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ANTHONY CARROLL EVANS, JR. 

Characterization of Estrogen Binding in Microsome~ of R~t Uterus 
{Under the direction of DR. THOMAS G. MULDOON). . 

MicrosOmes prepared from. rat uterine homogenates harbor high-affin

ity (Ka = 1010 M-1), low capacity binding sites for estrogens. These 

estrophiles constitute approximately 7% of total estradiol binding 

capacity of the rat uterus and lack the ability to be transformed to 

a more avid DNA binding form by heat or salt treatment. 

Subfractionation of the ·microsomal pellet on discoritinuotis s~crose 

gradients reveals that the estrogen receptor (ER) activity co-sediments 

with endoplasmic reticulum membranes as determined by studies of marker 

enzyme and estrogen binding activity distribution among gradient frac

tions. Confirmation of the composition of the fractions was provided 

by toncomitant transmission electron microscopic analysis. Resolution 

of the microsomes into smooth membranes, rough me~branes and polysomes 

reveals approximately equal distribution of ER activity among these 

constituents. 

Microsomal ER·a~e not·cytosoliF contaminants and .can be fully 

extracted with 0.4 :M KCl (full ER·~ctivity -i~ maintained in high ionic 

st~ength media). Cyto~olic an~ microsomal ER display similar pH optima 
. . . . ·~ : : ' ',, . 

·(in the physiol~gical rarige) ~nd ligand specificities (estradiol = 

diethylstilbestrol·> prQg~ste~one >testosterone= cortisol). Micro

somal ER -migra-te .. as ,BS. spec-~es on continuous sucrose gradients .Prepare·d 
~. ' ,• 

. . ' ... . . ' 

in low "ionic stre'ngth buffer and as 4S forms ·on gradients containing 

0.4 M KCl. They do not undergo a .45 to 55 heat-induced transformation 

as do the cytosol1c receptors. Although cytosolic and microsomal ER 

exhibit similar equilibrium association constants, microsomal ER possess 
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a slightly higher association rate constant and a half-life of estradiol 

dissociation of 40.7 hours as compared to 24.1 hours for. cytosolic 

ER. At 0° C, unliganded cytosolic ER are more stable than their micro

~omal counterparts, with half-lives of e~tradiol binding activity of 

82.3 hours (cytosol) and 34.1 hours {microsomes). 

Patterns of ER dynamics after injectton of 17S-estradiol to cas

trate· adult female rats reveal that microsomal ER are not ~epleted 

at one hour post-injection and that the microsomal compartment is invol

ved in ER synthesis. Examination of ER dynamics ·in the same animal 

model after injection of the short-atting estrogen, 16~estradiol; 

reveals that microsomal components may be involved in receptor recycl

ing mechanisms whith operate to repleni~h cytosolic ER levels to 80% 

of control by 4·hours post-treatment. 

INDEX WORDS: Microsomes, Estrogen Receptor, Uterus, Endoplasmic Reticu
lum 
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INTRODUCTION 

A. Statement of the Problem 

The issue of intracellular localization of estrogen receptots 

(ER) is once again a focal point·of.attention in molecular endocrinol

ogy, having been resurrected from its resting place among the archives 

·of scientific dogma. Controversy has surfaced in the wake of independ~. 

ent reports from the labor~tories of Greene and Gorski (King and Greene, 

1984; Welsh.ons, ~ !]_. ,_ 19~4) whi~h provided data suggesting that the 

estrogen recept6~ is not--a-cyt6pl~smic protein~. but that all ER (both 

steroid-occupied and unoccupied:forms) are confined to. the nucleus 

of the target cell. 

Prior to the reports cited above, the two-step hypothesis enjoyed 

prominence as the most widely accepted model of ~teroid hormone action. 

The two-step model," originally proposed by Jen.sen et !]_. (1968), asserts 

that the ER is a protein which resides in the target cell cytoplasm 

in its unbound form and that, upon binding of the hormone, the estro

gen-ER complex acquires an affinity for the- cell nucleus. to which it 

is subsequently translocated and retained to stimulate estrogen-mediated 

responses. The two st~p·hypoth~sis was readily embraced and elevated 

to the status of ·dogma by the sc.ientific comrr.unity; however, over the 

years a few investigators have stepped forward to challenge the dogma 

because not all data could be adequately explained by the two-step· 

model. In particular, much controversy has been generated by reports 
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of intrinsic localization of estrbphiles in extranuclear m~mbranes 

of-target cells (for revieWs, see Szego and Pietras, 1981 and 1984; 

Duva 1 ~ !1_., 198~-; J,ungb 1 ut et !1_. ;, 1983; Rao, 1981). --

In early_ studies of receptor localization,·the subject of intracel

lular ER dist~ibution wa~ address~d thr6~gh th~ utilization ot cell 

fractionation techriiqu_e.s appli~d to rat uterus (Noteboom and Gorski, 

2 

1965) and rat ante·rior pituita~y -(King _et !1_., 1965) following..!.!!. vivo 

administration of tritiated estradiol. Data from these studies indicated 
. . . . . 

that estradiol wa-s predominari'tly_ associated with the nuclear and cyto-

solic fractions, although there were significant levels of binding 

in the mitochondrial and microsomal fractions. The level of mitochond-

rial binding was found to remain constant regardless of the hormonal 

status of the animal, while the microsomal binding activity ~aried 

according to the degree of esttogen stimulation (Noteboom and Gorski, 

1965; Cidlowski and M~ldoon, 1~78; Watson and Muldoon, 1985). Because 
0. 

of the absence of fluctuation of mitochondrial binding in response 

to estrogen stimulation and the observations that estrophiles in the 

mitochondrial and microsomal fractions do not constitute a large percen

tage of the cell •s total binding· capaci~y, these twd fractions have 

typ;-ca 1 iy been ignored in· studies addressing estrogen receptor dynamics 

and the induction of biological ·respo~ses. 

The questi~n of physiological significance (if any) of mitochon

drial binding remains unresolved. In contrast, there have been a handful 

of studies which have attempted to address the issue of microsomal 

binding in the initiation or alt~ration of biological re~ponses. In 

early studies by Jungblut•s group (Little et !]_ .. , 1972, 1973, and 1975), 

microsomal bi~ding was described and hypothesized to represent precursors 



of cytosolic receptors being produced by the protein synthetic machinery 

resident in the microsomal fraction of whole cell/tissue homogenates. 

Reports of extragenomic actions of steroid hormones -- particularly 

accounts of effects on pro·cesses mediated by microsomes -- rekindled 

interest in microsome-associated binding. In particular; estrogens 

have been ~emonstrated to affect the rate of tr~nslatioh of ovalbumin 

in the chick oviduct (Palmiter, 1972; Pennequin et 21_., 1978)', vitello

genin in cockerel _liver (Gehrke et 21_., 1981), and glucose-6-phosphate 

dehydrogenase in rat :ute~us (Donohu~ and Bar~er, 1983). Whelly and 

Barker (197'4, ..19S2) hav·e ·shown.that ~st'radiol· ·sti.mulates an early, 

transient .~ctivation of peptide ·-elongation on uterin·e rriicrosomes. 

Thi_s activation occurs within one hour of estradiol administration 
{. 

to castrated, mature female··rats-a,nd is insensitive to prior jJl vivo 

· injection o.f actin~mycin D, indicating _th~t .. the effect of estradiol 

on peptide chain elongation i~ inde~endent of rior~one-mediated gene 

activation. Furthermore~ since cytosolic receptor depletion occurs 

within one hour of estrogen administration to ovariectomized, adult 

female rats (Sarff and Gorski~ 1971; Cidlowski and. Muldoon, 1978), 

it was deduced that estradiol thwarted the action of an inhibitor of 

the peptide elongation reaction .. by either removal or inactivation. 

In a more recent report (Labate et 21_., 1986), Barker•s group demoris-

3 

tra ted the presence of ribosome-associ a ted estradi ol-bi ndi ng com~·onents 

and postulated that the presence of ~noccupied estrophiles on ribosomes 

(perhaps a nascent estradiol receptor) may inhibit the peptide elongation 

reaction in a direct or indirect fashion. 

Such evidence for estradiol action at loci other than the nucleus 

has provided impetus for re-examinatidn of microsome-associated binding. 



Parikh's group (1980). has described high-affinity estradiol binding 

sites in cal.f uterine· mic.r6soma.l ·membranes. Among the properties of 

these es~~~philes are hi~h affinity· (Kd··~~0.5 nM)~ low capacity (satur

able at 2 nM estradiol}, se.~sitivity to trypsfn··, and sp~cificity for 

4 

estradiol and diethylstilbestrol. Microsome-associated binding accounted 

for from 7% to 15% of the total binding sites and the estradiol.bound 

in this fraction.··.was.not m'etaboliz'ed to_an.y appreciable extent." More

over, the affinity of tamoxifen" fo~· the cytosolic receptor was 10 times 

higher than for the microsome-associated binding sites. Another sugges

tion that microsomes could be important in mediating estrogen-stimulated 

events was provided by Liao's group (Li~ng and Liao, 1974). These 

workers demonstrated that ute~ine estradiol-receptor complexes ·had 

the ability to associate .with ribonucleoprotein particl~s isolated 

from nuclear and microsomal fractions. This association was observed 

utilizing both..:!..!!. vivo and..:!..!!. vitro techniques. 

Collectively, the findings presented above are consonant with 

the hypothesis that microsomal estrogen binders function in officiating 

extragenomic effects of estrogens. The elusive nature of the relation 

between microsomal binding and biological response~ in estrogen-respon- p 

sive tissues has provided a challenge to numerous investigators fn 

our laboratory and inuch work has been ·done to advance our understanding 

of the structural and physiological properties·of microsomal estrophile~. 

Following is a brief review of progress made by Dr. Muldoo~'s group 

in delineating the role of the microsomal receptor in estrogen·action. 

In studies design~d to survey the subcellular distribution of 

estradiol in target cells, radiolabeled estradiol was injected intra

luminally into uteri of 2-week-castrated adult female rats (Ci'dlowski · 



and Muldoon, 19!8). The animals were sacrific.ed and the uteri excised 

at various intervals after the instill~tion of the labeled estradiol. 

Homogenates prepared from the different groups were used .as a.source 

of subcellular fractions isolated via differential centrifugation. 

Within half an hour following estradiol administration the ~ytosqlic 

ER had been.depleted and represented approximat~ly 2% of the total 

bound radioactivity. The c,ytos_o_l ic ER depletion was .. mirrored by a 
- : . 

concomitant increase in. nuc·l e·a r receptor 1 eve ls to between 70% and 

, 75% of the total bound labeled esttadiol. At this point~ the microsomal 

bJ,ndi ng represe.nted approximate 1 y 10% of the tota 1 bound 1 i gand. About 

15% of the bound radioactivity was fo~nd associated with the mitochond

rial fraction; th~s· l~vel tapered off ·progr~ssJvely through the 15 

5 

hour time period examined. Clos·e scrut·i ny of 'the events occurring 

between 3 and 5 hours after exposure revealed that there was a diminution 

of nuclear ER content and an accumulation of radioactivity in the micro-

somal fraction while the cytosolic ER levels remained unaltered. An 

audit of the subcellular budgeting of ER in the 5-10 hour period post

estradiol administration documented an apparent exchange of estradiol-ER 

complexes between the microsomes and the nucleus. This second peak 

of ER accumulation in the nucleus was reproducible and has also been 

observed in murine uteri ( Korach and Ford, 1978; Korach, 1979). The 

receptor content of the cytosol. increased steadily between the 10 and 

15 hour time points, while the nuclear ER returned to basal levels 

·and the microsomal binding remained constant at the 10 hour levels. 

These findings could be interpre'ted as evidence for micros·omal involve

ment in receptor. "processing" (Horwitz and McGuire, 1978). Processing 

refers to the ·loss of nuclear receptor binding in the absence·of a· 



concomita:nt rise in·cytosol receptor co~:tent·. :. Furthermore, the data 

~upported the interpretatiori th~t mitrosomal ~omp~~~nts coul~ ~e func

t.ion-ing as an artery t_hrou'gh· which cellular ER is circulated and which 

mediates the delivery of ER_~o:the nucleus. 

Experiments with the photoaffinity._l~~eling agent, 4-mercuries

trad~ol~ have.pro~ided additional· evide~~e tha~ microsomal components 

a·re involved in expression of receptor-mediated .events in target organs 

for estrogens. This agent has potent estrogenic activity (Muldoon 

6 

and Warren, 196~), but acts ostensibly via pathways which bypass nuclear. 

processes and stimulate extra-nuclear events {n order to express its 

biological activity (Muldoon, 1971, 1980a). The mechanism of action 

of 4-mercuriestradiol is believed to be as follows (Muldoon, 1980b). 

After an initial reversible ~ssociation wit~ the cytoplasmic ER, a 

covalent mercaptide linkage is g.enerat~d at the estr-adiol-binding locus. 

This irreversibly-linked complex is taken up by nuclei subsequent to-

its transformation to a 55 form. The nuclear ~ptake process resembles 

simple diffusion and the intranuclear complexes lack affinity for chrom

atin or chromatin ~ubfractions. Under conditions where estradiol stimu

lated a 3-fold ·increase in RNA po.lymerase I .activity, 4-mercuriest'radiol 

did· not ex hi bit any demon~trab 1 e _effect on this enzyme .. 

Although the processes through which 4-mercuriestradiol elicits 

estrogenic responses remain po6rly understood, one po~sibility is sug

gested by the finding that 4-mercuriestradiol is found associated with 

· micros6mes very rapidly following intr~luminal instillation of labeled 

·4-mercuriestradiol into .uteri of 2-week-ovariectomized adult rats (Mul

doon, 198da). The accumulation of the affinity-labeled complexes in 



the microsomaJ fraction is more rapid, prolonged, and of greater ampli

tude when compared to estradiol's i~teraction .with this fra~tion. 

As mentiqned previously, the nuclear uptake_ of 4-mercuriest~adiol is 

a slow and gradual process and appears to occur by simple diffusion 

rather than through specff'ic uptake or bindin_g ·of the complexes by 

nuclear components. Ain~6lear~lev~ls ~f th~ mercurialized estradiol 

.dec~ease at later time points.(4-8 hours after administration of the 

compound), there is a corresponding rise in micros6me-associated co~

plexes. The temporal patterns of subcellular distribution, lack of 

specific nuclear·interactions;·~nd the absenc~ of an effect on RNA 

po 1 ymerase I activity ~-·re a 11 . co.n.gruet:lt' wit.h a~. extrachromati ni c site ( s) 

of ~ction of 4-me~curiestradiol. 

In recent studies, further examination of microsomal estrogen 

receptors was carried out in rat uterus and anterior pituitary (Watso.n 

and Muldoon, 1985; Muldoon et .!]__., 1988). Results of the experiments 

demonstrated ·that the microsomal binders had an affinity. for estradiol 

similar to that of the cytosolic receptor (Ka = 1-2 x to10 M-1). _How

ever, the microsomal ER-estradiol complexes were 4 .times more stable 

7 

than cyt6solic· ER-estradiol as determined by measurements of dissociation 

rate kinetics.· In sucrose density gradient studies, the los· form of 

the microsomal complexes·observed in KCl-free buffer was shifted to· 

a 5.55 form in the presence of 0.~ M KCl. Other findings included 

that the specific binding of estradiol by microsomal constituents repre

sented·a constant 20% of extranuclear binding _capacity, the binding 

was sensitive to pronase, but not to ribonuclease or deoxyribonuclease, 

and that progesterone was a more effici~nt competitor for the microsomal 

binding sites than for tytosolic receptors. The microsomal membranes 

0 
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could be extracted with KCl.:f'ree hypotonic buffer or,buffer containing 

0.4 M KCl to yield soluble~re~eptors. These re~eptor-depleted micro~omes 

were able to bind·estradiol-ER complexes from cytosol to the same degree 

in which the. bindin;g sites_ were originally ·present. This putative 
~ - . . - . - . . 

acceptor capability for cytosolic ER together with the postulated role 

in dictating _nucl~ar availability of ER makes the microsomes a signifi

cant subje~t for study in efforts to further our understandin~ ~f recep

tor dynamics and turnover in relation td the attendant ·initiation, 

regulation, and propagation of biological responses attributable to 

estrogens. 

Si nee steroid receptors are the intercessors through which ste·roi d 

hormones act to direct cell·ular responsei, elucidation of receptor 

dynamics is requtsite to understanding relationships between receptor 

binding and functional response. This being the case, it is' of impor

tance to establish 1) the intracellular source of microsomal estrophiles, 

2) whether the mic~osomal estrogen binders are structurally and chemi

cally identical to ER foUnd in other ~ubcellular fractions, ~nd 3) 

the functional significance of these receptors as determinants of hor

monal responsiveness. Investigations into these three areas constituted 

the major phases. of the. work described herein .. 

Microsomes are known to comprise an-assortment of membranes and 

membranous structures (de Duve, 1964, 1971). Indeed, the term microsome 

is purely operational and denotes simply the subcellular fraction ob

tained by high s~~ed centrifugation of the "post-mitochondrial superna

tant ... Although widely used as a synonym of 11 fragmented endoplasmic 

reticulum, .. as de Olive· points out, tnis oversimplification-can lead 

to dangerous misinterpretations of data. 



The fact that microsomes are chiefly composed of endoplasmic retic-
J 

ulum was established in the laboratories of Claude (Claude et !.}_., . 

1946) and Palade (Palade and Siekevitz, 1956). It has been pointed 

out by de Duve (1971) that plasma membranes typically s_ediment in a 
- - . 

nucleomicrosomal distributi·on-- under conditions· of tissue homogeni_zation 

and _differential centrifugation, w~th up to 50% o-f the total activity 

of marker enzymes for plasma-'membranes associating with t~-e microsomal 
. ' -

fraction. Further calculat~ons·based on the specific activities of_ 

these markers in purified plasJlla 111embranes_have ,demonstrated that up 
•••• - • r • 

to 10% of the· total ·microsomal prot~in·may be of plasma membrane origin. 

Golgi membran~s are also pres~nt in the microsomal fraction (Thines-Sem

poux ~ ll· , 1969) as evidenced by the recovery of the rna rker enzyme, · 

N-acetylglucosamine: s-galacosyl transferase in the microsomes._ Other 

components of the microsomes (de Duve,.1971) include ribosomes, mito

chondria, and roughly 20% of the total lysosomes and peroxisomes. 

When prepared from liver, the microsomal fraction is contaminated with 

particulate glycog~n (Lazarow, 1942; Claude, 1946a, 1946b). 

The heterogeneous nature of the microsomes necessitates the careful 
. . . . 

assignment of es.trogen binders to th-ei.r·_ proper intracellular addresses 

if meaningful analyses are to be made concerning the role of microsom~l 

receptors in mediating hormonally-stimulated events. To this end, 

9 

the first phase of this work involved studies designed to characterize 

the source of microsomal est~ophiles. As mentioned above, the microsbmes 

contain an abundance of plasma membranes; thi~ is particularly important 

in light of results demonstrating that plasma membranes from rat uterine 

endometrial cells harbor approximately 27% of total cellular estradiol 

binding sites (Pietras and Szego, 1977, 1979). Experimental protocols 
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were devised which allowed isolation of subcellular structures of inter

est so that they cou .. ld b$· examined_for ER ·c.aryt.ent. These studies en

tailed correlations of estradiol binding activity with biochemical 

{marker enzymes, ~NA, RNA, prP.tein, and glycogen) and morphological 

assessments of the purity of the respective fractions. Previous work 

of a pre 1 imina ry nature- had indica ted that mi crosoma 1 · estrophi 1 es were 

distributed roughly equally between gran·ular and agr:-anular subfractions 

{Watson, 1983)·. Thi"s .work was ·expanded upon with more definitive tech

niques to allow separation of rough and smooth endoplasmic reticulum 

and polysomes. 

The second phase.6f the project in~olved the exploration of the 

nature of the microsomal ER and determination of the degree to which 

these estrophiles_are structurally and biochemically related to ~ther 

speci~s of ER. Comparisons of steroid specificity, association and 

dissociation rate kinetics, stability of unliganded re.ceptor forms 

and sucrose: gradient sedimentation profiles were made. Additionally, 

comparisons of immunore.activity of cytosolic af'Jd microsomal ER with 

monoclonal antibody JS 34/32 -- which was prepared to react against 

the unactivated calf uterine cytosol receptor but which also reacts 

with rat uterine cytosolic ER (Moncharmont et _!1., 1982, 1984; Moncha.r.

mont and Parikh, 1983) -- were made. 

The final phase of this work aimed to advance our understanding 

of_ the significance ·of microsomal ERin cellular res~6nses.to estrogens. 

Initially, optim-ization of conditions for quantifying total microsomal 

specific estradiol via an elevated temperature exchange as~a~ was under

taken. Subsequently, estrogen _receptor dynamics were.studied in estro

gen-depleted animals ·following acute administration of 17S-estradiol 



or 16~estradiol~ In these-studies~ total and unoccupied estrogen· 

receptor were measured in nuclear, _microsomal, and cytosolic_fractions 
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of uterine hom~ gena tes. Exp lorati ori ·of_ :receptor dynamics represents 

a·valid.firs·t approach toward establishing the nafure .. of target tissues··· 

·responsiveness to hormonal stimulation (Muldoon, 1985) ... ·In particular, 

such studies should clarify the rol_e of the microsomal ER in receptor 

·processing and in regulation of ~uclea_r av_ailabilJty of steroid-ER 

complexes. 

Collectively, the informatiori gleaned from all phases of this 

work should allow for a more complete understanding of the functional· 

importance of microsome-associated ERin effecting-biological responses 

under the influence of estrogens in the uteru~. 



B. Review bf Related Literature 

Overview 

12 

The notion that steroid-mediated ev~nts are initiated by interaction 

of a steroid with its cognate receptor ·is well-substantiated and widely 

accepted. Resident in 11 target 11 tissues equipped. with the necessary 

molecular tools and genetic machinery to fabricate appropriate biological 

responses~ receptors engineer the interaction between steroids and 

their responsive elements. Molecular .actions of steroid hormones are 

protean and the manifold effector mechanisms at work to produce a bio

logical endpoint to the initial stimulus have been objects of intense 

scrutiny for the past fo~ty years. 

Early work by Szego ·and Roberts (19.53) regarding manifestations 

of steroid hormone acti vi.ty in the· uterus p_rovi ded evidence for increased 

uterine vascularity and permeabi·lity as estrogenic resp·onses. Ttiey 

further suggested that estrogens induced a number of other metabolic 

changes inclu~ing stimulation of the synthesi~ of specific proteins. 

The association of steroid action with gene expression was first proposed 

by t4uel·ler .(Mueller et ll··; 1958) ·who studied estrogen action on RNA 

and protein synthesis. 

The modern era of receptorology as it relates to ste~oid hormone 

action was ushe-red in when Glasscock and. Hoekstra ( 1959) and Jensen 

and Jacobson (1960, 1962) prepared triti~ted estrogens of high specific 

activity and demonstrated selective accumulation of these compounds 

in the uterus following administration of physiological doses. This 
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finding led to the speclJlation that th~ :ability of target tissues to .. ,. 

selectively,accumulate and ·.retain _estrogens··was ·attributable to the 

pres~nce of receptors whi~h-~res~mably were d~ficient or lacking in 

other tissues. These studies·.we~e .. expanded upon utilizing autoradio-

graphic analysis to d~monstrate localization.of tritiated estrogens 

in target tissues (Ullbe-rg and Bengtsson,'·l96.3;·Stumpf, 1968, 1969; 

Jensen et -~., 1969). 

·Testing of the receptor hyp6thesi~ resulted in accumulation of 

evidence pointing.toward a proteinaceous composition of receptor mole

cules. Such data derived from studi~i of receptor stereospecificity 

(Noteboom and Gorski, 1965), size as deduced from gel filtration chromat

ographic analysis (Tal war et ~-, 1964, 1968; Gorski et ~-, 1968; · 

O'Malley et ~., 1969) and sucrose gradient sedi'mentation coefficients 

(Toft and Gorski, 1966; Gorski et ~., 1968; Jensen. and De Sombre, 

1972, 1973), saturability of binding s~tes (Not~boom and Gorski, 1965; 

Gorski et !l·' 1968), heat-lability ·and sensitivity to sulfhydryl modi

fying reagents (Noteboom and Gorski, 1965; Gorski et ~., 1968; Jensen 

~!l., i967), protease sensitivity and nuclease resistance (No~eboom 

and Gorski, 1965; Gorski et !l·, 1968; .0' Ma 11 ey et ~-, 1969). 

Th~ observation by Jensen's and Gorski's groups that unocctipfed 

estrogen receptors reside in the cytoplasmic compartment of target 

cells and become bound by the nucleus followi~g est~ogen treatment 

(Jensen et !l·, 1968; ·Gorski et ~-, 1968) resulted in the developm~nt 

of the two-step model of hormone action which supposed that cytoplasmic 

receptors were translocated to the nucleus following hormone binding 

where they exerted their influence on cellular·processes. Enthusiasm 
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for this mode·l was heig.htened by confirmation of similar behavior exhib

ited by other.steroid target tissues (reviewed in Gorski and· Gannon, 

1976). Giveri t~at ste~oids wer~ known to stimulate production of pro

teins in target tissues·, a Jogical extension of this model was the 

postulation that nuclear steroid-receptor comp 1 exes fu.ncti on to a 1 ter. 

expression of specific genes (O'Malley et ~-, 1969; Tomkins and t~artin, 

1970). This assertion gained ·cred·ibi 1 i ty when it was found that, ·under. 

~vitro conditions, steroid-receptor complexes could bind to DNA (Yam

amoto and Alberts, 1972; Baxter et ~~, 1972). Thus, the two-step 

model was wid~ly accepted by scientific bl~odhounds on the hunt for 

explanations of steroid hormone action and, like a cherished dog~bone,. 

the theory was buri~d in the backyard of scientific dogm~, its character 

and flavor untested until it was unearthed several year~ later. 

Modification of the two-step model was required when new.techniques 

. for fractionation of cells into. nuclear· and cytoplasmic compartments 

made possible the discovery that unoccupied estrogen receptors are 

primarily located within the nucleus (Sheridan et ~., 1979; Welshans 

et ~., 1984). Additional data from studies. employing anti-ER 

antibodies for immunocytochemical detection of estrogen receptors re

vealed that both the free and ligand-bound forms of the receptor reside 

in the nucleus (King and Green, 1984). These studies demonstrated 

that there is dissociation of unoccup~ed receptors from ~uclear compon

~nts when tissues or cell.s are disrupted under harsh conditions in 

· the presence of ~n aqueous environment. Dioxin receptors (Whitlock 

and Galeazzi-, 1984) and DNA polymerase-a (Foster and Guney, 1976; Herrick 

et .!}_., 1976) are·:-·released from the nucleus under similar conditions,. 

establi~hi.ng a_ precedent for such ·a .finding.·· It had_ been previously 
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·well~e·stabi-ished that the receptors· for two other :ho.rmo'nes -- 1,25-dihy-· 

·d.roxycholecalciferol (vit~m·in D) ·and thyroxine-- reside in the nucleus 

in their unoccupied state and are reluctant to escape the confines 

of the nucleus,. endurin~-~ven the h~r~hest cell and tissue disruption. 

techniques (Samuels a·nd Tsai, 1973; De Groot an·d ·Strausser, 1974; Lawson 

and Wilson, 1974; Spindler et !1_., 1975; Oppenheimer et !1_., 1976; 
' Walters et !1_., 1980; reviewed in Vedeckis, 1985). The· intranuclear 

location of the unoccupied receptors is not well established but there 

is some evidence suggesting that these receptors are associated with 

a scaffolding System which provides a skeletal framework in the nucleus 

and functions in organization of DNA, ·termed the nuclear matrix (Barrack 

and Coffey, 1980, 1982, ~983; Barrack 1987a, 1987b). Gorski (Gorski 

et !1_., 1984) has advanced the hypothesis that the c-onformational change 

in receptor structure induced by .liga~d binding may alter the relation

ship of the receptor-~teroid· complex and DNA or other bio~ynthetic · 

machinery (such as RNA and- DNA synthetic enzymes) associated with the 

nuclear matrix to set into motion steroid-mediated events. 

Following is an overview of steroid action as it is presently 

understood (reviewed in ~~ldoon and_Evans, 1988).· Steroids are released 

into the bloodstream by their corresponding endocrine organ(s) and 

circulate in free or bound form (the extent to which· they are 'bound 

depending on the class of steroid and its associated binding.·proteins). 

Target organs selectively retain steroids by virtue of their endowed 

complement of receptors (Jensen and De s·ombre, 1972; Thrall et !.!.·, 

1978; Katzenellenbogen, 1980). It is generally assumed th~t steroids· 

pass into and out of all cells in a passive manner but only_ac~ on 

those cells in which they are complexed by their receptor. Target 



cells typically sport from 10,000 to 60,000 receptors which bind their 

.cognate steroid with high affinity, attested to by the low Kd values 

of these molecules .(1o-9 to 1o-lO M). Subsequent to steroid bindi~g 

the stero·i-d-receptor camp 1 ex undergoes a physi cochemi ca 1 change termed 

"activation ... wherein it acquires· an increased. avidity for specific 

"acceptor" sites housed in the chromatinic subdivision of the nucleus 
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(Thrall et Q., ·1-978; Grady et .!!_., 1982). Once the steroid has arrived 

at its destination and.activation has occurred (all within 5 minutes 

of steroid administration), the activated steroid-receptor co~plex 

seeks out one of an estimated 4,000 to 10,000 nuclear acceptor sites 

which serve as molecular hi·tching posts (Thrall et .!!_., 1978; Spelsberg, 

1982; Spelsberg et .!!_., 1983). I~teraction of steroid-receptor complexes 

with nuclear acceptor sites leads to an alteration in gene transcription 

or intermediaries which affect steady-state levels of specific RNAs 

and proteins (Katzenellenbogen, 1980;·walters, 1985; Ringold, 1985; 

Yamamoto,- 1985; Spelsberg et .!!_., 1987; Moudgil, 1987). Induction 

or alteration of these biological processes ·is naturally complex and 

the end result of the extensive chahges i~ cellular biochemistry is 

a coordinated cell- and tissue~specific re~ponse to the steroidal stim~lus. 
/ . 

Subs~quent sections will highlight numerous asp~cts of the mechanism 

of steroid action-- both widely accepted models-and those of a more 

iconoclastic nature. ·Throughout the discussion, emph~sis will be placed 

primarily on estrogen-responsi~e tissues, estrogen receptors, and estro

gen-mediated events because of my own int.~rests in this field and the 

stated focus of this ·disriourse -- na~ely~· ~strogen binding associated 

with the microsomes of rat uterus. 



Entry of Steroid Hormdnes Into the "Cell 

Circulating, estradi.ol is for .. the most part ('\,90%) associated with 
. . . . 

plasma tra~sport protein~ (Heynes~ 1977.)~. Sex-.hormone-binding· globulin 

(SHBG) binds estrogens and androgens with high ·affinity (Kd'\,10~10 M; 

Soloff~~-, 1971). Estrogens are· also bound by serum albumin whi.ch., 

despite· its relati_vely low affinity (Kd '\,1o-4), accounts for a sig

nificant portion of estrogen binding owing to its relative abundance 

in pl~sma (4% or 1 x 1o-4M). The small fraction of steroid which 

circulates unbound is that which is free to enter cells and express 

its biological activity. 

The lipbphilic nature of steroids has led to the.widely held as-

. sumption that membranes-offer little resistance to their passag~ and 
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that trapping of the hormone by i ntrace 11 ula·r r.eceptors. is the i ni ti a 1 

event in steroid action at the target ~ell l~vel. ·An argument in support 

of a simple passive diffusion mechanism is that estrogen entry into 

target cells i~ non-saturable when they are expos~d to supraphysiologic 

levels of steroid (Gurpide ~nd Welch, 1969.; De Hertogh et ~-, 1971; 

Tseng ~ ~- , 1972; Mull e.r et !]_., 1977; Pavlik and Katzene 11 eribogen' 

1978). However, the point has been made that such data do not exclude 

the possibility that.both passive and facilitated ·transport processes 

could exist -- the facilitated di·ffusion mechanisms overwhelmed at 

the higher steroid conc.entratio~s (De Ryck et ~-, 1985). 

Peck ~-~- ( 1973) provided evi de nee against invo·lvement of the · 

estrogen receptor in steroid transport across the membrane. They showed · 

th~t the rate of estrad1ol uptake. was equivalent for both the uterus 

(a target tissue) and diaphragm (a non-tar~et tissue). They further 

showed that N~ethylmaleim.ide (a protein-modifying reagent which destroys 



18 
. . -

.receptor binding activity) ·did not ·affect the rate of estradiol ·-uptake 

by either tissue. Nefther was_ estr~diol upta~e-·in these tissues affected 
. -

by co-incubation with a 100-fold molar excess of diethylstilbestfol. 
- . . 

-Muller and Wotiz (1979) used suspended uterine cells to study 

the kinetics of entry of estradiol. Their system employed conditions· 

under which formation of intracellular receptor-steroid complexes was 

not rate-limiting thereby maki~g the iriitial rate of formation of estra

diol-receptor complexes ~ function of the· rate of diftusion of estradiol·. 

across the membrane. ·sy varying the temperature at whjch the experiments 

were performed, linear Arrhenius plots were constructed which showed 
~ I ' , , - , 

an energy of activation practically identical to- that 'determi~ed- in 
' . . 

uterine ~ytosol (cell-free conditioris), thus indicating thai-the energy 

of activation could be attributed almost enti-rely to receptor binding 

with little or no contribution by the membrane. These investigators 

further showed that the rate of estradiol binding to uterine cells 

was· unalte~ed. in the presence of estradiol coval.ently 1 inked to. bovine 

serum albumin. All .of these findings mitigated agains~ the notion 

that receptors or carrier proteins are ·involved in transporting the 

steroid across the cellular membrane. 

Evidence fbf carrier-mediated delivery of steroids to the cell 

i-nterior also exists. One study determined that estradiol entry was 

protein-med_iated, -w.as saturable in the·_physiological range of estradiol 

concentrat1ons, and was inhibited-by sulfhydryl _group blocking re~gents 

(~1ilgrom et.!]_., 1973b)~,.· Another s-tudy e2(amined the kinetics of cortisol 

uptake by intact hepat<;>cytes and compared cortiso.l bind1ng to rat -liver 

cytosol under similar condition,s arid co'ncluded that uptake of co.rtisol 



by liver cells is mediated by a plasma membrane ·carrier protein (Rao 

et ~·, 1976}. 
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Based on the finding of SHBG in reproductive tissues and in MCF-7 

cells exposed to SHBG ~vitro, other groups have hypothesized that 

plasma proteins may carry estrogens into target cells (Bordin and Petra, 

1980; Siiteri PK et ~., 1982). Another interesting finding was made 

by Pietras and Szego (1984). These investigators showed that a signif

icant portion of estrogen-binding sites. in isolated uterine cells are 

internalized from the plasma membrane to the cell interior. Such data 

have provided a basis for an integrated hypothesis of cell surface 

binding and subsequent internalization in both pe~tide and steroid 

hormone systems (Szego, 1984). 

Models of Intracellular Distribution of Steroid Receptors 

The distribution of steroid receptors in target cells has been 

the object of four primary models which seek to integrate data accumu

lated by a number of steroid hormone biochemists. These models are 

as fo 11 ov1s: 

1) Two-step model. As mentioned above, this model was originally 

proposed in~ependently by Gorski et ~· (1968) and Jensen et ~· (1968). 

The salient features of this proposal are that estradiol binds to its 

receptor in target cell cytoplasm and the resultant complex undergoes 

11 activation 11 to a nucleotropic state, whereupon it is translocated 

to the nucleus. In vitro studies reveal that the activation process 

is reflected by a change in the sedimentation coefficient of steroid

receptor complexes from 4S to 5S in the presence of 0.4 M KCl and by 



a greater ability of the complex~s to bin-d isolated.tiuclei. There

fore, this model proposes that cytoplasmic steroid receptors may exist 

in either unoccupied or occupied states but that nuclear receptors 

exist exclusively in the occupied state where they interact with chrom

atin to alter/induce- synthesis. of specific mRNA molecules. 
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· 2) Equilibrium and equilibrium affinity models.- Sheridan et .!!_. 

(1979), uttlizing autoradiographic and biochemical techni~ues, provided 

evidence for this mode 1 which supposes that unoccupied ste_roi d receptors 

are partitioned--between the nuclear and cytoplasmic compartments of 

target cells according to an equilibrium reflective of the free water 

content of these intracellular locales. This hypothesi~ asserts that 

steroids enter· the cell an·d as-sociate with _either cytoplasmic or_ nuclear 

receptors. As nuclear steroid-receptor complexes are activated,, the-y 

"precipitate 11 out of "solution" as they bind to chromatin. This process 

alters the initial equilibrium and results in a net flux-of receptor 

~olecules ·into the n~cleus (translocati6n). Such a model had been

proposed earlie~ (Williams and Gorski, 1972)_ but gained little acceptance 

because these investigators were unable to demonstrate unoccupied nuclear 

·receptors. The equilibrium model accounts for the fact that the majority 

of a target tissue's/cell 's complement of steroid receptors are found-

in the soluble fraction after._homogenization. According to this model, 

homogenization of tissue or celts in a l~~ge volum~ of buffer results 

.in a· tremendous increas.e: in the free water c'ontenf o'f the soluble non

nuclear 6ompartment (i~e. cy~osol).- Thus ihe eq~iiibrium would be 

altered and an exodus of-unfill€d steroid receptors from the nucleus 

to the _cytosol __ would occur. Of course,_ a major difference between 

thi~ model and th~ tw6-st~P' model i~ that-the.equilibrium model predicts 



and accounts for the existence of occupied and unoccupied receptor. 

species in both cytopl~smic and nuclear compartments. 

Walters et al. (1981) proposed an equilibrium aff{nity model as --.- ·.. . 

. .. . 

an extension of the equilibrium model. These workers derived a mathe-
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matical expression to predict the su~cellula~·di~tribution cif soluble 

recepto~s (in ocriupied.or tin~c~upied states) .based upon their relative· 

affinity for nucl e.a·r substi tuen~s· and the tota 1 volume of the system. · 
.. 

In this scheme~· unoccupied steroid receptbr~ would have a low nuclear 

affinity constant and would tend to be.solubilized by dilution during 

the homogenization process. A contradistinc.ti.ve· predicti.on would obtain· 
. . 

in the case of occupied/activated receptors. whi cti·, by vi rfue of their 

_high nuclear binding aff~nity constant, would resist ~olub~lization 

unless their interaction with nucle~r compon~nts.were disrupted, as 

would occur in media of high ionic strength .. 

3) Nuclear (one-step) model. This model was proposed by Gorski 

et .!1_. (1984l" following reports· suggesting that all cellular estrogen· 

receptors are exclusively confined to the nuclear compartment..:!.!!.. vivo. 

The first study (Welshans et .!1_., 1984) employed cytochalasi.n B-induced 

enucleation to separate GH3 pituitary tumor cells into cytoplast and 
. . ' . 

nucleoplast fractions. This was done to avoid exposure of the cells 

. to disruptive c~nditions in the presence of· exc~ss buffer (which could 

lead to extraction artifacts) .. Utilizing this technique, these investi-
.. . 

gators found that the unoccupied estrogen receptors were almost exclu-. 

sively associated-~ith the nucleopla~ts and that the cytoplasts ~on

tained very little .estrogen~binding activity. The second study (King 

and.Greene, 1984) examin~d receptor distribution utilizing a mono~lonal 

anti body generated agai-nst the· est~ogen __ receptor,. Immunocytoc.hemi ca 1 



staining of cells treated with this antibody ~evealed an exclusi:vely 

nuclear loca~ion of estrog~n receptors in· all cell types studied. 

These results sugg~sted that, rather than· a cytoplasm-to-nucleus trans

locati'on phenomenon, estrogen migrates through the target cell to the 

nucleus-where binding, activation, and stimulation of specific mRNA 

synthesis occur. 

' ' . 

cated upon· the advent of·· r;:e~eptor ,·.puri fi c·a t_i on· schema which exp 1 oi ted 
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receptor affinity for nuclear components (Greene et .!!_. ,. 1980a; Westphal 

et !l·, 1982; Logeat et .!!_., 1983; Gametchu and Ha-rrison, 1984; Okret 
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et ~·, 1984) or employed affinity chromatography (Greene et ~·, 1980b); 

Moncharmont' et ~·, 1982; Sullivan et ~·, 1986 ;. Vu Hai .. et ~·, 1989) 

to achieve the ne~essary levels of purity. ·An alternative method for 

producing monoclonal antibodies was used by Tindall's group (Young 

et ~·, 1988).- These 1nvest.igators i.soiated 'lymphocytes from prostate 

cancer patients with high titers ·o~ aritiandr6gen recepto~ antibodies, 
• J -

·transformed them with.Epst~in-Barr virtis, and ~elected clones ~hich 

most efficiently generated "antiandrogen receptor· antibodies. 
. . 

Another techncilogical advance of valtie in the investigation of 

subcellular receptor distribution is the rec~nt availability of.steroids 

of high specific activity labeled with high-energy isotopes (Hochberg, 

1979; Hochberg and Rosner, 1980; Zielinski et ~·, 1986). When coupled 

with improved techniques in quantitative autoradiography (Stumpf et 

~·, 1981, 1987; Clark and Hall, 1986), thes:e steroids allow excellent 

~natomical r~solution of cellular and intraqellular binding. sites and 

permit assessment of the relative abundance;of each. 

Of course, it was the application o~ i~munocytochemical staining 

and antiestrogen receptor monoclonal antipo9y technology to the question 

of receptor distribution which led to the critical re-appraisal and 
I • 

devaluation of the two-step model. Naturally, a flotilla of pundits 
t 

arrived ori the scene shortly ther~~fter to ~lear the flotsam and jetsam 
I 

adrift in the wake of the sinking two-step ~odel and. to divine what 
I 
I 

the future:of steroid shipping to nuclear ports held for receptorolo-
1 • 

gists (Clark, 1984; Jensen, 1984; Sch~ader~ 1984; Szego and Pietras, 
; . 

1985; Nelson et ~., 1986;: Raam, 1986). T~e use of monoclonal antibod-
: 

ies in .. conjunction with .. elec'tro.n ~fcro·s.copy (Pres~ et ~·, 1985; Perrot-

Applanat et !l·, 1986; Isola -et ~ .. , 1987) ~~ ~utor~~.iography. (Gasc et 
i 
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.!!_., 1986) cytochemistry (Wikstrom et ~· ~ 198,7.), .therma 1 variation 
I 

(Puc~ ~-.!1·, 1984), and cytochalasin B enucle!ati6n (Welshon·s et .!1_, 

1988) has proven to be a valuable practice fo~-·the exploration of intra

cellular distribution patterns of· steroid rec~ptors. Data obtained 

- using these technologies have been largely confirmatory of the nuclear 

(one-step) model. However, a body of evidence too large to be ignored 
i . 

exists supporting association of steroid rece~tors with cell and/or 

organelle membranes and this will be the subj~ct of a subs~quent section . 
. : 

Receptor Dynamics, Synthesis, and Turnover 

As was poi·nted out a·bove, the bulk of a itarget·cell's steroid 

receptors are contained within the cell nucl~us and exhibit varying 

degrees of affinity-for nuclear components. :This fact necessitates· 

a clarification of receptor nomenclature so ihat a harmonious relation~ 

ship between older ter~fnology and current c~ncepts can be establ{shed 

and maintained throughout this discus~ion. tytosolic receptor refers 
I 

. . 

to those receptors loo~ely:associated with th~ nucleus which are found 

in the solu~l~ fra~tion followirig homoge~ii~t~on of cells/tissues. 

Nuclear ·receptors are thos·e_ more intimate·ly ~·ass~~iated. with the nucleus 

which resist srilubilizat1o~ ~u~ing homogent~ation and-nuclear purifica-
. -. . . ' . ! . 

tion. Total receptor de~~tes the sum of a11 receptors --·cytosolic, 

nuclear, and those found in particulate fractions. The diminution 
. ,/. . . - . . . ·. (. 

in cytosolic ~eceptor levels in~respo~se to;exposure to steroid is 

referred to a~. depletion. The process by which the cellular stores 

.of cytosolic receptor are ·restocked to base:line levels is· known as 

replenishment.·· A tran.sient loss in total r;eceptor levels which often 
! 



: 
J I 

occurs following target cell exposure to stero~d is known as receptor 

processing (Horwitz and McGuire, 1978a~ 1978b)~ 
i 

Classic $tudies of estrogen receptor dyna~ics have examined recep-
, 

tor populations in fractions df tissue ho~ogen~tes following injection 
i 
I 
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of e~trogenic compounds to immature -(non-cyclirig) or castrate (estrogen-
~ 
! 

deprived)_female animals (Sarff and Gorski, 19a1; Mester and Baulieu, 
! 

1975; Cidlow$ki and Muldoon, 197-8;_ Katzenellenpogen, 1980). Results 
I 

obtained from such ~tudies demonstrate a rapid (within one hour of 
I 

estradiol injection) depletion of cytosolic r~ceptors which is mirrored 
I 
I 

by an accumulation of receptor in the nuclearifraction. Although this" 
I 

redistribution phenomenon is not stoichio~etr1c (Ekka et al., 1986), 
I --. 

the nucleus harbors the -majority of cell~l~r ~indi~g sites at time 
I 

. i 

points less than 3 h6~rs post-injection. Bet~een 3 and 5 hours aft~r 
I 

estradiol exposure, nuclear levels :decrease t~ near b~seline levels 
. . . . I 

! 

and cytoso 1 i c receptor 1 eve 1 s remain 1 ow. Cy!toso 1 i c receptor concen

tration ·begins to rise 4 to 5 hours post-inj~ction~ reaches control 
I 

. . I . 

values by 11 to 16 hours, and overshoots the )baseline mark by.approxi- · 
I 

mately 50% at 24 hours·. ·A study performed i~ our laboratory (Cidlowski 
i . . 

and Muldoon, 1978) provided evidence for a transfer of ER from the 
! 

nucleus to microsomal components at 3 to 5 h9urs after estradiol treat-
.. ' 1-

ment and a return of these receptors to the nucleus in the 5 \o 10 
. . . I . . 

hour range. The second rise ·in nuclear rece~tor l~vels in the 5 to 
i 

10 hour interval after ·.estrogen injection ha!s b~_en well documented 
. I 

. • ' - I . 

to occur in estrogen ta~get tissues ~xhibittng_growth responses (Korach 
. . . . . . ! . ; ,. . 

·and.Ford, ~978-;_Korach~ 1979;Beckman et.!l_./, 1989)~ -This led to Dr. 
i 

Muldoon's hypothesis thai··microsomal constiiuents could participate 
. . ' i . 

I . 

in .receptor replenishment, proce_ssing·, storf.ge, or movement between 
I 

! . 

i 
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I 

i 
I 

cellular compartments (Cidlowski and Muldoon, [978; Muldoon, 1985; 

Muldoon et ~-, 1988). i 
I 

Aridrogen receptor depletion-replenishmen~ patterns with respect 
I 

to cytosolic-nuclear distribution are v~ry si~ilar to those of estrogen 
I 

target tissues with the ~xception that cytoso~ic replenishment is com-

plete within 3 to ·4 hours post-testoster6n~ administration (Steinsapir. 
! 

et !}_., 1985; Kyakumoto et !}_., 1987). Micro$omal· receptor levels 

as measured in the rat ventral p~state follo~ing injection of testos-
1 

terone in 24 hour castrate rats very closely paralleled those of the 
I -

cytosolic receptor (Steinsapir et 21_., 1985)./ Thus, there exists a 

significant sex-specific diffe~ence in re~e~t~r dynamics as regards 
i the microsomal compartment. i 

Mechanisms of cytosolic receptor repleni~hment and nuclear receptor 

processing have been objects of intense scru~iny (Horwitz and McG~ire, i . . . 
1978a; Baudendistel.et !}_., 1978; Kassis and jGorski, 1981, 1983; Terakawa 

I 
et a 1 • , 1985; Bergman ·et a i . ,. 1987 ;_ Gyli ng arid Lee 1 ercq, 1988). Jensen • s 
-- ... :.· ... ---.-_ . : .. I -
group_ (Jensen-et !}_., 1~69} first found .. ~ha_t_ia_ protein synthesis inhibi-

. . . . . . I -
tor (cycloheximide) could 'inhibit receptor r~plenishment. It was subse-

-- .· . ! . . 
quently determined (Sarff ~nd Gorski, 1971; tidlowskf and Muldoon, 

. . . . . I 

1978) that while cyclohe~i~ide inhibited replenishment if given within 

2 hours prior to e.stradiol injecti.on,_ it_·had/ no effect on replenishment 
. .· ... ·· ·. . .. . ·, ·.,I . 

if administered 6 hours after estradiol trea~ment, even tho~gh cytosolic 
I 
I . 

. receptors were still low at this time point./ Therefo-re, it appears 
I 

that an early, protein synthesis dependent ~hase of replen~~hment i~ 

followed by a later, protein synthesis indedendent. phase. Since estrogen I . 
. j . . . . 

induces the synthesis of its own receptor ($arff_and Gorski, 1971}, 
i 
j . 

the use of estradiol. and protein syrithesis-inhibitors ~lone is not 
I 
I 

I 
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I 

I 
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i 

enough to discern to what extent replenishment/is accomplished via 

synthesis of 11 new•! receptor versus:restorationjof 11 0ld 11 receptor levels 

by synthesis or recytling mechanisms. / 
I 

Insight into processes involved in rep]en1shment has been acces-
. ! 

sio~ed using the short-acting estrogen, 16~estradiol, to ·study receptor 
I 

dynamics (Kassis and Gorski, 19Sl). Sho~t-act~ng estrogens incite 
. . I . 

. I 

target cells to mount early estrogenic respons~s· such a$ water imbibi-
1 . 

ti_on and induced protein synthesis bu~ are inc~pable o~ stimulating 
. I . 

.. i 
1 ong-term responses· such as DNA synthesis ( Cl a irk et a 1., · 1977) .· Fo 11 ow-

ing injection of 16a-estradtol to immature rat/s, ·~ was found that 
i 

by 4 hours post-treatment cytosolic receptor l~vels had been nearly 
. 1-

completely replenished (Kassis and Gorski, _i9~1). These investigators 
. . . . I. 

also found that the co-administr~tio~·-of ~ycl1heximide (at doses suffi-

. cient to inhibit greater than 85% of~ protein ~ynthesis) .~ith.l6a-estra-
. . . I . . . . 

diol .did not impair processes of nuclear accu~ulation or cytosolic 
I 

replenishment. Hence, these researchers ·conc1uded that replenishment 
. I 

in the context of· short-acting estrogenic compounds involves primarily 

receptor recycling or "production of functioni 1 recEiptor .. from a pool 
. I . . 

of inactive receptor precursors ... The short-~cting estrogens, estrone 
! 

and 2-0H~est~adiol, also allow rapid cytosolib receptor replenishment 

(Jungbl ut et !.!_. ,1979; MartUCci and Fishman ·11979). 

Rep 1 eni shm~nt is de 1 ayed when ariti estrog:ens are employed~ appar-. . , , . . I 
. j· ·,' 

ently. related .. to inhibition of ER synthesis (
1
Clark et !.!_., 1974). 

HoweVer-; these data are fcir from-definitive ~wing 'to resu·lts .from·other 
. . . . . ·. . . I . . .... · . 

studies showing that antiestrogetis actually stimulate ER synthesis 
. _. , . . . .· . I 

i 
(Capony a_nd Rochefo-rt, 1975; Koeski et !.!_~; f977), that antiestrogens 

. . . . i 

impair rec~tling of th~ -ER (S~udendistel ~t ~1~, i978), and that anti-
.. . ---~----· 

I 
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J 

) 

I 
I 

estrogens have long biological half-lives (Katz~nellenbogen et !}_., · 

1978; Jordan~~·, 1978). making re-associatio!n with newly synthesi~ed 
or recycled ER and superimposition of effects·J distinct possibi~ity. I . 

Progesterone inhibition of ER replenishme~t is complex and poorly 
. i . 

understood. Progesterone treatment of estroge~-primed rats results 
. I . . 

in a decrease in cytosolic ER 24 hours post-injection (Hseuh et al., 
. . . . . I - -_-

~975) and prevents the overshoot of ER but doe, not alter early.replen~ 
I • 
I . I 

ishment (Hseuh et ~·, 1976; Bhakoo and Katzen~llenbogen, 1977; Katzen-
. . I 

! 

ellenbogen et ~·, 1979). Nuclear-levels of opcupied ER are decreased 
• -i 

by progesterone under phy$iological conditions! (Evans et. al., 1980; 
. I ---

Leavitt and Okulicz, 1985~ 1988). ·This effec~ may be mediated through 

p·rogesterone induction of· an 11 estrogen r_ecept~r regula tory factor 11 
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or thro.ugh a progesterone-mediated. inactivatiJn ~f ER via a dephosphoryl-
. ·. ·. I 

i . 

ation mechanism (Evans .and Leavitt, 1980;-okulicz et al~, 1981a, 1981b; . . I --
Leavitt et ~· ··, 1983 )' .. Whether or. not .proges.~erone exerts an influence 

.. . I . 
on E,R recycling has not. been established. I-

I . . . I . 
In studies of receptor_ dynamics,_a phenojenbn often observed is 

a decrease in total cellular ER levels at short time periods following - . . . I - . 
. I 

steroid administrati~n (Kassis and Gorski_, 1983). Although there is 
. . ., : . . . . ! 

. - . ·.. , . .. . . . . . I 
a rise in-_ nuclear levels .well-correlated with1 the cytosolic_ depletion . I . 
of ER after estradiol treatment, cytosolic r~ceptor replenishment doe~ 

I 

not relate well to the loss of nuclear ER bi~ding at time points 
I 

approximately 2-6 hours post-treatment. (.Me$ter and Baulieu, 1975; 
I 

Cidlowski and Muldoon, 1978; Horwitz and McG~ire, 1978b). This rapid 
I I . 

decrement in detectable n~clear binding and ~low return of cytosolic 

receptor levels to pre-treatment leyels is r~ferred to as 11 processing. 11 

I 
Evidence exists both .for (Horwitz and McGui r:e, 1978a; N~wata et ~·, 

I 

I 
I 



1981; Sica et ~·, 1981) and against (Baudendis~el et ~·, 1978; Kassis 
. . . I . 

and Gorski, 1981) processing as an indispen~abl~ element-of stefoid-

mediated nucl~ar ev~nts. Disruption ~f DNA str~~ture can ~nh~bit pro

cessing. Act1 nomyc1 n D and chromomyc1 n A3 are ~G-C base-pal r 1 nterca

lating agents which have been demonstrated to ~xert such an effect 

(Horwitz and McGuire, 1978c). This effect· can~ot be attributed ·to 
I 

these agents' abilities to inhibit RNA synthesis as other transcrip-

tional inhibitors failed to-~ffectuate suth an outcome (likewise for 

blockers of translational processes). In the Ji>rogesterone receptor 

system, evidence exists f~r an intercessory pr~tein possessing the 

- capability to interact with nuclear progesterole receptors and alter 

their affinity for progestins, making these r+eptors undetectable 
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by classic exchange assay techniques (Ogle, 19f6). Other investigators 

have proposed that artifactual underestimatioH of total reteptor sites 

is an eventuality related to the imperfect na~ure of exchange assays 

(Strobl et !1_., 1984·). It has also been postulated that processing 

may· represent inactivation-of receptor via a Jephosphorilation mechanism . I . 

(Auri cchi o ~ ~·, 1981a, 198lb, 1982). I 

Estrogenic ligands ~hich blindly grope their way into the cellular 
. . - - . . .· . ·. I . 

inte~ior are bound by estrogen receptors, whibh act as seeing-eye dogs, 
- ·J . 

seemingly knoWing their inaster's ~ppointed delsti~ation .and negotiating. 

a maze of ·.obstacles to allow pa"ssage of the quo to ·th~ir intranuclear 
. : . : . - ' : . 

terminus. Since receptors are obligate part,cipants in the regulation 

of steroidal influences on-cellular response$, it is of great import 
. . . - . I . 

to understand the; __ ways and ~eans by wh1 ch releptor turnover and concen-

tration ate governed. Tb this end/ a number,of studies have been per

formed in attempts to discern the in vivo and in vitro half-lives of ·--- 1-
r 

I 



receptors and to characterize those substances and processes which 

affect receptor levels. 

Early"studies of ER turnover in rat uteri employed cycloheximide 

to assist in determining the .1l!_ vivo hal_f-life of ER (Sarff and Gorski, 

1971). This particular study yielded an estimated ER half-life of 

4-5. days. A more recent report (Kassis et .!}_., 1984) in which primary 

uterine cell culture techniques were used suggested that ER has a long 

half-li~. since a 6 hour exposure to cycloheJimide failed to cause 

a reduction in ER levels. Assessment of ER hJlf-life in MCF-7 cells 

using a density shift technique to examine ER synthesized vfa dense 

amino acid incorporation yielded a half-life·of 4 hours (Eckert et 

21· , 1984; Scho 11 and Lippman, 1984; Miller e~ a 1. 1985). A s im~a r 
half-life was obtained when ER ofMCF-7 cells were labeled with the 
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affinity labeling agent, tamoxifen-aziridine (an antiestrogenic compound 

which covalently binds to ER), and then expo,ed to a chase of estradiol 

(Monsma et al., 1984). Using pulse-chase and dense amino acid/density -- . . . . , I ". 
shift techniques, ·Katzenellenba,gen•s gro.up found an..:!!!. vitro half-life 

M. 3-4 hOurs for deg~adation of ER in prim<irj cultures of uterine ce 11 s, 

and an identi ca 1 turnover rate for ER .i!!. vivl using rat uteri (Nardull i . 

and Katzenellenbogen, 1986). 'Gorski•s group (Campen and Gorski, 1986) 

found a half-life for ER.tutnover of 2.1 hours for uterine cells in 
. . .. . r . 

p~imary cUlture,. in very close agreeme~t witf the res~lts o~ .Katzenellen-

bogen. Both of these latter laborator1es found that 1nclus1on of pro- · 

tein synthesis inhibitors lead to an immediate and substantial decrease· 

in the turnover rate of ER, suggesting that ER degradation is dependent 

upon the synthesis of other proteins with short half-lives~ 



Steroid hormone receptors exhibit, in general, rapid turnover 
I. . (\ 

rates. Androgen receptors have a half-life oii 3.1 hours (Syms et al., 

1985}; gll!cocorti coid receptors are degraded Jith a ha 1 f-1 ife o-;;; · 

hours-(Mcintyre and Samuels, 1985}; progesterJne ~ceptors display 
. . . . . . I . . . . . 

half-lives of 17 hours and 21 hours in MCF-7 €ells and T47D cells, . . . . I . . . 
respectively (Mullick and Katzenellenbogen, 1986; Nardulli and Katzen-

. . . . . . . ., . . . . 

ellenbogen, 1988). Apparently, progesterone receptors ·are synthesized 

in a proreceptor form in MCF-7 ce 11 s (exhi bitrng a 6 hour 1 ag between 

biosynthetic completion and acquisition of st~roid binding capability) 
. I 

but are able to bind progestins immediately arter synthesis in T47D 

cells (MUll i ck and Katzene 11 enbogen, 1986; Kaftzenellenbogen et 2..!_., 

1988; Nardulli and Katzenel_lenbogen, 1988; S~eridan ~21_., 1989)'. 
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Steroid receptor levels and activity arJ controlled by e~dogenbus~ 
exogenous, and autoregulatory processes; onlJ the most.significant . · . . I . . 
of these will be discussed here. Estrogen stimulates synthesis of · I . . .. 
its own- receptor (Sarff and Gorski,. 1971; Katzenellenbogen, 1980; Nar-

dulli and Katzenellenbogen, 1986; Campen and/Gorski, 1986}. Progester

one causes a down-re.gulation of estrogen rec~pto.r levels by enhancing 
. . . . . I . . . . 

E~ turnover a~d inhibiting ER replenishment rn.estrogen-treated cel~s/ 

t1ssues (Leav1tt ~21_., 1983; Takeda and Leav1tt, 1986)~ Superact1ve 

analogs of GnRH have been demonstrated to cause a reduction in uterine 

ER (Pedroza et ll· , 198.0.) .. Thyroi dectorhy a~d/or hypophysectomy cause ( s). 
. . . . I . 

a reduction in hepatic ER levels b~t qoesn'~. a·ffect uterine receptor 
. ,··· . , ·. . . ·I . 

levels (Norstedt et al., 1981; Ericks~on and Fr~yschuss, 1988; Frey-

schuss ilrld Eri cksson-,-1988}. Phorbo 1 esterL which. in hi bit estrogen

induced prol ifer~tion of MCF-7 cells, have ~een shown to cause a de-
. . . . . I 

crease in ER levels in these ce·lls (Guilbaua et !!.·, 1988). 



Androgens cause an up-regulation of androgen receptors by increas

ing both receptor half-1 ife and the rate of rJceptor 'synthesis {Syms 

et.!]_., 1985). Glucocorticoids cause down reJulation oftheir own. 

receptors (Okret et ~·, 1986), a,pparently by decreasing glucocorticoid 

_receptor gene transcription an~, hence, the steady-state mRNA levels 

(Rosewi cz ~ ~·, 1988). Estrogens. stimulate progesterone receptor 

- synthesis (Horwitz and McGuire, 1978a; Walte~s and Clark, 1979; Eckert 

and Katzenellenbogen, 1981,.1982) rather than/affecting the rate of 

receptor degradation .(Nardull i et ~·, 1988). Progestins cause a de-. 
. I 

crease in their own receptor levels (Vu Hai et !1·, 1977; Leavitt et 

~., 1983). This reduction appears to be the result of a progestin

stimulated increase in the rate of progesterone receptor degradation 
- - - - I - - -

and an inhibition of new receptor synthesis (Nardulli and Katzen~llen- · 

bog en, 1988). · 

Molecular-and Biochemical ·Propkrties of ihe ·Estrogen Receptor 
. , I 

Cytosolic estroge·n re-ceptors isolated- unde'r--low...:salt, hypotonic 

conditions migrate as~~ complexes during deJsity gradient centrifu

gation; estradiol~receptor·comPlexes sedimeni as 45 structures when 

tonic strength approximates that of the intrlcellular environment 
- . - - I 

Gorski~~·, 1968). The 8S -form of the cytosolic receptor is stabil-
- I -

ized by molybdate (Krozowski and Murphy, 1981; Redeuilh et al., 1981; 
- I I --. 
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Moncha rmont et a 1. , 1982; Hyder e-t a 1 . ,- ·1988~ and appears to -be a multi-
--_ -- 1-

meric complex (Mr = 290,000, Rs·= 7.7 nm) comprising two molecules 

· of a steroid binding protein and two moleculbs of a heat shock protein 

(Skipper et~., 1985; Rede-uil-h et~., 1987). The steroid binding 

protein is a single-chained polypeptide with a molecular weight of 
I . . 

I 



65,000 (Sakai and· Gorski, 1984) and the heat shock protein is a 90 

" kDa phosphoprotein similar to those associate~ with the tyrosine kinase 
I . 

family of oncogenes (Ziemiecki et El_., 1986; Ratajczak n El_., 1987, 

1988). ., 

· A biochemical 11 transformation 11 or 11 activation 11 must t_ake. place 

before steroid_hormone receptors can bind to DNA or nuclear acceptor 

sites (Grady n !}_., 1982). This phenomenon has been variously shown 

to be dependent upon changes induced by te~perature, salt, dilution, 

or hormone binding. The physicochemical"alt~rations associated with 

this process include changes in molecular-weight, surface charge, qua

ternary structure and sedi~ntation ch~ractetistics among others. . 

The universally documented physicochemical a/te~tion is"the acquisi

tion of an ineluctable affinity of the steroid rec~ptor for nuclear · 

components and DNA. 

Estrogen receptors in the 45 state are rncapable of binding to 

DNA. By exposing this re~eptor species to conditiciris of elevated tem

perature, dilution, high salt concentratioJ,"dialysis,or gel-filtra

·ti~n chromatography, the estradiol-recept~r complex becomes a homodi

meric construct comprising t~ 4S steroid b,riding subunits (De Sombre 

et ~·, 1972; Yamamoto ~nd Alberts, 1972; r 1 grom et .!1··· 1973a; Yama

moto, 1974). These 5S :activated _receptors display a decreased rate 
. ' . . -1· 

of estradiol dissociati·,on (Weic.hman -and Notides,,-1979·), are capable .. . . . I ,. . . . . ·. 
of binding to nuclear compone11ts and attivarng RNA synthesis ..!!!_ vitro 

·. ·(Mohla et El_., 1972)., an9 are 1detitical to the active form of the nu

clear estrogen receptor (Mi_l.le.r:: et·!l_., 1985). 

No unifying_ hypqthesis exists to explain the myriad experimental 
. " . ·.. . ' . . 

finding~ relating. to the ·.methani~m. of· transform·ation/activation. That· 
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this process is poorly understood is attested to by the multitude of 

studies and data produced in search of an expr anati on of this event •. 

Evidence exi.sts that transformation. rep~~esents an association 

of 45 subunits. This process has been propo,ed to occur via a confor

mational change in the 45 subunits which obe,s first-orde~ kinetics 

a.nd a dimerization of 45 molecules to form tje 55 homodimer which con

forms to second-order reaction kinetics (Bairy et .!!_., 1980; Muller 

et ~·, 1983). Involvement of cellular 11 factors 11 in activating the 

estrogen receptor has been proposed (Sato et ~., 1980; Thampan and 

Cl~rk, 1981). A Ca2+-activated protease has been demonst~ated to pos

~ess receptor-transforming c~pability (Puca . tal., 1977). There· is 
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an abundance of evidence showing that estrog~n receptors are phosphopro

teins (Migliaccio.et·al., 1984, 1986; Baldi ~tal., 1986; Auricchio, · 
-.-- -1 -. 

1989) an~ that phosphorylati~n could play alrole in ER activation (Ray-

mour·e· et .!!_~ , 1985, 1986; McNaught et !}_. , l986). Anaerobic conditions 

are also known to cause estrogen receptor a (ivation {Bulger et .!!_., 

1986). Much evidence e~ists_suggesting tha~ activation involves a I . . . 
decrease in surface hydtophobicity of the ER (Hansen and Gorski, 1985, 

. . . I 
1986;.'Hutchens el .!1_., 1987a, 19B7b)· .. ·Finally, a recent report demon-· 

strated a role for RNA in ER activation (GiJ~biagi and Pasqualini, 

1989). Receptor activation ·can be inhibite~ by transition metals such 

as molybdenum (Syamala and Leonard, 1980; G~ody et al., 1982), by phos

phatase inhibition, and by direCt stabiliza1ion· of the 85 receptor · . 

species. 

Modern techniques have made possible the identification of compli-
. . . . I . 

mentary DNA (eDNA) sequences of a number of intranuclear.receptors 

and ha:ve demonstrated that steroid hormone, thyroid hormone,.and retinoic 



acid receptors belong to a larger family of ,roteins with structural 

and functio·nal similar.ities (Walter et al., 1985; Greene et al., 1986; 
·. _-- I --

Petkovich et ~~, 19~7; Evans, 1988). Compalison of·receptor anatomy 

has revealed four distinct·domains which ca~ be demonstrated by molec

ular dissection of the generic·steroid recep or (reviewed in Spelsberg 

e t E..]_. , 198 9 ) . 
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The fir~t of these domains is a regulat0ry region located at the 

amino terminus of steY.oid receptors which fur~tions to mediate gene

specific transcription and to regulate rates~of transcription of these 

genes. ·A very highly conserved DNA-binding tforilain of approximately. 

66 amino acid residues is configured as zinctstabilized "fingers" involv

ing two pairs of cysteines which serve to coordinat~ the metal ion. 

Such a structural motif has been described )or a number of eukaryotic 

DNA-binding and regulatory proteins (Evans and Hollenberg, 1988); the 

11 finger 11 regions of these proteins are proposed as the .portion of the 

molecule which interdigitates with DNA. It]remains unclear whether 

steroid receptor architecture is i denti ca 1 '0 that of these regula tory 

proteins or only patterned in a similar styie by evolutionary forces 

belonging to the same school of design (Fra,kel and Pabo~ 1~88; Freed

man et E..]_. , 1988). The third, or .,.. hinge, 11 domain of steroid receptors 

is structurally relatedto other DNA-biildin~'proteins such as protamine 

• and the tetracycline repressOr, a~d may fun1tionto bind other regula-

,tor.Y proteins or to influence transcriptiOnil control processes. Anoth

er very highly conserved region of'ste~oid' lec~ptors is p~sent at 

the carboxyl terminus: Thi~.region is that involved in ligand binding 

and is relatively hydrophobic, in contrast o the DNA-bindin·g region 

which possesses ~more hydrophi-lic character. 

/ 
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Estrogen receptors'in rat uteri appear t be encoded by a single 

::::~::e:r::: :::N:~t::n:l::e: :::~:::e:f c:::la:::~:o:i:e:i ::b::: :~en. 
end and 74 nucleotides on the 3' end (Koike e al., 1987). A recent 

report from Parker's group (Hillier et &·, ll98; has provided evidence 

for a second, sma 11 er re 1 a ted RNA transcript thought to encode ·an estro

gen-binding protein which is present in mouse-ovaries. 

Another consequence of the recently acquired ability to clone 

receptor cDNAs and rna ke comparisons of de d ucJd p ri rna ry ami no acid s t ruc

ture of proteins has been the recognition thljt there is a marked simi

larity between ~te_~9id hormone receptors and proteins ·coded ·by viral 

and cellular oncogenes (Green- and Chambon, lr86; Fuller, 1988). 

Oncogenes represent highly conserVed nucl eot1de seque_nces present in 

the normal genome (proto-oncogenes) that code:· for proteins -involved 

in regulating cellular growth and/or differe~tiation, but that, when 

mutated or othe·rwise "activate-d,·.._ gain the prj tential for inducing or 

promoting :neopla-s~ic- transformat.i.on (Bishop, 1983; Weinstein, 1987). 
... . 

Retroviruses acquire their transforming potertial by infiltrating a 

normal hos.t cell and incorporating a proto-oncogene, often in an altered 

or mutated state, into its genomic material. It is probably not a 

fortuitous finding that rec~ptor~ ·for a·num~~~ of st~roid .hormones 

involved in mediating cellular growth and dJvelopmen~l· processej share 

a common an~~st~ with ~iral arid cellular ~Jcogene p~ducts. 



'Estrogen Action in the. Nucleus 

Estrogens and other stero~~.hormones inr uence target cell physi

ology-primarily by affecti~g processes mediated at intranuclear loca

tions. Prior to altering transcr~ptional p~lcesses, estrogen-ER com-
. I . 

plexes bind to nuclear acceptor sites. Three major classes of nuclear 
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acceptor sites for· ster6id hor~one rec~pto~s are currently recognized 

(reviewed in Rories and Spelsberg, 1989). the first of these is the 

nuclear matrix {Barrack and Coffey 1980, 198 , 1983; Barrack, 1987a. 

1987b) which, as mentioned in a previous sec ion, is a nuclear framework 

which lends strtictural support to the nucleus and is involved in organi

zation of DNA. The second class of binding sites is the chromatin 

·acceptor site group which has been· studied· ost extensively by Spels

berg's laboratory (Spelsberg et ~., 1987). Both nuclear matrix and 

chromatin acceptor sites bind steroid recep ors in a saturable, high 

affinity fashion with specificity for parti ular classes of steroid 

receptors. Nuclear matrix and chromatin ac,~pto~ sit~s are composed 

of both protein and DNA.:. The third class o nuclear .acceptor sites 

is the DNA acceptor sit~ or steroid-respons! element. These sites 

are specific DNA sequences located wit~in o ih close proximity to 

. steroid-regulated structural genes (Yamamot , 1985; Ringold, 1985; 

) · · • 1 · I · .h Beato, 1989 . These sites are essent1a co ponents 1n t e process 

of genomic activation (particularlj transcriptional ·regulation) pre

sided over ,bY steroid_ hormone receptors. The deg.ree to which these 

three classes of s1tes have overlapping or interdependent functions 

is not well-established at present. 

Estrogenic compounds have been docume ted to elicit a host of 

eff~cts with target cell nuclei (an excell nt treatise~n this subject 



3o 

which may be consulted is the review by Walte 1985). Tritiated 

estradiol can be found associated with chroma within 15 seconds 

of target cell exposure to this compound. leic acid uptake and 

nuclear RNA synthesis o~cur by 2 minutei after treatment. In the first 

15 minutes, estrogens cause increased RNA pol erase ~I activity, elevated 

specific mRNA synthesis, and an enhanc~d RNA~to-DNA ratio. Chromatin 

template capacity is increased 30 minutes ·RNA. polymerase 

I is elevated by one hour and an fncrease in total RNA can be documented 

6 hours following estrogen exposure. Thymidlne incorporation 

as DNA synthesis begin~ at 16 to 24 hourspo t-treatment. 

The rate of protetn synthesi_s is in_crea ed at one to four 

is·boosted 

hours 

after estradiol treatment, with peak protein ·synthesis occurring at 

18 to 24 hours. Cell division and ~terine g 6w~h ~r~ closely associated 

with peak protein arid DNA synthesis -- occur ing at 24 to 48 hours 

after uterine exposure"to·~stradiol. 

Estrogen effects on 'DNA synthesis and c,ll re~lication are complex.· 

For instance, the peak level ~f DNA synthe~is observed in uterine epi-. 

thelial cells after a single injection of estradiol can be suppressed 

by giving multiple doses of estradiol, an e feet apparently the result 

of an estrogen--mediated suppression of nucl ar DNA pol.ymeras~-a activity 

(Lin et !}_., 1988). However, DNA synthesis is not only a function 

of DNA po.lymerase.:.a activi'ty' (Stack· and Gorlki, 1984), but ·is related 

to the rate of cellular protein synthesis a d the degree of nuclear 
' ' 

estrogen receptor retention and processing Stack and Gorski, 1985a). 

Apparently, stable cell changes required fo sustained DNA synthesis 

are established within 3 to 4 hours of estr gen treatment but further 

exposure of the nucleus to ~~trogen-ER exes allows accumulation 
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of other factors involved in DNA synthesis (H rris and Gorski, 1978; 

Stack and Gorski, 1985b). It is unclear at pre.serit what these olher 

factors are but they may be steroid-induced !
1

ranscription factors (Cord

ing] ey ~ ll·, 1987). The complex mechani smj involved in establishing 

uterine proliferative.responses are only vaguely understood. However, 

the recent findings that estrogen stimulates an increase in both uterine 

epidermal growth factor mRNA and epidermal g~owth factor receptors 

(Di Augustine et !]_., 1988; Mukku and Stancel, 1985), when coupled 

with the known growth-promoting effects of eJidermal growth factor 

on uterine cell cultures, suggest that ~utoc!ine ~chanisms may be 

involved in the mitogenic response of uterink cel,ls to estrogens. 

Further evidence for locally produced,factor~ impacting on uterine 

proliferative responses is provided ~ a replrt showing that estrogen 

induces N-myc and c-myc proto-oncogene mRNA lxpression in rat uteri 

(Murphy et !]_., 1987). 

As previously mentioned, it appears that steroid hormone receptors 

belong to a supe~family 6f proteins with simi·lar .. DNA-binding domains. 

It also appears that the hormone-responsive elements for steroid recep-
. . 

tors constitute a family·of relat~d DNA sequences (Klrick et al.~ 1987). 

The 55 homod i ~ ri c form of the estrogen recJpto r comp 1 ex ~h-:-active 
. . . . I 

nuclear form of the receptor) has been show~ to interact directly, 

specifically, and with ·hi'gh affinity with its hormone-responsive element 

(Kumar and Chambon, 1988). ·In vitro techni~ues for,exploring estrogen 

receptor interaction with specific DNA consfrt.icts have been developed 

to further elucidate the mechanism and specrficity of ER binding to . 

DNA sequences (Kallos and Hollander, 1978; Pea.le et !.!_., 1988). Bind

ing of ER to chromatin results in alteratio~ of nuclease sensitivity, 



DNA ~thylation, histone acetylation, and trarscriptio~ rates of hor

monally-responsive genes (revie~d in Yamamotr·.1~85). These aspects 

of receptor modulation of DNA structure and act1v1ty have been particu

la.rly well-characterized for vitellogenin gen~ regulation by estrogens 

(the reader is referred to Shapiro et !]_. , 1983 for review). Besides 

estrogenic effects_on the vitellogenin gene itself, estrogen has .been 

shown to stabilize vitellogenin mRNA against cytoplasmic degradation 

(Brock and Shapifo, 1983). 
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Accessory proteins are certainly involved in altering DNA structure 

and transcriptional activity. N~~lear matril and nuclear ac~eptor 
stte proteins are likely candidates for som~ of.·these roles. There 

··, 

is also evidence for the involvement of transcri~tion factors in estra-
. I 

dtol-ER complex binding.·to .DNA (Feavers eta)., 1987), initiation of 

transcription (Wijnholds et ~-, 1988), and rnhibition of transcription 

(Adler ~ ~- ,- 1988-). It further appears thkt a 11 classes of steroid 

receptors compete for a common pool of these factors (Meyer et ~., 

1989). Estradiol-ER complexes have been shown to modulate transcription 

of hybrid genes in a promoter-specific fashion in homol6gous nuclei· 

( Jost et ~- , 1985). It has a 1 so been repored that a .ce 11-free prepara

tion from an estrogen-responsive tissue allred estrogen-dependent 

transcription from the vitellogenin promote1 (Corthesy et ~·· 1988), 

thus providing a powerful tool for analyzing_ mechanisms and factors 

involved in gene expression. The regulatorJ mechanisms which promote 

gene transcription are apparently highly·cofserved, s~nce expression 

of human estrogen receptor in yeast leads t~ hormone-dependent stimula

tion of transcription (Metzger et !]_., 19881. 
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Membrane-Associated Steroid Receptors 

An abundance of evidence exists which s pports the premise that· 

membrane-associated steroid receptors servicJ cellular needs by partici

pating in hormonal recognition and regulatio~ of target cell physiology. 

Plasma membranes have been sho~ to harbor sich binding sites. Particu

larly notable is the work done by Szego's lao at UCLA which has extensi

vely and meticulously characterized this claJs of binding sit~s in 

estrogen-responsive tissues and cells. Earlf ~rk by this group docu

mented binding of estrog~n target cells (in iheir intact state) to 

estradiol immobilized by covalent att~chment to an inert suppori (non

target cells lacked the ability to bind; Pie ras and Szego, 1977) .. 

These workers also performed extensive experimentation which demon

strated the -importance of buffer composition and homogenization tech

niques in isolating plasma. membrane fractions free of tytosolic contami

nation but in full possession of their compl
1

lment ofestrogen receptors 

(Pietras and .Szego, 1979, 1980). Plasma membrane estradiol binding 

sites have also been demons;rated on MCF-7 Jells using the.fluorescent 

conjugated compound, estradiol-bovine serum albumin-fluorescein iso

thiocyanate (Be~thois et !1·, 1986). This High-molecular-weight macro-

molecular complex impeded diffusion of~strJdfol across the plasma . 

membrane and allowed quantitative analysis jf membrane binding sites 
I 

by the sensitive technique of spectrophotof uorimetry .. More recently, 

plasma membrane binding· sites for estradiol were found on pancreatic 

acinar cells when they were probed with profein-A-gi>ld conjugated anti

body raised against the estrogen-binding protein of rat pancreas (Gross

man et !.!:· , 1989). It should a 1 so be notedlthat the existence of a 

plasma membr~ne-assbciated estrogen recepto . has been disputed by on~ 



group who concluded that contamination of-membrane preparations with 

cytosolic ER accounted for all of the membranl-associated binding 

(Muller!!.!!_., 1979). 
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Other steroid receptors· have also shown an_ associati~n with plasma 

membranes. Photoaffinity labeling techni~ues have;demonstrated proges

terone receptors in the plasma ~mbrane of xJnopus laevis ooc~es 
(Blondeau and ~aul·ieu, 1984). Plasma membra~e binding sites for gluco

corti coi ds .have been 'dOcumented in 1 iver {Su~emi tsu and ~erayama, 1975); 

Trueba ~t a 1·. , 1987; Howe 11 et a 1 . , 1989) , adenohypophys 1 s (Koch et 

.!!_., 1978)-, brain {Towle. and-;z: 1983), and !skeletal muscle (Savart 

and Cabillic, 1985). Binding proteins for aJdosterone (Ozegovic et 

.!}_., 1977) and triiodothyronine (Centanni et .!!_., 1989) have also been 

found in target.~ssue pllsma membrahe~andrssumed to be involved 

in carrier-mediated uptake of their correspoting ligands. 

Like the pla~ma membranes, microsomes have been demonstrated to 

harbor steroid hormone binding proteins. Mi~rosome-associated binding 

of estradiol was detected in the early study of estrogen action by 

Gorski•s group (Noteboom and Gorski, 1965). A later report by another 

group presented data showing that high-affinrty binding sites fot estra

diol are located in the smooth endoplasmic Tti cul urn of rat liver {Blyth 

et .!!_., 1972). Calf uterine microsomal ~mranes house binding sites 

for estradiol which are tissue-specific, high-affinity, low-capacity 

estrophiles which account·for 7% to 15~of ~he total estradiol binding 

capacity of uterine homogenites (Parikh·et .!!_., 1980). Non-stimulated 

porcine endometrial cells have been demonstiated to store over half . 

of the total cytoplasmic ER in the microsomal compartment (Sierralta 
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and Szendro, 1983). Immunocytochemical tech iques have shown a signifi

cant population of estrophiles resident in the endoplasmic reticulum 

of rat pancreatic acinar cells (Grossman et ~1., 1989). Baker's labora

tory has described a ribosome-associated bin~ing protein for estradiol 

which can be subfractionated from the microsomal fracti~n of rat uterine 

homogenates (Lab-ate et al., 1986). Our laboratory has previously de

scribed and partiall~characterized a micro1omal estrophile (Cidlowski 

and Muldoon, 1978; Muldoon, 1985; Watson and Muldoon, 1985; Muldoon 

et !]_., 1988); the results of these studies were summarized earlier 

in section A of the introduction. 

Rat liver and uteri have been shown to possess a microsomal proges

terone receptor with bi_o.chemical properties distinctly different from 

those of the cytosolic receptor of those tissues (Haukkamaa and Luuk

kainen, 1975; Drangova et !]_., 1980). Immul/oelectron microscopic tech

niques utilizing anti-progesterone receptor monoclonal antibodies re

vealed an association of-progesterone recep or with rough endoplasmic 
I 

reticulum and ribosomes in rabbit uterine srromal cells (Perrot-Applanat 

et al., 1986). Androgen receptors associated with microsomes have 
-- - - ·i 
been described by our laboratory (Steinsapir et !]_., 1985; Muldoon 

et !]_., 1988) and others (Farnsworth, 1972; Robel et .!!_., 1974). Micro

somal fractions from rat liver have been demonstrated to bind glucocorti

coids with high affinity and specificity (~~~ski and Lit~ck, 1969; 

Ambe 11 an et !]_., 1981; Omrani ~ .!!_., 1983). 

The most extensively characterized microsomal estrogen receptor 

is that of the pig ~terus, studied by Jung~~ut•s group at the Max Planck 

Institute for Experimental Endocrinology. The receptor described by 

this group is a 11 basic 11 3.5S species of ER-which has a lower net charge 



than the cytosolic or nuclear receptors and ppears to be an early 

product of receptor bios~nthesis (Little et ol., 1972, 1973, 1975). 

This 3.55 basic ER displays the same affinitffor estrogens as its 
I . 
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cytosolic anp· nuclear counterparts and exhibrts an estradiol-induced 

dimerization to a 4.55 form similar to the 4S to 55 dimerization which 

the cytoso 1 i c rec-ep_tor undergoes in resp_onse to estrogen exposure (Little 
. . - . 

_ll_ll;, 1973). The"aci di c'' cytosol and. nuc~ ear estrogen receptorS 

have been converted to the microsomal basic.·.ER-·by in vitro treatment 

of the acidic receptors with end.oglycosi dasek (jungbl:ut et _ll., 1980). 

All of these receptors can-be converted to a common proteinaceous core 

by treatment with trypsin (Jungblut et .!!_., 1980). These two findings 

suggest that a precursor-~rqduct re l_a t i onshi p exists between the basic 

microsomal ER and the acidic -cytosolic and nuclear r~ceptors. Th1s 

group further-determined that the basic micnosomal receptor is almost 

exclusively associated with the rough endoplasmic reticulum, while 

the smooth endoplasmic reticulum is rtch in acidic receptor (Szendro 

et-.!1_., 1983). Further studies by Jungblut•s group examined microsomal 

ER dynamics in response to acute estradiol treatment in the presence 

and absence of protein synthesis inhibitors (Sierralta _g.!]_., 1987). 

These investigators found that ER was translocated from the smooth· 

endoplasmic reticulum to the nucleus with a 1:1 s~oichiometry following 

exposure of isolated porcine endometrial cells to estradiol. Puromycin 

treatment did not impair microsome-to-nuclefs transfer of receptors, 

but did impair new receptor synthesis and allowed for rapid degradation 

of residual nuclear receptor. This study fiund that synthesis of new 

ER ocCurs in the rough endoplasmic reticulut and is followed by post

translational modification and receptor deposition in the smooth 



endoplasmic reticulum. This post-translational modification was found 

to be dependent on intact mechanisms of protkin synthesis. 

The microsomes are also home to antiest~ogen binding sites. 

Although s~thetfc nonsteroidal antiestrogenl can interact with the 

estrogen receptor (most of their antiestroge~ic activity is expressed 

in this fashion), they also bind to another intracellular binding site 

with high affinity (Sutherland~ El·, 1980). Further investigatio·n 
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of these sites revealed that· they are associated with microsomes (Sudo 

~El., 1983). At least 75% of these sites are concentrated in this 

fraction; the bulk of those have been demonstrated to reside on degranu-

1 a ted rough mi crosoma 1 membranes, with a smJll er amount present in 
- - I 

smooth microsome~, and practically none recoverable in the ribosomal 

fraction (Watts and Sutherland, 1984). It Jas been suggested that, 

because many of the antiestrogenic compoundJ that bin~ ·td these sites 

also po~sess ~ntihistaminic activity, these receptors represent a novel 

form of histamine .receptor (non-H1, non-H2) which mediates growth (Brandes 
. - . . - . . I . 

et El·, 1987). The antiprol i·ferative effects of non-steroidal antiestro-
1 . 

gens would thus represent antagonism of histamine action at this receptor 

site. The conterminous and contemporaneous existence of both estrogen 

and antiestrogen binding sites in the microsomes raises the intriguing 
I 

possibility that an interplay between these receptors exists that may 

function· to mediate some of the antiestrogenic effects of triphenylethyl

ene and other classes of nonsteroidal antie~trogens. 

Extranuclear Actions of Steroids 

Having firmly established the existence of membrane-associated 

steroid receptors, I will now turn to the Jxistential considerations 
I 
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of their role in cellular physiology-- i.e. the so-what aspect. 

Steroids have been demonstrated to exert a number of influences on 

cellular membrane~ through both receptor-medi~ted and direct mechanisms 

(Szego and Pietras, 1981; Duval et al., 1983; ·Erulkar and Wetzel, 1987) . 
.. -, -- I· 

Estradiol has been shown ·to produce a rapid ~within one minute) effect . . . l . 
on. plasma membrane-~tr~cture iri MCF-7 cell~ ~Pourreau-Schneider et 

- I -

.!.!_.·, 1986). It appears· that' these alteratio~s in membrane structure 
. I . 

may result from rearrangement of cytoskeletal proteins in MCF-7 cells 

(Sapino et il·• 1986). Such a postulate is ~ade more plausible by 
I . 

data showin9 that estradiol bin!;ling ,sites ex1s~ associated with cyto-

sketal structures (Puca et al.,.1983). Esttad1ol also causes membrane 
-- I. . 

perturbation in the luminal surfac~ of ~n~om~trial cells within 30 

seconds of admin~stration to ovariectomized ~ats in doses equivalent 

to physiological hormone levels (Rambo and slego, 1983). Involvement 

of microtubules in this process has been well-documented (Sz~go et 

al., 1988); however, the proximate mechanism responsible for the fleet-. 

:ss with which target cell niembranes reorga,nize based on underlying 

cytostructural modifications is a matter of sp·eculation. A· suasive 

argument could be made for the likely invol,ement of lysosomes in.mediat

ing these effects. From a teleological perspective, these organelles 

have both motive and opportunity. lysosomeJ are kno~ to respond with, 
- : . .. / 

rapidi~ (via receptor-metliated mechanisms)ito,estradiol exposure (Szego 

and Pietras, 1984). Furthermore; they possess a wide array of hydrolytic 
. I 

and nonhydrolytic components capable of mobilizing cellular resources 

to alter the degree of phosphorylation of t~bulin (and hence its ability 
. I . ~ 

to undergo self-assembly) through microtubule-associated intermediaries 
. . . I -

such as various protein kinases. The.motiv~ for coordinating changes 
I· 

I 
I 



in surface structure might be that such revisions are requisite for 

. receptor-steroid complex endocytosis -- as stggested by the internali

zation model of steroid hormone action (Szega, 1984). Other target 
-I 

cells in which estradiol has been shown to effect raid alterations 
I 

in plasma membrane architecture include pituitary (Dufy et al., 1979), 
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.·-1 --

hypothalamus (Garcia-Segura et !_l., 1987), arnd extrahypothalamic central 

nervous system neurons (Smith et !_l._, 1987a, 1987b). 

A number of estrogenic responses depend~nt upon-receptors for 
. I 

their generation are known to proceed without prior influence of estro-

gens on the status of genomic activity. Exalples of these include 

estrogen-induced uterine eosinophilia, edema! histamine release,. in-
. . I 

creased vascular permeability, and luminal fluid accumulati_on (Tchernit-
1 

chin, 1983). Physiologicat levels of estradlol have also been shown 

to cause elevated calcium infl~x (Pietras an~ Szego, 1975) and cyclic 

AMP accumulation (SzeQO, 1972) within 2, 5 miLtes of target cell ex

posure to the steroid. 

Progesterone has been shown to inhibit phosphorylation of a plasma 
. I . . 

membrane protein in frog oocytes (Blondeau a~d Baulieu, 1985) through 

a direct effect independent ot' protein synthJs i.s. The decrease in 
. . -I 

phosphorylation of this protein is a harbing~r of 'impending meiotic 
. . . !. . . . 

division and is apparently mediated through ~he involvement of a plasma 
• I 

membrane progesterone receptor (Baulieu !!!l·' 1985). In human skin 

fibroblasts, la,25-dihydroxycholecalc1ferol fas been reported to cause 

a receptor-mediated increase in cyclic GMP within one minute of treat~ 

ment with this secosteroidal compound (Barsofy and Marx, 1988). Thyroid 

ho~one responsive cells have been presumed 1o house their full comple

ment of receptors within the nuclear compartment. However, recent 

I 
i 

. ! 



reports demonstrate that rat thymocytes posse~ss plasma membrane rece·p

tors for thyroid hormones which mediate the Japid increases in cyto

plasmic calcium levels (Segal and Ingbar, 19~9a), cAMP concentration 

(Segal and Ingbar~ 19S9b) ~· and sugar uptake (Segal, 1989) stimulated 

_by thyroid hormone treatment. 

Other extragenomic effects of .steroids which .. are perhaps more 

48 

. . .I . . . 
likely contingent upon microsomal receptors ,or their regulation include 

steroidal influences on translational processes. Estradiol-ER complexes 
I 

have been: shown. to associate ~i~ti· cytoplas~iJ ribonucleoprotein parti-
. . . I 

cles..!!!. vivo and·..!!!. vitro (Liang and Liao, 1~74). Androgens can enhance 

initiation of protein synth.esis by causin.g. a~ almost immediate increase 
. I . 

in methionyl-tRNAf binding to ribosomes. in r~t ventral prostate (Liang 
. I 

and Liao, 1975). Estradiol stimulates an ea~ly, transient activation 
. i 

of peptide elongation on uterine microsomes (Whelly and B~rker, 1974, 

) 

. I 

1982 . This effect is apparently i~dependenf of _transcriptional pro-

cesses since it occurs within one hour of espradiol treatment and is 

insensitive to actinomycin D. It has ·been ppstulate~ that unoccupied 
I 
I 

estrogen receptors on uterine ribosomes inhibit protein elongation 

and that their occUpation with estradiol rel~ases this inhibition 
\ 

(Lebate et ~·, 1986). Direct translational regulation of the synthesis 

and processing of glucose-6-phosphate deh~1ogenase has been attributed 

to estrogen•·s effect on events occurring in the cytoplasm (Donahue 

and Barker, 1983; Cummings and Barker, 1986). Barker•s group has also 

provided data suggesting that estrogens are capable of modifying pro-

tein synthetic rates by altering levels of specific tRNAs 

for the synthesis of certain uterine protei~s (Whelly and 

Rasmussen et 21_., 1988). I 

necessary 

Barker, 1985; 
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In summary, the recipes for hormone-mediated events have been 

handed down to each successive generation th1oughout evolution, their 

essential ingredients shopped from supermarkets of genomic and extra

genomic processes and assembled according to Nature's cookbook. Invest

igations into the mechanism of action of sterid horriJones have re~ealed 

that steroid hormone receptors are master chefs in the kitchens of 

. target cells, directing the compilation of j!st the right c~binati6n 
of cellular ingredients to produCe a weH-coJt-dinated biological re-

:1 
sp~nse (the ·perfect souffle, as it were). M~_ch progress has been made 

toward urilocking the doors behind which are ~id th~ se~r~ts of cellular 
.. . I , 

physiology; continuing res·earch ~-fforts shou1d allow further enumeration 

and clarification of the contributions made ~Y steroid receptors in 

their roles as cardinal regulators of cellui.ar_:operations. 
!· 



~1A TERIALS AND METHODS 
I 

· . Anima 1 s I 

Adult female Hoitzman rats (Holtzman labbr~to~ies, Madison, Wis-
1 •• r 

cons in), weighing 200-300 ·g were exclusively !used for these studies. 
. . I ·:> 

The anima 1 s .were m~i nt~ i ned under contro 11 ed !conditions · ( 25°C, 14 hour/ 
•• I 

10 hour light/dark schedule) in a· vivarium facility. O~ariectomy, 
I 

where indicated, was performed under light e~her a-nesthesia 2 weeks 
I 

i 

prior to sacrifice. Once anesthetized, a mi~line vertical incision 

was made on the dorsum of the rat. Sharp dissection technique was 

employed to traverse the fascial layer. The~muscle pl~nes just lateral 

to the midline incision were separated by blunt dissection on the :;right 
I ,. 

and left sides. The distal aspects of both uterine horns were ligated 

and the ovaries freed from their vascular an~ ligamentous pedicl·es. 

Subsequent to excision of the ovaries and ac~i eve.ment of hemostasis, 

the incision was cl.osed with stainless steel 1 surgical clips. Animals 

were returned to their cages, provided with a diet of commercial rat 

chow and water~ libitum (as they had been prior to surgery), and 

monitored for evidence of infection. 

Steroids and Reagents 
I 

17s-[2,4,6,7-3H]-Estradiol ·(100 Ci/mmol) was obtained from a com-
• I 

mercial source (New England Nutlear) and pu~i~ied to >98% radiochemical 

purity by means of descending paper chromatography in two succe~sive 

systems as established by Mahesh (1964). The first system employed 
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petroleum ether/benzene/methanol/water in rat~os of 67:33:80:20 and 
I 

the second chromatographic s.tep·was benzene/methanol/water (150:75:75). 
! • 

Radioactivity co~responding to 17s-estradiol ~as localized cin paper 
,. :? i 

strips in a Packard· 7201 Radiochromatogram S~anner. The radiolabeled 
I 

steroid was eluted, prepared in absolute eth~nol, and specific activity 
. . i 
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calculations were modified to account for the loss of ra_dioactive _impur-
. . 0 ' 

I. 

ities. Radioine~t steroids were obtained frqm Sigma Chemical Company 
• I 

(St·.-. Louis, Missouri) or St~raloi"~s_ (Wilton, 1New Hampshfre) except 

· for 16a-estradiol which wa~ a gift ~rom ParkJ, Davis and Company 
€). I 

(Detroit, Michigan). Hydroxylapatite (Bio-g~l HTP) was from Bio-Rad 
~ 

(Richmond, California). Dextran~coated char~oal (DCC) was a mixture 

of 0. 5% Nori t A (Amend Drug and Chemica 1 Co. i I rvi.ngton, New Jersey) 

and 0.05% dextran (Nutritional Biochemical Company, Clevelarid, Ohio) 

suspended in the appropriate buffer. Anti -estrogen ·receptor monocl on a 1 

anti body JS34/32 was a gift of Dr. Indu Pari ~h, .Burroughs We 11 come 

Research Laboratorie~ (Research Triang1e Park, North Carolina). All 

other chemica~s were obtained from either Sigma Chemical Company or 
/ 

Fisher Scientific and were of reagent· grade or bette_r. Ultrapurified 

water {the functional equ'ivalent of deionize8, glas·s-distilled water) 

was used for the preparation of buffers and reagents. 

Buffers 

The buffer: .. employed for most of the stu'dies was TEDSP (0.05 M 
. '. - i 

Tri s, 1. 5 mM Na2 EDTA, 0. 5 mM di thi othrei to lj (OTT), 0. 25 ~1 sucrose, 
I 

1.0 mM phenylmethylsulfonyl fluoride (P~1SF) :at pH 7.4, 4°C). trhis 
• I 

buffer was prepared at room temperature by bringing the appropriate 

amounts of Tri s, EDTA, s·ucrose, and OTT to volume. and subsequently 



I 

adding PMSF .· The ·PMSF was _pre·pared as a 0~2:5 Mstock solution in 
. I 

methanol.· This stock solution was slowly add~d to the buffer (over 

15 to 20 minutes) while stirring the buffer vjgorously at room tempera

ture (this a 11 ows foY. full sol ubi 1 i Zati on of jthe PMSF). After the 

addition of PMSF, the buffer was cooled to 4°!C and the pH was adjusted 
J . 

to 7.4. In some experiments, sodium molybdate was used in various 
i 

concentrations. · The molybdate was added to ~uffers after they had· 
I 

been brought to volume (this prevented the d~y OTT from reducing the 
I 

sodium molybdate crystals -- which forms a y~llowish metallic oxyanion 
'. 

product). In studies of the effe~ts of pH u~on bindirig, either MES 

or HEPES was substituted for Tris in the stock buffer. 

Tissue Preparation and Subcellular Fractionation 

Animals were killed by decapitation and ia transverse incision 
I 

was made across the ventral aspect of-the an~mal. to give wide exposure 

of the peritoneal cavity. (At the time of tissue harvest, all animals 

were checked to assure completeness of surgical ablation of ovarian 

tissue.) The uteri were quickly freed of their mesenteric and ligamen

tous attachments, excised~ and received in ice-cold TEDSP buffer. 

Collected tissue was blotted dry, weighed,· ar;Jd minced after addition 
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of homogenization buffer. The uteri were thrn homogenized in a Polytron 
I 

homogenizer with three 10 second bursts (whi~e the homogenization tube 
I 

was maintained in contact with an ice-water ~ath) with 30 second periods 
I 

of cooling in· ice between bursts. A ratio of 10 ml of homogenization 



buffer (TEDSP unless otherwise specified) per: gram of uterus was con-
I 

sistently employed for homogenization purpose;s. The resulting homog

enate was centrifuged at 800 x g for 20 minut~s to yield the nuclear-
1 

. • I 
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myofibrillar fraction :(pellet) and the cytopl:asm (supernatan~). Centri-

fugation of the cytoplasm at 11~000.x g fori~ mi~utes yielded the 

mitochondri~~/heavy microso~al· pellet and th~ post-mitochondrial super-
. : . 

natant. Exposure of the post-mitcichondrial ~upernatant to a centri-· 

fugal force of 105,000 x g for 60 minutes yielded the microsomes (pellet) 

and cytosol (supernatant). Prior to use, the nuclear pellet was washed 
I 

. ~ . 

3 times in TDSP wtth 2.5 mM MgCl2 substit~t~~ for the EDTA, for the 

purpose of stabilization of the nuclear membrane (Noll et !l·' 1975). 

The nuclear pellet was re-:-isolated by centrifugation after each wash 

and finally resuspended in TEDSP using a Dounce homogenizer (B pestle). 
I 

The mitochondrial pellet was washed once and isolated by centrifugation 

before resu~pension in TEDSP with a Dounce homogenizer (A pestle). 

The microsomal pellet was resuspended in TEDSP, isolated by centrifuga

tion and reconstituted in TEDSP using a Dounte homogenizer (A pestle) 

for resuspension. These fractions were then ready for ·use in binding 

assays. The cytosol was used without modification. 

Binding Assays 

The fractions obtained via differential: centrifugation of the 

homogenates prepared from rat uteri were exafllined for estradiol binding 

activity. Saturation binding analysis was pbrformed and data obtained 

were transformed according to the method of .Scatchard (1949) to derive 

the equilibrium association binding constant (Ka) and the concentration 

of binding sites (Bmax). 



54 

.Characteristic st~tisti~al features of:binding-equilibria can 

be used to derive the relationship between the concentration of occupied 

receptor site's and free ligand concentration (Cantor and Schimmel, 

1980); For th~ simple case in which all sites are independent and 

non-interacting (as is the case with estrogen receptors in the concen

trations empl~yed in these studies), we may consider the microscopic 

equilibria for a steroid (S)' bin:ding to a receptor (R) containing n 

binding sites. Using the assumption that all binding sites possess 

the same dissociation constant (Kd) regardless of the degree of occu

pancy of the other sites allows us to assume the following equilibria: 

R0 + S ~ R1 

R1 + S ~ R2 

Rn-1 + S ~ Rn 

in which the subscript of R represents the number of steroid molecules 

bound. If we let R; represent the total set of microscopic species 

that have bound i molecules of S, then statistically speaking, there 

are ~n,i different ways that n sites can bind i ligands: 

~ · = n x (n-1) x (n-2) x_ .. _. x (n-i + 1) r n, 1 . I 1 • 
= n! 

(n-i)!i! 
(2) 

Note that the i! term in the denominator is a statistical correction 

which negates the·Jarrangements counted more than once in the numerator, 

thereby eliminating redundancy. Therefore, Ri represents a total of 

n,i microscopic forms. 



Let Ys represent the fraction of receptor sites occupied by their 

steroidal ligand. Thii term is expressed as moles of ligand bound 

per mole of receptor; however, since the preparations typfcally used 

in recepto~ binding studies are not homogeneous receptor_preparations 

but contain a number of cel]ularcomponents, this term i_s· fn practice 

expressed as moles of steroid bound per milligram of protein or per 

milligram of DNA (for nuclei).· Vs is given by the expression 

Ys = f i(Ri)l t (Ri) (3) 
j =0 . i:O 

Macroscopic dissociation constants can be used to express the concen-

tration of any form of Ri in terms of any other form. Hence, 

K1 = (R0 )(S)I(R1) (4) 

Ki = ( Ri -1) ( S) I ( R; ) 

Kn = ( Rn -1) ( S) I ( Rn ) 

and in the more general sense: 
0 

I 

(Ri) = (Ri-1)(S)1Ki = (R0 )(S)iiTT Kj (5) 
j=1 

A relationship between the macroscopic dissociation constant Ki and 

the microscopic dissociation constant Kd can be demonstrated. For 
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the equi 1 i br'i urn Ri -1 + S ~ Ri, Ri ..:.1 comprises ~ n, i -1 microscopic forms 

and Ri is made up of t'n, i mi crospeci es .. This gives the fo 11 owing di ssoc

iation constants:, 

(microscopic) Kd = [(Ri-1)1~n,i-l](S)I[(Ri)l~n,iJ · 

(macroscopic) Ki = (Ri-1)(S)I(Ri) 

(6) 

(7) 

Rearrangement of·equation 7 and substitution into equation 6 gives 

the following relationship: 

Ki = (~n,i-11~n,i)Kd (8) 



Therefore, equations~' 5, and 8 can be combined to give· 
c 

(Ri) = (Ri-1)(5)/Ki = (Ri-1)[(n-i + 1)/i][(S)/Kd] (9) 

which: can b~-e~panded to i~tlud~·th~ entire ensemble of species of 
... 

R: 

(R;) = (R0 ) Lh[(n-j+ 1/j]J [(S)/Kd]i (10) 

By substituting equation 10 into equation 3, the following is derived: 

_ ~ i ( ~[(n-j + 1)/j]) [(S)/Kd]i 
Ys = i=1 ( j=1 ~ (11) 

1 + t:; ~~f(n-j+ 1)/j]J [(S)/Kd]i 

Note that . 
I 

n [ ( n-J + 1) /j] = n ! ( n- i ) ! i ! 
j=1 

which, when substituted into equation 11 gives 
n 

~ i[n!/(n-i)li!][(S)/Kd]i 
Ys = _i_=1----------------------~ 

n 

1 + E [n! I ( n- i )! i!] [ ( S )/Kd] i 
i=l 

(12) 

(13) 

According to the Binominal -Theory of _general algebra, the denominator 
. . 

of equation 13 ii the binomial expansion of [1 +.(S)/Kd]n : 
n. . 

[1 + (S)/Kd]n = 1 +~[n!/(n~i)!i!][(S)/Kd]i (14) 
. i= I 

Differentiation of this equation with respect to (S)/Kd a-nd multipli-

cation by (S)/Kd yields the following equation, th~ right-hand side 

of which corresponds to the numerator of equation 13: 
n 

n[(S)/Kd][1 + (S)/Kd]n-1 = ;Li[n!/(n-·i)!i!][(S)lKd]i (15) 
i:q . 

S4bstitution of equations 14 and 15 into equation 13 and simplifying 

gives 
-
Ys = n(S)/~ 

1 + (S /Kd (16) 
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Since n = 1 for steroid hormones, equation 16 simplifies to: 

Ys = (S)/Kd ( 17) 
1 + (S)/Kd 

which can be arranged to give 

Ys = (S) (18) 
.Kd+{S) 

This equation can be rewritten as 

Vs = B = . (S) (19) 
Bmax Kd + (S) 

where B represents the amount of steroid bound and Bmax is the maximal 

level of steroid binding. Equation 19 can be ~lgebraically rearranged 

to yield 

(20) 

A plot of B/(5) versus B yields a straight line with a slope of -Ka· 

and an abscissa intercept of Bmax· Such a graphical representation 

of binding data is termed a Scatchard plot~ 

Preparation of Hydroxylapatite Suspension 

Hydroxylapatite slurry employed in some. assays to separate bound 

and free steroid was prepared by a modification of· the technique of 

Pavlik and Coulson (1976). One part of hyd-roxylapatite powder was 

suspended in six parts of ice-cold TP buffer (0.05 M Tris~ 5 mM KH2P04, 

pH 7.4). The mixture was swirled gently and the solid material was 

allowed to sediment over a period of ten minutes (maintaining the 

temperature of the slurry at 0° to 4° C). The supernatant was decanted 

along with the suspended fines and was discarded. This process was 

repeated three more times. Two subsequent washes were done using TE 
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buffer (0.01 M Tris, 1 .. 5 mM Na2EDTA, pH 7.4). Final resuspension was 

done in TE buffer ·(3. 75 ml/g hydroxylapatit.e)· and the slurry was stored 

Preparation of Dextran-Coated Charcoal 

A mixture of 0.5% Norit A and 0.05% dextran was prepared using 

TE buffer. The solids were allo.wed to settle overnight and the super

natant containing ch~rcoal fines was aspirated and discarded. The 

charcoal was re~uspended in the 6riginal vdlume of TE and the sedimen~ 

tation/decantation process was repeated twice more. Final resuspension 

of the charcoal was don~ using TEDSP buff~r. 

Cytosol Receptor Bindin~ Assay 
l 

Unoccupied cytosoli~ receptor was assayed by incubating 0.125 

ml aliquots of cytosol in the presence of increasing concentrations 

(0.1 - 5.0 nM) of 3H-estradiol in a total volume of 1 ml (TEDSP buffer 

was used as the diluent). Identical samples contained a 100-fold molar 

excess of unlabeled estradiol to allow determination of and correction 

for nonspecific binding. These tubes were incubated for 18 hours at 

0° C. S~paration_of bound and free steroid was carried out by one 

of two methods. In the first of these, hydroxylapatite suspension 

{0.250 ml) was added to each tube. This mixture was incubated for 

30 minutes at 0° C with vortex mixing of each tube at 10 minute 

_ intervals (this step allows adsorption of the E2-ER complexes to the 

hydroxylapatite). Subsequent to this incubation period, 2 ml of TEDSP 

was added to each tube and the test tubes were .centri~uged at 1000 

x g for 10 minutes~ The supernatant was discarded and the pellets 
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were _\1a_shed 3 time·s with TEDSP buffer. The -plastic test tubes in which 

the assays were performed were then cut near the bottom and placed 

in a mixture of 0.5 ml ethanol a_~d 10 ml of Permablend scintillation 

cocktail, shaken for 2 hours, and counted. Alternatively, 1.0 ml of 

DCC slurry was ad.9ed to each-'test_tube_at the. en-d of the incubation 

period. These tubes were then vortexed and incubated for 10 minutes 

on ice to allow adsorption of the.free steroid to the chartdal-. Sub

sequ~ntly, these tubes ~ere centrtfuged at 1000 x g for 10 minutes 
. . . 
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and 1.5 ml aliquots of the supernatant w~re transferred to scintillation_ 

vials. 10 ml of Permablend scintillant was added and the vials were 

shaken for 2 hours and cotinted. 

Total cytosolic ER was determined by a modification of the method 

of Katzenellenbogen ~.!!_. (1973). Sample preparation and assay volumes 

were the same as the assay for unoccupied sites. These assays were 

performed in triplicate using 5.0 nM 3H-estradiol. The assay mixture 

(including 0.125 ml of cytosol) was incubated for 60 minutes at 30° 
. . . . 

C ·to allow exchange of e~ogenously adde~ labeled estradiol for the 

estradiol bound endogenously. This allowed 85 + % exchange (see Results 

section). Following the incubation period, the tubes were transferred 

to an ice bath. and allowed to incubate for 30 minutes ·at 0° C. Addition 

of DCC or hydroxylapatite and separation of bound and free hormone 

was performed as described above as were the subsequent steps_ of scintil

lant additions, shaking, and counting. 

Microsomal Receptor Binding Assay 

Determination· of estradiol binding activity in microsomal fractions 

was identical to the procedure used fdr cjtosblic ER assay, except 



for the following modifications. The volume· of microsomal suspension 

used was 0.25 ml (0.10 to 0.50 mg prote.in per tube) while the final 

assay volume of 1.0 ml was maintained .. The steroid ·concentrations 

used were 0.05 - 3.0 nM 3H-E2 with and without a 100-fold excess of 

radioinert E2 for correction of nonspecific binding. The exchange 

assay used for quantification of total microsomal binding sites for 

E2 was performed under conditions identical to that of the cytosolic 

receptor (again using 0.25 ml of the microsomal suspension as a sou.rce 

of estradiol binding activity). 

Mitochondrial Fracti~n Estradiol Binding Activity 

Estradiol binding activity in the mitochondrial/heavy microsomal 

fraction was assayed under conditions identical ·to those used for the 

microsomal fraction. 

Nuclear Receptor Binding Assay 
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Unoccupied nuclear ER was measured using a range of 3H-estradiol 

concentrations identical to those utilized for the cytosolic receptor 

assay. Total and nonspecific binding were measured in tubes containing 

labeled estradiol alone or in the presence of ac 100-fold excess of 

unlabeled estradiol as in the previous assays. The final volume of 

the assays was 1.0 ml and 0.25 ml of the nuclear suspension was used 

as the source of binding activity for each assay. An incubation time 

of 18 hours at oo C was used. Fol_lowing the incubation period, 1.0 

ml of TEDSP buffer was added to each tube. Each tube was vortexed 

and subsequently centrifuged for 10 minutes at 1000 x g. Superna~ants 

were discarded and the pellets were wa.shed by resu.spending in TEDSP 
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buffer (2 ml), centri~u~fng ~nd.decanting the supernatants. The washing 

procedure was repeated a total .. of 3 times. Bound estradiol was ex

tracted by' ·~fncubating the pellets· with 2 ml absolute ethanol for one 

hour at 30° C with vortex mixing every 20 minutes. The assay tubes 

were then centrifuged at 1000 x g for 10 minutes and 1.5 ml aliquots 

of. the supernatants were transferred to scintillation vials. 10 ml 

_of Permablend was added to each vial, which wa.s subsequently shaken 

for 2 hours and counted. Measur~ment of total nuclear b~ndin~ sites 

for estradiol by exchange assay util.ized conditions similar to those 

outlined above with the exception that_ single point assays (in tripli

cate, 5.0 nM 3H-E2) .were employed and that the incubation period was 

30 minutes at 37° C (outlined in Anderson ·et .!l_., 1972). After the 

incubation period, the assay tubes were transferred to an ice bath 

and allowed to cool for 30 _minutes prior to addition of buffer and 

washing of the pellets to remove free steroid. 

Separation of Bound and Free Estradiol with Glass Fiber Membranes 

In some cases, bound and free estradiol were separated by filtering 

components of the assay mixture through a glass fiber filter membrane 

(Parikh~ .!1_., 1980) ~ At the end of the incubatio·n period, assay 

components were as pirated through g-1 ass fiber fi 1 ter discs (pore diameter 

= 1 JAm, Schleicher and Schuell). The filters were washed 3 times with 

2 ml portioris of buffer and subsequently transferred to scintillation 

vials, immersed in 10 ml of Permablend scintillant, shaken for 2 hours 

and counted. Binding of estradiol to the fibers was always less than 

0.3% of the applied total radioactfvity. 
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Intracellular Distribution of Estrogen Receptors as Determined by Bio

chemical Markers 
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In order to better assess the biochemical composition of subcell

ular fr~ctions obtained by differential .centrifug~tion ~f uterine homog

enates, a number of enzyme assays for markers of various subcellular. 

components were employed. Besides the nuclear, mitochondria·], micro

somal, and.cytosolic fractions,.the membrane fractions obtained by 

further separation of mitochond~ial and microsomal fractions (see below) 

were analyzed for their biochemical homogeneity' by these techniques. 

Marker enzymes used for these studies included s•-nucleotidase and 

ouabain-sensitive. p-nitrophenylphosphatase activity (~eflective of 

Na+;K+ ATPase activity) for plasma membranes, succinate dehydrogenase 

for mitochondria, glucose-6-phosphatase for microsomes, and lact~te 

dehydrogenase for cytosol. The assays for the·se enzymes are schemati

cally outlined in Figure.!; specifics of each assay will be discussed 

in subsequent sections. 

For each fraction in which marker'enzyme determinations were made, 

estradiol binding activity was also assessed. These data were used 

to make correlations between estradiol binding content and biochemical 

composition of these fractions. 

Extraction of Microsomal·Estrogen Receptors and Exa~iriation of Micro

somal Purity 

Microsomes were examined for the presence of adsorbed and/or 

trapped cytosolic components by using enzyme assays for lactate dehydro

genase (LDH, t~e marker enzyme for cytosol) in conjunction with various 

techniques for extracting cytosolic coritaminants. The phenomenon of 



Figure 1. Overview of Marker Enzyme Assays Employed in Determination 

of the Biochemical Composition of Subcellular Fractions 

Isolated from Rat Uterine Homogenates 

A number of different types of assays were employed 

depending upon the enzyme activity being measured.- Glucose-

6-phosphatase (G6Pase) and s•-nucleotidase (s•-Nuc) activities 

were assessed by measuring release of inorganic phosphate 

from their natural substrates. Na+/K+ ATPase activity was 

measured by spectrophotometrically measuring the release 

of p-nitrophenol from p-nitrophenyl phosphate. Lactate 

dehydrogenase (LDH) activity was quantified by monitoring 

the oxidation of NADH during the conversion of pyruvate 

to lactate. The activity of succinate dehydrogenase (SOH) 

was measured by assaying spectrophotometrically t~e amount 

of formazan produced by reduction of the tetrazolium compound 

(an artificial electron acceptor) during the oxidation of 

succinate to fumarate. Specific details of each assay may 

be found in the text~ 



MARKER ENZYME ASSAYS 

MARKER 

Microsomes 

Plasma Membrane.s 

Cytosol 

Mitochondria 

REACTION 

G6P------+ Glucose + Pi 
G6Pase 

5'~AMP -------~ Adenosine·+ Pi 
5'-Nuc 

PNPP ----~ PNP +Pi 
ATPase 

NADH NAD+ 
Pyruvate · '>..., c ) Lactate 

LDH 

INT Formazan . 
Na-Succinate >.... · 4 Fumarate 

SOH 

INT: 2-(p-iodophenyl)-3-(p-nitrophenyl)~5-tetrazolium chloride 

PNPP: p-nitrophenyl phosphate 

PNP: p-nitrophenol 

G6P: glucose-6-phosphate 

Pi: inorganic phosphate 

5'-AMP: 5'-adenosine monophosphate 
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cytosolic trapping was investigated by examining LDH activity associated 

with the microsomal fraction as a function of the degree of homo~enate 

dilution (which would also dilute the ~oluble component of the homog

enate). In this set of experiments, the range of the ratio of hbmog~ 

enate volume to uterine weight was 5 ml per gram to 120 ml per gram .. 

Estradiol binding activity and LDH activity was determined in the micro

somal fractions isolated under these conditions. Cyto·solic trapping 

was also investigated by homogenizing a non-target tissue fo~ estradiol 

(diaphragm) in receptor-rich uterine cytosol. A number of different 

dilutions of uterine cytosol were used and again, both e.stradiol binding 

activity and LDH activity were quantified in the microsomal fractions. 

The final set of experiments involved extraction of the microsomes 

with KCl. Microsomes obtained by differential centrifu-gation of rat· 

uterine homogenates w~re exposed to KCl in. mola-r concentrations ·of 

0, 0.15, 0.25, 0.40, and 0.60; the microsomes·were re-isolated by high

speed ultracentrifugation and estradiol binding activity, residual 

protein concentration, and LDH activity were assessed.in thes~ extracted 

membranes and compared w1th the values 6btained for the unextracted 

microsomes. 

Separation of the Membranous Components of Mitochondrial and Microsomal 

Pellets 

A number of strategi.es were employed in attempts to isolate various 

membranous subtractions .of the cell in a relatively h~mogeneous state 

for the purpose of examining them for estradiol ·binding activity. 

Such_ studies have not typically been performed tising uterine tissue, 

although several sch~m~- have been published for separating·membranes 
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of liver homogenates. Most of these studies employed continuous or 

discontinuous gradients using solutes varying in density across the 

gradient along with application of the sample to the tdp, bottom, or 

interior portion of the gradient. Unfortunately, none of the protocols 

proved to be applJca~le to uterine homogenates. In the absence of 

the ability to isolate membrane fractions in homogeneous states, a 

·discontinuous gradient system was developed which allowed partial sepa-· 

ration of membranous components. This gradient system is depicted 

in Figure 2. Mitochondrial or microsomal pellets (or, in one case, 

a combined mitochondrial/microsomal pellet) were layered onto the top 

of a discontinuous sucrose gradient. The gradient was prepared using 

the following volumes and ~ucrose concentrations (expressed as w/w 

ratios, densities checked in an Abbe refr~ctometer prior to ·each experi-

ment): 8 ml 25% (P = 1.11), 8 ml 31% (P = 1.14), 8 ml 37% (P = 1.17), 

5 ml 41% (P = 1.19), and 4 ml 45% (P = 1.21). A 4 ml aliquot of the 

appropriate ~ample was carefully layered atop the gradient, followed 
1 

by ultracentrifugation for 100 minutes at 67,000 x g in an SW27 rotor. 

The interfaces were collected with Pasteur pipettes, diluted in TEDP 

(TEDSP lacking the sucrose component), and the membranes were pelleted 

by centrifugation_ at 60,000 x g for 40 minutes. These pellets were 

resuspended in TEDSP buffer and assayed for estradiol binding activity, 

marker enzyme activity and ·protein content. Correlations were made 

between total ~pe.cific estradiol binding activity and total content 

of marker enzyme a-ctivity (this. is outitneo further in the Results 

section)." The pellets recov·ered following subfractionation of the 

mi.tochondria and micros_omes were examined using ·transmission electron 



Figure 2. Subfractionation of Mitochondria and Microsomes Isolated 

.from Rat Uterine Homogenates 

Overview of separation technique employed for resolution 

of mitochondrial and mi crosoma 1 ·fractions into subfract-i ons 

enriched in associ a ted membranous co_mponents. · 
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microscopy to establish morphological confirmation of the biochemical 

data. 

Microsomal Fractionation into Smooth Membranes~ Rough Me~branes, and 

. Polysomal Components 
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Separation of ribosomes and rough ~nd smooth microsomal membranes 

was effected-by loading the post~mitochondri~l supernatant (3.0 ml) 

onto a gradient_of 1.5_M sucrose (3.5 ml) dv~rJaying 2.b M sucrose 

(1.0 ml) prepared in a 10 ml polyallomer centrifugation tube. This 

technique is basically the same as that previously described by Aldeman 

et !l· (1974).The buffers used for this experiment contained 50 mM 

Tris, 25 mM KCl, 5 mM MgCl2 and sucrose in 0.25 M (for homogenization), 

1.5 M, or 2.0 M concentrations at pH 7.5. It has previously been shown 

that microsomes prepared from uteri are very prone to giving up their 

associated ribosomes (Teng and Hamiltori, 1967)-; the components of this 

buffer help to minimize this dissociation. However, recovery of even 

50% of the rough membranes in their .intact state may be considered 

a no_teworthy goal considering the normal degree of ribosomal dissoci

ation. Once prepared, the gradient was centrifuged at 200,000 x g 

for-20 hours in a Ti -80 fix~d angle rotor. Ribosomes and p6lysomes 

were recovered in the form of a pellet from the bottom of the tube. 

Smooth microsomal membranes were trapped at the su-pernatant - 1. 5 M 

sucrose interface and rough microsomes were recovered from the 1.5 

M - 2.0 M sucrose interface. The interfaces .were recovered using Pas

teur.pipeties, diluted ~n homogenizati9n buff~r 1acking sucrose and 

pellet~d by centrifugation at 105,000 x g fo~ 60 minutes. Pellets 

w~re resuspended --in TEDSP. buffer for determination of estradiol binding. 
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activity and protein, RNA, and glycogen concentrations. Some pellets 

were fixed and s'tained for examination by transmission electron microscopy. 

Estrogen Receptor Assays in M~mbrane-Enriched Subtractions 

Estrogen receptor ass~ys were done using a final assay volume 

of 1.0 ml and 0.50 ml of membrane preparation with steroid concentra

tiOns of 0.05 to 3;0 nM (tritiated estradiol). Alternatively, in the 

experiments where availability of the membrane preparation was limited, 

single-point a:ssays were performed in triplicate with a saturating 

concentration of tritiated estradiol (5.0 nM). Nonspecific binding 

was corrected by identical assay tubes containing a 100~fold molar 

excess of unlabeled estradiol. Separation of bound and free steroid 

was effected by the DCC method or the glass fiber filter membrane method 

as was described above. 

Na+;K+ ATPase Assay 

Measurement of the Na+ /K+ ATPase acti v·i ty was measured by a modi

fication of the technique of Gustin and Goodman (1981). The activity 

of this enzyme ·can be assessed by assaying the activity of K+-dependent, 

ouabain-sensitive p-nitrophenylphosphatase. Assays were performed 

in 12 x 75 mm glass test tubes containing 0.50 ml of a solution com

p.rising.25 -~mol Tr.is, 1.5 ~mol p-nitrophen,ylphosphate, 2.5 ~mol MgCl2, 
. . 

and · 25 ~mo 1 KCl in the presence or absence of 0. 5 ~mo 1 ouabain. After 

addition of 0.1 ml of sample, the test' tubes were. incubated at 37° 

C for 20 minutes. The a~say was stopped by the addition of 3 ml of 

ice-cold 1.0 N NaOH and the tubes were centrifuged at 1000 x g for 

15 minutes to precipitate:the proteins .. The absorbance of supernatants 



containing the released p-nitrophenolate ions·was determinedat a wave

length of 410 nm. Conversion to 11moles p-nitrophenylphosphate hydro.:. 

lyzed was done ~ctording to the relationship: 1 absorbance unit =.0.21 

11mol p-nitrophenolate (Vf = 3.6 ml). Appropriate corrections were 

al:SO made for water and substrate blanks~ Ouabain-sensitive p-nitro

phenylphosphatase (Na+;K+ ATPase) activity was represented by the dif

ference in activity measured 1n the presence or absence of ouabain. 

5'-Nucleotidase Assay 
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The basis of the assay for 5'-nucleotidase activitj was measurement 

of the rate of hydrolysis of the terminal phosphate group from 5'-adeno-

sine monophosphate (5'-AMP). A stock. solution containin[ the substrate 

was prepared by combining 0.0~ M NaAMP, pH 7.0, 0.5 M glycine-NaOH 

buffer~ pH 9.1, 0.1 M MgCl2, and water in volu~e/volume ratios of 

1:2:1:5. Assay conditions were as described by Aronson and Touster 

(1974). Each 12 x 75 mm test tube used for this assay contained 0.45 

ml of the substrate mixture, to which was added 0.05 ml of sample. 

Enzyme, substrate, and water blanks were prepared with each assay so 

that these factors could be accounted for and appropriate corre~tions 

made. Assay tubes were incubated in a water bath (with shaking) for 

30 minutes at 37°. C. A. standard curve was prepared along .with each 

assay which contained _0-~01, 0.02, 0.04, 0.10,_0.30, and 0.50 11mol sodium 

phosphate. Reactions were stopped by __ ·transferring the assay tubes_ 

to ice and adding 2.5 ml of ice;..cold 8% (w/v) trichloroacetic acid 

-(TCA) 'to each tube. The· tubes. were sub_sequently centrifuged at 1000 

x g for 15 minutes, 2.5 ml aliquots of the· resulting supern~tants were 



transferred to 12 x 75 mm test tubes and assayed for inorganic phos

phate using a modifitation of the technique of Fiske and Subba Row 

(1925)~ 0.6 ml of 2.5% (w/v) amrronium rrolybdate (in 5N H2S04) .was 

added to each tube (which was quickly vortexed), followed by addition 

of 0.24 ml of 1-amino-2-naphthol-4-sulfonic acid reagent (Fiske and· 

Subba Row reducer) and vortex mixing. Absorbance of standard curve 
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and assay solutions was measured at 660 nm against the water blank. 

These readings were taken at 20 minutes following addition of the molyb~ 

date and reducing solution (color development is linear with respect 

to time). 

Glucose-6-Phosphatase Assay 

This assay.also ·was designed to measure the rate of release of 

phosphate from th~ enzyme's native substrate ( g-1 ucose-6-phosphate) 

and was performed as previously described (Aronson and Touster,·1974). 

Briefly, a stock .solution of substrate was prepared by mixing 0.10 

M Na-glucose-6-phosphate, pH 6.5, 0.035 M histidine,· pH 6~5, 0.010 

M Na2EDTA, pH 7.0, and water in volume/volume ~atios of 2:5:1:1. Each 

13 x 100 mm glass ~est tube contained 3.6 ml ·of the substrate mixture, 

to which was added ·.:0. 5 ml of sample. En~yme, substrate, and water 
. . 

blanks w~~re prepared to a·l.low·· correcti-on for these factor·s·. Assay 

. tubes were incubated for .30 m1nutes at 30° C.· A ·standard curve was 

prepared which containe.d o ... 0125, 0.025, 0.05, 0.10, 0.15, 0.25, 0.50, 

and 0.75 ~mol sodium phosphate. Reactions were stopped by transferring 

the a.ssay ·tubes .to ice _a.nd adding 1.0_ ml of pO% (w/v) ice-cold TCA 
,. . 

to each:·tube. After cenirifu~ation at 100-x g for 15 minutes, 4.5 · 

ml of supernatant was transferred to a 13x 100 mm glas~:test tube 



and assayed for inorganic phosphate as described for 5'~nucle~tidase 

except for the use of· 1.1 ml of the ammonium molybdate solution and 

0.45 ml of the Fiske and Subba Row reducer. 

Suc~inate Dehydrogenase Assay 
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This enzyme's activity was measured by quantifying the rate .of 

reduction .of 2-(p-iodophenyl)-3-(p-nitrophenyl)~5-phenylt~trazolium 

chlorid~ (INT) ·w~i~h serves as an electron acceptor as succinate is. 

simultaneously being oxidized (technique as described by Pennington, 

1961). The substrate mixture was prepared by pipetting 0.5 ml of 0.050 

M KH2P04 pH 7.4, 0.2 ml of 0.25 M sodium succinate (pr.epared in KH2P04 

buffer), and 0.2 ml of 0.5% INT (in KH2P04 buffer) into 13 x 100 mm 

glass test tubes. 0.1 ml of sample was added to each tube (following 

pre-incubation of .assay tubes at 37° C for 5 minutes) .. and the enzymatic 

reaction was allowed to proceed for 15 minutes (37° C)~ The reaction 

was stopped by addition of 1.0 ml of.lO% TCA and vortex mixing of tubes. 

Subsequently, 4.0 ml of ethyl acetate was added to each tube and the. 

tubes were vortexed vigorously to allow. extraction of the formazan 

·fnto the organic phase. Removal of the organic phase was effected 

and measurement of its absorbance at 490 nm was undertaken. The molar 

extinction coefficient of this formazan compound: dissolved in ~thyl 

acetate is ZO.l x 103 l mol-l cm-1. This corresponds to 0.199 ~mol 

of formaza·n for each unit: of ·absorbance. This re-lationship was used 

-for specific activity ca]cula~ions. 
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Lactate Dehydrogenase Assay 

LDH activity was assessed by following the oxidation of NADH coupled . 

to the reduction of pyruvate to lactate. In a quartz cuvette (at 25° 

C), 2 .. 9 ml of 0.1 M Tris, pH 7 .0, 0.010 ml of NADH (20 mg/ml), 0.010 

ml of 0.1 M KCN, and 0.1.0 rril of sample were mixed. (The KCN solution 

.was prepared by dissolving 10 mmol KCN in 95 ml of cold water and adding 

0. 85 ·ml of co 1 d, concentrated HCl ; this, mixture was .kept on ice for 

10 minutes to allow resqrption of HCN~ Subsequently, this splution 

was diluted to a final volume of 100 ml. This solution must be prepared 

fresh prior to each day's experimerit.) Absorbance at 340 nm was moni- · 

tored and once a steady rate of decreasing· absorbance ~as detected, . 

0. 010 ml of sodi urn p·yruvate were added, the cuvette contents mixed, 

and the rate of decreasing absorbance at 340 nm was recorded. The 

rate of decrease in absorbance prior to addition of pyruvate was sub-· 

tracted from the rate observed after pyruvate supplementation as an 

enzyme blank correction. Using the molar extinction coefficient of 

NADH at 340 nm (6.23 x 103 1 mol-l cm-1), the rate of conversion of 

NADH to ·NAD+ was calculated. The value obtained is indicative of LDH 

activity-since_ oxidative phosp.horylation .by the respiratory chain of 

e.nzymes i's arrested by the presence of the cyan-ide, thus removing this 

source of NADH oxidation. 

Electron Micr6scopic Techniques 
' _" . . ·, .. 

Pe 11 ets obtai ned from subfr~acti 6na ti on. of mitochondria 1 and micro-

somal fractions were prepared for examination by transmission electron 

microscopy. Each pellet was fixed by incubating ov~rnight (10 hours) 



at 4° C in the presence of 3% glutaraldehyde (a protein cross-linking 

agent; Richards and Knowles, 1968) in 0.2 M cacodylate buffer, pH 7.3. 

After decantation of the glutaraldehyde solution, the pellets were 

washed with 0.1 M cacodylate buffer, pH 7.3 supplemented with sucrose 

{7%, w/v). The pellets were post-fixed with 1% osmium tetroxide in 
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0.2 M sodium phosphate buffer, pH 7.4 for one hour, followed by washing 

with several changes of deionized water over 2 hours. Dehydration 

of the pellets was effected by exposing the pellets to progressively 

·increasing concentrations of ethanol. Three changes of ethanol over 

a 15 minute time period were performed using ethanol in concentrations 

of 35%, 50%, 70%, 80%, and 95%.· The pellets were then placed in 100% 

ethanol for one hour; 2 more changes of 100% ethanol for one hour each 

were subsequently performed. Ethanol was removed by overlaying the 

pellets with 100% ethanol:propylene oxide, 1:1, for 20 minutes (2 

changes). Subsequently, 2 changes of 100% propylene oxide (one hour 

each) were used to complete the dehydration process. The pellets were 

then embedded in plastic (Epon). The plastic mixture for embedding 

was prepared by mixing 5 ml araldite casting resin 6005, 6 ml Epon 

812, 15 ml dodeceryl succinic anhydride. and one drop of 2, 4, 6-tri 

(dimethjlaminomethyl) phenol per ~1 of plastic mixture. Increasing 

proportioris of plastic to propylene oxide were used to embed the 

pellets. The embedding schedule used was 25% plastic/75% propylene 
... 

oxide, 30-60 minutes, 50% plastic/50% propylene oxide, 2 hours, 75% 

plastic/25% propylene oxide,_ 2 hours,.then 100% pl~stic for 2 to. 4 
. . 

hours. Bea·m .. capsules were filled with plastic mixt~re and the pellets 

were transferred to the capsules; the capsules were allowed to stand 

at room temperature for 4 hours with the caps open. The capsules were 



74 

closed and placed in a 60° C oven overnight. Embedded pellets were 

sectioned using an ultramicrotome and sections collected on 3 mm copper 

grids. Samples were stained with uranyl acetate for 30 minutes and 

washed with .water. Uranyl acetate stain was made by preparing a 2% 

solution in distilled water, adjusting the_pH to 4.8 with KOH, centri

fuging at 2000 x g·for 15 minutes, decanting and savin~ the supernatant. 

-The stain was kept in an amber bottle to protect it ·from lig.ht. Samples 

were next staine~ with lead citrate. This stain was prepared by mixing 

1.33 g lead nitrate, 1.76 g sodium citrate, and 30 ml boiled distil.led 

water in a 50 ml volumetric flask. These components were mixed vigor

ously for one minute then allowed to stand for 30 minutes with inte~mit

tent shaking. 8 ~1 of freshly prepared 1.0 N NaOH were then added 

and the mixture brought up to volume with boiled distilled,water. 

Gentle in~ersion was used to provide further mixing~ Staining of sam-

ples was ~ffected by exposing them to the lead citrate solution for 

5 minutes then was.hing the grids by immersing them several times into 

freshly boiled distilled water. The samples were then viewed by trans

mission. electron microscopy and photographs r~presentative of typical 

regions of the samples w~re taken. 

. . . 

Study of the Steroidal Specificity of the Microsomal Estrogen Receptor 

_Specifity of estrogen receptor_int~~action with its preferred 
1_ • • . _; •· 

ligand was examined by determining th~ abil-ity of other compounds to 

compete with estradiol for ER. 8 nM 3H-estradiol was present in each 

test tube. Simultaneous presence of unlabeled estradiol, diethylstil

bestrol (DES), progesterone, testosterone, or cortisol in concentrations 



ranging from (0.10 to 10,000 fold molar excess) was used for determi

nation of the ability of these compounds to compete with estradiol 
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for ER. Control values were derived from assays which lacked competing 

compounds. Competition curves were derived for both the cytosolic 

and microsomal fractions. 

Sucrose Density Gradient Centrifugation 

Microsomes isolated as described above were treated with TEDP 

supplemented with 0.25 M KCl in the presence of 5 nM 3H-estradiol. 

After an extraction period of 2 hours, an equal volume of DCC in TEDP 

was added to separate bound and free steroid and the samples were 

centrifuged at 1000 x g for 10 minutes. The supernatant thus obtained 

was centrifuged at· 160~000 x g for 30 minutes ~o allow collection of 

the e~tracted microsomal ER. 0.3 ml of this supernatant was applied 

to the top of a 10 to 30% sucrose gradient (prepared in TEDP buffer)· 

and centrifuged for 15.5 hours at 350,000 x g in an SW 60 Ti rotor. 

Nonspecific binding was corrected f~r by extracting the receptors in 

the pres~nte oj·a 100-fold molar e~6ess of unlabeled estradiol and 

applying the extracts to parallel gradients. 

Examination of the ·s·edimentation properties of microsoma·l ER under 

high salt conditioris was performed in identical fashion with the follow

; ng exceptions. The extraction and 1 abe 1 i ng proc_ess was performed 
', ', . . . . . . ·._ 

in T~DP bUffer supplemented with o.·4 M KCl~ Separation of bound and 

free steroid was perfqrmed by adding the sample mixture to charcoal 

pellets {prepared by centrifuging a volume of DCC equal to that of 

the sample mixture at 1000 x g for 10 minutes and discarding the super

natarit); vbrtexing, and centrifuging at 1000 x g for 10 minutes. The 
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material recovered in the supernatant was centrifuged at 160,000 x 

g for 30 minutes to allow collection of the extracted ER (in the super

natant). 0.3 ml of this sample was applied to the top of a 5 to 20% 

sucrose gradient prepared in 0.4 M KCl (in TEDP b~ffer) and followed 

by centrifugation at 350,000 x g for 15.5 hours. Nonspecific binding 

was co~rected for in the same manner as in the low-salt gradients. 
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Preparation and labeling of the cytosolic ER was done in the same 

manner as described above with the· exception of the extraction and 

recentrifugation steps. Sucrose gradient composition and centrifugation 

conditions were identical to those used for the microsomal ER. 

0.15 ml fractions were collected under gravity using a Gilson 

Model 8200 Aliquotor after puncturing the bottom of the tube. Bovine 

serum albumin labeled with 14c (Rice and Means, 1971) was utilized 

as an external marker for det~rmination of sedimentation coefficients 

of the receptor-steroid complexes as described· by M·artin and Ames 

(1961)· .. Fractions were collected .in scintillation vials which were 

then filled with scintillation fluid, ~haken and count~d. 

Interaction of Cytosolic and Microsomal Estrogen Receptors with Mono

clonal Antibody JS34/32 

The monoc·l on a l anti bo.dY. JS34/32 which reacts with rat uterine 

ER was used to probe for the presence of antigenic determinants on 

microsomal and cytosolic ER. This antibody is. secreted by a hybridoma 

cell line which fs the product of fusion of a mouse .myeloma cell l~ne 

(SP2/0-Ag14) with spleen cells of a mouse immunized with purified ER 

from calf uterus (Moncharmont et ~., 1982). This antibody is also 

known to .interact with·rat uterine ER (I. Parikh, personal communication)~ 



Determination of antibody-interaction with microsomal and cytosolic 

estrogen receptors was carried out .by monitoring the shift in sedimen

tation coefficient of ER-estradiol compl.exes which occurs when they 

are bound by the antibody (Moncharmont et ~·, 1.984). Cytosol or 

extracted microsomal ER labeled with 3H-estradiol as outlined in the 

previous section were incubated in the presence or absence o.f antibody 

JS34/32 for 4 hours at 0° C. The samples were loaded ont~ a continuous 

10-30% (w/w) sucrose gradient, centrifuged, and fractionated as de

scribed above. 

Association Rate Studies 

The association rate for 3H-estradiol interaction with cytosolic 

a·nd mi crosoma 1 estrogen ·receptors was determined at oo C using tech

niques previously developed in our laboratory (Korach and Muldoon, 

1974). 2.2 ml of cytosol were placed in a 12 x 75 mm glass test tub~ 

and 0.022 ml of 50 nM 3H-estradiol was added (final 3H-estradiol con

centration ~as 0~5 nM) to initiate th~ reactio~. At specific time 
. . . 

. intervals, 0.125 ml aliquots were removed and received ·in 12 x 75 mm 
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glass test tubes containing 0 ... 2~ ml TEDSP and 0.125 ml O.A ~M unlabeled 

estradiol (to prevent further.aisociation of labeled estradiol with 

the receptor).· Bound .and free steroid were separated by the DCC method. 

For microsomes, 3.3 ml of microsomal prepara~ion was placed in a 12 

x 75 mm glass test tube and 0.033 ml of 50 nM 3H-estradiol was added 

to initiate the reaction. Aliquots taken at specified times were trans

ferred to 12 x 75 mm glass test tubes ~hich-contained 0.175 ·ml TEDSP 

and 0.125 ml 0.4 ~M unlabeled estradiol. Separation of bound and free 

estradiol was by the .DCC method. Correction for nonspecific binding 



78 

was effected by incubating 1.0 ml cytosol with 0.010 ml of 50 nM 3H

estradiol and 0.010 ml of 5.0 ~M unlabeled estradiol and removing 0.125 

ml aliquots at various times after steroid addition for transfer to 

tubes containing unlabeled estradiol (as outlined above). 1.5 ml of 

microsomal preparation was incubated with 0.01~ ml of 50 nM 3H-estradiol 

and 0.015 ml of 5.0 ~M unlabeled estradiol; aliquots removed at various 

time points were received in TEDSP with excess unlabeled estradiol 

as described above. This procedure was performed using 2 separate 

concentrations of receptor from each fraction (cytosol and microsomes). 

Analysis of Association Rate Data 

The reversible association of estradiol (E) with its receptor 

(R) can be expressed as follows: 

k+1 ' .. 
[E] + [RJ~-{E-R] 

k_i . 

In this equation, k+1 represents the associate rate constant, 

k-1 is the dissociation rate constant, and E-R i~ the receptor-estradiol 

complex. This is a bimo1~6ular reaction which obey~ the second-order 

rate 1 aw 

'(22) 

where r corresponds to the rate of reaction. This rate ~an also be 

expressed in terms of the rate of disappearance of reactants. Hence·, 

d[R] = -k+1[E][R] 
dt 

(23) 

In order to integrate this equation, it is necessary to express estra

diol concentrations, [E], in terms of receptor concentration, [R]. 

If [E] 0 and [R] 0 are the initial concentrations of estradiol and recep

tor, then we can deduce the following relations between [E], [E] 0 , 



[R], and [R] 0 • If x represents the number of moles of R that has re-
( 

acted at time t, ~hen the concentration of receptor at time t ([R]t) 

is 

[R]t = [R]0 - x (24) 

Likewise, if there fs a one-to-one stoichiometry of the reaction of 

R withE, then x·moles of E will also have reacted at timet. With 

[E]t representing the concentration of R at time t, the following re

lationship holds: 

[E]t = [E] 0 - X (25) 

Rearrangement of equation 24 gives 

x ~ [R] 0 - [R]t . ( 26) 

Substitution of equation 26 into equation 25 gives 

[E]t = [E]~ - [R] 0 + [R]t (27) 

Substitution of equation 27 into e~uation 23.and integration yields 

\ 2 -. _. 1 -· - d [ R] t = J' 2 k+ 1 d t - . 
_J1- [R]t(-[E]o-[R]o+[R]t) Jt :. · 

(28) 
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Consultation of a table of·. integrals (Handbook of ·chemistry and Physics, 

66th edition, page A-22, equation number 37, CRC Press, 1985) rev~als · 

the following (as derived by the method of partial fractions): 

\ dx = - ll.n a + bx-, for·- a :f:. 0 · (29) 
J x(a + bx) a · x . 

Use of equation 29 with a= [E] 0 ·- [R] 0 , b = 1, and x = [R]t, gives 

1 
[E] 0 - [RJ0 

R~alizing that [E] 0 -_[R] 0 + [R]t = [E]t (equation 27) allows the fol~ 

lowing substitution: 

1 . 
[EJo - [R]o 

ln [E]t 12 = 
[R]t 1 

(31) 



1 ln [E]t/[E]o = k+lt 
[EJo - [RJo lRJt/[R]o 

(32) 

1 ln [R]o [E]t = k+1t 
[EJo - [RJo [E]o [R]t 

(33) 

Therefore, a plot of 1/([E]0 -[R]0 ) x ln ([R] 0 [E]t/[E]0 [R]t) 

ve·rsus t yields a straight line of slope k+1· This re.lationship was 

employed for the determination of associafion rate constants in these 

studies. 

Dissociation Rate Studies 

Cytosol or:microsomal preparations were incubated in the presence 

of saturating_ lev~ls rif 3H-estradiol for.18 hours at 0° C. At the 
' ~ . ' -' 

end.of·th~ incubation.pe~iod, the react~on m~xi~re was.transferred 

80 

to a pellet of DCC,-mixed, incubated on ice for 15 minutes, then centri

fuged at 1000 x g for_ 10 min~tes. Following separation of the unbound 

steroid, the labeled receptor-estradiol· complexes (in the supernatant) 
• !' • ••• ' •' ' 

were transferred .:tcr tubes whi ~h cont.a in.ed saturating 1 eve 1 s of 3H-estra

diol or a 100-fold excess of unlabeled estradiol (with respect to the 

concentration present·in the initial l~beling step)~ The tubes contain

ing labeled estradiol were used to measure the stability of the occupied 

receptor forms. ·Tubes with th~ 100-fold excess ~adioinert estradiol 

were used to quant1fy the rate of dissociation of estradiol from its 

receptor. The excess estradiol prevented reassociation of labeled 

estradiol with the ER once dissociation had taken place. At various 

times after the above steps, aliquots were taken and transferred to 



tubes containing buffer. Separation of bound and free steroid was 

performed using the DCC method. 

Analysis of Dissociation Rate Data 

The dissociation of the receptor-estradiol complex is depicted 
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in equation 21 by viewing the equation from right to left, the dissoci

ation rate constant represented by k-1· This is a first order r~action 

and the rate law which describes the kinetics of dissociation for ~ecep

tor-estradiol complexes (E-R) is 

- d[E-R] = k_I[E-R] 
dt . 

Rearrangement of equatibn:34 gives 

d[E-R] = ~k-1 dt 
[E-R] 

· !ntegration of equation ·35 yields 

\' 2 d[E-R]. = -\2 k-1 dt 
J 1 [E-R] . . J1 

ln ~E-R~2 = -k-1(t2-t1l 
LE-R 1 

. (34) 

(35) 

(36) 

·.,· 

(37) 

.Since equation 37 applies to any two times in the course of the reaction, 

the initial state may be assumed to be the start of the reaction where 

[E-R] = [E-R] 0 and t = o. Substitution of ·these values into equation 

37 yields 

ln [E-R]t =·-k-It 
L£-R]o 

(38) 

where {E~R]t is the concentration of receptor-estradiol complex at 
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time t. Of course, this relationship can also be represented by 

[E-R]t = [E-R] 0 exp t -k-1t f (39) 

Therefore, [E-R] decreases exponentially with time (as is the general 

case for all reactions obeying first-order kinetics). Based on equation 

38,_ it is evident that a plot of ln ([E-R]t/[E-R] 0 ) versus t gives 

a straight line possessing a slope of -k-1. This graphical system 

for determination of dissociation constants was utilized for these 

studies. Another property of first-order reactions is their character

istic half-life. In this case, half-life denotes the amount of time 

necessary for [E-R]t to decrease to half of its original concentration. 

If [E-R]t is equal to ~ [E-R] 0 and t = t~, then -k-1t~ = ln ~ = ln 

1- ln 2 =- ln 2 = -2.303 log_2_= -0.693. Thus, 

(40) 

Note that the half-li.fe is dependent only upon the di.ssociation rate 

constant and is independent of the initial concentration of the receptor

estradiol complexes. 

Measurement of the Stability of Unliganded Cytosolic and Microsomal 

Estrogen Receptors 

The stability of unliganded ER was measured as follows. Cytosol 

or microsome preparations were incubated at 0° C. At various times, 

aliquots were removed and incubated in the presence of 5 nM 3H-estradiol 

(+/-a 100-fold excess unlabeled estradiol) and _incObated for 18 hours 

at -6° C prio~ to separati6n of.bound and free steroid by th~ DCC method. 

The loss of estradiol binding sites in both the cytosolic and microsomal 

fractions under these conditions was found to obey first-order reaction 

kinetics. Therefore, data from these ~tudies were analyzed in the 
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same fashion as those derived from studies of dissociation rates. 

Estrogen Receptor Dynamics 

Studies of estrogen receptor dynamics were performed in adult 

2 weeks' ovariectomized rats by examining total and unoccupied receptor 

levels in uteri of animals which received a single injection of a stimu

lating agent. Animals were sacrificed at various time points following 

acute administration of either 17S-estradiol or 16a-estradiol. Uteri 

were excised, subcellular fractions prepared, and quantification of 

total and unoccupied ER was undertaken in eath fraction by the tech

niques described in previous sections. 

Protein Determination 

Measurement of protein concentration of samples-was done by a 

modification of the method of Lowry et ~· (1951). Reagent solutions 

utilized for this assay were: 

Reagent A: 2% Na2C03 in 0.1 N NaOH 

Reagent B: 1% CuS04.SH20 

Reagent C: 2% sodium potassium tartrate 

Reagent D: :so ml A + 0. 50 ml B + 0. 50 ml C 

Reagent E: 1 N Foli~ phenol _reagent 

In preparing reagent D, it is important that B and C reagents be mixed 

prior to the addition of reagent A. Reagent D must be prepared fresh 

the day of the experiment. 

· ·Bovine serum a 1 bu~i n ( 1 mg/ml ) was , emp 1 oyed as the protein standard. 

A standard curve was prepared for each experiment and contained 25, 

50, 75, 100, 200, 300, and 400 ~g of protein standard in a series of 



tubes (final volume was 0.40 ml). The "blank"· sample contained only 

water. 

Samples to be assayed were diluted with water (2 to 3 dilutions 

of each sample were prepared) to a final volume of 0.40 ml. 1.6 ml 
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of ice-cold 0.3 M perchloric acid were added to each tube (to precipi

tate the proteins). The tubes were vortexed and incubated on ice for 

10 minuteso These tubes were then centrifuged at 1000 x g for 15 

minutes. The supernatants were carefully decanted (and discarded), 

the sides of the test tubes wiped dry with Kim wipes, and 0.20 ml of 

water was added to each tube. The tubes were then vortex mixed, 0.20 

ml of 0.01 M KOH was added to each tube and followed by vortex mixing. 

Addition of water and KOH was done with the sample~ at room temperature 

as were all subsequent steps. After making sure that each pellet was 

fully resuspended, 2.0 ml of reagent D was added to each of the sample 

a·nd standard curve tubes and the tubes vortexed immediately. Following 

a 15 minute incubation period at room temperature, 0.2 ml of reagent 

E was added to each tube and the tubes vortexed. The assay tubes were 

again incubated'at room temperature for 30 to 90 minutes. Absorbance 

readings were measured at 500 nm in an Acta C III (Beckman) spectro

photometer. Protein ··concentrations of the samples were determined 

by comparison ·of absorbance readings of the unknowns against those 

·obtained for the standard curve~ 

DNA Determination 

Measurement of DNA concentration of samples was done using a modi

fication of the diphenylamine reaction for detection of deoxyribose 



after nucleic acid hydrolysis (Burton, 1956). The reagent solutions 

used in this assay were: 

Reagent A: 0.144 ml acetaldehyde + 9.86 ml water 

Reagent B: 1.50 mg diphenylamine in 100 ml glacial acetic acid 

to which 1.5 ml concentrated H2S04 were added 

Reagent C: 0.50 ml reagent A + 99.5 ml reagent B 
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Standard solutions of calf thymus DNA were prepared in 0.005 N NaOH 

(final concentration= 0.25-mg/ml) and stored at -20° C in 4 ml aliquots. 

DNA standard solution was thawed in preparation for the assay and 1.0 

ml of 1.0 N perchloric acid was added to the 4 ml standard solution. 

This tube was then heated at 70° C for 20 minutes and subsequently 

cooled to room temperature. The _DNA standard curve was prepared using 

final amounts of DNA of 0, 4.0, 6.25, 12.5, 25, 50, 100, and 200 ~g 

in a final volume of 1.0 ml (using 1.0 N perchloric· a.cid:0.005 N NaOH, 

1:1). Samples were brought to 1.0 ml with distilled water and 1.0 

ml of 0.5 N perchloric acid was added to each sample, followed by incu- · 

bation on ice for 45 minutes. Assay tubes were centrifuged at 1000 

x g for 10 minutes, the supernatants were decanted and discarded, and 

the sides of the tube were wiped with Kim wipes to remove adherent 

contaminants .. 1.2 ml of 1.0 N perchloric acid:0.005 N NaOH, 1:1, was 

added to each tube. The tubes were vortexed and incubated at 70° C 

for 20 minutes (or until cloudiness disappeared). The tubes were cooled 

to room temperature· and then centrifuged at 1000 x g for 10 minutes. 

1.0 ml of .the resulting supernatant was transferred to 12 x 75 mm glass 

·test tubes. The assay reaction was initiated by adding 2.0 ml of re

agent C both standard tubes and sample tubes. Each tube was covered 



individually with Parafilm. Assay and standard curve tubes were incu

bated at 30° C for 16 to 18 hours. Samples and stndards were read 

at 600 nm in an Acta C III spectrophotometer. DNA concentrations of 

the samples were·determined by comparison of absorbance readings of 

the unknowns against those obtained for the standard curve. 

RNA Determination 
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RNA concentration of samples was determined by the orcinol assay 

technique (Schneider, 1957). Reagent solutions utilized for this assay 

include: 

Reagent A: 1.0 ml 10% (w/w) FeCl3.6H20 in 200 ml concentrated 

HCl 

Reagent B: 6% orcinol (in absolute ethanol) 

Reagent C: 200 ml reagent A + 13.35 ml reagent B 

Reagent A must be prepared fresh for each assay. Reagent B must be 

stored in an amber bottle in the refrigerator (stable for one month). 

Standard solutions of RNA were prepared in 1.0 mM NaOH (final concentra

tion= 0.20 mg/ml) and stored frozen at -20° C. Tubes for the standard 

~urve contained 0, 0.015, 0.0375, 0.075, 0.1125, 0.150, 0.225, and 

0.300 mg of RNA in a final volume of 1.5 ml using water as a diluent. 

Samples were brought to 2.0 ml using water. 0.5 ml of ice-cold 2.5 

N perchloric acid·was added to ~ach sample tube. Tubes were vortexed 

and incubated on ice for 45 minutes. At the end of the incubation 

period, the sample tubes were centrifuged at 1000 x g for 10 minutes, 

the supernatant was discarded, and the walls of the tube wiped with 

Kim wipes. 2.0 ml of ice-cold perchloric acid was added to each pellet 

(to wash it), and pellets were re-isolate~ _by ~entrifugation at 1000 



x g for 10 minutes. loB ml of 0.5 N perchloric acid were added to 

each tube, followed by vortex mixing and incubation at goo C for 20 

minutes. After heating, the sample tubes were centrifuged at 1000 

x g for 10 minutes and 1.5 ml of supernatant per tube was transferred 

to 13 x 100 mm glass test tubes. The assay was initiated by adding 

4.137 ml of reagent C to both sample and standard curve tubes and the 

tubes were vortexed vigorously. 0.63 ml of n-butanol was added to 

each tube and vigorous vortex mixing was again performed. Standard 
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curve and sample test tubes were incubated at goo C for one hour, cooled 

to room temperature, and absorbance readings taken at 600 nm. RNA 

concentrations of the samples were determined by comparison of absorbance 

readings of the unknowns against.those obtained for the standard curve. 

Measurement of Glycogen 

Gly~ogen content of samples was determined using the technique 

of Seifter et !l· (lg5o), which was originally designed to allow glyco

gen determination in tissues of low glycogen content. 1.0 ml of 30% 

KOH was added to each pellet to be assayed and samples were placed 

fn a boiling water·bath for 20 minutes. Samples were cooled to room 

temperature and 1.25 ml of g5% ethanol was added and the samples were 

returned ·to the boiling water bath for another 10 minutes. Assay tubes 

were removed and allowed to cool to room temperature prior to cooling 

the tubes to 0° C in an ice bath. The samples were centrifuged at 

1000 x g for 15 minutes and the supernatants were discarded and the 

tubes allowed to drain by inversion for a few minutes. The precipitate 

was redissolved in 1.0 ml of water and reprecipitated with 1.25 ml 

of ETOH by repeating the above procedures .. The glycogen-containing 



pellet was reacted with the anthrone reagent (0.2% anthrone in 95% 

H2S04, prepar~d fresh for each assay) after resuspension in 5.0 ml 
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of water. A standard curve was prepared using glucose (0, 0.025, 0.050, 

0.100, 0.250, and 0.500 mg in a final volume of 5.0 ml). Standard 

curve and sample tubes were placed in an ice bath prior to the addition 

of the anthrone reagent (the concentrated acid leads to profuse liber

ation of heat from the aqueous samples). 10.0 ml of anthrone reagent 

was added to standard curve and sample tubes and the tubes were rapidly 
' 

swirled in the ice bath. The tubes were covered with marbles and heated 

for 10 minutes in a boiling water bath. The assay tubes were then 

cooled and read at 620 nm. The color developed obeys Beer's law and 

is stable for several hours at r~om temperature. Glycogen concentration 

of the samples was determined by comparison of absorbance readings 

of the unknowns against the standard curve values. 

Measurement of Radioactivity 

Radioactivity was quantified by liquid scintillation spectrometry 

at a level permitting less than 2% error. Permablend II (5 g per liter 

of toluene) was uniformly used as the s~intillation cocktail. The 

external standard ratio method wa~. used for the conversion of cpm to 

· dpm. 



RESULTS 

Estrogen Binding in Rat Uterine Microsomes 

The uterus has long been recognized as a target tissue for estro

gens. As such, it has also been demonstrated to harbor specific binding 

sites for 17s-estradiol. Previous work from our· laboratory has estab

lished that these receptors are found in cytosolic, microsomal, and 

nuclear fractions obtained from rat uterine homogenate$ (Cidlowski 

and Muldoon, 1978; Watson and Muldoon, 1985). In order to initiate 

an investigation of the properties of microsomal estrophiles, it was 

first necessary to establish an animal model and a reproducible method 

fo~ quantifying this receptor specfes. 

Most researchers who have sought to explore the nature of native, 

unoccupied estrogen receptors have utilized ~teri isolated from castrate 

adult rats. Su~h a model allows for standa~di~ation of the hormonal 

milieu to which the uterus is exposed prior to its isolation. In the 
' ' 

ab~ence of ovarian influences, flu~tuations in uterine estrogen receptor 

levels are held in abeyance. This permits the investigator to assume 

that fairly reproducible levels of unoccupied ER will be obtained in 

a controllable fashion. It was thus decided that such a model would 

be utilized for these-studies. 

As a first approach toward standardizing assay conditions for 

quantifying levels of microsomal ER, a saturation binding analysis 

was performed using conditions previously described (Watson and Muldoon, 

1985). The results of this analysis are shown in Figure 3. Assay 
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Figure 3. Estradiol Binding Activity in the Microsomal Fraction of 

Rat Uterine Homogenates 

Microsomes were prepared from homogenates of uteri 

obtained from 2-weeks' ovariectomized rats. Aliquots of 

microsomal preparation were incubated in the presence of 

3H-estradiol with a 100-fol.d excess of unlabeled estradiol 

{x, nonspecific binding) in concentrations ranging from 

0.05 nM to 3.0 nM. Specific binding (~) is the difference 

between total (o) and nonspecific binding. Incubations 

were carried out 0° C .for 18 hours. Bound and free steroid 

were separated by the dextran-coated cha~coal technique. 
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conditions for this experiment included incubation of microsomal fraction 

aliquots in the presence of 17S-estradiol for 18 hours at oo C, followed 

by separation of bound and free steroid by the dextran-coated charcoal 

method. Nonspecific binding was found to increase in a linear fashion 

with respect to increasing concentrations of labeled estradiol (as 

would be expected). Specific binding reached a plateau in which no 

further binding was observed following saturation of the receptor. 

This saturability is a property which is a hallmark of specific binding. 

The parallelism of the curves fo:r total and nonspecific binding at 

higher concentrations is reflective of this saturation phenomenon, 

with nonspecific binding representing 63% of total binding at the high

est concentration of 3H-estradiol. 

Data from Figure 3 were analyzed and plotted according to the 

method of Scatchard (1949). The data thus transformed are displayed 

in Figure 4. A single class of non-interacting binding site~ is sug

gested by the linearity of the plot. High-affinity of these receptors 

for estradiol is evidenced by the equilibrium association binding con

stant (Ka) value of 2.75 x 1010 M-1. This constant is derived from 

the slope of the line. Limited capacity of these binding sites is 

suggested by their saturability (as. was shown in Figure 3) and their 

Bmax value of 84.0 fmol/mg proteiri (derived from the x-intercept of 

the line).· 

Having established the existence of high-affinity, low-capacity 

binding sites for estradiol in microsomes prepared from rat uterine 

homogenates, the approach to equilibrium was investigated. In this 

experiment, the level of specific estradiol binding was determined 



Figure 4. Scatchard Analysis of Specific Estradiol Binding in Rat 

Uterine Microsomes 

Data displayed in Figure 3 were plotted according to 

the method of Scatchard (1949). The level of specific bind

ing (Bmax) was determined from the intercept of the line 

on abscissa. The equilibrium association constant (Ka·) 

was calculated by multiplying the slope of the line by -1. 
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as a function of time of incubation. Figure 5 is a graphical represen

tation of data derived from this study. Total, specific, and nonspeci

fic binding levels are displayed. Maximal levels of total and nonspeci

fic binding are reached by 2 hours of incubation. It thus appears 

that equilibrium is achieved by this 2 hour time point and receptor 

levels remain constant up to at least 24 hours of incubation (as re

flec~ed in the stable levels of specific estradiol binding observed 

between these two time points). This finding was exploited in later 

experiments which. required pre-labeling of the receptor prior to use. 

·In these instances, two to four hour incubations were employed to allow 

labeling of the ~eceptor. For routine quantification of receptor levels, 

an 18 hour incubation period was used because of its technical conven-

ience. 

r·1ethods for the separation of bound and free estradiol were exam-

ined as ~nother'approach to standardization of assay conditions. Figure 

6 and Table I give the results of these studies. Dextran-coated char

coal was compared to hydroxylapatite and glass-fiber filters as a means 

for separating bound and free steroid. DCC works by adso.rbing free 

ligand, following centrifugation of the charcoal, only the receptor

steroid complexes remain in solution (allowing the direct measurement 

of bound estradiol). Hydroxylapatite, in contrast to DCC, adsorbs 

the receptor-steroid complexes (and unliganded receptor) and precipi

tates then out of solution as a macromdlecular complex. These pellets 

are analyzed for their content of radioactivity.to determine the degree 

of estradiol binding activity. Likewise, the glass-fiber membranes 

should trap the large receptor molecules and allow passage of the small 

steroid molecules through the pores of the. membrane. 



Figure 5. Specific Binding of Estradiol to Microsomal Estrophiles 

as a Function of Time 

Temporal patterns of estradiol binding to microsomal 

aliquots were asses.sed as follows. 0.25 ml portions of 

microsomal preparation were incubated at ·oo C in the pres

ence ·of 3~0 nM 3H-estradi61 +/- a 100-fold excess of 

radioinert estradiol (final assay volume was 1.0 ml). At 

various time points after ~ddition of the source of binding 

activity; bound and free steroid were separated by the DCC 

method. Total (o), nonspecific (X), and specific (e) 

estradiol binding are depicted. Each tube contained 0.200 

mg of microsomal protein. 
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Figure 6. Comparison of Methods for Separation of Bound and Free 

Estradiol in the Microsomal Binding Assay 

Saturation binding analysis was performed using micro

somes as a source of estradiol binding activity. Assays 

were incubated for 18 hours at 0° C. Separation of bound 

and free steroid was effected using either dextran-coated 

charcoal (•), hydroxylapatite (A), or glass-fiber filter 

membrane (e) techniques. Data were transformed according 

to the method of Scatchard and plotted accordingly. Cor

relation coefficients _were in excess of 0.98 for each of 

the lines. 
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TABLE I 

Comparison of Qextran-Coated Charcoal. Hydroxylapatite, and Glass-Fiber 
Filter Membrane Technigues for Separation of Bound and Free Estradiol in the 

Microsomal Binding Assay 

Ka Bmax 

Method (x 1010 M-1) (fmol/mg protein) 

DCC 0,61 65,0 

GFF o~65 "35,8 

HAP 0.60 57.4 

Saturation binding curves analyzed by the Scatchard technique were employed 
to examine the efficacy of dextran-coated charcoai(DCC), glass-fiber filter 
membranes (GFF), and hydroxylapatite (HAP) for the separation of bound and 
free estradioL After incubation of the assay tubes at 0° C for 18 hours, bound 
and free steroid were separated by the designated technique. Eacti assay tube 
contained 0.278 mg .of microsomal protein in a final volume of 1.0 mL 
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Figure 6 is the Scatchard plot of the saturation curves obtained 

using each of the above-mentioned techniques for separating bound and 

free estradiol. Although the lines are parallel (which suggests similar 

Ka ~alues), the x-intercepts are offset. Table I shows that the Ka 

values for each ,of the three methods are essentially identical. How

ever, there is a noticeable difference in the Bmax· The Bmax determi

nations made with the DCC and hydroxylapatite methods.were very similar, 

while the glass-fiber filter technique afforded a much lower value 

for Bmax· ,Based on ~he results of this experiment, DCC was routinely 

used fbr separation of bound and free steroid throughout the course 

of these studies. Of course, on the basis of this single experiment, 

the possibility that one of the ~ther techniques may have afforded 

a more reproducible means of determination of binding parameters cannot 

be ruled out. 

Effects of Buffer Composition on the Subcellular Distribution of Mem

branes 

It has been reported that the components of homogenization buffers 

can have a profound impatt on the distribution of membranes in the 

process of differential centrifugation (Pi~tras and Szego, 1979, 1980). 

These investigators were studying isolated hepatic or endometrial cells 

for the presence of plasma membrane-associated estrogen receptors. 

In particular, it was noted that homogenization in a Tris buffer supple

mented with 0.25 M sucrose and 0.5 mM CaC·l2 (and lacking EDTA), opti

mized conditions for preventing 5'-nucleotidase solubilization from 

the plasma membrane (which resulted in its recovery in the cytosolic 

fractibn). Obviously, if 5'-nucleotidase is to be used as a biochemical 



marker for plasma membranes, it,is of prime importance to avoid condi

tions which will invalidate its use as such a marker. 
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Based on the findings of these researchers, pilot studies were 

undertaken to investigate the effects of buffer composition on markers 

for the membrahes of greatest interest -- plasma membranes and micro

somes. It was determined that ~se of the standard homogenization btif

fer, TEDSP, led to 22~5% of the total 51 -nucleotidase activity being 

recovered in the soluble fraction; the same buffer absent EDTA and 

supplemented with 0.5 mM CaCl2 caused 29.7% of total 51 -nucleotidase 

activity to become solubilized (Table II). Indeed, little difference 

in the subcellular distribution of s•-nucleotidas~ was observed regard

less of which buffer was used. ~ikewise, glucose-6-phosphatase (the 

microsomal marker) was similarly distributed among the subcellular 

fractions, with ca2+ and EDTA seemingly exerting little impact on the 

sedimentation characteristics of these membranes. Thus, although EDTA 

and calcium appear to influence sedimentation properties of 5•-nucleo

tidase in isolated cells maintained in primary cell culture, there 

is little influence of these agents on the distribution of this enzyme 

when whole uteri are homogenized. 

Examination of the distribution of all of the marker enzymes as 

determined using TEDSP for homogenization of the uteri yielded the 

data displayed in Figures 7 and 8. Relative specific activities of 

each enzyme for each subcellular fraction are shown in Figure 7. Rela

tive specific activity refers to the activity ·of the enzyme measured 

in the isolated fraction divided by that measured in the homogenate. 

The plasma membrane markers, 51 -nucleotidase and Na+;K+-ATPase, are 

enriched (relative specific activity greater than unity) in all of 



TABLE II 
.. 

Comparison of the Effects of EDTA and Calcium on the Distribution of 
5'-Nucleotidase and Glucose-6-Phosphatase in Fractions of Rat Uterine 

Homogenates 

0/o of Total Homogenate Activity 

5'-Nucleotidase. G lucose-6-Phosphatase 

Fraction TDSP-Ca TEDSP TDSP-Ca TEDSP 
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nuclei 37.1 (4.2) 

mitochondria 1 0.2 (2.2) 

microsomes 23.2 (1.3) 

cytosol 29.7 (0. 7) 

42.9 (7.5) 

11.4 (0.4) 

23.0 (3.8) 

22.5 (1.8) 

43.2 (2.6) 

14.9 (2.5) 

27.4 (6.4) 

14.7 (2.2) 

40.4 (2.6) 

16.7 (1.2) 

29.2 (3.7) 

13.7 (1.8) 

Uteri from 2-weeks' castrated adult rats were isolated, homogenized, and 
fractionated as described in Materials and Methods. Homogenization buffers 
employed were TEDSP and the same buffer lacking EDTA but supplemented 
with 0.5 mM CaCI2 (TDSP-Ca). Results are expressed as a percentage of the 
total enzyme activity associated with the homogenate (homogenate values 
were the sum of the activities associated with the nucleus and the 800 x g 
supernatant). Values shown are the mean of three separate determinations; 
standard errors of the mean are given in parentheses. Total homogenate 
activities were as follows: for 5'-nucleotidase, TDSP-Ca = 148 and TEDSP = 
128 mg. of phosphate released per hour; for glucose-6-phosphatase, TDSP-Ca 
= 6.43 and TEDSP = 5.06 mg of phosphate released per hour. 



Figure 7. Re.lative Specific Activities of Marker Enzymes in Subcell

ular Fractions of Rat Uterine Homogenates 

Uteri from castrate adult rats were homo·geni zed and 

subcellular fractions were isolated as described in Mater1als 

and Methods. Each of the fractions were assayed for each 

of the marker enzymes. Results are expressed as relative 

specific activities. This was calculated as the ratio of 

the specific activity of the marker enzyme in each subcell

ular fraction to the activity of the enzyme in the homogen

ate. The specific act.i vi ty of each marker enzyme in the 

homogenate was calculated by adding the total enzyme activi

ties of the nuclear and 800 x g supernatant fractions and 

dividing by the total protein content of these two fractions. 
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Figure 8. Distribution of, Total Marker Enzyme Activity in Subcellular 

Fractions of Rat Uterine Homogenates 

Total activities of each of the marker enzymes were 

calculated from the specific activities and the total protein 

content of each fraction. Results are expressed as the 

percentage of total enzyme activities of the homogenate. 

Total homogenate activity for each enzyme was calculated 

as described in the legend of Figure 7. 
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·the particulate fractions, the microsomal fraction being most highly 

enriched. As was discusse9 in the Introduction, such a pattern of 

distribution of plasma membranes is to be expected. The mitochondrial 

marker, succinate dehydrogenase, was enriched in the mitochondrial 

fraction, also in agreement with expectations. Glucose-6-phosphatase 

is enriched approximately 3-fold over homogenate activity in the mito

chondrial fraction; the microsomes exhibit ~ 3.5-fold enrichment. 

Figure 8 displays the distribution patterns for the total activ

ities of each of the marker enzyme-s. Again, as was alluded to in the 

Introduction, the plasma me·mbranes exhibit the typical nucleo-microsomal 

distribution. The nuclear fraction contains the bulk of the total 

complement of both plasma membra~e markers (42.9% for 5'-nucleotidase 

and 50.5% for Na+;K+-ATPase). Succinate dehydrogenase primarily sedi

ments with mitochondrial fraction (57.1%), but significant amounts 

of this mitochondrial marker are also found associated with the nuclear 

and microsomal fractions. The crude nuclear fraction contains the 

greatest percentage of total uterine glucose-6-phosphatase activity, 

with the microsomes themselves possessing approximately 30% of the 

total activity of this enzyme. The small amount of this enzyme which 

sediments with the mitochondrial fraction is generally recognized to 

be associated with the "heavy microsomes," those larger fragments of 

endoplasmic reticulum which are more heavily influenced by centrifugal 

forces (Parikh et ~., 1980). Of note is the small but measurable 

amount of activity of the cytosolic marker, l~ctate dehydrogenase, 

which is associated with the microsomal fraction (this issue will be 

addressed in a subsequent section). Also of interest is the high· amount 

of 5'-nucleotidase activity which is recovered in the soluble fraction 



(22.5%). This is about 2.6 times the amount of the other plasma mem

brane marker, ·Na+;K+-ATPase~- which is solubilized. Artifactual re

lease of s•-nucleotidase from the plasma membranes in the process of 

homogenization and differential centrifugation diminishes the value 
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of this enzyme as a true biochemical marker for the.plasma membrane. 

Therefore, in subsequent studies of subcellular localization of cellular 

membranes, Na+;K+-ATPase was used exclusively as the marker most repre

sentative of true plasma membrane distribution. 

Perusal of Figure 8 reveals that the nuclear fraction is richly 

endowed with a fairly high content of each of the membrane markers. 

Such a finding suggests that the nuclei would be a fertile field from 

which intracellular membraries might be harvested. One property of 

the nuclear fraction which makes it a poor source for the preparation 

of purified membrane fractions is its contamination with whole cells 

{particularly strands of myofibrils). Examination of the crude nuclear 

fraction with phase-contrast microscopy revealed an abundance of such 

myofibrils in addition to the great number of nuc-lei (data not shown). 

However, a number of efforts were undertaken to attempt isolation of 

subcellular membranes free of whole-cell contamination. These tech

niques were highlighted in the Materials and Methods section. None 

of these· endeavors proved successful. The strategies employed for 

subfractionating these membranous components will be discussed in a 

subsequent section. 

Estrogen Binding Activity in Fractions of Rat Uterine Homogenate~ 

Examination of estradiol binding in each of the standard fractions 

of rat uterine homogenates yielded the results shown in Table III. 



TABLE Ill 

Specific Binding Activities and Total Specific Binding Capacities of Uterine 
Subtractions for Estradiol 
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Specific Binding Activity Total Binding Capacity 

Fraction (fmol/mg protein or DNA) (
0/o of total uterine binding) 

nuclei 19.1 14.0 

mitochondria 18.1 2.3 

microsomes 81.6 7.1 

cytosol 156.7 76.6 

Uteri of castrate .adult animals were homogenized and fractionated in the usual 
fashion and analyzed for estradiol binding activity. Specific binding activities 
represent Bmax values obtained from Scatchard transformation of saturation 
binding analyses performed in each fraction (Ka = 1.41 +1- 0.63 x 1 01 o M-1 ). 
Specific binding activities are given as femtomoles estradiol bound per mg DNA 
for nuclei and femtomoles estradiol bound per mg protein for the other fractions. 
Total specific binding activities of each of the fractions were added together to 
determine the total uterine estradiol binding activity, from which the total! binding 
capacity percentages were calculated. · 
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Cytosol contained the highest concentration of binding sites {156.7 

fmol/mg) and the largest percentage of the total specific binding capac

ity (76.6%). Microsomes exhibited.a lower specific binding activity 

(81.6 fmol/mg) and accounted for 7.1% of total specific binding sites. 

Nuclear and mitochondrial fractions possessed 14.0% and 2.3% of total 

estradiol binding activity. 

Estrogen Binding Properties of Mitochondrial and Microsomal Pellet 

Subtractions 

From the above results, it was evident that the microsomal fraction 

could not simply be regarded as assorted fragments of endoplasmic retic

ulum. In order to assess the contribution of mitochondria, plasma 

membrane, cytosol, and endoplasmic reticulum to the total binding activ

ity of the microsomal fraction, it was necessary to devise a scheme 

which would allow resolution of these components so that their resident 

estradiol binding activity could be measured. 

As a first approach, it seemed logical to utilize the nuclei as 

a source for all of these components because this fraction is rich 

in all of the primary membranous components of the cell (Figure 8). 

Several protocols exist for isolating these membranes from the nuclear 

fraction, most of them devised for the crude nuclear fraction obtai·ned 

from liver homogenates. Several of these strptegies were tried using 

our crude nuclear fraction derived from uterine homogenates. All of 

these attempts utilized variations of density gradient centrifugation 

technology. Alas, none of these systems afforded satisfactory resolu

tion of the subcellular components associated with the crude nuclear 

fraction. ~lthough use of the nuclear fraction of prostatic homogenates 
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proved to be satisfactory for resolution of these membranes for studies 

of androgen receptor localization .(Muldoon et !l·' 1988), such a strat

egy had to be abandoned for other methods which allowed better separa

tion of membranes tn the fractions of rat uterine homogenates. 

The gradient system finally adopted was that presented in the 

Materials and Methods section (highlighted in Figure 2). A discontin

uous sucrose gradient with sucrose concentrations {w/w) of 25%, 31%, 

37%, 41%, and 45% was employed for subfractionation of mitochondrial 

and microsomal fractions applied to the tops of the gradient. Fractions 

collected at the 25%-31%, 31%-37%, 37%-41%, and 41%-45% interfaces 

were analyzed for marker enzyme and estradiol binding activity. Figure 

9A gives the results obtained when the mitochondrial fraction {which 

·contains large or "heavy" fragments of endoplasmic reticulum) was frac

tionated in this fashion. It is apparen~ that the plasma membranes 

are isodense with the sucrose concentrations in the upper region of 

the gradient. This is evidenced by the high degree of enrichment of 

Na+/K+-ATPase in the first and second interfaces. There is also a 

downward trend of enrichment from the upper to lower regions of the 

gradient for this marker enzyme. SOH, the mitochondrial marker, is 

most highly enriched in the middle region of the gradient, with its 

peak activity concentrated in fraction 3 (37%-41% interface). Both 

G6Pase (the endopiasmic reticulum marker) and estradiol binding activ

ities exhibit peak enrichments in the lowermost portion of the gradient 

and fairly constant levels of activity in the first three fractions. 

Microsomal and combined mitochondrial-microsomal fractions were also 

fractionated using the same type of gradient (Figures 98 and 9C). 

The patterns of marker enzyme and estradiol binding activity enrichments 



Figure 9. Relative Specific Activities of Marker Enzymes and Estrogen 

Receptor in Fractions Obtained from Discontinuous Sucrose 

Gradient Fractionation 

Fractionation ·was as ·described in Materials and Methods. 

Results are expressed as ratios of specific enzyme or estra

diol binding activities in each fraction to the corresponding 

specific activity in the homogenate fraction. Homogenate 

specific activities were calculated by adding the total 

activities of the nuclear and cytoplasmic fractions and 

dividing by the total protein content of these fractions. 

Homogenate specific activities are given in Table IV. 

A) Mitochondrial pellet subfractions; B) Microsomal pellet 

subfractions; C) Combined mitochondrial-microsomal pellet 

subfractions -- this pellet was obtained by centrifuging 

the cytoplasm (post-nuclear supernatant) at 105,000 x g 

for 60 minutes. 
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TABLE IV 

Specific Activities of Marker Enzymes and Estrogen Receptor in Homogenates 
Prior to Fractionation and Separation on Discontinuous Sucrose Gradients 

Fraction Applied 
to Gradient 

mitochondria 

microsomes 

mitochondria/ 
microsomes 

ATPase 

95.5 

118.8 

112.9 

SOH 

7.8 

5.5 

5.7 

G6Pase ER 

51.6 123.1 

45.8 110.8 

43.9 133.1 

Homogenate specific activities are given for marker enzymes and estrogen 
receptor for subfractionatiori experiments. Values were calculated as · 
described in the legend to Figure 9. Activities are given as nmol p-nitrophenol 
mg-1 hr-1 for ATPase, nmol formazan formed ·min-1 mg-1 for SOH, J.Lg inorganic 
phosphate mg-1 hr1 for G6Pase, and fmol mg-1 for ER. · 
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were very similar to those obtained for the mitochondrial fraction. 

Although there is qualitative similarity, there are quantitative differ

ences in the specific activity ratios depending on the fraction applied 

to the top of the gradient. That is, SDH activity is most highly enrich

ed in the gradient derived from the mitochondrial fraction and G6Pase 

activity exhibits higher specific activity ratios in ·the gradient derived 

from the microsomal fraction as opposed to the mitochondrial or mitochon

drial-microsomal fractions. 

Examination of the distribution of total enzyme and estradiol 

binding activities (Figure 10) reveals that the Na+;K+-ATPase activity 

and estradiol binding activity tend to increase in lower (more dense) 

regions of the gradient. SDH activity tends to migrate to densittes 

intermediate between those where the plasma membranes and endoplasmic 

reticulum migrate. The cytosolic marker enzyme was assayed in each 

fraction; its activity was below the limits of detection in each frac

tion of each gradient. Recoveries of marker enzyme and estradiol bind

ing activities are shown in Table V. Marker enzyme recoveries exceeded· 

80% in each case and recovery of estradiol binding activities ranged 

from 73.B% to 88.6%. 

Figure 11 gi-ves the results of comparisons of the total activities 

of the ma·rker enz.ymes to estr~di o.l binding activity for gradients ob.

tained from mitochondrial, microsomal, and mitochondrial-microsomal 

pellets. If estradiol binding activity 1s associated with plasma mem

branes, mitochondria, or. endoplasmic reticulum, it would be expected 

that co-migration of these entities could be demonstrated by comparison 

of marker enzyme and.ER content of each fraction. Indeed, examination 



Figu:re·lO. Total Marker Enzyme and Estrogen Receptor Activities 

Obtained from Discontinuous Sucrose Gradients 

Pellets were fractionated on discontinuous sucrose 

gradients as described in Materials and Methods. Results 

are expressed as percentages of total specific activities 

applied to the gradients. A) Mitochondrial pellet sub

fractions; B) Microsomal peilet subfractions; C) Mitochon

drial-microsomal subfractions. 
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TABLE V 

Recoveries of Marker Enzymes and Estradiol Binding Activities from 
Discontinuous Sucrose Gradients 

Fraction Applied ATPase SOH G6Pase ER 
to Gradient (pmol/hr) (pmol fonnazai'Vmin) (mg Pilhr) (prnol) 

mitochondria 
applied 7.21 2.40 3.70 0.52 
recovered 5.90 2.58 3.03 0.38 
0/o recovery 81.9 107.5 81.9 73.8 

microsomes 
applied 18.57 0.50 9.91 2.99 
recovered 17.12 0.45 9.39 2.62 
o/o recovery 92.2 90.7 94.7 87.8 

mitocho nd ria/microso mes 
applied 24.52 2.82 11.71 3.89 
recovered 22.57 3.31 . 11.75 3.44 
0/o recovery 92.0 118.2 100.4 88.6 

Total activities of marker enzymes and estrogen receptor applied and recovered 
from discontinuous sucrose gradients are given for each pellet by this method. 



Figure 11. Ratios of Total Marker Enzyme Activities to Total Specific 

Estradiol Binding Activity in Fractions Obtained from Dis

continuous Sucrose Gradients 

Ratios were determined by dividing the percenta.ge of 

total marker enzyme activity recovered in each fraction 

by the percentage of total specific estradiol binding capac

ity associated with that fraction. A) Mitochondrial pellet 

subtractions; B) Microsomal pellet subfractions; C) Mitochon

drial-microsomal pellet subtractions. 
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of the ratio of total G6Pase activity to total estradiol binding activ

ity in all of the fractions of ea~h gradient were close to unity. 

In contrast, no ostensible relationship between total enzyme activity 

and estradiol binding activity exists for the other marker enzymes. 

Such results strongly support the existence of an intimate association 

between estrogen receptors and the endoplasmic reticulum in rat uterine 

tissue. 

The fractions obtained from subfractionation of the combined mito

chondrial-microsomal pellet were analyzed for protein, RNA, DNA, and 

glycogen content (Table VI). RNA is distributed in a pattern similar 

to that previously observed for G6Pase activity as might be expected 

owing to the large degree of association between cytoplasmic RNA and 

the endoplasmic reticulum. No DNA was detected in any of the fractions, 

suggesting that nuclear contamination of the gradient fractions does 

not contribute to the estradiol binding activity observed. 

Further investigation of the components of each of the fractions 

obtained from the combined mitochondrial-microsomal pellet was performed 

by examining each of the gradient fractions via transmission electron 

microscopy. Figure 12A was obtained from one region of the combined 

mito~hondrial-microsomal pellet and reveals numerous smooth vesicles 

(representing plasma membranes and smooth endoplasmic reticulum) and 

mitochondria. Figure 128 was photographed from another region of the 

same pellet and shows and abundance of ribosomes, polysomes, and glyco

gen granules. Figure 13 was taken from fraction 1 of the gradient 

and reveals that this fraction comprises primarily smooth membranes, 

in good agreement with the previous demonstration that the bulk of 

the plasma membranes sediment with this fraction~ Also notable is 
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TABLE VI 

Distribution. of Protein. RNA. and Glycogen in Subtractions of the Combined 
Mitochondrial-Microsomal Pellet 

Fraction Protein RNA Glycogen 

mitochondria/ 
microsomes 7.02 1.45 2.06 

1 1.18 0.18 0.21 
2 0.63 0.19 0.28 
3 1.76 0.37 0.64 
4 3.45 0.72 0.94 

All values are given as mg/fraction. The combined mitochondrial-microsomal 
pellet was fractionated as described in Materials and Methods and examined 
for protein, RNA, DNA, and glycogen content. No DNA was detected in any of 
the fractions. Recoveries were 1 00.0°/o for protein, 1 03.2°/o for RNA, and 97.8°/o 
for glycogen. 



Figure 12. Electron Micrographs of Combined Mitochondrial-Microsomal 

Pellet 

The combined mitochondrial-microsomal pellet was fixed 

in 3% glutaraldehyde, post-fixed in osmium tetroxide, and 

embedded in Epon as described in the Materials and Methods 

section. Samples were cut with an ultramicrotome, placed 

on 300 mesh copper grids, stained with uranyl acetate, 

and counterstained with lead citrate. A) Magnified 12,500 

times; B) Magnified 60,000 times. 
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Figure 13. Electron Micrographs of Fraction 1 from Discontinuous 

Sucrose Gradient 

The combined mitochondrial-microsomal fraction was 

separated on a discontinuous gradient as described in 

Materials and Methods. Fraction 1 was pelleted and 

electron microscopy performed as described in the legend 

to Figure 12. A) x 27,500; B) x 27,500. 



A 





Figure 14. Electron Micrographs of Fraction 2 from Discontinuous 

Sucrose Gradient 

Fraction 2 from sucrose gradient fractionation of the 

combined mitochondrial-microsomal preparation was pelleted 

and transmission electron microscopy performed as described 

in Materials and Methods and in the legend to Figure 12. 

A) X 27,500; B) X 35,500. 
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Figure 15. Electron Micrographs of Fraction 3 from Discontinuous 

Sucrose Gradient 

Sucrose gradient fractionation of the combined mito

chondrial-microsomal pellet was performed. Fraction 3 

was pelleted and examined by electron microscopy as out

lined in the legend to Figure 12. A) x 27,500; B) x 

35,000. 







Figure 16. Electron Micrographs of Fraction 4 from Discontinuous 

Sucrose Gradient 

A pellet of fraction 4 obtained by separation of the 

combined mitochondrial-microsomal pellet was examined by 

electron microscopy as highlighted in the legend of Figure 

12. A) X 10,000; B) X 27,500. 
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the absence of mitochondria. Figure 14, taken from fraction 2 shows 

a mixture of smooth vesicles and a sparse distribution of mitochondria, 

again in agreement with the biochemical data. ·Fraction 3, shown bio

chemically to be rich in mitochondria, indeed demonstrates an abundance 

of mitochondria on electron microscopic examination (Figure 15). Some 

of the mitochondria have incurred some damage secondary to the osmotic 

forces encountered in the process of fractionation. Also present are 

numerous smooth vesicles and occasional rough membranes. The lowermost 

fraction (Figure 16) of the gradient exhibited a composition of primar

ily smooth membranes with mitochondria and rough m~mbranes occasionally 

interspersed among them. None of the fractions revealed the presence 

of any nuclear contamination. 

Thus, there: is good agreement between the biochemical and morpho

logical studies of the gradient fractions. Taken together, these re

sults suggest -that the endopl~smic reticulum harbors binding sites 

for estradiol and that neither plasma membranes nor mitochondria con

tribute significantly to the estradiol binding activity observed in 

the microsomal fraction of rat uterine homogenates. The lack of LDH 

activity in any of the gradient fractions mitigates against cytosolic 

contamination as a source of this binding activity. 

Estrogen Binding Activity of Individual Microsomal Components 

Having localized the estrogen binding activity of microsomes to 

the endoplasmic reticulum, it was of interest to determine to what 

extent the components classically associated with this structure con

tribute to this binding. Estrogen receptors have previously been de

scribed in association with rough and smooth endoplasmic reticulum 



(Sierralta et ~·, 1987) and ribosomes (Labate~~·, 1986). Given 

the tendency of ribosomes to dissociate from endopl asmi.c reti cul urn 
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when homogenates are prepared from rat uteri (Teng and Hamilton, 1967), 

a technique for sepa~ation of the microsomes was selected which uses 

gentle, nondestructive means to effect a high recovery of rough endo

plasmic reticulum (Adelman et !l·' 1974). This technique utilizes 

the post-mitochondrial supernatant as the source of· rough and smooth 

membranes and ribosomes (the methodology is outlined in detail in 

Materials and Methods). Homogenization of the tissue was performed 

in a buffer containing MgCl2 and isotonic KCl to help maintain the 

integrity of the ribosome-studded membranes. The post-mitochondrial 

supernatant was frattionated on ~ single, distontinuous gradient of 

1.5 M sucrose overlaying 2.0 M sucrose. 

Fractions obtained ·from thi·s. gradient are enriched with smooth 

membranes (supernatant- 1.5 M sucrose interface), rough membranes 

(1.5 M - 2.0 M sucrose interface, and ribosomes and polysomes (from 

the bottom of the tube). The fractions thus obtained in this study 

were analyzed for protein, RNA, and estradiol binding activity (Table 

VII). Smooth membranes exhibited a paucity of RNA, with ribosomes 

accounting for 68.2% of total RNA content of the microsomal fraction, 

and rough membranes had an interm~diate amount of RNA when compared 

to the other two fractions. Ribosomes exhibited a very high RNA-to

protein ratio as would be expected. The rough membranes had an RNA~to

protein ratio of 0.12. This value is lower than the typical ratio 

of 0.20 to 0.25 found for rat liver rough endoplasmic reticulum mem

branes (Adelman et !1·, 1974), but was not surprising in light of the 

weak association of ribosomal components with rough microsomal mem-
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TABLE VII 

Separation of Ribosomes and Rough and Smooth Microsomal Membranes 

SBA o/o of RNA o/o of T.otal 0/o of Total A2so12so 
Fraction (fmoVmg) TSBC Protein RNA Protein 

Smooth 265 29.2 0.07 7.0 28.1 0.81 

·Rough 157 36.2 0.12 24.8 58.9 0.74 

Ribosomes 669 34.6 1.49 68.2 13.1 0.67 

The post-mitochondrial supernatant was fractionated as described in Materials 
and Methods. Determinations of RNA, protein, and estradiol binding activity were 
done. SBA = specific binding activity for estradiol; A2sot2so =the ratio of 
absorbances measured at 280 nm .. and 260 nm; TSBC =total specific estradiol 
binding capacity. Total estradiol· binding capacity was 0.61 picomoles, total RNA 
was· 0.682 mg, total protein was 2.40 mg. 



branes in the rat uterus. Absorbance ratios comparing 280 nm and 260 

nm wavelength transmission are also in agreement with the RNA/protein 

ratios (the ratio A280/260 decreasing as relative concentration of 
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RNA increases). These biochemical data support the view that the compo

sition of these fractions is as would be anticipated. 

This was investigated further by morphological assessment of the 

fractions. Transmission electron· .mfcroscopy was performed on each 

fraction obtained from the gradient as well as the starting material. 

Figure 17 shows the structures present in the material applied to the 

gradient; rough and smooth membranes are seen against a background 

of ribosomes and polysomes. Examination of the smooth membrane fraction 

(~igure 18) reveal.s an ~bundanc~_of smooth membranes, with occasional 

rough membranous and ribosomal constituents. The rough membrane frac

tion (Figure 19) comprises a slightly higher amount of rough vesicles 

surrounded by numerous smooth vesicles and ribosome-s. The lowermost 

fraction (Figure 20) is chiefly ribosomal and polysomal in nature with 

few, if any, membranous vesicles in evidence. 

Re-examination of Table VII reveals that ribosomes display a very 

high estradiol binding activity due to their low protein content. 

When the distribution of total specific estradiol binding capacity 

is considered, approximately equivalent percentages of total microsomal 

binding are associated with each of the three fractions. Earlier studies 

from this laboratory using a more crude method of microsomal subfraction

ation had demonstrated roughly equal prop~rtions of total specific 

microsomal estradiol binding activity associated with rough and smooth 

microsomal fractions (Watson, 1982). 



Figure 17. Electron Micrograph of Crude-Microsomal Fraction 

The post-mitochondrial supernatant which served as 

the source of material for subfractionation of rough and 

smooth membranes·.and· ribosomes was pelleted. This pellet 

was prepared for electron microscopy as described in Materi

als and Methods. x 21,500 





Figure 18. Electron Micrograph of Smooth Microsomal Membranes 

The uppermost fraction obtained by fractionation of 

the ·post-mitochondrial ·supernatant was pelleted and pre

pared for examination by transmission electron microscopy 

as outlined in Materials and·Methods. x 21,500. 





Figure 19. Electron Micrograph.of Rough Microsomal Membranes 

The fraction obtained at the 1.5 M- 2.0 M sucrose 

interface of the gradient used to .subfractionate the post

., mitochondrial supernatant was pelleted, fixed, and stained 

·, fcir·el~ctron microscopic. stud~. x 27,500. 
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Figure 20. Electron Micrograph of Ribosomal Pellet 

Ribosomes collected from the bottom of the post-mito

chondrial supernatant fractionation gradient were fixed 

and stained according to the protocol given in the Materials 

and Methods section. x 46 ,,000. 



I 
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Extraction of Mi crosoinal Estrogen Receptor and Assessment of Mi crosom·a 1 

Purity 

Because of the presence ofLDH activity.associated with the micro

somal fraction· (as demonstrated in a previous section), studies were 

undertaken to evaluate the possibility that cytosolic contamination 

could contribute to microsomal estradiol binding activity. As a first 

approach, the pheriomenon of cytosolic trapping was investigated as 

a potential source of microsomal binding sites. Lung and diaphragm 

(non-target tissues for estradiol) were homogenized in cytosol pre

pared from rat uterine homogenates and estradiol binding activity in 

microsomes derived from these tissues was quantified. These results 

are presented in Tables VIII and IX. Estradiol binding activity was 

not detectable in microsomes prepared from lung or diaphragm homogen

ates. However, when homogenized in the presence ofestrogen receptor

rich uterine cytosol, estradiol binding activity was observed in the 

microsomal fraction prepared from this homogenate. The Ka of these 

binding sites was comparable to that of the cytosolic estrogen receptor 

of rat uterus. Examination of the total specific binding capacities 

(shown in Table IX) reveals that the content of ER activity in micro

somal fractions of non-target tissues is much lower than that of the 

microsomes derived· from uterine homogenates. This suggests that 

although cytosolic trapping accounts for some portion of microsomal 

binding, cytosolic contamination makes only a minor contribution to 

the total specific estradiol binding capacity of the microsomal frac

tion. 

This phenomenon was further investigated by homogenizing lung 

and diaphragm in cytosol from rat uteri diluted to varying· degrees 
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TABLE VIII 

Specific Estradiol-Binding Activity Recovered in the Cytosolic and Microsomal 
Fractions of Lung and Diaphragm Homogenized in Uterine Cytosol 

CytosoP Microsomes 1 
Tissue Ka Bmax Ka Bmax 

Uterus 1.33 345 0~88 106 

Lung N.D.2 N.D.2 

Lung+ Cytosol 1.97 121 1.12 43 

Diaphragm N.D.2 N.D.2_ 

Diaphragm + Cytosol 1.57 140 0.70 36 

1Ka is expressed as 1010 M-1; Bmax is given as fmol/mg protein 

2N.D. =specific binding activity not detectable 

Cytosolic and microsomal fractions were prepared from uterus, lung, and 
diaphragm as described in Materials and Methods. Lung and diaphragm were 
homogenized in cytosol (from rat uteri) and fractionated in the usual fashion. 
Estradiol binding activity was measured in the cytosol and microsomes derived 
from each homogenate by means of saturation analysis; Scatchard 
transformation of the data gave Ka and Bmax values. 
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TABLE IX 

Total Specific E~tradiol Binding Capacities Recovered in Cytosolic and . 
Microsomal Fractions of Lung and Diaphragm Homogenized in Uterine Cytosol 

Total Specific Estradiol Binding Capacity* · 
Tissue Cytosol Micro·somes 

Uterus 60.0 4.69 

Lung 0.0 0.00 

Lung + Cytosol 14.3 0.52 

Diaphragm 0.0 0.00 

Diaphragm +Cytosol 12.0 0.22 

*Expressed as pmol/g of tissue homogenized 

Conditions were as described in Table VIII. Total. specific binding capacities 
were calculated by multiplying the specific binding activity by the protein content 
of the fraction. 



with homogenization buffer and measuring estradiol binding activity 

in microsomes prepared from these homogenates. Table X shows that 

as the cytosol is progressively diluted, specific and total estradiol 
. . 

binding activities recovered. in the microsomal ·fraction -decre~se. 

This further suggests that there is non-specific trapping of cytosol 

by the microsomal components during the proceis.of homogenization. 
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The relations_~=iP between homogenization volume and estradiol -bind

ing activity of microsomes ~as inyestigated. Rat uteri (one gr~~) 

were homogenized in increasing· volumes of TEDSP buffer. Microsomal 

fractions were isolated and assayed for estradiol bi~ding activity 

and LDH activity (as a measure of n6n-specific trapping of cytosoli~ 

components). T~bl_e XI gives the results of this experiment. As ex

pected, estrogen receptor concentration in the homogenate decreases 

with increasing volumes of homogenization (shown in the left-hand 

column). Total LDH activity recovered in the microsomes diminishes 

as the homogenization volume increases; however, total specific estra-

dfol capacity remains relatively constant, regardless of the degree 

tn which the buffer-to-tissue ratio is increased in the homogenization 

step. These findings suggest that the presence of cytosol in the micro

somes does not contribute significantly to the ER activity detected 

in this fraction. This hypothesis is strengthened by the curious find

ing that specific estradiol binding activity in the microsomes increases 

as the total volume of homogenization increases. This phenomenon would 

occur if non-receptor cytosolic proteins are trapped to a greater ~xtent 

than estrogen receptor. As homogenization volume increased, fewer 

of these non-receptor protein molecules would be trapped in the micro

somes. This would lead to an increase in ER specific activity with 



TABLE X· 

Effect of Cytosolic Dilution on Estradiol Binding Activity Recovered in the 
Microsomes of Lung and Diaphragm Homogenized in Uterine Cytosol 

Cytosol DiJution SBA1 TSBC2 
Tissue Factor ~fmoVmg protein) (fmol} 

Lung 1 23.1 157 
2 17.8 104 
4 9.9 56 
8 7.3 35 

Diaphragm 1 42.1 61 
2 15.4 19 
4 12.0 11 
8 0.0 0 

1SBA =specific estradiol binding activity 

~TSBC =total specific estradiol binding capacity 
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Microsomes were prepared from lung and diaphragm homogenized in rat 
uterine cytosol as described in Table VIII. Progressive dilutions of the uterine 
cytosol were used (dilution factor 1 = undiluted cytosol, factor 2 = 1 part cytosol 
in 2 parts final volume); dilution was with TEDSP buffer. Estradiol binding was 
quantified using single point assays in triplicate. 
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TABLE XI 

Effect of Homogenization Volume on Microsomal Estrogen Receptor Levels and 
Cytosolic Contamination 

Homogenization _ [ER] SBA TSBC LDH LDH 
Volume (ml) (frroVml) (frnoVmg) ·· (frnol) ·_ .- (sPecific act.) (total act.) 

5 2254 115 . 315 2.88 7.88 
10 1033 104 282 1.40 3.80 
20 601 198 437 1.23 2.72. 
40 274 269 480 1.29 2.31 
80 99 280 360 1.50 1.94 

120 51 .196 243 0.88 1.09 

Rat uteri (one gram for each condition) were homogenized in increasing 
volumes of homogenization buffer (TEDSP). Estradiol binding activity and LDH 
activity was assayed in microsomes obtained under each condition. Estrogen 
receptor concentration is that recovered in the cytosol. SBA = specific estradiol 
binding activity; TSBC =total specific estradiol binding activity; LDH activity is 
given in units of nmol NADH oxidized per minuted per mg protein (specific 
activity) or J.Lmol NADH oxidized per minute (total activity). 
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increasing homogenization volume because fewer of these non-receptor 

proteins would be trapped, and 11 dilution 11 of th.e native mic:osoma.l 

proteins (including estrogen receptor) would.decrease. Since ·specific 

binding activity is specified in terms of fmo.les of estradiol bound 

per mg of protein, the denominator of the equation is decreased at 

higher homogenization·volumes, giving rise to·the elevated specific 

bind~ng activities at higher.volumes of homogenization. Taken together, 

these results suggest that estradiol binding a~tivity indigenous to 

the microsomes accounts for the bulk of· that measured in this fraction, 

with a small contribution made by cytosolic ER which becomes trapped 

in or on the microsomal membranes during the homogenization process. 

In order to investigate whether this small degree of cytosolic 

contamination could be selectively remove~ from the microsomes, studies 

of estrogen receptor, protein, and LDH extraction by .KCl were performed. 

Results of this experiment are presented in Table XII. Extraction 

with buffer alone led to a release of 17% of the estradiol binding 

sites and 18.2% of the total protein associated with the microsomal 

fraction. Approximat~ly 90% of the total LDH activity was released 

from the microsomes with buffer extraction. Extraction with increasing 

concentrations of KCl led to almost complete release of ER from the 

microsomes at concentrations above 0.25 m. 51.1% of protein remains 

associated with the microsomes after extraction with 0.25 M KCl; higher 

concentrations of salt did not lead to further rel~ase of protein. 

Extraction of cytosol was not enhanced by the addition of KCl to the 

buffer. Just over 90% of the total LDH activity was released from 

the microsomes by treatment with buffer alone, and total LDH activity 

was not altered by inclusion of KCl in the extraction medium. These 
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TABLE XII 

Effect of KCI Concentration on Extraction of Protein. Estradiol Binding Activity. 
and Adsorbed Cytosol from Uterine Microsomes 

SBA 0/o Residual o/o Residual LDH LDH 
[KCI] (M) (fmoVrng) Binding Act. Protein (specific act.) (total act.) 

unextracted 131.6 100 100 1.17 5.16 
0.0 133.5 83.0 81.8 '0.14 0.50 
0.15 35.3 16.8 62.5 0.18 0.50 
0.25 16.5 6.4 51.1 ' 0.23 0.53 
0.40 '10.5 4.0 49.8 0.26 0.57 
0.60 6.6 2.6 52.0_ 0.26 0.59 

Microsomes were isolated from. rat uterine homogenates in the usual fashion. 
The microsomal ,fraction was·'subsequently resuspended in TEDSP bu-ffer 
containing KCI in concentrations· ranging· from 0 to o·.6 M and incubated for 15 
minutes at 0° C. Microsomes were re-isolated .by centrifugation, resuspended 
in TEDSP buffer, and assayed for ER, protein, and LDH activity. Values 
obtained for the unextracted microsomes are also given. SBA = specific 
estradiol binding activity (fmol/mg protein). Residual binding activity is 
expressed as a percentage of that possessed by the unextracted microsomes 
(579 fmol). Residual protein is given as a percentage of the total protein content 
of the unextracted microsomes (4.40 mg). LDH activity is given in units of nmol 
NADH oxidi;zed per minute per mg protein (specific activity) or J.Lmol NADH 
oxidized per minute (total activity). 
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results suggest that cytosolic contaminants can be removed almost com

pletely by extraction of the microsomes with buffer. About ·17% of 

the estradiol binding sites are also removed by this treatment; while 

much of this activity may represent cytosolic ER, the loss of native 

endoplasmic reticulum sites 6annot be ruled out. Extraction with KCl 

apparently leads to solubilization of intrinsic .endoplasmic reticulum 

estrophil~s (cytosoli~ components are not released by this treatme~t 

as evidenced by the lack of chan§~ in .total LDH activJty measured i~ 

the residual pellet). The loss of estrogen re~eptor activity in re

sidual pellets after KCl treatment is not due to inactivation of ER 

activity by the high ionic strength medium, as will be demonstratect 

in the next section. 

Effects of altering extraction conditions and buffer components 

on release of ER from the microsomes were examined. These results 

are summarized in Table XIII. The presence of absence of sucrose in 

the extraction medium made little difference with respect to residual 

binding in the extracted pellet. Addition of 0.4 M KCl led to extrac

tion of approximately 90% of estradiol binding activity (in agreement 

with the results of Table XII). Extraction in the presence of estradiol 

did not significantly alter the release of ER from the microsomes. 

Elevated temperature also had no effect on extractability. 

Binding Properties of Microsomal Estrogen Receptors --·Effects of Molyb

date, KCl, and pH 

Sodium molybdate has been demonstrated to stabilize the cytosolic 

estradiol receptor against thermal denaturation (Krozowski and Murphy, 

1981; Moncharmont et !}_., 1982). Attempts were made to investigate 



TABLE XIII 

Effects of Temperature. Estradiol. Sucrose. and KCI on Extraction of the 
Microsomal Estrogen Receptor 

Sucrose KCI Estradiol Temperature E R Extracted Recovery 
(0.25 M) (0.4 M) (5 nM) (OC) (o/o) (o/o) 

+ 0 23.5 96 
+ + 0 90.4 95 

0 19.9 93 
+ 0 91.7 93 

+ + 0 36.0 106 
+ + + 0 86.8 84 
+ + 30 28.2 87. 

+ + + 30 81.7 93 
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Microsomes were prepared from_homogenates of rat uteri and resuspended in 
TEDP buffer variously containing 0.25 M sucrose, 0.4 .M KCI, and/or 5· nM 
3H-estradiol. Preparations resuspended in the absence ·of labeled estradiol 
were allowed to incubate for 15 minutes at 0° C. Microsomes were re-isolated 
by centrifugation and the supernatant and extracted pellet were assayed for 
estradiol binding activity. Microsomes extracted in the presence of labeled 
estradiol (at 0° C or 30° C for 15 minutes) were re-isolated by centrifugation and 
the supernatant and pellet were separated and counted (nonspecific binding 
was corrected by including microsomal samples extracted in the presence of a 
1 00-fold excess of unlabeled estradiol). Recovery is expressed as the sum of 
estradiol binding capacities in the extract and residual pellet divided by the 
binding capacity of the unextracted microsomes and is given as a percentage. 
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whether a similar effect is exerted on the microsoma1 ER species. 

Figure 21 shows the results obtained when the effect of molybdate was 

examined for cyto~olic and microsomal ER incubated at 30° C. Not only 

did molybdate fail to protect the receptor against thermal denaturation/ 

degradation, but it actuall~ resu~t~d in a decrement in.ER activity 
. . 

at 0° C for the microsomal ER and a concentration-dep~ndent·l6ss of 

ER acti'vity. There was a loss of approximately 85% and 94% of ER 

activity for cytosol and microsomes, respectively, at 40 mM sodium 

molybdate, when these fractions were exposed to a 30° C environment. 

A second experiment was performed using an incubation of unocc~p·i ed 

receptor at 22° C, presumably a mil~er thermal stimulus. These results 

are presented in Figure 22. Controls incubated at 0° C (which should 

not be subject to thermal denaturation) again exhibited a concentration

dependent loss of ER binding activity. This effect was most pronounced 

for the microsomal preparation, which lost 80% of its specific estradiol 

binding activity at a sodium molybdate concentration of 40 mM. Again, 

sodium molybdate apparently did not protect either cytosolic or micro

somal ER from thermal denaturation or degradation and may have directly 

contributed to losses of estradiol binding sites. It is not clear 

why molybdate failed to show a protective effect in either cytosolic 

or microsomal fractions; however, molybdate was not used as a component 

of the buffers routinely employed for studies outlined in this thesis 

because of its negative effects on ER binding activity. 

Figure 23 shows the effect of KCl on ER activity in microsomes. 

KCl does not impair microsomal estradiol binding activity measured 

under equilibrium conditions. Although it has been previously suggested 

that high concentrations of KCl can interfere with receptor quantifi~ 



Figure 21. Effect of Sodium Molybdate on Estradiol Binding Activity 

at 30° C 

Cytosol and microsomes were isolated in the usual fash

ion. These preparations were then each exposed to sodium 

molybdate in concentrations of 0, 2, 5, 10, 20, and 40 

mM and subsequently incubated at 0° C or 30° C for 30 min

utes. Assay tubes were transferred to an ice bath and 

single point assays (in triplicate) were performed as des

cribed in Materials and Method~. following_the_ 18 hour 

incubation in the prese~ce ~f estradiol, bound and free 

steroid were separated by the DCC method. Open symbols 

indicate incubation at oo C;, closed symbols are used for 

determinations made for the 30° C incubation. A) ·cytosolic 

fraction; B) microsomal fraction. Each tube contained 

0.382 mg of cytosolic protein or 0.195 ·mg of microsomal 

protein. 
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Figure 22. · Effect of Sodium Molybdate on Estradiol Binding A6tivity 

at 22° C 

Conditions were as described in the legend of Figure 

21 except that the temperatures of incubation were 0° C 

(open symbo 1 s) ·and 22° C ( c 1 osed· symbo 1 s) . A) cytoso 1 fc 

fraction; B) microsomal fraction. 
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Figure 23. Effect of KCl on Microsomal Estradiol Binding Activity 

Single point assays in triplicate were performed on 

microsomal preparations, with KCl in concentrations rang

ing from 0 to 0.6 M present in the assay tubes. Separation 

of bound and free estradiol was by the dextran-coated char

coal method. 
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, cation (Peck and _Clark, 1977), such an effect was not observed in these 

studies. 

The effect of pH on estradiol binding activity in cytosolic and 

microsomal fractions is di'splayed in Figure 24. Cytosolic ER exhibits 

an optimum pH of 7.0 and microsomes show maximal ER binding at pH 7.5. 

Microsomal ER apparently tolerates higher pH values somewhat better 

than does its cytosolic counterpart. MES appears to destabilite the 

ERin both cytosol and microsomes. Tris buffer at pH 7.4 was used 

throughout the course of these studies; HEPES appears to be a reason

able candidate as a substitute for Tris if the conditions should ever 

necessitate use-of an alternative buffer system. 

Sucrose Density Gradient Centrifugation of ·Cytosolic·and Microsomal 

Estrogen Receptors 

Examination of the sedimentation properties of cytosolic and micro

somal estrogen receptors was performed.:. Cytosolic tR .-i-s kno.wn to mi

grate as an 8S complex when complexed with estradiol and density gra

dient centrifugation is performed under conditions of low-salt concen

tration; when physiological or supraphysiological ionic strength medta 

are used for density gradi~nt centrifug~tion~ the cytosolic ER-~stradi61 

complexes sediment as 4S structures (Gorski et ~·, 1968). 'lh.is· behav

ior was confirmed in th~ course of these studies {Figure 25) and used 

for comparison with the microsomal ER. Sucrose gradients with a linear 

range of sucrose concentration from 10% to 30% (w/w) were used for 

low-salt centrifugation studies. Continuous gradients with sucrose 

concentrations ranging from 5% to 20% (w/w) were found to be optimal 

for centrifugation under high-salt conditions. Figure 26A shows that 



Figure 24. Estradiol Binding Activity as a Function of pH in Cytosol 

and Microsomes 

Cytosol and microsomes were isolated as usual. Assay 

pH values ranged from 5.0 to 9.o.· Single point assays 

(in tripl.icate) were done at each increment of pH. Buffers 

were chosen on the basis of their utility and pKa values. 

MES (e), HEPES (•), and Tris (A) buffers were used for 

assays of cytosol (A) and microsomes (B). Separation of 

bound and free ~teroid was- by the DCC method. .Eac~ ass~y 

tube contained 0.448 ~g of cytbsolic prot~in or 0.428 mg 

of microsomal protein. 
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Figure 25. Sucrose Density Gradient Centrifugation of the Cytosolic 

Estrogen Receptor Under Conditions of Low and High Salt 

Concentration 

Cytosol was incubated in the presence of 3H-estradiol 

{open symbols; total binding) or 3H-estradiol and a 100-

fold excess of unlabeled estradiol {closed symbols; non

specific binding) as outlined in Materials and Methods. 

Centrifugation was performed for 15.5 hours at 350,000 

x g in an SW 60 Ti rotor. Gradients were fractionated 

by puncturing the bottom of the tube and collecting 150 

Ill aliquots under gravity .. A) 10% to 30% gradient,·: low:~ 

salt conditions; B) 5% to 20% gradient, high-salt condi

tions. BSA was used as an externai marker to standardize 

sedimentation coefficients. 
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Figure 26. Sucrose Density Gradient Centrifugation of the Microsomal 

Estrogen Receptor Under Conditions of Low and High Salt 

Concentration 

Microsomal ER was extracted as described in Materials 

and ~1ethods. Tot a 1 (open symbo.l s) and non specific ( c 1 osed 

symbols) binding determinations were made and centrifugation 

was done as highlighted in the legend of Figure 25. ·A) 

10% to 30% gradient, low-salt conditions; B) 5% to 20% 

gradient, high-salt conditions. Sedimentation coefficients 

were calculated by the method of Martin and Ames (1961), 

using BSA as an external standard. 
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the microsomal ER m1grates as an as species under low-salt conditions 

as does the cytosolic ER (compare with Figure 25A). Under high-salt 

conditions (inclusion of 0.4 M KCl in the gradient), the microsomal 
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ER behaves as a 4S complex (Figure 268}, again similar to the density 

gradient centrifugation behavior of the cytosolic ER (as shown in Figure 

258}. 

The 4S cytosolic ER can be converted to ·the 55 nuclear DNA-binding 

form by exposure to elevated temperatures (De Sombre et !l·' 1972; 

Yamamoto and Alberts, 1972; Milgrom !1!1·, 1973; Yamamoto, 1974). 

This effect was demonstrated for the cytosolic ER. (Figure 27A). The 

microsomal ER did not undergo this transformation (Figure 278). These 

findings are in agreement with previous studies from this laboratory 

(Muldoon~ !l·, 19aa) and is consistent with the previous finding 

that microsomal ER cannot be transformed to a DNA-binding form (Watson, 

19a2). 

Interaction of Cytosolic and Microsomal Estrogen Receptors with Mono

clonal Antibody JS34/32 

To investigate the degree to which cytosol·ic and microsomal ER 

share structural and antigenic properties, probing of these .receptor 

species was undertaken using the monoclo~al antibody JS34/32. This 

antibody was provided as a gift by Dr. I. Parikh of Wellcome Research 

Laboratories and was developed against the calf uterine cytosolic re

ceptor, but als~ reacts with the rat uterine cytosolic ER (Dr. I. 

Parikh, personal communication). This antibody exhibits a 2:1 stoichio

metry of reaction with the as form of ER (i.e. 2 molecules of antibody 

per one molecule of receptor}, a 1:1 stoichiometry with the 4S form 



Figure 27. Transformation Capabilities of Cytosolic and Microsomal 

Estrogen Receptors 

Cytosolic or microsomal preparations were incubated 

in the presence of 0.4 M KCl and estradiol at 30° C for 

30 minutes. Density gradient centrifugation was performed 

on 5% to 20% continuous sucrose gradients as described 

in Materials and Methods. Specific estradiol binding· is 

plotted for cytosolic (A) and microsomal (B) fractions. 
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of the cytosolic receptor, and a 2:1 stoichiometry .with the nuclear 

ER species (Moncharmont ~ !]_., 1982', 1984; Moncharmont and Parikh, 

1983). Furthermore, this antibody, when complexed with activated recep

tor-estradiol complexes, does not inhibit~ vitro translocation or 

nuclear binding (Moncharmont,et !]_., 1982; Moncharmont and Parikh, 

1983). 

Interaction of JS34/32 with cytosolic and microsomal ER was ex

plored by allowing the antibody to react with receptor-3H-estradiol 

complexes and_ comparing sucrose gradient migration patterns of complexes 

treated or not treated with JS34/32. These results are presented, in 

Figures 28 and 29. Cytosolic ER was reacted with the antibody in ratiris 

of 50, 10, or 2 molecules of ant~body per receptor molecule (Figure 

28). In each of these conditioris, a shift of the sedimentation coef

ficient from the 85 region of the gradient to the lOS, to 115 region 

was documented, affirming that this antibody does indeed cross-react 

with the rat uterine cytosolic ER. Incubation of monoclonal antibody 

JS34/~2 with extracted microsomal receptor-estradiol complexes in the 

same ratios used for cytosolic ER revealed that, under conditions of 

50-fold molar excess of antibody, the microsomal complexes did react 

with the antibody. However, extracted ER-estradiol complexes did not 

exhibit a shift in sedimentation coefficient when reacted with the 

antibody in 2- or 10-fold molar excess concentrations. These findings 

suggest the cytosolic and microsomal ER share a common· antigenic determ

inant but that there is less affinity of the intibody for the microsomal 

receptor. 

In order to explore reaction of this antibody with the 45 form 

of the receptor, the incubation of JS34/32 with ER-eitradiol -complexes 



Figure 28. Interaction of Monoclonal Antibody JS34/32 with the Cyto

solic Estrogen Receptor in Low Ionic Strength Buffer 

An aliquot of cytosol prepared from ~teri of castrate 

adult rats was incubated with 5 nM 3H-estradiol for 2 hours 

at 0° C. Bound and free estradiol were separated by adding 

the sample mixture to DCC pellets as described in Mat~rials 

and Methods. Aliquots of the resulting solution which 

contained cytosolic ER-3H-estradiol complexes were counted 

and the concentration of complexes determined. Monoclonal 

antibody was added i~ 50 (A}, 10 (B), or 2 (C) fold molar 

excess over the concentration of receptor-estradiol com

plexes. After a 4 hour incubation at oo C, aliquots of 

this incubation mixture were loaded onto 10% to 30% contfn

uous sucrose gradients. Gradients were centrifuged and 

fractionated as described in Materials and Methods. Open 

symbols: no added antibody; closed symbols: antibody added. 
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Figure 29. Interaction of Monoclonal Antibody JS34/32 with the Micro

somal Estrogen Receptor in Low Ionic Strength Buffer 

Microsomes from uterine homogenates prepared from 2 

weeks• ovariectomized rats were incubated with 5 nM 3H

estradiol and extracted for 2 hours at oo C as described 

in Materials and Methods. DCC pellets were employed as 

the means of separating bound and free estradiol. Aliquots 

of extracted microsomal ER-3H-estradiol complexes were 

counted so that the concentration of complexes could be_ 

ascertained. Extracted complexes were incubated for 4 

hours at 0° C with a 50 (A), 10 (B), or 2 (C) fold molar 

excess of monoclonal antibody JS34/32. Aliquots of this 

incubation mixture were placed atop a 10% to 30% continuous 

sucrose gradient. Centrifugation and fractionation of 

the gradient was done as described in the Materials and 

Methods section. Open symbols: minus antibody; closed 

symbols: plus antibody. 
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was carried out in the presence of 0.4 M_i<Cl. (this concentration ·has , 

previously been demonstrated no~ to interfere ·with antibody-_calf-uterine

ER binding -- Moncharmont ~ .!]_., 1984). As shown in Figure 30, the 

presence of the high ionic strength environment apparently prevented 

interaction of the antibody with ER (even with a 50-fold excess of 

antibody) of both cytosolic and microsomal fractions. This finding 

was explored further in a couple of subsequent experiments (Figure 

31). First, cytosolic ER-complexes were incubated with a 50-fold excess 

of monoclonal antibody JS34/32 under low salt conditions (in which 

antibody-ER complexes are known to form) and subsequently loaded onto 

a sucrose gradient containing 0.4 M KCl. As shown in Figure 31A, this 

resulted in dissociation of the antibody from the cytosolic ER-estradiol 

complexes, as evidenced by the lack of a shift in the 4S peak (which 

would be expected to occur if the antibody remained attached to the 

receptor-steroid complexes). The second experiment involved incubation 

of the antibody with the complexes in a high ionic strength medium 

and centrifugation in a gradient prepared under low-salt conditions. 

These results are shown in Figure 318. Again, there is a lack of a 

shift in the sedimentation coefficient under these conditions. The 

low-salt environment allows for reassociation of receptor components 

to result in re-formation of as complexes. Although the complexes 

are reassembled to their 8S state, there is no shift in the as peak 

in the gradient of the complexes treated with antibody. This suggests 

that the presence of 0.4 M KCl inhibits association of the monoclonal 

antibody with ER. A small 4S peak is observed in gradients of both 

treated and untreated samples, lending further support to the notion 

that high ionic strength impairs association of the antibody with ER. 



Figure 30. Interaction of Monocl~nal Antibody JS34/32 with Cytosolic 

and Microsomal Estrogen Receptors in High Ionic Strength 

Buffer 

Cytosoli.c and microsomal ER were labeled with 5 nM 

3H-estradiol i~ the presence of 0.4 M KCl. Free labeled 

estradiol was removed by the DCC pellet technique after 

2 hours of incubation at oo C. ER-3H-estradi61 complex 

concentration was determined and incubation of cytosolic 

and microsomal complexes with a 50-fold excess of monoclonal 

antibody JS34/32 was carried out for 4 hours at oo C. 

b.4 M KCl was present throughout the incubation of complexes 

with the antibody. Aliquots of the incubation mixture 

were loaded onto 5% to 20% sucrose gradients prepared in 

TEDSP buffer supplemented with 0.4 M KCl. Centrifugation 

and fractionation were performed as described in Materials 

and Methods. A) cytosol; B) microsomes. Open symbols: 

minus antibody; closed symbols: plus antibody. 
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Figure 31. Effect of Ionic Strength on Interaction of Monoclonal Anti

body JS34/32 with the Cytosolic Est~ogen Receptor 

Cytosol obtained from centrifug~tion of uterine homo

ge~ates-prepared from castrate adult. r~ts was incubated 

with 5.0 nM 3H~e~tradiol in the presence or absence of 

0. 4 M KCl . DCC pe-11 ets were used to remove unb·ound labe 1 ed 

estradiol after a l.a~eling period of 2 -hdurs (0° C). Ali

quots of the resultant comp 1 exes were counte-d, the concen

tration of complexes tal~ulated, and a 50-fold excess of 

monoclonal antibody was added. For the complexes formed 

in the presence of 0.4 M KCl, the same concentration of 

salt was maintained throughout the incubation period. 

The complexes formed in the absence of KCl were incubated 

with antibody in buffer lacking KCl. The KCl-containing 

incubation mixture was sampled and this material was loaded 

onto a 10% to 30% continuous sucrose gradient prepared 

in the absence of KCl (A). Antibody-ER-3H-estradiol com-

plexes formed in the absence of KCl were loaded onto a 

5% to 20% continuous sucrose gradient containing 0.4 M 

KCl (B)o Gradients were centrifuged and fractionated as 

described in Materials and Methods. Open symbols = no 

added antibody; closed symbols = antibody added. 
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Thus, 0.4 M KCl appears to inhibit ER-antibody complex formation a~nd 

causes dissociation of receptor-JS34/32 complexes previously formed 

under low-salt conditions. 

Steroidal Specificity Studies 
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Specificity of cytosol1c'and m1cro·somal ER:for estradiol w~s ... in

vestigated by quantifying the extent to which other steroids and estro

genic compounds interfere with estradiol binding.· Aliquots of cytosolic 

or microsomal fractions-were incubated with a fixed concentration of 

labeled estradiol in the presence of increasing -concentrations of· un

labeled estradiol, diethylstilbestrol, ~ortfso1, -~estosterone, or pro-
. . 

gesterone. Figure 32 gives th~ ~esults of the study of specificity 

with respect to the cytosolic ER. Estradiol and diethylstilbe~trol 

are equally effective competitors for the estrogen receptor at low 

concentrations. E2 was more effective at high ligand concentrations. 

Progesterone possesses significant capacity to compete for cytosolic 

estrogen binding sites. Inhibition of estradiol binding to 50% of 

control was achieved with a 46-fold molar excess of progesterone. 

Neither cortisol nor testosterone were effective competitors for ER. 

Competition curves for microsomal ER (Figure 33) were almost ident

ical to those of the cytosolic ER. Again the effectiveness of the 

tested compounds to compete for estradiol binding sites -was found to 

be estradiol = diethylstilbestrol > progesterone > cortisol = testos

terone. A 54-fold molar exce·ss of progesterone yielded a 50% decrement 

of baseline estradiol binding in the microsomal fraction. These results 

were somewhat unanticipated in light of the prev~ous finding that pro

gesterone was a more effective comp~titor for microsomal ER than cyto~ 



Figure 32. Ligand ·Spec i fi-c.i.ty -.of-.the --.Gytosoli-e--.Est regen-- Receptor 

Uteri from castrate adult rats were isolated, homogen

ized, and cytosol prepared in the usual fashion. Aliquots 

of cytosol were incubated for 18 ·hours at 0° C w1th a·nM 

3H-estradiol in the,presence of competitors in conc~ntra

tions ranging fro~ 0.1 to 10000~fold molar excess. Each 

tube contained 0.42 mg of cytosol protein. Results are 

expressed as a percentage of the level of binding in control 

tubes containing no competitor (170~17 dpm)~ Each value 

represents the mean o.f duplicate determinations. Competi

tors used were estradiol (e), diethylstilbestrol (x), corti

sol (•), testosterone. (o), and progesterone (•); 
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Figure 33. Ligand Specificity of the Microsomal Estrogen Receptor 

Microsomes were prepared from uterine homogenat~s uti

lizing tissue obtained from castrate adult rats. Aliquots 

of the microsomal preparation were incubated with 5 nM 

3H-estradiol for 18 hours at 06 C in the presence of com~ 

petitors ranging in concentrations ranging from 0.1 to 

10000-fold molar excess. Each tube contained 0.15 mg of 

microsomal protein. Results are given as percentages of 

binding activity observed in tubes lacking a competing 

compound ( 33849 dpm) .- Each point represents the mean of 

duplicate determinations. Competitors used were estradiol 

(•), diethylstilbestrol (x), cortisol (A), testosterone 

(0), and progesterone (•). 
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solic ER (Watson and Muldoon, 1985). Thus, both cytosolic and micro-

somal ER are quite selective in their preference of estrogenic ligands; 

progesterone competes equally well for estrogen binding sites in both 

of these fractions. 

Association Rate Studies 

A study of the association rate kinetics of cytosolic and micro~ 

somal ER was undertaken to further characteri-ze and compare the biochem-
' . 

ical properties of these receptor species .. Although both of these 

receptors exhibit compa.rable KP values determined under equilibrium 

conditions, examination of the associJtfori rate constant (k+1)" and 

dissociation rate constant (k-1) .components of Ka ,allows for independent 

determination of Ka. 

Association rates are determined by measuring the amount of steroid 

bound as a function of time at early phases of the ligand-binding re

action. Determination of the association rate is made by analyzing 

the linear region of the plot of initial velocity of reaction (tim~ 

points up to 15 minutes). As the dissociation of estradiol over this 

period of time is negligible (as will be demonstrated in the next section), 

its contribution to the quantity of estradiol bound at early time points 

in the association reaction can be ignored. 

The association reaction for the estradiol receptor has previously 

been demonstrated to obey second-order kinetics typical for such bimo

lecular reactions (Korach and Muldoon, 1974). Experimental conditions 

were chosen that allowed determination of the association rate by equa

tion 31 (Materials and Methods). Under these conditions, the initial 

rate of reaction was found to be linear over the first 6 minutes for 
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cytosolic ER (Figure 34) and over the first l~minutes for the microsomal 

ER (Figure 35). Simultaneous measurements of bound radioactive estradiol 

in the presence of excess radioinert estradiol rev_ealed that nonspecific 

binding did not contribute significantly to the association rates ob

served {note the horizontal, linear pattern of such binding}. 

If the association rate is truly biomolecular, similar values 

for k+l should be expected _regardless of the initial concentration 

of receptor. This was indeed the case for both the cytosolic and micro

somal ER. Figures 34A and 348 show the association rate determinations 

made at two different receptor concentrations. _ Initial receptor concen

trations of 5.35 nM and 2.68- ~M.·'yie.lded -values of k+l of 4.-45 -x·lo5 

1 mol-l sec-1 and 5.73 x 105 1 mql-1 sec-1, .. respectively, for the cyto

sol. For microsomal ER. (Figures 35A and 358), initial receptor concen

trations of 0.246 nM and 0.123 nM corresponded to k+l values of 7.58 

x 105 1 mol-l sec-1 and 8.30 x 105 1 mol-l sec-1, respectively. These 

findings suggest that the association· r'ate- constant fo'r the microsomal 

ER is from 1.3 to 1.9 times greater than that of its ~ytosolic counter

part and that both of the association rate reactions for these two 

ER species obey second-order kinetic rate laws. 

Dissociation Rate Studies 

In contrast to the association rate studies, which are performed 

over a rather brief period of time, dissociation rate studies require 

several days of sampling owing to the high-affinity of the receptor 

for estradiol. This high-affinity interaction leads to very slow re

lease of estradiol molecules once they are bound (this is the reason 

that dissociation phenomena can be ignored in association rate determi-



Figure 34. Association Rate Reaction for the Interaction of 17s-Estra

diol with the Cytosolic Estrogen Receptor 

Cytosol prepared from uteri of estrogen-deprived animals 

was incubated in the presence of 0.50 nM 3H-estradiol. 

Aliquots taken~.t various time points were examined for 

their content of receptor-estradiol complexes. Calcula

tions, equations, and transformation of data were discussed 

in Materials and Methods. Initial receptor concentration 

was determined by a seven point saturation binding analysis 

transformed by the method of Scatchard (1949). A) ER con

centration was 5.35 nM, k+l = 4.45 x 105 l.mol-1 sec-1, 

r = .995; B) ER concentration was 2.68 nM, k+l = 5.73 x 

105 1 mol-l sec-1, r = .989. Association rate curve 

(e); samples containing a 100-fold molar excess of unlabeled 

estradiol (•). 
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Figure 35. Association Rate Reaction for the Interaction of 17e-Estra

diol with the Microsomal Estrogen Receptor 

Uteri from castrate adult rats were homogenized and 

microsomes were prepared. Samples of the microsomal prepa~ 

ration were incubated with 0.46 nM 3H-estradiol and, at 

various time points, aliquots of the reaction mixture were 

removed. The concentration of ER~estradiol complex~s 

present at each time point was determined and used for 

calculations according to the formulae presented in t4ateri

als and Methods. Initial microsomal ER concentration was 

the Bmax value obtained from a Scatchard plot of saturation 

binding data acquired from the same preparation of micro

somes. A) ER concentration was 0.246: nM, k+l = 7.58 x 

105 1 mol-l sec-1, r = .993; B) ER concentration was 0.123 

nM, k+l = 8.30 x 105 1 mol-l sec-1, r = .979. Association 

rate curve (e); samples containing a 100-fold molar excess 

of unlabeled estradiol (A). 
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nations). Dissociation rates are measured by fi·rst 11 loading 11 the recep

tors with estradiol, removing unbound labeled ligand, and following 

the amount of receptor-estradiol complexes .remaining as a function 

of time. An excess of unlabeled estradiol is added to the solution 

containing the estradiol-ER complexes (following removal of the radio

labeled estradiol) to prevent. re-association of labeled estradiol with 

the receptor once it has become dissociated from the receptor. Korach 

and Muldoon (1974) have demonstrated that the concentration of unlabeled 

estradiol added does not influence the calculated dissociation rate 

constants. 

Dissociation rate data for the cytosolic ER are plotted arithme

tically in Figure 36A. It can be seen that the dissociation curve 

asymptotically approaches a value 11 N, 11 which represents nonspecific 

binding. Each val~e ·on the diss~ciation curve must be corrected for 

the cont ri but ion of non specific .binding before the data can be 'fit 

to equation 36 (Materials and :Methods);· The necessity of 'this correc

tion for linearization of dissociation rate data was first recognized 

by workers in our laboratory (Korach and Muldoon, 1974). The arith

metic plot of the dissociation curve for the microsomal ER is shown 

in Figure 37A. Corrected values linearized according to equation 36 

are displayed in Figures 368 (cytosol) and 378 (microsomes). Dissoci

ation rate constants (k_l) determined in this fashion were 8.00 x 10-6 

sec-1 for cytosolic ER and 4.73 x 10-6 sec-1 for microsomal ER. This 

corresponds to half-lives of dissociation (equation 38) of 24.1 hours 

and 40.7 hours for cytosolic ER and microsomal ER, respectively. This 

slower rate of dissociation for microsomal ER is in agreement with 

previous data obtained by our laboratory (Watson and Muldoon, 1985). 

./ 



Figure 36. Dissociation Rate Curves for Release of 178-Estradiol From 

the Cytosolic Estrogen Receptor 

Cytosolic ER was labeled with 8 nM 3H-estradiol for 

18 hours at 0° C. Unreacted labeled estradiol was removed 

using the DCC method. Labeled receptor-estradiol complexes 

were transferred to tubes containing unlabeled estradiol 

at a concentration of 800 nM. (A portion was also trans

ferred to tubes containing 8 nM 3H-estradiol to monitor 

the stability of liganded receptor throughout the time 

course of the experiment. No significant decrease in recep

tor levels occurred under these conditions.) Aliquots 

taken at various ti-me points were treated with DCC to re

move unbound estradiol and determination of the concentra

tion of labeled teceptor-estradi61 complexes was performed. 

A) Arithmetic plot of dissociatjon rate data. N is the 

correction for nonspecific binding (as described in the 

text) and was 110 fmo'les for this expe.riment. B) ·~issoci

ation rate data linearized according to first-order kinetic 

rate equations as derived in Materials and Methods. The 

value of k-1 was 8.00 x 10-6 sec-1, r = .997. 
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Figure 37o Dissociation Rate Curves for Release of 176-Estradiol From 

the Microsomal Estrogen Receptor 

Microsomal ER was labeled with 5 nM 3H-estradiol for 

18 hours at 0° C. Excess labeled estradiol was removed 

at the end of the incubation period by the DCC technique. 

The labeled complexes were transferred to a tube containing 

500 nM unlabeled estradiol. (The stability of occupied 

ER over the time period studied was monitored by transfer

ring a portion of the labeled complexes to tubes containing 

5 nM labeled estradiol. There was no measurable decrement 

in occupied receptor levels throughout the time course 

of the experiment.) Unbound estradiol was removed by DCC 

treatment of aliquots obtained at various time points. 

Radioactivity determinations were made in each of these 

samples and the·concentratidn of labeled receptor complexes 

was calculated for each time point. A) Arithmetic plot 

of dissociation rate data. The correctton for nonspecific 

binding, ~ (~s described in the text}, was 18 fmol~s for 

this experiment~ B) Dissociation rate data linearized 

according to first-order kineti~ rate equations as derived 

in Materials and Methods. The value of k-1 was 4.73 x 

10-6 sec-1, r = .996. 
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Stability of Unoccupied Receptors 

Because it usually takes several hours to isolate, homogenize, 

and fractionate uterine tissue and prepare suspensions of pelleted 

material, it was of interest to determine the stability of cytosolic 

and microsomal estrogen receptors in their unliganded state. This 

study was done using an incubation temperature of oo C because all 

of the preparation steps are performed at this te~perature. 

175 

Loss of receptor followed an exponential decay pattern and the 

data were best fitted to equation 36, which obtains for first-order 

kinetic reactions (Figure 38). A kinetic constant reflecting the rate 

of unoccupied receptor losses (kstability) was calculated for cyto

solic and microsomal ER. This value was 2.34 x 10-6 sec-1 for cyto

solic ER and 5.64 x 10-6 sec-1 for microsomal ER. Thjs translates 

to half-lives of 82.3 hours and 34.1 hours for cytosolic and microsomal 

ER, respectively. 

Summary of Kinetic Data 

Kinetic data derived from the: studies desciibed in the previous 

three sections are summa~ized in Table XIV. Microsomal ER exhibits 

higher rates of association and lower dissocia~ion-rates than the cyto

solic ER, which results in 2- to 3-fold higher k+11~-1 ratios for the 

microsomal receptor. It is also ·noted that this difference in the 

k+1lk-1 ratio is not reflect~d in'the ka values for cytosolic and micro

somal ER determined under equilibrium conditions, which. are almost 

identical. Although k+1 and k-1 determinations are made under dynamic 

conditions, there is usually fair agreement between the ratio of these 



Figure 38. Stability of Unliganded Cytosolic and Microsomal Estrogen 

Receptors 

Cytosol or microsome preparations were incubated at 

0° C after their isolation from rat uterine homogenates. 

Aliquots were removed at various times and incubated with 

5 nM 3H-estradiol in the presence or absence of a 100-fold 

excess of unlabeled estradiol fo~ 18 hours at 0° C. Free 

estradiol was removed by DCC treatment. Data are plotted 

according to first-order kinetic rate protocol since the 

loss of receptor was found to obey first-order reacti~n 

kinetics. A) Cytosolic ER: kstability = 2.34 x 10-6 sec-1, 

r = .999; B) Microsomal ER: kstability = 5.64 x 10-6 sec-1, 

r = .999. 
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TABLE; XIV 
. . ' . 

.. Summary of. Kinetic Properties of Cytosolic and Microsomal Estrogen Receptors , 

Kinetic Parameter Cytosol Microsomes 

k+1 .(1 mol~1 ~ec-1) 

[ER1] .. 4.45·X 105 7.58 X 105 
[ER2] 5.73 X 105 8.30 X 105 

k.1 (sec-1) 8.00 X 10-6 4.73 X 10-6 
k+11k_1 (I mol-1) 

[ER1] 5.56 X 1010 16.0x1010 
[ER2] 7.16x 1010 17.5 X 1010 

Ka (I mol-1) 0,90 X 1010 0.91 X 1010 
kstability (sec-1) 2.34 X 10-6 5.64 X 10-6 

t112 dissociation (hrs) 24.1 40.7 
t112 stability (hrs) 82.3 34.1 

Kinetic constants and half-lives for the cytosolic and microsomal ER. are 
summarized. ·Also given are the ratios of association and dissociation rate 
constants. Concentrations of estrogen receptors given are 5.35 nM (ER1) and 
2.68 nM (ER2) for cytosol and 0.246 nM (ER1) and 0.123 nM (ER2) for 
microsomes. 
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constants and the equilibrium association constant. In this case, 

there was a difference of approximately one order of magnitude between 

these values. Microsomal ER-estradiol complexes displayed a half-life 

of dissociation 1.7 times that of cytosolic complexes. However, the 

free form of microsomal E~ (unoccupied receptor) was much less stable 

than its cytosolic counterpart, which possesses a half~life of stability 

2.4 times greater than that of microsomal ER. A summary of biochemical 

similarities and differences between the cytosolic ER and the microsomal 

ER is given in Table XV. 

Development and Validation of an Exchange Assay· for Quantification 

of Total Estrogen Binding Capacity of Microsomal Receptors 

In preparat1on for studies of estrogen receptor dynamics in rat 

uteri, it was necessary to develop an exchange assay which would allow 

quantification of total microsomal estradiol binding sites. Exchange 

assays employ conditions which allow dissociation of endogenous or 

exogenously administered ligands bound to the estrogen receptor a~ 

the time that the tissue is removed from the experimental animals. 

With these ligands gone from the receptor, the vacancy remaining can 

be filled by radioactively labeled estradiol, thus allowing quantifi

cation of total. estradiol binding sites (both those previously occupied 

by endogenous estrogens and unoccupied receptors). 

Because the microsomal ER possesses a lower stability than the 

cytosolic ER~ a low-temperature assay technique was first tested .. 

This technique employs sodium isothiocyanate (NaSCN) and is performed 

at temperatures of 0° C to 4° C.. The NaSCN enhances the di ssoci ati on 

rate of estrogens' from ER without affecting the association rate (Bre~-



TABLE XV · 

Comparison of Biochemical Properties of Cytosolic and Microsomal 
Estrogen Receptors 

Property Cytosolic ER Microsomal ER 

Ka 
0/o of total· cellular ER 
pH optimum 
ligand specificitya 
t112 of estradioi-ER complexes (hrs) 
t112 of unliganded ER (hrs) 
sedimentation coefficient (low salt) 
sedimentation coefficient (high salt) 
heat-transformed (4~ ss) 
in vitro activation to DNA-binding formb 
cross-reactivity with monoclonal Ab JS34/32 
affinity for monoclonal Ab JS34/32 

-1Q-10 

75+ 
7.0 

E2=DES>P 4> T =C 
24.1 
82.3 

8S 
4S 

YES 
YES 
YES 
HIGH 

-1 Q-10 

1-7 
7.5 

E2=DES>P 4> T =C 
40.7 
34.1 

8S 
4S 
NO 
NO 
YES 
LOW 

?E2 = 178-estradiol; DES= diethylstilbestrol; P 4 =progesterone; 
T =testosterone; C = cortisol 

bfrom Watson (1982) 
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ciani ~!l., 1980). Therefore, if NaSCN is added in the presence 

of radiolabeled estradiol, a full exchange of the tritiated compound 

with endogenously bound ligand is effected within a few hours. Although 

this assay seemed to be an ideal candidate for use with the microsomal 

ER, it was found that this chaotropic salt caused the loss of approxi

mately 50% of specific estrad~ol binding activity in microsomes (Figure 

39) at concentrations of 0.1 M to 0.4 M, which are b~low the 0.5 M 

concentration recommended for use in the assay (Bresciani ~ !l·, 1980). 

This assay was thus· abandoned in favor of elevated temperature assay 

techniques. 

Most exchange assay methods employ carefully controlled elevations 

in temperature to increase the dissociation rate of estrogens from 

ER. These conditions have to be deliberately chosen to minimize losses 

of receptor to thermal inactivation, while maximizing the rate of dis

~ociation so that a reasonable period over which the exchan~e assay 

can be done is achieved. As a first approach, room .temperature (25° 

C) and 30° C were chosen on the basis of results previously reported 

on elevated temperature exchange rates for cytosolic and microsomal 

ER ( Katzenell enbogen et !l·, 1973; Labate ~ !l·, 1986). 

Microsomes prepared from uterine homogenates of 2 weeks' castrated 

animals were ~ested for estradiol exchange at 25° C and 30° C; these 

results are sho~n 'in Table XVI. Microsomal ER was reacted with hot 

or cold estradiol .and assayed under exchange conditions following sepa

ration of bound and free steroid. If exchange occurs, there should 
. . 

. , be .rough agreement.in the valu~s·obtained for receptor levels regardless 

of whether or not the receptors were pretreated with hot or cold ster

oid. This value should also correspond closely to that obtained by 
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TABLE XVI 

Exchange of Estradiol from the Microsomal Estrogen Receptor at 25° ..Q 
and 300 C 

Pretreatment Time (hrs) Temp. (OC) SBA (fmol/mg) 

None 18 0 106.1 

3H-Estradiol 18 25 105.0 
1 30 103.4 

Estradiol 18 25 106.7 
1 30 99.9 

Rat uterine microsomes were is~lated and assayed for estrogen receptor 
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activity at 0° C for 18 hours. Aliquots of the same preparation were reacted for 2 
hours at 0° C with 5 nM labeled or unlabeled estradiol. Bound and free 
estradiol were separated by the DCC pellet method. Pretreated samples were 
assayed for estradiol exchange by incubating them for 18 hours at 25° c or 1 
hour at 30° C in the presence of 5 nM 3H-estradiol (nonspecific binding was 
corrected by subtracting binding measured in parallel incubations containing 
500 nM estradiol). Bound and free estradiol were separated by DCC. All 
assays were performed in triplicate. SBA = specific estradiol binding activity 
(expressed as fmol/mg protein). 



assaying unfilled sites in the traditional fashion (0° C for 18 hours) 

because there should be no endogenously filled receptor sites in the 

uteri of castrate rats. Table XVI reveals that specific estradiol 

binding activity measured at 0° C for·18 hours was 106.1 fmol/mg. 

This value agrees· well with those obtained for receptor pretreated 

with hot or co 1 d estradi o 1. I.ncuba ti ons of 18 hours at 25° C and 1 

hour at 30° C appear to be equally effective for measuring exchange 

of estradiol. 

The 30° C incubation temperature was chosen for further investi

gation becaus~ of the short incubation period associated with it. 
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The time course of exchange was examined at this temperature (Figure 

40). After pre-incubations with labeled estradiol, bound and free 

steroid were separated and either labeled or unlabeled estradiol was 

added to the labeled receptor complexes. Receptor complexes incubated 

iri the presence of labeled estradiol provide a measure of receptor 

losses over ihe course of the intubation period. This is because any 

labeled estradiol which dissociate·s from the receptor should be immedi

ately replaced by another moletule of tritiated estradiol owing to 

its abundance· in the incubation mixture. Therefore, any loss of binding 

activity can be attributed to loss of receptor. Figure 40 reveals 

that receptor levels remain at control levels for at least the first 

hour of incubation and only decreas~ to 82% of control after 4 hours 

of incubati~n at 30° C. Incubation of the labeled receptor complexes 

in the presence of excess unlabeled estradiol should provide a measure 

of the rate of exchange as labeled estradiol dissociates from the re

ceptor and is replaced by the radioinert estradiol. Again referring 

to Figure 40, it is ap~arent that greater than 95% of the radioactively 
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labeled estradiol has been exchanged for unlabeled estradiol by one 

hour of incubation. Thus, an incubation of 30° C for one hour allows 

for almost complete exchange of estradiol without significant thermal 

inactivation of the microsomal ER. 

Saturation binding analysis was done using incubation conditions 

of oo C for 18 hours and 30° C for one hour. One of the incubations 

at 30° C was reacted with cold estradiol prior to saturation binding 

analysis. Scatchard transformations of these data are presented in 

Table XVII. Both of the elevated temperature incubations had much 
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lower Ka values than the one obtaine9 for the 0° C incubation. Bmax 

values were comparable in each of the assays. Therefore, saturation 

binding analyses done at the elevated temperature allow accurate estima

tion of Bmax' but not Ka. The decreased Ka measured in the sample 

incubated at 30° C, but not prelabeled, may have been due to increased 

thermal inactivation of unoccupied receptor. It has been previously 

shown that steroidal occupation of receptor sites is protective against 

thermal inactivation of estrogen receptor (Katzenellenbogen et ~.; 

1973). Therefore, there- would be significant losses of receptor in 

the points of the curve where subsaturating levels of estradiol are 

present, and fewer losses at the points in the plateau of the saturation 

binding curve. This would lead t_o a decrease in the slope of the line 

in the Scatchard plot; the points in the plot corresponding to the 

plateau of the saturation curve would not be as affected by thermal 

inactivation and, therefore, Bmax would not be altered significantly. 

The reason for the decreased Ka value for the prelabeled microsomal 

ER incubated at 30° C is not as evident. 



TABLE XVII 

Scatchard Analysis of Binding Data Obtained for the Microsomal Estrogen 
Receptor Under Exchange Conditions 

Pretreatment Time (hrs) Temp. (°C) Ka (x 1010 M-1) Bmax (fmoVmg) 

No 18 0 2.75 81.5 

No 1 30 0.96 82.3 

Yes 1 30 0.18 80.8 
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Uteri of castrate rats were homogenized and microsomes were isolated. 
Pretreatment, where indicated, was done by reacting an aliquot of the 
microsomal preparation with unlabeled estradiol (5 nM) at 0° C for 2 hours 
(unbound ·estradiol was separated by_ the DCC pellet technique). Saturation 
binding analysis was·perforr:ned with 3H~estradiol concentrations ranging from 
0.05 nM to 5 .nM (nonspecific binding was corrected for in the usual fashion) on 
pretreated and non-pretreated samples with incubations at 0° C for 1 8 hours or 

· (J g(jo C for 1 hour. · 
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To further explore the validity of the exchange assay, microsomal 

ER was reacted with unlabeled estradiol so that differing degrees of 

receptor occupancy were achieved and an exchange assay was subsequently 

performed. As shown in Table XVIII, very similar values for ER activity 

were obtained regardless of the initial degree of receptor occupancy. 

Percent occupancy was calcula~ed by making a ratio of receptor complex 

concentration to Bmax for a saturation binding analysis performed simul

taneously on the same sample preparation ustng the same concentrations 

of 3Hestradiol as were used for pretreatment. 

Therefore, incubation at 30° C for one hour allows adequate esti

mation of total microsomal specific estradiol binding activity. This 

methodology was adopted for use in the ER dynamics studies described 

in the next two sections. Because of the anomalous findings as regards 

Scatchard transformation of data obtained at 30° C, single point assays 

(in triplicate) using saturating concentratioris of radiolabeled estra

diol were employed for determining total estradiol binding sites in 

the studies of receptor dynamics. 

Estrogen Receptor Dynamics -- Studies with 17S-Estradiol 

Having de~onstrated in an earlier section that the microsomal 

ER of rat uterus derives largely _from endoplasmic reticulum, it was 

of interest to explore what role the endoplasmic reticulum plays in 

ER ~ynamics. Certainly, one would expect that microsomal ER could 

represent a nascent pool of receptor which could be transferred to 

other regions of the ·cell or could be active in mediating extranuclear 

actions of estrogens. Of course, other.possibilities exist. However, 

receptor dynami.cs play a key role in determining cellular responsiveness 
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TABLE XVIII 

Exchange Properties of the Microsomal Estrogen Receptor Saturated to Various 
Degrees with Unlabeled Estradiol 

Estradiol Concentration 
for pretreatment (nM) 

0.00 
0.05 
0.10 
0.20 
0.50 
1.00 
3.00 

Degree of Occupancy 
(percent) 

0.0 
32.3 
48.6 
66.9 
75.8 
91.9 
97.0 

Specific Binding 
Activity (fmoVmg) 

132 
135 
142 
125 
135 
137 
129 

Microsomes prepared from uteri of castrate rats were isolated and resuspended 
in the usual fashion. Aliquots of this sample-were brought to a final 
concentration of unlabeled estradiol of 0 to 3.0 nM·and incubated for 2 hours at 
0° C. Free estradiol was removed by the DCC pellet method. Pretreated 
samples were then incubated with 5 nM 3H-estradiol ( +/- 500 nM unlabeled 
estradiol to correct for nonspecific binding) for one hour at 30° C. DCC was 
used for separation of bound and free estradiol. Assays were done in triplicate. 
D(3gree. of receptor occupancy was estimated from a saturation binding curve 
done on the sample (without pretreatment) using labeled estradiol in 
concentrations identical to those used for pretreatment. Bmax was used as the 
1 00°/o value. 
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to steroid hormones (~1uldoon, 1985); therefore, the involvement of 

endoplasmic reticulum in receptor distribution following acute adminis

tration of estradiol to estrogen-depleted animals seemed a logical 

topic of investigation upon which to base an exploration of the role 

of microsomal ER in target organ physiology. 

The pre~ious study of microsomal involvement in receptor turno~er 

(Cidlowski and Muldoon, 1978), as outlined in the introductory section 

of this work, involved administration of radioactive estradiol via· 

intraluminal instillation in castrate adult rats. The uteri were re

moved at various time points after estradiol treatment, homogenized, 

fractionated, and the amount of radioactivity associated with each 

fraction was quantified. This technique does not directly provide 

insight into receptor dynamics, as other cellular influences (such 

as metabolic pathways) could influence how much of the radioactive 

tracer sediments with each of the major subcellular fractions. It 

was felt that this methodology could be improved upon by making direct 

measurements of total and unoccupied (hence allowing calculation of 

occupied) receptor levels at each time point following injection of 

estradiol into castrate animals. It was this reasoning that necessi

tated development of the exchange assay described in the previous 

section. 

Estrogen receptor dynamics were examined by injecting 5 ~g of 

estradiol (a supraphysiological dose) to two weeks• ovariectomized 

a·dul t rats. Tota 1 and unoccupied ER 1 eve 1 s we·re assayed in each fraction 

prepared from uterine homogenates corresponding to various time points 

_following treatment.· Figure 41 displays specific binding activities 

recovered in each fraction. Typical patterns o~ cytosolic depletion 



Figure 41. Specific Estradiol Binding Activities in Subcellular· Frac

tions of Uteri Following Injection of 17s-Estradiol 

5 ~g of estradiol was administered via intraperitoneal 

injection to 2 weeks• ovariectomized adult rats. Uteri 

were obtained from animals sacrificed at various time points 

following estradiol injection. The tissue was homogenized 

and subcellular fractions were isolated. Each fraction 

· wa~ as·sayed fd~ tota.i and unoccupied estradiol binding 

sites. Unoccupied-sites were the difference between total 

and unocc~pied ER. Each point_ ~epresents the mean of trip

licat~ determinations. Data shown are representative of 

3 experiments in which qualitatively and quantitatively 
. . 

similar results were ·obtained. Occupied ER (e); unoccupied 

ER (0). A) Nuclear ER levels; B) cytosolic ER levels; 

C) microsomal ER levels. 
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and nuclear accumulation were observed within the first hour following 

estradiol injection. At the one hour time point, an increase in occu

pied microsomal ER was observed which was coincident with a decrease 

in unoccupied microsomal ER. Most of the increase in nuclear ER activ

ity at one hour post-treatment corresponded to elevated occupied recep

tor levels. Nuclear levels of occupied and unoccupied ER returned 

toward control levels at time points beyond one hour, having nearly 

reached baseline by 6 hours after injection. Cytosolic ER had reached 

approximately 68% of control levels by 18 hours after estradiol adminis

tration, with an overshoot to 64% above baseline at 36 hours post-injec

tion, followed by a return to control levels at the 72 hour time point. 

Although there is a slight ris~ in occupied cytosolic receptor specific 

binding activity at the one hour time point, for the most part, all 

of the cytosolic ER measured is in the unoccupied state. This is because 

cytosolic receptor is believed to be an extraction artifact; that is, 

a pool of loosely bound unoccupied nuclear receptors exists which is 

prone to extraction into the soluble phase during the process of tissue 

homogenization. If this receptor is complexed with estradiol, it becomes 

more tightly associated with nuclear components and resists extraction 

during homogenization. Occupied microsomal ER returns to baseline 

levels by 3 hours after estradiol. injection and remains low throughout 

the rest of the time course examined. The unoccupied microsomal ER 

exhibit an overshoot of 250% above baseline levels which closely paral

lels the overshoot observed in the cytosolic compartment. 

Total specific binding capacities determined at various time points · 

in each of the fractions are shown in Figure 42. These patterns reflect 

the changes already described for the specific binding activities. 



Figure 42e Total Specific Estradiol Binding Capacities of Subcellular 

Fractions of Uteri Following Injection of 17B-Estradiol 

Conditions were as described in the legend of Figure 

41. Occupied ER (e); unoccupied ER (0). A) Nuclear ER 

levels; B) cytosolic ER levels; C) microsomal ER levels. 
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Microsomal levels of unoccupied ER are 433% above baseline at 36 hours 

post-treatment and remain elevated to approximately twice control levels 

at the 72 hour time point. Total specific estradiol binding capacity 

contained in the cytosolic compartment is replenished by 18 hours after 
' 

estradiol injection and overshoot to 2.2 times the control value at 

the 36 hour time point. These levels have returned to baseline by 

72 hours post-injection. Although occupied nucl€ar ER levels remain 

elevated above control at all time points, there is no overshoot, except 

for the initial 11 accumulation 11 of receptor in the 1 to 3 hour time 

points after estradiol treatment. 

Figure 43 displays total uterine ER in each fraction at each time 

point examined. The decrease in total ER content between the 1 and 

12 hour time points represents the phenomenon of receptor processing, 

whereby nuclear receptor levels decrease and cytosolic ER levels remain 

relatively low. Microsomal binding accounts for a relatively low per

centage of total uterine ER content, whereas cytosolic ER represents 

the bulk of total uterine estradiol at all time points beyond 3 hours 

and in the untreated controls. 

These data support a role for microsomes as a source of nascent 

receptor. As pointed out in the Introduction, estradiol stimulates 

the synthesis of its own receptor. This elevated receptor synthesis 

is obvious at the 36 hour time point, where it seems likely that the 

overshoot observed represents an active synthesis of estrogen receptor 

at the level of the endoplasmic reticulum. The newly synthesized recep

tor probably leads to the high levels of microsomal ER observed at 

this time pointe These receptors are possibly transferred to the nu

cleus following their synthesis, from which they are released into 



Figure 43. Total Estrogen Receptor Content of Rat Uterus as a Function 

·of Time Following 17e-Estradiol Injection to Castrate 

Animals 

Conditions for. the ~xperiment were identical to those 

giv~n in· the legend of Fig~re '41. · Total uterine receptor 

content· is given and the contribution of each subcellular 

fraction to total uterine ER is seen. Total content of 

ER (x}; total cytcisolic.ER (•); total nuclear ER (e); total 

microsomal ER (A). 
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the cytosol during homogenization and account for the high levels of 

cytosolic ER observed at the 36 hour time point following estradiol 

administration. Of course, the possibility exists that a large pool 
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of nascent ER is released directly from the endoplasmic reticulum during 

the process of tis~ue processing and homogenization. 

Estrogen Recepto~ Dynamics -- Studies with 16a-Estradiol 

The short-acting estrogenic compound, 16a-estradiol has been shown 

to cause~Ytosolit depleti6n and nutlear accumulation of ER at short 

intervals after its injection to immature rats. Furthermore, cytosolic 

ER replenishment to control levels is accomplished by 4 hours post

treatment (Kassis and Gorski, .1981}, as opposed to the 15 to 18 hours 

required following administration of the potently estrogenic compound, 

178-estradiol. Replenishment of the cytosolic receptor pool .after 

treatment with 16a-estradiol occurs via mechanisms independent of pro

tein synthesis and has been hypothesized to involve recycling mechanisms 

or activation of inactive precursor molecules (Kassis and Gorski, 1983}. 

Patterns of receptor dynamics in nuclear, cytosolic, and microsomal 

compartments were examined in uteri of castrate adult rats following 

injection of 16a-estradiol (Figures 44-46). Only total ER levels are 

shown because significant exchange of bound 16a-estradiol occurred 

at 0° C which led to falsely elevated values for unoccupied ER levels. 

Figures 44 and 45 display specific estradiol binding activity and total 

specific estradiol binding capacity, respectively, for each of the 

subcellular fractions examined. Cytosolic depletion was mirrored.by 

an attendant rise in nuclear receptor levels (an example of the pseudo

translocation phenomenon) at 30 minutes post-treatment. Nuclear ER 



Figure 44. Specific Estradiol Binding Activities in Subcellular Frac

tions of Uteri Following Injection of 16a-Estradiol 

15 ~g of 16a~estradiol in 0.5 ml of ethanol/saline 

(1:10) was injecte.d by the intraperitoneal route to 2 weeks' 

castrated rats. Animals were sacrificed and uteri harvested 

at various time points after injection. Following tissue 

homogenization, subcellular fractions were prepared and 

assayed for total estradiol binding activity (unoccupied 

sites are not shown; see text for details). Each point 

is the mean of triplicate determinations. Results shown 

are representative of duplicate experiments. A) Nuclear 

ER levels; B) cytosolic ER levels; C) microsomal ER levels. 

Levels df ER are. expressed as percentages of maximal activ

ities for nuclei and as ~· ~ercentage of control levels 

for cytosol and microsomes. These values were 930 fmol/mg 

DNA for nuclei, 376 fmol/mg protein for cytosol, and 91.7 

fmol/mg protein for microsomes. 
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Figure 45. Total Specific Estradiol B1nding Capacities of Subcellular 

Fractions of Uteri Following Injection with 16a-Estradiol 

Conditions were as described in the legend of Figure 

44. A) Nuclear ER levels; B) Cytosolic ER levels; C) Micro

somal ER levels. Values shown are expressed as percentages 

of maximal activity observed for the nuclear fraction and 

as percentages of the control level for cytosol and micro

somes. These values were 1055 fmol/uterus for nuclei, 

1347 fmol/uterus for cytosol, and 53.0 fmol/uterus for 

microsomes. 
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Figure 46. Total Estrogen Receptor Content of Rat Uterus as a Function 

of Time Following 16a-Estradiol Injection to Castrate 

Animals 

Experimental conditions were as described in the legend 

of Figure 44. Total uterine receptor content is expressed 

as a percentage of the control value (1514 fmol/uterus). 
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levels returned to baseline by 4 hours after injection of 16a-estradiol; 

cytosolic ER remain depleted at the 1.25 hour time point and are replen

ished to 80% of control levels by 4 hours post-injection. Microsomal 

ER levels rise immediately following !51-estradiol administration, 

exceeding control levels by 48% and 18% for specific binding activity 

and total binding capacity, re~pectively. Following this initial rise 

in microsomal ER levels, there is a steady decline in microsomal ER 

throughout the rest of the 4 hour time_period examined, with levels 

falling 36% below control at the 4 hour time point. The contemporaneous 

decline in microsomal ·ER and rise in cytosolic ER levels suggests that 

microsomal components may be involved tn receptor recycling processes. 

Examination of total uterine ER content (Figure. 46) reveals that levels 

do not fluctuate greatly throughout the 4 hour time course studied. 

Especially noted is the ·absence of nuclear receptor processing; as 

nuclear ER levels fall,_ there is nqt an associated loss in total uterine 

ER content. Although total uterine eit~adiol binding capacity is slight

ly below control levels at 1.25 hours postinjection and time points 

beyond, the effect is greatly subdued as compared to the degree of 

total uterine ER losses observed after treatment with 17s-estradiol 

( cf. Figure 43). 



DISCUSSION 

Selective uptake of estrogenic compounds by the uterus was demon

strated in early investigations irito the mechanism of estrogen action 

(Glasscock and Hoekstra, 1959;. Jensen and Jacobson, 1960, 1962). ·Note

boom and Gorski (1965), in their landmark paper describing sterospecific 

binding sites for estrogens~ recognized that the microsomes harbor 

·a modicum of estrogen binding activity. This fraction has typically 

been excluded from studies of estrogen receptor physiology because 

it lacks the dramatic fluctuations in receptor levels exhibited by 

the cytosolic and nuclear fractions in response to estrogenic stimuli. 

Recognition that estrogenic responses are, to a great degree, mediated 

through receptor-induced alterations in nucle~r processes (Ringold, 

1985; Yamamoto, 1985; Walters, 1985; Beato, 1989) has also served to 

divert attention away from the microsomal fraction. 

Notwithstanding the above comments, a number of investigators 

have studied microsomal binding sites for estrogens in target tissues 

for this steroid (Blythe~.!!_., 1972; Little~.!!_., 1972, 1973, 1975; 

Jungblut et .!!.~, 1980; Parikh et !J..., 1980; Sierralta and Szendro, 

1983; Szendro, 1983; Labate~.!!_., 1986; Sierralta ~ .!!_., 1987). 

Our laboratory has also contributed to the body of evidence supporting 

the existence of a significant role of microsomal estrophiles in target 

cell physiology (Cidlowski and Muldoon, 1978; Muldoon, 1985; Watson 

and Muldoon, 1985; Muldoon ~ .!!_., 1988). 

200 
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Estradiol binding sites detected in the microsomes of our system 

exhibited the high-affinity, low capacity properties classically associ

ated with receptors. The Ka value determined for the rat uterine micro

somal estrogen receptor was on the order of 1010 1 mol-l, in agreement 

with Ka values of the cytosolic ER (Korach and Muldoon, 1974) and 

steroid receptors in general (Gorski and Gannon, 1976; Katzenellenbogen, 

1980; Rories and Spelsberg, 1989). Nonspecific binding in our system 

was relatively high.at the upper range of steroid concentrations employ

ed in these studies, reaching 63% of to.tal bindin-g at a concentration 

of 3H-estradiol of 3 nN (cf. Figure 3); however, the specific binding 

curve exhibited the contours of a rectangular hyperbola which is clas

sically associated:with a high-affinity, non-interacting binding sites 

for small molecules. The linearity. of the Scatchard plots of saturation 

binding analysis data also suggest that the high level of nonspecific 

binding observed does not interfere with the determination of microsomal 

estrophile concentration. It is not surprising that the microsomes 

possess such high nonspecific binding levels given their membranous 

composition and the significant potential for hydrophobic interactions 

between steroid molecules and the hydrophobic tails of membrane phos

pholipids. Indeed, the steroid molecule, cholesterol, is an integral 

component of mammalian cellular membranes (de Duve, 1971). 

Microsomal ER-estradiol interaction was demonstrated in our system 

to reach equilibriu~ by 2 hours of incubation at 0° C; this is in good 

agreement with dat~ for the cytosolic ER, which reaches equilibrium 

with estradiol within one hour of incubation at 0-4° C (Katzenellenbogen 

et !l·' 1973). The stability of receptor-estradiol complex concentra

tion throughout the 24 hour time course examined in this study argues 
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against metabolic enzymes as significant contributors to estrogen binding 

activity observed in the microsomal fraction. If the labeled estradiol 

were interacting with metabolic enzymes, there would be a decrease 

in specific estradiol binding activity as the steroid was converted 

to metabolites. Naturally, the low incubation temperature and excess 

steroid concentration would t~nd to lessen this effect,. perhaps to 

the point of masking it completely. However, the high affinity of 

interaction (Ka on the order of 1010 M-1) also mitigates against the 

involvement of metabolic enzymes as contributors to microsomal estradiol 

binding activity. Most enzymes have Km values above 1o-7 M which would 

exclude them from consideration in the range of steroid concentrations 

employed in these studies. No low-affinity components were.observed 

in the morphology of the saturation binding cur~es or Scatchard plots 

constructed as part of our routine data analysis procedures. 

Three methods for separation of bound and free ligand following 

incubation with aliquots of microsomal preparations were examined for 

their efficacy and applicability in our system. Dextran-coated charcoal 

provides a simple means of removing free steroid by adsorption and 

sedimentation. DCC has long been employed for such a use and has con

sistently produced reliable, reproducible binding data. Disadvantages 

of this technique include significant adsorption of receptor at low 

protein concentrations and in the presence of high ionic strength media 

(Peck and Clark, 1977). Hydroxylapatite was examined because it has 

been touted as a superior technique owing to increased sensitivity 

(ability to detect estradiol binding activity in preparations containing 

low protein concentrations}, homogeneous particle size, low affinity 

for free steroid, and utility in high ionic strength buffers (Pavlik 



and Coulson, 1976). This compound works by adsorbing estradiol-ER 

complexes, leaving the free steroid in solution; the complexes are 

then precipitated out of solution and radioactivity determinations 

made. Disadvantages of this method are the time-consuming multiple 

washes of the pellet (required to remove free steroid) and the extra 

time required for extraction of binding activity with ethanol prior 
' ' 

to radioactivity determination. Glass fiber filters were used in a 
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previous study of estradiol binding to microsomal membranes (Parikh 

~~., 1980) and was thus examined for use in our system. This tech

nique works by entrapment of membranes on filter discs, allowing passage 

of the soluble small molecules of .unbound steroid. Its advantage is 

that it is extremely rapid; its disadvantage is that, for some types 

of filters, there is significant adsorption of free steroid. 

All three techniques yielded similar Ka values in our system; 

however, the Bmax values did not exhibit such precision. DCC yielded 

the highest Bmax value, followed closely by hydroxylapatite, and mo.re 

distantly by glass-fiber filters. The high concentrations of charged. 

phospholipids present in the membrane-rich microsomal fraction may 

have interfered to some extent with ER-estradiol complex adsorption 

to the hydroxylapatite resin, leading to a falsely low Bmax determi

nation. Quantification of ER-estradiol complex concentration may have 

been affected by passage of complexes through the membrane or release 

of estradiol from the receptor in the course of washing the membranes 

with buffer, leading to artifactual underestimation of Bmax· 

Since other investigators have demonstrated a significant influence 

of homogenization buffer constituents on membrane sedimentation charac

teristics (Pietras and Szego, 1979, 1980}, these effects were explored 
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in our system. In our hands, buffer composition had little impact 

on the distribution of membranes in fractions isolated by differential 

centrifugation of rat uterine homogenates. There was a notable lack 
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of influence of calcium, EDTA, and sucrose on membrane sedimentation 

patterns. The fact that whole tissue homogenates were used in our 

system, as opposed to the isolated cell homogenates used in the studies 

cited above, could have accounted for the differences in data obtained 

using each of these two protocols. For example, the lower degree of 

cell breakage occurririg in the whole tissue homogenization process 

could explain part of the difference, as whole cells will tend to sedi

ment in the 11 nuclear 11 fraction. Additionally, the different homogeni

zation methods used for the two systems {Polytron for rat uterus, 

teflon-glass or Dounce type homogenizers for isolated cells) could 

lead to divergent properties (area, bulk, volume, diameter, shape, 

etc.) of microsomes prepared by each technique. 

Further information on the distribution of membranes in subcellular 

fractions of rat uteri was revealed by examining the distribution of 

biochemical markers for various cellular membranes. The nuclear frac

tion was found to be a significant repository for many cellular mem

branes, possessing the highest percentage of plasma membranes and endo

plasmic reticulum of any of the subcellular fractions. This fraction· 

also contains a significant percentage of the total endoplasmic reticu

lum and cytosolic marker enzymes. Such high levels of 11 Cross-contami

nation11 are fairly typical for nuclear fractions prepared from homage

nates of whole uteri (Parikh et .!!_., 1980); in nuclear fractions ob

tained from disrupted cells in primary culture, this degree of hetero

g~n~ity is not.obse~ved. (Pietras:and Szego, 1979). The finding that 
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the relative specific activities of marker enzymes for plasma membranes, 

mitochondria, and endoplasmic reticulum are close to unity in the nu

clear fraction (cf. Figure 7) suggests that most of the extranuclear 

membranes in :.this. fraction are present owing to who'le cell contami

nation. Data from these.experiments further suggest that only 33% 

of all of the endoplasmic reticulum s~dim~nts with the microsomes; 

therefore, receptors asso~iated with the endoplasmic reticulum would 

also make significant contributions to binding activity measured in 

the two other fractions which contain substantial portions of this 

organelle-- i.e. the ·nuclear and mitochondrial fractions. Also of 

note was the significant artifactual release of 51 -nucleotidase from 

the plasma membranes into the soluble fraction (cytosol), in agreement 

with the findings of other investigators (Pietras and Szego, 1979, 

1980; Parikh ~!l., 1980) who noted that this enzyme is solubilized 

under harsh conditions of homogenization. 

Examination of the distribution of estradiol binding in the pri

mary subcellular fractions revealed that cytosol was endowed with the 

highest specific binding activity and total specific bihding capacity 

for estradiol. Table III shows that 7.1% of the total uterine estradiol 

binding capacity was associated with the microsomes in our system (8.3% 

of extranuclear binding sites). This value is similar to that pre

viously reported by other investigators for microsomes derived from 

uterine tissue homogenates. Parikh et !l· (1980) reported that 7 to 

15% of calf uterine estradiol binding sites were associated with the 

microsomes; Watson and Muldoon (1985) reported that the microsomal 

fraction contained between 5 and 20% of extranuclear estradiol binding 

capacity. If microsomal estrophiles are intrinsic to the endoplasmic 



reticulum and only 33% of the total endoplasmic reticulum sediments 

in the microsomal fraction, then the contribution of this organelle 

to total estradiol binding capacity could be underestimated by as much 

as 67%. This figure is concordant with that of Omrani et !l· (1983), 

who calculated a potential underestimation of microsomal binding sites 

of 70%. 
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As detailed earl.ier in this work, plasma membranes have been demon

strated to possess receptors for a number of classes of steroid hormones. 

A number of approaches have been employed to document the existence 

of these entities. Among them, estradiol immobilized by conjugation 

to an inert support matrix was found to selectively retain isolated 

endometrial cells and to display a lack of association with intestinal 

mucosa cells, which lack estrogen receptors (Pietras and Szego, 1977). 

Additionally, the fluorescent compound, estradiol~bovine serum albumin

fluorescein isothiocyanate (a nondiffusible macromolecular estrogen), 

was used to assess plasma membrane binding sites for estrogens on MCF-7 

plasma membranes (Berthois ~!1., 1986). Immunoelectron microscopic 

analysis has also revealed estrogen binding proteins on the plasma 

membrane of rat pancreatic acinar cells (Grossman !1_!1., 1989). Most 

analyses have employed centrifugation techniques to produce relatively 

homogeneous preparations of plasma membranes, which are subsequently 

probed by radioactive tracer compounds to document the presence of 

steroid binding sites. Such studies have employed procedures designed 

to isolate plasma membranes by sucrose gradient fractionation of: 1) 

crude nucle~r pellets loaded onto a discontinuous gradient (Suyemitsu 

·and Terayama, 1975), 2) crude nuclear.pellets overlayed with sucrose 

. to form a discontinuous. gradient above the crude membrane fraction 
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(Howell ~E.!_., 1989), 3) mitochondrial fractions (Koch et E.!_., 1978; 

Blondeau and Baulieu, 1984), 4) microsomes (Savart and Cabillic, 1985), 

5) both cr-ude nuc 1 ear·,:pe 11 ets and mi c·rosomes (Trueba et E.!_. , 1987), 

and 6) crude synaptos6me fractions _{Towle and Sze, 1983). One study 

which refuted the existence of intrinsic plasma membrane estradiol 

binding sites utilized combined nuclear, mitochondrial, and microsomal 

pellets or a combined mitochondrial-microsomal pellet as a source of 

plas,ma membranes, which were fraction~ted on 25 to 50% continuous su

crose. gradients (Muller et E.!_. , 1980). It is evident that a number 

of techniques exist for isolating plasma membranes for the purpose 

of exploring the estradiol binding properties of these structures. 

As was pointed out in the presentation of results in the previous 

section of this work, we initially intended to isolate plasma membranes 

in relative homogeneity from the microsomal and directly quantify the 

amount of estradiol binding exhibited by these entities. This would 

have allowed calculation of the contribution of plasma membrane estro

philes to the total estradiol binding activity observed in the micro

somes. Adequate separation of membranes to high degrees of purity 

could not be achieved using-the microsomes as the source of plasma 

membranes and endoplasmic reticulum. The nuclear fraction, although 

ri~h in all types of cellular membranes and organelles, could not be 

adequately fractionated to yield homogeneous preparations of the mem

branes. The approach finally taken was to fractionate mitochondrial, 

microsomal, or mitochondrial-microsomal preparations on discontinuous 

sucrose gradients and subsequent'ly make comparisons between marker 

enzyme activities and estradiol binding activity. Although this 

approach was probably not an optimal means for reaching the ultimate 



goal of determining the extent to which non-nuclear particulate com

ponents contribute to total microsomal binding sites for estradiol, 

it proved to give ostensibly valid, reproducible results. 
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Use of the gradient system employed for these studies allowed 

partial separation of membranes, attested to by the differential enrich

ments of the marker enzymes in fractions obtained from this gradient. 

The fractions of this gradient were free of cytosolic contamination. 

Transmission electron microscopy performed in conjunction with the 

marker enzyme analyses allowed morphologic confirmation that biochemical 

data obtained for the fractions correlated well with their actual mem

branous compositions. Whether mitochondrial, microsomal, or combined 

mitochondria 1-mi crosoma 1 prepa·rati ons were fraction a ted, a 11 results 

pointed toward the conclusion that there is a primary association be

tween microsomal estradiol binding activity and·endoplasmic reticulum 

content. Close agreement between total specific estradiol binding 

capacities and glucose-6-phosphatase activity strongly supported in

trinsic localization of microsomal estrophiles on components of the 

endoplasmic reticulum. A complete lack of correlation between marker 

enzymes for plasma membranes and mitochondria suggested that these 

organelles do not make significant contributions to the microsomal 

estradiol binding activity observed in our system. 

This conclusion does not refute the findings of others who assert 

that plasma membra~es contribute to the level of estradiol binding 

measured in the microsomal fraction; it only means that, utilizing 

the animal model, buffers, and homogenization techniques which consti

tute our experimental system, plasma membranes do not harbor a signifi

cant portion of these binding sites. It has been pointed out that 



209 

plasma membrane associated receptors. are prone to extraction under 

harsh conditions of homogenization and exposure to buffers lacking 

calcium (Pietras and Szego, 1979); perhap~ the bulk of the plasma mem

brane receptors· are_ released into the soluble fraction under the con

ditions employed for.our experiments. Of course, the possibility that 

a substantial portion of the endoplasmic reticulum binding sites are 

sol ubi 1 i zed- has not been ruled out ·by these studies. 

Subfractionation of the microsomes into smooth membranes, rough 

membranes, and polysomal components revealed equal distribution of 

estradiol binding activity among each of these structures. The tech

nique employed for this separation was chosen to afford mild conditions 

so that ribosomes would remain affixed to rough endoplasmic reticulum 

membranes to the greatest extent possible, having been forewarned of 

the potential for disassembly of these structures during the process 

of isolation (Teng and Hamilton, 1967). 

Estrogen receptors have been described in association with rough 

and smooth endoplasmic reticulum (Sierralta !1~., 1987) and ribosomes 

(Labate !1~., 1986). An earlier study from our laboratory using 

crude methods for microsomal subfractionation revealed that estradiol 

binding activity was equally divided between granular and agranular 

components and that this distribution was not altered by the hormonal 

status of the animal (Watson, 1982). 

An estrogen receptor associated with uterine endoplasmic reticulum 

has also been described. This receptor is a 3.55 species and is more 

basic than the acidic nuclear and cytosolic ER (Little et ~., 1972, 

1973, 1974). Further investigation revealed that a precursor-product 

relationship between the basic and acidic receptors exists (Jungblut 



et !l·' 1980). The basic receptor is associated with the rough endo

plasmic reticulum; the acidic receptor localizes to the smooth endo

plasmic reticulum (Szendro ~A!_., 1983). 

Since a small amount of the cytosolic marker enzyme, LDH, was 

found in association with ·the microsomal fract.ion, studies were-per

formed to investigate the contribution of this "contaminant" to micro

somal ER activity. Studies of nontarget tissues homogenized in recep

tor-rich uterine cytosol revealed that some cytosolic contamination 
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is present when microsomes are prepared in this fashion. This is in 

contrast to other investigators• findings that preparation of microsomes 

from nontarget tissues homogenized in calf uterine cytosol did not 

exhibit any estradiol binding activity (Parikh et !l·' 1980). By vary

ing homogenization volumes for rat uteri it was determined that the 

small degree of cross-contamination of the microsomes with cytosol 

d1d not make a significant impact on the level of estradiol binding 

in the microsomal fraction. It was also found that the small contri

bution of cytosolic contaminants to total microsomal estradiol binding 

capacity could be expunged by a single washing of the microsomal pellet 

in KCl-free homogenization buffer. 

Supplementation of homogenization buffer with 0.4 ~1 KCl was found 

to extract ... 96% of the mi crosoma 1 .receptor without interfering with 

estradiol-ER _interactinn. Approxi~ately 50% of microsomal protein 

content was remo~ed by this treatment. ~n the absence of KCl, approxi

mately 20% of microsqmal ER could be extr~t~ed. Addition of estradiol 

or elevation of temperature were found not to further enhance extraction 

of microsomal estrophiles. The fact that microsomal ER can be fully 

extracted in high _.-i·on.i c strength media suggests that a fairly weak 
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interaction of this protein with the endoplas~ic reticulum exists. 

Proteins which are firmly entrenched in membranes usually require ex

posure to detergents in order to effect their release. Therefore, 

ionic interactions are most likely of greatest importance in maintain-
. ,. 

ing receptor-membrane association and hydrophobic interactions (such 

as those seen in integral membrane proteins) are probably of little 

significance .. Such a finding is consistent with amino acid seq~ence 

data derived from complementary DNA structural analysfs. These se

quences reveal a single hydrophobic region of the receptor which corre

sponds to the steroid binding site; no other hydrophobic regions exist 

which might correlate with a membrane binding domain. 

·Although sodium molybdate has been demonstrated to stabilize ·cyto

solic ER against thermal inactivation (Krozowski and Murphy, 1981; 

Moncharmont ~.!!_., 1982), it failed to stabilize either cytosolic 

or microsomal ER against thermally induced inactivation. In fact, 

a concentration-dependent loss of receptor activity was observed for 

both cytosolic and microsomal ER at low and high temperatures. Con

centrations of KCl between 0.05 and 0.6 M did not impair nor enhance 

detection of ER. Cytosolic ER had an optimal pH of 7.0. Microsomal 

ER exhibited· an optimal pH of 7.5 and appeared to be more stable than 

cytosolic ER at higher pH values. Both of the pH optima are close 

to normal plasma pH of 7.4. 

Extracted microsomal estrophiles in our system exhibited sedimen

tation coefficients of 85 (low ionic strength bu~fer) and 4S (high 

ionic strength buffers), in agreement with those found for the cytosol 

in the present study and in previous work (Gorski !!_ .!}_., 1968). 

Earlier work from our laboratory (Watson and Muldoon, 1985) had assigned 
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microsomal estrophiles sedimentation coefficients of lOS in KCl-free 

buffer and 5.5S in the presence of 0.4 M KCl. The nature of this dis~ 

crepancy is not clear since similar experfmental conditions were em

ployed in both studies, including use of BSA as an external standard 

for accurate determination of sedimentation coefficients. In both 

the present work and-in earlier work from our laboratory (Muldoon et 

.!.!_., 1988), the microsomal estrogen receptor could not be heat-trans

formed to a larger molecular weight species. The 4S to 5S transforma

tion, characteristic of the acquisition of DNA-binding capacity by 

the cytosolic ER after heat-treatment, was not observed for the micro-

somal ER -- perhaps related to its inability to be activated to a DNA

binding species (Watson, 1982). 

Recent availability of mono~lonal antibodies directed against 

different portions of the estrogen receptor molecule has allowedfurther 

structural characterization of these proteins (Milgram, 1985). One 

such antibody was made available to our laboratory for the purpose 

of examination of the microsomal ER for antigenic determinants similar 

to those of the cytosolic ER. Studies performed with this monoclonal 

antibody (JS34/32) revealed that both cytosolic and microsomal receptors 

share a co~mon_antigenic determinant, inasmuch as both receptor species 

btnd to the anti~ody when it is pres~nt in a 50-fold excess over the 

receptor concentration. However, the avi_dity of the antibody for the 

microsomal receptor is apparently somewhat less than that displayed 

for the cytosolic ER ... Microsomal ER did not interact with the antibody 

at 2 or 10-fold excesses of antibody over receptor concentration, where-

as it did .fo~m a co~plex with the cytosolic ER at these same ratios 

of antibody excess. Although 0.4 M KCl does not impair interaction 
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of monoclonal antibody JS34/32 with calf uterine cytosol ER (the anti

gen against which it w~s prepared), this same salt concentration averted 

the antibody.from recognition of both microsomal and cytosolic species 

of ER nati~e to the rat titerus. Additionally, 0.4 M KCl induced the 

dissociation of monoclonal antibody JS34/32 from the cytosolic ER if 

added subsequent to the formation of the antigen-antibody complexes. 

It thus seems logical to suppose that structural properties are univers

ally shared by estrogen receptors, allowing crosi-species reactivity 

of antibodies owing to the presence of similar antigenic determinants. 

However, there may also be differences in these shared epitopes which 

preclude antibody binding to the extent possible when exposed to its 

native antigen. There may be subtle differences in the structure of 

cytosolic and microsomal receptors which lead to the lower affinity 

of the microsomal species for antibody JS34/32 wh~n compared to its 

cytosolic counterparte An alternative explanation for the lack of 

interaction of the antibody with the microsomal ER at the lower anti

body-to-receptor ratios could be that other microsomal components are 

extracted along with the receptor and interfere with the process of . 

epitope recognition by the antibody. Full resolution of this question 

awaits the partial purification of the microsomal ER for examination 

by more sensitive techniques (such as Western blotting), utilizing 

a whole panel of antibodies with well-defined antigenic targets. 

Examination of the specificity of microsomal and cytosolic ER 

for the estrogenic compound, 17s-estradiol, was done by measuring the 

ability of other steroids (and diethylstilbestrol) to compete with 

17S-estradiol for estrogen binding sites. Estrogen receptors from 

cytosolic and microsomal sources both displayed similar competition 
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curves. Effectiveness of these compounds as competitors of estradiol 

was determined to be estradiol = diethylstilbestrol > progesterone 

>cortisol =testosterone. Previous \-lork from our labotatory had given 

evidence for an elevated effectiveness of progesterone as a competitor 

for microsomal ERas opposed ·to the cytosolic ER (Watson and Muldoon, 

1985). Such results were not .replicated in the present work. One 

possible explanation of the discrepancy could be that in the work cited 

above, a single concentration of competitor (a 100-fold excess) was 

employed in assays done for both cytosolic and microsomal ER in contrast 

to the full competition curves constructed in the present work. In 

the calf uterine system, tamoxifen was demonstrated to possess an affin

ity for the cytosolic receptor an order of magnitude higher than for 

the microsomal receptor (Parikh ~!l., 1980). This compound was not 

tested in our system. 

Further comparison of the biochemical properties of the cytosolic 

and microsomal ER led to studies of association and dissociation rate 

kinetics of these receptor species. Association rate data conformed 

to second-order kinetic rate laws applicable to bimolecular reactions. 

Dis.sociation curves were typical exponential decay functions in accord 

with first-order kinetic rate law predictions. Kinetic rate constants. 

were in good agreement with values previously reported for the uterine 

cytosol receptor (Korach and Muldoon, 1974). The microsomal ER exhib

ited a higher association rate and a lower rate of dissocjation as 

__ compared to those of· the cytosolic estrogen receptor. Half-lives of 
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dissociation were 24.1 hours and 40.7 hours for cytosolic and micro

somal ER, respectively. Experimentally determined equilibrium associ

ation constants were virtually identical for both cytosolic and micro

somal receptor species, while the estimated Ka values derived from 

the ratios of association rate constants to dissociation rate constants 

revealed the microsomal values to be approximately twice those of the 

cytosqlic ER. The unoccupied form of the cytosolic ER was much more 

stable than the microsomal ER at 0° C. Spontaneous losses of unliganded 

ER corresponded to a half-life of 82.3 hours for cytosol and 34.1 hours 

for microsomes. Loss of unoccupied receptor may result from inactiva

tion by phosphatases, frank degradation by proteases, or other mechan

isms capable of eradicating receptor binding activity. It is interest

ing the micros6mal ER-estradiol complexes are more stable than their 

cytosolic counterparts, whereas the unliganded.receptor is more vulner

able to inactivating processes/mechanisms. It is possible that membrane 

interactions provide some measure of stability to the ER-estradiol 

complexes. One could also speculate that direct interaction wi,th the 

membranes or indirect exposure to membrane-associated compounds could 

cause rapid inactivation of the microsomal ER (in comparison to the 

cytosolic ER). Naturally, soluble stabilizing compounds could be postu

lated to exist in the cytosol. It would be a mistake to extrapolate 

these data to make assumptions about the physiological significance 

of these kinetic differences observed at oo C, as it is entirely pos

sible that these results represent wholly~ vitro phenomena. 

Initial attempts at development of a low temperature exchange 

assay based on the use of the chaotropic salt, sodium isothiocyanate 

(Bresci ani ~ !.l_., 1980), proved unsuccessful. An elevated temperature 
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assay was developed which proved to be rapid, easy to perform, and 

reliable. This assay allows quantification of total· estradiol binding 

capacity in the microsomal fraction regardless of the degree of occu

pancy of these receptors with unlabeled estradiol. Exchange assays 

utilizing elevated te~pe~ature techniques have been described for nu

clear (Anderson et !l·' 1972) .and cytosolic (Katzenellenbogen et !l·, 

1973) estrogen receptors. Our assay was found to lead to anomalous 

Ka values if Scatchard plots of saturation binding analysis data were 

constructed. Since there was significant receptor loss in the tubes 

containing subsaturating levels of estradiol, the law of mass action 

did not obtain for this assay. Therefore, Scatchard plots were not 

valid under these conditions and single point assays in triplicate 

provided the best means for quantifying total receptor levels. The 

high concentration of steroid in these assays prevents receptor losses 

over the time course of the assay. 

Examination of uterine estrogen r~ceptor dynamics following injec

tion of the potently estrogenic compound, 178-estradiol, into castrate 

rats reveal€d the classic patterns.of cytosolic depletion and nuclear 

accumulation followed by replenishment of·the cytosolic ER by 18 hours 

after.treatment and an overshoot of baselfne .levels at 36 hours post

injection (reviewed in Katzenellenbogen, 1980). The second rise in 

nuclear receptor levels seen in other studies (Cidlowski and Muldoon, 

1978; Korach and Ford, 1978; Korach' 1979; Beckman et !l·, 1989) was 

not observed in this study, although· that post-injectiori window was 

not closely scrutinized for such an effect. Microsomal receptor did 

not exhibit a pattern of depletion-replenishment. Total microsomal 

ER remained constant at short time points after 17s-estradiol treatment; 



217 

however, a tremendous overshoot of microsomal ER occurs at the 36 hour 

time point, with milder elevations in ER levels evident at the 12, 

18, and 72 hour ti.me points. Nuclear receptor processing was apparent 

between the 1 and 12 hour time points. Estradiol ·is known to stimulate 

the synthesis of its own receptor (Sarff and Gorski, 1971; Katzenellen

bogen, 1980; Nardulli and Katzenellenbogen, 1986; ·Campen and Gorskf, 

1986). The overshoot of ER observed in the cytosolic and microsomal 

fractions at the 36 hour time point most likely represents receptor 

synthesis. Given that the protein synthetic apparatus are resident 

in/on the endoplasmic reticulum and that the endoplasmic reticulum 

comprises the 9reatest portion of the microso~al fraction, it is reason

able to assume that the microsomal ER detected in this system is nascent 

ER. This ER, following synthesis, may remain on the endoplasmic reticu

lum (perhaps becoming involved in regulation of extranuclear actions 

of estradiol), may be transferred to the nucleus, or be further proces

sed. Sierralta et ~· (1987) have provided evidence that the estrogen 

receptor in calf uteri is synthesized on the rough endoplasmic reticu

lum, modified through post-translation mechanisms, and deposited on 

the smooth endoplasmic reticulum. In their system, the ER on the smooth 

endoplasmic reticulum was transferred to the nucleus with a 1:1 stoi

chiometry following estradiol treatment. This establishes a fairly 

significant precedent for the involvement of endoplasmic reticulum 

in estrogen receptor dynamics and the regulation of nuclear estrogen 

receptor levels in estrogen target tissues. 

Uterine receptor dynamics as influenced by acute administration 

of 16a-estradiol to estrogen-depleted female rats were examined. The 

short time course (approximately 4 hours) of cytosolic ER depletion-



replenishment processes (described by Kassis and Gorski, 1981, 1983) 

was observed. Microsomal ER levels were found to rise as cytosolic. 

ER levels were falling at early time points. Furthermore, microsomal 

ER content steadily declined to sub-baseline levels at time points 

beyond 1.25 hours as the cytosolic ER levels were being replenished. 
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Si nee cytoso 1 i c rep 1 eni shment _is known to occur vi a receptor recyc 1 i ng 

mechanisms or activation of inactive precursor molecules (Kassis and 

Gorski, 1983), the mi'crosomes (endoplasmic reticulum) appear to partici

pate in these putative recycling mechanisms. 

In summary, the microsomal fraction of rat uterine homogenates 

is host to binding sites which exhibit characteristics of a receptor 

molecule for estrogenic compounds. These estrophiles are indigenous 

to the endopiasmic reticulum and are fully extractable with high ionic 

strength media. Microsomal estrogen binders exhibit steroid specifici

ties compar~ble to those of the cytosolic ER. Microsomal and cytosolic 

estrophiles also display similar ~H optima, sucrose gradient sedimen

~ation characteristics, and equilibrium:association constants. Estra

diol binding sites ~f cytosol and microsomes~differ in their abilities 

to interact with monoclonal antibody JS34/32, in their abilities to 

undergo heat-induced transformation to a 5S form, in their kinetic 

constants·fo~ estradibl association and dissociation, and in their 

stability at 0° C in the unoccupied state. Total microsomal ER can 

be ascertained from an exchange assay which gives reliable estimates 

of the combined levels of occupied and unoccupied receptors. Dynamic 

studies of ER fluctuations using short~ and long-acting estrogenic -

compounds reveal the microsomes to be involved in protein synthesis 

dependent and- independent replenishment mechanisms. 



SUMMARY 

High-affinity, low capacity binding s·ites for estradiol in the 

microsomal fraction of rat uterine homogenates have been described 

by our laboratory. These sites constitute approximately 7% of the 

total binding capacity of uterine tissue. 

Although microsomes derive largely from endoplasmic reticulum, 

plasma membranes and mitochondria co-sediment with this fraction during 

the process of differential centrifugation. In order to delineate 

the intracellular location of estrophiles associated with the microsomes 

of rat uterine homogenates, microsomal components were fractionated 

on discontinuous sucrose gradients and the estradiol binding activity 

of each fraction was measured. Additionally, each fraction was analyzed 

for its content of marker enzyme activities, DNA, RNA, and protein. 

All fractions were investigated with transmission electron microscopy 

for morphologic confirmation of the biochemical results. These studies 

revealed a close association between total specific estradiol binding 

activity and marker enzymes for mitochondria, plasma membranes, or 

cytosol. Electron microscopic analysis of each fraction revealed that 

its constituents correlated well with the composition anticipated based 

on the biochemical data. Data from these studies indicate that micro

somal estrophiles are native components of the endoplasmic reticulum 

rather than contaminants from mitochondrial, plasmalemmal, or cytosolic 

sources. Further subfractionation of the microsomes revealed that 
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smooth, rough, and polysomal components contain roughly equivalent 

portions of the total specific estradiol binding capacity. 

220 

Extraction of microsomal membranes with 0.4 M KCl leads to release 

of 96% of the total estradiol binding sites and 50% of the total protein 

content. Concentrations of KCl ranging up to 0.6 M do not interfefe 

with quantification of ER. Approximately 20% of total ER activity · 

and microsomal protein are extracted with exposure of the microsomes 

to KCl-free buffer. The presence or absence of estradiol during the 

extraction process has no effect on the amount of ER released. 

Cytosolic ER exhibited an optimal pH for estradiol binding of 

7.0. The corresponding value for the microsomal ER was 7.5. Microsomal 

ER appeared to be more stable than cytosolic ER at higher pH values. 

Extracted microsomal ER, when complexed with estradiol, exhibited s~di

mentation coefficients of 8S and 4S in lo~ and high ionic strength 

buffers, respectively. Microsomal ER could not be heat-transformed 

to a species with a larger sedimentation coefficient. 

Microsomal ER is able to react with monoclonal ant~body JS34/32 

when the antibody is present in a 50-fold molar excess but not in lower 

concentrations. Cytoso.lic ER will .react with the antibody in lower 

con"centrations- (at least to a 2-fold excess of antibody -- lower ratios 

Were not investigated). It was fourid that 0.4 M KCl impaired the forma

tion of antibody-ER complexes and caused-dissociation of antibody if 

complexes were formed prior to salt exposure. 

Studies of microsomal and cytosolic ER specificity for estradiol 

revea 1 ed essenti a 11 y i denti ca 1 ·com.peti ti on curves for these receptor 

species. Estradiol and diethylstilbestrol competed with equal effec

tiveness for ER. Neither cortisol nor testosterone competed effectively 



with estradjol. Progesteron~ competed for ER with an effectiveness 
. . 

intermediate between estradiol and cortisol. 

Experimentally determined values for the equilibrium association 

constant were identical for both cytosolic and microsomal ER. The 

microsomal ER had a higher association rate co~stant and a lower dis-· 

sociation rate constant than the cytosolic ER. Half-lives of dissoci

ation of estradiol were 24.1 hours and 40.7 hours for cytosolic and 

microsomal ER, respectively. Unoccupied cytosolic ER was more stable 

at oo C than unliganded microsomal ER, displaying half-lives of 82.3 

hours (cytosol) and 34.1 hours (microsomes). 
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An exchange assay for quantification of total microsomal ER levels 

was developed and validated. This assay employed elevated temperature 

to enhance the rate of dissociation of steroid from ER. The assay 

was easy to perform and yielded reliable data on total estradiol binding 

capacity of the microsomal fraction. 

Studies of ER dynamics using 176-estradiol suggested that micro

somal ER levels were related to synthesis of new receptor and may be 

a nascent form of receptoro Dynamic patterns of ER distribution follow-

ing adminis~ration of the short acting estrogen, 16a-estradiol, sugges

ted that the microsomes are involved in receptor recycling mechanisms. 

Our results suggest that the microsomal ER localizes to components 

of endoplasmic reticulum and that several fundamental similarities 

and differences in biochemical properties exist between th~s receptor 

species and the cytosolic (loosely-associated nuclear) estrogen recep

tor. These results also indicate that the endoplasmic ~eticulum is 

involved in protein synthesis dependent (long-term) and independent 

(short-term) replenishment of the cytosolic receptor pool. 
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APPENDIX 

Abbreviations used and systematic chemical nomenclature for steroidal 

and nonsteroidal compounds: 

ATPase Na~/K+-adenosine· triphosphatase 

BSA bovine serum albumin 

DCC dextran-coated charcoal 

DNA 

OTT 

EDTA 

ER 

G6Pase 

GnRH 

HE PES 

LDH 

MES 

PMSF 

RNA 

SOH 

TEDSP 

tRNA 

Tri's 

CI-628 

deoxyribonucleic acid 

dithiothreitol 

ethylenediaminetetraacetic acid 

estrogen receptor 

glucose-6-phosphatase 

gonadotropin-releasing hormone 

N-[2-hydroxyethyl]piperazine-N•-[2-ethane-

sulfonic acid] 

lactate dehydrogenase 

2-[N-morpholino]ethanesulfonic acid 

phenylmethylsulfonyl fluoride 

ribonucleic acid 

succinate dehydrogenase 

tris-based homogenization buffer 

transfer ribonucleic acid 

tris(hydroxymethyl)aminomethane 

a -[4-pyrrolidinoethoxy]phenyl-4-methoxy

a•-nitrostilbene 
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APPENDIX (continued) 

cortisol 

17s-estradiol (E2) 

16a-estradiol 

4-mercuriestradiol 

progesterone 

tamoxifen 

tamoxifen a~iridine 

testosterone 

thyroxine 

vitamin D (D3) 

11s-17a-21-trihydroxypregn-4-ene-3,20-dione 

1,3,5[10]-estratriene-3,17s-diol 

1,3,5[10]-estratriene-3,16a-diol 

4~mercuri-1~3,5[10]-estratriene-3,17s~diol 

4-pregnene-3,20-dione 

(Z)-1-[p-dimethylaminoethoxyphenyl]-1,2-

diphenyl-1-butene 

(Z)-1-[p-(2-·[N-aziridinyl]ethoxy)phenyl]-1, 

2-diphenyl-1-butene 

17s-hydroxy-4-androsten-3-one 

3- [.4- ( 4-hydroxy-3, 5-di i odophenoxy)-3, 5-

diiodophenyl-L-alan1ne 

1,25-dihydroxycholecalciferol 
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