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ABSTRACT: Primary evidence for novel estrogen signaling pathways is based upon well-documented
estrogenic responses not inhibited by estrogen receptor antagonists. In addition to 17â-E2, the catechol
estrogen 4-hydroxyestradiol (4OHE2) has been shown to elicit biological responses independent of classical
estrogen receptors in estrogen receptor-R knockout (ERRKO) mice. Consequently, our research was
designed to biochemically characterize the protein(s) that could be mediating the biological effects of
catechol estrogens using enzymatically synthesized, radiolabeled 4-hydroxyestrone (4OHE1) and 4OHE2.
Scatchard analyses identified a single class of high-affinity (Kd ≈ 1.6 nM), saturable cytosolic binding
sites in several ERRKO estrogen-responsive tissues. Specific catechol estrogen binding was competitively
inhibited by unlabeled catechol estrogens, but not by 17â-E2 or the estrogen receptor antagonist ICI
182,780. Tissue distribution studies indicated significant binding differences both within and among various
tissues in wild-type, ERRKO, and aromatase knockout female mice. Ligand metabolism experiments
revealed extensive metabolism of labeled catechol estrogen, suggesting that catechol estrogen metabolites
were responsible for the specific binding. Collectively, our data provide compelling evidence for the
interaction of catechol estrogen metabolites with a novel binding protein that exhibits high affinity,
specificity, and selective tissue distribution. The extensive biochemical characterization of this binding
protein indicates that this protein may be a receptor, and thus may mediate ERR/â-independent effects of
catechol estrogens and their metabolites.

Catechol estrogens are estrogen metabolites formed by the
aromatic hydroxylation of 17â-estradiol (17â-E21) and
estrone (E1) at either the C-2 or C-4 position (1). They are
generated by the activity of different intracellular hydroxy-
lases, all of which are cytochrome P450 (CYP450) mono-
oxygenase-associated enzymes. Catechol estrogens are formed
in a variety of organs and cell systems of the rat (2, 3) and
mouse (4, 5) and in human tissues (6, 7). In mammalian
species, catechol estrogen formation from 17â-E2 is quan-
titatively the most important metabolic pathway of this

endogenous sex hormone (8), rivaling the parent estrogens
in concentration (9).

Although the exact physiological role of catechol estrogens
remains uncertain, a number of their biological effects have
been described. Hormonal activities of these estrogen
metabolites have been demonstrated in MCF-7 cells via
stimulation of cell growth (7, 10) and increased expression
of the progesterone receptor (7). Effects on embryo implan-
tation (5, 11, 12), gonadotropin release (13), parturition (14),
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angiogenesis (15), and increases in uterine dry and wet
weight (1, 16) also have been reported. Furthermore, catechol
estrogens have been implicated in estrogen-induced carcino-
genesis (reviewed in ref17) in both humans (18) and animals
(19, 20) through redox cycling mechanisms.

Despite classical ERR- and ERâ-signaling pathways,
several lines of evidence suggest that the actions of catechol
estrogens could be mediated through alternative mechanisms
via activation of their own unique receptors and/or effectors.
Such mechanisms of action include putative catechol estro-
gen binding sites located in cytosol and cellular membranes
(21-24). Additional evidence suggests that these binding
sites may function as intracellular transcription factors,
potentially related to both ERR and ERâ. With the use of
estrogen receptor-R knockout (ERRKO) female mice (25)
and an ER antagonist (ICI 182,780), work done in collabora-
tion with our laboratory (26) demonstrated that 4-hydroxy-
estradiol (4OHE2) was able to induce the mRNA expression
of lactoferrin in the uteri of these ERR-deficient mice. 17â-
Estradiol also failed to inhibit this uterine response. Fur-
thermore, 4OHE2 was able to induce the mRNA expression
of multiple uterine genes in ERRKO mice, independent of
ICI 182,780 treatment (27). Taken together, these results
strongly suggest the presence of a distinct catechol estrogen-
signaling pathway in the ERRKO mouse uterus, independent
of both ERR and ERâ.

To characterize the putative receptor mechanism regulating
this novel 4OHE2-induced response in ERRKO female mice,
we have synthesized radiolabeled 4-hydroxyestrone (4OHE1)
and 4OHE2 via a unique CYP450-mediated enzymatic pro-
cedure, and then extensively characterized their interaction
with a novel non-ERR/non-ERâ binding protein in various
tissues in wild-type (WT), ERRKO, and aromatase knockout
(ArKO) female mice. Although putative catechol estrogen
binding sites have been identified previously in several cell
and tissue systems (21-24), we believe that the murine
binding protein identified here is both unique and distinct
on the basis of its ligand specificity, tissue localization, and
estrogen response characteristics. Also, our findings provide
additional and significant information regarding the potential
role of these distinct catechol estrogen binding proteins in
estrogen-mediated responses.

MATERIALS AND METHODS

Animals. Adult WT and ERRKO male/female mice of the
same genetic background (C57BL/6J) were bred and main-
tained in accordance with the University of Missouri Animal
Care and Use Committee guidelines. The mothers were fed
Purina Laboratory mouse chow soy-based formulation 5008
(Ralston-Purina Co., St. Louis, MO) until weaning, and then
fed soy-based formulation 5001 (Ralston-Purina Co.). Mice
were provided water ad libitum and exposed to a daily 12 h
light-12 h dark cycle. ArKO male/female mice (bred from
mice kindly provided by Shin-Ichiro Honda) were maintained
under the same conditions. Genotypes of the mice were
ascertained by PCR analysis, as described previously (25,
28).

Cell Culture. All cells were maintained as previously
described (29).

Chemicals. The radioligand [2,4,6,7-3H]17â-E2 (85-99
Ci/mmol) was purchased from Amersham Pharmacia Biotech

Corp. (Arlington Heights, IL). The unlabeled steroids 17â-
E2, E2-17-acetate, E1, estriol (E3), 16R-estrone (16R-E1),
16-epiestriol, progesterone, diethylstilbestrol (DES), dexa-
methasone, and spironolactone were obtained from Sigma
Chemical Co. (St. Louis, MO). The unlabeled steroids 17R-
estradiol (17R-E2), 2-hydroxyestrone (2OHE1), 2-hydrox-
yestradiol (2OHE2), 2-hydroxyestradiol 17-acetate (2OHE2-
17-acetate), 2-hydroxyestriol (2OHE3), 4-hydroxyestrone
(4OHE1), 4-hydroxyestradiol (4OHE2), 2-methoxyestrone
(2-methoxyE1), 2-methoxyestradiol (2-methoxyE2), 4-meth-
oxyestradiol (4-methoxyE2), dehydroisoandrosterone (DHEA),
and 5-androstenediol were purchased from Steraloids Inc.
(Wilton, NH). The catecholamines epinephrine and norepi-
nephrine, as well as tamoxifen (TAM), 4-hydroxytamoxifen
(4OH-TAM), (+)-catechin, (-)-catechin, (+)-epicatechin,
quercetin, and kepone were purchased from Sigma Chemical
Co. The phytoestrogen genistein was obtained from Indofine
Chemical Co. (Belle Mead, NJ), and the synthetic anties-
trogen ICI-182,780 was obtained from Tocris (Bristol, UK).

[ 3H]4OHE1 Synthesis. Approximately 1.5µM [2,4,6,7-
3H]17â-E2 (130 µCi) was dried under nitrogen and then
incubated with 500µL of reaction buffer (3.3 mM magne-
sium chloride, 100 mM sodium phosphate buffer, pH 7.4
(at 23 °C)) containing 2 mMâ-NADPH (Sigma Chemical
Co.) for 40 min at 37°C. The reaction was initiated by the
addition of 600µL of cytochrome P450 1B1 (CYP1B1)
Insect Supersomes (Gentest Corp., Woburn, MA), which
possessed high 17â-hydroxysteroid dehydrogenase (17â-
HSD) type II activity. This enzymatic activity, in turn,
facilitated the formation of radiolabeled 4OHE1 from
[2,4,6,7-3H]E1. The reaction mixture was incubated at 37
°C for 7 h, after which time 450µL of Insect Control
Supersomes (Gentest Corp.) were added. The reaction was
allowed to proceed for 14 h at 37°C and then terminated
by the addition of ethyl acetate. The reaction samples were
extracted with ethyl acetate, and the extracts were pooled
and dried under nitrogen. The resulting residue was dissolved
in EtOH containing 2-3 mM ascorbic acid (Sigma Chemical
Co.) and analyzed for metabolite composition by HPLC.
Ascorbic acid was utilized as a reducing agent to prevent
spontaneous oxidation of the radiolabeled product (30).

[ 3H]4OHE2 Synthesis. The procedure was similar to [3H]-
4OHE1 synthesis with some minor variations. Spironolactone
(0.6 mM; Sigma Chemical Co.) was added to the reaction
mixture as a 17â-HSD type II inhibitor (31). The reaction
mixture, containing 250µL of CYP1B1 Insect Supersomes,
was allowed to proceed for 5 h at 37°C and then terminated
by the addition of ethyl acetate. The radiolabeled products
were extracted, reconstituted, and analyzed as above.

HPLC Analysis. Steroids were analyzed and purified by
HPLC using a 5µm Luna reversed-phase C18 column (250
× 4.6 mm) (Phenomenex, Torrance, CA) and a mobile phase
consisting of 36% methanol:24% acetonitrile:40% double-
distilled water. All separations were performed at room
temperature at a flow rate of 0.8 mL/min. Unlabeled steroids
were detected by UV absorbance, while labeled steroids were
detected by scintillation counting of collected fractions. All
solvents were of HPLC grade and were purchased from
Fisher Scientific Corp. (Pittsburgh, PA).

Biochemical Verification of [2,6,7-3H]4OHE1 and [2,6,7-
3H]4OHE2. To confirm the molecular identity of the
synthesized labeled catechol estrogens, two reactions were
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conducted: nonenzymatic sodium borohydride (NaBH4;
Sigma Chemical Co.) reduction and enzymatic 17â-HSD
oxidation (via Insect Control Supersomes). The purity and
stability of both radiolabeled products were verified by HPLC
analysis approximately every month, with no degradation
noted.

(a) [2,6,7-3H]4OHE2. Following HPLC purification, 1.6
nM [2,6,7-3H]4OHE2 was dried under nitrogen and then
incubated with 0.8 mL of reaction buffer for 30 min at 37
°C. The reaction was initiated by the addition of 200µL of
CYP1B1 Insect Control Supersomes and allowed to proceed
for 17 h at 37°C. The reaction was then terminated by the
addition of ethyl acetate. The resulting products were
extracted and reconstituted, and an aliquot was analyzed for
[2,6,7-3H]4OHE1 catechol metabolite composition by HPLC.

After HPLC confirmation of the enzymatic conversion of
radiolabeled 4OHE2 to radiolabeled 4OHE1, the remaining
[2,6,7-3H]4OHE1 sample was dried under nitrogen and then
incubated in 1 mL of double-distilled water containing 0.05%
acetic acid (Sigma Chemical Co.) and 50µM NaBH4 for
approximately 1 h. The reaction was terminated as above,
and an aliquot was analyzed for [2,6,7-3H]4OHE2 catechol
metabolite composition by HPLC.

(b) [2,6,7-3H]4OHE1. For this labeled metabolite, only
the nonenzymatic NaBH4 reduction reaction was utilized for
catechol metabolite biochemical confirmation as described
above.

Tissue Cytosol Preparation. Animals were sacrificed and
their tissues immediately removed, stripped of adhering fat,
wrapped in aluminum foil, and quickly immersed in liquid
nitrogen. The tissues were stored at-80°C until use. Tissues
were homogenized in TEG buffer (10 mM Tris-HCl, 1.5 mM
EDTA, 10% glycerol, 3 mM sodium azide, pH 7.4 (at 23
°C)) on ice, employing a Tissue Tearor (Biospec Products
Inc., Racine, WI). The homogenized solution was centrifuged
at 10000g for 15 min at 4°C, and the supernatant then was
centrifuged at 300000g for 2 h at 4°C. The resulting cytosol
samples were stored at-80 °C until use. Protein concentra-
tions of tissue cytosol extracts were determined using the
Total Protein diagnostic kit with bovine serum albumin as
the standard (Sigma Chemical Co.).

Saturation Binding Analysis. ERRKO tissue cytosol samples
(∼100-900µg of protein) were incubated first with 0.5µM
unlabeled 17â-E2 for approximately 1.5 h at 4°C to prevent
the binding of labeled and unlabeled 4OHE1/4OHE2 to ERR
and ERâ receptors. Radiolabeled 4OHE1 (∼1 Ci/mmol), in
the presence or absence of approximately 1000-fold excess
unlabeled 4OHE2, was added to the cytosol samples and
allowed to incubate overnight (∼16 h) at 4°C to achieve
equilibrium binding. Bound and free ligand were separated
by dextran-coated charcoal, and an aliquot of bound radio-
activity was measured by scintillation counting (32). Scat-
chard analysis (33) was used for linear transformation of the
data to determine the dissociation constant (Kd).

Ligand Specificity/Tissue Distribution Experiments. Tissue
cytosol (∼20-600 µg of protein) was incubated first with
0.5 µM unlabeled 17â-E2 for 1.5 h at 4°C. Approximately
1 nM [2,6,7-3H]4OHE1 or [2,6,7-3H]4OHE2 (∼1 Ci/mmol),
in the presence or absence of 500 nM unlabeled competitor,
was added to the cytosol samples. Binding assays were
performed as described above.

[2,6,7-3H]4OHE1 Metabolism Analysis. Binding assays
were performed as described above, but in the presence or
absence of 3 mM ascorbic acid. The reaction samples were
extracted with ethyl acetate, and the extracts were pooled
and dried under nitrogen. The resulting samples were
reconstituted in HPLC mobile phase (see above), and aliquots
were analyzed for metabolite composition by HPLC.

RESULTS

Biochemical Synthesis/Purification of [3H]4OHE1 and
[3H]4OHE2. In efforts to biochemically characterize a puta-
tive catechol estrogen binding protein, we have enzymatically
synthesized and purified two radiolabeled catechol estro-
gen compounds, [2,6,7-3H]4OHE1 and [2,6,7-3H]4OHE2,
using commercially available [2,4,6,7-3H]17â-E2 and the
CYP450 enzyme CYP1B1. This enzyme has been character-
ized as a specific 4-hydroxylation enzyme (34-38), con-
tributing to the predominant formation of 4-hydroxylated
catechol estrogens from the parent compounds 17â-E2 and
E1 (Figure 1).

Prior to HPLC purification of radiolabeled catechol
estrogens, unlabeled corresponding standards were chro-
matographed and retention times accurately determined
(Figure 2). Typical HPLC CPM profiles of [2,4,6,7-3H]17â-
E2 metabolism incubated with CYP1B1 enzyme, in the
presence and in the absence of spironolactone (17â-HSD
inhibitor), are illustrated in parts A and C of Figure 3,
respectively. On the basis of these radioactive profiles,
sufficient percentage yields of both [2,6,7-3H]4OHE1 and
[2,6,7-3H]4OHE2 (approximately 30-35% final yield) were
obtained under these reaction conditions. Aliquots of rep-
resentative final purified extracts of [2,6,7-3H]4OHE1 and
[2,6,7-3H]4OHE2 ligands are depicted in parts B and D of
Figure 3, respectively. Both labeled ligands were∼95% pure
on the basis of HPLC CPM analysis. To prevent spontaneous
oxidation, both radiolabeled catechol estrogens were stored
in 100% EtOH containing 2 mM or 3 mM ascorbic acid (30).

Enzymatic and nonenzymatic biochemical means were
used for verification of the molecular identities of the
radiolabeled compounds (data not shown). For [2,6,7-3H]-
4OHE2, an aliquot was reacted first with Insect Control
CYP1B1 enzyme extract, resulting in almost complete
conversion to [2,6,7-3H]4OHE1 via 17â-HSD type II activity.
Upon subsequent reaction with the reducing agent NaBH4,
[2,6,7-3H]4OHE1 was converted back to the original radio-
labeled ligand [2,6,7-3H]4OHE2 (likely a racemic mixture).
In a similar manner, nonenzymatic reaction of [2,6,7-3H]-
4OHE1 with NaBH4 resulted in the predominant formation
of [2,6,7-3H]4OHE2 (racemic mixture), confirming the
identity of [2,6,7-3H]4OHE1 as substrate (data not shown).

Saturation Binding Analysis. Saturation curves illustrating
the binding of [2,6,7-3H]4OHE1 metabolite (see [2,6,7-3H]-
4OHE1 Metabolism Analysis section of Results) to ERRKO
kidney (A), liver (B), ovarian (C), and uterine (D) tissue
cytosols are displayed in Figures 4 and 5 (liver and ovarian
tissues only). At apparent saturation, ERRKO kidney, liver,
and uterine cytosols displayed specific binding concentrations
of approximately 0.2 nM, while ERRKO ovarian cytosol
revealed specific binding concentrations of nearly 0.4 nM.
Accordingly, the percentages of specific binding for the four
tissue samples were approximately 4% for kidney and liver,

6700 Biochemistry, Vol. 43, No. 21, 2004 Philips et al.



7% for uterus, and 13% for ovary. Also, for all tissue cytosol
binding curves, nonspecific binding demonstrated linearity
with increasing radiolabeled ligand concentrations (Figures
4 and 5). Linear transformation of the saturation data (inset
Scatchard plots in Figure 4) indicated a single population of
binding sites for the 4OHE1 metabolite with an averageKd

of 1.6 nM. Specifically,Kd values of 1.5, 1.9, 1.3, and 1.5
nM were demonstrated with kidney, liver, ovarian, and
uterine ERRKO tissue cytosols, respectively, for specific
[2,6,7-3H]4OHE1 metabolite binding. On the basis of Scat-
chard plot calculations, these measuredKd values are similar
to thoseKd values obtained for catechol estrogen binding
(0.1-0.5 nM) (8, 39) and 17â-E2 binding (0.1-1 nM) (32,
40) to estrogen receptor proteins. Among the four ERRKO

tissues analyzed, specific [2,6,7-3H]4OHE1 metabolite bind-
ing determined under equilibrium conditions indicated that
kidney cytosol possessed the highest concentration (Bmax) of
[2,6,7-3H]4OHE1 metabolite binding sites (Figure 4A).

Ligand Specificity. The specificity of [2,6,7-3H]catechol
estrogen metabolite binding was ascertained by measuring
the ability of various steroidogenic compounds to compete
for binding with both [2,6,7-3H]4OHE1 and [2,6,7-3H]-
4OHE2 in ERRKO lung tissue cytosol. The lung tissue was
utilized because of both its abundance and its high specific
[2,6,7-3H]catechol estrogen metabolite binding concentration.

Numerous estrogenic and steroidogenic compounds were
tested (Table 1) and were grouped into three categories for
purposes of clarity and convenience: catechol estrogen
competitors, steroid/hormone competitors, and phytoestrogen/
catecholamine competitors. For both specific [2,6,7-3H]-
4OHE1 and [2,6,7-3H]4OHE2 metabolite binding concen-
trations, the unlabeled catechol estrogens tested exhibited
very similar inhibition profiles (Table 1A). The catechol
compounds 2OHE1, 2OHE2, 2OHE2-17-acetate, 2OHE3,
4OHE1, and 4OHE2 all competitively inhibited specific
[2,6,7-3H]catechol estrogen metabolite binding very ef-
fectively. The methoxy derivatives 2-methoxyE1, 2-meth-
oxyE2, and 4-methoxyE2 were much weaker competitive
inhibitors.

The majority of estrogenic/steroidogenic ligands analyzed
did not competitively inhibit specific [2,6,7-3H]4OHE1 and
[2,6,7-3H]4OHE2 metabolite binding (Table 1B). For ex-
ample, in addition to 17â-E2, other estrogenic (natural or
synthetic) compounds such as BPA, DES, 17R-E2, E2-17-
acetate, E3, and kepone did not compete for specific [2,6,7-
3H]catechol estrogen metabolite binding. Other steroid
hormones (e.g., androstenediol, dexamethasone, and proges-
terone) and several well-known ER/AR antagonists (e.g.,
flutamide, ICI 182,780, tamoxifen, and 4OH-tamoxifen) also

FIGURE 1: Chemical structures of 17â-estradiol (E2), estrone (E1), and related catechol estrogen metabolites 2-hydroxyestradiol (2OHE2),
4-hydroxyestradiol (4OHE2), 2-hydroxyestrone (2OHE1), and 4-hydroxyestrone (4OHE1). 17â-Hydroxysteroid dehydrogenase (17â-HSD)
enzymatically interconverts E1 and E2. Cytochrome P450 1B1 (CYP 1B1) specifically metabolizes E1 and E2 to the 4-OH (∼80%) and
2-OH (∼20%) estrogen derivatives. Catechol estrogens possess two vicinal hydroxyl groups in their A ring, reminiscent of the catecholamines.

FIGURE 2: HPLC chromatogram of 17â-estradiol (17â-E2), estrone
(E1), and related catechol estrogens. Unlabeled steroidal compounds
were separated and corresponding UV profiles determined by HPLC
analysis as described in Materials and Methods.
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demonstrated weak competitive profiles. These data strongly
suggest that other nuclear receptor superfamily members,
including the androgen receptor, the glucocorticoid receptor,
the mineralocorticoid receptor, and the progesterone receptor,
are not involved in specific binding of radiolabeled catechol
estrogens or their metabolites under these conditions. Of the
catecholamines tested in the competitive binding assays (see
Figure 6), norepinephrine was a surprisingly stronger com-
petitive inhibitor than epinephrine (Table 1C), although both
were much weaker competitive inhibitors than the catechol
estrogens.

Several plant-derived compounds with estrogenic activity
(i.e., phytoestrogens) also were assayed for their ability to
competitively inhibit specific [2,6,7-3H]catechol estrogen
metabolite binding (Table 1C). Genistein, a flavonoid with
reported increased affinity for ERâ compared to ERR (32),
exhibited a weak competition profile. Conversely, catechin/
epicatechin compounds and quercetin, all with structural
resemblance to catechol estrogens (see Figure 6), exhibited
strong inhibition profiles. Specifically, catechin and epicat-
echin compounds competitively inhibited approximately 50%
of specific [2,6,7-3H]catechol estrogen metabolite binding,
whereas quercetin competitively inhibited 100% of specific
binding.

Tissue Distribution (WT, ERRKO, and ArKO Mice). To
determine the relative tissue distribution of a specific catechol
estrogen binding protein, competition binding studies were
conducted in a wide range of female WT, ERRKO, and
ArKO murine tissues. The three genotypes of mice allowed
relative concentrations of catechol estrogen binding sites to
be assessed among tissues under varied concentrations of
systemic 17â-E2 (high concentrations, ERRKO; moderate

concentrations, WT; low concentrations, ArKO). Serum
concentrations of 17â-E2 are nearly 10 times higher in
ERRKO female mice compared to WT mice (41), while
ArKO animals possess very low serum concentrations of
17â-E2 compared to their WT counterparts (42).

Using radiolabeled 4OHE2 ligand, significant binding
concentration differences both within and among tissues of
these varied genotypic mice were quite evident (Figure 7).
Relative concentrations of specific [2,6,7-3H]4OHE1 me-
tabolite binding displayed a similar pattern among various
murine tissues, although this is not shown. In WT female
animals, the highest concentrations of specific [2,6,7-3H]-
4OHE2 metabolite binding were found in bladder, lung,
ovary, and skeletal muscle. Moderate concentrations of
specific [2,6,7-3H]4OHE2 metabolite binding were evident
in kidney, mammary, and uterine tissues, while the lowest
concentrations were demonstrated in the brain, heart, and
liver (Figure 7).

Among ERRKO female tissues, bladder, lung, and skeletal
muscle displayed the highest specific [2,6,7-3H]4OHE2
metabolite binding concentrations. Lower but significant
binding concentrations were found in the kidney, liver,
mammary, ovary, and uterus. Analysis of specific [2,6,7-
3H]4OHE2 metabolite binding concentrations in brain and
heart tissues revealed very weak binding (Figure 7). To
validate the proteinaceous nature of this putative catechol
estrogen binding site, pretreatment of ERRKO lung tissue
with proteinase K prior to overnight incubation completely
eliminated specific binding by both [2,6,7-3H]4OHE1 and
[2,6,7-3H]4OHE2 metabolites (data not shown), suggesting
stable interactions of radiolabeled catechol estrogen metabo-
lites with a cytosolic protein.

FIGURE 3: HPLC CPM profiles of [2,4,6,7-3H]17â-E2 metabolism via cytochrome P450 1B1: synthesis of catechol estrogens [2,6,7-3H]-
4OHE1 and [2,6,7-3H]4OHE2. Approximately 1.5µM [2,4,6,7-3H]17â-E2 was incubated with CYP1B1 Enzyme Supersomes without (A)
or with (C) 0.6 mM spironolactone. In [2,6,7-3H]4OHE2 synthesis reactions, spironolactone was utilized as a 17â-HSD type II enzyme
inhibitor. For determination of [2,6,7-3H]catechol estrogen synthesis, aliquots from each reaction mix were analyzed by HPLC chromatography.
HPLC profiles of reaction mix extracts were determined using a LUNA reversed-phase C18 column with an isocratic mobile phase (36:
24:40) of methanol:acetonitrile:double-distilled water. The flow rate was 0.8 mL/min, and the absorbance was monitored at 260 nm. CPM
peaks of labeled estrogens are indicated by arrows with corresponding retention times. Retention times of unlabeled compounds are shown
in bold type. Profiles of purified [2,6,7-3H]4OHE1 (B) and [2,6,7-3H]4OHE2 (D) products from syntheses reactions are shown. Both
radiolabeled ligands were∼95% pure on the basis of HPLC CPM analyses.
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In comparison to WT and ERRKO female mice, ArKO
females possessed much lower specific [2,6,7-3H]4OHE2
metabolite binding concentrations (Figure 7). Among tissues
of ArKO female mice, the highest concentrations of specific
[2,6,7-3H]4OHE2 metabolite binding were found in mam-
mary, ovary, and uterus. Moderate concentrations of specific
metabolite binding were evident in the bladder, heart, and
lung, while several tissues, including the brain, kidney, liver,
and skeletal muscle, possessed low specific binding concen-
trations.

In addition to female mice, select tissues (brain and pro-
state) from male WT, ERRKO, and ArKO mice were ana-
lyzed for specific [2,6,7-3H]catechol estrogen metabolite
binding concentrations (data not shown). These two tissues
were assessed for both specific [2,6,7-3H]4OHE1 and [2,6,7-
3H]4OHE2 metabolite binding concentrations because both
ERR and ERâ mRNA are abundant and widespread in male
and female rodent brains (32, 43) and because ERâ was first
cloned from rat prostate tissue (40). In prostate tissues of
adult male WT, ERRKO, and ArKO mice, no significant
differences in specific [2,6,7-3H]catechol estrogen metabolite
binding concentrations were evident (data not shown).
Concentrations of specific [2,6,7-3H]catechol estrogen me-
tabolite binding for this tissue among all three mouse
genotypes were low (i.e.,<150 fmol/mg of total cytosol
protein) compared to other female tissues. Within brain
tissue, comparison of specific [2,6,7-3H]catechol estrogen
metabolite binding concentrations among male mice dem-
onstrated no significant differences either, with specific
[2,6,7-3H]catechol estrogen metabolite binding concentrations

<100 fmol/mg of total cytosol protein (data not shown).
Consequently, no significant gender differences between
male and female WT, ERRKO, or ArKO brain tissues for
specific [2,6,7-3H]catechol estrogen metabolite binding were
apparent.

[2,6,7-3H]4OHE1 Metabolism Analysis. The concern about
metabolic breakdown of estrogenic compounds, especially
catechol estrogens (30), prompted us to investigate the
stability of catechol estrogens in our sample preparations.
In all cases, metabolism of [2,6,7-3H]4OHE1 was assessed
by ethyl acetate extraction following normal binding assay
conditions in the presence or absence of 3 mM ascorbic acid
(reducing agent). From these experiments, incubation of
ERRKO mouse lysate with varying concentrations of [2,6,7-
3H]4OHE1 resulted in nearly complete metabolism of the
radiolabeled substrate (data not shown). The addition of
ascorbic acid to the reaction mixture was unable to inhibit
the enzymatic oxidative metabolism of the radiolabeled
ligand, and completely eliminated specific [2,6,7-3H]4OHE1
metabolite binding in each of the lysate samples. Further-
more, the inability to extract nearly 100% of radioactivity
with ethyl acetate following incubation suggested covalent/
irreversible binding with lysate proteins. In contrast to [2,6,7-
3H]4OHE1, in control experiments, no significant metabolism
was observed with radiolabeled 17â-E2 (data not shown).

DISCUSSION

Although enigmatic in terms of function, recent evidence
has suggested important physiological roles for catechol
estrogens in gonadotropin release (13), embryo implantation

FIGURE 4: Saturation and Scatchard (insets) analyses of [2,6,7-3H]4OHE1 metabolite binding in ERRKO mouse tissue cytosol. Female
ERRKO mouse cytosol samples (from kidney (A), liver (B), ovarian (C), and uterine (D) tissues) were labeled with [2,6,7-3H]4OHE1 in
the presence of 1000-fold excess unlabeled competitor as detailed in Materials and Methods. Unbound radioactivity was removed as described,
and specific binding was calculated by subtracting nonspecific binding from total binding. Saturation curves were fitted using logarithmic
regression analysis. Scatchard analyses of specific [2,6,7-3H]4OHE1 metabolite binding concentrations indicated an averageKd ) 1.6 nM.
Bmax values are adjusted for total micrograms of cytosolic protein.
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(5, 11, 12), parturition (14), and angiogenesis (15). In
addition to ERR and ERâ, these estrogenic metabolites are
believed to interact with a potential third estrogen-type
receptor (26). The objective of this study was to biochemi-
cally characterize this putative catechol estrogen binding
protein in WT, ERRKO, and ArKO mice. Our results
demonstrate the existence of such a binding protein (cyto-
solic) that exhibits characteristics of a typical high-affinity
receptor protein. However, the binding described herein is
mediated by metabolites of catechol estrogens, rather than
the parent compounds. Specific [2,6,7-3H]4OHE1 metabolite
binding was reversible and saturable, and demonstrated low
capacity (for catechol estrogens) with an approximateKd of
1.6 nM. We believe that this protein is functionally distinct
from other previously described catechol estrogen binding
sites (21-24) on the basis of its ligand selectivity, tissue
distribution, and estrogen responsiveness. Accordingly, the
present results warrant the examination of this binding protein
as a potential mediator of estrogenic action.

Analysis of the Scatchard plots for ERRKO mouse tissues
(Figure 4) indicated aKd range of 1.3-1.9 nM for [2,6,7-
3H]4OHE1 metabolite binding. These values are similar to
those binding affinities of catechol estrogens for nuclear
estrogen receptors (8, 39) and for putative catechol binding
proteins (22, 24). However, theBmax values reported here
(Figure 4) are greater than those reported for high-affinity
catechol estrogen binding sites in rat anterior pituitary
membranes (13 fmol/mg protein) (21) and guinea pig
hypothalamic membranes (38 fmol/mg protein) (23). It is
possible that these differences are attributable to cellular

distribution and animal tissue/model variation. Also, as
indicated, we believe this cytosolic protein is different from
previously described catechol estrogen binding sites dem-
onstrated in cytosol and membrane preparations. Whether
the binding sites characterized herein are also found in
membrane fractions would need to be verified by further
studies.

On the basis of tissue distribution studies (Figure 7),
however, the protein binding concentrations were similar to
those previously reported for catechol estrogen binding sites
(21, 23) and nuclear estrogen receptors (40). Disparities in
ligand binding methodologies could account for this dis-

FIGURE 5: Saturation binding of [2,6,7-3H]4OHE1 metabolite to
cytosol extracts from ERRKO mouse liver and ovarian tissues.
Female ERRKO mouse cytosol samples from liver (A) and ovarian
(B) tissues (same as Figure 4) were labeled with [2,6,7-3H]4OHE1
in the presence of 1000-fold excess unlabeled competitor as detailed
in Materials and Methods. Total (9), nonspecific (0), and specific
(b) binding were calculated as described.

Table 1: Inhibition Profiles of Various Estrogenic/Non-estrogenic
Compounds for Specific [2,6,7-3H]4OHE1 and [2,6,7-3H]4OHE2
Metabolite Protein Bindinga

compound
% [3H]4OHE1
bound( SE

% [3H]4OHE2
bound( SE

(A) Catechol Estrogen Competitors
no competitor 100.0( 5.7 100.0( 1.3
17â-E2 100.0( 9.4 100.0( 7.3
2OHE1 5.4( 3.4 17.5( 6.8
2OHE2 20.7( 7.0 22.6( 2.6
2OHE2-17-acetate 15.9( 1.8 18.7( 2.6
2OHE3 7.9( 13.4 22.9( 2.0
4OHE1 0.0( 10.9 10.5( 7.4
4OHE2 0.0( 8.2 0.0( 9.8
2-methoxyE1 82.6( 17.9 100.6( 14.8
2-methoxyE2 73.1( 11.5 70.6( 6.7
4-methoxyE2 77.1( 12.5 85.9( 9.2

(B) Steroid/Hormone Competitors
17â-E2 100.0( 9.4 100.0( 7.3
adrostenediol 112.4( 8.9 75.6( 0.5
bisphenol A 102.0( 11.6 97.6( 3.4
DES 98.2( 10.6 63.5( 0.6
dexamethasone 113.1( 4.0 84.4( 2.4
DHEA 107.1( 14.0 104.6( 11.8
DHT 116.8( 3.3 110.4( 2.5
16-epiestriol 90.2( 1.6 95.4( 3.2
E1 93.4( 4.7 74.9( 0.7
16R-E1 72.6( 9.5 77.7( 2.7
17R-E2 83.0( 13.6 82.6( 1.1
E3 100.0( 4.5 87.3( 5.1
E2-17-acetate 82.9( 3.0 86.8( 6.6
flutamide 74.7( 3.3 89.2( 1.6
HPTE 103.7( 17.7 73.0( 0.6
ICI 182,780 85.3( 7.4 87.9( 1.1
kepone 88.9( 7.6 91.3( 9.6
methoxychlor 116.4( 1.7 131.5( 3.9
progesterone 83.1( 3.3 90.4( 0.7
spironolactone 98.5( 3.8 110.7( 3.9
tamoxifen 71.8( 3.0 92.8( 10.4
4OH-tamoxifen 72.5( 4.5 85.3( 4.8

(C) Phytoestrogen/Catecholamine Competitors
17â-E2 100.0( 9.4 100.0( 7.3
(+)-catechin (2R,3S) 42.6( 4.8 54.6( 7.9
(-)-catechin (2S,3R) 63.5( 8.1 61.7( 6.6
(+)-epicatechin (2S,3S) 42.4( 4.8 53.9( 9.0
epinephrine 80.0( 0.9 88.1( 2.6
genistein 86.8( 2.7 109.5( 5.3
norepinephrine 49.7( 6.8 62.0( 3.8
quercetin <0 <0
a Following preincubation with 500 nM 17â-E2, female ERRKO lung

cytosol (from pooled tissue samples) was incubated with 1 nM [2,6,7-
3H]4OHE1 or [2,6,7-3H]4OHE2 in the presence of 500 nM unlabeled
competitor. Percent specific [2,6,7-3H]catechol estrogen metabolite
bound for each compound is relative to either 4OHE1 or 4OHE2 (set
at 100% inhibition) 0% specific [2,6,7-3H]catechol estrogen metabolite
bound) ( SE (standard error). Data are representative of two/three
independent binding experiments or multiple replicates from the same
experiment.
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crepancy. For example, while saturation binding (Scatchard
plots) utilized radiolabeled concentrations approaching recep-
tor saturation, competition binding (tissue distribution plots)
utilized sub-saturating concentrations of radiolabeled ligand
(to conserve limited ligand resources). Alternative explana-
tions for disparity in theBmax values between binding studies
include radiolabeled ligand differences and/or the interaction
of [2,6,7-3H]4OHE1 and [2,6,7-3H]4OHE2 metabolites with
separate binding proteins. However, given the similar inhibi-
tory profiles for both radiolabeled ligands (see Table 1), we
believe that these ligands are binding to the same protein.

Assuming a molecular weight of approximately 50 000
g/mol for a putative catechol estrogen binding protein, our
binding data (Figures 4 and 5) indicate a total cellular protein
binding percentage of approximately 1.6% for ERRKO liver
and uterus, 3.9% for ERRKO ovary, and 14.5% for ERRKO
kidney. Although high-affinity receptor proteins, like steroid
receptors, are normally present at much lower concentrations

(40), a precedent for a high-affinity/high-capacity estrogen
binding protein has been demonstrated. In studies of rat brain,
Ramirez et al. (44) recently identified that glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), present at 10-20%
of total cellular protein, binds to 17â-E2 with high affinity
(IC50 ) 50 nM). Because GAPDH competitively interacts
in a high-affinity fashion with 17â-E2, it does not represent
a potential candidate for our catechol estrogen binding
protein; however, these findings (44) demonstrate that such
a binding protein could exist at elevated concentrations in
tissues and may explain the varied tissue distribution of our
putative catechol estrogen binding protein among WT,
ERRKO, and ArKO female mice (see Figure 7).

To date, speculation on the existence of a novel (catechol)
estrogen receptor has been based upon estrogen responsive-
ness in an ERRKO mouse background (26). The 4OHE2-
induced lactoferrin response identified by Das et al. (26)
could be mediated by several mechanisms, including protein

FIGURE 6: Molecular structures of select phytoestrogens and catecholamines. The phystoestrogens quercetin and catechin exhibit structural
resemblance to the catechol estrogens (4OHE2) and catecholamines (epinephrine and norepinephrine). Genistein, catechins, and quercetin
are believed to possess anti-cancer and/or anti-oxidant properties.

FIGURE 7: Specific [2,6,7-3H]4OHE2 metabolite binding concentrations among tissues in ERWT (wild-type), ERRKO (estrogen receptor-R
knockout), and ArKO (aromatase knockout) female mice. Tissue cytosol was incubated with 1 nM [2,6,7-3H]4OHE2 in the presence or
absence of 500-fold excess of unlabeled 4OHE2 competitor for 16 h at 4°C. Specific [2,6,7-3H]4OHE2 metabolite binding was calculated
by subtracting nonspecific binding from total binding. Concentrations of specific [2,6,7-3H]4OHE2 metabolite protein binding represent
mean values( SE (standard error) and are adjusted for total milligrams of cytosolic protein. Data are representative of two independent
binding experiments or multiple replicates from the same experiment.
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isoforms of ERR and/or ERâ, orphan receptor members
of the nuclear receptor superfamily, or cross-talk between
growth factors and estrogen receptors (i.e., membrane and/
or nuclear ERâ). However, we believe that the most sim-
plistic explanation for such a response in the ERRKO mouse
is the existence of a novel estrogen-type receptor.

We are designating this binding protein as a putative
estrogen-type receptor protein for several reasons: (1) the
inability of both 17â-E2 and ICI 182,780 to inhibit this
response suggests this effect is not mediated by the ligand
binding domains of either ERR or ERâ; (2) the concentration
of 4OHE2 (10µg/kg) utilized to induce ERRKO uterine
lactoferrin mRNA expression is consistent with concentra-
tions (10-8-10-12 M) at which hormones are biologically
active, strongly implying a receptor-mediated mechanism;
(3) the inability of 17â-E2 to induce this lactoferrin response
indicates that this parent estrogen compound is not interacting
with the ligand binding domains of either ERR or ERâ
isoforms; and (4) the lactoferrin response is elicited by an
estrogen metabolite (4OHE2) that exhibits structural resem-
blance to the parent compound 17â-E2.

Our working model is that this putative catechol estrogen
binding protein may represent a novel estrogen-type receptor
or perhaps a putative orphan receptor. To date, there is no
evidence of a specific binding protein for catechol estrogen
metabolites (i.e., quinones), which bind to available sulfhy-
dryl and amino groups in proteins in general. Regardless, a
receptor is defined by several criteria, including saturability,
specificity, and reversibility. Furthermore, it is assumed that
the integrity of the ligand is maintained during ligand-
receptor interaction. However, in the case of catechol estro-
gens, this assumption is not valid given their susceptibility
to oxidative metabolism and redox cycling (17). Conse-
quently, we utilized HPLC analysis to investigate the
metabolism of [2,6,7-3H]4OHE1 when incubated with both
WT and ERRKO mouse cellular lysate in the presence and
in the absence of ascorbic acid, a reported protective
antioxidant (30).

Results from our studies demonstrated significant oxidative
metabolism of this radiolabeled compound under normal
binding assay conditions, even in the presence of 3 mM
ascorbic acid. A large percentage of radioactivity was not
extracted by ethyl acetate, implying potential covalent/
irreversible binding to lysate proteins (data not shown). The
ability of ascorbic acid to eliminate specific [2,6,7-3H]4OHE1
metabolite binding, but failure to prevent enzymatic oxidative
metabolism of the radiolabeled ligand, strongly suggests that
the observed specific binding is attributable to oxidized
product(s). It remains possible that the specific, reversible
binding observed is mediated by unmetabolized, parent
catechol estrogens, though the metabolism data indicate
otherwise. Although unknown mechanistically, the binding
inhibition by ascorbic acid may reflect direct ligand competi-
tion or the formation of a nonbinding catechol estrogen
intermediary product (via oxidation).

To further characterize the apparent two types of binding
revealed from our studies, kinetic analyses were conducted
(data not shown). Results from these studies demonstrated
binding interactions that were not consistent with traditional
ligand-receptor interactions and revealed aKd value (∼22
nM) that conflicted with theKd value (∼1.6 nM) obtained
from Scatchard analyses (see Figure 4). The conflicting data

may be resolved by two potential explanations. First, if the
specific binding were covalent, then the calculated binding
affinity should be higher (i.e.,Kd should be lower). Second,
because the parent catechol estrogen ligand is metabolized
to both binding and nonbinding ligands (capable of covalent
interactions), the concentration of the “true” binding ligand
is actually lower than anticipated. Accordingly, this generates
an apparent elevatedKd value (22 nM). The increased
nonspecific, irreversible binding over time (>16 h) observed
for both association and dissociation kinetics (data not
shown) supports this assertion. While not discussed here,
the identification of the catechol estrogen metabolite, the
protein(s) it binds, and the enzymes mediating the metabo-
lism will allow a much clearer interpretation of these data.

In summary, our findings demonstrate the interaction of
catechol estrogen metabolites with a novel, and functionally
distinct, cytosolic murine binding protein that exhibits high
affinity, specificity, and selective tissue distribution. To our
knowledge, the present study represents the most extensive
characterization of a putative catechol estrogen binding
protein in any animal or cell model. The fact that this binding
protein shares tissue distribution patterns with both ERs (32,
45, 46) and estrogen-related receptors (ERRs) (47-49) could
help elucidate its biological role in alternative estrogen-
signaling pathways. Evidence that this protein is a receptor
must await protein purification, subsequent sequence com-
parisons, and characterization of receptor responses at
differing ligand concentrations. Indeed, if this catechol
estrogen binding protein does represent a novel estrogen-
type receptor, then this protein, in addition to the known
ERR and ERâ, would potentially have major therapeutic
implications for cancer, fertility, and cardiovascular disease.
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