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Foreword

This book is derived from the Symposium on "Estrogens in the Environment*
sponsored by the National Institute of Environmental Health Sciences and held
in Raleigh, North Carolina in September, 1972. The objectives of the Symposium,
stated quite simply, were to determine what an estrogen is and how it works,
and what effect estrogenic substances might have on human health. These objec-
tives seemed timely since many chemicals with diverse chemical structures, some
of which are common environmental contaminants, have been endowed with "estyro-
genic" properties.

To accomplish these goals, internationally recognized investigators in the
fields of endocrinology, toxicology and environmental health, as wéll.as repre-~
sentatives of federal agencies involved with the environment and human health,
were invited to participate in the Symposium. The discussions were open and
instructive and, where possible, have been included in the boock. I hope that
their inclusion will help recapture the excitement of the meeting.

New information presented at the Symposium included: Structure-activity
relationships of stercid hormones and estrogenic xenobiotics determined by X-
ray crystallographic and biochemical methods; the role of metabolism of natufal
and synthetic estrogens in hormone action; alternative models for the mechanism
of action of estrogens at the bicchemical, cellular and organ levels; detailed
analyses of the hormonal activity of halogenated hydrocarbons; ecosystem dynam-
ics of estrogenic substances including mycotoxins; potential routes of environ-
mental, occupational and therapeutic exposure to estrogenic chemicals related
to human health.

Interaction between investigators in different disciplines was stimmlating
and opened new avenues for future research. As such, this book should provide
a focal point for workers in a wide variety of fields such as chemistry, endo-
crinclogy, pharmacology, toxicology, as well as obstetrics and gynecology.
agricultural sciences, occupational and environmental health sciences, and
epidemiology. Morecover, the data presented throughout the book show how
limited our khowledge in this broad area is and should caution, as well as
provide information for, those charged with applying these data in regulatory
situations.

I want to thank the other members of the scientific committee, Dr. Kenneth
S. Korach and James C. Lamb, IV, for their help in organizing the Symposium.
They, Ms. Retha R. Newbold, and others were, in large part, respongible for the
meeting's success. I am also indebted to the individual participants of the



xvi

Symposium for their cooperation, and I am especially grateful to the distin-
guished scientists who presided over the five Symposium sessions for their
willingness to summarize the complex problems we were addressing. The question
raised many years ago by Sir Charles Dodds concerning the structural diversity
of estrogenic chemicals remains unanswered. We hope, however, that this volume

moves us closer to that goal.

John A. Mcltachlan, Ph.D.
Novenber, 1979

Estrogens: Chemistry and Biochemistry



Published 1980 by Eisevier Narth Holland, inc.
McLachlan, ed. Extrogens in the Emwironment 3

HODELS OF ESTROGENIC-HORMONE ACTION

JACK GORSKIT

+D2partment of Biochemistry, University of Wisconsin-Madison, Madison, Wiscon-
sin 53706

In the 20 years since Elwood Jensen introduced experimental systems in which
estrogen interaction with target tissues could be studied, a great deal of
progress has been made. Receptors have been isolated and partially
characterized. Specific regions of target cell genomes which are known
to respond to estrogens now have been isolated, cloned and characterized
te the extent that even the nucleotide sequences are largely known.
Although much has been achieved, it is also important to define what is
not known. This in turm will point cut the directions that must be taken
in future research efforts.

What 1s the function of the steroid-receptor complex remains the most
crucial of these unaswered questions. While we know in several cases that
increases in the specific products of certain genes occur in response to
hormone treatment, we have no idea how this comes about. Furthermore,
the cellular response to estrogen is invariably more complex than an effect
on one or even several specific gene loei.

A second major question is how steroid receptor concentrations them—
selves are regulated. This Includes developmental changes, as well as-
changes in receptor levels that occur during exposure to the hormone.

This involves the depletion of cytoplasmic receptor, its translocation to
the nucleus and the replenishment of cytoplasmic receptor.

An additional area of major interest, is the physical changes in the
receptor that cccur during its interaction with its ligand. Whether or
not such changes are due to stabllization of different equilibrium states
or induced conformaticnal changes, we need to determine if all ligands
cause essentially the same changes, or whether the chemistry of the ligand is
important. Currently we know that chemistry of the ligand is essential in
defining fts affinity for the receptor and its dissociation rate. This in
turn has drastic effects on the long term response to the hormone, However,

information {s needed on whether 1ligand chemistry has other effects on the
receptor,



This discussion will focus on the first of the questions ralsed above.
Current models of steroid hormone action have a general pattern in which
the receptor is found initially in the cytoplasm and upon interacting with the
steroid becomes "activated" (Figure 1). The activated sterold moves into
the nucleuws where it associates with the chromatin, either the DNA or chro-
mozomal proteins, or both. While this model is compatible with much of the
existing data, it does not provide a satisfactory explanation of how these

hormones with their receptors function. Furthermore, there is evidence
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Figure 1

that does not fit neatly inte this model. Since we have in the past out-
lired many of our reservations about current models, I would like to con-
fine my remarks in this paper to some recent reports in the literature
and work in our own laboratory.

The experimental system used in cur laboratory historically has been
the immature rat uterus. In the last few years, however, we have extended
our studies to the pituitary. These studies have demonstrated that estrogen
can regulate pituitary cells directly. Miller et al.l demonstrated that FSH
production in primary cell cultures of ovine pituitaries was inhibited by
10 -10 to 10~ -8 M estradiol-178. At the same time, in the same cultures,
TS production was sr.imulated.2 In both cases, removal of estrogen results
in rapid reversal of the effect. We have extended these studies to the
lactotrophs, which are the pituitary source of prolactin. Estrogen stimulates
prolactin production in cultured rat pituitary cells 3 to 5 fold, similar to
the increase seen in 3522.3 Further, these changes in prolactin production
appear to be due to increased prolactin biesynthesis, which in turn appears
to be due to increased preprolactin wmRNA concentrations present in the
estrogen treated ce.lls.l"5

At first glance these data seem to fit our steroid action model, i.e.,
estrogen is stimulating the production of a specific mRMA. However, it
must be remembered that at the same time the lactotroph is being stimulated,
estrogen alsc is stimulating thyrotrophs and inhibiting FSH producing cells.
The receptor binding and translocetion in all these cell types appears to
be similar, although there is mot much data on this subject. One is forced,
therefore, to come up with a model in which a common receptor mechanism
tesults in varied end point activities.

In a similar vein, McKnight6 has recently reported am in vitro system
in which chicken oviduct minces respond to the addition of estrogen and
progesterone, The classical responses of Increased ovalbumin and conalbumin
syntheses and their respective mRNAs to estrogen in the oviduct now have
been demonstrated in this in vitro system. There are curious differences
in the time course of these responses and their dose response. Conalbumin
synthesis appears to be a more sensitive response that is detected earlier
than ovalbumin synthesis. It should be noted that these responses all
depend on the use of a primed oviduct tissue. In the immature unprimed
chick, the oviduct will not initiate immediately the synthesis of egg

white proteins in response tc estrogen. Estrogen priming for several
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days causes cellular changes which permit egg white protein synthesis.

Thus, Iin the chick oviduct, estrogen has two types of responses depending

on the differentiated state of the cells. Again, the estrogen-receptor
complex has not been reported to be different in these two states., Any
general model of steroid action must therfore fit both of these differentiaced
states.

Another steroid hormone class, the glucocorticoids, has been shown to
have a similarly broad range of apparent genomic effects. Ringold and
Yamﬂmoto7 have shown that the synthetic glucocorticoid, dexamethasone
stimulates the expression of a wirus that has been integrated into the
target cell's genome. Thus, a new genomic component appears to be readily
regulated even though present at different integration sites in the
genome.

Another Interesting and related observation has been made by Ivarie
and O'Farrell.8 Two rat hepatoma cell lines in culture were treated with
dexamethasone and the newly synthesized proteins of these cells were analyzed
by the two dimensional gel electrophoresis systems developed by O'Farrell.g
The dexamethasone treated cells showed changes in synthesis of a 1imited
number of the many proteins that camn be resolved by two-dimensional electro-
phoresis. The dexamethasone dependent proteins have been termed by Ivarie and
0'Farrell as "domains.” A domain may Include proteins whose synthesis is
increased, as well as those that are decreased. Out of more than 1000 proteins
resolved in each cell line, only 7 proteins in one cell 1line and 8 proteins in
the other were inducible consistently. A point of particular importance is
that only one protein, tyrosine amino transferase, was common to both steroid
induced domains of the two cell lines.

Thus, with two steroild hormones in several cell or- organ culture systems,
we see a very heterogenous response to apparently homogenous receptors. While
there have been some suggestions of heterogeneity of receptors, the bulk of
the evidence suggests that for any class of steroids the target cell receptors
are homogenous. Perhaps the best evidence comes from the genetic studies of
Yamanotol0 and Bourgeois.ll Their data suggests that the glucocorticoid
receptor represents the product of a single gene.

¥hat kind of a model can one propose that will explain the cbservations
discussed above? It is my contention that Interaction with one genomic site
is highly improbable. Binding of a steroid-receptor te only one sequence of
DNA cannot explain the heterogeneity of responses unlese this single genomic

site in turn can control a variety of other genomic sites. A number of
the steroid responses have been characterized as being primary responses,
i.e., genomic responses that do not depend on prior protein synthesis.
Therefore, the concept of 2 single gene induction as seen commonly in pro-
karyote systems does not present a useful model for steroid induced tissue
responses,

An alternative model is that repetitive sequence of DNA might be recognized
by the steroid receptor. The repetitive sequences would in turn be associated
with a variety of unique sequences of DNA that would code for specific mRNAs.
The repetitive sequence would act in a manner analogous to promoter regions
of induced genes in prokaryotes. Various other chromesomal proteins might
bind also to the repetitive or its associated unique sequence DNA in various
differentiated states. These other protein-DNA interactions would determine
whether or not a particular gene would interact with or respond to the gsteroid-
receptor complex. The differential affinity of the steroid-receptor for its
specific DNAs versus non-specific DNA interactions might not be readily detect-
able with present methodology as pointed out by Yamamoto and Alberts.12

Studies to isclate potential regulatory sequences of DNA are underway in several

13 14
‘labs. O'Malley " and Chambon = have reported the isolation and cloning of

the oviduct gene. If promoter or other regulatory regions are adjacent to

the coding regions of the gene it should be possible to directly determine

if steroid-receptor complexes bind with higher affinity to these specific DNA
sequences. Recent work on eukaryote gene structure now has been extended to
the ovalbumin gene syetem by Chambonl4 and O'Halley.13 The complexity of the
transcribed region of the gene railses the potential that regulatory regions may
be complex and not necessarily close to the coding sequences.

Another possible model of steroid-receptor regulation of nuclear function is
that the steroid-receptor complex does not interact directly with the genome
itself. Regulation of gene expression in animal cells appears to be more
complex than originally believed. As pointed out earlier, studies with the
hemoglobin gene and the virus SV40 have indicated that these genes themselves
are more complex than originally thought with coding and non~coding "“inter-
vening sequences" interspersed. Furthermore, the evidence in these
systems Is that these genes initially are transcribed into large precursor
RNAs which ultimately must be cleaved and then spliced to make the mature
messenger RNA found in the cytoplasm. Several reports over the past few

Years have presented data indicating that transcription may not be the



ly site of regulation, but that regulation of what RNA is processed and
‘rmitted to exit from the nucleus, may be equally or more 1mportant.15

is may be especially important with mRNAs for regulatory proteins

esent in small quantities.16 With our new knowledge of the role of RNA
ocessing, it 1s easy to conjure up new sites for regulating RNA processing
d ultimately exit from the nucleus.

Furthermore, we know that modification of chromatin structure by modifica-
on of chromosomal proteins alsc would have major effects on gene expression.
us, there are a large number of potential sites of action in the nucleus
r sterclid receptors. Such a model mechanism must work on nuclear components
disting prior to the steroid receptor's entry into the nucleus. Therefore,
westigating newly synthesized proteins after hormone administration will
:seribe only the end points of gene expression and not its regulation.

Protein derivitization, such as phosphorylation, acetylation, methylation
] adenylation have all been described. Several studies have been done with
‘fects of steroids, including reports of increased phosphorylation of nuclear
‘oteins after estrogen treatment. However, in most cases the methods used
:re capable only of detecting gross changes in proteins present in great
wundance. It would seem more likely that changes will invelve.proteins
‘esent in smaller numbers than can be detected readily by column chroma-
graphy or single dimension gel electrophoresis. It will be necessary to
‘e other methodology such as twe—dimensional gels in which many proteins
mn be resolved.

It i{s well to remember that the steroid receptors themselves represent
:latively small populations of molecules; approximately 10,000 - 20,000 per
111, or lt)_8 M if randomly distributed in target tissues. Under physiological
nditions, 1,000 to 5,000 stercid receptors present in the nucleus has a
eat physiological effect. Changes in similarly small populatioms of
her nuclear proteins thus can be expected to be importamt.

Thus, its seems that future research must define a more encompassing model
" stercid-receptor regulation. This model must explain how an apparent
mogeneous steroid receptor system involving translocation of the receptor to
e nucleus gives rise to a very heterogenous variety of responses depending
. the gtate of the differentiation of the target cells.

—
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MOLECULAR BASIS OF ESTROGENICITY: X-RAY CRYSTALLOGRAPHIC STUDIES

WILLIAM L. DUAX AND CHARLES M. WEEKS
Medical Foundation of Buffalo, Inc., 73 High Street, Buffalo, NY 14203, USa

INTRODUCTION

From a careful examination of the molecular features of the numerous nat-
ural and synthetic products that have estrogenic or antiestrogenic properties
it should be possible to identify those structural features that are respon-
sible for receptor binding and hormonal function. However this task is com-
plicated by uncertainties concerning solubility, ttansport; metabolism, and
site of action of the compounds found to behave as estrogenic agonists or an-—
tagonists. An antiestrogen may act by competing for the target receptor site,
the active site of a metabolizing enzyme, or a receptor im a feedback mecha-
nism. Alternatively they may induce or inhibit the synthesis of other hormones
or proteins that alter the course of action of endogenous estrogens.

If a speéific receptor having a single estrogen binding site can be isolated
and purified it should be possible to determine the relative binding affinities
of a series of estrogen agonists and antagonists and the structural features

respousible for binding should become apparent.

STRUCTURAL COMPARISONS

The crystallographically observed molecular structures of a number of matu-
ral and synthetic estrogens and antiestrogens will be compared, and an effort
will be made to identify those features that determine binding and activity.
The compounds examined will include phytoestrogens, mycotoiins and pesticides
that have been demonstrated to exhibit estrogenicity. ‘

Estradiol and Estrone

The three-dimensional structure of estradiol observed in the crystal struc-
ture of the hemihydratel is 1llustrated in the stereo dlagram (Figure 1). This
is just one of three crystallographic determinations of the conformation of
estrgdiol. The others include 1:1 complexes with urea2 and prcopanol.3 A
superposition of two molecuses of estradiol (Figure 2a) illustrates that de-
spite variation in the immediate envircnment in the crystal complexes the
estradiol conformation has limited variability. Crystallographic data on

esl:rc:n:tell (Figure 2b) for which there are also three crystal forms containing
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Fig. 1. Stereoview of the crystallographically observed conformation of
estradiol.

a)
@

b)

Fig. 2. Comparison of conformations of three crystallographically independent
observations of estradiocl (a) and two crystallographically independent obser-
vations of estrone (b). Overlap of the C and D rings has been maximized using
a least-squares program, FITMOL, developed by G. D. Smith of the Medical
Foundation of Buffalo, Inc.

four crystallographically independent molecules* show 1t to be a more flexible
molecule than estradiol.

Most of the conformational flexibility in the 1,3,5(10)-estratriene back-
bone is located in the B-ring region, The B rings of all three estradiol mol-
ecules and three of the four estrone molecules are in 7a,8p-half chair con-
formations in which atoms C{9), C{10), C(5) and C(6) are coplanar and atoms
C(7) and C(8) are equidistant from that plane on opposite sides. The remaining
estrone molecule is found in an 8B-sofa conformation in which atous 629).

¢{10), C(5), C€(6) and C(7) are coplanar and C(8) is on the g side of that plane.

*Some crystal forms have two or more independent molecules in the unit cell.

At et - e
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Analysis of conformational data on these and 21 other 1,3,5¢10)-escratriene
struct:ures5 illustrates that exccyclic nonbonded interactions play a deecisive
role in determining overall steroid conformation. This is particularly trye
of interactions across the A/C- and B/D-bay regions of the stercid backhone.
Interactions between C(l) and C({11) stabilize the Ja,88-half chair conformatijion
of the flexible B ring in most 1,3,5(10)-estratrienes. 4-Bromo substitution
and C(14)-C(15) dehydrogenation introduce strains at the C(6) and C(7) posi-
tions that are relieved by a shift in B-ring conformation to the 8B-sofa form.
In estrone, estriol, and epiestradiol the 88-gofa conformation is of comparable
stability and, under favorable circumstances, conformational isomers will be
co-crystall;zed apparently as a result of long range conformational effects
involving inferactions between C(12) and 0(17). D.H.R. Barton7 first described
such long range effects in condensation reactions and called the phenomena
conformational transmission.

Legrand et dZ.6 have reported solution data further illustrating that
changes in the D ring of estra-1,3,5(10)-trienes may be transmitted to the
A ring. They found that the pKa's of estrome and estradiol in methanol differ
by 0.10 pK units and that estrone is more acidic. This pK difference is
consistent with the observed hydrogen bonding pattern in the crystal (Figure
3), a pattern that appears to require co-crystallization of solvent in crystals
of estradiol. The three different crystal forms of estrone are all unselvated,
whereas an unsolvated crystal form of estradicl has not been isolated to date.
In the solid state the more acidic estrone freely contributes its hydreogen

atom to form a single hydrogen bond, Estradiol, however, always acts as a

Fig. 3. Hydrogen bonding in crystals of (a) estradiol hemihydrate and (b)
estrone. The C(3})-hydroxyl of estradiocl acts as a hydrogen bond donor and
acceptor while that of estrone acts as a donor only.
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hydrogen bond donor and acceptor thus retaining a full hydrogen of its own.
The donor hydrogen bond comes from the co-crystallized solvent. It seems rea-
sonable to assume that these observed diffevences in overall conformation,
conformational flexibility, pK values and affinity for solvent may play an
important role in determining the considerable difference in affinity of

estradiol and estrone for the estrogenic receptor.

Diphenylethylenes
The structural features most widely regarded as important to estrogenicity '

are a phenolic ring and two hydroxyl groups appropriately arranged relative to
one another. A comparison of estradiol with one of the earliest synthetic
estrogens, diethylstilbestrol, contributed to the development of this model.
Early workers were overly enthusiastic in their efforts to 1llustrate a struc—
tural similarity between estradicl and diethylstilbestrol (DES), and they
commonly drew DES as illustrated in Figure 4a in order to maximize its
similarity to estradiol.g The crystal structures of anhydrous DES9 and DES
complexedlo with various solvents provide valuable information on the flexi-
bility of the molecule. The phenyl rings of DES are not coplanar and the

ethyl groups do not lie in the plane of the rings. Anhydrous DES (Figure &4b)
has a center of inversion at the wmidpoint of the C-C bond.

Fig. 4. {a) Diethylstilbestrol (DES) drawm to maximize its superficial resem-—
blance to estradiol and (b) DES conformation as observed in the anhydrous
crystal form. ’

The DES molecules found in several crystal complexes do not possess this

symmetry. Busetta et aZ.ll have 1llustrated that asymmetric DES more closely

(Lo

resembles natural estradiol in overall shape and hydrogen bonding (Figure 5).
Although both hydroxyls act as hydrogen bond donors and acceptors in all
crystal forms of DES, the geometry of the hydrogen bonds to ome of the phenol
rings in the asymmetric form more nearly resembles the hydrogen bonding in
the estradiol camplexes.ll

T

TR
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Fig'zsll Superposition drawing of acentriec DES and estradiol from Busetta
et al.

Numerous efforts have been directed toward correlating estrogenic activity
with the distance between the terminal oxygens. In 1950, Keasling and
Schueler mistakenly reported the interatomic distance between the terminal
oxygens on diethylstilbestrol (DES) and estradfol as being approximately
14.5312. The crystallographically observed distances between the terminal
oxygens in DES and estradiol are 12.18 and 10.9% respectively. The propensity
of estradicl to form hydrogen bonds to water or other solvents and the 1.22
disparity between the terminal oxygen distances iIn estradiol and DES suggest
that water may play a significant role in linking estradiol to the receptor
protein, The distance between 0(3) and a hydrogen bonded oxygen in estradiol
hydrate is 12.1%, identical to the 0-0 distance in DES. The overall conforma-
tional match between the two molecules is shown in Figure 6. The dimethyl
analogue of DES is reported to be inactive and has been knowvm to crystallize in
the centrosynmetric form (similar to Figure 4b) only, supporting Hospital's
proposal that the asymetric form is bound to the receptor. A tetra-
fluorinated derivative of DES 1s reported to have reduced binding affinity yet
retain some activity.13 The reduced binding could be a result of direct inter-
action of the fluorines or conformational change associated with the substitu-

tion. To date the structure of this compound has not been reported.

Fig. 6. Superposition drawing of solvated estradiol and DES, maximizing rela-
tive positioning of hydrophylic groups and hydroghobic bulk. 03" 1s the
hydroxyl group of an adjacent molecule in crystals of estradiol. Hydrogen
bonds are indicated as (===z= = 5.
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Fig. 7. Chemical drawings of (a) trams and (b) cis-tamoxifen.

Triphenylethylenes

Many trans triphenylethylenes including the trans isomer of tamoxifen
(Figure 7a),14 clomiphene,l5 and broparestrol16 have been found to be anti-
estrogenic, Trans-tamoxifen, 1-p-(2—dimethylaminoethoxy-phenyl)1,2-trans-
diphenylbut—1l-ene, is reported to be weakly estrogenic as well. In contrast
the c¢ie isomer of tamoxifen (Figure 7b) behaves like a conventional estrogen.

15,16,17,18 31lustrate

X~-Ray crystal structure results on these four compounds
that the triphenyl rings are inclined 50-60° with respect to the ethylene
linkage (Table 1). The crystallographically cbserved conformaticns of cisl8
and trans tamoxifen are compared with that of the acentric form of PES in
Figure 8.

If the trans phenyl rings of DES are importamt for its activity, and since
it is cig-tamoxifen that 1s estrogenic, the O(CHZ)ZR(CHS)Z substituted ring
and the phenyl trams to it in cis-tamoxifen would appear to be the rings that
function in an analogous way to those of DES. In accordance with such a model
the O(CH3)2N(CH3)2 substituted ring would simulate either the steroid A ring
or D ring. In Figure §, we have elected to consider the substituted tamoxifen
ring as corresponding in function to the A ring at the binding site. This is
the simplest possible model that might account for the similarity in receptor
pinding of tamoxifen and estradiocl. The development of & model would be
gimplified if ome of the triphenyl rings were phemolic. It has been suggested
that the C(1} phenyl ring is metabolized in vive to preduce such a ring.l9
Other authorszo dispute these findings and report the principal metabolite of
tamoxifen to be an N—desmethyl derivative. There has also been speculation
about possible hydroxylation of the other phenyl rings.

Hydroxythmcxifen.[tnaus—l(p~dimethylamineethoxyphenyl)l(p—hydtoxyphenyl)z-
phenylbut-1-ene] (Figﬁre 10a) has been synthesized and is reported to bind to

4) <)

Fig. 8. A comparison of the conformations of (a) DES, ( i
. b) eis-tamoxif
(c) trons-tamoxifen viewed perpendicular to the plane'of the ethyle:e ::;u:ud

R = 0(CH,) ,N(CH,},.
TABLE 1

THE TRIFHENYLETHYLENE RING CONFORMATIONS
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a b c
4 AL %
cig-tamoxifen
molecule 1 51° -126° °
molecule 2 59 -131 vigg
trang—tamoxifen 48 55 ~-116
trans-clomiphene 54 57 -129
trang-broparestraol 42 51 ~119

Note: Atomic numbering is 1llustrated in Figure 8B.
a
¢ = c(6)-c(1)-c(7)-c(7")

Po, = C(6")-C(L")-€(7")-C(7)

°¢3 = C(6"M)-C{1™M-C(7)-C(T")

Fig. 9. Superposition drawin 4

gs of estradiol and (a) estrogenic ofg tamoxifen
ind (b) antieatrogenic frans tamoxifen assuming correspondence iu receptor
nteraction of the substituted phenyl ring of tamoxifen and the A-ring of

estradiol. The estrogenic isomer is observed to more
3 nearl
shape of estradiol. £y spproxinace the
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Fig. 10. Chemical drawings of (a) hydroxytamoxifen and (b) trans-p-methoxy-
a-phenyl-oa'—trifluoromethylstilbene.

a)

(CHy) o, N(CHy)5 O

OCH3

the calf uterine estrogen receptor with affinity equal to that of estradiel
and to be a potent antiestrogen.zl Potent antifertility activity is alsoc
reported for trans—p-nethoxy—a-phenyl—u'—trifluoromethylstilbene22 (Figure
10b). TIf the methoxy group in the latter compound were metabolized to the
hydroxy both of these potent antiestrogens could be expected to have two
phenyl rings in nearly the same conformation as DES, with one of them hydrox-
ylated. The antlestrogen behavior might then be attributed to either (1) the
absences of a hydroxyl on the frams ring, or (2) the interference of the third
ring with a protein interaction essential to activity. These data suggest that
the 0(032)2N(053)2 bearing ring does not gimulate the steroid A ring (as sug-
gested in Figure 9). This disparity might be resolved by assuming that the
estrogenic and antiestrogenic triphenylethylenes bind differently at the re-
ceptor (different rings mimic the A ring in each case), or that estrogenic and
antiestregenic receptors differ.23

Another tricycllic compound found to have great estrogenic activity is
cyclofenil (Figure 1la). Busetta has proposed that none of the phenyl rings of
eyclofenil wimics the steroid A ring, but that the interactions of cyclofenil
with the receptor resemble those of cis tamoxifenll (Figure 11b).

Phytoestrogens

Phytoestrogens are plant substances found to have estrogenic properties.

25 and gen:[steinz4 (Figure 12). Coumestrol

They include coumestrcl.z4 mirestrol
and mirestrol have ring structures comparable to that of a steroid, and
coumestrol is constrained by unsaturation to have a nearly planar conformation.
The connectivity and conformation of mirestrcl was determined in one of the
eariiest X-ray studies of a steroid.26 The comparison of the plant estrogen

mirestrol, the natural estrogen estradiol, and the synthetic estrogen DES
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Fig. 11. (a) Chemical drawing of cyclofenil. (b) Superposition of estradiol
(~———)}, cis-tamoxifen (- = = =), and cyclofenil (-......).

Fig. 12. {a) Coumestrol, (b) mirestrol, and (c¢) genistein are representative
phytoestrogens.

a)

) E E d)
Fig. 13. A comparison of the overall conformation of (a) estradiol, (b) a
brominated derivative of mirestrol, {c) DES, and {d) a wodified steroid 3-

me thoxy~-Ba-methyl-1,3,5(10),6-estratetraen-178~-yl bromoacetate, emphasizing
glmilarities of the A-ring regiom.




20

(Figure 13), bolsters the argument that one phenyl ring of DES mimics the A
ring of the other two compounds and suggests the importance of the A rimg to
receptor binding. Change in configuration at C(8) can also produce a highly
estrogenic steroid having an overall conform.ation27 similar to that of bromo-
mirestrol {Figure 13d)}.

Indenestrol and indanestrol (Figure 14}, compounds synthesized as DES ana-
logues, bear a close structural resemblance to the phytoestrogen genistein.
Indenestrol has more than 100-fold greater binding affinity for the estrogen
receptor than does 1ndanestrol.28 The crystel structure determinstion of the
less active indanestrolzg reveals that the three hydrogen substituents on the
five membered ring are on the same face of the ring (Figure 15a). Because of
steric hindrance the ethyl and methyl substituents take up equatorial orien-
tations and the phenyl group 1s in an axial orientation relative to the fused
rings. The overall conformation of indanestrol which i1s compared with that
of estradiol in Figure 15b illustrates that the molecule is dramatically bent
as a result of the axial orientation of the phenyl substituent. In the more
active indenestrol the double bond in the five membered ring can be expected
to produce a wuch flatter molecule.

Poacdicae

Fig. 14. Chemical drawings of (a) indanestrol and (b) findenestrol A.

HO

Fig. 15. (a} Perspective view of indanestrol illustrating the orientation of
the hydrogen substituents on the five membered ring. (b) Superposicion
drawing of estradiol (darker) and indanestrol assuming that the fused rings
mimic the steroid A and B rings.

21

Hycotoxins
Fungal toxins present in feeds cause various diseases in animals and may be

carried further in the food chain. Zearalenone* (Figure 16}, a mycotoxin pro-
duced by Fusarium graminearwm is the cause of estrogenic syndrome in swine.30
A number of analogues and naturally occurring derivatives of zearalenone have
been tested for estrogenic activity. Zearalenone has a phenolic ring and a
carbonyl group that might conceivably occupy positions in space corresponding
to these groups ip estrone. Examination of the crystallographically deter-
wmined conformations of trans-zearalenone31 and 1ts 8lhydroxy derivative32 and
their comparison with estradiol allow testing of such a hypothesis. The endo-
cyclic torsion angles of the l4-membered rings which define the conformation
of zearalenone and its 8'-hydroxy derivative are compared in Fiéure 16. The
Bthydroxy substituent Induces significant rearraugement of the l4-membered
ring but the overall conformation of the two molecules remains siwilar as

shown in Figure 17.

t~2133 §
2 431 18 N\

(1171 O
-172

HO.

OH

Fig. 16. Atomic numbering and the torsion angles of the l4-membeted rings in
trang-zearalenone (above} and its 8'-hydroxy derivative (below).

*
6-(10-Hydroxy-6-oxo~-trans-l-undecenyl-B-resorcyclic acid lactone.



Fig. 17. Comparison of overall conformations of trans-zearalenone (darker)
and its B'-hydroxy derivative when viewed along a vector from C(2} to C(4) in
the phenolic ring.

The greatest similarity in the observed conformations of 8'-hydroxy-trans-
Zearalenone and estradiol is obtained when the phenyl rings are nearly super-
imposed without hydroxyl overlap as showm in Figure 18. It is worth noting
that while the phenyl ring hydroxyls are not overlapping, their locations are
close enough to one another to allow hydrogen bond formation to the same site.
The relative location of hydrogen bonded water of solvation in 8'-hydroxy
Zzearalenone and estradiol hemihydrate are also shown in Figure 18. If the
relative orfentations of zearalenone and estradiol when bound to estrogen
Teceptor are as depicted in Figure 18, the 6-oxo group could act ag a hydrogen
bond acceptor whereas the 178-hydroxy of estradicl can ect as a hydrogen bond
donor and acceptor.

Fig. 18. Superposition drawing of estradiol and 8'-hydroxy zearalenone illug-
trating similarities In overall conformation and possible hydrogen bonding to
the same receptor eite (R).

Pesticides

The estrogenic activity of o,p'-DDT and certain other analogs of DDT has
been well d0cumented.33 Of particular interest is the fact that inhibition of
estradiol binding is found with o0,p'-DDT but not p,p'-DDE.34 The analegue
o,p'-DDD has been described as a more potent inhibitor of the human placental
178-hydroxysteroid dehydrogenase than many other structural analogues, non-
steroidal estrogens, and antiestrogens,35 In addition, McBlain, Lewin and
Wolf336 have shown that the (-)isomer of o,p'-DDT is a far more potent estro-
gen than the (4)isomer.

The crystal structures of the racemic mixture of o,p'-DDT containing two
molecules in the asymmetric un:l_t,37 the {~)isomer of o,p'-DDT,?8 and p,p'-
DDT37 have been reported. The conformations of the molecules ;re illustrated
in Figure 19 and the relative orientations of the phenyl rings in the four

structures are defined by the torsion angles listed in Table 2.

)

Fig. 19. Three crystallographically independent observations of the confor-
mation of (-}isomer of o,p'-DDT (a, b, and ¢) and a single observation of
pop'-DDT (d). Two of the isomers of ©,p"-DDT {(a and b) are co-crystallized in
the racemic mixture.

e

2 b
P
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TABLE 2
THE CONFORMATION OF o,p'-DDT aud p,p'-DDT

a b [
* AP 4
0,p'-DDT
molecule 1 87.4° 177.8° 76.3°
molecule 2 94.8 175.5 85.7
(-)o,p"-DDT 94.2 178.2 83.3
P»p'-DDT 92.1 174.3 94.8
Rote: See figure 19 for numbering scheme.
a

$; = C(1)~-C{2)-C(3)-C(4)

Ps, = C(2)-C(3)-C(4)-cA(S)

4, = C(2)-C(3)-C(6)-C(T)
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Although the crystal structure of DDE has not been reported, the ethylene
linkage is certain to produce a much flatter molecule and this difference in
shape accounts for some of the difference in activity. McBlain proposed that
the R form of o,pLDDT more nearly resembles estradiol in shape than the § form
and thét the (-)isomer must be the R form. The crystal structure determination
revealed that the more active (-}isomer is indeed the R form.38 In Figure 20a
the p substituted phenyl ring of (~)o,p'-DDT is superimposed on the steroid
A ring and the p-chlorine atom and the 3-hydroxy substituent are aligned. é

The estrogenic activity of the DDT analogue methoxychlor is probably due to
its metaboligm to {[2,2-bis{p-hydroxyphenyl-1,1,1-trichloroethane}(HPTE)}
Figure 2la) which has been shown to compete for the estrogen receptor.39 The
conformation of HPTE can be expected to resemble p,p'-DDT rather than o,p'-DDT.
In Figure 20b, p,p'-DDT is oriented to permit maximum overlap of the p-substit-
uents of the phenyl rings with the 0(3) and 0{17) hydroxyls of estradiol as
well as overlap of the hydrophobic middle of the two structures.

a) ct b)
) [+ 4

Fig. 20. (a) Superposition drawing of estradicl and (-)o,p'-DIT with phenyl
ring overlap maximired by a least-squares procedure (FITMOL). (b) Super-
position drawing of estradiol and p,p'-DDT in which the correspondence between
the p-chloride substituents in the DDT and 0(3) and 0(17) of estradiol as well
as the hydrophobic bulk distribution is maximized.

a) b c

Cl ci
o] Ct cl

I

Fig. 21. (a) HPTE, the pesticide having the greatest similarity to estradiol,
and (b) kepone, a pesticide competitor for the estrogen receptor bearing no
apparent resemblance to estradiol.

Cl

Cl

I3
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Another pesticide that is reported to have estrogenic activity 1is lua-pcme.‘m
Since kepone (Figure 21b) has a cage-like structure and no phenolic rings, it

is difficult to establish any structural similarity to the natural estrogens.

MECHANISHM OF BINDING AND ACTIVITY

The only structural element common to all of the estrogens and antiestrogens
discussed here (with the exception of kepone) is a phenyl ring, and there is
ample evidence that a phenol ring is a more potent competitor for the estrogen
receptor. Furthermore, l'la.zelle.r['1 has shown that simple alkyl phenols can
prevent binding of estradiol and displace the prebéund hormone from the estro-
gen receptor of uterine cytosol. Tetrahydronaphthol (Figure 22a), an analog
of the A and B rings of estradiol, is highly effective in preventing forward
binding of estradiol. p-gsec-Amyl phenol (Figure 22b) with a flexible alkyl
chéin corresponding to the B ring-of estradiol is highly effective at 0°C in
displacing estradiol which has been prebound by the receptor.

a) ‘ b)

HO HO

Fig. 22. Simple alkylphenols that prevent binding of estradiol and/or displace
prebound hormones: {a) tetrahydronaphthol and (b) p-sec-amyl phencl.

On the basis of analysis of steroids having the highest affinity for the
uterine progesterone receptor, we have previously proposed that the steroid
A ring is primarily respomsible for progesterone receptor bimding and that
gtructural differences in the D-ring region appear to be respomsible for
determining activity or distinguishing agonism from antagonism.4z On the
basis of the structural data presented above, it appears plausible that a
phenolic A ring having a propensity to behave as a hydrogen bond acceptor as
well as donor may be the most important determinant of high affinity binding
to the estrogen receptor (Figure 23). The composition and orientation of the
region of the estrogen and antiestrogen corresponding to the D ring of estra-
diol will govern subsequent hormonal events such as conformational change in
the receptor, stabllization of a possible dimeric form of the receptor, and

interaction with chromatin or DNA (Flgure 24)"2""3 in the nucleus. Strudtures
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Fig. 23. HModel for estrogen receptor binding in which the phenolic ring has
an intimate association with the receptor and differences in variable D-ring
region will control events subsequent to bimding that govern activity.

having D rings or psewdo D rings suited by chemical makeup, overall shape, and
spatial location teo promote the required interaction would behave as agonists
whereas structures lacking these features would behave as antagonists.

Clark, Pasko, and Peck find that long term nuclear retention of receptors
is required for estrogen regulation of tramscriptional events associated with
uterine grouch.éa Horowitz and McGuire suggest that nuclear processing steps
may be essential for the function of estrogenic compounds as inducers of pro-
gesterone receptor and that such a step is partially or completely impaired
in antiestrogens.4s Tseng and Gurpides have found that only phenolic stercids
possessing a 178-hydroxy group compete with estradiol for nuclear binding.46
These observations are consistent with a model incorporating A-ring control
of receptor binding and D-ring contrel of subsequent {nuclear) events.

SUMMARY
Some of the tentative conclusions that can be drawn from this analysis of

the crystallographically observed conformations of estrogens and antlestrogens
include the following:

(1) The greater binding affinity of estradiol over estrone may be due in
part to a pK difference of the C{3)-hydroxyl that 1s caused by long
range conformational transmission associated with C{17) substitution.

(2) The C{3) hydroxyl may act as a hydrogen bond donor and acceptor in
the active site.

DL AR L

Fig. 24. Some of the possible roles that the D-ring region may play in con-

trolling estrogenic behavior.
could cause antagonism.

change?

Induce or stabilize
genome interaction?

Absence of the appropriate D-ring feature
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(3) Asymmetric DES has & spatial arrangement similar to estradiol.

(4) Structural comparison of DES and estradiol suggests that water may
play an important role in estradicl receptor interactions. i

(5) 1If the trans phenyl rings of DES are essential to activity then the :
O(GHZ)ZN(CH3)2 bearing ring of cie-tamoxifen may mimic one of them
in its interaction with the receptor.

(6} The triphenylethylenes of Figure 10 suggest that the O(CHz)ZN(CH3)2

bearing ring of cis-tamoxifen does pot mimic the steroid A rimg or
that estrogens and antiestrogens may bind differently to the same site L
or to different sites. ;
(7) The phytoestrogens and myrotoxins demonstrate structural similarity
in the A-ring regions and diversity of the “D-ring" regions.
(8) A phenolic ring that can mimic the A ring of estradiol appears to be
sufficient to permit effective competition for binding to estrogen

receptors. :
(9) Considerable variation at the D-ring region of steroids or comparable

regions in nonsteroidal estrogens 1s compatible with high affinity

binding and mey differentlate between agonist and antagonist behavior.
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DISCUSSION

NAFTOLIN: The use of estrogen bmdmg as synonymous with estrogen actions is
hazardous and should be avoided,

DUAX: Your point is well taken, Nevertheless, most of the compounds reported
to have significant estrogenic activity do exhibit significant binding to the
estrogen receptor. This suggests that binding is required, but not sufficient
for activity. This opens the door to the possibility of a pure antagonist
that would bhind te the receptor but lack the structural feature responsible
for activity. I was attempting to determine whether any common structural
feature could be identified as being essential for binding. Our proposal that
the "D"-ring region may be the controlling factor in determining the degree of
agonist and antagonist behavior through mediating events subsequent to recep-
tor binding is meant to be highly speculative.

MUELLER: If one imagines that the estrogen enters with the “A"-ring and
becomes bound on the "D"-ring (leaving the receptor's "A"-ring site open), is
there anything in the crystallographic data which defines limitations for the
*p*-ring binding interactions? I ask this question because substitutions on
the "P"-ring of estradiol have such a dramatic influence on the binding of the
steroid even though the "A"-, "B*-, apd "C"-rings are the same and the phenol
binding site of the receptor appears to be open to such compounds as p-Sec
amyl phencl when there is estradiol already hound.

DUAX: The variability of the "D"-ring region in steroids that bind to the
estrogen receptor and the absence of a "D"-ring-like group in most non-—
steroidal estrogens make it difficult to detect the presence of a characteris-
tic "D"-ring that may contribute to binding. It is possible that the dramatic
effect that *D*-ring substitutions have upon binding affinity may result from
long-range conformational effects transmitted to the “A"-ring, such as the
influence of the 17-substituent upon the pK of the £(3) hydroxyl that Legrand
reported, In regard to the ability of p-sec amyl phencl to bind to the phencl
site when estradiol is prebound, it may be that even at 0°C, there is scme
equilibrium between free and bound estradiol and that some exchange with the
excess p-sec amyl phencl is possible.

QFNER: In support of Dr. Mueller's emphasis of the importance of the "D"-ring
in structure-activity relationships, I should like to mention ocur report
(Ofner et al., Cancer Chemthe_rapy Reports 16:285, 1962) of a large difference
in the estrogenic activities of 16a{very potent)- and 16B8(low potency)-fluorc
estradiol-178 biocassayed as the products of the placental aromatization of

16a (weak androgen)- and 16B(5 x l6u~F-stercid in chick comb potency)-fluorc-4-
androstene-3,17-dione.
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DUAX: We would suggest that "D"-ring substituents could influence receptor
binding by the mechanism of long-range conformaticnal effects transmitted to
the "A"-ring and could influence activity by direct participation in the
hormone receptor interactions and changes that follow initial binding. We
would be interested in undertaking the crystal structure analysis of léa- and
168-fluore derivatives of estradiol-178 in order to examine the nature of

electronic properties and hydrogen bonding patterns that might occur in the
crystals.

PATHRE: I have a couple of comments regarding your work on zearalenone. We
have examined the !3c-wMR spectra of zearalenone and its derivatives and found
that there is no change in the chemical shifts of carbon atoms with respect to
temperature (the lowest temperature, -120°C), which, I think, is consistent
with your conclusions that in zearalenone the overall conformation of the
molecule remains the same. Also, we found, as your model predicts, that
removal of the 4-0H group in zearalenone results in a decrease-in its utero-
tropic activity. Have you considered whether possible conformational dif-
ferences exist between the solid state and solution state of these estrogens?
Solvent interactions present in soclution may not be observable by the struc-
tures observed in the solid state,

DUAX: I am pleased to learn that your solution spectral studies indicate the
presence of a stable molecular conformation and that the 4-hydroxyl is as
important to binding as our model predicts. It is always possible that a
molecular conformation observed in an isolated crystal structure determination
may differ from the conformation of that molecule in solution. For this
reason it is important to analyze the data from as many closely related struc-
tures as possible and to study polymorphic forms of the same compound. Our
analysis of crystallographic data on over 300 estranes, androstanes, and .
pregnanes collected in the Atlas of Steroid Structure indicates that, in
general, the structures observed in the crystal are at, or very near, minimum
energy conformations and that crystal packing forces have little or no in-
fluence on conformation. Furthermore, the fact that many crystals, including
zearalenone, contain solvent of crystallization further suggests that the
intermclecular interactions observed in the crystal, such as hydrogen bonds,
have analogous interactions in solution. In the past, we have been able to
resolve ambigquities in solution spectral interpretation and unambiquously
demonstrate a correspondence between steroid conformation in sglid and solu-
tion. Studies in our laboratory of more flexible molecules such as thyroid
hormones, polypeptide hormones, and prostaglandins indicate that this corre-
spondence between structure in solid and solution occurs for these compounds
as well,

METCALF: 1Is it possible that the facile hydration of chlordeccne (Kepone)
provides a clue to the affinity of this compound for the estrcgen receptor in
a manner analogous to the mechanism you have suggested for solvated estradiocl
or estrone?

DUAX: That is a very good suggestion. If Kepone is energetically stabilized
by solvation, it is possible that a tightly bound water molecule in the plane
of the carbonyl group could play a role analogous to that of the 3-hydroxyl of
estradiol,
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INTRODUCTION

The biclogical activity of steroid hormones, such as estrogens, depends upon
their interaction with certain high affinity binding proteins, called receptors,
that are found in the cells of target tigsues. The interaction between a ster-
oid and its receptor is of high affinity {Ky = 0.1 - 1 nM} and is characterized
by a high degree of stereospecificity. Therefore, it is not surprising that
small alterations in the structure of certain estrogens can greatly affect the
receptor binding affinity of these compounds and their bhioclogical activity.

In this paper, we will examine several facets of the relationship between
the chemical structure of estrogens and antiestrogens and their biological
activity, both in terms of receptor interaction and physiological responses.

We will also consider the variety of chemical structureg that can embody estro-
genic activity. It will become apparent that the biological consequences of
chemical alteration have a dual origin - altered receptor affinity and altered
pharmacodynamics; both factors are important in determining biclogical activity.

RESULTS AND DISCUSSION
Optimization of the Selectivity of Estrogen Interaction with Receptor. In

addition to their desired interaction with the estrogen receptor, estrogens
interact with other binding sites. This non-receptor binding can be to speci-
fic serum binding proteins such as rat alpha-fetoprotein and human sex steroid
binding protein, to enzymes involved in estrogen metabolism such as dehydro-
genases and hydroxylases, and to low affinity, non-saturable (i.e., non-speci-~
fic) binding sites such as albumin and lipids. These interactions reduce the
fraction of a dose of an estrogen that is "free" and thus available for inter-
action with the receptor (serum and non-specific binders), and they can shorten
the serum half-time (metabolizing enzymes).

A considerable effort has been mounted by the pharmaceutical industry to
develop estrogens that will have increased potency because they interact with
the receptor more selectively. An example of this is found in a detailed study
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by Raynaud.l Raynaud has shown that two structural modifications, a 17a-
ethynyl group and an 1llB-methoxy group, both enhance the selectivity with which
an estrogen interacts with the receptor and increase its bioclogical potency

(Scheme 1). The l70-ethynyl group reduces binding to serum binding proteins

H

3
.--CH3
HO o
promages trone
(R 5020} OH
-"‘ 3
estradiol
moxestrol
(R 2858) o]
methyltrienclone
®Relative binding affinity (R 1881)
Scheme 1.

and blocks the action of the 1768-dehydrogenase, a major pathway of estradiol
metabolic inactivation; the 11f-methoxy group blocks binding to serum proteins
very effectively and also lowers the lipophilicity of the compound, reducing
its non-specific binding. A particularly important feature of these two modif-
ications is that, while they reduce non-receptor interactions dramatically,
they cause relatively small changes in the binding affinity to the estrogen
receptor. Thus, llf-methoxy-l17@-ethynyleéstradiocl {R 2858 or “moxestrol™) is an
estrogen with increased potency due to the increased selectivity of its recep-
tor interaction. Raynaud has also found that moxestrol is a preferable ligand
to use in measuring the concentration of estrogen receptors in in vitro
assays;z its increased selectivity of receptor interaction translates into
decreased levels of background or "non-specific® binding. Along a similar
wvein, the Roussel Company has developed analogs of testosterone (R 1881) and
progesterone (R 5020) that have increased selectivity of receptor interaction
due to their decreased binding to serum proteins (Scheme 1) .3

Another aspect of the selectivity of receptor binding concerns the extent to
which modified stercid hormones of one class will bind to receptors for another
class of hormones. Again, the most extensive work in this area has been done
by the Roussel Company where the binding affinity of a large number of modified
estrogens, androgens, progestine and corticosteroids has been measured tc the
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corresponding four receptor systems.3 The "parent” ligands, estradicl, testos—
tercne, progesterone, and cortisol, have high receptor selectivity, that is,
they bind with highest affinity to their own receptors. Structural modifica-
tions can be made that will increase the binding selectivity somewhat, but
ather alterations result in compounds with roughly comparable binding affini-
ties for receptors of two or more classes. These compounds can have interest-~
ing mixed activities.

Structural Modifications of Estrogen Derivatives Designed for Affinity

Labeling or Breast Tumor Imaging. We have been interested in developing two

types of estrogen “reagents", affinity labeling agents and tumor imaging agents.
Compounds of the first class are estrogens that contain a functional group that
is chemically or photeochemically reactive, so that once the estrogen-receptor
complex is formed, the two members can be covalently linked. The second type
of agent embodies a gamma-emitting radionuclide, so that its in vive distribu-
tion (and presumably its concentration in an estrogen receptor-containing breast
tumor) can be detected externally by gamma imaging techniques. A feature
required by both of these types of agents is high affinity for the estrogen
receptor, and in developing these agents we have made a considerable study of
how structural modifications affect receptor binding.

We have prepared derivatives in the two series based on the steroidal estro-
gen estradicl and on the non-steroidal estrogen hexestrol. The latter compound
has the advantages that it does not bind to high affinity serum binding pro-
teins, its affinity for the estrogen Yeceptor is three-fold greater than that
of estradiol, and its chemistry is simpler. 1In examining the receptor binding
affinity of various estradicl and hexestrol derivatives (see Table 1), we have
noted the following: For small structural modifications (entries 1 and 5), the
binding affinity of the derivative relative to that of the parent is rxoughly
equivalent in the two systems. However, with the introcduction of larger sub-
stitvents {entries 3, 6-9}, the binding affinity of the hexestrol derivatives
can exceed that of the estradiol derivatives by a wide margin.

We have suggested4 that the greater tolerance of hexestrol towards these

" sorts of substitution derives from its symmetry and conformational flexibility

(Scheme 2). For example, introduction of a substituent ortho to the phenolic
hydroxyl group in meso-hexestrol produces a racemic mixture of enantiomers, one
of which can bind with its substituent in a positicn congruent with either a
C-2 or C-4 substituted steroidal ligand, and the other which can bind at sites
roughly equivalent to steroid positions C-15 and C-17. Thus, while the corres-
ponding substituent at the 2- or 4-position of the steroid is positioned unam-
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TABLE 1

RELATIVE EFFECTS OF SUBSTITUENTS ON RECEPTOR BINDING OF STEROIDAL VS NON- i
STEROIDAL ESTROGENS®

Relative Binding AffinityP

Estradiocl Hexestrol
A B
1. H 100 100
2. CHy 3.0 6.5
. EtOCOCH, 0,034 0.54
X Y Z
4. H 100 100 100
5. F 86 128 68
6. NOo 0.03 6.2 5
7. Ha 3 0.9 24
8. Br 1.2 10 5.3
9, -1 0.03 0,03 4.6

g

pata from ref 4, 5.

bpinding affinities are measured in rat or lamb uterine cytosol by a competition
assay with 3H-estradiol {ref 4). Humbers are % K, relative to that of the un-
functionalized ligand.

biguously within the receptor binding site, the symmetry and flexibility of

hexestrol provide several alternative modes of binding for the group.
Stereochemical Ambiguities in the Mode of Binding of Hexestrol Derivatives.

In the preceeding argument we have implied that the hexestrol derivatives are

bound by the estrogen receptor in such a manner that the configuration at car-
bons 3 and 4 are congruent with carbon atoms 8 and 9 at the B-C ring junction
of estradiol {Scheme 2}. There are some binding data that indicate the impor-
tance of configuration at these centers (Scheme 3): Compared to mego-hexestrol,
(+)- and (-)-hexestrol have a binding affinity of only a few percent;e these
sterecisomers are epimeric at only one of these positions. A more extreme
example is the enantiomer of estradiol, which iz epimeric at all five chiral
centers in the stercid and is bound with an affinity only 1% that of estradiol.T

However, although these data are suggestive, one cannot say with certainty
that the receptor does not bind mego-hexestrol in a reiro mode (Scheme 3).

pair of
enantiomers

Scheme 2,

In the retro mode of binding, meso-hexestrol is rotated 180° from its presumed
normal orientation in which it mimics (+)-estradiol; this makes the configura-
tions of carbons 3 and 4 just the reverse of that found in (+)-estradiol. (The
term refrg is derived from steroid nomenclature to indicate a reversal of con-
figuration at two adjacent centers; thus, Bu,9B-estradiol could be called 8,9-
retroestradiol; Scheme 3). While a single inversion of configuration, such as
is found in (+)- and (-)-hexestrol causes a considerable distortion in the con-
formation and steric contour of the molecule, the steric dispositionh of meso-
hexestrol in the reir¢ orientation appears quite similar to that in the normal
orientaticn. Unfortunately, 8,9-retroestradiol, which would be tlie most appro-
priate steroid analog to use to judge the binding of meso-hexestrol in the
retro orientation, is not available for binding measurements.

Recently, we have prepared a number of hexestrol derivatives that are func—
tionalized at the end of the hexane chain.a These compounds have the same con-

. figuration at carbons 3 and 4 as meso-hexestrol, but because they are unsym-

metrical, they are alsc mixtures of enantiomers. In this series, we have been
able to resclve the enantiomeric derivatives by fractional crystallization of
the quinine salt of the acid dimethyl ether, so that binding measurements can
be made separately on the individual enantiomers. We had hoped to use the
bindirg behavior of these enantiomers to probe the question of the normal vs
retro mode of binding of meso-hexestrol.
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The various modes of binding of the enantiomers are shown in Scheme 4. If
the enantiomers are oriented in the normal fashion (with the configqurations of
carbons 3 and 4 congruent with the configurations of carbons 8 and 9 of estra-
diol), then one enantiower projects its substituent into the upper left region
of the receptor and the other into the lower right. However, if they bind in
the retfro fashion, then this is reversed: the first enanticmer projects its
group into the lower right and the second into the upper left. Therefore, if
the enantjomers show very different binding affinities, this indicates that the
corresponding regions of the receptor (upper left vs lower right) have very dif-
ferent tolerances for the substituent atd that the hexestrcols are being bound
unapbiguously in one mode (either normal or retro). If the enantiomers have
nearly the same binding affinity, then either the corresponding regions of the
receptor have very similar tolerance to substitution, or one epantiomer is
bound in the normal and the other in the retfro fashion.
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Ouxr preliminary binding data with two of these derivatives, the methyl and

the pentyl ester, are shown.in Table 2. It is clear that both enantiomers have

HO 002R

DH

TABLE 2
ESTROGEN RECEPTOR BINDING AFFINITIES OF 1-HEXESTROL ESTERS®

Relative Binding Affinity®

R racemic +) 7 {=1
~CHy 8.8 7.0 8.8
—CH,CH,,CH,CH,.CH 3.8 4.0 " 4.2

222 N

4pata are from 5. W. Landvatter, K. E. Carlson, and J. A. Xatzenellenbogen.
Unpublished,

bB.i.nd:i.ng affinities are measured in rat uterine cytosol by a competition assay
with 3H-estradiol (ref 4). Numbers are % K, relative to that of estradiol.

very similar binding affinities; so, at present, the gquestion of the mode of
binding of mesc-hexestrel to the estrogen receptor is unanswered. We are
planning to make other derivatives of these enantiomers, and should they prove
to show larger differences in binding affinity, they will help to resclve this
stereochemical ambiguity. While, as yet, we do not know the absolute configura-
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tion ¢f the enantiomers we have resolved, the confiquration of the corresponding
norhexestrol acids is knoun,g and we plan to interrelate the two systems.

We are hopeful that stereochemical studies of this type may permit us to
resolve another long-standing ambiguity: the preferential mode of binding of
the triarylethylene esfrogens and antiestrogens. This stereochemical uncer-
tainty can be exemplified by the antiestrogen tamoxifen (Scheme S}, where it is

not clear whether the molecule is bound at the estrogen binding site in orien-

estradiol

. 1]
tamoxifen Mezl(\/

Scheme 5

tation A or B relative to estradiol. The stereochemical mapping of receptor
bulk tolerance and mode of binding that we can do with the enantiomers of the
chain substituted-hexestrol derivatives may go a long way towards resolving
this ambigquity.

Prohormonal Estrogens: Chemical Modifications That Affect Both Receptor

Binding and Pharmacokinetics. When estrogens interact with the uterus in vivo,

they first bind to the unfilled receptor that is present in the cytoplasm;h “
This complex then is translocated to the nucleus where it interaci‘:s wit.:h o
matin binding sites in a manner that is thought to initiate the b:ufnlog:.cai -
response by differential alterationlzf gene expression. Prol? studies t_‘rfna

been done by ourse].vesm and Clark, = it is apparent that st:l.mulat-:ion o .
uterine growth in the rat requires estrogens that are capable of interacting
with the estrogen receptor and translocating receptor to t.l\le nucleus. 'f‘here

is an additional requirement, however: For the uterine growth sti-ultltlon to
be effective and long-term, it is essential that the compounds maintain ele-
vated levels of the nuclear estrogen receptor for an extended period of time.
Thus, estradiol, which binds tightly to the uterine estrogen receptor and main-
tains nuclear receptor levels elevated for 4-6 hours, causes a pronounced
uterine weight increase. O©On the other hand, estriol, wh:l.ch is boundlless
tightly and is cleared more rapidly, causes only a temporary {1 hr) increase
in nuclear estrogen receptor levels and consequently effects only minor
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increases in uterine weight. The short duration of action of estriol contrib-

utes to the "impeded™ nature of its responge.

Chemical modification of short-acting estrogens to produce prohormones (i.e,,

inactive hormone derivatives that are metabolized to active hormones) can have

the prohormonal estrogen may have a reduced receptor binding
yet its biological activity can be increased.
hormonal derivatives jin the stilbestrol series,
ticularly well illustrated, 12

a4 curious effect:

affinity, We have examined pro-

where this phenomencn is par-
The dose response curves for a 3-day uterine
weight response in the immature rat are shown in Figure 1 for es

tradiol,
diethylstilbestrol (DES) .

dimethylstilbestrol (DMS), and their corresponding

dimethyl ethers (DES—(CHe)z, DMS- (OMe)z) (Scheme 6). DES isa potent estrocen,

estrogenic stilbestrolg

diethylstilbestrol (DES} dimethylstilbestrol (DMS)

prohormonal stilbestrols

diethylstilbestrol
dimethyl ether (DES- (OMe)

dimethylstilbestrol
4} dimethyl ether (DMS—(Oue)ZJ

Scheme 6,

giving a uterine weight response like that of estradiol, but DMS is a weak,

impeded estrogen, active only at the highest doses. Conversion of the stil-

bestrols to the prohormonal form {dimethyl ethers) has an interesting effect:
The receptor binding affinity of 330% for DES (relative to 100% for estradiol)

drops to 1% for DES- (Q&e)z; the uterotrophic potency of DES-(OHe);'is'alsc

lower than DES. In contrast, while the receptor binding affinity of 21% for

DMS drops to 0.1% for DMS- (OHelz. the uterotrophic potency increases markedly.

While these results appear paradoxical when considered in terms of the receptor

binding affinities of the compounds themselves, thisg phenomenon can be under-

stood on the basis of differences in the pharmacckinetic broperties of DES,
DMS, and their dimethyl ethers.
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Figure 1. Dose-response curves showing the uterotrophic activities of DMS, DES,
estradicl and stilbestrol methyl ethers. Rats (21 days cld) were injected s.c.
with the indicated daily dose of compound in 0.5 ml saline once daily at 24-h
intervals on 3 successive days and uterine wet weights were determined at 24 h
after the last injection. Control animals received saline alone. Each value
is the mean of determinations from at least 5 individual animals * SEM. {From

ref 12}

As can be seen in Figure 2A, DES causes a rapid accumulation of estrogen
receptor in the nucleus, with elevated levels being maintained for at least 12
hours; this temporal profile of nuclear receptor is very effective in stimu-
lating a uterine weight increase. DMS, on the other hand, causes only a tran-
sient increase in nuclear receptor, with levels returning to control by & hours
(Fig. 2B). This elevation is of insufficient duration to effectively stimulate
uterine weight increase. Conversion of both DES and DMS to the prohormonal
forms {(dimethyl ethers) causes the elevation in nuclear receptor levels to
persist for longer periods. .

In terms of the uterotrophic dose-response relationships (Fig. 1}, methyla-
tion has a differential effect, however: Methylation of DES, which is a potent
uterotrophic agent itself, simply decreases the total amount of active compound
that is made available through net-abolic activation, reducing its effectiveness
at low doses and shifting the dose response curve to the right. In contrast,
methylation of DMS, which is a weak uterotrophic agent because of its very
brief duration of action, makes it more potent because by extending its period
of action it provides a profile of nuclear receptor levels that is much more
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F]:.gure 2. Content of specific estrogen binding sites present in-nuclear frac-
tion of the immature rat uterus as a function of time after a single injection
of DES, DMS, DES(0OMe);, or DMS(OMe) 3 (Scheme 6) or control vehicle saline. Rats
(21 days old) were injected s.c. with 20 Ug of compound in saline and at :indi-
c?ted times, high affinity binding sites in uterine nuclear fraction were deter-
:.L:eeimgy an exchange a.ssay‘ (ref 12), Each point represents the mean of 2-3
binding?at](.:m@ wi:af :z;nten per determination, and is corrected for nonspecific

appropriate for the stimulation of uterine growth. Thus, methylation causes
the dose response curve for DMS to shift to the left.

There are undoubtedly many other examples of chemical alterations of hor-
mones (to prohormonal forms) that increase biological activity and potency by
a mechanism that does not involve receptor binding directly, but rather by
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causing appropriate alterations in pharmacokinetic properties of a metabolite
of the derivative (the free hormone}.

1
Antiestrogens: Prohormonal Estrogen Antagonists. Studies by Clark 3 indi-

cated that the triarylethylene-type antiestrogen nafoxidine can occupy uterine
estrogen receptor sites for greatly extended pericds of time. The prolonged
duration of action of this compound, as well as its relatively slow onset of
action {in terms of nuclear estrogen receptor elevation), together with related
studies we had done on the onset and duration of action of other antiestrogens
(notably CI-680 and its demethylated analog 9411)(2'“,14 suggested to us that
the antiestrogens commonly-administered may in fact be prohormonal forms that
are slowly converted into the active compounds jin vivo. 15

In order to investigate this point directly, we have prepared two anties-

trogens in high-specific activity, tritium-labeled form {Scheme 7).16'1? One

AP
o o

CI-628 U-23,469 nafoxidine
{Parke-Davis) (Upjohn) (Upjochn)
Scheme 7.

of these compounds, CI-628, is an antiestrogen that was synthesized by Dr.
Horace DeWald of the Parke-Davis Co. It is one of the more potent antiestro-
gens. The second cowpound U-23469 was prepared by Daniel Lednicer while at the
Upjohn Company. This antagonist can be considered to be an analog of the better
known Upjohn antiestrogen nafoxidine that was developed in order to eliminate
the undesirable photosensitivity reaction that was experienced by individuals
who. used nafoxidine. The sites of tritium labeling in each com.pound are shown
in Scheme 7.

We have investigated the interaction of both of these antiestrogens with
the uterine estrogen receptor in viﬂl"m'lv'la and have found that the bind-
ing characteristics of the labeled compounds correspond cleosely to those that
were previocusly measured indirectly on the unlabeled compounds, by competitive
binding assays with tritium-labeled estradiol. These compounds were then admin-
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istered to rats, and their in vivo receptor interactions were investigated. The
most striking finding was that in each case a more polar metabolite of the anti-
estrogen appeared to accumulate selectively in the nuclear estrogen receptor.

This was seen particularly clearly with 3H-—l.1—2!.'3469.M"]’8 Figure 3 shows thin

layer chromatograms of extracts of serum and of the uterine nuclear fraction
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Figure 3. Thin-layer chromatographic profiles of authentic 3H—U—23469 (panel E)
and of serum {panels A and B) and of uterine nuclear radiocactivity (panels C and
) after in vivo injection of 38-0-23469. Immature rats were injected with
34-u-23469 (25 1g sc/rat) and at 1 h and 13 h after injection, serum was pre-
pared and extracted with ethylacetate; at the same times, uteri were exciged
and homogenized and the three-times washed nuclear pellet was then ethanol
extracted. The extracts were concentrated and analyzed on thin-layer silica
gel plates developed in anesthetic ether:ethanol {98:2 v/v). (From ref 17)

3
at various times after ~H-U-23469 injection. The nuclear fraction has accumu-

lated a substantial.fraction of the polar metabolite by 1 hr (Fig. 3p), a time
when it is barely detectable in the serum; by 13 hr, the radiocactivity in the

nuclear fraction is due almost entirely to the metabolite (Fig. 3cC), while the
majority of the extractable serum activity is still U-23469 (Fig. 3A). Similar
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selective accumulation of a more polar metabolite in the uterine nuclear yecep-
tor fraction was observed after 3H-CI—628 injection. These data suggest that
the polar metabolites of both antiestrogens have a higher affinity for the
estrogen receptor than do the parent compounds and are thus selectiwvely accumu-
lated in uterine nuclear fraction by virtue of their higher receptor binding.

The lower chromatographic mbili.ty of the antiestrogen metabolites suggested
that a polar group was being unmasked or added, and it appeared most likely
that the methyl ef.her function of each antiestrogen was being cleaved oxida-
tively. Both of the free phenocls were synthesized, and by cochromatography in
several solvent systems, they were shown to be identical to the polar compounds
generated metabolically.

Table 3 shows the binding affinities of the antiestrogens, their polar
metabolites and several related compounds for the uterine estrogen receptor as
measured by competitive bhinding assays. With both the Parke-Davis antiestro-
gens, CI-628 and CI-680, the binding affinity increases by a factor of 7-15
upon removal of the methyl ether. A similar ratic is found between the binding
affinities of the phenol and phenyl methyl ether forms of the estrogens estra-
diol and hexestrocl. The antiestrogen U-23469, however, appears to be unigue in
that its binding affinity increases nearly 400-fold upon removal of the methyl
ether functicn. Also, in this system, addition of the glyceryl ether group
causes only a modest decrease in binding affinity (] vs 3 and 2 vs 4), while it
causes a 50-fold decrease in the binding affinity when added to hexestrol.
These data again indicate that in dealing with a stereospecific binding site,
analogous chemical modifications in different ligand systems can have very dif-
ferent outcomes in terms of receptor binding affinity.

The Estrogen Receptor - Stereospecific Yet Structurally Tolerant. The

results presented in the preceeding sections support the fact that the binding
of ligands to the estrogen receptor is stereospecific, and in numerous instances
small structural or sterecchemical alterations can cause large changes in b'.i.nd-
ing affinity and in biological potency. The receptors for other steroid hor-
mones demonstrate comparable stereospecificity. Omn the other hand, despite its
stereospecificity, the estrogen receptor does have a remarkable capacity for
binding (sometimes with high affinity) ligands with structures quite remote
from that of a steroidal estrogen. We have already seen examples of the bis-
phenol (hexestrol) type of estrogen (Table 1) and of the triarylethylene anti-
estrogens {Table 3), but even more remarkable is the binding affinity of the
estrogen receptor for the compounds shown in Table 4. These compounds include

plant natural pkoducts such as the flavones genistein, mirestrol, and the fluor-

TABLE 3

BINDING AFFINITY OF ANTIESTROGENS, ANTIESTROGEN METABOLITES ANRD
TIVES TO THE ESTROGEN RECEPTOR®
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RELATED DERIVA-

Compound Substituent RBAP
OH
. estradiol R=H 100
R=CH 3
RO 3
OH
@ meso- R=H 300
@ hexestrol *
R=CH -
RO 3 e 13
Q R=CH,CHCH_,OH 6.7
0N
"polar R= 100
matabolite”
CI-628 R=CH3 5
O
RO} N02
/‘\/\Nuez

9411X27 R=H 222
CI-&80 R=CH 34

O’Y\OH .

@ "polar R=H ] | 39
metabolite”
t:’. U 23,469 R=CH, 2 0.1
RO
OH
© A
o0
RO

Apata are from refs 14, 16, 17.
Bindigg affinities are measured in rat uterine cytosol by a competition assay
with “H-estradiol (ref 4). Numbers are t K, relative to that of estradiol.
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TABLE 4
a
STRUCTURAL VARIETY IN ESTROGENIC SUBSTANCES

Natural Products:

HO 0" o "
coumestrol (20}

0

a CH3

2 % H
zearalenone (P-1492) (1.8)°1 zearalamol (P-1496)(14)21
Xenobiotics:
o.p'-DDT €1 cl
(0.004) 22 1 c1 1o
1 1
@ ci- 1
1
c €1 €l po - c r‘!‘ c1
methoxychlor C Cl

Oth ics: 4,25
er Synthetics chloxrdecone (kepone) (O.Ot-‘.}2 ’
CH CH
3
SV

I, ’{o o8 °\\ Vs @)’C“a
/ \ C 'k\!q S~\N

/Si si ’@O/H CH 0@ L

\

3

HO
CH 0 0/ \CH;; azoresorcinel 3 sulforamide 5
g1 (02 {weakly estrogenic}?
cu{ \HJ

cis-2,6-diphenylhexamethyl-
cyclotetra siloxane

Bpelative binding affinities to the uterine estrogen receptor are given in
parentheses. Reference numbers are given as superscripts.
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escent coumestrol. The mold metabolite zearalenone (P-1492) and its more potent
derivative zearalanol (P-1496) are bound with good affinities; we have studied
in detail the estrogenic potencies and receptor binding of several compounds of
this type (B-resorcylic acid lactones) 2! Yenobiotics such as ©,p'-DDT bind
weakly, but others such as methoxychlor can be metaboliZed (demethylated) to
compounds with high affinity. Perhaps most remarkable is the estrogenic acti-
vity of chlordecone or kepone. We have investigated this compound and have
found it to have high uterotrophic activity in the rat, although its potency
{and receptor binding affinity) are 10w.24 Other synthetic materials with
unusual structures that are estrogenic are the cyclic tetrasiloxane, discovered
as an estrogenic contaminant in a “bicinert" dimethyl-methylphenyl silexane
copolymer, azoresorcinol and other azcbenzenes, which are also mutagenic (and
thus possibly carcinogenic), and even some sulfonamides that also have anti-
bacterial and antifungal activity. )

CONCLUSION

The estrogen receptor binds estrogens and antiestrogens with high affinity
and high stereospecificity, but it also binds a considerable variety of other
ligand types, stercids, stilbestrols, plant and mold natural products, xeno-
biotics and other diverse synthetic chemicals. In many cases, structural
changes affect binding affinity in a rational and predictable fashion, while
in other instances they do not. Since the uterine growth-promoting effects of
estrogens depend both. on receptor occupancy and the duration of that occupancy,
structural alterations that convert estrogenic agonists or antagonists into
prohormones can have a complex effect on biological activity and potency; while
the receptor binding of the prohormonal derivatives may be decreased, their
potency and activity may be increased due to their more favorable pharmaccki-
netic properties. Thus, a full understanding of structure-activity relation-
ships of estrogens and antiestrogens requires careful study of their receptor
binding in vitro and an examination of the time course of their action in wvivo.
An analysis of their metabolism is alsc important, as it can lead to compounds
with both decreased or increased biological activity. In the latter case, the
receptor itself can be used as an agent for the selective extraction'of metab-
olites with higher receptor binding affinity, ones that are presumed to be of
biological importance in the action of estrogens and antiestrogens.
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DISCUSSION

KUPFER: Is the metabolite of CI-628 estrogenic or antiestrogenic?

KATZENELLENBOGEN: The metabclites of the antiestrogens CI-628 and U-23,469
have been synthesized and tested for uterotrophic and antivterotrophic activi-
ty in immature rats. Both of the compounds have antiuterotrophic activity,

but like the parent compounds, they are mixed agonists/antagonists in terms of
this response,

KUPFER: Is nafoxidine demethylated in vive? In vitre, we cdould not demon-
strate demethylation of nafoxidine using liver microsomes, derived from rats
which were induced to elevate monooxygenase activity, and fortified with
NADFH.

KATZENELLENBOGEN: We have not studied nafoxidine, because we have not prepared
it in radioclabeled form. However, I believe that by analogy with CI-628 and
particularly U-23,469 (which is a nafoxidine analog that was prepared to
reduce phototoxicity), we should expect that nafoxidine will be demethylated
in vivo. Furthermore, this is supported by the available (though indirect)
evidence (prolonged activity and slow onset of receptor translocation to the
nucleus). We have found that liver microsomes can demethylate Ig-u- ~23,469 xn
vitro. The incubations were fortified with an NADPH-generating system, and
at low concentrations of the antiestrogen, 50% of the demethylated metabolite
was produced within 30 minutes. The capacity of the microsomal demethylase
activity is low, however; so, at higher U-23,469 concentrations, the precent
of demethylation is lower (this work is soon to appear - ref. 17, Katzenellen-
bogen et al., this volume). I doubt whether you could detect this demethyla-
tion 1nd;rectly (e.g., by formaldehyde analysis), because of the insensitivity
of these methods. We were less successful in observing demethylation of 3g-
CI-628 by liver microsomes in vitro. We suspect that the nitro functicn of

this compound may be shutt:l.ng down the electron transport system needed for P-
450 action.
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ESTROGEN ACTION IN NORMAL AND ABNORMAL CELL GROWTH
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INTRODUCTION

Estrogens are hormones which stimulate growth and development of the second-
ary sex characteristics and organs in the female animal. Thus they constitute
a normal and very important component of the physiclogy of the femsle. Yet it
ig well known that estrogens can be dax-':gerous substances if not handled properly
or under certain abnormal patho-physiclogical states. In this article it is our
purpose to discuss both the normal and abnormal growth responses that are stim-
ulated by estrogens. In order to understand these relationships it is necessary
to clarify our current knowledge about estrogen action at the cellular and mol~-

ecular level.

II ESTROGEN ACTION IN NORMAL CELLS

The interaction of cellular components with stervid hormones depends on the
amount of free hormone that is available to the cell. This amount is determin-
ed by a complex interplay of mechanisms which involve binding components of the
. blood and intercellular spaces, Heither the interplay nor the mechanisms them-
selves are completely understood at this time. For a more extensive discussion
see Clark and Peck.l However, the following are the minimal points which should
be considered in deriving a model of this system: 5) Steroids are bound with
different affinities by specific and nonspecific blood binding components.

These interactions determine the quantity of free steroid available for entry
into cells. A stercid hormone that is not bound tightly to blood binding sites
is physiclogically more potent than one which is bound tightly, provided that
all other variables remain constant. b) Steroids have different matabolic clear-
ance rates and their physiolegic effectiveness depends on this variable. Thus
steroid receptors may have a low affinity for a given hormone and ‘y‘et. if this
hormone has a long half life in the bedy, its potency may be greater than anti-
clpated. ¢} Steroids which are bound to blcod components may enter intercellular
spaces of some organs via protein permeable vascular beds, thereby creating a
local elevation of total steroid concentration. Subsequent dissociation of
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these complexes will allow the maintenance of free steroid levels within the
intercellular space. d) Steroids can also enter the intercellular space in the
free form. There they may bind to intercellular proteins which augment the ab-
ility of blood binding components to maintain elevated tissue levels of hormone.

Free estrogen readily enters all cells at physiological temperatures and is
subsequently bound by many cellular components. The best known of these Compo-
nents is the cytoplasmic estrogen receptor which we will call the type I site.
Type I sites are soluble protein macromolecules with a high affinity for estra-
diol, a dissociation constant (.Kd) of 0.1-1.0 nM, and are present in target
cells at approximately 10,000-20,000 sites per cell. We have recently described
a second class of estradiol binding sites (Type II) which have a lower affinity
for estradiol, Kd of wxmmly 50 nM2+3 These sites also are soluble pro-
tein macromolecules and their numbers per cell can be 5-10 times that of type I
sites. Non-specific sites (NS) include a multiple array of cellular components
which have a much lower affinity for estrogen than either of the above mention-
ed sites, Kd of 1 - 100 uM; however, their number is extremely large and hence
they can be significant binding constituents.

The precise binding state of estrogens in situ is mot known, however all of
the above components undoubtedly contribute to the accumulation of estrogen by
target cells. Type 1I and NS sites may act as bu.ffer—lﬂ:e accumulators of est-
rogen that retain estrogen against a declining concentration gradient in the
blood. 8uch a function could easily occur becmise of the extremely large number
of these sites. Once such binding has occurred, reequilibration via dissocia-
tion of estrogen from these sites could elevate the cellular content of avai-
lable estrogen for binding to type I sites, The binding of estrogen to such
lower affinity sites may also facilitate the binding of estrogen to type I
sites. This is possible because the large mmber of lower affinity sites in-
creases the probability that estrogen binding of any kind will occur and hence
the likelihocod of binding to type I sites would be increased. This is especial-
1y true if there are localized interactions between type II and type I sites.
Anothéz posslbility is that type ‘1T sites are precursors of type I sites. Type
I sites are replenished to the cytoplasm by de novo synthesis and/or by recycl-
ing from the nucleus after estrogen administration?hs Little is known about
this ghenomenon but it appears possible that type II sites may constitute a
precursor form of such sites or are part of the nuclear mediated events which
ultimately lead to receptor replenishment.

Once the type I estrogen complex has formed it undergoes translocation to
the nucleus where it binds to a large number of sites on chromatin. Transloca-
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tion of type I estrogen complexes results in the depletion of these sites from
the cytoplasm. Chromatin binding sites can be classified as either acceptor or
non-acceptor sites. Acceptor sites are generally visualized as a specific com-
plex of chromosomal proteins, probably non-histone proteins, which the type I
estrogen complex recognizes and binds to with a very high affinity. Non-accep-
tor sites are considered to be secondary sites on chromatin where the receptor-
hormone complex can bind with a lower affinity. Although these non-acceptor
sites have a lower binding affinity for the complex, they are present in such
large numbers that they constitute a major component of the chromatin binding
mechanism. These binding interactions between the receptor-stercid complex and
non-acceptor sites may serve to maximize the number of receptor-hormone com-
plexes which can be accumulated and thus maximize the chance that binding of
some complexes to acceptor sites will occur.

The binding of type I estrogen complexes to acceptor sites is thought to make
gene sites available for transcription by RNA polymerase which subsequently re-
sults in elevated cellular RENA and protein synthesis. These synthetic events
may be wvery restricted such that the hormone appears to stimulate only a few
cellular functions. This is the case with aldosterone which enhances sodium
transport in kidney tubules but does not have a general metabolic or growth
effect on renal cells. In contrast, hormcnes that cause growth, such as estro-
gens and androgens, stimulate many cellular events which ultimately lead to
hypertrophy and hyperplasia of specific target tissues (For a review of the
topics discussed above see Clark and Peck’})

A second class of estradiol binding sites are also present in the nuclei of
uterine cells which we have called nuclear type II. These are not translocated
from the cytoplasm, but are stimulated or activated by e'strogen administration
and may represent chromosomal proteins which are present in the nucleus of
estrogen sensitive cells at all times>' '8 qne function of these sites is
not known; however, they may be thought of as integral components of the mechan-
isms which control RNA and/or DHA synthesis, and thus may represent "nuclear ac-
ceptors™ which are activated by the binding of type I complexes. Additional
possible functions for nuclear type II sites include the following: (a} an am-
plification mechanism to amplify the nuclear events initiated by binding of the
receptor to acceptor sites; (b} components of the nuclear processing machinery
which interact with the receptor estradiol complex and bring about recycling or
replenishment of the receptor; {c) components of the "off-reaction” involved
either in turning off receptor stimulated events or in removing hormone and/or

receptor from the nucleus. It is possible that all of the above functions
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could work in concert, and therefore, nuclear type II sites may represent a

combined genhe activation-receptor processing wnit,

III ROLE OF ESTROGENS IN CARCINOGENESIS

Chronic exposure of mice and rats to various estrogens results in preneoplas—
tic and neoplastic changes in the vagina, uterus, pituitary and mammary gland?-
15 Endometrial hyperplasia and cancer occur in women who have been exposed to
either endogenous or exogenous estrogéns for prolonged periods of time. These
cages include women with ovarian tumors which produce estrogems:!'6 women who

fail to ovulate and as a result are exposed to estrogen without the normal in-

tervention of the luteal phase of the o::y-::le’:w'18 and women who have taken estro-
gens for many years because they lack functional ovaries}g-zl Exposure of the

human fetus to diethylstilbestrol has heen associated with the development of
vaginal adenosis and clear cell adenocarcinoma in the female offsp;rim;z.z"24

In the studies cited above, the quantities of estrogen administered were
very high and/or the exposure was extended for long periods. Hence, the con-
clusion that estrogens play scme role in carcinegenesis, whether causative or
permissive, must be tempered by the realization that the hormone exposure was
non-physiological. Under normal physiological circumstances estrogens may have
no carcinogenic potential; however, as discussed below, it has been suggested
that certain estrogens do function in this capacity.

Diethylstilbestrol (DES) and estrone are considered by many people to have
specific cancer-causing "properties™. In contrast, estriol has been proposed as
a protective agent against the development of neoplasia.

Our viewpoint on these topics which differs from the above derives both from
considerations discussed in Part IX and from the following observations. A
single injection of estradiol to a female rat stimulates a number of biochemical
and metabolic events in the uterus as well as other target organs. Among these
are glucose oxidation, amino acid and nucleotide uptake, water imbibition, hist-
amine mobilization, eosinophil acoumulation and stimulation of nuclear RNA poly-~
merase activities, These activities are increased within the first six hours
after hormone administration and are normally termed early uterctrophic events.
Late events, such as DNA synthesis, sustained stimulation of RNA pPolymerase act-
ivitids and cellular hypertrophy and hyperplasia occur between 12 and 36 hours
after estradiol treatment. All of these responses can be stimulated maximally
by a single injection of a low dose of estradicl (0.2 ug/l00 g body weight}.
Thig level of hormone causes the nuclear accumulation and retention of approxi-
mately 10-20% of the total number of uterine type I sites (2000 sites/cell)
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and the activation of maximal levels of nuclear type II sites. The retention
or occupancy of nuclear acceptor sites by 2000 type I complexes/cell for six
or more houns appears to be a requirement for the stimulation of nuclear type
25-28

I sites and all of the above mentioned late uterotrophic events

The importance of long term muwclear occupancy by the estrogen receptor hor-
mone complex has been shown by using short acting estrogens such as estriol and
dimethylstilbestercl. These hormones do not stimulate significant uterine
growth after a single injection; however, they do stimulate all early utero-
trophic events. This failure to stimulate true uterine growth is correlated
with a rapid loss of nuclear sites by the receptor-estriol complexes and a
failure to stimulate e¢levated levels of puclear type II sites-."T These concepts
are presented in Table 1. The rapid loss of receptor estriol complexes from
the nucleus is probahly due to the dissociation of estriol from the receptor or
to a failure of the complex to bind tightly to nuclear acceptor sites. If type
I sites are kept continually occupied by either serial injection of estriol or
by estriol implants, true uterine growth occurs and nuclear type II sites are
elevated. Estriol has been classified as an estradiol antagonist and it clear-
ly is when the two hormones are administered as a single injection. However,
when the two hormones are implanted no antagonism is detected. This apparent
paradox is resolved by considering the fact that following injection, both re-
ceptor estradicl and receptor estriol complexes are in competition for nuclear
binding sites. Since the receptor estriol complex dissociates rapidly from
nuclear sites before it can fully stimnlate uterotrophic responses, the net
effect of receptor estradiol complexes is reduced. When the two hormones are
implanted, receptor estriol and receptor estradiol complexes accupy nuclear
retention sites equally well. Therefore, late uterotrophic events are maximally
stimulated resulting in no ant:a.gr:onimu?9

These results have several important implications. Estriol has been classi-
fied as a weak estrogen in the past, but from the above data it is clear that
it acts as such only when it is administered as a single injection. In con-
trast, when it is present in a continuous fashion, as it is under a number of
physiological eircumstances, it is a highly effective estrogen. A protective
role has been ascribed to estriol in breast cancer. This suggestion is based
on the observation that Oriental women, who have a high {Estriocl)/(Estradiol +
Estrone) ratio in the blood, also have a low incidence of breast cancer?o_zz
This hypothesis was formulated on the assumption that estricl was a "weak" est—
rogen under all circumstances and that during each menstrual cycle estriol would
act to reduce the “"carcinogenic potential™ of the more potent estradiol.



TABLE 1

EFFECTS OF ESTRADIOL AND ESTRICL ON EARLY AND LATE UTEROTROPIC RESPONSES

Response

Comparison of
Estradiol (Ez) and Estripl (E3)

Initial nuclear accumulation
of receptor hormeone complex

Long-term retention of re-
ceptor hormone complex by
the nucleus after an injection

Farly uterotropic events: RNA
polymerase I and II activity,
template activity, histamine
mobilization, water imhibition

Late tterotropic events: sus-
tained and elevated RNA polymerase
I and II activity, sustained-RNA
polymerase initiation sites, RNA +
DNA synthesis, cellular growth

True uterine growth after paraffin
implant of hormone

Receptor occupancy in the
nucleus after paraffin
implant of hormone

Stimulation or activation of
nuclear type II sites after a
single injection

Stimulation or activation of
nuclear type II sites after
paraffin implant of hormone

E_ ., longer than 6 hrs

E3, shorter than 6 hrs

.
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Our results and those of others33indicate that this theory is suspect and, in
light of recent evidence which shows that estriol and estradiol are of equal
potential in facilitating the onset of mammary tumors in mice?4 we suggest that
the estrio)l theory of mammary cancer protection is untenable,

Diethylstilbestrol (DES)} is oconsidered by some investigators and many lay
persons as a “"monster™ drug with special cancer producing potential. This at-
titude results from the public's knowledge of the studies mentioned above in
which DES was employed in an attempt to extend pregnancy and in which cervical
and vaginal abnormalities eventually developed in some 1:!11::vgen]r?2 Although DES
may be linked with the production of abnormalities in these cases, this does
not confer any special carcinogenic potential to this compound. Any estrogen
which is not bound tightly in the blocd such as DES or is given in sufficiéntly
high concentrations prcbably wonld produce similar results.. As mentioned ear-
lier, it has been known for many years that estradiol and DES will cause vaginal
cancer in mice and thus DES is really not different from the physiological est-
rogen.

Estrone has also been indicated as the estrogen which causes endometrial can-
cer in postmenopausal women?s Estrone is formed by the arcmatization of adrenal
androstenedione in adipose tissue and constitutes the major estrogen in post—
menopausal women. Siiteri et gl3,5 suggest that estrone may cause cancer by act-
ing as an unopposed estrogen. Howewver, they also suggest that estrone may dif-
fer qualitatively from estradiol in the biochemical events that result from
nuclear binding of receptor estrone complexes. The latter suggestion has led
many investigators to assign special significance to estrone as an intrinsic
cancer causing hormone. Our results suggest that no qualitative differences
exist between the steroidal estrogens except in their abilities to promote re-
ceptor retention in the m.u:leus?6 Ruh et al:.s?. examined the ability of estrone
to stimulate induced-protein synthesis in the uterus in vitro and could show
no qualitative differences between estradiol and estrone. Our interpretation of
the rcle of estrone as a carcinogenic agent in postmenopausal women is that the
wopposed action of any estrogen, when present in high steady state levels in
the blood, will provide an environment wherein the predisposition to cancer can
manifest itself. Hence we ascribe no special carcinogenic potential to estrone

as opposed to other steroidal estrogens.

IV UNOPPOSED ESTROGEN ACTION AND HYPERESTROGENIZATION

As discussed in Part III, continuous exposure to estrogens will result in
neoplasia of -the reproductive tract, This phenomenon probably results from the
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continuwous cellular activity which increases the probability that a "cancer
causing” event can manifest itself. Under normal physiclogical circumstances
the actions of estrcgen are modified and decreased by the presence of progester-
one. Progestercne decreases estrogen receptors in the cytoplasm of target cells
and elevates the activity of enzymes which convert active estrogens to less ac—

tive metabolities ?B, 39

In nddit_;ion, progesterone greatly reduces the amount
of type II estrogen binding sites in the l.n:ex:'us'.3 All of these actions decrease
the ability of estrogen to stimulate cell growth. Progestercne is present dur-
ing the secand half of the menstrual c¢ycle in the human and transforms an est-
rogenized uterus intc a secretory one which is capable of supporting pregnancy
if conception occurs. This monthly exposure to progesterche may be a very im-
portant modulator of esitrogen action and may act to protect: against continuous
exposure to estrogen. This protective effect of progesterone can be visualized
as a monthly fluctuation in the effectiveness of estrogen which results in nor-
mal female function. Without this protective effect of progestercne, estrogen
is free to act in an unopposed way which oould lead to abnormal development and
neoplasia of estrogen sensitiwe tissues.

We have examined the state of wnopposed estrogen by exposing rats to triphen-—
ylethylene derivatives such as Clomid and Nafoxidine?o-dz These compounds,
which are usually called non-steroidal anti-estrogens, are used to induce ovula-~
tion in anovulatory women and for the treatment of breast cancer. These drugs
are unusual estrogen agonists/antagonists that display estrogenic or antizestro-
genic properties depending on the type of target cell,

A :single injection of NHafoxidine will stimulate a submaximal level of true
uterine growth for longer periods of time than estradiol. This long-term stimu-
lation of uterotrophic function is assoclated with long-term nuclear retention
of the receptor-ligand complex and sustained stimulation of RNA polymerase act-
j