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SUMMARY

Western blot analysis was used to determine the concentration
of the aryl hydrocarbon receptor nuclear translocator (ARNT)
protein and aryl hydrocarbon receptor (AHR) in 11 mammalian
cell culture lines derived from hepatic and nonhepatic tissues.
The strategy was to first use Western blot analysis to determine
the expression of ARNT or AHR in each cell line relative to its
concentration in murine wild-type Hepa-1c1c7 (Hepa-1) cells.
Actual ARNT and AHR concentrations in known amounts of
total cell lysates were then determined by generating a stan-
dard curve with defined amounts of a highly purified ARNT or
AHR protein and performing regression analysis. The results
show that the level of ARNT expression in each of the cell lines
is similar and represents ~0.001-0.002% of total cellular pro-

tein. The range of expression was only ~3-fold with wild-type
Hepa-1 cells expressing the highest level of ARNT (33,000/cell)
and canine kidney cells (MDCK line) expressing 14,000 ARNT
molecules/cell. In contrast, the concentration of AHR varied by
65-fold over the different cell lines with the wild-type Hepa-1
expressing 323,000 AHR/cell and rat hepatoma cells (H4IIE)
expressing 4700. The ratio of AHR to ARNT ranged from 0.3 in
H4IIE cells to 10 in the Hepa-1 line with the majority of cells
expressing 1-5 times more AHR than ARNT protein. Immuno-
cytochemical staining of each cell line showed that ARNT was
exclusively localized to the nuclear compartment and that a
conserved nuclear localization signal mapped to the NH-termi-
nal portion of the protein.

The ARNT protein is a bHLH/PAS transcription factor that
seems to have a wide range of functions. It was initially
discovered as a necessary component of the AHR signal
transduction pathway, where it dimerizes with the AHR to
mediate many of the biological responses to halogenated
aromatic hydrocarbons (1-4). Recently, however, it has been
demonstrated that ARNT can bind to E-box motifs as a
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homodimer (5-7) and can form complexes with the bHLH
proteins SIM and HIF-la to mediate their biological re-
sponses (8—13). In addition, recent reports have described (i)
the expression of a second form of ARNT from rat and mouse
termed ARNT2 (14, 15), (ii) an alternatively spliced ARNT
from rainbow trout that has dominant negative function on
AHR-mediated signal transduction (16), and (iii) a lethal
phenotype occurring in mice knocked out for ARNT expres-
sion (17). Collectively, these reports suggest that ARNT is a
protein that plays a central role in mediating many impor-

ABBREVIATIONS: ARNT, aryl hydrocarbon nuclear translocator; AHR, aryl hydrocarbon receptor; bHLH, basic helix-loop-helix; BCA, bicincho-
ninic acid; BEAR-2, bacterial expressed aryl hydrocarbon receptor; BEARNT, bacterial expressed aryl hydrocarbon nuclear translocator; hARNT,
human aryl hydrocarbon nuclear translocator; rARNT, rat aryl hydrocarbon nuclear translocator; mARNT, mouse aryl hydrocarbon nuclear
translocator; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; PAS, periodicity-aryl hydrocarbon nuclear translocator-simple-minded, GAR-HRP, goat
anti-rabbit horseradish peroxidase; GAR-TR, goat anti-rabbit Texas red; TTBS, Tris-buffered saline/Tween 20; BSA, bovine serum albumen;
DMEM, Dulbecco’s minimum Eagle’s medium; FBS, fetal bovine serum, SDS, sodium dodecyl sulfate; NLS, nuclear localization signal; PAGE,
polyacrylamide gel electrophoresis; EGTA, ethylene glycol bis(3-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; P450, cytochrome P450.
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tant biological responses and that recruitment of ARNT by
one pathway could affect the response of another. Indeed,
inhibition of AHR-mediated processes by hypoxic conditions
have recently been demonstrated in mouse Hepa-1 cells (11).
These results highlight the importance of establishing the
concentration of ARNT in cells and determining the ratio of
this protein to its plethora of binding partners.

As a first step in determining such ratios, Western blot
analysis was used to determine the concentration of ARNT
and AHR in 11 cell culture lines. This type of assay is espe-
cially important for analysis of ARNT because a method to
directly quantify this protein in crude samples has not been
reported. The cells analyzed in this study were mouse hepa-
toma lclc7 (Hepa-1 wild-type, type I, and type II), mouse
skeletal muscle (C,C;5), mouse embryonic fibroblast (NTH-
3T3, C3H10T1/2), rat hepatoma (H4IIE), rat smooth muscle
(A7), canine osteogenic sarcoma (D-17), canine kidney
(MDCK), and human breast cancer (MCF-7). The choice of
these lines was based on (i) their traditional use in studies of
AHR-mediated signal transduction (Hepa-1, H4ITE, MCF-7),
(i1) their increased use in recent years (NIH-3T3, 10T1/2), or
(iii) their potential as novel models to study AHR-mediated
events in nonhepatic cells. The experiments demonstrate
that quantitative Western blot analysis can be used to deter-
mine the actual concentration of ARNT and AHR in complex
cell lysates. The findings reveal that the ratio of ARNT to
AHR ranged from 0.3 to 10 depending on the cell line evalu-
ated with the AHR in excess of ARNT in 9 of the 11 cell lines.
In addition, immunocytochemical staining of all cells showed
that ARNT was exclusively localized to the nuclear compart-
ment and that a putative nuclear localization signal mapped
to the NH-terminal portion of the mouse ARNT.

Materials and Methods

Antibodies and reagents. Specific antibodies against the mouse
ARNT (R-1) have been described previously (18). The antibodies
raised against the mouse AHR (A-1A) were generated against a
bacterial expressed portion of the mouse AHR (amino acids 1-416)
essentially as previously described (18). All antibodies are affinity-
purified IgG fractions. Antibodies specific to P450 1A1 were a gen-
erous gift from Dr. Colin Jefcoate (University of Wisconsin). GAR-
HRP was used for Western blot analysis. GAR-TR was used for

TABLE 1
Concentration of ARNT protein in continuous cell lines
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immunocytochemical studies. Both of these reagents were purchased
from Jackson Immunoresearch (West Grove, PA).

Buffers. Phosphate-buffered saline contains 0.8% NaCl, 0.02%
KCl, 0.14% Na,HPO, and 0.02% KH,PO,, pH 7.4. The 2X gel sample
buffer contains 125 mMm Tris, pH 6.8, 4% SDS, 25% glycerol, 4 mm
EDTA, 20 mM dithiothreitol, and 0.005% bromphenol blue. Tris-
buffered saline contains 50 mM Tris and 150 mm NaCl, pH 7.5. TTBS
contains 50 mM Tris, 0.2% Tween 20, and 150 mMm NaCl, pH 7.5.
TTBS+ contains 50 mM Tris, 0.5% Tween 20, and 300 mm NaCl, pH
7.5. BLOTTO contains 5% nonfat dry milk in TTBS. The 2X lysis
buffer contains 50 mm HEPES, pH 7.4, 40 mM sodium molybdate, 10
mM EGTA, 6 mMm MgCl,, and 20% glycerol. The 1X immunoprecipi-
tation buffer contains 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS, 4% BSA, 1% glycerol, and 50 mM
L-histidine. The IP wash buffer contains 50 mM Tris, pH 7.4, 150 mMm
NaCl, 1% Nonidet P-40, 0.1% SDS, and 0.5% deoxycholate.

Cells and growth conditions. wild-type Hepa-1c1c7 cells, type I
variants, and type II variants were a generous gift from Dr. James
Whitlock, Jr. (Department of Pharmacology, Stanford University,
Stanford, CA). These cells were propagated in DMEM supplemented
with 5% FBS. All other cells were obtained from American Type
Culture Collection (Rockville, MD). H4IIE, MDCK, and D-17 cells
were propagated in DMEM supplemented with 10% FBS. NIH-3T3
cells were propagated in DMEM supplemented with 10% calf serum.
10T1/2 cells were propagated in BME supplemented with 10% heat-
inactivated FBS. C,C;, and A7 cells were propagated in minimum
essential medium supplemented with 10% FBS. MCF-7 cells were
propagated in minimum essential medium supplemented with bo-
vine insulin (10 pg/ml) and FBS (10%).

Preparation of total cell lysates. Total cell lysates for Western
blot analysis were prepared by sonicating cell pellets in 1X lysis
buffer and Nonidet P-40 (0.5%) essentially as previously detailed (16,
19). The only modification to the procedure was that before sonica-
tion of the cell pellets, the total number of cells was determined. This
allowed the determination of the amount of protein in a single cell
(Table 1, columns 1 and 2). Protein concentrations of the total cell
lysates were determined by the Coomassie Plus Protein assay
(Pierce, Rockford, IL). All samples were stored at —20°.

Preparation of purified AHR and ARNT standards. The pu-
rified ARNT protein used in these studies was the BEARNT, that
has been previously described (18). Expression and purification of
the BEARNT protein was carried out as detailed (18). Stock samples
of purified BEARNT were stored at 4° in 0.1% trifluoroacetic acid,
and protein concentrations were determined by the Coomassie Plus
Protein assay and the BCA protein assay (Pierce). Purified BEARNT
fusion protein was then diluted to a concentration of 1 ng/ul in 1X gel

Reference molecular mass for ARNT was 86,000 Da. The relative expression of ARNT in each cell line was determined by Western blot analysis. Each value is the
percentage of expression compared with wild-type Hepa-1 cells. Total cell lysate in nanograms was determined with quantitative Western analysis and each value is
the mean =+ standard deviation of a least four replicated experiments; total cell lysate in femtomoles was calculated from the nanogram total by using 86 pg of ARNT =
1 fmol. The number of ARNT molecules per cell was determined by (fmol ARNT/mg X 6.023 X 108 molecules/fmol)/(number of cells per mg of total cell lysate).

Cell line Total lysate/cell Total lysate

Relative ARNT

ARNT/mg of total ARNT/mg of total ARNT molecules/

expression cell lysate cell lysate cell
g (X 109) No. of cells/mg (x10~6) % of Hepa-1 ng fmol

Wild-type Hepa-1 2.40 4.16 100 = 12 199 + 44 231 33,445
Type Il Hepa-1 3.27 3.06 NS NS

Type | Hepa-1 2.84 3.52 58 = 20 134 +1.6 156 26,693
H4lIE 1.14 8.77 118 £ 25 21.3 =56 248 17,032
C,Cq5 1.67 5.98 76 * 14 15.4 1.9 179 18,029
C3H 10T 1/2 2.08 4.81 85 + 12 125 1.2 145 18,156
MDCK 2.47 4.05 62 + 6 8.1 0.7 94 18,979
D-17 2.08 4.81 75 14 9.8 =05 114 14,275
A7 4.40 2.27 35+ 18 8.2 £ 3.7 95 25,206
NIH-3T3 2.21 4.52 88 =9 16.6 = 0.7 193 25,718
MCF-7 4.14 2.41 44 = 8 6.6 = 2.1 77 19,243

NS, not within sensitivity of experimental procedure.
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sample buffer that contained BSA (1 mg/ml). The presence of BSA
was necessary to maintain solubility of the BEARNT protein. This
stock solution was then used to generate a graded series of BEARNT
standards that were used throughout the project. The typical stan-
dard curve was 187.5, 125, 62.5, 50, 37.5, 25, and 12.5 pg of
BEARNT.

The purified AHR protein used in these studies was BEAR-2,
which represents amino acids 1-416 of the mAHR. The expression
and purification of the BEAR-2 protein were carried out as detailed
(18). Stock samples of purified BEAR-2 were stored at 4° in 0.1%
trifluoroacetic acid, and protein concentrations were determined by
the Coomassie Plus Protein assay and the BCA protein assay
(Pierce). Purified BEAR fusion protein was then diluted to a concen-
tration of 1 ng/ul in 1X gel sample buffer that contained BSA (1
mg/ml). The presence of BSA was necessary to maintain solubility of
the BEAR-2 protein. This stock solution was then used to generate a
graded series of BEAR-2 standards that were used throughout the
project. The typical standard curve was 1.5, 1.35, 1.05, 0.75, 0.45,
and 0.15 ng of BEAR-2.

Western blot analysis. Purified BEARNT or BEAR-2 and total
cell lysates were resolved by denaturing electrophoresis on discon-
tinuous polyacrylamide slab gels (SDS-PAGE) and electrophoreti-
cally transferred to nitrocellulose as previously described (18). Im-
munochemical staining was carried out with varying concentrations
of primary antibody (see text and figure legends) in BLOTTO buffer
supplemented with DL-histidine (20 mM) for 1-2 hr at 22°. Blots were
washed with three changes of TTBS+ for a total of 45 min. The blot
was then incubated in BLOTTO buffer containing a 1:10,000 dilution
of GAR-HRP for 1 hr at 22° and washed in three changes of TTBS+
as described above. Before detection, the blots were washed in Tris-
buffered saline for 5 min. Bands were visualized with the enhanced
chemiluminescence kit as specified by the manufacturer (Amersham,
Arlington Heights, IL). Multiple exposures (autoradiographs) of each
blot were produced to ensure linearity.

Immunoprecipitation. Total cell lysate (500 pg) was incubated
with 5 ug of affinity-purified antibody in the presence of 1X immu-
noprecipitation buffer for 1 hr at 22°. The samples were put into
fresh tubes, supplemented with 10 ul of a 50% slurry containing
protein A-Sepharose beads (Sigma Chemical, St. Louis, MO), and
incubated for 1 hr at 22°. Samples were then centrifuged at 500 X g
for 2 min, and the beads were transferred to fresh tubes. The beads
were washed for a total of 45 min with three changes of IP wash
buffer, mixed with 25 ul of 2X gel sample buffer, heated for 10 min

TABLE 2
Concentration of AHR protein in continuous cell lines

at 95°, and resolved by SDS-PAGE. Gels were blotted to nitrocellu-
lose and stained with appropriate antibodies as detailed above.

Quantification of protein bands. For the calculation of ARNT
and AHR concentration, the BEARNT or BEAR-2 standard curve
was resolved alongside duplicate samples of two concentrations of
total cell lysate (5—-30 pg). The concentration of target protein was
determined by computer analysis of the ECL autoradiographs as
previously detailed (16, 19, 20). The density of each standard protein
was then plotted against its concentration, and regression analysis
used to calculate the concentration of ARNT or AHR/mg of total cell
lysate. This value was then multiplied by a factor of 1.7 to adjust for
the difference in molecular mass between the BEARNT standard (51
kDa) and the endogenous ARNT protein (86 kDa) or 2.0-2.2 to adjust
for the difference in molecular mass between the BEAR-2 standard
(47.5 kDa) and the endogenous AHR protein (95-106 kDa)

For each cell line, at least two different gels containing a standard
curve (72 > 0.9), and two different concentrations of total cell lysate
were analyzed. To ensure linearity, multiple exposures of each blot
were always evaluated. The mean and standard deviation values of
the replicates are reported (Tables 1 and 2). To calculate the number
of ARNT or AHR molecules in each cell, the fmol of ARNT or AHR/mg
of total cell lysate was multiplied by 6.023 X 10® molecules/fmol and
divided by the number of cells/mg of total cell lysate.

Immunocytochemistry. All immunocytochemical procedures
(fixation, staining, and photography) were carried out as previously
described (18). The cells were observed on a Zeiss Axiophot micro-
scope using the 568-nm filter. On average, 15-20 fields (520 cells
each) were evaluated on each slip, and three were photographed to
generate the raw data. Experiments were repeated at least three
times. The concentrations of antibodies used are detailed in the text.

Amino acid sequence analysis. ARNT protein sequences were
compiled and analyzed by Lasergene software (DNASTAR Inc., Mad-
ison, WI). Amino acid comparisons were carried out in the
MEGALIGN program according to the method of Jotun-Hein (21).

Construction of ARNT expression vectors and transfection
of type II Hepa-1 cells. The polymerase chain reaction was used to
amplify a truncated ARNT fragment from mARNT ¢DNA. The prim-
ers used were 5'-ATATAAGCTTGGCACCATGGGGCTGGATTTTG-
ATGATGA-3' (Trunc-ATG)and 5'-ATATGGATCCCTATTCTGAAAA-
GGGGGGAAAACATG-3' (TAG). The ATG start site is bold, and the
restriction sites are underlined. The purified cDNA fragment was cut
with HindIIl and Xbal and ligated into pRc¢/CMV to generate
PANLS. The resulting construct codes for amino acids 46—780 of the

The reference molecular masses for AHR were 95,000 Da (MAHRP~" allele), 105,000 Da (mMAHRb-2 allele), 106,000 Da (rAHR), and 105,000 Da (hAHR). The relative
expression of AHR in each cell line was determined by Western blot analysis. Each value is the percentage of expression compared to WT Hepa-1 cells. Total cell lysate
in nanograms was determined with quantitative Western analysis and each value is the mean =+ standard deviation of a least two replicated experiments; total cell lysate
in femtomoles was calculated from the nanogram total by using 95-106 pg of AHR = 1 fmol [determined directly by dividing (fmol/mg X 6.023 X 108 molecules/
fmol)/(number of cells per mg total cell lysate) or indirectly by first determining the femtomoles of AHR in each cell line based on the relative expression, and then

calculating AHRs/cell as above].

. Relative AHR AHR/mg of total AHR/mg of total
Cell ling expression cell gIJysa\te cell gIJysa\te AHRs/cell
% of Hepa-1 ng fmol

Wild-type Hepa-1 100 = 15 213 = 32 2231 323,004
Type Il Hepa-1 72 = 8.0 138 £ 39 1474 290,065
Type | Hepa-1 41 =20 19.0 £ 5.0 200 34,221
H4IIE 4311 7.3+1.6 69.4 4,763
C,Cis 21+ 27 39.6 = 2.3 381 38,387
C3H 10T 1/2 29 + 24 ND ND 88,394
MDCK 52 +33 ND ND 15,6522
D-17 71 44 ND ND 18,4507
A7 43.1 =13 57.5*+29 547 145,233
NIH-3T3 3.1*x11 9.1 =21 86.9 11,611
MCF-7 11 £3.9 23.7*+19 226 56,409

ND = not determined.
2 determined indirectly
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mARNT. The full-length mARNT expression vector (pMVmARNT)
has been described previously (16). pANLS and pMVmARNT were
transiently transfected into type II Hepa-1 cells, treated with TCDD,
and stained for ARNT as previously detailed (16).

Results and Discussion

Strategy. Previous reports from this laboratory have es-
tablished the linearity of Western blotting assays for deter-
mining relative changes in AHR and ARNT protein concen-
tration in cell extracts (16, 19, 20). The goal of this study was
to develop Western blotting protocols that allowed the deter-
mination of the actual concentrations of ARNT and AHR in
lysates prepared from cultured cells. The strategy for these
studies was to first use Western blot analysis to determine
the expression of ARNT or AHR in each cell line relative to its
concentration in wild-type Hepa-1 cells. The actual concen-
trations of ARNT or AHR in known amounts of total cell
lysates were then determined by regression analysis using a
standard curve of highly purified ARNT or AHR protein.

Calculation of ARNT concentration in hepatic and
nonhepatic cell culture lines. Experiments were designed
to calculate the concentration of ARNT in total cell lysates. In
the first set of experiments, the relative level of ARNT ex-
pression was determined in each cell line by resolving iden-
tical concentrations of total cell lysates on the same gel,
staining for ARNT and comparing the values to that observed
in wild-type cells. Fig. 1A shows a representative blot of total
cell lysates stained with the R-1 antibody. A predominate
band migrating at ~86-kDa was observed in all cell lines
except the Hepa-1 type II cell line that is defective in ARNT
protein expression (18, 22). An additional band migrating at
~60 kDa was also observed in every cell line except those
derived from canine cells. This protein does not represent an
ARNT degradation product as it is observed in the type II
cells and shows no correlation to the level of ARNT expres-
sion. This may represent an additional ARNT isoform or
nonspecific reactivity to a highly expressed protein and was
not considered in the analysis. The 86-kDa bands were then
quantified by computer densitometry as detailed in Materials
and Methods, and all values were compared with the level of
expression in wild-type Hepa-1 cells. The values are reported
in Table 1 (column 4) and show a range of ARNT expression
of ~3-fold (compare the A7 with the wild-type).

The actual concentration of ARNT was then determined in
each cell line by comparing the ARNT concentration in total
cell lysates with that of a highly pure ARNT protein stan-
dard. The ARNT protein used as the standard for these
experiments was a highly pure bacterially expressed mARNT
(BEARNT) that corresponded to amino acids 318-773. This is
the same protein fragment that was used as an antigen to
generate the R-1 antibodies (18). Because the integrity of the
analysis was based on the concentration of the BEARNT
standard, the stock sample of BEARNT was quantified by a
Coomassie protein assay and by the BCA protein assay with
BSA as the standard. The BCA assay produced values that
were on average 25% higher than the Coomassie dye-based
assay. To determine the nature of this observation, the purity
of the BEARNT was evaluated by SDS-PAGE. The purified
BEARNT migrated as a single band of ~47 kDa.! However,

1 J. Holmes, unpublished observations.
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Fig. 1. Western blot analysis of ARNT and BEARNT expression. A, 10
ng of the indicated total cell lysates was resolved by SDS-PAGE,
blotted to nitrocellulose, and stained with 1.0 ug/ml R-1 followed by
GAR-HRP (1:10,000). WT, wild-type. Numbers on right, migration of
molecular mass standards (kDa). B, Graded concentrations of BEARNT
were resolved by SDS-PAGE, blotted to nitrocellulose, and stained with
1.0 ug/ml R-1 followed by GAR-HRP (1:10,000). Bands were quantified
by densitometry and plotted against the dilution starting with the
250-pg sample (lane 1). Inset, Western blot. BEARNT concentrations
are 250 pg (lane 1), 187.5 pg (lane 2), 125 pg (lane 3), 62.5 pg (lane 4),
50 pg (lane 5), 37.5 pg (lane 6), 25 pg (lane 7), and 12.5 pg (lane 8).

the intensity of the Coomassie-stained bands were 25% lower
than identical amounts of BSA.! These results are consistent
with the protein assay data and suggest that the BEARNT
does not bind the same amount of Coomassie dye as BSA.
Because of this, the BEARNT concentration determined by
the BCA method was used for all analyses.

Fig. 1B shows a Western blot of a representative BEARNT
standard curve. The curve was linear over a 20-fold range of
BEARNT protein with a correlation coefficient of .96. The R-1
antibody could detect as little as 12.5 pg of BEARNT when
used at a concentration of 1 ug/ml BLOTTO. Similar results
were observed when stock BEARNT samples were repeatedly
used over a 6-week period. The concentration of ARNT in the
various cell lines was then determined by resolving at least

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

206 Holmes and Pollenz

two concentrations of total cell lysate on the same gel with a
BEARNT standard curve, blotting to nitrocellulose, and
staining with the R-1 antibody. The resulting autoradio-
graphs were then analyzed by densitometry, and regression
analysis was performed as detailed in Materials and Meth-
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Fig. 2. Western blot analysis of AHR and BEAR-2 expression. A, 20 ug
of the indicated total cell lysates was resolved by SDS-PAGE, blotted to
nitrocellulose, and stained with 1.0 ug/ml A-1A followed by GAR-HRP
(1:10,000). WT, wild-type. Numbers on right, migration of molecular
mass standards (kDa). B, 500 ug of the indicated total cell lysates was
immunoprecipitated with either A-1A or preimmune IgG and analyzed
by Western blots as detailed in Material and Methods. Numbers on
right, migration of molecular mass standards (kDa) and the location of
the immunoreactive IgG. C, Graded concentrations of BEAR-2 were
resolved by SDS-PAGE, blotted to nitrocellulose, and stained with 1.0
ng/ml A-1A followed by GAR-HRP (1:10,000). Bands were quantified
by densitometry and plotted against the dilution, starting with the
1.35-ng sample (lane 7). Inset, Western blot. BEAR-2 concentrations
are 1.35 ng (lane 1), 1.05 ng (lane 2), 0.75 ng (lane 3), 0.45 ng (lane 4),
and 0.15 ng (lane 5).

TABLE 3

Ratio of AHR protein to ARNT protein in continuous cell lines

The concentration of AHR (fmol/mg of total cell lysate) was divided by the
concentration of ARNT (fmol/mg of total cell lysate).

Cell line Ratio of AHR protein to ARNT protein
Wild-type Hepa-1 10
Type Il Hepa-1 >100%
Type | Hepa-1 1
H4lIE 0.3
C2Cyz 2
C3H 10T 1/2 5
MDCK 1
D-17 1
A7 6
NIH-3T3 0.4
MCF-7 3

2 Estimated value assuming the expression of ARNT in type Il cells is <5% of
wild-type cells.

ods. Each cell line was evaluated on at least three different
blots, and the results are presented in Table 1. The actual
concentration of ARNT correlated well (> = .78) with the
values determined when all lysates were resolved on the
same gel and expressed as a percentage of ARNT in wild-type
Hepa-1 cells (compare Table 1, columns 4 and 5). The major-
ity of the variation between the two assays was due to the two
canine cell lines.

The results show that the level of ARNT expression in each
of the cells lines is similar and represents ~0.001-0.002% of
total cellular protein. The range of expression was only ~3-
fold, with wild-type Hepa-1 cells expressing the highest level
of ARNT (33,000/cell), whereas the MDCK cells express
~14,000 ARNT molecules/cell. This level of expression is
consistent with certain hormone receptors and other tran-
scription factors (23) and is also consistent with a previous
report that measured the concentration of ARNT in Hepa-1
cells (24). However, there are some caveats within the exper-
imental design that deserve comment. First, although the
R-1 antibody is polyclonal to a large portion of mARNT (464
amino acids) that shows high homology among rat, mouse,
and human (1, 15, 25), it is possible that the ARNT from each
species does not bind to an identical amount of R-1 antibody.
Second, our recent report on ARNT expression in rainbow
trout has shown that alternative RNA splicing can produce
distinct ARNT isoforms with divergent COOH-terminal ends
(16). If similar mechanisms are functioning in these mam-
malian cells, then the R-1 antibody may not detect the addi-
tional forms of ARNT. Finally, the contribution of the ARNT2
isoform to the total pool of ARNT in each cell has not been
determined, and the results are expressed in relation to the
conventional ARNT isoform.? Therefore, it is important to
note that although all attempts have been made to maximize
the integrity of the analysis, the total pool of ARNT isoforms
may be higher than that reported here.

Calculation of AHR concentration in hepatic and
nonhepatic cell culture lines. Having established the fea-
sibility of the Western blotting approach for calculating lev-
els of ARNT, we focused on the use of this method to deter-
mine the concentration of the AHR. Identical cell lysates to
those used for analysis of ARNT were resolved by SDS-
PAGE, blotted to nitrocellulose, and stained with the A-1A

2The term “conventional” ARNT refers to all ARNT isoforms except
ARNT2.
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antibody as detailed in Materials and Methods. Fig. 2A
shows a representative Western blot containing 20 ng of total
cell lysate from seven of the cell lines. A single band is
prominently observed in wild-type Hepa-1, type II, C,C;s,
A7, and MCF-7 cells that correlates with the deduced molec-
ular mass of the AHR in the mouse (26), rat (27), and human
(28). A weakly stained band can be observed in 3T3 and type
I cells that also correlates with the expected size of the AHR.
Because the AHR expression in 20 ug of total cell lysates of
MDCK, D-17, H4IIE, and type-I cells were difficult to visu-
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Fig. 3. Immunofluorescence mi-
croscopy of ARNT protein ex-
pression in cultured cells. Cells
were grown onto glass coverslips,
fixed, and stained with 1.0 ug/ml
R-1 IgG followed by GAR-TR (1:
750) as previously detailed (20).
The magnification of each micro-
graph is identical, and the identity
of each cell line is indicated. Cells
were not stained at the same
time; therefore, the intensity of
staining cannot be compared be-
tween different cell lines. Bar, 10
mm.

alize on standard Western blots, 500 ug of total cell lysate
was immunoprecipitated with the A-1A antibody, resolved by
SDS-PAGE, blotted, and then stained with the A-1A anti-
body to confirm the expression of the AHR in these cells. Fig.
2B shows a representative blot of the immunoprecipitated
AHR from MDCK, D-17, H4IIE, type-I, and 10T1/2 lysates
(as high expression control). The low level of AHR expression
relative to 10T1/2 cells can be observed. The intensity of each
AHR band was then quantified by computer densitometry as
detailed for ARNT, and the results are expressed as a per-
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Fig. 4. Identification of putative nuclear localization domain in ARNT.
The amino acid sequences of rARNT and rARNT2, mARNT and
mARNT2, hARNT, and rainbow trout ARNT, were analyzed as detailed
in Materials and Methods. Numbers, location of the amino acids relative
to the first residue (methionine).

centage of AHR in Hepa-1 cells. These values are shown in
Table 2 and range from 3% in type I and 3T3 cells to 72% in
the Hepa-1 type II cell line. The 30-fold range of AHR expres-
sion is in sharp contrast to the small range of ARNT expres-
sion (Fig. 1A).

The next set of experiments were carried out to establish a
quantitative Western blotting procedure for the determina-
tion of the actual concentration of AHR in each cell line. The
experiments were done in the exact manner as detailed for
ARNT. Briefly, the AHR protein used as the standard for
these experiments was highly pure BEAR-2 that corre-
sponded to amino acids 1-416 of the mouse sequence. This
region of the AHR contains the bHLH and PAS domains and
is highly conserved in all mammalian AHRs (26—-28). There-
fore, differences in the specificity of the A-1A antibody to
mouse, rat, and human AHR should be minimal. The integ-
rity of the BEAR-2 protein sample was evaluated by Coom-
assie-stained gels as detailed for BEARNT, and a final stock
was prepared as detailed in Materials and Methods. Fig. 1C
shows a representative Western blot of a BEAR-2 standard
curve. The assay was linear over a 10-fold range of BEAR-2
protein (0.15-1.5 ng) and had a correlation coefficient of .97.
Similar results were observed when stock BEAR-2 samples
were repeatedly used over a 6-week period. The concentra-
tion of AHR in the various cell lines was then determined by
resolving at least two concentrations of total cell lysate on the
same gel with two concentrations of wild-type Hepa-1 cell
lysate and the BEAR-2 standard curve. In the case of lysates
with low AHR expression, the amount of total lysate loaded
was set so that the intensity of the AHR band was within the
linear range of the assay. Gels were then blotted to nitrocel-
lulose and stained with the A-1A antibody. The resulting
autoradiographs were then analyzed by densitometry and
regression analysis performed as detailed in Materials and
Methods. The results are presented in Table 2. As observed
with the ARNT data, the actual concentration of AHR corre-
lated well (+2 = .92), with the values determined when all
lysates were resolved on the same gel and expressed as a

percentage of AHR in Hepa-1 cells (compare Table 2, columns
2 and 3).

The wild-type and type IT Hepa-1 cells express the highest
number of AHRs per cell (~300,000), whereas an H4IIE cell
contains a modest 4763 AHRs. It is interesting to note that
there is a 67-fold range of AHR concentration when the
protein is expressed on a per-cell basis and a ~30-fold range
when expressed per mg of total cell lysate. This is in sharp
contrast to the 3-fold range of ARNT expression in the iden-
tical cell lines. In general, the values of AHR concentration
reported here are 10-15-fold higher than values previously
published for Hepa-1 and H4IIE cells that were based on
ligand binding assays (22, 29). There are limited data on
most of the other cell types. It is important to note, however,
that the ability to directly compare AHR concentrations pro-
duced in different laboratories is difficult due to the different
methods of sample preparation (cytosol versus total lysates),
the use of different types of AHR ligand binding assays (that
may not detect the entire AHR pool), the use of different
protein assays, and the fact that AHR concentration is gen-
erally not reported for an individual cell. The concentration
of AHR in an individual cell is a useful calculation because
the number will be important in establishing the ratio to
other proteins and for determining the feasibility of detecting
the receptor with immunocytochemical methods.

In summary, these results show that Western blot analysis
can be used to accurately estimate the concentration of AHR
in complex cellular lysates. This method should prove useful
in future analyses because (i) it is rapid, (ii) the samples that
are evaluated can be easily produced and are denatured, (iii)
the assay does not rely on a functional AHR, (iv) the total pool
of AHRs in all cellular compartments can be measured, (v)
the assay is not affected by low affinity receptors, and (vi) the
assay does not require the use of radiolabeled compounds.

The ratio of AHR to ARNT shows a high level of
variation. Because the AHR and ARNT associate to from a
functional DNA binding transcription factor, the ratio of
these two proteins is critical for determining their interplay
and ability to affect additional signaling pathways. The re-
sults presented in Table 3 show that AHR is equal to or in
excess of the conventional ARNT in 9 of the 11 cell lines
evaluated.? There appears to be three classes of cells: (i)
those with an AHR/ARNT ratio of >5 (Hepa-1, A7, and 10T),
(i1) those with essentially an equal amount of AHR and
ARNT (type I, C,C,5, MDCK, D-17, and MCF-7), and (iii)
those with 2—-3-fold more ARNT than AHR (H4IIE, 3T3). The
high ratio of AHR to ARNT in Hepa-1 cells is consistent with
a previous report that also evaluated the concentration of
each protein using a Western-based protocol (24). The >30-
fold variation in AHR/ARNT ratio between the cell lines
suggests that there is no correlation between the concentra-
tion of AHR and ARNT but implies that ARNT may be the
limiting protein in AHR-mediated events in certain cells or
tissues. This is consistent with results showing that Hepa-1
cells have higher levels of TCDD-mediated gene expression
when ARNT is overexpressed in transfected cells (25).

ARNT is a nuclear protein in cell lines derived from
nonhepatic tissues. Previous studies have determined that
ARNT is expressed predominately in the nucleus of Hepa-1
cells (18, 19, 30), but there is limited information about the
location of this protein in nonhepatic cells (29). Identification
of ARNT location is critical to understanding the ability of
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this protein to interact with the AHR, SIM, and HIF-1la in
diverse tissues, especially if it is the limiting binding partner.
To determine the subcellular location of ARNT, cells were
fixed and stained with the R-1 antibody as detailed in Mate-
rials and Methods. The specificity of the R-1 for each cell type
is demonstrated in Fig. 2B. Fig. 3 shows that the expression
of ARNT is predominately nuclear in nonhepatic cell lines
derived from rat, mouse, human, and canine tissues. In ad-
dition, the exposure of each cell to TCDD (2 nm) for <72 hr
had no affect on the intensity or location of the staining in
any cell type.® These results confirm the description of ARNT
as a nuclear transcription factor in both hepatic and nonhe-
patic cells and indicate that physical interaction with ARNT
requires entry into the nucleus.

ARNT contains a putative nuclear localization sig-
nal within the NH-terminal region that is conserved in
all ARNT proteins. Having established that ARNT was a
nuclear protein in cell lines derived from seven different

3 R. S. Pollenz, unpublished observations.
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Fig. 5. Immunofluorescence micros-
copy of mARNT protein expression in
type Il Hepa-1 cells. A-F, Type I
Hepa-1 cells grown onto glass cover-
slips were transfected with 1.5 ug of
pANLS or 1.5 ug pMVmARNT and
fixed 48 hr later. Coverslips were incu-
bated with 1.0 ug/ml R-1 1gG followed
by GAR-TR (1:750). G and H, Type I
Hepa-1 cells grown onto glass cover-
slips were transfected with 1.5 ug of
pPANLS or 1.5 ug pMVmARNT and 24
hr later, cells were treated with TCDD (2
nm final concentration) and fixed after
20 hr. Coverslips were incubated with
anti-P450 1A1 IgG (1:750) followed by
GAR-TR (1:750). A, B, and E, Cells
transfected with pMVmMARNT and
stained with R-1. C, D, and F, Cells
transfected with pANLS and stained
with R-1. G, Cells transfected with pM-
VmARNT and stained with anti-
CYP1A1. H, Cells transfected with
ANLS and stained with anti-P450 1A1.
The specificity of the antibodies is
shown by the lack of staining in non-
transfected cells. Bar, 10 um.

tissues in four different species, we performed amino acid
sequence analysis on mARNT, mARNT2, rARNT, rARNT2,
hARNT, and rainbow trout ARNT, sequences to determine
whether an NLS could be identified. A domain with the
sequence RXXKRR is precisely conserved in the NH-terminal
portion of six different ARNT proteins (Fig. 4). This sequence
is consistent with other NLS domains that are short
stretches of amino acids containing four or five basic residues
(31, 32). To begin to evaluate the functionality of the
RXXKRR sequence, PCR was used to generate an mARNT
construct in which the nucleotide sequence encoding the first
45 amino acids (including the RXXKRR) was deleted and
replaced by an ATG codon and Kozak sequence. The result-
ing construct, pANLS, or a construct containing full-length
ARNT (pMVmARNT) was then transiently transfected into
the type IT Hepa-1 cell line that lacks functional ARNT pro-
tein (16, 18, 22). The location of the expressed proteins was
then determined by immunocytochemical staining as previ-
ously detailed (18).

The results show that type II cells transfected with pMV-
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Fig. 6. Western blot analysis of mMARNT and ANLS expression in trans-
fected type Il cells. Triplicate plates of type Il Hepa-1 cells were trans-
fected with 1.5 pug of pANLS or 1.5 ng of pMVmARNT, and total cell
lysates were prepared after 48 hr. Identical amounts of lysate were
resolved by SDS-PAGE, blotted to nitrocellulose and stained with 1.0
ng/ml R-1 followed by GAR-HRP (1:10,000). Lanes 1-3, ANLS. Lanes
4-6, mARNT. Numbers on right, migration of molecular mass stan-
dards (kDa).

mARNT exhibit intense staining for ARNT within the nu-
clear compartment (Fig. 5, A, B, and E). These results are
consistent with the location of ARNT in wild-type Hepa-1
cells (Refs. 18 and 19 and Fig. 3). In contrast, type II cells
transfected with pANLS show intense ARNT staining pre-
dominately in the cytoplasmic compartment (Fig. 5, C, D, and
F). To determine whether the presence of ANLS in the cyto-
plasm was due a higher level of expression than mARNT,
triplicate plates of type II cells were transfected with pANLS
or pMVmARNT, and total cell lysates were evaluated by
Western analysis. Fig. 6 shows that the levels of ANLS and
mARNT expression are similar in three independent trans-
fections. The transfection efficiency of both plasmids was
similar® (also note the similar number of stained cells in Fig.
5, A-D).

To further evaluate ANLS, type II cells were transfected
with pANLS or pMVmARNT as detailed above, treated with
TCDD (2 nm) for 24 hr before fixation, and stained with an
antibody against P450 1A1. Interestingly, P450 1A1l-specific
perinuclear staining was observed in cells expressing either
mARNT or ANLS (Fig. 5, G and H). These results suggest
that ANLS can complement AHR-mediated signal transduc-
tion even though it is predominately cytoplasmic. These re-
sults can be explained by the high level of protein expression
in transiently transfected cells (16) and the presence of some
of the protein in the nuclear compartment. Because the AHR
is in large excess in the Hepa-1 cells, a high level of nuclear
ARNT may not be required to obtain AHR/ARNT dimeriza-
tion and gene activation. Alternatively, the ANLS may
dimerize with the AHR in the cytoplasm and be transported
into the nucleus by the AHR. Studies are in progress to
further evaluate these possibilities. Collectively, these re-
sults provide compelling evidence that ARNT has at least one
functional NLS that is localized within the 45 NH-terminal
amino acids of the protein.

Conclusions and implications. The AHR-mediated sig-
nal transduction pathway and ARNT function have become
increasingly complex as additional bHLH/PAS proteins and
pairing strategies have been defined (5-13). Therefore, the
determination of the concentration and location of all the
bHLH/PAS proteins will be critical for assessing the interac-

tion of these protein in vivo and the physiological relevance of
dimerization data generated in vitro. Such studies are made
more relevant by the recent report showing that an ARNT
knock out in mice is lethal (17).

The results presented in this report clearly show that
ARNT is a nuclear protein in both hepatic and nonhepatic
cells and identify a putative NLS signal in the NH-terminal
region of all published ARNT sequences. These results are
consistent with previous studies that identified ARNT as a
nuclear protein in Hepa-1 cells (18, 19, 30) and suggest that
physiological interactions require a binding partner to enter
the nuclear compartment or be a nuclear protein. From a
signal-transduction point of view, it is intriguing to consider
the finding that the AHR is generally in excess of ARNT. The
implication of this result is that the liganded-AHR might
“recruit” sufficient ARNT from functions it might be perform-
ing in an AHR-independent manner. However, several pieces
of data seem to argue against this hypothesis. First, a recent
study shows that the liganded AHR does not affect ARNT
dimerization with HIF-1 « in the Hepa-1 cells (10:1 ratio of
AHR/ARNT), whereas hypoxic conditions can partially affect
AHR-mediated signaling (11). Second, it has been demon-
strated that the AHR but not ARNT is rapidly depleted by
=90% in vitro and in vivo after exposure to AHR agonists and
that the quantity of ARNT sequestered by the liganded AHR
is a fraction of the total ARNT pool in Hepa-1 cells (19).*
Collectively, these results suggest that the AHR may in fact
be the limiting partner in dimerization with ARNT and that
there may be regulatory events affecting the dimerization of
these proteins. The development of quantitative Western blot
procedures for analysis of these proteins and the character-
ization of cell lines and tissues with a wide range of AHR/
ARNT ratios should provide novel models for continued study
of the bHLH/PAS proteins and their function.
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