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Abstract

Rainbow trout aryl hydrocarbon receptor (AHR) nuclear translocator isoform a (rtARNTa) has a negative function in AHR-mediated
signal transduction. Previous analyses suggest that the negative function is at the level of DNA binding and may be due to the presence
57 C-terminal amino acids that are strongly hydrophobic. To assess the negative activity of tARNTa at the molecular level, hydrophobic
rich domains corresponding to amino acids 601-637, 601-631, and 616631 were analyzed for the ability to affect the function of truncat
rtARNT proteins in complementation and gel shift assays. Addition of the hydrophobic-rich domains to these proteins reduced their abilit
to complement AHR-mediated signal transduction in mouse hepatoma cells by 65-95%. The decrease in function was related to a redu
ability of the AHR- rtARNT complex to bind DNA and not due to a lack of dimerization with AHR. Expression of the hydrophobic-rich
domains on Gal4 proteins showed that the C-terminal domain of rtARNTa was unlikely to contain transactivation function; however, the
hydrophobic domains reduced the ability of the Gal4 proteins to bind DNA. Immunoprecipitation and mutational experiments indicate tha
the hydrophobic-rich domains do not interact with the bHLH motif of AHR. Interestingly, immunoprecipitation experiments also revealed
that the C-terminal hydrophobic-rich region of tARNTa could oligomeiiréitro in a chimera with the Gal4 DNA binding domain. These
findings indicate that the C-terminal hydrophobic amino acids are critical for the negative function of tARNTa in AHR-mediated signaling
and suggest that multiple mechanisms may be involved in the repression of DNA binding. © 2001 Elsevier Science Inc. All rights reserve
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1. Introduction well-studied stress-induced pathways. The first is AHR-

mediated signaling that mediates many of the biological

The ARNT protein is a constitutively expressed nuclear
transcription factor, that belongs to the bHLH/PAS family
of proteins [1], and acts as a dimerization partner in two
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Abbreviations:ARNT, aryl hydrocarbon receptor nuclear translocator;
rtARNT, rainbow trout ARNT; mARNT, mouse ARNT; bHLH, basic
helix-loop-helix; PAS, PER-ARNT-SIM; AHR, aryl hydrocarbon receptor;
TCDD, 2,3,7,8-tetrachlorodibenz®dioxin; HIF, hypoxia-inducible fac-
tor; GAR-HRP, goat anti-rabbit horseradish peroxidase; TBS, Tris-buff-
ered saline; TTBS, Tris-buffered saline with Tween 20; TBE, Tris, boric
acid, EDTA; DMEM, Dulbecco’s minimum essential medium; FBS, fetal
bovine serum, PCR, polymerase chain reaction; DTT, dithiothreitol;
EMSA, electrophoretic mobility shift assay; TNT, transcription and trans-
lation; XRE, xenobiotic response element; and P450, cytochrome P450.

effects of halogenated aromatic hydrocarbons, typified by
TCDD [reviewed in Refs. 2 and 3]. The second pathway
involves the hypoxia-like factor (HIF-1) to modulate ex-
pression of genes such as VEGF, erythropoietin, and nu-
merous glycolytic enzymes [reviewed in Refs. 4 and 5]. In
both pathways, ARNT is an essential component of the
DNA binding heterodimer.

Similar to other transcription factors, the regulation of
ARNT and AHR function is influenced by phosphorylation,
hsp90, corepressors/coactivators, nuclear import/export,
and degradation [6—14]. In addition, there is growing evi-
dence of the regulation of ARNT and AHR function by
other bHLH/PAS proteins that act as transcriptional repres-
sors and dominant negative proteins. For example, mSIM2
has been shown to repress the transcriptional activity of
ARNT, and can prevent ARNT from forming functional
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FLAG™ epitope were purchased from the Zymed Corp.

Polyclonal rabbit antibodies against rat P4501A1 were
purchased from Xenotech. Goat anti-rabbit 1gG conju-

gated to horseradish peroxidase (GAR-HRP) was pur-
chased from Jackson Immunoresearch. TCDD was a gift
from Monsanto. The reporter plasmid pFR-Luc was pur-

chased from Stratagene.

heterodimers with HIF-1n vitro [15,16]. In addition, the
alternatively spliced rainbow trout isoform rtARNTa can
bind to mMAHR and function as a dominant negative regu-
lator of AHR-mediated signaling [17]. The dominant ex-
pression of an alternatively spliced ARNT isoform in the
estrogen-negative MDA-MB-231 cell line alters responsive-
ness to TCDD [18]. Finally, the AHR repressor (AhRR)
inhibits AHR function by competing with AHR for dimer-
ization with ARNT and XRE binding [19]. Not surprisingly,
the expression of transcriptional repressors and dominant
negative acting factors is common among many signaling  PBS is 0.8% NaCl, 0.02% KClI, 0.14% blaPO, 0.02%
pathways as a mechanism of altering response to stimuli andKH,PO, (pH 7.4). 2X gel sample buffer is 125 mM Tris (pH
regulating gene expression [reviewed in Ref. 20]. Collec- 6.8), 4% SDS, 25% glycerol, 4 mM EDTA, 20 mM DTT,
tively, these findings stress the importance of identifying 0.005% bromophenol blue. TBS is 50 mM Tris, 150 mM

2.2. Buffers

additional negatively-acting bHLH/PAS transcription fac-
tors and understanding their mechanism of action.

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

Previous studies from this laboratory have reported the 20, 300 mM NacCl (pH 7.5). BLOTTO is 5% dry milk in

identification of two alternatively spliced isoforms of rain-

TTBS. 2X lysis buffer is 50 mM HEPES (pH 7.4), 40 mM

bow trout ARNT, named rtARNTa and rtARNTD, that have sodium molybdate, 10 mM EGTA, 6 mM Mggl20%
divergent functions in AHR-mediated signal transduction glycerol. 5X gel shift buffer is 50 mM HEPES (pH 7.5), 15
due to the presence of distinct COOH-ends [17,21]. The mM MgCl, 50% glycerol. 0.5X TBE is 45 mM Tris-borate,
rtARNTD protein has a positive function in AHR-mediated 1 mM EDTA (pH 8.4). MENG is 25 mM MOPS (pH 7.1),
signaling, and contains a transcriptionally active glutamine- 1 mM EDTA, 10% glycerol, 0.02% Naazide. 1X immuno-
rich COOH-end similar to mARNT. In contrast, the precipitation (IP) and wash buffer is 25 mM Tris (pH 7.4),
rtARNTa protein is identical to rtARNTDb over the first 533 150 mM NacCl, 0.1% Nonidet P-40, 1 mM EDTA, 10%
amino acids but contains a distinct 123 amino acid proline- glycerol, 50 mM I-histidine.

serine-theonine (PST) rich COOH-end due to alternative

splicing of an exon and alteration of the open reading frame 2.3. Cells and growth conditions

[17]. Previous experiments have determined that the nega-

tive function of rtARNTa is: (i) due to the formation of Type Il Hepa-1 variants were a gift from Dr. Jim Whit-
rtARNTa- AHR complexes that have reduced affinity for lock, Jr. (Department of Pharmacology, Stanford Universi-
DNA [17,21], (ii) related to the presence of the PST-rich ty). These cells have reduced levels of ARNT and have been
domain and not to the lack of amino acids encoded by the used in previous studies to assess rtARNT funciiowitro
missing exon [21], and (iii) possibly mediated through a [17,22]. The cells were propagated at 37° in DMEM con-
hydrophobic domain within the PST-rich sequence [21]. To taining 5% FBS. All cells were passaged at 1-week intervals
extend these results and gain insight into the mechanismand used in experiments during a 2-month period.
involved in the negative activity of tARNTa, experiments

were initiated to functionally characterize the hydrophobic 2.4. Recombinant plasmids

amino acid domain of the rtARNTa protein with respect to

AHR-mediated signaling and transactivation function. Im- Parental vectors containing full-length rtARNTa (pMV-
portantly, rtARNT function was evaluated at the level of rtARNTa) and rtARNTb (pMVrtARNTb) have been de-
dimerization to the AHR, binding of the rtARNTAHR scribed previously [17,21]. To generate all rtARNT con-
dimer to the XRE, and induction of endogenous P4501A1 structs, specific primers and PCR were used to amplify
protein in cell culture models. specific C-terminal sequences from the pMVrtARNTa vec-
tor. The resulting fragments were cloned into pcrtARNT533
(encodes amino acids 1-533), pcrtARNTEX (encodes
amino acids 1-533 and the 123 amino acids of the spliced
exon), or pcrtARNTb (encodes the full 723 amino acids of
the rtARNTb sequence). These vectors have been detailed
previously [21], and the rtARNT domains are schematically
represented in Fig. 1A for reference. Thus, the numbers
used in the nomenclature in this report represent amino acid
residues. The parental sequence is always shown first (i.e.
rtARNTS533, rtARNTEX, etc.) with the newly ligated se-
quence following (i.e. rtARNT533/601-631 is a protein
containing the 533 N-terminal amino acids followed by

2. Materials and methods
2.1. Materials

Specific antibodies against mouse AHR protein (A-
1A) and rainbow trout ARNT (rt-84) were identical to
those described previously [11,17,22]. All antibodies
were affinity-purified IgG fractions. Antibodies against
GAL4 1-147 (anti-Gal4) were purchased from Santa
Cruz Biotechnology. Polyclonal antibodies against the
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A) i NH-terminus L PSTch 2.5.1n vitro mutagenesis
bHLH PAS A PAS 3
N, —— Cysteine 624 of ARNT hanged t lani
CARNTy T R Cysteine of r a was changed to an alanine
AR 53 &7 ™ residue in the plasmids pcrtARNTa and pcrtARNT533/601—
Fon Qv 631 to generate rtARNTa/A624 and rtARNT533/601—
533617 631A624 by the QuickChand¥ in vitro mutagenesis kit as
B) | 50 - ' detailed by the manufacturer (Stratagene). In addition,
533 580 617 637

PKC  PKC Y PKC CK2 Y Y

leucine 69 and 71 were mutated to alanines in the plasmid
pSportM’AHR to generate AHRNES as detailed [23]. All

S&ﬁ;ﬁ;y clones were sequenced to confirm the presence of the mu-
601-631 tation.
601-637
2.6.In vitro expression of ARNT proteins
©) MARNTa The recombinant rtARNT proteins were generated using
MARNT617 the TNT™™ Coupled Rabbit Reticulocyte Lysate System and
MARNTS80 the Gal4/rtARNT proteins using the Wheat Germ Extract
rtARNTS33 BBDEBDDEDDDE| Kit essentially as detailed by the manufacturer (Promega).
rtARNTS33/601-637 Upon completion of the 90-min reaction, samples were
HARNTS33/601-631 either combined with an equal volume of 2X gel sample
ARNTS33/616-631 [Frorerrarrnrorarara ] buffer and boiled for 5 min, or stored at —20° for use in
functional studies. The actual concentration of each recom-
D) HARNTS gt ezl binant protein expressed in each reaction was determined by
HARNTY6OL6Y P TR western blot analysis with the anti-mARNT, rt-84, or anti-
Gal4 antibody using standards or cell lysates containing
”::Z:b/m'“‘ i BOLLLLLNIL :’/ W ' known amounts of endogenous or recombinant protein [11].
It EX WA AT AT AT AT

rtARNTEX/601-631 [#.7 s s s v v v v v *F /.:]

2.7. Eukaryotic transfections and reporter gene assays

MARNTEX/616-631 [Frrrrrrrr 7 |

Approximately 5x 10° type Il cells were plated into
Fig. 1. Schematic diagram of rtARNT isoforms and expression constructs. g0-mm culture dishes and incubated at 37° for 16—24 hr.
(A) Domain structure of full-length rtARNTa and rtARNTb. Numbers One to two micrograms of appropriate plasmid vectors was

indicate amino acids. (B) C-terminal domains of rtARNTa showing a - h .
hydrophilicity profile. Positive values predict areas that are hydrophilic and then transfected into cells with L|p0fectAMIl\TE' as de

have a high probability of being on the surface of the protein. The location tailed by the manufacturer (Gibco). For complementation

of the C-terminal truncations and hydrophobic-rich domains are indicated. studies, after a 24-hr recovery, cells were incubated in the

(C) Schematic diagram of the constructs used to analyze the function(s) Ofpresence of 2 nM TCDD or DMSO for an additional 20—40

the C-terminal domain of TARNTa. (D) Schematic diagram of the con- 1y ca|i5 were harvested from plates by trypsinization, and

structs used to analyze the function(s) of the C-terminal domain of | cell | d d iled bel

HARNTa in the context of ARNTD. total cell lysates were prepared as detailed below. For trans-
activation studies, the cells were also transfected with 1.0
ng of the reporter gene pFR-Luc and 1@ of pSV8-

amino acids 601-631 of MARNTa). For Gal4 chimeric galactosidase to monitor transfection efficiency (Promega).

rtARNT proteins, the pc424 vector that contains the DNA ICetIfI]s were ?Ilowed rt10 exp;ezs 2ﬁ—48 hr aflt_(tar_ ttrar:sfection.l
binding region encoded by amino acids 1-147 was used n these instances, harvested cells were Spit into two equa

. . ractions. One fraction was used for the preparation of total
[21]. The nomenclature is the same as detailed above excep . . :
ysates. The other fraction was resuspended in reporter lysis

that the parental sequence is referred to as Gal4 followed by, . o

h ate ARNT e, Gald/601—631 | buffer (Promega), an@-gal and luciferase activities were
€ appropriate h 1j$q’::ence_("? a ; ; '; 4 determined as detailed by the manufacturer (Promega).

protein cont'ammg the -termlna amino acids o the Triplicate plates were transfected with each plasmid being

Gal4 protein followed Mby amino acids 601-631 Of g5 ated, and experiments were completed three times.

nARNTa). The FLAGM tagged rtARNTa construct

(FLAG™-1tARNTa) was generated by PCR using & 5 2 g production of total cell lysates and cytosol

oligonucleotide containing a Kozak and FLAY coding

sequence [primer 16, Ref. 21], and & dligonucleotide Total cell lysates for western blot analysis were prepared

[primer 2, Ref. 21]. To confirm the correct reading frame by sonicating cell pellets in 1X lysis buffer and NP-40 as

and to check for mutations, all constructs were sequenceddetailed previously [7,11,17,23]. Cytosol was prepared from

prior to use. type Il Hepa-1 cells by homogenization in MENG buffer
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supplemented with leupeptin (1g/mL), aprotinin (20 2.11. EMSA of Gal4/rtARNT proteins

pa/mL), and phenylmethylsulfonyl fluoride (1Q€M). Ho-

mogenates were centrifuged at 22,09@or 10 min in a Oligonucleotide Gal4BS (SACTGCTCGGAGGA-

refrigerated microcentrifuge, and aliquots of the superna- CAGTACTCCGCT) was annealed and labeled with

tants were stored at —70° prior to use in EMSA. Protein [*°PJdATP. The double-stranded fragment corresponds to

concentrations were determined by the Coomassie Bluethe consensus Gal4 binding site [26]. The desiredtitro

Plus assay (Pierce) using BSA as the standard. expressed Gal4/tARNT protein was incubated at 22° for 15
min in 1X gel shift buffer supplemented with KCI (120

o ) mM) and poly(dldC) (0.1 mg/mL). In some instances, 0.5 to

2.9. Quantitative western blot analysis 1.0 pg of affinity-purified anti-Gal4 antibody was included

in the sample. Then approximately 4 ng°8P-labeled XRE
Protein samples were resolved by denaturing electro- was added to each sample, and the incubation was continued

phoresis on discontinuous polyacrylamide slab gels (SDS—for an additional 15 min at 22°. The samples were resolved

PAGE) and were electrophoretically transferred to nitrocel- on 5% acrylamide/0.5X TBE gels, dried, and exposed to

lulose as described [7,8,11,17]. Immunochemical staining film.

was carried out with various concentrations of primary

antibody (see text and figure legends) in BLOTTO buffer 2.12. Immunoprecipitation

for 1-2 hr at 22°, followed by three washes of TTBSor

a total of 45 min. The blot was then incubated in BLOTTO Recombinant ARNT was produced vitro in the pres-

buffer containing a 1:10,000 dilution of GAR-HRP (see text ence of F°S]methionine. 1°S]Methionine-labeled ARNT

and figure legends) for 1 hr at 22° and washed in three was combined in an equal molar ratio with unlabeled (cold)

changes of TTBS$. Bands were visualized with the en- AHRin 1X MENG buffer and activated with 10 nM TCDD

hanced chemiluminescence (ECL) kit as specified by the fOr 2 hr at 25°. Protein mixtures were then incubated with 5

manufacturer (Amersham). The relative concentrations of #9 Of affinity-purified antibody in the presence of 1X im-

tARNT, P4501A1, Gal4, and actin were determined by munoprecipitation buffer for 1 hr at 22°. The samples were

computer analysis of the autoradiographs as detailed previ_tre_ms;ersredhto newct:uLszB, Eupglempehnted witt “258' of prrlo-l
ously [7,8,11,17]. All exposures analyzed by this method tein A-oepnarose LL- eads (Pharmacia |ote9 » Inc.),
and incubated for 1 hr at 22°. Samples were centrifuged at

were within the linear range established for each antibody. 500g for 2 min at 22°, and the beads were removed to fresh
tubes. The beads were washed for a total of 15 min with
2.10. In vitro activation of AHRARNT complexes and three changes of IP wash buffer, mixed with 2b of 2X
EMSA gel sample buffer, boiled for 5 min at 95°, and resolved by
SDS—-PAGE. The gels were incubated with Amplify (Am-
AHR - ARNT complexes were produced by combining ersham Corp.) for 30 min and exposed to film.
approximately 50—80 ng dh vitro translated mARNT or
rARNT proteins with 100ug of type Il cytosol in the
presence of 10 nM TCDD or 0.5% DMSO at 25° for 2 hr. 3. Results and discussion
The amount of each recombinant protein added to each
sample was always identical as determined by western blot-3-1. Functional analysis of tARNTa hydrophobic domains
ting of the input protein (as detailed above). _ ) _
Oligonucleotides XRE-1 (5CGGCTCGGAGTT- P_rewous studies have demonstrated that the 40 residues
GCGTGAGAAGAG) and XRE-2 (5CGGCTCTTCT- making up the COOH-end of rtARNTa encode strongly

CACGCAACTCCGAG) were annealed and labeled with ?ydrop;_hobicf tzmino ag(;ds, andt exg?;]imeg_tlst Sth\'tV:gNt_?at
[32P]dCTP by Klenow fill in [24]. The double-stranded runcaton ofthese residues restored the ability orr a

fragment corresponds to the consensus XRE-1 of theto complement AHR-mediated signal transduction in cells

. . [21]. Thus, the studies within this report were designed to
C_YPlAl_ promoter as previously desc_:nbed [25]. ‘Tine determine which amino acids were responsible for the neg-
vitro activated type Il cytosol was then incubated at 22° for

o . ) ative function of tARNTa and to determine the mechanism
15 min in 1X gel shift buffer supplementgd with KCI (80 through which the effect was mediated.
mM) and poly(didC) (0.1 mg/mL). In some instances, 0.510 14 pegin the analysis of these questions, three regions of
1.0 pg of affinity purified anti-mARNT, rt-84, A-1, or  Lyqgrophobic amino acids contained within the C-terminus
preimmune 1gG was included in the sample. Then approx- of tARNTa were evaluated in the context of tARNT for
imately 4 ng of**P-labeled XRE was added to each sample, their ability to complement endogenous AHR-mediated sig-
and the incubation was continued for an additional 15 min naling in ARNT-defective cells (type Il cells). Figure 1
at 22°. The samples were resolved on 5% acrylamide/0.5X shows a schematic representation of the domains and the
TBE gels, dried, and exposed to film. nomenclature of the constructs used to express each protein.
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Fig. 2. Analysis of hydrophobic-rich domains in the context of tARNT533. (A) Triplicate plates of type Il cells were transfected with the inditstied s,

treated with TCDD (2 nM) for 16 hr, and harvested. Total cell lysatesy@Bwere analyzed by western blotting with either rt-84 IgG (L@mL) or
anti-P4501A1 IgG (1:500) and visualized by ECL with GAR-HRP (1:10,000). (B) Composite of P4501A1 expression and XRE binding. The levels of
P4501A1, rtARNT protein, and specifically shifted XRE were quantified by computer densitometry. The data are presented as the percentage of P4501
expression or XRE binding compared with tARNT533 (100%). Each bar represents thexm@Bnof at least three independent experiments. (C) One
hundred micrograms of type Il cytosol was combined with 50 ng of the indicated rtARNT protein. Samples were activated with TCDD (10 nM) for 2 hr at
30° The specifically shifted band associated with tARNYHR - 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 panel A. (D) Analysis of tARNT association with mAHR. Equal
amounts of**S-labeled tARNT and AHR protein were combined, activated with 2 nM TCDD for 2 hr at 30°, and precipitated wgtoBA-1 1gG
(anti-AHR) or pre-immune IgG. Samples were then resolved by SDS—-PAGE, and the dried gels were exposed to film. Only 50% of the input samples we
resolved. Sizes are in kDa.

Type Il cells were then transfected with identical amounts protein. This finding is consistent with previous studies that
of each construct, treated with 2 nM TCDD for 16 hr, and have demonstrated that the COOH-end of mammalian
total lysates prepared. Then the levels of rtARNT and ARNT is not required for AHR-mediated gene induction
P4501A1 protein were determined by quantitative western [27,28]. Truncation of 20 (tARNT617) and 57 (tARNT580)
blotting. Figure 2A shows a representative blot, with each amino acids from the C-terminal domain of rtARNTa also
lane representing a single dish of transfected cells, while complemented induction of P4501A1 to at least 70% of the
Fig. 2B shows the level of P4501A1 induction normalized level of tARNT533. In contrast, cells expressing tARNT533/
to the level of each rtARNT protein and compared with the 601-637 and rtARNT533/616—631 functioned in AHR-me-
level induced by rtARNT533. diated signaling to less than 55% of the level of TARNT533
The results demonstrated that tARNT533 complements with the tARNT533/601-631 showing only about 10% of the
AHR-mediated signaling in comparison to the rtARNTa activity of tARNT533in vitro. Thus, these results support the
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hypothesis that the C-terminal hydrophobic amino acids be-
tween residues 601 and 631 are critical for the negative func-

tion of tARNTa in AHR-mediated signaling.

Previous studies have shown that reduction in the
TCDD-inducible expression of P4501A1 in cells transfected
with rtARNTa occurs at the level of DNA binding [17,21].
To evaluate the interaction of rtARNTAHR complexes
with DNA, identical amounts of each rtARNT protein were
combined with type Il cytosol and activated with TCDD.
The formation of rtARNT AHR - XRE complexes was
then evaluated by EMSA. A typical assay is shown in Fig.
2C, while the quantified data are presented in Fig. 2B.
rtARNTa failed to produce a strong shift, while tARNT533
functioned in the EMSA consistent with the induction of
P4501A1. However, the addition of the hydrophobic-rich
domains to rtARNT533 resulted in a decrease in DNA
binding that closely paralleled the data from the comple-

B. Necela, R.S. Pollenz / Biochemical Pharmacology 62 (2001) 307-318

exon found in rtARNTDb (all constructs are shown in Fig.
1D). Constructs were then analyzed for their ability to
complement AHR-mediated signaling in type II cells, bind
the XRE, and form a heterodimer with AHR as detailed
above.

Figure 3A shows the results of a typical complementa-
tion assay where each lane represents an independent plate
of transfected cells. The quantified data are presented in Fig.
3B. Consistent with previous data, both rtARNTb and
rtARNTEX were capable of inducing P4501A1 expression
in type 1l cells [17,21]. However, addition of amino acids
616—631 and 601-631 to rtARNTb resulted in approxi-
mately 90% reductions in P4501A1 expression when com-
pared with rtARNTDb. Similarly, addition of the hydrophobic
domains to rtARNTEX resulted in 90-95% reductions in
P4501A1 induction compared with levels induced by
rtARNTEX.

To confirm that these results were related to reduced

mentation assay (Fig. 2, B and C). In both complementation
and gel shift experiments, residues 601-631 showed thelevels of DNA binding, identical amounts of recombinant
strongest ability to repress the function of rtARNT533. It rtARNT protein were combined with type Il cytosol, acti-
can also be observed that partial truncation of the hydro- vated, and evaluated by EMSA. Figure 3C shows the results

phobic domain (i.e. tARNT617) did not restore positive

function to rtARNTa completely. Collectively, these results

suggest that the inhibitory function of rtARNTa resides

within amino acids 601-631, although it cannot be ruled out
that additional amino acids within the N-terminal 533 res-
idues facilitate the ability of the hydrophobic domain to

function.

It is possible that the reduced ability of proteins contain-
ing the hydrophobic-rich domains to bind the XRE might
reflect the failure of tARNT and AHR to heterodimerize.
To evaluate this possibility, identical amounts B6-la
beled rtARNT protein were combined with unlabeled AHR
protein, activated with TCDD, and immunoprecipitated.

of a typical assay. As expected, rtARNTb and rtARNTEX
produced a strong gel shift in the presence of type Il cytosol.
However, addition of residues 616—-631 and 601-631 to
either rtARNTDb or rtARNTEX resulted in approximately
75-90% reductions in the DNA binding that closely paral-
leled the results of the complementation assay (Fig. 3A). To
confirm that dimerization with AHR was not affected in
these studies, co-immunoprecipitation assays were per-
formed for each protein. All tARNT proteins were precip-
itated efficiently in the presence of AHR and TCDD show-
ing that dimerization was not affected (data not shown).
Thus, these experiments have shown that amino acid do-
mains 601-631 and 616—-631 of rtARNTa can negatively

Figure 2D shows the results from a representative experi- affect the function of three different sized rtARNT proteins
ment. It can be observed that an antibody specific to the (tARNT533, rtARNTEX, and rtARNTD) at the level of
murine AHR was able to effectively bring down each of the DNA binding. Interestingly, the magnitude of repression
rtARNT constructs. Specificity is demonstrated by the lack appeared higher with the tARNTEX (656 amino acids) and
of ARNT precipitation with pre-immune 1gG and in sam- rtARNTb (723 amino acids) proteins than with tARNT533
ples lacking AHR. Thus, the impaired DNA-binding activ- (533 amino acids). This may be related to the fact that
ity observed with proteins expressing the hydrophobic do- repression was based on the activity of the full-length
mains does not result from deficient dimerization function rtARNTDb protein (as opposed to the rtARNT533) or that the
and implies that the C-terminal hydrophobic amino acids presence of the exon sequence allows more efficient func-
are involved in the negative function of rtARNTa by inhib- tion of the hydrophobic domains.
iting its DNA binding activity.

The previous studies established that the hydrophobic-3.2. Transactivation potential of rtARNTa
rich domains could inhibit function when fused to the C- hydrophobic domains
terminus of rtARNTS533. Thus, it was pertinent to investi-
gate whether these domains would function in a similar  The C-terminal ends of mammalian ARNT, rainbow
manner when present on the functional rtARNTD protein or trout rtARNTb, and other bHLH proteins have been shown
in the presence of the spliced exon. Thus, domains 601—-631to contain transcription activation domains (TADs) rich in
and 616—631 were expressed at the C-terminus of full- glutamine [21,27-30]. In addition, many transcription fac-

length rtARNTb (rtARNTb/601-631; rtARNTb/616—-631)
or rtARNTEX (rtARNTEX/601-631; rtARNTEX/616—
631). The rtARNTEX protein contains the 533 N-terminal

tors including rainbow trout AHR have potent TADSs rich in
proline, serine, and threonine (Pollenz RS, unpublished ob-
servations). Previous studies were unable to assign tran-

amino acids and the 123 amino acids encoded by the splicedscriptional function to the PST-rich COOH-end of tARNTa
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Fig. 3. Analysis of hydrophobic-rich domains in the context of tARNTb and rtARNTEX. (A) Triplicate plates of type Il cells were transfected with the
indicated constructs, treated with TCDD (2 nM) for 16 hr, and harvested. Total cell lysatpg)18re analyzed by western blotting with either rt-84 1gG

(1.0 ug/mL) or anti-P4501A1 IgG (1:500), and visualized by ECL with GAR-HRP (1:10,000). (B) Composite of P4501A1 expression and XRE binding. The
levels of P4501A1, rtARNT protein, and specifically shifted XRE were quantified by computer densitometry. The data are presented as the percentage
P4501A1 expression or XRE binding compared with tARNTb (100%). Each bar represents the-r&&anf at least three independent experiments. (C)

One hundred micrograms of type Il cytosol was combined with 50 ng of the indicated rtARNT protein. Samples were activated with TCDD (10 nM) for 2
hr at 30" The specifically shifted band associated with tARNIHR - 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 panel A. (D) Analysis of rtARNT association with mAHR.
353-Labeled rtARNT and AHR protein were combined at a 1:1 ratio, activated with 2 nM TCDD for 2 hr at 30°, and precipitatedugiti 8-1 1gG or
pre-immune IgG. Samples were then resolved by SDS—-PAGE, and the dried gels were exposed to film. Only 50% of the input samples were resolved. Si
are in kDa.

because it failed to bind DNA in the Gal4 system [21]. Gal4/QN construct was used. This construct expresses a
However, these studies were performed with the entire protein that contains the Gal4 DNA binding domain fused to
COOH-end of rtARNTa and contained the inhibitory hy- the transcriptionally active QN-rich COOH-end of
drophobic amino acids. rtARNTD [see Fig. 1A and Ref. 21]. The results show that
To test whether the PST-rich portion of the COOH-end even though each Gal4 protein was expressed in the assay
contained transactivation function that might be masked by efficiently, all the proteins containing sequence from
the hydrophobic domain, portions of the C-terminal end of rtARNTa showed minimal levels of transactivation com-
rtARNTa were fused to Gal4 DNA binding domain and pared with Gal4/QN.
assayed for transactivation and DNA binding. To evaluate  To confirm that the reduced level of transactivation by
the transcriptional activity of the chimeric proteins, each the various rtARNTa chimeras was not the result of reduced
construct was transfected into the type Il cells with the DNA binding, each Gal4/rtARNT chimera was expressed
reporter gene, pFR-Luc. Luciferase activity was normalized vitro and then evaluated by EMSA using an oligonucleotide
to the level of each chimeric Gal4 protein, and a represen- containing the Gal4 binding site. Figure 4B shows the
tative experiment is presented in Fig. 4A. As a control, the expression of each protein using an anti-Gal4 antibody. A
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representative EMSA using the Gal4 oligonucleotide is
A) shown in Fig. 4C. The Gal4 protein (amino acids 1-147)
served as a control and produced a strong shift. Importantly,
proteins containing the entire COOH-end of rtARNTa
(Gal4/533-637) failed to bind DNA, as has been reported
previously [21]. However, deletions removing a portion of
the hydrophobic residues (from Gal4/533-617) restored
DNA binding slightly, while complete truncation of the
hydrophobic residues (Gal4/533-580) restored DNA bind-
ing properties. Consistently, the chimeric proteins contain-
ing residues 601-631 and 616—631 bound DNA very
weakly as compared with Gal4 or Gal4/533-580. Specific-

Gald/616-631

Gald/533-637

T, — 3 ity of the assay is demonstrated by the loss of the bands
_— e — 2l when antibodies against Gal4 protein were added prior to
the addition of the Gal4 oligonucleotide (Fig. 4C; lanes 4, 6,
B) 8, 10, and 12). Thus, the results from these experiments

indicate that the PST-rich region between amino acids 533
and 580 does not appear to exhibit transactivation function
in type Il cells. Collectively, these findings suggest that
rtARNTa is unlikely to provide transactivation function as
observed for tARNTb [21] and mammalian ARNT proteins

- : 2l [27-30]. This finding makes it unlikely that rtARNTa can
provide positive transactivation function to AHR-indepen-
c) dent pathways.
o ; ; i :‘_5, __5, g 3.3. Interactions of hydrophobic domains with AHR
ani-GALL = = - o Rl S A B Studies next focused on how the rtARNTa might be

impacting DNA binding of the AHR ARNT dimer. One
possible mechanism could involve inappropriate dimeriza-
- - &b tion of the C-terminal domain of rtARNTa with the bHLH
region of AHR. To test this hypothesis, leucine 69 and
leucine 71 of the HLH domain of AHR were mutated to
alanine residues, and the protein was termed ANES.
These mutations have been shown to inhibit the ability of
e AHR to dimerize with ARNT by greater than 90% [23].
| st S S et S S S S S it | < ;) Thus, the formation of heterodimers between AMNES

_ _ - R _ and rtARNTa or rtARNT533 proteins was analyzed by
Fig. 4. Analysis of transactivation domains within regions of rtARNTa. . T h Its i . h h
(A) The indicated C-terminal domains of rtARNTa and rtARNTb were co-immunoprecipitation. The results .ln F'g' S show that
ligated to the Gal4 DNA binding domain (refer to Fig. 1 for details of ItARNTa clearly forms a complex with wild-type AHR,
the rtARNT domains). Constructs were co-transfected into 3—6 plates as demonstrated previously [17]_ However, neither
of type Il cells with a luciferase reporter vector (pFR-LUC) and a rtARNT533 nor tARNTa associated with the ARRIES
B-galactosidase expression vector (pB\gal). Cells were split into .. .
two fractions. One fraction was analyzed for luciferase gnglalacto- under the assay Con_dltlor_]s used_(F|g. 5)' rtARN_T533 was
sidase activity. The other fraction was used to generate total cell lysates US€d as a control since it contains the N-terminus com-
for analysis of Gal4/rtARNT protein expression. The level of luciferase  mon to rtARNTa but lacks the COOH-end containing the
activity was normalized to the expression Gal4/rtARNT protein. (B) hydrophobic amino acids (see Fig 1) These results pro-
Western blot analysis of Gal4/rtARNT protein expression used for ide i inf . h ) h. h he hvd
EMSA. The blot was stained with anti-Gal4 antibody followed by vide |.mpor'Fant in Ormatlon_aSt eyg ow that the y ro-
GAR-HRP (1:10,000) and visualized by ECL. (C) Identical amounts of phobic region of rtARNTa is not acting as an additional
recombinant protein were subjected to EMSA with the Gal4 oligonu- dimerization domain for association with the AHR. This

cleotide. Shifted ba_lnds can be observed at different mobil_it_ie_s that result implies that AHR and rtARNTa are dimerizing
correlate with the size of the Gal4/rtARNT protein. The specificity of

the shifted bands is demonstrated in lanes 4, 6, 8, 10, and 12, where_properly throth the HLH doma'n and that the negat'\_/e
addition of anti-Gal4 antibody to the reaction resulted in loss of the impact of the hydrophobic domain occurs through a dif-
band. ferent mechanism.
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@ the entire hydrophobic region might serve as a domain for

: o 2 B E protein—protein interaction, co-immunoprecipitation studies
= PZ« [-7- SR were_performgd using Gal4 chimeras conta_ining the hy(_jro—

& & & = = phobic domain. To generate the Gal4 chimeric proteins,

= = = 8 8 C-terminal domains from rtARNTa were fused to Gal4

cldAHR [ ¥ F = = - - - - DNA binding domain (1-147) as previously detailed [21].
AR e bt The3%S-labeled Gal4, Gal4/533—637 (entire C-terminal do
ani-AHR1eG [ZT= [+ [2[- [+] 2] - |+]||*= " 2l main), Gal4/533-580, and Gal4/601-631 proteins were in-
R e cubated with unlabeled recombinant rtARNTa at a ratio of
si=1 1:1 and 3:1, and co-immunoprecipitation was performed

51= - using an antibody specific to the N-terminus of rtARNT.

Western Thus, the only way*®S-labeled proteins might be precipi
Fig. 5. Analysis of AHR association with hydrophobic-rich domains of tated is for the C-terminal domains to associate. A western
MARNTa. Wild-type AHR or AHRANES protein was combined in an  blot of the unlabeled rtARNTa protein is presented to show
equal molar ratio witif°S-labeled rtARNT, activated with 2 nM TCDD for the integrity of the sample, and specificity is demonstrated
2 hr at 30°, and precipitated with 8g of A-1 1gG or pre-immune IgG. by the lack of precipitation with pre—immune e (Fig. 7)_

Only 50% of the input samples were resolved so as not to overwhelm the | dditi ificity is sh bv the lack of initati
gel. Sizes are in kDa. The western blot on the right shows the expression n addition, specitcity Is snown by the lack of precipitation

of the unlabeled AHR and AHERNES proteins used in the assay stained With the rt-84 antibody in samples lacking unlabeled
with the A-1 antibody (1ug/mL). nARNTa. To serve as a positive controfS-labeled

rtARNTa was precipitated with the rt-84 antibody.
The data in Fig. 7A show that’S-labeled Gal4 is not
3.4. Oligomerization potential of rtARNTa precipitated in the presence of rtARNTa. This is important
as it demonstrates that rtARNTa does not interact directly
The previous studies ruled out a direct interaction of the with this protein. In addition, Gal4/533-580, which lacks
hydrophobic domain of rtARNTa with the AHR; however, the hydrophobic residues, failed to associate with rtARNTa.
the possibility exists that the hydrophobic residues might However, samples containing the C-terminal hydrophobic
mediate dimerization or oligomerization of rtARNT. Oli- amino acids (Gal4/533-637 and Gal4/601-631) were pre-
gomerzation of rtARNT could generate a multi-protein cipitated with the rt-84 antibody in the presence of tARNTa
complex that might prevent access of the basic region of at both ratios used. Since tfS-labeled Gal4 chimeras lack
AHR or rtARNT with DNA. One mechanism for oligomer- a bHLH/PAS region, these results suggest that the C-termi-
ization could entail the formation of disulfide bonds be- nus, specifically the hydrophobic rich region of tARNTa, is
tween ARNT molecules or with cysteine residues of other capable of forming a protein—protein interaction with itself
proteins. Sequence analysis revealed that residue 624 ofn vitro. This finding implies that oligomerization through
rtARNTa was a cysteine and that there were no cysteinethis domain may be the possible mechanism for reduced
residues within the exon sequence of the C-terminal end of DNA binding in Gal4 constructs containing the C-terminal
rtARNTD [17]. To investigate the contribution of C624 to hydrophobic amino acids [Fig. 4 and Ref. 21].
the negative function of rtARNTa, the residue was changed Whereas the previous studies illustrated that the C-ter-
to an alanine byn vitro mutagenesis to produce rtARNT/ minal end of rtARNTa is capable of oligomerization when
A624 and rtARNT533/601-631A624. Each construct was fused to Gal4, it was important to determine whether this
then evaluated for complementation of P4A501A1 induction type of interaction could occur between full-length
in type Il cells with the appropriate control constructs, as rtARNTa proteins. To test whether rtARNTa proteins could
detailed previously. Figure 6 shows a representative exper-associate through the C-terminal end, a FLAG amino acid
iment. tARNT533 was able to complement the induction of tag was added to the N-terminal domain of rtARNTa
P4501A1, whereas rtARNTa was not. Importantly, the mu- (FLAG-rtARNTa). 3°S-Labeled rtARNTa was then ineu
tation of C624 to alanine in the rtARNTa protein did not bated with unlabeled FLAG-rtARNTa in a ratio of 1:1 or
result in increased levels of P4501A1 induction (Fig. 6, A 3:1, and co-immunoprecipitation was performed using an
and B). Likewise, the addition of domain 616—631 to antibody specific to the FLAG epitope. A western blot
rtARNTS533 reduced the function of this protein as detailed showing the expression of the unlabeled FLAG-rtARNTa
earlier, and the mutation of C624 to alanine did not restore used in the assay is shown. To serve as a positive control,
function to the level of tARNT533. In addition, neither of 3°S-labeled FLAG-rtARNTa was precipitated with anti-
the A624 mutants showed an increase in the level of DNA FLAG IgG. Specificity is shown by the lack of precipitation
binding when this was evaluated by the vitro EMSA with pre-immune 1gG. Figure 7B shows the results of a
assay (Fig. 6, B and C). Thus, these results imply that typical assay. The data show th&6-labeled rtARNT533
cysteine 624 has minimal influence on the inhibitory func- and FLAG-rtARNTa do not exhibit a high level of dimer-
tion of the hydrophobic domain. ization. This indicates that there is minimal association of
Since the above results do not rule out the possibility that the different rtARNT proteins through the bHLH/PAS re-
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Fig. 6. Analysis of mutagenesis of cysteine 624 within the C-terminus of rtARNTa. (A) Triplicate plates of type Il cells were transfected withdtedindi
constructs, treated with TCDD (2 nM) for 16 hr, and harvested. Total cell lysatgsyjl8ere analyzed by western blotting with either rt-84 1gG (1gdmL)

or anti-P4501A1 1gG (1:500), and visualized by ECL with GAR-HRP (1:10,000). (B) Composite of P4501A1 expression and XRE binding. The levels of
P4501A1, rtARNT protein, and specifically shifted XRE were quantified by computer densitometry. The data are presented as the percentage of P4501
expression or XRE binding compared with tARNT533 (100%). Each bar represents thezm@Bnof at least three independent experiments. (C) One
hundred micrograms of type Il cytosol was combined with 50 ng of the indicated rtARNT protein. Samples were then activated with TCDD (10 nM) for 2
hr at 30 and analyzed by EMSA. The western blot at the top of the EMSA represents an aliquot of the exact samples used for the EMSA stained with th
rt-84 antibody, as detailed in panel A.

gion under the conditions used in this assay. However, whenpared with the 637 amino acids for the full-length rtARNTa.
3°S-labeled rtARNTa and FLAG-rtARNTa were combined, Thus, the structural conformation of the larger full-length
the3>S-labeled rtARNTa was precipitated to a higher degree rtARNTa protein may reduce the level of oligomerization
(based on the level of input rtARNTa) than that seen in the between the hydrophobic C-terminal domains and only con-
samples with thé®S-labeled rtARNT533. Thus, these data tribute minimally to the negative function of rtARNTia
suggest that the full-length rtARNTa proteins can associate vivo.

with each other in thisn vitro assay beyond the dimeriza- In conclusion, nearly all families of transcription factors
tion observed through the HLH region. These results are contain members that supply some form of dominant neg-
consistent with the Gal4 data (Fig. 7A), although it is ative activity. The most well studied are the various bHLH
important to note that it appears that the oligomerization Id isoforms that appear to function in aspects of muscle
contributed by the C-terminal domain is reduced in the differentiation in concert with MyoD [31,32]. In contrast,
full-length proteins. One explanation for these results is that within the bHLH/PAS family of transcription factors, the
the Gal4 studies assayed the association of chimeric ARNT presence of proteins with negative activity on signaling is
that contained only 182-215 amino acids in length com- only now becoming evident. In this report, studies have
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A) with rtARNTa. This finding suggests that the hydrophobic
domain can serve as a site for oligomerizatiowitro. This
finding provides a possible mechanism for the reduced bind-
ing of the Gal4 constructs containing the hydrophobic do-
mains as these constructs may form multimers that alter the
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changes in intramolecular folding of AHR and or ARNT
during dimerization. Hydrophobic amino acids are most
likely to be on the inside of the protein; thus, the location of
the hydrophobic domain in the C-terminus suggests that it is
likely that the C-terminus folds inward. Such a structural

21 2

.‘ss.camnf;_;s;: g proper conformation required for DNA binding of Gal4.
ﬂfl’)ﬂr:[fr‘nhr'ﬂT][Sg = So how might rtARNTa exert a negative function on
8 81 AHR-mediated gene regulation? One possibility is through
—
- l. _chissud

Western Blot

B) SSFLAGARNTaLL LI L=t =t=tett=t=1-1 2 conformation may mask the DNA binding domain or pre-
358-rtARNTs33 [ [ == - T= =[5 1 ]3] vent its access to the DNA. Inhibition of DNA binding by
Faﬂ?&nﬁg:ﬁ é_ 1= Z i et K ; o S intramolecular folding hf';\s been describeq in other p'rot'eins.
Pre-Imm. IgG | S|+ [-]sf{+|-]|-[S]-[-|-| — For example, the masking of the N-terminal DNA binding

e Mo activity by a C-terminal fragment has been reported in
514 - Xenopus B-Myb [34]. Another possible mechanism

Wester Blot whereby rtARNTa may produce a negative function is
Fig. 7. Oligomerization of the hydrophobic-rich domain of tARNTa. (A) FhrO.UQh oligomerization. It r,emams po.35|ble that oligomer-
Each indicated®S-labeled Gal4 construct was combined in an equal molar 1Zation between the C-terminal domains of rtARNTa pro-
ratio of 1:1 and 3:1 with unlabeled rtARNTa, activated with 2 nM TCDD  teins can occur following the dimerization of ARNT with

for 2 hr at 30°, and precipitated with 8y of rt-84 1gG or pre-immune IgG. AHR, and that such a complex might have reduced affinity

To serve as a positive contrdfS-labeled rtARNTa was also precipitated - . -
with rt-84 (8 ug) or pre-immune IgG. Only 50% of the input samples were for DNA. The validity of this idea is supported by results

resolved so as not to overwhelm the gel. Sizes are in kDa. The western blotPresented in this report and the finding that oligomerization
on the right shows the expression of the unlabeled rtARNTa used in the through a novel C-terminal domain has been proposed as a

assay stained with the rt-84 antibody;(g/mL). (B) Analysis of oligomer- mechanism for the reduced DNA binding activity of the
ization between full-length rtARNTa proteing>S-Labeled rtARNTa or transcription factor NF1-X [35].

35S-labeled tARNT533 was combined in a ratio of 1:1 and 3:1 with )
unlabeled FLAG-tARNTa, incubated with 2 nM TCDD for 2 hr at 30°, However, regardless of the mechanism whereby
and precipitated with 1Qug of anti-FLAG IgG or pre-immune IgG°S- rtARNTa mediates its effect, data in this report support
e b o o e rot b s o o i, TARNTa 25 2 negaiive equialor of AR medated signal
\l;v;ZtOTrELAG-rtARNTa used in t?we ’assay sta%ned wit?w anti-FLAG 1gG (2 ing and implicate the C'ter_mlm_il hydrophobic E_immo acids
pg/mL). as a novel repressor domain. Since the genomic structure of
the mouse ARNT gene contains 8 exons within the C-
terminal coding region [36], it is likely that alternative
splice variants of ARNT may exist in mammals as well.
Given the importance of ARNT in numerous signaling path-
ways [37,38], the identification of additional negative acting
proteins, their patterns of expression, and the interaction of
rtARNTa with other bHLH/PAS proteins remain key areas
of future research.

focused on the negative function of the rtARNTa isoform in
AHR-signal transduction. The results demonstrated that the
hydrophobic region within the C-terminal domain is capable
of inhibiting the DNA binding of rtARNT proteins and the
heterologous Gal4 DNA binding domain. Importantly, the
studies show that the ability of the hydrophobic domain to
affect the function of rtARNT in AHR-mediated signal
transduction is not due to a failure of ARNT to dimerize
with the AHR and that the hydrophobic domain does not
directly associate with the HLH motif. These findings are
consistent with studies of other negatively acting transcrip- _ _ )
tion factors that have shown that the C-terminal end is IS project was supported, in part, by grants to R.S.P.
responsible for altering gene expression by direct repressionfrom the National Institute of Environmental Health Sci-
of transcriptional activation or by inhibiting DNA binding ~ences (Grant ES 08980) and the South Carolina Seagrant
of transcription factors [33]. However, the interaction of Consortium (Grant R/ER-12) and a STAR Graduate Fel-
rtARNTa with the AHR and the mechanism by which DNA lowship to B.N. from the Environmental Protection Agency
binding is repressed have additional components. Indeed,(Fellowship 915218-01). We thank the Biotechnology Re-
immunoprecipitation assays revealed that Gal4 constructssource Center of the Medical University of South Carolina
containing the hydrophobic rich domain could associate for performing DNA sequencing.
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