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Abstract

Early studies have suggested the presence in the central nervous system of possible estrogen binding sites/proteins other than
classical nuclear estrogen receptors (nER). We report here the isolation and identification of a 23 kDa membrane protein from
digitonin-solubilized rat brain mitochondrial fractions that binds 17 -estradiol conjugated to bovine serum albumin at C-6
position (17 -E-6-BSA), a ligand that also specifically binds nER. This protein was partially purified using affinity columns
coupled with 17 -E-6-BSA and was recognized by the iodinated 17 p-E-6-BSA (17 B-E-6-['**I]BSA) in a ligand blotting assay.
The binding of 17 B-E-6-BSA to this protein was specific for the 17 B-estradiol portion of the conjugate, not BSA. Using N-
terminal sequencing and immunoblotting, this 23 kDa protein was identified as the oligomycin-sensitivity conferring protein
(OSCP). This protein is a subunit of the FOF1 (F-type) mitochondrial ATP synthase/ATPase required for the coupling of a
proton gradient across the FO sector of the enzyme in the mitochondrial membrane to ATP synthesis in the F1 sector of the
enzyme. Studies using recombinant bovine OSCP (rbOSCP) in ligand blotting revealed that rbOSCP bound 17 p-E-6-['*’I]BSA
with the same specificity as the purified 23 kDa protein. Further, in a ligand binding assay, 17 p-E-6-['**I]BSA also bound
rbOSCP and it was displaced by both 17B-E-6-BSA and 17a-E-6-BSA as well as partially by 17-estradiol and
diethylstilbestrol (DES), but not by BSA. This finding opens up the possibility that estradiol, and probably other compounds
with similar structures, in addition to their classical genomic mechanism, may interact with ATP synthase/ATPase by binding to
OSCP, and thereby modulating cellular energy metabolism. Current experiments are addressing such an issue. © 1999 Elsevier
Science Ltd. All rights reserved.

1. Introduction

Abbreviations: nER, nuclear estrogen receptors, DES, diethylstil-
bestrol, 17B-E-6-CMO, 17 -estradiol 6-(O-carboxymethyl)oxime,
BSA, bovine serum albumin, 17 B-E-6-BSA, 17 -estradiol 6-(O-car-

Rapid effects of estrogens, especially in tissues lack-
ing nuclear estrogen receptors (nER), are incompatible

boxymethyl)oxime-BSA, 17 B-E-6-['*’I|BSA, ['*I]-labeled 17 p-E-6-
BSA, 17a-E-6-BSA, 17a-estradiol 6-(O-carboxymethyl)oxime-BSA,
17B-E-17-HS, 17 B-estradiol 17-hemisuccinate, 17 B-E-17-BSA, 173 -
estradiol 17-hemisuccinate-BSA, T-3-BSA, testosterone 3-(O-carbox-
ymethyl)oxime-BSA, CB, cerebellum, B, whole brain without cerebel-
lum and olfactory bulb, P2, mitochondrial-synaptosomal membrane
fraction, mP2, mitochondrial fraction, AEBSF, 4-(2-aminoethyl)-ben-
zenesulfonyl fluoride, PVDF, polyvinylidene difluoride, OSCP, oligo-
mycin sensitivity-conferring protein, rbOSCP, recombinant bovine
OSCP, PBS, phosphate buffer solution, PEI, polyethylenimine, DCC,
dextran-coated charcoal, Ky, dissociation constant, K;, inhibition
constant, ICso, half-inhibition concentration, B, binding sites,
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis, M, molecular weight.
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with the classical genomic mechanism [1] and nonge-
nomic mechanisms have been postulated [2-5]. Early
studies from our laboratory indicate that the crude
mitochondrial-synaptosomal membrane fraction (P2)
of the female rat brain contains estrogen binding sites
by using an estradiol-bovine serum albumin conjugate
linked at C-6 position, 17 B-E-6-['*I|BSA, as a ligand
[6,7]. Using 17 B-E-6-['*I|BSA, we have also identified
three major estrogen binding proteins in brain P2
membrane preparations by ligand blotting technique
with M, of about 23, 28 and 32 kDa [8]. One of these
proteins, the 23 kDa protein, is enriched in mitochon-
drial fraction (mP2) and preliminary ligand blotting
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data using purified fractions from P2 by 17 f-E-6-BSA
linked affinity columns revealed significant purification
[8].

The use of estradiol-BSA conjugates to identify es-
trogen-binding proteins originated more than twenty
years ago [9,10]. However, as suggested in 1980s by
many researchers, the estradiol-BSA does have pro-
blems, especially when employed to identify nER [11-
13]. The suspected problems are mostly likely due to
binding of estradiol-BSA conjugates to other lower
affinity estrogen binders. Therefore, the value of estra-
diol-BSA ligands to detect nER diminished. However,
since this ligand has estradiol linked to BSA, a large,
hydrophilic protein, it has become a useful ligand in
recent years for demonstrating the rapid, nongenomic
actions of estrogens on cell membranes. The estradiol-
BSA conjugate is biologically active and mimics the
effects of free, unconjugated 17 -estradiol [4]. For
instance, like free 17 -estradiol, the 17 -estradiol-
BSA conjugate increased cytosolic [Ca?"], IP; and
DAG in osteoblasts [14], reduced the Ca’*current in
striatal cells [15] and potentiated the kainate-induced
current in hippocampal CA1l neurons [5]. All of the
aforementioned effects are believed to be mediated by
receptors on the plasma membrane, since the BSA
conjugates should be impermeant to intact cells. 17 -
E-6-BSA linked to fluorescein isothiocyanate has also
been used to identify membrane estrogen binding sites
in breast cancer cells [16] and a pituitary cell line [17].

Similarly, progesterone linked to ['*I]-labeled BSA
through C-11 position [18] or C-3 position [6] has been
used to demonstrate specific steroid membrane binding
sites. In addition, the kainate subtype of glutamate
receptor can be identified by conjugating a kainate de-
rivative, kainylaminooxyacetylglycine to BSA to obtain
a multivalent ligand with very high binding affinity
[19].

Because the estradiol-BSA conjugates had much
higher affinity than free estrogens to lower affinity es-
trogen binders, it could be very useful in qualitatively
identifying other estrogen binding proteins. However,
the relative binding affinity will be difficult to deter-
mine, especially when the conjugates contain large
molecules such as BSA and each conjugate will be also
linked to different number of estrogens with an aver-
age ratio of about 32 estradiol/BSA. Also, due to the
multivalent property of the ligand, the free estradiol
will be much less efficient in competing off the ligand.
Nevertheless, once the binding protein is identified, its
functional importance can be examined by using free
estrogens instead.

In this paper, we demonstrate the usefullness of
estradiol-BSA conjugates in identifying an estradiol
binding protein. First, using classical [*H]estradiol
binding assays of uterine nER we showed that the con-
jugation of estradiol to BSA did not alter its general

specificity although its affinity varied depending upon
the position on the steroid through which BSA was
coupled. Second, we report data for the isolation and
characterization of a 23 kDa protein from crude brain
mitochondrial fractions, ecarlier identified by ligand
blotting as an estradiol-binding protein [8]. Third, this
protein was identified by both N-terminal sequencing
and immunoblotting as OSCP. Finally, the recombi-
nant bovine OSCP bound the 17 f-E-6-[">*I]BSA con-
jugate and the binding was partially competed off by
estradiol and DES.

Some of the preliminary data were reported earlier
in a review paper [4].

2. Experimental procedures
2.1. Chemical reagents and materials

BSA (fraction V), 17p-estradiol, 17a-estradiol,
DES, oligomycin, 17-E-6-CMO, 173-E-6-BSA (32
E/BSA), 17B-E-17-BSA (35 E/BSA), T-3-BSA (35 T/
BSA), bacitracin, digitonin, FAST DAB tablets,
Coomassie Brilliant Blue R-250, PEI (50% aqueous
solution, average M.W. 60,000) were purchased from
Sigma Chemical Co. (St. Louis, MO). 17a-E-6-BSA
(32 E/BSA) was from Steraloid, Inc. (Wilton, NH).
AEBSF was from Boehringer Mannheim
(Indianapolis, IN). Carrier-free sodium iodine-125
(Na'®I, 1 mCi/10 pl) was obtained from Amersham
Co. (Arlington Heights, IL). 17 -E-6-['>*I]BSA (200
800 Ci/mmol) was prepared as described [8]. [PH]17 B -
estradiol (85 Ci/mmol) was from NEN (Boston, MA).
Bio-Safe II was from Research Products International
Corp. (Mount Prospect, IL). AminoLink columns were
purchased from Pierce Chemical Co. (Rockford, IL).
Prepacked PD-10 columns were purchased from
Pharmacia Biotech Inc. (Piscataway, NJ). Precasted 4—
20% gradient gels (1 mm thick) and the protein stan-
dard markers were obtained from Bio-Rad (Hercules,
CA). Fast stain was from Zoion Research, Inc.
(Allston, MA). Nitrocellulose membranes (0.45 um
pore size, type HA) were from Millipore Co. (Bedford,
MA). PVDF membranes were from Applied
Biosystems (Foster City, CA). The polyclonal antibody
against bovine OSCP was kindly provided by Dr. G.I.
Belogrudov, Dr. A. Matsuno-Yagi and Dr. Y. Hatefi
of the Scripps Research Institute, La Jolla, CA. The
rbOSCP was kindly provided by Dr. Y. Hatefi (orig-
inally from Dr. S. Joshi) initially and later by Dr. S.
Joshi of Boston Biomedical Research Institute and
Harvard Medical School. The rbOSCP was expressed
as the mature sequence in E. coli and recovered from
inclusion bodies [20].

The concentrations of steroid-BSA conjugates are
based on the total molecular weight (M,) for the con-
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jugates, not the steroid moieties. Therefore, the con-
centrations of the conjugates in terms of estradiol
equivalents are 32—35 times higher.

2.2. Animals

Immature (30 days old) and adult female Sprague-
Dawley rats (60—120 days old, unknown estrous cycle)
were maintained on a 14:10 h light/dark cycle (lights
on at 07.00) with food and water available ad lib.
Animals were taken care of in accordance with federal
and institutional guidelines and sacrificed by decapi-
tation.

2.3. Subcellular fractionation

Crude mitochondrial-synaptosomal membrane frac-
tions (P2) or mitochondrial fractions (mP2) from cer-
ebellum (CB) and brain (B, whole brain without CB
and olfactory bulb) of adult female rats were prepared
in P2-Tris buffer (50 mM Tris-HCI/120 mM NacCl/5
mM KCI/T mM MgSO4/1 mM CaCl,/10% glycerol,
pH 7.4 at 4°C) plus 0.5 mM AEBSF and 0.1 mM baci-
tracin as described previously [8]. The uterine cytosol
(rich in nER) was prepared from immature female rats
in TE buffer (10 mM Tris, 2 mM EDTA, pH 7.5)
according to a modified procedure of Bruns et al. [21].
Briefly, immature female rats were sacrificed and the
uteri were removed quickly into cold TE buffer. The
uteri were minced and homogenized in the same
Teflon glass homogenizer at 1 uterus/ml TE for 2 min.
The homogenate was then ultracentrifuged for 60 min
at 125,000g and the supernatant obtained was the uter-
ine cytosol fraction. All the fractions were stored at
—80°C and assayed for protein by the Bradford
method [22] using BSA as a reference.

2.4. Solubilization

Frozen P2 or mP2 fractions from CB or B were
thawed and solubilized in P2-Tris buffer containing
1% digitonin at 4°C as reported [8]. The recovery of
proteins was usually 40-50%.

2.5. Affinity purification of estrogen binding proteins

Estrogen affinity columns were prepared by linking
the primary amine groups on the BSA part of 17 B-E-
6-BSA or 17a-E-6-BSA (2 mg) to agarose activated
aldehydes in AminoLink columns according to manu-
facturer’s instructions. A control column coupled with
BSA was prepared in the same way. Coupling effi-
ciency was between 30% to 40% for 17-E-6-BSA,
60% for 17a-E-6-BSA and 82% for BSA. The purifi-
cation was done as described before [8] with slight
modifications. Briefly, one ml of a solubilized P2 or

mP2 fraction (about 1-1.8 mg proteins) was applied to
the column and incubated for 2-3 h at 4°C. The same
procedure was repeated for additional samples. The
column was then washed with 15 ml P2-Tris buffer to
removed the unbound protein, followed by washing
with 5x 1 ml 5 mM Tris buffer plus 1% glycerol. The
bound proteins were eluted with 12 x 1 ml 0.1 N acetic
acid (pH 2.7). Fifty pl from each of the one-milliliter
eluant fractions were removed and assayed for protein
concentration by the Bradford method [22]. The pro-
tein-containing eluant fractions were pooled and lyo-
philized prior to gradient SDS-PAGE. In some
experiments, the eluted protein fractions were neutral-
ized right away with 50 pl 1 M Tris-HCI at pH 9.4
and then applied to the same column for repurifica-
tion.

2.6. SDS-PAGE

The samples were treated at 95°C for 3 min in the
presence of 1x reducing sample buffer. The samples
were cooled and then applied to a 4-20% precast poly-
acrylamide gradient minigel, and SDS-PAGE was per-
formed at 200 V for 35 min according to Laemmli
[23]. The gels were either stained with Fast stain, or
electrotransferred to nitrocellulose membranes or
PVDF membranes for further analysis.

2.7. N-terminal sequencing

Partially purified proteins were separated by SDS-
PAGE in the presence of 2 mM reduced glutathione
and were electrotransferred to PVDF membranes at 50
V for 45 min using Bio-Rad mini Trans-Blot cell
according to Matsudaira [24]. The membranes were
stained with 0.1% Coomassie Brilliant Blue R-250.
The bands of interest were excised and N-terminal
amino acids were sequenced on an Applied Biosystems
model 577A sequencer coupled to a model 120A on-
line PTH analyzer using Edman chemistry.

2.8. Protein blotting

Proteins separated by SDS-PAGE were electrotrans-
ferred to nitrocellulose membranes at room tempera-
ture with cooling unit for 2 hours at constant 50 V
according to Towbin et al. [25] or transferred to
PVDF membranes as described above. The blots were
blocked with 2% (nitrocellulose membranes) or 3%
(PVDF membranes) BSA in PBS at 37°C for 1.5 h and
washed with PBS three times, each for 5 min.

For ligand blotting, the blots were then incubated
with 0.2-1.6 nM 17p-E-6-['*IIBSA (1.8-10 x 10°
cpm/ml, 70% counting efficiency) in the absence or in
the presence of various concentrations of competitors
at 4°C, washed, dried and exposed to Kodak SB film



68 J. Zheng, V.D. Ramirez | Journal of Steroid Biochemistry and Molecular Biology 68 (1999) 65-75

as described earlier [8]. The incubation buffer was P2-
Tris buffer plus 0.08% BSA except as noted. In some
cases, the blots were also exposed to a storage phos-
phor screen overnight and the relative radioactivity
bound to the specific protein bands was quantitated
using an image analysis software, ImageQuant, by a
PhosphorImager 445 SI system (Molecular Dynamics).
The relative radioactivity specifically bound to a pro-
tein band was obtained by subtracting the background
radioactivity from the total radioactivity bound to that
protein.

The blots as blocked above or the blots after ligand
blotting were also used for detection of OSCP by
immunoblotting. The blots were incubated at room
temperature with rabbit anti-bovine OSCP antibody
serum (1:1000 to 1:5000 dilution) in 1% BSA in PBS
for 1.5 h, washed 3 times with PBS, each 5 min. The
blots were then incubated with goat anti-rabbit IgG
second antibody conjugated to horse-radish peroxidase
(Sigma, 1:1000 dilution) for 1 h at room temperature
and washed again 3 times, each 5 min. The blots were
developed using FAST DAB enzyme substrate to visu-
alize the protein band.

2.9. [?H]-Estradiol binding assays of uterine cytosol

The saturation assay and the competition assay of
the binding of [*H]17 B -estradiol to classical intracellu-
lar nER in uterine cytosol of immature rats were per-
formed in duplicates at 4°C in TE or TE plus 0.08%
BSA (TEB). [*H]17 p-estradiol (0.1-10 nM) was incu-
bated for 1.5-3 h with uterine cytosol (80-440 pg pro-
teins) and competing compounds in 250 pl total
volume. The concentration of the ethanol used to dis-
solve the ligand and steroids was in the range of
0.004-0.4% in the final solution and had no effect on
the binding. 200—-500-fold excess 17 -estradiol or DES
was used to determine the nonspecific binding. The
bound [*H]17 B-estradiol was separated from free
using a rapid filtration method through PEl-treated
Whatman GF/B filters according to Bruns et al. [21].
Briefly, the glass filters were soaked in 0.3% PEI (v/v)
for 1-3 h at room temperature and placed on a model
1225 Sampling Manifold. The manifold was then
transferred to the cold room (4°C) for about 1 h
before use. After the incubation, the reaction solution
was poured onto PEl-treated filters in the manifolds
under reduced pressure in the cold room. The tubes
and filters were washed twice with 5 ml incubation
buffer (TE or TEB) and the radioactivity retained by
the filters was counted using aqueous scintillation
cocktail, Bio-Safe II. The Ky and B, of saturation
assay were determined by ‘LIGAND’ program [26]
and K; for different competitors was calculated accord-
ing to Cheng and Prusoff [27].

2.10. 17 B-E-6-["*I] BSA binding assays of recombinant
bovine oligomycin-sensitivity conferring protein
(rbOSCP)

The ligand binding assay was based on the nonspeci-
fic absorption of basic OSCP protein to negatively-
charged glass filters [28]. The assay was performed in
duplicates at 4°C in 0.5 ml P2-Tris plus 0.08% BSA
(binding buffer) containing 0.1 pg rbOSCP and 45,000
cpm (about 0.14 nM) of total 17 B-E-6-['*I|BSA and
incubated for 30 min at 4°C. The bound ligand was
separated from free by rapid filtration through a GF/C
glass filter paper in a mannifold and washed with 5 ml
binding buffer twice. The retained radioactivity in the
filter paper was counted using a gamma counter (70%
efficiency).

3. Results

Saturation assays of [*H]17 p-estradiol (0.1-10 nM)
binding to nER in the uterine cytosol in the TE and
TEB (TE + 0.08% BSA) buffers were performed using
a rapid filtration method as described in Section 2.
Consistent with early reports [29], 17 -estradiol bound
the rat uterine nER with a Ky of about 0.2 nM and a
Bhax of 0.98 pmol/mg protein in TE (not shown).
Inclusion of 0.08% BSA (12 uM) did not significantly
affect both Ky and B, (0.19 nM and 1.01 pmol/mg
protein, respectively, not shown). Therefore, the com-
petition assays of uterine cytosol were performed in
the presence of 0.08% BSA. Consistent with saturation
data, unlabeled 17 p-estradiol displaced the binding
with a K; of 0.16 nM (Fig. 1). 173-E-6-BSA displaced
the binding with about 10 times less affinity than 173 -
estradiol (K;=1.5 nM), whereas 17 a-E-6-BSA had one
half the affinity as 17 B-E-6-BSA (Fig. 1), consistent
with the early finding that 17 a-estradiol had one-half
of the affinity of 17 B-estradiol for nER [30]. 17 B-E-
17-BSA  was shown to have very high affinity
(K;=0.024 nM) (Fig. 1). This high affinity of 17p-E-
17-BSA was also demonstrated using dextran-coated
charcoal (DCC) absorption or gel filtration (Sephadex
G-25 fine) to separated bound from free (not shown).
The difference in affinity between 17 -E-6-BSA and
17B-E-17-BSA is probably due to its conjugation at
different C-position in the estradiol molecule, and is
consistent with the early studies that 17 -E-6-CMO
had about 180 times lower affinity than 17 -E-17-HS
[31]. In one separate experiment, we had used 1 pM
17 B-E-6-CMO to displace the [*H]17 p-estradiol bind-
ing to uterine cytosol, resulting in 37% decrease of the
specific binding (i.e., with IC50 larger than 1 uM), an
affinity more than 700 times less than 17 -E-6-BSA.
The apparent higher affinities of estradiol-BSA conju-
gates than their estradiol-derivatives are most likely
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100 4

80 4

60 4

Ki (nM)
17B-Estradiol  0.16
17B8-E-6-BSA 1.5
170-E-6-BSA 3.0
17B-E-17-BSA  0.024
T-3-BSA

BSA -

NO -1l 9 7 5
LOG[Competitors (M)]

40 4

¢ > + m O o

[ 3H]178-ESTRADIOL SPECIFIC BINDING
TO UTERINE CYTOSOL (%)

Fig. 1. Competition curve of specific [°PH]17 p-estradiol (2 nM) bind-
ing to uterine cytosol (80 pg) using various unlabeled competitors in
duplicates in TEB. The Kd (0.20 nM) obtained from saturation
assay in TEB was used to calculate the Ki values for the different
competitors. ‘NO’ indicates the absence of competitors.

due to the multivalent property of the conjugates.
Consistent with the properties of classical nER, T-3-
BSA and BSA had little effect up to 1 uM (Fig. 1).
Therefore, steroid-BSA conjugates maintain their rela-
tive specificity.

Since CB-P2, B-P2 or B-mP2 contained the 23 kDa
estrogen binding protein which is enriched in mito-
chondrial fractions [8], we have used these fractions
for the purification of the estrogen binding proteins by
affinity columns coupled to estradiol-BSA, which had
been used earlier for purification of bovine nER [31].
Membrane proteins were solubilized by 1% digitonin
and the solubilized proteins were applied to 17 o -E-6-
BSA columns or 17B-E-6-BSA affinity columns. As
shown in Fig. 2A, using the solubilized CB-P2 as the
starting material, the 17p-E-6-BSA column (1.6%
recovery of solubilized proteins) retained about 20-fold
more of total proteins than 17 «-E-6-BSA affinity col-
umn (0.08% recovery) as measured by Bradford assay.
SDS-PAGE under reducing condition revealed that
both columns retained similar sizes of proteins (M, of
about 53, 33, 23, 21 and 18 kDa mainly) but signifi-
cantly less amount by 17 a-E-6-BSA column (Fig. 2B).
From fourteen experiments, an average of 0.83% of
the total protein loaded into the 17p-E-6-BSA col-
umns was retained, whereas about 0.05% total recov-
ery was obtained by the 17 a-E-6-BSA column in three
separate experiments.

Similar purification results were obtained with solu-
bilized B-P2 and B-mP2 fractions as determined from
Bradford assay and SDS-PAGE analysis (not shown).
Therefore all CB-P2, B-P2 or B-mP2 contained same
proteins that could be retained by 17 -E-6-BSA affi-

>
W

30 , —0— 170~ E-6-BSA column 1 2
—&— 17B—E-6-BSA column

200.0K —
116.2K
97.4K —
66.2K —
45.06 —

31.0K —

Eluted Proteins (ug)

i

215K —
144K —
6.5K —

012345678910
Fraction No. (1ml)

Fig. 2. (A) Elution profile of 17 a-E-6-BSA column versus 17 3-E-6-
BSA column. 1.74 mg solubilized CB-P2 was applied to a 17 a-E-6-
BSA column. The initial washed fractions from this column (4 ml,
representing more than 90% of total proteins applied) were collected
and applied to a 17 -E-6-BSA affinity column. The retained proteins
from both columns were eluted. (B) Proteins retained (30% of eluted
fractions from each of above columns) were separated by SDS-
PAGE. Lane 1, retained proteins by 17a-E-6-BSA column (about
0.5 pg). Lane 2, retained proteins by 17 f-E-6-BSA affinity column
(10 pg). The broad range M, protein markers (Bio-Rad, in kDa)
used in (A) and (B) were myosin, 200; B-galactosidase, 116.2; phos-
phorylase B, 97.4; BSA, 66.2; ovalbumin, 45.0; bovine carbonic
anhydrase, 31.0; soybean trypsin inhibitor, 21.5; lysozyme, 14.4 and
aprotinin, 6.5.

nity columns. Repassing the affinity purified B-P2 frac-
tion through the same affinity column showed that the
major retained band is the 23 kDa protein (not
shown), indicating that this protein is most likely an
estrogen binding protein. The other proteins were
either copurified with this protein or, less likely, con-
taminants.

The retention of these proteins by 17p-E-6-BSA
affinity columns is not due to BSA or the agarose
matrix in the columns, since a control BSA column
constructed similarly (and also with little leakage)
retained none of the 23 kDa protein with little total
recovery of proteins, whereas in a parallel experiment
a 17B-E-6-BSA column retained the 23 kDa protein
as well as the other four major proteins (53, 33, 21
and 18 kDa) (not shown). This result indicates that the
23 kDa protein retained in the 17 -E-6-BSA column
was specific for 17 -estradiol.

That the 23 kDa protein is an estradiol binding pro-
tein is further supported by ligand blotting studies
using 17 B-E-6-['*I]BSA. Out of at least five major
protein bands, only the 23 kDa protein of the purified
B-P2 fraction was specifically and strongly labeled
with 17 B-E-6-['*I]BSA, which corresponds to the 23
kDa protein in the same purified fraction as stained by
Amido Black (not shown). The binding was displaced
mostly by 50-500 nM unlabeled 17 p-E-6-BSA, and
partially by 500 nM 17 a-E-6-BSA. The radioactivity
retained by the 23 kDa protein was quantitated and
the specific binding was decreased to 12% of the total
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N-terminal sequences:

10

PheSerLysLeuValArgProProValGin

ValTyrGlylleGluGlyArg
(OSCP subunit of FOF1 ATP-synthase)

A

1 2
1
106.0K —
740K —
46.0K — 4
320K —
255K — -« — <€ 23kDa
175K — == <18 kDa

1

N

10

AlaGInAlaAlaAlaSerProAlaProAla
AlaGlyProGlyGinMet

(delta subunit of FOF1 ATP-synthase)

Fig. 3. Detection and N-terminal sequencing of affinity purified proteins. The purified CB-P2 proteins were applied to the gel in two lanes and
were separated by SDS-PAGE (5 pg each lane). The proteins then were electrotransferred to PVDF membrane. Lane 1 was used for ligand blot

analysis with 0.25 nM 17 B-E-6-["*’I]-BSA (2.6 x 10° cpm/ml). Lane 2

was stained with Coomassie Brilliant Blue and the N-terminal sequences of

the 23 and 18 kDa proteins are shown. The 53 and 21 kDa proteins appeared to be N-blocked and no sequence information was obtained. The
prestained low range M, protein markers (Bio-Rad, in kDa) were phosphorylase B, 106.0; BSA, 74.0; ovalbumin, 46.0; carbonic anhydrase, 32.0;

soybean trypsin inhibitor, 25.5 and lysozyme, 17.5.

specific binding by 50 nM unlabeled 17 -E-6-BSA
and to 3% by 500 nM ligand. However, 500 nM 17 a -
E-6-BSA only displaced 46% of the specific binding
(half-inhibition concentration, IC50 of about 500 nM).
The binding is not due to BSA since there was 12 uM
BSA present in the incubation buffer and further ad-
dition of BSA had no effect on the binding (not
shown, but see Fig. 5C). The binding of 17p-E-6-
['>*I]BSA to this 23 kDa protein is consistent with the
results of 17a-E-6-BSA column experiment (Fig. 2)
and the repurification experiment of the affinity puri-
fied B-P2 fraction mentioned earlier.

We have identified this 23 kDa 17 -estradiol bind-
ing protein (Fig. 3, lane 1) by N-terminal sequencing
in 3 different experiments. The N-terminal sequence
(17 amino acids) of this 23 kDa protein was identical
to the N-terminal sequence of mature rat oligomycin
sensitivity-conferring protein (OSCP) [32,33], a subunit
of mitochondrial FOF1 (F-type) proton ATP synthase/
ATPase. In addition, microsequencing of the 18 kDa
protein revealed identical N-terminal sequence (16
amino acids) with the delta subunit [34] of the same
ATP synthase/ATPase, indicating that this protein,
together with most other proteins of the affinity puri-
fied fraction, were probably the different subunits of
the ATP synthase and copurified with OSCP.

Further evidence that 23 kDa protein is an estradiol
binding protein and is OSCP comes from competition
studies with unconjugated, free 17 -estradiol and
immunoblotting studies using a polyclonal antibody
against bovine OSCP [35,36]. As shown in Fig. 4 (lane
1), affinity purified B-mP2 contained the 23 kDa pro-

tein together with other copurified proteins. The 23
kDa was specifically labeled with 17 B-E-6-['*I]BSA
(lane 2). The binding of this protein was displaced sig-
nificantly by 10 pM 17B-estradiol (lane 3). After
ligand blotting the same blots used in lanes 2 and 3
were also tested with the antibody against mature
bovine OSCP. The polyclonal antibody recognized the
same protein band detected by 17 p-E-6-['*’I]BSA as
shown in lanes 4 and 5. Absence of this first antibody
resulted in no protein band (not shown).

One confounding factor is the presence of protein
subunits of ATP synthase with similar molecular
weights as OSCP. It was found that in regular SDS-
PAGE, subunits d and 6 of the ATP synthase migrated
at the similar position as OSCP [32,36]. This raises the
possibility that these two proteins could be responsible
for the binding, but could not be detected by microse-
quencing due to N-terminal blockage. Therefore, we
had used recombinant bovine OSCP (rbOSCP) [20] to
clarify this issue. The rbOSCP migrated to the same
position as the 23 kDa protein in the purified B-P2
fraction (Fig. 5A). Like the 23 kDa protein, the
rbOSCP was labeled by 17B-E-6-['*I|BSA and dis-
placed by unlabeled ligand (Fig. 5B), but not by BSA
and only partially by 17a-E-6-BSA (Fig. 5C). In ad-
dition, in a ligand binding assay, 17 B-E-6-['*I|BSA
bound rbOSCP, and the binding was displaced by un-
labeled 17B-E-6-BSA (IC50 =1 nM), 17a-E-6-BSA
(IC50 = 50 nM) and partially by 17 -estradiol and
DES (IC50 of about 10 uM), but not by BSA (Fig. 6).
Recall that 10 pM 17 B-estradiol also displaced the
labeled ligand significantly in the ligand blotting
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Fig. 4. Protein blotting of affinity purified mP2. Purified brain mP2
proteins (2 pg in each lane) were separated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane. Lane 1 was the Coomassie
Brilliant Blue staining of the transferred proteins on nitrocellulose
membrane. Lanes 2 and 3 were incubated with 17 B-E-6-[">*T|BSA
(2.7x 10° cpm/ml, 0.28 nM) in the absence (lane 2) or in the pre-
sence of 10 uM free 17 B-estradiol (lane 3) and the computerized
image from Phosphoimaging scanning is shown. Note that in this
preparation, only the 23 kDa protein was labeled by the ligand.
Ethanol (0.1%) was included in lanes 2 and 3, and 0.08% BSA was
omitted in the incubation buffer to facilitate the displacement by
estradiol. After autoradiography and phosphorimaging, the same
strips in lanes 2 and 3 were probed with an antibody against bovine
OSCP as shown in lanes 4 and 5, respectively. Note that the anti-
body recognizes the same band detected by the ligand. The pre-
stained broad range M, markers were myosin, 205.0; B-galactosidase,
121.0; BSA, 86.0; ovalbumin, 50.7; bovine carbonic anhydrase, 33.6;
soybean trypsin inhibitor, 27.8; lysozyme, 19.4 and aprotinin, 7.4
(not shown).

A 1 2 3 4 B 5
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116.2K — e
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66.2K — 86.0K
| 50.7K —
45.0K —
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Fig. 6. Competition curves of specific 17 B-E-6-[">*T|BSA (45000
cpm/0.5 ml, 0.14 nM) binding to recombinant bovine OSCP
(rbOSCP, 0.1 pg in 0.5 ml, 6.5 nM) using various unlabeled competi-
tors in duplicates as shown. ‘NO’ indicates the absence of competi-
tor. ND, not determined. The total binding to rbOSCP was 9-12%
of total ligand added. The apparent lower affinity of free estradiol
and DES in displacing the 17 p-E-6-['*I]BSA binding is most likely
due to the multivalency of the labeled ligand. In addition, at pM
concentrations of estradiol there is a solubility problem, so the effec-
tive concentration is difficult to estimate. For details see text.

shown in Fig. 4 (lane 3). It is worthwhile to emphasize
here that the IC50 for BSA conjugates are based on
the estradiol-BSA molecules. Therefore, in terms of
estradiol equivalents, the estimated IC50 for 17 f-E-6-

7 8 C 9 10 11 12

205.0K —
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- 27.8K — . .
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Fig. 5. (A) SDS-PAGE of recombinant bovine OSCP (rbOSCP, lanes 1 and 2, 1 and 5 pg, respectively) and 17 B-E-6-BSA affinity column-
retained proteins from digitonin-solubilized B-P2 (lanes 3 and 4, 2 pg and 10 pg, respectively). (B) RbOSCP (5 pg, lanes 5 and 7) and purified B-
P2 (10 pg, lanes 6 and 8) were separated in SDS-PAGE and transferred to a nitrocellulose membrane. The binding proteins were detected by
incubating the membrane with 17 B-E-6-['*’I]BSA (1 x 10® cpm/ml, 1.6 nM) in the absence (lanes 5 and 6) and presence (lanes 7 and 8) of 1 pM
unlabeled 17 f-E-6-BSA. Interestingly, in lane 6 not only the OSCP band was specifically identified, the ligand also labeled a 130 kDa protein.
This may represent a binding protein from plasma membrane. (C) Ligand blotting of rbOSCP (1 pg in each lane) using 17 p-E-6-[">’I|BSA
(1 x 10° cpm/ml, 1.6 nM) in the absence of competitors (lane 9), and in the presence of 0.5 puM 17 p-E-6-BSA (lane 10), 0.5 pM 17 o.-E-6-BSA
(11), and 12 uM BSA (lane 12). The broad range M, markers used in (A) and prestained broad range M, markers used in (B) and (C) are the

same as in Figs. 2 and 4.



72 J. Zheng, V.D. Ramirez | Journal of Steroid Biochemistry and Molecular Biology 68 (1999) 65-75

BSA and 17a-E-6-BSA would be about 50 and 500
nM, respectively.

4. Discussion

We found, using a classical [*H]estradiol binding
assay of rat uterine cytosol, that conjugation of estra-
diol or testosterone to BSA did not alter their speci-
ficity to nER. However, the conjugation at different
positions in estradiol did result in different affinities.
Modification of estradiol by addition of a small group
such as carboxylmethyloxime (CMO) or hemisuccinate
(HS) had been shown to decrease its affinity for nER
and the affinity remaining would depend on the pos-
ition of the conjugation [31]. By conjugating many
modified estradiol molecules to a single BSA molecule,
the affinity of the whole complex increased dramati-
cally, since 17 f-E-6-BSA (32 mol estradiol/mol BSA)
had more than 700 times higher affinity than that of
17B-E-6-CMO. Similar increase in affinity was also
true for 17 B-E-17-BSA. This high affinity of estradiol-
BSA conjugates is most likely due to the multivalent
property of the conjugates [19], although the enhan-
cing effect of BSA by changing the solubility of the
steroid can not be excluded. However, BSA itself or T-
3-BSA had no affinity for nER. We have determined
the affinity of estradiol-BSA conjugates for nER to be
significantly higher than the conjugates used earlier by
De Goeij et al. [37]. This difference in affinity could
arise by several reasons. First, the 17 -E-6-BSA and
17B-E-17-BSA conjugates prepared by De Goeij et al.
[37] had less average molar ratio of estradiol to BSA
(7-22, instead of 32-35). Second, BSA was not
included in their assay to decrease nonspecific binding
of BSA conjugates. Finally, their steroid-BSA conju-
gates contained significant nonprotein-linked steroids
(65-70%), which did not seem the case for the steroid-
BSA conjugates we purchased for use in our studies.
Nevertheless, our data agreed well with them in the
specificity and relative binding affinity of the conju-
gates. T-3-BSA was also shown by them to have no
binding affinity for nER.

We chose 17B-E-6-BSA to identify possible mem-
brane estrogen binding proteins since 17 -E-6-BSA
had relatively lower affinity than 17p-E-17-BSA for
classical nER while still it had high affinity for mem-
brane estrogen binding sites [6,7]. By using 17 f-E-6-
BSA-linked affinity columns that were similar to the
ones used by Sica et al. [31] for purification of bovine
nER, we had purified an estradiol binding protein with
an apparent M, of about 23 kDa from P2 or mP2
fractions of female rat brains. This protein was recog-
nized by 17 p-E-6-['*’I]BSA, and displaced by 17 B-E-
6-BSA, 17a-E-6-BSA and 17 B-estradiol, but not by
BSA. Therefore, the estradiol part of the conjugate,

not BSA, was responsible for the interaction between
17 B-E-6-['*T|BSA and the 23 kDa protein. Note that
in Fig. 4, we have omitted BSA from the incubation
medium to facilitate the displacement of the binding
by free estradiol. The N-terminal microsequencing of
this protein indicated complete identity to mature rat
OSCP [32,33], a component of the FOF1 proton ATP
synthase/ATPase (F-type H -ATPase, the complex V
of the oxidative phosphorylation pathway) of mito-
chondria required for coupling of proton gradient to
ATP synthesis [38—40]. The M, of this protein esti-
mated by SDS-PAGE was close to the calculated M,
from OSCP c¢DNA sequence (21 kDa) [33].
Furthermore, the N-terminal sequence of the 18 kDa
copurified protein was the same as the delta subunit of
rat ATP synthase/ATPase, and the number of major
proteins retained by the 17 B-E-6-BSA affinity column
corresponded well with the expected number and mol-
ecular sizes of subunits of the FOF1 ATP synthase/
ATPase, which consists of more than a dozen subunits
[32,33,38,39]. In addition, this 23 kDa protein was
specifically recognized by an antibody against bovine
OSCP [35,36]. Further, the rbOSCP [41,42] had the
same mobility as this 23 kDa protein and also bound
17B-E-6-['*TIBSA. The binding was displaced by
17B-E-6-BSA, 17a-E-6-BSA and partially by 17B3-
estradiol and DES, but not BSA. All these data indi-
cate that this 23 kDa protein is OSCP and it is an es-
trogen binding protein, though with much weaker
affinity than nER. The fact that the estradiol-BSA con-
jugates binds with higher affinity for the OSCP than
free estradiol can be explained by the multivalency of
the former and the the differences in solubility since
estradiol at high concentrations do not dissolve well in
the medium. So the effective concentrations are diffi-
cult to estimate. However, inspite of the difference
between the two ligands, the data indicate that estra-
diol and DES at submicromolar or micromolar con-
centrations can displace the binding. Interestingly,
similar pharmacological concentrations (uM) of estro-
gens had been used in many previous studies on the
effects of estrogens, particularly the rapid, nongenomic
actions of estrogens on vascular tissues [e.g., [43]], neu-
roprotection [e.g., [44], and antioxidant property [e.g.,
[45]]. It is conceivable that an interaction of estrogen
and mitochondrial ATP synthase could be the under-
lying mechanism for some of these actions, since ATP
is the universal energy provider in the cells and mito-
chondria are an essential part in excitotoxicity, oxi-
dative damage, and neurodegeneration [46].

The finding of OSCP as a binding protein for estra-
diol and probably DES is consistent with several pre-
vious observations. Early experiments carried out with
isolated mitochondria exposed in vitro to 17 -estra-
diol and DES at pM concentrations inhibited the elec-
tron transport chain, and decreased oxygen uptake
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and consumption [47]. In addition, DES at 10-20 uM
inhibited the ATP-dependent **Ca uptake by isolated
myometrial mitochondria, but not microsomal
Ca’"uptake [48]. The inhibition is more sensitive in
human myometrial mitochondria (IC50 of about 10
uM) than in rat cardiac mitochondria. The direct inter-
action of DES with rat liver mitochondrial FOF1 ATP
synthase/ATPase was demonstrated by McEnery and
Pedersen [49] and McEnery et al. [50]. Their studies
showed that DES at low uM concentrations inhibited
the ATP hydrolysis in purified mitochodrial FOF1
ATP synthase/ATPase complex by interacting with FO
sector [49]. In a subsequent paper the same laboratory
using a highly purified FO preparation from rat liver
mitochondria showed that DES inhibited passive pro-
ton transport through FO whereas in intact mitochon-
dria, DES stimulated ATP hydrolysis at low uM
concentrations while inhibiting it at high uM concen-
trations [50]. The authors postulated that DES might
preferentially target FO and form proton channels near
the FO-membrane lipid interface to affect the FO sector
of the ATPase, but the exact site in FO is not known.
From our studies, it is likely that DES specifically
modulates the ATPase activity by targeting the OSCP
subunit of the FO sector. Current studies using the
digitonin-solublized brain mP2 indicate that both DES
and estradiol inhibited the FOF1-ATPase activity at
low pM concentrations [51]. Estradiol at physiological
concentrations has also been shown to decrease ATP
levels in the uterus [52—55], but this effect is believed
to be mainly due to 17p-estradiol-induced nER-
mediated RNA transcription [52].

Aside from the functional and structural role of
OSCP in ATP synthesis, fragments of bovine OSCP
have been identified as a potential allergen [56]. OSCP
gene was overexpressed in a metastatic stomach cell
line, but not in nonmetastatic tumor cell line [57], indi-
cating a potential role of OSCP in metastasis of cancer
cells. OSCP gene was expressed at low levels in normal
tissues, and was considered as one of the limiting sub-
units in the assembly of FOF1 ATP synthase/ATPase
[58]. In Alzheimer’s disease patients, the ATP synthase
is significantly decreased [59]. Therefore, the expression
of the OSCP gene is coupled to the functional states of
cells. Estrogen could play an important role in these
processes by binding to OSCP.

Our results and the aforementioned data suggest a
new mechanism with possibly broad functional impli-
cations by which estrogens can affect the function of
diverse cells through binding to the FOFI-ATP
synthase/ATPase, a key enzyme of the cell energy ma-
chinery. The ATP synthase/ATPase could be also the
target site for estrogen metabolites as well as environ-
mental estrogens, or phytoestrogens in food sources.
Current work is under way to test the effects of these
compounds on the ATPase activity.
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