation of AHR® ARNT Complexes
and EMSA

AHRe®ARNT complexes were produced by combining
approximately 50—80 ng of in wvitro translated mARNT or
rtARNT proteins with 100 pg of type II cytosol in the
presence of 10 nM TCDD or 0.5% DMSQO at 30° for 2 hr.
The amount of each recombinant protein added to each
sample was always identical, as determined by western
blotting of the input protein (as detailed above). Samples
were used immediately or stored at —70°.

Oligonucleotides XRE-1 and XRE-2 were annealed and
labeled with [**PJdCTP by Klenow fill-in [40]. The double-
stranded fragment corresponds to the consensus XRE-1 of
the CYPIAI promoter as previously described [41]. Next
10-20 pg of nuclear extract or in witro activated type Il
cytosol was incubated at 22° for 15 min in 1X gel shift
buffer supplemented with KCI (80 mM) and poly(dI-dC)
(0.1 mg/mL). In some instances, 0.5 to 1.0 pg of affinity-
purified R-1, rt-84, A-1, or preimmune IgG was included in
the sample. Approximately 4 ng of *’P-labeled XRE then
was added to each sample, and the incubation continued for
an additional 15 min at 22°. The samples were resolved on
5% acrylamide/0.5X TBE gels, dried, and exposed to film.
Specific bands were quantified by computer densitometry as
detailed for protein [18]. The bands were not normalized to
the level of input ARNT protein.
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EMSA of Gal4/rtARNT Proteins

Oligonucleotide Gal4BS was annealed and labeled with
[>’PldATP. The double-stranded fragment corresponds to
the consensus Gal4 binding site [42, 43]. The desired in
vitro expressed Gal4/rtARNT protein was incubated at 22°
for 15 min in 1X gel shift buffer supplemented with KCI
(120 mM) and poly(dI-dC) (0.1 mg/mL). In some in-
stances, 0.5 to 1.0 pg of affinity-purified anti-Gal4 antibody
was included in the sample. Then approximately 4 ng of
32P.labeled XRE was added to each sample, and the
incubation continued for an additional 15 min at 22°. The
samples were resolved on 5% acrylamide/0.5X TBE gels,
dried, and exposed to film. Specific bands were quantified
by computer densitometry as detailed for protein [18]. The
bands were not normalized to the level of input Gal4/
rtARNT protein.

RESULTS AND DISCUSSION
Ability of rtARNT, and mARNT to Complement AHR-
Mediated Signaling

The strategy of the studies in this report was to evaluate the
ability of various rtARNT isoforms to complement AHR-
mediated signal transduction in the type II Hepa-1 cell line.
The choice of a mammalian cell line for analysis of
rtARNT was due to (i) the fact that type II cells do not
express high levels of mARNT, (ii) the ability to assay the
expression of recombinant rtARNT protein in total cell
lysates, (iii) the ability to evaluate complementation of
AHR-mediated signaling by analysis of endogenous
P4501A1 protein, and (iv) lack of an appropriate aquatic
cell culture model. It is important therefore, to understand
whether rtARNT and mARNT complement AHR-medi-
ated signaling to the same level. To address this issue, it was
first necessary to titer the antibodies that recognize
rtARNT and mARNT since they have different sensitivities.

Expression vectors were constructed so that the FLAG™
peptide was expressed at the NH-terminus of rt ARNT), and
mARNT proteins. The proteins were then expressed in
vitro, and equal amounts of sample were evaluated by
western blotting with anti-FLAG™ antibodies. Figure 1A
shows that the amount of FLAG™-rtARNT, and
FLAG™.-mARNT protein present in the lysates was within
8%. Identical blots then were stained with antibodies
against rtARNT (rt-84, 1.0 pg/mL) or mARNT (R-1, 0.2
pg/mL). Figure 1A shows that these dilutions of antibody
detected a similar level of FLAG™-rtARNT, and
FLAG™-mARNT protein and are consistent with the
sensitivity of these reagents [13, 19]. rtARNT, and
mARNT expression vectors then were transfected into type
II cells, treated with TCDD, and equal concentrations of
whole cell lysates were evaluated on western blots with the
antibody concentrations detailed above. The results show
that the level of mARNT and rtARNT, protein expression
and induction of endogenous P4501A1 protein in the
transfected cells was within 10%. Importantly, P4501A1
protein was not detected in cells that were not exposed to
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A)

anti-FLAG

tARNT, | — - e — mARNT

B)

rtARNTb <o “.' mARNT

FIG. 1. Comparison of rtARNT, and mARNT function in type
II Hepa-1 cells. (A) Titer of antibodies against rtARNT, and
mARNT. rtARNT, and mARNT proteins containing the
FLAG™ peptide were produced in a coupled TNT reaction,
subjected to denaturing gel electrophoresis, and blotted to
nitrocellulose. Half the blot was stained with anti-FLAG™
antibody followed by GAM-HRP (1:10,000) to determine
whether the proteins were expressed to the same level. The
other half was stained with rt-84 IgG (1 pg/mL) or R-1 IgG
(0.2 pg/mL) followed by GAR-HRP (1:10,000). The blots
were visualized by ECL. Note that these concentrations of
antibody resulted in similar levels of reactivity. (B) Western blot
of P4501A1 expression in TCDD-treated type 11 cells express-
ing rtARNT, and mARNT protein. Two plates of type II cells
were transfected with rtARNT, or mARNT, treated with
TCDD (1 nM) for 16 hr, and total cell lysates were prepared.
Eighteen micrograms of each sample was subjected to denaturing
gel electrophoresis and blotted to nitrocellulose. The blot was
stained with either rt-84 IgG (1.0 pg/mL) or R-1 IgG (0.2
pg/mL), and a duplicate blot was stained with anti-P4501A1
IgG (1:500). Blots were then stained with GAR-HRP (1:
10,000) and visualized by ECL.

TCDD (data not shown). The difference in apparent
molecular mass of mMARNT in panels A and B reflects the
use of different percentage SDS-PAGE gels in these exper-
iments. These results suggest that rtARNT, is able to
function in concert with mAHR to the same level of
efficiency as mARNT and indicates that the Hepa-1 type 11
cell is an appropriate model to evaluate rt ARNT function.
These results are consistent with the finding that rtARNT,
and mARNT share > 80% amino acid sequence identity
over the NH-terminal 533 amino acids with 100% amino
acid conservation in the bHLH domain [13], and that
AHR-mediated signal transduction is similar in mammalian
and aquatic cells [44].

Analysis of PST-Rich C-Terminal Domain

rtARNT, contains a 104-amino-acid PST-rich C-terminal
domain and is also missing 123 amino acids encoded by an
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—— NH-terminus 1) PST-rich 1
1 bHLH PASA PASB 533 637
rtARNT, [T 1 | |
rtARNT, [ A S S S ST
1 149 310 53;3 EXON 65I(: QN-rich 723
tARNT , CWT] [T T
ItARNT I O NN 11
rtARNT 3, (I
ARNT 533 oy CECTCT T T TN
ItARNT ¢35 oy CHT] [T KRSNSNSSSSN
ItARNT 35 py pop L] [ T SSSSSSYY.

FIG. 2. Schematic diagram of rtARNT, and rtARNT), showing the structure of C-terminal constructs. All constructs were ligated into
pcDNAJ3.1 for expression in vivo and in vitro. Numbers indicate amino acids. Specific domains are indicated.

alternatively spliced exon [13]. Since rtARNT, has domi-
nant negative activity in AHR-mediated signaling, it has
been hypothesized that the divergent C-terminal region
must provide some type of repressor function to the protein.
It is unclear, however, whether the repressor function is
related to the presence of the PST-rich C-terminal domain,
lack of the 123 amino acids encoded by the exon, or both.
It is also unclear how the C-terminal domain affects
function at the N-terminus. To begin to investigate these
questions, chimeric and truncated rtARNT proteins were
evaluated for their ability to complement endogenous
AHR-mediated signaling in ARNT-defective cells. A sche-
matic representation of the rtARNT, and rtARNT, pro-
tein domains and the constructs used to express the
chimeric proteins is shown in Fig. 2.

Type I cells were transfected with identical amounts of
each construct shown in Fig. 2, treated with TCDD (2 nM),
and processed as detailed in Materials and Methods. The
levels of rtARNT and P4501A1 protein were then deter-
mined by western blotting and quantified by computer
densitometry. Figure 3A shows a representative blot, with
each lane representing a single plate of cells. The results
show that all of the transfected cells expressed a similar
level of rtARNT protein that migrated at the expected
molecular mass. Following TCDD treatment, cells trans-
fected with rtARNT, rtARNTSs;; gy, 1tARNTs;5, and
1tARNT 535 oy expressed detectable levels of P4501A1. In
contrast, expression of rtARNT, did not result in high
levels of P4501A1 induction in type II cells following
treatment with TCDD. Figure 3C shows the results for
P4501A1 expression normalized to the level of rtARNT
protein expression and presented as the percentage of
expression compared with rtARNT,,. Importantly, removal
of the 123-amino-acid region encoded by the exon from
rtARNT), resulted in a protein (rtARNTSs35 o) that could
complement AHR-mediated signaling to 80% of rtARNT..
In addition, the expression of the 104-amino-acid PST-rich

domain on the C-terminus of tARNT___ (rtARNTs35 gx.
psT) reduced the level of TCDD-inducible P4501A1 pro-
tein by > 90% (Fig. 3, A and C).

These results indicate that deletion of the 67-amino-acid
QN-rich domain from rtARNT, has a minimal effect on
AHR-mediated signaling. However, deletion of the 123-
amino-acid domain encoded by the exon affected AHR-
mediated signaling by 25-50%. This suggests that rtARNT,,
can function independently of its C-terminus in AHR-
mediated signaling but that more extensive deletions affect
protein function. These results are consistent with previous
studies that have evaluated the function of the C-terminus
of mammalian ARNT in vitro and in vivo [34, 45]. The
finding that removal of the PST-rich domain from
rtARNT, (rtARNTS;35) restores functionality to rtARNT,
and that rtARNT 35 o is also highly functional, indicates
that the PST-rich domain is solely responsible for the
negative function of rtARNT, on AHR-mediated signaling
and that the 123 amino acids encoded by the exon do not
contribute to this function. This hypothesis is further
supported by the finding that addition of the PST-rich
domain to rtARNTs35 px (rtARNTs55 gy psT) Tesults in a

protein that functions in a manner similar to that of
rtARNT..

PST-Rich C-Terminal Domain and XRE Binding

The reduction in TCDD-induced expression of P4501A1 in
type I cells expressing ttARNTs35 gy pst could be the
result of inefficient formation of rtARNTeAHR com-
plexes, decreased affinity of the rtARNT®AHR complex
for DNA, or repression of the transactivation supplied by
the AHR. Studies focused on the association of the
rtARNTemAHR complex with DNA, since previous re-
sults showed that rtARNT, formed dimers with mAHR
[13]. To evaluate the interaction of the various
rtARNTemAHR complexes with DNA, rtARNT protein
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FIG. 3. Analysis of C-terminal domains of rtARNT, and
rtARNT,. (A) Western blot of P4501A1 expression in TCDD-
treated type II cells expressing rtARNT proteins. Three plates
of type II cells were transfected with the indicated constructs,
treated with TCDD (1 nM) for 16 hr, and total cell lysates were
prepared. Eighteen micrograms of each sample was subjected to
denaturing gel electrophoresis and blotted to nitrocellulose.
Duplicate blots were stained with either rt-84 IgG (1.0 pg/mL)
or anti-P4501A1 IgG (1:500). Blots then were stained with
GAR-HRP (1:10,000) and visualized by ECL. (B) EMSA of
rtARNT protein. One hundred micrograms of type II cytosol
was combined with either 20 or 50 ng of the indicated rtARNT
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was produced in witro and quantified on western blots.
Identical amounts of recombinant protein were then com-
bined with type II cytosol and activated with TCDD at 30°
for 2 hr. The formation of functional rtARNTemAHR
complexes was then evaluated by EMSA using an oligonu-
cleotide containing the putative XRE sequence [41]. An
aliquot of the identical sample used for the EMSA was also
evaluated for the level of input rtARNT by western
blotting. Figure 3B shows the results of a typical assay. It
can be observed that the level of input rtARNT protein is
consistent for all samples. Samples containing rtARNT,
and type II cytosol were able to shift the putative XRE
following TCDD activation. In addition, a strong shift was
observed with ttARNTs33 gy, and a shift was also detected
with rtARNTSs35 and rtARNT535 . In contrast, when the
PST-rich C-terminal domain was present on the expressed
protein (rtARNT, or rtARNT;55 gy pst), @ minimal shift
was observed. The specifically shifted bands were quantified
by computer densitometry, and the data are presented as
the percentage of expression compared with rtARNT), (Fig.
3C). The data directly parallel the results from the comple-
mentation experiments and suggest that the reduced func-
tion of proteins containing the PST-rich domain is at the
level of DNA binding. In addition, reductions in function-
ality of rtARNT}, due to C-terminal deletions are at the
level of DNA binding. This hypothesis is supported by
immunoprecipitation experiments that showed that all of
the rtARNT chimeric proteins associated with the mAHR
(data not shown).

Having established that the PST-rich C-terminal do-
main of rtARNT, was responsible for the divergent func-
tion of this protein, it was of interest to determine whether
this domain would have similar functions in the context of
the mARNT protein. rtARNT and mARNT amino acid
sequences were aligned, and this established that truncation
of the C-terminal 205 amino acids of mARNT
(mARNT;g;) would be the correlate to the rtARNTS;5;.
The rtEX-PST and rtEX-QN sequences were then ligated
to mARNT;g; so that function could be analyzed. The
various ARNT chimeras are illustrated in Fig. 4A. Each
chimeric protein was expressed in vitro and quantified by
western blotting with the R-1 antibody. However, since the

protein. Then samples were activated with TCDD (10 nM) for
2 hr at 30°, and EMSA was performed as detailed in Materials
and Methods. The specifically shifted band associated with
rtARNTe AHR ¢ XRE complex is indicated. The western blot at
the top of the EMSA represents an aliquot of the exact samples
used for the EMSA stained with the rt-84 antibody as detailed in
part A. Each pair of lanes represents use of 20 and 50 ng of the
indicated ARNT protein, respectively. Molecular mass markers
were BSA (81 kDa) and ovalbumin (51 kDa). (C) Composite of
P4501A1 expression and XRE binding. The levels of P4501A1,
rtARNT protein, and specifically shifted XRE were quantified
by computer densitometry as detailed in Materials and Methods.
These data are presented as the percentage of P4501A1 expres-
sion or XRE binding compared with rtARNT, (100%). Each
bar represents the mean * range of two independent experi-
ments, of which the data from 3B (50 ng lanes) represents one.



1184
BH- —_— COOH - ierminus ——
1 BHLH PAS A PAS B 51 ™" éo
mARNT (T T T T ] ] N
Q}%
mARNT [ ] v
mMARNT, e 100 4/-12
MARNT gy pxpsy LT T 1 NSNS 45 4/-5
178 +/-20

MARNT g evon O

B)

E 3

& &

i 3
£ B
e z
o -
- -
E E

‘:g ———re— 51

Ny Mo

FIG. 4. Analysis of C-terminal domains of rtARNT, and
rtARNT, in the context of mARNT. (A) Schematic diagram of
mARNT and structure of rtARNT/mARNT chimeras. All
constructs were ligated into pcDNA3.1 for expression in vivo
and in vitro. (B) EMSA of mARNT chimeric protein. One
hundred micrograms of type II cytosol was combined with 50 ng
of the indicated mARNT protein. Then samples were activated
with TCDD (10 nM) for 2 hr at 30°, and EMSA was performed
as detailed in Materials and Methods. The specifically shifted
band associated with ARNTe® AHR ¢ XRE complex is indicated.
The western blot at the top of the EMSA represents an aliquot
of the exact samples used for the EMSA stained with the R-1
antibody as detailed in Materials and Methods. Molecular mass
markers were BSA (81 kDa) and ovalbumin (51 kDa).

R-1 antibody was produced against the C-terminal half of
mARNT [38], and this portion of the protein is truncated,
the level of chimeric protein cannot be compared to the
level of full-length mARNT, and thus mARNT is included
as a positive control. To evaluate function, identical
amounts of MARNT g3, mMARNT, gy o, and mARNT, gy
psT were combined with type II cytosol, activated with
TCDD, and EMSA was performed as described. Figure 4B
shows the results of a representative assay. The western
blots of the exact samples used in the gel shift assay are also
shown in Fig. 4B.

Type 1I cytosol supplemented with mARNT and acti-
vated with TCDD showed a strong shift, and served as a
positive control. mARNT;g; was also capable of forming
mARNTeAHR complexes that bound the XRE as ob-
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served for tARNTS;;5. When the rtEX-QN domain was
added to the mARNT;g5 (mMARNT5g5 g on)» the inten-
sity of the gel shift was increased by 78%. In contrast,
addition of the rtEX-PST region to mARNTsgs
(mARNT, zx.ps7) resulted in a > 50% reduction in bind-
ing at the XRE, which was approximately 25% of the level
observed with the mARNT, gy oy protein. Experiments
confirmed that all mARNT chimeras associate with the
mAHR and that mARNT, gy o but not mARNT, gy pst
complemented AHR-mediated signaling in type II cells
(data not shown). Collectively, these findings support the
hypothesis that the PST-rich C-terminal domain is respon-
sible for the reduced function of rtARNT, and indicate that
the domain can affect mammalian proteins.

Transactivation Potential of rtARNT, and rtARNT,

Since ARNT functions in numerous signal transduction
pathways, it was of interest to investigate whether the
rtARNT, and rtARNT,, proteins contained TADs. Previ-
ous studies have shown the presence of TADs in the
C-terminal portion of mammalian ARNT and other bHLH
proteins [6, 11, 24, 33-37]. In addition, sequences rich in
proline, serine, and threonine have been shown to contain
transactivation function. To begin to address this question,
the standard Gal4 assay system was utilized [39]. Gal4/
rtARNT chimeras were generated by ligating the exon
(EX) and C-terminal regions of rtARNT, (PST) and
rtARNT, (QN) to the Gal4 DNA binding domain (Fig.
5A). Each Gal4/rtARNT chimera was expressed in vitro and
quantified by western blotting using an antibody against the
Gal4 1-147 sequence (data not shown). All proteins
migrated at the correct molecular mass and appeared to be
expressed to a similar level in vitro.

To evaluate the transcriptional activity of the chimeric
proteins, each construct was cotransfected into the type Il
Hepa-1 cell line with the reporter gene, pFR-LUC, and
pSVB-galactosidase. Luciferase assays were performed and
cell lysates prepared as detailed in Materials and Methods.
In addition, equal amounts of each lysate were resolved by
SDS-PAGE, transferred to nitrocellulose, and evaluated for
expression of the Gal4/rtARNT chimeras with the anti-
Gal4 antibody. It was anticipated that the luciferase activ-
ity could be normalized to the level of expressed protein
and not transfection efficiency, just as was done for the
analysis of P4501A1 induction. Unfortunately, the anti-
Gal4 antibody showed a high level of cross-reactivity with
type II lysate, making quantification of protein expression
unreliable. Thus, the transcriptional activity for each con-
struct could not be normalized to protein expression and
was calculated by dividing the luciferase activity by trans-
fection efficiency. Figure 5A shows the normalized values
for the various Gal4/rtARNT proteins.

The results indicate that proteins containing the QN
domain of rtARNT, induced high levels of luciferase
activity. This observation suggests the presence of a potent
TAD in the C-terminal region of rt ARNT).. In addition, it



Activation and Repression Domains of rtARNT 1185

=z =
A) B) & &
Normalized Luciferase Activity - ; E [E [2 E
RLU (x 107) <t K ¥ x X &
-~ < < < < <
0 2 4 10 30 - E £ £ £ £
1 ] l L1 =+ F F F I I
= LS . = = =
Gald 1-147 O O 6 S S S &
Gal4/nARNTEx~QN RSN 1 | | 1 .
Gald/tARNTy psr -
Gald/MARNT,g;  CHEEE _ ... mud
Gal4/tARNT 5, CIITIID L 33
Gald/itARNT e
4 4
*
. . . . 4 21
N nEX Il PST-rich C-terminal MIQN-rich C-terminal -—

FIG. 5. Analysis of transactivation domains within C-terminal regions of rtARNT, and rtARNT,. (A) The indicated C-terminal
domains of rtARNT, and rt ARNT, were ligated to the Gal4 DNA binding domain (refer to Fig. 2 for details of the rt ARNT domains).
The indicated constructs were co-transfected into 3—6 plates of type II cells with a luciferase reporter vector (pFR-LUC) and a
B-galactosidase expression vector (pSV-B-gal). Cells were harvested by trypsinization and split into two equal fractions. One fraction
was analyzed for luciferase and B-galactosidase activity as detailed in Materials and Methods. The other fraction was used to generate
total cell lysates for analysis of Gal4/rtARNT protein expression (below). Then the level of luciferase activity was divided by the level
of B-gal activity to normalize for transfection efficiency. Normalized luciferase activity values are means = SD of 3—6 samples. (B)
Western blot analysis of Gal4/rtARNT protein expression. To correlate the luciferase activity to the level of Gal4/rtARNT protein
expression, 18 pg of total cell lysate from the indicated samples was subjected to denaturing gel electrophoresis and blotted to
nitrocellulose. The blot was stained with anti-Gal4 antibody (Santa Cruz Biotechnology) followed by GAR-HRP (1:10,000) and
visualized by ECL. Arrowheads indicate the location of each Gal4/rtARNT protein. An arrowhead with an asterisk indicates the
expected location of Gal4/rtARNT,y, which despite low expression showed the highest level of transactivation activity. Molecular

mass markers were ovalbumin (51 kDa), carbonic anhydrase (33 kDa), and lysozyme (21 kDa).

appears that the 123-amino-acid domain expressed from
the exon (i.e. Gal4/rtARNTgy) harbored weak transcrip-
tional activity that in combination with the QN region
increased transcriptional activity by 20-fold. These results
are consistent with reports that have mapped TAD do-
mains within the C-terminal region of mammalian ARNT
and AHR [6, 33-36]. However, because the levels of
expression of Gal4/rtARNTqy and Gal4/rtARNTEy
protein were so different (Fig. 5B), it is not clear whether
Gal4/rtARNTgy oy is  truly  more active than
Gal4/rtARNT .

Unexpectedly, the C-terminal PST region of rtARNT,
did not exhibit transcriptional activity in the Gal4 assay. In
addition, the activity of the Gal4/rtARNTgy ps Was actu-
ally 3-fold lower than that of the Gal4/rtARNTEy alone.
These data are consistent with the complementation ex-
periments where the addition of the PST domain to
rtARNTEy reduced the function of the protein in AHR-
mediated signaling. Importantly, the lack of transcriptional
activity of Gal4 constructs containing the PST-rich domain
cannot be due to reduced expression of these chimeric
proteins, as they were highly expressed in transfected cells
(Fig. 5B). Thus, these results suggest that despite the
presence of serine, threonine, and proline residues, the
C-terminal region of rtARNT, does not harbor TADs.
Alternatively, these Gal4 chimeras may not associate with
DNA.

Since the PST-rich domain of rtARNT, produced a
negative effect on the DNA binding of the ARNTe AHR

complex (Figs. 3 and 4), the lack of transcriptional activity
of Gal4 constructs containing the PST-rich domain also
could be due to the failure of these proteins to associate
with the Gal4 DNA. To address this issue, each Gal4/
rtARNT construct was expressed in witro, and the relative
concentration of each protein was determined by western
blotting. The ability of each recombinant protein to bind
DNA then was evaluated by EMSA using an oligonucleo-
tide containing the Gal4 binding site sequence 5'-CG-
GAGGACAGTACTCCG-3' [42, 43]. Figure 6 shows the
result of a typical assay. Gal4 1-147 bound to DNA and
served as a positive control. Specificity of the shifted band
was demonstrated by the loss of the band when antibodies
against Gal4 1-147 were added to the activated samples
prior to the addition of the Gal4 oligonucleotide (Fig. 6,
lanes 8 and 10). The Gal4/rtARNTEy oy, Gal4/rtARN-
T, and Gal4/rtARNT gy proteins also produced gel shifts.
These results are consistent with the finding that each
protein exhibited transcriptional activity (Fig. 5A). In
contrast, Gal4/rtARNTgy pst and Gal4/rtARNT pgr failed
to shift the DNA containing the Gal4 binding site. These
results suggest that the inability to detect transactivation
activity in the PST-rich domain was due to reduced binding
of the complex to DNA and not lack of TAD activity.
Thus, the Gal4/rtARNTgy pst protein had negative func-
tion at the level of DNA binding, just as observed when the
domain was analyzed in the context of AHR-mediated
signaling (Figs. 3 and 4). Since the Gal4 protein and
AHRe®ARNT complex bind DNA through distinct protein
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FIG. 6. Electrophoretic mobility shift analysis of Gal4/rtARNT
protein. Each Gal4/rtARNT protein was produced in a coupled
TNT reaction. Identical amounts of recombinant protein were
subjected to EMSA with the Gal4 DNA binding domain as
detailed in Materials and Methods. Shifted bands can be ob-
served at different mobilities that correlate with the size of the
Gal4/rtARNT protein. The specificity of the shifted bands is
demonstrated in lanes 8 and 10, where the addition of anti-Gal4
antibody to the reaction resulted in loss of the band. The relative
level of Gal4/rtARNT protein used in each reaction can be seen
in the western blot at the top of the EMSA gel. These samples
represent an aliquot of the identical reactions used for the
EMSA that has been stained with the anti-Gal4 antibody.

domains, the ability of the PST-rich domain to affect
binding is intriguing. Since the Gal4 proteins bind to DNA
as a dimer [46], it is possible that the PST-rich domain
disrupts dimerization. Alternatively, the PST-rich sequence
may interfere directly with DNA binding of the dimer
through masking of the sequence or misfolding of the
protein.

Truncation of the PST-Rich C-Terminal Domain

It was next of interest to determine whether there were
specific domains within the PST-rich region that contrib-
uted to the negative function of this sequence. Computer
analysis of the 104-amino-acid C-terminal domain revealed
several regions of interest (Fig. 7A). Overall, the sequence
was dominated by B-sheets, numerous turn regions, and a
lack of a-helices. In addition, the first 40 amino acids were
hydrophilic, whereas the last 20 amino acids contained a
region that appeared to be strongly hydrophobic. There
were also four consensus motifs for PKC phosphorylation
and one CK2 site (Fig. 7A). To assess the impact of these
regions within the 104-amino-acid domain, several dele-
tions were made (Fig. 7B). The first truncation removed the
hydrophobic region identified in the final 20 amino acids
and was designated rtARNT y4,7. The second truncation
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was designed to conserve the hydrophilic region and three
PKC sites present within the first 50 residues of the
C-terminal domain and was designated rtARNT 454,. Each
construct was transfected into type II cells, and the expres-
sion of P4501A1 was quantified as detailed for previous
experiments. Figure 8A shows the western blot from a
representative experiment in which each sample represents
a single dish of transfected cells.

The results show that all of the transfected cells ex-
pressed a similar level of rt ARNT protein that migrated at
the expected molecular mass. Consistent with previous
results (Fig. 3), type 1l cells transfected with rtARNT,, or
rtARNT555 were capable of complementing AHR-medi-
ated signaling, whereas transfection of rt ARNT, resulted in
minimal induction of P4501A1 expression. However, re-
moval of 20 amino acids from the C-terminus of rtARNT,
resulted in a protein (rtARNT »4,;) that regained function
in AHR-mediated signaling to 50% of the level of
rtARNT), and 73% of the level of rtARNT55 (Fig. 8C).
Similar results were obtained in cells expressing the
rtARNT 454, protein, which functioned in AHR-mediated
signaling to 75% of the level of tARNT, and to nearly
100% of the level of rtARNT 555 (Fig. 8C). To confirm that
these results were related to recovery of DNA binding of
the rtARNTeAHR heterodimer, rtARNT protein was
produced in wvitro and quantified on western blots. Identical
amounts of recombinant protein then were activated with
type 1I cytosol as detailed and evaluated by EMSA (Fig.
8B). As observed in the complementation experiments,
truncation of the C-terminal 20 amino acids partially
restored the function of rtARNT,. rtARNT 4, produced a
gel shift that was approximately 30% of that observed with
rtARNT,, but was 55% of the level observed with
rtARNT555. Similar results were observed with the
rtARNT 4540, which resulted in XRE binding to 90% of the
level of rtARNTSs55. These results are consistent with the
complementation experiments and show that truncation of
the C-terminal domain restored the ability of the
rtARNTeAHR complex to associate with the XRE. This
suggests that the hydrophobic domain and not the PST-
rich region is primarily responsible for the negative func-
tion of rtARNT,.

CONCLUSIONS AND IMPLICATIONS

Recently, several bHLH/PAS proteins have been described
that inhibit the functionality of bHLH/PAS heterodimers.
One of the ARNT protein isoforms from rainbow trout,
rtARNT,, can bind to mAHR and function as a dominant
negative regulator of AHR-mediated signaling [13].
mSIM2, on the other hand, appears to bind to ARNT in a
nonfunctional heterodimer [30, 31]. In the case of
rtARNT,, negative function appears to involve sequestra-
tion of liganded AHR in a complex that does not bind
DNA, while mSIM2 appears to suppress the transactivation
of ARNT, but can also prevent ARNT from forming
functional heterodimers with HIF-1a. The striking feature
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FIG. 7. Detailed analysis of PST-rich C-terminal domain of rtARNT,. (A) The 104-amino-acid C-terminal domain of rtARNT, was
analyzed for secondary structure as detailed in Materials and Methods. Boxed regions indicate areas predicted to be a-helix, B-sheet,
or turn regions. Positive values predict areas that are hydrophilic and have a high probability of being on the surface of the protein.
Consensus phosphorylation sites for protein kinase C (PKC) and casein kinase 2 (CK2) are overlined. The location of the C-terminal
truncations are also indicated by the arrows. (B) Schematic diagram of the rtARNT constructs used to analyze the function of the

C-terminal domain of rtARNT,.

of both rtARNT, and mSIM2 function, however, is the fact
that the C-terminal domains of these proteins appear to
confer their negative function. Thus, studies were per-
formed to functionally evaluate the C-terminal domains of
rtARNT, with respect to AHR-mediated signaling. The
power of the experiments detailed in this report is the
evaluation of AHR-mediated signaling through analysis of
changes in expression of the endogenous CYPIAI gene and
direct correlation to the expression of different ARNT
proteins.

The results show that the C-terminal domain structure of
the functional rtARNT,, protein is similar to mammalian
ARNT and contains a potent TAD. In contrast, the
C-terminus of TtARNT, appears to be responsible for the
negative function of this protein. Indeed, truncation of the
C-terminal 20 amino acids of rtARNT, restores function to
rtARNT, in AHR-mediated signaling. In addition, expres-
sion of the C-terminal domain of rtARNT, in the context
of mARNT, rtARNT,, or Gal4 fusion proteins reduced
function of these proteins at the level of DNA binding.
Analysis of the 20-amino-acid domain responsible for the
negative activity of rtARNT, shows that the region is
hydrophobic and has a low probability of being on the
surface of the protein. In addition, the sequence is not rich
in PST residues (with respect to the rest of the C-terminal
domain) and has minimal secondary structure. A search of

GENBANK revealed no other proteins that contained this
sequence. Thus, the amino acid sequence itself may not be
as important as its hydrophobic nature and location in the
C-terminal portion of the protein.

Functional diversity in the C-terminal domain of tran-
scription factors appears to be a common theme. For
example, alternative RNA splicing results in expression of
a thyroid hormone receptor isoform (Tra2) with a diver-
gent C-terminal domain that can repress TR activated gene
expression through competition for DNA binding [47].
Phosphorylation and dephosphorylation of the C-terminal
domain of TRa2 appear to regulate the activity of this
protein. The transcriptional competence of B cell-specific
transcription factor is determined by activating and inhib-
itory sequences in the PST-rich C-terminal domain of this
protein that may be affected by changes in phosphorylation
as well [48]. In contrast, one member of the nuclear factor
1 family of transcription factors, termed NF1-X, contains a
novel C-terminal domain that appears to repress the DNA
binding activity of NF1 heterodimers by the formation of
non-functional heterodimers [49]. Interestingly, the expres-
sion of the NFI1-X C-terminal domain on Gal4 fusion
proteins also affects DNA binding just as reported here for
the C-terminus of rtARNT,. The precise mechanism
whereby these factors inhibit DNA binding is not known
and will likely require crystallographic analysis. However,
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FIG. 8. Functional analysis of the C-terminal domain of
rtARNT,. (A) Western blot of P4501A1 expression in TCDD-
treated type 11 cells expressing rtARNT proteins. Two to three
plates of type II cells were transfected with the indicated
constructs, treated with TCDD (1 nM) for 16 hr, and total cell
lysates were prepared. Eighteen micrograms of each sample was
subjected to denaturing gel electrophoresis and blotted to nitro-
cellulose. Duplicate blots were stained with either rt-84 IgG
(1.0 pg/mL) or anti-P4501A1 IgG (1:500). Blots were then
stained with GAR-HRP (1:10,000) and visualized by ECL.
Molecular mass markers were B-galactosidase (121 kDa), BSA
(81 kDa), and ovalbumin (51 kDa). (B) EMSA of rtARNT
protein. One hundred micrograms of type II cytosol was com-
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based on the biochemical data, it is logical to hypothesize
that the C-terminal end of rtARNT, causes a conforma-
tional change in the AHR® ARNT heterodimer that affects
DNA binding. This hypothesis is supported by the finding
that the immediate C-terminal domain of rtARNT, is
hydrophobic and, therefore, likely to be inside the protein
and not on the surface. Such a location may displace the
basic region from the proper context or mask it completely.
Displacement or masking of DNA binding domains would
also explain why the C-terminal end of rtARNT, affects
the binding of Gal4 complexes even though they bind
DNA  through different protein domains than
AHRe®ARNT complexes. However, because the Gal4 pro-
teins bind to DNA as a dimer [46], it cannot be ruled out
that the domain disrupts dimerization. These mechanisms
are consistent with those proposed for the function of
NF1-X [49].

The biological relevance of rtARNT, has not been
resolved, and the presence of a mammalian homologue is
unknown. Since the protein appears to have a negative
function in AHR-mediated signaling, this protein may
modulate the intensity of the response to AHR agonists.
Alternatively, the known range of function of the ARNT
protein is still expanding, and rtARNT, may interact with
other bHLH/PAS proteins in positive or negative ways.
The finding that functional diversity within the C-terminal
domain is responsible for the negative action of this protein
on AHR-mediated signaling is in agreement with the
function of other negatively acting transcription factors and
illustrates a common biological theme [30-32, 47-49]. The
data in this report also highlight the fact that the C-
terminal regions of bHLH/PAS proteins likely confer more
functionality to the protein than just transactivation. In-
deed, recent domain analysis of mSIM2 has shown that the
C-terminal region represses the transactivation function of
ARNT [30, 31]. Therefore, since the ARNT protein is
utilized by numerous signaling systems [7, 9, 10, 15, 16, 27,
28, 31, 32] and appears to be essential to normal develop-
ment [50, 51], experiments are in progress not only to
evaluate the function of rtARNT, in non-AHR-mediated
pathways (i.e. hypoxia), but to evaluate the expression of

bined with either 20 or 50 ng of the indicated rttARNT protein.
Then samples were activated with TCDD (10 nM) for 2 hr at
30°, and EMSA was performed as detailed in Materials and
Methods. The specifically shifted band associated with
rtARNT e AHR ¢ XRE complex is indicated. The western blot at
the top of the EMSA represents an aliquot of the exact samples
used for the EMSA stained with the rt-84 antibody as detailed in
part A. Each pair of lanes represents use of 50 and 20 ng of the
indicated ARNT protein, respectively. Molecular mass markers
were BSA (81 kDa) and ovalbumin (51 kDa). (C) Composite of
P4501A1 expression and XRE binding. The levels of P4501A1,
rtARNT protein, and specifically shifted XRE were quantified
by computer densitometry as detailed in Materials and Methods.
The data are presented as the percentage of P4501A1 expres-
sion or XRE binding compared with that calculated for
rtARNT, (100%). Each bar represents the mean % SD of three
independent samples.
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this protein during key developmental time points. As more
bHLH/PAS proteins are described, it is anticipated that
analysis of C-terminal function will add to the complexity
of bHLH/PAS protein signaling.
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National Institute of Environmental Health Sciences (Grant ES
08980) and the South Carolina Seagrant Consortium (Grant R/ER-
12) and a STAR Graduate Fellowship to B. N. from the Environ-
mental Protection Agency (Fellowship 915218-01).
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