
Estrogen-Receptor Interaction 

Estrogenic hormones effect transformation of specific 

receptor proteins to a biochemically functional form. 

Elwood V. Jensen and Eugene R. DeSombre 

One of the challenging problems 
confronting biological scientists has 
been the manner in which hormones 
serve as regulators of biochemical 
processes in tissues of higher animals. 
For most types of endocrine agents the 
physiologic effects have been known 
for many years, but only recently has 
insight been gained concerning the de- 
tailed biochemical mechanisms by 
which some of these actions are medi- 
ated. 

Two general patterns of hormone- 
cell interaction have so far been rec- 
ognized. In the first, illustrated by 
epinephrine and by many types of 
peptide hormones, the hormone reacts 
with membrane-bound nucleotide cy- 
clase systems to stimulate the conver- 
sion of a nucleoside triphosphate, such 
as adenosine triphosphate (ATP), to 
the corresponding 3'5'-monophosphate, 
for example, cyclic adenosine mono- 
phosphate (cAMP) (1). The cyclic 
nucleotide then serves as a "second 
messenger," reacting with appropriate 
cellular entities to deliver and amplify 
the regulatory signal. In the second 
pattern of interaction, which appears 
operative with the various types of 
steroid hormones (2), the hormone 
enters the cell and binds to a specific 
extranuclear "receptor" protein, char- 
acteristic of the responsive or "target" 
cell. The resulting steroid-protein com- 
plex then migrates to the nucleus 
where specific RNA synthesis is initi- 
ated or accelerated, leading in the case 
of the estrogenic hormones to eventual 
tissue growth. With the estrogens, and 
probably with other steroid hormones 
as well, hormone induced translocation 
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to the nucleus involves an alteration of 
the receptor protein, a phenomenon 
we have called "receptor transforma- 
tion" (2). 

In this article we summarize current 
knowledge about the interaction of 
estrogens with receptor proteins in 
hormone responsive organs, such as 
uterus, and the relation of receptor 
transformation to early biochemical re- 
sponses elicited in the cell. More de- 
tailed information with original refer- 
ences is provided in recent reviews (3). 

Estrogen Binding in Target Tissues 

The presence in estrogen responsive 
tissues of characteristic hormone-bind- 
ing components, now called estrogen 
receptors or estrophiles, was first indi- 
cated by the striking affinity of these 
tissues for the hormone. After admin- 
istration of physiologic amounts of 
tritiated estradiol (Fig. 1) to immature 
rats (4) or tritiated hexestrol to young 
goats and sheep (5), the uterus, vagina, 
and anterior pituitary take up and re- 
tain radioactive hormone from the 
blood, against a large concentration 
gradient (Fig. 2). Despite extensive 
metabolism of estradiol in the animal 
giving rise to a variety of metabolites 
in the blood, only unchanged estradiol 
is taken up by the uterus of the imma- 
ture rat (6) or mouse (7). The infer- 
ence that estradiol binds to receptor 
substances and initiates uterine growth 
without itself undergoing chemical con- 
version has proved consistent with 
much subsequent evidence and served 
to direct investigative attention away 
from earlier considerations that had 
linked estrogen action to steroid metab- 
olism. 

Evidence that the uterotrophic action 
of estradiol depends on its binding to 

receptors was first provided by experi- 
ments with specific binding inhibitors. 
Certain substances, such as ethamoxy- 
triphetol (MER-25, Richardson-Mer- 
rell), clomiphene, nafoxidine (Upjohn- 
11,100), and CI-628 (Parke-Davis) 
(Fig. 1), which had been known (8) 
to inhibit the uterotrophic action of 
estradiol, were shown to prevent the 
characteristic uptake of estrogens by 
target tissues in vivo (9, 10). When 
varying doses of nafoxidine are admin- 
istered to immature rats receiving triti- 
ated estradiol, there is a quantitative 
correlation between reduction of hor- 
mone uptake by the uterus and inhibi- 
tion of its growth response (10). In 
contrast to the foregoing agents, actino- 
mycin D and puromycin, which also 
block the uterotrophic action of estra- 
diol (11), do not decrease the uptake 
and binding of the hormone (10), sug- 
gesting that these antagonists act at 
later stages in a sequence of biochemi- 
cal events in which the hormone-recep- 
tor interaction is an early if not the 
initial step. 

When excised uterine tissue is ex- 

posed to dilute solutions of tritiated 
estradiol at physiologic temperatures in 
vitro, a hormone-receptor interaction 
occurs that shows the principal charac- 
teristics of that observed in the whole 
animal (12, 13). Comparison of hor- 
mone uptake in the presence and ab- 
sence of those antagonists that prevent 
hormone-receptor association in vivo 
(13, 14) permits distinction between 
specific interaction and the nonspecific 
binding that estradiol shows with target 
and nontarget tissues alike (Fig. 3). 
The system in vitro has provided a val- 
uable tool for studying various features 
of the hormone-receptor interaction in 
whole tissues, including its dependence 
on sulfhydryl groups (15) and the in- 
fluence of temperature to be discussed 
later. 

The foregoing studies of the fate of 

physiologic amounts of estrogenic hor- 
mones with intact mammalian tissues 
in vivo and in vitro, confirmed and ex- 
tended by many other careful investi- 
gations (3), served to establish the 
principal characteristics of the inter- 
action of estrogens with specific re- 
ceptors in target cells and provided a 
basis for evaluating the significance of 
estrogen binding phenomena observed 
with broken cell systems where arti- 
facts of nonspecific binding can occur. 
As more detailed investigations were 
conducted, it became evident that the 
interaction of estradiol with uterine 
cells is not a simple association of the 
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Fig. 1. Structures of the estrogens, estra- 
diol and estrone, and two anti-estrogens, 
nafoxidine (Upjohn-11,000) and CI-628 
(Parke-Davis). 

hormone with a single binding site. As 
described below, radioactive hormone 
was found to be localized in two sep- 
arate regions of the uterine cell. More- 
over, determination of estradiol incor- 
poration as a function of time and 
administered dose indicated two dis- 
tinct binding phenomena in target but 
not in nontarget tissues: initial uptake, 
not saturable even at considerably 
hyperphysiologic doses of hormone, 
and retention, saturable at physiologic 
hormone doses (16). Study of the rela- 
tion between these two processes and 
two binding sites led to the formulation 
of a two-step mechanism which has 
come to provide a model for the inter- 
action of other classes of steroid hor- 
mones with their respective target 
tissues. 

Estrogen-Receptor Complexes 

When uterine homogenates from 
estradiol-treated rats are subjected to 
differential centrifugation, the incor- 
porated steroid appears in two cellular 
fractions (16, 17). Most of the hor- 
mone is found in the nuclei, with a 
smaller amount (20 to 30 percent) 
present in the high-speed supernatant 
or cytosol fraction. The predominance 
of nuclear binding, controversial in 
early reports (17), is confirmed by 
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The estradiol bound in the nucleus 
appears to be associated with chroma- 

trone tin (24). The nuclear hormone can be 
solubilized, unaccompanied by DNA, 

OC4HZN by extraction with 0.3M KC1 at pH 
7.5 (13) or, more effectively, by 0.4M 

Dr ̂KCI at pH 8.5 (25), to yield an estra- 
diol-receptor complex which, in the 
presence of salt, sediments at about 5S, 
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plasma albumin. On removal of salt, 

c-.628 the nuclear complex usually aggregates 
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property on aging or partial purifica- 
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Fig. 2 (left). Uptake of tritiated estradiol by various tissues of immature rats receiving a single subcutaneous injection of 0.098 
Eg (11.5 uc) of [6,7-'Hlestradiol in 0.5 ml of saline. Total radioactivity expressed as disintegrations per minute per milligram of 
dry tissue or per 5 1A of blood. Because blood contains a mixture of radioactive metabolites but uterus and vagina incorporate 
only estradiol, the ratio of estradiol concentration between uterus and blood is about 500 to 1. Details in (4). Fig. 3 (right). 
Uptake of [3Hlestradiol by uterine and diaphragm tissue of immature rats after incubation in 0.12 nM [3H]estradiol (57 c/mmole) 
at 37?C in Kiebs-Ringer-Henseleit buffer, pH 7.3, in the presence and absence of different concentrations of an estrogen antagonist, 
CI-628 (PD) [from Jensen et al. (56)]. 
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Fig. 4. Autoradiograph of frozen section of uterus of immature rat 2 hours after 
subcutaneous injection of 0.63 ,ug (131 uc) tritiated estradiol in saline. The 1-micro- 
meter section showing epithelial gland and lamina propria was exposed to the emulsion 
42 days and stained with methyl green-pyronin. Predominantly nuclear localization is 
also seen in myometrium. Reproduced from Stumpf and Roth (20), courtesy of 
Plenum Press. 

tritiated estradiol to saturate the bind- 
ing sites and determining the radio- 
activity present in the 8S sedimentation 
peak. This interaction of estradiol with 
the cytosol receptor is prevented by 
the presence of nafoxidine or CI-628. 

From the sensitivity of their com- 
plexes to proteases but not to nucleases, 

the estrogen binding substances of both 
cytosol (21) and nucleus (2, 25) ap- 
pear to be mainly protein in composi- 
tion. They are somewhat unstable in 
crude extracts, tending to aggregate 
and to decompose during storage or 
attempted purification. Addition of 
calcium ions to the salt-dissociated 

complex of uterine cystosol, prepared 
in the presence of ethylenediaminetetra- 
acetic acid (EDTA), yields a stabilized 
4.5S form of the binding unit that is 
resistant to aggregation and does not 
revert to the 8S state on removal of 
salt (27, 28). This stabilization appears 
to result from the activation by calcium 
of an enzyme, present in uterine cyto- 
sol and rather unfortunately called 
"receptor transforming factor," that 
acts on the receptor protein to destroy 
its ability to aggregate in low salt con- 
centrations (28). 

Though noncovalent, the binding of 
estradiol to receptor proteins of uterine 
tissue is remarkably strong; association 
constants varying from 109 to 102M-1 
have been reported for the cytosol 
complex (3). This tight binding ap- 
pears to result from a slow rate of 
dissociation (29); once formed, the 
complex does not readily lose estradiol 
in the cold except by receptor decom- 
position or denaturation. 

By a combination of salt precipi- 
tation, gel filtration, ion-exchange 
chromatography, and disc gel electro- 
phoresis, microgram quantities of both 
the calcium-stabilized complex from 
calf uterine cytosol and the 5S com- 
plex extracted from nuclei have been 
obtained in apparently pure form; 
these purified products show clear dif- 
ferences in mobility on gel electro- 
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Fig. 5 (left). Sedimentation patterns of radioactive estradiol- \ / I 
receptor complexes of cytosol in tris-EDTA buffer [10 mM tris- -KCI 
(hydroxymethyl)aminomethane, 1.5 mM EDTA, pH 7.4] and I 8-9S 
nuclear extract (0.4M KC1 in tris-EDTA, pH 8.5) from uteri 
of immature rats 1 hour after subcutaneous injection of 0.1 ,ug 
(20.8 Ac) ['Hiestradiol. To saturate its receptor capacity, the cytosol fraction was made 5 nM with additional tritiated estradiol. 
Centrifugation was carried out at 2?C for 12 hours; (A) at 308,000g in 10 to 30 percent sucrose containing pH 7.4 tris-EDTA; 
(B) at 284,500, in 5 to 20 percent sucrose containing 0.4 mM KC1 in tris-EDTA, pH 8.5. Globulin and BPA indicate positions 
of markers for 7.0S (bovine y-globulin) and 4.6S (bovine plasma albumin) fractions. Fig. 6 (right). Schematic representation 
of interaction pathway of estradiol (E) in uterine cell. Diagram at left indicates uterine cell with extranuclear estradiol-receptor 
complex undergoing transformation and entering nucleus to bind to chromatin. Diagrams at right indicate sedimentation proper- 
ties of complexes extracted from the cell. 
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Fig. 7. Comparison of native and transformed complexes from 
calf endometrium cytosol in their binding to sucrose-purified 
nuclei from calf endometrium. Nuclei were incubated for 60 
minutes at either 0? or 25?C: (a) with cytosol that had previ- 
ously been incubated with 5.6 nM [FH]estradiol for 45 minutes 
at either 0? (A, B) or 25?C (C, D); or (b) with redissolved 
ammonium sulfate precipitate from an unheated mixture of 
[CH]estradiol and cytosol (final concentration of [3H]estradiol, 
5.6 nM). The separated nuclei were extracted with 0.4M KC1, 
and the extracts centrifuged on salt-containing sucrose gradients. 
Successive 100 microliter fractions of the gradient were counted. 
BPA indicates the position of bovine plasma albumin marker. 
Details in (30) and (42). 
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phoresis as well as in sedimentation 
properties (30). With partially purified 
complexes of calf uterine cytosol, esti- 
mates of 200,000 and 5.8 for molecu- 
lar weight and isoelectric point, re- 
spectively, were found for the 8S 
complex, compared to 75,000 and 6.4 
for the calcium-stabilized 4.5S unit (27); 
in another study, respective values of 
238,000 and 6.2 for the 8S complex 
and 61,000 and 6.6 plus 6.8 for the 
4.5S unit were obtained (28). 

Two-Step Interaction Mechanism 

A major advance in the understand- 
ing of the interaction of steroid hor- 
mones with target cells came with the 
recognition that the estradiol-receptor 
complex of the uterine nucleus is de- 
rived from the cytosol by a tempera- 
ture-dependent process in which asso- 
ciation with the hormone activates the 
cytosol receptor protein to migrate to 
the nucleus (Fig. 6). This two-step in- 
teraction pathway is supported by evi- 
dence from a variety of experiments. 

A relation between the two intra- 
cellular sites of estrogen localization 
was first indicated by observations that 
a given dose of nafoxidine in vivo in- 
hibits cytosol and nuclear binding in 
the rat uterus to the same degree and 
that there is a difference in saturability 
between estradiol uptake and its reten- 
tion (16). These findings led to the 
suggestion that the cytosol protein, 
which is present in reserve amounts 
and binds spontaneously with estradiol, 
might serve as an "uptake receptor," 
that delivers the hormone to the nu- 
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cleus for retention (13). In the autumn 
of 1967, the concept of a two-step 
mechanism, in which the cytosol com- 
plex is translocated ito the nucleus, was 
put forth independently at the Lauren- 
tian Hormone Conference and at a 
meeting of the National Academy of 
Sciences. One proposal (31) was based 
on the temperature dependent shift of 
extranuclear to nuclear radioactivity 
with accompanying loss of cytosol 
binding in rat uteri previously exposed 
to tritiated estradiol at 0?C in vitro, 
while the other (32) arose from simi- 
lar observations of temperature-in- 
duced redistribution of estradiol within 
the uterine cell, as well as the absolute 
requirement for cytosol receptor in the 
formation of the nuclear complex and 
the temporary depletion of cytosol re- 
ceptor that follows administration of 
estradiol in vivo. These mutually sup- 
portive pieces of experimental evidence 
are elaborated below. Participation of 
uterine cytosol in nuclear binding was 
suggested independently (33) by the 
observation that, on incubation with 
tritiated estradiol, uterine nuclei take 
up more radioactivity when the incuba- 
tion is with uterine cytosol rather than 
with buffer alone. 

Subsequent to the first proposals that 
the 5S nuclear complex is derived from 
the 8S cytosol complex by a tempera- 
ture-dependent process, it was recog- 
nized that the cytosol receptor contains 
4S hormone-binding subunits and that 
these can undergo estrogen-induced, 
temperature-dependent conversion to a 
5S form, as described in the next sec- 
tion. The sequence in Fig. 6 represents 
a modification of the original scheme in 

accordance with this additional knowl- 
edge. 

More recent studies by various in- 
vestigators, summarized with specific 
references in (2) and (3), have dem- 
onstrated that target tissues for other 
classes of steroid hormones contain 
specific extranuclear receptor proteins 
that bind with the hormone and then 
migrate to the nucleus. Thus, a two- 
step or perhaps a three-step (34) 
mechanism, similar to that elucidated 
for the estrogens, appears to provide a 
general model for the interaction of 
steroid hormones with their respective 
target cells. 

Probably the most significant evi- 
dence supporting the two-step interac- 
tion mechanism is the dependence of 
nuclear binding on the presence of the 
cytosol receptor. In contrast to the 8S 
protein, which is present in uterine 
cytosol and reacts directly with estra- 
diol to form a complex (13, 26), there 
is no detectable 5S binding protein in 
nuclei of uteri that have not been ex- 
posed to hormone (13, 32). No 5S 
complex is obtained either by addition 
of estradiol to an extract of uterine 
nuclei or by direct treatment of the 
nuclei themselves, although it is readily 
produced (Fig. 7a) when estradiol is 
incubated either with uterine homoge- 
nates or with isolated nuclei in the 
presence of the cytosol fraction (23, 
32, 35). Formation of 'the nuclear 
complex is a temperature dependent 
phenomenon that proceeds at an ap- 
preciable rate between 25? and 37?C. 
Prior heating of the cytosol to 45?C 
destroys estradiol binding by the 8S 
receptor and eliminates its ability to 
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produce 5S complex on subsequent in- 
cubation with nuclei (32). 

In whole uterine tissue, nuclear bind- 
ing is likewise temperature dependent. 
After immature rat or calf uteri are 
exposed to dilute solutions of tritiated 
estradiol at 37?C, the intracellular dis- 
tribution pattern of uterine radioactiv- 
ity, as determined by fractionation and 
by autoradiography, is similar to that 
seen after hormone administration in 
vivo (13, 18). But if the tissue is 
treated with hormone at 2?C, the 
major portion (70 to 75 percent) of 
the radioactive steroid appears as 8S 
complex in the cytosol fraction (31, 
32, 36) and is seen in the extranuclear 
region on autoradiography (32). When 
such uteri, rich in extranuclear 8S 
complex, are warmed briefly to 37?C, 
redistribution of the steroid takes place 
within the tissue to yield predominantly 
nuclear bound steroid, extractable as 
5S complex. These observations imply 
that radioactive estradiol, which can 
associate with the extranuclear receptor 
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Fig. 8. Estradiol binding capacity (deter- 
mined from the radioactivity of the 8S 
sedimentation peak and expressed as fem- 
tomoles per milligram fresh tssue) of cy- 
tosol fractions of immature rat uteri 
excised at different times after subcutane- 
ous injection of 0.1 jug [UH]estradiol in 
saline. Upper curve is a composite of two 
experiments; lower curves a third experi- 
ment in which some animals (O --- 0) re- 
ceived 0.2 mg cycloheximide intraperito- 
neally in 0.2 ml of saline 30 minutes prior 
to the injection of estradiol. Cytosols for 
each time point were prepared from 
pooled uteri from ten rats; before they 
were layered on the sucrose gradient, ex- 
cess ['H]estradiol (10 to 20 nM) was 
added to saturate the binding capacity. 
Details in (23). 

in the cold, is transferred to the nuclear 
binding site by a second process that 
does not proceed readily at low tem- 
perature. 

As estradiol reacts with uterine cells 
to become localized in the nucleus, the 
extranuclear receptor protein tempo- 
rarily disappears. It was found that the 
total receptor content of rat uterine 
cytosol is less after a large dose of 
estradiol than after a smaller one (32) 
and that after administration of physio- 
logic amounts of hormone there is a 
progressive fall in cytosol receptor 
content for about 4 hours (Fig. 8), 
after which the 8S protein is gradually 
replenished (23, 37). This restoration 
appears to involve new synthesis of 
receptor protein, inasmuch as it can 
be blocked by the administration of 
cycloheximide at the proper time. With 
a massive dose of estradiol (5 jig), 90 
percent of the receptor disappears 
within 15 minutes (2). Similar deple- 
tion of extranuclear receptor accompa- 
nies interaction of uteri with estradiol 
in vitro (35, 36, 38), consistent with 
its utilization to generate the nuclear 
complex. 

The depletion of extranuclear recep- 
tor is four to five times greater than 
can be accounted for by the estradiol 
present in the nucleus at 4 hours (2). 
This observation indicates that nuclear 
turnover of estradiol in vivo must be 
fairly rapid. It also suggests the possi- 
bility that on leaving the nucleus estra- 
diol may encounter more cytosol re- 
ceptor and repeat the interaction cycle, 
so that each hormone molecule may 
induce the translocation of several re- 
ceptor molecules to the nucleus. 

Receptor Transformation 

After the demonstration that incuba- 
tion of uterine nuclei with an estradiol- 
cytosol mixture gives rise to an extract- 
able 5S hormone-receptor complex, 
indistinguishable from that obtained in 
whole tissue, it was first assumed that 
the new complex was formed in the 
nucleus (23). But subsequent observa- 
tions that conversion of the 4S receptor 
to a 5S form does not require the 
presence of nuclei (2, 39) and that 
only the transformed form of the com- 
plex is taken up by isolated uterine 
nuclei to stimulate their RNA polym- 
erase activity (30, 40) suggest that the 
estrogen-induced alteration of the cyto- 
sol complex accompanies or even pre- 
cedes its migration to the nucleus and 
may be a prerequisite for receptor 
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translocation as well as for biological 
action. 

Uterine cytosol warmed in the pres- 
ence but not the absence of estradiol 
yields a hormone-receptor complex that 
sediments in sucrose density gradients 
containing salt at approximately the 
same rate as the nuclear complex (Fig. 
9). This transformation in cytosol shows 
the same characteristics as those asso- 
ciated with incubations carried out in 
the presence of nuclei (2, 39). The 
reaction, which takes place only slowly 
in the cold, proceeds readily at 25? to 
37?C and is accelerated with increas- 
ing pH over the range 6.5 to 8.5, as 
well as by the presence of salt. It is 
retarded slightly by calcium, magne- 
sium, or manganese ions, and more 
strongly by EDTA. Under the same 
conditions that estradiol is effective, 
estrone does not induce the formation 
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Fig. 9. Sedimentation patterns, in salt- 
containing sucrose gradients, of radioactive 
estradiol-receptor complexes of calf uterine 
cytosol, incubated with 3.8 nM [H]estra- 
diol for 90 minutes at either 0? or 25?C, 
and of redissolved ammonium sulfate 
precipitate (A.S.-E-2* PPT) from cytosol 
containing 10 nM V[H]estradiol. 4.6S and 
7.OS indicate respective positions of bovine 
plasma albumin and -y-globulin markers; 
Nuc. ext., that of complex extracted by 
0.4M KC1 from nuclei of calf uteri previ- 
ously incubated with [PH]estradiol in vitro. 
Details in (42). 
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of the 5S complex, either in the pres- 
ence or absence of nuclei (2, 30), 
although it has been found to do so 
when it is present in higher concentra- 
tions (41). 

Recently it was observed that am- 
monium sulfate precipitation of the 
estradiol-receptor complex of calf 
uterine cytosol, prepared in the absence 
of EDTA, is accompanied by conver- 
sion of the complex to a more rapidly 
sedimenting form suggestive of the 
transformed state (42). The complex 
from the redissolved precipitate sedi- 
ments in sucrose density gradients con- 
taining salt slightly faster than that ob- 
tained by warming uterine cytosol with 
estradiol (Fig. 9). By careful comparison 
with 4.6S (bovine plasma albumin) 
and 7.OS (commercial bovine y-globu- 
lin) markers, the following sedimenta- 
tion coefficients can be calculated (42) 
for the receptor proteins of calf uterus: 
native cytosol, 3.8S; transformed 
(25?C) cytosol, 5.3S; nuclear extract, 
5.2S; and ammonium sulfate precipi- 
tate, 5.5S. Whether these small but 
reproducible differences in sedimenta- 
tion behavior among the various prepa- 
rations are due to variations in the 
molecular milieu or whether they 
represent subtle differences in the hor- 
mone-receptor complexes themselves is 
uncertain. 

In contrast to the temperature- 
dependent transformation in uterine 
cytosol, which takes place only if the 
receptor protein is complexed with the 
estrogenic hormone, the alteration that 
accompanies ammonium sulfate pre- 
cipitation proceeds rapidly in the cold 
and does not require estrogen. When 
the uncomplexed receptor of calf uter- 
ine cytosol is precipitated with am- 
monium sulfate, and tritiated estradiol 
is then added to the redissolved pre- 
cipitate, the same 5.5S complex is pro- 
duced as when the receptor is precipi- 
tated in the presence of estradiol. 
Similar production of a more rapidly 
sedimenting form is observed when the 
native cytosol complex is subjected to 
other processes of partial purification, 
such as filtration through Sephadex 
G-25, preparative ultracentrifugation 
in sucrose density gradients, or dialysis, 
suggesting that uterine cytosol may 
contain a substance of small molecular 
weight that maintains the receptor pro- 
tein in its native form. Although the 
significance of these observations is not 
yet clear, they provide clues for further 
investigation relative to the chemical 
basis of the transformation phenom- 
enon. 
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Binding to Nuclei 

The transformed and native forms 
of the estradiol-receptor complex of 
uterine cytosol differ markedly in their 
affinities for uterine nuclei (Fig. 7a). 
When incubated with estradiol-cytosol 
mixtures, sucrose-purified uterine nu- 
clei show little incorporation of the 
native complex at 0?C, in contrast 
to a large uptake at 25?C where 
transformation to the 5S form accom- 
panies the nuclear incorporation. But 
if the estradiol-cytosol mixture is first 
warmed to 25?C to effect receptor 
transformation, subsequent incubation 
with nuclei at either 0? or 25?C results 
in a substantial uptake of the trans- 
formed complex. 

Thus, receptor transformation ap- 
pears to be a prerequisite for binding 
of the hormone-receptor complex to 
isolated uterine nuclei and probably 
represents the temperature-dependent 
process associated with nuclear in- 
corporation in whole uterine tissue. 
Similar conclusions have been reached 
in recent studies of the effect of tem- 
perature on the binding of the estradiol- 
receptor complex to isolated uterine 
chromatin (42a). 

The estradiol-receptor complex ob- 
tained by ammonium sulfate precipita- 
tion resembles the transformed cytosol 
complex in its ability to bind to puri- 
fied uterine nuclei at either 0? or 25?C 
(Fig. 7b). It is evident that the altera- 
tion that leads to increased sedimenta- 
tion rate, whether induced by warming 
with estradiol or by salt precipitation, 
also results in enhanced affinity for 
nuclei. 

Rat uterine chromatin has been re- 
ported to bind more uterine cytosol 
complex in the cold than does chro- 
matin from liver, spleen, or lung (43), 
and earlier studies have indicated 
somewhat greater uptake of complex at 
25 C by crude nuclear preparations 
from uterus than by those from dia- 
phragm, liver, or kidney (2, 23). These 
observations suggest that uterine nuclei 
contain specific "acceptor" sites with 
affinity for the estrogen-receptor com- 
plex. In more recent experiments, 
however, we find that sucrose-purified 
nuclei from calf uterus, liver, and 
thymus do not show any marked dif- 
ference in their incorporation of trans- 
formed estrogen-receptor complex when 
compared in terms of their DNA con- 
tents. However, the effect of the bound 
complex on nuclear RNA synthesis 
is highly tissue-specific, as discussed 
later. 

Transformed Receptor and 

Nuclear RNA Synthesis 

The fact that estradiol moves to the 
nucleus together with the receptor pro- 
tein might imply that the receptor sys- 
tem is simply a transport mechanism 
to deliver the hormone to its eventual 
site of action. On the other hand, it 
has been suggested (2) that the steroid- 
protein complex, or even the receptor 
protein itself, may be an important 
factor in some nuclear process and 
that the function of the hormone is 
to effect conversion of the protein to 
an active form that can enter the 
nucleus. Evidence supporting this con- 
cept is provided by the ability of the 
transformed but not the native estra- 
diol-receptor complex to enhance RNA 
synthesis in isolated uterine nuclei. 

Numerous investigations (44) have 
demonstrated that increased biosynthe- 
sis of RNA in the rat uterus is an 
early response to the administration of 
estrogen, although there has been some 
controversy as to how soon a bona fide 
effect on overall RNA synthesis can 
be detected. Indirect evidence suggests 
that production of messenger RNA for 
a specific soluble protein in the rat 
uterus is an especially early event 
(45). It was also found (46) that the 
RNA polymerase activity of nuclei iso- 
lated from uteri of immature ,or cas- 
trated rats is increased two- to threefold 
by administration of estradiol to the 
animal 1 to 4 hours before the uteri 
are excised, but that direct treatment 
of the nuclei with hormone has no 
effect. An important advance in our 
knowledge was provided by the dis- 
covery (47) that direct stimulation of 
nuclei from heifer endometrium is 
possible if treatment with estradiol is 
conducted in the presence of endo- 
metrial cytosol containing the receptor 
protein. It was also observed that the 
RNA polymerase activity of heifer 
endometrium nuclei or of the enzyme 
prepared from these nuclei could be 
enhanced by adding a mixture of estra- 
diol and certain uterine fractions direc- 
ly to the polymerase assay system 
(48). 

We have found that susceptibility of 
RNA synthesis to stimulation by the 
estradiol-receptor complex is a specific 
characteristic of uterine nuclei and that 
to produce this activating effect the 
receptor must be in the transformed 
state (40). Purified nuclei from im- 
mature rat uteri incorporate less labeled 
nucleotide into RNA than do kidney 
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Fig. 10. Synthesis of RNA in nuclei, iso- 
lated in 2.2M sucrose from various rat 
tissues, after incubation at 25?C for 30 
minutes with rat uterine cytosol (in 2.2M 
sucrose, I mM MgC12) in the presence and 
absence of 10 nM estradiol (E-2). After 
incubation, the nuclei were separated and 
resuspended in 0.32M sucrose for assay of 
magnesium-dependent RNA polymerase. 
Results expressed as counts per minute of 
radioactive nucleotide incorporated per 100 
/Lg of nuclear DNA. Details in (40). 

or liver nuclei (Fig. 10). After incuba- 
tion at 25?C for 30 minutes with uter- 
ine cytosol containing estradiol, subse- 
quent RNA synthesis is increased 
nearly threefold in uterine nuclei, 
whereas there is no enhancement of 
the already high synthetic capacity of 
kidney or liver nuclei after incubation 
with the hormone, either in uterine 
cytosol or in their own cytosols. Thus, 
nuclei from the hormone-dependent 
tissue appear to possess a specific de- 
ficiency in RNA synthetic capacity that 
can be alleviated by the estradiol- 
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receptor complex of uterine cytosol. 
Stimulation of uterine nuclei requires 

that the estradiol-receptor complex be 
converted from the 4S to the 5S form 
(Table 1). Nuclei from calf endo- 
metrium are activated by incubation 
with estradiol and endometrium cytosol 
at 25?C, where receptor transforma- 

Table 1. Effect of transformed as opposed to native estradiol-receptor complex on RNA 
synthesis in calf endometrium nuclei. Purified nuclei from calf endometrium, prepared in 
2.2M sucrose containing 1 mM MgCl2, were incubated for 30 minutes (series A and B) or 45 
minutes (series C) with endometrial cytosol in sucrose containing 10 nM estradiol or 

estrone, or with an extract of crude calf uterine nuclei previously exposed for 1 hour at 
25?C to uterine cytosol containing 10 nM estradiol. Before incubation the nu?lear extract i,, 
0.4M KC1 was concentrated (Diaflo XM-50 membrane) and then diluted with sucrose to a 

receptor concentration equivalent to that of the cytosol giving a KC1 concentration of 35 mM. 
In series A, experiments 5 and 6, receptor transformation was effected prior to incubation 
with nuclei by warming the estradiol-cytosol mixture at 25?C for 30 minutes. After incubation, 
the nuclei were separated and resuspended in 0.32M sucrose for assay of magnesium 
dependent RNA polymerase by measuring the incorporation of uridine monophosphate, 
[3HIUMP, from tritiated uridine triphosphate as described (40). Results are mean values of 
seven replicate determinations after subtraction of blanks from similar assays with 0.12M 
EDTA; estimated standard deviations of the mean are indicated. Control values were obtained 
with cytosol without steroid, except in series C, experiments 3 to 6, where heat-inactivated 
(50?C, 15 minutes) nuclear extract was used for the controls. 

Incubation [3H]UMP into RNA 

Exp. Tem- Picomoles Perzent 
Addition to nuclei perature per 100 tg of control 

("C) of DNA 

Series A 
1 Cytosol 0 4.63 - 0.24 Control 

2 Cytosol + estradiol 0 4.42 ? 0.22 95 

3 Cytosol + estradiol 25 10.23 ? 0.87 220 

4 Heated cytosol* 0 3.69 ? 0.37 Control 

5 Heated cytosol - estradiol* 0 10.04 ? 0.54 270 

6 Heated cytosol + estradiol* 25 8.80 ? 1.33 240 

Series B 
1 Cytosol 25 2.06 0.13 Control 

2 Sucroset + estradiol 25 1.76 ? 0.15 85 

3 Cytosol + estradiol 25 3.46 ? 0.11 170 

4 Cytosol + estrone 25 2.16 ? 0.13 105 

5 Cytosol + estradiol 0 2.15 ? 0.17 105 

Series C 
1 Cytosol 25 2.84 ? 0.26 Control 

2 Cytosol + estradiol 25 5.57 ? 0.89 195 

3 Heated nuclear extracts 25 2.56 ? 0.34 Control 

4 Nuclear extract 25 5.95 ? 0.87 235 

5 Heated nuclear extracts 0 2.67 ? 0.41 Control 

6 Nuclear extract 0 4.72 ? 0.25 175 

* Heated at 25?C for 30 minutes to transform receptor, t Homogenization medium: 2.2M 
sucrose containing 1 mM MgCl,. t Heated at 50?C for 15 minutes to destroy receptor. 

132 

tion takes place readily, but not at 
0?C, where it does not. However, if 
the estradiol-cytosol mixture is first 
warmed to effect transformation of the 
receptor, the resulting 5S complex can 
stimulate nuclei on incubation at either 
0? or 25?C. Estrone, which binds to 
the native receptor protein but does 
not induce its transformation at the 
concentration used, does not cause 
nuclear stimulation under conditions 
where estradiol is effective. The 5S 
estradiol-receptor complex, extracted 
from calf uterine nuclei previously in- 
cubated with estradiol and uterine cyto- 
sol, resembles the transformed cytosol 
complex in stimulating uterine nuclei 
on incubation at either 0? or 25?C. 

The redissolved dialyzed ammonium 
sulfate precipitate of uterine cytosol, 
containing the 5.5S form of the re- 
ceptor, likewise can enhance the RNA 
polymerase activity of uterine nuclei, 
whether or not the receptor protein is 
complexed with estradiol (42). Because 
similar stimulation is seen with am- 
monium sulfate precipitates from cyto- 
sols of certain nontarget tissues, as well 
as from uterine cytosol previously 
heated to 50?C to destroy specific 
estradiol binding, the earlier conclusion 
that the uncomplexed 5.5S receptor 
protein can itself influence RNA syn- 
thesis must be held in abeyance until 
the action of purified preparations of 
this protein can be evaluated. 

The enhancement of RNA synthetic 
capacity of uterine nuclei when they 
interact with transformed estradiol-re- 
ceptor complex is considerably greater 
than that which would correspond to 
new messenger RNA for a limited 
number of specific protein species. 
Thus, the relation of this polymerase 
activation to early uterine responses to 
estradiol, such as the formation of 
"induced protein" (45, 49), is not clear. 
But the fact that a similar increase in 
nuclear RNA polymerase activity re- 
sults from the administration of estra- 
diol to the whole animal (46) provides 
reassurance that the stimulation of 
nuclei in vitro is of physiologic rele- 
vance. 

How the hormone-receptor complex 
acts to enhance nuclear RNA synthesis 
needs elucidation. At least part of the 
effect appears to involve some action 
other than that on chromatin template 
activity. It is known (50) that the mag- 
nesium-dependent RNA polymerase 
activity of mammalian nuclei prepared 
in 2.2M sucrose can be separated into 
two fractions: bound enzyme, firmly 
associated with chromatin, and soluble 
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enzyme, which is extracted from the 
nuclei by 0.32M sucrose. Both types of 
RNA polymerase activity are enhanced 
after incubation of endometrial nuclei 
with the estradiol-cytosol mixture (40). 
Inasmuch as the soluble enzyme is 
assayed with exogenous template, its 
increased activity is independent of 
uterine chromatin and appears to re- 
flect an influence on the enzyme system 
itself. This conclusion is in agreement 
with the estradiol-receptor complex be- 
ing able to cause stimulation when 
added directly to the polymerase assay 
mixture (48). It is also consistent with 
the observation (51) that the increased 
incorporation of precursor into RNA 
in uterine nuclei isolated from estrogen- 
treated rats results from the synthesis 
of longer RNA chains, rather than 
more chains as would be the case if 
the hormone acted to make new tem- 
plate sites available. 

General Significance of Receptor 
Transformation 

As previously noted, all classes of 
steroid hormones appear to interact 
with their target cells by similar mecha- 
nisms involving temperature dependent 
translocation to the nucleus of an ini- 
tially formed extranuclear hormone- 
receptor complex. For other steroids, 
hormone mediated transformation of 
the cytosol receptor in the absence of 
nuclei has been demonstrated by a 
physical criterion (isoelectric point) 
only for the dihydrotestosterone recep- 
tor of rat prostate (52). However, 
changes in biochemical and nuclear 
binding properties suggest that gluco- 
corticoid (53, 54) and progesterone 
(55) receptors undergo hormone in- 
duced, temperature dependent activa- 
tion prior to their action in the target 
cell nucleus. A similar requirement for 
transformation has been postulated for 
aldosterone receptors in the kidney cell 
(34). It appears likely that receptor 
transformation will prove to be an im- 
portant step in the biological action of 
all types of steroid hormones. 

Recognition of the significance of 
receptor transformation serves to focus 
investigative attention on two important 
questions: the physicochemical basis of 
the transformation process, and the 
biochemical mechanism by which the 
transformed complex influences RNA 
synthesis in uterine nuclei. The even- 
tual isolation of the native and trans- 
formed receptor proteins in amounts 
sufficient to permit comparison of their 
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compositions and structures should pro- 
vide insight into the nature of the 
transformation phenomenon, leading to 
a clearer understanding of the role of 
the hormone in this key step in estro- 
gen action. 

Summary 

The interaction of estradiol with 
uterine cells involves the association of 
the hormone with an extranuclear re- 
ceptor protein, followed by tempera- 
ture dependent translocation of the re- 
sulting complex to the nucleus. During 
this process, the steroid binding unit of 
the protein undergoes an alteration, 
called "receptor transformation," that 
can be recognized by an increase in its 
sedimentation rate from 3.8S to 5.2S, 
and by its acquisition of the ability to 
bind to isolated uterine nuclei and to 
alleviate a tissue specific deficiency in 
the RNA synthesizing capacity of such 
nuclei. 

Receptor transformation can be ef- 
fected in the absence of nuclei by 
warming uterine cytosol with estradiol. 
This preparation of transformed com- 
plex resembles that extracted from 
nuclei both in its sedimentation rate 
(5.3S) and in its ability to bind to 
uterine nuclei and augment RNA syn- 
thesis, properties that are not shown 
by the native complex. It is proposed 
that receptor transformation is an im- 
portant step in estrogen action and 
that a principal role of the hormone 
is to induce conversion of the receptor 
protein to a biochemically functional 
form. 
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in reestablishing the long-interrupted 
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sities and research institutions in the 
United States and subsequently applied 
for visas on behalf of the group to 
the Embassy of the People's Republic 
of China in Canada. After a 9-month 
period of discouraging silence, the 
embassy, in April 1972, transmitted an 
invitation from the Chinese government 
for a delegation of six scientists and 
their wives to visit China for 3 weeks 
in July, with all expenses within China 
to be covered by the host country. 

While no group of six can fairly 
represent the young and as yet loosely 
organized field of computer science, 
our group did bring interests and 
competence in computer systems and 
computer design, programming lan- 
guages, systems theory, management 
science, artificial intelligence, and com- 
puter science education. A representa- 
tive of the computer manufacturing 
community with more competence than 
ours in computer components and 
device engineering would have been a 
valuable addition to the group (1). 

We were received in China with open 
arms. A greater cordiality and solici- 
tude, a more earnest effort to satisfy 
our wishes (within practical and policy 
limits) would be hard to imagine. "You 
have brought your wives; next time you 
must bring your children too," they 
said. Egalitarian convictions in no way 
inhibited them from offering their 
American guests, on a very full and 
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