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SUMMARY 

Two intranuclear estradioi receptor complexes can be distinguished by sucrose density gradient ultra- 
~ntrifugation of the immature rat uterus following either in uiuo or in vitro administration of radio- 
tabelled estradiol. Time course studies demonstrate that the earliest detectable complex sediments as 
a 4s form whereas a 5s form accumulates during prolonged exposure to hormone (z IO min). Pulse 
chase experiments suggest that the 5s complex arises from the lighter 4s complex in a precursor-product 
manner. The properties of both the intranuclear 4s and 5s forms are shown to be those of authentic 
estrogen receptors. These observations are not in agreement with the generally held view that receptor 
4s to 5s transformation occurs in the cytoplasm and is a necessary prerequisite to nuclear translocation. 

INTRODWT’ION 

A two-step mechanism of estrogen interaction with 
target tissue receptors has been proposed by Jensen 
et aL[l, 23 based on a combination of in vitro incuba- 
tions, temperature manipulations and in vivo studies 
using the immature rat uterus. Experimental evidence 
which supports this concept of estrogen action has 
received extensive review [3,4], and in summation 
holds that hormone freely enters cells, binds to cyto- 
plasmic receptors and then, folIowing a temperature 
dependent transformation, the hormone receptor 
complexes move to the nucleus to bind to chromatin 
acceptor sites. This model of estrogen action has been 
the subject of a more recent review wherein its less 
clearly defined aspects were andyzed 15). In addition. 
the concept is deficient by virtue of (1) no direct evi- 
dence for the in uivo cytoplasmic transformation event 
has been obtained due to the requirements for recep 
tor isolation and (2) the crude methods customarily 
used to separate nuclear from cytoplasmic compart- 
ments preclude precise localization of the native 
receptors. 

We have previously reported the existence of differ- 
ent forms of estrogen binding entities within nuclei 
of whole cells [6]. Additional studies [7-9] also 
served to implicate the nucleus as a site for estrogen 
receptor transformation under physiologic conditions, 
thereby precluding a cytoplasmic activation step prior 
to entry into the nucleus. As the transformation (acti- 
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vation) event is generally accepted as fundamental to 
the mechanism of steroid hormone action, we have 
continued our investigation of the interaction of 
estrogen with its receptor as it occurs in whole cells. 
In the studies to be reported, artifacts of estrogen 
binding arising from such serum proteins as albumin 
and aIpha-fetoprotein have also been considered. 
These factors were excluded and allowed the conclu- 
sion that the two binding moieties (4s and 5s) identi- 
fied in the nuciear compartment are indeed estrogen 
receptors. 

MATERIALS AND METHODS 

In vivo studies. Experiments were conducted using 
immature (21-25 days old) and mature (88 days old) 
rats obtained from Holtzman Co. (Madison, WI.). 
Animals were injected i.p. with 25&i 3H-estradioI 
(3H-E2, 106 Ci/mM. 64ng) as a 1% ethanol-saline 
solution and killed with ether. The excision of uteri 
and their dissection from extraneous tissues was 
carried out under cold room conditions (3 + 1°C). 

In vitro studies. Uteri obtained as above for use 
in whole tissue incubations were split along the long 
axis and rinsed in three changes of Krebs-Ringer- 
Hanselheit (KRH) buffer (137 mM NaCI, 2.70mM 
KCI, 1.50 mM KHZ PO, 6.45 mM Naz HP0,.7H20, 
0.43 mM CaCl,+2H,O, OSOmM MgCl,.6H,O and 
5.56mM glucose*H20 adjusted to pH7.4). Incuba- 
tions were carried out at-4, 10 or 37°C for varying 
time intervals in KRH with ‘H-E2 at a receptor satu- 
rating concentration (S x 10e9M). In one experiment, 
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whole animal perfusion with saline was carried out 
prior to the excision of uteri and in vitro incubation 
to reduce possible artifacts arising from steroid bind- 
ing to serum proteins included in the tissue homo- 

Preparation of cytosol and nuclear fractions. Follow- 
ing incubation, tissues were successively rinsed and 
blotted on filter paper in four changes of cold 
IO mM Tris-HCI (TE) buffer containing 1.5 mM ethy- 
lene-diamine-tetraaceetic acid (pH 7.4 at 25°C). All 
uteri (4/ml TE) were briefly homogenized (5 x 10 s at 
30s intervals) using a Kontes glass homogenizer 
(Dual1 22) immersed in an ice bath (4°C). Homo- 
genates were centrifuged (700g x 10 min) to obtain 
a crude nuclear fraction which was washed three 
times in 2 ml volumes of TE; the initial low speed 
supernatants were centrifuged at 105,OOOg x 60min 
to prepare cytosol fractions. In some experiments. 
uterine nuclear preparations were also separated from 
contaminating loose membranous components by 
passage through a discontinuous sucrose gradient 
consisting of 0.88 M sucrose (0.2 ml) layered upon 
2.2 M sucrose (1.8 ml). (105,000 g x 60 min). Bound 
radioactivity was extracted from nuclei by resuspend- 
ing the high speed pellet in TEK buffer (TE + 
400 mM KC1 at pH 8.5) at 4°C for 60 min. The recov- 
ery of salt extractable nuclear bound receptor radio- 
activity ranged from 60 to 70% based upon sub- 
sequent ethanol extraction of pellet residual radio- 
activity. 

Sucrose densiry gradient analyses (SDG). Linear 
5-20:4 sucrose gradients were prepared using a 
gradient former and allowed to chill prior to use 
(3 + 1°C x 60 min). Aliquots (0.3 ml) of high speed 
cytosol and nuclear extracts were layered on TE 
sucrose and TEK sucrose gradients respectively. and 
centrifuged at 40.000-50.000 rev./min ( - 250.000 g 
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Fig. 1. SDG sedimentation patterns of rat uterine nuclear 
extracts following 3 (0---O) and 30 (M) min expo- 
sure in vim to 0.24 nmol ‘H-E2. The internal standard of 
14C-human serum albumin is seen to migrate with a uni- 

form peak at fraction number 23. 

FRACTION NO 

Fig. 2. SDG sedimentation patterns of rat uterine cytosol 
following 3 (O-O) and 30 (t--O) min exposure in uiuo 
to 0.24nmol ‘H-E2 (‘“C-HSA at number 32). Binding in 

the 4s region is not apparent. 

x 16-18 h) in a Beckman L2-65B ultracentrifuge at 
2-4”C. Fractions (0.1 ml) were collected from the top 
of gradients by displacement into 15 x 45 mm glass 
vials using a modified fraction collector and diluted 
with 3.5 ml scintillation fluid containing toluene, Tri- 
ton X-100. distilled water and Permafluor (Packard) 
(2000: 1000:210:80). 

To precisely characterize the sedimentation profiles 
of the steroid receptor complexes, an internal stan- 
dard of 14C acetate-human serum albumin (HSA, 
4.6s; 2ooO c.p.m.) was added to each sample prior to 
ultracentrifugation as first described by Moriyama 
and Siiteri[7]. Quantitation of radioactivity was made 
in a dual channel Packard Tri-Carb Liquid Scintilla- 
tion spectrometer (efficiency 3H 5 25%; 14C s 60%). 
Complex sedimentation patterns evident by graphic 
analysis were further analyzed with a curve resolver 
(DuPont 310) thereby permitting (1) precise deter- 
mination of S values in relation to the 14C-HSA stan- 
dard and (2) accurate quantitative analysis of mix- 
tures of nuclear complexes. The total radioactivity 
associated with each receptor form was then corrected 
for the efficiency of KC1 extraction, procedural losses 
and counting efficiency and is reported as pmol con- 
tained per uterus. 

In addition. uterine nuclear extracts obtained fol- 
lowing short term whole uteri incubation (5 min x 
37°C) and day 21 diluted serum (1:20) were incubated 
(4°C x 120min) with 0.05 ml undiluted goat anti-rat 
rl-fetoprotein serum before analysis by SDG. 

RESULTS AND DISCUSSION 

In vivo administration of hormone. Two discrete salt 
extractable forms of hormone receptor complex were 
isolated from nuclei within three minutes of the sys- 
temic administration of 3H-E2 with the more slowly 
sedimenting 4s form accounting for 40y0 (0.11 pmol/ 
uterus) of the total macromolecular bound radio- 
activity (Fig. 1). By 30min. however, the 5s form 
accounted for 85% of the total (0.82pmol) while the 
quantity of 4s form of hormone receptor complex 
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Fig. 3. SDG sedimentation patterns of rat uterine nuclear 
extracts following in vitro whole uterine incubation for 
60 min at 4°C (A) and 37°C (B) (‘%Z-HSA migrates at frac- 
tion 27 and 23 respectively). Temperature dependence for 
nuclear accumulation of receptor and/or transformation is 
suggested. Note the different ordinates and the presence 

of two binding forms regardless of temperature. 

remained approximately the same (0.12 pmol). Cyto- 
plasmic preparations from these studies yielded a 
mixture of 8S and faster sedimenting radiolabelled 
complexes (Fig. 2). No quantifiable 4S receptor form 
was observed. 

In vitro incubations of whole uteri. Long term in 
vitro incubation of whole uteri with 3H-E, 
(5 x 10m9M) at 4°C enhances the apparent level of 
hormone binding in the cytoplasmic compartment. 
The translocation of cytoplasmic estrogen receptor 
complex into the nucleus, however, appears to be 
temperature dependent since nuclear extracts from 
uteri obtained at 37°C contain more receptor than 
those obtained at 4°C (Fig. 3) which is in agreement 
with previous reports [l, lo]. However, resolution of 
the nuclear binding peaks obtained following incuba- 
tion at both 4 and 37°C reveals two components 
which sediment as 5.S and 4S as was noted following 
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in vivo administration of hormone (Fig. 1). The 
amount of 4s estradiol-receptor complex extractable 
from the nucleus is nearly the same at both 4°C and 
37°C (O.lOpmol) whereas a much greater amount of 
5S complex was found at 37°C ( _ 1.0 pmol vs 
0.05 pmol). 

Intranuclear binding in the 4s region. The tempera- 
ture dependence for both translocation and transfor- 
mation was further investigated by changing the tem- 
perature of the in vitro incubation to 10°C. Nuclear 
extracts from whole uteri incubated at this inter- 
mediate temperature and their SDG profiles are 
shown in Fig. 4. Near maximum nuclear uptake of 
receptor can be obtained at 10°C. Significantly, the 
receptor obtained in this manner migrates principally 
as the 4S form. However, brief exposure of such uteri 
to 37°C results in a shift to the pattern obtained in 
vivo (Fig. 1) in which the 5S form is predominant. 
These results suggest that the translocation process 
does not necessarily require prior transformation of 
the receptor to the 5S entity as suggested by Jensen 
and co-workers[l, 21. 

Properties of the intranuclear 4s binding form. A 
single nuclear 4s binding moiety distinct from the 
albumin internal standard was obtained (Fig. 5) if 
uteri were incubated for a very short interval at phy- 
siologic temperature (1 min x 37°C). As opposed to 
albumin, this protein-steroid association is readily 
destroyed by heating to 56°C and is also resistant 
to charcoal adsorption. Binding of 3H-E, to the 4s 
nuclear form could also be eliminated by addition 
of excess nonlabelled Ez or diethylstilbestrol to the 
incubation medium but not by progesterone or testo- 
sterone (results not shown). Furthermore, the pattern 
of 4S and 5S complexes obtained following incuba- 
tion at 37°C for 5 min (equivalent amounts of both 
binding entities) has been shown to be unaltered by 
(a) methods which favor outer nuclear membrane dis- 
solution and hence might be expected to remove cyto- 

FNLCTION NUNBEN 

Fig. 4. SDG sedimentation patterns of rat uterine nuclear extracts following in oitro whole uterine 
incubation for 60 min at 10°C (A) followed by 5 min exposure to 37°C (B). ‘_%HSA migrates at 
fraction 23 for both preparations. Note that the near maximal accumulation of nuclear 4s receptor 
at this temperature is readily converted to the more rapidly sedimenting 5s state by the brief 37°C 

treatment. 
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Fig. 5. (A) SDG sedimentation pattern of rat uterine 
nuclear extract following brief I min exposure of whole 
uteri to 5 nM ‘H-E, at 37°C. The single (4s) binding form 
(fraction no. 27) is resistant to charcoal adsorption but not 
elevated temperature. (B) SDG sedimentation pattern of 
human serum albumin incubated with ‘H-El, which indi- 
cates that albumin binds the steroid, migrates coincident 
with the 14C-HSA internal standard. and is resistant to 
an increase in temperature but not charcoal adsorption. 
“‘C-HSA in (A) and HSA-‘H-E, in (B) both migrate in 

fraction 25. 

plasmic contaminants (digitonin. Triton X-100) or (b) 
previous sonication of whole nuclei prior to their 
extraction with KC1 [6]. Taken together, these 
properties of the nuclear 4s binding moiety suggest 
it to be a specific nuclear estrogen receptor and not 
a nonspecific cytoplasmic contaminant. 

In situ whole organ perfusion followed by in vitro 

incubation of uteri (5 min x 37°C) revealed no quan- 
titative or qualitative alteration in the distribution of 
the nuclear binding forms thereby minimizing poss- 
ible serum contamination (Fig. 6). Moreover, the 
more slowly sedimenting (4s) binding species has also 
been demonstrable in nuclear preparations from 
mature rat uteri (0.11 pmol/uterus) following in vitro 

incubation (5 nM 3H-E,; 5 min x 37°C). Thus it 
would appear that short term exposure of uteri to 
3H-E2, regardless of maturity, yields an intranuclear 
doublet of ER species sedimenting as 4s and 5s. 

Serum and tissue al-fetoprotein (AFP). The extensive 
tissue washing procedures and the 3H-E, incubation 
levels utilized were associated with an absence of 
slowly sedimenting (4s) cytoplasmic binding moieties 
as seen by SDG. Nonetheless, AFP (K, _ 1 x lo-‘) 
in the cytosol or nuclei of the uterus of the immature 
rat could seriously impair assessment of ER inter- 
actions when using other methods, such as the dex- 
tran coated charcoal adsorption assay or gel filtra- 
tion. AFP migrates as 4.5s on SDG [l I] ; hence 
immunoadsorption of uterine nuclear extracts and 
serum from the same animals with anit-AFP serum 
was carried out to better characterize the binding 
form(s) (Fig. 7). The results shown indicate that the 
addition of anti-AFP to serum either diluted in TE 
or TEK causes the bulk of the bound 3H-E, to sedi- 

ment at the bottom of the gradient but has no effect 
on the sedimentation patterns of nuclear extracts. 
Furthermore, AFP is a heat stable serum protein [ 123 
whereas the estrogen 4S receptor is destroyed by ele- 
vated temperature as demonstrated in Fig. 5. More- 
over, AFP-3H-E2 does not associate with rat liver 
DNA in contrast to the native estrogen receptor [13]. 
Taken collectively, these observations allow us to 
conclude that the nuclear 4s form represents estrogen 
receptor(s) and not estrogen binding contaminants of 
serum origin. 

Time course of intranuclear 4S -+ 5s transformation. 

Quantitation of the intranuclear forms of estrogen 
receptor as a function of incubation time at 37°C is 
shown in Table 1. The ratio of 5S/4S in these studies 
increased from 0 to a maximum of 6.41 at 40min. 
during which time the 4s level was maintained at 
approximately 0.18 pmol/uterus. During the second 
hour of incubation, an apparent decrease of the 5s 
form occurred that may represent recycling of recep 
tor or loss of tissue viability resulting in receptor 
degradation. The level of intranuclear 4s complex 
throughout the two-hour interval at 37”C, however, 
was comparable to that observed following long-term 
incubation at 4°C. 

Intranuclear transformation 4S -+ 5s: Precursor-pro- 

duct relationship. The time dependent distribution of 
complexes within the nucleus suggested a possible 
precursor-product relationship between the 4s and 5s 
forms. Supporting evidence for such a relationship 
was obtained in pulse-chase experiments in which 
uteri were incubated first with 5 nM 3H-Ez for 5 min 
at 37°C to provide equivalent amounts of labeled in- 
tranuclear 4s and 5s receptors. The uteri were then 
briefly washed and reincubated with either buffer or 
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Fig. 6. SDG sedimentation patterns of nuclear extracts fol- 
lowing in vitro incubation (5 min x 37°C) of whole uteri 
obtained following in situ whole organ perfusion (o----~) 
are compared to the usual nonperfused treatment 
(O-----O). The qualitative distribution of the two forms 
remained unaltered. The apparently greater amount of 
nuclear receptors for the nonperfused preparation reflects 
a higher baseline level of 3H-E2 in the extract. r4C-HSA 

migrates with a peak at fraction 24. 
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Fig. 7. (A) SDG sedimentation pattern for sera diluted (1:20) with TE buffer f specific goat anti-rat 
AFP and TEK buffer. The efficacy of the antibody preparation to complex serum AFP in the different 
ionic milieus is evident. ‘%HSA ( x - x) migrates in fractions IO-1 I. (B) SDG sedimentation pattern 
for rat uterine nuclear extracts following in vitro incubation (5 min x 37°C) selected to yield two binding 
forms. Both nuclear binding forms are resistant to antibody complex formation. r4C-HSA ( x - x ) 
migrates in fraction 15. Note that an SW 50 rotor was used and 0.2 ml fractions collected for this 
experiment thereby contributing to the apparent increase in ‘%HSA sedimentation velocity as well 

as decreased resolution of the nuclear 4.9-55 separation. 

5 nM nonradioactive estradiol. It can be seen (Fig. 
8) that incubation with non-labelled hormone resulted 
in near total disappearance of the nuclear 4S com- 
ponent and a marked increase in the amount of 5S 
complex. Radiolabelled uteri (5 min x 37°C) reincu- 
bated in buffer alone for up to one hour (not shown), 
however, gradually lost labeled nuclear receptor but 
the relative amounts of 4s and 5S receptor complexes 
remained constant. 

The time related distribution of radiolabelled recep- 
tors between cytoplasmic and nuclear compartments 
in more extensive pulse-chase experiments was also 
analyzed. As shown in Fig. 9 it is evident that post- 
incubation of radiolabelled uteri (5 min at 37°C) in 
the presence of 5 nM unlabelled hormone results in 
a rapid nuclear accumulation and cytoplasmic de- 
pletion of hormone receptor complex. However, when 
post-incubation is effected in buffer alone the rate of 
nuclear accumulation of receptor and cytoplasmic 
receptor depletion is decreased. 

Table 1. Distribution of 3H-estradiol-receptors (pmol/ 
uterus) within the nuclear compartment of the immature 

rat (5 nM; 37°C) 

Time (min) Total 4S 5s 5.914s 

1 0.18 0.18 0.00 0.00 
3 0.38 0.17 0.21 1.24 
5 0.53 0.19 0.34 1.79 

10 0.65 0.18 0.47 2.61 
20 0.79 0.17 0.63 3.71 
40 1.26 0.17 1.09 6.41 
60 1.17 0.17 1.00 5.88 

120 0.90 0.18 0.62 3.44 

GENERAL DISCUSSION 

There exists general agreement that the active 
nuclear estradiol receptor complex sediments as a 5S 
form. However, the presence of a 4S estrogen receptor 
complex in nuclear extracts has been observed by 
others 114,151 but its significance generally ignored. 
The analysis of the kinetics of appearance of nuclear 
receptors as carried out in these studies demonstrates 
that the first detectable nuclear radioactivity sedi- 
ments as a 4s complex, and that the amount found 
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Fig. 8. SDG sedimentation pattern for rat uterine nuclear 
extracts following in vitro incubation (5 min x 37°C). The 
relative amounts of the two binding forms shown (M) 
when post-incubated in an eguimolar environment of non- 
labelled estradiol (+ E2) for 15 min change such that the 
5S exceeds the 4S moiety (O---O). ‘*C-HSA migrates in 

fraction 23. 
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Fig. 9. Immature rat uteri were incubated 5 min at 37°C in the presence of ‘H-E, (SnM). Uteri 
were then removed. rinsed and tra~ferred to buffer (closed symbols) or buffer containing 5nM non- 
labelled E2 (open symbols) for varying time intervals. The amount of cytoplasmic (circles) and nuclear 
(triangles) receptors were quantified following SDG. The rate of nuclear accumulation and cytoplasmic 
diminution of receptor is seen to be influenced by the availability of steroid. This recruitment phenom- 
enon of receptor may be linked to positive co-operative interactions. See text for additional details. 

at early times remains constant whereas the amount 
of SS complex continues to increase until maximal 
nuclear uptake is achieved (40-60 min). The temporal 
relationship between nuclear 4s and 5s receptors sug- 
gests that a 4s + 5S transformation occurs within the 
nucleus, especially since near maximal total levels of 
nuclear ER as 4S can be achieved at the 10°C inter- 
mediate temperature (Fig. 4). Further support for this 
hypothesis is obtained by the pulse-chase experiment 
shown in Fig. 8 wherein rein~ubation of uteri with 
equimofar nonradioactive estradioi efTectively reduced 
the 4s peak while increasing the 5S peak accordingly. 
Indeed, only this type of manipulation consistently 
yields a single 5S nuclear complex. 

It could be argued that the 4S nuclear component 
is an artifact arising from contamination of extracts 
with the serum e&radio1 binding protein (AFP). How- 
ever, we have obtained several fines of evidence which 
appear to negate this possibility; (1) the ~imentation 
behaviour of the 4s nuclear receptor is consistently 
different from serum AFP, which in our experiments 
co-sediments with human serum albumin (Fig. 7); (2) 
the 4s nuclear receptor is temperature labile, whereas 
AFP is heat stable (Fig. 5); (3) in situ perfusion of 
uteri does not reduce the amount of 45 nuclear recep- 
tor (Fig 6); (4) prior adsorption of nuclear extracts 
with AFP antiserum has no effect on the 4S-5s distri- 
bution of receptors (Fig. 7f and (5) the 4s nuclear 
receptor is consistently observed in the adult state. 
More recent experiments using a sensitive double 
antibody radioimmunoassay have shown that the 
amount of AFP in nuclear extracts of immature rats 
treated with estradiol does not exceed 0.02 pmol/ 

* Linkie, D. and La Barbera, A. In preparation. 

uterus (C 10% of observed 4S receptor)*. On the 
other hand, AFP cont~ination of eytosol can rep- 
resent 300-600% of the total 8S receptor present if 
the uteri are not carefully prepared prior to homo- 
genization [16]. This level of cytoplasmic AFP can 
introduce serious errors in receptor measurements 
since various levels of binding to AFP will be in- 
cluded in estimates of specifically bound radioactivity 
under differing receptor assay methods and condi- 
tions, i.e. dextran coated charcoal, hydroxyIapatite or 
gel filtration. Furthermore, the commonly used tech- 
nique employing excess nonlabelled steroid that does 
not bind to AFP such as diethylstilbestrol to estimate 
nonspecific binding by saturation analysis can lead 
to gross errors since the distribution of labelled hor- 
mone between receptor, AFP and free hormone in 
the label-only sample is unknown. The same problem 
exists when measuring estrogen receptors in human 
tissues due to the presence of sex steroid binding pro- 
tein (SBP). The only correct approaches to this prob- 
lem are to separate the two binding proteins or to 
block binding to the serum protein by addition of 
an unlabelled hormone such as dihydrotestosterone 
which does not bind to the receptor. 

Our observations suggest that the nuclear 4S com- 
ponent represents a true receptor form and 
strengthens the hypothesis of nucfear 4S--, 5s trans- 
formation. Further support comes from the observa- 
tions of Yamamoto and Aiberts [17] who showed 
that the 4S form of receptor in high salt uterine cyto- 
sol was largely transformed to 5S by adsorption and 
elution from DNA cellulose. While the exact molecu- 
lar mechanisms involved in the 4S+ 5S transition are 
not clear, rather precise estimates of the molecular 
weight of these receptor forms has yielded values of 
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76,ixx) and 132,000, respectively [ 183. Since nuclear 
entry of cytoplasmic proteins with molecular weights 
much greater than 60,000 is restricted [19,20], this 
also argues for receptor transformation occurring 
after the cytoplasm + nucleus translocation event. 
However, our observations are also consistent with 
the possibility that the 4S receptor form is loosely 
associated with the nucleus in the intact cell rather 
than in the cytoplasm. As pointed out by Gorski and 
Gannon[SJ the finding of ER in the cytoplasm may 
be artifactual due to the harsh conditions required 
for disruption of uteri. It is of interest to recall that 
in some systems such as chicken liver the estrogen 
receptor is located primarily in the nucleus [21]. 

It is pertinent to reexamine the many findings con- 
cerning receptor transformation in the cytoplasm 
prior to translocation. The usual experimental condi- 
tions for generating 5.S estrogen receptor in uterine 
cytosol are high salt (2 0.4 M KCl) and a tempera- 
ture elevation to 2537°C [2-4]. The simultaneous 
acquisition of the ability of such receptor prep 
arations to then bind isolated nuclei has supported 
the notion that “transformation” is necessary for 
“activation” of cytoplasmic receptor to allow nuclear 
binding. The latter concept has become widely 
accepted for other steroid hormone receptor interac- 
tions such as glucocorticoids and progesterone which 
do not exhibit the transformation phenomenon 
[22,23-J. However, such in vitro results may not accu- 
rately reflect in uiuo events, especially since the tem- 
perature and salt concentration of the cell are rela- 
tively constant. Moreover, recent studies by Horowitz 
and Moore[24] suggest that an exclusion phenom- 
enon is operative in the whole ceil, i.e. a greater “free” 
water concentration in the nucleus than in the cyto- 
plasm tends to drive substances including proteins 
into the cell nucleus. Thus “activation” may simply 
represent binding of steroid to receptor associated 
with cytoplasmic organelles that allows translocation 
of the complex to the nucleus. The apparent tempera- 
ture dependency in viva may then simply represent 
the slow binding kinetics of steroid to cytoplasmic 
receptor which is necessary for its mobilization. 
Alternatively, the temperature dependent step in vivo 
may actually be the intranuclear 4S--+ 5S transforma- 
tion. As seen in Fig. 3 the amount of nuclear 4s recep- 
tor observed after incubation at 4°C is comparable 
to that seen at physiologic temperature and notably 
the interm~iate 10°C condition portrayed in Fig. 4 
results in near total nuclear ER as 45. This interpre- 
tation then implies that the conformational or other 
change accompanying the formation of the 5S recep- 
tor from its precursor(s) or its binding to the nuclear 
acceptor sites is highly temperature sensitive. This 
possibility is considered more likely in view of the 
fact that “activated” receptor preparations can bind 
nuclei even at 4°C [25]. Thus interactions of the 4S 
receptor form with another non-identical binding 
subunit within the nucleus to yield the active 5s 
receptor prior to binding of the complex to chromatin 

could account for the present observations. It is im- 
portant in this regard to note that subtle differences 
in sedimentation behaviour between the 5S receptor 
generated from cytosol and that recovered from nu- 
clei by salt extraction have been detected [26]. 

The formation of the active 5s receptor complex 
within the nucleus may have important implications 
concerning the nature of its interactions with the 
putative chromatin acceptor sites. While we have not 
addressed this controversial problem directly, the 
results of the experiment shown in Fig. 9 may bear 
on this question. If labelled uteri (5nM 3H-E2, 
5 min x 37°C) are removed and placed in steroid free 
medium the existing levels of both nuclear forms 
slowly decrease. In contrast, if the removed uteri are 
placed in media containing the same concentration 
of unlabeled Ez (5 nM) virtually compiete transloca- 
tion of cytoplasmic receptor to the nucleus occurs 
within 5 min. These results suggest that a recruitment 
phenomenon, due perhaps to positive cooperativity. 
is exerted at the level of (1) steroid binding to recep- 
tor, (2) transformation of 4S to the SS receptor form 
or (3) 5S complex binding to chromatin. Positive co- 
operative interactions of estradioi with its receptor 
have been claimed [27], but the bulk of the evidence 
suggests that binding occurs at non-interacting sites 
[3-51. 

It is tempting to speculate that the intranuclear 
4S --+ SS transformation and acceptor binding may be 
linked both temporally and spatially. Many 5S com- 
plexes may bind by cooperative interactions sequen- 
tially in specific regions of chromatin to alter the 
superstructure of nucleosomes and thereby expose in- 
itiation sites for transcription. While highly specula- 
tive, this hypothesis is consistent with (1) the observa- 
tion of Anderson that a minimal number of estrogen 
receptor complexes must be retained for 6 h in order 
to elicit the full sequence of responses to estrogen 
[28]; (2) the failure of many investigators to demon- 
strate saturability of acceptor sites in vitro [29,30]; 
(3) estrogen receptor complex binding for DNA is of 
low afinity but in large excess of the amount needed 
to activate a single gene [31,32] and (4) the fact that 
receptor preparations tend to aggregate in solution. 

Clearly much more work is needed before these 
mechanisms are fully understood. We would suggest 
that the early steps in estrogen action proceed as fol- 
lows: (1) Steroid freely enters the cell and binds to 
a 4S receptor protein. (2) The resulting complex 
becomes “free” in the cytoplasm and moves into the 
nucleus by diffusion. (3) The 4S estrogen complex un- 
dergoes transformation to the 5S complex. (4) The 
SS complex sequentially binds to chromatin acceptor 
sites until a critical number is obtained and (5) the 
resulting changes in DNA superstructure provides 
access to DNA-dependent RNA polymerases to those 
initiation sites which permit transcription of new 
RNA. 
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