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in the process of chromatin
binding to trigger the
transcription
of specific messenger RNAs (6-9). The understanding of tissue response to steroid hormones requires a
thorough probing of the nature of both 1) the “activation”
of
the steroid receptor required to assure its specific interaction
with chromatin and 2) the “deactivation”
of the receptor after
its interaction
with chromatin.
The purification,
characterization, and comparison
of estrogen receptors from varying
sources is requisite for these studies.
The purification
procedure
described here yields several
thousand-fold
enrichment
of estrogen receptor to provide an
opportunity
to study chromatin binding, molecular characterization, monoclonal
antibody interaction,
and postsynthetic
modifications
of estrogen receptor from several species. This

The calf uterine
estrogen
receptor
(E2R) in the presence of sodium
molybdate
has been purified,
7,000fold by a single passage over an e&radio1
affinity
column. A dominant,
70,000-dalton
band and two minor
bands at 50,000
and 30,000
daltons were observed
by
electrophoretic
analysis.
These bands had been eluted
using
estradiol,
sodium
sulfocyanate,
CHAPS,
and
HEPES
(pH 7.4) with insulin
as a carrier
protein.
The
identities
of the protein
bands were initially
confirmed
by their failure
to bind the affinity
column
when saturated with estradiol.
This single step purification
procedure
was reproducible
and rapid,
with yields of lo-20%,
providing
25% purity.
Diffusion
blot analysis,
with specific
?+
monoclonal
antibodies
to EzR, conand ‘9-labeled
firmed
that the 70,000-dalton
band represented
the
estrogen
receptor.
Specificity
was demonstrated
by inhibition
of binding of purified
E2R by both e&radio1
and diethylstilbestrol but not testosterone,
progesterone,
corticosterone, aldosterone,
or hydrocortisone.
The relative
binding affinity
of the purified
receptor
was: ethynyl
estradiol > 17B e&radio1
> estriol 3 estrone 3 17a-e&radio1
> mestranol.
Pig, human,
mouse, and rat uterine
estrogen
receptors were similarly
purified
with the affinity
column.
As with
the calf uterine
preparations,
a dominant
70,000-dalton
band with minor
bands at 50,000
and
30,000 daltons was identified
by diffusion
blot analysis
in all the species examined.

implicit

report

emphasizes

three

new

aspects

in the

study

of mam-

malian estrogen receptors: 1) the development
of an efficient
reproducible
purification
procedure
for estrogen receptors
from mammalian
uterine tissue via affinity column purification; 2) the partial characterization
of purified estrogen receptor binding properties; and 3) electrophoretic
comparison
of
highly purified uterine estrogen receptors from calf, pig, human, mouse, and rat uteri in order to reveal common properties essential for estrogen action in mammalian
species.
EXPERIMENTAL

PROCEDURES

Materials

Estrogens have been found in such widely diverse animal
species as mammals, amphibians,
birds, and reptiles and are
believed to act through a common receptor mechanism (1, 2).
The generally accepted mechanism of steroid hormone action
was first advanced by Jensen over a decade ago (3). This
model involved
the free diffusion
of steroid through
the
plasma membrane to bind a soluble unactivated
cytoplasmic
receptor protein. Although the precise cellular location of the
unoccupied
receptor has recently been questioned
(4, 5), the
basic model requires a molecular modification
of the estrogen
receptor for binding to chromatin.
Nuclear localization
is
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Murine,

Calf uteri and prepubertal
porcine
uteri (from
animals
averaging
200 pounds and 6 months
in age) were obtained
from local abattoirs.
Uteri
from immature
22-day-old
Sprague-Dawley
rats were excised
after decapitation
and frozen in liquid nitrogen.
Proliferative
phase
human
uteri containing
leiomyoma
were frozen
within
1 h after
removal.
Uteri from 12.week-old
mature
CD-l
mice uteri were used.
All uteri were stored at -80 “C. [2,4,6,7,16,17-3H]17&Estradiol
(specific activity
130-170
Ci/mmol)
was obtained
from New England
Nuclear.
Charcoal
(powder,
activated
“Norit
A”) was supplied
by
Matheson,
Coleman
and Bell. Thiopropyl
Sepharose
and the PD-10
columns
(g-ml prepoured
Sephadex
G-25 (medium)
columns)
were
from Pharmacia
Fine Chemicals.
HEPES,’
Budget-Solve
and Minivials were purchased
from Research
Products
International.
Electrophoresis
reagents
were obtained
from Bethesda
Research
Laboratories and Bio-Rad.
35S-labeled
B72 monoclonal
antibody
([““Slmethionine labeled in tissue culture)
was a gift from Geoffrey
Greene and
Elwood
Jensen
at the Ben May Laboratories
at the University
of
Chicago.
Unlabeled
H222, monoclonal
antibody
(>99%
pure),
nonspecific
rat IgG, and [35S]methionine
H222 (labeled in tissue culture)
were the kind
gifts of Larrv
Miller
and Chris
Nolan
of Abbott
Laboratories.
CHAPS
was purchased
from Serva Fine Biochemicals,
Inc.: GF/A filters were obtained
from Whatman.
“‘I- and ‘Y-labeled
bovine serum albumin,
ovalbumin,
and phosphorylase
b were bought
’ The abbreviations
used are: HEPES,
4-(2.hydroxyethyl)-l-piperazineethanesulfonic
acid;
DCC,
dextran-coated
charcoal;
CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate; NaSCN,
sodium
suifocvanate;
BSA, bovine
serum
albumin;
DMF,
dimethylformamide;
SDS, sodium
dodecyl
sulfate;
estradiol,
17/3-estradiol.
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from New England Nuclear. All other materials were obtained from
Sigma, Aldrich, Mallinckrodt Chemical Works, Steraloids, Inc., or
Schleicher and Schuell.

Receptors

lution was changed every 15 min with a 10-swater rinse interval. The
nitrocellulose sheet was dried at room temperature and an autoradiogram was developed using Kodak XAR-5 film. When '251-labeled
antibody was used, a Cronex Lightning Plus intensifying screen from
DuPont was employed. Labeled bands on the duplicate blots were
Methods
aligned with the silver-stained gel using "C-labeled phosphorylase b,
Norit Assay for Estrogen Receptor-After an appropriate time of bovine serum albumin, or ovalbumin.
incubation (described in thetext), 50-pl aliquotsfromfractions
"'I Labeling of the Monoclonal Antibody H222-Iodogen (1,3,4,6containing receptor and [3H]estradiol were treated at 5 "C for 15 min tetrachloro-3a,6a-diphenylglycouril)was obtained from Pierce
in polystyrene microfuge tubes with a 400-p1 suspension of DCC to Chemical Co. for the iodination of H222 (25). Its stability and
bind free steroid (10, 11). The DCC or Norit suspension consisted of insolubility allowed iodination via a solid phase with aqueous solu0.5% Norit and 0.05% dextran (clinical grade, average M. 83,000) and tions containing lz5I and protein. A 200-pg/ml solution of Iodogen
0.1% gelatin in pH 7.45, 10 mM Tris, 5 mM HEPES, 1.5 mM EDTA, was made up in chloroform, and 100 pl were dried down under
and 0.02% NaN3). TheDCC was then centrifuged for 15 min at 1600 nitrogen in a 13 X 100-mm glass tube. This was rinsed once with
X g. 200-4 aliquots of the supernatant were counted in 5 ml of
deionized Hz0 to remove any loose oxidant. 100 pg of either nonspeBudget-Solve in Mini-vials. Background subtraction values were obcific rat IgG or H222 in 0.5 ml of 20 mM Tris, 0.18 mM KH2P04,8.2
tained with solutions containing [3H]estradiol at thesame concentra- mM K~HPOI,175 mM NaCl, and 0.02% NaN3 were mixed with 7.5 p1
tion as above but without receptor present.
of carrier-free '%I- (0.25 mCi). This "'I- and protein mixture was
Glass Fiber Filter Assay (GF) for EstrogenReceptor-The procedure
added to theIodogen-coated tube for 2 min at room temperature. The
of Cousens and Eskin (12) was modified to take advantage of the
solution was decanted onto a9-ml G-25 column equilibrated with pH
estrogen receptor affinity for glass to separatereceptor from unbound
7.3 Tris-saline buffer (10 mM Tris, 0.15 M NaCI, 0.02% NaN3) with
estradiol. Receptor was incubated with varying [3H]estradiol concen1 mg/ml BSA to terminate the reaction and to remove the free "'I.
trations in parallel with a 100-fold excess of unlabeled diethylstilbesThe '251-H222 and nonspecific rat IgG were stored at 5 'C after
trol orestradiol. Steroid was added to receptor from an ethanolstock
dilution in 25 ml of 3% BSA in Tris-saline buffer to help prevent
solution such that the final ethanol concentration was less than 1%. radioactive destruction of the antibody by lz5I.The iodinated protein
A 50- to 100-pl aliquot of cytosol was then spotted on a large sheet solutions were diluted to provide approximately 150,000-300,000
of Whatman GF/A glass fiber filter paper identified by a grid pattern
dpm/ml for the blotting preparations.
obviating the tedious use of glass fiber circles. One hundred twelve
Cytosol Preparation-Calf uteri were immediately frozen on dry ice
samples could easily be spotted in 10 min on a single sheet.
at the abattoir and stored at -70 "C. The receptor was found to be
The GF/A sheets were washed 4 times for 15 min each with 500 stable for over a year under these conditions. The uteri were immeml of 4-fold diluted HEPES buffer containing 0.21 M NaCl. The diately stripped of their connettive tissue, cervix, and ovaries while
sheets were then placed on paper towels and quickly blotted. Individ- partially frozen at the time of preparation. After snap freezing in
ual squares were cut from the sheetwith a scalpel and placed directly
liquid nitrogen, 600 g of the calf uterine tissue were ground to powder
in Mini-vials with 5 ml of scintillation fluid (Budget-Solve). The [3H] in a liquid nitrogen cooled Italian ice slicer and thenplaced on a large
estradiol dissolved within 1 h and was counted with a 37% efficiency sheet of Whatman No. 1 MM filter paper to remove excess liquid
in a SL 4000 Intertechnique or Packard Tricarb model 3003 scintilnitrogen. The uteri were homogenized in 2.5 liters of pH 7.5 HEPES
lation spectrometer.
buffer at 5 "C in a 4-liter Waringblender at high speed using five 10Polyacrylamide Gel Electrophoresis-Electrophoresis on 0.75-mm s bursts with 20-s pauses. The HEPES buffer consisted of25 mM
SDS-polyacrylamide slab gels was performed according to Laemmli
HEPES, 1 mM EDTA, 0.02% NaN3, and 10 mM Moo3. The buffer
(13). Stacking gels contained 4.3% acrylamide; separating gels were was neutralized to pH 7.5 at room temperature with NaOH. Immerun at either 8.75 or 10% acrylamide. Protein samples were precipidiately prior to homogenization the buffer was made 10 mM monotated with 20% trichloroacetic acid for at least 1 h at 0 "C in the thioglycerol and 0.1 mM phenylmethylsulfonyl fluoride (from a stock
presence of 75 pg/ml insulin to act as a carrier protein. In order to solution 20 mM in isopropanol). The homogenate was centrifuged at
reduce the background during the silver stain procedure the mercap5600 X g for 20 min in anHG-4 rotor. The supernatantwas decanted
toethanol concentration was reduced to 0.5%. Insulin, because of its
passage
and recentrifuged at 20,000 X g for 2 h. The supernatant after
purity, molecular weight, and high mobility, did not interfere with
through a GAF cloth filter was designated the cytosol extract.
the detection of larger proteins.SamplescotainingNaSCN
were
Loading and Washing the Affinity Column-The cytosol extract
desalted on 9-ml G-25 columns before trichloroacetic acid precipita(about 2000 ml) was adjusted to 0.7 M KC1 and refiltered to prevent
tion.
clogging of the column. The solution was passed through a (1X 5 cm)
Silver Stain Procedure for Polyacrylamide Gels-The silver staining
procedure described elsewhere (14) represents a modification of the estradiol affinity column (14, 26) at 4 "C overnight at about 120 ml/
h, and the column was washed with 50 ml of 0.7 M KC1 in HEPES
procedure of Morrissey (15) and provides a simple rapid technique
for staining Laemmli slab gels. In brief, the modifications consisted buffer. The column was then cyclically washed with: 1)approximately
50 ml of 2 M KC1 in HEPES buffer; 2) 50 ml of HEPES buffer; and
of a combination of the glutaraldehyde and fixation steps and the
addition of iodoacetamide to the sample buffer to eliminate the 3) 50 ml of 10% DMF in HEPES buffer. This cycle was repeated
twice more for a total wash volume of about 450 ml. Ten-ml fractions
appearance of "ghost" proteins (14, 16-19).
Diffusion Blotting Using Monoclonal Antibodies-Estrogen recep- were collected.
Elution of the Affinity Column-The column was placed in a 30 "C
tor protein bands on polyacrylamide gels were detected after transfer
water bath, while the fraction collector remained at 5 "C. The column
to nitrocellulose paper by using radiolabeled monoclonal antibodies
was washed with 50 mi of 10% DMF in HEPES buffer at 100 ml/h,
specific for the receptor. Proteins were transferred from the SDSfollowed by 25 ml at 40 ml/h. It was then washed with 5ml of HEPES
polyacrylamide slab gel to a nitrocellulose sheet using a modification
of the diffusion blotting technique of Bowen et al. (20, 21) to provide buffer containing 0.5 M NaSCN, 75 pg of insulin/ml, 2 mM CHAPS,
and 10% DMF. The receptor was finally eluted in 0.5 M NaSCN in
duplicate copies. Gels were sandwiched between Whatman No. 3MM
HEPES buffer containing3 X lo-' M [3H]estradiol (about 10 Ci/
filter paper, sponges, and wire screens. These were held together with
rubber bands, and diffusion was allowed to occur for 36 h in 3-fold mmol) in 4-ml fractions in polystyrene test tubes. The fractions were
diluted HEPES buffer containing 0.15 M NaCl and 0.02% NaN3. The monitored by the standard Norit assay as described under "Norit
two nitrocellulose sheets were trimmed to the size of the gel and Assay for Estrogen Receptor." The peak fractions of estradiol binding
placed in 50 ml of 3% BSA Tris-saline buffer (pH 7.3, 10 mM Tris, activity were pooled, usually, about 30 ml. After snap freezing in
small aliquots of liquid nitrogen, they were stored at -70 "C. After
0.15 M NaCl, and 0.02% NaN3) for 30 min to block nonspecific
desalting on 9-ml G-25 columns to remove free [3H]estradiol and
protein-binding sites. The blotted gelwas silver stained to ensure
NaSCN, these solutions, containingthe affinity resin-purified recepthat sufficient transfer from the gel to the nitrocellulose sheet had
occurred. One sheet was dried and stored for possible use later. The tor, were capable of being analyzed by a variety of techniques to be
described below.
other sheet was placed in a 30- to 50-ml solution of lz5Ior %Xabeled
monoclonal antibody (H222) specific for estrogen receptor and incuRESULTS
bated for 4 h at 25 "C (4, 22-24).
The
affinity
column
demonstrated
rapid binding and high
The labeled antibody solution contained approximately 5 million
capacity for the estrogen receptor, retaining over 70% of the
dpm. The nitrocellulose sheet was then washed for 2 h with 300 ml
of Tris-saline buffer containing 0.05% Triton X-100. The wash so- receptor (Table I) at flow rates exceeding 100 ml/h. The yields
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TABLEI
Calf uterine estrogen receptor purification
Volume
Protein
Total
protein
Total
binding
Receptor
amount"
Specific
activityb
nl

Cytosol loaded onto affinity column
Pass through cytosol after being
loaded onto affinity column
Purified eluate off affinity
column

2,300
2,300
28

w

rnglrnl

7.3
7.3

16,790
16,790

<0.008'

0.22

CPm

1.080 X lo9
3.103 X 10'
1.033 X

losd

Yield
I.%?

611
176
58.5

fm/ms

100 520
150
3.8 X lo6
(7.300-fold)

%

29
9.6

"The conversion factor of cpm to g receptor: (cpm/0.369 eff.) X (Ci/2.22 X 10" dpm) X
mo1/151 Ci) X
(70,000 g/mol) X (lo6pg/g) = pg receptor, or cpm X 5.659 X
= pg receptor.
The conversion factor of g to fm receptor is X (mo1/70,000 g) X
fm/mol) = fm receptor, or g X 1.429 X
10'' = fm receptor.
E Insulin is present
as a carrier protein at 75 pg/ml so this value is an upper limit estimate from an early
preparation when insulin was not used.
Specific binding corrected for 15 X isotope dilution for elution.

I

lOml fractions -+" 4ml fractions
FIG. 1. Elution profile of the calf uterine estrogen receptor
preparation. [3H]Estradiolbound to 22-111 aliquots of affinity column fractions as measured by the Norit assay (see "Methods") was
plotted uersus fraction number (BKG indicates background binding).
The lettered arrows indicate the fractions from which aliquots were
taken tobe run on a SDS-polyacrylmaide gel for protein analysis (see
Fig. 2). The numbered arrows indicate the fractions where changes in
the washing conditions occurred as indicated. 1, start 0.7 M KC1 wash
at approximately 130 m l / h 2, start 2 M KC1 wash 3, start HEPES
buffer wash; 4, start 10% DMF wash; 5 , start 2 M KC1 wash; 6, start
HEPES buffer wash; 7, start 10% DMF wash; 8, start 2 M KC1 wash;
9, start HEPES buffer wash; 10, start 10% DMF wash; 11, increase
to 30 "C; 12, slow to approximately 40 ml/h; 13, start 0.5 M NaSCN;
14, start 3 X
M [3H]estradiol eluent buffer.

of total binding activity eluted in the
purified pools normally
ranged from 10-20%. Insulin was used as a stabilizing carrier
protein for the receptor due to thelow protein concentration
being eluted from the affinity column (approximately 5 pg/
ml). This estimate of the protein concentration is an upper
limit based upon early preparations in the
absence of insulin.
Assumingamolecular
weight of 70,000 daltons with one
binding site/molecule,aconservative
estimation yields a
7300-fold purification withat least 25% of the protein present
being receptor (see Table I).
The low levels of protein present in thewash fractions and
eluate preclude a graph of the protein profile uersus receptor
elution. Fig. 1shows the elutionprofile of the estrogenreceptor. The fractions, where changes in washing conditions of
the affinitycolumn were made, are alsoshown. The fractions
indicated were precipitated with 20% trichloroacetic acid and
electrophoresed on a 10% SDS-polyacrylamide Laemmli gel
that was then silver stained for protein analysis (Fig. 2).

As can be seen in Fig. 2 several proteins are present from
the earliest fractions, and their intensity
is decreasing but
detectable in the450-ml cyclical wash. Silver stain precludes
the determinationof the absolute amounts
of protein although
a rough estimate is possible by noting that each standard is
present at about 40 ng and that the protein bands represent
the protein present in0.6 ml of each wash fraction loaded on
the gel. As can be seen when comparing lanes H through L to
earlier lanes, raising the temperature to 30 "C and utilizing
0.5 M NaSCNare effective in the release of nonspecific
proteins. Unfortunately, small amounts of estrogen receptor
are eluted even in theabsence of estradiol accounting for low
yields, particularly withextensive washing. The procedure
described is a compromise between yield and purity.
The major endogenous band seen in the aliquot from the
estrogen eluate pool was presumed to represent the estrogen
receptor as verified below. The presumptive estrogen
receptor
band first becomes evident when estradiol binding affinity is
firstdetectedintheeluatefractions.
A molecular weight
estimation based on the migration of the protein standards
versus their molecular masses provided a value for this band
of approximately 70,000 daltons. This was just larger than
bovine serum albumin at 69,000 daltons. This major band
represents about 25% of the totalendogenous protein present
when scanned ona densitometer. To verify the identityof the
70,000-dalton band as the estrogen receptor further experiments were necessary.
Purification of the receptor on theaffinity column requires
a ligand-free binding site. Because the dissociation rate of
estradiol release is sufficiently slow, it has been possible to
detect the nonspecific binding proteins contaminating the
preparation. These experiments required prebinding of the
receptor with saturating levels of very low specific activity
estradiol and then loading, washing, and eluting the affinity
column in the regular manner. When the estradiol-saturated
crude extract was applied to the column and then subjected
to affinity columnchromatography under the same conditions
as the crude extract without
added estradiol, the70,000-dalton
band was singularly absent (see Fig. 3A, lane 6 and compare
to lanes 4 , 5 , and 7). The presence of all the other endogenous
proteins in equal amounts under both conditionssuggests
that they are not binding to theestrogen receptor but rather
directly to the affinity column by a nonspecific interaction
which is estrogen independent.We were thus able to exclude
these proteins asestrogen receptor components and toverify
the identity of the 70,000-dalton band as estrogen receptor.
Reproducibility and Interactionwith Monoclonal AntibodyThe reproducibility and direct comparison of the estrogenpreloaded cytosol preparation with three other preparations
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ccFIG.2. SDS-polyacrylamide gel electrophoresis profile of the 22nd calf uterine estrogen receptor
preparation. 3-ml aliquots of various wash fractions from the affinity column (R + J; see Fig. 1) were

trichloroacetic acid precipitated and dissolved in 100 pl of sample buffer. 2.5-ml aliquots of fractions K , L, and M
were desalted to remove NaSCN and dissolved in 200 pl of sample buffer. 2 0 4 aliquots were run as described
under "Experimental Procedures." The gel was stained with silver nitrate. (Insulin, when present, electrophoresed
below the dye front and was either run off or cut off most of the gels shown in this paper.) Lane A, protein
standards (40 ng each): M,myosin (200,000 daltons); P, phosphorylase 6 (97,400 daltons); T,transferrin (77,000
daltons); B,bovine serum albuminin (69,000 daltons); 0,hen egg ovalbumin (43,000 daltons); A , rabbit muscle
aldolase subunit, (37,250 daltons); C, chymotrypsinogen A (23,000 daltons); CC, cytochrome c (12,300 daltons).
Lane B, 2 M KC1 wash; lane C, HEPES buffer wash; lane D, 10% DMF wash; lane E , 2 M KC1 wash; lane F,
HEPES buffer wash; lane G, 10% DMF 5 "C wash; lane H,10% DMF 30 "Cwash; lane I , 10% DMF 30 "Cwash;
lane J , 10% DMF 30 "C wash; lane K , 0.5 hi NaSCN wash; lane L, 0.5 M NaSCN wash; lane M , aliquot from pool
of estrogen binding activity.

is illustrated in Fig. 3A. Lanes 4, 5, and 7 are from different
preparations. Theseare virtually identical in appearance.
Lane 6 is the preloaded preparation and contains all the
contaminant proteins with the exception of the 70,000-dalton
receptor. A radioactive monoclonal antibody specific for the
estrogen receptor (22) was incubated with a diffusion blot of
a replicate of Fig. 3A (see Fig. 3B). This 35S-antibody([35S]
H222) binds to thereceptor proteins present in lanes 4 and 7
but not to lane 6 which does not contain receptor. As stated
earlier, low levels of receptor are also washed fromthe column
at 30 "C in 10% DMF and with 0.5 M NaSCN (lanes2 and 3,
respectively);earlier washes (lanes8,9, and 10) do not contain
detectable levels of receptor. The efficiency of the blotting
process was checkedby silver staining thegels after diffusion
blotting (data not shown).
Although the smaller bands appearing inFig. 3B may
represent minor degradation products, these are reproducible
in many preparations done months apart. The absence of
these proteins in the estrogen preloaded control provides
evidence of their relation to thereceptor.
The reproducibility of different preparations is emphasized
in the three fractionations shown in Fig. 3 and in Fig. 4. The
diffusion blotting technique allows two identical blots to be
made that can be used for control experiments to show specificity of an antibody interaction with the receptor. There was
no difference inthe blot analysis when one blot was incubated

with 35S-labeled H222 (Fig.44)and the otherwas first incubated with several hundred-fold excess nonspecific rat IgG
and thenwith [35S]H222 (Fig.4B).The highly purified monclonal antibody (H222) can be easily 1251labeled. The similarlity of '251-H222 to [=S]H222 is illustrated by comparing
Fig. 4C with Fig. 4,A and B . The absence of binding in control
experiments with the nonspecific '251 rat IgG was also noted
even in prolonged exposures.
Binding Specificity Studies-Specificity studies involving
binding of various steriods confirmed the identity of the
purified estrogen receptor. As can be seen in Table I1 with
purified receptor in HEPES buffer containing 2 mM CHAPS
and carrier protein, of all the componds only HEPES and
diethylstilbestrol, a nonsteroid estrogen agonist, competed for
the receptor binding site. These studies demonstrate the
retention of specificity of the receptor during purification.
As a check of binding specificity, the standard Norit (DCC)
assay was confirmed by a new glass fiber technique which
provided low background and was not interfered with by
possible tritiated estradiol degradation products (12, 14).Although the Norit and glass fiber filter assay values show
differences in background and in absolute numbers, they were
qualitatively similar. The background and nonspecific binding
levels differ from the Norit and glass fiber filter assays, as
observed in Table 11, for a variety of reasons. The charcoal
present in the Norit assay has 15 min to absorb the free [3H]
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(A)
FIG. 3. Reproducibility of purified calf uterine estrogen receptor preparations. A, silver stain of
selected wash fractions from preparation 25 and comparison of 3 different purified receptor preparations (approximately 350 ng of each receptor preparation were loaded) and 1 prebound preparation saturated with estradiol.
Lane 1, protein standards (“C-labeled phosphorylate b, bovine serum albumin, and ovalbumin); lane 2, 10% DMF
wash a t 30 “C from preparation 25; lane 3, 0.5 M NaSCN wash from preparation 25; lane 4, eluate pool from
preparation 25; lane 5,eluate pool from preparation 24; lane 6, eluate pool from prebound preparation 23; lane 7,
eluate pool from preparation 22; lane 8,KC1 wash fraction from preparation 25; lane 9, HEPES wash fraction from
preparation 25; lane 10, 10% DMF a t 5 “C wash fraction from preparation 25. B, diffusion blot of a replica of A
with the exception of lane 5 was incubated with [”S]H222 monoclonal antibody. (See “Experimental Procedures”
for details.) Lanes 1’-10’ are thesame as lanes 1-10 of A with the exception of lane 5 which was omitted.

5

1

2
3

4

5
1

2

3

4

s

5

(AI

(Bl

s

1 2 3

(C1

FIG. 4. Comparison of [“S]H222 and ‘*%H222 monoclonal antibody binding to 3 different calf
uterine estrogen receptor preparations. An SDS-polyacrylamide gel of estrogen receptors from three preparations (20,21, and22; approximately 580 ng of each were loaded). Lane S: protein standards thatcontained “Clabeled BSA and [“C]phosphorylase b; lane 1 , eluate pool from preparation 22; lane 2, eluate pool from preparation
22; lane 3, eluate pool from preparation 22; lane 4, eluate pool from preparation 20; lane 5, eluate pool from
preparation 21. Diffusion blots are of replicas of a silver-stained gel not shown. This particular slab gel was run
and cut into three gel pieces. One gel piece was silver stained (not shown); the other two gel pieces were each
blotted yielding four replicas on cellulose nitrate. Theywere incubated with the antibody solutions described below
as detailed under “Methods.” A, this blot was incubated with [%]H222 and then exposed for 15 days. B, this blot
was incubated with 400 pg/ml of nonspecific rat I g G and [“S]H222 and then exposed for 15 days. C,this portion
of a blot was incubated with Y-H222 and thenexposed for 17 h.

estradiol and to “strip” theloosely bound [3H]estradiol.Under
conditions where no nonspecificbinding proteins are present,
the charcoal can absorb 99% of the free [3H]estradiol.However, this background levelcan get quite high whena stabilizing detergent, such as CHAPS, or a chaotropic salt, such as
NaSCN, are present and interfere with the charcoal absorp-

tion of [3H]estradiol. This interference can be seen in the
high background levels of [3H]estradiolremaining after inhibition by estradiol and diethylstilbestrol in Table I1 with
purified receptor whenassayed by the DCC assay in the
presence of 2 mM CHAPS. In contrast the glass fiber filter
assay is not subject to these problems, as observed in Table
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I1 for estradiol and diethylstilbestrol inhibition in the presence of CHAPS.
The glass fiber filter assay employs a 1-h wash procedure
to remove the free [3H]estradiol and to “strip” the loosely
TABLE
I1
Purified calf estrogen receptor specificity verification
Inhibitor
M

1.
2.
3.
4.
5.
6.
7.
8.

+ lo-’

Norit

M *E,”)

Estradiol
Corticosterone
Aldosterone
Hydrocortisone
Progesterone
Testosterone
Diethylstilbestrol
No inhibitor

GF/A

cprnlrnl

76

cprnlrnl

103,698
232,428
238,161
218,085
224,679
217,077
104,874
209.727

49
111
114
104
107
104
50
(100)

7,053
289,680
286,240
277,893
283,827
289,560
4,240
296.280

%

2

98

97
94
96
98
1
(100)

*E,, radioactive estrogen.

Receptors

bound, [3H]estradiol dissociated from
nonspecific binding proteins. This extra time helps to lower nonspecific binding in
contrast to the shorter absorption time
of 15 min in the Norit
assay. In addition, CHAPS and NaSCN, as
well as other
buffer constituents, do not interfere with the removal of [3H]
estradiol. Thelower background of the glass fiber filter assay,
even though technically requiring a longer
time than the Norit
assay, makes itpreferable when analyzinglow levels of receptor or when CHAPS is present in the
buffer.
Further assessment of the retention of specificity of the
steroid binding site during the receptor purification was obtained by comparing several estrogen analogs with similar
binding affinities. These include estradiol,estrone, estriol,
17a-estradiol, ethynylestradiol, and mestranol.
Purified calf estrogen receptor and crude cytosol receptor
analyzed via the Norit and GF/A glass fiber filter assay are
illustrated in Fig. 5. The points plotted representaverages of
duplicates with reproducibilities within 10% of each other.
b

A

C

D

I5 r
14

13

I2

I2

\ \ \

10

54-

32-

L O G [MOLAR]

L O G [MOLAR]

FIG. 5. Estrogen specificity study of calf cytosol and purifiedcalf estrogen receptors. A , assay by the
glass fiber filter procedure. Purified calf estrogen receptor was passed over a small G-25 column to remove unbound
low specific activity [3H]estradiol. It was diluted into HEPES buffer containing 2 mM CHAPS and 100 pg/ml
BSA. [3H]Estradiol a t a final concentration of 2.93 X
M was mixed with various concentrations of unlabeled
steroid inhibitors. These were incubated for 1 h at 37 “C and thenassayed via the glass fiber filter procedure. The
average of duplicates of the bound [3H]estradiol are plotted as described below. B, assay by the Norit procedure.
The assay solution was prepared as described above. 100-pl samples were combined with 400 p1 of Norit suspension
as described under “Methods.” The cpm bound in 2 0 0 4 aliquots of supernatant are plotted as described below. C,
assay by the glass fiber filter procedure. Cytosol was diluted 8-fold with HEPES buffer containing 2 m M CHAPS
and 100 pg/mlBSA and incubated with 1.2 X lo-’ M [3H]estradiol with various concentrations of unlabeled
inhibitor (plotted along the abscissa). After 16 h at 5 “C, 50-pl duplicate samples of each concentration were
assayed by the glass fiber filter procedure as described under “Methods.” The bound values plotted along the
ordinate are averages of duplicates. D, assay by the Norit procedure. This was as described above except that 100pl samples were mixed with 400 pl of Norit suspension (see “Methods”). The average cpm bound in 200 pl of
supernatant are plotted along the ordinate. The average bound values were plotted with these symbols: 0,
mestranol; 0,estrone; 0, estradiol; ethynylestradiol; A, 17a-estradiol; A,estriol.
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TABLE111
Relative binding actiuities of cytosol and purified calf uterine estrogen
receptors
Relative bindingactivity is definedas the ratio of the concentration
of competitor at 50% inhibition of radioactive estrogen binding over
the concentration of unlabeled estradiol at 50% inhibition of radioactive estrogen binding.

Receptors
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ities: 1042, 815, 128, and 42 fm/mg, respectively. These produced the following yields after enrichment over the affinity
column: 31, 18, 7, and 1%,respectively.
The specificity and binding properties of the purified pig
uterine estrogenreceptor were comparable to that of the
purified calf receptor(see Table IV). The scarcity of the
purified mouse, rat, and human receptor preparations made
Purified
Cytosol
itexpedientto
forgo the specificitychecks and save the
GF”
Noritb
GF”
Noritb
purified materials for later electrophoreticcomparison.
Comparison of Antibody Specificity-The five highly puri1.0
1.0
1.0
1.0
1. Estradiol
fied mammalian uterine estrogenreceptors were compared
14.1
8.9
45.7
47.9
2. Estrone
19.7
36.3
9.3
30.3
3. Estriol
using the estrogenreceptor-specificmonoclonalantibody,
12.3
21.2
29.5
39.9
4. l7a-Estradiol
H222 (5,22-24). This monoclonal antibody was cross-reactive
1.0
0.4
0.9
0.46
5. Ethynylestradiol
with
all five of the species understudy.Two monoclonal
156.9
102.4
93.3
144.9
6. Mestranol
antibodies were used to detect antigenicdifferences of estraAnalyzed by the glass fiber filter assay (see “Methods”).
diol receptor proteins. The specificity of [35S]H222and that
Analyzed by the Norit assay (see “Methods”).
of a calf receptor-specific monoclonal antibody, [“SIB72 (281,
were compared by blot analysis of a pig receptor preparation
TABLEIV
and two different preparations of calf receptor (Fig. 6). The
Purified pig estrogen receptor specificity verification
main 70,000-dalton bands along with the smaller bands in
Inhibitor
approximately the 50,000- and 30,000-dalton range of both
Norit
GF/A
(lod M + lo-’ M
the calf and the pig estrogen receptors were bound by [35S]
%
%
cprnlrnl
cprn/rnl
H222. The distortion of the pig “50,000” band was the con74,200
103
100
145,551
1. Corticosterone
sequence of overloading. The [35S]B72monoclonal antibody
75,825
105
99
144,858
2. Aldosterone
recognized only the calf estrogen receptor bands.
73,893
102
101
147,126
3. Hydrocortisone
Comparison of Human and Pig Uterine Estrogen Recep105
75,880
96
139,755
4. Progesterone
101
73,147
98
tors-Pig and humanreceptor were run simultaneously on an
143,430
5. Testosterone
3,240
4
74
108,150
6 . Diethylstilbestrol
SDS-polyacrylamide gel and comparedby diffusion blot anal5
3,733
75
106,323
7. Estradiol
ysis (Fig. 7). The two different pig preparations were quite
145,845 (100) 72,280 (100)
8. No inhibitor
reproducible. As can be seen, the preparations are contami*E2,
radioactive estrogen.
nated with nonreceptor proteins. The preparations
were sufficiently enriched, however, to detect the 70,000-dalton pig
From the inflection points of the curves an estimate of the receptor band using the silver-stainedgel without the necesconcentration of the competitor that inhibits binding
of t3H] sity of overloading the gel and distorting the bands
produced
estradiol to the receptor by 50% can be obtained. This con- on the blot. The now familiar pattern observed on the blot
centration, when expressed as a ratio of the concentration of consists of a dominant 70,000-dalton band with the minor
cold estradiol that inhibits [3H]estradiol binding torecepthe
“50,000” and “30,000”bands visible in both the
pig and human
tor by 50%, provides an estimate of the relative binding estrogen receptor preparations. The smallest band
seen inthe
activity of each of the competitorsfor the receptor (27). Table human preparation (Fig. 7B) is a very minor component that
I11 summarizes the datafrom Fig. 5. Within the experimental is also visible in the calf preparation when it is exposed for
error of the assays, the
specificity of purified and crudecytosol very long times.
receptor are qualitatively the same. Estrone, estriol, and 17a- Comparison of Calf, Mouse, and Rat Uterine Estrogen Reestradiol possessed similar relative binding affinities for the ceptors-Calf, mouse, and ratreceptors and thewash fractions
receptor approximately10-fold lower than estradiolregardless of mouse and rat preparationswere compared on an SDSgel
of the purityof the receptor. Interference with the3-hydroxyl and by diffusion blot analysis with lZ5I-H222 in Fig. 8. The
group as in the case of mestranol lowers the binding affiity receptor bands are most prominent in lunes C, D, E, and G,
around 100-fold. These relative binding activities are agreein
representing thepools of estradiol binding activityfrom affinment with published values (11, 27). The binding character- ity column eluates from each of the species and the mouse
istics of the receptor have, in general, been retained through- NaSCN wash fraction. Themouse NaSCN fraction shown on
out purification.
the gel came from a fraction just before the pool of fractions
Enrichment of Pig, Human, Rat, and Mouse Uterine Estro- containing estradiol bindingactivity. The smaller amount of
gen Receptors-Pig and human uterine estrogen receptors
receptorin the rat NaSCN wash fraction resultedfroma
were purified in the same manner as the calf receptor. Rat differencein pool volumes. As seenearlierwith
the calf
and mouse uterine estrogen receptors were purified in a sim- receptor preparation (Fig. 2), receptor ispresentin
low
ilar manner but with abbreviated
washing conditions. The amounts inall the 10% DMF and
0.5 M NaSCN wash fractions
scarcity of the material led to our adoption of a procedure
(Z, A, G, and H). This probably accounts for the less than
that while still capable of highly purifying thereceptors
100% yields. The receptor is not retained by the column as
emphasized yield over purity. Only two wash cycles of 30 ml evidenced by the absence in the 8 M urea wash fractions B
each of 2 M KC1, HEPES buffer, and 10%dimethylformamide and F after elution with estradiol. In any event, the main
were performed. The 0.5 M NaSCN wash volume over the 1 70,000-dalton band is present in all three species and the
x 1-cm affinity column was arbitrarily halved to 2.5 ml (see same size minor bands at approximately 50,000 and 30,000
“Experimental Procedures”).
appear with increased autoradiogram exposure time.
The presence of insulin in the elution buffer excludes a
Comparison ofCalf, Pig, Mouse, and Rat Uterine Estrogen
precise quantitation of the degree of purification of the recep- Receptors-A comparison of uterine receptors from four spetors (14). The mouse, rat, pig, and human uterine estrogen cies on one SDS gel followed by diffusion blot analysis reveals
receptors were initially presentat thefollowing specific activ- that all four havethe 70,000 band andsimilar minor bands at
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FIG.6. Comparison of the antigenic specificityof calf and pig estrogenreceptors with twoestrogen
receptor-specific monoclonal antibodies. Calf receptor from two different preparations and. pig estrogen
receptor were run on SDS-PAGE and either silver stained for protein or diffusion blotted. These blots were
analyzed with two different monoclonal antibodies (see “Methods”). These were [35S]B72monoclonal antibody
(calf estrogen receptor specific) and [3sSS]H222monoclonal antibody (pig, calf, human, mouse, and rat estrogen
receptor specific). A, overdeveloped silver stain. Lune A, pig estrogen receptor (0.67 pg); lane B, preparation no. 20
calf estrogen receptor (1.25 pg); lane C, blank; lane D,preparation no. 21 of calf estrogen receptor (0.509 pg). B,
diffusion blot analysis of a replica of A with [35S]B72monoclonal antibody. Exposure time was 15 days. Lane
markings are the same a in A. C, diffusion blot analysis of a replica of B with [35S]H222monoclonal antibody.
Exposure time was 16 h. Lane markings are thesame as in B.

approximately 50,000 (Fig. 9). The smallest band visible was
the 30,000 band (compare Fig. 8 for better visualization of
minor ratand mouse receptor bands). Distorted bands,
smaller than 30,000, in addition to the 70,000, 50,000, and
30,000 bands were observed in diffusion blots of gels with
grossly overloaded crude cytosol from the four species (data
not shown).
DISCUSSION

The presence of estradiol and its action as a hormone in
many eucaryotic species (1, 2) speaks to its having a fundamental role indevelopment and differentiation. Receptors for
this hormone have been found in a wide variety of species
(29). The studies reported here extend our knowledge of
estrogen receptor proteins by showing for the first time molecular features common to anumber of mammalian estrogen
receptors. These studies included analyses of binding specificity for estradiol andother ligands, antibody binding, and
molecular weightdistribution.
Since its first discovery as a discrete estradiol-binding component on a sucrose density gradient over 15 years ago (30)
its purification has been actively pursued (31-33). Endogenous proteases, heat liability, and the low levels of receptor
in available tissues hindered its purification. These problems
were overcome bythe use of affinity chromatography, by the
addition of the appropriate protease inhibitors, and by working at 5 “C (34, 35). The affinity column essential in these

studies needs to be stable and have the proper selective
binding affinity. Two procedures have been published that
utilize two different affinity columns. One involvedestradiol
linked to agarose through the 176 position via an ester bond
(36,37) and the other
involved estradiol linked to agarose via
a 17a-thioether bond (26). In agreement with Greene et al.
(26) the thioether linkage has proved to be a stable and
reproducible tool for “cytoplasmic” estrogen receptor purification. The ester-linked estradiol is subject to esterase hydrolysis (38).
The simple, fast, andreproducible method to purify the calf
uterine estrogen receptor described here provides a 10 to 20%
yield with over a 7,000-fold purification. The receptor represents approximately 25% of the protein after this procedure.
The 70,000-dalton protein band on SDS-polyacrylamidegels
was identified as estrogen receptor by several criteria. First,
the 70,000-dalton protein becomes evident only when estradiol binding was detected during the elution of the affinity
column. The other contaminant proteins present with the
70,000-dalton band were all observed earlier in the wash
fractions and displayed no estradiol binding activity. Secondly, preloading of the receptor with estradiol prior to passing it through the affinity column prevented the receptor from
binding. Thus the 70,000-dalton band was prevented from
binding to the column and was not observed in the estrogen
eluate fractions. Some contaminating proteins observed in
early wash fractions were still present. The 70,000-dalton
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storage under stable conditions were essential in the purification of the estrogen receptor protein.
The problem of stabilizing the binding activityof the estroA
B
C
A' B' C'
gen receptor long enough to load it on an affinity column has
been solved primarily by: 1) working a t 5 "C; and 2) employing
compounds which can act as
protease inhibitors, in particular,
EDTA, phenylmethylsulfonyl fluoride, and sodium molybdate
(34, 35, 40-42). Working a t 5 "C is thought to simply slow
down all the degradative reactions. EDTA is presumed to
inhibit a Ca2+-activated protease present in uterus (35, 41,
42). Phenylmethylsulfonyl fluoride is a wellknown serine
6%protease inhibitor. Molybdate's protective effect on estradiol
binding activity is not understood as clearly as the above
components.
Molybdate is a known phosphatase inhibitor, so
43Kit may be keeping the receptor in an active phosphorylated
form (40). However, it has also been recently demonstrated
to have a protease inhibitory activity (34) so this may .be the
cause of its protective effect. In any event, all these compounds are employed and have been found to stabilize the
estradiol binding activity of crude cytosol for at least 2 days
a t 5 "C in HEPES buffer.
The thioether-linkedestradiolaffinity
column used by
Greene et al. (26) with modifications described here provides
sufficient capacity to process large volumes of cytosol. The
estradiol hemisuccinate-linked affinity columns of Sica and
Bresciani (36) and Pucaet al. (37) were useful only if enzymes
capable of hydrolyzing the ester andamide bonds linking the
estradiol to Sepharose were first removed by a preliminary
SILVER
DIrmSION
STAIN
BLOT
pass through heparinagarose. The reuse of the hemisuccinate
FIG.7. SDS-PAGE comparison of pig and human estrogen column was unsatisfactory, in contrast the stable thioether
receptors. Human estrogen receptor and pig estrogen receptor from linkage we find to be reusable many times after a thorough
two preparations were compared on an SDS-polyacrylamide gel via wash between preparations.
silver stain and diffusion blot analysis as described under "Methods."
Several column volumes of loading buffer and 2 M KC1 are
A, silver stain for protein. Lane A, pig estrogen receptor (100 ng);
reported
to remove any proteins binding to the column via
lane B, human estrogen receptor (22 ng); lane C, pig estrogen receptor
from another preparation (86 ng). B, diffusion blot of a replica of A. ionic interactions (37). Our procedure utilized larger volumes
An incubation with [%]H222 was performed followed by a 21-day of 2 M KC1 plus a critical wash step of 10% DMF at 5 and
exposure. Lane A ' , pig estrogen receptor (100 ng); lane B ' , human 30 "C. Because of DMF's ability to readily solubilize organic
estrogen receptor (45 ng); lane C', pig estrogen receptor (172 ng).
compounds, DMF was selected to disrupt the hydrophobic
interactions of proteins nonspecifically associated with the
buffer was only present when estrogen binding was observed. column. Higher levels of DMF were found to damage the
In addition a monoclonal antibody prepared against highly receptor. Cycling of the washes proved to be effective in
purified human receptor (22-24) is specifically bound to this disrupting the nonspecific binding of proteins interacting
both
band. No evidence of binding of other proteins by antibody ionically and hydrophobically with the column. This procewas observed in the absence of estrogen bindingactivity. This dure reduced the protein concentration in the wash fractions
antibody specifically bound the same band whether it was down to levels below detection by Coomassie stain but easily
["S]methionine labeled in cultureor "'1 labeled in vitro. detectable by silver stain on polyacrylamide gels. The other
Nonspecific rat IgG did not compete with H222 for binding published procedures required additional stepsto achieve
to this band, and '251-labeled nonspecific rat IgG alone did comparable levels of purity (26, 36, 37).
not bind. Comparisons of our observations withother estrogen
Elution of the estrogen receptor is achieved in allpublished
receptor purification procedures are generally in agreement. procedures with 0.5 M NaSCN and estradiol a t either 5 or 25In particular, two groups (26,36,37) have purified the receptor 30 "C (26, 36, 37). NaSCN and warming to 30 "C have been
estrogen usinga procedure involving an estradiolaffinity
found to reduce the time necessary for estradiol to reach
column and a heparin agarose column. The calf uterine puri- equilibrium binding with receptor without significantly alterfied in our receptor laboratory and others all give a subunit ing the binding affinity (43-45). The dissociation rate a t 5 "C
molecular weight estimate on SDS gels of 65,000-70,000 dal- is increased 10-fold with NaSCN as is the association rate
tons (26, 36,37).
(43). This technique has proven useful inbindingstudies
Although estradiol affinity columnshave been available for where the receptor was prebound with unlabeled estradiol. In
the last 10 years, these have been of limited use because of the absence of NaSCN, full exchange would have required
stability and elution problems due to certain physical prop- days (39). Therefore,NaSCN was utilized to increase the
erties of both estradiol and the receptor. The receptor has a dissociation rate of receptor off the affinity column. The
K d of 10""-10"1
M with a dissociation rate half-life of over a estradiol added along with the NaSCN competed with the
day at 5 "C (39). The limited solubility of estradiol (micro- affinity column to prevent estrogen receptorrebinding. In the
molar range) in aqueous buffers and thefact that theunbound absence of steroid, NaSCN proved to be efficient in eluting
receptor itself is unstable required special attention. Overall, contaminating proteins. Washing with NaSCN must be limrapid processing of large volumes of material with low levels ited to avoid receptor release from the column along with the
of unstable receptor, elution in a nondenaturing solvent, and other nonspecifically bound contaminating proteins (Fig. 3).
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FIG. 8. SDS-PAGE comparison of highly enriched mouse,calf, and rat estrogen receptors. Various
wash fractions from the mouse and rat preparations along with aliquots from the mouse, calf, and rat estrogen
receptor pools of binding activity were run on SDS-polyacrylamide gels. Diffusion blot analysis was performed as
described under "Methods" with '251-H222.A, silver stain for protein. Lane A, rat affinity column wash fraction
(no. 84),0.5 M NaSCN; lane E , 9 M urea wash after elution of rat receptor; lane C, rat estrogen receptor from pool
(54 ng); lane D,calf estrogen receptor from pool (no. 24) (141 ng); lane E, mouse estrogen receptor from pool (71
ng); hne F,8 M urea wash after elution of mouse receptor; lane C,mouse affinity column wash fraction (no. 79),
0.5 M NaSCN lane H,mouse affinity column wash fraction (no. 69), 10%DMF a t 30 "C; lane I, molecular weight
standards (100 ng each of ["Clbovine serum albumin and ovalbumin). E and C, these are 2-h ( E ) and 3-day ( C )
exposure of a diffusion blot of a replica of A incubated with lZ5I-H222.Lane 2, rat affinity column wash fraction
(no. 69) 10% DMF a t 30 "C. The rest of the lanes are the same as in A but with six times more material. For the
rat andmouse wash fractions this means the protein in the equivalent of 1.5 ml of a 5-ml fraction was loaded onto
the gel.
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FIG. 9. Molecular comparison of pig, calf, mouse, and rat uterine estrogen receptors.Receptors from
four species highly enriched over several thousand-fold were run side-by-side on SDS-PAGE and analyzed on
diffusion blots (see "Methods"). A, silver stain for protein. Lane M, mouse uterine estrogen receptor pool
(approximately 140 ng); lane R, rat uterine estrogen receptor pool (approximately 140 ng); lane C, calf uterine
estrogen receptor pool, (approximately 160 ng); lane P,pig uterine estrogen receptor pool (approximately 160 ng).
E, C, and D, blots of replicas of A after incubation with T - H 2 2 2 were exposed for 16 h ( E ) , 4 days (C),and 14
days (D).
Lune M,mouse uterine estrogen receptor pool (230 ng); lane R, rat uterine estrogen receptor pool (230
ng); lane C, calf uterine estrogen receptor pool (270 ng); lane P,pig uterine estrogen receptor pool (270 ng).

The purified receptor was initially found to be unstable
because of the low concentrations of protein found in the
eluate. This wasovercome by the addition of the carrier
protein, insulin, and CHAPS. CHAPS, a nondenaturingzwitterionic detergent formed from cholic acid and sulfobetaine
(46, 47), has been found to be quite useful in stabilizing the
purified receptor's binding activity (14), probably by helping

to preventsurface denaturation. Inthe absence of insulin and
CHAPS, freezing and thawing of purified receptor caused
instabilityduringlater
characterizations of the receptor.
CHAPS and insulin stabilize the purified receptors binding
site so efficiently that overnight binding studies canbe carried
out at 37 "C (14).
Purification to homogeneity has been actively pursued in
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our laboratory with a variety of techniques including heparin
and ion exchange (both DEAE and phosphocellulose) chromatography, reapplication of estradiol-bound receptor to the
affinity column, preparative sucrose density gradient ultracentrifugation, chromatofocusing, concanavalin A-Sepharose,
octyl and phenyl hydrophobic chromatography, and dye ligand chromatography (Matrex Gels Blue A Red A, Orange A,
Green A, and Blue B). These have all resulted in low yields,
poor purification, and/or irreproducible results probably because of aggregation of purified receptor. For the purpose of
this comparative work our highly purified calf uterine estradiol receptor was sufficient. In addition the affinity chromatography procedures described here have also enabled us to
highly enrich other mammalian uterine estrogen receptors.
This enrichment allowed us to perform the interspecies biochemical comparsions.
Binding specificities of the estrogens and other steroids to
the receptor were very similar and were notaltered with
purification. The binding specificities were confirmed with
two different assays; the classic DCC or Norit assay and our
modified glass fiber filter assay. The glass fiber filter assay
was simple, more reproducible, and more free from protein
concentration artifacts with much lower background. The
glass fiber filter assay detects very low levels of receptor and
has allowed, in conjunction with the use of 0.5 M NaSCN to
facilitate exchange, the measurement of nuclear estrogen receptor in human breast tumors.2
Calf, pig, human, rat, andmouse uterine estrogen receptors
were highly enriched via affinity chromatography such that
molecular comparison was possible with the newly developed
immunochemical technique of diffusion blot analysis (20,Zl).
The enriched pig receptor as well as thecalf receptor specifically bound estradiol when analyzed by the glass fiber filter
assay and by the classic Norit assay. Although the pig and
calf were similar in binding specificity and affinity for estradiol, they possessed antigenic differences (Fig. 6). This was
reflected in lack of binding of monoclonal antibody B72 to
pig receptor while avidly binding to the calf receptor. This
antigenic difference along with the final purity was the only
one found among the five species. The differences in degrees
of purification were associated with the differences in initial
specific activities of receptor.
Calf, pig, mouse, and rat uterine receptors all had similar
binding affinities and, along with the human receptors, had
the same maximum molecular weight on polyacrylamide gels
of 70,000 daltons. In smaller amounts in all cases, a “50,000”
band was visible and, even more faintly, a “30,000” band was
also seen. The relationship of the smaller bands to the70,000dalton band is not clear but probably represents a common
endogenous proteolytic activity occurring prior to the preparation of cytosol. That this size heterogeneity is reproducible
from species to species (this work), from preparation to preparation(this work), and from lab to lab (48,49) is very
interesting. Rabbit uterine estrogen receptor, purified on a
diethylstilbestrol-agarose affinity column by Van Oosbree et
al. possessed a 70,000- and 50,000-dalton band (48). Diffusion
blot analysis in our laboratoryof their rabbit receptor preparations showed cross-reactivity with lZ5I-H222 (data not
shown). Katzenellenbogen et al., by an affinity-labeling technique using tamoxifen aziridine, have demonstrated two similarly sized bands in cytosol from rat uterus (49).
Four possible explanations for these minor bands are listed
below. 1) They could represent active forms of the receptor
either antigenically similar or smaller forms that are formed
D. B. Lubahn, K. S.,McCarty, Jr., and K. S. McCarty, Sr.,
manuscript in preparation.
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by cleavage from a larger precursor. 2) They could be different
gene products with the same binding properties (like isozymes), and the monoclonal antibodies detect an antigenic
determinant associated with the binding region. 3) They may
also represent by-products of a common processing mechanism which is responsible for the turnover and degradation
of the receptors. 4) This reproducible heterogeneity may also
be the result of endogenous proteases cleaving common proteolytic access sites between similarly sized domains which
are present in all mammalian estrogen receptors.
In support of the fourth possibility is theevidence that the
most rapidly migrating component detected by the H222
monoclonal antibody detected in enriched preparations is
approximately 30,000 daltons. However, on grossly overloaded
blots of crude cytosol even smaller species were detected (data
not shown). This suggests that 30,000 daltons is the smallest
size of receptor that is large enough to retain sufficient estradiol binding capacity so that it can be efficiently retained by
the affinity column throughout the numerous vigorous wash
conditions employed. This hypothesis is supported by other
reports of estrogen receptors that have been deliberately
cleaved with endogenous proteases and examined by sedimentation and gel filtration analysis (42, 50). These experiments
show that the smallest fragment detected that still retains
estrogen binding is approximately 30,000 daltons.
Two-dimensional electrophoretic analysis also revealed the
same size heterogeneity observed with one-dimensional analysis.’ The 70,000-dalton form, however, seemed to possess
some charge heterogeneity. Three possible explanations are:
1) the presence of subunits of more than one receptor of
similar size; 2) microheterogeneity of a single subunit; or 3)
postsynthetic modification such as phosphorylation. With
respect to the latter,reports in the literature suggest that the
receptor is phosphorylated (51) and that dephosphorylation
may cause a loss in estradiol binding (52, 53). This modification could account for the 70,000-dalton receptor protein’s
charge heterogeneity.
In summary, all the mammalian uterine estrogen receptors
examined can be easily purified and all have the same 70,000dalton molecular weight band. They all possessed similarly
sized 50,000 and 30,000 bands which may represent endogenous proteolytic cleavage of a common domain structure.
They all have an approximately 30,000-dalton band that may
be the minimum size requirement for estradiol binding activity. Studies are in progress to investigate the possibility of
charge heterogeneity in the 70,000 form and other similarities
in properties that may be necessary for estrogen receptor
functions.
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