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SUMMARY
The aryl hydrocarbon receptor nuclear translocator (Amt) is a
basic helix-loop-helix transcription factor that heterodimenzes
with the aryl hydrocarbon receptor to mediate signal transduction
pathways inducible by 2,3,7,8-tetrachlorodibenzo-p-dioxin and
other planar aromatic hydrocarbons. Monoclonal antibodies
(MAbs) have been raised against a carboxyl-terminal 19-amino
acid peptide hapten (MAb 2B1 0) and against a carboxyl-terminal
378-amino acid polypeptide-staphylococcal Protein A fusion pro-
tam (MAb 4G9) of Amt and their characterization is described.
Western blot experiments show that both MAbs specifically
cross-react with an �85-kDa band in cytosol prepared from
COS-7 cells transfected with the full length human Amt cDNA
pBMSNeo-D24-1 and in Hepa 1 ci c7 cytosol but not in Amt-
deficient Hepa 1-C4 mutant cytosol. Velocity sedimentation of
Hepa 1 ci c7 cytosol on sucrose gradients and Superose 6 gel
permeation chromatography were used to estimate the sedimen-

tation coefficient, Stokes radius, and relative molecular mass of
Amt as ‘�3.6-4.1 5, 6.8 nm, and 101-115 kDa, respectively.
These results indicate that Amt probably exists in monomeric
form in Hepa 1 ci c7 cytosolic extracts. Laser scanning confocal
microscopy and indirect immunofluorescence microscopy re-
vealed Amt to be distributed throughout the non-nucleolar por-
tion of the nucleus of Hepa I ci c7, VTt2� (Hepa 1 -C4T mutant
cell line deficient in Amt function and stably transfected with
pBMSNe0 D24-1 , expressing the full length human Amt cDNA),
and HeLa cells. The establishment of the nuclear localization of
Amt in human and munne cell lines shown here indicates that its
nuclear localization may be conserved across species. Immuno-
fluorescence analysis of Amt in three cell lines using two MAbS
(to distinct epitopes) provides evidence that suggests that the
aryl hydrocarbon receptor heterodimerizes with Amt in the
nucleus.

The Arnt is an -87-kDa bHLH transcription factor that is
required for proper functioning of the AhR, due to its hetero-
meric association with Arnt to form a DNA-binding heterodi-
mer (1-3). The DNA-binding properties of the AhR-Arnt het-
erodimer are thought to mediate the biological effects of expo-
sure to the environmental contaminant TCDD (dioxin) or other
planar aromatic hydrocarbons such as benzo(a)pyrene and 3-
methylcholanthrene (4). Among the biochemical and toxicolog-
ical effects attributable to TCDD exposure in rodents are
wasting syndrome, thymic atrophy, immunotoxicity, develop-
mental and reproductive toxicity, and site-specific tumor pro-
motion. These effects vary greatly by species, strain, and sex
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of the animal examined (5). Conserved protein motifs in Arnt

and AhR provide clues concerning their biological functions.
Both Arnt and AhR display significant sequence similarity to
a family of transcriptional regulators that includes the nucleus-
localized Drosophila regulatory proteins Per and Sim (5-7).

Referred to as the PAS protein family, these proteins share two
structural domains important in mediating protein-protein and
protein-DNA interactions (6). The primary region of sequence
similarity is the PAS domain, which lies near the amino ter-
minus and encompasses 200-350 amino acids (4). This domain

consists of two 51-amino acid repeats and was discovered in
Per and Sim (8). The PAS domain of Per has been shown to
mediate heterodimerization between certain members of the
PAS protein family in in vitro coimmunoprecipitation experi-

ments (6). Interestingly, the AhR contains amino acid se-

ABBREV1AT1ON5: Amt, aryl hydrocarbon receptor nuclear transiocator� MAb, monoclonal antibody; bHLH, basic helix-ioop-helix; AhR, aryl
hydrocarbon receptor; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; Per, period; Sim, single-minded; PAS, Per/Amt/AhR/Sim; LRSC, lissamine
rhodamine sulfonyl chloride; PVDF, polyvinylidene ditluoride; HPLC, high performance liquid thromatography; KLH, keyhole limpet hemocyanin;
LSCM, laser scanning confocal microscopy; NLS, nuclear localization sequence(s); hsp9o, 90-kDa heat shock protein; BSA, bovine serum albumin;
PBS, phosphate-buffered saline; ELISA, enzyme-linked immunosorbent assay; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electropho-
reels; DMSO, dimethylsulfoxide; MOPS, 3-(N-morptdino)propanesuftonic acid; MES, 2-(N-morpholino)ethanesultonic ac�.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


2B10 4G9

1 2 1 2

*

.. ..*o�.

. ,�

.� - 0

97K� � . �

69K”

46Ki’ . .

0 ..

2B10 4G9

2 1 2

0

.,.

1

97K’ �

69K�”

46K”

. 4�.

50 75 100 150 200
-� 2000�

U

.2’ 1500

a)
‘I,

;�
4� 500�

(�1

‘z_. 0�

0 50 100 150 200

Hepa lclc7 cytosol (micrograms)

Fig. 3. Sensitivity of detection of MAb 2B1 0. Hepa lclc7 cytosol (50,
75, 100, 150, or 200 ag/lane) was separated by SDS-PAGE, electro-
blOtted, and screened with MAb 2B10 and 1�l-goat anti-mouse lgG Fc
fragment antibodies. Radioactive bands were excised and counted in a
Packard Cobra II � counter. Resultant values were PlOtted versus protein
concentration, and linear regression analysis was performed (r� = 0.99).

Characterization of Antl-Anfl MAbs 619

Fig. 1. Immunochemical staining of COS cell extracts. COS-2 (lanes 1)
and COS-1 (lanes 2) cell extracts were isolated and 150 �g of protein!
lane were separated by SDS-PAGE and electroblotted onto PVDF mem-
branes. The protein blots were screened with either MAb 2B10 super-
natant (0.1 x) or affinity-purified MAb 4G9 (1 �ig/ml) and visualized
with radioiodinated goat anti-mouse lgG, as detailed in Materials and
Methods.
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Fig. 2. Immunochemical staining of Hepa lclc7 and Hepa 1-C4 cell
extracts. Hepa lclc7 (lanes 1) and Hepa 1-C4 (lanes 2) cell extracts
were isolated and 100 �g of proteln/lane were separated by SDS-PAGE
and electroblotted onto PVDF membranes. The Western blots were
screened with either MAb 2B1 0 supematant (0.1 x) or affinity-purified
MAb 4G9 (1 ,�g/ml) and visualized with radioiodinated goat anti-mouse
lgG, as detailed in Materials and Methods.

quences indicative of a ligand-binding hydrophobic pocket in
this domain (9). The second region of similarity, oriented just

amino-terminal to the PAS domain, is the bHLH domain. It is
found in all known PAS proteins except Per (10). As in other
bHLH proteins, the basic region is thought to mediate DNA

binding, whereas the helix-loop-helix region acts as a dimeri-
zation surface (4). Acting in concert, the respective bHLH and
PAS domains may provide primary and secondary dimerization
domains as well as a DNA binding domain, in a manner similar
to that of the bHLH-leucine zipper domains of the well char-
acterized heteromeric partners Myc/Max/Mad and MyoD/E2A

(2, 11).
Arnt was cloned from human cDNA sequences capable of

restoring CYP1A1 inducibility after TCDD treatment in a
mutant Hepa lclc7 cell line defective in CYP1AJ gene expres-
sion (7, 12). It has since been demonstrated that both the
ligand-activated AhR and Arnt bind directly to the DNA se-
quences known as dioxin-responsive elements in the 5’ regu-
latory region of the CYPJA1 gene (1, 2, 7). This heterodimer

has also been identified as the 6 S liganded form of the AhR
complex induced by TCDD treatment in dioxin-responsive cell

lines (13, 14). The formation of this 6 S, DNA-binding hetero-
dimer has been shown to require ligand binding to the cytosolic
9 S form of the AhR (1, 7). The complete composition of the 9

S AhR complex has not been established. Like steroid hormone
receptors such as the glucocorticoid receptor, hsp9O is bound
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to the unliganded AhR (15). The mechanism of transformation

of the 9 5 complex to the 6 5 complex is not completely

understood. However, certain components of this pathway have

been delineated. Several workers have shown that a ligand-
dependent dissociation of hsp9O occurs before association of
the ligand-binding subunit of the AhR with Arnt, before bind-
ing to dioxin-responsive elements (9, 16, 17). Others have
demonstrated that Arnt is not a component of the 9 S AhR

complex (1, 16).

were excised and counted in a Packard Cobra II �y counter. BSA (4.4 S)
and catalase (1 1 .3 5) were used to estimate molecular sizes, in a
separate sucrose gradient.
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Fig. 4. VelOcity sedimentation of Amt from Hepa lclc7 cytosolic and
nuclear protein in sucrose gradients and comparison of moderate and
high ionic strength conditions. A, Cytosol samples were brought to 500
mM NaCI using a concentrated NaCI solution before being layered onto
5.1-mI 10-30% sucrose gradients prepared in MENG buffer containing
500 m� NaCI. B, Samples were brought to 150 m� before being layered
onto 5.1-mI 10-30% sucrose gradients prepared in MENG buffer con-
taming 150 mM. C, Nuclear extract from TCDD-treated cells was layered
onto 5.1-mI sucrose gradients prepared in MENG buffer containing 500
mM NaCl. Gradient fractions were precipitated with acetone, separated
by SDS-PAGE, electroblotted onto membranes, and screened with MAb
2B10 and 1251-goat anti-mouse IgG Fc fragment antibodies. Radioactive
bands

Elution Volume (ml)

Fig. 5. Gel filtration of Amt. Hepa lclc7 cytosol (6 mg/mI) and protein
U H.pa I standards were chromatographed on a Superose 6 column equilibrated
#{163} H.p. 1-C4 in MENG buffer with either 150 mM NaCI or 500 mM NaCl. Fractions

were separated by SDS-PAGE, electroblotted, and screened with MAb
2B10 and 1�l-goat anti-mouse lgG Fc fragment antibodies. Radioactive
bands were excised, counted in a Packard Cobra II ‘�‘ counter, and
plotted. The Superose 6 column was calibrated with protein standards
of known Stokes radius, as follows: thyroglobulin (1), 8.5 nm; apoferritin
(2), 6.1 nm; alcohol dehydrogenase (3), 4.5 nm; BSA (4), 3.6 nm; and
carbonic anhydrase (5), 2.01 nm.

Fig. 6. Determination of the Stokes radius of Amt. Linear regression
analysis of the (-log Kd)#{189}values and Stokes radii (A3) of the protein
standards is displayed. The Stokes radius of Amt was determined by
plotting the calculated (-log Kd)#{189}value on the standard curve.
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Characterization of Anti-Amt MAbs 621

Several investigators have used velocity sedimentation on

Fig. 7. LSCM micrographs of Amt in Hepa
1clc7 cells. Cells were prepared as de-
scnbed in Materials and Methods. A,
Hepa lclc7 cells sequentially incubated
with affinity-purified anti-Amt MAb 4G9
(490 �zg/ml) and goat anti-mouse lgG con-
jugated to LRSC; B, cells sequentially
incubated with affinity-purified anti-Amt
MAb 409 and the same secondary anti-
body as in A, after 1-hr treatment with 1
nM TCDD. Bar, 10 �m.

Fig. 8. Indirect immunofluorescence mi-
crographs of Amt in VTl2� cells. Cells
were prepared as described in Materials
and Methods. A, VTI2I cells sequentially
incubated wfth affinity-purified ant�.Amt
MAb 4G9 (490 ,�g/ml) and goat anti-
mouse lgG conjugated to LRSC; B, cells
sequentially incubated with affinity-pun-
fled anti-Amt MAb 4G9 and the same
secondary antibody as in A, after 1-hr
treatment with 1 nM TCDD; C and D, cells
incubated with mouse lgGl or no primary
antibody, respectively, with the same sec-
ondary antibody as in A. Bar, 10 �m.

Fig. 9. Indirect immunofluorescence mi-
crographs of Amt in HeLa cells. Cells
were prepared as described in Materials
and Methods. A, HeLa cells sequentially
incubated with affinity-purified anti-Amt
MAb 4G9 (490 ,�g/ml) and goat anti-
mouse lgG conjugated to LRSC; B, cells
incubated with mouse IgGi and the same
secondary antibody as in A. Bar, 10 �m.

A hypothetical model has been proposed to explain the role

of Arnt in TCDD-mediated, AhR-dependent, signal transduc-
tion (2, 18). This model suggests that Arnt binds the ligand-

activated ligand-binding subunit of the AhR in the cytoplasm

after dissociation of hsp9O, facilitating the nuclear transloca-

tion of the heterodimer (1, 2). Whitelaw et al. (16) have func-

tionally reconstituted the DNA-binding phenotype in AhR

nuclear translocation-deficient (nti mutant cell cytosol, using
4-5 5 cytosolic extracts from Hepa lclc7 cells. These data

suggest that Arnt may play an active role in recruiting the

ligand-binding subunit of the AhR into the nucleus (16, 18).
Alternately, data have been published suggesting that the trans-
formation of the 9 S AhR complex to the 6 5, Arnt-containing
species could occur in the nucleus (19, 20).

sucrose gradients and gel permeation chromatography to estab-

lish the physicochemical characteristics ofthe AhR (14, 19, 21).

A consensus summary of these results revealed that the unac-
tivated cytosolic form of the AhR in mice and rats displays a
sedimentation coefficient of 9 S and a Stokes radius of 7.2 nm

(14, 19, 21). In contrast, the ligand-activated nuclear form of

the AhR complex has a sedimentation coefficient of 6 5 and a

Stokes radius of 6.8 nm (14, 19, 21). Estimates of relative

molecular mass based on these data are 270 kDa and 176 kDa

for the 9 5 and 6 5 forms of the AhR, respectively. Upon

prolonged exposure to high-salt buffer, a third form of the AhR

is produced, possessing a sedimentation coefficient of 4.95, a
Stokes radius of 5 nm, and an estimated molecular mass of 104

kDa (14, 22). This species is believed to be the monomeric
ligand-binding subunit of the AhR. In this report we use similar
techniques to study the physicochemical properties of Arnt.
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The goal of this work was to generate two MAbs to distinct
epitopes in Arnt, which would yield tools applicable to a variety
of experimental approaches. These MAbs were used in an

immunofluorescence assay in Hepa lclc7 cells to examine the

intracellular localization of Arnt in control and TCDD-treated
mouse hepatoma and human epithelial cell lines. The utiliza-

tion of immunofluorescence techniques avoids the problem of
compartmental redistribution of proteins resulting from cell

homogenization (4, 23). We have also used these MAbs to
examine the sedimentation behavior of Arnt in sucrose gra-
dients and gel permeation chromatography, to determine its

physicochemicalproperties in Hepa lclc7 cells. The elucidation
of these properties should shed light on the role of Arnt in
AhR-mediated signal transduction.

Materials and Methods

Chemicals. LRSC-conjugated goat anti-mouse IgG, horseradish
peroxidase-conjugated goat anti-mouse IgG, and goat anti-mouse IgG
(Fc-specific) antibodies were purchased from Jackson Immunoresearch

Laboratories (West Grove, PA). Origen was purchased from IGEN

(Rockville, MD). Fetal bovine serum was obtained from Hyclone Lab-

oratories (Logan, UT). Sodium [‘9]iodide was obtained from DuPont
(Boston, MA). lodobeads were obtained from Pierce (Rockford, IL),
and iodination of goat anti-mouse IgG (Fc specific) was carried out

according to the method of Markwell (24). PVDF membranes were
obtained from Millipore (Bedford, MA). Microculture plates (six-, 24-,
and 96-well) were obtained from Corning Laboratory Sciences Co.

(Corning, NY). All other reagents, unless otherwise noted, were ob-
tamed from Sigma Chemical Co. (St. Louis, MO).

Peptide and fusion protein synthesis and characterization. A
synthetic peptide corresponding to the carboxyl-terminal sequence

CNSYNNEEFPDLTMFPPFSE of the human Arnt protein (7) was
prepared by the Purdue Peptide Synthesis Group using standard meth-

ods; an amino-terminal cysteine was added to the peptide to allow
conjugation to activated protein. The peptide was purified by HPLC
on a Vydac C18 reverse phase column (4.6 x 250 mm) and was coupled
to KLH and BSA using the heterobifunctional cross-linking agent N-

succinimidyl bromoacetate (25). The carboxyl-terminal Arnt polypep-
tide (amino acids 399-777)-staphylococcal Protein A fusion protein

wa� expressed in Escherichia coli JM1O7, isolated, and purified on an
IgG-Sepharose 6 Fast Flow affinity column (Pharmacia, Piscataway,
NJ) by Dr. Herminio Reyes ofthe University ofCalifornia, Los Angeles,

Medical Center.
Immunization protocol, antibody production, and character-

ization. Female BALB/c mice (7-8 weeks of age) were purchased from
The Jackson Laboratory. Three mice were given four subcutaneous
injections of 100 �tg of the carboxyl-terminal 19-amino acid Arnt

peptide-KLH conjugate or the carboxyl-terminal 378-amino acid-Pro-
tam A fusion protein. The first injection consisted ofO.3 ml of conjugate

in PBS/Freund’s complete adjuvant. The mice were boosted twice, at
4-week intervals, using the aforementioned dosage in Freund’s incom-

plete adjuvant. One week after the third injection, 50 �tl of blood were
obtained from the tail vein of each mouse and centrifuged at 3000 x g,
and serum supernatant was stored at -20 in 0.02% sodium azide. For

sera from mice injected with the 19-amino acid peptide-KLH conjugate,
antibody titers were determined by indirect ELISA. Dot blots using
the carboxyl-terminal Arnt-BSA conjugate as the antigen were used as
an additional screening tool. Sera from mice injected with the fusion

protein were screened against Hepa lclc7 cytosol separated by tricine-
SDS-PAGE and blotted onto PVDF membranes in a Miniblotter unit.
The spleen from the mouse producing serum with the highest antibody
titer was used for subsequent production of hybridomas via fusion of
spleen cells to the myeloma cell line SP2/O. Four weeks after the third

injection of the immunogen and 4 days before fusion, the mouse was
given an intraperitoneal injection of 100 �g of immunogen in 0.3 � of

PBS. Immunized spleen cells and myeloma cells (SP2/O) were fused
in the presence of polyethylene glycol. The fused cells were suspended
in HAT medium (RPM! 1640 medium containing 10% fetal bovine

serum, 10% Origen, 2 mM glutamine, 1 mM sodium pyruvate, 0.5 mM

oxaloacetic acid, 0.01 mM hypoxanthine, 0.0016 mM thymidine, 0.0004
mM aminopterin, and 0.001 unit/ml insulin). Ten 96-well microtiter

plates were seeded with 0.2 ml of the fusion mixture and incubated at
37’ in 94% air/6% CO2. Microtiter plates were incubated undisturbed
for 5 days before feeding with 100 �l of HT medium (same as HAT

medium but containing 5% Origen and no aminopterin). Fusion effi-

ciency was assessed 7 days after fusion. ELISA screening of 50 �zl of

supernatant was performed over a 3-day period from day 10 to day 12

after fusion. Indirect ELISA (for 19-amino acid peptide antibodies) or

Western-blotted Hepa lclc7 cytosol (for fusion protein antibodies) was

used to screen hybridoma supernatants. The carboxyl-terminal Arnt-

BSA conjugate was dissolved in 0.01 M sodium carbonate buffer, pH
9.5, at a concentration of 100 ng/ml. One hundred microliters of this

solution were added to each well of a 96-well microtiter plate and

incubated overnight at 4*� Wells were washed three times by filling

each well with 300 zl of PBS, pH 7.4. Nonspecific binding was blocked

by addition of 400 �l of 1% BSA and incubation for 1 hr at room
temperature. The wells were then washed two times with PBS, pH 7.4.
Fifty microliters of microtiter plate supernatant were added to the

wells and incubated for 1 hr at 37#{176}.Duplicate wells of control mouse

serum were used as negative controls. Unbound antibody was removed
by washing five times with 300 �sl of 0.05% Tween 20 in PBS, pH 7.4.
Fifty microliters ofgoat anti-mouse serum-peroxidase conjugate diluted

1/500 in PBS were then added to each well and incubated for 1 hr at

3T. The plate was then washed five times with 300 �il of 0.05% Tween
20 in PBS, pH 7.4. Bound peroxidase was determined with 100 �il of
2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) as a substrate. Pos-

itive wells were determined by visual inspection of color change. Cul-

tures exhibiting the most intense color change were cloned by limiting

dilution at five cells/well and were expanded in HT medium. Stabilized
positive cell lines from the second cloning were cloned at one cell/well,

expanded, and stored in liquid nitrogen. Positive wells were confirmed

using peroxidase-linked immunostaining of PVDF Western blots pre-

pared from SDS-PAGE gels of cytosol from three cell lines. The three

cell lines used to prepare cytosol were COS-7 (nontransfected cells),
pBMSNeo D24-1 (COS-7 cells transfected with expression vector

containing full length ARNT cDNA), and pBM5Neo ZAP 56 (COS-7
cells transfected with expression vector containing Arnt cDNA with
163 amino acids missing from the carboxyl terminus). These cell lines
are referred to here as COS-1, COS-2, and COS-3, respectively. Anti-

body isotype was determined using a Hyclone MAb subtyping kit
(EK-5050; Hyclone Laboratories, Logan, UT). The carboxyl-terminal

peptide-KLH-induced MAb was designated 2B10 and the carboxyl-

terminal fusion protein-induced MAb was designated 4G9.
Mice were primed for antibody production in ascites by an intraper-

itoneal injection of 0.3 ml of Freund’s incomplete adjuvant. After 24

hr, 2 x iO� hybridoma cells, diluted in 300 �l of RPM! 1640 medium,
were injected intraperitoneally. Abdominal swelling became evident in

mice injected with 4G9 hybridomas but not 2B10 hybridomas. After 10
days, ascitic fluid was collected every 3 days (a total of three times)

and the fluid was pooled. The 4G9 ascitic fluid was diluted 4-fold with
buffer A (25 mM MES, pH 6) and dialyzed against buffer A overnight

at 4’. The ascites was clarified for HPLC as described (26). The ascites

was applied to a Versa-Ten (7.75- x 100-mm) ABx HPLC column (J.T.
Baker, Phillipsburg, NJ) equilibrated in buffer A, at a flow rate of 1
ml/min. After the unabsorbed protein was washed through with a

linear 50-mm gradient of 0-100%, 500 mM sodium phosphate, pH 6.8,
was applied. The IgG peak fractions were pooled, the protein concen-

tration was determined, and 1 mg/ml BSA was added, followed by

dialysis against PBS. The 2B10 supernatant was used at 0.lx concen-
tration. Expansion of hybridoma cell line 2B10 for supernatant pro-

duction was carried out in HT medium described above.

Cell culture. Hepa lclc7, VT12�, C4, and HeLa cells were grown in
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CharacterIzation of AntI-Arnt MAbs 623

a-minimum essential medium containing 5% fetal bovine serum, 100

IU/ml of penicillin, and 0.1 mg/ml streptomycin, at 37 in 94% air/6%

CO2. VTI2I cells had 0.04% geneticin added to maintain selection of

stable transfectanta. Treatment ofcells with TCDD (diluted in DMSO)
was carried out in 75-mm2 culture flasks or on sterile slides at about

80% cell confluency. For TCDD treatment, a maximum of 0.05%
DMSO (control) or TCDD solubilized in DMSO was added to the

medium. The cells were harvested using trypsinfEDTA and washed

with ice-cold PBS. The washed cells were homogenized in MENG
buffer (25 mM MOPS, 1 mM EDTA, 0.02% sodium aside, 10% glycerol,

pH 7.5) with 15 strokes in a Dura-Grind Dounce tissue grinder (Whea-
ton Instruments, Milville, NJ). The cell homogenate was centrifuged
at 1000 x g for 15 mm, and the supernatant was removed and centri-
fuged at 100,000 x g for 30 mm. The 1000 x g pellet (nuclear pellet)
was resuspended and washed three times with MENG buffer. The
nuclear pellet was then resuspended in 300 �l of MENG buffer plus

500 mM NaC1 and was gently shaken at 4* for 1 hr. Nucleus-associated
membranes were removed from the nuclear pellet by centrifugation at
100,000 x g for 1 hr.

Separation, immunoblotting, and detection of Arnt. Tricine-
SDS-PAGE was done essentially as described (27). After SDS-PAGE
on an 8.0% polyacrylamide/0.25% bisacrylamide-tricine gel, the pro-
teins were electrophoretically transferred to PVDF membranes (Im-

mobion P; Millipore). The electrophoretic transfer was done in a Genie
electroblot unit (Idea Scientific Co., Minneapolis, MN). Transfer buffer
was composed of 20 mM Tris, 185 mM glycine, and 20% (v/v) methanol.
After protein transfer the membrane was blocked with 3% BSA, in

PBS (10 mM sodium phosphate, 150 mM NaC1, pH 7.4) containing

0.5% Tween, for 30 miii at room temperature. The blots were rinsed
once with wash buffer (0.1% BSA in PBS containing 0.5% Tween).
The blots were then incubated for 1 hr at room temperature with either
MAb 2B10 (0.lx hybridoma supematant) or MAb 4G9 (1 �ig/ml),

followed by three 5-mm rinses with wash buffer. The blots were then
incubated with ‘�I-goat anti-mouse IgG (Fc specific) in wash buffer for
1 hr, followed by three 5-mm rinses with wash buffer. The blots were

dried at room temperature. The blots were visualized by autoradiogra-
phy, and radioactivity in individual bands containing Arnt was counted

in a Packard Cobra II y counter (Packard Instrument Co., Meridian,
CT). Total protein in cytosolic and nuclear fractions was determined
using the bicinchoninic acid protein assay obtained from Pierce Chem-
ical Co.

Sucrose gradient centrifugation analysis. Aliquots (300 �l) of
unlabeled or radiolabeled Hepa lclcl cytosolic or nuclear extracts were
layered on 5.1-ml 10-30% sucrose gradients prepared in MENG buffer
plus 150 or 500 mM NaCI. The sealed centrifuge tubes were centrifuged
in a Beckman VTi65.2 rotor at 416,000 x g,� for 135 mm. After
centrifugation, 200-�tl fractions were collected with an Isco (Lincoln,
NE) model 640 density gradient fractionator. After acetone precipita-

tion, cytosolic and nuclear extracts were solubilized in 2x SDS-tricine
sample buffer, boiled, and subjected to SDS-PAGE (26). BSA (4.4 5)

and catalase (11.3 S) were added to separate sucrose gradients as
external sedimentation standards.

Gel permeation chromatography. A Superose 6 prepacked HR
10/30 column (Pharmacia LKB Biotechnology, Uppsala, Sweden) was
equilibrated in MENG buffer plus either 150 mM NaCl or 500 mM

NaCl, and 200-id samples were eluted at 26 mi/hr. Hepa lclc7 cytosol
(6 mg/ml) was used as a source of Arnt. The applied sample volume
was 200 jd. Standards used to calibrate the gel permeation columns

(and their Stokes radii) were thyroglobulin (8.5 nm), apoferritin (6.1
am), alcohol dehydrogenase (4.5 nm), BSA (3.6 nm), and carbonic

anhydrase (2.01 nm). The Stokes radius for each protein standard was
calculated from references described (28). Distribution coefficients (KD)

were calculated from the elution volume according to the equation K,,

= (Ve V0)/( Vt - V0), where Ve iS the elution volume of the peak, V0

is the void volume of the column as determined with blue dextran (Mr

-2 x 10�), and V� is the total column volume. The V0 corresponds to
fraction 0 in the elution profile in Fig. 4. The Stokes radius (R,) of the

Arnt-containing radioactive bands cut from Western blots of electro-
phoresed gel permeation fractions was determined graphically from a
linear plot of (-log K,,)#{189}versus R, for the standards in each column.
The relative molecular mass of Arnt was calculated according to the

method of Seigel and Monty (29), using 4127(s�o,w, R,), where s�
(sedimentation coefficient) was in Svedberg units, R, was in nanome-
ters, and the factor was based on a partial specific volume of 0.725

cm3/g (28).
Indirect immunofluorescence microscopy. Sterile, poly-L-

lysine-coated, HTC-pnnted microscope slides (Cel-line Associates,

Newfield, NJ) were placed in 100-mm sterile culture dishes. Hepa lclc7
cells were plated onto 5-mm wells on the slides, at a density of 1 x iO�
cells/well, in medium (described above). After 4 hr the slides were

covered with 25 ml of complete medium, and cells were grown for 24
hr at 37 in 94% air/6% CO2. The slides were then rinsed for 1 mm in

90 ml of PBS, pH 8.0, and fixed by incubation with 4% paraformal-
dehyde in PBS for 15 mm at room temperature. The fixing solution
was washed from the cells with one 2-mm rinse in 90 ml of PBS, pH
8.0. Permeabilization was carried out for 2 mm in methanol at room
temperature. The permeabilization solution was washed off with a 2-
mm rinse in 90 ml of PBS, pH 8.0. Incubations with primary and
secondary antibody preparations were carried out by placing the slides
on water-saturated filters in 100-mm culture dishes. Nonspecific bind-

ing was blocked by incubating cells with 3% goat serum in PBS. After
1 hr the goat serum was rinsed off with five washes of PBS, pH 8.0.

The cells were then incubated with either affinity-purified MAb 4G9,
MAb 2B10, control mouse antibodies of identical isotype (IgGl for
2B10 and 4G9), or no primary antibody. Each antibody was diluted in
1% BSA, 0.05% Tween, 0.02% sodium azide, and slides were incubated
with primary antibody for 18-24 hr at 40#{149}After removal ofthe antibody

solution, the cells were washed five times with PBS, pH 8.0, for a total
of 15 mm. LRSC-conjugated goat anti-mouse IgG was diluted 1/100 in
PBS, pH 8.0, and incubated with the cells for 15 min at room temper-
attire. The cells were then washed using the same protocol as after the
primary antibody incubation. The cells were cleared of water using a

graded series of three glycerol solutions (70% and 90% glycerol in PBS
and 100% glycerol, all with 1% propyl gallate), for a total of 18 hr. The
cells were mounted in the residual 100% glycerol/1% propyl gallate

solution. Cells were visualized with a Leitz Ortholux II microscope

equipped with epifluorescence optics and a Leitz Wetzlar (40/0.65)
objective lens. Black-and-white pictures were taken using a Nikon M-

35F camera attached to a 23.2x magnification photographic tube and
Nikon automatic photometer system, using Kodak TMAX 400 film.

Exposure times for negative controls were matched with the exposure
times used for the experimental samples.

LSCM. Cells were prepared for LSCM in the manner described
above. A Bio-Rad MRC 600 LSCM system equipped with a krypton-
argon laser was connected to a Nikon inverted microscope. Digital

images were magnified using Bio-Rad software run on an IBM PC XT
computer. The xv image-analysis program (version 3.0) was run on a
Sun Sparcstation 2 computer (Sun Microsystems) to generate digits!

images. Black-and-white pictures were taken with a 35-mm Kodak

camera linked to a Sun Sparcstation 2 computer, using Kodak TMAX

400 film. The confocal microscope, computers, and software used are
all the property of the Digital Microscopy and Scientific Visualization
Laboratory, Department of Anatomy and Cell Biology, University of
Michigan (Ann Arbor, MI).

Results and Discussion

This is the first report describing the production and char-

acterization oftwo MAbs against Arnt, a bHLH-PAS transerip-

tion factor that regulates gene transcription in association with
the AhR. These antibodies were raised against distinct epitopes
on Arnt, to enhance our confidence in the experimental results
obtained. The carboxyl-terminal 19 amino acid residues of Arnt
were coupled to KLH and used as an immunogen in mice for
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MAb production. After screening with an indirect ELISA, 10

clones were obtained and tested on Western blots of COS-2

cytosolic extracts; MAb 2B10 was selected from a group of four
MAbs exhibiting strong specificity for Arnt, based on superior

signal strength and minimal cross-reactivity with other pro-
teins in COS-2 and Hepa lclc7 cytosol. A second approach

used a chimeric fusion protein, composed of the carboxyl-
terminal 378-amino acid Arnt polypeptide linked to staphylo-

coccal Protein A, as an immunogen in mice for MAb production.

This approach yielded MAb 4G9, which was found to specifi-

cally bind to Arnt in COS-2 and Hepa lclc7 cytosolic extracts.
Due to its strong immunoreactivity with Arnt on Western blots,
MAb 2B10 was deemed most suitable for this assay. In our

ELISA to detect MAbs to the carboxyl-terminal 19-amino acid

Arnt peptide-BSA fusion protein, MAb 4G9 did not cross-react
with this peptide (data not shown). This fact suggests that

MAb 4G9 interacts with an epitope different from that of MAb

2B10 on Arnt.

We have used human Arnt amino acid sequences as immu-

nogens in mice for the purposes of MAb production. It must be

noted that the carboxyl-terminal 19-amino acid human peptide

sequence used diverges from the mouse sequence only at amino
acid 728 (in the human sequence this amino acid is serine and

in the mouse sequence it is threonine).’ This fact suggests that
MAb 2B10 should be equally competent in binding human and

murine forms of Arnt. Our results indicate that this approach
was successful, due to the strong immunoreactivity of MAb

2B10 with murine Arnt.
The two antibodies obtained by these approaches were mi-

tially characterized by Western blot analysis ofcytosol obtained

from COS-1, COS-2, and Hepa lclc7 cells (Figs. 1 and 2). On

Western blots of SDS-PAGE gels, each antibody was bound to

a single immunoreactive protein, which migrated with an esti-

mated molecular mass of � kDa. No immunoreactive mate-
rial was detected when the blots were stained with a control
mouse IgG fraction. To establish the sensitivity of MAb 2B10,
we assessed the ability of this MAb to detect a wide range of

Hepa lclc7 cytosolic protein concentrations (Fig. 3). The linear

relationship between Hepa lclc7 cytosolic protein concentra-
tion and immunoreactivity (as described in Materials and

Methods) confirms the sensitivity of MAb 2B102 and its use-

fulness in quantitative blotting procedures.

Velocity sedimentation on sucrose gradients and gel permea-

tion chromatography are established methods used to charac-

terize the physicochemical properties of proteins (22, 27). We
used Hepa lclc7 cytosolic and nuclear extracts as the source
of Arnt for velocity sedimentation on sucrose gradients. Using
sucrose gradient solutions made from buffers of moderate (150

mM NaCl) and high (500 mM NaCl) ionic strength, Arnt from

Hepa lclc7 cytosol displayed sedimentation coefficients of 3.6
and 4.1 S, respectively (Fig. 4, A and B). These differ signifi-

cantly from the published sedimentation coefficients of 9 5, 6
5, and 5 S for the untransformed and transformed AhR com-

plexes and the ligand-binding subunit of the AhR, respectively

(14, 20, 22). The sedimentation coefficient of Arnt isolated

from nuclear extracts of TCDD-treated Hepa lclc7 cells was

1 � Hankinson, personal commmunication.
2 MAb 4G9 was used excluthvely in immunofluorescence assays. It should be

noted, however, that MAb 2B10 staining in immunofluorescence assays gave
identical, albeit weaker, staining patterns (unpublished observations).

estimated to be 6-7 5, which apparently reflects its presence in

the transformed AhR complex (Fig. 4C) (14, 19).

Gel permeation chromatography data indicate that Arnt
derived from Hepa lclc7 cells eluted primarily as a 6.8-nm

species (Figs. 5 and 6). This radius did not vary as a function

of the ionic strength of the elution buffer (150 mM or 500 mM
NaCl). In contrast, the ionic strength of the sucrose gradient

solutions accounted for an 0.5 5 difference in the sedimentation

coefficient of Arnt. This may be a reflection of the relatively
low resolution of detection of minor changes in Stokes radii in

gel permeation chromatography. Given the large range of
Stokes radii among the standards used, small variations may
be undetectable. The difference in Stokes radii between the 9

S and 6 5 forms of the AhR complex is only 0.4 nm, whereas

their relative molecular masses differ by ���100 kDa. From this

perspective, results showing identical Stokes radii for Arnt in

elution buffers with different ionic strengths are reasonable.

The Stokes radius reported here is identical to that found

for the transformed nuclear form of the AhR, which represents
the AhR-Arnt heterodimer. Physicochemical evidence indica-

tive of a heterodimer has been reported, with a sedimentation
value of 6 5, a Stokes radius of 6.8 nm, and an estimated
molecular mass of 176 kDa for the transformed AhR isolated
from high-salt nuclear extracts of mouse and rat liver cytosol

(14, 20). Estimation of the sedimentation coefficient of Arnt

using sucrose gradient sedimentation provides evidence that

this 6.8-nm species is not the transformed AhR complex. The
sedimention coefficients of 3.6 and 4.1 5 for Arnt from Hepa
lclc7 cytosol in sucrose gradient solutions containing 150 mM
and 500 mM NaCl, respectively, were used, in conjunction with

the Stokes radius data, to estimate the relative molecular

masses according to the method of Seigel and Monty (28). The

molecular masses calculated from these sedimentation coeffi-

cients were 101 and 115 kDa, respectively. These data indicate

that the Stokes radius of 6.8 nm for Arnt is significantly greater
than the Stokes radius of 5 nm for the AhR ligand-binding

subunit. Thus, it can be inferred that the larger radius of Arnt
is responsible for the radius estimated for the AhR ligand-
binding subunit-Arnt heterodimer. This then indicates that
heterodimerization results in an alignment of AhR and Arnt in

a manner that does not increase the Stokes radius of the
heterodimer beyond 6.8 nm.

Estimation of the relative molecular mass of Arnt from its
sedimentation coefficients (from 150 and 500 mM NaCl-con-

taming sucrose gradients) and Stokes radius indicates a molec-
ular mass of 101-115 kDa. This molecular mass suggests that
Arnt elutes as a monomeric species. This estimated molecular
mass differs from the 87-kDa value calculated from the deduced

amino acid sequence and the molecular mass estimated from

PAGE (7, 12). This “overestimation” of molecular mass, how-

ever, is consistent with the estimations of the AhR analyzed

under similar conditions. Using similar techniques, the esti-
mated molecular mass of the “dissociated” ligand-binding sub-

unit of the murine AhR ranged from 105 to 118 kDa (22, 30).

Other possible explanations for these results are that there is
another 20-kDa protein or RNA associated with Arnt.

Indirect immunofluorescence micrography and LSCM were
used to study the intracellular localization of Arnt in fixed/

permeabilized Hepa lclc7, VT�2�, and HeLa cell lines. Results
indicated that Arnt localizes to the non-nucleolar portion of

the nucleus in control and 1 nM (Hepa lclc7 and VT12� cells)
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or 10 nM (HeLa cells) TCDD-treated Hepa lclc7, VT�2�, and

HeLa cells (Figs. 7-9). Using LSCM, a “z-series” [that is,

visualization of multiple (10-20) horizontal sections] of scans
revealed that Arnt was found in all planes of the non-nucleolar

portion of the nucleus in Hepa lclc7 cells.3 However, we have
not experimentally demonstrated that the regions in the nu-
cleus where the presence of Arnt is excluded are nucleoli. After
determination of the subnuclear localization using LSCM, in-
direct immunofluorescence micrography was used to study
VT(2� and HeLa cell lines. These indirect immunofluorescence

photomicrographs (Figs. 8 and 9) were of resolution comparable
to that of single-section LSCM photomicrographs obtained for

Hepa lclc7 cells (Fig. 7). It is important to establish that Arnt
is localized in the nucleus in a wide variety of cell types and

tissues. Indeed, tissue-specific differences in TCDD-mediated
signal transduction could be caused by an alteration in the
subeellular localization of Arnt. In this study, we have demon-
strated the nuclear localization of Arnt in two divergent cell
types, i.e., mouse hepatoma and human epithelial tumor cell

lines. Pollenz et al. (31) recently used polyclonal antibodies

against an Arnt fusion protein to establish the localization of
Arnt in the non-nucleolar portion of the nucleus of Hepa lclc7
cells, using indirect immunofluorescence and immunoelectron

microscopy. Like Pollenz and co-workers, we have found Arnt
localized in the nucleus of type II (group C) mutants4 of Hepa

lclc7 cells.5 Thus, our results are in agreement with the work
of those authors and support an updated model of AhR-me-

diated signal transduction (4, 31). This model holds that ligand-

mediated AhR activation to a DNA-binding form, via hetero-

dimerization with Arnt, occurs in the nucleus rather than in
the cytoplasm (4). This model is consistent with the subcellular
localization of Arnt and sucrose density gradient centrifugation

data demonstrating the presence of the 9 5, hsp9o-associated
AhR complex in the nucleus (19, 21).

To establish the utility of VT(2� cells for studying the effect
of Arnt overexpression on AhR-mediated signal transduction,

we set out to determine whether the subcellular localization of
Arnt was different from that in wild-type Hepa lclc7 cells.
Despite its being expressed at a 10-fold higher level in VT12�
cells, relative to Hepa lclc7 cells,3 the nuclear localization of
Arnt was not changed. This may indicate that nuclear localiza-

tion of Arnt is nonsaturable within the range of Arnt expressed
in VT�2� cells. Thus, VT(2� cells provide a valid model for

examining the effects of Arnt on AhR-mediated events.
Regulation of intracellular localization may occur through

the number and efficiency ofthe NLS ofproteins (23, 32). NLS
are generally short stretches of basic amino acids, particularly
arginine and lysine. The identification of Arnt as an exclusively
nuclear protein suggests that Arnt contains at least one efficient
NLS. An amino acid sequence located near the amino terminus
ofArnt (amino acids 39-45; Arg-Ala-Ile-Lys-Arg-Arg-Pro) may

serve as a NLS (7, 31). The establishment of the nuclear

localization of Arnt in a human cell line, as shown here,
indicates that its nuclear localization may be conserved across

3 N. G. Hord, S. S. Singh, and G. H. Perdew, unpublished observations.
4 ‘Fype II (group C) variants contain the same level of AhR and identical

agonist affinity, compared with wild-type Hepa lclc7 cells. However, AhR cannot
be recovered in the nuclear fraction after TCDD treatment. This defect has been

attributed to defective Arnt function, due to the fact that transfection of group
C mutants with a human Arnt expreseion vector partially restores TCDD-
mediated AhR nuclear uptake (12).

5 N. G. Hord, S. S. Singh, and G. H. Perdew, unpublished observations.

species. We must await experiments using Arnt NLS deletion
mutants to provide definitive evidence of the existence of

putative NLS. Because recent work indicates that NLS appear
to mediate both nuclear import and export (33, 34), we cannot
exclude the possibility that Arnt may facilitate the cytoplasm-

nucleus or nucleus-cytoplasm trafficking of the AhR. This is
the first report characterizing MAbs to distinct epitopes in
Arnt. These antibodies should serve as useful tools in the study

of AhR-mediated signal transduction. Using these antibodies,

we have established the following: 1) the purported cytoplasmic

localization of Arnt is an artifact of homogenization, 2) the
data presented here support the hypothesis that heterodimeri-
zation between Arnt and AhR occurs in the nucleus (4), and 3)
velocity sedimentation and gel permeation chromatography
data indicate that Arnt exists intracellularly as a monomer.
Thus, despite its bHLH-PAS dimerization domains, the major-
ity of Arnt does not appear to be associated with itself (as a

homodimer), the AhR, hsp9O, or other members of the PAS
family of regulatory proteins in Hepa lclc7 cytosol in the
absence of TCDD. Data presented here support a model
wherein AhR activation and transformation to a DNA-Binding
heterodimer occur in the nucleus, as suggested by others (4,
31). This model differs from a model of AhR activation and

dimerization in the cytoplasm before nuclear translocation of
the AhR-Arnt heterodimer, as proposed by Hankinson and co-
workers (1).
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