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Abstract

Molecular Basis of Estrogenic Endocrine Disruptor-Estrogen Receptor

Interactions: A Comparison Among Species

By

Jason Bruce Matthews

In recent years, there has been heightened concern that environmental exposure to
estrogen mimicking chemicals, known as estrogenic endocrine disruptors (EEDs) may
cause adverse health effects in humans and wildlife. Many of the effects of EEDs are
mediated through the estrogen receptor (ER). Although the physiological actions of the
ER are conserved among species, variation within the amino acid sequence of ligand
binding domains suggests that species may exhibit different responses and sensitivities to
EEDs.

Species-specific responses to EEDs were first examined in competitive binding
assays using glutathione-S-transferase (GST)-ER fusion proteins from several different
species. Fusion proteins consisted of the ER D, E, and F domains of human alpha (GST-
hERadef), mouse alpha (GST-mERadef), chicken (GST-cERdef), green anole (GST-
aERdef) and rainbow trout ERs (GST-rtERadef). Although, the fusion proteins exhibited
similar binding preferences for many EEDs, several differences were observed. The

GST-rtERadef, which has the greatest amino acid sequence variability in its ligand



binding domain compared to hERadef, exhibited the most striking differences compared
to the other GST-ERs. The ability of several of these EEDs to induce gene expression
mediated by the various ERs was then examined in MCF-7 cells transiently transfected
with Gal4-ERdef chimeric receptors. Overall, the data in the gene expression assay
correlated with the competitive binding results. However, there were examples where
EEDs bound to GST-ERs but were unable to significantly induce ER-mediated gene
expression. Intriguingly, the E2-induced response mediated by Gal4-rtERadef was 2
orders of magnitude lower compared to the other receptors examined. Much of this
effect was due to temperature, since when compared to hERa the 280-fold difference at
37°C was reduced to only 9-fold at 20°C. A comparison of their ligand binding pockets
identified two conservative amino acid substitutions in tERo (M317, 1496) and hERa
(L349, M528). The effect of these substitutions on ligand binding and transactivation
was examined by constructing reciprocal mutants. The tERoadef M317L:1496M mutant
exhibited a hERa phenotype with increased E2 binding affinity and transactivation
ability at higher temperatures. The hERa L349M:M5281 mutant also exhibited a modest
trend towards adopting the rtERa phenotype. The lack of a complete exchange of
phenotypes indicates that factors outside of the ligand binding pocket are also involved.
Taken together these results demonstrate that ERs from different vertebrate
species exhibit different affinities and transactivation responses to EEDs. Since few
differences were observed, these data do not preclude the use of a single surrogate ER to
examine estrogenic responses for all vertebrate species. The present report also

highlights the impact of temperature when comparing functional characteristics of

proteins from poikilothermic species, such as rainbow trout, and humans.
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CHAPTER 1

Objectives



Rationale

Estrogens regulate several diverse physiological responses including reproductive
development, cardiovascular function, and bone metabolism. Estrogens have also been
implicated in a number of human disease states, including breast and endometrial cancers
(1), cardiovascular disease (2), osteoporosis (3), and Alzheimer’s disease (4).

In recent years, it has been suggested that exposure to chemicals in the
environment with estrogen-mimicking activities may cause adverse health effects in
humans and wildlife (5). These chemicals, known as estrogenic endocrine disruptors
(EEDs), encompass a wide range of structurally diverse chemicals including natural
products, industrial chemicals, pharmaceuticals, and environmental pollutants. The
actions of EEDs are mediated through their binding to the estrogen receptor (ER), though
additional mechanisms of action cannot be discounted (6-13). The ER is a member of the
nuclear receptor superfamily, a family of ligand- and non-ligand-regulated transcription
factors that modulate target gene expression. Even though the physiological actions of
the ER are conserved among different species, amino acid sequences of ligand binding
domains are variable. A limited number of studies have shown significant differences in
ligand preference, binding affinity, and transactivation activity in response to EED

exposure among vertebrate species (14-19).



Hypothesis

ERs among different classes of vertebrate species exhibit differences in ligand
preference, binding affinities, and transactivation responses to EED exposure due to

variation in the amino acid sequence within their ligand binding domains.

Aims
1. Examine and compare differences in ligand preferences and binding affinities of

representative ERs from different classes of vertebrate species for EEDs using a

competitive binding assay.

2. Investigate the ability of EEDs to induce gene expression mediated by representative
ERs from different classes of vertebrate species using transiently transfected MCF-7

human breast cancer cells.
3. Identify amino acid residues putatively involved in ligand binding and perform site-
directed mutagenesis to verify the role of these residues in the differential respones

observed in Aims 1 and 2.

4. Purification of rainbow trout ERa for further biophysical characterization.
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CHAPTER 2

Literature Review



Hormones and Cellular Regulation

Hormones are non-nutritive substances that are released into the intercellular
environment and act as information carriers or messengers causing changes in cellular
stimulation. There are three types of cellular stimulation mechanisms: endocrine,
paracrine, and autocrine. Endocrine hormones are released into the bloodstream and
carried to distant target sites. In addition to long-range signaling, most cells release
chemical signals into the extracellular fluid that influence neighboring cells (paracrine
stimulation), though many cells also release chemical signals that modulate their own
function, a process known as autocrine stimulation. Frequently, the same hormone can
be involved in all three types of cellular stimulation paradigms.

The initial step in which hormones exert a response involves their interaction with
specific receptors. Hormones like FSH (follicle-stimulating hormone), LH (luteinizing
hormone), insulin, somatotrophin and others bind to transmembrane receptors on the cell
surface that initiate a signal transduction cascade resulting in changes a number of
intracellular events, including the release of second messengers as well as the activation
of kinases (1). This leads to a very rapid response that is quickly attenuated once the
cellular equilibrium is re-established. Steroid hormones such as estrogens, androgens,
and glucocorticoids and the thyroid hormone diffuse into the cell and bind with high
affinity to their cognate receptors. Liganded receptors either translocate to the nucleus or
are already present in the nucleus where they bind DNA, causing dose-dependent
changes in transcription. Since changes at the transcriptional level are relatively slow,
these compounds produce more long-term cellular effects compared to peptide hormones

that mediate their effects through a signal transduction pathway. There is increasing



evidence that in addition to leading to changes in gene expression, estrogens are also able
to bind to membrane receptors leading to induction of a signal transduction cascade (2).
The actions of estrogens are regulated through negative and positive feedback
mechanisms on the hypothalamic-pituitary-gonadal axis (Figure 1). The synthesis and
release of estrogen from the ovaries is synchronized by the pituitary gonadotropins FSH
and LH, which are regulated by the release of hypothalamic gonadotropin-releasing
hormone (GnRH). GnRH concentrations are influenced through negative and positive
feedback by steroid hormones. Adrenocorticoid hormone (ACTH) released from the
pituitary acts on the adrenal glands to cause the synthesis and release of androgens, which
become converted to estrogen by the enzyme aromatase. Estrogens as well as
progesterone can also act directly on the pituitary to decrease FSH and LH. Moreover,

the ovarian protein, inhibin, also down regulates FSH synthesis (1).

Estrogen Receptor Agonist and Antagonist Ligands

Estrogens play a critical role in growth, development, and maintenance of a
number of cellular functions in all vertebrate species (3). The three natural estrogens are
17B-estradiol (E2), estrone (E1), and estriol (E3), though there are a number of metabolic
derivatives (Figure 2). E2 is the most potent of the three and the primary estrogen in
mammals and non-mammalian vertebrates (3). In addition to the role estrogens play in
reproductive physiology, estrogens can also induce the growth and proliferation of cancer
cells. As a result considerable effort has been put forth in developing antiestrogen drugs
for the treatment and prevention of breast cancer (4). Ligands such as E2 and the Figure
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Figure 1. Negative and positive feedback regulation of estrogens and progesterone

on the hypothalamic-pituitary-ovarian axis. Arrowheads denote positive regulation.
GnRH, gonadotropin-releasing hormone, ACTH, adrenocorticotropic hormone, LH,
luteinizing hormone, FSH, follicle stimulating hormone.



synthetic nonsteroidal estrogen diethylstilbestrol (DES) function as pure agonists,
whereas others such as ICI 182,780 function as pure antagonists (Figure 2), though it has
been reported to function as a partial agonist in the sheep uterus (5). The synthetic drugs,
raloxifene and tamoxifen (6), are routinely used in the treatment of breast cancer, and
belong to a class of compounds known as selective estrogen receptor modulators
(SERMs) (Figure 2). The antagonistic and agonistic activities of these compounds are

tissue- and promoter-specific (7,8).

Environmental Endocrine Disruptors

In recent years, there has been heightened concern that exposure to hormonally
active chemicals, known as endocrine disrupting chemicals (EDCs) may cause adverse
health effects in humans and wildlife (9). EDCs have been defined as any exogenous
substances that can cause adverse health effects in an intact organism or its progeny,
secondary to changes in endocrine function (10). Suspected EDCs encompass a wide
range of compounds including natural products (e.g. phytoestrogens, mycotoxins),
environmental pollutants (e.g. polychlorinated biphenyls, dioxin), pharmaceuticals,
pesticides and industrial chemicals.

Some effects attributed to EDC exposure include: increased susceptibility to
hormone-dependent cancers (11,12), reproductive tract abnormalities (13), compromised
reproductive fitness (14), and neurological (15) and developmental abnormalities (16,17).
In response, new legislation was implemented in the form of the Food Quality Protection
Act (1996 - Bill number P.L. 104-170) as well as amendements to the Safe Drinking

Water Act (05 1996 - Bill number S.1316) that require the United States Environmental
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SERMs, selective estrogen receptor modulators.
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Protection Agency (US EPA) to screen and test chemicals for estrogenic, androgenic and
thyroid-like activities. The Endocrine Disruptor Screening and Testing Advisory
Committee (EDSTAC) was established and charged with the development and
implementation of a screening and testing strategy (18). EDSTAC deliberations resulted
in recommendations for tiered strategy consisting of prioritization followed by screening

and testing approaches involving a combination of in vitro and in vivo assays. It has

been estimated that more than 30,000 chemicals require testing.

Much attention has focused on estrogenic endocrine disruptors (EEDs) (16,19-
21). EEDs encompass a wide range of compounds including natural products,
environmental pollutants, pharmaceuticals and industrial chemicals (Figure 3). Many of
these agents do not share any obvious structural similarity to the prototypical estrogen,
E2, which makes identification based solely on molecular structure difficult (22).

Although controversial, there are reports of a decrease in human sperm production
and seminal volume during the past half-century (23-25). However, reproductive
abnormalities have been observed in mammals (26), reptiles (17,27), birds (28,29) and
several fish species (30) following exposure to environmental contaminants. The
feminization of gull embryos (31) and gonadal sex reversal of turtles (32,33) have also
been reported following exposure to 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT)
and polychlorinated biphenyls (PCBs), respectively. Induction of vitellogenin, a gene
normally induced in egg laying females, has been detected in male fish located
downstream of sewage treatment effluent (34).

It has been proposed that the activity of estrogenic, as well as androgenic and

thyroid-like chemicals is mediated by their respective nuclear receptors (NRs) (35),
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though other mechanisms such as interactions with binding globulins (36,37), inhibition
of aromatase, the enzyme that converts testosterone to estrogen (38,39), and binding to

membrane receptors (40,41) or other NRs (42,43) cannot be excluded.

Nuclear Receptors

NRs are a superfamily of ligand- and non-ligand-regulated transcription factors
that play critical roles in development, differentiation, and homeostasis. They regulate
gene expression through binding small hydrophobic ligands, such as steroid and thyroid
hormones, vitamin D, and retinoids. These proteins represent the largest family of
transcription factors known; yet relatively low amounts of these receptors (10°-10*
copies/cell) are present in a cell (35). This superfamily can be divided into four broad
categories based on their ligand binding, dimerization abilities, cellular distribution, and
DNA binding properties. The type I NRs include receptors for steroids such as estrogens,
androgens, progestins, glucocorticoids, and mineralcorticoids. These receptors are bound
to heat shock proteins and sequestered in the cytoplasm in the absence of ligand. Ligand
binding causes the dissociation of heat shock proteins and translocation to the nucleus
where they bind their cognate palindromic response elements as homodimers (Figure
4A). The ER, unlike other type I NRs, is found exclusively in the nucleus, a behavior
that has been confirmed in the presence and absence of ligand (44,45). The type II NRs
include among others, receptors for thyroid (TR), vitamin D (VDR), and all-trans retinoic
acid (RAR). These receptors are found solely in the nucleus and bind to direct repeat
response elements as heterodimers with 9-cis retinoid X receptor (RXR) (45) (Figure

4B). The type III and type IV NRs contain a large number of putative receptors for
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Figure 4. Proposed mechanism of action of (A) class I and (B) class II nuclear receptors.
See text for details. NR, nuclear receptor; hsp90, heat shock protein 90; hsp70, heat
shock protein 70; HRE, hormone response element; RXR, retinoid X receptor. This
figure is presented in color.
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which ligands have not been identified or may not exist, and are referred to as orphan
receptors (46,47). These putative receptors have been identified based on their sequence
homology to type I and type Il NRs. Type III members include: peroxisome proliferator
activated receptor (PPAR) (48), chicken ovalbumin upstream promoter transcription
factor (COUP-TF) (49), hepatic nuclear factor-4 (50), and several others (47,51). These
putative receptors bind to DNA as homodimers, and/or heterodimers with RXR. Type IV
NRs, which are also classified as orphan receptors include: estrogen-related receptor
(ERR) (52), nerve growth factor-inducible gene B (NGFI-B) (53), SF-1 (54), and many
others (47,51). Type IV members bind DNA exclusively as monomers, a feature that
distinguishes them from other NRs. Moreover, the orphan receptor DAX-1 contains a
unique three repeat domain in the N-terminus, which represents a novel type of single
stranded DNA/RNA-binding domain (55). Short heterodimerization partner (SHP) is an
unusual orphan receptor that lacks a conventional DNA binding domain (DBD) but
contains a putative central ligand binding domain (56). SHP interacts with a variety of
NRs including RXR and several of its heterodimerization partners and acts as a negative
regulatory of ER function (57). Orphan receptors have attracted considerable interest
since they could help uncover novel endocrine regulatory systems.

Most NRs display a modular structure with five to six distinct regions, termed A-
F domains and contain two separate activation functions (Figure 5). The N-terminal A/B
regions contain a ligand-independent activation function (AF-1), which can constitutively

activate transcription. The C region contains the DBD, which is characterized by two
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Figure 5. Conserved domain structure of nuclear receptors. A schematic
representation of the human estrogen receptor o is shown. AF-1 and AF-2 refer to
the ligand independent and ligand dependent transactivation domains, respectively.

The encircled P refers to known sites of phosphorylation, while the encircled Ac
identifies sites of acetylation.
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zinc fingers and recognizes cognate cis elements in the upstream regulatory region of
target genes, referred to as response elements (Figure 6A). The proximal-box (P-box)
located in the first zinc finger interacts with DNA and is involved in binding site
discrimination (58,59), whereas the distal-box (D-box) located in the second zinc finger
supports receptor dimerization (59-61).

The nature of the response element varies among the different types of NRs. NR
response elements for type I receptors consist of inverted palindromic sequences, which
are separated by a three nucleotide spacer (Figure 6B). Type II NR response elements are
generally direct repeats (DR) composed of a minimal hexanucleotide core spaced by 1 to
5 nucleotides (Figure 6B). A flexible hinge or D region separates the DBD from the E
region, which contains the ligand binding domain (LBD), dimerization interface, and the
ligand-dependent activation function, AF-2. Recent studies have demonstrated that the
hinge region may serve as a docking site for corepressor binding (62,63). Acetylation of
lysine residues within the hinge region of the ER has recently been shown to influence
ligand sensitivity as well as recruitment of corepressor complexes (64). The activities of
AF-1 and AF-2 vary depending on the promoter (65) and cell type, and in some cases
both are required for full transcriptional activation (66). Several receptors also contain a
variable C-terminal F domain, which has been shown to influence interactions with
coactivators (67,68).

X-ray structures of the LBD reveal that NR LBDs exhibit a similar overall
architecture with the LBD folded into a three-layered antiparallel a-helical sandwich
comprising a central core layer of helices (HS, H6, H9, and H10) found between two

additional layers of helices (H1-4 and H7, H8, and H11) (69-76) (Figure 7). Biochemical
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Figure 6. (A) Hypothetical "zinc fingers" in the DNA binding domain of nuclear
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and structural studies have demonstrated that a substantial conformational change occurs
after ligand binding (77,78). Comparison of the apo-RXR and 9-cis retinoic acid bound
RXR crystal structures confirms the existence of a ligand-induced conformational
change, which triggers the receptor to form an activated complex and expose amino acid
residues within AF-2 (helix 12), which are necessary for interaction with coactivators
(78). The main conformational change occurs in the N-terminal regions of helices 3, 11,
and 12 (Figure 8). This movement causes hydrophobic residues previously exposed to
solvent to be directed towards the ligand binding cavity, while at the same time allows

other hydrophobic residues to form a protein surface necessary for coregulator interaction

(78).

Estrogen Receptor o, B, and y

Many of the effects of estrogen are mediated through its binding to the ER and
subsequent alterations in gene expression, though non-genomic effects have also been
reported (2). Two ER isoforms exist, ERa and ERP, each one is encoded from a distinct
gene and displays tissue-specific distribution and differential ligand preference (79,80).

A comparison of the amino acid sequence identity between the two isoforms reveals that
the most conserved region is the DBD (97%), whereas the NH,-terminal A/B domains
and LBD are only 20% and 60% identical in amino acid sequence (81). Although both
isoforms exhibit similar affinity for E2, a comparison of their tissue distributions suggests
that they may have distinct biological roles (81). Several groups have shown that ERa

and ERP form functional heterodimers in vitro and in vivo (82-84). Interestingly the

isoforms, the heterodimers would predominate (81,83). The physiological role of each
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holo-RXRa

Figure 8. The ligand induced conformational change of human retinoid X receptor
(RXR). Comparison of the (A) unliganded (apo-RXRa, shown in blue) and
liganded (holo-RXRa shown in orange). The main conformational differences
were observed in helices 3 (H3) and H12 following ligand binding. The arrows
emphasize the ligand-induced conformational change. The ligand, 9-cis retinoic
acid, is shown in light blue. This figure is presented in color
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isoform is being intensely studied through the generation of isoform-specific knockout
mice (85-87).

The DBDs of ERa and ERB, like other NRs, allow the receptors to bind to their
cognate DNA target sequence, referred to as an estrogen responsive element (ERE). It
has been demonstrated that both ER isoforms do not signal only through binding EREs
but can also signal through AP-1 and Sp-1 elements (88-90). Intriguingly, ERP exhibited
distinct properties from ERa on both AP-1 and Sp-1 elements. Antiestrogen binding to
ERB caused an increase in reporter gene expression, whereas binding to ERa resulted in
an opposite effect examined under the same conditions (88,90)

The recent discovery of a third unique type of ER, ERY, isolated from Atlantic
croaker and zebra fish, has amplified the complexity of estrogen signaling (91).
Phylogenetic analysis revealed that ERy arose from a relatively recent gene duplication of
ERB (91). Teleost (bony fish) genomes have been shown to support significantly more
gene duplications than their mammalian counterparts (92). Therefore, ERy may not
represent a third unique ER isoform and may simply represent a genetic duplication of
ERPB. In addition, ERa and ERP have been described in several vertebrate species, ERy
has thus far only been reported in teleosts (91).

X-ray structures of several NR LBD complexes with various ligands have
provided insight into the molecular basis of agonism and antagonism. Ligand binding is
achieved by a combination of specific hydrogen bonding interactions and the

hydrophobic nature of the binding pocket. In the ERa-E2 complex, E2 makes direct
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His 524

Figure 9. I ions made by 17 diol in the human estrogen receptor o
ligand-binding cavity. This figure was generated in InsightII using the
Brookhaven Protein Data Bank entry 1ERE (73). The three amino acids residues
(Glu353, Arg394, and His524) that participate in direct hydrogen bonds with the
ligand and the distances of the interactions are shown. This figure is presented in
color.
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hydrogen bonds with the side chains of glutamate 353, arginine 394 and histidine 524.
Hydrophobic interactions further stabilize the ligand in the binding cavity (Figure 9).
Interestingly, ligands with agonist and antagonist activity stabilize the LBD in distinct
conformations, most notably in the orientation of helix 12. In the E2-liganded
complexes, helix 12 is positioned over the ligand binding cavity and forms a hydrophobic
groove with helices 3, 4, and 5, as well as a turn between helices 3 and 4 (Figure 10).
This hydrophobic groove has been proposed as the AF-2 surface, which is capable of
interacting with coactivators (73,93). In the raloxifene-liganded structure, helix 12 is
prevented from forming part of the AF-2 interaction surface and instead lies in a groove
between helices 3 and 5, in effect blocking the coactivator recognition site and mimicking
the interactions formed between the NR box motif and the LBD (73,74,93) (Figure 10).
The position adopted by helix 12 in the partial agonist genistein-bound structure only
partially mimics the NR-box binding mode (74) (Figure 10). In the pure antagonist
bound structure the bulky side chain of ICI 164,384 binds along the NR-box binding site
and physically prevents helix 12 from adopting either agonist or antagonist orientation
(94), further illustrating the importance of the orientation of helix 12 in ER activity.

In addition to the ligand-induced activation of the ER, phosphorylation has been
shown to play a key role in modulating ER activation (95-97). Treatment of cells with
growth factors was shown to increase the activity of the ER as well as its phosphorylation
state. Subsequent studies demonstrated the serine 118 was phosphorylated and required
for full ligand-independent receptor activation (95). Serine 118 was later shown to be a
substrate for mitogen-activating protein kinase (MAPK), linking ER activity to the RAS-

MAPK pathway (96). ERa is also phosphorylated at tyrosine 537, which when mutated
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causes a ligand-independent increase ER activity (97).

Phylogenetic Comparison of ERs

Phylogenetic analysis reveals that there are distinct ER types. The teleost ERos
and ERPs form distinct groups compared to all other vertebrate ERs (Figure 11). The
interspecies homology is higher than the similarity between the o and B isoforms.
Interestingly, the two ERys in the database, cluster with the other teleost ERBs and do not
form a separate and distinct branch. A more detailed analysis of the sequence differences
among ER D, E, and F domains from several different species, including representative
species from 5 different vertebrate classes; mammalian, avian, amphibian, reptilian, and
actinopterygii (ray-finned fish) is shown in figure 12. These results demonstrate that
significant variability exists within the ligand-binding portion of the different receptors
and between o and P isoforms. Despite the differences in degree of sequence identity
among species, ERs from all species harbor the same three equivalent amino acids to
hERa (glutamate 353, arginine394 and histidine524) that participate in direct hydrogen
bonds and stabilize E2 in the binding pocket. (73,74,98). However, differential binding
of several natural and synthetic chemicals to hERo and hERB, as well as to ERs from
different species have been reported (see below), suggesting that additional amino acid
residues may also play a role in determining ligand preference and relative binding
affinity. Despite significant differences in amino acid sequence within ER LBDs a
comparison of the amino acid sequences that line the ligand-binding cavity and interact
with E2 reveals that few amino acid differences exist among different species compared

to hERa. For the aER and xER only single amino acid substitution exist, phenylalanine
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Figure 11. Phylogenetic analysis of estrogen receptor (ER) sequences. The distance
between nodes reflects the degree of sequence identity when doing pair wise alignments.
The value of 0.1 corresponds to a difference of 10% among sequences. This figure was
generated using the ClustalW alignment function in MacVector 6.5 (Oxford Molecular
Ltd.). GenBank accession numbers: anolis ERo. AF095911, African catfish o (a. catfish
o) X84743, Atlantic croaker ERa (a. croaker o) AF298183, Atlantic croaker B (a.
croaker B) AF298181, Atlantic croaker ER Yy (a. croaker ), Atlantic salmon o (a. salmon
o) X89959, blue tilapia a (b. tilapia o) P50240, catfish o AF061275, catfish B
AF185568, chicken o X03805, chicken f AB036415, cow B Y18017, gilthead seabream
o (g. seabr. o)) AJO06039, gilthead seabream (g. seabr. B) AF136980), goldfish B
AF061269, hamster o AF181077, horse o AF124093, human o X03635, human
AB006590, Japanese eel B (j. eel B) AB003356, marmoset § Y09372, medaka
ABO033491, mouse oo M38651, mouse  U81451, Nile tilapia o (n. tilapia o) U75604,
Nile tilapia B (n. tilapia ) U75605, pig oo AF035775, pig B AF267736, quail B
AF045149, rainbow trout o1 (r. trout ot1) AJ242740, rainbow trout o2 (r. trout 02)
AJ242741, rainbow trout B (r. trout ) AJ289883, rat o0 Y00102, rat B AJ002602, red
seabream o (r. seabr. o) AB007453), rhesus monkey B (th monkey B) AF119229, sheep
B AF177936, starling B AF113513, whiptail o $79923, wrasse o AF326201, xenopus o
L.20738, zebrafinch ot L79911, zebrafish oo AF349412, zebrafish B AF349414, zebrafish y
AF349413.
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Figure 12. Structural based alignment of the estrogen receptor D, E and F domains of
human o (ha), human B (hp), mouse (m), chicken (c), anolis (a), xenopus (x), and
rainbow trout (rtat). Identical amino acid residues are represented as dots while
missing residues are shown as dashes. The ligand binding domains (E domains) are
shown in bold. Residues that line the hormone binding pocket and that interact with
17B-estradiol are marked with a * and #, respectively. Boundaries of the helices and
beta sheets were taken from PDB 1ERE (73).
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175 in the aER and leucine 413 are both substituted to methionine 421 in hERo. (Figure
12). Two amino acid substitutions exist between hERa and both hERP and rtERa. In
hERB, methionine 336 and isoleucine 373 are substituted for leucine 384 and methionine
421, respectively, whereas in tERa methionine 317 and isoleucine 496 are substituted
for leucine 349 and methionine 528, respectively (Figure 12). This suggests that these
residues may contribute to the observed differences in ligand preferences, binding

affinities, and transactivation responses to EEDs among different ERs (see below).

Coregulators

Biochemical and expression cloning studies have identified a number of proteins
that interact with NRs in a ligand-dependent and/or ligand-independent manner (99).
Many of these proteins have been shown to potentiate NR activity in cell based
cotransfection assays, suggesting that they act as coregulators of NR function (99).
Coregulators can be classified as coactivators and corepressors. Coactivators lead to an
increase in NR activity, whereas corepressor attenuate or inhibit NR activity. Several
structurally distinct classes of nuclear receptor coregulators have been identified, some of
which are subunits of large multiprotein complexes. For example, the steroid receptor
coactivator (SRC) family of coactivators (100) is a family of 160 kDa molecular weight
proteins that were the first coregulators shown to interact with NRs. Members of this
family include, SRC-1 (also known as p160/NCoA-1/ERAP-160) (100,101), SRC-2 (also
known as TIF2/GRIP-1/NCoA-2) (102,103), and SRC-3 (also known as
AIB1/ACTR/RAC-3/TRAM-1/pCIP/NCoA-3) (104-108). Once recruited by NRs, these

coactivators form a mutiprotein complex with CBP/p300 (105,107) leading to increases
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in transcription. SRCs are members of the PAS domain family, which contain a N-
terminal basic helix-loop-helix region, followed by PAS A and PAS B domains, and a C-
termihal glutamine rich region (109,110). Functional and structural studies have shown
that coactivators interact with the AF-2 region via short NR-boxes or LxxLL motifs,
where L refers to leucine and x refers to any other amino acid residues, to transduce the
ligand signal to the transcriptional machinery (93,111,112). Recent studies have shown
that nuclear receptors have distinct affinities for coactivators; for example PPARY has a
greater affinity for CBP than for SRC-1, whereas the ER preferentially binds SRC-1 but
exhibits very weak affinity for CBP (113). In addition, the NR affinities of different
coactivators and various NR boxes present within coactivators have been demonstrated to
exhibit ligand dependent variability (114,115).

Several lines of evidence suggest that the SRC family of coactivators are
important in NR function and disease (104,116,117). However, studies reveal potential
redundancy in NR coactivator function since only subtle effects in SRC-1 knockout mice
were observed, which may have been the result of a compensatory increase in SRC-2
levels (118). In contrast, SRC-3 is required for normal development and female
reproductive function, suggesting that it plays a different physiological role than SRC-1
and provides evidence of diversity within the SRC family (119).

Coregulators and NRs have been shown to interact with the general transcription
factors CBP/p300 and pCAF. SRC-1, SRC-3, CBP/p300 and pCAF possess histone
acetyltransferase (HAT) activity, which disrupts nucleosomes and leads to transcriptional

activation (105,120). In the absence of ligand some NRs associate with nuclear receptor
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corepressors SMRT (63) and NCoR (62). The association of NCoR with TR is crucial
for the ligand independent nuclear retention of TR (121). Both SMRT and NCoR recruit
SIN3 and HDAC: to form a large corepressor complex that contains histone deacetylase
activity (122,123), implicating histone deacetylation in transcriptional repression.

Three models, sequential, combinatorial, and parallel, have been proposed to
explain how the extraordinary numbers of coregulators modulate NR transcriptional
activation (99). In the sequential model, one of the complexes is recruited to the
promoter, which leads to the recruitment of additional proteins. Alternatively, a

combinatorial model has been put forth where multiple complexes are present and their

combined activity is required for transcriptional activation in vivo. Finally,
transcriptional activation may occur in a parallel fashion, with different complexes
forming on the same promoter, allowing for tissue or cell specific responses. Recent
reports favor the sequential model where different cofactors cycle during the onset and
course of transcription (Figure 13) (124). The binding of E2 to the ER causes the
exchange of the corepressor complex with a coactivator complex. This is followed by the
recruitment of coactivators with HAT activity such as p300/SRC complex and PBP, the
protein that anchors the DRIP/TRAP complex to NRs (125). The p300 complex modifies
chromatin, but is present only during the initial cycle of transcription. Once the RNA
polymerase II C-terminal tail is phosphorylated, CBP replaces the p300 complex causing
the recruitment of pCAF. This leads to the concomitant release of SRC and the ER. CBP

and pCAF disassemble and the cycle is set to repeat (124).
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Repression

AF-1 mediated tanscription

no ligand

Figure 13. Proposed model for transactivation by ER including interactions with
coactivators and corepressors. This model was modified from Shang et al. (124),

which demonstrated the sequential and cyclical formation of compl leading

to transcriptional activation in the presence of an agonist such as 17B-estradiol.
This figure is presented in color.
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Estrogen-Responsive Genes

Several estrogen responsive genes have been characterized in a variety of species.
Analysis of the upstream regulatory regions of many estrogen-responsive genes revealed
a common sequence motif referred to as an estrogen responsive element (ERE), which
was determined to have the following consensus sequence 5'-GGTCAnnnTGACC-3’
(126,127). Electromobility gel electrophoresis assays demonstrated that the ER binds
with high affinity to consensus EREs as a homodimer (56). The sequences flanking the
ERE have also been shown to influence stability of the ER-ERE interaction (128,129).
Genes such as Xenopus vitellogenin A2 (126) and human oxytocin (130) contain a single
consensus ERE, whereas others like Xenopus vitellogenin B1 (126,131), the human PR
(132), human c-fos (133) and human pS2 (134) contain single or multiple copies of
EREs, which contain one or more nucleotide differences from the consensus ERE. Some
estrogen-responsive genes such as ovalbumin (135) contain multiple copies of ERE-half
sites, but not the palindromic sequence. These genes also contain response elements for
RXR, RAR, and TR (136,137), suggesting that the cellular concentrations of NRs
influence the regulation of target genes. In addition, the identification and study of
estrogen-responsive genes is further complicated by the observation that the ER can

regulate gene expression through interaction with other transcription factors (88).

Species-Specific Binding Preferences and Transactivation Responses to EEDs

Although the physiological actions of the ER are conserved among different

species, the amino acid sequences of the regions involved in ligand binding are quite
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variable. This suggests that species may exhibit different responses and sensitivities to
EEDs, and that one species may not be an appropriate surrogate for use in identifying and
predicting responses in other species. Significant variability exists in the reported
binding affinity for E2 among vertebrate ERs (Table 1). Receptor binding studies have
shown that E2 exhibits a 5-fold lower binding affinity for the rainbow trout ERa. (tER)
than for the hERa (138,139). When expressed in yeast the tERo exhibits a 10-fold
lower responsiveness to E2 and a significantly reduced affinity for E2 at elevated
temperature when compared to hERa (140). Weaker E2 responsiveness of rtERa has
also been observed in embryonic salmonid cells (STE-137) transfected with tERa (139).

Similarly, the transactivation ability of another piscine ERa, the Oreochromis aureus

(OaERa), also exhibits reduced activity at temperatures above its normal physiological
range (141). The molecular basis for the reduced rtERa function at elevated temperature
is unclear, though other fish proteins have been shown to exhibit optimal activity at lower
temperatures than their mammalian counterparts (142-144). Interestingly, exchanging a
35 amino acid stretch, between the OaERa and the chicken ER (cER) partially rescued
the thermal deficient transactivation of the OaERa. (141), which suggests that additional
factors also contribute to the temperature sensitive phenotype of piscine ERs.

Domain interchange and the generation of chimeric receptors revealed that the
rtER (hERa C domain) chimeric receptor exhibited greater DNA binding affinity, while
the rtER (hERo E domain) chimeric receptor displayed an increased E2 transactivational
response compared to wild-type rtERa (145). These results suggest that some of the
functional differences between hERa and rtER«. reside within the DNA-binding domain.

However, competitive binding studies using GST-hERa. and GST-rtERa. fusion proteins

37



“
Vertebrate S&ies Source K4in nM Reference
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Table 1. Comparison of the affinity for 17B-estradiol among different vertebrate ERs.

Amphibians
Urodele Amphibian Testis 0.1 (146)
Xenopus Liver cytosol 0.5 (147)
Hepatocytes 0.4 (148)
Avian
Chicken Oviduct cytosol 0.23 (149)
Oviduct cytosol 3.7 (150)
Liver cytosol 0.7 (151)
Japanese quail Liver cytosol 0.2 (152)
Fish
Atlantic croaker Testis 0.33-04 (153)
B In vitro transcribed 1.38 1)
In vitro transcribed 1.16 1)
Atlantic Salmon Liver cytosolic 2-4 (154)
Liver nuclear 5-6 (154)
Catfish Liver cytosolic 1-1.3 (155)
Rainbow trout o In vitro transcribed 5 (138)
Mammals
Human a Liver cytosol 0.47 (156)
ER mammalian cells 0.2 (157)
Full length in yeast 0.35 (158)
Truncated in yeast 1.0 (158)
ER-protein A fusion 1.49 (158)
Mouse Uterine cytosol 1.4 (159)
o In vitro transcribed 0.2 (160)
B In vitro transcribed 0.5 (160)
Pig Uterine cytosol 0.53 (149)
Rat Uterine cytosol 0.7 (161)
o Expressed in COS-1 0.8 (161)
cells
In vitro transcribed 0.1 (162)
B In vitro transcribed 0.4 (162)
Reptiles
Alligator Oviduct 0.5 (163)
Turtle Liver - cytosolic 17 (164)
Liver - nuclear 17 (164)
Testis - cztosol 0.7 5 165!



consisting of only the D, E and F domains have identified several differences in relative
binding affinities of estrogenic chemicals, supporting the hypothesis that the LBD

significantly contributes to the reported differences between hERc and rtERa (166,167)
(Chapter 3 & 4).

Atrazine and simazine, two chloro-S-triazine derived pesticides were unable to
induce expression of a hERa regulated reporter gene transiently transfected in MCF-7
cells (168), while atrazine and other chloro-S-triazines were able to compete with tritiated
E2 for binding to the American alligator ER (163). The pig ER exhibits significantly
greater affinity for o zearalenol, a metabolite of the mycotoxin zearalenone, than does the
ER from the Leghorn chicken (149).

Genistein has been shown to bind with 30-fold greater affinity to hERP than
hERa (162). The recent report of the crystal structure of ERP in complex with genistein
has suggested that this ligand preference may be attributed to two conservative mutations:
leucine 384 and methionine 421 in ERa are replaced by methionine 336 and isoleucine
373 in ERP (74). Comparison of the amino acid differences within the ligand binding
pockets of ER from several different species reveals that methionine 421 in hERa is
replaced by phenylalanine 175 in the anolis ER and leucine 413 in xenopus ER, whereas
leucine 349 and methionine 528 in hERa are substituted with methionine 317 and
isoleucine 496 in the rtERo (Figure 12). Although, these residue differences are
considered to be conservative substitutions, they affect the volume and hydrophobic
character of the binding pocket (74,169). Taken together, these observations suggest that
these residue substitutions may contribute to the observed differences in the relative

binding affinities of select EEDs. Recent crystallography data has demonstrated that both
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the volume and hydrophobic character of the binding pocket can influence ligand
binding. For example, the volume of the probe-occupied ligand pocket of ERa-E2
crystal complex has been determined to be 490 A while that of ERB-genistein is 390 A
with the reduction being primarily due to the replacement of the leucine 384 in hERa.
with a bulkier methionine 336 residue in hERP (74). This allows the residues that line
the pocket to pack more tightly around genistein, stabilizing the ligand in the binding

pocket in ERP (74), and possibly resulting in greater binding affinity.
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CHAPTER 3

Differential binding affinities of PCBs, HO-PCBs and aroclors with recombinant

human, rainbow trout (Oncorhynchus mykiss) and green anole (Anolis carolinensis)

estrogen receptors using a semi-high throughput competitive binding assay

These data have been published in the following article:

Matthews, J.B. and Zacharewski, T.R. 2000 Differential binding affinities PCBs, HO-
PCBs and Aroclors with recombinant human, rainbow trout (Oncorhynchus mykiss) and
reptilian (Anolis carolinensis) estrogen receptors using a semi-high throughput
competitive binding assay. Toxicol Sci, 53, 326-339.
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A comparative study was undertaken to assess the ability of 44
polychlorinated biphenyls (PCBs), 9 hydroxylated PCBs (HO-PCBs),
and 8 aroclors at concentrations ranging from 1 nM to 10 uM to
compete with [’H]17B-estradiol (E2) for binding to bacterially ex-
pressed fusion proteins using a semi-high throughput competitive-
binding assay. The fusion proteins consisted of the D, E, and F
domains of human (a), cloned reptilian (Anolis carolinensis) and
recloned rainbow trout (Onchorhynkiss mykiss) estrogen receptors
(ER) linked to the glutathione S-transferase (GST) protein. GST-
hERadef (human), GST-aERdef (reptile) and GST-rtERdef (rain-
bow trout) fusion proteins exhibited high affinity for E2 with disso-
ciation constants (K,) of 0.4 £ 0.1 nM, 0.7 + 0.2 nM, and 0.6 x 0.1
nM, respectively. Of the 44 PCBs examined, only PCBs 104, 184, and
188 effectively competed with ['H]E2 for binding to the GST-rtERdef
protein with IC,, values ranging from 0.4-1.3 uM. In contrast, these
same congeners only caused a 30% displacement of ['HJE2 in GST-
hERadef and GST-aERdef proteins. Several additional congeners
were found to bind to the GST-rtERdef fusion protein, although the
degree of interaction varied among congeners. Among the HO-PCBs,
2',3' 4',5'-tetrachloro-4-biphenylol and 2,6,2',6'-tetrachloro4-biphe-
nylol bound to all three fusion proteins with IC,, values ranging from
0.1-0.3 M. Dimethyl sulphoxide (DMSO) concentrations of 20%
significantly increased the ability of PCBs 104, 184, and 188 to
compete with [*HJE2 for binding to the GST-ERdef fusion proteins,
whereas at 20% DMSO, a significant reduction in saturable binding
was observed. These results demonstrate that ERs from different
species exhibit differential ligand preferences and relative binding
affinities for PCBs, which can be dramatically affected by DMSO
concentration.

Key Words: polychlorinated biphenyls; estrogenic endocrine dis-
ruptors; estrogen receptor; comparative; competitive binding.

In recent years, there has been heightened concern regarding
exposure to chemicals in the environment that may interfere

' To whom correspond should be add d at Michigan State Univer-
sity, Department of Biochemistry, 419 Bioch y Building, Wilson Road,
East Lansing, Michigan, 48824-1319. Fax: (517) 353-9334. E-mail:
tzachare @pilot. msu.edu. Web site:  http://www.bch.msu.edu/~zacharet/
tzlab.htm.

with the endocrine system and adversely affect normal repro-
ductive development and fitness of humans and wildlife
(McLachlan and Korach, 1995). These substances, known as
endocrine disrupting chemicals (EDCs), are commonly used
throughout modern society. In response, the Safe Drinking
Water Act and the Food Quality Protection Act were amended
to require the United States Environmental Protection Agency
(U.S. EPA) to screen and test for chemicals that mimic or
inhibit the activities of estrogen, androgen, and thyroid hor-
mones. The Endocrine Disruptor Screening and Testing Advi-
sory Committee (EDSTAC) was established and charged with
the development and implementation of a screening and testing
strategy (EDSTAC, 1998). EDSTAC deliberations resulted in
a tiered strategy consisting of prioritization followed by screen-
ing and testing approaches that involve a combination of in
vitro and in vivo assays. The U.S. EPA is currently exploring
the possibility of using high-throughput receptor binding and
reporter gene assays to assist in prioritizing chemicals that
require testing.

Much attention has been focused on estrogenic endocrine
disruptors (EEDs). These chemicals encompass a wide range
of substances including natural products, environmental pol-
lutants, pharmaceuticals, and industrial chemicals (Colborn,
1993; Katzenellenbogen, 1995). Many of these chemicals do
not share any obvious structural similarity to the endogenous
ligand for the estrogen receptor (ER), 17B-estradiol (E2),
which makes identification based solely on molecular structure
difficult (Katzenellenbogen, 1995). It has been hypothesized
that many of the effects elicited by estrogenic substances are
the result of ER-mediated modulation of gene expression
(McLachlan, 1993), although additional modes of action can-
not be discounted.

The ER is a member of the nuclear receptor superfamily, a
family of nuclear proteins that function as transcription factors
to modulate gene expression in a ligand-dependent manner
(Evans, 1988). As with other members of this family, the ER
has a modular structure consisting of six domains (A-F)
(Evans, 1988; Tenbaum and Baniahmad, 1997). The highly
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conserved DNA-binding domain (C domain) separates a highly
variable NH,-terminal region (A/B domains) and a COOH-
terminal ligand-binding domain (D, E, and F domains). The ER
and other steroid hormone receptors are activated by interac-
tion with specific ligands that bind with high affinity to the
ligand-binding domain. Ligand-occupied ERs undergo ho-
modimerization, and the resulting complex binds to its cognate
DNA target site. These sites are referred to as estrogen respon-
sive clements (EREs) and are located in the regulatory region
of estrogen-inducible genes. Once bound to the ERE, the
ER-homodimer complex may induce or inhibit gene transcrip-
tion, thereby altering the levels of proteins that are important
for development, cell proliferation, and the maintenance of
homeostasis. Consequently, the ER acts as the primary gate-
keeper for initiation of a number of estrogenic responses.

Even though the physiological actions of the ER are con-
served among different species, amino acid sequences of li-
gand binding domains are variable. This suggests that species
may exhibit different responses and sensitivities to EEDs, and
that one species may not be an appropriate surrogate for use in
identifying and predicting responses in other species. A num-
ber of competitive-binding studies have shown that EEDs
exhibit differential binding preferences and relative binding
affinities for the ER of different species (Connor et al., 1997,
Fitzpatrik et al., 1989; Le Drean et al., 1995; Vonier et al.,
1997).

Polychlorinated biphenyls (PCBs) are a class of halogenated
aromatic industrial compounds that are ubiquitous, persistent
environmental contaminants detected in almost every ecosys-
tem (Bellschmiter et al., 1981). They were commercially man-
ufactured as mixtures (e.g. Aroclors) containing varying de-
grees of chlorination made up of 140-150 of the 209 possible
congeners (Mullin er al., 1984, Safe, 1993; Schulz et al., 1989).
PCBs evoke or elicit a number of in vitro and in vivo responses.
PCBs, and hydroxylated (HO)-PCBs have been identified in
wildlife and humans, and they represent a class of EEDs that
differs significantly from the endogenous ER ligand, E2. Co-
planar congeners and their planar, mono-ortho substituted de-
rivatives induce responses that correlate with their binding
affinity for the aryl hydrocarbon receptor (AhR) and evoke
2,3,7 8-tetrachlorodibenzo-p-dioxin (TCDD)-like responses
(Safe, 1993). Non-coplanar (di-, tri- and tetra-ortho substi-
tuted) PCBs and some HO-PCBs induce multiple responses
(Narasimhan et al., 1991; Schuur et al., 1998; Van den Berg et
al., 1991) including in vitro and in vivo estrogenic activities
independent of the AhR (Bitman and Cecil, 1970; Fielden et
al., 1997, Li et al., 1994).

In order to investigate the ability of PCBs to compete with
E2 for binding to the ER and to identify potential differences
in ER binding among species, a comparative study was under-
taken in which a semi-high throughput competitive-binding
assay, using bacterially expressed GST-ER fusion proteins,
was developed. In this study, 44 PCB congeners, 8 commercial
Aroclor mixtures, and 9 HO-PCBs, 7 of which have been
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detected in human serum (Bergman er al., 1994; Moore et al.,
1997) were examined for their ability to compete with [*H]E2
for binding to the recombinant ERs from human, green anole
(Anolis carolinensis) and rainbow trout (Onchorhynkiss
mykiss).

MATERIALS AND METHODS

Chemicals. Polychlorinated biphenyls (PCB) Intemnational Union of Pure
and Applied Chemistry (IUPAC) # 41, 51, 58, 60, 68, 78, 91, 99, 104, 112,
115, 126, 143, 153, 169, 173, 184, 188, 190, and 193 were purchased from
AccuStandard (New Haven, CT) and provided by M. Tysklind (Umed Uni-
versity, Umed, Sweden). PCBs IUPAC # 18, 44, 45, 47, 54, 70, 74, 84, 87, 101,
128, 138, 151, 158, 168, 177, 178, 183, 187, and 194; Aroclors 1016, 1221,
1232, 1242, 1248, 1254, 1260, and 1268 were synthesized or provided by S.
Safe (Texas A&M University, College Station, TX). Hydroxylaed PCBs
2,3,5,3" 4'-pentachloro-4-biphenylol; 2,3,5,2’.4',5'-hexachloro-4-biphenylol:
2,4,5,2',3',4',5" -heptachloro-3-biphenylol; 3,5,2',3’,4’-pentachloro-4-biphe-
nylol; 2,3,5,2°,3' 4'-hexachloro-4-biphenylol; 2,3.5,2',3’,4’,5’-heptachloro-4-
biphenylol; 2,3.5.6,2'.4' 5’ .-heptachloro-4-biphenylol. 2,6.2' 6'-tetrachloro-4-
biphenylol: and 2'3’4’,5'-tetrachloro-4-biphenylol were synthesized by S.
Safe (Connor er al., 1997; Safe et al., 1995). Dimethyl sulphoxide (DMSO)
and 17B-estradiol (E2) were obtained from Sigma (St. Louis, MO).
[2.4,6,7.16,17-’H} 17B-estradiol (['H]E2; 123 Ci/mmol) was purchased from
New England Nuclear (Boston, MA). MicroScint 20 was d from
Packard Instruments (Meriden, CT). Isopropylthio-B-D-galactoside (IPTG)
and bovine scrum albumin (BSA) were obtained from Fisher Scientific (Pitts-
burgh, PA). The glutathione S-transfée (GST) expression vector, pPGEX6p3,
glutathione (GSH) sepharose and XK16 columns were purchased from Am-
ersham/Pharmacia (Piscataway, NJ). SuperScript Il reverse transcriptase and
Trizol Reagent were purchased from Life Technologies (Gaithesburg, MD).
Vent DNA polymerase was purchased from New England Biolabs (Beverly,
MA), and restriction enzymes and Taq DNA polymerase were obtained from
Roche/Bochringer Mannheim (Indianapolis, IN). All other chemicals and
biochemicals were of the highest quality available from cial sources.

RNA isolation. Total RNA from a 1 cm’ liver section from a female green
anole (Anolis carolinensis; kindly provided by J. Wade, Departments of
Psychology and Zoology, Michigan State University) was isolated using Trizol
Reagent. The Trizol R pre is a ion of the single step-
RNA isolation method developed by Chomczynski and Sacchi, (1987). Green
anole liver sections were h ized in the p of Trizol R using
a Brinkman Polytron homogenizer. Following a 5-min incubation at ambient
temperature, chloroform was added and the mixture was separated by centrif-
ugation at 12,000 X g for 15 min at 4°C. The aqueous layer containing the
isolated RNA was removed and the RNA was precipitated using isopropanol.
The RNA was pelleted by centrifugation at 12,000 X g for 10 min at 4°C, and
the resulting pellet was washed with 75% ethanol diluted with diethyl pyro-
carbonate (DEPC)-treated sterile water. The pellet was then air dned and
resuspended in DEPC-treated sterile water. RNA was stored at -80°C until
use.

Cloning of green anole estrogen receptor DEF domain. Total RNA (S
ug) was incubated for 10 min at 70°C with 500 nM oligo dT primer (PR1r).
Following a § min incubation on ice, the mRNA was reverse transcribed in a
20 ul reaction mixture containing PCR buffer (20 mM Tris—HCI (pH 8.4), 50
mM KCl, 2.5 mM MgCl,), 10 mM dithiothreitol (DTT), SO0 uM dNTPs and
200 units of SuperScript I reverse transcriptase at 42°C for 50 min. The
reaction was terminated with a 15 min incubation at 70°C. The reverse
transcription (RT) was then incubated with 1 unit of RNase H for 30
min at 37°C. One tenth of the RT reaction was used in the subsequent PCR
reactions.

RACE (rapid amplification of cDNA ends) PCR reactions were performed
according to the f: 's instr (Life Technologies). Three de-

L.
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TABLE 1
PCR Primers Used in the Cloning and Recloning of the Green Anole and Rainbow Trout Estrogen Receptor (ER) D, E and F
Domains and in the Construction of the GST-ERdef Containing Plasmids

Restriction
Primer Sequence enzyme Description
PRIr* 5'-GGCCACGCGTCGACTAGTACT -3’ Sall* OligodT primer
PR2r 5'-CUACUACUACUAGGCCACGCGTCGACTAGTAC-3’ Sall Universal amplification primer”
PR3f* 5'-TA/C/TCAAGGA/G/TCAC/TAAC/TGACTAC/TATGTGC/TC-3' - Degenerate primer based on ER DNA binding
domain (human ERa a.a. 213-222)
PR4f 5" AAAAGAATTCGGATCCGC/TTAC/TGAAGTA/GGGA/C/ EcoRI Degenerate primer based on ER DNA binding
GATGATGAAAGG-3' BamHI domain, upstream of PR3f (human ERa
a.a. 244-253)
PRSr 5'-GCGGCCGCCTCGAGGA/G/TGAA/GAGA/GATGAGGA- Notl Degenerate primer based on ER hormone
GGAGGAGCT-3' Xhol binding domain (human ERa a.a. 517-506)
PR6f 5'-CAAAGAATTCGGATCCCATGTTGCTGGCCGCTTCTTCTC-3' EcoRI Anole ER specific primer
BamHI
PR7f 5'-AAAAGGATCCATGTTGAAACACAAGCGCCAGAGAG-3' BamHI Human ERa DEF forward primer (pGEX)
PR8r 5'-AAAACTCGAGTCAGACTGTGGCAGGGAAACCCT-3' Xhol Human ERa DEF reverse primer (pGEX)
PROf 5'-AAAAGGATCCATGCTGAAACACAAACGTCAAAGAG-3’ BamHI Anole ER DEF forward primer (pGEX)
PR10r 5'-AAAAGGATCCCTCGAGTCAAATTGCTTCCTGCTCAT- BamHI Anolc ER DEF reverse primer (pGEX)
TTCCC-3* Xhol
PRIIf 5'-AAAAGGATCCCTCGAGGGCGGGTTCTCAGGGATAAGCG-3' Xhol Rainbow trout ER DEF reverse primer
(pGEX)
PRI2r 5'-AAAACTCGAGTCACGGAATGGGCATCTGGTCTG-3' Xhol Rainbow trout ER DEF reverse primer
(pGEX)

““r" denotes reverse primer.
* Restriction enzyme sites are underlined.

* Commercially available primers provided in the 3’RACE kit (Life Technologics).

““f" denotes forward primer.

generate primers were used in the cloning strategy. The oligonucleotides were
identified from a q derived by a multiple seq align-

and F domains were determined by sequence alignment to the human ERa.

ment of the ERs from 10 different species. Two of the primers (PR3f and PR4f;
see Table 1) were based on the highly conserved ER DNA binding domain and
the third primer, PRSr, was derived from a hlghly conserved region in the
ligand binding domain (LBD). Optimal PCR ditions were deter-
mined to be 20 mM Tris-HCl (pH 8.4), S0 mM KCl, 3 mM MgCl,, 200 nM
of each primer, 200 uM dNTPs and 2.5 units of Taq polymerase. Following the

ion of pl the ples were incub ‘at95°Cfot2mmand
amplified for 35 cycles. Each cycle included: 1 min d ation at 95°C, 1
min anncaling at 62°C and 2 min clongation at 72°C. Ten percent of the first
strand synthesis reaction was PCR amplified using primers PR3f and PR2r.
Using a nested PCR strategy, a 2 ul aliquot of the initial PCR reaction was
used as a template for a subsequent PCR amplification using primers PR4f and
PR2r. The products from the second round of PCR were used as a template in
a third PCR reaction using primers PR4f and PRSr. This reaction produced a
fragment of approximately 800 bp, which was digested with BamHI and Xhol,
cloned into the eukaryotic expression vector, pTL1 and sequenced using
ABU/Prism automated sequencing (Perkin Elmer Applicd Biosystems; Foster
City, CA). Based on this sequence, a green anole ER-specific primer (PR6f)
was designed and used with PR2r to amplify the 3’ end of the ER using a 2 ul
aliquot of the PR4f/PR2r PCR reaction as template. The resulting 1100-bp
product was cloned into pGEM id (Promega) and seq d using
ABL/Prism daries of the green anole ER D, E

The b

q b

Seq analysis was performed using MacVector 6.5 and the GCG Wiscon-
sin Package (Oxford Molecular Ltd., Beaverton OR).

Recloning of rainbow trout ER DEF domains. Total RNA (1 ug) from
the liver of a female rainbow trout (Onchorhynkus mykiss; kindly provided by
S. Wagner, Department of Physiology, University of Western Ontario) was
reverse transcribed as previously described (Gillesby and Zacharewski, 1999)
in the presence of first-strand buffer (50 mM Tris-HCI (pH 8.3), 37.5 mM KCl,
1.5 mM MgCl;). 10 mM DTT. 500 nM reverse primer (PR14r), 1 mM dNTPs,
and 40 units of SuperScript II. The RT reaction was incubated for 10 min at
25°C, followed by SO min at 42°C, 15 min at 70°C and S min at 4°C. The entire
cDNA product produced in the RT reaction was used in subsequent PCR
reactions. The PCR reaction mixture, containing Thermopol buffer (20 mM
Tris-HC1 (pH 8.8). 10 mM KCl, 10 mM (NH,),SO,, 2 mM MgSO,. and 0.1%
Triton X-100), 200 uM dNTPs, 1 mM MgSO,, 2 uM primers (PR13f/PR14r),
and 1.25 units of Vent DNA polymerase was amplified for 30 cycles using the
following conditions: 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min.

Construction of GST-ERdef fusion protei The plasmid:
pGEXhERadef, pGEXaERdef. and pGEXrtERdef were constructed by PCR
amplification of the human ERa (kindly provided by P. Chambon, INSERM
U184, Strasbourg, France), green anole. and rainbow trout ER DEF domains
using primers PR7f/PR8r, PR9f/PR10r, and PR11f/PR12r, respectively. The
fragments were digested with the appropriate restriction enzymes (see Table 1)
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DIFFERENTIAL BINDING OF PCBS TO GST-ERdef FUSION PROTEINS

and ligated into the GST fusion protein expression vector, pPGEX6p3. The PCR
amplification was performed using Vent DNA polymerase (New England
Biolabs) as described above. The PCR ion mixture ining Thermopol
buffer, 200 uM dNTPs, 1 mM MgSO,, 500 nM primer, and 1.25 units of
polymerase was heated to 94°C for 5 min followed by 35 rounds of 94°C for
45 s, 60°C for 45 s, and 72°C for 1 min 45 s. The sequence of each construct
was confirmed with restriction enzyme digest and ABL/Prism automated se-
quencing.

Expression and purification of GST ER fusion proteins. Overnight cul-
tures of E. coli strain BL21 (Amersham/Pharmacia) containing pGEX-ERdef
constructs were diluted 1:100 in 500 mi of LB broth (1% (w/v) tryptone, 0.5%
(w/v) yeast extract, and 1% (w/v) NaCl, pH 7.5) containing 100 pg ampicil-
lin/ml and incubated at 37°C with constant shaking. The cclls were grown to
an optical density of approximately 1.0 at 600 nm, and induced with IPTG at
a final concentration of | mM. The induced cultures were incubated for 4 h at
37°C, then pelleted by centrifugation at 1000 X g for 10 min at 4°C. Cell
pellets were resuspended in 25 ml of buffer A (50 mM HEPES, 3 mM EDTA,
5 mM DTT. 50 mM NaCl, and 10% (v/v) glycerol. pH 7.5) containing 0.1
mg/ml lysozyme, 100 ug/ml phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml
leupeptin,and 10 pg/mli pepstatin A. Cells were then lysed by sonication on ice
for 3 X 15 s, separated by 10 s intervals. Tween20, to a final concentration of
0.1%, was added to the cellular debris and incubated for 30 min at 4°C under
constant shaking. Cell debris was pelicted by centrifugation at 20,000 X g for
40 min at 4°C. Supematants were stored at - 80°C until further use.

The supematants containing the GST fusion proteins were applied to an
XK16 column containing GSH sepharose pre-equilibrated with buffer A at a
constant flow rate of 0.5 ml/min at 4°C. After adsorption of the protein, the
GSH sepharose was washed with 100 ml of buffer B (50 mM HEPES, 3 mM
EDTA, 5 mM DTT, 150 mM NaCl and 10% (v/v) glycerol, pH 7.5). Bound
proteins were cluted in 25 ml of buffer C (50 mM HEPES, 3 mM EDTA, S mM
DTT, 150 mM NaCl and 10% (v/v) glycerol, pH 8.0) containing 10 mM GSH.
The partially purified protein was concentrated to a 1-ml final volume using
Millipore Ultrafree-195 filter columns with a 50-kDa molecular weight cutoff
(Millipore Corp., Bedford MA). Protein concentration was determined using
the Bradford (1976) method. Protein was diluted to 0.5 mg/ml and stored at
—80°C until further use. Partially purified fusion proteins were separated by
SDS-PAGE according to Lacmmli (1970), using a 4% stacking and 10%
scparating gel. Proteins were visualized by Coomassie brilliant blue R250
staining.

Receptor binding assays. Partially purified GST-ERdef fusion proteins
were diluted in TEGD buffer (10 mM Tris pH 7.6, 1.5 mM EDTA, | mM DTT
and 10% (v/v) glycerol) containing 1 mg/ml bovine serum albumin (BSA) as
a carrier protein, and incubated at 4°C for 2 h with 0.1-3.5 oM ['H)E2 in | ml
glass tubes arranged in a 96-well format (Marsh Scientific, Rochester, NY).
Fusion protein preparations were diluted to ensure 10,000 dpms of total
binding (dilutions varied from 750-3000-fold). Binding assays were initiated
by adding 240 ul of protein preparation to glass tubes containing 5 ul of
DMSO and $ ul of ['H]E2: thus, the solvent concentration did not exceed 4%,
unless stated otherwise. The amount of nonspecific binding was determined in
the presence of a 400-fold excess of unlabeled E2. Bound ['H)E2 was sepa-
rated from free using a 96-well filter plate and vacuum pump harvester
(Packard Instruments). Filter plates containing the protein were washed with
3 X 50 ml of TEG (10 mM Tris buffer (pH 7.6), 1.5 mM EDTA, and 10% (v/v)
glycerol) and allowed to dry under continued suction for 30 s. After drying. the
underside of the filter plates were sealed and SO ul of MicroScint 20 scintil-
lation cocktail was added to each well. Bound ["H]E2 was measured using a
TopCount luminescence and scintillation counter (Packard Instruments).

Competitive-ligand-binding assays were performed essentially as described
above with the following modifications. Partially purified GST-ERdef fusion
protein was diluted in TEGD containing 1 mg/ml BSA and was incubated with
2.5 nM [HJE2 (5 ul aliquot) and increasing concentrations of unlabeled
competitor. PCB (1.0 nM-10 uM, § ul aliquots) at 4°C for 2 h. Bound [’H]E2
was separated from free as described above. Nonspecific binding was deter-
mined in the presence of a 400-fold excess of unlabeled E2. Each treatment
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1 GATACGAAGTGGGGATGATGAAAGGTGCAATTCGGAAAGACTGCAGASGAGGTCGTATGC 20
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61  TGAACACAMCIGTCAARGAGAGGAARATGATAGCAGGAATGCASGGGCTTTAACAGASG 40
K h K K Q R E E N D S R N A G A L 7T E A

2! CGAGGAGCACGGCTCTCTGGUCAAGTCCCCTGATGATCAAACATAGCAAAAAGARCAGLL  6C
R S T A L W P S P L M T K KB & K K N 5 ¢

18) CAGCCTTITCTCTTIACTCCACATCACATGGTCAGTGCTTTGCTGGAGGCAGAGCIACCTG  8C
AL S L T AUDGQQMV S AL LEATE®P P V

TTSTCTATTCSGAATATGAC! CTAGUAGACCTTTIAATGAAGC T TCAGTAATGATACTGS 10D
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GATTTSTGCATTTAGCACTCCATGATCAGGTCCATCTGCTGGAATGTGUCTUGTTAGAGA
F V O L A L H D QV H L LECAWMW_ L EI

TACTGATGGTTGGCTTGGIGTGUCGAT CAATGSAGCATCCAGGAANACTGT TG TTTCCCC
L M Vv $ L VW R S M E H P G K L L F AP

CTAACTTACTATTCGACAGGAGCCATGGGAMGTTGTTGAGGGTTTTGTSGAAATATT TG L
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ACATGTTGCTIGCCGITTCTTY
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CGCTTTCGAATGATGAATOTACGCGCAGAAGAATTTG
R F R M M N V R G E E F V

6).  TGTGCCTTAAATCCATCATCTTACTCAATCCCSGAATITATACATATCTTTCCAGTACCT
¢ L kK s 1 1 L L NP G I Y T Y L S S T L

TAAAATIAGTGGAGGAAAGGGATCATATICACCGTCTCCTAGATAAAATCACATACACGT
X 8§ v E E R D H I H R V L D T v 1.

TGATGCATT TGATGSCCAAATCGGGTCTCTCTCTACACCACCAGCATAGGCGATTGGCTC
M H L M A K S8 G L S L Q Q O W R R L A Q

ASCTTCTTCTCATTCT TTCCCATATCAGGCACATGAGCAACAAGLGAATGCAGCATCTTT
L L L I L S 4 T R N M S N K & ML K o Y

ATACCATGAAGTGCAAGAACGTGGTCCCTCTATATGATCTGTTACTGSAGATGCTAGAT S
§ M X C K N V Vv P L Y DL L L E M L DA

CTCACZGCTTCCATGCCCC TGCAGCAAAAGGCAGCCCTICAAGTGAAGATGATCCTCTAA
H R L # AF A A K S S P P S E U D P LN

ATCAGTTGGCCGTCCCATCCCCTTCAATGCATTCOTTCCTACCTTGTTATSTGAATAAAT

Q L AV P S P S5 M H S L L F C Y VvV N K J
1C21  AGGAAGAGGGAAATGACCAGSAAGCAATTTGAGAS TCTACATTTCAGTLAGTCCAGATGT
E E G N E Q E A I end

PREN
1la

TTCTGAGAACCICATCAGAAGA: "CACCAACT TCAGG ITTACCTGRACTTGTACTATSTGT
AAGCALCTCCAGTICCTCACCANTCGCAATTGCCAAGCTGAT TG T TAAATCC TTAAACGAA

FI1G. 1. Pantial nucleotide sequence of the green anole ER. The first amino
acid of the D domain is underlined. The boundaries of the domains were
determined from an alignment to human ERa. The numbers on the left indicate
the nucleotide position, and the values on the right refer to the amino acids
(GenBank accession number AF095911).

was performed in quadruplicate and results are expressed as percent specific
binding of ['H]JE2 versus log of competitor concentration. ICy, values were
determined from nonlincar regression for single site competitive binding
analysis, using Equation 1.

Y = bottom + (top - bottom)/(1 + 10*-s%*) ()
The reported IC, values represent the concentration of test compound required
to displace 50% ['H]E2 from the GST-ER fusion proteins as compared to the
50% displacement of ['H]E2 achieved by unlabeled E2. These analyses were
performed using GraphPad Prism 3.0 software (GraphPad Software Inc., San
Diego, CA).

RESULTS

Isolation of Green Anole ER DEF cDNA

Figure 1 shows the partial nucleotide sequence of the green
anole ER (aER). The region spanning the D, E and F domains
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TABLE 2
Comparison of the Amino Acid Sequences from the D, E, and F Domains of Estrogen Receptor from Rainbow Trout Taken from
Four Different Sources. Boundaries of the D, E and F Domains Were Determined from a Sequence Alignment to the Human ERa

Type of amino-acid sequence difference

Source of Rainbow

trout ER sequence Frame shift Single amino acid differences
Pakdel er al. (1990) 241 KPTVTWSTGQRPQ-253" 287-QGQTPA-292 399-RFGML403  419-LNPGA-423  SI4-LNAPG-SI8
GenBank Accession

number AF099079 18-KPYGDLEHRTAPPQ-31* 64-QGAEPPA-70 I178RFRML-182  198-LNSGA-202  293-LQSPG-297
GenBank Accession

number AJ242740°  287-KPYGDLEHRTAPPQ300  333-QGAEPPA-39  447-RFRML4SI  467-LNSGA471  562-LQSPG-S66
GenBank Accession

number AJ242741°  242KPYGDLEHRTAPPQ-2SS  283-QGAEPPA-294  402RFRML-406  422-LNSGA<426  SI7-LQSPG-521

* The numbers correspond to the amino acid residues in the sequence, which only includes the D, E and F domains
* Amino acid residues found to be different among the sequences are shown in bold.

 Inserted amino acid residues are shown underlined and in bold.
“Recently deposited in GenBank by the author who originally published the rainbow trout ER sequence.
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(A) A schematic representation of the GST-ER fusion proteins expressed in bacteria. Amino acid residues that link the 2 proteins are provided above
the transition point. The residues shown in italics represent glutathione S-transferase (GST). The first 3 residues of the ER ligand binding d (DEF d )
are shown in regular text. Numbers provided above idcmify the amino acids used in the construction. The numbers within the domains represent % identity while
those in parentheses represent % similarity to hERa Only a portion of the green anole ER sequence was cloned, and the start of the D domain corrcsponds
to amino acid residue 19 in the cloned sequence. * Refers to the first amino acid of the recloned rainbow trout ER partial e (GenBank

AF099079). (B) SDS-PAGE analysis of the GST-ERdef fusion proteins purified using GSH affinity chromatography. Lane A: S ug of partially purified
GST-hERadef (predicted mw = 64.2 kDa. Lane B: § ug of partially punified GST-aERdef (predicted mw = 64.3 kDa. Lane C: § ug of partially purified
GST-rnERdef (predicted mw = 65.5 kDa). Proteins were analyzed using a 4% stacking and a 12% scparating gel stained with Coomassie brilliant blue R250

(89% sequence identity and 92% sequence similarity) while the
D (57% sequence identity) and F (32% sequence identity)
domains were less conserved.

Recloning of Rainbow Trout ER DEF ¢DNA

The rainbow trout ER (rtER) D, E, and F domains were
recloned using primers based on the previously published
sequence (Pakdel er al., 1990). Upon sequencing the frag-
ment, significant differences with the published sequence
were observed (Table 2), and these differences were con-
firmed by sequencing 7 independent clones from 3 different
animals (data not shown). The recloned sequence (GenBank
accession AF099079) is in agreement with 2 unpublished
rtER sequences recently deposited in the GenBank database
(GenBank accession AF242740 and AF242741) by the au-
thors, who originally published the rtER sequence (Table 2).
Combined, the D, E, and F domains are 40% identical and
47% similar in terms of amino acid composition, to the
hERa. The E domain was the most conserved (60% se-
quence identity and 66% sequence similarity) while the D
and F domains were less conserved (18% and 19% sequence
identity, respectively).

Purification of GST-ERdef Fusion Proteins

The purity of the GST-ERdef fusion proteins was qualita-
tively determined to be approximately 85%, based on a Coo-
massie-stained SDS-PAGE analysis (Fig. 3B). All 3 fusion
proteins migrated according to their predicted molecular

weights (mw): GST-hERadef (64.2 kDa), GST-aERdef protein
(64.3 kDa), and GST-rtERdef (65.5 kDa). The recovery of the
fusion proteins varied among species, with yields ranging from
1-3 mg/l. As shown in Figure 3B, lane I, the GST-hERadef
fusion migrated as a doublet. The higher MW band most likely
represents the full length product, whereas the lower band may
result from proteolytic cleavage. Although the GST-aERdef
and GST-rtERdef fusions did not appear to migrate as dou-
blets, additional higher and lower MW proteins co-purified
with the fusion proteins.

Characterization of the Purified GST-ERdef Fusion Proteins

Binding affinities of the partially purified GST-ERdef fusion
proteins for E2 were determined by saturation analysis (inset,
Fig. 4) and linear transformation of the data (Scatchard, 1949)
(Fig. 4). Differences in the amounts of receptor required to
attain the desired 10,000 dpm at saturation were species-
dependent and may be due, in part, to differences in protein
purity, functionality, and level of expression between prepara-
tions. All GST-ERdef fusion proteins exhibited high binding
affinity for E2, with dissociation constants (K,) of 0.4 = 0.1
nM, 0.7 = 0.2 nM, and 0.6 * 0.1 nM for GST-hERadef,
GST-aERdef and GST-rtERdef, respectively. These values are
means *+ standard deviations from 4 independent experiments.

Ligand Binding Analysis

A set of 44 PCBs, 8 Aroclors, and 9 HO-PCBs were exam-
ined for their ability to compete with [*H]E2 for binding to the
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FIG. 4. Saturation analysis of (A) GST-hERadef, (B) GST-aERdef, and
(C) GST-ntERdef fusion proteins. Various concentrations of [’HJE2 were
incubated with known amounts of partially purified fusion protein for 2 h at
4°C as described in Materials and Methods. Saturation data shown in the inset
were plotted by the method of Scatchard. The reported K, values were
averaged from 4 independent experiments.
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FIG. 5. Classification of PCB interactions with GST-ERdef fusion pro-
teins. An aliquot of partially purified GST-rtERdef was incubated with 2.5 nM
[’H)E, and increasing concentrations of unlabeled competitor (filled circle] E2
(positive control)}—exhibits full displacement curve with ICy 2.4 * 1.0 nM,
{empty square] PCB 77—non-binder (nb), did not compete with ['H]E2 for
binding to GST-ERdef fusion protein, (filled square]) PCB 153—weak binder
(wb), only 10-30% displacement of ['H)E2 from GST-ERdef fusion protein
was observed at the highest dose examined, X PCB 91— congener capable of
displacing at least 50% (’H)E2 at the highest ex d dose ex d from
GST-ERdef fusion proteins however characteristic displacement was not
achieved ICy > 10 uM, and [empty circle] PCB 184 exhibits full displace-
ment curve with ECy = 3.1 * 0.6 nM. The results (mean and standard
deviation) are from a representative experiment that was repeated 3 times.

GST-ERdef fusion proteins using a semi-high throughput com-
petitive-binding assay. Protein preparations were incubated
with 2.5 nM [*H]E2 and increasing concentrations of PCBs
(1.0 nM- 10 uM) for 2 h at 4°C. Kinetic studies with E2
showed that a 2-h incubation was sufficient to reach full
saturation (data not shown).

Figure 5 shows binding profiles of 4 representative PCB
congeners to the GST-rtERdef fusion protein, and illustrates
the criteria used to classify competitive binding. The binding
patterns observed for PCB 77 and PCB 153 represent PCB
congeners that are classified as non-binders (nb) and weak
binders (wb), respectively. A PCB congener was classified as
a non-binder if less than 10% competitive binding was ob-
served; similarly, a PCB congener was classified as a weak
binder if only 10%-50% of [*H)E2 was displaced at the highest
concentration of competitor examined (10 uM). PCB 91 ef-
fectively displaced 50%-70% [*H]E2 from the GST-rtERdef,
however, a characteristic one-site competitive displacement
curve was not achieved. Consequently, an IC,, greater than the
highest concentration of test compound was ascribed. PCB 184
effectively competed with [*H]E2, displacing more than 80%
[’H]E2 from the fusion protein and an ICy, value was calcu-
lated using Graphpad Prism 3.0. Concentrations greater than 10
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TABLE 3
Summary of the Ability of 44 Polychlorinated Biphenyls to
Compete with [*H]178-Estradiol for Binding to Recombinant Fu-
sion Proteins Containing the Human, Green Anole and Rainbow
Trout Estrogen Receptor D, E, and F Domains

PCB* Substitution GST- GST- GST-

(IUPAC) pattem hERadef aERdef rnERdef
Mono-ortho
58 2335 nb* nb wb*
60* 2344'- nb nb wb
68 2435 nb nb wb
70 2534 - nb nb wb
74 2454 - nb nb wb
Di-ortho
18° 252 nb nb wb
41 2342 nb nb >10 uM*
447 232'3'- nb nb wb
47 242 4'- nb nb >10 uM
49 242'5'- nb nb wb
87‘ 23425 - nb nb nb
99* nb nb wb
101 nb nb wb
112 nb nb wb
115 nb nb >10 uM
1284 nb nb wb
138¢ nb nb wb
153¢ . nb nb wb
158 23463 4' nb nb nb
168 24,6345 nb nb nb
190 234,563 4'- nb nb nb
193 2,3.5,63'4'.5"- nb nb nb
1944 23452'3'4'5- nb nb nb
Tri-ortho
45° 236.2'- nb b >10 uM
51 242'6'- nb nb >10 uM
84¢ 23623 nb nb wb
91° 2362'4- nb nb >10 uM
95* 23,6.2°5'- nb ob wb
143 234526 nb nb >10 uM
1494 2,6,2°4'S- nb nb wb
1514 2,35,62'5'- nb nb wb
173 2,34,562'.3'- nb nb >10 uM
177 2342.356- nb nb >10 uM
178 2,356,235 nb ab wb
1834 23462'4'5'- nb nb wb
1874 23.562°4'5'- nb nb wb
Tetra-ortho
54 2,626 nb wb >10 uM
104 24,6.2'.6"- >10 uM  >10 pM 1.3 + 0.6 uM’
184 23462.4.6- >10pM >I10uM 04 =01 uM
188 2356246 >10 uM >0 uM 13212 M
Co-planar
77 343°4'- nb nb nb
78 3.4,53'- nb nb nb
126 3453'4'- nb nb nb
169 3453'4'5' nb nb wb

* PCBs were examined at 1| nM-10 uM concentrations.

® Denotes non binder (nb) since no significant displace of radiolabeled
17B-estradiol was obscrved at the highest dose examined (10 uM), following
replicate experiments.
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FIG.6. R ive itive binding curves for [filled circle] E2 to

GST-hERadef fusmn protein and unlabeled PCB 47 with [empty circle]
GST-rtERdef, [filled square] GST-hERadef and [empty square] GST-aERdef
fusion proteins. An aliquot of partially purified GST-ERdef fusion proteins was
incubated with 2.5 nM ["H)E2 and i 2 ions of unlabeled E2
or PCB 47 as described in Materials and Methods. The results (mean and
standard deviation) are from a representative experiment that was repeated 3
times.

uM were not examined, due to potential solubility limitations
of the test compounds.

Table 3 summarizes the competitive binding ability of 44
PCB congeners to GST-hERadef, GST-aERdef and GST-
rtERdef fusion proteins. Only PCBs 104, 184, and 188 com-
peted with [*H]E2 for binding to GST-hERadef and GST-
aERdef fusion proteins. The remaining compounds did not
significantly bind to either fusion protein.

In contrast, several PCBs competitively bound to GST-
rtERdef. All 5 mono-ortho-substituted PCBs (PCB 58, 60, 68,
70, and 74) weakly interacted with GST-rtERdef fusion protein
and displaced less than 30% of the radioligand. Nine of the 18
di-ortho-substituted congeners (PCB 18, 44, 49, 99, 101, 112,
128, 138, and 153) exhibited weak competitive binding pro-

“ Denotes weak binder (wb) 10-50% displacement of radiolabeled 178-
estradiol was observed at the highest examined dose (10 uM) in two separate
experiments.

¢ Environmentally relevant congeners as described in McFarland and Clarke
(1989) and Hansen (1998).

* Uncharacteristic single site competition curve with greater than S0%
displacement observed at the highest dose examined from three separate
experiments, thus an IC,, greater than 10 uM was assigned.

! Characteristic single site competition curve with greater than 80% dis-
placement of radiolabeled 17B-estradiol observed at the highest dose examined
(10 uM). The IC,, was determined as described in Materials and Methods and
represents the averages and standard deviations from 3 independent experi-
ments.
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TABLE 4

Receptor Binding Activity of 9 Hydroxylated Polychlorinated Biphenyls to Each of the Recombinant Fusion Proteins Containing
the Human, Green Anole, and Rainbow Trout Estrogen Receptor D, E, and F Domains

HO-PCB

Substitution pattern GST-hERadef GST-aERdef GST-nERdef

1 2,3,5,3' 4’ -pentachloro-4-biphenylol nb* nb nb

2° 2,3,5,2' 4'.5'-hexachloro-4-biphenylol nb nb nb

3 2.4.5,2',3' 4',5'-heptachloro-3-biphenylol nb nb nb

4 3.5.2°,3' 4’-pentachloro-4-biphenylol nb nb nb

5 2.3,5,2',3' 4'-hexachloro-4-biphenylol nb nb nb

6 2.3,5.2' 3" 4’5’ -heptachloro-4-biphenylol nb nb nb

7 2,3.5.6.2' 4'.5'-heptachloro-4-biphenylol nb nb nb

X* 2',3'.4' 5" -terachloro-4-biphenylol 0.1+0.02uM* 0.25*+0.09uM 0.27x0.02uM
s4¢ 2.6,2' 6'-tetrachloro-4-biphenylol 0.5+0.02 uM 0.5 =02 puM 0.3 *0.1uM

* Nomenclature taken from Moore er al., 1997.

* Denotes non binder (nb) since no significant displace of radiolabeled 17B8-¢stradiol was observed at the highest examined dose (10 uM), following replicate

experiments.

‘ Greater than 80% displacement of radiolabeled 17B-estradiol observed at the highest dose examined (10 uM). The ICy, was determined as described in
Materials and Methods and represents the average and standard deviation from 3 independent experiments.

‘ A hydroxylated metabolite of the polychlorinated biphenyl IUPAC # 54.

files, while PCB 41, 47, and 115 displaced between 50 and
70% [*H]E2 from the GST-rtERdef fusion protein. Of the 13
tri-ortho-substituted PCBs examined, 7 congeners (PCB 84,
95, 149, 151, 178, 183, and 187) weakly competed with
{’H]E2, and 6 congeners (PCB 45, 51, 91, 143, 173, and 177)
displaced between 50 and 70% of [*H]E2 from the GST-
rtERdef fusion protein. The most active congeners contained 4
ortho-chloro substituents; PCB 104, 184, and 188 were strong
binders, while PCB 54 only displaced 50-70% [*H]E2 from
the fusion protein. None of the 4 co-planar (non-ortho substi-
tuted) PCBs examined effectively competed with [*H]E2 for
binding, with the exception of PCB 169, which demonstrated a
weak interaction with the GST-rtERdef fusion protein. The
differential binding of PCB 47 to the GST-ER fusion proteins
is shown in Figure 6. PCBs 41, 45, 51, and 91 showed similar
binding curves across the species (data not shown).

Results in Table 4 summarize the competitive binding of 9
hydroxylated PCB congeners to GST-ERdef fusion proteins.
HO-PCB X and HO-PCB 54 competitively bound to all 3
fusion proteins with similar affinity (IC4, values 0.1-0.3 uM).
None of the 8 Aroclor mixtures competitively bound to any of
the GST-ER fusion proteins at the highest concentration tested
(10 uM). Higher concentrations were not examined due to
possible solubility limitations.

Table 5 summarizes effects of DMSO on competitive bind-
ing of E2 and PCB to GST-ERdef fusion proteins. ICy, values
for E2 were unchanged at DMSO concentrations up to 20% v/v
in the assay buffer. In contrast, DMSO increased the binding
affinity of select PCB congeners for the fusion proteins. Figure
TA shows the effect of DMSO on the competitive binding of
E2 and PCB 184 to GST-hERadef. At 4% DMSO, PCB 184
displayed characteristics of a weak binder; however, as the
DMSO concentration increased to 20%, PCB 184 was a more
effective competitor for binding to GST-hERadef.

DISCUSSION

Recombinantly expressed human, green anole, and rainbow
trout ERs were used in this study to systematically investigate
the potential differences in the ligand-binding preference of
structurally diverse PCBs and HO-PCBs among ERs from
different species. The human ERa (hERa), considered to be
the prototypical ER, was selected as the basis for all compar-
isons, due to the information available on its ligand-binding
characteristics and the structure of the ligand-binding pocket
(Brzozowski et al., 1997; Tanenbaum et al., 1998). The rain-
bow trout (Onchorhynkus mykiss) ER (tER) was included in
the study. since it represents an environmentally relevant spe-
cies, and the rtER has the most divergent amino acid sequence
within its ligand-binding domains (LBD, domains D, E, and F)
of any cloned ER with percent identity and similarity of 40 and
47%. respectively, when compared to the hERa LBD. The ER
from the green anole (Anolis carolinensis), a lizard commonly
found throughout the southeastern United States, was also
included to further investigate claims of unexpected interac-
tions between reptilian ERs and xenobiotics (Crain et al., 1998;
Crews et al., 1995; Vonier et al., 1996). The green anole ER
(aER) represents the first reported complete LBD sequence for
a reptile, although partial sequences have been reported
(Bergeron et al., 1998; Young et al., 1995). The LBD of aER
is intermediate in amino acid sequence divergence relative to
hERa and rtER LBD, with percent identity and similarity of 79
and 83%, respectively, compared to hERa. These divergent
sequences were selected in order to assess the appropriateness
of using a single surrogate species to prioritize, identify, and
assess potential EEDs. Moreover, analysis of the data and
comparison of ER sequence information may identify amino
acid residues that might contribute to differences in ligand
preference and relative binding affinities among species.

61



DIFFERENTIAL BINDING OF PCBS

TO GST-ERdef FUSION PROTEINS 335

TABLE 5§
Effects of Dimethyl Sulphoxide on the Ability of Select Polychlorinated Biphenyls to Competitively Displace [’H]17B-Estradiol from
Recombinant Fusion Proteins Containing the Human, Green Anole, and Rainbow Trout Estrogen Receptor D, E, and F Domains

Compound DMSO % GST-hERadef GST-aERdef GST-rtERdef
E2* 4 24*10nM 25*13nM 31 x06nM
10 28 *08nM 23x07nM 3.1 *06nM
20 3111 naM 27*07oM 43 * 04 oM
PCB 41 4 nb* nb >10 pM*
10 nb nb 6.5 * 0.7 uM*
20 wb* >10 uM 49 * 0.1 uM
PCB 45 4 nb nb >10 uM
10 nb nb 56 *14uM
20 wb wb 2507 uM
PCB 47 4 nb nb >10 uM
10 nb nb 51 *09uM
20 wb wb 62 *19uM
PCB 51 4 nb nb >10 uM
10 nb nb 2406 uM
20 wb >10 uM 14 =03 uM
PCB 54 4 nb wb >10 uM
10 nb nb 19*12uM
20 wb wb 16 03 uM
PCB 91 4 nb nb >10 uM
10 nb nb 3809 uM
20 wb >10 uM 2003 uM
PCB 104 4 >10 uM >10 uM 1.3 0.6 uM
10 39> 1.l uM 41 10uM 048 = 0.02 uM
20 1.1 £02uM 1.1 203 uM 04 0.1 uM
PCB 184 4 >10 uM >10 uM 04 0.1 uM
10 40 =22 uM 1.8 * 06 uM 0.28 * 0.02 uM
20 05 *02uM 07 0.1 uM 0.14 * 0.02 uM
PCB 188 4 >10 pM >10 uM 13x1.2uM
10 49 * 09 uM 29 1.1 uM 0.72 = 0.01 uM
20 19 * 09 uM 14 07 uM 08 + 02 uM

‘ The ICy, was determined as described in the Materials and Methods and
expeniments.

represents the average and standard deviation from at least 10 independent

* Denotes non binder (nb) since no significant displace of radioloabeled 178-estradiol was observed at the highest examined dose (10 uM), following replicate

experiments.
“ Uncharacteristic single sitc competition curve with greater than 50% displac
thus an IC,, greater than 10 uM was assigned.

ement observed at the highest dose examined from three scparate experiments,

Ainl,

of

¢ Characteristic single sitc competition curve with greater than 80% disp

beled 17B-estradiol observed at the highest dose examined (10

#M). The IC;, was determined as described in the Materials and Methods and represents the average and standard deviation from three independent experiments.

Hdiol

‘ Denotes weak binder (wb) since 10-50% displ of

beled 178

diol was observed at the highest examined dose (10 uM) in two separate

experiments.

The D, E, and F domains of the rtER were recloned and
contained several differences when compared to the originally
published sequence (Table 2). A single cytosine inserted at
nucleotide position 726 of the originally published sequence
(Pakdel er al., 1990) resulted in a shift in the reading frame.
This change was later corrected by a second insertion of a pair
of cytosines at nucleotide positions 756 and 757 (Pakdel et al.,
1990). The insertion caused a change of 9 amino acids and
resulted in the addition of a single amino acid residue within
the insertion sites (Table 2). Moreover, single amino acid
changes were found at various sites within the D, E, and F
sequences (Table 2). It is doubtful that our sequence represents
a polymorphism since the same changes were reported in two

recently submitted rtER sequences in the GenBank database
(GenBank accession AF242740 and AF242741).

Potential species-specific sensitivities to PCBs were inves-
tigated using the ER D, E, and F domains from mammalian
(human), reptilian (green anole),and fish (rainbow trout) spe-
cies expressed in bacteria as GST fusion proteins, using a
semi-high throughput competitive binding assay. In vitro ER
competitive binding assays have been well established and
extensively used to investigate ER-ligand interactions. All
competitive binding assays involve the displacement of a re-
ceptor-bound probe molecule by a test compound. The probe is
usually [*H]E2; however, fluorescently labeled high-affinity
ER ligands have also been used (Bolger et al., 1998). Separa-

62



336

2 1 a8 % 3
B Tgramasini v

o
Specin WA R WoA R WA R
Fiasi DMSO R W e
concentration (%)

FIG.7. (A)Competitive binding of E2 and PCB 184 at 4%, 10%, and 20%
DMSO in assay buffer. (B) The effect of increasing DMSO concentration on
the binding of ['HJE2 to the GST-ER DEF fusion protein. A 240 L. aliquot
of the GST-hERadef (), GST-aERdef (4) or GST-nERdef (k1) fusion proteins
were dissolved in TEG buffer, pH 7.6 containing | mg/ml BSA as a carrier
protein, and incubated with 2.5 nM ["H]E2 and the indicated final concentra-
tion of DMSO and unlabeled competitor as indicated. for 2 h at 4°C. The
amount of bound radionucleotide was compared within cach species and
among different concentrations of DMSO. The results (mean and standard
deviation) are from a representative experiment that was repeated two imes. *
Indicates DMSO treatment significantly different compared to other concen
trations of DMSO for each fusion protein (p < 0.05) using a paired Student’s
Hest

tion of receptor-bound from free ligand can be done using
dextran-coated charcoal (DCC) (Stoessel and Leclercq, 1986),
hydroxyapatite (HAP) (Laws et al., 1996) or by protein binding
10 a glass fiber membrane (Coleman et al., 1997). Shortcom-
ings of the assay include the inability to distinguish between
receptor agonists and antagonists and the possibility that high
concentrations of competing ligand may lead to an increase in
non-specific binding (Zacharewski, 1997). However, the assay
is amenable (o a high throughput format and can be used to
investigate direct ligand:ER interactions, which are the initial
sleps in many estrogenic responses.

Heterologous expression systems have been used to purify
and characterize several proteins, including steroid hormone
receptors (Metzger ef al., 1988; Wooge, 1992). Many fusion
proteins exhibit activity comparable to that of their native
forms (Jaglaguier et al., 1996; Wittliff er al., 1990). Expressing
proteins as fusions facilitates the production of significant
quantities of the desired regions or mutations of interest and
their purification. In addition, it allows for precise control of
assay conditions (protein concentration, metabolism, and back-
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ground proteins) making direct comparisons among different
species possible. The affinity of the bacterially expressed GST-
ERdef fusion proteins for E2 was in agreement with the K,
values reported for full length ERs from human and other
species (Nimrod and Benson, 1997; Pakdel et al., 1990; Vonier
et al., 1997; Wooge, 1992). However, the affinity of the GST-
rERdef for E2 was approximately 10-fold higher than that
reported for full length rainbow trout ER (Le Drean er al.,
1995; Pakdel et al., 1990). This discrepancy may be attributed
to differences in protein purity, assay conditions and the lack of
accessory proteins or differences in post-translational modifi-
cations. In addition, a wide range of K, values have been
reported for some species, for example the K, determined from
Xenopus liver cytosol ER has been reported to vary from 0.5 to
15 nM (Lutz and Kloas, 1999; Westley, 1978). This suggests
that differences in protein preparation and assay conditions
‘may also contribute to the variability in the reported K, values.
It has been demonstrated that the degree of chlorination and
the substitution pattern of PCB congeners can significantly
influence their estrogenic properties (Korach er al., 1988:
Moore et al., 1997). X-ray crystallography studies have dem-
onstrated that orth causes severe
restriction about the inter-ring bond, and conformationally
restricted hydroxylated PCBs have been shown to be effective
ligands for the ER (Korach et al., 1988). Quantitative structure
activity relationships (QSARs) have also suggested that PCBs
containing ortho- and para-chlorinated substituents are capable
of binding to the ER (McKinney and Waller, 1994; Waller et
al., 1995). In this study, the only PCBs found to interact with
GST-hERadef and GST-aERdef receptors were three tetra-
ortho-substituted PCBs, a penta-chlorinated PCB (PCB 104),
and two hepta-chlorinated PCB (PCB 184, and PCB 188)
congeners. This is in agreement with reports showing that PCB
104 was able to compete with ["HJE2 for binding to mouse
uterine ER and induce ER-mediated gene expression (Fielden
et al., 1997) and that PCB 188 and 104 induce MCF-7 cell
proliferation (Andersson et al., 1999). PCB 54, the fourth
tetra-ortho substituted PCB examined, exhibited a weak inter-
action with the GST-aERdef protein and did not bind to the
GST-hERadef, which agrees with results reported by Arcaro et
al. (1999) using a recombinant hERa preparation. Conversely,
several PCB congeners, including PCB 104, 184, and 188,
bound to the GST-rtERdef fusion protein, with the degree of
mwur,non increasing as the number of chlorinated substituents
. Many of the congeners that displaced at least S0%
[’H]lﬂ from the GST-rtERdef fusion protein also contained at
least one para-chlorinated substituent in addition to the ortho
substitutions. Of the environmentally relevant PCBs, only PCB
45, 47, 91, and 177 competitively displaced at least 50%
’HJE2 from the GST-rtERdef fusion protein, however none of
these congeners bound to the GST-hERadef or GST-aERdef
fusion proteins
The differences in PCB interaction between the GST-
hERadef, GST-aERdef and GST-rtERdef fusion proteins may
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be due to amino acid-sequence differences among the recep-
tors, particularly, the amino acids that form the binding pocket.
Indeed, the promiscuity of the ER has been partially attributed
to the size of the ligand-binding pocket, which is approxi-
mately 2 times the volume of E2 (Brzozowski ef al., 1997).
Amino acid sequence alignments of the ERs from different
species reveal that the region of the receptor involved in ligand
binding is variable. For example, the LBD of the hERa shares
90% amino acid sequence identity with the mouse ERa, 82%
with the chicken ER, 79% with the green anole ER, 70% with
the xenopus ER, and only 40% with the rainbow trout ER.
However, identification of critical amino acid residues or mo-
tifs within the LBDs that contribute to observed differences in
ligand preference and relative binding affinity through simple
amino acid sequence alignment may be difficult. Despite dif-
ferences in sequence identity of these ERs, the sequences from
all species harbor the same 3 equivalent amino acid residues,
Glu 353, Arg 394, and His 524, which participate in direct
hydrogen bonds with E2 to stabilize the agonist in the binding
pocket (Brzozowski er al., 1997).

Rodents treated with Aroclors experience a variety of estro-
genic responses, including increases in uterine glycogen con-
tent and uterine wet weight (Ecobichon and MacKenzie, 1974).
However, there have been few studies examining the ER
binding affinities of these mixtures. Aroclor 1221 and 1254
have been shown to weakly bind the rat uterine ER (Nelson,
1974) while Aroclors 1221, 1248, and 1268 are capable of
displacing ['H]JE2 from the rainbow trout ER expressed in
yeast (Petit et al., 1997). Aroclors 1221 and 1248 (10 and 100
1M, respectively) have also been reported to induce vitelloge-
nin synthesis in rainbow trout hepatocytes (Petit et al., 1997).
However, none of the Aroclors examined in this study were
found to bind to any of the GST-ERdef fusion proteins. Com-
plete congener analysis of 8 Aroclor mixtures (1221, 1232,
1242, 1016, 1248, 1254, 1260, and 1268), using capillary gas
chromatography, demonstrated that PCBs 104, 184, and 188
are not detectable or are present at concentrations less than
0.05% wt (Schulz et al., 1989). In addition, none of the PCB
congeners found to preferentially bind to GST-rtERdef were
observed to exceed 2.6% wt (Schulz et al., 1989), resulting in
a concentration that is unable to bind to the ER. The discrep-
ancies between our results and those reported in the literature
may be due to different assay conditions, measured endpoints,
and differences in metabolic activity within the assays. It is
well known that hydroxylation of select PCB congeners sig-
nificantly increases their affinity for the ER (Fielden er al.,
1997, Korach er al., 1988), thus suggesting that hydroxylation
of PCB congeners plays an important role in the in vivo
estrogenicity of Aroclor mixtures.

Although, the major HO-PCBs identified in human serum
(HO-PCB 1-7) examined in this assay have been shown to
significantly inhibit ER-mediated gene expression in tran-
siently transfected MCF-7 cells (Moore et al., 1997), none of
the congeners were found to compete with [*H]JE2 for binding
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to the GST-ERdef fusion proteins. These results are similar to
those reported by Kuiper er al. (1998) using baculovirus ex-
pressed hERa and rat ERB preparations. HO-PCB 7 is a
para-hydroxylated metabolite of PCB 187; however, the hy-
droxylation of this congener did not increase its affinity for any
of the GST-ERdef fusion proteins. This was in contrast to the
para-hydroxylation of PCB 54 and 104, which significantly
increased the affinity of the HO-PCBs for the ER of all 3
species. HO-PCB X, which binds both mouse and rat uterine
ER, also bound to all 3 GST-ERdef fusion proteins. Unlike the
fully ortho-chloro-substituted HO-PCB congener HO-PCB 54
(2,6,2',6'-tetrachloro-4-biphenylol), HO-PCB X (2',3'4',5'-
tetrachloro-4-biphenylol) contains a single ortho substitution,
but was found to bind to all 3 GST-ERdef fusion proteins with
a slightly lower affinity than HO-PCB 54. In addition, nonphe-
nolic chloro-substituted HO-PCBs have been shown to effec-
tively compete for binding to the ER (Kuiper et al., 1998),
although HO-PCB 54 consists of both phenolic and nonphe-
nolic chloro-substitutions and competes for binding to all 3
fusion proteins. This suggests that in addition to the degree of
ortho substitution, the chlorination pattern and position of the
hydroxyl are important determinants of ER binding as previ-
ously described (Connor et al., 1997; Korach et al., 1988).

Increasing DMSO concentrations to 10% was found to effect
ligand preference and relative binding affinity of PCBs. In
contrast, it had little effect on E2 interactions with GST-ERdef
fusion proteins, suggesting that DMSO may increase the sol-
ubility of PCB congeners and their availability for receptor
interaction. For example, PCBs that bound weakly to the
GST-ERdef fusion proteins with 4% DMSO in the assay mix-
ture exhibited a significant increase in binding affinity in so-
lutions containing up to 20% DMSO (Fig. 7A). However, at a
final concentration of 20% DMSO, a significant decrease in
total binding was observed, indicating direct effects on protein
function. This observation has important implications for as-
sessment of relative ligand-binding affinities for the ER, since
organic solvent concentration may markedly influence the
binding of some substances.

These results demonstrate that ERs from different species
exhibit differential ligand preferences and relative binding
affinities for PCBs, which can be dramatically affected by
solvent concentration. Although many of the environmentally
relevant PCBs did not effectively compete with [*H]E2 for
binding to the GST-ERdef fusion proteins, the data generated
from this study can be used for further development of ER
QSARs (Waller et al., 1995) and also help in the derivation of
species-specific QSARs (Tong et al., 1997).

In summary, we report the cloning of the first complete
reptilian ER DEF sequence, which has been used in a study
comparing the differential binding of PCBs and HO-PCBs to
the ERs from human, green anole, and rainbow trout using a
semi-high throughput, competitive binding assay. Surprisingly,
several examples of differences in the absolute and relative
binding affinity of a number of structurally-related PCBs
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among the GST-hERadef, GST-aERdef, and GST-rtERdef
proteins were observed. The lack of differences between bind-
ing affinities for the human and green anole proteins is most
likely due to the higher degree of amino acid sequence identity
throughout their ligand binding domains. The most notable
differences were observed between the GST-rtERdef and either
of the other two GST-ER fusion proteins. This may have
implications for risk assessment when extrapolating data be-
tween two such divergent species as humans and rainbow trout.
Studies are currently underway that examine more structurally
diverse substances, including pharmaceuticals, natural prod-
ucts, environmental pollutants, and industrial chemicals, for
potential differences in ER-binding affinity across species.
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CHAPTER 4

Differential estrogen receptor binding of estrogenic substances: a species

comparison

These data have been pubilished in the following article:

Matthews, J.B., Celius, T, Halgren, R, and Zacharewski, T.R. (2000) Differential
estrogen receptor binding of estrogenic substances: a species comparison. J Steroid
Biochem Mol Biol. 74, 223-234.
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Abstract

The study investigated the ability of 34 natural and synthetic chemicals to compete with [*H]17B-estradiol (E2) for binding to
bactenially expressed glutathione-S-transferase (GST)-estrogen receptors (ER) fusion proteins from five different species. Fusion
proteins consisted of the ER D, E and F domains of human alpha (GST-hERadef), mouse alpha (GST-mERadef), chicken
(GST-cERdef), green anole (GST-aERdef) and rainbow trout ERs (GST-rtERdef). All five fusion proteins displayed high affinity
for E2 with dissociation constants (K,) ranging from 0.3 to 0.9 nM. Although, the fusion proteins exhibited similar binding
preferences and binding affinities for many of the chemicals, several differences were observed. For example, a-zearalenol bound
with greater affinity to GST-rtERdef than E2, which was in contrast to other GST-ERdef fusion proteins examined. Coumestrol,
genistein and naringenin bound with higher affinity to the GST-aERdef, than to the other GST-ERdef fusion proteins. Many of
the industrial chemicals examined preferentially bound to GST-rtERdef. Bisphenol A, 4-r-octylphenol and op’ DDT bound with
approximately a ten-fold greater affinity to GST-rtERdef than to other GST-ERdefs. Methoxychlor, p,p’-DDT, 0p’-DDE,
p.p'-DDE, a-endosulfan and dieldrin weakly bound to the ERs from the human, mouse, chicken and green anole. In contrast,
these compounds completely displaced [PH]JE2 from GST-rtERdef. These results demonstrate that ERs from different species
exhibit differential ligand preferences and relative binding affinities for estrogenic compounds and that these differences may be
due to the variability in the amino acid sequence within their respective ER ligand binding domains. © 2000 Elsevier Science Ltd.
All rights reserved.

Keywords: Estrogen receptor; Phytoestrogens, Competitive binding; Estrogenic

1. Introduction are modular in structure and consist of six distinct
domains (A-F) (2). The DNA-binding domain (C do-

Estrogen influences the growth, development, behav- main) separates the NH,-terminal ligand-independent
ior and regulation of reproductive tissues in all verte- activation domain (A/B domains) and the COOH-ter-
brates. Many of the effects of estrogens are mediated minal region, which includes a hinge region (D do-

through binding to the estrogen receptor (ER). Follow- mai.nz),l tl;:e ;iga“ﬁ’ binding domain (E domain) and a
ing estrogen binding, the ER undergoes a conforma- va;nahe be omain. 4 that to natural and
tional change, which facilitates chromatin binding and t has been suggested tha exposure‘ O natura’ an

the modulation of estrogen responsive gene expression synthguc estrogenic chemicals may adversely affect
The ER exists as two subtypes, ERa and ERB. wildlife and human health [3]. There have been contro-

. L . . L s versial reports of decreases in sperm production and
:h'.c h are d:’stl?ct g:nes tl}at differ lln lh;" : ssue distri- seminal volume in humans during the past half-century
ution, and ligand preference [1). Both receptors [4] and increases in reproductive abnormalities in mam-

mals [5], reptiles [6], birds [7] and several fish species [8]
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3539334, However, it has also been argued that weak estrogenic
E-mail address: tzachare@pilot msu.edu (T. Zacharewski). chemicals do not possess sufficient potency to elicit
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these adverse health effects when compared to the
intake and potency of natural estrogenic chemicals,
such as phytoestrogens [9].

The diets of humans and other species consist of
several natural, non-steroidal estrogenic compounds ei-
ther produced by plants (phytoestrogens) or fungal
molds (mycotoxins) [10]. There are three chemically
distinct classes of phytoestrogens: flavonoids (e.g. genis-
tein and naringenin), coumestans (e.g. coumesterol) and
lignans (e.g. enterdiol and enterolactone), which have
been associated with reproductive abnormalities in
grazing animals. However, the presence of high levels of
phytoestrogens in Asian diets, combined with compara-
tively lower rates of hormone-induced cancers prevalent
in western populations, suggests that they may have a
chemoprotective effect [11]. Of the mycotoxins, zear-
alenone and its metabolites a- and B-zearalenol are the
most commonly studied and have been shown to cause
reproductive problems in swine and cattle fed contami-
nated grain [12).

Results from several studies suggest that estrogenic
compounds may exhibit ditferential binding preferences
and relative binding affinities for both ER subtypes [13]
and for ERs from different species [14). 17B-estradiol
(E2) exhibits a ten-fold lower affinity for the rainbow
trout (Onchorhynkus mykiss) ER (rtER) than for the
human ERa (hERa) [15]. Moreover, the pig ER ex-
hibits a significantly greater affinity for a-zearalenol
than does the ER from the Leghorn chicken [16].
Although, these differences may be due to the variabil-
ity in the amino acid sequence within the ER ligand
binding domain among species [14,17], many of these
studies used different assay conditions and examined a
limited set of test chemicals, making overall compari-
sons difficult.

Under controlled conditions potential differences in
ER binding among species were further investigated
using bacterially expressed glutathione-S-transferase
(GST)-ERdef fusion proteins consisting of the D, E and
F domains of human alpha, mouse alpha, chicken,
green anole and rainbow trout ERs. The ability of
several endogenous, synthetic and natural compounds
to compete with E2 for binding to GST-ERdef fusion
proteins was examined using a semi-high throughput
competitive binding assay. The hERa, considered to be
the prototypical ER, was selected as the basis for all
comparisons due to the information available on its
ligand binding characteristics and structure of its ligand
binding pocket [18,19). The mouse (Mus musculus) ERa
and chicken (Gallus gallus) ER were included as repre-
sentative rodent and avian ERs, respectively. The ER
from the green anole (Anolis carolinensis; aER), a lizard
commonly found throughout the southeastern United
States, was also included to investigate interactions
with a representative reptilian ER. In addition the aER
represents the only reported complete ligand binding

domain sequence for a reptile [14], although partial
sequences have been previously reported [20,21]. The
rtER was also examined due to its environmental rele-
vance and because it has a highly divergent amino acid
sequence within its ligand binding domain, with percent
identity and similarity of 60% and 67%, respectively,
when compared to the hERa.

2. Materials and methods

The steroids 17p-estradiol (1,3,5[10])-estratriene-3,17
B-diol), 17a-ethynyl estradiol (17a-ethynyl-1,3,5[10}-es-
tratiene-3,17f-diol), estrone (1,3,5[10}-estratrien-3-ol-
17-one), estriol (1,3,5[10}-estratriene-3,16a,17B-triol),
B-estradiol benzoate (1,3,5[10])-estratriene-3,17B-diol 3-
benzoate), DHT (dihydrotestosterone, Sa-androstan-
178-0l-3-one) and DHEA (dehydroisoandrosterone,
S-androsten-3B-ol-17-one) were purchased from Sigma
(St. Louis, MO)

Synthetic estrogens tamoxifen ([Z]-1-[p-dimethy-
laminoethoxyphenyl}-1,2-diphenyl-1-butene), 4-hydrox-
ytamoxifen ([Z]-1-[p-dimethylaminoethoxyphenyl}-1,2-
diphenyl-1-buten-4-ol), diethylstilbestrol (4,4-(1,2-di-
ethyl-1,2-ethene-diyl)-bisphenol) were from Sigma. The
antiestrogen ICI 164,384 (n,n-butyl-11-(3,17p-dihydrox-
estra - 1,3,5(10)trien - 7a - yl) - N - methyl - undecan-
amide) was a gift from Alan Wakeling of AstraZeneca
(Alderley Park, UK).

The mycotoxin zearalenone (2,4-dihydroxy-6-[10-di-
hydroxy-6-oxo-undecyl]benzoic acid u-lactone), its
metabolites a-zearalenol (2,4-dihydroxy-6-[6a,10-dihy-
droxy-undecyl]benzoic acid p-lactone), and B-zearalenol
(2,4-dihydroxy-6-[6p,10-dihydroxy-undecyljbenzoic acid
p-lactone), and the flavonoids genistein (4',5,7-trihy-
droxyisoflavone), naringenin  (4',5,7-trihydroxyfia-
vanone 7-rhamnoglucoside) and quercitin (3,3',4,5,7-
pentahydroxyflavone), and B-sitosterol (22,23-dihydros-
timasterol) were from Sigma. Coumestrol (2-(2,4-dihy-
droxyphenyl)-6-hydroxy-3-benzofurancarboxylic  acid
lactone) was obtained from Arcos Organics (Pittsburgh,
PA).

The pesticide methoxychlor (1,1,1-trichloro-2,2-bis(p-
methoxphenyl)ethane) and its bis-hydroxylated metabo-
lite HPTE (2,2-bis(p-hydroxyphenyl)-1,1,1,-trichloro-
ethane) were provided by William Kelce (Monsanto, St.
Louis, MO). o0,p'-DDT (1,1,1-trichloro-2-[2-chloro-
phenyl]-2-[4-chlorophenyljethane), p,p’-DDT (1,1,1-
trichloro-2,2-bis[4-chlorophenyljethane), o,p’-DDE 1,1-
dichloro-2-[2-chlorophenyl]-2-[4-chlorophenyljethylene)
and pp-DDE (1,1- dichloro-bis[4-chlorophenyl]
ethylene) were purchased from AccuStandard (New
Haven, CT). The alkyl phenolic compound 4-t-
octylphenol and bisphenol A (4,4"-isopropylidenediphe-
nol) were obtained from Aldrich (Milwaukee, WI).
Atrazine, simazine and chlordecone (kepone) (de-
cachloro - octahydro - 1,3,4 - metheno - 2H - cyclobuta
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(cd)pentalene) were from Chem-Service (West Chester,
PA). Dieldrin (1,4:5,8-dimethanonaphthalene), a-endo-
sulfan  (hexachlorohexahydromethano-2,4,3-benzo-di-
oxathiepin-3-oxide), B-endosulfan (hexachlorohexa-
hydromethano-2,4,3-benzo-dioxathiepin-3-oxide) were
provided by S. Safe (Texas A&M University, College
Station, TX). Monsanto (St. Louis, MO) and Eastman
Chemical Company (Kingsport, TN) supplied butyl-
benzylphthalate and  dibutylbenzylphthlate, res-
pectively.

Radiolabeled (2,4,6,7,16,17-3H] 17B-estradiol (["H]E2;
123 Ci/mmol) was purchased from New England Nu-
clear (Boston, MA). SuperScript II reverse transcriptase
and Trizol Reagent were purchased from Life Tech-
nologies (Gaithesburg, MD). Vent DNA polymerase
was purchased from New England Biolabs (Beverly,
MA), and restriction enzymes and Taq DNA poly-
merase were obtained from Roche/Boehringer
Mannheim (Indianapolis, IN). All other chemicals and
biochemicals were of the highest quality available from
commercial sources

2.1. Recloning of chicken ER DEF domains

Total RNA from a l-cm? liver section from a G.
gallus (chicken) was isolated using Trizol Reagent ac-
cording to manufacturer’s instructions. One microgram
of RNA was then reverse transcribed using primer
PRcr-5'-aaaactcgagttatattgtattctgcatactctecte-3' as pre-
viously described [14]. The entire cDNA products from
the reverse transcription (RT) reaction were used in a
PCR mixture containing 200 pM dNTPs, 2 uM primers
(PRcf - §' - aaaagaattccgaaatgatgaaacagaaacgtcaaag - 3’
and PRcr) and 1.25 units of Vent DNA polymerase was
amplified for 30 cycles using the following conditions:
94°C for 1 min, 62°C for | min and 72°C for 2 min.
Sequence analysis was performed using MacVector 6.5
and the GCG Wisconsin Package (Oxford Molecular
Lid., Beaverton OR).

2.2. Construction of GST-ER DEF fusion proteins

The construction of pGEX-hERadef, pGEX-aERdef
and pGEX-rtERdef vectors has already been described
[14]). The pGEX-mERadef plasmid (mERa a.a. 268-
599) was generated by PCR amplification of the plas-
mid pJ3MOR containing the complete mouse ER
cDNA (provided by M.G. Parker; Molecular En-
docrinology Research Laboratory, London, UK) using
primers  PRmf-5-aaaaggatccatgttgaagcacaagegtcaga-
gag-3’ and PRmr-5"-aaaagaattcgcgecgetcagategtgtigggg-
aagcccte-3'. The pGEX-cERdef plasmid (cER a.a.
258-589) was prepared using the products of the RT-
PCR reaction described above. The mERadef and
cERdef PCR fragments were digested with the BamHI/
Notl and EcoRI1/Xhol restriction enzymes and ligated

into the appropriately digested GST fusion protein
expression vector, pGEX6p3 (Amersham/Pharmacia;
Piscataway, NJ). The PCR amplification was per-
formed using Vent DNA polymerase (New England
Biolabs) as described above. The sequence of each
construct was confirmed with restriction enzyme digest
and ABI/Prism automated sequencing (Perkin Elmer
Applied Biosystems; Foster City, CA).

2.3. Expression and purification of GST-ERdef fusion
proteins

Expression and purification of GST-ERdef fusion
proteins was done as previously described [14). Partially
purified fusion proteins were separated by SDS-PAGE
using a 4% stacking and 10% separating gel. Proteins
were visualized by coomassie brilliant blue R250
staining.

2.4. Receptor binding assays

Receptor binding assays were performed as previ-
ously described [14). Briefly, GST-ERdef fusion
proteins were diluted in TEGD buffer (10 mM Tris pH
7.6, 1.5 mM EDTA, | mM DTT and 10% (v/v) glyc-
erol) containing 1 mg/ml bovine serum albumin (BSA),
and incubated at 4°C for 2 h with 0.1-3.5 nM [*H]E2
in 1 ml glass tubes arranged in a 96-well format (Marsh
Scientific, Rochester, NY). Fusion protein preparations
were diluted to ensure 10 000 dpms of total binding
(varied from 750-2000-fold). Binding assays were ini-
tiated by adding 240 pl of protein preparation to glass
tubes containing 5 pl of DMSO and § pl [*HJE2, thus
the concentration of solvent did not exceed 4%. Bound
[*H]JE2 was separated from free using a 96-well filter
plate and vacuum pump harvester (Packard Instru-
ments). After drying, the filter plates were sealed and 50
pl of MicroScint 20 scintillation cocktail (Packard In-
struments) was added to each well. Bound [*HJE2 was
measured using a TopCount luminescense and scintilla-
tion counter (Packard Instruments).

Competitive ligand binding assays were performed as
described above except diluted GST-ERdef fusion
protein preparations were incubated with a final con-
centration of 2.5 nM [*H]JE2 (5 pl aliquot) and increas-
ing final concentrations of unlabeled competitor (0.1
nM-100 uM, 5 pl aliquots) at 4°C for 24 h. Each
treatment was performed in quadruplicate and results
are expressed as percent specific binding of [*HJE2
versus log of competitor concentration. ICg values
were determined from non-linear regression for single
site competitive binding analysis. The reported ICs,
values represent the concentration of test compound
required to displace 50% [*H]E2 from the GST-ERdef
fusion proteins as compared to the 50% displacement of
[*H]JE2 achieved by unlabeled E2. Analyses were per-
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formed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA).

3. Results

3.1. Recloning of chicken ERdef sequence

The recloned chicken (G. gallus) ERdef sequence was
identical to the previously published sequence [22]. A
comparison of the amino acid sequences of the cERdef
with those of human, mouse, green anole and rainbow
trout is shown in Fig. 1. Amino acids found to interact
with E2 and/or line the ligand binding pocket are
boxed. Though these residues are highly conserved
among the species, there are differences. For example,
Metd421 in hERadef is substituted for Phel75 in
aERdef. In addition, hERadef differs in two locations
from rtERdef, in hERadef Leu349 and Met528 replace
Met93 and 1le272, in rtERdef.

3.2. Expression and saturation analysis of GST-ERdef
Jusion proteins

The amino acids used in the construction of the
GST-ERdef fusion proteins for each species and their

sequence identity compared to that of the human ERa
are shown in Fig. 2. All five fusion proteins migrated
according to their predicted molecular weights (MWs):
GST-hERadef (64.2 kDa), GST-mERadef (64.4 kDa),
GST-cERdef (65.2 kDa), GST-aERdef protein (64.3
kDa) and GST-rtERdef (65.5 kDa), although each
appears to migrate as a doublet (Fig. 2(A)). The higher
MW bands most likely represent the full-length
product, whereas the lower bands may result from
proteolytic cleavage [23]). In addition, higher and lower
MW proteins co-purified with the proteins. The purity
of the GST-ERdef fusion proteins varied among
protein preparations, with yields ranging from 1 to 4
mg/l. This was evident with the GST-mERadef prepa-
ration (Fig. 2(B) lane m) which contained lower
amounts of the fusion protein, when compared to the
other fusion protein preparations. However the GST-
mERadef preparations resulted in sufficient recombi-
nant receptor to investigate the competitive binding of
approximately 500 compounds per liter culture. This
value varied among protein preparations, ranging from
100 to 600 compounds per liter culture.

Binding affinities of the partially purified GST-ERdef
fusion proteins for E2 were determined by saturation
analysis and linear transformation of the data [24]
(Table 1). Differences in the amount of receptor re-

hERadef 264 --MLKHKRQRDDGEGRGEVGSAGDMRAANLWPSPLMIKRSKKMS-~-~~ LALSLTADOMVSALLDARPPILYSEY 331
mERadef 268 --..........L...N.M.AS.......... P Y ¢ UL St Sl TSN P |« QP k 1]
CERdef 257 <-E.M.Q....EEQDS.NGEA.STEL..PT..T...VV.HN.., ===== PooeeoBouoooo B Voo, 325
aERdef 19* --........EENDS.N-A.ALTEA.STA.........H.... ===== Pocesrteennnns S PN 4 SANON 85

rtERdef 1® RVLR.D..YCGPAGD.EKPYGDLEH.T.PPQDGGRNSSS . LNGGGGMRGFRIDMPPRE .VLYL.QG....A.C.RQ 75
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Fig. 1. Alignment of the estrogen receptor D, E and F domains from human (hERadef), mouse (mERadef), chicken (cERdef), green anole
(aERdef) and rainbow trout (rtERdef). Numbers refer to amino acid position in the full-length sequence. Identical amino acid residues are

represented as dots while missing residues are shown as dashes. The E d

are sh in bold. Resid

that line the hormone binding pocket

and/or interact with bound E2 are boxed. *Only a portion of the green anole ER sequence was cloned and the start of the D domain corresponds
to amino acid residue 19 in the cloned sequence [14]. ®Refers to the first amino acid of a recloned rainbow trout ER partial sequence [14). This

figure was modified from Pike et al. (1999) [42).
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Fig. 2. (A) A schematic representation the GST-ERdef fusion proteins expressed in bacteria Amino acid residues that link the two proteins arc
provided above the transition point. The residues shown in reduced font and italics represent amino acids from the linker region downstream of
GST. The first three residues of the ER D domains are shown in regular text. Numbers provided above identify the amino acids used in the
construction. The numbers within the domains represent the percent identity while those in parentheses represent percent similarity to hER
*Only a portion of the green anole and rainbow trout ER sequences were cloned as previously described [14]. (B) SDS-PAGE analysis of the
GST-ERdef fusion proteins purified using GSH affinity chromatography. Lane h: GST-hERadef (predicted molecular weight (MW) = 64.2 kDa)
Lane m: GST-mERadel (predicted MW = 64.4 kDa). Lane ¢: GST<ERdef (predicted MW = 65.2 kDa). Lane a: GST-aERdef (predicted
MW = 643 kDa). Lane rt: GST-nERdef (predicted MW = 65.5 kDa). Each lane was loaded with S g of partially purified GST-ERdef fusion
protein. Proteins were analyzed using a 4% stacking and a 10% separating gel stained with coomassie brilliant blue R250.

quired to attain the desired 10 000 dpm at saturation Table 2 and Fig. 3 summarize the ability of several
were species-dependent and may be due, in part, to natural and synthetic compounds to compete with
differences in protein purity, functionality and level of ['HJE2 for binding to GST-ERdef fusion proteins.
expression between preparations. All GST-ERdef fu- Non-binders and weak-binders were tested in a single
sion proteins exhibited high binding affinity for E2, experiment in which each treatment was performed in
with dissociation constants (Ky) similar to other reports quadruplicate. ICy, values were determined for com-
(see Table 1 and references therein). pounds that displaced at greater than 50% of the

[HJE2 from the GST-ERdef fusion proteins and are

3.3. Relative binding affinities of endogenous steroids shown as averages from at least two experiments. The
and antiestrogens relative binding affinities were determined for each

The classification of the competitive binding ability ¢ !
of the test compounds followed the same criteria as
previously discussed [14]. Briefly, compounds were
classified as non-binders (nb) if less than 10% displace-  Protein
ment was observed or as weak binders (wb) if only =

the dissociation constants (K,) of the GST-ERdef
fusion proteins with reported values

K, (M) K, reported (nM)*  References

GST-hERadef  04+01 01-15 [27.45)

10-50% of [*H]E2 was displaced at the highest concen- GST-mERadel 06502 01-14 [46.47)
tration (100 pM) of competitor examined. For com- GST-cERdef 09+0.1 0237 [1648]
pounds that were capable of displacing greater than GST-aERdef 07402 0517 133,35
50% of the [*H]E2 from the GST-ERdef fusion proteins GST-rtERdel 06101 096 (29.30)

an ICy, value was calculated using Graphpad Pﬂsm}.&. « K valucs wero derived from & 1y of different ER sources
Concentrations greater than 100 uM were not examint including in vitro translated proteins, recombinant proteins expressed
due to potential solubility limitations of the test in bacteria, yeast and SF9 cells, and cytosol prepared from uteri,
compounds. testis and liver tissue.

72






J. Matthews et al. / Journal of Steroid Biochemistry & Molecular Biology 74 (2000) 223-234

228

1

‘(AT 001) sop pauturexd 1saydiy ayl 1e pIaIasqo sem [OIpRIISI-(/ | PIoqE|OIpRl JO
‘(INT 001) Is0p paunuexd 1say3iy Y1 18 PIAIISqO sem [OIpRIIS-g/ | vo_onn_o__vﬂ Jo EoEuon_&.v 2%0S—0] 30Uls (GM) 19pulq Neam sAOU(] ,
"001 x (X punodwos *3j/jorpensa-g| *3]) = (vgy) Qe Surpuiq aanepy q
‘siuawadx? wapuadapur om ises)
1B WOJJ UORRIAIP pIepurls pue 3Feidae ) S1uasaidal pue 7 UONdIG Ul PaquISIP se D, p 18 uoleqnoul y-pz & Juwmorio) siuawuadxa Suipuiq sannadwiod woly pauiuLIIp Aam sanfea )|,

A

ou 3ouls (qu) 19pUIQ-UOU $SAOU(]

- qu - qu - qu - qu - qu 013150054
- qu - qu - qu - qu - qu aurzewig
- qu - qu - qu - qu - qu suzeny
- qm - qu - qu - qu - qu ﬂs.——._novﬂmnn
$60 5-01Xp0FSE - am - qm - qu - pqu JojyakxoydN
7100 -0l xXp1F8T - am - qu - qm - qm uejnsopug-»
070 9-0IXETF L] - qm - qm - qm - qm aiepeyiydifzusqiiingiq
- qm - qm - qm - qm - qm aejeyiydifzuaqiling
s-01Xp0F 0T - qm - qm - qm - qm 1aq-dd
woo 5-01X90F08 - qm - qu - qm - qm 4aq-4d
1o 9-01X01F 7€ - am - qm - qm - qm 4aq-.d'e
€00 (-0IX10F8L - qm 9800 5-0IXTIFLE  £L000 s-0IxSEF9E - qm 1aq-do
woo 9-01Xx0ZF08 9100 s-01xT0F 61 6£00°0 s-0I1xXTTFT8 am - qm mpRnd
8200 s-01XTOFTL - qm qm - qm - am viHd
6£0°0 s-O0IXETFLE €900 5-01x80F LY 78000 -0l xXp0F6¢ - am - QM uruaduueN
500 5-0IXp0FT9 1100 s-0IXLO0FLT 1100 s-0IXF0F0E  S£000 s-0IXE0F Y9 695000 s_0IxX8TFTY suoday
170 9-0IXE0F 9 €10 5-0Ix91F T 00 s-0IX61FEL 98000 s-0IXL0F1'E 08000 s-01x91F9¢ V louaydsig
€00 s-0IxE0F 01 8€°0 ~OIXTIFT8 8000 s-01%X90F 8¢ 000 -0 Xp1F99 6¥0°0 5-01%60F 6 sucinsoisaoIpAyiq
e ~0IxXTOFIT 6L0°0 9-01X9 1 F6€ LS0 (-0IX10F9¢ L0 9-0IXT0F 91 o 9-01XL0FPT lousydif100-14
o (-0Ix80F¢L €1 0IxXT0F YT 8L°0 ~01XS0F Iy €60 (-0IXp0F I8 90 (~01XL0F¢9 urAsiu3D
Z40] 5-0IX10F ¥l e (-0Ixp0F Ol 0L0 01 X0 1F 9P €60 (-0IXTEFO8 180 (-0I%E0F9¢ [onisaumo)
2 =01 X1 0F T 8P -0 XL 1Fp9 X7 =01 XTTF 89 Tl ~0IXTOFTT Tl (-01x80F¢7 41dH
43 6-0IX80F P U 4-0IxE0FLT € 4-0IXI'IF66 U 4-01%x50F€T £6 -0IXE0FIE JuoudfeIeaz
06 6-01xX§0F L€ €l 4-0IXE0FPT S1 -01x10F7T U -01xT0F€T 0l 4-01XS0F87T Jleozuaq [olpelisy
(14 - 0IX10F ¢ 0l 4-01x€0F0¢€ 91 4-0I%XI0F 1T 0l  4-0Ix10F97 11 4-0I%x$p0F8T uapixoure |,
16 6-0IXE0FLE 144 -0l x81FEL € -0IX10FP1 1 4-0Ix91F¥T €l -01xXE0F €T [oudjesesz-¢
L +-01%90F 06 0f  -0[x10F01 I 4-01x10F6T €l 4-0I%XSOFIT 8T  -0Ixg0F01 fouisg
L€ ¢-01%L0F 0 8T  4-0IXTOFII 19 6-0Ix01FTS b 4-0IXE0F6S W -01xE0F 0L #8E¥91 101
4 -01xT0F¥T 09 - 0IxI0FIS 05  4-0I%X10F¥9 87 4-01x80F¢S6 Sy ¢-0IXE0FS9 suoaisg
9T ¢-0IX10F ¢ 9 - 01%1TF98 0L 4-0I%60F9Y €6 ¢-01xSO0F 1S 8  4-01xTO0F19 [oudeseaz-n
9l (-0IX10F0T 01 (- 01x01F6T O£l 4-01%X90F¢T 8 - 0IXSO0FTE 16 6-0IxX10FCE [onsaqsiAQang
001 4-01%xs0F¢€E 001  &-01xSOF1€E 001  4-0Ix$0FTE 001 4-01xXp0FLT 00l o-01%xS0F6T lotpensg-g.1
801  4-01%60F 1€ 6€l  -0I%X10FTT 1Ll ¢-0IX10F61 811 (- 0I%xL0FTT LTl ¢-01%10F¢T lopenss [Kukyig
UL -01%60F T €T (- 01xX10F€L 891 (- 0IXE0F 61 UL - 0Ixp0FTIL SSI 4-0IX10F61 udjixowrelkxo1pAH
vad o vad (W) *D1 vad (W) *D1 vad (W) DI vad (A) %01
JPPYIY-1SD pyIe-1SD JPPYI>1SD ppeygw- 1O JpPoYaY-1SO punoduwiod 153

Db 18 uoneqnaut Yy-pz e umofjoj sutajoid uotsny jopyq-1SO 10j Ss[EdMWIYD 21u3Folisa MYiuks pue [eimeu jo (sygy) senuyje 3uipuiq saneju pue sanfea ¥y

¢ 2qeL

73



J. Matthews et al

Journal of Steroid Biochemisiry & Molecular

Biology 74 (2000 223-234

29

100] o] o]
] ] ]
] o] ]
=] »] ]
o of
BRI R IR IR BB
17B-Estradiol Coumestrol 4 1~ octylphenol
1004 1004 3
s 1001
g = L ™
2 o] sof
] = *
S o £ o
E T o7 3 LB A N
It4) ICI1 164,384 Genistein Buphenol A
:
=%
= <
= ol 0] 0]
==}
s ™ |
R = ] o]
= = ]
o o of
IR IEERE IR R
Dihydrotestosterone Naringenin o.p -DDT
100] ! o]
™ ] ]
] o] o]
»] =] »]
of of of
T e % 7 A P e T T TR T LI )
a-Zearalenol HPTE Dibutylbenzylphthalate
Log Competitor (M)
Fig. 3 Representative competitive binding curves of selected test chemicals to @ GST-hERadef, O GST-mERadef, @ GST-cERdef, [

GST-aERdef, and @ GST-ERdef fusion proteins. An aliquot of partially purified GST-ERdef fusion proteins was incubated with 2.5 nM
[H)17-estradiol and increasing concentrations of unlabeled test chemical and incubated for 24 h at 4°C as described in Section 2. The results

are from a representative experiment that was repeated at least two times. Standard dev

of the mean

compound as compared to the IC, value of E2 for
each GST-ERdef fusion protein. The compounds have
been arranged in order of potency in comparison to
GST-hERadef. Chemicals were tested at concentrations
ranging from 0.1 nM to 100 uM. This range varied

compound
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depending on the competitive binding ability of the test

Overall the steroidal and antiestrogenic compounds
exhibited similar binding preferences and relative bind-
ing affinities for GST-ERdef fusion proteins. The E2
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binding was similar across species with IC, values
ranging from 2.7 to 3.3 nM (Fig. 3). 4-Hydroxytamox-
ifen, the hydroxylated metabolite of tamoxifen, bound
with greatest affinity to all 5 of the fusion proteins, with
a ten- to 25-fold greater affinity than the parent com-
pound. Diethylstilbestrol and ethynyl estradiol bound
with similar affinities, 1.9-3.1 nM and 2.0-3.2 nM,
respectively, to the five fusion proteins.

Though the rank order of these chemicals was similar
among species, some notable differences were observed.
The pure ER antagonist ICI 164,384 bound to GST-
hERadef, -mERadef, -cERdef and -aERdef proteins
with a five- to ten-fold lower affinity than to GST-
rtERdef (Fig. 3). In addition, ICI 164,384 bound with
higher affinity than E2 to GST-rtERdef, which was not
observed with the other four fusion proteins. DHT
bound to GST-aERdef with a seven- to 12-fold greater
affinity than to GST-hERadef, -mERadef and -rtER-
def, but bound with a 42-fold greater affinity than to
GST-cERdef (Fig. 3), which shares 91% amino acid
sequence identity to aERdef within their respective ER
E, ligand binding, domains. DHEA, a precursor in the
endogenous synthesis of estrogens and androgens,
weakly bound to the ERs of human, mouse, chicken
and green anole; however it exhibited an IC, value of
12 + 2 pM with GST-rtERdef.

3.4. Differential binding of phytoestrogens and
mycotoxins

Differences in ligand preferences and binding affini-
ties were also seen with some mycotoxins and phy-
toestrogens. a-Zearalenol, a hydroxylated metabolite of

0851 RERodef

0049

cERdef
- 0078
0.01
aERdef
0.112
yyi
o7’ rtERdef

Fig. 4. Dendogram generated from the aligned ERdef seq The
distance between nodes reflects the degree of sequence identity when
doing pairwise alignments. The value of 0.1 corresponds to a differ-
ence of 10% between two sequences. This figure was generated using
the ClustalW alignment function in MacVector 6.5 (Oxford Molecu-
lar Ltd.).

the mycotoxin zearalenone, consistently bound with
greater affinity to the GST-rtERdef than to any other
fusion proteins (Fig. 3). Similarly, the parent compound
zearalenone and another metabolite, pB-zearalenol,
bound with greater affinity to the GST-rtERdef than to
ERs from other species (Table 2). Interestingly, a-zear-
alenol bound with greater affinity than E2 to GST-
rtERdef (2.6-fold) but bound to the other 4 fusion
proteins with approximately half the affinity of E2.

Overall the phytoestrogens displayed higher affinity
for GST-aERdef than the other GST-ERdef fusion
proteins. However, quercitin bound with slightly
greater affinity to GST-rtERdef and B-sitosterol was
unable to displace [*H]E2 from any of the GST-ERdef
fusion proteins at the highest concentration examined
(100 pM; Table 2). Coumestrol bound with greatest
affinity to GST-aERdef (ICs, =0.10 £+ 0.04 uM). It ex-
hibited similar affinity to the human, mouse, chicken
and ERdef proteins (ICy, values ranging from 0.36 to
0.80 pM) and bound with a 14-fold lower affinity to the
rainbow trout ER (ICy, = 1.4 + 0.1 uM; Fig. 4). Genis-
tein exhibited similar binding affinities for all five GST-
ERdef fusion proteins, but consistently bound with
higher affinity to GST-aERdef (Fig. 4). Moreover,
naringenin bound with highest affinity to GST-aERdef
(ICsy=4.7+0.8 uM) and slightly lower affinity to
GST-rtERdef (8.7 + 1.3 uM). However it bound with
approximately a ten-fold lower affinity to GST-cERdef
and bound weakly to GST-hERadef and GST-
mERadef (Fig. 4).

3.5. Differential binding of synthetic chemicals

Overall, this class of compounds bound with greater
affinity to GST-rtERdef than to any other fusion
protein. Bisphenol A, 4-t-octylphenol and o,p’-DDT
bound with approximately a 10-fold greater affinity to
GST-rtERdef than to the ERs of the other species (Fig.
4). Complete displacement of [*H]E2 by these com-
pounds was only observed with GST-rtERdef at the
highest concentration examined (100 pM). Methoxy-
chlor, p,p’-DDT, op'-DDE, p,p’-DDE, a-endosulfan
and dieldrin were found to bind weakly to the ERs
from the human, mouse, chicken and green anole. In
contrast, these compounds completely displaced [*H]JE2
from GST-rtERdef (Table 2). Although, a-endosulfan
effectively displaced [PH]JE2 from GST-rtERdef, its iso-
mer B-endosulfan did not displace greater than 30%
[PHJE2 and was therefore classified as a weak binder.
Butylbenzylphthalate and  dibutylbenzylphthalate
bound weakly to the ERs of the different species.
However, dibutylbenzylphthalate was found to displace
of 75% [PHJE2 from GST-rtERdef (IC;,=1.7+2.3
uM) at the highest concentration (I pM) examined
(Fig. 3). A visible precipitate was observed at concen-
trations greater than 10 uM and 1 pM, for butylben-
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zylphthalate and dibutylbenzylphthalate, respectively,
thus higher concentrations were not examined. Finally,
two chloro-S-triazines (Atrazine and Simazine) were
unable to displace [*H]E2 from any of the GST-ERdef
fusion proteins at the highest concentration examined
(100 pM).

The time to equilibration for steroid recep-
tor:competitor complexes has been reported to be
greater than 16 h at lower temperatures [25). Since the
competitive ligand-binding assay used a 24-h incuba-
tion time it is unlikely that the observed differences in
binding affinities were due to a lack of equilibration.
However when this data set was examined following a
2-h incubation at 4°C, the binding profiles of most
chemicals and differences in ligand preferences, and
binding affinities were similar to that of the 24 h
incubation time, though there were some exceptions
(unpublished data).

4. Discussion

Previous studies using a variety of protein prepara-
tions and assay conditions suggest that there may be
differences in the absolute and relative binding affinities
of structurally diverse estrogenic chemicals to ERs from
different species. In order to investigate species-specific
ligand preferences, and differences in relative and abso-
lute binding affinities, GST-ERdef fusion proteins con-
sisting of mammalian (human and mouse), avian
(chicken), reptilian (green anole) and fish (rainbow
trout) ERs were constructed.

It has been reported that truncated forms of the
glucocorticoid receptor can effect protein stability and
receptor function [26]. However, truncated forms of
nuclear receptors overexpressed in heterologous expres-
sion systems have been previously shown to exhibit
comparable affinities and ligand preferences relative to
their native forms [27,28]. Heterologous expression of
GST-ERdef facilitates purification of these fusion
proteins and allows for precise control of the
competitive binding assay conditions (e.g. protein con-
centration, metabolism, non-specific binding, back-
ground/accessory proteins), making direct comparisons
possible.

The affinity of the bacterially expressed GST-ERdef
fusion proteins for E2 was similar to the K, values
reported for full length ERs (Table 2). However, the
affinity of the GST-rtERdef for E2 was approximately
ten-fold higher than that reported for full length rain-
bow trout ER [29], but was in agreement with reports
using [*H]moxestrol [30]. In general, the reported K,
values for some species vary considerably, which may
be due to the use of different assays such as dextran-
coated charcoal and hydroxylapatite methods. For ex-
ample, the K, value determined from Xenopus liver

cytosol ER has been reported to vary from 0.5 to 15
nM [31,32]. Similarly, the K; value determined from
turtle ER using two different receptor sources, hepatic
and testis cytosol, varies from 0.7 to 17 nM, respec-
tively [33,34]. This suggests that differences in protein
preparation, assay conditions and assay methods may
contribute to the variability in the reported K, values.

The ER has been shown to bind several structurally
diverse chemicals. This property appears to be unique
among nuclear receptors and is also true for mam-
malian ERa and ERP subtypes [13] as well as for ERs
from non-mammalian species [15,35). Crystal structures
of hERa E domain in complex with E2 [18,19] support
ER-E2 interaction models generated from binding stud-
ies, structure activity relationships and three-dimen-
sional homology models using crystallographic data
from other nuclear receptors [36-38]). E2 binding is
achieved by a combination of specific hydrogen bond-
ing interactions and the hydrophobic nature of the
binding pocket. The promiscuity of the ER has been
partially attributed to the size of the ligand binding
pocket, which is almost twice the volume of E2 [19].
Despite the differences in sequence identity among spe-
cies [14,17], ERs from all species harbor the same three
equivalent amino acids to hERa (Glu353, Arg394 and
His524) that participate in direct hydrogen bonds and
stabilize E2 in the binding pocket [18,19]). However,
differential binding of several natural and synthetic
chemicals to hERa and hERB, as well as to ERs from
different species have been reported [14-16,35,39-41].
This suggests that additional amino acid residues may
also play a role in determining ligand preference and
relative binding affinity.

Genistein has been shown to preferentially bind with
30-fold greater affinity to hERB than hERa [13]. The
recent report of the crystal structure of ERB in complex
with genistein has suggested that this ligand preference
may be attributed to two conservative mutations within
the binding pocket that may be responsible for further
stabilizing the hERB-genistein complex [42).

Although many of the compounds examined in this
study, including E2, bound with similar affinity to all
five GST-ERdef fusion proteins, some notable differ-
ences were reported. The most striking differences in
relative binding affinities were seen with GST-aERdef
and GST-rtERdef. Comparison of the amino acid dif-
ferences within their respective ligand binding domains
suggests that aERdef:Phel75, rtERdef:Met93 and
rtERdef:11e272 may contribute to the observed differ-
ences in ligand preference and relative binding affinities.
Preliminary mutagenesis studies indicate that these
residues influence relative and absolute binding affini-
ties of a subset of estrogenic compounds (Matthews,
J.B. et al. manuscript in preparation). These residues
may change the hydrophobicity and volume of the
binding pocket as well as result in unique ligand-residue

76






232 J. Matthews et al. / Journal of Steroid Biochemistry & Molecular Biology 74 (2000) 223-234

interactions. Recent crystallography data has demon-
strated that each of these parameters can influence
ligand binding. For example, the volume of the probe-
occupied ligand pocket of ERa-E2 crystal complex has
been determined to be 490 A while that of ERB-genis-
tein is 390 A with the reduction being primarily due to
the replacement of the Leu384 in hERa with a bulkier
Met336 residue in hERP [42]. This allows the residues
that line the pocket to pack more tightly around genis-
tein, stabilizing the ligand in the binding pocket in ERf
[42).

There were no obvious relationships between se-
quence identity and binding affinity. GST-rtERdef has
the lowest sequence identity compared to GST-hERdef,
but this was not predictive of the binding affinity of a
compound for GST-rtERdef. For example, 4-t-
octylphenol bound with greater affinity to GST-rtER-
def  (ICy=0.11+0.02 uM)  compared to
GST-hERadef (ICs,=2.4 +0.7 uM) while the rank
order binding affinities were reversed for coumestrol
(IC values of 0.36 +0.03 uM vs. 1.4 +0.1 uM for
GST-hERadef and GST-rtERdef, respectively). How-
ever, some patterns in the relative binding affinity data
were observed. Cluster analysis based on amino acid
sequence identity suggested that hERadef and
mERadef shared greater similarity than cERdef and
aERdef, with rtERdef being the most divergent when
compared to the other ER sequences (Fig. 4). In gen-
eral, ERdef proteins with greater similarity exhibited
similar relative binding affinities as illustrated in Fig. 3,
with some notable exceptions. Although cERdef and
aERdef shared the greatest similarity, DHT exhibited a
42-fold difference in relative binding affinity between
the two species. The difference was only seven-, eight-
and 12-fold for GST-hERdef, GST-mERdef and GST-
rtERdef, respectively. GST-rtERdef, which has the
most divergent amino acid sequence according to the
cluster analysis, exhibited the greatest promiscuity in its
ligand preference, further supporting the hypothesis
that structural differences within the ligand binding
domains among ERs of different species influences
ligand preference and relative binding affinity.

The results demonstrate that ERs from human,
mouse, chicken, green anole and rainbow trout exhibit
differential ligand preferences and relative binding
affinities for a number of natural and synthetic com-
pounds. This data can be used to further develop ER
quantitative structure activity relationships (QSARs)
[43] and to evaluate the feasibility of species-specific ER
QSARs [44]. Although the majority of substances ex-
amined in this study exhibited comparable relative
binding affinities across ERs, a significant number of
differences were observed. The relative binding affinities
of the GST-rtERdef, which has the greatest amino acid
variation in its E domain relative to the other species
examined, exhibited the most striking differences. The

rtER also had the greatest ligand promiscuity, binding
a significantly greater number of structurally diverse
estrogenic compounds. However, pharmacokinetic and
pharmacodynamic differences between species make it
unlikely that differences in binding affinities for individ-
ual estrogenic compounds would be observed in vivo.
Nevertheless, in the absence of structural data for natu-
ral and synthetic ligands, this cross species comparison
provides valuable insights into potentially important
residues that may play critical roles in the interaction
between structurally diverse ligands and the ER binding
pocket.
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CHAPTER §

Ability of several natural and synthetic estrogenic chemicals to induce gene

expression mediated by estrogen receptors from several vertebrate species
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Abstract

The ability of 15 natural and synthetic estrogenic compounds to induce gene
expression mediated through ERa and B isoforms and ERs from different vertebrate
species was examined. MCF-7 cells were transiently transfected with a Gal4-ER
chimeric receptor consisting of the D, E and F domains of the human o (Gal4-hERadef),
mouse o (Gal4-mERadef), mouse B (Gal4-mERBdef), chicken (Gal4-cERdef), green
anole (Gal4-aERdef), xenopus (Gal4-xERdef) or rainbow trout a0 ERs (Gal4-rtERadef).
The 17B-estradiol (E2) induced reporter gene expression was similar among the different
constructs with ECs values ranging from 0.05 to 0.7 nM. Intriguingly, the E2 induced
response mediated by Gal4-rtERadef was 2 orders of magnitude lower, with an ECs,
value of 28 nM at 37°C. However, at 20°C only a 9-fold difference in ECs values was
observed. As a result, the ability of test compounds to induced Gal4-rtERadef-mediated
gene expression was examined at both 37°C and 20°C. Although, the response of E2 was
similar among the ERs, many differences were observed. Coumestrol induced Gal4-
mERpdef- and Gal4-aERdef-mediated reporter gene expression 164-fold and 8-fold
greater compared to the other Gal4-ERs, respectively. In contrast to other Gal4-ERs, o-
zearalenol induced Gal4-rtERadef-mediated reporter gene expression at lower
concentrations than E2. In general, the gene expression data correlated well with the
competitive binding results presented in chapter 4, with a Pearson r value of 0.86.
Overall the results show that certain estrogenic compounds exhibit a differential ability to

induce reporter gene activity mediated by ERs from different vertebrate species. In
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addition, these data also highlight the importance of incubation temperature when

examining rtERa-mediated activity.
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Introduction

Several studies have reported differences in relative binding affinity (RBA) of
estrogenic endocrine disruptors (EEDs) for different ER isoforms and ERs from different
species (1,2). For example, in chapter 3 we have demonstrated that the tERa exhibits
greater affinity for several PCB congeners than either the human or anole ERs. In
chapter 4, several differences in RBA of EEDs for ERs from different classes of
vertebrate species were observed. However, in other studies the RBAs of several EEDs
did not correlate with their ability to induce the expression of estrogen responsive
complement C3 mRNA in treated rat endometrial adenocarcinoma cells (3), suggesting
that RBA is not a good predictor of estrogenic activity.

This may not be surprising since ligand binding to the ER is the first event in a
complex mechanism leading to changes in gene expression. The transcriptional activity
of the ER is mediated by two separate activation functions, an NH,-terminal ligand-
independent activation function (AF-1) and the ligand-dependent activation function
(AF-2) located in the ligand binding domain. Although the mechanism by which the AF-
2 region transmits ligand signals to the basal transcriptional machinery is poorly
understood, several proteins that interact with the AF-2 region in a ligand-dependent
manner have been identified (4,5). These proteins, collectively termed cofactors,
function as coactivators or corepressors to induce or inhibit gene expression, respectively.
After estrogen binding and subsequent dimerization, the ER undergoes a conformational
change, which allows it to bind to its cognate DNA target site, referred to as estrogen
responsive elements (EREs) located in the regulatory region of estrogen-inducible

promoters resulting in the transcriptional regulation of target genes (6). In addition, the
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ligand-induced conformational change exposes critical residues within the AF-2 region
that are essential for cofactor recruitment. Functional and structural studies have shown
that coactivators interact with the AF-2 region via short leucine motifs (ie. LxxLL or NR-
box) to transduce the ligand signal to the basal transcriptional machinery. Several
structurally distinct classes of coactivator proteins have been identified. For example, the
steroid receptor coactivator (SRC) family of coactivators (7) is a family of 160 kDa
molecular weight proteins that were the first coregulators shown to interact with nuclear
receptors. Members of this family include, SRC-1 (7,8), SRC-2 (9,10), and SRC-3 (11-
15) and they form a mutiprotein complex with CBP/p300 (12,14). Recent studies have
shown that the ability of the ER to recruit SRC coactivators is dependent on the structural
characteristics of the ligand (16).

There are reports in which RBAs of EEDs do not correlated with transactivation
ability (1,17). For example, despite the apparent greater affinity of genistein for ERp,
genistein exhibits a similar ability to induce reporter gene expression mediated by either
ERP or ERa (1). In addition, we have observed that bisphenol A also binds to ERp with
greater affinity (10-fold) than ERc, but only exhibited a 2-fold greater ability to induce
gene expression mediated by either isoform (chapter 7).

Since we have examined the ability of several EEDs to compete for binding to
ERs from different species, it was of interest to examine whether differences in RBA

correlated with the ability of EEDs to induce gene expression mediated by ERas from

five different vertebrate classes and a representative mammalian ERp.
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Materials and methods
Chemicals and biochemicals

17B-estradiol (1,3,5[10]-estratriene-3,17-diol), DHT (dihydrotestosterone, 50.-
androstan-17pB-ol-3-one), diethylstilbestrol (4,4°-(1,2-diethyl-1,2-ethene-diyl)-bisphenol),
o-zearalenol (2,4-dihydroxy-6-[6a.,10-dihydroxy-undecyl]benzoic acid p-lactone), B-
zearalenol (2,4-dihydroxy-6-[6B,10-dihydroxy-undecyl]benzoic acid p-lactone), genistein
(4°,5,7-trihydroxyisoflavone), naringenin (4°,5,7-trihydroxyflavanone 7-
rhamnoglucoside) and B-sitosterol (22,23-dihydrostimasterol) were purchased from
Sigma (St. Louis, MO). Coumestrol (2-(2,4-dihydroxyphenyl)-6-hydroxy-3-
benzofurancarboxylic acid lactone) was obtained from Arcos Organics (Pittsburgh, PA).
Methoxychlor (1,1,1-trichloro-2,2-bis(p-methoxphenyl)ethane) was provided by William
Kelce (Monsanto, St. Louis, MO). o,p”-DDT (1,1, 1-trichloro-2-[2-chlorophenyl]-2-[4-
chlorophenyl]ethane), and p,p”-DDT (1,1,1-trichloro-2,2-bis[4-chlorophenyl]ethane),
were purchased from AccuStandard (New Haven, CT). The alkyl phenolic compound 4-
t-octylphenol and bisphenol A (4,4 -isopropylidenediphenol) were obtained from Aldrich
(Milwaukee, WI). Atrazine, was from Chem-Service (West Chester, PA).

Vent DNA polymerase was purchased from New England Biolabs (Beverly, MA),
and restriction enzymes were obtained from Roche/Boehringer Mannheim (Indianapolis,
IN). Phenol red-free Dulbecco’s modified Eagle’s medium (DMEM) and medium
supplements were from Life Technologies (Gaithesburg, MD). Fetal bovine serum (FBS)
and D-luciferin were purchased from Intergen (Purchase, NY) and Molecular Probes
(Eugene, OR), respectively. All other chemicals and biochemicals were of the highest

quality available from commercial sources.
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Construction of plasmids

The plasmid pG4M-hERadef (Gal4-HEGO) was a gift from Dr. P. Chambon
(IGBMC CNRS-LGME, Illkirch Cedex C.U. de Strasbourg, France). The construction of
pG4M-mERdef has been described elsewhere (18). Thé plasmid pG4M-rtERoadef was
constructed by PCR amplifying amino acid residues 214-576 of the rainbow trout ERa as
described previously (Matthews et al. in press). The plasmid pG4M-mERouef (a.a. 268-
599) was generated by PCR amplification of the plasmid pJ3MOR containing the
complete mouse ER cDNA (provided by M.G. Parker, Molecular Endocrinology
Research Laboratory, London, United Kingdom) using primers 5°-
caaagaaattcatcgattggcggcatacggaaagaccge-3” (forward) and 5°-
aaaagaattcgcggccgctcagatcgtgttggggaagecctc-3° (reverse). The plasmid pG4M-cERdef
(a.a. 257-599) was constructed by PCR amplification using primers 5'-
aaaactcgagccaaaggtggaatccggaaagac-3”~ (forward) and 5°-
aaaaagatctttatattgtattctgcatactctcctct-3' (reverse). The plasmid pG4M-aERdef (a.a. 8-349)
was generated by PCR amplification using primers 5'-aaaa
ggatccctcgagecggtggaattcggaaagaccgeag-3' (forward) and 5'-
aaaaggatccctcgagtcaaattgcttcctgcetcatttcec-3' (reverse), whereas the plasmid pG4M-
xERdef (a.a. 248-586) was constructed by PCR amplification of the plasmid CMV5xER]1
containing the complete Xenopus ER cDNA (provided by Dr. D. Shapiro, University of
Chicago, Urbana, IL) using primers 5 "-aaaactcgagccgggggcattcgaaaggatcgcea-3' (forward)
and 5°-aaaaggtaccgagctctcatactgtgctttgtaagctcact-3' (reverse). PCR fragments were

digested with the appropriate restriction enzymes and ligated into the eukaryotic
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expression vector containing the DNA binding domain of the yeast transcription factor
Gal4, pG4MpolyllI (Dr. P. Chambon). The plasmid pPGEXKG-ACTR (SRC-3) (a.a. 615
to 768) was a gift from Dr. L. Freedman (Memorial Sloan-Kittering Cancer Center, New
York, NY), whereas the plasmid pGEX-TIF2 (SRC-2) (a.a. 594 to 766) was constructed
by PCR amplification of the plasmid pSGS-TIF2 (Dr. P. Chambon) using primers 5'-
caaaggatccgaaggtacaactggacaagcagag 3' (forward) and 5'-
caaactcgagtcaatctgcttactgtccagtctctc 3' (reverse). PCR fragments were digested with the
appropriate restriction enzymes and ligated into pPGEX6p3, a GST expression vector
(Amersham Pharmacia, Piscataway, NJ).

All PCR amplification was performed as previously described (19). The sequence
of each construct was confirmed with restriction enzyme digest and ABI/Prism

automated sequencing (Perkin Elmer Applied Biosystems, Foster City, CA).

Cell culture and transient transfection assays
MCEF-7 human breast cancer estrogen receptor positive cells (obtained from Dr. L.
Murphy, University of Manitoba) were maintained with phenol red-free DMEM

supplemented with 3.7 g/l NaHCO3, 2 mM L-glutamine, 10% FBS, 10 mM HEPES, 500
pg/ml gentamicin, 2.5 pg/ml amphotericin B, 100 IU/ml penicillin G, and 100 pg/ml
streptomycin. Cells were cultured in a humidified environment at 37°C with 5% CO2>.

Transient transfections and gene transcription assays were performed essentially
as previously described (20,21). Briefly, MCF-7 cells were seeded at approximately 50%
confluency in 6-well tissue culture plates in medium supplemented with 5% dextran-

coated charcoal-treated fetal bovine serum (DCC-FBS) and allowed to settle for 7 h.
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MCEF-7 cells were transiently transfected by the calcium phosphate precipitation method
(22) with 1.5 pg of 17m5-G-Luc (provided by Dr. P Chambon), 0.2 ug of either pG4M-
hERadef, pG4M -mERoudef, pG4M -mERfdef, pG4M -rtERadef or 0.5 pg of pG4M -
cERdef, pG4M -cERdef, or pG4M -xERdef, and 0.05 pg of pCMV-lacZ (B-galactosidase
expression vector). Transiently transfected cells were washed 16 h later with sterile
phosphate buffered saline and fresh medium was added to each well.

Transiently transfected cells were exposed to final concentrations ranging from
10210 10 M of test compound. Final concentrations were obtained by adding 2 ul of
test chemical to 2 ml of medium. After a 24 h incubation with test compound, cells were
harvested and assayed for luciferase activity according to standard methods (23).

Each treatment was done in duplicate and two samples were taken from each
replicate. Each experiment was repeated three times. Values are reported as a percentage

relative to the maximum induction observed with E2.

Reverse transcriptase polymerase chain reaction

Total RNA from MCF-7 cells was isolated using the Trizol reagent according to
manufacturer’s instructions (Life Technologies). In brief, cells were lysed with two
successive washes of 325 pl aliquots of Trizol. The lysates were pooled and incubated
with 300 pl of chloroform for 10 min at 23°C. The mixture was separated by
centrifugation at 12,000xg for 15 min at 4°C and the aqueous layer (1 ml) containing the
RNA was removed and precipitated with 500 pul of isopropanol and 2 pl of linear
acrylamide (10 mg/ml). The RNA was pelleted by centrifugation at 12,000xg for 10 min

at 4°C and the resulting pellet was washed with 75% ethanol. The pellet was then air
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dried and resuspended in 100uL of 3M sodium citrate. The RNA was stored at —20°C
until use.

Total RNA (5 pg) was incubated for 10 min at 70°C with 0.5ug oligo dT primer
(5'-teeteeteeetectteetttvn-3'). The reaction was chilled on ice for 2 min and the mRNA was
reverse transcribed in a 20 pl reaction mixture containing PCR buffer (20 mM Tris-HCI
(pH 8.4), 50 mM KCl, 2.5 mM MgCl,), 10 mM DTT, 500 uM dNTPs and 200 IU of
SuperScript II reverse transcriptase for 60 min at 42°C. The reaction was terminated with
a 15 min incubation at 70°C. One pl of the reverse transcription reaction was used in the
subsequent PCR reactions using the following primers for B-actin: 5'-
aaaagcatccaagcttctgaagtaccccattgaacatggea-3' (forward) (5'-
aaaactcgaggcggccgctgtcacgcacgatttccctctcag-3' (reverse), SRC-1: 5'-
caaaccatggatccagacagtaaatactctcaaaccagtc-3' (forward) (5'-
caaactcgagtcaatcaggctcgacagacaaagtgg-3' (reverse), SRC-2: §'-
caaaggatccagaaggtacaactggagaagcagag-3' (forward) and 5'-
caaagaattctcagtgatggtgatggtgatgatctgtcttactgtccagtctcte-3' (reverse), and SRC-3: 5'-
gaaagtaaggagagcagtgttgag-3' (forward) and 5'-gtcagaactagtcagatcaccaag 3' (reverse).
After the addition of template, the samples were incubated at 94°C for 3 min and
amplified for 25 cycles. Each cycle included: 45 sec. denaturation at 94°C, 45 sec

annealing at 60°C and 1 min elongation at 72°C. PCR products were separated by 2%

agarose electrophoresis and visualized with ethidium bromide staining.

GST pull-down assays
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The expression and purification of GST fusion proteins was performed as
described previously (24,25). Glutathione-Sepharose beads (Amersham Pharmacia) were
prewashed in NETN buffer (0.5% Nonidet P-40, 1 mM EDTA, 20 mM Tris, pH 7.4, 100
mM NaCl, 10% glycerol). Crude bacterial extracts containing the fusion proteins (GST-
SRC-1, GST-SRC-2, and GST-SRC-3) were purified onto the prewashed beads (10 pl
beads + 20 pl crude in 500 pl total reaction) by incubation at 4°C for 1.5 h on a rotary
mixer. The beads (loaded with fusion protein) were collected by centrifugation and
washed three times with NETN buffer. GST fusion proteins or GST alone were
incubated overnight in 1.5 ml centrifuge tubes containing 490 pl of NETN buffer
containing 1% bovine serum albumin, 5 l of the in vitro translated **S-labeled receptor,
in the presence of S pl of vehicle or test compound. Beads were washed four times with
NETN, and dried under vacuum for 10 min. The dried beads were resuspended in 25 pl
of 3x protein loading buffer (reducing), incubated for 5 min at 95°C, and the entire
sample was separated by 12% SDS-PAGE. The gels were fixed, dried, and the
radiolabelled rtER was visualized by fluorography. The amount of bound 35S-labelled

protein was quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
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Results

Ability of 17B-estradiol to induce gene expression mediated by ERs from several

different species

E2 and 14 EEDs, several of which have been shown to exhibit preferential affinity
for different vertebrate ERs (Chapter 4 and reference (24)) were examined for their
ability to induce ER-mediated gene expression by measuring luciferase activity using
MCEF-7 cells co-transfected with the Gal4-ERdef and a Gal4-regulated luciferase reporter
gene, 17m5-G-Luc. The amino acid residues of the ER D, E, and F domains used to
generate the Gal4-ERdef fusion proteins Gal4-hERadef (human o), Gal4-mERadef
(mouse ), Gal4-mERBdef (mouse B), Gal4-cERdef (chicken), Gal4-aERdef (anole),
Gal4-xERdef (xenopus), and Gal4-rtERodef (rainbow trout) and their sequence identity
compared to hERa are shown in figure 1. The results in figure 2 show that E2 treatment
of transiently transfected MCF-7 cells with Gal4-ERdef caused a concentration-
dependent increase in luciferase activity. The ECsg value for this response was similar
among the different chimeric receptors ranging from 0.05 to 0.7 nM. However, the E2
induced response mediated by Gal4-rtERadef was 2 orders of magnitude lower, with an
ECs, value of 28 nM when transfected cells were maintained at 37°C. When, MCF-7
cells transiently transfected with Gal4-rtERodef were incubated at 20°C, a more
physiological relevant temperature for rainbow trout, the ECso value was reduced to 1
nM. The molecular basis for this temperature sensitive phenotype of the rtERa is more

thoroughly investigated in chapter 6. Surprisingly, neither the xenopus nor
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Figure 1. Schematic representation of Gal4-ER chimeric receptors
transiently transfected into MCF-7 human breast cancer cells. The chimeric
receptors consisted of the DNA binding domain of the yeast transcription
factor, Gal4, linked upstream of the last 11 amino acid residues of the C
domain and the entire D, E, and F domains of ERs from several vertebrate
species. Numbers provided above identify the amino acids used in the
construction of the expression vectors. The numbers wthin the domains
indicate the % amino acid sequence identity compared to hERa.
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Figure 2. Comparison of the ER-induced transactivation ability mediated by
Gal4-ERs. MCF-7 human breast cancer cells transiently transfected with 0.2 ug
Gal4-hERa (@), Gal4-mERP (W), Gal4-rtERa ( O) or 0.5 pug of Gal4-cER ( A),
Gal4-aER (#), Gal4-xER ( O), 1.5 pg of Gal4 regulated-luciferase reporter gene,
17m5-G-Luc, and pCMYV as described in the methods section. Following dosing
with E2, cells were incubated at the 37°C (panel A), with the exception of cells
transfected with Gal4-rtERa which were incubated at 20°C (panel B).
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the anole ERs exhibited temperature sensitive phenotypes as judged by their ability to
induce reporter gene expression at 37°C (Figure 2).

The maximal E2 induction ranged from 20- to 100-fold among the Gal4-ERs.
Due to the variability in fold induction the data are reported as percent luciferase activity
relative to the maximal activity achieved by E2 with each receptor, which was arbitrarily

set to 100% for comparative purposes.

RtERa recruits SRC coactivators

GST pull-down assays were performed to verify that the reduced transactivation
activity of the rtERa was not due to an inability of the rtERa to interact with human
coactivators. Figure 3 shows a comparison of the expression levels of three different
classes of the SRC family of coactivators. RT-PCR analysis of total RNA isolated from
MCEF-7 cells revealed that the expression level of SRC-3 (ACTR) was approximately 5-
fold higher than either SRC-1 or SRC-2 (TIF2). Figure 4 shows a typical GST pull-down
assay, where the dose-dependent recruitment of > 5S-rtERo by GST-SRC-2 and GST-
SRC-3 with E2 is demonstrated. Similar results were seen with SRC-1 (data not shown).
These data suggest that differences in transactivation are not a result of the rtERa failing
to recruit human coactivators and are rather due to functional differences between the
hERa and rtERa that may be the result of the sequence variability within their respective

ligand binding domains.
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Figure 3. Differential expression levels of SRC coactivators in MCF-7 cells.
Total RNA from MCF-7 cells was reverse transcribed with an oligo dT primer,
followed by a 25 cycle PCR amplification with  gene specxﬁc primers. The
samples were separted on 2% agarose gel and visualized with ethidi id
staining. Lane 1: 100 bp molecular marker, lane 2: B-actin , lane 3: SRC-1, lane
4: SRC-2, and lane 5: SRC-3.
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Figure 4. The rtERo DEF binds human SRC-2 and SRC-3. (A) GST fusion
proteins previously coupled to Sepharose beads were incubated with in vitro
translated, [*>S]methionine-labelled rtERa. DEF, in the presence or absence of
17B-estradiol (E2) After extensive washing, samples were separated by 12% SDS-
polyacrylamide gels. Gels were fixed, dried and visualized by fluorography. (B)
Graph of the quantification of the pixel intensity using a phosphorimager.
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Ability of EEDs to induce gene expression mediated by ERs from several different

species

A summary of the half maximal activation (ECsp) values for the 14 EEDs
examined is presented in Table 1. For EEDs unable to achieve 50% of the maximal
activation of E2, the percent activation at the highest dose (10 pM) was reported. EEDs
unable to achieve 20% of the maximal E2 response were classified as weak inducers (wi),
while EEDs that induced less than 10% of the maximal E2 response were considered
non-inducers (ni). Since the Gal4-rtERoadef displayed improved E2 induced
transactivation ability at 20°C compared to 37°C, both temperatures were used to
examine tERa mediated gene expression. In general, the ability of several compounds
to induced Gal4-rtERdef-mediated reporter gene expression was increased at 20°C (Table
1) and therefore this was considered to be a more suitable temperaturé to examine rtERa
mediated transactivation activity.

Overall the E2 induced reporter gene expression was similar among the ERs,
though several differences in the rank order and transactivation response of EEDs were
observed. DES and E2 exhibited a similar ability to induce reporter gene expression
mediated by the different ERs, whereas a-zearalenol induced Gal4-rtERodef-mediated
reporter gene expression at lower concentrations than E2 or DES, which was not
observed in other Gal4-ERs. The rank order of the phytoestrogens was similar among the
ERs (coumestrol >/= genistein>>naringenin), though differences in potency among the
receptors were observed. Coumestrol induced reported gene expression 164- and 8-fold

greater mediated through Gal4-mERBdef and Gal4-aERdef, respectively, than through
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the other receptors. Genistein and naringenin also preferentially induced reporter gene
expression mediated by Gal4-mERpdef at concentrations 70 to 95 fold lower than the
other receptors (Figure 5). Although these phytoestrogens are less potent than E2,
coumestrol and genistein were able to generate a response mediated through ERP at
concentrations similar to physiological hormone levels (10-100 nM). B-Sitosterol did not
induce any significant reporter gene expression through any of the ERs examined.

Of the industrial chemicals examined, 4-t-octylphenol was the most potent among
the different ERs with ECs values ranging from 0.01 to 0.1 uM (Figure 6). The ECs,
values for bisphenol A (BPA) ranged from 0.3 to 3 uM, with BPA exhibiting a
preferential ability to induce reporter gene expression mediated by Gal4-mERfdef and
Gal4-tERodef. BPA was only able to induce 25-30% of maximal activity of E2 through
Gal4-cERdef, -aERdef, and -xERdef. The pesticide o,p”-DDT exhibited the most
variability of all the compounds examined. o,p”-DDT induced reporter gene expression
with ECs values of 0.8 £ 0.1 and 2.9 + 2.5 uM for Gal4-cERdef and Gal4-mERadef,
respectively. However, only 40% maximal response was observed following incubation
with cells transiently transfected with Gal4-hERadef and o,p”-DDT was classified as a
non-inducer for the other receptors (Figure 6). Methoxychlor, p,p”-DDT, and atrazine
failed to significantly induce reporter gene expression through any of the ERs. These
data show that certain estrogenic compounds exhibit a differential ability to induce
reporter gene activity mediated by both ER isoforms and ERs from different vertebrate
species. Although differences in the ability of EEDs to induce gene expression were
observed among the different vertebrate ERs, the most dramatic differences were

observed with the phytoestrogens interacting with ERP.
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Figure 5. Mycotoxins and phytoestrogens differ in their ability to induce gene
expression mediated by both ER isoforms and ERs from different vertebrate
species. Comparison of the ability of a-zearalenol (® ), coumestrol ( W), genistein
(0), and naringenin ( O) to induce gene expression mediated by Gal4-hERadef,
Gal4-mERpdef, Gal4-cERdef, Gal4-aERdef, Gal4-xERdef, or Gal4-rtERadef.
MCF-7 human breast cancer cells were transiently transfected with 0.2 to 0.5 pug
of Gal4-ER chimeras, 1.5 ug of 17m5-G-Luc, and 0.1 pug of pCMYV as described
in the methods section. Cells transfected with Gal4-rtER were incubated for 24 h
at 20°C after dosing with test compound. Cells transfected with the other Gal4-
ER chimeric receptors were incubated for 24 h at 37°C.
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Figure 6. Xenobiotics differ in their ability to induce gene expression mediated
by both ER isoforms and ERs from different vertebrate species. Comparison of the
ability of 4-t-octylphenol (®), Bisphenol A (m), o,p”-DDT (0), and
methoxychlor ( ) to induce gene expression mediated by Gal4-hERodef, Gal4-
mERpdef, Gal4-cERdef, Gal4-aERdef, Gal4-xERdef, or Gal4-rtERadef. MCF-7
human breast cancer cells transiently transfected with Gal4-ER chimeras
described in the methods section. Cells transfected with Gal4-rtERa were
incubated for 24 h at 20°C after dosing with test compound. Cells transfected with
the other Gal4-ER chimeric receptors were incubated for 24 h at 37°C.
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Discussion

In chapter 4, ligand binding assays were used to examine the ability of several
EED:s to bind to hERa,, mERa, cER, aER, and rtERa.. Several differences in relative and
absolute binding affinities were observed, with the rtERa., which has the greatest amino
acid variation in its ligand binding domain relative to the other species examined,
exhibiting the most striking differences. In radioligand binding assays only compounds
capable of competing with radioligand are detected. Also, these assays do not distinguish
between agonists and antagonists. Cell based transcription assays using a reporter gene
under the transcriptional control of a specific receptor offer an alternative to radioligand
binding assays and provide valuable information about the ability of test compounds to
induce transcriptional responses. In order to focus on differences in transactivation
ability among different vertebrate ERs that may reside within their respective ligand
binding domains, Gal4-ERdef fusion proteins consisting of the D, E, and F domains of
each receptor were constructed. This ensured that effects imposed by other domains,
such as the DNA binding domain would not influence the results (26) and also allowed
for comparison with the competitive binding data presented in chapter 4 where similar
GST-ERdef fusion proteins were used. The Gal4-ERdef fusion proteins exhibited similar
E2 transactivation ability when compared to full-length ERs (27,28). Although the
rtERa exhibited reduced transactivation ability at 37°C, once the incubation temperature
was reduced to 20°C, the E2-induced transactivation response agreed with previous
studies in yeast transiently transfected with full-length tERa (29). This is consistent

with another study investigating the transactivation ability of the Oreochromis aureus
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ERa (OaERa), which also exhibits reduced activity at temperatures above its normal
physiological range (30).

There were instances where the ligand binding data did not support the gene
expression results. For example, 4-t-octylphenol preferentially bound to GST-rtERadef
with 10-fold greater affinity than to the GST-aERdef, but was able to induce reporter
gene expression at approximately 10-fold lower concentrations through aER than through
rtERa. In addition, some compounds found to compete for binding to a specific ER were
unable to induced gene expression mediated by the ER from the same species. For
example, 0,p’-DDT bound to GST-rtERadef but did not elicit any reporter gene activity
mediated by Gal4-rtERodef.

In many other instances the gene expression data support the competitive binding
studies presented in chapter 4. The mycotoxin, a-zearalenol, which bound with greater
affinity than E2 to GST-rtERadef, also induced reporter gene expression mediated by
Gal4-rtERadef at lower concentrations than E2. Similarly, coumestrol which bound to
GST-aERdef with higher affinity than to the other ERs, also induced gene expression
mediated by Gal4-aERdef at lower concentrations compared to the Gal4-hERadef, -
mERadef, -cERdef, and -tERodef. A plot of the log transformed ICsq values (Chapter
4, table 2, page 77) vs ECs values (Table 1 page 101) for hERa, mERa, cER, aER, and
rtERa shown in figure 7 reveals a linear correlation with a Pearson r value of 0.86.
Linear regression analysis revealed an overall slope of 0.82, indicating a strong
correlation between ligand binding and transactivation ability.

The half-maximal responses of E2 and DES in the gene expression assay were

approximately 10-fold lower than that of the ligand binding assay. In contrast the half-
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Figure 7. Comparison of ICs, and ECy, values among different vertebrate ERs.
Correlation analysis of the log transformed IC, values (Chapter 4, Table 2, page
76) vs ECs, values (Table 1, page 101) for hERo/(®) , mERa (O) , cER (®), aER

(0), and rtERo. (@) reveals an overall linear correlation with a Pearson r value of
0.86.
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maximal responses to ligand for the progesterone receptor (PR) and the glucocorticoid
receptor (GR) reflect their affinity for that ligand (31,32). Unlike the GR and PR, the ER
is capable of binding DNA in the absence of ligand (33) which may be a contributing
factor to the hormone-independent activity of the receptor and as been proposed has an
explanation for the discrepancy in half-maximal response between gene expression and
ligand binding assays (27). DNA binding and subsequent recruitment of coactivators :
may represent a rate limiting process in the activation of NRs. Since the ER can exist in ‘

a “prebound state” to DNA, essentially overcoming the rate-limiting step, maximal

transactivational activity may be achieved at lower concentrations (27). Gel shift assays L
using the Gal4-ER constructs have not been performed to support this hypothesis.

The phytoestrogens exhibited an increased ability to induce gene expression
mediated by Gal4-mERPdef, which was consistent with previous competitive binding
studies where genistein exhibited a 30-fold greater affinity for ERP compared to ERa (1).
These previous studies reported only a 3-fold lower ECs, value for ERP compared to
ERa (1). This is far lower than the 95-fold (genistein) and 164-fold (coumestrol) lower
ECso values for mERP compared to hERa reported in the present study (Table 1). These
discrepancies may be due to differences in the cell-based assay conditions, since the
previous studies were done in human embryonic kidney 293 cells transiently transfected
with full length hERa and hERP and an ERE driven reporter gene (1).

EEDs have also been shown to differentially recruit the coactivators, SRC-1 and
SRC-2 to ERa and ERp, in which both full-length and ligand-binding domain truncations
were used (16). The HO-PCB, 2’,3’,4’,5-tetrachlorobiphenyl, exhibited a similar RBA

for both ERo and ERP. Treatment of this compound, however, failed to recruit SRC-1 or
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SRC-2 to ERa but resulted in complete recruitment of SRC-1 and submaximal
recruitment of SRC-2 to ERB. The 30-fold greater binding affinity of genistein for ERp
resulted in a 12 000- and 33-fold greater ability of ERP to recruit SRC-1 and SRC-2,
respectively (16), which supports the increased ability of genistein to induce ERp-
mediated reporter gene activity (Table 1, Figure 5). However, x-ray crystallographic data
of the genistein-ERP complex reveals that the critical helix 12, which contains the AF-2
region is positioned intermediate between agonist and antagonist conformations
suggesting that the complex may not adequately interact with coactivators. The
differential expression levels of coactivators in cell lines combined with the observation
that SRC family of coactivators interact with NRs via both the AF-1 and AF-2 regions
may also account for some of the discrepancies observed among different studies.

Take together these results demonstrate that ERs from different vertebrate species
exhibit differential transactivation profiles in response to a number of EEDs. The ability
of E2 and other estrogenic chemicals to induce gene expression mediated by the
rtERodef is influenced by temperature. In general the results from the ligand binding
studies presented in chapter 4 support the transactivation data present here, though there
were instances where the two assays did not correlate. Pharmacokinetic and
pharmacodynamic differences among species make it difficult to predict whether the

differences in functional activities among ERs would be observed in vivo.
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CHAPTER 6

Reciprocal mutagenesis between human o (L349, M528) and rainbow trout o
(M317, 1496) estrogen receptor residues demonstrates their importance in ligand

binding and gene expression at different temperatures

These data have been published in the following article:

Matthews, J.B., Clemons, J.H., and Zacharewski, T.R. (2001) Reciprocal mutagenesis
between human o (L349, M528) and rainbow trout (M317, 1496) estrogen receptor

residues demonstrates their importance in ligand binding and gene expression at different
temperatures. Mol Cell Endocrinol in press

109



Abstract

Several fish proteins exhibit compromised function at temperatures outside of
their normal physiological range. In this study, the effect of temperature on the ligand
binding and the transactivation abilities of the rainbow trout estrogen receptor (rtER) and
human estrogen receptor alpha (hERa) were examined. Saturation analysis and gene
expression assays, using GST-ER and Gal4-ER fusion proteins consisting of the D, E and
F domains of human (hERadef) and rainbow trout (rtERdef) receptors, show that GST-
rtERdef E2 binding affinity and transactivation ability decrease with increasing
temperature. A comparison of the amino acid sequence differences between their ligand
binding pockets identified two conservative amino acid residue substitutions in rtER
(M317, 1496) and hERa (1L349, M528). The effect of these substitutions on ligand
binding and transactivation were examined by constructing reciprocal mutants, which
effectively exchanged the binding pockets between rtER and hERa. The rtERdef
M317L:1496M double mutant exhibited increased E2 binding affinity and transactivation
ability at higher temperatures, and displayed hERa phenotypic behavior for the
phytoestrogen, coumestrol. The hERadef L349M:M5281 double mutant also exhibited a
modest trend towards adopting the rtER phenotype. These studies demonstrate that
conservative changes in residue hydrophobicity and volume can significantly affect ER
ligand binding and transactivation ability in a temperature-dependent manner. The lack
of a complete exchange of phenotypes between rtER and hERa indicates that factors

outside of the ligand-binding pocket are also involved.
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Introduction

The estrogen receptor (ER) is a member of the nuclear receptor superfamily, a
family of ligand-regulated transcription factors (1-3). As with other members of the
nuclear receptor superfamily, the ER consists of several functional domains (A-F), with
the DNA-binding domain (C domain) separating the NH,-terminal ligand-independent
activation domain (A/B domains) and the COOH-terminal region, which includes a hinge
region (D domain), the ligand binding domain (E domain) and a variable F domain (1,4).
Two ER subtypes exist, ERo and ERB, each is encoded from a distinct gene and display
tissue-specific distribution and ligand preference (5,6). Although the mechanism of
action of estrogen and the domain organization of the ER is well conserved among
species, several studies have reported significant differences in transactivation ability and
ligand preference, especially between human and rainbow trout (Oncorhynchus mykiss)
ERs (7-10).

A comparison of the human and rainbow trout ERs indicates that amino acid
sequence identity within domains can vary significantly between the two species. The
most conserved region is the DNA-binding domain (92%). The NH;-terminal A/B
domains are only 20% identical, while the E domain, which contains the hormone-
binding pocket, is 60% identical in amino acid sequence (11,12). Despite the significant
sequence identity in some domains, functional differences in response to 17B-estradiol
(E2) and other estrogenic chemicals have been reported. For example, when expressed in
yeast the rtER exhibits a 10-fold lower responsiveness to E2 and a significantly reduced
affinity for E2 at elevated temperature when compared to hERa. (10). Weaker E2

responsiveness of rtER has also been observed in embryonic salmonid cells (STE-137)
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transfected with rtER (9). In addition, functional differences in response to other
hormones and antihormones have been reported (10). The molecular basis for the
reduced rtER function at elevated temperature is unclear, although other fish proteins
have been shown to exhibit optimal activity at lower temperatures when compared to
their mammalian orthologs (13-15).

Domain interchange and the generation of chimeric receptors demonstrated that
the rtER (hERa C domain) chimeric receptor had greater DNA binding affinity, while the
rtER (hER E domain) chimeric receptor exhibited an increased E2 responsive compared
to wild-type rtER (16). These results suggest that some of the functional differences
between hERa and rtER reside within the DNA-binding domain. However, competitive
binding studies using GST-hERo and GST-rtER fusion proteins consisting of only the D,
E and F domains have also identified several differences in relative binding affinities of
estrogenic chemicals, supporting the hypothesis that the ligand binding domain
significantly contributes to the reported differences between hERa and rtER (8).

Sequence alignment using crystallographic data of the hERa-E2 complex
identified two residues (17), L349 and M528 in hRERa and the corresponding residues,
M317 and 1496 in rtER, that differ between their respective ligand binding pockets. In
the present study we examined the role these residues play in ligand binding and
transactivation by preparing reciprocal mutants, i.e. hRERa (L349M, M528I) and rtER
(M317L, 1496M), which effectively exchanged the ligand binding pockets of hERa and
rtER. Our results show that conservative amino acid residue substitutions within the
ligand-binding pocket significantly affect liéand binding and transactivation ability. In

addition, these residues also contribute to the reduced binding affinity and transactivation
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of the rtER at higher temperatures. Interestingly, reciprocal mutagenesis did not result in
a complete exchange of phenotypes, suggesting that residues outside of the ligand-

binding pocket also influence ligand binding and transactivation ability.
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Materials and Methods

Chemicals

17B-estradiol (1,3,5[10]-estratriene-3,17B-diol) and a-zearalenol (2,4-dihydroxy-
6-[60,10-dihydroxy-undecyl]benzoic acid p-lactone) were purchased from Sigma (St.
Louis, MO). Coumestrol (2-(2,4-dihydroxyphenyl)-6-hydroxy-3-benzofurancarboxylic
acid lactone) was obtained from Acros Organics (Pittsburgh, PA). 4-t-octylphenol, was
purchased from Aldrich (Milwaukee, WI). Radiolabeled [2,4,6,7,16,17->H] 17B-estradiol
([3H]E2; 123 Ci/mmol) was from New England Nuclear (Boston, MA). pfu DNA
polymerase was purchased from Stratagene (La Jolla, CA), and restriction enzymes were
obtained from Roche/Boehringer Mannheim (Indianapolis, IN). Phenol red-free
Dulbecco’s modified Eagle’s medium (DMEM) was from Life Technologies (Grand
Island, NY). Fetal bovine serum (FBS) and D-luciferin were purchased from Intergen
(Purchase, NY) and Molecular Probes (Eugene, OR), respectively. All other chemicals

and biochemicals were of the highest quality available from commercial sources.

Plasmid construction

The plasmids pGEX-hERodef, and pGEX-rtERdef harboring the human and
rainbow trout ER D, E, and F domains were constructed as previously described (7). The
pG4M-hERodef (Gal4-HEGO) was a gift from Dr. P Chambon (IGBMC CNRS-LGME,
Ilikirch Cedex C.U. de Strasbourg, France). The pG4M-rtERdef plasmid was constructed
by PCR amplifying amino acid residues 214-576 of the rainbow trout ER. The fragment
was digested with HindIII and Clal and ligated into the similarly digested eukaryotic

expression vector containing the DNA binding domain of the yeast transcription factor
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Gal4, pG4Mpolyll. PCR amplification was performed essentially as previously
described (18).

All mutants were prepared by PCR based mutagenesis strategy, using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The
oligonucleotides used in the mutagenesis were: 5-tactgaccaacatggcagacagg-3and 5-
cctgtetgecatgttggtcagta-3 for hRERa L349M (changes Leu349 to Met), 5-
catctgtacagcataaagtgcaagaac-3 and 5-gttcttgcactttatgctgtacagatg-3 for hERo M5281
(changes Met528 to Ile), 5-gctcaccagectggetgacaagg-3 and S-ccttgtcagecaggetggtgage-3
for tER M317L (changes Met317 to Leu), and 5- cacctttacagcatgaaatgtaagaac-3 and 5-
ttcttacatttcatgetgtaaaggtg-3 for rtER 1496M (changes 11496 to Met). The mutated
residues are underlined. The following PCR conditions were used for the mutagenesis:
95°C for 5 min followed by 25 cycles of 95°C for 1 min, 50°C for 1 min and 72°C for 10
min. The sequence of each construct was confirmed by restriction enzyme digest and

ABI/Prism automated sequencing (Perkin Elmer Applied Biosystems; Foster City, CA).

Expression and purification of GST ER fusion protein

Expression and purification of GST-ERdef fusion proteins was performed as
previously described (7,8). Briefly, E. coli strain BL21 (Amersham/Pharmacia)
containing pGEX-ERdef constructs were incubated at 37°C with constant shaking. Cells
were induced with 1 mM IPTG at an optical density of 0.8 at 600 nm and grown for 4 h
at 30°C. After centrifugation, cell pellets were resuspended in 25 ml of buffer A (50 mM
HEPES, 3 mM EDTA, 5 mM DTT, 50 mM NaCl and 10% (v/v) glycerol, pH 7.5)

containing 0.1 mg/ml lysozyme, and protease inhibitors. Cells were then lysed by
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sonication on ice and cell debris was pelleted by centrifugation at 20,000xg for 40 min at
4°C. Supernatants were stored at —80°C until further use.

The supernatants containing the GST fusion proteins were applied to GSH
Sepharose pre-equilibrated with buffer A at 4°C. After adsorption of the protein, the
GSH Sepharose was washed with 100 ml of buffer B (50 mM HEPES, 3 mM EDTA, 5
mM DTT, 150 mM NaCl and 10% (v/v) glycerol, pH 7.5). Bound proteins were eluted in
25 ml of buffer C (50 mM HEPES, 3 mM EDTA, 5 mM DTT, 150 mM NaCl and 10%
(v/v) glycerol, pH 8.0) containing 10 mM GSH. The partially purified protein was
concentrated to a 1 ml final volume and the protein concentration was determined using
the Bradford method (19). Protein was diluted to 0.5 mg/ml and stored at —80°C until

further use.

Receptor binding assays

Partially purified GST-hERadef and GST-rtERdef fusion protein were diluted in
TEGD buffer (10 mM Tris pH 7.6, 1.5 mM EDTA, 1 mM DTT and 10% (v/v) glycerol)
containing 1 mg/ml bovine serum albumin as a carrier protein. Receptor binding and
competitive binding assays were performed as previously described (8). Briefly, GST-
ERdef fusion proteins were diluted in TEGD buffer (10 mM Tris pH 7.6, 1.5 mM EDTA,
1 mM DTT and 10% (v/v) glycerol) containing 1 mg/ml bovine serum albumin (BSA),
and incubated at 37°C for 30 min, 30°C for 1 hr, 20°C for 2 h, and 4°C for 24 h with 0.1-
3.5 nM [H]E2 in 1 ml glass tubes arranged in a 96-well format (Marsh Scientific,
Rochester, NY). Fusion protein preparations were diluted to ensure 10,000 dpms of total

binding (varied from 1000-2000 fold). Binding assays were initiated by adding 240 pl of
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protein preparation to glass tubes containing S pl of DMSO and 5 pl *H]E2, thus the
concentration of solvent did not exceed 4 %. Bound [3 H]E2 was separated from free
using a 96-well filter plate and vacuum pump harvester (Packard Instruments). After
drying, the filter plates were sealed and 50 pl of MicroScint 20 scintillation cocktail
(Packard Instruments) was added to each well. Bound [*H]E2 was measured using a
TopCount luminescense and scintillation counter (Packard Instruments).

Competitive ligand binding assays were performed as described above except
diluted GST-ERdef fusion protein preparations were incubated with a final concentration

of 2.5 nM [3H]EZ (5 ul aliquot) and increasing final concentrations of unlabeled

competitor (0.1 nM — 100 uM, 5 ul aliquots) at 4°C for 24 h. Each treatment was
performed in quadruplicate and results are expressed as percent specific binding of
[*H]E2 versus log of competitor concentration. ICsy values were determined from
nonlinear regression for single site competitive binding analysis. The reported ICso
values represent the concentration of test compound required to displace 50% *H]E2
from the GST-ERdef fusion proteins as compared to the 50% displacement of *H]E2
achieved by unlabeled E2. Analyses were performed using GraphPad Prism software

(GraphPad Software Inc., San Diego, CA).

Cell Culture and transient transfection
Estrogen receptor positive MCF-7 human breast cancer cells (obtained from Dr.
L. Murphy, University of Manitoba, at passage 32-35) were maintained with phenol red-

free DMEM supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 500

pg/ml gentamicin, 2.5 pg/ml amphotericin B, 100 IU/ml penicillin G, and 100 pg/ml
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streptomycin. Cells were cultured in a humidified environment at 37°C in the presence of
5% CO, atmosphere.

Transient transfections and gene transcription assays were performed essentially
as previously described (20,21). Briefly, MCF-7 cells were seeded at approximately 50%
confluency in 6-well tissue culture plates in medium supplemented with 5% dextran-
coated charcoal-treated fetal bovine serum (DCC-FBS) and allowed to settle for 7 h. For
the preparation of whole cell extracts used in western blot analysis, MCF-7 cells were
transiently transfected by the calcium phosphate precipitation method (22) with 5 pg of
Gal4-ER expression vector and 0.05 ug of pPCMV-lacZ, while for the reporter gene assay,
cells were transiently transfected with 1.5 pg of 17m5-G-Luc (provided by Dr. P
Chambon), and 0.2 pg of Gal4-hERoudef or 0.2 pg Gal4-rtERdef along with 0.05 pg of
pCMV-lacZ. Cells were washed 16 h later with sterile phosphate buffered saline and
fresh medium was added to each well. Cells were then treated with E2, or test compound
and allowed to incubate for 24 h. Following incubation cells were harvested and assayed
for luciferase activity as described previously (23). Each treatment was done in duplicate
and two samples were taken from each replicate and each experiment was repeated three
times. The concentration required to induce half maximal luciferase activity (ECs value)

was calculated using GraphPad 3.0.

Western Blotting
Whole cell extracts from transfected MCF-7 cells were fractionated on a 10%
polyacrylamide/SDS gel and transferred to nitrocellulose (Amersham/Pharmacia,

Piscataway, NJ). Blots were incubated with anti-Gal4 DNA binding antibody (Santa
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Cruz, Santa Cruz, CA) for 2 h at room temperature in the presence of 2% fat-free milk
powder and then incubated for 2 h with the secondary conjugated goat anti-(mouse IgG)-
horseradish peroxidase (Santa Cruz). Proteins were visualized using ECL detection

system (Amersham/Pharmacia) and subsequent exposure to film.

Statistical Analysis

Comparisons of ECsg and ICs; values between wild type and mutant proteins
(both Gal4 ER chimeras and GST fusion proteins) were performed with a one-way
ANOVA using the GLM procedure of SAS version 7 (SAS Inc, Cary, NC). Multiple
comparisons between wild type (control) and mutant forms of the ER within species were
adjusted by Dunnett's method. Comparisons between species were adjusted by the Tukey

method. The level of significance was 5 %.
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Results

Comparison of the hormone binding properties of GST-hERodef and GST-rtERdef wild-
type and mutant receptors at different temperatures

Sequence alignment identified amino acid residues that line the ligand binding
pockets of hERa. and rtER and differ between the two receptors i.e. L349 and M528 in
hERa and the corresponding residues, M317 and 1496 in rtER (Figure 1). Reciprocal
mutants were prepared which effectively exchanged the ligand binding pockets of hERo
and rtER.

GST-ERdef fusion proteins used in this study exhibit similar purity as previously
described (7,8). Mutagenesis did not affect the level of protein expression (data not
shown). GST-ERdef fusion proteins were incubated with increasing concentrations of
[*H]E2 and the binding affinity was measured in vitro at 4, 20, 30, and 37°C using the
method of Scatchard (24) (Figure 2 and Table 1). The K4 value of GST-hERodef wild-
type (WT) for E2 was similar to published values (25-27) and was unaffected by
temperature. Similarly, the Ky values of the GST-hERodef mutants differed less than 2-
fold when compared to GST-hERoadef WT at the different temperatures examined.
However, the affinities of the GST-hERodef L349M:M5281 double mutant and the GST-
hERadef M528I single mutant were significantly lower than GST-hERadef WT at 4°C.

The K4 value of GST-rtERdef WT was 2-fold lower compared to GST-hERadef
WT at 4°C (Table 1), but comparable to published values (12,28). All three GST-rtERdef

mutants displayed significantly higher affinity for
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Figure 2. The affinity of wild-type and mutant receptors for 17§-
estradiol at different temperatures. Partially purified (A) GST-hERodef
wild-type or (B) GST-rtERdef wild-type were incubated with increasing
concentrations of [*H]17-estradiol at 4°C for 24 h (@), 20°C for 2 h (0),
30°C for 1 h (W) or 37°C for 30 min (O). Affinities of the receptors for
E2 were determined by the method of Scatchard {Scatchard, 1949
#209}.
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Table 1. Hormone binding of wild-type and mutant ERs at different temperatures. GST-
ERdef fusion proteins were incubated with increasing concentrations of [*H]17B-estradiol
at 4, 20, 30, or 37°C for 24 h, 2 h, 1 h, or 30 min, respectively. Affinities are expressed

as equilibrium dissociation constants (K), and represent the mean and standard deviation

of three determinations.

Average K4 £ S.D. (nM)

Protein Preparation 4°C 20°C 30°C 37°C
GST-hERodef
wild-type 0.50+0.15 0.50+0.10 0.74 £0.12 0.57 £0.02
L349M 0.52 £ 0.04 0.49 £ 0.07 0.60+0.10 0.64 £0.09
M528I 0.92+0.08" 0.49+0.13 0.66 + 0.04° 0.76 £ 0.07°
L349M:M 5281 0.91+0.26* 0.92+0.15 0.98 +0.05* 0.90.% 0.20°
GST-rtERdef
wild-type 1.0310.14 1.82+0.21 4.58 +0.64° 5.37+1.25°
M317L 0.56 £ 0.04° 1.39+0.63 2.27+0.20° 3.31£0.69°¢
1496M 0.82+0.11° 1.00 £ 0.05° 1.47 £0.13 1.60+0.11°
M317L:1496M 0.76 + 0.08° 0.87+0.18°  1.53+0.01° 1.82 +0.03°¢

*P < 0.05 vs GST-hERodef wild-type within each temperature
®P <0.05 vs corresponding GST-hERadef wild-type or mutant protein at 4°C
°P < 0.05 vs GST-rtERdef wild-type within each temperature
4P < 0.05 vs corresponding GST-rtERdef wild-type or mutant protein at 4°C

All data analyses were performed using SAS version 7 (SAS Inc, Cary, NC). K4
values were analyzed by a one-way analysis of variance (ANOVA), using the GLM
procedure of SAS, with either mutation or temperature as a fixed effect. Pair-wise
comparisons between groups and the control (wild-type protein or 4°C) were performed
using the Dunnett's test. The level of significance was P < 0.05.
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E2 than GST-rtERdef WT. The K4 values of GST-rtERdef WT and mutant receptors
significantly increased with temperature (Table 1). 'For GST-rtERdef WT, the K, value
was 5.3-fold higher at 37°C compared to 4°C. The K4 values increased 3.4-fold with the
1496M mutation, 1.6-fold with the M317L mutant and less than 1.8-fold for the GST-
rtERdef M317L:1496M double mutant at 37°C compared to WT at 4°C. The number of
binding sites in GST-hERadef WT remained constant among the different temperatures
(Figure 2). In contrast, GST-rtER WT exhibited dramatic reductions in the number of
binding sites at elevated temperatures (Figure 2). A reduction in the number of binding
sites at elevated temperature was also seen with the rtER mutants, while only slight

reductions were observed with the hERa mutants (data not shown).

Gal4-hERadef and Gal4-rtERdef wild-type and mutant receptor mediated reporter gene
activity at different temperatures

WT and mutant Gal4-ERdef mediated luciferase reporter gene induction was
examined at 20, 30, and 37°C for 24 h following treatment with E2. The morphology of
the cells was similar at the various temperatures examined. At 37°C cells transfected
with Gal4-rtERdef required a 280-fold greater concentration of E2 to achieve half-
maximal response compared to Gal4-hERadef at the same temperature (Figure 3). This
difference in transactivation was reduced to 33-fold and to less than 10-fold when
transfected MCF-7 cells were maintained at 30 and 20°C, respectively. This was caused
by a shift in the dose-response curve for the rtER, since the E2-induced half-maximal
response for hERa changed less than 2.5-fold among the three different temperatures

examined.
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Figure 3. Temperature effects on wild-type human and rainbow trout estrogen
receptor-mediated induction of reporter gene activity in the presence of 17p-
estradiol. MCF-7 cells were cotransfected with the reporter plasmid 17m5-G-
Luc and the Gal4-ERdef expression vector for hERo (®) or rtER (O) for 16 h at
37°C. Following the incubation, cells were rinsed with phosphate buffered
saline, fresh media was added and cells were incubated at 20, 30 or 37°C for 24
h in the presence of increasing concentrations of 17p-estradiol. The results
shown are from a representative experiment that was repeated two times.
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The maximal E2 induction ranged from 20- to 30-fold for Gal4-hERadef and 50-
to 100-fold for Gal4-rtERdef at both 30 and 37°C, but decreased to 4- to 7-fold at 20°C
for both receptors. Background luciferase activity for both receptors increased at 20°C,
and therefore the data are reported as percent luciferase activity relative to the maximal
activity achieved by E2 with each receptor, which was set to 100% for comparative
purposes.

No changes in induction of luciferase activity were evident with the Gal4-
hERadef WT and single mutations at 20, 30 or 37°C (Figure 4a). In contrast, the ECs
value of the Gal4-hERadef L349M:M5281 double mutant was significantly (p<0.0001)
increased 20-fold at 37°C (Figure 4a and Sa), but was only slightly increased at 20 and
30°C, indicating that induction of reporter gene activity by the double mutant was
dramatically affected by temperature. At 37°C, Gal4-rtERdef M317L:1496M-mediated
reporter gene expression increased S-fold compared to Gal4-rtERdef WT and was only
60-fold lower than that of Gal4-hERadef WT (Figure 4b and 5b). The difference in
transactivation of Gal4-rtERdef M317L:1496M compared to Gal4-hERodef WT was
reduced to 8- and 3-fold at 30 and 20°C, respectively. Interestingly, the transactivation
profiles of Gal4-rtERdef M317L:1496M at 20°C and Gal4-hERadef WT at 37°C were
superimposable (Figure 5b), and their respective ECsg values were not significantly
different (p>0.05). Both Gal4-rtERdef M317L and 1496M mutations contributed to the
decreased transcriptional activity, with the M317L mutation having a greater influence
than the I1496M mutation (Figure 4b). This is in contrast to the effect on GST-rtERdef
binding where the I[496M mutation had a greater affinity for E2 compared to the M317L

mutant at elevated temperatures (Table 1).
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Figure 4. Temperature effects on wild-type and mutant estrogen receptor-
mediated 17B-estradiol induced reporter gene activity on ECy, values.
MCEF-7 cells were cotransfected with (A) Gal4-hERadef wild type (@),
L349M (O), M528I (@), or L349M:M528I (O) or (B) Gal4-rtERdef wild
type (@), M317L (O), I496M (W), or M317:1496M (O). Following
transfection and dosing, cells were incubated for 24 h at 37°C, 30°C or 20°C.
Cells were harvested and luciferase and -galactosidase activity were
determined. Though a complete reverse of phenotypes was not seen, the
Gal4-hERadef L349M:M5281 double mutant adopted a temperature
sensitive phenotype, similar to Gal4-rtERdef WT. Also Gal4-rtERdef
M317L:1496M double mutant displayed significantly reduced temperature
sensitivity, which was primarily due to the M317L mutation. The results are
from a representative experiment that was repeated 3 times.
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Figure 5. Temperature effects on wild-type and mutant estrogen receptor-mediated
17B-estradiol induced reporter gene activity. MCF-7 cells were cotransfected with
Gal4-hERadef wild-type (@), or Gal4-hERoadef L349M:MS5281 (®) in panel A, and
Gal4-rtERdef wild-type (O) or Gal4-rtERdef M317L:1496M (0O) in panel B, as
described in Experimental Procedures. The Gal4-hERodef (®) mediated-reporter
gene activity at 37°C (dashed line) in panel B illustrates the improved
transactivation ability of wild-type and mutant rtER at the three different
temperatures. The results are from a representative experiment that was repeated
two times.
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The Gal4-rtERdef M317L:1496M double mutant also displayed an increased
transcriptional activity of approximately 4-fold compared to Gal4-rtERdef WT at each of
the temperatures examined (Figure 4b and 5b). In contrast, the Gal4-hERodef
L349M:M528I displayed a decreased transcriptional activity at the three different
temperatures (Figure 4a and Figure 5a), as would be expected from the reciprocal
mutagenesis. These data suggest that residues L349/M317 and M528/1496 play
important roles in the observed differences in transactivation between hERa and rtER, as

well as in influencing the decreased transcriptional activity of the rtER at different

temperatures.

Western blot analysis

Western blot analysis was performed to assess the expression level of the WT and
mutant Gal4-ERdef proteins. At the three temperatures examined, both Gal4-hERadef
and Gal4-rtERdef WT and mutant proteins were expressed at comparable levels in MCF-
7 cells (Figure 6). Therefore, the differences in transactivation observed between Gal4-
rtERdef WT and Gal4-hERadef WT were not due to differences in protein expression
levels. However, expression levels for both constructs were always lower at 20°C than at

30 or 37°C, which was consistent with the decreased induction of luciferase activity.

Interaction of estrogenic chemicals with wild-type and mutant receptors
Previous competitive binding studies have shown that a-zearalenol, coumestrol,
and 4-t-octylphenol exhibit different relative binding affinities for GST-hERodef WT

compared to GST-rtERdef WT (8). Therefore, the ability of these
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compounds to compete with [*H]E2 for binding to the mutant receptors was examined in
order to investigate the effect of the mutagenesis on the differential ligand binding
behaviors of hERa and rtER. Although reciprocal mutagenesis had little effect on the
relative binding affinity of o-zearalenol and 4-r-octylphenol (data not shown), GST-
hERadef and GST-rtERdef double mutants experienced a nearly complete exchange of
binding phenotypes for coumestrol (Table 2 and Figure 7). The ICs value for coumestrol
was significantly (p<0.0001) lower (10-fold) for GST-hERadef WT than for GST-
rtERdef WT, while the GST-hERodef WT was not significantly different (p=0.1554)
from GST-rtERdef M317L:1496M. Similarly, the ICsy value for coumestrol was
significantly (p<0.0003) increased (10-fold) for the GST-hERoadef L349M:M528I double
mutant compared to that of GST-hERodef WT, but was not significantly different
compared to that of GST-rtERdef WT.

The ability of coumestrol to induce reporter gene expression mediated by Gal4-
ERdef WT and mutant receptors was investigated in order to assess whether the effects
observed in competitive binding studies correlated with transactivation activities (Table 2
and Figure 8). Transcriptional activity was examined at the optimal temperatures for
Gal4-hERa (37°C) and Gal4-rtERdef (20°C). Similar to the competitive binding data,
coumestrol-induced transcriptional activity significantly decreased for the Gal4-hERodef
L349M:M5281 double mutant. An increase for the Gal4-rtERdef M317L:1496M double
mutant was also observed (Table 2), but was not statistically significant (p=0.079). When
the transactivation activity of coumestrol mediated by Gal4-rtERdef WT and mutant

receptors was examined at 37°C, the same trends seen at 20°C were observed, except that
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there was approximately a 10-fold reduction in ECs values for both WT and mutant

proteins.
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Table 2. Competitive binding and transactivation abilities of wild-type and mutant

receptors in response to estrogenic chemicals. The ICsy and ECsg values represent the

mean and standard deviation of 3 and 2 independent experiments, respectively.

E2 Coumestrol

Protein Preparation ICso (M) ECso (M) ICso (M) ECso (M)
GST-hERx

wild-type 22+04x10° 98+92x10" 12+01x107 6.1+3.8x10’

L349M 24+02x10°  41+25x10"™ 79+15x10™ 69+3.8x107

M528I 23+0.1x10°  34%03x10 30%07x107 7.1%+34x107

L349M:M5281 34+1.0x10"  19+05x10® 12+03x10% 29+05x10%
GST-rtER

wild-type 27+02x10° 1.0+04x10° 1.1:£01x10° 5.1+2.1x10’

M317L 25+0.1x10° 28+04x10'™ 87+1.1x10™ 88+1.6x10°®

1496M 28+05x10° 56+02x10™ 40+1.5x10™ 14%03x10’

M317L:1496M 32+06x10° 36+08x10'™ 46+15x10™ 72%22x10*

P < 0.05 vs GST-hERodef wild-type ®P < 0.05 vs Gal4-hERaudef wild-type
‘P <0.05 vs GST-rtERdef wild-type 4P < 0.05 vs cGal4-rtERdef wild-type

All data analyses were performed using SAS version 7 (SAS Inc, Cary, NC). ICso
or ECso values were analyzed by a one-way analysis of variance (ANOVA), using the
GLM procedure of SAS, with either mutation or temperature as a fixed effect. Pair-wise
comparisons between groups and the control (wild-type protein) were performed using
the Dunnett's test. The level of significance was P < 0.05.
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Figure 7. Effect of reciprocal mutagenesis on the competitive binding ability of
coumestrol. Representative competitive binding curves of coumestrol with (A)
GST-hERadef wild type (@), L349M (O), M5281 (®), and L349M:M528I (O), or
(B) GST-rtERdef wild type (@), M317L (O), I496M (®), and M317:1496M (D).
The results are from a representative experiment that was repeated at least two
times.
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Figure 8. Transactivation abilities of wild-type and mutant receptors in response to
coumestrol. MCEF-7 cells were cotransfected with (A) Gal4-hERodef wild-type (@)
Gal4-hERadef L349M:M5281 (M), or (B) Gal4-rtERdef wild-type (O) Gal4-
rtERdef M3171:1496M (0O), as described in the Materials and Methods. Following
transfection and dosing, cells were transfected with Gal4-hERadef were incubated
for 24 h at 37°C, while cells transfected with rtERdef were incubated for 24 h at
20°C. The results are from a representative experiment that was repeated two times.
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Discussion

In order to focus on differences in ligand binding and transactivation ability
between hERa and rtER that may reside within their respective ligand binding domains,
GST-ER and Gal4-ER fusion proteins consisting of the D, E, and F domains of each
receptor were constructed. This ensured that effects imposed by other domains, such as
the DNA binding domain would not influence the results (16). The GST-ERdef and
Gal4-ERdef fusion proteins used in this study exhibited similar E2 affinity and
transactivation ability when compared to full-length ERs (25-27).

Saturation analysis confirmed that GST-rtERdef exhibited reduced binding
affinity for E2 at elevated temperatures. Gal4-rtERdef transactivation ability was also
significantly compromised, as greater E2 concentrations were required to induce a half-
maximal response in transfected cells maintained at 37°C compared to 20°C. The results
demonstrate that the rtERdef exhibits reduced E2 binding affinity and transactivation
ability at elevated temperatures, both of which reflect the loss of protein secondary
structure. In contrast, the binding affinity and the transactivation ability of hERadef
were not affected by temperature, indicating that the hERodef exhibits greater stability
across a wider range of temperatures. .

The enhanced activity of rtER at lower temperatures has been previously
observed in transfected fish and human cell lines (9) and, to a lesser extent, in yeast
grown at 30°C (10). These results are not surprising since the optimal temperature for
maintaining rainbow trout is 16 +1 °C. Similarly, the transactivation ability of another
piscine ER, the Oreochromis aureus (OaER), also exhibits reduced activity at

temperatures above its normal physiological range (29). Moreover, other fish proteins
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have also been shown to function more efficiently at lower temperatures compared to
their mammalian counterparts (13-15). For example, incubation temperature was shown
to influence cytochrome P450 activity in rainbow trout hepatocytes, with lower
temperatures producing greater activity (13). Rapid inactivation of dogfish shark P450
enzyme activity in liver microsomes was observed at 38°C, while in rabbit microsomes
rapid inactivation occurs at 48°C and the reaction is still linear at 43°C (15). Rainbow
trout ATPase activity has also been shown to be more heat-sensitive than that of rabbit
ATPase (14). Although a substantial amount of experimental evidence has been
accumulated on protein thermal stability (sequence, structure, mutagenesis, and
thermodynamics), no single mechanism or motif has been identified that is responsible
for protein thermal stabilization (30). Thermal stabilization is a combination of intrinsic
(hydrogen bonds, salt bridges, and hydrophobic effects) and extrinsic characteristics (31).
The hERa and rtER E domains share 60% sequence identity with only two
residue differences, L349 and M528 in hERa and M317 and 1496 in rtER, in their
respective ligand binding pockets (8). Results obtained with the rtERdef reciprocal
mutants demonstrate that M317 and 1496 affect ligand binding and transactivation ability
at different temperatures. In general, the introduction of human residues, M317L and
1496M, resulted in the rtERdef mutant displaying the phenotype of hERadef. The rtER
M317L:1496M double mutant exhibited increased E2 affinity and transactivation
compared to rtERdef WT at all temperatures examined. In addition, increasing the
incubation temperature had a less pronounced effect on reducing the E2 affinity of the
rtERdef M317L.:1496M double mutant. This increase in thermal stability may be a result

of ligand-stabilized protein secondary structure since the tERdef M317L:1496M double
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mutant displayed a significantly higher affinity for E2 compared to WT. The hERadef
L.349M:M528I double mutant showed modest rtER phenotypic behavior and also
exhibited significantly decreased E2 binding affinity and E2-induced transactivation
ability at 37°C. Decreasing temperatures increased the transactivation ability of the
hERoadef L.349M:M528I double mutant, as was seen with tERdef WT.

Interestingly, exchanging a 35 amino acid stretch, (B3 region) between the OaER
and the chicken ER (cER) partially rescued the thermal deficient transactivation of the
OaER (29), confirming that reciprocal mutagenesis of residues L349, M528 in hERa and
M317, 1496 in rtER is important but not sufficient for phenotypic reciprocity. The B3
region, which encompasses amino acid residues Glu444 to Val478 and corresponds to
helix 9 and half of helix 10 of hERq, is highly conserved among the different ERas, with
only two amino acid residue differences between hERa and cER. However, only 46% of
the residues are conserved in the OaER B3 region. Similarly, the rtER B3 region also
shares low identity (49%) relative to hERa and cER, compared to 69% identity with the
OaER f3 region (29). Although hERa and hERP isoforms only share 31% identity
within the B3 region, there have been no reports of hERP displaying any temperature
deficient phenotypes. This suggests that variability within the B3 region may not be
sufficient for temperature sensitivfty, though in certain contexts it can contribute to
thermal stabilization (29). The OaER also contains Met304, analogous to Met317 in
rtER, suggesting that it may also contribute to thermal instability. It is interesting to
speculate that the combination of reciprocal mutagenesis with B3 region exchange as
described by Tan and coworkers (29), could lead to complete reciprocity of the

temperature deficient transactivation phenotype.
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Two amino acid substitutions also exist within the hERa and hERP binding
pockets, Leu384 and Met421 in ERa are replaced by Met336 and Ile373 in ERP (17).
Both receptors also share a similar degree (i.e. 58%) of sequence identity in their E
domains (32) compared to hERa and rtER. The residues used in the reciprocal mutants
for the present study and the residue substitutions in the ERa and ER binding pockets
are considered to be conservative, but will affect the volume and hydrophobic character
of the binding pocket (17,33). Moreover, the greater relative binding affinity of genistein
for ERP compared to ERa has been attributed to these two residue differences (17,34).

Although phenotype exchange was most evident in the double mutants,
examination of single mutant data suggests that rtER 1496M and hERot M5281 made
greater contributions to the adopted binding phenotype while tER M317L and hERa
L349M appeared to contribute more to the adopted transactivation abilities. This is
consistent with the location of residue M528 in hERa, which occurs in a region (amino
acids 515-535) that is important in the recognition of structurally diverse estrogens and
antiestrogens (35). Existing crystal structures for the hERa E domain bound with E2
reveal that M528 interacts with the D-ring while L349 makes contact near the A-ring of
the steroid (36,37). Other non-conservative mutations (i.e. C447A, K449E, M528A) in
this region also resulted in ER phenotypes that exhibited compromised transactivation
ability (38) and instability at elevated temperatures (27,39,40). Since the effect of the
reciprocal mutagenesis was significantly more pronounced in rtER compared to hERa,
factors outside of the binding pocket also influence E2 binding affinity and

transactivation ability at different temperatures.
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Mutations in hERadef that affected the relative binding affinity of coumestrol,
also resulted in a corresponding change in its transactivation ability (Table 2). However,
for selected ligands, the large volume of the ER binding pocket appears to allow the
mutations to exert differential effects that alter transactivation ability without
corresponding changes to binding affinity. For example, a mutation of M532 in mouse
ERa, analogous to M528 in hERa, diminished the transactivation response of r
diethylstilbestrol 7.5-fold but enhanced indenestrol A response 40-fold, with negligible '
changes in binding affinity (41).

Single amino acid differences within nuclear receptors from different species have

been previously identified (42). Reciprocal mutagenesis in the human and chicken
progesterone receptor has been shown to affect sensitivity to the abortifacient, RU486
(43). The human and chicken peroxisome proliferator-activated receptors also undergo a
reversal of phenotypes following reciprocal mutagenesis of a single amino acid residue
(44). Although reciprocal mutagenesis of the tER and hERa in this study did not result
in a complete reciprocity of phenotypes, significant alterations in behavior were
observed. In the absence of structural data, the key ligand-protein interactions and the
consequences of these mutations on protein structure, as well as subsequent ligand
binding and transactivation ability at different temperatures, will be difficult to ascertain.
Nevertheless, results from this study demonstrate that L349 and M528, and M317 and
1496 play important roles in the differences observed between hERo and rtER,
respectively, at different temperatures. Other binding pocket residue differences among
species may reveal additional ligand-protein interactions that may provide further insights

into species-specific ligand-induced receptor phenotypes.
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This report identifies two amino acid residues that contribute not only to
differences in binding and transactivation between hER« and rtER but also play
significant roles in the reduced activity of the rtER at elevated temperatures. The

biological relevance of the rtER exhibiting reduced function at elevated temperature is

unclear, but may involve increased flexibility in the binding pocket of the rtER compared
to hERa, that causes the rtER to become unstable at elevated temperatures. The present *

report also highlights the impact of temperature when comparing functional
characteristics of proteins from poikilothermic species, such as rainbow trout, and

humans.

141



10.

11.

12.

13.

14.

15.

16.

References

Evans, R. (1988) Science 240, 889-895.

Carson-Jurica, M. A., Schrader, W.T., O'Malley, B.W. (1990) Endocr Rev 11(2),
201-220.

Beato, M. (1991) FASEB J 5(7), 2044-2051.

Tenbaum, S., and Baniahmad, A. (1997) Int J Biochem Cell Biol 29(12), 1325-
1341.

Mosselman, S., Polman, J., and Dijkema, R. (1996) FEBS Lett 392(1), 49-53.

Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S., Gustafsson, J.A. (1996)
Proc Natl Acad Sci U S A 93(12), 5925-5930.

Matthews, J. B., and Zacharewski, T. R. (2000) Toxicol Sci 53(2), 326-339.

Matthews, J. B., Celius, T., Halgren, R., and Zacharewski, T. R. (2000) J Steroid
Biochem Mol Bio 74(4), 223-234.

Le Drean, Y., Kern, L., Pakdel, F., and Valotaire, Y. (1995) Mol. Cell.
Endocrinol. 109, 27-35.

Petit, F., Valotaire, Y., and Pakdel, F. (1995) Eur J Biochem 233(2), 584-592.

Pakdel, F., Le Guellec, C., Vaillant, C., Le Roux, M., and Valotaire, Y. (1989)
Mol Endocrinol 3(1), 44-51.

Pakdel, F., Le Gac, F., Le Goff, P., and Valotaire, Y. (1990) Mol Cell Endocrinol
71(3), 195-204.

Klaunig, J. E., Ruch, R. J., and Goldblatt, P. J. (1985) In Vitro Cell Dev Biol
21(4), 221-228.

de Toledo, F. G., Albuquerque, M. C., Goulart, B. H., and Chini, E. N. (1995)
Comp Biochem Physiol C Pharmacol Toxicol Endocrinol 111(1), 93-98.

Pohl, R. J., Bend, J. R., Guarino, A. M., and Fouts, J. R. (1974) Drug Metab
Dispos 2(6), 545-555.

Petit, F. G., Valotaire, Y., and Pakdel, F. (2000) Nucleic Acids Res 28(14), 2634-
42.

142




17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pike, A. C., Brzozowski, A. M., Hubbard, R. E., Bonn, T., Thorsell, A. G.,
Engstrom, O., Ljunggren, J., Gustafsson, J., and Carlquist, M. (1999) Embo J
18(17), 4608-4618.

Gillesby, B., and Zacharewski, T. R. (1999) Breast Cancer Res Treat 56, 253-
265.

Bradford, M. M. (1976) Anal Biochem 72(2), 248-254.

Balaguer, P., Joyeux, A., Denison, M.S., Vincent,R., Gillesby, B.E., Zacharewski,
T. (1996) Can J Physiol Pharmacol 74(2), 216-222.

Zacharewski, T. R., Meek, M.D., Clemons, J.H., Wu, Z.F., Fielden, M.F.,
Matthews, J.B. (1998) Toxicol Sci 46, 282-293.

Sambrook, J., Fristch, E.F., Maniatis, T. (1989) Molecular Cloning. A Laboratory
Manual., Cold Spring Harbor Laboratory Press, New York.

Brasier, A. R., Tate, J.E., Habener, J.F. (1989) Biotechniques 7(10), 1116-1122
Scatchard, G. (1949) Ann NY Acad Sci 51, 660-672.

Wooge, C., H,. Nilsson, G,M,. Heierson, A., McDonnell, D.P., Katzenellenbogen,
B.S. (1992) Mol Endocrinol 6(6), 861-869.

Jaglaguier, S., Mesnier, D., Lager, J. L., and Auzou, G. (1996) J Steroid Biochem
Mol Biol 57(1-2), 43-50.

Reese, J. C., and Katzenellenbogen, B. S. (1992) J Biol Chem 267(14), 9868-
9873.

Donohoe, R. M., and Curtis, L. R. (1996) Aquatic Toxicol 36, 31-52.

Tan, N. S., Frecer, V., Lam, T. J., and Ding, J. L. (1999) Biochim Biophys Acta
1452(2), 103-120.

Kumar, S., Tsai, C. J., and Nussinov, R. (2000) Protein Eng 13(3), 179-191.

Vieille, C., Burdette, D. S., and Zeikus, J. G. (1996) Biotechnol Annu Rev 2(3), 1-
83.

Pace, P., Taylor, J., Suntharalingam, S., Coombes, R. C., and Ali, S. (1997) J Biol
Chem 272(41), 25832-25838.

Stickle, D. F., Presta, L. G., Dill, K. A., and Rose, G. D. (1992) J Mol Biol
226(4), 1143-1159.

143




34.

3s.

36.

37.

38.

39.

40.

4]1.

42.

43.

Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., van der
Saag, P. T., van der Burg, B., and Gustafsson, J. A. (1998) Endocrinology
139(10), 4252-4263.

Ekena, K., Weis, K. E., Katzenellenbogen, J. A., and Katzenellenbogen, B. S.
(1997) J Biol Chem 272(8), 5069-5075.

Brzozowski, A. M., Pike, A. C., Dauter, Z., Hubbard, R. E., Bonn, T., Engstrom,
O., Ohman, L., Greene, G. L., Gustafsson, J. A., and Carlquist, M. (1997) Nature
389(6652), 753-758.

Tanenbaum, D. M., Wang, Y., Williams, S. P., and Sigler, P. B. (1998) Proc Natl
Acad Sci U § A 95(11), 5998-6003.

Ekena, K., Weis, K. E., Katzenellenbogen, J., A.,, and Katzenellenbogen, B. S.
(1996) J Biol Chem 27(33), 20053-20059.

Reese, J. C., and Katzenellenbogen, B. S. (1991) J Biol Chem 266(17), 10880-
10887.

Pakdel, F., Reese, J.C., Katzenellenbogen, B.S. (1993) Mol Endocrinol 7(11),
1408-1417.

Kohno, H., Bocchinfuso, W. P., Gandini, O., Curtis, S. W., and Korach, K. S.
(1996) J Mol Endocrinol 16(3), 277-285.

Govindan, M. V. (1990) Mol Endocrinol 4(3), 417-427.

Benhamou, B., Garcia, T., Lerouge, T., Vergezac, A., Gofflo, D., Bigogne, C.,
Chambon, P., and Gronemeyer, H. (1992) Science 255(5041), 206-209.

Takada, I., Yu, R. T., Xu, H. E., Lambert, M. H., Montana, V. G., Kliewer, S. A,
Evans, R. M., and Umesono, K. (2000) Mol Endocrinol 14(5), 733-740

144



CHAPTER 7

In vitro and in vivo interactions of bisphenol A and its metabolite, bisphenol A
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These data were published in the following article:

Matthews, J.B., Twomey, K, and Zacharewski, T.R. (2001) In vitro and in vivo
interactions of bisphenol A and its metabolite, bisphenol A glucuronide, with estrogen
receptors o and B. Chem Res Toxicol 14, 149-157.
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The estrogenic activities of bisphenol A (BPA) and its major metabolite BPA glucuronide (BPA-
G) were assessed in a number of in vitro and in vivo assays. BPA competed with [*H]-178-estradiol
(E2) for binding to mouse uterine cytosol ER, a glutathione S-transferase (GST)—human ER D,
E, and F domain fusion protein (GST—hERadef) and full-length recombinant hERS. The ICso
values for E2 were similar for all three receptor preparations, whereas BPA competed more
effectively for binding to hERS (0.96 4M) than to either mouse uterine cytosol ER (26 uM) or
GST-hERadef (36 uM). In contrast, BPA-G did not competitively displace [3H]E2 from any of
the ER preparations. In MCF-7 cells transiently transfected with Gal4-hERadef or Gal4-hERSdef,
BPA induced reporter gene activity with comparable ECs values (71 and 39 uM, respectively).
No significant induction of reporter gene activity was seen for BPA-G. Cotreatment studies showed
that concentrations of (10 #uM) BPA and BPA-G did not antagonize E2-induced luciferase mediated
through either Gal4-hERadef or Gal4-hERSdef. In vivo, the uterotropic effect of gavage or
subcutaneous (sc) administration of 0.002—800 mg of BPA/kg of body weight/day for three
consecutive days was examined in immature rats. Dose-related estrogenic effects on the rat uterus
were observed at oral doses of 200 and 800 mg/kg and at sc doses of 10, 100, and 800 mg/kg.
These results demonstrate that BPA competes more effectively for binding to ERS, but induces
ERa- and ERS-mediated gene expression with comparable efficacy. In contrast, BPA-G did not
exhibit any in vitro estrogenic activity. In addition, there was a clear route dependency on the
ability of BPA to induce estrogenic responses in vivo.

Introduction

Accumulating evidence suggests that exposure to natu-
ral and synthetic chemicals that mimic the activity of
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Road, Michigan State University, East Lansing, MI 48842-1319.
Telephone: (517) 355-1607. Fax: (517) 353-9334. E-mail: tzachare@
pilot.msu.edu.

' Michigan State University.

+ Zeneca Central Toxicology Laboratory.

178-estradiol (E2) may adversely affect wildlife and
human health. Although controversial (1), there have
been reports of decreases in sperm production and semi-
nal volume in humans during the past half-century
(2—-4). In wildlife, field studies indicate there are in-
creases in reproductive abnormalities in mammals (5),
reptiles (6), birds (7), and several fish species (8) following
exposure to estrogenic environmental contaminants.
Many of these effects are thought to occur through an
estrogen receptor (ER)-mediated mechanism of action.

10.1021/tx0001833 CCC: $20.00 © 2001 American Chemical Society
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The ER is a member of the nuclear receptor superfam-
ily, a family of nuclear proteins that function as tran-
scription factors to modulate gene expression in a ligand-
dependent manner (9). The two subtypes, ERa and ERS,
are products of distinct genes and differ in their tissue
distribution, and in their ligand preferences (10, 11). For
example, in rat, ERa is expressed at higher levels in the
uterus, kidney, and epididymis, while ERS levels are
higher in the prostate, ovaries, and lung (12). As with
other members of the nuclear receptor superfamily, the
ER has a modular structure consisting of six domains
(A—F) (9, 13). The highly conserved DNA-binding domain
(C domain) separates a highly variable NH;-terminal
region (A and B domains), which contains a ligand-inde-
pendent activation region (AF-1), and a COOH-terminal
region, which includes a hinge region (D domain), the
ligand binding domain (E domain), and a variable F
domain. The ER E domain also harbors a nuclear locali-
zation signal, a dimerization region, and a ligand-de-
pendent activation region (AF-2) as well as residues
which interact with heat shock protein 90 (hsp90) (14—
16). When estrogen binds, the ER undergoes a confor-
mational change, which allows it to bind to its cognate
DNA target site, termed estrogen responsive elements
(EREs), located in the regulatory region of estrogen-in-
ducible genes, thereby modulating the expression of es-
trogen responsive genes.

Bisphenol A [4,4’-isopropylidene-2-diphenol (BPA)], a
monomer used in the production of polycarbonate and
epoxy resins, has been shown to elicit ER-mediated
activity in a number of in vitro and in vivo assays. BPA
has been shown to compete with [*H]E2 for binding to
ERa and ERS (11), and induce a number of in vitro
effects, including ERa- and ERS-mediated reporter gene
activity (11), MCF-7 human breast cancer cell prolifera-
tion, progesterone receptor expression (17), vitellogenin
expression in carp hepatocytes (18), and prolactin release
in a pituitary tumor cell line (19).

High doses of BPA have been reported to elicit repro-
ductive toxicity and abnormal cellular development in
rodents (20). However, unlike E2, BPA had no effect on
uterine weight in exposed rats at doses as high as 150
mg/kg of body weight, but induced peroxidase activity and
elevated progesterone receptor (PR) levels similar to that
of E2 (21). Furthermore, in cotreatment studies, BPA
antagonized the E2 stimulatory effects on both peroxi-
dase activity and PR levels but did not inhibit E2-induced
increases in uterine weight, suggesting that BPA may
use a mechanism of action distinct from that of E2 (21).

BPA is readily metabolized in vivo through glucu-
ronidation to BPA glucuronide (BPA-G), and subse-
quently excreted in the feces and urine (22, 23). Phar-
macokinetic studies have shown that there is a clear
route dependency in the bioavailability of parent BPA,
with considerably higher systemic blood concentrations
of BPA after sc and intraperitoneal administration than
after oral administration (23).

There has been increasing concern regarding the
estrogenic activities of BPA as a result of reports that
trace levels can leach from the lining of food cans,
polycarbonate plastic ware, and dental resins (24, 25).
Consequently, the estrogenic activities of BPA and
BPA-G were investigated for their ability to compete with
[3H]E2 for binding to the recombinantly expressed glu-
tathione S-tranferase (GST)—estrogen receptor a (ERa)
fusion protein, consisting of the D—F domains of hERa
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linked to GST, and to full-length ERS proteins, to induce
and antagonize ERa- and ERS-mediated reporter gene
expression in MCF-7 cells transfected with Gal4-hERadef
or Gal-hERBdef and the Gal4-regulated luciferase re-
porter gene (17m5-G-Luc) in vitro. To account for phar-
macodynamic and pharmacokinetic interactions that may
affect in vivo estrogenic activity, the ability of BPA to
induce a variety of uterine responses was investigated
in immature Sprague-Dawley rats using two different
routes of exposure.

Experimental Procedures

Chemicals. Bisphenol A (99.9% pure, Bayer AG) and bisphe-
nol A glucuronide were provided by the BPA Global Industry
Group. Dimethyl sulfoxide (DMSO) and 178-estradiol (E2) used
in the in vitro studies were obtained from Sigma (St. Louis, MO),
and E2 used in the in vivo studies was from Sigma (Poole,
Dorset, UK)). (2,4,6,7,16,17-°H]E2 (123 Ci/mmol) was purchased
from New England Nuclear (Boston, MA). MicroScint 20 was
obtained from Packard Instruments (Meriden, CT). Vent DNA
polymerase was purchased from New England Biolabs (Beverly,
MA), and restriction enzymes were obtained from Roche/
Boehringer Mannheim (Indianapolis, IN). Phenol red-free Dul-
becco’s modified Eagle’s medium (D-MEM) and medium supple-
ments were from Life Technologies (Gaithesburg, MD). Fetal
bovine serum (FBS) and D-luciferin were purchased from
Intergen (Purchase, NY) and Molecular Probes (Eugene, OR),
respectively. All other chemicals and biochemicals were of the
highest quality available from commercial sources.

Animals. Immature female Alpk:APfSD rats (21-22 days
old) with body weights of 38—53 g were obtained from the
breeding unit at AstraZeneca (Alderley Park, U.K.). Animals
were housed in multiple rat racks suitable for animals of this
strain and the weight range expected during the course of the
study. Humidity was controlled, and a 12 h light/dark cycle was
maintained. Animals were weaned on Rat and Mouse No. 3
(RM3) breeding diet (Special Diets Services Ltd., Witham, Essex,
U.K.) until they were transferred to AstraZeneca Central
Toxicology Laboratory (CTL) and were then maintained on Rat
and Mouse No. 1 (RM1) maintenance diet, as previously
recommended (26). All animals were acclimatized to the labora-
tory for at least 18 h before being treated.

Construction of Plasmids. The plasmid pGEX-hERadef
was constructed as previously described (27). The plasmid
pGald4-hERfdef (amino acids 204—530) was constructed by PCR
amplification of the hERS (kindly provided by L. Murphy,
University of Manitoba, Winnipeg, MB), using the primers pr-
hf (5'-caaactcgagcctgecgacttcggaagtgttacga-3') and pr-hr (5'-
caaaggatcctcactgagactgtgggttctgg-3). The fragment was di-
gested with Xhol and BamHI and ligated into the similarly
digested eukaryotic expression vector containing the DNA
binding domain of the yeast transcription factor Gal4, pG4MpolyIl
(kindy provided by P. Chambon, IGBMC CNRS-LGME, Illkirch
Cedex C. U. de Strasbourg, France). PCR amplification was
performed essentially as previously described (28) using Vent
DNA polymerase in a reaction mixture containing Thermopol
buffer, 200 uM dNTPs, 1 mM MgSO,, 500 nM primer, and 1.25
units of polymerase, which was heated to 94 °C for 5 min
followed by 35 rounds at 94 °C for 45 s, 60 °C for 45 s, and 72
°C for 105 s. The sequence of each construct was confirmed with
restriction enzyme digestion and ABI/Prism automated sequenc-
ing (Perkin-Elmer Applied Biosystems, Foster City, CA).

Expression and Purification of the GST-ER Fusion
Protein. Expression, purification, and characterization of the
GST-hERadef fusion protein were carried out as previously
described (27).

Receptor Binding Assays. The partially purified GST-
hERadef fusion protein or recombinant hERS (PanVera, Madi-
son, WI) was diluted in TEGD buffer (10 mM Tris (pH 7.6), 1.5
mM EDTA, 1 mM DTT, and 10% (vA) glycerol] containing 1
mg/mL bovine serum albumin (BSA) as a carrier protein. For
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mouse uterine cytosol preparation, immature female CD-1 mice
were obtained from Charles River Laboratories (Wilmington,
MA) and maintained in a controlled environment (40—60%
humidity; 20—22 °C ambient temperature) on a 12 h light/dark
cycle. Harlen Teklad 22/5 Rodent Diet 8640 (Madison, WI) and
tap water were provided ad libitum. Uterine tissue from 21-
day-old CD-1 mice was excised, trimmed of excess fat and
connective tissue, weighed, and homogenized in 1.0 mL of TEGD
{10 mM Tris base, 1.5 mM EDTA, 10% glycerol, and 1.0 mM
DTT (pH 7.6)] per 50 mg of uterine tissue with 3 x 20 8 bursts
using a Brinkman Polytron homogenizer at 50% output. Samples
were centrifuged at 3000g for 10 min at 4 *C. The supernatant
(cytosol) was centrifuged at 105000¢ for 1 h at 4 °C. The protein
concentration of the cytosol was adjusted to 2.0 mg/mL and the
protein stored at —80 °C.

Protein preparations and the mouse uterine cytosol were
incubated at 4 °C for 24 h and at 30 °C for 2 h, respectively,
with 2.5 nM [PH]E2 and increasing concentrations of unlabeled
competitor in 1 mL glass tubes arranged in a 96-well format
(Marsh Scientific, Rochester, NY). Protein preparations were
diluted to ensure 10 000 dpm of total binding (dilutions were
500-fold hERgS and 1500-fold GST-hERadef). Binding assays
were initiated by adding 240 uL of the protein preparation to
glass tubes containing 5 uL of DMSO and 5 uL of [*H)E2; thus,
the solvent concentration did not exceed 4%. The amount of
nonspecific binding was determined in the presence of a 400-
fold excess of unlabeled E2. Bound [*H]E2 was separated from
free [*HJE2 using a 96-well filter plate and vacuum pump
harvester (Packard Instruments). Filter plates containing the
protein were washed with 3 x 50 mL of TEG (10 mM Tris buffer
(pH 7.6), 1.5 mM EDTA, and 10% (v/v) glycerol] and allowed to
dry under continued suction for 30 8. After drying, the under-
sides of the filter plates were sealed and 50 uL of MicroScint
20 scintillation cocktail was added to each well. The amount of
bound [PH]E2 was measured using a TopCount luminescense
and scintillation counter (Packard Instruments).

Each treatment was performed in quadruplicate, and results
are expressed as the percent specific binding of *H)E2 versus
the log of the competitor concentration. The reported ICso values
represent the concentration of test compound required to
displace 50% of the [*H]E2 from the ER preparation as compared
to the 50% displacement of [*'H]E2 achieved by unlabeled E2.
These analyses were performed using GraphPad Prism 3.0
software (GraphPad Software Inc., San Diego, CA).

Cell Culture. MCF-7 human breast cancer estrogen receptor
positive cells (obtained from L. Murphy, University of Manitoba,
at passage 32—-35) were maintained with phenol red-free
D-MEM supplemented with 10% FBS, 10 mM HEPES, 2 mM
L-glutamine, 500 ug/mL gentamicin, 2.5 ug/mL amphotericin B,
100 IU/mL penicillin G, and 100 ug/mL streptomycin. Cells were
cultured in a humidified environment at 37 °C with 5% COa.

Transfection and Reporter Gene Assays. Transient trans-
fections and gene transcription assays were performed es-
sentially as previously described (29, 30). Briefly, MCF-7 cells
were seeded at approximately 50% confluency in six-well tissue
culture plates in medium supplemented with 5% dextran-coated
charcoal-treated fetal bovine serum (DCC-FBS) and allowed to
settle for 7 h. Cells were transiently transfected by the calcium
phosphate coprecipitation method (31) with 2.5 ug of 17m5-G-
Luc, 0.2 ug of Gal4-hERadef, or 0.2 ug Gal4-hERfdef, along with
0.01 ug of pCMV-lacZ (p-galactosidase expression vector). Cells
were washed 16 h later with sterile phosphate-buffered saline
(PBS), and then fresh medium was added to each well.

Transiently transfected MCF-7 cells were exposed to final
concentrations ranging (i) from 1 nM to 10 uM for BPA or BPA-G
and (ii) from 1 pM to 10 nM for E2 or (iii) DMSO (solvent) alone.
Final concentrations were obtained by adding 2 uL of the test
chemical to 2 mL of the medium. Following incubation with the
sample for 24 h, cells were harvested and assayed for luciferase
activity according to the method described previously (32).

In the transiently transfected MCF-7 cells, the reference
plasmid pCMV-lacZ was cotransfected as an internal control to
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correct for differences in transfection efficiencies and extraction
differences. -Galactosidase activity was measured according to
standard protocols (31). Each treatment was carried out in
duplicate, and two samples were taken from each replicate. Each
experiment was repeated three times. Values are reported as a
percentage relative to the maximum induction observed with
10 nM E2.

Uterotrophic Assay. The protocol for the uterotrophic assay
has been previously described (26, 33). Animals were treated
by either gavage or sc injection with BPA suspended in arachis
(peanut) oil. Clinical observations and body weights were
recorded daily. The dosing volume used in both studies was 5
ml/kg of body weight, calculated on the weight of the animal
immediately prior to administration. Animals were treated with
BPA for three consecutive days and were killed by an overdose
of halothane Ph Eur vapor approximately 24 h after the final
dose. The dose levels for the oral gavage study were 0.002, 0.02,
0.2, 1.0, 10, 100, 200, and 800 mg of BPA/kg/day with 10 animals
per treatment group. The dose levels for the sc injection study
were 0.002, 0.02, 0.2, 1.0, 10, 100, and 800 mg of BPA/kg/day
with 10 animals per treatment group. The high dose levels for
both studies were based on preliminary work which established
that oral and subcutaneous doses of up to 800 mg of BPA/kg/
day did not induce more than mild toxicity in the experimental
animals. The remaining dose levels were chosen by the BPA
Global Industry Group to cover a wide range of exposure to the
experimental animal. E2 was used as the positive control for
both studies, using a dose level of 0.4 mg/kg of body weight/
day, as recommended previously (26).

At necropsy, the uteri were excised, trimmed free of fat and
any adhering nonuterine tissue, pierced, and blotted to remove
excess fluid. The body of the uterus was cut just above its
junction with the cervix and at the junction of the uterine horn
and the ovaries. The uterus was then weighed (wet weight),
prior to bisection of the uterus at the junction of the uterine
horns. One uterine horn was reweighed (wet) and then dried in
a preweighed glass vial for a minimum of 24 h in an oven at a
temperature of 70 °C. After being dried, the sample was removed
and left to cool in a desiccator for a minimum of 1 h and the
uterine dry weight recorded. The other section of the uterus
was preserved in 10% neutral buffered formol saline and
processed for histopathological examination. Liver weight and
plasma alanine aminotransferase and aspartate aminotrans-
ferase levels were recorded, but the data are not presented in
this paper.

Statistical analysis was conducted using the SAS (1989)
package as follows: body weights, by analysis of covariance on
initial body weight; and uterus weight, by analysis of variance
and analysis of covariance on terminal body weights.

Results

Competitive Binding Ability of BPA and BPA-G.
The ability of BPA and BPA-G to compete with [*H]E2
for binding to mouse uterine ER, GST—-hERadef, and
commercially available baculovirus-expressed full-length
hERS (Figure 1) preparations was investigated in vitro
using a semi-high-throughput competitive binding assay.
BPA competed for binding to each of the ER preparations;
however, the ICso values varied among preparations
(Table 1). BPA bound to hERS approximately 27- and 38-
fold better than GST-hERadef and mouse uterine cyto-
sol, respectively (Table 1). BPA-G did not competitively
displace [*H]E2 from any of the ER preparations (Figure
1) at the concentrations that were examined (1 nM to
100 uM). Concentrations of >100 uM were not examined
due to possible artifactual results from competitor ligand
precipitation.

Ability of BPA and BPA-G To Induce ERa- and
ERp-Mediated Gene Expression. BPA and BPA-G
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Table 1. Summary of the ICss Values of the Competitive Binding of 17f-Estradiol, Bisphenol A, and Bisphenol A
Glucuronide to GST-hERadef, Recombinant hERS, and Mouse Uterine Cytosol

ICso (M
chemical GST-hERadef hERS mouse cytosol
l?ﬂ_-estrad.iol (29 +0.5) x 10-° (3.6 £0.4) x 10° (3.0+0.2) x 10°?
bisphenol A (3.6 +1.6) x 108 (9.6 +£2.3) x 10”7 (26 +£1.1) x 103
bisphenol A glucuronide nb? nb nb

e l(;oo vqluel represent the means and standard deviations from three independent experiments. ® nb denotes nonbinder since this
chemical did not displace more than 10% of the [*H]E2 at the highest concentration that was examined (100 uM).

A
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B 100+
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Figure 1. Competitive binding of BPA and BPA glucuronide
to (A) the mouse uterine ER, (B) GST-hERadef, and (C)
recombinant hERS. Protein preparations were incubated with
2.5 nM [*H]E2 and increasing concentrations of unlabeled (®)
E2, (O) BPA, or (B) BPA-G. The competitive displacement of
radioligand was assessed using a vacuum pump filteration
method as described in Experimental Procedures. Displacement
curves were obtained for E2 and BPA. No significant displace-
ment was observed with BPA-G. The data are the results from
a representative experiment that was repeated three times.

induction of ER-mediated gene expression was assessed
by measuring luciferase activity using MCF-7 cells
cotransfected with Gal4-hERadef or Gal4-hERBdef and
the Gal4-regulated luciferase reporter gene, 17m5-G-Luc.
The results in Figure 2 show that E2 treatment of
transiently transfected MCF-7 cells with either Gal4-
hERadef or Gal4-hERfdef caused a concentration-de-
pendent increase in luciferase activity. The ECso values
for this response were similar for both chimeric receptors
(Table 2). MCF-7 cells transiently transfected with Gal4-
hERadef and Gal4-hERAdef exhibited a maximum induc-
tion response of approximately 30- and 20-fold, respec-
tively, following treatment with 10 nM E2.

% Luciferase Activity >
§d 3k

? % 8

—

4241 -10 9 8 7 & &

% Luciferase Activity U

SEERE

L

42 41 10 9 8 7 & 8

Log [Concentration)

Figure 2. Effect of BPA and BPA glucuronide on reporter gene
expression. MCF-7 cells transiently transfected with Gald-
human estrogen receptor a (Gal4-hERadef) or Gal4-human
estrogen receptor f (Gal4-hERfidef) and the Gal4-regulated
reporter gene (17m-5-G-Luc) were treated with (®) E2, (O) BPA,
or (W) BPA-G. Luciferase activity was measured 24 h after
treatment as described in Experimental Procedures. The data
are the results from a representative experiment that was
repeated three times.

Table 2. Summary of the Ability of 17-estradiol,
Bisphenol A, and Bisphenol A Glucuronide to Induce
Estrogen Receptor-mediated Gene Expression

ECso M)y
chemical Gal4-hERadef Gal4-hERfdef
178-estradiol (65.3+21)x 107! (8.3+29)x 101
bisphenol A (7.1+£29) x 1077 (4.5 + 1.8) x 1077
bisphenol A glucuronide ni® ni

@ ECso values represent the means and standard deviations from
three independent experiments. ® ni denotes no induction.

BPA caused a dose-dependent increase in luciferase
activity in MCF-7 cells transiently transfected with either
Gal4-hERadef or Gal4-hERAdef (Figure 2). The ECs,
values for the response were similar for both ERa and
ERg (Table 2). Concentrations of >10 uM were not
examined due to visible precipitation in the medium.
BPA-G did not significantly induce ERa- or ERS-medi-
ated luciferase activity at the highest concentration that
was examined (10 uM) (Figure 2). Similar results were
observed using a Gal4-mERfdef consutruct (data not
shown). Induction of luciferase activity by BPA was
absent in transiently transfected MCF-7 cells if the
chimeric construct, Gal4-hERadef or Gal4-hERSdef, was
not cotransfected (data not shown).
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Figure 3. Effect of BPA and BPA-G cotreatment on E2
induction of reporter gene activity. MCF-7 cells transiently
transfected with Gald-human estrogen receptor a (Gald-
hERade or Gal4-human catrogen receptor £ (Gald-hERfde
and the Gald-regulate -5 Luo) were
Cotested with 10AM 9 and 305 BPA of mm BPA-G
data are the results from a representative experiment that was
repeated two times

Figure 3 illustrates that cotreatment of MCF-7 cells
with 10 uM BPA or BPA-G did not result in significant
changes in the E2 induction of luciferase activity in
MCF-7 cells transiently transfected with either Gal4-
hERadef or Gal4-hERAdef.

Uterine Effects inis of
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control group (Table 3). As expected, the uterine wet and
dry weights in the positive control group were signifi-
cantly increased compared with those of the vehicle
control group.

Minimal to moderate endometrial hypertrophy/hyper-
plasia was observed in eight of the females treated with
800 mg of BPA/kg/day (Table 4). This effect was similar
to, but less pronounced than, that of the positive control
group (treated with 0.4 mg of Ekg/day), where all the
females exhibited moderate or marked change. Dose-
related increases in severity of endometrial glandular
epithelial apoptosis and the number of stromal neutro-
phils were observed in females treated with 200 or 800
mg of BPA/kg/day and also in the positive control group

, where the increases were greater than those
observed in the BPA-treated animals. An increased
incidence and severity of lumenal epithelial apoptosis was
also observed in females treated with 800 mg of BPA/
kg/day, although this was not observed in the positive
control group. There were no treatment-related micro-
scopic changes observed in the uteri of the animals from
the remaining groups.

One female in the group treated with 800 mg of BPA/
kg/day was killed humanely due to adverse clinical signs,
although there were no abnormalities observed at necrop-
sy that could explain these signs. There was no effect of

BPA. There was a significant increase in mean uterine
wet and dry weight in the groups treated with 200 and
800 mg of BPA/kg/day in comparison with the vehicle

on body weight gain.

Uterine il Injection
of BPA. There was a slight but significant reduction in
normalized body weight over the treatment period in the

Table 3. Effect of Oral Gavage of Bisphenol A on Blotted and Dry Uterine Weight in Rats

Yy uterus
rminal body rus Y3 uterus 3 uterus percent loss
dose level 0. of weight (g) weight (mg) blotted weight dry weight on drying
(mg/kg/day) animals  (mean +SD) (mean+SD) (mg) (mean +SD) (mg) (mean +SD) _(mean % SD)
arachis oil 0 10 61745 299 13:3 34004 73338
bisphenol A 0.002 10 61261 34+8 16+3 38+009 75.9 +22
bisphenol A 0.02 10 598 +63 31+9 15+£3 38006 734436
bisphenol A 02 10 60.5+84 31+9 15+4 374012 754 +£3.1
bisphenol A 1 10 61266 339 16+ 4 4302011 737%52
bisphenol A 10 10 618+63 30+11 13+3 37009 71855
bisphenol A 100 10 606 +69 29+6 14+3 36+008 740 £30
bisphenol A 200 10 618+55 36 + 8 1754 432007 44222
bisphenol A 800 9 60767 58 + 140 28 + 6 6.0+ 008 781226
17f-estradiol 04 10 61451 109 + 19* 52+ 11* 10.3 £ 0.18* 800+ 11*
*p < 0.05 with a Student’s ¢ test (two-sided). * p < 0.01 with a Student’s ¢ test (two-sided).
Table 4. Microscopic Changes in the Uterus following Oral Gavage of Bisphenol A
0 0.002* 0.02* 0.2 » 10* 100* 200* 800 0.4
no. of aniz 10 10 10 10 10 10 10 10 9 10
il hypertrophy/hyperplasia
minim; [ o ] o o o o 2 4 o
slight 0 0 0 0 o 0 0 0 3 0
moderate 0 0 0 0 o 0 0 0 1 8
marked o 0 o o o o o o o 2
endometrial epithelial apoptosis (lumen)
1 o o 1 o o 1 0 3 3
slight 0 0 0 0 0 0 0 1 2 0
o o o o o o o o 1 o
endometrial epithelial apoptosis (glands)
nimal 7 5 8 4 5 6 6 3 0
slight 0 0 0 0 0 0 0 2 1 1
moderate 0 0 0 0 o o 0 0 3 8
increased stromal neutrophils
o o o o o o o 2 4 o
slight o o o o o [ o o 4 2
moderate 0 o o o o o o o o 8

“ Milligrams of BPA per kilogram of body weight per day. * Milligram of E2 per kilogram of body weight per day.
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Table 5. Effect of Subcutaneous Administration of Bisphenol A on Blotted and Dry Uterine Weight in Rats

]/2 uterus
terminal body uterus 13 uterus Y/; uterus percent loss
dose level no. of weight (g) weight (mg) blotted weight dry weight on dryi
(mg/kg/day) animals (mean + SD) (mean + SD) (mg) (mean + SD) (mg)(mean + SD) (mean + SD)
arachis oil 0 10 633+ 24 42+ 8 19+56.1 29+17 853 +6.7
bisphenol A 0.002 10 619+ 4.5 41+ 14 19+56 30+27 85.2 + 134
bisphenol A 0.02 10 614 +34 48 + 21 22 +11 33 +4.7 88.7 £ 10.5
bisphenol A 0.2 10 634+ 6.4 37+8 16 £ 3.3 16+14 90.1+ 7.8
bisphenol A 1 10 66.5 + 3.5 43+ 10 21+4.2 30+24 86.7+ 9.1
bisphenol A 10 10 66.4 + 1.7 44 £+ 10 19+49 20+21 89.5 + 12.8
bisphenol A 100 10 644124 515 22 +£3.7 1.2+12 94.9 + 4.7°
bisphenol A 800 10 62.6 + 4.0 91 + 33% 42 + 14 4.3 £ 3.7 90.7 £ 6.0
178-estradiol 0.4 10 624158 135 + 14% 60 + 6.4% 7.7+ 2.4 875+ 34

®p < 0.05 with a Student's ¢ test (two-sided). * p < 0.01 with a Student’s ¢ test (two-sided).

Table 6. Microscopic Changes in the Uterus following Subcutaneous Administration of Bisphenol A
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¢ Milligrams of BPA per kilogram of body weight per day. ® Milligram of E2 per kilogram of body weight per day.

group treated with 800 mg of BPA/kg/day and in the
positive control group in comparison with the control
group (data not shown).

There was a significant increase in mean uterine wet
and dry weights in the group treated with 800 mg of BPA/
kg/day, compared with those in the vehicle control group
(Table 5). The mean uterine wet weight for the group
treated with 100 mg of BPA/kg/day was also increased,
but was not statistically significance. As expected, the
uterine wet and dry weights in the positive control group
were significantly increased compared with those of the
vehicle control group.

Slight to marked endometrial hypertrophy/hyperplasia
was observed in all females treated with 800 mg of BPA/
kg/day (Table 6). This effect was similar to, but less
pronounced than, that of the positive control group
(treated with 0.4 mg of E2/kg/day). At 100 mg of BPA/
kg/day, eight females were observed with minimal change.
Increases in the severity of endometrial glandular epi-
thelial apoptosis were observed in females treated with
10, 100, or 800 mg of BPA/kg/day. These findings were
also observed in the positive control group animals, where
the increase and severity were lower than those observed
in the animals treated with 800 mg of BPA. Increases in
the number of stromal neutrophils were observed in
females treated with 100 or 800 mg of BPA/kg/day. These
findings were also observed in the positive control group

animals, where the increases were higher than those
observed in the animals treated with 800 mg of BPA.
Luminal epithelial apoptosis was observed in females
treated with 10, 100, and 800 mg of BPA/kg/day, with
the highest incidence occurring in the group treated with
100 mg of BPA, although this was not observed in the
positive control group. There were no treatment-related
microscopic changes observed in the uteri of the animals
from the remaining groups. There were no clinical signs
observed during the study that were considered to be
related to treatment.

Discussion

The ligand binding affinities of ERa and ERS proteins
for physiological ligands, such as E2, are quite similar
(12). However, differences in ligand preference and
relative binding affinity between subtypes for other
estrogenic chemicals and phytoestrogens have been
demonstrated (11, 34, 35) and were observed in this
study. BPA exhibited a 38- and 27-fold greater ability to
compete for binding to ERS than to GST—hERadef and
mouse uterine cytosol, respectively. This differential
binding is comparable to previously reported ICs, values
(12), although lower values have been reported for other
ERS preparations (11). The reported differences may be
due to the use of a baculovirus/SF9-expressed ERS
preparation in the current study that included an ad-
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ditional 53 amino acid residues at the N-terminus (36),
which was absent from earlier clones (10, 37) and not
present in the ERS protein preparations used in other
binding studies (11, 12). Nevertheless, the amino acid
sequences within the respective ligand binding domains
are identical in all of the competitive binding studies.
Differences in reported ERS ICso values for the same
ligand among studies may also be due to variation in
assay protocols. In contrast, BPA-G did not compete with
[*H]EZ2 for binding to either protein preparation.

Other studies have also reported differences in the
relative binding affinity between ERa and ERS for the
same compound. For example, an aryl-substituted pyra-
zole exhibited higher binding affinity for ERa and 120-
fold greater potency in transactivational activity than
ERB (35). In addition, genistein has been shown to
preferentially bind with 30-fold greater potency to hERS
than to hERa (12). The overall structure of the ERS
ligand binding pocket is similar to that of ERa with
ligand binding being achieved by a combination of specific
hydrogen bonding interactions and the hydrophobic
nature of the binding pocket (38—40). It has been
suggested that the preference for genistein may be
attributed to two conservative mutations within the
binding pocket that further stabilize the hERS—genistein
complex (38).

BPA has been shown to exhibit mixed agonist and
antagonistic effects through ERa while behaving solely
as an agonist through ERS (41). However, in the current
study, no antagonistic effects were observed. Despite the
preferential binding for hERS, BPA exhibited an activity
in Gal4-hERgdef reporter gene induction that was <2-
fold greater than the activity in Gal4-hERadef. The lack
of correlation between binding affinity and transactiva-
tional activity may be due, in part, to alterations in the
ability of the liganded ER complex to bind DNA (42, 43).
Differential interactions between ERa and ERS with
cellular proteins, such as coactivators, may also be a
contributing factor (44). Crystal structure data for ERS
complexed with genistein indicate that helix 12, which
interacts with coactivators, is positioned along a cleft
rather than over the binding cavity as seen ERa—E2 and
ERa—diethylstilbestrol structures (39, 45). Therefore, the
ligand-dependent positioning of helix 12 may account for
the difference in the ability of genistein to induce ERa-
and ERS-mediated gene expression, despite the greater
affinity for ERS. To date, no ERa—genistein structure
has been reported to support this hypothesis.

In vivo effects of BPA on uterine weight and uterine
microscopic changes were examined in immature rats
treated by gavage to mimic the primary route of exposure,
and by sc to bypass hepatic first-pass elimination and
subsequent metabolism to BPA-G. Increases in wet and
dry uterine weight were observed at doses of 800 mg of
BPA/kg/day for administration by both routes of exposure
and also at a dose of 200 mg of BPA/kg/day for oral
administration. The effects on uterine weight are con-
sistent with other recent reports (46, 47). However, rat
strain differences in vaginal responses to BPA have been
reported (48). In addition, sc administration of BPA has
been shown to increase uterine wet weight in B6C3F1
mice at doses ranging from 0.02 to 8 mg/day (49). ECso
values of 0.72 mg of BPA/day and 19.4 ng of E2/day have
been estimated for this response (49), although it has
been argued that these values do not represent true
potency comparisons, since BPA-induced a <2-fold in-
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crease in uterine weight compared to a >5-fold increase
induced by E2 (50). Tinwell and co-workers (51) were
unable to demonstrate that BPA is reproducibly active
in the mouse uterotrophic assay in which AP mice were
treated with either by sc or gavage with doses ranging
from 0.02 ug/kg to 300 mg/kg of BPA. This is also
consistent with the work of Coldham et al. (52), where
sc injection of BPA failed to increase uterine weight at
dose levels of 3, 33, and 330 mg/kg.

Increases in the incidence of endometrial hypertrophy,
endometrial epithelial apoptosis in the lumen, and en-
dometrial and stromal neutrophils were observed in
gavaged rats treated with 200 and 800 mg of BPA/kg/
day. Subcutaneous injections of 10, 100, and 800 mg of
BPA/kg/day also increased the incidence of changes in
the microscopic structure of the uterus. These microscopic
findings are similar to effects induced by other weak
estrogen agonists (53) and are consistent with vaginal
cornification results (47).

BPA has also been shown to induce molecular, cellular,
and tissue level effects in rats at doses that did not induce
uterine weight. BPA induced progesterone receptor ex-
pression in rats treated with 5—150 mg/kg (21). Similarly,
BPA and the phytoestrogen, diadzin, were weak stimula-
tors of uterine growth in rat, but were able to alter the
expression of the androgen receptor, the estrogen recep-
tor, and complement 3 (54). Therefore, weak estrogenic
chemicals can induce changes at the gene expression and
cellular levels without affecting uterine weight. However,
the toxicological significance of these changes is unclear.

At low doses that do not induce uterine wet weight,
gestational exposure of mice to BPA has been reported
to affect accessory reproductive organ weights and daily
sperm production in male offspring (55, 56). In contrast,
other rodent studies indicate that 0.2—200 ug of BPA/
kg/day in drinking water does not affect reproductive
organ development or sperm counts (57, 58). These
contradictory results observed in similar assays make the
assessment of BPA and other xenoestrogens a conten-
tious issue that needs to be resolved (50).

The results of this study demonstrate that BPA
exhibits a greater ability to compete for binding to ER8
than to ERa. However, the ability of BPA to induce
reporter gene expression mediated by either isotype is
comparable. In addition, these results demonstrate that
there is a clear route of administration dependency on
the ability of BPA to induce uterine responses, as
observed in Long Evans rats (59). This route dependency
supports results from competitive binding and reporter
gene assays that demonstrate the BPA-G does not exhibit
significant estrogenic activity in the uterus, since BPA
is more rapidly metabolized to BPA-G when administered
by gavage than when administered by sc injection (23).
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CHAPTER 8

Purification and characterization of the rtERo D, E, and F domains
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Abstract

The rainbow trout estrogen receptor o (tERa) and human ERa (hERa) have
different functional activities in response to 17B-estradiol (E2). Sequence alignment has
identified two amino acid residues that line their respective ligand binding pockets and
differ between the rtERa (Met317, 11e496) and hERa (Leu349, Met528). In the rtERq,
these residues have been previously shown to influence E2 binding and transactivation
ability. In an effort to design an efficient expression and purification strategy to generate
sufficient amounts of protein for further biophysical characterization of the rtERa, a
series of recombinant proteins consisting of combinations of the D, E, and F domains
fused to either glutathione-S-transferase (GST) (GST-rtER«) or a 6x histidine tag
(his_rtERa) were examined. Although both expression systems produced protein with
similar activity, the 6x histidine tagged approach resulted in increased yield and purity.
In both expression systems the addition of the hydrophilic D domain improved protein
solubility, whereas the F domain did not appear to have any effect. After consideration
of yield, purity, and activity, the his_rtERa DE protein was chosen for initial
crystallographic screens. Unfortunately, two successive screens have not produced any
crystals. A more thorough purification strategy using ion exchange and/or size exclusion
chromatography maybe required. These data demonstrate that the D domain can
significantly improve the solubility of the tERa.. In addition, we have developed a
robust expression and purification strategy that can yield sufficient amounts of protein for

biophysical characterization of the rtERa.. -

156



Introduction
Nuclear magnetic resonance and x-ray diffraction studies of proteins are often
limited by the amount of purified protein. Performing such studies on native proteins is
limited because many proteins of interest are produced at very low levels within the cell.
Heterologous expression systems circumvent this problem since they generally provide
sufficient levels of proteins for these types of studies. Heterologous systems using

Escherichia coli provide several advantages for protein expression since they have

relative short doubling times and extensive knowledge exists about their genetic make up,
biochemistry, and physiology. All of which can be tailored to a specific expression
problem (1),(2). However, many post-translation modifications do not occur in E. coli,
which may affect overall protein folding and consequently its function.

A comparison of the human o (hERa) and rainbow trout a tERa) estrogen
receptors indicates that the E domain is 60% identical in amino acid sequence (Chapter 3,
figure 3A page 61), whereas the D and F domains are only 18% and 19% identical,
respectively. Previous studies and data presented in chapter 6 show that the tERa
exhibits differential functional activities in response to E2 compared to hERa (3),(4).
Sequence alignment has identified two amino acid substitutions within the ligand binding
pocket that have been shown in chapter 6 to influence E2 mediated transactivation and
the temperature sensitivity of the tERa.. However, in the absence of structural data of
the tERa-E2 complex, the role that these residues (M317 and 1496) play in influencing
the binding mode of E2 is unknown.

It has been reported that in the expression of GST-rtERa (CD) and GST-rtERa

(EF) in E. coli nearly 100% of both fusion proteins were insoluble (S). The authors used
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denaturing conditions to solubilize the protein followed by renaturation using gradual
dialysis to verify receptor activity (5). This is in contrast to the data presented in chapter
3 where we describe satisfactory yields of a GST-rtERa DEF fusion protein using native
conditions. This suggests that the different domains included in the fusion protein may
influence its expression in E. coli.

Several nuclear receptors have been overexpressed in bacteria, purified and their
structures determined. Although previous ER proteins were purified and subsequently
crystallized using a customized E2-affinity column (6,7), it has been recently reported
that his tagged hERa E domain wild-type and mutant proteins were crystallized from
metal affinity chromatography purified protein (8). The overall structure of the wild-type
hERa E domain was similar to previous reports (8). To date the structure of only the E
domains of human and rodent ERs have been solved and these structures do not contain
any information regarding the role that the D and F domains may play in influencing
ligand binding and/or coactivator interaction. Determining the position of the F domain
in the ER crystal structure may be of significant interest since it this region has been
shown to influence coactivator recruitment (9), and is also poorly conserved among ERs
from several vertebrate species.

To examine the potential role of the D and F domains on the solubility and
functionality of the rtERaq, as well as produce sufficiently pure protein to initiate
crystallographic studies of the rtERa, a series of GST and histidine tagged fusion
proteins were expressed in bacteria and purified using affinity chromatography in support

of future crystallization trials.
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Materials and Methods

Plasmid construction

The plasmid pGEX-rtERa DEF harboring the rainbow trout ERa D, E, and F
domains (a.a. 225 to 577) was constructed as described in chapter 3. pGEX-rtERa E (a.
a. 265 to 521), pGEX-rtERa EF (a. a. 265 to 577), and pGEX-rtERa DE (a. a. 225 to
521) were constructed by PCR amplification of the desired sequences of the rtERa. using
the following primer combinations rt1f (5'-caaaggatccggatggcgtgggcccagaatc -3') and rt2r
(5'-caaactcgatggggattggagecggtgace -3'), rt1f and rt3r (5'-
aaaactcgagtcacggaatgggcatctggtctg -3'), and rt4f (5'-aaaaggatcccgggttctcaggaaggataageg-
3') and rt3r, respectively. The fragments were digested with the appropriate restriction
enzymes and ligated into the similarly digested GST expression vector, pPGEX6p3
(Amersham Pharmacia).

pEThis-tERa E, pEThis-rtERa EF, pEThis-rtERa DE, and pEThis-tERa DEF
were constructed in a similar manner using the following PCR primer combinations rt5f

and rt2r, rt5f (5'- caaaccatggatccacatcaccatcaccatcacctcaatggtggtggaggatgge -3') and rt3r,

rt6f (5'- caaaccatggatccacatcaccatcaccatcaccgggttctcaggaaggataageg -3') and rt2r, and rt6f

and rt4r, respectively. For the construction of the pEThis-rtERa expression vectors, the
6x histidine sequence, which has been underlined above, was incorporated into the
forward PCR primers creating an NH,-terminal 6x histidine protein. The PCR fragments
were digested with the appropriate restriction enzymes and ligated into the similarly
digested pET23d(+) expression vector (Invitrogen), which contains a MDP leader

sequence as described previously (7).
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Expression and purification of GST-rtERa fusion proteins

E. coli strain BL21 (Amersham/Pharmacia) containing pGEX-rtERa constructs

were grown in 2 x Luria broth (LB) and incubated at 30°C with constant shaking. Cells
were induced with 1 mM IPTG at an optical density of 0.8 at 600 nm and grown for 4 h
at 25°C. After centrifugation, cell pellets were resuspended in 15 ml of buffer A (50 mM
HEPES, 3 mM EDTA, 5 mM DTT, 50 mM NaCl and 10% (v/v) glycerol, pH 7.5)
containing 0.1 mg/ml lysozyme, 200 U of Dnase I, and protease inhibitors. Cells were
then lysed by sonication on ice and cell debris was pelleted by centrifugation at 20,000xg
for 30 min at 4°C. The pellet was resuspended a second time and the supernatants
pooled.

The supernatants containing the GST fusion proteins were incubated in batch with
GSH Sepharose pre-equilibrated with buffer A (1 ml/15 ml supernatant) for 1.5 h at 4°C.
After adsorption of the protein, the GSH Sepharose was applied to a 20 ml disposable
column and washed with 50x bed volume of buffer A (50 mM HEPES, 3 mM EDTA, 5
mM DTT, 200 mM NaCl and 10% (v/v) glycerol, pH 7.5), 50x bed volume of buffer B
(50 mM HEPES, 3 mM EDTA, S mM DTT, 1 M NaCl and 10% (v/v) glycerol, pH 7.5),
and finally 10x bed volume of buffer A. Bound proteins were eluted in 25 ml of buffer C
(50 mM HEPES, 3 mM EDTA, S mM DTT, 200 mM NaCl and 10% (v/v) glycerol, pH
8.0) containing 20 mM GSH. The partially purified protein was concentrated to a 1 ml
final volume and the protein concentration was determined using the BioRad protein

assay (BioRad).

Expression and purification of 6x histagged rtERa fusion proteins
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E. coli strain BL21(DE3)pLysS (Invitrogen) containing pEThis-rtERa. constructs
were grown in 2x LB and incubated at 30°C with constant shaking. Cells were induced
with 0.5 mM IPTG at an optical density of 0.8 at 600 nm and grown for 3 h at 25°C.
After centrifugation, the pellets were resuspended in 20 ml of lysis buffer (20 mM Tris,
300 mM NaCl, 2 mM MgCl,, 5 mM imidazole, 100 pg/ml PMSF, 5 mM B-
mercaptoethanol, 200 U Dnase I, and 1 mg/ml lysozyme). Cells were then lysed by
sonication on ice and cell debris was pelleted by centrifugation at 20,000xg for 30 min at
4°C. The pellet was resuspended a second time and the supernatants pooled.

The supernatants containing the his_rtERas were incubated in batch with nickel
nitrilotriacetic acid resin (Qiagen) pre-equilibrated with resuspension buffer (1 ml/40 ml
supernatant) for 1.5 h at 4°C. After adsorption of the protein, the nickel affinity resin was
applied to a 20 ml disposable column and washed with SOx bed volume of wash I (20
mM Tris, 500 mM NaCl, 5 mM imidazole, 5 mM B-mercaptoethanol), 50x bed volume of
wash IT (20 mM Tris, 1 M NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol), and
finally 25x bed volume of wash III (20 mM Tris, 300 mM NaCl, 20 mM imidazole, 5
mM B-mercaptoethanol). Bound proteins were eluted in elution buffer (20 mM Tris, 300
mM NaCl, 5 mM imidazole, 100 mM EDTA) and collected as 1 ml fractions every 10
min. The protein concentration of each fraction was determined and fractions containing
protein were pooled and the final concentration was determined using the BioRad protein
assay (BioRad).

For the purification of the his_rtERa DE to be used in subsequent crystallization
trials, 20 uM E2 was added to all buffers during the expression and purification steps. In

addition, the protein was carboxymethylated in situ in the presence of 15 mM iodoacetic
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acid in was III, followed by a 5x bed volume wash with wash III. The protein was then
eluted as described above. The protein was dialyzed overnight against (20 mM Tris pH
7.4, 150 mM NaCl, 3 mM EDTA, 20 uM E2), concentrated to 7-10 mg/ml and stored at —

80°C.

Receptor binding assays

Aliquots of crude and partially purified GST-rtERa and his_rtERo fusion
proteins were diluted in TEGD buffer (10 mM Tris pH 7.6, 1.5 mM EDTA, 1 mM DTT
and 10% (v/v) glycerol) containing 1 mg/ml bovine serum albumin as a carrier protein.
The reactions were incubated 4°C for 24 h with a saturating amount of [*HJE2 (3 nM) in
1 ml glass tubes arranged in a 96-well format (Marsh Scientific, Rochester, NY).
Binding assays were initiated by adding 240 ul of protein preparation to glass tubes
containing 5 pl of DMSO and 5 pl [*H]E2; thus the concentration of solvent did not
exceed 4 %. Bound [*H]JE2 was separated from free using a 96-well filter plate and
vacuum pump harvester (Packard Instruments). After drying, the filter plates were sealed
and 50 pl of MicroScint 20 scintillation cocktail (Packard Instruments) was added to each

well. Bound [3 H]E2 was measured using a TopCount scintillation and luminescence

counter (Packard Instruments).

Western Blotting
Purified GST-hERadef samples (250 ng) were fractionated on a 10%
polyacrylamide/SDS gel and transferred to nitrocellulose (Amersham/Pharmacia,

Piscataway, NJ). Blots were incubated with anti-GST antibody (Santa Cruz, Santa Cruz,
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CA) or anti-GroEL (Dr. Jon Kaguni, Department of Biochemistry and Molecular
Biology, Michigan State University, East Lansing, Michigan) for 2 h at room temperature
in the presence of 2% fat-free milk powder and then incubated for 2 h with the secondary
conjugated goat anti-(mouse IgG) or mouse anti-(rabbit)-horseradish peroxidase (Santa
Cruz). Proteins were visualized using ECL detection system (Amersham/Pharmacia) and

subsequent exposure to film.
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Results

Expression and purification of the GST-rtERa fusion proteins

The GST-rtERa fusion proteins migrated according to their predicted molecular
weights (MWSs): GST-rtERa E (55.6 kDa), GST-rtERa EF (61.3 kDa), GST-rtERa. DE
(60.0 kDa), and GST-rtERa DEF protein (65.7 kDa) (Figure 1). In addition, higher and
lower MW proteins co-purified with the fusion proteins. Western blot analysis of
partially purified GST-hER0DEEF revealed that the contaminating band at approximately
60 kDa represents the bacterial chaperon protein GroEL (figure 2). GroEL has been
reported to be a common copurifying contaminant of GST fusion proteins (10). The
purity of the GST-rtERa fusion proteins varied among protein preparations and was
estimated to be 60%-80%. The yields also varied, with GST-rtERa E, GST-rtERa. EF,
GST-rtERa DE, and GST-rtERa DEF yielding approximately 0.4, 2.5, 4.5, and 3.5 mg
partially purified protein/L culture, respectively. In addition, only the GST-rtERa. DE
and GST-rtERa DEF proteins were visible in the crude proteins extracts, which have
been denoted by an asteriks in Figure 1.

Receptor binding assays were performed on the crude and purified samples for
each of the fusion proteins to evaluate the activity of the respective proteins. After
normalization for protein concentration, an aliquot of the crude as well as the purified
protein samples were diluted in TEGD buffer containing 1 mg/ml BSA and incubated in
the presence of 3 nM [3 H]E2. The results in figure 3 demonstrate that the inclusion of the

D domain had relatively little effect on activity, though it increased protein yield.
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Figure 1. SDS-PAGE analysis of GST-rtERa purification. GST fusion proteins
(A) GST-rtERa. E, (B) GST-rtERa EF, (C) GST-rtERa DE, and (D) GST-
rtERo DEF were expressed and purified as described in the Materials and
Methods section. Various fractions were separated by 12% SDS-PAGE and
visualized by coomassie blue staining. Lane 1: 20 pg of crude lysate, lane 2: 20
ug of flow through, lane 3: 10 pl of 10x concentrated wash I, lane 4: 10 pl of
10x concentrated wash II, lane 5: 10 pl of 10x concentrated wash III, lane 6: 3
pg of purified GST-rtERa protein. The asteriks identify the GST-rtERa. fusion
protein in the crude lysate.
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Coomassie Stain Western Blot

Figure 2. GroEL co-purifies with GST-ERdef fusion proteins. GST-hERadef was
extracted and purified as described in the Materials and Methods section of Chapter
3. Coomassie stain of purified GST-hERadef (left panel) indicated two distinct
bands were separated by 10% SDS-PAGE. After subsquent western blot analysis
(right panel) the upper band was identified as GST-hERodef, while the lower band
was determined to be GroEL, a common contaminant of GST fusion protein
preparations.
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Figure 3. Comparison of the activity of the GST-rtERa. and his_rtERa proteins.
Aliquots of the crude and purified proteins were diluted in TEGD buffer containing
1 mg/ml bovine serum albumin and incubated for 16-18 h at 4°C as described in the
Materials and Methods section.
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One of the complications of using a GST fusion protein is the potential that the addition
of the GST moiety may affect the activity of the protein and as a result it is generally
removed by proteolytic cleavage. The GST-rtERa fusion proteins contain an engineered
Precision protease site upstream of the rtER; however after repeated attempts with the
GST-rtER0DEF and GST-hER0DEF proteins only marginal cleavage was observed

(data not shown).

Expression and purification of his_rtER proteins

As an alternative to GST tagged proteins, the tERa was also expressed as a 6x
histidine tagged (his) protein and purified with nickel affinity chromatography. This
approach proved superior to the GST-tERa method in terms of overall protein
expression, and purity, whereas similar levels of functional protein were observed. The
results in figure 4 show that the his_rtERa E (30.0 kDa), his_rtERa EF (35.6 kDa),
his_rtERa DE (34.4 kDa), and his_rtERa DEF (40.0 kDa) proteins migrated according to
their predicted MWs with their purity ranging from 80-90%. However, there were
significant contaminating bands in the his_rtERa EF preparation. Lower bands were also
apparent in the his_rtERo DEF preparations, which most likely represent products of
proteolytic cleavage, though they are not easily seen on the scanned gel presented in
figure 4. Similar to that observed with the GST-rtERa proteins, the inclusion of the D
domain dramatically increased protein yields with the expression of his_rtERa E,
his_rtERa EF, his_rtERa DE, and his_rtERa DEF resulting in yields of 2.0, 2.0, 7.5, and

11 mg partially purified protein/L culture, respectively. A comparison of the crude
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Figure 4. SDS-PAGE analysis of his-rtER purification. The his_rtER proteins
(A) his_rtER E, (B) his_rtER EF, (C) his_rtER DE, and (D) his_rtER DEF were
expressed and purified as described in the Materials and Methods section.
Various fractions were separated by 12% SDS-PAGE and visualized by
coomassie blue staining. Lane 1: 50 pg of crude lysate, lane 2: 50 pg of flow
through, lane 3: 10 pul of 10x concentrated wash I, lane 4: 10 pl of 10x
concentrated wash II, lane 5: 10 pl of 10x concentrated wash III, lane 6: 3 pg of
purified his_rtER protein. The asteriks identifies the his_rtER protein in the
crude lysate.
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Figure 5. Influence of the D domain on the solubility of his_rtERa.
Extraction of his_rtERa proteins from BL21 (DE3) cell pellets was
performed as described in the Materials and Methods section. Equal amounts
of crude protein extracts (30 pug) were separated by 12% SDS-PAGE and

visualized by cc ie blue
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extracts from each of the four his_rtER« proteins shown in figure 5 clearly demonstrates
the effect of the D domain on rtER« solubility. In figure 5, both the his_rtERo DE and
his_rtERa DEF are visible in the crude extracts, while neither his_rtERa E nor
his_rtERa EF were visible.

Receptor binding assays were used to assess the activity of the his_rtERa proteins
and despite the increased solubility of the his_rtERa DE and the his_rtERa DEF both
proteins were approximately 33% as active as the his_rtERa EF, but exhibited similar
activity to the his_rtERa E protein (Figure 3). Based on expression, purity, and
functionality, the his_rtERa DE was chosen as a candidate for initial crystallization trials.
To ensure that the tERo DE was saturated with E2, 20 uM E2 was added to all buffers
throughout the expression and purification steps outlined in the Materials and Methods
section. Two different crystal screens done in collaboration with Dr. Jim Geiger (MSU

Departement of Chemistry) using the Magic buffer set and an incubation temperature of

16°C have failed to produce any crystals.
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Discussion

Although the GST-rtERa and his_rtERa fusion proteins exhibit comparable
ability to bind E2, there were marked differences in the purity and yield between both
methods. The histidine tagged system was found to be superior to using GST as an
affinity tag. Reasons for these differences may include the types of promoters that
regulate the recombinant protein. The GST-rtER« fusion proteins are under the control
of the ptac promoter, whereas the T7 promoter regulates his_rtERa protein expression.
The GST moiety may inadvertently affect folding of the ER, thus leading to a larger
proportion of insoluble products. Previous studies examining GST-rtERa CD and GST-
rtERa EF constructs reported that nearly 100% of the expressed protein was insoluble
(5).

The inclusion of the D domain to both GST and histidine tagged proteins
significantly improved the yield by increasing the population of soluble protein. This
was clearly evident in a comparison among the crude extracts from the his_rtERa
proteins. Analysis of the amino acid sequence of the rtERa D domain (Chapter 2, figure
12 page 31) indicates that there are several charged hydrophilic residues that may
influence solubility. The D domain is considered to be relatively flexible since it is
thought to behave as a hinge, bridging the DNA binding and ligand binding domains
together (11-13). This hydrophilic D domain may behave like a sequence tag that
promotes ER solubility. In parallel studies in our laboratory a similar, albeit less

dramatic effect, was observed with hERo..
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Several nuclear receptors have been crystallized after expression and purification
as recombinant fusion proteins in E. coli (14,15). The androgen receptor has been
crystallized following expression and purification as GST fusions as well as histidine
tagged proteins (16,17). Both moieties were proteolytically cleaved prior to
concentration and crystallization (16,17). Since previous structural studies of the ER
focused on the E domain, the his_rtERo E domain was initially selected for purification
with the intent of x-ray crystallization. Subsequent analysis revealed that the his_rtERa.
E domain formed a precipitate during prolonged incubation at 4°C and/or when the
protein was concentrated above 3 mg/ml. This solubility problem was not encountered
with the his_rtERa DE construct and because of its increased expression and purity, the
his_rtERa DE was chosen for initial crystallographic screens. In general one step
purifications with the intent of crystallization are relative uncommon; however, the
retinoic X receptor (RXR) DE has been successfully crystallized in this manner (18).

In this study, we describe a robust expression system that uses commercially
available components and does not require specialized expression vectors (2). These data
demonstrate that histidine tagged expression system is more suitable for the expression
and purification of the rtERa than a GST based expression strategy. Overall protein
yields and purity were best using the his_rtERo expression strategy. The hydrophilic D
domain significantly improves solubility of the rtERa yielding 90-95% pure protein
following a single step purification using metal affinity chromatography. Although this
strategy has yet to produce any crystals, these screens are in their earlier stages and with a
more thorough purification methodology may ultimate lead to the formation of crystals

suitable for x-ray diffraction. In addition, an E2-affinity purification strategy, which has
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been successfully used by several different groups to crystallize the hERa (19-21), could

be used as an alternative to metal affinity chromatography.
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CHAPTER 9

Conclusions and Future Directions
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Conclusions

The data described above support our hypothesis that ERs among different

vertebrate species exhibit differential binding affinity and in vitro gene expression

responses to EEDs due to sequence divergence within their ligand binding domains.
Although there were no obvious relationships between sequence identity and binding
affinity and transactivation ability, (low sequence identity was not predictive of binding
affinity of a compound), ERs with greater sequence identity exhibited similar relative
binding affinities and transactivation abilities. The tERa and mERp, which have
relatively low identity (60%) compared to hERq., exhibited the greatest differences
among the ERs examined. Multiple sequence alignment identified amino acid residues
that line the hormone binding pockets and differ among the vertebrate ERs examined.
Taken together, this cross species comparison provides valuable insights into potentially
important residues that may play critical roles in the interaction between structurally
diverse ligands and the ER binding pocket. Although this study has identified several
examples of EEDs exhibiting preferential binding affinity or ability to induce gene
expression mediated by a specific vertebrate ER, the differences were relatively subtle
and were rarely greater than an order of magnitude. This suggests the use of a single
vertebrate ER to examine or screen for suspected EED:s is feasible, since the species-
specific differences in binding and transactivation response of EEDs were relatively

small.
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Future Directions

1. Since, ERP exhibits significantly greater affinity for EEDs, especially the
phytoestrogens when compared to ERa.. A comparison of the binding and transactivation
profiles of EEDs for ERPs from representative vertebrate ERs would be an exciting
continuation of the data presented above. ERPs exhibit significant amino acid sequence
variability among vertebrate species. It would be interesting to examine whether
vertebrate ERBs respond equally well to phytoestrogens and not just the mammalian

ERps.

2. During the course of the experiments described in chapters 3 & 4 we noted that
the rtERa exhibits a temperature sensitive phenotype that was not seen in the other
species examined. Although lowering the temperature significantly improved the
function of the rtERa, an approximate 10-fold lower transactivation response compared
to hER« was still observed. Using a reciprocal mutagenesis strategy, two amino acid
residues (Met317, [1e496) were found to contribute not only to differences in binding and
transactivation between hERa and rtERa but also to the reduced activity of the tERa at
elevated temperatures. The biological relevance of the tERa exhibiting reduced
function at elevated temperature is unclear, but may involve increased flexibility in the
binding pocket of the rtERa compared to hERa that causes the rtERa to become unstable
at elevated temperatures. In the absence of structural data the role these residues play
influencing the position of E2 in the binding pocket is unclear. Similarly, the

transactivation ability of another piscine ER, the Oreochromis aureus (OaER), also
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exhibits reduced activity at temperatures above its normal physiological range.
Interestingly, exchanging a 35 amino acid stretch (B region), between the OaER and the
chicken ER (cER) partially rescued the thermal deficient transactivation of the OaER.
Therefore, combining the reciprocal mutagenesis described above with the exchange of
the B region between rtERa and hERa. may result in complete phenotypic reversal

between the two receptors.

3. A robust purification strategy was established to produce sufficient quantities of
rtERa for further biophysical characterization. After comparing a series of different
rtERa recombinant proteins his_rtERa DE was selected for initial crystallographic
screens. Although the crystal screens have not produced any crystals, more extensive
screens with different buffer conditions may enhance our success. Proteolytic removal of
the 6x histidine tag combined with a more extensive purification strategy including ion
exchange and/or size exclusion chromatography may also increase the probability of
success. In crystallization studies of histidine tagged hERa E domain, only protein
subjected to ion exchange gave crystals suitable for diffraction, while protein purified
without ion exchange did not (3). Solving the crystal structure of the rtERa represents an

important research challenge and hopefully the data presented here will contribute

towards this goal.
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