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Summary—Our laboratory has previously reported that antiestrogen binding to molybdate-
stabilized non-transformed estrogen receptor results in a larger form of the receptor in 0.3 M
KCl when compared with estrogen bound receptor. Estradiol promoted the formation of
monomers in the presence of 0.3 M KCl whereas antiestrogen appeared to promote dimer
formation. We have extended these studies examining the rabbit uterine salt-transformed
estrogen receptor partially purified by DEAE-cellulose chromatography. We previously
demonstrated that estrogen receptor prepared in this way bound to different sites on partially
deproteinized chromatin subfractions or reconstituted chromosomal protein/DNA frac-
tions when the receptor was complexed with estrogen vs antiestrogen. Analysis of these
receptor preparations indicated that DEAE—cellulose step-elution resulted in a peak fraction
which sedimented as a single 5.9S peak in 5-20% sucrose density gradients containing 0.3 M
KCl for receptor bound by the antiestrogens H1285 and trans-hydroxytamoxifen. How-
ever, receptor bound by estradiol sedimented as 4.5S. These receptor complexes bound
DNA-—cellulose indicating that these partially purified receptors were transformed. DEAE
rechromatography or agarose gel filtration of the partially purified antiestrogen—receptor
complexes resulted in significant dissociation of the larger complex into monomers. Incu-
bations of 5.9S antiestrogen-receptor complexes with antibodies against nontransformed
steroid receptor-associated proteins (the 59 and 90kDa proteins) did not result in the
interaction of this larger antiestrogen-receptor complex with these antibodies (obtained from
L. E. Faber and D. O. Toft, respectively). Our results support the concept that antiestrogen
binding induces a different receptor conformation which could affect monomer—dimer
equilibrium, thus rendering the antiestrogen—receptor complex incapable of inducing complete
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estrogenic responses in target tissues.

INTRODUCTION

Our laboratory has demonstrated multiple acceptor
sites in mammalian chromatin which display different
degrees of estrogen receptor binding capacity and
affinity for estrogen— vs antiestrogen—receptor com-
plexes (reviewed in Refs [1,2]). We[3-5] and
others [6-9] have also demonstrated that antiestrogen
interaction with the estrogen receptor alters the re-
ceptor such that its physicochemical characteristics
differ from that of the estradiol-receptor complex.
Thus, the biological responses of antiestrogens may
be the end result of such altered ligand-receptor
interaction. Therefore, the distinction between estro-
gen- and antiestrogen-receptor binding to multiple
sets of different chromatin acceptor sites may be a
result of more fundamental differences in initial
ligand-receptor interaction, i.e. proper transfor-
mation of receptors may be permitted when the
proper ligand binds to the receptor [10, 11].

We previously determined that there is a difference
in physicochemical properties between estrogen— and

antiestrogen—receptor complexes prior to transfor-
mation [3-5]. In experiments using caif uterus and rat
uterus and pituitary we examined partially purified
estrogen receptor from ion-exchange chromatog-
raphy and found that the nontransformed molyb-
date-stabilized receptor, bound by estradiol, eluted as
two forms which sedimented as a 4S and 6S species.
However, the receptor bound by the triphenyl-
ethylene antiestrogen, H1285, eluted primarily as one
peak and sedimented as a 6S species. These data were
consistent with the possibility that antiestrogen
binding to the estrogen receptor stabilized the recep-
tor in the dimeric form affecting a monomer—dimer
equilibrium.

In the present study, we characterized the partially
purified salt-transformed estrogen receptor bound
by estradiol vs high affinity triphenylethylene anti-
estrogens. Since our prevous studies suggested that
antiestrogens promote dimer formation, the question
arose as to whether this larger form was, in fact, a
receptor dimer, or whether antiestrogens promoted
monomer binding to another protein, such as a heat
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shock protein. Therefore, we investigated the possi-
bility of the interaction of antiestrogen-bound re-
ceptor with the 59 or 90 kDa receptor associated
proteins [12, 13].

EXPERIMENTAL

Chemicals

The high affinity antiestrogen PH]H1285 (H1285
= 4 (N,N-diethylaminoethoxy)-4'-methoxy-a-(p-hy-
droxyphenyl)-a’-ethylstilbene) (sp. act. 20 Ci/mmol),
was prepared in our laboratory from H1285[14].
[*H]¢trans-Hydroxytamoxifen (sp. act. 16 Ci/mmol)
was a gift from Dr Benita Katzenellenbogen. 17-
B16,7-*H]Estradiol (60 Ci/mmol), and [**Clovalbumin
and [“C]gamma-globulin standards were obtained
from New England Nuclear Corporation, Boston,
Mass. DEAE—cellulose (DE-52) was purchased from
Whatman (Clifton, N.J.). Agarose (Bio-Gel A-1.5m)
was obtained from Bio-Rad Laboratories (Rich-
mond, Calif.). Bovine pancreas RNase was obtained
from Calbiochem (La Jolla, Catif.). MOPC-21 mouse
IgG1 was obtained from Sigma (St Louis, Mo.).

The AC-88 antibody prepared against the avian
90 kDa heat shock protein [13] was obtained from Dr
D. O. Toft. The immune IgG (EC1) prepared against
the rabbit uterine 59 kDa protein [15] was a gift from
Dr L. E. Faber.

C y|tosol preparation

Mature rabbit uteri were obtained frozen from
Pel-Freez (Rogers, Ark.). Uteri were partially thawed,
minced and homogenized in 3 vol TED buffer
(10 mM Tris—HCI, 1.5 mM EDTA, 1 mM dithiothre-
itol, pH 7.5) containing 0.5mM PMSF. Sodium
molybdate was added where indicated from a concen-
trated stock. All procedures were performed at 4°C.
The homogenate was centrifuged at 170,000 g for
30 min to obtain cytosol. The cytosol was incubated
with 10-20nM radiolabeled ligand for 90 min,
treated with a pellet from an equal vol of 1%
Dextran-coated charcoal (1% w/v) Norit A activated
charcoal and 0.1% (w/v) Dextran in buffer for
10 min, centrifuged, and the supernatant used for
DEAE-—cellulose chromatography or sucrose density
gradient analysis. In one set of experiments cytosol
was incubated with 5 mg RNase for 30 min at 4°C
after the incubation with PH]JH1285. The RNase was
prepared with 150 mM NaCl, pH 5.0, and boiled for
10 min at 90°C in a water bath. The concentration of
the RNase was 4 mg/ml.

DEAE—cellulose column chromatography

DEAE-step elution was performed as previously
described [14]. DE-52 columns (10 ml, 17 x 35 mm)
were washed with 50 ml TED buffer. In some experi-
ments TED buffer contained 1 mM molybdate. The
cytosol samples were loaded onto the columns. The
bulk of the protein was eluted with 40 ml TED buffer
containing 0.1 M KCl and the receptor was then
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eluted with 20 ml TED buffer containing 0.4 M KCl
in 3 ml fractions. Aliquots (50 ul) were counted in
4 ml scintillation fluid (0.4% Omnifluor, 25% Triton
X-114 in xylene) at 46% efficiency to determine the
peak receptor fraction.

Receptor interaction with receptor-associated proteins

In order to investigate the possibility that anti-
estrogen—receptor complexes interact with 59 or
90 kDa receptor-associated proteins, aliquots of
DEAE-peak fractions were incubated for 1 h at 4°C
with Faber’s immune IgG (EC1) prepared against the
rabbit uterus 59 kDa protein or Toft’'s AC-88 anti-
body prepared against the avian 90 kDa heat shock
protein prior to sucrose density gradient analysis.

Sucrose density gradients

Linear 5-20% sucrose gradients (3.6 ml) contain-
ing 300mM KCl in TESH buffer (10mM Tris,
1.5 mM EDTA, 12 mM monothioglycerol) were pre-
pared and chilled at 4°C. DEAE—cellulose peak frac-
tions (200 ul) were layered on the sucrose gradient
and centrifuged for 15 h in a SW56 rotor at 225,000 g.
Fractions (4 drops) were collected from the top and
counted in 4ml scintillation fluid. [“C]Ovalbumin
(3.78) and ["*C]gamma globulin (6.6S) were added
either as internal standards or in parallel gradient
tubes.

Gel filtration column chromatography

Aliquots of receptor peak fractions from the ion-
exchange colulmn were loaded onto Agarose A-1.5m
columns (100-200 mesh; 1.5cm i.d. x 90 cm) and 60
drop fractions were collected in 10 mM Tris, 1.5 mM
EDTA, 10mM monothioglycerol, 10% glycerol
buffer, pH 7.5, containing 300 mM KCl. Radio-
activity was determined in aliquots of gel filtration
column fractions. The Stoke’s radii (R,) of the stan-
dards used to calibrate the columns were thyroglobu-
lin (8.6 nm), catalase (5.2 nm), bovine serum albumin
(3.5 nm), ovalbumin (3.05nm), and cytochrome ¢
(1.7 nm).

RESULTS

We previously demonstrated that 20-30-fold
purified rabbit uterine transformed estrogen— and
antiestrogen—receptor complexes can be prepared by
DEAE-cellulose column chromatography [16]. Using
step-elution with 0.1 M KClI followed by 0.4 M KCl
partial purification of the salt-transformed receptor
can be obtained in the absence or presence of 1 mM
molybdate, which stabilizes the receptor but permits
transformation. As reported previously the elution
profile for both [*Hlestradiol- and [*H]H1285-
receptor complexes was similar and binding of ligand
was specific for the estrogen receptor since 200-fold
excess non-radiolabeled ligand virtually eliminated
the elution of radioactively labeled receptor com-
plexes [16]. In contrast to several other antiestrogens,



Differences in the form of the salt-transformed estrogen receptor

H1285 displays very little nonspecific binding.
[*Hjtrans -Hydroxytamoxifen-receptor complexes also
eluted as a single peak with DEAE-step elution and
the non-specific binding was less than 15%. The KCl
concentration in the peak fractions was approxi-
mately 0.3 M.

Sucrose density gradient analysis

We examined the sedimentation characteristics of
the receptor in cytosol or in the DEAE peak fraction
when bound to [*H]estradiol or to PH]JH1285. Cyto-
solic receptors bound by [*Hlestradiol sedimented
as 4.8S whereas [PH]H1285-receptor complexes sedi-
mented as 6.6S (Fig. 1). Similar results were obtained
with the DEAE peak fraction. [*H]Estradiol receptors
sedimented as a 4.5S form whereas ["H]H12835 recep-
tors sedimented as a single 5.95 peak in 5-20%
sucrose density gradients (Fig. 2A). Similar results
were obtained whether or not the receptors were
prepared in 1 mM molybdate. [*H]trans-Hydroxy-
tamoxifen—receptor complexes also sedimented as a
larger form (Fig. 2B) suggesting that receptor-dimer
stabilization was not limited to H1285. Both the
partially purified [*H]estradiol- and [FHJH1285-
receptor complexes were transformed as demon-
strated by binding to DNA-cellulose (data not
shown). If the peak fraction containing ["H}H1285
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Fig. 1. Sucrose density gradient analysis of the cytosolic
estrogen receptor. Cytosol was prepared in 10 mM Tris,
1.5mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF and
was labeled with 20 nm [*H]JH1285 or [*H]estradiol. After
dextran-coated charcoal treatment 200 ul was layered on
5-20% sucrose density gradients containing 0.3 M KCI.
[*C]Ovalbumin (3.7S) and [“C]gamma globulin (6.6S) were
used as sedimentation markers. Tubes were centrifuged at
225,000 g (SW 56 rotor) in a Beckman L5-50 ultracentrifuge
for 15h. Gradient fractions were collected, counted, and
plotted as total bound cpm.
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receptors was diluted 10-fold with buffer without KCl
to reduce the KCl concentration to 30 mM, loaded
onto another DEAE—cellulose column, and again
eluted with 0.4 m KCl, the receptors eluted as a single
4.8S peak (Fig. 3).

Gel filtration analysis

DEAE-purified [*Hlestradiol- and [*H]JH1285-
receptor complexes were further analyzed by gel
filtration chromatography to ascertain whether the
observed sedimentation differences between estrogen—
and antiestrogen—receptor complexes would also be
reflected in differences in Stokes’ radii. PH]Estradiol-
receptor complexes had one major form with a
Stokes’ radius of 4.3nm. However, H]H1285-
receptor complexes were resolved into two forms with
Stokes’ radii of 4.3 and 7.4 nm (Fig. 4).

It appears that gel chromatography caused dis-
sociation of some of the larger receptor form into a
smaller form as seen with DEAE-rechromatography,
indicating that the larger ["HJH1285 receptor form
can be dissociated into smaller components. These
data are similar to the data obtained for molybdate-
stabilized non-transformed estrogen receptor bound
by estrogen vs antiestrogen [3-5] and support the
concept of a monomer—dimer relationship, where
antiestrogen stabilizes the dimeric form.

Receptor-associated macromolecules

Although our previous studies and reports from
other laboratories (reviewed in Ref. [10]), as well as
this current study suggest that antiestrogens promote
receptor homodimer formation, we tested for other
macromolecules that could result in a heterodimer.
Cytosolic estrogen receptor labeled with PHJH1285
was incubated with RNase for 30 min at 4°C and
DEAE-purified receptors obtained as described
above in order to determine if receptor-RNA com-
plexes could account for the larger forms observed
with antiestrogens. However, no shift in sedimen-
tation was seen with RNase treatment (data not
shown).

We also questioned whether antiestrogens pro-
moted monomer binding to another protein, such as
heat shock protein or other non-transformed receptor
associated proteins. Therefore, we investigated the
possibility of antiestrogen receptor interaction with
the 59 kDa rabbit uterine receptor-associated protein
described by Faber[12] as well as the 90 kDa heat
shock protein[13] by using antibodies directed
against these proteins. Again, no shift in sedimen-
tation was seen when ECl antibody (Fig. 5A) or
AC-88 antibody (not shown) were incubated with
aliquots of DEAE-purified antiestrogen-receptor
complexes. These experiments were performed with
several different antibody concentrations. However,
EC1 did recognize the estrogen receptor in the non-
transformed state when bound by either antiestrogen
(Fig. 5B) or estrogen (not shown) and caused a shift
in sedimentation.



512

DISCUSSION

Since partially purified estrogen receptors bound
by estrogen vs antiestrogen display differing inter-
actions with chromatin acceptor sites [1, 2, 10, 11, 16],
it can be hypothesized that antiestrogens cause a
subtle but significant alteration in the conformation
of the estrogen receptor. The mixed agonist/
antagonist responses elicited by antiestrogens may
be the end result of such altered ligand-receptor
interactions.

H1285 is a potent and very effective antiestrogen in
a variety of species and tissues. The relative binding
affinity of H1285 is approximately 1100% (with
estradiol as 100%) in rat uterus and pituitary [S],
300% in rabbit uterus[16), and 100% in MCF-7
cells[17]. Its binding affinity is similar to frans-
hydroxytamoxifen, although H1285 is more potent in
some species. H1285 is an effective antiestrogen at
low doses; however, H1285 displays both agonistic
and antagonistic properties in all tissue layers of the
rat uterus [18]. The lower affinity antiestrogens such
as tamoxifen, nafoxidine and clomiphene have less
than 10% relative binding affinity. Thus, large doses
are required to achieve antiestrogenicity in uterine
tissue [18]. In MCF-7 celis[17] H1285 is a 100-fold
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more potent inhibitor of cell proliferation than tam-
oxifen but equivalent with frans-hydroxytamoxifen.
Thus, the biological effectiveness of triphenylethylene
antiestrogens correlates with binding affinity for
the estrogen receptor. This, in turn, may effect the
stability of receptor dimer formation.

Previous studies from our laboratory had sug-
gested that antiestrogens promote a larger form of the
estrogen receptor. This was shown for the non-trans-
formed molybdate-stabilized calf uterine {3, 4] and rat
uterine and pituitary {5] estrogen receptors. Based on
our studies as well as reports from other labora-
tories [6, 7] we proposed that antiestrogens stabilize
the receptor as a homodimer. This could result from
an antiestrogen-induced conformational change in
the receptor which retards the dissociation of the 5-6S
dimer into 48 monomers or protects the antiestrogen
receptor complex from factors/enzymes which might
cause the estrogen bound receptor to readily dis-
sociate into monomers. In either event, the data
indicated that antiestrogen binding resulted in a
larger form of the receptor as measured by sucrose
density gradient analysis in 0.3 M KCl, as well as gel
filtration analysis. Since only transformed receptors
interact with nuclear components leading to altered

gene expression, we directed our current studies to the
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Fig. 2. Sucrose density gradient analysis of [PHJH1285—(A) and [Hlirans-hydroxytamoxifen—(B)

receptor complexes from DEAE-cellulose. Cytosol was prepared as described in Fig. 1 and partially

purified with DEAE—cellulose column chromatography using step-elution. Aliquots (200 ul) of the peak

fraction were layered on 5-20% sucrose density gradients containing 0.3 M KCl. Conditions of the sucrose
density gradient analysis were as described in Fig. I.
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salt-transformed partially purified receptor. The
results of these studies again indicate that the high
affinity triphenylethylene antiestrogen, H1285, pro-
motes a larger form of the receptor ( ~6S). However,
this receptor form can dissociate to the 48 form by
dilution. These data are consistent with other reports
which suggest that antiestrogens promote the homo-
dimerization of the lighter monomeric form of the
nuclear estrogen receptor {6, 7}.

The 6S form of the antiestrogen-receptor complex
appears to be composed of two identical monomeric
subunits; it does not appear to be a receptor
monomer associated with RNA or the 59 kDa recep-
tor-associated protein. The rabbit 59 kDa protein was
first reported to be associated with the mammalian
8.5S progestin receptor, but has since been shown to
be associated with the non-transformed estrogen,
androgen and glucocorticoid receptors[19]. Since in
our studies H1285 impeded monomer formation, it
was postulated that the larger 6§ form might be the
result of continued association of the 4S receptor
monomer with the 59 kDa protein, even though the
receptor was salt-transformed. However, our data
clearly indicate that this is not the case.

The studies addressing the 90kDa heat shock
protein are not as conclusive. AC-88 antibody has
been shown to interact with the free 90kDa mam-
malian heat shock protein but not the 9S non-trans-
formed receptor complex [20]. We postulated that if
the estrogen receptor bound by H1285 continued to
be associated with the 90 kDa protein but was dis-
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Fig. 3. Sucrose density gradient analysis of PHIHI285-

receptor complexes after rechromatography on DEAE-

cellulose. The peak fraction from step-elution (@)

was diluted 10-fold with buffer without KClI and applied to

a new DEAE-cellulose column (Q—O). Elution from

the DEAE column and sucrose density gradient analysis
were as described in text.
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Fig. 4. Gel filtration analysis of estrogen— and antiestrogen—
receptor complexes. Cytosol was incubated with 10nM
PHiestradiol or [PHJH128S, and fractionated on DEAE-
cellulose. Peak fractions were loaded onto Agarose 1.5m
columns, eluted with 10mM Tris, 1.5mM EDTA, 1 mM
dithiothreitol, 5% glycerol, 0.3 M Kl and fractions col-
lected. Calculations were according to the formula
K,, =V, ~ ¥y /V,~ ¥V, where ¥, represents the elution vol-
ume, ¥, the void volume, and ¥, the total volume of packed
bed. The arrows indicate the following Stokes” radius mark-
ers (left to right): thyroglobulin (8.6 nm), catalase (5.2 nm),
bovine serum albumin (3.5 nm), ovalbumin (3.05 nm) and
cytochrome ¢ (1.7 nm),

sociated from other components of the 98 complex,
then AC-88 might interact with the 6S form. Since we
saw no shift in the size of the receptor after incu-
bation with AC-88, it is still possible that the 6S form
of the [PH]JH1285-receptor complex is a result of
receptor subunit association with heat shock protein.
However, we consider this unlikely. A recent report
suggests that a member of the 70-kDa family of stress
proteins is associated with the human and avian
progesterone receptors, as determined by immuno-
biot assay of purified progesterone receptor with
a monoclonal antibody to the 72-73kDa stress
proteins [21]. Although this is the only known
antibody to bind to nonsteroid binding proteins
associated with the transformed receptor, in our
system this same monoclonal antibody did not recog-
nize the nontransformed rabbit uterine estrogen
receptor as determined by density shift (unpublished
observations).

It has been suggested that the transformed estrogen
receptor is a dimer in vivo and that the agonist-bound
homodimer binds to DNA in vitro {22, 23]. Recently,
it was reported that estrogen receptor binds as dimers
to its response element (ERE), and that estrogen
plays an important role in the formation of these
stable, DNA binding estrogen receptor dimers. The
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Fig. 5. Sucrose density gradient sedimentation analysis of receptor complexes with the EC1 antibody. (A)
Aliquots of the peak fraction (200 u1) from the DEAE purification of [*H]H1285- and [*H]¢zrans-hydroxy-
tamoxifen-receptor complexes were incubated for 1 h at 4°C with 21 ug EC1 immune IgG (provided by
L. E. Faber). Conditions of sucrose density gradient analysis were as described in Fig. 1. Open symbols

represent incubation with antibody. [*HJH1285-receptor (@—@, O

O); [Hltrans-hydroxy-

tamoxifen-receptor (l——M. J——10). (B} Aliquots of cytosol (200 u1) radiolabeled with PH}rans-

hydroxytamoxifen in the presence of 10 mM molybdate were incubated for 1h at 4°C with 21 ug ECI1

immune IgG or MOPC-21 non-immune IgG and loaded onto sucrose density gradients containing

10 mM molybdate minus KCl. PHlrrans-Hydroxytamoxifen-receptor minus EC1 (ll——); + ECI
(C1—100); + MOPC-21 1gG (¢ ——@).

symmetry of the palindromic ERE is essential for
high-affinity binding by estrogen receptor, supporting
all the more the likelihood that the receptor binds to
ERE as a dimer, The regulatory implications of dimer
formation have been previously examined [22] and a
monomer-dimer equilibrium model was proposed.
This model allows for the regulation of transformed
receptor dimers by the concentration of both estrogen
and receptor in a given cell.

These reports are not necessarily in conflict
with our findings here. Rather, our previous
research and these current studies suggest a model of
hormone/anti-hormone action in which dissociation
of the receptor from chromatin acceptor sites has a
regulatory role. We previously reported that anti-
estrogens, including the triphenylethylene H1285,
caused a prolonged nuclear retention of the occupied
estrogen receptor [24]. This is in contrast to the rapid
and immediate processing of the estrogen-bound
receptor. We propose that the mechanism of anti-
estrogen antagonism may not be simply a matter of
dimer formation, but rather the relative stability of
that dimerization. It may be that the estrogen

receptor binds efficiently to the palindromic ERE as
a ligand-induced dimer and in doing so initiates
transcription. It is possible that in order to attain a
full estrogenic response, a sequence of receptor re-
cycling and reactivation must follow the ERE bind-
ing; i.e. the estrogen receptor must be dissociated
from DNA and associated chromosomal proteins so
that later phases of the estrogenic response may
occur. The monomer—dimer equilibrium may be such
that the estradiol-receptor dimer, after having bound
to the ERE, then dissociates to monomers. Past
observations that antiestrogens cause prolonged
nuclear retention and our present finding which
suggests that antiestrogens stabilize the dimer form
of the transformed estrogen receptor together point
to the possibility that antiestrogens act by inhibiting
dimer dissociation into monomers at the ERE,
thereby preventing estrogen receptor process-
ing [25, 26] and further responses to estrogen. This
model may also explain why it is possible that some
antiestrogens have partial agonist activity since the
initial binding of the dimer to the ERE is not
inhibited.
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There are also reports that other hormone antag-
onists cause stabilization of the steroid receptor
complexes in & larger form. The glucocorticoid antag-
onist 17x-methyltestosterone appears to prevent the
cytosolic 10S receptor from dissociating into the 4S
DNA-binding subunit {27]. The calf uterine pro-
gesterone receptor bound by the antagonist RU486 vs
the agonist R5020 also shows retardation of the
conversion of the 88 RUA486 form to the 48 form [28).
Similar results were also reported for the rabbit
uterine sali-transformed progesterone receptor [29].
RU486 slowed down the dissociation of the 90 kDa
protein from the receptor protein impairing DNA
binding. The cumulative results of these studies
suggest another mechanism whereby certain ligands
that bind receptor promote antagonist responses
instead of agonist responses, i.e. impaired dis-
sociation of components that comprise the native or
non-transformed steroid hormone receptor.

In summary, transformed estradiol-receptor com-
plexes in vivo may exist as dimers which can readily
dissociate into monomers. However, antiestrogen
binding to the receptor may inhibit full dissociation
as a result of a receptor conformation that is different
than that induced by estrogen binding. This confor-
mational change could affect the monomer-dimer
equilibrium which may be one mechanism respon-
sible for the mixed agonist/antagonist responses
elicited by antiestrogens.
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