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Abstract
Chronic intake of arsenic (As) has been associated with increased risk of cancer, diabetes,
developmental and reproductive problems, and cardiovascular disease. Recent studies suggest
increased health risks with drinking water levels as low as 5–10 ppb. We previously reported that
As disrupts glucocorticoid receptor (GR) mediated transcription in a very complex fashion. Low As
levels (0.1 to 0.7 μM) stimulated transcription whereas slightly higher levels (1 to 3 μM) were
inhibitory. The DNA Binding Domain (DBD) was the minimal region of GR required for the response
to As. Mutations in the DBD that alter the conformation of the dimerization domain (D-Loop) to a
DNA-bound GR conformation abolished the stimulatory effect and enhanced the inhibitory response
to As. Here we report that receptors for progesterone (PR) and mineralocorticoids (MR) display a
similar complex As response as the GR, suggesting a common mechanism for this effect. The
complex response to As is not due to altered steroid or receptor levels. Moreover, a well-characterized
GR dimerization mutant displayed a wild-type biphasic response to As for several divergent reporter
genes, suggesting that dimerization is not critical for the response to As. Fluorescence polarization
studies with purified PR and GR demonstrated that the specific PR/GR-DNA interaction is not altered
in the presence of As. These results indicate that the numerous and diverse human health effects
associated with As exposure maybe mediated, at least in part, through its ability to simultaneously
disrupt multiple hormone receptor systems.

Introduction
Arsenic (As)1 exposure is a major human health concern (1,2), with potential exposures
occurring in occupational settings, from Superfund sites and other toxic waste sites, and from
natural sources in the environment. Both the World Health Organization and Agency for Toxic
Substances and Disease Registry (1,2) list arsenic as the top environmental chemical of human
health concern. The most significant route of exposure to As is via drinking water since
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contamination of ground water readily occurs from certain natural underground geological
sources containing As (1,2). These concerns recently spurred the U.S. EPA to reduce the
maximum allowable levels of As in public drinking water from 50 to 10 ppb (0.67 to 0.13
μM). While these regulations will ultimately benefit people using public water supplies, full
implementation of the new regulations will require 7–14 years, and there are also millions of
people in the U.S. whose water comes from private, unregulated bedrock wells who will not
directly benefit from this regulatory change. This is problematic since in many areas of the
country, As in drinking water is found naturally at levels greatly exceeding these federal
guidelines. Almost half the population of New Hampshire, for example, obtain their drinking
water from private, unregulated wells, 20% of which contain an excess As (3). Chronic
exposure to As has been associated with increased risk of lung, skin, bladder, liver, kidney,
and other internal cancers, as well as type 2 diabetes, vascular disease, cardiovascular disease,
and reproductive and developmental problems (1,2,4). Thus, As exposure will continue to be
a major environmental health concern in the U,.S. and worldwide.

Inorganic As predominates in the environment and exists in two forms, arsenite (As+3) or
arsenate (As+5). These two forms are readily interconverted in the environment depending on
redox conditions and other factors. In most biological systems the two forms appear to have
similar effects but arsenite is approximately two- to four-fold more potent than arsenate.
Speciation of the exact intracellular forms is complicated by the fact that both forms can readily
enter cells and they can also be inter-converted by redox pathways in vivo. At physiological
pH As+3 (as arsenite) is neutral (glycerol mimic), and As+5 (as arsenate) is charged
(isostructural with phosphate and sulfate). Thus As+3 uses the multifunctional
aquaglyceroporin channels (5) to enter the cell while As+5 enters through the non-specific anion
transporter and possibly other sulfate and phosphate transport systems (6).

Once inside the cell, As+3 prefers binding to sulfhydryl groups, with a particular preference
for vicinal dithiols in proteins. On the other hand, As+5 competitively interferes with
phosphorylation reactions at enzyme active sites and target sites of phosphorylation. Inorganic
As can also be metabolized in vivo in a series of sequential methylation steps that eventually
lead to one or more highly methylated forms that are considered less toxic than the inorganic
and intermediate forms and are readily excreted (7). However, several of the intermediates in
this pathway are now recognized to have their own unique toxicities. In particular, the mono-
and di-methylated As+3 forms (MMA+3, DMA+3) are more toxic than inorganic As, and have
been reported to be more carcinogenic in animals (8). Thus, the overall patho-physiological
effects of As may result from a combination of effects from several different forms of As in
vivo.

Our previous work using very low, environmentally relevant doses of As demonstrated a highly
selective effect on in vivo gene expression (9). Because many of the genes affected appeared
to be inducible, with some under hormone control, this led us to studies where we demonstrated
that As can act as a potent endocrine disruptor of hormone-activated gene transcription
mediated by the glucocorticoid receptor (GR). These effects occur at very low doses both in
cell culture (rat hepatoma cells) and in a whole animal model (the chick embryo) (9–11). Such
endocrine disruption may be a major mechanism underlying the effects of As on human health
and may explain the many and diverse diseases associated with excess As consumption.

The GR is a member of the steroid receptor superfamily and exists predominately in the
cytoplasm as a multicomponent complex consisting of chaperones, immunophilins and other
proteins. This complex is required for proper receptor conformation, to open the hormone
binding cleft to allow ligand binding, and to allow interactions with dynein for transport to the
nucleus (overview in (12)). Once in the nucleus activated GRs associate as homodimers with
specific gene regulatory sequences known as glucocorticoid response elements (GRE) (13,
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14), and, in association with various coactivators and basic transcription factors, GR can
modulate expression of hormone-responsive genes such as phosphoenolpyruvate
carboxykinase (PEPCK) and tyrosine aminotransferase (TAT).

Detailed studies using a GR deficient rat hepatoma cell line (EDR-3), demonstrated that the
response to As is more complex than originally thought. Low levels of As (0.01–1 μM) actually
stimulate expression from a large number of different reporter genes as well as the endogenous
Tyrosine aminotransferase (TAT) gene and also enhances hormone-stimulated gene
transcription (11). Fine titration of doses within this range revealed at least 3 distinct peaks of
stimulation whose magnitude was highly dependent on the levels of activated GR within the
cell (11). At slightly higher but not cytotoxic concentrations (2–3 uM) the effect of As is
essentially reversed, and inhibition of gene transcription was observed. These same biphasic
patterns of stimulation and inhibition were observed in GR deletion mutants missing either the
N- or C-terminal domains, suggesting that the central DNA binding domain is essential for
propagating the effects of As. Interestingly, while there was a biphasic response for GRE-
mediated gene transcription by GR, there was no effect of As on GR-mediated inhibition of
AP1- and NF-kB-regulated gene transcription (11).

Additional experiments with GR mutants indicated that the two free sulfhydryls located within
the GR DBD are not required for either the stimulatory or inhibitory phase of the As response.
In fact, a double mutant of these cysteines showed a greater response to As than did wild-type
GR (11). However the stimulatory effects of As were virtually eliminated while the inhibitory
response is enhanced by two other well-characterized mutations that allow the dimerization
surface (D-loop) of the DBD to adopt a constitutively DNA-bound conformation in the absence
of DNA. The formation of this DNA-bound conformation by the D-loop is thought to provide
a new surface that can bind additional co-regulator proteins ((15) and references within). These
results suggest that the conformation of the D-loop of the GR plays an important role in the
mode of action of As. Because of the location of these effects within the DBD, we initiated the
current studies to determine whether GR dimerization is necessary for the biphasic response
to As and whether As effects might also be explained by subtle changes in the GR-DNA
interaction. We also evaluated the effects of As on other steroid receptors, since members of
the steroid receptor super-family share close homology within the DBD region and several
receptors bind the same core GRE sequence. We focused in particular on the receptors for
progesterone (PR) and mineralocorticoids (MR) since they are also amenable to study in the
same cell culture system as GR.

Experimental Procedures
Caution: As is classified as a probable human carcinogen(1,2,4). All arsenicals should be
handled as potentially highly toxic compounds.

Reagents and Buffers
Dexamethasone, aldosterone, progesterone, and dihydrotestosterone (Steroids, Newport, RI)
were dissolved in ethanol as 1mM stocks and stored at −20°C. Iron-supplemented calf serum
was purchased from Sigma. DMEM/F12 was purchased from Gibco (Gaithersburg, MD).
Charcoal stripped serum was prepared as previously described (16). D-luciferin potassium salt
was from PharMingen (San Diego, CA). All other reagents were from Sigma (St. Louis, MO)
or Fisher Scientific (Pittsburgh, PA).

Cell Lines and Vectors
EDR3, a generous gift from Dr. Gary Firestone, is a minimal hepatoma cell line derived from
the Fu5 cell line (17). It contains no detectable GR. The cell line 10.1.11.14 is based on the
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EDR3 cell line and stably expresses 10,000–15,000 mGRs/cell. H4IIE is a rat hepatoma cell
line with 30,000–40,000 endogenous rGRs/cell. Culture of these lines was as described
previously (10,16,18).

The plasmid pSV2 WT2X encodes for the mouse GR (18). Drs Chris Jewel and John Cidlowski
kindly supplied PCMV5mGR (18) and pCMV5hGR (19), which express the mouse and human
GR, respectively. PCMV4/neo/MR was a generous gift from Dr David Pearce and expresses
the rat MR (20). The expression vector pCR3.1 PRB expresses the B form of the human PR
and was graciously supplied by Drs. Bert O’Malley and Nancy Weigel(21). Point mutations
used in this study were made with the Quickchange Mutagenesis kit (Stratagene, La Jolla, CA)
according to manufacturer’s instructions and confirmed by DNA sequencing.

The G2T reporter gene (18) has two tandem GREs from the TAT gene controlling luciferase
expression. TAT-Luc was constructed by PCR cloning of the GRE-containing fragment from
the TAT gene promoter (−3079 to −2034, (22)) and placing into the BamHI and KpnI sites of
PXP2-Tata-Luc (23). Likewise the −977 to −513 GRE containing fragment of the PNMT gene
promoter was inserted into the BamHI and KpnI sites of PXP2-Tata-Luc to make PNMT-Luc.
The inserted regions of both vectors were verified by DNA sequencing.

Transfection, cell harvesting, and assays
Long duration electroporation was used to transfect cells with the appropriate constructs, and
the whole-cell binding assay to determine GR steroid binding with dexamethasone has been
has described in detail (11,18). The processing of cells as well as protein and luciferase assay
are described in Bodwell et. al. (11). Basically, EDR-3 cells were electroporated with vectors
encoding for the GR or other steroid receptor (SR) and the G2T or other reporter gene, plated
out in 24 well plates with six replicates for each treatment. Both the total amount of DNA (27
μg) and the amount of reporter gene transfected (17 ug) was kept constant while the
concentration of the individual SR gene was varied as indicated with the difference being made
up with the base vector for each SR. The ratio of reporter gene to steroid receptor varied from
~ 34 to 1 at the lowest levels to ~3 to 1 at the highest receptor levels (the largest SR concentration
in Fig. 1A and 1B). Except for these two points, all other experiments employed a ratio of >5
to 1. The amount luciferase activity continues to increase at least up to a reporter:receptor ratio
of 2 to 1 (data not shown). The next day cells were treated with As (0.045, 0.09, 0.18, 0.27,
0.36, 0.45, 0.54, 0.675, 0.9, 1.8, and 2.7 μM: an additional 10μM point was used in FP
experiments) or buffer control and 50 nM Dex or other steroid (50 nM unless otherwise stated).
Cells were processed 16–18 hrs later and assayed for luciferase and protein.

In order to compare GR types with different transcriptional activity (either because of different
GR or hormone levels or the effect of mutation), data was normalized to the no As control for
each series of As treatments. These values are included in figure legends.

Purification of hPR and hGR
The initial preparation of purified hPR was graciously provided by Dr Steve Nordeen but we
used the same protocols (24) for subsequent preparations. The purification of human GR was
performed as described previously for the PR (24) using FLAG® tagged receptor encoding
baculovirus in Sf9 insect cells (0.5L culture) but substituting 100nM triamcinolone acetonide
for R5020 in the GR preparation. N-terminal FLAG® tagged human GR contained the sequence
CCGCCACCATGGATTACAGGGATGACGACGATAGG in the place of the first nine
amino acids2. Other modifications for the hGR purification included the addition of 1mM
glutathione (GSH), with or without 7.5mM CHAPS, in the peptide elution step. Receptors were

2Personal communication. Dr. Steve Nordeen.
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run on 4–20% SDS-PAGE to determine the purity (> 90%) and concentration of the receptors.
Gels were stained with SYPRO® Tangerine protein gel stain (Molecular Probes, Carlsbad,
CA), according to the manufacturer’s instructions, and the integrated density volume (IDV)
for each band was determined with a ChemiImager 5500 (Alpha Innotech, San Leandro, CA).
The slope of the dilution curve for the receptors (IDV/μl) was then divided by the slope of the
standard curve (BSA, IDV/ng) to determine the concentration.

Immunoprecipitation and western blotting
Our basic immunoprecipitation procedure with the anti-GR antibody (FIGR) was used (25)
but in FP buffer (see below) with the addition of 2.0mg BSA/ml and 0.2% Tween-20 (final)
to reduce nonspecific binding of the GR to the resin tubes. hGR (prepared without CHAPs)
was incubated with a ten-fold molar excess of FIGR or nonspecific immunoglubulin (Protein
A-purified mouse serum) for 4hr at 4°C and then rotated at 4°C with Protein A sepharose for
an additional 4hrs. FP analysis of the supernatants was performed as described below after
adding CHAPS to 7.5mM and maintaining GSH at 1mM.

Samples from immunoprecipitations were run on 4–20% Tris-gylcine SDS-PAGE (Invitrogen,
Madison, WI) and were transferred (25) to a PVDF membrane (Immobilon, Millipore, Milford,
MA). Blots were blocked with 20ml of Super Block (Pierce, Rockland, IL) with 0.05%
Tween-20 while shaking for 1hr at room temperature and then 5ug of FIGR ((25) was added
to Super Block and incubated an additional 1hr. After washing six times 5min with 20ml of
TBS, a 1:50,000 dilution (20ml) of the Fab′2 fragment of anti-mouse IgG and IgM conjugated
to horse radish peroxidase (Pierce) was added and incubated for 45min. After washing as above,
the blot was developed using Super Signal West Dura substrate (Pierce) and imaged on a
ChemiImager 5500 (Alpha Innotech, San Leandro, CA).

Fluorescent oligonucleotide Duplexes
Sense strand oligonucleotides were synthesized by Integrated DNA Technologies Inc. (IDT,
Coralville, IA) with fluorescein (FITC) incorporated at their 5′ ends. Unlabeled antisense
strands were also obtained from IDT. The PR/GR response element (GRE) from the TAT gene
promoter (22), was used for FITC-G2T, which has two tandem GREs, or FITC-GT, which has
a single GRE. Sequences (sense) for: FITC-G2T, 5′-FITC- TCTACACTAG AACATCCTGT
ACAGCAGTCG ACTAGAACAT CCTGTACAGC AA -3′ (23); FITC-GT, 5′FITC-
AAGCTTTGCT GTACAGGATG TTCTAGTCGA-3′ (23); and the FITC-Random (random
composition) 5′-FITC- CTAGACTTACGCTGATGACTTCGGTACGCA-3′ (26).
Oligonucleotide duplexes were obtained by annealing equimolar amounts of sense and
antisense strands by slow cooling after heating to 95°C.

Fluorescence Polarization
Fluorescence polarization (FP) was performed essentially as described (26). Samples
containing overall concentrations of 1 nM FITC-oligonucleotide duplex, 10 mM Tris, pH 7.8,
10% glycerol, 0.34 mg/mL BSA, 1 mM MgCl2, 150 mM NaCl (or varied NaCl concentrations
in indicated experiments), 1 mM GSH(used where indicated), 0–10 uM As (as sodium arsenite),
7.5 mM CHAPS (used where indicated), and various amounts of hPR or hGR were mixed at
room temperature. Samples were placed in triplicate 40 uL aliquots into 96-well high efficiency
HE™ polystyrene black microplates (Molecular Devices, Sunnyvale, CA) and were protected
from light to avoid photobleaching. The FP function of the Molecular Devices Spectramax M5
Microplate Reader was used to measure binding of the receptors to the oligonucleotides at
room temperature and at equilibrium. Equilibrium conditions were determined to be within a
few minutes of mixing samples at room temperature (data not shown), and measurements were
taken shortly after equilibrium was reached and before any significant decrease in signal was
detectable. Softmax Pro software (Molecular Devices) uses the measured intensities of emitted

Bodwell et al. Page 5

Chem Res Toxicol. Author manuscript; available in PMC 2008 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



light in the parallel and perpendicular polarized directions to calculate the polarization values
(mP). The standard deviation of each mP value at each receptor concentration and of the mP
value with no added receptor are combined by standard error propagation to give the error bars
shown in Fig 8. Percent bound values were calculated as previously described (26).
Competition assays with unlabeled oligonucleotides and determination of apparent
dissociation constants for binding affinity analysis, were performed as previously described
(26). For testing the effects of As, receptors were incubated with As and other buffer
components for 30 min at room temperature before the addition of the FITC-oligonucleotide
duplexes. Immunoprecipitation to confirm that the receptor is responsible for polarization
changes were performed with the hGR as described above, and the resultant supernatants were
analyzed by FP.

Results
The biphasic response of GR to As is observed with other members of the steroid receptor
family

Our previous work with the GR demonstrated that both the endogenous TAT gene and various
transfected reporter genes respond to Dex and As treatment with a similar biphasic response
(11). At As levels lower than 1 μM there was stimulation, whereas at 1–3 μM there was
repression. The stimulatory phase showed multiple peaks of increased activity (Fig 1A), which
was similar for the mouse, rat and human GR. The degree of stimulation at low As or repression
at higher As levels was highly dependent on, and inversely related to the amount of activated
GR within the cell, which could be manipulated by either varying the level of GR construct
transfected into the cell or by altering the hormone concentration used to stimulate GR (11).
Previously, it was shown that basal expression of the reporter construct was not affected by As
alone, or by expression of SR without the corresponding hormone, nor was there expression
from constructs without an intact GRE or with a mutated GRE even in the presence of As, SR,
or SR plus hormone ((10,11) and data not shown). The receptors for mineralcorticoids (MR),
progesterone (PR) and androgen (AR) all bind the same core GRE sequence and share a similar
domain structure, with considerable homology particularly in the DBD and the ligand binding
domain. The sequences and structures of the DBDs for these receptors in particular share strong
homology. Since we had previously shown that the effects of As could be localized to the GR
DBD, We investigated whether these other steroid receptors might also show a similar response
to As. The EDR3 rat hepatoma cell line (17) is an excellent cell line in which to answer this
question since it is one of the few cell lines that are truly GR negative (neither protein nor
mRNA are detectable) but is also without functional MR, PR, or AR (data not shown).
However, the necessary machinery for proper steroid receptor function and modulation of
regulated genes remains intact in these cells and requires only restoration of the appropriate
steroid receptor expression via transfection (17). We had previously shown that there is a linear
relationship between the amount of transfected DNA and the cellular levels of SR (11). In
addition there is a linear response between the level luciferase expression and cellular SR levels
(see Experimental Procedures).

EDR3 cells were transfected with the appropriate steroid receptor encoding DNA and a
luciferase reporter gene containing two tandem GREs from the tyrosine amino transferase
promoter region (11). Cells were treated overnight with either a single dose of the appropriate
steroid or different hormone concentrations. Cells were processed and luciferase determined,
and the results normalized to the no As (with steroid) level for each level of transfected DNA
or hormone concentration. Fig 1 (Panel A) shows the typical biphasic As response for the hGR
after treating cells overnight with 50 nM Dex (data reproduced from (11). Stimulation of
hormone-activated, GR-mediated transcription occurred at multiple peaks at the lower
concentrations of As (<1 μM) whereas repression was observed at higher As concentrations
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(>1 μM). Increasing the amount of activated GR in the cells by increasing the amount of
transfected DNA encoding the GR construct decreased the stimulatory phase such that at the
highest transfected level there was mainly repression suggesting that these two dose-related
effects may occur by separate mechanisms.

When hPR was transfected into EDR-3 cells, treated with As and 50 nM progesterone, and
examined as for the GR above, it also displayed the same biphasic As response curve seen with
the GR (Fig 1B). There were multiple peaks in the stimulatory phase at lower As concentrations
and a repressive phase at the higher concentrations. The hPR also displayed the same
dependence on activated receptor levels as seen with the GR in that increasing the amount of
activated hPR resulted in less stimulation and more repression.

Likewise, when the rMR was activated with 0.5 nM aldosterone in the presence of different
concentrations of As, it displayed the same complex biphasic pattern observed with the hGR
and hPR (Fig 1C). Similarly, when the amount of activated rMR was increased by stimulation
with 5 nM aldosterone, there was a marked diminution in the stimulatory phase of the response
to As (Fig 1C) and corresponding increase in the amount of repression at higher As levels,
similar to what we had shown previously for the GR (11).

Although we have not performed an extensive series of As dose-response titrations for the AR
as for the other receptors above, preliminary experiments with several key As concentrations
showed that the AR was stimulated at 0.5 μM As by ~2-fold over hormone-alone control and
was repressed to basal levels at 2μM As (data not shown). Thus all four of the steroid receptors
that use the GRE-type hormone response sequence show a very similar biphasic response to
As. In a separate detailed study to be published elsewhere, we have also shown that the estrogen
receptor (ER) displays the same basic biphasic pattern of low-dose stimulation and higher dose
repression. However, the dose-response and fine detail of the ER response also differs in
interesting ways from the patterns seen with the other steroid receptors discussed above (J.C.
Davey et al., manuscript in preparation).

Biphasic response to As is not due to changes in steroid binding capacity
Given that the magnitude of the As response was highly dependent on the level of receptor
activation in the cell, we considered that one explanation might be that As alters the intracellular
concentration of hormone, leading in turn to the observed effects. For example, As might alter
the activity of trans-membrane transporters such as the P-glycoprotein family of ABC
transporters, resulting in fluctuations of the intercellular steroid concentration (27,28). We
investigated this possibility by performing whole cell steroid binding assays with [3H]-Dex
using a stable line (designated as 10.1.11.14) derived from EDR3 cells (11). These cells contain
stably integrated wild-type mGR at ~10,000 mGRs/cell. We also tested the H4IIE cell line
since these cells have high endogenous rGR expression (~35,000 rGRs/cell) and are also
responsive to As (10). Cells were treated overnight with different levels of As and the whole
cell steroid binding assay was performed the next day (Fig 2). If As altered intracellular steroid
levels then the level of bound GR would be expected to change accordingly. However, there
was no significant difference in GR binding capacity of EDR3 or H4IIE cells over the entire
0.1 to 2 μM range of As, suggesting that the biphasic responses to As were not due to changes
in the amount of steroid (or binding of steroid to receptors) within the cell.

GR dimerization is not needed for the biphasic response to As but other mutations to the
dimerization domain do alter the response

Studies of mouse, rat and human GRs reveal three modular domains (29): the ligand-binding
domain (LBD) comprising approximately 200 amino acids at the C-terminus, a segment of ~66
amino acids near the middle containing the DNA-binding domain (DBD), and the remaining
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portion of the GR which contains the N-terminus. The DBD (Fig 3) contains two zinc fingers
(30) with each zinc molecule coordinated by four cysteine residues. There are two additional
free cysteines located within the DBD that are not involved in zinc coordination. The DBD
bestows the specificity for the GR to bind its DNA recognition element, the GRE (14,31,32).
The DBD also provides GR with a dimerization interface (33) and nuclear localization signal
(34).

We have previously demonstrated that two mutations to the DBD that produce the same
conformational changes in the dimerization loop that occurs when the GR binds to DNA (Fig
3, horizontal boxes), substantially alter the biphasic response of the GR to As resulting in a
loss of the stimulatory phase. We were interested to determine whether another well-
characterized mutant of this loop would alter the As response. The mutation of A to T in the
position shown in Fig 3 by the tilted box (GRdim; A477T,rat sequence) results in a dimerization
deficient mutation that was used to make one of the first viable GR knockouts (35). The
dimerization mutant is characterized by a diminished response to promoters with intact GREs
such as the TAT gene (or G2T; Fig 4) but a full or enhanced response to promoters (bottom of
Fig 4) such as found in the phenylethanolamine N-methyltransferase (PNMT) gene which have
active half-site GREs (36). We confirmed the GRdim phenotype by comparing its response to
wild-type rGR for three luciferase reporter genes: G2T (described above) with two tandem
GREs from the TAT gene; TAT Luc, and PNMT Luc that contains the hormone responsive
portions of the TAT gene promoter and PNMT promoter, respectively (see Experimental
Procedures).

Wild-type rGR or GRdim was transfected at different levels into EDR-3 cells along with one
of the three reporter genes. In order to accurately compare the response of the two GRs, we
measured receptor number with a whole cell-binding assay in each experiment and only
compared treatments containing comparable numbers of expressed GR. After treatment
overnight with 50 nM Dex, the cells that were transfected with the GRdim expressed only 40%
of the luciferase activity of wild-type rGR on promoters with only full GREs (TAT and G2T,
Fig 5) but was fully responsive to the PNMT reporter with multiple half-site GREs. These data
agree well with those of the Adams et al. study (36) that showed GRdim had only 35%-of wild-
type GR for their eTAT Luc vector which contains a GRE from TAT. While they showed
stimulation by GRdim for the wild-type GR on the PNMT reporter, others (35) have reported
that there is no loss of function on this promoter. These differences may very well be due to
slight differences in the vectors or the difference responses among different cell types (i.e.,
EDR-3 versus CV-1). Since the direction of the response is consistent with their results this
suggests that GRdim is functioning as a dimerization mutant. We then determined the effects
of As on GRdim mediated expression of these genes using the same experimental paradigm as
for the other steroid receptors (SR). As shown in Fig 6, the GRdim exhibited a wild-type
response to As for all three reporter genes, i.e., there was a stimulatory phase at low As levels
and repression at higher levels. It should be noted that the single peak here is likely the result
of the higher levels of activated receptor; we had previously shown that this can obscure the
fine details in this region, particularly the dual peak (10,11). These results demonstrate that
dimerization is not involved in the complex response of the SRs to As, and this clearly contrasts
with the pattern seen with the conformational mutants (453A and 493R) shown in Fig 7 where
the stimulatory response to low levels of As was virtually eliminated by a conformational
alteration in DBD structure (results with WT, 453A, and 493R have been previously published
(11)).
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As does not directly alter SR-steroid response element interaction (fluorescence polarization
analysis)

Our previous results with the cysteine-substituted and DNA conformational mutants (11)
demonstrated that changes in the conformation of the DBD can significantly alter the receptor’s
response to As. This raises the question of whether As directly alters the steroid receptor-
response element interaction. Since both the GR and PR bind to the same DNA response
element, GRE, we used fluorescence polarization (FP) to determine whether As alters the
binding interaction of these receptors with a model GRE sequence. FP is a quantitative method
for measuring bimolecular interactions in solution. This technique is based on the observation
that normally a small, fluorescently labeled molecule, which in this case is a DNA
oligonucleotide duplex containing one or two GREs or control sequence, tumbles rapidly in
solution and, when excited by light in a single (vertical) plane, the fluorescence emission occurs
mainly in other planes (measured horizontally), i.e., is depolarized. When a large molecule
such as hGR binds the GRE, the fluorophore’s effective radius increases, causing it to tumble
more slowly. Consequently, more emitted light remains in the vertical plane (i.e., remains
polarized). The fraction of total fluorescence in the vertical plane is expressed mathematically
as milli-polarization units (mP). The mP value is thus the weighted average of the bound and
unbound states, allowing one to construct binding diagrams and to determine binding constants.
Higher mP values correspond to a larger fraction of the fluorescent oligonucleotide duplexes
being bound to steroid receptors.

Experiments validating the FP assay are presented in the web-based ”Supporting Information”
section. These experiments include optimization of salt and reducing agent as well as
demonstration of specificity for the response element and the receptor.

We have generated equilibrium receptor binding curves using highly purified hPR and hGR,
for fluorescein (FITC)-labeled DNA oligonucleotide duplexes containing one (FITC-GT) and
two GREs (FITC-G2T) as well as random sequences (FITC-random) at near physiological
levels of salt. The use of both hPR and hGR allows comparison between the two receptors, and
because they have a very similar respond to As (Fig 8) we can also exploit slightly different
characteristics of the two receptors to evaluate any role that reducing agents might have on the
effect of As on the SR-steroid response element (SRE) interaction. In our hands, the hPR has
a much lower requirement for reducing agents than the hGR, allowing us to eliminate GSH
from the assay with minimal effects. The hPR also appears to be much less prone to non-specific
absorption to surfaces than the hGR and does not require CHAPS detergent (37) in the assay.

Representative equilibrium binding curves shown in Fig 8 display the binding of purified hGR
and hPR to the double-GRE (FITC-G2T, panel A,B) or to the single GRE (FITC-GT, panel
C,D) probes. Binding of hPR is presented in panels A and C while hGR is in panels B and D.
These binding curves display the change in mP values from the no SR control (left hand axis)
or as the percent of FITC-labeled duplexes bound to SRs (right hand axis). Both the hGR and
hPR saturation binding curves represent essentially specific binding since under the assay
conditions there is very little binding to the random sequences (see Supporting Information).

We chose to use both probes in this study because of our concern that we might be approaching
the limit of FP sensitivity with FITC-G2T, the two GRE probe. FP is very sensitive at detecting
the binding of the first GR dimer to the GRE but the binding of the second GR dimer produces
a much smaller change in mP. In order to avoid missing any potential effects of As we also
studied the single GRE probe. Although much of our work has been with the two GRE reporter
(Figs 1, 6–7 and (11)), the single GRE displays the same biphasic response to As as the two
tandem GREs (data not shown). Each panel in Fig 8 has overlayed, along with the control, the
binding in the presence of As at 0.45, 2.7, or 10 μM. It is clear that there are no major effects
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of As on receptor-DNA binding at any of these concentrations for either the hGR or hPR, nor
is there a difference between the two different response elements.

Calculated apparent dissociation constants for the hPR and hGR with the single and double
GREs varied between 20 and 80 nM. These values are 2.5 to 10 fold higher than reported for
the hPR (7.5nM, (26)) using FP analysis. Our values are higher even though some of the purified
hPR used in this study was generously provided by one of the authors (Dr Steve Nordeen) of
the study describing the 7.5nM Kd value. Most likely these differences are a result of different
affinities for the probe due to slight differences in the probe sequences as well as differences
in the amount of active receptor in the different preparations. Irrespective of minor differences
in Kd values, the important result is that within each experiment, binding curves and Kd values
were not altered in the presence of As.

The hGR- and hPR-mediated dose-response to As contains substantial fine structure (Fig 1).
Therefore, in order to not miss any critical As concentrations, we tested a single level of hGR
and hPR, equivalent to that able to bind ~60–70% of the DNA probe, and carefully assayed in
the presence of all the As concentrations that we used to determine the cellular As response
curves (as well as a higher dose of 10 μm As; Figure 9). There is no significant difference
between control and As-treated samples over the entire range of As concentrations for either
hPR (Figure 9A) or hGR (Figure 9B). Control experiments with the hPR demonstrated that the
presence of CHAPS and GSH, necessary for the hGR assay, did not mask any As effects (see
Supporting Information). Also extending the incubation time of As with the receptor from 30
min at room temperature to overnight at 4°C did not alter the results (data not shown). Although
the GR response to As is very sensitive to changes in the conformation of DBD (Fig 7 (11)),
As does not appear to have a direct effect on the specific interaction of the receptor with its
response element, and, thus, the DBD’s function is not directly compromised by As.

Discussion
Although there is now considerable evidence that chronic, low-level As ingestion, such as by
ingestion of contaminated drinking water, is associated with various patho-physiological
processes, the mechanism(s) underlying these myriad of adverse health effects remains unclear.
Several mechanisms have been proposed, and there is evidence to support each of these. Thus,
it may be that arsenic alters disease risk by multiple, parallel pathways. However, there is also
evidence that the specific effects of arsenic may vary with dose and time of treatment, and
there are also likely to be tissue-, species and developmental age-specific effects of arsenic that
remain to be sorted out.

Low dose As treatment of cultured cells and intact animals has been shown to have profound
but highly selective effects on gene expression (9–11) in which the pattern of gene alterations
at low (non-toxic) doses is almost completely non-overlapping with the pattern seen in the
same systems at higher doses producing overt cytotoxicity (38). Low dose As in particular
appears to target highly inducible genes whose regulation is controlled by environmental,
hormonal or other exogenous signals, with minimal effects on the expression of most genes,
including all of the constitutively expressed genes we have examined (9). Thus, As induces
highly selective effects involving specific signaling and regulatory pathways.

Glucocorticoids and other steroid hormones regulate many of the genes affected by low dose
As, and we previously demonstrated that As is a potent endocrine disruptor, altering steroid
receptor-regulated gene regulation at extremely low doses. The present work extends our
observations of effects of As on GR to PR, MR and AR, and other studies in our laboratory
also demonstrate an effect of As on ER, as others have also reported (39) Thus, all five steroid
receptor classes are affected by low dose As in a similar manner. Steroid hormones and their
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receptors have been shown to play crucial roles in many disease processes, including those
associated with chronic arsenic exposure such as cancer, diabetes, cardiovascular and vascular
disease, and reproductive and developmental problems. Endocrine disruption by As therefore
is likely to be a major contributor to the disease risks associated with chronic As exposure.

It is very interesting that MR, PR, and AR (Fig 1) all show the same biphasic response to As
as seen with the GR. This suggests that As is altering some common target or process in steroid
receptor mechanism of action. Using the GR as a model for other SRs we have been able to
rule out a number of possible common steps in this mechanism.

One possibility is that As could modify cellular levels of hormone. For example, it has
previously been reported that As can act as a transcriptional activator of the membrane
transporter, P-glycoprotein (27), and that changes in the levels of P-glycoprotein can alter
intercellular steroid concentrations (28,40). However, as reported here, As has no significant
effect on cellular steroid levels, or on binding of steroid to the receptor (Figure 2). A second
possible mechanism is that As could act as a hormone-mimetic agonist, or as a competitive or
non-competitive antagonist of hormone binding or activation of the receptor. However, our
current studies, in conjunction with previous studies, clearly demonstrate that As does not
activate or act as an agonist for GR, nor does it appear to act as a competitive antagonist. For
example, As alone had no effect on cytosolic localization of GR, and As alone had little or no
effect on expression of GRE-driven constructs. Likewise, As appears to have no effect on the
ability of hormone to bind to or activate GR, nor does it appear, at least in a qualitative fashion,
to affect hormone-stimulated nuclear translocation of GR (10).

In contrast to these results, Simons and co-workers, who investigated the in vitro effect of As
on semi-purified cytosolic GR preparations, previously reported that hormone binding to the
GR could be decreased by the addition of arsenite (41–43). The inhibitory effect of As on
steroid binding was half maximal at 7 μM- a cytotoxic dose, considerably higher than those
used in this study. Their results appeared to be due to interactions of As with one or more
vicinal dithiols on GR located in the ligand binding domain, although mutational analyses of
cysteines in this domain failed to identify specific residues that mediated this effect. Martin
and co-workers have reported that As can act as a hormone-mimetic agonist with ER, activating
the receptor in a manner similar to estradiol and leading to increases in ER-regulated gene
expression (39). Interestingly, ER is the most divergent of the steroid receptors, and the most
closely related to the common ancestral form from which they evolved, whereas the other four
are closely related to each other and may reflect a much more recent evolutionary duplication
and specialization within higher vertebrates (44). Thus, the differences in As response may
reflect a difference between ER and the GR, PR, MR and AR receptors examined in this study,
which clearly did not respond to As alone at the doses we used.

A third possible mechanism that might explain the common responses we observed for GR,
MR, PR and AR is that As could alter cellular levels of receptor. This was particularly important
to investigate since we demonstrated that changes in the cellular levels of activated receptor,
e.g., as manipulated by altering levels of transfected GR expression construct, can lead to
quantitative differences in the As response. However, our current results demonstrate clearly
that treatment with As alone does not significantly alter the level of GR either for cells
expressing endogenous GR (H4IIE) or those expressing stably integrated GR (10.1.13.14, Fig
2). In contrast, it has been reported that As decreased cellular ER levels after ≥24 hrs of
treatment (39,45,46). While those ER changes might eventually lead to alterations in the
response of ER-mediated gene expression to As, it is unlikely that such long-term changes
would significantly alter gene expression under short term treatment conditions (i.e., up to 18–
24 hr after As treatment). This is especially true in view of the fact that the decrease in ER
caused by 1 μM As mirrors the same extent of decrease caused by estrogen itself yet there is
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clearly a strong response to estrogen ((39) and Jennifer Davey, unpublished results). Moreover,
since we observed no effect of As on cellular GR levels in our system, it is also unlikely to be
responsible for the effects we observed. These divergent results may indicate either another
difference between ER and the other steroid receptors, or other differences that are specific to
the cell lines or other experimental conditions of each study. In any event, such a mechanism
is unlikely to explain our results.

The next possible mechanism we considered involves the steps immediately downstream of
nuclear translocation and receptor activation, i.e., dimerization and DNA binding. Our previous
mutational studies indicated that the central DBD of GR, which includes both DNA binding
and dimerization regions, was a critical region of the hormone-activated receptor for mediating
the As response. Thus, the present studies focused primarily on whether the structure of the
DBD and or its ability to dimerize or bind to DNA in the hormone-activated state was important
for the As response. Our current results (Fig 1) demonstrating the very similar responses of
GR, MR, PR and AR to As, and that DBD is so closely conserved among these four steroid
receptors, supports the idea that the DBD is critical for mediating the As response.

Our previous work (11) demonstrated that perturbations of DBD conformation has profound
effects on the response of the GR to As. The double mutation of the two free cysteines in the
DBD (C450A–C500S) enhanced the response to As by increasing the magnitude of both the
stimulatory phase and as well as the repressive phase. Two other mutants, S459A and P493R,
(15) also significantly alter the response to As, but in a very different manner. These mutants
alter the conformation of the dimerization loop (D-loop) through disruption of the hydrogen
bond between serine 459 and arginine 496 (albeit by two distinct mechanisms). This allows
the N-terminus end of the D-loop to move into the position that it normally assumes upon
binding to DNA. These mutations virtually eliminated the stimulatory response of the GR to
As (Fig 7). Taken together with the results of the hyper-fractionated dose-response studies and
those titrating the levels of activated receptor, these results suggest that the stimulatory low-
dose effects of As occur via a different mechanism or pathway than the inhibitory higher dose
effects. Since the mutants that have a constitutive DNA-binding conformation do not exhibit
the low dose stimulatory effects, we hypothesize that these low dose effects may involve steps
required for DNA binding of hormone-activated receptor, such as early co-activator
interactions, recruitment to DNA, or other related steps. In contrast, the retention of the higher
dose inhibitory effects of As in these mutants suggests that the higher dose effects are more
closely related to subsequent steps involving interactions with the transcriptional machinery.

Until recently, it was thought that dimerization of GR was a requisite step in GR activation of
gene transcription. However, development of dimerization mutants, and discovery of genes
with half-site GREs that are regulated by monomers of GR has changed this view, and also
provided important experimental tools for investigating the role of GR dimerization in the As
response. Interestingly, and somewhat surprisingly, the dimerization mutant displayed a
normal, wild-type response to As. Thus, dimerization is not important for the As response nor
is this the target within the DBD per se. Both because of the striking effects of the S459A and
P493R mutants on conformation of the D-loop as well as their altered response to As, and
because GRdim is thought to also alter the surface provided by the D-loop, it was surprising
that the GRdim mutant displayed a wild-type response (Fig 6). We are not aware of any
structural studies that have been done with the GRdim mutation (rat, A477T: mouse A458T);
however circular dichroism and melting curve studies (47) done with the double dimerization
mutant, N454D/A458T, showed no significant structural rearrangements from wild-type. Of
course these techniques are not sensitive enough to detect subtle changes in the D-loop
conformation that are probably involved in the ability of A458T to inhibit dimerization.
Nonetheless, major outcome of these studies is the conclusion that the dimerization process
probably has a very minor role in the response of GR to As.
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The final mechanism we considered to explain the effects of As is that it could alter the ability
of hormone-activated GR to bind to DNA. The effect of As on DNA binding by GR was
previously evaluated by the Simons group, (42). While they reported that overtly cytotoxic
levels (100 μM) of As altered nonspecific binding of GR to DNA, they did not examine binding
to specific response elements under physiological ionic strength conditions. Our FP data clearly
demonstrate that neither the stimulatory nor the inhibitory phase of the SR-mediated response
to low-dose As is through a direct effect on the SR-SRE interaction. This is important since
our previous data strongly indicate the involvement of the DBD in mediating the response to
As. While the FP results demonstrated that there is no direct effect on the DBD, As may very
well have an indirect effect. This further supports the hypothesis that As affects the interactions
or GR with co-activators or other transcription factors. Based on the similar responses of GR,
MR, PR and AR to As, it is likely that this will involve partners or pathways that are common
to these receptors. We have considered two mechanisms. One is that As, which is well-known
to affect signal transduction pathways, may alter activation or repression of SRs and/or various
coregulator proteins. An alternative mechanism could be that As directly inhibits or activates
SR:coregulator binding interactions, for example by binding to sulfhydryls as As3+ or to
phosphate sites as As5+.

An interesting and unexpected result of these studies is the profound effect of differing cellular
levels of activated receptor on the As response. Given that receptor and hormone levels
normally vary by tissue, sex, developmental stage and physiological status, this has interesting
implications for human health effects of As. Thus, not only is the dose and duration of arsenic
exposure likely to be important, but because varying levels of hormone and receptor could
conceivably change both the direction and magnitude of the As effect in a given target tissue,
one could imagine a wide qualitative and quantitative divergence of biological responses that
could be tissue-, sex-, and age-specific even though As is acting as an endocrine disruptor in
each target tissue. Since As is considered the number one environmental agent of concern in
the U.S. and worldwide, with perhaps 20–25 million people being exposed to excess drinking
water As in the U.S. alone, accurately assessing its mechanism of action is of paramount
importance to understanding and predicting its overall health impact.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Other SRs have a biphasic response to As
Different amounts of DNA encoding hGR (pCMV5 hGR, Panel A, reproduced from (11)),
hPR(pCR3.1 PRB, Panel B) or a single level of rMR (PCMV4/neo/MR, Panel C) were
transfected into EDR3 cells with the G2T reporter gene as described in Experimental
Procedures. Cells were treated with 50nM Dex (hGR), 50nM progesterone (hPR), or the
indicated levels of aldosterone (rMR) with and without As (see Experimental Procedures for
actual concentrations) for ~ 18hrs. Cells were processed and cytosols assayed for luciferase
and protein as described in the Experimental Procedures. Figures 1–7 are representative of at
least 3 independent experiments and each point is the mean of 6 replicates per point. Variation
is presented as ±SEM. For individual treatments, each point was divided by the value of the
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Dex without As treatment. This normalization to relative activity allows comparison of As
effects on treatments that have different transcriptional activity. Dex without As values (kRLU/
mg) for panel A (most to least transfected DNA) are 426.6, 249.3, and 57.8 with a 74± 8 average
fold increase over no hormone values and for panel B 169.8, 138.7, and 72.5 (30±12 fold
increase). Values for panel C were 223.7 and 67.8 (8-5fold increase) for 5E–9 and 5E–10 M
aldosterone respectively.
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Figure 2. As does not affect SR hormone binding capacity
A whole cell hormone binding assay (see Experimental Procedures) was used to determine GR
specific binding of [3H]-Dex (20nM) in 10.1.13.14 (EDR-3 cells stably expressing 10,00–5,000
mGRs/cell) and H4IIE cells (30,000–40,000 endogenous rGRs/cell).
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Figure 3. Location of mutants in the GR DBD known to alter the response to As
Schematic representation of the rGR DBD indicating the two zinc finger structures, the DNA
recognition helix and the dimerization loop. Amino acid positions referred to in the text are
numbered according to the rat structure. Point mutations producing the DNA bound
conformation are in horizontal boxes. The H-bond between S459 to P493 is indicated by dashed
line. Vertical boxes show mutations of the two free cysteines in the DBD and the tilted box
shows the position of the GRdim mutation.
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Figure 4. GRE configuration of luciferase reporter genes
Diagrammatic representation of thepromoter regions of the TAT-Luc (−3079 to −2034) and
PNMT-Luc (−977 to −513) genes used to evaluate GRdim. The pattern of GREs and 1/2GREs
in each gene is compared to the G2T reporter gene.
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Figure 5. Characterization of the effect of GRdim on reporter gene expression
EDR-3 cells were transfected with the G2T, TAT-Luc or PNMT-Luc reporter genes and a
range of concentrations of wildtype or GRdim encoding DNA. Cells were processed and
resultant cytosols assayed as described in Fig 1. A whole binding assay was performed in order
to be sure that treatments had comparable levels of GRs. Wild-type and GRdim levels were
equivalent for experiments using the TAT (3,000–4,000 rGR/cell) and the PNMT (4,000–5,000
rGRs/cell) reporters, while with the G2T reporter there was more GRdim (4800±2000 GRs/
cell) than wildtype (2700±200 rGRs/cell). Basal activity for wild type and GRdim were 3.7 and
3.3 kRLU/mg respectively for TAT-Luc, 3.3 and 3.2 for G2T and 4.1 and 4.1 for PNMT- Luc.
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Figure 6. GRdim has a wildtype response to As
EDR-3 cells were transfected with GRdim or wildtype rGR along with the TAT-Luc, PNMT-
Luc or G2T reporter genes, treated with As, and processed as described in Fig 1. Dex without
As values (and fold increase over basal) for Wt and GRdim were 20.6 (6.4) and 8.5 (3.5) kRLU/
mg respectively for TAT-Luc, 125.0 (38.0) and 47.0 (15.4) for G2T, and 24.2 (6.7) and 22.8
(6.4) for PNMT-Luc.
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Figure 7. Comparison of GRdim and the DNA conformational mutants response to As
The response of rGR, and GRdim to As for the G2T reporter (Fig 6) is overlaid with the response
for the two DNA conformational mutants (459A and 493R,(11)) to the same reporter. (Data
for wt, 459A, and 493R reproduced from (11)) Dex without As values for GRdim are listed in
Fig 6 legend while those for WT, 459A and 493R had 69.8, 3.8, and 10.4 kRLU/mg respectively
(11)
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Figure 8. As does not affect equilibrium binding curves of hPR and hGR to FITC-G2T and FITC-
GT
Increasing amounts of hPR (Panels A and C) or hGR (Panels B and D) were incubated with 1
nM FITC-G2T (Panels A and B) or FITC-GT (Panels C and D) in FP buffer (plus 1 mM GSH
and 7.5 mM CHAPS for hGR only) or with the indicated As concentrations. FP was measured
as described in Experimental Procedures at equilibrium. “Change in polarization (mP)”
represents the difference between polarization values measured at each concentration of
receptor and the polarization measured with no added receptor. “Percent bound” was calculated
as described in Experimental Procedures. Each binding curve is representative of two or three
independent experiments. Three replicates were measured for each data point within each
independent experiment, and the error bars shown are error-propagated standard deviations
(see Experimental Procedures).
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Figure 9. A wide range of As concentrations does not affect hPR (Panel A) or hGR (Panel B) binding
to FITC-G2T
A fixed receptor level (approximately 70% of maximal binding) was incubated with 1 nM
FITC-G2T in FP buffer (plus 1 mM GSH and 7.5 mM CHAPS for hGR only) with varying
levels of As (final concentrations are indicated on the x-axis). FP was measured as described
in the Fig 8 legend. The data in each panel represent the average of two independent
experiments, ± average error.
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