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Abstract.—A method has been devised for purifying the estrogen-binding pro-
tein (“uptake receptor”) of uterine cytosol which circumvents the marked ten-
dency of this receptor to aggregate during attempted isolation. Ammonium sul-
fate precipitation of the estradiol-receptor complex of calf uterine cytosol in the
presence of calcium ions yields both an 8S complex and its 4S subunit which are
stable during further pyrification by gel filtration and ion exchange chromatog-
raphy. The major product is the 4S8 complex which does not revert to 8S in the
absence of salt and which has been purified about 2500-fold. The approximate
isoelectric points of these partially purified 8S and 4S complexes are 5.8 and
6.4, respectively.

Following the demonstration that estrogen-dependent tissues contain charac-
teristic hormone-binding components called ‘“‘estrogen receptors” or ‘‘estro-
philes,” extensive investigations in many laboratories! have contributed to our
knowledge about the interaction of estradiol with target tissues, especially the
rodent uterus. In this tissue, estradiol first associates with an extranuclear “up-
take receptor” (a protein sedimenting at about 8S and reversibly dissociated by
0.3 M KCIl into 48 subunits) which then undergoes a temperature-dependent
interaction with the nucleus to produce a new entity, extractable by 0.3 M KCl
as a 58 estradiol-protein complex. It appears that the function of the estrogen
is to activate a specific uterine protein to enter the nucleus and to do something
there; when the exact nature of this intranuclear reaction of the 8S protein is
elucidated, the mechanism of estrogen action can be established on a firm bio-
chemical basis.

To help delineate the biochemical role and interrelation of the receptor sub-
stances of cytosol and the nucleus, we have undertaken the isolation of tangible
amounts of these proteins to compare their composition and structure. Most
favorable for isolation is the 8S uptake receptor of the cytosol, inasmuch as radio-
active estradiol, necessary to detect and follow the protein during purification,
binds directly to the receptor when hormone is added to the supernatant fraction
of a uterine homogenate. Attempts to purify this protein have been hampered
by the small amounts present in tissues? and its instability in the supernatant
fraction where it tends both to decompose and to form large aggregates during
storage, salt precipitation, or gel filtration. The partially purified binding pro-
tein recently obtained® from rat uterine cytosol would appear to consist entirely
of aggregate, inasmuch as it was not included by Sephadex G-200.

This paper describes a simple procedure for converting the uptake receptor of
calf uterus to a 4S subunit which does not revert to 8S protein in the absence of
salt and which, in association with estradiol, has remained stable through >2000-

148



Vou. 64, 1969 MEDICAL SCIENCES: DE SOMBRE ET AL. 149

fold purification by salt precipitation, gel filtration, and ion exchange chromatog-
raphy. This phenomenon provides a feasible approach to the isolation of pure
receptor substance by available techniques for protein purification.

Materials and Methods.—These investigations used estradiol-6, 7-H? (spec. act. 57.4
Ci/mmole), ammonium sulfate (Mann enzyme grade) saturated in water at 2°, pH 7.2,
and the following buffers adjusted to pH 7.4 with hydrochloric acid and containing 1
mM NaNj;: TrissEDTA (10 mM 2-amino-2-hydroxymethyl-1, 3-propanediol with 1.5
mM ethylenediaminetetraacetic acid, disodium salt), TKC (0.1 M Tris, 0.4 M KCI, 1
mM CaCly), TKE (10 mM Tris, 0.01, 0.05, or 0.4 M KCl, 1 mM EDTA) and TC (0.1 M
Tris, 1 mM CaCly).

Fresh calf-uterine horns were stripped of connective tissue and stored at 0° during a
2- to 4-hr collection period at the slaughter house.} All purification steps were carried
out at 0-2°. Uterine tissue (in two 120-gm batches) was minced in a meat grinder and
homogenized in 4 vol TrissEDTA with a Polytron PT 35 (Brinkmann Instruments) at
setting 6, using six 10-sec homogenizations each followed by a 50-sec cooling period. The
homogenate was centrifuged for 3 hr at 78,500 X ¢ or 2.7 hr at 115,000 X g to yield the
supernatant fraction, 670 ml of which was treated with 0.67 ml 10~% M estradiol-6,7-H3
and stirred continuously during subsequent additions and incubations. After 1 hr, 13.68
ml 0.2 M CaCl, was added; and 30 min later 170 ml saturated ammonium sulfate was
added gradually during a 30-min period. After an additional 30 min, the mixture was
centrifuged 15 min at 9,500 X g. The precipitate was resuspended by gentle rehomogeni-
zation in 67 ml TKC buffer; after stirring for 30 min, undissolved precipitate was re-
moved by centrifugation for 40 min at 105,000 X g.

For gel filtration, Sephadex G-200 was swollen in TKE (0.05 M KCl) at room tempera-
ture and fines removed by aspiration. DEAE-cellulose (Whatman DE 52, preswollen
microgranular) was used without precyecling after suspension in TKE (0.05 M KCl) and
removal of fines. Electrofocusing experiments were carried out at 2° in a 110 ml ampho-
line column (LKB) using 1%, ampholytes in 0 to 509, sucrose gradients; protein samples
studied were first passed through Sephadex G-25 equilibrated with 10 mM KCl. The 48
protein was focused for 24 hr at 500-800 v in a pH gradient of 5 to 8 and the 8S protein
for 14 hr at 250400 v in a pH gradient of 3 to 10, after which successive 2 ml fractions
were collected and the pH determined at 2°. The tritium content of aliquot portions of
fractions from Sephadex, DEAE-cellulose, and ampholine columns was determined with
249, efficiency in 10 ml Triton X-100 Fluor (4 gm PPO, 50 mg POPOP, 250 ml Triton
X-100, and 750 ml toluene). Protein concentrations were based on optical density at
280 and 260 mu.® For sedimentation analysis, 0.2 ml samples were layered on 3.6 or
3.8 ml cold preformed 5-20 or 10-309%, sucrose gradients in TKE (10 mM KCIl); after

. centrifugation at 2°, successive 100 ul fractions were displaced (by paraffin oil) through a
bottom puncture into counting vials and tritium determined as described above.

The sample of uncomplexed 4S8 protein was obtained by precipitation with am-
monium sulfate-Ca*+ in the absence of estradiol, redissolving in TC and passing the
product directly through DEAE-cellulose prepared in TKE (10 mM KCI). Under these
conditions, the column adsorbs 88 protein and aggregate but does not retain the 4S8
material.

Results.— Precipitation with ammonium sulfate: The first step in the isolation
of a receptor protein, present in small amount, should effect concentration as
well as purification. The precipitation of the receptor at rather low ammonium
sulfate concentrations would fulfill this requirement except that this treatment
causes the receptor to aggregate (Fig. 14). This aggregation, also reported by
Erdos,” probably involves interaction with other proteins of the cytosol, inas-
much as 88 complex, partially purified by preparative sucrose-density-gradient
centrifugation,® shows little aggregation with ammonium sulfate (Fig. 1B). If
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Fia. 1.—Sedimentation patterns of radioactivity from: A-1, calf uterine supernatant
containing 10 nm estradiol-H?; A-2, Tris-EDTA solution of ammonium sulfate (139, w/v)
precipitate of same supernatant; B, Tris-EDTA solution of ammonium sulfate (209, w/v)
precipitate of 8S region of preparative sucrose gradient (48 hr at 75,500 X g) of calf uterine
supernatant containing 4.6 nm estradiol-H?; C, TKC solution of ammonium sulfate (209,
saturation) precipitate of calf-uterine supernatant containing 10 nm estradiol-H? and 4 mM
CaCl,. Gradients of 5-209%, sucrose containing TKE (10 mM KCl) were centrifuged: A,
8 hr, 300,000 X g, B, 7.5 hr, 308,000 X g; C, 10 hr, 300,000 X g. Ammonium sulfate pre-
cipitates of A and C were redissolved in one tenth the original supernatant volume.

the precipitation is carried out with supernatant fraction containing calcium ions
(1 mM in excess over that bound by EDTA), most of the precipitated receptor
protein which redissolves in TKC sediments at about the rate of bovine plasma, al-
bumin even in a salt-free sucrose gradient; some 8S protein and aggregate are
also present (Fig. 10).

Sephadex G-200 filtration: When uterine supernatant either with or without
estradiol is passed through Sephadex G-200, the estradiol-binding component is
eluted in or very near the exclusion volume?® 7; density gradient analysis of such
eluates shows the receptor to be highly aggregated. When the redissolved
Ca*+-ammonium sulfate precipitate is subjected to such gel filtration, the radio-
activity elution pattern (Fig. 24) is remarkably similar to the sedimentation
pattern before filtration (Fig. 1C). Subsequent density gradient analysis dem-
onstrates that the three radioactivity peaks from G-200 correspond, respectively,
to aggregate, 88, and 48 complex (Fig. 2B). Thus, both the 8S and 4S com-
plexes obtained after ammonium sulfate-Ca++ precipitation can be purified
further by gel filtration. Comparison of the elution volumes of the 4S and 88
peaks with those of protein standards on G-200 indicates that the molecular



Vou. 64, 1969 MEDICAL SCIENCES: DE SOMBRE ET AL. 151

10,000 T2 n 151 2
8
~ N >
g s
il F
8 g
< - 1.S g
b3
S -
-
! H
': g
5,000 +1.0 ! 4
1 w
: o
! R
(]
[}
ls '=
1
]
1
)
]
w
J . o0 __ .
500

Fig. 2.—A, Elution pattern from Sephadex G-200 filtration of TKC solution of ammonium
sulfate precipitate of calf uterine supernatant containing 10 nM estradiol-H? and 4 mM CaCl,;
61 ml of dissolved precipitate passed through 1570-ml column (flow rate 30 ml/hr). B, sedi-
mentation patterns of three radioactive fractions from G-200 column in 10-309, sucrose
gradients centrifuged 12 hr at 308,000 X g.

weights of the two complexes are about 75,000 and 200,000, respectively (Fig.
3). Although the initial redissolved precipitate slowly forms aggregate on stor-
age, the 4S complex purified by G-200 filtration remains stable in prolonged
storage at 2°.

DEAE cellulose chromatography: When 4S complex (obtained from G-200)
is chromatographed on DEAE-cel-
lulose at pH 7.4, radioactivity is .
eluted with 0.1 M KCl slightly ahead | 200,000
of the first peak of contaminating
protein (Fig. 44). This radioactiv-
ity sediments in a sucrose gradient 50000 1
as a single 48 peak. The 8S com-
plex, as well as aggregated material, i ‘ _ ' .
is eluted at higher salt concentra- 700 800 900 oo "%
tion (Fig. 4B).

Degree of purification: The puri- Fie. 3.—Molecular weights of 85 and 4S8
fication achieved by the various estradiol-receptor based on elution volume from
. . Sephadex G-200 (1570-ml column). Protein
steps of the foregoing procedure is standards are: 1, 2, and 4, bovine plasma albu-

summarized in Table 1. Assuming min monomer, dimer, and trimer, respectively;
that one estradiol molecule is bound 3 and 5, v-globulin monomer, and dimer. No

: correction was made for sample volumes inas-
per 48 receptor unit, pure 4S com- much as nontruncated peaks were obtained in

plex would be expected to contain every instance.
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1.7 X 10° DPM/mg. After the purification sequence described, 8 per cent of
the original receptor is recovered as 4S subunit enriched to about 2500 times
the level in the original uterine solid and representing 48 estradiol-protein com-
plex of about 2 per cent purity.
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Fia. 4.—DEAE-cellulose chromatography of 4S (4) and 8S (B) estradiol-receptor com-
plexes obtained from Sephadex G-20Q0 column. The first 200 ml of eluate consists of the
sample applied (185 ml (4), 75 ml (B)) on a 75-ml column packed in TKE (50 mM KCl) plus
wash TKE, after which a linear 50 to 400 mM KCl (in 10 mM Tris-1 mM EDTA) gradient
was applied to the top of the column. The KCl concentration of the effluent was determined
conductimetrically.

TaBLE 1. Purification and recovery of receptor proteins.
Receptor DPM/ml Protein DPM/mg  Percentage Purifica~

form (X 108) (ug/ml) (X 109 recovered* tiont

Homogenate 40,0001
Supernatant 8S 6.44§ 9420 6.8 100 5

Ammonium sulfate

ppt. ¥ 8S 7.918§ 2570 31 12.3 23
48 15.928 62 24.7 45
G-200 eluate 8S 0.64 27 238 3.8 174
48 2.21 26 854 17.5 623
DEAE eluate 45 4.11 12 3400 8.4 2480

* Based on 88 plus small amount of aggregate in supernatant fraction as determined by sedimenta-
tion analysis. This calculation neglects indeterminable loss in receptor capacity taking place dur-
ing preparation of the supernatant fraction.

1 Based on total uterine solid.

1 Total uterine solid.

§ Determined by sedimentation analysis.

9 Redissolved in 0.1 the original supernatant volume.
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Fi1a. 5.—Isoelectric focusing of 48 estradiol-receptor complex obtained from a different
pool of calf uteri but purified in a fashion similar to that described in Figs. 2 and 4. The run
was carried out for 24 hr reaching a final field of 800 v and 0.73 ma. Fractions comprising the
peak of radioactivity were combined before optical density was determined.

Isoelectric focusing: The isoelectric point of purified 4S estradiol-receptor
complex was determined by isoelectric focusing (Fig. 5). Although a significant
background of radioactivity is seen throughout the gradient, a single major peak
of radioactivity appeared at about pH 6.4; this was shown to be 48 complex by
density gradient centrifugation. Isoelectric focusing of purified 8S complex
showed bound estradiol localized at about pH 5.8, confirming the previous indica-
tion from DEAE-cellulose chromatography that the 8S protein is more acidic
than the 4S unit. Because most d¢f the contaminating protein is localized in the
lower pH region, preparative isoelectric focusing offers promise for the further
purification of both receptor complexes.

Specificity of binding: The foregoing purification was carried through with
tritiated estradiol bound to the receptor, since this complex is considerably more
stable than the receptor protein alone. To provide uncomplexed 4S subunit for
evaluation of its ability to associate with estradiol, a rapid purification was ef-
fected in the absence of estradiol (see Materials and Methods). Using the Sepha-
dex G-25 technique of Puca and Bresciani,? this preparation was found to show
strong, saturable estradiol binding, similar in all respects to that of the uterine
supernatant fraction and inhibited by an excess of either hexestrol or nafoxidine
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(Upjohn 11,100). The complex formed with estradiol shows a single 48 sedi-
mentation peak in sucrose gradients. Thus, this stable 48 unit appears to be
closely related to the estrophilic portion of the 88 protein in the original super-
natant; chemical and immunochemical studies of the 4S protein, after its further
purification, should provide information relevant to the nature and physiological
function of the estrogen receptor of uterine cytosol.

Note added in proof: If the uterine supernatant fraction containing estradiol-H? is made 1
M in KCI (to dissociate the 8S complex to 48 sub-units) before treatment with ammonium
sulfate, the redissolved precipitate gives a higher yield of 48 product with practically no ag-
gregate or 88 complex. With this modification, 5000-fold purification of the 48 complex can
be achieved by the 3-step procedure.

* Presented June 29, 1969, at the 51st meeting of The Endocrine Society, New York, New
York. These investigations were supported by research grants from the National Cancer
Institute (CA-02897), the American Cancer Society (P-422), and the Ford Foundation (690-
0109).
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