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ABSTRACT

Development of Novel Ligands as Probes of Estrogen Receptor Signaling

Nicola Jayne Clegg

The estrogen receptor (ER) controls the transcription of genes important for

developmental, reproductive, neural, skeletal and cardiovascular processes. The natural

hormone, estradiol, modulates ER activity at specific DNA response elements by binding

to the ER subtypes, ERC and ERB, which results in recruitment of coregulatory

complexes. Several compounds have been developed as therapeutic agents to modulate

ER transcriptional activity for treatment of breast cancer and Osteoporosis, yet the

molecular basis for their selective ER modulating (SERM) effects remains unclear. The

signaling networks involved are complex, and there is a need to dissect these pathways at

a molecular level, to better understand the role of the ERS and other coregulator proteins

in mediating the transcriptional response and ultimately design more effective drugs. One

way is to synthesize chemical ligands that interact selectively with the receptor subtypes

and activate or repress distinct components of the system. We show, using derivatives of

the triphenylethylene GW-5638, that several different mechanisms are responsible for

Selective activation of ER subtypes at the AP-1 response element. Because of problems

With isomerization of the triphenylethylene scaffold, we designed and synthesized two

novel series of ER ligands, based on a non-isomerizable core indene scaffold. The 3

ethyl-1,2-diarylindenes contain an amide group linking the aryl extension to the 1

position of the indene core scaffold. These ligands demonstrate weak binding to the ER

A
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subtypes, so a second series of 2,3-diarylindenes was synthesized. These indenes bind

with high affinity to the ER subtypes, and depending on their exact chemical structures,
-

º

have different biological activities, both in transcriptional reporter gene assays, and

inhibition of estradiol-stimulated proliferation of MCF-7 cells. Several ligands can

differentiate between the ERC and ERB subtypes at a classical estrogen response element,

and display various levels of partial to full agonist activity at ERO, while antagonizing

estradiol action at ERf8. One ligand has potential use in generating a “chemical knockout”

of ER3. The antagonist effects of these ligands are thought to constitute a form of passive *- :
º

antagonism resulting from subtle allosteric effects on the receptor, different from the .
* - -1: * – 15 - - - -

*
active antagonist’ conformation induced by the bulky extension groups of prototypical

-2 --
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Introduction to Estrogen Receptor Function ; :
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1.1. Overview

Estrogenic hormones play a major role in normal human growth and development, as

well as in pathophysiology. The following introduction outlines the discovery of

estrogens, their biosynthesis, and role as endocrine hormones. An important way in

which estrogens exert their physiological effects is by binding to the estrogen receptor

(ER), thereby activating ER-mediated transcription of genes. The molecular biology of

ER is described, including a current understanding of the regulatory mechanisms

involved in ER-mediated transactivation. ER is an important therapeutic target, and thus

a molecular level understanding of its role in controlling cellular signaling pathways is

essential. This requires a multifaceted approach, and tools are needed to dissect specific

pathways within the complex network. Progress towards the in vivo, biochemical,

structural and pharmacological characterization of ER signaling is summarized,

illustrating the need for methods to selectively dissociate individual components of the

complex signaling networks. This aim is addressed in subsequent chapters of this

dissertation, by the development of selective ligands for ER. These can be used as

chemical tools to understand the molecular mechanisms of ER signaling, ultimately

allowing design of more effective drugs for treatment of diseases such as breast cancer

and osteoporosis.
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1.2. Estrogen Endocrinology

The steroid hormone 173-estradiol (Figure 1.1) is the most important estrogen in humans,

and plays a major role in development and growth of many tissues, including the female

reproductive organs, as well as neural, skeletal and cardiovascular tissues in both males

and females.

Figure 1.1. Estadiol, showing the A-, B-, C- and D-Rings of the Steroid Scaffold e

ESTRADIOL

tºº

1.2.1. The Historical Discovery of Estrogens
º º

Estrogens were discovered as a result of the elucidation of the role of the ovaries in º º
--&- -:

female reproduction, and in particular, the identification of the ovaries as the source of sº A

hormonal secretions essential to normal reproductive function. -

1.2.1.1 The Discovery of the Ovaries

The discovery of the ovaries and their role in female reproduction, has been a gradual

process of realization over at least 2000 years (1). In his “Historia Animalium,” Aristotle

(384–322 BC) refers to the practice of spaying sows, although the ovaries were yet to be

identified. Herophilus of Alexandria (ca 300 BC) and Soranus of Ephesus (ca 50 AD)
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were the first to recognize and describe the ovaries as anatomical entities, but it was only

in the late Middle Ages (1500s) that physicians, including Vesalius, Fallopius, Coiter and

Fabricius, contributed to gross morphological descriptions of the ovaries and associated

reproductive structures (Figure 1.2).

Figure 1.2. The Female Reproductive Tract
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Adapted with permistian from flyde J.S. DeLamater. JC (2003). Understanding flume■ , Sexuality. Be The McGºswºm Companies, New York.

© 2003. The Atcº&rº-rº Corricane:

By the seventeenth century and the Enlightenment and Renaissance eras, anatomists such

as de Graaf began to dissect the ovaries and follicles, proposing several sharply

conflicting hypotheses about the origins of life and the possible existence of a female

egg. Scientists began to study the consequences of ovariectomy, the phenomenon of

follicular constancy, and the role of the ovaries in menstruation. The mammalian ovum

Was first described in 1827 by von Baer (2), and by the mid nineteenth century, the actual

process of fertilization of an ovum by the sperm was finally recognized.
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1.2.1.2. The Discovery of Estrogens

During the late nineteenth and early twentieth centuries, the idea developed that the

ovaries, and specifically the Graafian follicle and the corpus luteum, were glands of

internal secretion necessary for reproductive function and the maintenance of pregnancy.

Charles Edouard Brown-Séquard is considered as the ‘father of endocrinology,’ and was

one of the first clinicians with an interest in replacement hormones. In 1889, he reported

reversal of his own symptoms of aging by the intravenous administration of testicular

extracts (3), and a year later, showed that guinea pig and rabbit ovarian extracts had a

similar effect in women (4). Emil Knauer provided the first direct proof of the ovary as a

gland of secretion in 1896, with his finding that ovarian transplants could prevent the

uterine atrophy and loss of sexual activity and function caused by ovariectomy. Ovarian

extracts were also able to maintain integrity of the reproductive structures, and Marshall

and Jolly were first to recognize that the ovaries produce two substances responsible for

menstruation and for implantation (5) – these were later termed estrogen and

progesterone, respectively. In 1909, the corpus luteum was identified as the source of the

hormone required for maintenance of pregnancy (6, 7), while in 1923 Allen and Doisy

identified the Graafian follicle as the source of estrogenic activity (8).

The identity of these ovarian hormones was still a mystery, but an estrogenic substance

was detected in the blood of a number of female animals, and in humans its concentration

Varied with the phase of the menstrual cycle. After unsuccessful attempts 19 isolate the

compound from blood and from follicular fluid, in 1929 Doisy and Butenandt

independently used human pregnancy urine to purify crystalline estrone (E), a lipid
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year later, Zondek found that horse urine contained a different, water

A similar water-soluble hormone was identified in human pregnancy

, who observed an increase in the estrogenic activity over time, as the

d. It was only in 1936, when Doisy reported the isolation of a few

3-estradiol (E.) from 4 tons of sow ovaries (9), that the water-soluble

urine was established as estriol glucuronide, which underwent

upon decomposition of the urine.

-
-an hormone, progesterone was crystallized in 1934 from luteal tissue,

º

elucidated by four independent groups (10-13). Thus with both female .
- -

* :
d and characterized, a new era of endocrine research was beginning, 9 -

mplications for human health. * .
tº
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en Biosynthesis * . . .
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strogen from the androgen steroid precursors occurs in all vertebrate sº A

requisite aromatase and hydroxysteroid dehydrogenase enzymes
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1.2.2.1. Sites of Estrogen Biosynthesis

In pre-menopausal women, the ovaries are the primary source of estrogen which,

beginning at puberty, is Secreted into the bloodstream and transported to act as an

endocrine hormone on distal target tissues. However, in postmenopausal women and in

men, estrogen is instead produced in a number of extra-gonadal sites, and acts locally as a

paracrine or even intracrine factor (15). Tissues in which estrogen is locally produced

include the mesenchymal cells of adipose tissue, osteoblasts and chondrocytes of bone,

the vascular endothelium and aortic smooth muscle cells, and numerous sites in the brain.

In many species, estrogen biosynthesis in the brain is implicated in sex-related behaviors,

such as mating responses, and can result in sexual dimorphisms. During pregnancy, the

placenta is an additional source of estrogen, and the fetal (but not adult) liver produces

estrogen from androgens.

1.2.2.2. Biological Forms of Estrogen

The type of estrogen produced in each tissue, depends on the identity of the C19 androgen

precursors (16). In the human ovaries, the steroid hormones androstenedione and

testosterone are precursors for estrogen formation, primarily in the form of 173-estradiol

(E.). In the placenta, estriol is synthesized from a 160-hydroxydehydroisoandrosterone

sulfate substrate, produced by the fetal adrenal glands and liver. And in adiposº,

androstenedione produced by the adrenal cortex is used to synthesize estrone (E). In the

liver, estradiol is readily oxidized to estrone, which can be further converted to estriol.

Circulating estrogens are most commonly present in the inactive sulfate form, and all

three estrogens are excreted in the urine as glucuronides and sulfates (Fig" **)
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Figure 1.3. The Biological forms of Estrogen
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1.2.2.3. Enzymes involved in Estrogen Biosynthesis

The biosynthesis of estrogens from androgens (Figure 1.4) is catalyzed by the members
-

º

ºof two enzyme families: aromatase cytochrome P450, the CYP19 gene product; and two
f

- º

-- ºr a

17-hydroxysteroid dehydrogenase isozymes (17HSDI, and 17HSDVII). In addition, *

estrone sulfatase converts conjugated estrogens to the active hormones.
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Figure 1.4. The Biosynthsis of Estrogens and Androgens from Cholesterol
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P450 aromatase is a membrane-bound heme-containing protein, associated with the

endoplasmic reticulum (microsomal). It functions as a mono-oxygenase, utilizing

NADPH and two flavins as cofactors in order to catalyze a key aromatization Step of the
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steroid A ring. Expressed in the pre-ovulatory follicle, the corpus luteum and the

placenta, as well as in the testis, P450 aromatase converts the Clo androgens,

androstenedione and testosterone, to the Cls estrogens, estrone and estradiol, respectively.

Peripheral P450 aromatase expression is critical, especially in men and postmenopausal

women (17). The adrenal glands secrete steroid hormone precursors, which are then

transported to peripheral tissues where the active steroid hormones are produced locally

within the target cell. Thus while circulating estrogen values are low in postmenopausal

women, the levels in specific tissues can be higher, due to local production. A major site

of aromatase expression is adipose tissue, primarily in Stromal mesenchymal cells. It is

also expressed in both osteoblasts and chondrocytes, vascular endothelium and aortic

Smooth muscle cells, and in the hypothalamus and limbic regions of the brain.

1.2.2.3.2. The 17-Hydroxysteroid Dehydrogenases

The 17HSDs play an essential role in gonadal steroidogenesis, by catalyzing the final step

in the biosynthesis of the active steroid hormones estradiol and testosterone. Both Type I

and Type VII 17HSD are members the short-chain alcohol dehydrogenase reductase

Superfamily (SDR). These enzymes have also been detected in peripheral tissues,

however they are not involved in the biosynthesis of steroids in the adrenal glands.

Type I 17HSD is expressed in the granulosa cells of ovarian follicles before ovulation, as

Well as in breast and endometrial epithelial cells, and in the human placenta. It catalyzes

the conversion of estrone to the more potent estradiol, and androstenedione to

º

º
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testosterone, using NADPH as a cofactor. In the fetal adrenals, it converts pregnenalone

to estriol precursors.

In non-pregnant women, Type VII 17HSD is expressed in the corpus luteum after

ovulation, and allows for continued estradiol production. However, it is not expressed in

the ovaries of pregnant women.

1.2.2.3.3. Estrone sulfatase

Sulfotransferases are enzymes that convert active hormones, to the inactive sulfate forms,

such as h-EST-2 which converts estrone to estrone sulfate. Estrone sulfatase then re

converts the conjugated hormone to its active form. Estrone sulfatase belongs to the

arylsulfatase enzyme family, and is expressed in all mammalian tissues, but is most

prevalent in the placenta and human breast cancer tissue (18).

1.2.3. Regulation of Estrogen Production

1.2.3.I. P450 Aromatase Regulation

The expression of the gonadal and adrenal aromatase enzymes in the various tissues is

under the control of tissue-specific promoters, regulated by different cohorts of

transcription factors. Steroidogenic factor (SF-1) is an orphan nuclear receptor that acts in

the gonads and adrenals as a transcription factor to control the tissue-specific expression

of both the P450 aromatase, and the 33-HSD enzymes, that are required for steroid

11





biosynthesis (16). SF-1 is not expressed in the human placenta, where the placental

specific expression of P450 aromatase is regulated by retinoids at the distal I.1 promoter.

Additional factors are necessary for control of P450 aromatase expression levels (19). In

the reproductive tissues, stimulation of G protein-coupled receptors (GPCRs) by pituitary

peptide hormones (follicle stimulating hormone (FSH), and luteinizing hormone (LH)),

leads to adenylate cyclase activation and increased cAMP levels, which in turn acts via

the proximal promoter II to upregulate ovarian P450 aromatase expression. Thus FSH *

increases estrogen production in the ovarian granulosa cells, and LH increases production ,4'-

in the ovarian thecus, corpus luteum and testicular Leydig cells.

In adipose tissue and bone, aromatase expression is driven by distal promoter I.4, under 3 - 2

ºf . .

control of glucocorticoids, class I cytokines, and TNFC. However, in adipose tissue of

breast tumors, the control of aromatase expression switches from the normal promoter

I.4, to the proximal promoter II. Tumor-derived inflammatory cytokines such as º 2
*...* º

prostaglandin E, (PGE2), then serve to activate aromatase by activation of adenylate --~~ ■

cyclase.
--

1.2.3.2. 17-Hydroxysteroid Dehydrogenase Regulation

The gene encoding Type I 17HSD contains three functional regulatory elements: a

retinoic acid response element, adjacent and competing AP-2, Sp1 and Sp3 elements that

act as transcription enhancers, and a GATA element that acts as a transcriptional

repressor.

12
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In the ovaries, Type I 17HSD is primarily induced by FSH, which acts via the cAMP

dependent protein kinase pathway (PKA). The extent of this PKA induction is further

modulated by PKC, androgens, estrogens, and various growth factors present in the

ovaries. LH causes a significant decrease in Type I 17HSD expression, thereby

preventing its expression in the corpus luteum. Placental Type I 17HSD is sensitive to

retinoic acid, epidermal growth factor, PKA, and PKA activators.

*.

***

1.2.3.3. Estrone Sulfatase Regulation 3.
* .

Various progestins are known to inhibit both estrone sulfatase activity, and expression of

the gene. Furthermore, TNF-C. and interleukin-6 (IL-6) are known to increase gene ;

expression. *

1.2.4. Physiological effects of Estrogen º
* - 5

Estrogen plays an important role in growth and development of many tissues, including º:nº-ºº:

the breast, uterus, bone, cardiovascular and immune systems, and the brain (Figure 1.5).

While estrogen does affect male physiology, it is most commonly known as the ‘female

Sex hormone' due to its role as the key regulator of the female reproductive cycle.

Gonadal estrogens regulate the secondary sex characteristics, as well as the cyclic pattern

of pituitary gonadotropin secretion responsible for egg maturation, ovulation, and the

menstrual cycle (20).

13
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Figure 1.5. The Physiological Effects of Estrogen in Women
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Adapted with permission from Southeast Missouri Hospite tºp ºwnwsoutheastmºssourºhospital.com/healthºDULT.'gynecoc'estrogen.htm

1.2.4.1. Estrogen and the Female Reproductive Cycle

The female reproductive cycle involves an exquisite interplay of physiological responses,

with several hormones, including estrogen, playing a key role in the regulation of the

feedback loop (21). At the onset of puberty in girls, the pituitary gonadotropins activate

*...* * * *
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ovarian steroidogenesis. The estrogens produced during this pubertal maturation phase

are responsible for the female secondary sex characteristics, as well as for growth and

development of the vagina, uterus, Oviducts, and organs essential to ovum maturation and

transport, and zygote maturation and implantation. Estrogens initiate mammary growth

and development, and they also affect distribution of fat deposits in women after

adolescence. In mammals, the female phenotype develops spontaneously, in the absence

of any gonadal hormone control. However, the enzymatic machinery for estrogen

synthesis is fully developed by this time, and it is uncertain whether ovarian estrogen *… .
*"

synthesis in the female fetus is important for fetal development. º* .

* .

1.2.4.1.1. The Menstrual Cycle ■ º

The ovaries are responsible for development of the female gametes, or oocytes. At birth, *
º,

the ovaries each contain about one million primary follicles, all in the prophase stage of § .
e-

|tº . ~~ -

the first meiotic division. By puberty, only a quarter of these remain, and every 28 days, º º
, -" *-*

* --
from the onset of puberty until menopause, one of these cells undergoes complete --~ * ºf

º
-

A
development into an ovum. This cycle is known as the menstrual cycle. –

s
º

The menstrual cycle can be divided into three phases: the follicular, ovulatory and luteal
A

phases (Figure 1.6). At the start of the cycle, estrogen acts on various hypothalmic s
neurons in the brain, to control secretion of gonadotropin releasing hormone (GnRH). -

GnRH in turn stimulates the anterior pituitary gland to release, at different times, the two

|primary gonadotropins; luteinizing hormone (LH) and follicle stimulation hormone

(FSH). The blood levels of these two hormones change during the menstrual cycle.
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Figure 1.6. The Menstrual Cycle
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At the start of the follicular phase, FSH levels are elevated to initiate follicular * . . . . |
maturation. Six to 12 primary follicles complete the first meiotic division to form º

Secondary follicles (Figure 1.7). These continue to mature and undergo a second meiotic º • *- º
- - - - - - - º A.

division, arresting at metaphase. The ovarian follicles produce increasing amounts of º

estradiol during the follicular phase: LH stimulates the thecal cells of the preantral
s s

º
follicles to produce androgens, which are then aromatized to estrogens both locally in the

A

theca, and in the granulosa cells, upon stimulation by FSH (22). These increasing

estrogen levels exert a feedback inhibition on FSH release. LH levels remain relatively -

low during the follicular phase, also due to feedback inhibition by estrogen on the

pituitary. Growth factors also contribute to follicular growth, and further maturation

results in a single large atrium, characteristic of the fully mature Graafian follicle.
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Figure 1.7. The Ovarian Follicular Cycle
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Before ovulation, estrogen levels reach a critical level, and remain elevated for a

prolonged period of 36 hours. This reverses the negative feedback effect on gonadotropin

release, and positive feedback ensues, perhaps as a result of increased GnRH receptor

numbers. This results in a surge of FSH and LH, which stimulates ovulation. Only one

follicle develops fully every cycle to release an ovum, while the remaining follicles are

lost to atresion. The ovum travels down the fallopian tubes, where fertilization may occur

on contact with a sperm cell. The thickness and vascularization of the endometrium

increases significantly in response to estrogen and other ovarian hormones during the

follicular phase, to prepare for implantation of the blastocyst, should fertilization be

Successful.

17



|-



, the granulosa cells become sensitized to LH, which stimulates

rogesterOne. At the same time, cholesterol accumulates in the cells,

ation of the corpus luteum, which continues to secrete progesterone

luteal phase. Progesterone inhibits further estrogen-induced gonadotropin

tuitary. If fertilization does not occur, the corpus luteum degenerates, and

gesterone levels allow the gonadotropins to restart the cycle of follicular

- endometrium can no longer be maintained, and so the lining is shed in

IIle11SCS. *-- . .
tº "
*" º

* -

- -
*: 4.tion occur, the synchiotrophoblast of the implanted zygote releases human
º 1).

dotropin (hCG), which maintains the corpus luteum so that progesterone * .. •.

tinued. Eventually, the placenta takes over the role of progesterone :-- º

tain the pregnancy until term.

rition

egnancy, estrogen plays a role in parturition by enhancing uterine

ogens increase the activity of endometrial prostaglandin Synthases.

ormone that induces uterine contractions. Estrogens increase the number

dendometrial oxytocin receptors, as well as upregulate oxytocin

ecretion by the neurohypophysis. Estrogen also stimulates Synthesis and

actin (PRL), a hormone important for milk production by the mammary
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1.2.4.1.3. Contraception

Estrogen and progesterone play a clear role in the human reproductive cycle, and thus it

follows that artificial alteration of the hormone levels, could be used to modify the cycle

in some way. This is the basis for the birth control pill, which usually contains a

combination of estrogen (e.g. ethinyl estradiol) and progesterone (e.g. norethindrone). A

Administration of these hormones for 21 days suppresses FSH and LH production, thus

follicular development and ovulation is inhibited, while the endometrial lining is

º -maintained. Upon withdrawal, menstruation occurs, and after 7 days the hormones are …

again administered, inhibition of FSH and LH is resumed, and the cycle is repeated. : M º

4.
1.2.4.2. Bone

Bone homeostasis involves a tightly regulated process that couples the activity of

Osteoblasts forming new bone, and osteoclasts, resorbing existing bone. Alterations in

this balance lead to metabolic bone diseases such as osteoporosis. Estrogen plays a role in

bone remodeling, and helps protect against osteoporosis by modulating bone cell life

span and apoptosis (23), as well as by decreasing cytokine-driven osteoclastogenesis by a

TGF■ -dependent signaling mechanism, thus preventing bone-resorption (24). The

cytokines involved in the bone resorption process include IL1, IL7 and TNFoº (25).

Estrogen is also important for epiphyseal closure (which occurs in humans around age

18) and achievement of normal skeletal proportions.
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1.2.4.3. Brain

In addition to the actions of estrogen already on the neuronal control of reproductive

functions, the hormone also influences other regions of the nervous system that are

involved in higher cognitive function, pain mechanisms, fine motor skills, and

susceptibility to seizures. Furthermore, estrogen also has neuroprotective effects (26, 27).

In the hypothalamus, estrogen has both positive and negative feedback effects on

gonadotropin secretion. It acts on the pituitary to increase the numbers of thyrotropin

releasing hormone (TRH) and GnRH receptors, and in females also stimulates oxytocin

and prolactin (PRL) production. In addition to controlling the female reproductive cycle,

estrogen also functions to modulate mood and body temperature, via effects in the

hypothalamus. Estrogen is thought to play a role in maintaining female libido, and

modulates sexual behavior in both men and women.

The hippocampus and cerebellum are also hormone-responsive, as well as major

projecting neurons such as cholinergic, serotonergic, noradrenergic and dopaminergic

Systems. Estrogen has effects on verbal fluency, performance in Spatial tasks and verbal

memory tests, and fine motor skills. The hormone is linked to Symptoms of depression

and treatment of depressive illness. Estrogen may also slow age-related memory loss, and

it has protective effects against stroke damage, Alzheimer's and Parkinson's diseases.
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1.2.4.4. Cardiovascular System

Estrogen has a protective effect on the cardiovascular system, by reducing response to

vascular injury, and preventing development of atherosclerosis (28). It has rapid effects

on endothelial nitric oxide synthase (eMOS) production and vasodilation, and also opens

calcium-activated potassium channels. Long-term effects are reduced proliferation of the

vascular smooth muscle cells, and increased proliferation of endothelial cells. Estrogen

also has effects on serum lipoprotein metabolism, decreasing total Serum cholesterol,

LDL, and lipoprotein A, while increasing HDL and triglycerides. Furthermore, estrogen

inhibits plasminogen activator 1 synthesis, thus inhibiting activation of the fibrinolytic

System.

1.2.4.5. The Male Urogenital Tract

The role played by estrogens in male reproduction is only recently being uncovered (29).

During puberty, estradiol levels increase simultaneously with testosterone, as a result of

androgen aromatization. Estrogen plays a role after puberty in development and

maintenance of the testicles and efferent ductal epithelium. Estrogen helps to regulate

fluid absorption in the efferent ductules, thus concentrating sperm as they enter the

epididymus to allow for proper male fertility (30). Estrogen also acts as a survival factor

for Spermatids, and is important for germ cell differentiation.

*.

º
º
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1.3. Molecular Biology of the Estrogen Receptor

Many of the actions exerted by estradiol occur as a result of its interaction with the

estrogen receptors, which bind to DNA and act as ligand-dependent transcription factors

to modulate the transcription of genes that are important in growth and development of

reproductive, neural cardiovascular and skeletal tissues. In addition to these ‘genomic'

effects, estradiol can also act through G-protein coupled receptors (GPCRs) at the cell

membrane, resulting in very rapid ‘non-genomic’ responses.

1.3.1. Discovery of ERO.

Before the discovery of the estrogen receptor, it was thought that estradiol functioned by

entering the cell and undergoing a reversible oxidation/reduction to estrone, to produce

NADPH as a byproduct. The hypothesis was that increased concentrations of NADPH, a

cofactor for many enzymes, would increase enzymatic activity, and thus stimulate growth

of the organs known to be responsive to estrogen.

Elwood Jensen is credited with the discovery of the estrogen receptor (ER) as the protein

responsible for mediating the activities of estradiol. In 1956, he developed a highly

efficient method of tritiating estradiol, so that it could be detected at very small levels in

target tissues. He noticed that only certain tissues in the reproductive tract retained

hormone, which became concentrated in the cell nuclei (31, 32). He was able to show that

the estradiol remained chemically unchanged, and both he and Jack Gorski established
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that estradiol enables a cytoplasmal protein, the ER, to migrate to the nucleus, bind DNA

and regulate gene transcription (33, 34). This was the first hormone receptor to be

identified. Jensen developed a method for detecting ERs in breast cancer cells, and

showed in 1971 that only women with ER-positive tumors would respond to therapies

that blocked estrogens, such as adrenalectomy (35, 36). Together with Craig Jordan, he

established that these tumors could also be treated chemically with antiestrogens, such as

tamoxifen (37,38). Working with Geoffrey Greene, Jensen developed monoclonal

antibodies against ER (39, 40), which became a standard diagnostic for breast cancer

patients. In 1986, two groups successfully cloned the gene encoding a 595 amino acid

(aa) protein of approximately 66 kDa, that is now known as ERC (41-43). The ERO gene

contains 9 exons, and has been mapped to chromosome 6q.

1.3.2. Discovery of ERB

In the mid 1990s, a second ER subtype was discovered and named ERB (44–46). These

initial ERB clones encoded a 447aa protein, however isoforms of other lengths were later

identified, including a 485 aa version (47), and a 530 aa protein of 54 kDa that is

accepted today as the standard full-length ERB (also known as ERB1)(48). The

ERB gene contains 9 exons, and has been mapped to chromosome 14q. The discovery of

ERB resulted in a re-evaluation of estrogen signaling and physiology, and has inspired the

Search for selective ligands (49,50).
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1.3.3. Estrogen Receptor Topology

As already described, two estrogen receptor subtypes, ERo and ER■ , have been

identified as the receptors for the natural hormone, estradiol. The receptors bind E, with

similar affinities (0.6 nM for ERo and 0.2 nM for ERB) (44, 51). ERo and ERB belong to

the nuclear hormone receptor (NR) superfamily, which is a group of eukaryotic ligand

dependent transcription factors that regulate development and metabolism through

control of gene expression. The superfamily consists of steroid, non-steroid and orphan
*receptors, all of which play a major role in intracellular signaling and carcinogenesis

(52). Phylogenetic analysis suggests that the estrogen receptor evolved as the first steroid .
*

hormone receptor (53,54). º

ERo and ERB share 41% identity and 55% homology, and like the other nuclear

receptors, they consist of 6 functional domains (Figure 1.8). The N-terminal domain (A/B

domain) is the least conserved, and contains phosphorylation sites, and an AF-1

functionality, important for ligand-independent activity. The DNA-binding domain

(DBD) (C domain) consists of two highly conserved zinc finger motifs allowing for

Specific recognition of short imperfect inverted DNA repeats, and is followed by a short

hinge region (D domain) containing nuclear localization sequences. The ligand-binding

domain (LBD) (E domain) is important for binding to both natural and Synthetic ligands,

and contains the AF-2 functionality for ligand-dependent activation. The short C-terminal

tail is poorly conserved.

-*-*-* -
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Figure 1.8. The Estrogen Receptor Subtypes

DNA binding
N-terminal domain domain Ligand binding domain

263 302

227 255

percent identity 18% 97% 30% 59% 18%

1.3.4. Estrogen Receptor Expression

The ER receptor subtypes are expressed at different levels in different tissues. There are

both similarities and differences in the regulator elements of the promoters, suggesting a

coordinate regulation of the receptors by certain transcription factors. In fact, estradiol

seems to play an important role in the tissue- and/or cell type-specific regulation of

expression, and can have opposite effects on the expression of ERC and ERB, depending

on the context (55).

Accurate determination of the relative expression levels of ERs has been determined by

radioisotope binding, immunocytochemistry, and in situ hybridization, but is complicated

by different methods of tissue preparation, as well as highly variable antibodies. ERo is

expressed in many different tissues, including the breast, ovaries, uterus, epididymus,

testis, skeletal and cardiac muscle, kidney, liver, adrenal glands, hypothalamus,

amygdala, and pituitary gland. ERB expression is more limited, but is noticeably high in

the ovaries, prostate, seminal vesicles, sperm, lung, bladder, intestinal epithelium, and

. ./
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areas of the hypothalamus. Lower levels of ER■ are also detected in the uterus, oviduct,

epididymus, hippocampus, cerebral cortex and amygdala (56, 57). These differences in

tissue distribution could contribute to the selective action of ER agonists and antagonists

in different tissues.

1.3.5. Activation of Transcription by the Estrogen Receptor

The estrogen receptor is a ligand-dependent regulator of gene transcription. In the

absence of ligand, the ER exists in an inactive complex with heat shock proteins such as -

hsp70 and hsp90. Upon binding of the estradiol ligand, the receptor undergoes a

conformational change, dissociates from its chaperone complex in the cytoplasm, and

translocates to the nucleus (Figure 1.9). In the nucleus, the receptor binds as a homodimer

to specific DNA sequences, or response elements, in the upstream promoter regions of

target genes. The activated ER-ligand complex allows for release of corepressors and

recruitment of the basal transcriptional machinery to the DNA, including RNA

polymerase, in order to activate transcription of specific genes downstream (52). The

transcriptional activity of ER is tripartite, involving interactions between the specific

ligand structure, the receptor subtype, and the effectors (58). These effectors include the

DNA response elements, and specific subsets of regulatory coactivators and corepressors.

■
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Figure 1.9. Activation of Transcription by the Estrogen Receptor
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1.3.6. Estrogen Receptor Response Elements

The ligand-bound ER complex is recruited to specific DNA target sequences in the

promoters of genes, where it serves as a cofactor to influence gene expression. The ER

subtypes can bind to DNA either as homodimers or heterodimers. Both receptor subtypes ºn tº

have different affinities for different response elements, and can thus yield different

transcriptional effects at the same site (59). Furthermore, ER conformation differs when

occupied by different ligands, and the DNA response element is also able to alter the

receptor conformation through allosteric effects (60, 61).

The classical estrogen response element (ERE) is the most well-characterized estrogen

responsive element (62). A minimal consensus ERE has been derived from Xenopus
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laevis genes encoding Vitellogenin and other similar sequences. It is a 13bp perfect

palindromic inverted repeat, with a variable 3bp spacer: 5’-GGTCAnnn"TGACC-3°. Two

highly conserved cysteine-cysteine zinc fingers in the ER DBD, mediate the interaction

of the ER with the major groove of the DNA and the sugar-phosphate backbone. Three

specific proximal box (P-box) amino acids within the first zinc finger bind to the ERE in

a sequence-specific manner, while the second zinc finger is involved in ER dimerization

and recognition of the spacer between ERE half-sites. ERO, and ERB contact the same

r- " "

nucleotides in the consensus ERE, however, ERO has a two-fold greater affinity. *...

***

Electrophoretic gel mobility shift assays (EMSA), fluorescence anisotropy, or surface

plasmon resonance assays can be used to measure interaction of ER with DNA. :*

In the human genome, most estrogen target genes contain non-palindromic, imperfect º:

1. ***.--

EREs, or even half elements (Table 1.1). In addition, more than one ERE-like sequence
º

can be present in the same regulatory region, resulting in transcriptional Synergism.

º sº.

Table 1.1. Human Genes containing EREs º:*******

Genes regulated by Genes regulated by Genes regulated by
palindromic EREs ERE half-sites other ERE-like sequences

Oxytocin corticotropin releasing hormone c-fos
pS2 platelet activating receptor transcript 2 transforming growth factor a (TGFo)
angiotensin prothymosin a retinoic acid receptor cº, (RXRo)
Cathepsin D lactoferrin progesterone receptor (PR)
glial fibrillary acidic protein heat shock protein 27
Complement C3
VaSCular endothelial growth factor (VEGF)

In addition to direct interaction with the classical ERE, ER can also regulate genes by a

tethering mechanism, in which the ER does not bind to the DNA, but rather interacts with
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another DNA-bound transcription factor. The AF-1 and AF-2 functional domains of ER

are important for the interaction with the tethering proteins.

One example is activating protein-1 (AP-1), which binds to the phorbol diester (TPA)

response element, as well as to the AP-1 site. The interaction of ER with the AP-1 site is

indirect, and is mediated by the Fos-Jun heterodimer (63, 64). Genes containing estrogen

responsive AP-1 sites include: human ovalbumin, c-fos, collagenase, and insulin-like

growth factor. In vitro, different estrogen receptor subtypes respond differently to the

same ligand, depending on whether transcription is activated through the classical ERE or º
- -

*…

AP-1 site (65, 66). *

º

Other alternate response elements include the cyclic adenosine monophosphate (cAMP)-

site, and the specificity protein 1 (Sp1) site. At the GC-rich Sp-1 sites, Sp1 mediates
-

º,

interaction between ER and the DNA (67). This interaction is cell type-, ligand- and * . . .
-

promoter-dependent, and regulates expression of genes such as human creatine kinase B, ( º

c-myc, retinoic acid receptor o, hsp27, cathepsin D, and uteroglobin (68). • *, º/
ºn-º-º:

A

1.3.7. Estrogen Receptor Dimerization

Dimer formation is thought to be essential for normal ER function, because mutations

that interfere with dimerization generally result in loss of transcriptional activity. The

principal ER dimerization interface involves a large contact area in the LBD,

encompassing about 15% (1703 Å”) of the surface area of each monomer (69). There is

Some contact between the DBDs of the monomer units, but this interface is smaller and s
4.
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plays a minor role in dimer stability (70). Ligand binding regulates the strength of the

dimer interaction, which can be measured by fluorescence resonance energy transfer

(FRET) (71) or in real-time by surface plasmon resonance (72). In addition to the ER

homodimers, the ERO/ER■ heterodimer is also able to transactivate gene transcription

(73), with ERO, thought to be the functionally dominant partner of the heterodimer (74).

1.3.8. Regulation of transcription

ER-mediated transactivation involves the interplay of many factors that act on the DNA

bound ER-ligand complex to control transcription. The orchestrated recruitment of

coactivator and corepressor complexes and the basal transcriptional machinery, including

RNA polymerase II, plays a key role in gene transcription (75, 76), as does protein

phosphorylation and degradation. Furthermore, the cell type- and promoter context, the

relative expression levels of the ER subtypes and of cofactors, their subcellular locations,

and their post-translational modifications, also contribute to transcriptional regulation.

1.3.8.1. ER Recruitment of Cofactors

The first indication of cofactors arose from evidence that over-expression of two or more

receptors could inhibit or “squelch’ transcription from any single receptor, owing to

competition for a limited pool of transcriptional cofactors (77). These cofactors may

interact sequentially or combinatorially with NRS in a ligand-dependent or -independent

manner, and participate in and recruit many enzymatic and structural activities that allow

modulation of chromatin structure, in order to facilitate stimulation or repression of gene
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expression (Figure 1.10). In addition to controlling transcription, some coactivators may

also influence differential splicing of the RNA transcripts (78).

Figure 1.10. Transcriptional Regulation of Nuclear Receptors by Coactivators and

Corepressors

Tissue
Promoter- Chromatin

Specific Remodeling Platform Proteins / HAT Activation Functions Mediator-like Complex
i I T * s l I

S
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(PGCL) swº GRIP-1 (LTTTTT D '..cBP/p3007 {{º} {DRIPlanc
--~~~ ---.” * -- p/CIP (ECTTE I D Protein --- 2. `----Methyltransferase TTT~\,

specificity

Activation O)wº Histone and factor
Q X D acetylation

Nuclear receptors

Repression Histone and factor
deacetylation

Reproduced with permission from Rosenfeld MG, Glass CK (2001) J Biol Chem 276. 36865-36868 & 2001 The American Society for Biochemistry and Molecular Bology Inc.

The family of p160 factors, such as SRC1/NCOA1, TIF2/GRIP1/SRC2 and

AIB1/ACTR/pCIP interact directly with ER in a ligand-dependent manner, and serve as

adapter molecules by recruiting other coactivator complexes such as CBP/p300. The

nuclear receptor interaction domain of the p160 family proteins contains consensus

LXXLL motifs (L= leucine, X = any amino acid), known as an NR boxes. This motif,

and a short stretch of flanking amino acids, form a short C-helical structure and have
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been found to be necessary and sufficient for interaction with the ER LBD. There is also

evidence that some pló0s also interact with the AF-1 domain of ERO.

In order for the necessary transcription machinery to access the DNA, chromatin

remodeling must occur to help open up the promoter site. The BRG1/hBrm (or SWI/SNF

yeast homolog) complex possesses ATP-dependent chromatin remodeling activities, and

acts in concert with other enzymes such as histone acetyltransferases (HATs), helicases,

and histone methyl transferases (HMTs) such as CARM1.

Many coactivators, such as the CREB-binding protein (CBP), p300 and p■ CAF

complexes, possess HAT activity, which serves to acetylate the N-terminal lysine

residues of histones, as well as ER and other coactivators. HATS play an important role in

remodeling the nucleosome structure of the chromatin by weakening interactions between

the histones and the negatively charged DNA, thereby unraveling the coiled histone/DNA * . . .

complex. º
º º º ºf

º
-

A
The multiprotein TRAP/DRIP/ARC complex recruits core transcription factors such as

RNA pol II to the DNA. Other coactivators important in ER signaling include SRA. E6- s

AP, MICoA, AhR/ARNT, Pakl and PELP1 (25). *-

*~

M

Corepression is achieved in part, by recruitment, via the corepressors NCOR or SMRT, of l

histone deacetylases (HDACs), such as the SIN3/HDAC complex. The HDACs reverse 1
º

the actions of HAT-containing complexes. NcoR is recruited to antagonist-bound ER via
-

|
-
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interactions with the CoRNR box containing two LXXXIXXX I/L motifs. Several ER

specific corepressors have been identified, such as REA, DAX-1 and MTA1.

Several recent reports, primarily employing chromatin immunoprecipitation (ChIP)

assays, suggest that receptor and coregulator association in gene promoters is temporally

regulated. ER appears to cycle off and on the pS2 promoter in certain cells e.g. MCF-7)

in response to continuous E2 stimulation (79). A comprehensive model for the sequential

and combinatorial assembly of this transcriptionally productive complex between ER and

six other co-factors has been proposed (80). In general terms, estradiol-bound ER binds

to DNA, and as a result of interaction with the SWI/SNF chromatin remodeling machine *

and acetyltransferases, there is a disruption of the local nucleosomal structure. The

TRAP/DRIP complex is then recruited to the promoter, and makes direct contact with

components of the basal transcription machinery to initiate transcription. Additional

coactivator molecules carry out subsequent downstream reactions in the transcription sº - -

process, such as RNA processing and turnover of the receptor-coactivator complex. Cell C
type- and promoter-specific differences in coregulator recruitment contribute to the º º
different cellular responses to SERMs (81). º

1.3.8.2. ER Phosphorylation and Ligand Independent Activation º
Crosstalk with second-messenger pathways and protein kinase cascades, many initiated

by peptide growth factors such as insulin-like growth factor 1 (IGF-1) and epidermal ■

growth factor (EGF), and by neurotransmitters such as dopamine, alter the 1

phosphorylation state of the receptor (82), or the interaction with cofactors (83), thereby
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modulating ER activity, and in some cases enabling ligand-independent activation of

transcription (84).

ERo is a substrate for both serine and threonine kinases, and is phosphorylated at

multiple sites. Phosphorylation at serine 118 is mediated by the RAS/MAPK pathway,

and affects AF-1 activity, leading to increased ligand-independent transactivation. Other

phosphorylation sites include Ser 167, which influences DNA binding and ligand

dependent activity, as well as Ser 104, Ser 106 and Ser 158. Tyrosine

537 phosphorylation by Src family of tyrosine kinases is important in DNA binding and

dimerization. In ERB, Ser 106 and Ser 104 are important for ligand independent

activation through the MAPK cascade.

1.3.8.3. ER Turnover and Proteosomal Degradation

Recently, it has become evident that ubiquitin proteosome-mediated protein degradation

plays an integral role in eukaryotic transcription (85). A number of ubiquitin proteosome

pathway enzymes have been identified as coactivators for ER and other NRs. These

include E3 ubiquitin-protein ligases such as E6-associated protein (E6-AP), as well as

components of the regulatory subunit of the proteosome (Rptó and S1).

The ubiquitin pathway enzymes are recruited to the promoters of target genes by the ER

ligand complex, and during the course of transcriptional activation they polyubiquitinate

and degrade ER, as well as RNA polymerase and several coactivators and corepressors,

-
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Signals for hormone-dependent degradation may include phosphorylation and acetylation

of ER, as well as coactivator binding.

Studies have shown that ER and its coactivators cycle onto and off steroid-responsive

promoters in a hormone-dependent manner (79, 86). This turnover of the nuclear

receptor-transcription complex is mediated by the proteosome-dependent degradation of

ER, which promotes remodeling and is required for sustained transcriptional activity.

1.3.9. Non-genomic effects

The ‘genomic’ effects of estrogen signaling via the nuclear ERS to mediate gene

transcription, is the most well-studied mechanism of estrogen action. However, there is

increasing recognition of the importance of the ‘non-genomic’ responses involved in

estrogen signaling, as well as other nuclear receptor hormones (87). Many of the central

nervous system (CNS) effects of estrogen seem to occur as a result of these non-genomic

mechanisms (88), and non-genomic effects are also evident in vascular and bone systems.

These non-genomic responses are characterized by a rapid onset (Seconds to minutes),

Which does not allow time for transcription of genes and protein synthesis. In fact, these

non-genomic responses are insensitive to inhibitors of transcription and translation.

Furthermore, the effects occur at the cell membrane, since responses can be initiated by

the membrane-impermeant conjugate estradiol-BSA. Ligand treatment initiates cascades

of second messengers such as calcium, cyclic AMP, nitric oxide formation, activation of

1. **** - -

35



|||
{}>



kinases such as tyrosine kinases (TK), protein kinase A (PKA), protein kinase C(PKC),

extracellular signal-regulated kinase (ERK) and protein kinase B (PKB) (89).

Several mechanisms have been proposed to account for this rapid onset of estrogen

activity at the membrane (Figure 1.11), and the nature and characteristics of the

mediating receptor remains a matter of debate (90,91). One hypothesis is that the nuclear

ERs are somehow targeted to the membrane and act through novel mechanism to directly

stimulate kinases (92). However, the classic ERs do not contain idrophobic domains, or

myristoylation and palmitoylation sites, capable respectively of inserting or anchoring the ...

receptor to the plasma membrane. Furthermore, data for this model has not been attained *

in a physiologically relevant ER expression system.

E.- :-- º
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Figure 1.11. Cross-talk between the Genomic and Non-genomic Mechanisms of

Estrogen Action
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Another hypothesis is that novel or non-classic receptors, distinct from the nuclear ERs,

mediate the rapid non-genomic effects (29). Candidates include a putative estrogen

responsive G-protein coupled receptor (GPCR) that binds to estrogen, and couples to

Second-messenger partners to transduce the signal (93, 94). Further research is required to

elucidate the details of these non-genomic estrogen signaling pathways.
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1.3.10. ER as a Therapeutic Target

Estrogen signaling through ERO, and ERB plays a significant role in normal biology, but

also in pathophysiology (95). Clinical, biological and epidemiological data indicate that

there is a positive correlation between the amount of estradiol present and tumor growth

in cancers such as breast and uterine cancer (96). It is also known that estradiol has a

therapeutic effect on osteoporosis and the symptoms of menopause. This has led to

research into understanding the relationship between the estrogen receptor and its natural

and synthetic ligands, and to the development of ligands that act either as tissue specific

estrogen receptor agonists or antagonists (97). These tissue specific compounds are

known as selective ER modulators, or SERMs. The therapeutic implications of ERB

function in preventing prostate cancer are also under investigation.

1.3.10.1. Breast Cancer

In Western countries (Europe, USA, Canada and South America), breast cancer

represents 25–30% of the total incidence of cancer in women, and accounts for 15–18% of

mortality rates. In the USA, 1 in 8 women will develop breast cancer, with two-thirds

detected in post-menopausal women. A small percentage of tumors are hereditary, caused

by the presence of the BRCA-1 gene, and are hormone-independent. However, 95% of

breast cancers are initially hormone-dependent, and E, plays a crucial role in tumor

development and growth, possibly by stimulation of growth factors. Importantly, it is the

estrogens produced locally in the adipose tissue of the breast (via the estrone sulfatase

pathway), rather than in the ovaries, that are implicated in the development of breast

cancer (18).

----------
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ER is present in at least half of breast tumors, which makes the receptor an important

target for breast cancer therapy (18). Selective ER modulators (SERMs) such as

tamoxifen (Novaldex”) have been developed to block the actions of the ER, and are used

for adjuvant breast cancer treatment, and for disease prevention in women at high risk

(Figure 1.12). An unfortunate side-effect that limits the utility of tamoxifen, is the

associated 3 to 4-fold increased risk of endometrial cancer in post-menopausal women

(98).

Figure 1.12. Selective ER Modulators (SERMS) used in treatment of breast cancer

(Tamoxifen) and osteoporosis (Raloxifene)

Tamoxifen (Tam) Raloxifene (Ral)

In addition to SERM treatment, combination therapy with Selective Estrogen Enzyme

Modulators (SEEMs) is most effective in treating breast cancer. P450 aromatase

inhibitors such as letrozole are already in use, while inhibitors of estrone sulfatase and

17-HSD are under investigation in clinical trials. Coactivators for ER may also play a

role in breast tumor growth. For example, the coactivator AIB1 (amplified in breast

-
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cancer-1) is amplified in many ER positive tumors, and is thus a potential therapeutic

target (18).

Eventually, the tumors become estrogen-independent, which is likely due to the

compensatory activation of other signal transduction and growth pathways. Drug

resistance is also a problem, and tamoxifen-stimulated tumor growth is a unique

mechanism of resistance whereby the drug switches from being predominantly

antiestrogenic, to estrogenic. There is evidently a great need for a molecular level

understanding of the role of ER signaling in breast cancer pathophysiology, in order for

more effective therapies to be developed.

1.3.10.2. Menopause

The symptoms of menopause result from a reduced production of estrogen in women

over the age of 50. Many of these symptoms, such as hot flashes and night Sweats, are a

result of decreased estrogen actions in the hypothalamus, due to depletion of the ovarian

follicles and loss of the cyclic activity of the ovary. Estrogen synthesis in peripheral

tissues is also decreased, due to declining levels of the androgenic precursors, which drop

markedly in women as they age. Other menopausal Symptoms are shrinkage of the uterus,

vaginal dryness, bone loss, reduced cognitive functions, and the increased risk of

coronary thrombosis.

Hormone replacement therapy (HRT) seeks to ablate these symptoms by maintaining

beneficial levels of the estrogen and progestin hormones in the bloodstream. This

º
*-** ***.
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therapy, however, is controversial, because these elevated levels of estrogen can

contribute to breast cancer, uterine cancer, stroke and dementia. The latest results of the

Women's Health Initiative, a large randomized controlled clinical trial, indicate that these

risks of long-term HRT negate the beneficial effects on osteoporosis and coronary artery

disease (99), and many women have thus abandoned the therapy. Additional clinical trials

are required to determine which hormonal component causes these health risks or

whether the effects were due to the combination of estrogen and progestin, and there is a

need for more selective therapies, which retain the beneficial effects of estrogen

treatment, but reduce the risks. There is a significant need to develop more effective

therapies to treat menopausal symptoms, that minimize added risks and side-effects.

1.3.10.3. Osteoporosis

Osteoporosis affects 75 million people in the USA, Japan and Europe, and is particularly

prevalent in postmenopausal women, due to loss of the protective effect of estrogens

(100). HRT has traditionally been used to prevent bone loss, however the side-effects and

risks make the therapy non-ideal. Bisphosphonates have also been used, but require

rigorous dosing schedules because of gastrointestinal problems. SERM drugs provide an

attractive alternative, and the bone-sparing effects of Raloxifene (Evistra*) (Figure 1.12),

resulted in its FDA approval for prevention of postmenopausal osteoporosis in 1998

(101). While raloxifene treatment has the added benefits of being antiestrogenic (prevents

cell proliferation) in breast and uterus, and reduces serum cholesterol and LDL, it does

not alleviate other postmenopausal symptoms such as hot flashes. In addition, raloxifene

undergoes rapid phase II metabolism and inactivation, and is not generally effective as a

º
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breast cancer therapy (98). There are therefore continued efforts to develop more

effective SERM therapies.

1.3.10.4. Prostate Cancer

Prostate cancer is one of the most commonly diagnosed cancers in the Western World,

with nearly a 10% life-time risk which increases as men age. While the prostate is

considered the prototypic androgen-dependent gland, estrogens also play a role in its

growth and maintenance (102).

ERO is expressed in the prostatic stroma, whereas ERB is found mainly in the epithelium.

Epidemiological evidence implicates both androgens and estrogens as playing possible

roles in the genesis of prostate cancer. As men age, estrogen levels predominate over

declining androgen levels, and in addition, the estrogenic dihydrotestosterone (DHT)

metabolite, 50-androstane-33,173-diol (33—Adiol), is present in the prostate at levels 100
-

fold higher than estradiol (Figure 1.13). Estrogenic stimulation contributes significantly
- -

º
to the genesis of benign prostatic hyperplasia, prostate dysplasia, and prostate cancer º º
(103). This was originally thought to be due to direct ERO-mediated growth of prostatic º:---------- A

stromal cells, in addition to estrogenic stimulation of prolactin release from the pituitary,
S

leading to potentiation of testosterone effects, as well as androgen-independent growth of &

the prostate.
-

M

1.
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Figure 1.13. 38-Androstanedione is an androgen metabolite with estrogenic activity

OH OH OH

HO O HO

173-estradiol 50-dihydrotestosterone 3B-androstanediol
RBA: ERG-100; ERB=100 RBA; ERa -0.05; ERB=0.17 RBA; ERG-3; ERB=7

RBA = relative binding affinity for ER, compared to 17B-estradiol
as determined by G.G. Kuiper et al. (1997) Endocrinology 138,863–870

More recently, loss of ER-3 expression has been demonstrated in prostate cancers,

Suggesting a possible role for this pathway in the development of cancer. It is thought that

estradiol and 3B-Adiol signaling through ER■ may have a direct inhibitory role on the

growth of prostate epithelial cells, which implicates potential therapeutic use of selective

ERB agonists in prostate cancer (104). The ability of antiestrogens and selective estrogen

receptor modulators (SERMs) to delay and to suppress prostate carcinogenesis is

Supported by preclinical, clinical, and epidemiological Studies, and further research is

needed to better understand the mechanisms behind ER and SERM action in the prostate.

1.3.11. Approaches to studying ligand-dependent ER function

The estrogenic regulation of human physiology by the genomic and non-genomic

mechanisms described above, involves a complex biological signaling network. In order

to understand the molecular mechanisms responsible for these effects, a multifaceted

approach is needed. In vivo animal model knockout studies, combined with

pharmacological, biochemical and structural data all contribute to an overall view of the
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signaling process. Selective ER modulators (SERMs) have been useful in dissecting

specific pathways of ER signaling, however ligands with additional selectivity profiles

are needed. The subsequent chapters describe the development of novel ER ligands that

can differentiate between ER subtypes, and allow for transcriptional modulation of

specific subsets of genes. These chemical tools are useful probes for studying ER º

biology.

1.3.11.1. In Vivo knockout studies

The development of transgenic mouse models by targeted disruption of the ER or

aromatase genes, have proven invaluable tools in evaluating the distinct and cooperative

roles of ERo and ERB in reproductive and non-reproductive tissues of both sexes. In

addition, the models enable evaluation of individual receptor-mediated actions of specific

agonist or SERM ligands. Mice lacking functional ERO (CERKO mice) or ERB (BERKO

mice), or both ER subtypes (of ERKO mice) have been generated, as well as the

aromatase knockout mouse (ArKO). All mice are viable and live a full life-span, showing

that estrogens are not vital for prenatal survival (105). ºn-º-º-º-º: -

Phenotypic analysis of the knockouts has provided definitive experimental findings for

ER-mediated physiological actions that involve dramatic effects mediated by both ERO,

and ERB in the ovaries, and further ERC-mediated effects in uterine, mammary gland and

neuroendocrine sites (106).
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The female reproductive phenotype appears to be mostly governed by ERO. This is the

predominant subtype expressed in the uterus, and both of RKO and BERKO mice

develop normal uteri, however in the adult of RKO mouse, the uterus lacks growth and

morphogenesis, becoming hypoplastic and insensitive to estrogen's usual uterotrophic

effects. The of ERKO phenotype is similar to OERKO, although the uterine diameter and

wall thickness is even smaller in the double knockout, suggesting a compensatory role for

ERB.

The primary endocrine and physiology effects occurring in the ovary are folliculogenesis

and steroidogenesis, and both ER subtypes are highly expressed, with ERO, localized in

the thecal and interstitial cells, and ERB in the granulosa. O.ERKO females were infertile,

due to disruption of the negative feedback action of estradiol on the hypothalamic

pituitary axis, and consequently high levels of androgen, estradiol and Serum LH levels,

the latter being the major cause of the complete lack of ovulation. BERKO females are

subfertile with unruptured follicles. The of ERKO mouse has a distinct phenotype, with º C.

follicles that reach only the small antral stage, and evidence of redifferentiation of the .7/

granulose cells to a Sertoli cell phenotype, a surprising ‘Sex-reversal’. ArKO mice are

Similar to the OERKO females, suggesting that there may be some compensatory s

estrogen-independent stimulation of ER activity through polypeptide growth factors, or

that maternal estrogen exposure may be a factor.

ERo is the main receptor subtype expressed in the mammary glands, and estrogen

Stimulates proliferation of the mammary epithelial cells, and induces expression of PR, so
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that progesterone can act to form the lobuloalveolar structures. BERKO mice are

indistinguishable from wild type, however the mammary glands of O.ERKO and

of ERKO females do not develop beyond puberty, and lack epithelial branching and

lobuloalveolar development. This is due to both lack of PR induction, and disruption of

the positive feedback loop of estradiol on the prolactin secreting cells in the pituitary.

Phenotypic evaluation of the male reproductive tract in O.ERKO mice, indicate that ERC.

is essential for male fertility. Male ofteRKO and of ERKO mice are infertile with

extensive dysmorphogenesis of the seminiferous tubules, and disruption of

Spermatogenesis. This is due to effects on the somatic cells of the testis and epididymus,

rather than any defects in the germ cells themselves. Young BERKO and ArKO mice are

normal, however older [ERKO mutant males display signs of prostate and bladder

hyperplasia.

More recently, conditional knockouts have been made using the inducible Cre-LoxP

recombinase system, and are useful for studying tissue-specific effects of ER signaling. º A

A drawback to the use of knockout models to study gene function, is the time that it can º

take to generate the animal model. In addition, the analysis of knockout phenotypes can

be complicated by compensatory roles played by other receptors or proteins with

alternate mechanisms, Surprising phenotypes can often result from loss of a gene product

downstream of the disrupted gene, and so models need constant re-evaluation.





1.3.11.2. Measurement of ER Transactivation in Cells

The standard method of measuring ER-mediated transcription, is by using a reporter gene

assay. Immortalized cells in culture are cotransfected with a human ERo or ER}

expression vector, along with a reporter plasmid containing the firefly luciferase gene

under control of a specific response element. Upon agonist treatment, gene transcription

is activated, and the amount of luciferase produced is directly proportional to the extent

of activation.

1.3.11.3. Targeted Mutagenesis of ER

There are several naturally occurring ER splice variants in human disease, and just a few

point mutations. Targeted mutagenesis of ERC and ER■ has been used to identify the

important functional amino acids, and the role of certain domains in biochemical

mechanisms (107).

1.3.11.3.1. Point mutagenesis of ER

Amongst the amino acids found to be important for ERO function is Ser118 in the AF-1

domain, which is a phosphorylation site required for full transcriptional activity. Asp351

in the ERo LBD, upon mutation to tyrosine or glutamate, converts many antiestrogens to

estrogens, due to its critical role in interaction with the sidechains of these SERMs (108).

AF-1 is required for this effect, and acts synergistically with AF-2 (109). Mutation of

Gly400 in the ERC, LBD alters ligand-binding affinity and shows complete lack of ERE

binding or transactivation in the absence of estrogen. Cys;30 may play a role in nuclear
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translocation. TyrS37 is the amino-cap residue of the LBD helix 12, and a major

phosphorylation site, also important for dimerization and DNA binding. Mutation of

Tyrš37 to asparagine, alanine or serine results in constitutive activity. Lastly, Leu540

mutants lose ability to respond to estrogen, and exhibit reduced basal activity. Mutations

in the hinge region such as Lys303 result in receptors that are highly sensitive to estrogen

activation.

1.3.11.3.2. Generation of ER chimera

In addition to point mutants, chimeric analysis involving the swapping or deletion of

various ER subtype domains has been useful in identifying regions of the receptor that

are important for inter-domain interactions and functional activity in response to various

ligands at different reporter genes (110).

1.3.11.4. Selective ER ligands

The estrogen receptors are tolerant of a variety of ligand structures (111), suggesting that

the binding pocket is able to adapt to form similar hydrogen bonds and van der Waals

interactions to tightly bind the different ligands.

1.3.11.4.1. Pure ERAgonists

A range of natural and synthetic ER agonists has been reported, and includes both steroid

and non-steroidal scaffolds (Figure 1.14). The phytoestrogens genistein, coumestrol and
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resveratrol are found in soy products, plants and red wine, respectively. There are also

several environmental estrogens that are a health concern due to their endocrine

disrupting effects. These include diethylstilbestrol (DES), the pesticide DDT, and

bisphenol A found in plastics.

Figure 1.14. Structures of ER agonists

Endogenous Estrogens
OOH

HO HO

17B-estradiol (E2) estrone (E1)

Phytoestrogens OH

genistein coumestrol

Synthetic Estrogens
S Cls | Cl

S a
HO C|

O C
C|

diethylstilbestrol (DES) o,p'-DDT

1.3.11.4.2. Pure ER Antagonists

HO

estriol (E3)

OH

or
HO

resveratrol

bisphenol A

ICI 164,384 and ICI 182,780 (Fulvestrant or Faslodex) are referred to as pure

antiestrogens (Figure 1.15). These synthetic steroids inhibit ERO, and ERB transcriptional

activity in a context-independent manner, and are thought to promote a modest nuclear to

ºr...it ºr -
-
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cytoplasmic shuttling of ER and induce the proteosomal degradation of the receptor. ICI

182,780 has also been shown to significantly retard the intranuclear mobility of ER. ICI

182,780 is active as a second-line agent following tamoxifen failure for treatment of

advanced breast cancer (98). The potent antiestrogen activity of the ICI compounds is

thought to result from the very long side-chain extending off the 73 position of the core

Scaffold.

Figure 1.15. Pure ER Antagonists

OH OH

CH3
**, || **, |

HO "(CH2)5S(CH2)3C2F5 HO (CH2)6CON(CH2)3C2Fs

ICl 182,780 |CI 164,384

1.3.11.4.3. Selective ER Modulators (SERMs)

Because ER is a therapeutic target, several compounds have been developed as tissue

Specific estrogens (cell proliferators) and antiestrogens (prevent proliferation) (112).

These SERMs display both ER agonist and antagonist properties, depending on intrinsic

cellular differences in processes or factors, such as cell-signaling pathways, accessory

cofactors, and transcription factor modulatory proteins. Understanding the molecular

events that convert a drug from an estrogen in one tissue, to an anti-estrogen in another,

will result in a better understanding of the molecular mechanism of SERM action.

----------
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1.3.11.4.3.1. SERMs with mixed estrogenic and antiestrogenic properties

The two prototypic SERMs are the triphenylethylene tamoxifen, and the benzothiophene

raloxifene. Tamoxifen, initially proposed to regulate fertility, was the first selective ER

modulator (SERM) introduced for the treatment of breast cancer. However, patients

undergoing tamoxifen treatment are at 3- to 4-fold increased risk of developing

endometrial cancer because of its estrogenic effect in the uterus (113). Tamoxifen is a

prodrug, and is constantly converted to the active metabolite 4-hydroxytamoxifen (Table

1.2). Raloxifene was found to be ineffective in treating breast cancer, but is prescribed for

osteoporosis due to its estrogenic activity in bone tissue. Moreover, the risk of both breast

and uterine cancer is reduced, because raloxifene acts as an antiestrogen in these tissues.

Structural studies have demonstrated the bulky aryl sidechains of the ligands to be

important for their SERM character.

Table 1.2. Estrogen receptor ligands have tissue specific effects

OH

HO HO

Estradiol 4-Hydroxytamoxifen Raloxifene
- - no

breast causes cell proliferation no yes
bone prevents bone loss yes no

uterus causes cell proliferation yes

51



#1

|

i.

■■
■_■_<S>&

|||
{}>

→----

----■
■■

S

|-■
----

●



Beginning in the 1960s, the structure-function relationships of a large number of

naphthalene (114, 115), indene (116), indole (117, 118), chroman (119-122), benzofuran

(123) and benzopyran (chromene) (124-126) derivatives were evaluated, initially for

antifertility and then later for antiestrogenic properties in rodents (Figure 1.16).

Figure 1.16. Early SERM scaffolds

|■
... ■ º

Q Q OO

C■ –C–3 CC-C)
O NO

Zindoxifene benzofuran 2,3-diarylindene
2-phenylindole

O

tohroman Nafoxidene ºr

benzopyran / chromene cº 1,2-diaryl-3,4-dihydronaphthalenes ** - - - ------

In addition, the tamoxifen triphenylethylene scaffold has been extensively derivatized in

an attempt to reduce toxicity due to metabolites, although this has had mixed success, and

the resulting SERMs are often less potent than the parent (98) (Figure 1.17).
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Figure 1.17. Derivatives of the Tamoxifen Triphenylethylene Scaffold

º

Clomifene Toremifene ldoxifene Droloxifene

Careful examination of the selective biological effects of these and other ligands has led

to the search for new SERMs that can elicit estrogenic effects in a tissue-specific manner

(98). SERMs with increased bioavailability, that are antiestrogens in both the breast and

the uterus, but retain the bone-sparing effects of raloxifene, are under clinical

development. These include the orally active benzopyran EM-800 and its active * - :--- . *z,

metabolite EM-652 (SCH57068) (127, 128), the benzothiophene arzoxifene (129), the

indoles bazedoxifene (TSE-424) (130) and pipendoxifene (ERA-923) (131), and the . ■

diaryltetrahydronaphthalene lasofoxifene (CP336156) (132-134) (Figure 1.18).
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Figure 1.18. SERMs currently in clinical development

ºr
HO HO

Pipendoxifene (ERA-923) Bazedoxifene (TSE-424) Arzoxifene --

indole indole benzothiophene

Q
o” NOTS->

Lasofoxifene (CP336156)EM-652 (SCH57O68) R=H
( ) diaryltetrahydronaphthaleneEM-800 R=C(O)C(CH3)3

benzopyran

**- : * --------1.3.11.4.3.2. ER subtype selective ligands

A new paradigm has emerged during the last several years, as the development of

SERMs has turned to target ligands that are specific agonists or antagonists for a

particular ER subtype (135). These have therapeutic potential, as well as being tools that

can be used to dissect the signaling pathways controlled by ERO, and ERB. Receptor

Subtype selectivity can result from distinct interactions of the ligand with the different

residues in the ligand binding pocket of ERO, and ERB, and the subsequent effect on the

receptor conformation and recruitment of cofactors. ERB has an impaired AF-1 domain
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compared with ERO, so that synergy with AF-2 is reduced, which can also lead to

differences in response (111).

Initial strategies in the discovery of subtype-selective SERMs, have exploited relative

receptor binding affinity as the means of establishing drug selectivity. More recently,

drugs have been developed that bind with equal affinity to ERo and ERB, but

demonstrate selectivity in their activities at the subtypes. Lastly, there is evidence that

disrupting the protein-protein interactions of the ER-coactivator interface with peptides or

Small molecules, could produce subtype-selective antagonists (136, 137).

1.3.11.4.3.3. ERO. Selective SERMs

Ligands that selectively activate ERO, due to preferential binding affinity, include a

benzamide which is a 500-fold more potent agonist for ERC than ER■ (138), and a series

of heterocycle-based furans, thiophenes, pyrroles (139) and pyrazoles (140). The best

compounds, 3-ethyl-2,4,5-tris(4-hydroxyphenyl)furan and propylpyrazole triol (PPT),

display 48- and 410-fold selective affinity for ERO, respectively, and are full agonists on

ERO, while being inactive on ERB (Figure 1.19). Interestingly, removal of the 5-phenolic

hydroxyl of the furan, regains agonist activity at ERB. By adding basic side-chains

typically found in non-steroidal antiestrogens, to the furan (141) and pyrazole (142)

ligands, these compounds are converted to potent, ERO-selective antagonists, with

methyl-piperidino-pyrazole (MPP) being 50-fold selective over ERB in terms of binding

(143) (Figure 1.19).
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Figure 1.19. ERO-selective SERMs

OH

3-ethyl-2,4,5-tris(4-hydroxyphenyl)furan benzamide propyl-pyrazole triol (PPT) methyl-piperidino-pyrazole (MPP)

, y-C) ... / ( ) o–/ "C)
Ö K)

a /T"

HO
O

steroid (16a-LE2) isoflavanone chroman dihyrobenzoxathiin SP500.263

Structure-based design has led to a steroidal ligand 16O-LE, that is 70-fold ERo selective

in terms of binding, and a 250-fold more potent agonist than at ER■ (144).

A Series of ERO, subtype selective ligands, centering on the isoflavanone core structure,

has been discovered by Merck. Although these compounds exhibit 66-fold selectivity in

binding for ERo over ERB, they demonstrate only modest affinity and in vivo potency

(145). Replacement of the isoflavanone carbonyl with the larger, more polar sulfur,

resulted in the dihyrobenzoxathiin ligands, which retain 50-fold selectivity for ERO,

while increasing potency to 100-fold over ERB (146) (Figure 1.19). These are non

uterotrophic, and are being tested for treatment of osteoporosis.

It is thought that the crucial difference responsible for the ERO, selectivity of these

ligands, lies in the interaction of the carbonyl or sulfur in the case of the isoflavanones
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and dihyrobenzoxathiins, or the heterocyclic core and C(4)-alkyl group in the case of the

pyrazoles and furans, with the two discriminating residues in the binding pocket of the

two receptor isoforms (Leu 384 for ERO, Met 354 for ERB). Larger functional groups

reduce affinity for ER■ due to unfavorable steric and electronic interactions with the Met

354 residue.

A new ERO-selective benzopyranone ligand, SP500.263, has been discovered using a

functional cell-based screen (Figure 1.19). Unlike previous ERO-selective ligands,

SP500263 binds equally well to both ERO, and ER■ (147). This compound is inactive at a

classical ERE, is non-uterotrophic, and is being evaluated for its bone-sparing effects

(148-150). An orally active chroman ligand with 29-fold binding selectivity for ERo is

also being tested in osteoporosis models (151) (Figure 1.19).

1.3.11.4.3.4. ERB Selective SERMs

The phytoestrogen genistein displays 30- to 50-fold selectivity in binding affinity for

ERB over ERO, and was the first ligand recognized as ERB-selective. In terms of activity,

this selectivity is reduced to only 3-fold over ERO, and genistein is a partial agonist for

ERB, but a full ERo agonist. Constrained phytoestrogen agonists have been synthesized

with 42-fold selectivity in binding, and 25-fold selectivity in potency for ERB (152)

(Figure 1.20). Structure-based design has led to a steroidal ligand 83-VE, that is 180-fold

ERB selective in terms of binding, and a 183-fold more potent agonist than at ERo (144).
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Figure 1.20. ER■ selective ligands
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Using genistein as a starting point, Wyeth has been developing a series of ERB selective

ligands, with a variety of scaffolds: biphenyls (153) (70-fold selective), oximes (31-fold

Selective) (154), quinolines (155), phenyl-naphthalenes (156), chromenes (157),

benzofurans (76-fold selective), fused benzofurans (157-fold selective) and benzoxazoles

(158). Ligands with the chromene-diol scaffold attain up to 132-fold ERB-selectivity, and

one nitrile compound has been identified that is 53-fold ERB selective, and effective in

inflammatory bowel disease and rheumatoid arthritis (157). Unfavorable steric interaction

of the nitrile group with ERo Met 421 is thought to lead to the preferential affinity for

ERB, which instead contains Ile 373. The 2-phenyl-naphthalenes and benzoxazoles are
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also being tested in inflammatory disorders. The benzoxazole ERB-041 is 250-fold

selective for binding to ER■ , and 14-fold selective as an agonist (159).

2,3-bis(4-hydroxyphenyl)propionitrile (DPN) acts as an agonist on both ER subtypes, but

has a 70-fold higher relative binding affinity and 170-fold higher relative potency in

transcription assays with ERB than with ERO, (160) The nitrile group is essential for this

Selectivity, and a range of diarylpropionitrile derivatives have been studied. Mutational

analysis of chimeras generated by DNA shuffling, has shown that one residue in the

ligand binding pocket (L384 in ERC and M336 in ERB), together with helix 3, have long

range influences on the receptor conformation that influence this selectivity (161).

Another series under investigation is the tetra-substituted thiophenes which are up to 25

fold ERB-selective (162).

Most of the above ligands are selective due to preferential binding. However, a 3

arylbezoxazine has been identified that binds to ER■ only 2-fold tighter than ERO, but is

20-fold more potent as an agonist (163).

A Series of triazine ligands have been identified that are ERR-selective antagonists. One

of the lead compounds is 26-fold selective in binding affinity, and 30-fold selective in

potency (164).
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1.3.11.4.3.5. SERMs with opposite actions on ERo and ERB

Reports of SERMS that differentiate between ER subtypes in terms of agonism and

antagonism (Figure 1.21), include the methoxychlor insecticide metabolite 2,2-bis(p-

hydroxyphenyl)-1,1,1-trichloroethane (HPTE), which is an agonist at ERC and an

antagonist at ERB (165). Several compounds in a series of N-phenyl benzamides have

also shown similar activity and are full agonists at ERO, and moderate to full antagonists

at ER■ (138). A series of diarylethylene bicyclo[3.3.1]nonane ligands have been

developed that are all ERB antagonists, but range in their activity on ERC from full

antagonists, to partial agonists, to full agonists (166, 167).

Figure 1.21. Subtype-selective SERMs that are ERo agonists and ERB antagonists

CI HO OH |

Cls | Cl
O,º C

*...
OC

OH
OC

OHloo. º C \scº icº
HO

CO
HPTE benzamide diarylethylene bicyclo[3.3.1jnonane R.R-THC S, S-THC

The most interesting subtype-selective ligands are a potent pair of substituted

tetrahydrochrysenes (THCs), one enantiomer of which (S,S-THC) is an agonist on both

ERO, and ERB, the other (R,R-THC) is an agonist on ERO, but an antagonist on ERB. R.R-

THC has 4-fold higher affinity for ERB than for ERO, and binds 20-fold tighter to ERB

than does S,S-THC (168). The basis behind the ER subtype selectivity and mixed agonist

antagonist profile is discussed in the next section, but stems from differences in the

residues within the ligand binding pocket (169). Because of these differences, ERB is

much more sensitive than ERO, to increases in steric bulk of the ligand, and converts from
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an agonist to an antagonist much more readily, and without the bulky aryl extension

characteristic of most other SERMs. This means that a ligand that is both an ER■ agonist

and an ERO, antagonist, has yet to be discovered.

1.3.11.4.4. Ligands Selective for Non-Genomic Responses

Estradiol and SERMs such as 4-hydroxytamoxifen, raloxifene and GW5638 are

modulators of both ER-mediated transcription, and the rapid response signal transduction

pathways. In the future, it may also be possible to develop ligands that are selective for

only the ‘genomic’ or ‘non-genomic’ responses of estrogens. Work in our laboratory has

already produced a triphenylethylene ligand that exhibits no binding to the nuclear ER,

but like estradiol, attenuates the action of inwardly rectifying potassium (GIRK) channels

in the GABAergic neurons of the hypothalamus (170). There is evidence implicating a

G-coupled G-protein coupled receptor (GPCR) in attenuating the outward potassium

current, that would otherwise lead to neuron hyperpolarization and activation, and

ultimately LH secretion by the pituitary. A ligand specific for these non-genomic
*... -------->

estrogenic effects has great potential in the clinic, such as for treatment of the symptoms

of menopause.

The SERMs described above are valuable tools to begin to dissociate the molecular

determinants of ER-mediated transcriptional signaling mechanisms. However, there is a

need for development of new compounds with different selectivities, in order to fully

eXpand on the current models. This is addressed in Chapters Two, Three and Four of this

dissertation.
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1.3.11.5. Structural studies

Structural techniques have been used to study the differences in ER conformation in

response to binding different agonist and antagonist ligands. In addition, it has been

possible to probe protein-protein interactions to further understand the association of ER

with its cofactors.

1.3.11.5.1. Restricted proteolysis

The first indication that ligands affect the structure of NRs came from limited digestion

with proteases, which yielded protected polypeptide fragments of different sizes. This is a

useful technique that can indicate differences in protein conformation in response to

binding of different ligands.

1.3.11.5.2. X-ray Crystallography .
2

Subsequently, the 3-dimensional crystal structures of the LBDs of a number of nuclear
• *

is . - *** */

receptors were solved (171), including ERo and ER■ in complex with the agonist ligands º
17B-estradiol (69, 172) and diethylstilbestrol (DES) (173). Like other members of the

Steroid receptor superfamily, the ER LBD contains 12 O-helices, and is arranged in a 3- º
layer O-helical “sandwich’ motif. Helices 5, 6, 9, and 10 form a tightly packed central -

core, surrounded by helices 2, 3, 4, 7, 8, and 11. Helix 1 is not part of the conical NR º
■

LBD "sandwich" motif (Figure 1.22).
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Figure 1.22. Crystal structures of ERO. LBD bound to estradiol and raloxifene

Estradiol - ERC, LBD Raloxifene - ERB LBD

using coordinates from Brzozowski, A. et al. (1997). Nature, 359, 753-753,

1.3.11.5.2.1. Structure of ER bound to full agonists

The agonist-bound structures of both ERO, and ER■ have the ligand buried within the . .
º

hydrophobic core of the protein. The binding pocket of ER and ER differs by only two

Sets of amino acids: Leu 384/Met 354 and Met 421/Ile 391, respectively (174). Helix 12

covers the opening to the binding pocket, thereby exposing certain residues of helices 3,5
sº

and 12 which form a coactivator binding groove to recognize and bind to the NR boxes %

(LXXLL motifs) of the p160 family of coactivators (173, 175). The LXXLL Cº-helix is
--

!
positioned and held in place at each end by a ‘charge clamp' consisting of a conserved º

2
lºlysine in helix 3, and a conserved glutamate in helix 12 (Figure 1.23). This active

conformation is stabilized by agonist ligands, and allows for AF-2 activity of the

receptor, which has been mapped to helix 12 (173, 176).
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Figure 1.23. Comparison of the positioning of helix 12 and the GRIP-1 NR-box

peptide, in the crystal structures of ERo LBD bound to either diethylstilbestrol

agonist, or to hydroxytamoxifen.
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1.3.11.5.2.2. Structure of ER bound to SERMs

Additional crystal structures of the ER LBD bound to SERMs or antagonists, provide /

insight into the structural basis for agonism and antagonism. In contrast to the agonist-
- "- -

bound conformation, the crystal structures of the ERC, LBD bound to hydroxytamoxifen ---------------

(OHT) (173), and raloxifene (69) (Figure 1.22) indicate that the chemical extensions of

the antagonist ligands protrude from the binding pocket and prevent helix 12 from

closing the cavity. This pushes helix 12 instead into interactions with helices 3 and 11,

which partially blocks the coactivator binding surface (Figure 1.23). This displacement of

helix 12 by the ligand extension thus inactivates AF-2 activity, and is important in

modulating the SERM activity of raloxifene and tamoxifen, a model that is termed the

"extension hypothesis.”
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1.3.11.5.2.3. Structure of ER bound to pure antagonists

In the case of the pure antiestrogen ICI 164,384 bound to ERB LBD (177), the steroid

scaffold flips 180 degrees along it’s hydroxyl-hydroxyl axis, so that the terminal portion

of the ligand’s bulky sidechain substituent protrudes from the hormone binding pocket in

the same manner as the SERMs. However the sidechain extends 6 Å further than that of

raloxifene to bind along the coactivator recruitment site, completely destabilizing helix

12 and physically preventing it from adopting either its characteristic agonist or

antagonist orientation. This complete lack of helix 12 association with the LBD may be

significant for the pure antagonist properties of the ICI ligands.

1.3.11.5.2.4. Structure of ER bound to partial agonists or passive antagonists

Ligands without bulky sidechains, such as the ERB-preferred partial agonist genistein

(174), prevent full ER activation by stabilizing non-productive conformations of helix 12

and the ligand-binding pocket, without completely preventing the possible dynamic

equilibrium between the suboptimal and agonist conformations. This can explain how

ER's transcriptional response to certain bound ligands is attenuated, achieving only

partial agonism. It also explains how the subtype-selective agonist/antagonist R,R-THC

(R,R-5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol) (169) is able to antagonize

ERB, despite lacking the bulky amino sidechain characteristic of other SERMs. The

allosteric stabilization of a non-productive ER conformation by R,R-THC is termed

‘passive antagonism.’
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I.3.11.5.3. Peptidomimetic Probes of ER Conformation

A recent approach to reveal the differential effects of ligands on ER conformation,

utilizes affinity selection of phage-displayed peptides (178). Full-length recombinant

ERo or ER■ is immobilized and incubated with phage in the absence or presence of

various ER ligands. The ligand-induced ER-phage interactions vary depending on the

ligand and receptor subtype. The resultant patterns of interactions reflect the ability of

each ligand to induce a receptor conformation that exposes a unique peptide-binding

surface. These experiments have resulted in the identification of peptides that can

discriminate between ERO, and ERB agonist and antagonist complexes, and are useful

probes of subtle changes in protein conformation induced by ligand binding.

1.3.11.6. Interactions between ER and Cofactors

There is a strong interest in characterizing the protein-protein interactions between ER

and its cofactors, to better understand the mechanisms of transcriptional activation and

repression in response to various ligands. In addition, disruption of these interactions can

be potentially used to develop peptide or small-molecule inhibitors.

1.3.11.6.1. GST pulldowns

Glutathione-S-transferase (GST) pull-down assays are used to determine physical

interaction between two or more proteins in vitro. They have been used extensively in

screens to identify previously unknown cofactors for ER and other nuclear receptors, as

well as to confirm predicted protein-protein interactions. A purified and tagged protein

- --- - -- *** - -
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(the bait) is used to capture and pull down a protein-binding partner (the prey). Thus a

GST-ER fusion protein can be used to pull down various cofactors.

1.3.11.6.2. Two-hybrid Assays

The advantage of two-hybrid assays is that they can be performed in a cellular context,

typically in yeast or mammalian cells. Yeast lacks endogenous ERs, so there are no

complications from coexistence of other NRs or cofactors. Cofactor peptides fused to the

Gal 4 DBD are tested for their ability to interact with ER subtypes, expressed as fusions

of the ER LBD and the VP16 activation domain. If the ER-cofactor complex forms, the

VP16 activation domain is recruited to the fl-galactosidase (ß-gal) response element, and

activates transcription of a reporter gene.

1.3.11.6.3. Recruitment of Cofactor Peptides

There is a need to develop high-throughput methods of detecting the interactions of ER

with its cofactors. Recently, a library of known coregulator peptides consisting of the

LXXLL sequence plus 7-8 additional flanking residues at each terminus was synthesized

and used in a high-throughput in vitro binding assay to measure the equilibrium affinity

with the thyroid hormone receptor (179). This method can be used with ER and other

NRS, to determine patterns of cofactor interaction, and potentially predict biological

activity.

■
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Rational design and synthesis of short, constrained O-helical peptidomimetics of the

GRIP1 NR box II has also been achieved (180, 181). These compounds can be used to

select for other non-natural peptidomimetics that disrupt the LXXLL interaction, and can

be potentially used to develop small-molecule inhibitors. In this way, constrained C

helical peptidomimetics have been identified that interact preferentially with the ER

subtypes bound to either estradiol, DES or genistein (182).

1.3.11.6.4. Chromatin Immunoprecipitation

Transcriptional activation is a dynamic process, and chromatin immunoprecipitation

(ChIP) is a technique that can be used in physiological contexts to study the identity and

dynamics of the ER-cofactor complexes that are recruited to specific gene promoters (79,

80). Intact ligand-treated cells are treated with a crosslinking reagent, followed by *** º

Selective immunoprecipitation of protein-DNA complexes with specific antibodies. This

allows the complexes of endogenous transcription factors, receptors and DNA to be º
Studied in their native chromatin and cellular environment. Serial ChIP assays can be º

*::...------.

performed on a time course to evaluate the dynamics of cofactor recruitment.
-

1.3.11.6.5. Fluorescence Resonance Energy Transfer

Fluorescence resonance energy transfer (FRET) is a technique that can be used to

measure ligand-induced, direct interactions between the ER and different accessory

proteins in the cellular environment. This method has been used to study the interactions

between ligand-bound estrogen receptor and p160 coactivator LXXLL peptides,
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expressed in living cells as fusions with spectral variants of the green fluorescent protein

(GFP) (183). Differences in the level of FRET in response to different agonists and

antagonists, is an indication of varying orientations or affinities of the LXXLL

interactions with the hydrophobic binding cleft. This technique can also be used to study

the homo- and heterodimerization of ER subtypes in the presence of different ligands

(184).
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CHAPTER TWO

Synthesis and Activity of SERMs with Differential

Effects at the AP-1 Response Element
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2.1. Overview

The selective ER modulators (SERMs), raloxifene and tamoxifen, modulate transcription

by binding to the estrogen receptors ERo and ER/3, but they have different effects in

different tissues. A triphenylethylene derivative, GW-5638, displays similar tissue

selectivity in rats to raloxifene, suggesting that these ligands may share a mechanism of

action that is distinct from tamoxifen, despite their common scaffold. Interestingly, GW

5638 has a carboxylic acid sidechain, rather than the usual tertiary amino antiestrogenic

sidechain of other SERMs.

In order to understand how the tissue specific effects of these SERMs may be mediated

through interaction at non-classical response elements, we tested their ability to bind the

ERs, and to activate transcription at both a classical ERE and an AP-1 site. Despite no

difference in binding selectivity between the receptor subtypes, GW-5638, and its more

potent hydroxylated derivative, GW-7604, activated transcription more potently with

ERB than with ERo at an AP-1 site. This is in contrast to tamoxifen and raloxifene, which

show no ECso differences between ERo/AP1 and ERB/AP1, but elicit their subtype

Selective responses at AP-1 rather as a result of differences in efficacy.

To assess the chemical structural elements that enable this selective activity of GW-5638,

derivatives were synthesized to perturb the unusual propenoate sidechain. Indeed, these

derivatives did appear to retain selectivity for ERB/AP-1 in terms of potency, however

through changes in efficacy, they became super-agonists of ERO/AP-1. The GW-5638

Sidechain is proposed to promote a more active ER/AP-1 transcription factor complex

with ERB than with ERO,.
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2.2. Introduction

As discussed in Chapter One, the estrogen receptor subtypes, ERC and ERB, control

numerous signaling processes through binding of the natural ligand, the steroid estradiol

(E2), thereby mediating the transcriptional up- or down-regulation of different gene

subgroups in different tissues.

Several ER ligands have been developed with tissue-selective effects. Raloxifene (Ral)

and tamoxifen (Tam) are among the selective estrogen receptor modulators that have

been developed for treatment of osteoporosis and breast cancer, respectively (1).

Tamoxifen is a potent estrogen receptor antagonist in breast tissue; however, patients

undergoing tamoxifen treatment are at 3- to 4-fold increased risk of developing

endometrial cancer, since the drug acts as an estrogen in the uterus, bone and -- * .

cardiovascular system. Raloxifene is prescribed for osteoporosis due to its estrogen-like

activity in bone tissue, and unlike the case with tamoxifen, the risk of both breast and

uterine cancer is reduced because raloxifene acts as an antiestrogen in these tissues

(Table 2.1).
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Table 2.1. Estrogen receptor ligands have tissue specific effects

OH

HO HO
_Estradiol 4-Hydroxytamoxifen Raloxifene

breast causes cell proliferation no no

bone prevents bone loss yes yes
uterus causes Cell proliferation yes no

The molecular basis for these selective ER modulating (SERM) effects remains unclear,

but may involve the presence of different DNA response elements in critical genes that

respond differently to the same ligand. At the cellular level, transcription may be

regulated through interaction of nuclear ER with either the classical palindromic estrogen

response element (ERE) in the upstream promoter regions of target genes, or through

non-classical response elements. An additional factor to consider is that the two ER

Subtypes have separate, but overlapping functions, and are expressed at different levels in

different tissues, along with other coactivators and corepressors. Estradiol generally

stimulates greater transcriptional activity via ERO, than through ERB, and even more

pronounced differences are observed in the case of SERM-bound receptors, and at

alternative response elements (2).
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2.2.1. ER action at AP-1 sites

At a cellular level, response to both estrogens and antiestrogens at an AP-1 site, depends

on the ER subtype (3). Transient transfection assays in HeLa cells using a luciferase

reporter gene, demonstrate that estradiol is an agonist for both ERs at a classical ERE.

However, at an AP-1 site, it elicits transcriptional activation with ERO, but transcriptional

repression with ERB. Moreover, the SERM raloxifene acts with ERB as an antagonist at

an ERE, but an agonist at an AP-1 site. Tamoxifen also shows subtype selective

activation at an AP-1 site (Figure 2.1). Subtype selective activities have also been seen at

other classical and non-classical response elements (4-6).

Figure 2.1. ER ligands regulate transcription differently at an AP-1 site
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As discussed in Chapter One, ER action at an ERE is relatively well-understood: in the

presence of agonist, the ER homodimer binds cooperatively to the DNA, and via the AF

2 domain is able to recruit coactivators which modify the chromatin at the promoter,

resulting in activation of transcription (7,8). The bulky basic sidechain extensions of the
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prototypic SERMs displace helix 12, disrupting the coactivator binding interface and

thereby preventing transcriptional activation at an ERE (2).

The mechanism by which ligand-bound ER regulates activity at alternate response

elements is more complex, and involves indirect interactions with promoter DNA, via

tethered protein-protein contacts. The interaction of ER with the AP-1 site is mediated by

the Fos-Jun heterodimer (9), and there is evidence for at least two mechanisms of ER

mediated activation at AP-1 sites. Molecular models have been presented in an attempt to

explain the ER subtype selective activation by estradiol and known SERMs (10, 11).

These differ with respect to the possible participation of ER either at or away from the

AP-1 complex (Figure 2.2), although there is evidence that in all cases, a conserved

lysine in the DBD is required to regulate ligand activation profiles at AP-1 sites, possibly

by controlling interactions with a modulating repressor (12).
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Figure 2.2. Mechanistic models for ER-mediated transcriptional activation at an

ERE and AP-1 site

a) ER activates at an ERE
by recruiting Coactivators
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bound coactwators to higher activity corepressors away from the AP-1 complexRequires DBD
Requires AF-2; DBD independent?

Site-specific mutagenesis suggests that elements in both AF-1 (N-terminus) and AF-2

(helix 12) cause ERO, to interpret ligands differently than ERB at AP-1 sites (13).

Deletion mutants and chimeras between different regions of ERo and ERB have

Subsequently mapped the differential ligand-response at AP-1, to the N-terminal domain

and the F-region. This suggests a novel inter-domain interaction mechanism that forms

the structural basis of differential ER ligand responses at AP-1, distinct from the

activation mechanism at an ERE (14).
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The physiological importance of the AP-1 response is still controversial. High SERM

concentrations are needed to activate reporter gene transcription at an AP-1 site, and the

promoter construct is artificial, rather than an endogenous gene promoter. There have,

however, been suggestions that tamoxifen-ER■ complexes may activate AP-1 responsive

genes in tamoxifen-stimulated breast cancer tumors, although this would require higher

ERB expression levels that are usually seen (1).

It is important to develop a better molecular level understanding of ligand-induced ER

regulation at these non-classical response elements. Development of compounds selective

for a specific gene subgroup could specifically target these transcriptional mechanisms

within the complex network of ER signaling pathways, and would provide useful tools to

probe the molecular mechanisms behind a particular physiological response.

2.2.2 GW-5638 is a SERM with unexpected in vivo activity

GW5638 was discovered by Willson and colleagues at GlaxoWellcome, and was

reported in rats to be an antiestrogen in the breast, and effective at maintaining bone

density, but with minimal uterotrophic activity (15, 16) (Table 2.2). These tissue effects

are similar to those of raloxifene.
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Table 2.2. GW-5638 has a tissue-specificity in rats that resembles raloxifene

-
GW-5638

breast prevents cell proliferation
bone prevents bone loss

uterus prevents cell proliferation

Surprisingly, the triphenylethylene scaffold of GW-5638 is similar to tamoxifen, but

instead of the usual tertiary amino antiestrogenic sidechain, there is a shorter acrylic acid

group extending from the central ethyltriphenylethylene core. Presumably, the charge

interactions formed between ER and the ligand extension could be important in

determining the estrogen or antiestrogen activity of the ligand at an AP-1 site. We

undertook to study the activity of GW-5638 at an AP-1 response element, and developed

Several analogs (Figure 2.3) to investigate the role of the negatively charged carboxylic

acid side chain in determining the SERM response.
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Figure 2.3. ER Ligands used in this study
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2.3. Results

2.3.1. Synthesis of GW-5638 and its derivatives

2.3.1.1. Synthesis of GW-5638

GW-5638 was synthesized according to a published synthetic route (16), which

incorporates the initial steps of the general synthetic strategy for tamoxifen (17) (Scheme

2.1). Briefly, carbometalation of phenyl(trimethylsilyl)-acetylene with diethylaluminum

chloride-titanocene dichloride, gave an organometallic intermediate which was

brominated with N-bromosuccinimide at –78 °C to give 10 in 80% yield. Stereospecific

replacement of the bromine atom with a phenyl was achieved by palladium-catalyzed

coupling of 10 with phenylzinc chloride under reflux to give the vinylsilane 11 in 85%

yield. Treatment with bromine-sodium methoxide at -78 °C resulted in 40% yield Of the

vinyl bromide 12. The palladium-catalyzed Suzuki coupling of bromide 12 with 4

formylphenylboronic acid under reflux gave the aldehyde 13 in 37% yield. Horner

Emmons reaction of aldehyde 13 with trimethyl phosphonoacetate gave the methyl ester

14 in 43% yield. Saponification of 14 with potassium hydroxide gave 100% yield of the

acid GW-5638 (5).
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Scheme 2.1. Synthesis of GW-5638 (5) and its methyl ketone derivative (8)

TMS TMS TMS
1) Et2AICI, (C5H5)2TiCl2, DCM, 25°C S PhznCI, Pd(PPh3)4
—- Br -> S
2) NBS, DCM, -78 – 25 °C THF, reflux

80 % 10 85 % 11

Br2, DCM
NaOMe, MeOH
-78 – 25 °C

Š

40%

Pd2(dba)3-CHCl3 S
K2CO3 (aq)

O O

B J(MeO)2^ OCH3
KHMDS

THF, -78 – 25 °C → 50 °C acetone, reflux 12

43% 37 %

? O
2P

KOH (aq) o (EtO)2 CH3
100%| MeOH, THF 36% KHMDS

25 OC THF, -78 – 25 °C → 50 °C

ketone

2.3.1.2. Synthesis of GW-7604

In the case of the more potent analog, GW-7604 (6), which contains a hydroxyl group On

one of the phenyl rings, the synthesis was modified to carry through the hydroxyl group

protected as a t-butyl ether (Scheme 2.2).
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Scheme 2.2. Synthesis of GW-7604 (6) and its methyl ketone derivative (9)

CIZn OtBu

TMS
( )

TMS | S Br2, DCM Br
C

Brºs. Pd(PPh3)4 S 2J NaOMe, MeOH S
THF, reflux -78 – 25 OG

10 t-BuO 15 t-BuO 16 CHO

(HO)2B^ º
Pd2(dba)3-CHCl3
P(tBu)2, KF
THF

OS H

O O

| S

—“- (MeO)2^ OCH3 Oo <-

MeoH/H2O, 25°C KHMDS t-BuO 17
o - -> o

58% ten THF, -78 – 25 °C 3
96% P J

-
EtO CH

19 (R=OIBu) TFA CF2CH2OH s2% | *% 3
6 (R=OH) DCM KHMDS

THF, -78 – 25 °C

86 % 69%

46%

GW-76O4 9 %

20 (R=OtBu) TFA, CF2CH2OH
9 (R=OH) DCM

4-hydroxyketone 76%

Other phenol protecting groups such as tetrahydro-2H-pyran (THP) and triisopropylsilyl

(TIPS) were considered, however the THPether Was unable to withstand the Suzuki

coupling to the vinyl bromide, and the TIPS was sensitive to the carbometalation Step

with zinc chloride. The t-butyl ether was cleaved with tetrabutylammonium fluoride and

trifluoroethanol as a scavenger. Several Suzuki coupling procedures were successfully

utilized to couple the vinyl bromide 16 to the 4-formylphenylboronic acid, in addition to

the conditions shown in Scheme 2.2 (Table 2.3).

ºr--
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Table 2.3. Conditions for Suzuki Coupling

Successful Suzuki coupling reagents
for synthesis of 17

Pd2(dba)3CHCl2, P(tBu)2, KF, THF
Pd(PPh3)4, CsCO3 (aq), toluene, EtOH, acetone
Pd(PPh3)4, K2CO3 (aq), H2O, acetone

2.3.1.2.1. Isomerization of the 4-hydroxy triphenylethylene scaffold

While the synthesis of GW-5638 produces only the desired Z double bond geometry at

the triphenylethylene core, the synthesis of GW-7604 produces a mixture of Z and E

isomers. The olefin isomerization occurs in the bromination step that provides bromide

16, and involves addition of liquid bromine, followed by sodium methoxide, intended to

quench excess hydrogen bromide. Investigation of a variety of alternative conditions to

prevent this isomerization was unsuccessful. These included maintenance of reduced

temperature, varied bromine concentrations, modified workup conditions, and attempts to

remove excess bromine by evaporation or vacuum. Alternative reagents and methods for

bromination and iodination were also unsuccessful (18-21) (Table 2.4). However, I was

able to find conditions to precipitate the undesired Z isomer of GW-7604, such that

preparations of pure Z and E/Z mixtures could be obtained.

*…* --
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Table 2.4. Halogenation conditions that were explored in an attempt to reduce E/Z

isomerization

Unsuccessful halogenation
conditions

NBS, NaOMe, DCM, reflux
NBS, TBAF, pyridine.(HF)2, DCM, THF
Br2, DCM, work-up with Na2SO3
Brz, CSFI, DCM
Brz, K2CO3, DCM, MeCN, H2O
Br2, K2CO3, CCl4, MeCN, H2O
Brz, pyridine-(HF)2, DCM
Br2, 18-crown-6 ether, KF, DCM
NIS, NaOMe, DCM

2.3.1.3. Synthesis of Derivatives of GW-5638 and GW-7604

A Horner-Emmons reaction with diethyl(2-oxopropyl)-phosophonate was used to convert

the aldehyde intermediates 13 and 17 to analogs where the carboxylic acid was replaced

with a methyl ketone (8 and 9) (Schemes 2.1 and 2.2). The synthesis of 9, the methyl

ketone derivative of GW-7604, produced a mixture of Z and E isomers that Were

inseparable. The GW-5638 carboxamide (7) was prepared by Ross Weatherman,

following the published procedure (16).

Attempts to synthesize the alcohol 21 via reduction of GW-5638 (5) with hydroborane

were unsuccessful, however reduction of the methyl ester (14) with diisobutyl-aluminium

hydride (DIBAL-H) and lithium aluminum hydride, resulted in formation of the alcohol

21 (Scheme 2.3). Rigorous testing of this compound Was "9" pursued. Attempts at

reduction of the methyl ester 18 to the alcohol 24 using polymethylhydrosiloxane with

catalytic tetrabutylammonium fluoride (22) Were unsuccessful, as was synthesis of the
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ethyl propiolate 23 via palladium-catalyzed Suzuki coupling of borolane 22 to the

aldehyde 13 (Scheme 2.3).

Scheme 2.3. Synthesis of alcohol (21) and attempted synthesis of ethyl propiolate (23)

DIBAL-H, LiAlH4
---

THF, -78 – 25 °C PMHS, TBAF, THF

C O O
NaOH SO

SS no reaction S. 22t-BuO
-

18

45%

t-BuO

Pd2(dba)3°CHCl3
K2CO3 (aq)
acetone, reflux

----------------------------- * * * * * * --

no reaction

2.3.2. Ligand binding to ERo and ER■

All compounds were tested for binding affinity to full-length ERo and ERB in a

competition assay with radiolabeled estradiol (Table 2.5). GW-5638 and GW-7604 did

not show binding selectivity between ERo and ERB. GW-5638 bound" both ERS with

five to eight percent of the affinity of estradiol, whereas GW-7604 bound to both ERS

with fifteen percent of the affinity of estradiol. The methyl ketone derivatives 8 and 9 had

roughly five to ten fold lower binding affinity for ERC and ERB compared to their

carboxylate analogs, suggesting that the acid moiety is involved in an important binding

COntact.
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Table 2.5. GW-5638 and its derivatives show similar relative binding affinities for

ERo & ERB

ligand Relative Binding Affinity
ERCI ERB

estradiol (1) 100 100

4-hydroxytamoxifen (3) 36 43

raloxifene (4) 34 76

GW-5638 (5) 5 8

GW-7604 (6) (Z&E isomers) 15 15

GW-7604 (Z-isomer) 2 1

Ketone (8) 1.3 0.2

4-hydroxyketone (9) (Z&E isomers) 2.4 1

Relative binding affinities are expressed as a percentage of the potency of E2, found
to have an ICso of 5 nM for ERa and 3 nM for ERB.

One of the well-documented difficulties of working with the 4-hydroxylated tamoxifen

derivatives is the facile E/z isomerization, particularly in the cell-based-assays used to º

measure activity (23, 24). Compared to the E/Z mixture, the pure Z-isomer of GW-7604

shows eight fold lower affinity for ERo and fifteen fold lower affinity for ERB. A similar

difference was seen between the two isomers of hydroxytamoxifen in binding to Pº" º

(23). In that case, isolation of hydroxytamoxifen from estrogen receptors in cell-based

assays resulted in recovery of only the higher affinity form (23). With a similar difference

in binding affinity for the two isomers of GW-7604, any activity seen in cell-based assays

since it will be the predominantwith the E/Z mixture can be attributed to the E isomer,

isomer that is bound to the receptor.
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2.3.3. Ligand Activation at ERE and AP-1 sites

GW-5638 and GW-7604 were tested for their effects on ER-mediated transcription in

HeLa cells using reporter gene assays. Two luciferase reporter gene constructs were used,

one regulated by a consensus ERE (the vitellogenin A2 ERE-tk promoter), the other by

an AP-1 response element from the upstream region

studies, a Gly400Val point mutant of ERO was used

of the collagenase gene. For these

. This mutant, called HE0, shows

lower ligand-independent activity and has been described previously with the AP-1

response element (3). In our present studies, as before, the ligand-dependent activity of

HE0 was no different from wild-type ERO, for any of the compounds tested.

With an ERE-driven luciferase reporter, GW-5638 and GW-7604 antagonized the

estradiol response of ERo and ERB (Figure 2.4), consistent with previous reports (15).

Figure 2.4. GW-5638 and GW-7604 are competitive antagonists of E2 (0.1 nM) at

an ERE º:

**.

at ERE at ERE

GW-5638 GW-7604
e

100+ F---------------- º
-

- ***s, * C 1991------> --, - ERC, O
5 80 *: .9 ** - *~,
†: *... ERa # 7° `... º. o Cric OH£ 60 *

--
• ER® -, *wº +- [3 O

O *** § 50– ** *§ 40 * **, *, *,
§§ * §§ ** **,

w - ** **

20 H e ERB ** 25 i "--- s
O `--4---------,

0 —? O i i º 5
9 8 -7 s -5 9 -8 7 6

log ■ ligand] (M)

Curve represents the best ■ it to a singe-site competition binding model. 100

log ■ ligand] (M)

% activation represents activity with 0 1 nM E2 alone,
HE0 version of ERa was used.
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With an AP-1 driven luciferase reporter, differences in ligand activation between ERC,

and ERB were seen with GW-5638 and GW-7604. Dose response curves for GW-5638

and GW-7604 show that the two compounds activate transcription with ERB more

potently at the AP-1 site than with ERo: the ECso value of induction with ERB is at least

15 times more potent than with ERo for GW-5638 and approximately 50 times more

potent for GW-7604 (Figure 2.5).

Figure 2.5. GW-5638 and GW-7604 selectively activate ERB at an AP-1 site

at AP-1 at AP-1 ** > .

4– GW-5638 4 GW-7604
... --

| O ...” £------
3– - -

..** ---§ C C OH #" ERB É 3 ,” -*** *
# O A §

-
ER■ y

-
ER3.

§ 2- A g 2– A A
--

IE .” IC ,” .."
S

- - -

...” o • * ! ---" - O
1 t------- -------2-t-------- * ----" *º- 1 !---" t------ --

-- • ERC■ HO C C OH
O

0 I I i i O i i i T l -->

9 8 -7 -6 -5 10 -9 -8 -7 -6 -5 - rº,

log ■ ligand] (M) log ■ ligand] (M) ** - a ---ºf

- - -- - - -
del.Curve represents the best fit to a singe-site sigmooidal dose-response mo

Fold activation determined relative to the response with no hormone Prese" HEO version of ERa was used

In contrast, 4-hydroxytamoxifen and raloxifene induce responses with ERO, and ERB that

differ only in the magnitude, or efficacy, of the transactivation. Tamoxifen induces a

stronger response with ERo than with ERB and raloxifene induces a stronger response

with ERB than with ERO, but both compounds have similar ECso values for reporter
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induction (Figure 2.6). This is the first report of ER-mediated induction of transcriptional

activation by GW-5638 or GW-7604.

Figure 2.6. Tamoxifen and Raloxifene achieve their subtype selectivities at AP-1 by

changes in efficacy, not potency

at AP-1 at AP-1

4– 4-Hydroxytamoxifen Raloxifene

2.-------" º

§ 2. .*.------- +------- - #
is: ...--~" • ERB :
9 F-4

- S

O i I i | 0 i T I i

10 9 -8 -7 -6 -10 -9 -8 7 6

log ■ ligand] (M) log ■ ligand] (M)
Curve represents the best ■ it to a singe-site sigmooidal dose-response model.

Fold activation determined relative to the response with no hormone present. HE0 version of ERa was used.

When the carboxamide (7) and the ketone analogs (8 and 9) were tested in transactivation

assays at an ERE site, all three compounds were found to be antagonists of estradiol

activation with both ERO, and ER■ . However at the AP-1 site, agonism was observed and

the carboxamide (7) and 4-hydroxyketone (9) showed much stronger activation with ERO,

than with ERB (Figure 2.7). In a dose response experiment, the hydroxyketone (9) was

found to activate ERB more potently that ERO, yet showed a much higher magnitude of

activation with ERO, than ERB. The higher level of activation, or efficacy, with ERO,

compared to ER■ , resembles the profile of 4-hydroxytamoxifen (Figure 2.6) rather than

that of GW-5638 and GW-7604.
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Figure 2.7. Strong activation of ERo at an AP-1 site is regained by replacement of

the acid moiety with a neutral or basic group
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2.4. Discussion

2.4.1. Mechanism of ER3-selective signaling at the AP-1 site

Ligand binding experiments show that there is no ERO/ERB binding selectivity for GW

5638, GW-7604 or the ketone derivatives 8 and 9 (Table 2.5). Although these compounds

have a weaker binding affinity than 4-hydroxytamoxifen and raloxifene, they are similar

in that they do not discriminate between ERC and ER■ in terms of binding affinity.

Furthermore, competition experiments at the ERE site show that these compounds have

similar ICso values with ERO, and ER■ for antagonism of an estradiol response, a property

that is again similar to 4-hydroxytamoxifen and raloxifene (Table 2.6). However, the

properties of the GW series of compounds at the AP-1 site differ from those of 4

hydroxytamoxifen and raloxifene. All of the compounds are agonists of transactivation at

AP-1, and show greater potency with ERB than with ERC (Table 2.6). GW-7604 is

approximately fifty times more potent at inducing activation with ERB than with ERO,.

This differs from 4-hydroxytamoxifen and raloxifene, which show similar potencies with

ERO and ER■ , but exert their subtype selective effects at AP-1 by means of changes in

the levels of maximum induction, or efficacy (Table 2.6). The 4-hydroxyketone

derivative (9) shows differences between ERC and ER■ in both the potency and the level

of maximum induction. Taken together, these results indicate an unusual situation in

which ligand binding affinity for the two estrogen receptors of GW-5638 and GW-7604

is not directly connected to potency of ligand induction at an AP-1 site.
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Table 2.6. Comparison of ligand activities shows that GW-5638 and its derivatives

act as antagonists of E2 at an ERE, and as agonists at AP-1 sites, with ECso potencies

favoring ERB

ICso at ERE ECso at AP-1 site

ERO. ER■ , ERC. ER■ ,

GW-5638 (5) 2.6 p.M 3.8 p!M > 10 JM 730 nM

GW-7604 (6) 130 nM 43 nM 240 nM 5.1 nM

carboxamide (7) n.d. n.d. 960 nM 480 nM

ketone (8) 5.6 pm 1.2 p!M >10 pm >10 p.M

4-hydroxyketone (9) 50 nM 15 nM 2.2 p!M 110 nM

Competition experiments performed versus 0.1 nM E2. IC50 values determined using a single binding
site competition model. EC50 values determined using a single binding site sigmoidal dose-response model

This suggests that there may be different mechanisms of ligand induction for ERo and

ER■ at AP-1 sites. Ligand binding by the estrogen receptor is merely the first step in a

pathway that leads to transcriptional activation. Other accessory proteins must interact

with the receptor after ligand is bound, to form a transcriptionally active complex (7,8).

The fact that GW-5638 and GW-7604 as well as their ketone derivatives (8 and 9) are

able to activate transcription at the AP-1 site more potently with ERB compared to ERO,

Suggests that the accessory proteins necessary for activation are recruited more efficiently

by liganded ERB than by liganded ERC. GW-5638 and GW-7604 bind to ERB to produce

a strongly active ER/AP-1 complex, whereas the same two drugs bind to ERo to produce

a more weakly active ER/AP-1 conformation. Therefore, in this situation, the affinity of

the ligand for each receptor subtype is less important in determining the overall activity
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of the compound, than the ability of the ligand-receptor complex to transduce signals to

the basal transcription machinery.

The work reported here demonstrates that compounds without binding selectivity for

ERo and ERB can still show significant ERO/ERB selectivity in ligand induction.

Mutational analysis suggests that domains in addition to the ligand binding domain are

important in binding putative accessory proteins involved in the AP-1 response (25). This

means that ligand binding can cause different interdomain interactions in ERO compared

to ERB and that this may be the underlying explanation for the differences in the AP-1

activity of the two subtypes in response to different ligands. In support of this model,

interchanging the highly different N-terminal domains of ERO, and ER■ has a dramatic

effect on the response of the two subtypes to tamoxifen and raloxifene at the AP-1 site

(14).

2.4.2. Structural insights into the effect on ER conformation

Although its triphenylethylene structure is a derivative of that of tamoxifen, GW-5638

displays an in vivo activity profile similar to that of raloxifene, acting as an estrogen in

bone, but as an antiestrogen in the breast and uterus (Table 2.2). The similarity of GW

5638 to raloxifene is further extended to its in vitro agonist activity with ERB at an AP-1

site. The carboxamide and methyl ketone derivatives of GW-5638, lacking a negatively

charged extension (Figure 2.3), become highly efficacious agonists at ERO, thereby

losing the ERB-selective induction at an AP-1 site. These results suggest that the charge

interactions formed between the estrogen receptor and the ligand extension could be

2

l
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important in determining the agonist or antagonist activity of the SERMs at an AP-1 site.

The interactions of the raloxifene and GW-5638 extensions, which show ER3-selectivity

at AP-1, must differ fundamentally from the effect of the tamoxifen extension, which acts

more strongly at ERO / AP-1.

Analysis of the ligand contacts formed by 4-hydroxytamoxifen and raloxifene in the

binding pocket of ERO (26, 27), show that the SERMs form similar interactions to

estradiol, as well as picking up additional interactions between the receptor and the basic

extension (Figure 2.8). Interactions of the terminal phenolic hydroxyls of the ligand

scaffold with Glu353 and Arg394, help to anchor the ligands in the receptor binding

pocket.

Figure 2.8. Molecular Determinants of Ligand-binding to ERO.
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In the estradiol-bound structure, Asp351 of helix 3 forms an interhelical interaction with

a backbone amide in helix 12. However, in the raloxifene-bound structure, Asp351 is

hydrogen-bonded to the positively charged piperidinium nitrogen of the ligand extension,

which appears to be an important element in determining its antagonist activity (26). By

shielding or neutralizing the negative charge of Asp 351, raloxifene is able to silence both

the AF-1 and AF-2 activity of the receptor. In the tamoxifen-bound structure, Asp351 is

too far from the positively charged amine to form a hydrogen bond, however electrostatic

interactions are still possible (27). The negatively charged carboxylic acid extensions of

GW-5638 and GW-7604 are unable to form hydrogen bonds with Asp351, but rather the

acid extension must repel Asp351, or perhaps form alternative interactions with

positively charged residues, thereby altering the surface charge of the ERC complex.

Upon simple modeling of GW-5638 in the binding pocket of the 4-hydroxytamoxifen

bound ERC, crystal structure (27), we were unable to discern any significant contacts

between the extension and positively charged residues. However, molecular modeling by

others has subsequently shown that the carboxylic acid of GW-7604 causes a strong

repulsion of Asp351 (Figure 2.9) (28). Mutational studies have suggested that

antiestrogens must either neutralize or displace the negative charge at Asp351, thereby

removing a charged site required for the binding of a novel coactivator (29, 30). If this

charge is extended beyond the reach of the raloxifene or hydroxytamoxifen side chain, as

in the Asp351Tyr mutant, then coactivators bind, and these SERMs show estrogenic

activity. In the same way, GW-7604 acts as an estrogen with the Asp351Tyr ERO, since

the surface charge is restored (28).
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Figure 2.9. Molecular modeling showing possible positioning of 4-OHT and GW

7604 in the ERo LBD (docked using Affinity software)

Reproduced with permission from Bentram DJ Jordan vo et al. (2001) Endocrinology 142838-846 € 2001 The Endocrine Society

The argument for a distinct conformational change as a result of GW-7604 binding to

ERs, has been strengthened by comparisons using novel phage-displayed peptides, of

ligand-induced protein conformation (31). ERO, in complex with either 4

hydroxytamoxifen, iodoxifene, raloxifene, GW7604 or ICI 182,780, was shown to

interact with a distinct pattern of novel phage-displayed peptides in each case. These

Studies demonstrate that the interaction of the negatively charged sidechain of GW-7604

With ER, produces subtle but significant differences in the surface conformation of ERC,

(31).
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2.4.3. Correlating SERM activity with the AP-1 response

A signature feature of compounds that target the estrogen receptor is that they often show

different effects in different tissues. For instance tamoxifen has antiestrogenic properties

in breast tissue but estrogenic properties in uterine and bone tissue. In contrast, raloxifene

is antiestrogenic in uterine tissue while still maintaining estrogenic activity in bone. At

the AP-1 site, raloxifene shows greater activation with ERB compared to ERO, whereas

tamoxifen shows greater activation with ERO.

The possibility that the activation of transcription at ERO via the AP-1 site might be |

correlated with the estrogenic properties in uterine tissue is further strengthened by this

work. GW-5638 shows greater ERB activation at the AP-1 site while the carboxamide

analog (7) shows greater activation with ERO. This can be correlated to the original

report on the compounds; GW-5638 lacked uterotrophic activity in rats whereas

estrogenic activity in the uterus was seen with the carboxamide derivative (16).

Further studies with GW-7604, the presumed metabolite of GW-5638, have shown that * * -------

GW-7604 prevents estradiol-stimulated proliferation of both endometrial and breast l

cancer cell lines, more so than 4-hydroxytamoxifen, which is weakly estrogenic at low º

concentrations (28). This antiestrogenic activity has been confirmed in additional studies

With GW-5638 in mice. GW-5638 did not promote tumor growth, and was effective in
* |

blocking the effects of estradiol on the growth of tamoxifen-naïve breast and endometrial

tumors. GW-5638 was in fact more effective than raloxifene in blocking the endometrial

tumor growth (32). Like raloxifene, GW-5638 has been shown to enhance ubiquitination
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of ER (32), resulting in degradation by the 26 S proteasome and a decrease in ER levels,

in comparison to tamoxifen which is hypo-ubiquitinated (33), and ICI182,780 which

completely degrades the receptor. These results suggest that GW-5638 could be

developed as a second line agent for advanced breast cancer patients.

2.5. Conclusions and Future Directions

Prior to our work, there were no reports of transcriptional activation by GW-5638 – only

antiestrogenic in vitro activities at a classical ERE had been reported. We have shown

that GW-5638 activates transcription at an AP-1 site in an ER subtype specific manner.

We have further demonstrated that the ER subtype selectivity of a given ligand at an AP

1 site cannot be determined solely by binding affinity to ERo and ERB.

While we have provided evidence for a unique mechanism of ER transactivation by GW

5638 and its derivatives at an AP-1 site, the details of this process remain undefined. The

models that have been proposed to account for the selective activation by SERMs at an

AP-1 site (10, 11) (Figure 2.2) need to be validated, and tested for applicability to other

non-classical response elements. In order to do this, the identity, interactions and

dynamics of the cofactors involved in the transcriptional process must be elucidated.
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Several possibilities underlie the mechanisms whereby SERMs exert their tissue-specific

effects (34). Relative levels of ERo and ERB can play a role (35), and the proportion of

co-regulators in the target tissue can indirectly control the signal transduction pathways.

Ligand-induced conformational changes result in unique interaction surfaces on the

SERM-ER complex, which can interact with different subsets of coactivators or

corepressors (36, 37). Tethered interactions of the SERM-ER complex with non-classical

response elements, such as AP-1 site, are also thought to contribute to the tissue

selectivity of SERMs (38), which was the focus of our current study.

Our results have established a correlation between the tissue estrogenic profile of a panel

of selective estrogen receptor modulators (SERMs) and their activation profile in an ER

mediated transcriptional assay. However, the physiological relevance of this estrogenic

activity at an AP-1 site has yet to be ascertained. If further studies are able to validate this

evidence by determining the molecular mechanisms behind estrogen receptor signaling,

then we will have a model that enables us to predict the tissue effects of a potential drug

candidate, before it is carried through to clinical trials.

Ligands that show selective activity at specific DNA response elements, allow for

individual targeting of the mechanisms behind the complex ER signaling pathways. We

have found that small changes to ligand structure, can have a significant impact on ER

activity. Subsequent work in our lab has assessed the role of the ketone linkage, present

in raloxifene but absent in tamoxifen, in ER signaling at AP-1 sites (39). The selective

ligands described in this study, together with new compounds such as those described in
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Chapter 3, will help to dissect the molecular mechanisms of ER signaling. Establishment

of the relationship between the structure of the SERM-ER complex and its function, will

enhance the development of novel compounds with unique biological activities and

potentially avoid premature drug resistance.

2.6. Experimental Methods

2.6.1. Biological Methods

2.6.1.1. General Molecular Biology Procedures

The construction of the expression vectors for both hERO (HE0) and hERB, as well as the

AP-1 regulated luciferase construct (AColl73-luc) have been previously described (3, 40).

The ERE-driven luciferase reporter gene consists of two repeats of the upstream region of

the Vitellogenin ERE promoter from –331 to —289, followed by region –109 to +45 of the

thymidilate kinase upstream region and the luciferase gene. Whereas a point mutant of

ERO (HE0) that has a lower hormone—independent response was used in these studies,

previous experiments have shown that there are no differences in the responses of the

HE0 mutant and the wild type ERo at the AP-1 site (3). The longer form of ERB (ERB1)

With 149 residues in the N-terminal domain was used in transfection experiments. No

significant differences in the activation at either the ERE or AP-1 site were observed with

the shorter version of ERB with 96 residues (data not shown).

123



1411. Tissue c.

Hilatells we■ t gº

■ ºglglutamin

■ ºmewbom calf

(m. Fortransient

bufferin Q4 cm g

with 5 gofther

\{O■ forligand

the AP-1 respons

::Imporationb

Insected by el

Transfected cells

Supplemented as

ºntreated wit

isits at 2ml |

hºusufincuba

At 4hours

immthe Wells

"mW potas

minutes at IOC

ºffense &SS

SmN POtaS



2.6.1.2. Tissue culture, transfection and luciferase assays

HeLa cells were grown in 0.1 pm filtered DME supplemented with 4.5 g/L glucose,

0.876 g/L glutamine, 100 mg/L streptomycin sulfate, 100 units/mL of penicillin G and

10% newborn calf serum. Cells were grown to a density of not more that 5 x 10" cells per

cmº. For transient transfection assays, cells were suspended in 0.5 mL electroporation

buffer in 0.4 cm gap electroporation cuvettes at approximately 1.5 x 10° cells per cuvette

with 5 pig of the reporter plasmid and the optimal amount of the receptor expression

vector for ligand activation, determined previously to be 5 pig plasmid per transfection for

the AP-1 response or 1 pig expression plasmid per transfection for the ERE response. The

electroporation buffer consisted of 0.2 pm filtered PBS and 0.1% glucose. Cells were

transfected by electroporation at a potential of 0.25 kV and a capacitance of 960 mP.

Transfected cells were pooled and immediately resuspended in growth media

Supplemented as described above with the exception that the newborn calf serum had

been treated with charcoal as described previously (3). Cells were plated into 6 or 12 well

dishes at 2 mL per well at a density of approximately 1 x 10° cells per well. After two

hours of incubation at 37°C, hormones were added in 2 pil of ethanol.

After 24 hours of incubation at 37 °C, the cells were lysed by first removing the media

from the wells, washing with PBS and then adding 0.2 mL of lysis buffer consisting of

100 mM potassium phosphate (pH 7.5), 0.2% Triton X-100 and 1 mM DTT. After 10

minutes at room temperature, 0.1 mL of the lysate was combined with 0.3 mL of the

luciferase assay buffer consisting of 25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA,

15 mM potassium phosphate (pH 7.8) with the addition to a final concentration of 1 mM
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DTT, 2 mM ATP and 0.2 mM luciferin. Luminescence was measured for 10 seconds

with a Monolight 3010 luminometer (Analytical Luminescence Laboratory, San Diego,

CA). In dose response experiments, the transcriptional activation with increasing amounts

of added ligand, yielded an ECso value, indicative of the potency of ER activation at the

specific response element. Antagonist properties were measured in competition assays,

i where an increasing amount of ligand is added to compete away a constant level of E,

agonist, in order to calculate an ICso value. Each hormone dose was performed in

triplicate and the relative error was determined by calculating the standard error of the

three values from the mean. Experiments were conducted multiple times to ensure

reproducibility of the results.

2.6.1.3. ER binding assays

The relative binding affinity of compounds for ERo and ERB was determined using a

Spin column assay with commercially available full length forms of both ERo and ERB

(Pan Vera Corp, Madison, WI). Receptor was added to a final concentration of 15 nM to a

Solution containing 10 mM Tris, pH 7.5, 10% glycerol, 2 mM DTT and 1 mg/mL BSA

and 3 nM (2,4,6,7,16,17-’H]-estradiol at 4 °C. 100 pil of the solution was added to 1 ML

of the ligand in ethanol, mixed gently by pipetting and incubated at 4 °C overnight. The

mixture was then applied to a micro spin column containing G-25 Sephadex (Harvard

Apparatus Inc.) equilibrated in binding buffer (minus tritiated estradiol) according to the

manufacturer’s instructions. Bound estradiol was separated from free ligand by spinning

at 2,000x g for 4 minutes at room temperature. The filtrate was then added to 2.5 mL of

Scintillant and counted in a liquid scintillation counter. Each point in the binding curve
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represents the average of two separate experiments and the curve was fit using a single

binding site competition model with the Prism statistical analysis software package. The

standard deviation was determined to be less than 0.2 log units from the ECso value.

Percent relative binding affinity was then determined by dividing the ICso determined for

unlabeled estradiol by the ligand ICso and multiplying that by 100.

2.6.2. Chemical Methods

2.6.2.1. General Chemical Procedures

2.6.2.1.1. Purification and Analysis

Proton and carbon-13 nuclear magnetic resonance spectra ("H NMR, "C NMR) were

obtained on a Varian" INOVA 400 (400 MHz) instrument; 'H NMR chemical shifts are

reported as 6 values in parts per million (ppm) downfield from internal tetramethylsilane,

or downfield from residual H2O peak in CD,OD; "C NMR chemical shifts are reported as

ô values with reference to the solvent peak. The following abbreviations are used to

describe peak splitting where appropriate: S=singlet, d=doublet, t-triplet, q=quartet,

bS=broad singlet, m-multiplet. High resolution mass spectrometry (HRMS) using

electrospray ionization (EI) was performed by the National Bio-Organic, Biomedical

Mass Spectrometry Resource at the University of California, San Francisco. Flash

column chromatography on crude products was performed using 230-400 mesh silica gel

(Aldrich Chemical Co.) or 40-63 pm EMD"Geduranº Silica Gel 60 (VWR

International), using the general procedure described by Still (41). Preparative thin layer

chromatography (pTLC) was run using glass precoated silica gel plates (250 pm, particle
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size 5 to 17 um, pore size 60 Å, 20 x 20 cm; Aldrich Chemical Co. Z12272-6). Purity of

all compounds was determined by thin layer chromatography (TLC) using commercial

silica gel plates (Alltech, Alugram® Sil B/UV 254) and by "H NMR and HRMS.

Developed TLC plates were visualized using short wave ultraviolet light (254 nm), and

were typically stained using a p-anisaldehyde solution followed by heating with a heat

gun.

2.6.2.1.2. General Synthetic Methods

Glassware was oven or flame-dried prior to use, and reactions were performed under

argon inert atmosphere that was passed through a Drierite drying tube. Dichloromethane,

diethyl ether, dimethylformamide, methanol, tetrahydrofuran and toluene were dried

using the procedure recommended by Grubbs, using the Solvent purification system

manufactured by Glass Contour, Inc. (Laguna Beach, CA). Prior to the installation of this

System, anhydrous solvents were purchased from Aldrich Chemical Co. and in some

instances, tetrahydrofuran (anhydrous) was additionally purified by distillation from

Sodium metal. All other reagents were purchased from Aldrich Chemical Co. and were

used without further purification. The term ‘solvent was removed under reduced

pressure’ generally implies rotary evaporation, followed by use of a high-vacuum pump.

2.6.2.2. Synthesis of Compounds

The experimental method for synthesis of GW-5638 (5) and its carboxamide derivative

(7), has been previously described (16).
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(3E)-3-(4-■ (12)-1,2-diphenyl-1-butenyl)phenyl)-3-buten-2-one (8)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in toluene) (253 pull, 0.13 mmol)

was added to a stirring 0 °C solution of diethyl (2-oxopropyl)phosphonate (24 ML, 0.13

mmol) in tetrahydrofuran (0.8 mL). After stirring for 15 minutes at 0 °C, the solution was

cooled to —78 °C, and a solution of 1,2-diphenyl-1-(4-formylphenyl)-but-1-ene (33 mg,

0.11 mmol) (14) (16) in tetrahydrofuran (0.4 mL) was added dropwise. The reaction was

stirred at –78 °C for 5 minutes, then allowed to warm to room temperature and stirred 20

hours overnight. The solution was poured into saturated sodium chloride, extracted with

ethyl acetate, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure. The crude oil was purified by flash column chromatography (0%-5%

ethyl acetate-hexanes) to give 8 as a yellow oil (13.3 mg, 0.038 mmol) in 36% yield: R,

0.26 (10% ethyl acetate-hexanes); "H NMR (CDCL) 60.94 (t, J = 7.6 Hz, 3 H), 2.31 (s, 3

H), 2.48 (q, J = 7.6 Hz, 2 H), 6.56 (d, J = 16 Hz, 1 H), 6.90 (d, J = 8.0 Hz, 2 H), 7.11

7.38 (m, 13 H); "C NMR (CDC1,) 13.47, 27.50, 29.00, 127.43, 127.47, 127.84, 127.99,

128.16, 128.28, 128.57, 129.49, 129,58, 130.16, 130.76, 131.34, 138.05, 141.78, 143.21,

143.36, 198.41 ppm; HRMS (EI) exact mass calculated for C.H.O. 352.1827, found:

352.1826.

Z-2-phenyl-1-(4-tert-butoxyphenyl)-1-trimethylsilyl-but-1-ene (15)

A Solution of lithium 4-tert-butoxybenzene was prepared by adding n-butyl lithium (2.5

M in hexanes) (3.17 mL, 7.94 mmol) to a -78 °C solution of 4-tert-butoxybromobenzene

(1.81 g, 7.94 mmol) in tetrahydrofuran (20 mL). The reaction was stirred at -78 °C for 30

minutes. In a separate flask, anhydrous zinc chloride (1.04 g, 7.94 mmol) was dissolved
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in tetrahydrofuran (23 mL) and a solution of 4-tert-butoxyphenylzinc chloride was

prepared by adding the lithium 4-tert-butoxybenzene solution at such a rate that a slow

reflux was maintained (17,42). The solution was refluxed an additional 30 minutes, then

cooled to room temperature. Tetrakis(triphenylphosphine)palladium(0) (0.13 mmol) was

added to a solution of (E)-1-bromo-2-phenyl-1-trimethylsilyl-1-butene (10) (1.5 g, 5.29

mmol) in tetrahydrofuran (6 mL) and stirred at 25 °C for 5 minutes. The 4-tert

butoxyphenyl zinc chloride solution was then added and the reaction was refluxed 17

hours overnight. The solution was cooled to room temperature, quenched with 3 N

hydrochloric acid, extracted with hexanes, washed with Saturated sodium bicarbonate and

dried over anhydrous magnesium sulfate. Solvent was removed under reduced pressure.

The crude product was purified by flash column chromatography (silica, 0%-4% ether

hexanes) to afford 15 as a white crystalline solid (1.61 g, 4.56 mmol) in 86% yield: R, |

0.58 (10% ethyl acetate-hexanes); ‘H NMR (CDCl3) 6-0.36 (s, 9 H), 0.72 (t, J = 7.6 Hz, rºº

3 H), 1.36 (s, 9 H.), 2.15 (q, J = 7.6 Hz, 2 H), 6.89 (d, J = 8.4 Hz, 2 H), 6.95 (d, J = 8.4 |

Hz, 2 H), 7.21 (d, J = 6.4 Hz, 2 H), 727-7.34 (m, 3 H); "C NMR (CDCl3) 0.10,12.80,
º ---

28.89, 30.05, 78.03,123.80,126.68, 127.66, 128.37, 128.98, 139.64, 140.50, 144.00, :
º f

152.67, 155.52 ppm; HRMS (EI) exact mass calculated for C. H.O.Si. 352.2222, found:

352.2240.

Z-1-bromo-2-phenyl-1-(4-tert-butoxyphenyl)-but-1-ene (16)

To a solution of Z-2-phenyl-1-(4-tert-butoxyphenyl)-1-trimethylsilyl-but-1-ene (15) (76.5

mg, 0.22 mmol) in dichloromethane (1 mL) at -78 °C, was added dropwise a 1 M

Solution of bromine in dichloromethane (17,42), until the reaction was complete as
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monitored by thin layer chromatography. The yellow solution was poured into 10%

sodium sulfite, extracted with dichloromethane, washed with saturated sodium chloride,

dried over anhydrous magnesium sulfate and solvent removed under reduced pressure to

give an orange oil. The crude product was purified by flash column chromatography (0%-

5% ethyl acetate-hexanes) to give 16 as a yellow oil (53.9 mg, 0.15 mmol) in 69% yield,

determined by "H NMR to be a 3:2 mixture of Z.E isomers: R,061 (20% ethyl acetate

hexanes); ‘H NMR (CDCL) 60.79 (t, J = 7.6 Hz, 3 H, Z isomer), 0.96 (t, J = 7.6 Hz, 2 H,

E isomer), 1.19 (s, 6 H, E isomer), 1.31 (s, 9 H, Z isomer), 2.27 (q, J = 7.6 Hz, 2 H, Z

isomer), 2.72 (q, J = 7.6 Hz, 1.3 H E isomer), 6.61 (d, J = 8.8 Hz, 1 H), 6.90-7.00 (m, 6

H), 7.17–7.26 (m, 6 H), 7.30-7.32 (m, 2 H); "C NMR (CDC1,) 11.68, 13.06, 28.77, 28.90,

29.50, 33.03, 78.63, 78.81, 118.74, 120.50, 122.99, 123.42, 126.57, 127,10,127.83,

128.13, 128.30, 129.11, 129.61, 130.80, 135.48, 135.95, 140.54, 142.57, 144,03, 144.54,

154.52, 155.39 ppm; HRMS (EI) exact mass calculated for C. H.OBr: 360.0912, found:

360,0977.

E-2-phenyl-1-(4-tert-butoxyphenyl)-1-(4-formylphenyl)-but-1-ene (17)

To a flask containing a 1-bromo-2-phenyl-1-(4-tert-butoxyphenyl)-but-1-ene (16) isomer

mixture (91.2 mg, 0.25 mmol) was added 4-formylphenylboronic acid (41.9 mg, 0.28

mmol), potassium fluoride (48.7 mg, 0.84 mmol) and tris(dibenzylideneacetone)-

dipalladium(0)-choloroform adduct (1.31 mg, 0.0013 mmol) (16). After dissolving in

tetrahydrofuran (1 mL), a 0.12 M solution of tri-tert-butylphosphine (0.62 mg, 0.003

mmol) in tetrahydrofuran was added (43). The reaction turned from red to brown in 15

minutes, and was then stirred at 25 °C for 16 hours overnight, by which time it had turned
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a clear yellow with a black residue. The solution was poured into saturated sodium

bicarbonate, extracted with ethyl acetate, dried over anhydrous magnesium sulfate, and

solvent removed under reduced pressure. The crude oil was purified by flash column

chromatography (0%-6% ether-hexanes) to give 17 as a yellow oil (43.8 mg, 0.11 mmol)

in 46% yield, determined by "H NMR to be a 2:1 mixture of E.Z isomers: R,052 (20%

ethyl acetate-hexanes); ‘H NMR (CDCl3) 60.95 (t, J = 7.6 Hz, 4.5 H), 1.24 (s, 4.5 H, Z

isomer), 1.38 (s, 9 H, E isomer), 2.46 (q, J = 7.6 Hz, 1 H, Z isomer), 2.52 (q, J = 7.6 Hz,

2 H, E isomer), 6.64 (d, J = 8.4 Hz, 1 H), 6.72 (d, J = 8.4 Hz, 1 H), 6.98 (d, J = 8.4 Hz, 2

H), 7.03-7.16 (m, 11.5 H), 7.44 (d, J = 8.0 Hz, 1 H), 7.52 (d, J = 8.0 Hz, 2 H), 7.88 (d, J

= 8.0 Hz, 1 H), 9.83 (s, 1 H, E isomer), 10.03 (s, 1 H, Z isomer); "C NMR (CDCL)

13.44, 13.50, 28.75 28.81, 28.90, 29.14, 78.31, 78.52, 123.16, 123.69, 126.38, 126.61,
-

127.81, 128.02, 128.87, 129.53, 129.55, 129.68, 130.02, 130.19, 131.18, 131.39, 133.71,

134.76, 137.12, 137.27, 137.46, 137.56, 141.58, 141.62, 143.21, 144.38, 150.04, 150.18,
| *.

153.60, 154.50, 191.91, 191.94 ppm; HRMS (EI) exact mass calculated for C, H, O,
- -

384.2089, found: 384.2090.

(3E)-3-(4-■ (1E)-2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl)phenyl)-3-buten-2-one (20)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in toluene) (247 pil, 0.12 mmol)

was added to a stirring 0 °C solution of diethyl (2-oxopropyl)phosphonate (47.5 pil, 0.12

mmol) in tetrahydrofuran (0.8 mL). After stirring for 15 minutes at 0 °C, the solution was

cooled to -78 °C, and a solution of 2-phenyl-1-(4-tert-butoxyphenyl)-1-(4-

formylphenyl)-but-1-ene (17) isomer mixture (39.6 mg, 0.10 mmol) in tetrahydrofuran

(0.4 mL) was added dropwise. The reaction was stirred at -78 °C for 5 minutes, then
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allowed to warm to room temperature and stirred 20 hours overnight. The solution was

poured into saturated sodium chloride, extracted with ethyl acetate, dried over anhydrous

magnesium sulfate, and solvent removed under reduced pressure. The crude oil was

purified by flash column chromatography (0%–10% ethyl acetate-hexanes) to give 20 as a

yellow oil (40.3 mg, 0.095 mmol) in 92% yield, determined by "H NMR to be a 3:2

mixture of E.Z isomers (at the triphenylethylene center); R,046 (30% ethyl acetate

hexanes); ‘H NMR (CDCl3) 60.94 (t, J = 7.6 Hz, 3 H., E isomer), 0.95 (t, J = 7.6 Hz, 2 H,

Z isomer), 1.24 (s, 6 H, Z isomer), 1.38 (s, 9 H, E isomer), 2.31 (s, 3 H., E isomer), 2.39 (s,

2 H, Z isomer), 2.49 (q, J = 7.6 Hz, 1.7 H, Z isomer), 2.50 (q, J = 7.2 Hz, 2 H, E isomer),

6.56 (d, J = 16.4 Hz, 1 H, E isomer), 6.62-7.31 (m, 21.7 H), 7.35 (d, J = 16.4 Hz, 1 H, E

isomer), 7.51–7.55 (m, 1.3 H); "C NMR (CDC1,) 13:47, 13.60, 27.35, 27.51, 28.75,

28.80, 28.90, 29.13, 78.24, 78.44, 123.10, 123.63, 126.20, 126.38, 126.75, 127.39,

127.75, 127.95, 128.14, 129.59, 130.01, 130.16, 131.20, 131.40, 131.62, 132.68, 137.55,

137.73, 137.71, 141.88, 141.98, 142.67, 143.23, 143.38, 145.96, 146.16, 153.44, 154.34,

198.35, 198.38 ppm; HRMS (EI) exact mass calculated for CoHa2O, 424.2402, found:

424.2406.

(3E)-3-(4-■ (IE)-2-phenyl-1-(4-hydroxyphenyl)-1-butenyl)phenyl)-3-buten-2-one (9)

To a solution of a (3E)-3-[4-(2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl]phenyl]-3-

buten-2-one (20) isomer mixture (39.0 mg, 0.92 mmol) in dichloromethane (2 mL) was

added trifluoroacetic acid (100 pul) and 2,2,2-trifluoroethanol (0.5 mL). The reaction was

stirred 12 hours overnight at 25 °C, after which the solution was poured into water,

extracted with diethyl ether, washed with saturated Sodium bicarbonate, and the solvent

º:
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removed under reduced pressure. The crude yellow solid was purified by preparative thin

layer chromatography (30% Ethyl acetate-hexanes, eluted off silica with ethyl acetate), to

afford 9 as a yellow solid (25.7 mg, 0.070 mmol) in 76% yield, determined by *H NMR

to be a 3:2 mixture of E.Z isomers (at the triphenylethylene center): R,040 (30% ethyl

acetate-hexanes); ‘H NMR (CDCl3) 60.87 (t, J = 7.6 Hz, 5 H), 2.25 (s, 3 H., E isomer),

2.32 (s, 2 H, Z isomer), 2.42 (q, J = 7.6 Hz, 1.7 H, Z isomer), 2.44 (q, J = 7.6 Hz, 2 H, E

isomer), 6.42 (d, J = 8.4 Hz, 1.3 H), 6.49 (d, J = 16.0 Hz, 1 H, E isomer), 6.63-6.68 (m,

2H), 6.76 (d, J = 8.4 Hz, 2 H), 6.82 (d, J = 8.4 Hz, 2 H), 7.01-7.22 (m, 13.7 H), 7.29 (d, J

= 16.4 Hz, 1 H, E isomer), 7.44-7.49 (m, 2 H); "C NMR (CDC1,) 13.50, 13.55, 27.32,

27.48, 28.99, 29.14, 114.46, 115.16, 125.28, 126.24, 126.30, 126.39, 126.68, 127.43,

127.91, 127.96, 128.17, 128.21, 129.02, 129.60, 130.18, 130.83, 131.41, 131.55, 132.10,

132.62, 135.01, 135.34, 137.46, 137.59, 141.99, 142.00, 142.30, 143.36, 143.51, 143.69,

146.15, 146.46, 153.81, 154.69, 198.78 ppm; HRMS (EI) exact mass calculated for

C28H22O, 368.1776, found: 368.1774.

Methyl (2E)-3-(4-■ (IE)-2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl)phenyl)-2-

propenoate (18)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in toluene) (288 pull, 0.14 mmol)

was added to a stirring 0 °C solution of trimethyl phosphonoacetate (23 ML, 0.12 mmol)

in tetrahydrofuran (0.8 mL). After stirring for 15 minutes at 0 °C, the solution was cooled

to -78 °C, and a solution of a 2-phenyl-1-(4-tert-butoxyphenyl)-1-(4-formylphenyl)-but

1-ene (17) isomer mixture (46.2 mg, 0.10 mmol) in tetrahydrofuran (0.4 mL) was added

dropwise (16). The reaction was stirred at –78 °C for 5 minutes, then allowed to warm to
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room temperature and stirred 16 hours overnight. The solution was poured into water,

extracted with diethyl ether, washed with saturated sodium bicarbonate, dried over

anhydrous magnesium sulfate, and the solvent removed under reduced pressure. The

crude oil was purified by preparative thin layer chromatography (15% ethyl acetate

hexanes; eluted off silica with ethyl acetate) to give 18 as a yellow oil (50.8 mg, 0.12

mmol) in 96% yield, determined by "H NMR to be a 2:1 mixture of E.Z isomers (at the

triphenylethylene center). R,048 (20% ethyl acetate-hexanes), "H NMR (CDCL) 60.93

(t, J = 7.6 Hz, 4.5 H), 1.24 (s, 4.5 H, Z isomer), 1.37 (s, 9 H, E isomer), 2.49 (q, J = 7.6

Hz, 3 H), 3.75 (s, 3 H), 3.81 (s, 1.5 H), 6.28 (d, J = 16.0 Hz, 1 H, E isomer), 6.45 (d, J =

16.0 Hz, 0.5 H, Z isomer), 6.63 (d, J = 8.8 Hz, 1 H), 6.73 (d, J = 8.4 Hz, 1 H), 6.88 (d, J =

8.4 Hz, 2 H), 6.97 (d, J = 8.4 Hz, 2 H), 7.06–7.17 (m, 11.5 H), 7.28 (d, J = 8.0 Hz, 1 H),

7.51 (d, J = 7.6 Hz, 1 H), 7.53 (d, J = 16.0 Hz, 1 H, E isomer), 7.71 (d, J = 16.0 Hz, 0.5

H); "C NMR (CDCL) 13.47, 13.55, 28.74, 28.79, 28.89, 29.12, 51.54, 51.65, 78.21,

78.41, 116.83, 117.31, 123.08, 123.61, 126.16, 126.35, 127.18, 127.29, 127.73, 127.93,

128.00, 129.47, 129.57, 129.99, 130.05, 131.19, 131.29, 131.59, 132.64, 137.58, 137.74,

137.76, 141.90, 141.98, 142.57, 143.21, 144.62, 144.69, 145.64, 145.87, 153.40, 154.30,

16745, 167.50 ppm; HRMS (EI) exact mass calculated for CoHa2O, 440.2351, found:

440.2350.

(2E)-3-(4-■ (IE)-2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl)phenyl)-2-propenoic acid

(19)

To a 1:2 methanol : tetrahydrofuran (8 mL) solution of a methyl (2E)-3-[4-(2-phenyl-1-

(4-tert-butoxyphenyl)-1-butenyl]phenyl]-2-propenoate (18) isomer mixture (50.8 mg,
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0.12 mmol) at 25 °C, was added dropwise a 0.2 M solution of aqueous potassium

hydroxide (5.76 mL, 1.19 mmol) (16). The reaction was stirred 24 hours overnight at 25

°C, then poured into 1 N hydrochloric acid. After stirring for 10 minutes, the solution was

extracted with methylene chloride, dried over anhydrous magnesium sulfate, and the

solvent removed under reduced pressure. The crude oil was purified by preparative thin

layer chromatography (7.5% methanol-chloroform; eluted off silica using ethyl acetate)

to give 19 as a yellow oil (29.5 mg, 0.069 mmol) in 58% yield, determined by 'H NMR

to be a 2:1 mixture of E.Z isomers (at the triphenylethylene center): R, 0.31 (5%

methanol-chloroform); ‘H NMR (CD,OD) 60.85 (t, J = 7.6 Hz, 4.5 H), 1.14 (s, 4.5 H, Z

isomer), 1.28 (s, 9 H, E isomer), 2.42(q, J = 7.6 Hz, 3 H), 6.23 (d, J = 16.0 Hz, 1 H, E

isomer), 6.41 (d, J = 16.0 Hz, 0.5 H, Z isomer), 6.55 (d, J = 8.4 Hz, 1 H), 6.69 (d, J = 8.8

Hz, 1 H), 6.82 (d, J = 8.4 Hz, 2 H), 6.92 (d, J = 8.8 Hz, 2 H), 7.01-7.10 (m, 9.5 H), 7.14

(d, J = 8.4 Hz, 2 H), 7.21 (d, J = 8.0 Hz, 1 H), 7.42 (d, J = 15.6 Hz, 1 H, E isomer), 7.52

(d, J = 8.0 Hz, 1 H), 7.62 (d, J = 16.0 Hz, 0.5 H, Z isomer); "C NMR (CD,OD) 13.77,

13.82, 29.10, 29.24, 29.76, 29.99, 79.50, 79.65, 118.64, 119.15, 119.62, 124, 20, 124.87,

127.36, 127.55, 128.33, 128.88, 129.05, 129.16, 130.81, 131.13, 132.43, 133.23, 133.49,

134.32, 138.01, 139.30, 139.34, 139.45, 140.50, 142.92, 143.29, 143.33, 143.98, 144.55,

146.03, 146.34, 147.02, 147.09, 154,68, 155.62, 170.40 ppm; HRMS (EI) exact mass

calculated for C20H26Os: 426.2195, found: 426.2195.

(2E)-3-(4-■ (IE)-2-phenyl-1-(4-hydroxyphenyl)-1-butenyl)phenyl)-2-propenoic acid

(GW-7604) (6)

To a solution of a (2E)-3-[4-(2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl]phenyl]-2-
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propenoic acid (19) isomer mixture (29.5 mg, 0.069 mmol) at 0 °C in dicholormethane (1

mL) was added 2,2,2-trifluoroethanol (0.5 mL), followed by trifluoroacetic acid (1 mL).

The reaction was stirred for 10 minutes at 0 °C, then allowed to warm to room

temperature and stirred for 1.5 hours. The solution was then poured into 1 N hydrochloric

acid, extracted with dicholormethane, dried over anhydrous magnesium sulfate, and

solvent removed under reduced pressure. The crude oil was purified by preparative tin

layer chromatography (7.5% methanol-chloroform), whereupon elution with ethyl acetate

off the silica resulted in formation of a white precipitate. Solvent was removed under

reduced pressure, and the residue redissolved in methanol. Separation of the precipitate

and solvent by centrifugation, allowed separation of the pure triphenylethylene Z isomer

as a white solid (2.3 mg, 0.0062 mmol, 9% yield), and a 2:1 mixture of the E.Z isomers

of 6 as a yellow oil (5.2 mg, 0.014 mmol, 20% yield): R, 0.31 (5% methanol-chloroform);

'H NMR (CD,OD) of E.Z mixture 60.85 (t, J = 7.6 Hz, 4.5 H), 2.44 (q, J = 7.6 Hz, 3 H),

6.23 (d, J = 16.0 Hz, 1 H, E isomer), 6.34 (d, J = 8.8 Hz, 1 H), 6.41 (d, J = 16.0 Hz, 0.5

H), 6.58 (d, J = 8.4 Hz, 1 H), 6.71 (d, J = 8.8 Hz, 2 H), 6.82 (d, J = 8.0 Hz, 2 H), 6.96 (d.

J = 8.4 Hz, 2 H), 7.00-7.10 (m, 7.5 H), 7.14 (d, J = 8.4 Hz, 2 H), 7.19 (d, J = 8.4 Hz, 1

H), 7.43 (d, J = 16.0 Hz, 1 H, E isomer), 7.51 (d, J = 8.0 Hz, 1 H), 7.62 (d, J = 16.0 Hz,

0.5 H, Z isomer); "C NMR (CD,OD) of E isomer 13.80, 30.01, 116.04, 118.56, 127.42,

128.23, 129.02, 130.85, 131.67, 132.49, 133.12, 135.53, 139.64, 143.57, 144.09, 146.06,

14741, 157.58, 170.52 ppm; "H NMR (CD,OD) of Z isomer 60.86 (t, J = 7.6 Hz, 3 H),

2.40 (q, J = 7.6 Hz, 2 H), 6.35 (d, J = 8.8 Hz, 2 H), 6.41 (d, J = 16.0 Hz, 1 H), 6.59 (d, J

= 8.8 Hz, 2 H), 7.03-7.12 (m, 5 H), 7.20 (d, J = 8.0 Hz, 2 H), 7.52 (d, J = 8.4 Hz, 2 H),
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7.61 (d, J = 16.0 Hz, 1 H); HRMS (EI) exact mass calculated for C.H.O.; 370.1569,

found: 370,1562.
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CHAPTER THREE

Design and Synthesis of SERMs with a

Non-Isomerizable Indene Scaffold
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3.1. Overview

Estrogen receptors (ERs) control the transcription of many different genes that are

important for normal human development and reproduction. The signaling networks

involved are complex, and there is a need to dissect these pathways at a molecular level,

in order to better understand the role of the receptor in normal physiology and as a

therapeutic target. One way to do this, is to synthesize chemical ligands that interact with

the receptors, to activate or repress distinct components of the system.

Problems with isomerization of the triphenylethylene scaffold used in previous studies

(Chapter Two), prompted the search for a new scaffold that was synthetically amenable

to derivatization, for development of novel SERMs. The design of two series of ER

ligands based on a core indene scaffold is described. An aryl extension, analogous to

those of the prototypic SERMs, was built off the core scaffold at either the 1- or the 3

position. The high stability of the aromatic indene anion prevented derivatization at the

1-position via metal-catalyzed carbon-carbon bond formation. This necessitated the use

of a carboxylic acid intermediate, resulting in a series of amide-linked aryl extensions.

These ligands showed weak binding affinity for ER (Chapter Four), and so the scaffold

was redesigned with the extension at the 3-position, resulting in a series of 2,3-

diarylindenes. We hypothesize that small changes to ER ligand structure result in

substantial changes in ER activity. Several functional groups were explored in the

Sidechain of this series in order to refine their selectivity, and to gain insight into how the

chemical structure of a ligand relates to the effect on ER mediated signaling.

º
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3.2. Introduction

The estrogen receptor (ER) is a ligand-dependent regulator of developmental,

reproductive, neural, skeletal and cardiovascular processes (Chapter One). The natural

hormone, estradiol, exerts long-term effects by modulating ER-mediated gene

transcription. A number of compounds have been developed as therapeutic agents to

modulate ER transcriptional activity (1). These SERMs display both ER agonist and

antagonist properties, depending on intrinsic cellular differences in processes or factors,

Such as cell-signaling pathways, accessory cofactors, and transcription factor modulatory

proteins. yet the molecular details for their selective ER modulating (SERM) effects

remains unclear.

The ER subtypes ERo and ERB modulate gene transcription differently, depending on

the DNA response element. ER ligands that antagonize transcription at a classical

estrogen response element (ERE), can selectively activate ERC or ERB at an AP-1 site

(2). Our work, described in Chapter Two, has suggested that SERMs regulate ER- º //

mediated transcription by several different mechanisms (3), which involve the
- - -

recruitment of cofactor complexes to the DNA (4, 5). The details of these signaling º
º

processes are largely undefined, and while the known SERMs tamoxifen and raloxifene

permit initial investigations, ligands with novel selectivities are needed to access the

combinatorial array of possible subtype-selective activation profiles at different response

elements, and thereby help dissect the mechanisms behind these complex ER signaling
networks.
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I will describe the chemical design and synthesis of a novel series of ER ligands based on

an indene core scaffold. Small changes to ER ligand structure have been known to result

in substantial changes in ER mediated signaling (3). The proposed research is designed to

elucidate these chemical signatures at the molecular level, resulting in ligands that are

useful as chemical probes to refine and expand upon the mechanistic models for

estrogen-mediated regulation.

3.3. Scaffold Development

Substantial research has been directed at understanding the structure activity relationships

(SAR) of ER ligands. As discussed in Chapter One, a wide variety of steroidal and non

steroidal ligand scaffolds have been explored, in addition to the prototypical

triphenylethylene and benzothiophene scaffolds of tamoxifen and raloxifene, respectively

(6). While this research is often driven by the clinical need for improved therapeutics able

to elicit estrogenic and antiestrogenic effects in a tissue-specific manner, with minimal

side-effects (6), these SERMs have also proven to be valuable tools to begin to dissociate

the molecular determinants of ER-mediated transcriptional signaling mechanisms.

However, there is a need for development of new compounds with different selectivities,

in order to fully expand on the current models.

147



$34. The MJºliº

ERLigand

Asesidenced

staffold oftan

War■ ant furthe

ºblem offa

with derivativ

| hydroxylamoK

Figure 3.1.)

º º
* - Staffold

HQ

tºns- ent

Thisis of

mºtivity

The 4hy

■ l■ tts

Mºnty,



3.3.1. The Need for a Synthetically Amenable, Non-isomerizable

ER Ligand Scaffold

As evidenced by our research described in Chapter Two (3), the single triphenylethylene

scaffold of tamoxifen is capable of accessing a range of tissue-specific effects, which

warrant further investigation at a biological level. However, the well-documented

problem of facile E/Z isomerization via a tautomeric quinoid intermediate, is encountered

with derivatives that contain the 4-hydroxylated triphenylethylene structure, such as 4

hydroxytamoxifen, the active metabolite of tamoxifen (7) (Figure 3.1).

Figure 3.1. Facile E/Z Isomerization of the 4-Hydroxylated Triphenylethylene

Scaffold

| ~º
O

O

º
S

- SO - O
ºr - O

HO S

Z-4-hydroxytamoxifen E-4-hydroxytamoxifen
trans = antiestrogen cis = weak estrogen

E-GW-7604 Z-GW-7604
trans = active cis = inactive

This is of significance since the isomers differ in ER binding affinity, and potentially also

in activity (3, 8,9). It also complicates the synthesis and purification of the compounds.

The 4-hydroxy moiety enables these ligands to take advantage of hydrogen-bonding

contacts in the ER ligand binding pocket, resulting in 100-fold better binding and

potency, and they are thus highly preferred over their non-hydroxylated counterparts for
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biochemical studies. Extensive attempts at controlling this isomerization were

unsuccessful (Chapter Two), and I decided to search for a new scaffold with which to

develop ER ligands with novel selectivities.

3.3.2. Considerations for ER Ligand Design

To circumvent the problems with the 4-hydroxylated triphenylethylene scaffold, several

derivatives have been investigated, which use either a fused ring structure such as the

naphthalenes (10, 11) and other derivatives (12), or replacement of the para-phenol,

thereby preventing formation of the quinoid intermediate and the resultant E/Z

isomerization (6) (Figure 3.2). I desired a scaffold that would be synthetically amenable

with a high likelihood of ER activity, and preferred one that had not yet been extensively

explored by pharmaceutical companies, to maximize the chance of discovering novel

selectivities. I therefore decided against any of the pictured scaffolds (Figure 3.2), or the

benzothiophene scaffold of raloxifene, and chose instead an indene scaffold.

|
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isomerizable triphenylethylene derivatives

o°S-Ns

= halide R = OH
NR2 Tö.
S(O)R 3

SR C
C(O)R S.

ROH O
HO R

S

HO

diphenylbenzocycloheptenes di- or tetrahydronaphthalenes

lence for an Indene Scaffold

the selection of an indene-based scaffold stems from reports of a

(DES) metabolite, indenestrol A (13–16) (Figure 3.3) which is poorly
-

º, -

but has strong binding affinity for ERC and acts as an agonist at an º

lestrol A is a metabolite of diethylstilbestrol

1º
Or

HO

diethylstilbestrol
indenestrol A

150



$33,1,1,3-

limited SAR

*highlight

binding and a

$pºsition of

fromamethy

34) and ther

There have

pºlemson

Figure 34,

affinities (

§§§l.

Furthem

itly

35).lt.

the atti



alkyl-2-arylindenes

dies of 1,3-dialkyl-2-arylindenes, and comparison with other metabolites

the importance of the stereochemistry and the phenolic hydroxyls for

■ ity (20–24), and demonstrated a preference for an ethyl substituent at the

indene ring (25). The 1-position is able to accommodate substituents

a butyl while retaining strong binding affinity for ER (18, 25) (Figure

e is a prime target site for derivatization with aryl-based extensions.

reports of 1,3-dialkyl-2-arylindenes with varied acetoxy substitution

henyl rings, as having antiestrogen activities in breast tumors (26, 27).

of Indenestrol A and related indenes, showing relative binding

00)

OH

_OH R1. S
1

s Žºsé
HO 22 HO

R = H 14 R2 = H 14 Indenestrol B 100 142
Me 287 (Indenestrol A) Me 13
Et 292 Et 11
Pr 229 Pr 18
Bu 178 Bu 8

phenylindenes

earch during the 1960s at the Upjohn Company, examined the anti

is in rats, of a limited series of basic 2,3-diphenylindenes (28, 29) (Figure

d that small structural changes had profound and unpredictable effects on

ever there are no further indications of clinical development. 2,3-

º
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Diarylindenes with basic sidechains on the 2-phenyl are only weakly binding and have

weak antiestrogenic activity (30) (Figure 3.5). Eli Lilly has more recently patented a

series of basic 2-aryl-3-benzylindenes and —benzylindanes for their SERM effects in bone

and the cardiovascular system (31) (Figure 3.5). Patents have also been filed for 2–

arylindanes with long-chain functionalized alkyl extensions at the 1-position, for use as

antiestrogens in breast cancer or fertility treatments (32). Taken together, these data were

a positive indication that the indene scaffold would be active at the ERs, and provided

room for us to expand on the SAR with derivatization to form new SERMs.

Figure 3.5. Precedence for the Estrogenic Activity of the 2,3-Diarylindene Scaffold

previously synthesized compounds

R = N(Et)2 R1 = N(Me)2 R2 = H R = ºc. 4-OH
N-piperidinyl N(Et)2 OH 3 4-CN
N-pyrrolidinyl N(iPr)2 halide 4-Br
N-morpholino N-piperidinyl O-alkyl 4-NO2

n = 2 to 6 N-pyrrolidinyl acyl 2-CH3
O-sulfonyl 2-CF3

n = 2 or 3 R = oh R2 = OH

There have been additional investigations into the use of 2,3-diarylindenes as fluorescent

estrogens (33–36), and a limited number of indene (Figure 3.5) and indenone analogs

were synthesized for these studies. The binding orientation of these ligands in the ER

binding pocket, with the indene system corresponding the steroidal A/B rings, has been

s
e

%

T
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stablished by analyzing the effect of 4-hydroxy substitution on binding affinities (37).

This is in contrast to the 1,3-alkyl-2-arylindenes, in which case the pendant phenyl ring

:orresponds to the steroid A-ring (20, 38).

3.3.4. Design of Indene Target Compounds

The currently known SERMs, along with the indene SAR data described above, provide a

tarting point for development of pathway-specific probes. In order to avoid ligand

somerization, and to further probe the molecular determinants of Selective ER responses,

synthetically amenable scaffold based on a unifying diarylindene structure was

lesigned. This incorporates elements shown by biochemical, mutational or structural

tudies to be important in binding and activity with ER.

The indene target compounds (Figure 3.6) have a hydrophobic core scaffold, flanked by

erminal hydroxyl groups, to take advantage of hydrogen-bonding contacts that anchor

he ligand in the binding pocket of the receptor. Analogous to the SERM ligands

amoxifen and raloxifene, the target compounds have aryl sidechains extending off the

ore indene scaffold.

'igure 3.6. General Structure of the Target Indenes

R = aryl

Series D
indenestrol A Series A, B, C
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ed to target the indenes of Series A and Series B, which are derivatized

yf the indene ring (Figure 3.7). This was already known to accommodate

n of up to at least four carbons, without loss in binding affinity. Series A

te a flexible ketone linker to attach the aryl extension to the 1-position

| (analogous to raloxifene), while ligands in Series B have the aryl

attached to the indene ring (analogous to tamoxifen and GW-5638).

ions of tamoxifen and raloxifene were chosen as initial functionalities to

tial SERM activity of the indene scaffold structure.

et 3-ethyl-1,2-diarylindenes of Series A & B

R

O R1
OH

UN
OHC N(alkyl)

) ( ) R /

C) C 1 = O

S

22 HO

Target Indenes Series B Target Indenes

ing was used to overlay the Series A compounds in the raloxifene-bound

»f the ERB ligand-binding domain (39). Based on this modeling, it was

R-enantiomers would bind preferentially to FK, and that their

binding pocket would correspond to the orientation biochemically

denestrol A (20,38) (Figure 3.8).
-
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3.8. Overlay of Series A indene and raloxifene in the ERB ligand binding

Raloxifene
Series A indene

Modeled with Sybil (Tripos Associates) by overlaying the minimized indene ligand structure in the -

binding pocket of the ER■ LBD bound to raloxifene. Coordinates used are from: Brzozowski, A. º º
*t al. (1999) EMBO J 18; 4603-4618. -

º

%

lately, due to synthetic difficulties resulting from the high stability of the |

indene anion, the sidechain of the Series A ligands had to be modified to

ate an amide linker, instead of the ketone. This new target Series C (Figure 3.9)

hesized, and based on subsequent biological characterization, I chose to put aside

esis of the Series B ligands, and to rather target a new series of indenes, Series D
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(Figure 3.9). The structure of these 2,3-diphenylindenes is redesigned to incorporate the

aryl extension at the 3-position of the indene scaffold. Once again, both the basic

sidechains of raloxifene and tamoxifen were targeted, as well as other smaller functional

groups that would access a range of charge and electronic properties. These Series D

ligands are derivatives of previously known 2,3-diarylindenes (28, 29, 31, 33).

Figure 3.9. Target 2,3-diarylindenes of Series C & D

N(alkyl)ºld º cº-...-
. . .C) O=/ R-.

C O or varied functional groups -HO

R

HO

Series C Target Indenes Series D Target Indenes

3.3.5. Retrosynthetic Analysis º "/
º Al

The proposed syntheses of the 3-ethyl-1,2-diary target compounds of Series A, B and C, l

result in racemic mixtures. However, should any of these mixtures demonstrate s
º

interesting biological activity, they can be separated at a later stage for further -

characterization as individual enantiomers. There is precedence for separation of

enantiomers of indenestrol A and indenestrol B by Prepara" chiral high performance
-

liquid chromatography (HPLC) (40-42), and these procedures are expected to be

adaptable to the target indenes. The Series D indenes have the advantage of being achiral,

which simplifies the analysis of their biological activity.
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3.3.5.1. Series A

Series A ligands have a ketone linker connecting the aryl extension to the 1-position of

the 3-ethyl-2-arylindene scaffold. The retrosynthesis of Series A ligands (Figure 3.10)

involves disconnection of the aryl extension group (added via organometallic chemistry)

to give the indene carboxylate. This in turn, disconnects to the core 3-ethyl-2-arylindene

scaffold, which is obtained through Lewis-acid induced cyclodehydration of a ketone

intermediate, following adaptations to a published synthetic route (43). Disconnection to

ethyl benzyl ketone is followed by disconnection to the Darzens glycidic ester. Final

disconnection gives the commercially available benzaldehyde and alkyl bromobutyrate

starting materials.

Figure 3.10. Retrosynthesis of Series A indenes

(OH)

Series A Target Indenes |
R1 = so-sº Naky')

(OH)

(HO) Br

3.3.5.2. Series B

Retrosynthesis of ligands in Series B, in which the aryl group is directly attached to the 1

position of the indene, was first envisaged as a disconnection to the indene core scaffold

(Figure 3.11).

s
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Figure 3.11. Initial Retrosynthesis of Series B indenes

R (HO)
(OH) (OH)Q –" Oº

–
º

=
C

—, as for series A

HO
º (HO) º (HO) º

Series B Target Indenes

R - so-sºnally)

However, after failed attempts at organometallic coupling of aryl sidechains, due to the

extraordinary stability of the highly conjugated lithiated indene anion, we proposed a

different strategy. Disconnection of the aryl extension group, added via organometallic

chemistry, gives the core 3-ethyl-2-arylindenone scaffold (Figure 3.12). This

disconnection is dependent on the successful selective reduction by hydrogen iodide and

acetic acid, of the tertiary allylic alcohol, after the organometallic coupling to the

indenone in the forward direction (44). In the next disconnection of the 2-arylindenone to

the 2-arylindandione, difficulties may be encountered in the separation of monoalkylated

indenone isomers, not encountered in an adapted published synthetic route due to

symmetric starting materials (43). The indandione disconnects to phenylacetic acid and 4

hydroxyphthalic anhydride, which in turn disconnects to 4-bromophthalic acid (45, 46).

The potential difficulties of this retrosynthesis are unavoidable, because the indenone

scaffold is inaccessible by direct allylic oxidation of an indene (33).

|
s

º

T
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Iternative retrosynthesis of Series B Indenes

(HO)

pH O (OH)) ( ) O
— Q) –

(HO) º (HO) º

COOH °s & Y-OH) , OH_CO. = C-
OBr COOH O (HO)

O

is C

isis of Series Cindenes (Figure 3.13), is similar to that of Series A, except

ion occurs from the amide-linked 3-ethyl-1,2-diarylindene target

give the indene carboxylate intermediate. In the forward direction, peptide

ds can be used to couple the indene carboxylate to aniline derivatives.

strosynthesis of Series C indenes

(HO)

OH NH (OH)
O

- -

/ N O ( )
->
º

— as for series A

denes
N(alkyl)
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3.3.5.4. Series D

The 2,3-diarylindenes of Series D, are accessed from an indanone intermediate (Figure

3.14), according to published procedures (28, 29). Organometallic chemistry can be used

for the coupling in the forward direction. The indanone disconnects to a substituted

phenylacetic acid, which undergoes Friedel–Crafts acylation in the forward direction.

Disconnection of the indanone to the phenylacetic acid and benzyl bromide starting

materials, completes the retrosynthetic analysis.

Figure 3.14. Retrosynthesis of Series D indenes |
R O

-

7.
|

Series D Target Indenes . º
R = so-JNaky) º

or varied functional groups |
º

º --

-- º
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!esults and Discussion

Attempted Synthesis of Series A & B indenes

. Synthesis of the Core Indene Scaffold

e indene scaffold (4) was synthesized on several gram scale with reasonable

ising modifications of a published route to 2-arylindenes (43,47) (Scheme 3.1).

*atmeant with base, p-methoxybenzaldehyde was coupled with ethyl 2

utyrate to give the Darzens glycidic ester 2 (48). Base hydrolysis of the ester 2,

i by decarboxylation upon heating, gave the ethyl benzyl ketone intermediate 3

. The thermodynamic enolate of 3 was alkylated with 3-methoxybenzoyl

., and upon treatment with a Lewis acid, underwent cyclodehydration to give the

|
NC-3 (51).

º º

3.1. Synthesis of the core indene scaffold 4

Q COOEt
--

º
LiN(TMs)2, THF, -78 °C 1) NaoH, EtOH, reflux l, ºr \!

YE! N O 2) A 8 2o–C–. S 70%asºns o lO
H

70% (3 steps)
1 1) NaH, THF

99% 2) Bf OCH3 S
50 °C -º

OCH3

OH T
BBra, DCM

SCI, imidazole 3.

TIP sº P- ( ) -78 – 25 °C<—-
-— S.

80%
C

55%
C0.

H3CO
HO NC-3 3.

161



Pºlyphosph

gº anims

$pºsitions

Scheme 3.

H£0.

º Weratio■

- undesired

hydroxyt

t Howevelº

º
-

MO Teacti

Cyclodel

º desired

Montº

Boront

§tist
º

s imºth

Rºtio
1.



\
O

--- +

C or -
No `O

40% 40%

QCH3

2d ring closure at the 2-position. The t-butyldiphenylsilyl (TBDPS)-protected 3

benzyl bromide was synthesized (53) and coupled to the ethyl benzyl ketone 2.

:r, treatment with PPA, or PPA dissolved in m-xylene (54), gave degradation or

ion, respectively. Ultimately, we found that use of boron tribromide for the

hydration of the original methoxy-protected intermediate 3, yielded only the

isomer NC-3 (Scheme 3.1). This is likely the result of the chelating effect of the

the phenolic oxygens, which sterically precludes ring closure at the 2-position.

ibromide also effectively cleaved the methyl ethers (34), which were reprotected

oropylsilyl (TIPS) ethers to give the core indene scaffold 4. Boron tribromide

I sulfide was tested as a milder method for cyclodehydration, however the

was not as clean.

162



$412. A

& Bindel

In Order 10

viaaktion

chemistry,

34.1.2.1.

| The palla■

a bo■ onical

s
-

Aligånds
º to anary

º Aylhalid

º

s º \theme
L -



3.4.1.2. Attempted derivatization of the indene scaffold to form Series A

& B indenes

In order to couple the indene core scaffold 4 directly to an aryl extension (Series B), or

via a ketone linker (Series A), several options were explored. All involved organometallic

chemistry, as described below.

3.4.1.2.1. Suzuki coupling

The palladium(0)-catalyzed Suzuki coupling of an organohalide to an aryl or ally

boronic acid, is a standard method of carbon–carbon bond formation. Synthesis of Series

A ligands using this method required formation of either the 1-bromoindene for coupling

to an arylboronic acid, or synthesis of the indene boronic acid, for coupling to an

arylhalide (Scheme 3.3).

Scheme 3.3. Reagents for Suzuki coupling

! : Pd(0), base
boronation y

Br OTIPS

W OTIPS
C■

B(OH)2// N B ( )
- - - - - - - - - - - - - - - - ->

Pd(0), base CC
TIPSOTIPSO

s
%

T

-
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e conditions for the bromination of indene 4 were unsuccessfully attempted (55, N

3.1). This also eliminated the possibility of using the Grignard reaction for

of Series A indenes from the indene magnesium bromide and benzaldehyde.

. Unsuccessful attempts at bromination of indene 4

Attempted bromination of indene 4

Conditions Result

NBS, benzoyl peroxide, CCI., 3h, reflux formation of a, b

NBS, AIBN, CCI, 3h, reflux formation of a

i) n-BuLi, ether, —78 °C 10 min, 0°C 10 min retrieved starting material; some degradation •. . .

ii) NBS, -78 °C 1 h, 0 °C 1 h, 25 °C 16 h
i) n-Buli, ether, —78 °C 10 min, 0°C 10 min complete degradation
ii) Br2, —78 °C 30 min
i) n-BuLi, ether, —78 °C 10 min, 0°C 10 min no reaction ; : . . ;
i) BBrs, –78 °C 30 min ! .

i) n-Buli, ether, —78 °C 10 min, 0°C 10 min no reaction
-

i) BrCN, -78 °C 30 min - - -

Br OTIPS -C º

a , º, //
TIPSO TIPSO

-

-ºº º \ ■

it formation of the boronic acid of indene 4 were also fruitless (57) (Table 3.2).

nated the Suzuki coupling as a possible derivatization method.
i

■
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'able 3.2. Unsuccessful attempts at formation of the boronic acid of indene 4

Attempted boronic acid formation of indene 4

Conditions Result

i) n-Buli, ether, —78 °C 20 min retrieved starting material
i) B(OiPr), -78 °C 2 h, 25 °C 18 h
i) n-BuLi, ether, —78 °C 10 min, 0°C 10 min retrieved starting material
i) B(OMe), —78 °C 1 h, 25 °C 2 h

.4.1.2.2. Coupling of indene 4 to the Weinreb's amide

nother possibility for derivatization of 4 to form Series A ligands, involved coupling Of

he indenyl lithium (58) to a Weinreb's amide, which is a classic way to ensure mono

ddition of a benzaldehyde equivalent (59) (Scheme 3.4).

cheme 3.4. Attempted synthesis of Series A indenes via addition of a Weinreb’s

mide

OTIPS

C
TIPSO|PSO

| - - - -
itions for coupling Werehe requisite Weinreb's amides were generated, and several condit pling

ttempted, all without success (Table 3.3).
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3.3. Unsuccessful attempts at coupling of the indenyl lithium with an aryl

eb's amide

Attempted coupling of indene 4 to Weinreb's amides

Conditions Result

Weinreb's amide, THF, -78 °C 1 h, 0 °C 2 h, 25 °C 1.h30 No reaction

Weinreb's amide, ether, 0 °C 1 h, 25 °C 2 h No reaction

Weinreb's amide, ether, -78 °C 1 h, 0 °C 1h.30 No reaction

i) ether, MgBro, -78 °C 20 min, 0 °C 10 min, 25°C 1h30 No reaction
ii) Weinreb's amide, -78 °C 40 min, 0°C 1 h, 25 °C 1 h

e of the unreactivity of the Weinreb's amide, further attempts were made at

ig the indenyl lithium to either benzyl bromide or to benzaldehyde. Treatment of

enyl lithium with benzyl bromide gave no reaction. Coupling to benzaldehyde

d in a mixture of products, and use of potassium hexamethyldisilazide (KHMDS)

n of cesium chloride, gave no cleaner results. However, coupling of the indenyl

to 4-methoxymethylbenzaldehyde, was more promising and resulted in 40% yield

:oupled product (Scheme 3.5). The resultant secondary alcohol was however not

be oxidized with either PDC or TEMPO (60). This potential route was put aside

ther options were explored.
º
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leme 3.5. Reaction of the indene anion with 4-methoxymethylbenzaldeyde

R

O

OTIPS | O OTIPS

"º ( )C–/ -º- *-( )
ether, -78 °C C)C

40%TIPSO
TIPSO

.1.3. The stability of the indene scaffold 4 to derivatization

reason for the extraordinary stability of the indene scaffold to derivatization using

dard methods, is the aromatic character of the indene anion (Figure 3.15).

ure 3.15. The stability of the indene anion is due to its aromaticity

* , º

- - -
\!

high stability of this anion, means that the protons at the 1-position are highly acidic, l
phenyl substitution results in further charge delocalization of the anion, lowering the s

of the arylindenes even more (Table 3.4).
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ble 3.4. Equilibrium pK.'s of indene derivatives, in DMSO

Acidities of Indene and
Phenylindenes in DMSO

Compound pKa
Indene 20.12
2-phenylindene 19.37
3-phenylindene 17.3
2,3-diphenylindene 17.71
1,3-diphenylindene 12.77
1,2,3-triphenylindene 15.2

Bordwell FG, Drucker GE. (1980) JACS, 45; 3325-3328.

men trying to increase the reactivity of the indenyl anion, it is important to remember

t the pKa’s are sensitive to size of the metal cations, charge distribution of the

banions and polarity of the solvent (61, 62). The indenyl lithium has a concentrated

gative charge, and in ether is predicted to be a covalent species or contaction pair,

her than a solvent-separated ion pair or indenyl anion (58, 63). Use of a less polar

vent will result in a more covalent species or a stronger ion pair, while a more polar
º

vent results in a less covalent lithium species, which should be more reactive (58). . . º º
thermore, use of a larger cation such as cesium (CS) should increase reactivity. As \!

ed above, changes in solvent from the less polar ether to more polar tetrahydrofuran l

HF), or attempts at transmetallation with cerium chloride (64), had no observable effect

reactivity with the reagents we already tried. Addition of HMPA to the indenyl lithium º

THF is known to break apart the lithium chelate, however we observed no

rovement on the reactivity of the indenyl lithium in the presence of HMPA, even

In heating.
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:cessful derivatization of the indene scaffold (4) to the indenyl

e intermediate

he indenyl lithium with the highly reactive methyl chloroformate resulted in

rivatization to the indenyl methyl ester. This provided access to the indenyl

and opened up the possibility of several options for further derivatization.

n of the methyl ester to the acid proved to be problematic. The base

tomerization of indenes is well-characterized (58, 65, 66), and so after

attempts at basic cleavage of the methyl ester using sodium hydroxide in º

) or tetrahydrofuran, we considered using Lewis acids such as TMSI, Lil, or

t cleavage of the ester. However, rather than risk the harsh acidic

hich may cause degradation of the scaffold and would also deprotect the

tecting groups, we decided instead to replace the methyl chloroformate

allyl chloroformate. Thus a successful route to the indenyl carboxylate

nvolved derivatization of the core indene scaffold (4) via lithiation at the 1
º

wed by reaction with allyl chloroformate and conversion of the resulting º
the indenyl carboxylate 6 using phenylsilane and palladium catalysis (68) º \!

s

initial synthesis of the indenyl carboxylate (6)

__
OTIPS O OTIPS

/ \ 1) n-Buli, THF
-78 – 250C

- ------

O
2)

S- *o-se C
5THF, 3h, -78 oc TIPSO

O PhSiH3, Pd(PPh3)4
THF, 25 °C, 15 min

96%

53%
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: subsequently developed a more effective method for formation of the indenyl

boxylate 6, involving carboxylation of the indenyl lithium with solid carbon dioxide

|) (Scheme 3.7).

neme 3.7. Improved synthesis of the indenyl carboxylate (6)

OTIPS

1) n-Buli, THF

Ç –78 – 25 °C2) CO2(s)O
78%TIPSO 4

.1.5. Attempted Synthesis of Series A indenes via the indenyl º |

-boxylate *

cessful formation of the indenyl carboxylate 6, allowed exploration of several more " … l
tes to the target Series A indenes. These involved the conversion to either a Weinreb's _*

de or an acid chloride, for coupling to aryl lithium or aryl magnesium bromide

vatives (Scheme 3.8). l

■

170





‘me 3.8. Potential conversion of the indenyl carboxylate to Series A indenes

.5.1. Formation of an indenyl Weinreb's amide

ral routes to the Weinreb's amide were explored (Table 3.5). Direct conversion of

lethyl ester to the Weinreb's amide (70) was unsuccessful. Attempts at a two-step

:dure, involving formation of the indenyl acid chloride followed by reaction with º |
dimethylhydroxylamine hydrochloride (71), consistently resulted in retrieval of 2

yl carboxylate starting material (6). º º
|

tº - \!
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Table 3.5. Initial attempts at Indenyl Weinreb's amide formation

TIPSO

Conditions for formation of the indenyl Weinreb's amide

Starting Material Conditions Result

R = OH i) oxalyl chloride, DCM, 0 – 25 øC, 4 h Tno reaction T
ii) MeO(CH3)NH2-HCl, pyridine, O – 25 °C 1h15

R = OH i) thionyl chloride, DCM, O – 25 °C, 3 h no reaction
ii) MeO(CH3)NH2-HCl, pyridine, O – 25 °C 1h15

R = OMe i-PrMgCl, MeO(CH3)NH2-HCl, THF, -20 – 0 °C 1h no reaction,
degradation

We hypothesize that the acidity of the proton at the 1-position of the indenyl acid

chloride, results in spontaneous regeneration of the acid starting material (6) via a ketene

intermediate (Scheme 3.9) in the presence of any water or excess HCl. This explains why

our attempts at coupling of aryl lithium reagents to the putative acid chloride were

unsuccessful, since the acid chloride was too transient.

* !

s
º
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Sint, we turned to an alternate method of amide synthesis, using peptide coupling

and with a variety of conditions, were able to synthesize the indenyl Weinreb's

high yield (Table 3.6). A method for conversion from the indenyl acid (6) via a

hydride intermediate was also successful (72). Unfortunately, the indenyl

S amide was unreactive towards both aryl lithium and aryl Grignard reagents.

dered trying to reduce the indenyl carboxylate (6) to the aldehyde, for coupling

Grignard reagents, however we were uncertain of whether this too, would prove

e. We decided instead to abort the synthesis of the Series A and B target indenes

ge, and to redesign the indene scaffold to take advantage of the ease of synthesis

ide bond using the peptide coupling methods. We thus turned our attention

ynthesis of the Series C target indenes.
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essful formation of the indenyl Weinreb's Amide by peptide coupling

Successful peptide coupling conditions for
formation of the indenyl Weinreb's amide

Conditions Yield
-

i) DCC, HOBt, THF, 0 – 25 °C 2 h 66 %
ii) MeO(CH3)NH2-HCl, pyridine, 20 h
i) HBtu, DCM, O – 25 °C 2 h 65%
ii) MeO(CH3)NH2-HCl, EtsN, 20 h
i) EDCI, HOBt, DMAP, DCM, 0 – 25 °C 1 h 95%
ii) MeO(CH3)NH2-HCl, (iPrz)Etn, 16 h
i) HBtu, DMAP, DCM, O – 25°C 1 h 95%
ii) MeO(CH3)NH2-HCl, (iPrz)Etn, 16 h ---

i) Et,N, DCM, 0 °C 15 min 56%
ii) pivaloyl chloride, 0 °C 1h * …"

º
iii) MeO(CH3)NH2-HCl, EtsN, 0 °C 1h.30 -

esis of Series C Indenes

attempts to couple the indenyl carboxylate (6) to the methoxymethyl

with which the amide linkage could be formed by using the standard

reagent HBTU, was extremely encouraging. This coupling method

for synthesis of Series C indenes (Scheme 3.10). Thus aniline

oupled to the indenyl carboxylate (6), after which the silyl ethers are

ve the final target indenes of Series C. Initially, we attempted a

lesis by coupling 6 to 4-aminophenol, followed by addition of the

kyl chloride sidechains. However this gave poor yields and mixed

l, we pre-formed the basic aryl sidechains, and then coupled these to the

ate (6).

-

'
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neral Synthesis of Series C Indenes

OTIPS

\ 1) HBTU, DMAP, DCM
2) 38% R= -O(CH2)2N(CH2)5 NC-2

H2N R 82% -O(CH2)2N(CH3)2 NC-4
(-Pr2)EtN 24% -OH NC-5

3) deprotection

he aniline sidechains required amino protection of 4-hydroxyaniline

(73), followed by addition of the requisite alkyl sidechain, and

leprotection (Scheme 3.11). A raloxifene-like sidechain (8) and a

echain (9) were synthesized from the BOC-protected aniline (7). The

yacetic acid sidechain was also synthesized. In order to deprotonate the

g to the alkyl halide, CsCO, was preferable as a base to K2CO3.

tic KI to the reaction improved the reaction time and yields (74). The

n between a phenol and a primary alcohol is an alternate method of

dechains.
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cheme 3.11. Synthesis of aniline sidechains for coupling the indenyl carboxylate (6)

r HCIN O

1) c—/ O■ roK2CO3, KI, DMF 8—º" " - HAN
2) HCl, EtOAc 55%

9s 2^k-
OS O NM N

NH2 OC sº × 1) Cl-/- °2 HCI ºr |C■ (BOC)2O, NaHCO3, NaCl NH CsCO3, KI, DMF H2N 9
O

C■CHCl2/H2O, reflux 2) HCI, EtOAc 57%
97%HO O

O ~º) Also Br SS |
H2N

CsCO3, KI, DMF
->

\ }) HCI, EtOAC 43%O
O A||OH

A|| JºJºe — "so Br33%

Yllowing synthesis of the aniline sidechains, these were coupled to the indenyl

Irboxylate (6) using HBTU with catalytic DMAP (Scheme 3.12). Triethylamine -

hydrogen fluoride was used to cleave the silyl ethers (75), and was mild enough to

'oid tautomerization of the indene scaffold. Other deprotecting conditions using

trabutylammonium fluoride resulted in degradation. In the case of the target indenes

th the basic sidechains (NC-2, NC-4), this meant that the final products were isolated

the HCl salts, in tight complex with triethylamine. Extensive extraction,

crystallization, chromatographic separation and pumping under vacuum were unable to

minate the triethylamine. This was taken into account when determining mass balances

d calculating yields. Coupling to the allyl-protected oxyacetic acid sidechain was

ccessful, however deprotection of the phenols and the oxyacetic acid resulted in

leproducts, and we were unable to isolate the final compounds. We encountered the

me problems with a t-butyl-protected oxyacetic acid indene intermediate.

º

s|
º

/I
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Scheme 3.12. Synthesis of Target Indene Series C

2
1) HBTU, DMAP

DCM
2) 4-aminophenol 39 9,

(HPrz)EIN NC-5

3) Et3N-3HF, THF 62%

1) HBTU, DMAP, DCM

2) °S ºn -->

8 89 % |
H2N NH OH

(-Prz)Etn
s O NC-2

3) Et3N-3HF, THF | 43% C)4) HCI, ether 12:1 complex with Et3N

1) HBTU, DMAP, DCM f
9s-ºn ~

2) O■ s 82%N OH

—(EProRIN–
3) Et3N-3HF, THF NC-4

4) HCl, ether 2:1 complex with Et3N

\

An alternate route to the Series Cindenes, involves phosgene-mediated formation of the

arylisocyanate from the aniline sidechain, followed by direct coupling to the indenyl

lithium (76). A test reaction with phenylisocyanate was successful (Scheme 3.13),

however we did not pursue this route as we had already synthesized sufficient quantities

of the final products for testing.

Scheme 3.13. Test reaction for alternate route to Series Cindenes
|

OTIPS

1) n-Buli, THF.-78 °C → 0 °C
O

2) Nso
C SO4

TIP - 78 O. O
C

SO 78 °C 1h, 25 °C ■ h TIPSO
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lesis of 3-ethyl-2-arylindenes lacking an aryl extension

e target compounds of Series C, several other indenes, all lacking a bulky

Were prepared from intermediates in the synthetic pathway (Scheme 3.14).

ºn to NC-3, which was prepared during the synthesis of the core indene

inthesis of indenes lacking an aryl extension

1) n-Buli, ether, -78 °C → 0 °C

( ) 2) Ell 57 % C)
Ç 3) TBAF, THF 29 %

C
NC-1HO

( ) Et3N-3HF, THF

asis of Series D Indenes

testing of the Series Cindenes (Chapter 4), it was determined that the

nese compounds was interfering with binding of the ligands to the ERs.

enes are based on a 2,3-diarylindene scaffold, with direct attachment of

to the 3-positon of the indene scaffold. Crystallographic studies have

3-diarylindenes are more planar than the propeller-like structure of the
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iphenylethylenes. The five-membered ring constrains the fused phenyl to approximate

planarity with the double bond, and splays the pendant aryl rings apart, allowing

duction in the usual aryl torsional angles (33).

he general synthesis is based on previously developed routes (28, 29) (Scheme 3.15).

|kylation of phenylacetic acid with 3-methoxybenzyl bromide gave O

lenylhydrocinnamic acid 10 (77). Literature methods cite various Lewis acids as

fective in the cyclization of the acid, including HF, BF, ArF, PFs, POs, TiFi,

ncentrated H2SO, and PPA (28, 29, 51,78). Initial attempts with BFA.(EtO), and BBr,

Sulted in partial deprotection of the methoxy protecting groups, but no ring closure,

hereas PPA treatment resulted in degradation. However, conversion of 10 to the acid

loride, followed by Friedel–Crafts acylation, resulted in cyclodehydration to form the

lanone intermediate 11. Because the fused aryl ring contains an activating group,

iedel crafts chemistry directed ring closure at the 6-position, resulting in formation of

ly the desired isomer. The indanone intermediate was then derivatized using a variety

aryl Grignard reagents, either commercially available, or generated in situ (28).

bsequent acid work-up and deprotection with boron tribromide yields the target Series

indenes, which display a variety of functional groups, differing in the charge, electron

hdrawing effects, geometry and polarity. The indene products must be protected from

, humidity and light, due to facile air-oxidation resulting in formation of 2,3-

rylindenones (33).





3.15. General route to the Series D indenes

OH O OH O O1) oxalyl chloride,DCM2)
KHMDS, THF O AICB, DCM

O 11

~ Br
C

10 | 78%
O

O No
1) THF

1) THF BrMg
BrMg R 2) HCI

2) HC 3) deprotection
R = 3) deprotection \

NC-8 para-H **

NC-9 OH |
NC-10 O(CH2)2N(C5H10)
NC-11 F
NC-12 Cl
NC-13 CH3
NC-15 CF3
NC-16 NH2
NC-17 COOH
NC-18 CH2Br
NC-19 C(O)NH2

NC-20 C(O)CCH3 º

ryl bromides were commercially available, but others were synthesized

g to standard procedures (Scheme 3.16). We did attempt formation of the 4

enylmagnesium bromide without prior protection of the aniline group (79),

the weakly acidic protons quenched the Grignard reagent, requiring us to first

le aniline group as a diallylamine (14).

3.16. Preparation of aryl bromide sidechains

F y—/ 12 R = N-piperidinyl 100%-( )—on ºf - ... O & Bºº":
R2N ATC HC

-

r NH, AM bromide, K.co. e-K)— \ 14
THF, reflux 4h \-N\

40%

180



·



The aryl bromide sidechains were converted to the Grignard reagents, and coupled with

the indanone 11 to give the final products upon deprotection (Scheme 3.17, Scheme

3.18). The dimethylamino sidechain of tamoxifen, and the t-butyl-protected oxyacetic

acid sidechain, were both effectively coupled as aryl Grignard reagents to the indanone

11 (not shown). However, deprotection of the methoxyethers with boron tribromide

could not be achieved without cleavage of the alkyl sidechain at the phenolic ether. Thus

we were unable to synthesize these derivatives. Because of difficulties in coupling the

requisite Grignard reagents to 11, we were also unable to synthesize the

pentafluorophenyl, the C2H1-phenyl and the 3-thiophene derivatives.
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Scheme 3.17. Synthesis of Series D indenes: NC-8 to -10, NC-14 & NC-16

3) BBr3, DCM 91 %

1) THF Qº–( ) () OH
2) HCI 61 % | O

NC-8

HO

HO

1) THF Qº–( )—ors (C) OH2) tº \ 96% – IO
3) Et3N.3HF, THF 97%
4) BBr3, DCM 84% NC-9

HO

... ) O
1) THF O*—( )—o ()—on
2) HCI 71 % |O–-

15 %3) BBr3, DCM o NC-10

HO

1) THF
BrMg* . . ) ()--

3) BBr3, DCM 75 % O
O

NC-14HO

2

ºO■ eº

1) THF
BrM N(allyl)

Q (allyl)2 75 %

2) NDMBA, Pd(PPh3)4, DCM 89%

º
DCM 100 %

H

HO

Scheme 3.18. Synthesis of NC-11 to -13 & -15

O

º
\

O 11

R1 =

1) Mgx-PhR1, THF O
OH F 37 %

2) HCI IC) NC-11 p- o

Nc-12 p-Cl 42%
3) BBr3, DCM Nc-13 p-CH3 47%O NC-15 p-CF3 39%

HO
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The synthesis of NC-17, N-18, N-19 and NC-20 proceeded via a methyl ester

intermediate (18), which was synthesized from triflate (17) via palladium-catalyzed

alkoxycarbonylation (80) (Scheme 3.19). Reaction of ester 18 with boron tribromide

resulted in Saponification and deprotection of the phenols, to give the carboxylic acid

derivative NC-17. Reduction of the ester (18) with DIBAL-H produced the benzyl

alcohol 19. Treatment of 19 with boron tribromide not only deprotected the methyl

ethers, but also converted the alcohol to a bromide (NC-18), presumably as the result of

excess hydrogen bromide. We were unable to effect selective deprotection of the

phenolic methyl ethers of ester 18, in order to produce NC-20. However, addition of

methanol to a solution of the acid (NC-17) and lithium aluminum hydride, resulted in

formation of the methyl ester (NC-20). The amide NC-19 was produced by amination of

*ster 18 with trimethylaluminum-ammonium chloride.

|
%
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me 3.19. Synthesis of NC-17 to NC-20, via the methyl ester (18)

TIPSO HO

MgBr UN& Cº. / /
TIPSO O ( ) O
-- | |

15

Et3N.3HF
THF -ºn-orir. T■ zO, 2,6-lutidine

THF 16 DCM, O OC – 25 oc88%

8% O * . 88%

TIO

/ N / CO, Pd(OAc)3 /dppp / O
_)-0 DMF, MeOHEN O

-

18 85%
O

17`o
`o

DIBAL-H, THF BBr3, DCM
89 %

O O
| N

1) AlMe3-NH4CI, benzene
–OH 2) BBr3, DCM, -78 °C – 25 °C

11%

HO

OH . BBr3, DCM
29 %

(2 steps)

HO O

O / \ LiAlH4, THF Oº
OH

|| OH TMeðH

NC-17
O

HO
O

HO NC-20

alternate route to the amide NC-19, we propose using peptide coupling conditions

ple the amine to the acid NC-17 (Scheme 3.20). Should this route be successful, it

allow easy synthesis of a wide range of amide derivatives, by coupling of the acid . --

º //

7 to a variety of primary and secondary amines. * {
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O O

O
O

H2N

( )—on
|O 1) HBTU, DMAP, DCM

NC-17 2) NH4CI, I-PrzEtN O
NC-19HO

: 1) HBTU, DMAP, DCM
O ; 2) NR,R2H, -PrºEtN

R1,R2 = H, Et, Me2, Etz, Pr, Ph
OH

Successfully, to from several other Series D indene derivatives. In order

jerivative, we oxidized the amino derivative of the TIPS-protected

group using MCPBA (Scheme 3.21). However, deprotection of the

he final step with boron tribromide resulted in degradation of the

at direct oxidation of NC-16 gave highly polar product mixtures that

Olate and characterize (Scheme 3.21), therefore We propose

phenols as silyl ethers, before oxidation and ether cleavage under

(Scheme 3.23).
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... Unsuccessful attempts at formation of the nitro- derivative

H2N

/ —O|C) 9 MCPBA, DCM,0 °C – 25 cc \-—E = -

O
70 %Yo `o : BB, DCM

-78 – 25 °C
degradation,

H2N O2N * no product

O ()—a wºº. C ( )—on
|O inconclusive, | O)mixed productsO

NC-16
O

HO HO

ormation of the aryl methyl ketone derivative via palladium-mediated

of aryl triflate 17 with tetramethylstannane (80) (81, 82), or with in situ

*thoxyvinyl)trimethylstannane (83, 84) were unsuccessful (Table 3.7).

ISuccessful attempts at formation of the methyl ketone derivative

O2N

s

%
Attempted formation of the methyl ketone derivative

Conditions Result

Pa(OAc)2/dppf, Me,Sn degradation
, 2,6-t-Buz-4-Me-PhOH (cat), DMF, 95 °C
Pd(OAc)2/dppf, Me,Sn
2,6-t-Buz-4-Me-PhOH (cat), DMSO, 95 °C
PdCl2(dppf).CH2Cl2, Me4Sn
2,6-t-Buz-4-Me-PhOH, DMF, 4A mol sieves, 100 °C degradation

n(Me3)C(CH2)OEt, Pd(Pphs), LiCl, dioxane, reflux no reaction
CI, THF

degradation

retrieved starting material,
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he aryl nitrile derivative, we tried to directly couple the unprotected

with the indanone (11) (79). However, the cyano group competes with

ignard reaction, therefore the reaction was unsuccessful. Literature

(5) to convert the aryl triflate (17) to the nitrile were unsuccessful

owever we have proposed alternate methods via either the aryl triflate

NC-16), or via titanium tetrachloride dehydration of the amide

(Scheme 3.23).

1successful attempts at formation of the nitrile derivative

O NC

O O /( ) 6. Kon Pºcºcººn ( ) OO) NMP, 60°C or 25°C. |C)
17

degradation,
mixed products

NO

conditions to form the benzaldehyde derivative from the methyl ester

he acid, however these Were unsuccessful (Table 3.8).
S

º
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nsuccessful attempts at formation of the aldehyde derivative

R2O

Unsuccessful Conditions for formation of the Aldehyde

Starting Material Conditions Result

R = C(O)CMe i) DIBAL-H, THF, -78 °C 1h.30 R = C(O)CMe
R2 = Me ii) dry MeoH, -78 °C 15 min CH2OH

iii) NaKtartarate (sat), -78 - -20°C 30 min R2 = Me
iv) ether, -20°C -

R = C(O)CMe i) LiAlH(t-BuO)4, THF, 0 – 25 °C 21 h R1 = C(O)CMe
-

R2 = Me R2 = Me
R = COOH i) DIBAL-H, toluene, -78 °C – 25 °C mixed products
R2 = H

rther explore the SAR of the Series D indenes, we have proposed syntheses

rivatives which vary the charge, size, geometry and polarity of the
-

|

Yups (Scheme 3,23). . -

º //

- * {

s
º

|
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Scheme 3.23. Proposed Synthesis for further Series D derivatives

O /
O 1) MgCl-PhR, THF

~ ... 2) HCL.
| 11 3) BBra, DCM

> → ~"S

`-- 1) HC, H2O, DMSo
`-- 2) NaNO2

`-- 3) KCu(CN)2 No

º UN() a■ pic. He º
OH

|C) 2) BBr3, DCM OO º Ho
T … 1) Zn(CN)2, Pd(PPh3)4.DMF, 120 ofo -

| N .… 2) BBr3, DCM

~ ( )—6C. ^
O

17`o

1) (C(O)Cl)2
HO

O ----

LiAlH4 ( ) OH DMSO, DCM...
- - - - - - - - - -- | º w ■

s
---H2N 2N - -

C O2C C can1) TIPSCI, imidazole, DMF OH

|º * 2) cojci, |º Cl3SiH-Et3N
------------------------ -- -----------T--->

3) BBr3, DCM

NC-16 O
HOHO HO

%

An alternative route (36) to the 2,3-diarylindenes of Series D was explored early on

(Scheme 3,24). This required differentiation of the phenols with protecting groups, but -
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fficulties arose in the initial coupling of the methoxyphenylacetyl chloride to the 4

isition of the protected phenol, to give the 1-aryl-2-(4-methoxyphenyl)ethanone (88).

he labile silyl ether resulted instead in attack by the phenoxide ion to form the aryl 2-(4-

ethoxyphenyl)acetate. An allyl protecting group was tried instead of the silyl ether, but

is was incompatible with the raised temperatures due to rearrangements.

heme 3.24. Unsuccessful alternate route to 2,3-diarylindenes of Series D

- - - - - - - - - - - - - - - - - - - - --

2) TIPSC 2O B
- - ■

imidazole
O

DMF No
-

: 1) AlCl3, DCM
74 9% BF3.Et2O ; 2) TBDPSC

TMSO TIPSO | imidazole
W DMF

O

-o-º: cº-º-

TIPSO TPSO

OS, CI 1) BF3.Et2O O
O

TMSO

O NaH, THF C
oº

5. Conclusions

e Series C and Series D indene ligands constitute a panel of compounds, based on a

mmon indene scaffold, that display a wide variety of functional groups. The biological

aracterization of these ligands, and their selective effects on ER-mediated

nScriptional activation, is described in Chapter 4. These indene ligands are useful as

2mical probes, to help better understand the molecular mechanisms of ER signaling.

timately, knowing how the chemical structure of a ligand relates to the eventual

ysiological effect, will aid in the design of more effective drugs for treatment of

eases such as breast cancer and osteoporosis.
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3.6. Experimental Methods

3.6.1. General Chemical Procedures

3.6.1.1. Purification and Analysis

Proton and carbon-13 nuclear magnetic resonance spectra ("H NMR, "C NMR) were

obtained on a Varian" Model AS400 (400 MHz) instrument; 'H NMR chemical shifts

are reported as 6 values in parts per million (ppm) downfield from internal

tetramethylsilane, or downfield from residual H.O peak in CD,OD: “C NMR chemical

shifts are reported as 6 values with reference to the solvent peak. The following

abbreviations are used to describe peak splitting where appropriate: S=singlet, d=doublet,

t=triplet, q=quartet, bs=broad singlet, m-multiplet. High resolution mass spectrometry

(HRMS) using electrospray ionization (EI) was performed by the National Bio-Organic,

Biomedical Mass Spectrometry Resource at the University of California, San Francisco.

In instances that fast atom bombardment (FAB) was required, HRMS was performed by

the Mass Spectrometry Facility at the University of California, Berkeley. Flash column

chromatography on crude products was performed using 230-400 mesh silica gel

(Aldrich Chemical Co.) or 40-63 um EMD"Geduranº Silica Gel 60 (VWR

International), using the general procedure described by Still (89). Preparative thin layer

chromatography (pTLC) was run using glass precoated silica gel plates (250 pum, particle

size 5 to 17 pm, pore size 60 Å, 20 x 20 cm; Aldrich Chemical Co. Z12272-6). Purity of

all compounds was determined by thin layer chromatography (TLC) using commercial

silica gel plates (AIItech, Alugram(6) Sil B/UV 254) and by 'H NMR and HRMS.

Developed TLC plates were visualized using short wave ultraviolet light (254 nm), and
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pically stained using a p-anisaldehyde solution followed by heating with a heat

rfinal compounds, purity was assessed as 95% pure or greater unless otherwise

y analytical reverse phase high pressure liquid chromatography (RP-HPLC). This

he using an Alliance 2695 Separations Module with a Waters 2996 photodiode

‘tector, together with two different columns: a XTerra" RP18 Column (3.5 pum;

) mm), and a YMC-Pack Pro C4 Column (5-3 um, 12 nm, 4.6 x 50 mm). The

ng solvent gradient was used with a 1 mL/minute flow rate: water: acetonitrile

trifluoroacetic acid) 90:10 to 5:95 over 10 minutes. Retention times for the two

■ t column conditions differed at least by approximately 1 minute, for each

Ind analyzed.

... General Synthetic Methods

are was oven or flame-dried prior to use, and reactions were performed under

lert atmosphere that was passed through a Drierite drying tube. Dichloromethane,

ather, dimethylformamide, methanol, tetrahydrofuran and toluene were dried

e procedure recommended by Grubbs, using the solvent purification system

Ctured by Glass Contour, Inc. (Laguna Beach, CA) (90). Prior to the installation

ystem, anhydrous solvents were purchased from Aldrich Chemical Co. and in

stances, tetrahydrofuran (anhydrous) was additionally purified by distillation

dium metal. All other reagents were purchased from Aldrich Chemical Co. and

2d without further purification. The term ‘solvent was removed under reduced

'generally implies rotary evaporation, followed by use of a high-vacuum pump.
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2. Synthesis of Compounds

2-ethyl-3-(4-methoxyphenyl)oxirane-2-carboxylate (1)

adaptation to the general procedure of Borch (48), to a solution of lithium

methyl-disilazide (1 M in tetrahydrofuran) (152.54 mL, 15254 mmol) in

ydrofuran (60 mL) at –78 °C, was added dropwise ethyl-2-bromobutyrate (15.14 \

02.54 mmol). The solution was stirred at –78 °C for 30 minutes, after which p

dehyde (12.694 g, 93.01.2 mmol) was added dropwise. The reaction was stirred at

D for 1 hour, then at 25 °C for 1 hour. The solution was poured into cold water,

ted with diethyl ether, washed with a 0.2 M hydrochloric acid solution, washed

water, dried over anhydrous magnesium sulfate, and solvent and removed under

2d pressure together with unreacted ethyl-2-bromobutyrate. The crude product (1)

6 g, 93.01.2 mmol) obtained in 100% yield as a clear faint yellow liquid, was

i directly on to the next step. R,054 (30% ethyl acetate-hexanes); ‘H NMR (400

CDCL) 67.22 (d, J–8.79 Hz, 2 H), 6.88 (d, J–8.79 Hz, 2 H), 4.27 (s, 1 H), 4.26

H), 3.78 (s, 3 H), 1.87 (dd, J–1428, 7.69 Hz, 1 H), 1.36 (dd, J–1428, 7.32 Hz, 1

32 (t, J–7.14 Hz, 3 H), 0.97 (t, J–7.32 Hz, 3 H); "C NMR (100 MHz, CDCL)

, 159.27, 127.46, 125.65, 113.36, 63.71, 62.20, 61.23, 54.82, 19.51, 13.81, 8.79

HRMS (EI) exact mass calculated for C.HisO4; 250.1205, found: 250.1197.

ethoxyphenyl)butan-2-one (2)

Slution of crude ethyl 2-ethyl-3-(4-methoxyphenyl)oxirane-2-carboxylate (1)

6 g, 93.01.2 mmol) in ethanol (150 mL) was added a solution of sodium hydroxide

water) (34 mL, 102.313 mmol) (49, 50). The off-white suspension was stirred at º
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reflux for 4 hours, then solvent removed under reduced pressure, without heating. The

white crystalline residue was redissolved in water and washed with diethyl ether. The

aqueous layer was acidified with a 6N hydrochloric acid solution, the organics extracted

with diethyl ether, washed with water, then with water containing trace sodium

bicarbonate. The organics were dried over anhydrous magnesium sulfate and solvent

removed under reduced pressure to afford crude 2-ethyl-3-(4-methoxyphenyl)oxirane-2-

carboxylic acid as a light yellow liquid. R,024 (30% ethyl acetate-hexanes). This was

then heated neat under stirring at 60°C for 3 hours, 80°C for 1 hour, and 100 °C for 1

hour. The residue was dissolved in ether, washed with a 1N sodium hydroxide solution,

then water, and then a saturated sodium chloride solution. The organics were dried over

anhydrous magnesium sulfate and solvent removed under reduced pressure. The crude

product was purified by dry flash column chromatography (silica, diethyl ether) to give 2

as a faint yellow liquid (11.553 g, 64.8 mmol) in 70% yield. R, 0.51 (30% ethyl acetate

hexanes); ‘H NMR (400 MHz, CDCL) & 7.00 (d, J–8.06 Hz, 2 H), 6.74 (d, J–7.69 Hz, 2

H), 3.65 (s, 3 H), 3.49 (s, 2 H), 2.33 (q, J–7.32 Hz, 2 H), 0.90 (t, J–7.14 Hz, 3 H); "C

NMR (100 MHZ, CDCL) 208.97, 158.32, 130.09, 126.27, 113.80. 54.88, 48.52, 34.70,

7.50 ppm; HRMS (EI) exact mass calculated for CnH2O, 178,0994, found: 178.0988.

1-(3-methoxyphenyl)-2-(4-methoxyphenyl)pentan-3-one (3)

Sodium hydride (60% suspension in mineral oil) (2.417 g. 60417 mmol) was rinsed with

hexanes under argon atmosphere, and then dissolved in tetrahydrofuran (150 mL). A

Solution of 1-(4-methoxyphenyl)butan-2-one (2) (10.768 g, 60.417 mmol) in

tetrahydrofuran (20 mL) was added dropwise at 25 °C over a period of 3 hours. The
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me a white, then a yellow suspension, and evolution of hydrogen gas was

methoxybenzyl bromide (10.152 mL, 72.50 mmol) was added dropwise over

nd the off-white suspension was stirred at 25 °C for 14 hours (43). The

poured a 5% hydrochloric acid solution, extracted with diethyl ether,

water, dried over anhydrous magnesium sulfate, and solvent removed under

ure. The crude product was purified by flash column chromatography

)% ethyl acetate-hexanes) to give 3 as a clear oil (18.0 g, 60.33 mmol) in

8,044 (20% ethyl acetate-hexanes); "H NMR (400 MHz, CDCL) & 7.10 (m,

J=8.42 Hz, 2 H), 6.82 (d, J–8.42 Hz, 2 H), 6.66 (m, 2 H), 6.58 (s, 1 H),

2 Hz, 1 H), 3.75 (s, 3 H), 3.69 (s, 3 H), 3.36 (dd, J–13.55, 7.69 Hz, 1 H),

3.73, 7.14 Hz, 1 H), 2.39 (m, 1 H), 2.22 (dd, J–17.58, 7.32 Hz, 1 H), 0.90 (t,

H); "C NMR (100 MHz, CDCL) 210.47, 15929, 158.68, 141.36, 130.65,

1, 11445, 114,07, 111.41, 59.36, 55.04, 54.88, 38.68, 35.27, 7.68 ppm,

xact mass calculated for CoH,Os: 298.1569, found: 298.1561.

riisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H-indene (4)

of 1-ethyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-3) (1,746 g, 6.92

idazole (1.885 g, 27.68 mmol) in dimethylformamide (15 mL) at 25 °C,

orotriisopropylsilane (16.08 mL, 75.15 mmol). The solution was stirred for

ured into saturated sodium bicarbonate Solution, extracted with diethyl

with water, dried over anhydrous magnesium sulfate, and solvent removed

pressure. The crude product was purified by flash column chromatography

ethyl acetate-hexanes) to give 4 as a pale yellow oil (3.146 g, 5.569
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in 81% yield. R, 0.67 (5% ethyl acetate-hexanes); ‘H NMR (400 MHz, CDCL) 6

l, J-8.30 Hz, 2 H), 7.18 (d, J–8.30 Hz, 1 H), 7.00 (s, 1 H), 6.90 (d, J–8.30 Hz, 2

3 (d, J–6.35 Hz, 1 H), 3.61 (s, 2 H), 2.69 (q, J–7.32 Hz, 2 H), 1.28 (m, 3 H), 1.13

H), 1.13 (m, 6 H), 1.12 (s, 18 H); "C NMR (100 MHz, CDCL) 154.72, 153.77,

, 139.98, 139.14, 137.47, 130.66, 128.76, 119.76, 119.23, 117.57, 115.63, 41.03,

17.99, 17.95, 13.53, 12.72, 12.72 ppm; HRMS (EI) exact mass calculated for

D.Si2:564.3819, found: 564.3814.

-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-3)

ºlution of 1-(3-methoxyphenyl)-2-(4-methoxyphenyl)pentan-3-one (3) in

omethane (20 mL) at –78 °C, was added boron tribromide (1 M in

omethane) (200 mL, 200 mmol) (37). The reaction mixture was stirred at –78 °C

5urs, followed by 25 °C for 4.h30. A 30% triethylamine-methanol was added

then solvent was removed under reduced pressure. The crude residue was

lved in ethyl acetate, washed with water, then with saturated sodium chloride,

ver anhydrous magnesium sulfate, and solvent removed under reduced pressure.

de oil was purified flash column chromatography (silica, 0%-25% ethyl acetate

s) to give an orange oil (NC-3) (51) (7.9 g, 31.31 mmol) in 55% yield. R,022 (5%

ol-dichloromethane); ‘H NMR (400 MHz, CD,OD) 67.18 (d, J-8.06 Hz, 2 H),

J=8.06 Hz, 1 H), 6.84 (s, 1 H), 6.74 (d, J–8.06 Hz, 2 H), 6.66 (d, J–8.06 Hz, 1

(s, 2 H), 2.58 (q, J–7.20 Hz, 2 H), 1.16 (t, J-7.32 Hz, 3 H); "C NMR (100 MHz,

) 157.11, 155.99, 145.72, 140.03, 13969, 138.14, 130.57, 129.96, 12030, 116.17,
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14.00, 112.20, 41.83, 20.26, 13.98 ppm; HRMS (EI) exact mass calculated for Cºhl'O2:

52.1150, found: 252.1145.

-ethyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-3) (alternative route)

'o a solution of 1-ethyl-2-(4-triisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H-indene

102.7 mg, 0.182 mmol) in tetrahydrofuran (1.5 mL) at 25 °C was added triethylamine

ihydrofluoride (296.3 pull, 1.82 mmol), and the reaction stirred for 3 hours. The solution

'as neutralized with 2M potassium hydroxide solution (2.73 mL, 5.45 mmol), after

'hich some saturated sodium chloride solution was added, and some 1N calcium

hloride solution. The organics were extracted with diethyl ether, washed with saturated

3dium chloride solution, dried over anhydrous magnesium sulfate, and solvent removed

nder reduced pressure. The crude product was purified by p■ DC (silica, 40% ethyl

Setate-hexanes) and eluted off silica with ethyl acetate to give an orange oil (NC-3) (51)

3.4 mg, 0.093 mmol) in 51% yield. R, 0.22 (5% methanol-dichloromethane); "H NMR

|00 MHz, CD,0D) 67.18 (d, J–8.06 Hz, 2 H), 7.06 (d, J–8.06 Hz, 1 H), 6.84 (s, 1 H),

74 (d, J–8.06 Hz, 2 H), 6.66 (d, J–8.06 Hz, 1 H), 3.46 (s, 2 H), 2.58 (q, J–7.20 Hz, 2

), 1.16 (t, J-7.32 Hz, 3 H); "C NMR (100 MHz, CD, OD) 157.11, 155.99, 145.72,

10.03, 139.69, 138.14, 130.57, 129.96, 120.30, 116.17, 114.00, 112.20, 41.83, 20.26,

8.98 ppm; HRMS (EI) exact mass calculated for C-HigO, 252.1150, found: 252.1145.

lyl (+)-3-ethyl-6-hydroxy-2-(4-hydroxyphenyl)-1H-indene-1-carboxylate (5)

9 a Solution of 1-ethyl-2-(4-triisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H-indene

) (138 mg, 0.232 mmol) in tetrahydrofuran (2 mL) at -78 °C, was added n-butyllithium
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!.5M in hexanes) (102 HD, 0.255 mmol) dropwise. The clear yellow solution was stirred

-78 °C for 20 minutes, followed by 0 °C for 10 minutes, and the color became bright

allow. The solution was then transferred via cannula to a solution of allyl chloroformate

21.5 pil, 2.09 mmol) in tetrahydrofuran (7 mL) at -78 °C and stirred 3 hours. The

action was quenched by pouring into water and stirring 15 minutes at 25 °C.

he organics were extracted with diethyl ether, washed with saturated sodium

carbonate, dried over anhydrous magnesium sulfate, and solvent removed under

duced pressure. The crude product was purified by flash column chromatography

ilica, 0%-1% diethyl ether-hexanes) to give retrieved indene starting material (4) (52.3

g, 0.093 mmol) in 40% yield, and pure product (5) as an orange oil (79.6 mg, 0.123

mol) in 53% yield. R,052 (5% ethyl acetate-hexanes); "H NMR (400 MHz, CDCL)

7.16 (d, J–8.79 Hz, 2 H), 7.09 (d, J–8.30 Hz, 1 H), 6.99 (s, 1 H), 6.81 (d, J–8.79 Hz, 2

), 6.78 (d, J=8.30 Hz, 1 H), 5.59 (m, 1 H), 4.99 (d, J–9.77 Hz, 1 H), 4.95 (s, I H), 4.64

1 H), 4.41 (m, 1 H), 4.29 (m, 1 H), 2.58 (m, 2 H), 1.18 (m, 9 H), 1.04 (s, 18 H), 1.02

18 H); "C NMR (100 MHz, CDCL) 170.76, 155.02, 154.31, 142.11, 141.96, 139.14,

6.71, 131.81, 129.30, 129,08, 119.86, 119.79, 118.94, 117.63, 115.52, 65.29, 57.38,

40, 17.93, 17.89, 13.41, 12.66, 12.66 ppm; HRMS (EI) exact mass calculated for

oHooC4Si2: 648.4030, found: 648.4025.

)-3-ethyl-6-triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxylic

id (6)

lladium tetrakis triphenylphosphine catalyst was prepared by adding

S(dibenzylideneacetone)-dipalladium(0)-choloroform adduct (1.0 mg, 0.02 mmol) to a
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solution of triphenylphosphine (1.5 mg, 0.0057 mmol) in dichloromethane (1.75 mL) and

stirring 10 minutes until the Solution turned clear orange. The palladium(0)-tetrakis

triphenylphosphine was transferred via cannula to a solution of allyl (+)-3-ethyl-6-

hydroxy-2-(4-hydroxyphenyl)-1H-indene-1-carboxylate (5) (30.8 mg, 0.0475 mmol) and

phenylsilane (11.7 pil, 0.0057 mmol) in dichloromethane (0.75 mL) at 25 °C (68). The

orange reaction was stirred at 25 °C for 30 minutes, then quenched with water. The

solution was acidified with 1N hydrochloric acid to pH 2, organics were extracted with

dichloromethane, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure. The crude product was purified by dry flash column chromatography

(silica, 5-30% ethyl acetate-hexanes) to give 6 as a bubbly white solid (27.9 mg, 0.0458

mmol) in 96% yield. R, 0.18 (5% ethyl acetate-hexanes); "H NMR (400 MHZ, CDCL)

ô 7.23 (d, J–8.79 Hz, 2 H), 7.16 (d, J–8.30 Hz, 1 H), 7.10 (s, 1 H), 6.87 (d, J–8.30 Hz, 2

H), 6.84 (s, 1 H), 4.65 (s, 1 H), 2.64 (m, 2 H), 1.25 (m, J-7.32, 7.32 Hz, 9 H), 1.12 (s, 18

H), 1.10 (s, 18 H); "C NMR (100 MHz, CDCl3) 175.30, 154.93, 154.31, 142.13, 142.02,

139,08, 136,63, 129,23, 129.06, 119.75, 119.75, 118.80, 115.65, 57.31, 19.39, 17.87,

17.87, 13.33, 12.63, 12.63 ppm; HRMS (EI) exact mass calculated for Cº. HºO,Six:

608.3717, found: 608.3718.

(+)-3-ethyl-6-triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxylic

acid (6) (alternative route)

To a solution of 1-ethyl-2-(4-triisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H-indene

-

(4) (2.3743 g, 4.20 mmol) in tetrahydrofuran (15 mL) at -78 °C, was added n-butyllithium

(2.5 M in hexanes) (1.85 mL, 4.62 mmol). The clear yellow solution was stirred at -78 °C
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followed by 0 °C for 10 minutes, and the color became bright yellow. The

ºn poured over dry ice (69), and left until evolution of bubbles had ceased

ioxide had sublimed. The solution was poured into a 5% hydrochloric

(tracted with diethyl ether, washed with saturated sodium chloride, dried

magnesium sulfate, and solvent removed under reduced pressure. The

ystalline product was purified by flash column chromatography (silica,

cetate-hexanes) to give 6 as a bubbly white solid (1.982 g, 3.25 mmol) in

74 (20% ethyl acetate-hexanes); ‘H NMR (400 MHZ, CDCl3) 67.23 (d,

, 7.16 (d, J–8.30 Hz, 1 H), 7.10 (s, 1 H), 6.87 (d, J–8.30 Hz, 2 H), 6.84

1 H), 2.64 (m, 2 H), 1.25 (m, J–7.32, 7.32 Hz, 9 H), 1.12 (s, 18 H), 1.10

MR (100 MHz, CDCL) 175.30, 154.93, 154.31, 142.13, 142.02, 139,08,

129.06, 119.75, 119.75, 118.80, 115.65, 57.31, 19.39, 17.87, 17.87,

.63 ppm; HRMS (EI) exact mass calculated for Cºchs. O,Six: 608.3717,

yphenylcarbamate (7)

-hydroxyaniline (2g, 18.33 mmol), sodium bicarbonate (1.540 g, 18.33

im chloride (1.071g, 18.33 mmol) in dichloromethane (20 mL) and water

ded di-t-butyldicarbonate (4 g, 18.33 mmol) (73). The reaction was

ºurs, then cooled, washed with saturated Sodium chloride solution,

'd with dichloromethane, dried over anhydrous magnesium sulfate, and

under reduced pressure to give 7 as a pure fluffy off-white crystalline

7.863 mmol) in 97% yield. R, 0.43 (40% ethyl acetate-hexanes); "H
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NMR (400 MHz, CD,OD) 67.09 (d, J–8.79 Hz, 2 H), 6.63 (d, J–8.79 Hz, 2 H), 4.78 (s, 1

H), 1.43 (s, 9 H); "C NMR (100 MHz, CD,OD) 155.91, 154.34, 132.24, 122.21, 116.18,

80.47, 28.74 ppm; HRMS (EI) exact mass calculated for CuHis NO. 209.1052, found:

209.1056.

N-(4-(2-piperidinyl)ethoxy)benzenamine (8)

A solution of t-butyl 4-hydroxyphenylcarbamate (7) (500 mg, 2.39 mmol),

1-(2-chloroethyl)-piperidine monohydrochloride (483.9 mg, 2.63 mmol), potassium

carbonate (1.651 g, 11.95 mmol), and potassium iodide (1.0 mg, 0.010 mmol), in

dimethyl formamide (10 mL) was stirred at 25 °C for 20 hours. The solution was then

heated for 45 minutes at 50 °C, after which it was cooled and solvent removed under

reduced pressure. The residue was resuspended in dichloromethane. The organics were

washed with water, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure. The crude t-butyl 4-(2-(piperidinyl)ethoxy)phenylcarbamate
-

|

intermediate was then redissolved in ethyl acetate (6 mL), to which was added excess º

hydrochloric acid (3 N in water) (12 mL), and the solution stirred at 25 °C for 1 hour,

Ethyl acetate was added and the organic and aqueous layers were separated. The organic

layer was washed with saturated sodium bicarbonate. The original aqueous layer was

basified to pH 14 by addition of solid potassium hydroxide, then organics extracted with

ethyl acetate and washed with saturated sodium bicarbonate. All the organics were

combined, dried over anhydrous magnesium sulfate, and Solvent removed under reduced

pressure. The crude product was purified by flash column chromatography (silica, 0%-

30% methanol-chloroform) to give the both the pure intermediate t-butyl 4-(2-
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ridinyl)ethoxy)phenylcarbamate (167.7 mg, 0.523 mmol) in 22% yield; R, 0.52

6 methanol-chloroform); HRMS (EI) exact mass calculated for ClsHzsN2O3:

2100, found: 320.2109; and the pure product (8) (291.7 mg, 1.32 mmol) in 55%

I, R, 0.39 (20% methanol-chloroform); "H NMR (400 MHz, CDCL) 66.69 (d, J–8.30

2 H), 6.53 (d, J–8.79 Hz, 2 H), 3.97 (m, 2 H), 3.54 (s, 2 H), 2.67 (m, 2 H), 2.44 (s, 4

.56 (m, 4H), 1.40 (m, 2 H); "C NMR (100 MHz, CDC1,) 151.08, 139.82, 115.60,

06, 65.86, 57.47, 54.36, 25.30, 23.62 ppm; HRMS (EI) exact mass calculated for

20N,O: 220.1576, found: 220.1577.

-(2-dimethylamino)ethoxy)benzenamine (9)

2ling: An orange solution of t-butyl 4-hydroxyphenylcarbamate (1.009 g, 4.82

l), 2-(dimethylamino)ethylchloride hydrochloride (764.4 mg, 5.307 mmol), cesium

)nate (3.302 g, 10.13 mmol), and potassium iodide (1.6 mg, 0.096 mmol), in

thyl formamide (20 mL) was stirred at 25 °C for 26 hours. The gray mixture was

heated for 30 minutes at 50 °C, and the solution became dark purple. The reaction

cooled, solvent removed under reduced pressure, and the residue resuspended in

oform. The organics were washed with water, re-extracted with dichloromethane,

over anhydrous magnesium sulfate, and Solvent removed under reduced pressure.

rude product was purified by flash column chromatography (silica, 0%-20%

anol-chloroform), to afford t-butyl 4-(2-(dimethylamino)ethoxy)phenylcarbamate as

lid (675.7 mg, 3.23 mmol) in 67% yield. R, 0.34 (20% methanol-chloroform); H

(400 MHz, CDCL) 67.25 (d, J-8.30 Hz, 2 H), 6.83 (d, J–9.28 Hz, 2 H), 6.70 (s, 1

02 (m, 2 H), 2.71 (m, 2 H), 2.33 (s, 6 H), 1.49 (s, 9 H); "C NMR (100 MHz,

|
S

.
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71, 153.15, 131,54, 12047, 114.79, 79.97, 66.08, 58.15, 45.72, 28.27 ppm,

xact mass calculated for ClsH, N,Os: 280.1787, found: 280.1788.

: To a solution of t-butyl 4-(2-(dimethylamino)ethoxy)phenylcarbamate

03 mmol) in ethyl acetate (8 mL) was added excess hydrochloric acid (3 N

mL), and the solution stirred at 25 °C for 2 hours. Organic impurities were

h ethyl acetate, and the organic layer discarded. The aqueous layer was

H 13 with potassium hydroxide and subsequently extracted with ethyl

ed with saturated Sodium bicarbonate, dried over anhydrous magnesium

olvent removed under reduced pressure. The crude product was purified by

chromatography (silica, 0%-20% methanol-chloroform) to give the pure

74.1 mg, 0.319 mmol) in 79% yield. R, 0.14 (20% methanol-chloroform);

) MHz, CDCL) 66.68 (d, J–8.79 Hz, 2 H), 6.49 (d, J–8.79 Hz, 2 H), 3.89 (t,

H), 3.65 (s, 2 H), 2.60 (t, J–5.86 Hz, 2 H), 2.24 (s, 6 H); "C NMR (100

150.53, 139.82, 115.14, 114.69, 65.63, 57.41, 44.85 ppm; HRMS (EI)

lculated for CoHien,0: 180.1263, found: 180.1273.

hydroxy-N,2-bis(4-hydroxyphenyl)-1H-indene-1-carboxamide (NC-5)

a solution of (+)-3-ethyl-6-triisopropylsiloxy-2-(4-

oxyphenyl)-1H-indene-1-carboxylic acid (6) (150 mg, 0.246 mmol) in

ane (2 mL) at 0 °C, was added O-benzotriazol-1-yl-N,N,N',N'-

onium hexafluorophosphate (HBTU) (102.76 mg, 0.271 mmol) and 4–

no)pyridine (1.5 mg, 0.0123 mmol). The reaction was stirred at 0 °C for 50

wed by 25 °C for 30 minutes. 4-aminophenol (29.57 mg, 0.271 mmol) and
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pylethylamine (128.7 pil, 0.739 mmol) were added dropwise, and the solution

dark red which dissipated over time. The reaction was stirred at 25 °C for 17

hen poured into a 5% hydrochloric acid solution, extracted with dichloromethane,

| with saturated sodium bicarbonate followed by dilute sodium chloride solution,

ver anhydrous magnesium sulfate, and solvent removed under reduced pressure.

ide product was purified by flash column chromatography (silica, 0%-25% ethyl

-hexanes) to give (+)-3-ethyl-N-(4-hydroxyphenyl)-6-triisopropylsiloxy-2-(4-

opylsiloxyphenyl)-1H-indene-1-carboxamide as a white solid (66.8 mg, 0.095

in 39% yield. R,047 (15% ethyl acetate-hexanes); "H NMR (400 MHz, CDCL)

‘d, J–8.79 Hz, 2 H), 7.17 (m, 3 H), 6.86 (d, J–8.79 Hz, 2 H), 6.80 (d, J–8.79 Hz, 2

1 (s, 1 H), 6.52 (d, J–8.79 Hz, 2 H), 5.52 (s, 1 H), 4.66 (s, 1 H), 2.71 (m, 2 H),

l, 9 H), 1.03 (s, 18 H), 1.01 (s, 18 H); "C NMR (100 MHz, CDC1,) 169.10,

155.03, 153.06, 143.54, 143.06, 138.17, 135.81, 129.74, 129.11, 128.29, 122.98,

120.11, 119.19, 115.94, 115.50, 30.31, 19.70, 17.94, 17.89. 13.58, 12.68, 12.64

RMS (FAB) exact mass calculated for C.H.INO,Six: 699.4139, found: 699.4126.

2ction: To a solution of (+)-3-ethyl-N-(4-hydroxyphenyl)-6-triisopropylsiloxy-2-

Ypropylsiloxyphenyl)-1H-indene-1-carboxamide (60.5 mg, 0.086 mmol) in

irofuran (3 mL) at 25 °C was added triethylamine trihydrofluoride (42.26 pil,

lmol), and the reaction stirred for 4.h30. The solution was poured into a 1M

fluoride, extracted with diethyl ether, washed with saturated sodium bicarbonate,

wer anhydrous magnesium sulfate, and solvent removed under reduced pressure.

de yellowish-white solid was purified by p'■ LC (silica, 15% methanol

rm) and eluted off silica with 85% isopropanol-dichloromethane, to give NC-5 as
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a solid (26.5 mg, 0.053 mmol) in 62% yield. R,045 (10% methanol-chloroform), *H

NMR (400 MHz, CD,OD) 69.51 (s, 1 H), 722 (d, J–8.79 Hz, 2 H), 7.14 (d, J–8.30 Hz, 1

H), 7.08 (d, J–8.79 Hz, 2 H), 6.92 (s, 1 H), 6.74 (d, J–8.79 Hz, 2 H), 6.71 (d, J-5.86 Hz,

1 H), 6.60 (d, J–8.79 Hz, 2 H), 4.63 (s, 1 H), 2.61 (m, 2 H), 1.21 (m, 3 H); "C NMR (100

MHz, CD,OD) 171.85, 157.61, 156,91, 155.63, 145.54, 143.36, 139.43, 138.17, 131.27,

130.63, 128.93, 123.81, 121.18, 116.30, 116.15, 115.24, 111.69, 60.77, 20.37, 13.83

ppm; HRMS (FAB) exact mass calculated for C, H, NO, 387.1471, found: 387.1467.

(+)-N-(4-(2-(piperidinyl)ethoxy)phenyl)-3-ethyl-6-hydroxy-2-(4-hydroxyphenyl)-1H

indene-1-carboxamide monohydrochloride (NC-2)

Coupling: To a solution of (+)-3-ethyl-6-triisopropylsiloxy-2-(4-

triisopropylsiloxyphenyl)-1H-indene-1-carboxylic acid (6) (231.5 mg, 0.380 mmol) in

dichloromethane (7.5 mL) at 0 °C, was added O-benzotriazol-1-yl-N,N,N',N'-

tetramethyluronium hexafluorophosphate (HBTU) (158.6 mg, 0.418 mmol) and 4–

(dimethylamino)pyridine (2.32 mg, 0.019 mmol). The reaction was stirred at 0 °C for 30

minutes, followed by 25 °C for 30 minutes. N-(4-(2-piperidinyl)ethoxy)benzenamine (8)

(92.12 mg, 0.418 mmol) and diisopropylethylamine (132 pil, 0.76 mmol) were added,

and the reaction stirred at 25 °C for 1 hour. The deep orange-red solution was poured into

a 5% hydrochloric acid solution, extracted with dichloromethane, washed with saturated

Sodium bicarbonate, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure. The crude product was purified by flash column chromatography

(silica, 0%-10% methanol-chloroform) to give (+)-N-(4-(2-(piperidinyl)ethoxy)phenyl)-

3-ethyl-6-triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxamide
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monohydrochloride as a pale yellowish-white solid (273.7 mg, 0.34 mmol) in 89% yield.

R,0.67 (20% methanol-chloroform); ‘H NMR (400 MHz, CDCl3) 67.36 (d, J–8.30 Hz, 2

H), 7.29 (s, 1 H), 7.23 (d, J–8.30 Hz, 1 H), 7.02 (d, J–8.79 Hz, 2 H), 6.94 (d, J–8.30 Hz,

2 H), 6.90 (d, J–8.30 Hz, 1 H), 6.77 (s, 1 H), 6.72 (d, J–8.79 Hz, 2 H), 4.76 (s, 1 H), 3.99

(m, 2 H), 2.78 (m, 2 H), 2.68 (m, 2 H), 2.45 (s, 4 H), 1.57 (m, 4 H), 1.39 (m, 2 H), 1.35

(m, 3 H), 1.27 (m, 6 H), 1.11 (s, 18 H), 1.10 (s, 18 H); "C NMR (100 MHz, CDCl3)

168.21, 155.47, 155.26, 154.80, 143.18, 143.01, 137.98, 135.74, 130.34, 128.95, 128.22,

121.93, 120.24, 119.89, 118.93, 115,77, 11446, 65.98, 60.17, 57.66, 54.81, 25.71, 23.98,

19.52, 17.78, 17.72, 13.43, 12.51, 12.46 ppm, LRMS (EI) exact mass calculated for

CoHasN2O,Si2: 811.5265, found: 811.666.

Deprotection: To a solution of (+)-N-(4-(2-(piperidinyl)ethoxy)phenyl)-3-ethyl-6-

triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxamide

monohydrochloride (273.7 mg, 0.337 mmol) in tetrahydrofuran (7.5 mL) at 25°C was

added triethylamine trihydrofluoride (549.9 ML, 3.37 mmol), and the reaction stirred for 3

hours. The reaction was poured into a separatory funnel, and the two organic layers

Separated. The lower layer was saved, solvent was removed under reduced pressure, and

the residue resuspended in diethyl ether (2.5 mL). Excess hydrochloric acid (2M in

diethyl ether) (3.7 mL) was added, and the solution stirred at 25 °C for 2 hours, to form

the hydrochloric acid salt, whereupon solvent was removed under reduced pressure. The

crude product was redissolved in methanol, purified by repeated recrystallization

(methanol-ethyl acetate) filtered, and washed with cold ethyl acetate to give a 1:12 ratio

of product:triethylamine as a yellow crystalline solid (313.5 mg, 0.143 mmol)

corresponding to a 43% yield of pure product NC-2 (71.4 mg, 0.143 mmol). R,037
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(40% methanol-chloroform); 'H NMR (400 MHz, CD,OD) 6 10.20 (s, 1 H), 7.42 (d.

J–7.33 Hz, 2 H), 7.33 (d, J–8.30 Hz, 2 H), 7.20 (d, J–7.81 Hz, 1 H), 7.01 (s, I H), 6.91

(d, J–8.30 Hz, 2 H), 6.82 (d, J–8.30 Hz, 2 H), 6.80 (m, 1 H), 4.93 (s, 1 H), 4.32 (m, 2 H),

3.53 (m, 4 H), 2.67 (m, 4 H), 1.80 (m, 6 H), 1.46 (m, 3 H); "C NMR (100 MHz, CD,OD)

171.61, 157.61, 156.91, 155.85, 145.66, 142.88, 139.44, 138.40, 133.68, 130.60, 128.80,

123.20, 121.15, 116.33, 115.93, 115.24, 111.80, 63.65, 60.38, 57.12, 54.87, 23.96, 22.49,

20.38, 13.93 ppm; HRMS (FAB) exact mass calculated for C, H, N,O, 499.2597, found:

499.2607.

(+)-N-(4-(2-(dimethylamino)ethoxy)phenyl)-3-ethyl-6-hydroxy-2-(4-hydroxyphenyl)-1H

indene-1-carboxamide monohydrochloride (NC-4)

Coupling: To a solution of (+)-3-ethyl-6-triisopropylsiloxy-2-(4-

triisopropylsiloxyphenyl)-1H-indene-1-carboxylic acid (6) (231.5 mg, 0.380 mmol) in

dichloromethane (7.5 mL) at 0 °C, was added O-benzotriazol-1-yl-N,N,N',N'-

tetramethyluronium hexafluorophosphate (HBTU) (158.6 mg, 0.418 mmol) and 4

(dimethylamino)pyridine (2.32 mg, 0.019 mmol). The reaction was stirred at 0 °C for 30

minutes, followed by 25 °C for 45 minutes. N-(4-(2-dimethylamino)ethoxy)benzenamine

(9) (75.34 mg, 0.418 mmol) and diisopropylethylamine (132 pil, 0.76 mmol) were added,

and the reaction stirred at 25 °C for 1 hour. The solution was poured into a 5%

hydrochloric acid solution, extracted with dichloromethane, washed with saturated

Sodium bicarbonate, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure. The crude product was purified by flash column chromatography

(silica, 0%-5% methanol-chloroform) to give the pure (+)-N-(4-(2-

=

Ž

*
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(dimethylamino)ethoxy)phenyl)-3-ethyl-6-triisopropylsiloxy-2-(4-

triisopropylsiloxyphenyl)-1H-indene-1-carboxamide monohydrochloride product (238.9

mg, 0.309 mmol) in 81% yield. R, 0.71 (20% methanol-chloroform); "H NMR (400 MHz,

CDCL) 67.37 (d, J–8.79 Hz, 2 H), 7.29 (s, 1 H), 7.23 (d, J–8.30 Hz, 1 H), 7.04 (d,

J–8.79 Hz, 2 H), 6.94 (d, J–8.79 Hz, 2 H), 6.90 (d, J–8.30 Hz, 1 H), 6.73 (d, J–8.79 Hz,

2 H), 4.76 (s, 1 H), 3.95 (m, 2 H), 2.77 (m, 2 H), 2.65 (t, J–5.86 Hz, 2 H), 2.28 (s, 6 H),

1.35 (m, 3 H), 1.26 (m, 6 H), 1.11 (s, 18 H), 1.10 (s, 18 H); "C NMR (100 MHz, CDCl3)

168.17, 155.39, 155.19, 154.71, 143.10, 143.01, 137.98, 135.75, 130.41, 128.91, 128.22,

121.84, 120.16, 119.84, 118.85, 115.68, 114.38, 65.91, 57.95, 45.55, 38.31, 1946, 17.73,

17.67, 13.37, 12.46, 12.41 ppm; HRMS (FAB) exact mass calculated for Cºgh, N.O. Six:

771.4952, found: 771.4955.

Deprotection: To a solution of (+)-N-(4-(2-(dimethylamino)ethoxy)phenyl)-3-ethyl-6-

triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxamide (87.5 mg,

0.113 mmol) in tetrahydrofuran (4 mL) at 25 °C was added triethylamine trihydrofluoride

(73.97 pull, 0.45 mmol), and the reaction stirred for 3 hours. The solvent was removed

under reduced pressure, and the residue redissolved in methanol (1.5 mL). Excess

hydrochloric acid (2M in diethyl ether) (1.5 mL) was added and the solution stirred at 25 |
s°C for 2 hours, to form the hydrochloric acid salt. The crude product was purified by
*

repeated trituration (methanol-ethyl acetate) to give a 1:2 ratio of product:triethylamine

as a yellowish-white precipitate (87.1 mg, 0.113 mmol) corresponding to a 100% yield of

pure NC-4 product (61.1 mg, 0.113 mmol). R, 0.16 (20% methanol-chloroform); H

NMR (400 MHz, CD,OD) 8 (concentration dependent) 6.79 (d, J-8.30 Hz, 2 H), 6.73 (d.

J=8.30 Hz, 2 H), 6.63 (d, J–8.30 Hz, 1 H), 6.43 (s, 1 H), 6.30 (d, J–8.30 Hz, 2 H), 6.25
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i, J-7.81 Hz, 2 H), 6.24 (m, 1 H), 4.20 (s, 1 H), 3.64 (m, 2 H), 2.85 (m, 2 H), 2.28 (m, 6

|), 2.09 (m, 2 H), 0.70 (m, 3 H); "C NMR (100 MHz, CD,OD) 171.95, 157.61, 156.90,

55.84, 145.41, 143.36, 139.42, 138.11, 133.73, 130.60, 128.83, 123.47, 121.19, 116.25,

15.90, 115.22, 111.68, 63.40, 60.73, 57.83, 44.00, 20.34, 13.80 ppm; HRMS (FAB)

xact mass calculated for Cash, N2O4. 459.2284, found: 459.2282.

t)-1,3-diethyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (ethyl indenestrol A, NC-1)

oupling: To a solution of 1-ethyl-2-(4-triisopropylsiloxyphenyl)-5-triisopropylsiloxy

H-indene (4) (50 mg, 0.088 mmol) in diethyl ether (1.2 mL) at -78 °C, was added n

utyllithium (2.5 M in hexanes) (38.9 pil, 0.0973 mmol) dropwise. The clear yellow

blution was stirred at -78 °C for 10 minutes, followed by 0 °C for 10 minutes, and the

blor became orange, then bright yellow. The solution was then cooled to -78 °C, and

doethane (7.8 pil, 0.973 mmol) added dropwise, and the solution stirred at -78 °C for 1

our, then allowed to warm slowly to 25 °C and stirred 24 hours. The solution was

oured into water, extracted with diethyl ether, dried over anhydrous magnesium sulfate,

nd solvent removed under reduced pressure. The crude product was purified by p■ lC

silica, 5% ethyl acetate-hexanes) to give a light orange oil (29.9 mg, 0.123 mmol)

Ontaining a 2:1 mixture of starting material to (+)-1,3-diethyl-2-(4-

iisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H-indene product, which corresponds to

38% yield of product (29.9 mg, 0.033 mmol), deemed 87% pure by HPLC, R, 0.63 (5%

yl acetate-hexanes); ‘H NMR (400 MHz, CDCl3) & 7.03 (m, 7 H), 3.80 (m, 1 H), 2.70

1, 2 H), 1.87 (n, 1 H), 1.63 (m, 1 H), 1.23 (m, 9 H), 1.13 (s, 18 H), 1.11 (s, 18 H), 0.42

s

º
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(t, J-7.32 Hz, 3 H); the sample was too dilute for adequate analysis by "C NMR; HRMS

(e) exact mass calculated for CºHøO,Six: 592.4132, found: 592.4127.

Deprotection: To a partly pure solution of (+)-1,3-diethyl-2-(4-triisopropylsiloxyphenyl)-

5-triisopropylsiloxy-3H-indene (19.8 mg, 0.033 mmol) in tetrahydrofuran (1.5 mL) at 25

°C was added tetrabutylammonium fluoride (1M in tetrahydrofuran) (66 p. L, 0.066

mmol). The solution immediately turned yellow, then blue, then maroon, and was stirred

for 15 minutes, then quenched with water. The organics were extracted with diethyl ether,

washed with saturated sodium bicarbonate, dried over anhydrous magnesium sulfate, and

Solvent removed under reduced pressure. The crude product was purified by p■ [.C

(silica, 2.5% methanol-chloroform) to give NC-1 as a light yellow oil (2.0 mg, 0.0071

mmol) in 22% yield. R,027 (5% methanol-chloroform); "H NMR (400 MHz, CD,OD)

ô 7.09 (d, J–8.79 Hz, 2 H), 7.06 (d, J–7.81 Hz, 1 H), 6.83 (s, 1 H), 6.76 (d, J–8.79 Hz, 2

H), 6.64 (d, J–7.81 Hz, 1 H), 3.72 (m, 1 H), 2.54 (m, 2 H), 1.82 (m, 1 H), 1.55 (m, 1 H),

1.16 (m, 3 H), 0.32 (t, J–7.32 Hz, 3 H); "C NMR (100 MHz, CD,OD) 157.22, 156.16,

149.73, 142.60, 140.03, 139.40, 130.88, 129.66, 120.33, 116.18, 114,05, 111.67, 52.23,

24.16, 20.16, 1444, 8.24 ppm; HRMS (EI) exact mass calculated for CoH, O, 280.1463,

found: 280.1470.

(+)-3-ethyl-6-hydroxy-2-(4-hydroxyphenyl)-1H-indene-1-carboxylic acid (NC-7)

To a solution of (+)-3-ethyl-6-triisopropylsiloxy-2-(4-triisopropylsiloxyphenyl)-1H

indene-1-carboxylic acid (83.0 mg, 0.136 mmol) in tetrahydrofuran (3 mL) at 25°C was

added triethylamine trihydrofluoride (222 pil, 1.362 mmol), and the reaction stirred for

3h45. The solution was poured into a 1M sodium fluoride, acidified with 1N hydrochloric

_-
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acid, extracted with diethyl ether, washed with 0.5 M hydrochloric acid, dried over

anhydrous magnesium sulfate, and solvent removed under reduced pressure. The crude

brown solid was purified by p■ DC (silica, 10% methanol-chloroform) and eluted off

silica with diethyl ether, 85% isopropanol-dichloromethane, and 5% methanol

chloroform, to give a solid (40.3 mg, 0.136 mmol) in 100% yield, deemed 61% pure by

HPLC, R, 0.54 (20% methanol-chloroform), "H NMR (400 MHz, CD,OD) & 7.18 (d.

J=7.81 Hz, 2 H), 7.04 (d, J–8.30 Hz, 1 H), 6.92 (s, 1 H), 6.68 (d, J-7.81 Hz, 2 H), 6.63

(d, J–8.30 Hz, 1 H), 4.52 (s, 1 H), 2.55 (m, 2 H), 1.15 (m, 3 H); "C NMR (100 MHz,

CD,0D) 157.28, 156.50, 145.85, 141.81, 139.53, 139.03, 130.61, 129.69, 120,62, 120.62,

116.05, 114.74, 111.86, 49.64, 20.32, 13.80 ppm; HRMS (FAB) exact mass calculated

for CishigO, 296.1049, found: 296.1051.

3-(3-methoxyphenyl)-2-(4-methoxyphenyl)propanoic acid (10)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in toluene) (100 mL, 50.55

mmol) in tetrahydrofuran (80 mL) was cooled to -78 °C. To this was added 2-(4-

methoxyphenyl)acetic acid (2g, 12.035 mmol), and the solution stirred at -78 °C for 10

minutes (77,91). The yellow suspension was then warmed to 0 °C and stirred for 20

minutes, followed by addition of 3-methoxybenzyl bromide (2,662 g, 13.035 mmol). The

suspension became off-white, and was stirred at 0 °C for 45 minutes, then at 25 °C for 30

inutes. The reaction mixture was poured into 3N hydrochloric acid, extracted with ethyl

acetate, washed with water, dried over anhydrous magnesium sulfate, and the solvent

removed under reduced pressure. The crude yellowish oil was purified by flash column

chromatography (silica, 0%-5% methanol-dichloromethane) to give 10 as a white
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ne solid (2.703 g, 9.44 mmol) in 78% yield: R,04 (5% methanol

methane); ‘H NMR (400 MHz, CDCL) S 7.21 (m, 2 H), 7.11 (t, J–7.81 Hz, 1 H),

J=8.79 Hz, 2 H), 6.69 (m, 2 H), 6.62 (s, 1 H), 3.79 (m, 1 H), 3.74 (s, 3 H), 3.67

3.34 (m, 1 H), 2.96 (dd, J–13.67, 7.32 Hz, 1 H); "C NMR (100 MHz, CDCL)

159.37, 158.91, 140.25, 129.90, 129.22, 129.04, 121.18, 114.39, 113.99, 111.90,

4.94, 52.37, 39.17 ppm; HRMS (EI) exact mass calculated for C-HsO4.

5, found: 286.1197.

dro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11)

ution of 3-(3-methoxyphenyl)-2-(4-methoxyphenyl)propanoic acid (10) (2.453 g,

hol) in dichloromethane (20 mL) at 25 °C, was added oxalyl chloride (2 M in

methane) (12.88 mL, 25.75 mmol) (92). The reaction mixture was stirred at 25

h30, after which solvent and excess hydrogen choloride were removed overnight

duced pressure, affording a yellow oil. The resulting crude 3-(3-methoxyphenyl)-

thoxyphenyl)propanoyl chloride was redissolved in dichloromethane (25 mL).

um chloride (1.934 g, 14.51 mmol) was added, and the reaction mixture refluxed

). The brick-red solution was cooled, poured into carefully into water, acidified

hydrochloric acid, extracted with dichloromethane, washed with water, dried

gnesium sulfate, and solvent removed under reduced pressure. The crude oil was

by flash column chromatography (silica, 0%-5% ethyl acetate-hexanes) to give

white solid (1.793 g, 6.68 mmol) in 78% yield. R,046 (40% ethyl acetate

); ‘H NMR (400 MHz, CDCl3) & 7.66 (d, J–8.79 Hz, 1 H), 7.05 (d, J–8.79 Hz, 2

(m, J-7.32 Hz, 2 H), 6.79 (d, J–8.79 Hz, 2 H), 3.80 (s, 3 H), 3.73 (dd, J–8.30,
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3.91 Hz, 1 H), 3.68 (s, 3 H), 3.50 (dd, J–17.58, 8.30 Hz, 1 H), 3.08 (m, 1 H); *C NMR

(100 MHz, CDCL) 203.81, 165,07, 158,02, 156.22, 131.71, 128.86, 128.30, 125.37,

115.24, 113.68, 109.12, 55.16, 54.66, 52.25, 35.41 ppm; HRMS (EI) exact mass

calculated for C-HisO4; 268.1099, found: 268.1086.

1-(2-(4-bromophenoxy)ethyl)piperidine (12)

A solution of bromophenol (1.0 g, 5.78 mmol), 1-(2-chloroethyl)-piperidine

monohydrochloride (1.171 g, 6.36 mmol), cesium carbonate (3.96 g, 12.14 mmol), and

potassium iodide (1.91 mg, 0.01.16 mmol), in dimethyl formamide (40 mL) was stirred at

25 °C for 14 hours. The light brown suspension was then heated for 30 minutes at 50 °C,

and the solution darkened slightly. The reaction was cooled, solvent removed under

reduced pressure, and the residue resuspended in dichloromethane. The organics were

washed with water, dried over anhydrous magnesium sulfate, and solvent removed under

reduced pressure to afford 12 as a yellow-orange liquid (1.64 g, 5.78 mmol) in 100%

yield, which required no further purification. R, 0.33 (40% ethyl acetate-hexanes); 'H

NMR (400 MHz, CDCL) 67.35 (d, J–9.28 Hz, 2 H), 6.78 (d, J–9.28 Hz, 2 H), 4.06 (m, 2

H), 2.75 (t, J–5.86 Hz, 2 H), 2.50 (m, J-4.39 Hz, 4 H), 1.60 (m, 4H), 1.45 (m, 2 H); "C

NMR (100 MHz, CDCL) 157.83, 132.06, 116.30, 112.69, 66.13, 57.70, 54.95, 25.81,

24.05 ppm; HRMS (EI) exact mass calculated for Clsh isBrnO: 283.0572, found:

283,0572.
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|-diallyl-4-bromobenzenamine (14)

:ording to the known procedure (93), to a solution of 4-bromoaniline (1.5 g, 7.695

lol) in toluene (10 mL) at 25 °C was added diisopropylethylamine (3.75 mL, 21.525

lol). The solution was stirred for 5 minutes, after which ally|bromide (6 mL, 69.3

lol) was added. The reaction was stirred at reflux for 2 hours. After cooling, the

Ition was poured into water, extracted with ethyl acetate, dried over anhydrous

gnesium sulfate, and solvent removed under reduced pressure. The crude oil was

ified by flash column chromatography (silica, 0%-5% ethyl acetate-hexanes) to give

as a faint yellow oil (1940 g, 7.695 mmol) in 100% yield. R,0.70 (40% ethyl acetate

anes); ‘H NMR (400 MHz, CDCIA) S 7.12 (d, J–6.84 Hz, 2 H), 6.43 (d, J–7.32 Hz, 2

5.68 (m, 2 H), 5.04 (s, 2 H), 5.01 (d, J–6.35 Hz, 2 H), 3.74 (m, J–2.93 Hz, 4 H); "C

IR (100 MHz, CDC1,) 147.51, 133.33, 131.58, 116.08, 113.85, 107.98, 52.78 ppm;

MS (EI) exact mass calculated for C2H4BrN: 251.03 [0, found: 251.0294.

1-hydroxyphenyl)-1-phenyl-3H-inden-5-ol (NC-8)

■ pling. Following the published procedure (28, 29), to a solution of 2,3-dihydro-5-

hoxy-2-(4-methoxyphenyl)inden-1-one (11) (79.3 mg, 0.296 mmol) in

ahydrofuran (4 mL) at 25 °C, was added phenylmagnesium bromide (1 M in

ahydrofuran) (325 pil, 0.325 mmol). The faint yellow solution was stirred at 25 °C for

ours, then poured into 1.5N hydrochloric acid, extracted with diethyl ether, washed

h water, dried over anhydrous magnesium sulfate, and Solvent removed under reduced

sure. The crude oil was purified by flash column chromatography (silica, 0%-10%

I acetate-hexanes), to give 6-methoxy-2-(4-methoxyphenyl)-3-phenyl-1H-indene as a
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te solid (58.9 mg, 0.179 mmol) in 61% yield. R,067 (40% ethyl acetate

H NMR (400 MHz, CDCL) 67.38 (m, 5 H), 7.17 (d. J–8.79 Hz, 2 H), 7.10 (s,

d, J–8.30 Hz, 1 H), 6.80 (dd, J–8.30, 2.44 Hz, 1 H), 6.72 (d, J–9.28 Hz, 2 H),

H), 3.74 (s, 3 H); "C NMR (100 MHz, CDCL) 158.28, 157.96, 143.86,

44, 137.94, 136,49, 129.32, 129.11, 128.75, 127.17, 120.37, 120.37, 113.56,

.09, 55.58, 55.12, 41.02 ppm; HRMS (EI) exact mass calculated for C, H, O,

Ound: 328.1466.

n: Following the published procedure (28, 29)To a solution of 6-methoxy-2-

phenyl)-3-phenyl-1H-indene (58.9 mg, 0.179 mmol) in dichloromethane (4

°C, was added boron tribromide (1 M in dichloromethane) (395 pil, 0.395

reaction mixture was stirred at –78 °C for 2 hours, then at 25 °C for 1.h30.

n was poured into water, extracted with dichloromethane, washed with

dium bicarbonate, dried over anhydrous magnesium sulfate, and solvent

der reduced pressure. The crude oil was purified by p■ DC (silica, 40% ethyl

anes) and eluted off silica with ethyl acetate and diethyl ether, to give NC-8 as

•llow solid (48.7 mg, 0.162 mmol) in 91% yield. R, 0.37 (40% ethyl acetate

H NMR (400 MHz, CD,OD) 67.33 (m, 2 H), 7.26 (d, J-7.32 Hz, 1 H), 7.21

Hz, 2 H), 7.00 (d, J–8.79 Hz, 2 H), 6.90 (s, 1 H), 6.80 (d, J–8.30 Hz, 1 H),

8.30, 2.44 Hz, 1 H), 6.51 (d, J–8.79 Hz, 2 H), 3.68 (s, 2 H); "C NMR (100

)D) 157.31, 15649, 145.36, 140.63, 139.46, 138.73, 138.33, 13045, 130,29,

.62, 128.15, 121.10, 115.88, 114.18, 112.28, 41.75 ppm; HRMS (EI) exact

ated for C, H.O.; 300.1150, found: 300.1140.
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1,2-bis(4-hydroxyphenyl)-3H-inden-5-ol (NC-9)

To a solution of methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenol (31.3

mg, 0.091 mmol) in dichloromethane (3 mL) at –78 °C, was added boron tribromide (1 M

in dichloromethane) (300 pull, 0.3 mmol). The reaction mixture was stirred at -78 °C for 1

hour, followed by further addition of boron tribromide (1 M in dichloromethane) (1 mL,

1 mmol). The solution was then stirred at 25 °C for 3 hours. The solution was poured into

water, stirred 10 minutes and extracted with dichloromethane. The aqueous layer was

basified with 1N NaOH and extracted with dichloromethane. The combined organic

layers were washed with saturated sodium bicarbonate, and ethyl acetate was used to

dissolve the uv-active precipitate off the sides of the glassware. The organic layers were

combined, dried over anhydrous magnesium sulfate, and solvent removed under reduced

pressure. The crude oil was purified by p■ DC (silica, 20% methanol-dichloromethane)

and eluted off silica with 10% methanol-dichloromethane, to give NC-9 as an orange oil

(24.2 mg, 0.076 mmol) in 84% yield, and deemed 81% pure by HPLC, R,048 (15%

methanol-dichloromethane); ‘H NMR (400 MHz, CD,OD) 8 7.04 (m, 4H), 6.88 (s, 1 H),

6.84 (d, J–8.30 Hz, 1 H), 6.77 (d, J–8.30 Hz, 2 H), 6.59 (dd, J–8.30, 1.95 Hz, 1 H), 6.53

(d, J–8.79 Hz, 2 H), 3.66 (s, 2 H); "C NMR (100 MHz, CD,0D) 157.71, 157.14, 156.38,

145.33, 140.94, 138.68, 131.53, 130.23, 129.96, 129.14, 121.18, 121.18, 116.59, 115.84,

114.11, 112.20, 41.62 ppm; HRMS (EI) exact mass calculated for C, HigO, 3.16.1099,

found: 316. 1096.
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1-(4-(2-(piperidin-1-yl)ethoxy)phenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-10)

Coupling: To a solution of 1-(2-(4-bromophenoxy)ethyl)piperidine (12) (498 mg, 1.753

mmol) in tetrahydrofuran (4 mL), was added magnesium turnings (39.4 mg, 1.753 mmol)

and a catalytic amount of iodine. The reaction mixture was refluxed for 4 hours, until

disappearance of the magnesium metal indicated formation of the Grignard reagent. The º,

solution was allowed to cool, and was added to a solution of 2,3-dihydro-5-methoxy-2-

(4-methoxyphenyl)inden-1-one (11) (150 mg, 0.559 mmol) in tetrahydrofuran (2 mL).

The reaction mixture was refluxed for 20 hours overnight. The solution was poured into

1.5N hydrochloric acid, and extracted with ethyl acetate, then dichloromethane, and

washed with water. The aqueous layer was basified with 1N sodium hydroxide, extracted

with ethyl acetate and dichloromethane and washed with water. The organic layers were

combined, dried over anhydrous magnesium sulfate, and solvent removed under reduced

pressure. The crude oil was purified by flash column chromatography (silica, 0%-2%

methanol-chloroform) to give 1-(2-(4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)phenoxy)ethyl)piperidine as a red semi-solid (181.5 mg, 0.398 mmol) in 71% yield. R,

0.48 (15% methanol-chloroform); ‘H NMR (400 MHz, CDCl3) 6 7.25 (d, J–7.81 Hz, 2 º

H), 7.18 (d, J–8.30 Hz, 2 H), 7.07 (d, J-11.72 Hz, 1 H), 7.06 (s, 1 H), 6.93 (d, J–7.81 Hz,

2 H), 6.78 (d, J–8.79 Hz, 1 H), 6.71 (d, J–8.79 Hz, 2 H), 4.12 (t, J–5.86 Hz, 2 H), 3.79 (s, N

3 H), 3.76 (s, 2 H), 3.72 (s, 3 H), 2.78 (m, 2 H), 2.51 (m, J–4.88 Hz, 4 H), 1.60 (m, 4 H),

1.44 (m, 2 H); "C NMR (100 MHz, CDC1,) 158.07, 157.80, 143.74, 14041, 137,85,

137.40, 130.27, 129.24, 128.96, 128.53, 120.22, 114.74, 11441, 113.42, 111.77, 109.94,

65.76, 57.88, 55.40, 54.95, 54.87, 40.81, 25.79, 24.07 ppm; HRMS (EI) exact mass

calculated for CoH, NO, 455.2460, found:455.2476.
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lection: To a solution of 1-(2-(4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

hoxy)ethyl)piperidine (181.5 mg, 0.398 mmol) in dichloromethane (4 mL) at −78

S added boron tribromide (1 M in dichloromethane) (876 uD, 0.876 mmol). The

n mixture was stirred at –78 °C for 2 hours, then at 25 °C for 1.h30, followed by

addition of boron tribromide (1 M in dichloromethane) (1.4 mL, 1.4 mmol). The

in was then stirred at 25 °C for 1 hour. The solution was poured into water

ing in precipitation of a brown residue), extracted with dichloromethane, washed

aturated sodium bicarbonate and dried over anhydrous magnesium sulfate. The

* from the glassware was re-dissolved in acetone, the organics were combined, and

t removed under reduced pressure. The crude oil was purified by flash column

atography (silica, 0%-5% methanol-dichloromethane), followed by p■ DC (silica,

methanol-dichloromethane) and eluted off silica with 10% methanol

romethane, and solvent removed under reduced pressure. The residue was re

yed in 5% methanol-dichloromethane followed by filtration through a fine silica

give NC-10 as a purple oil (25.1 mg, 0.059 mmol) in 15% yield, and deemed as

re by HPLC. Additionally 1,2-bis(4-hydroxyphenyl)-3H-inden-5-ol (122.3 mg,

mol) was retrieved as a side-product in 52% yield. R,029 (15% methanol

omethane); ‘H NMR (400 MHz, CD,OD) 66.88 (m, 11 H), 4.07 (m, 2 H), 3.64 (s,

!.74 (m, 2 H), 2.51 (m, 4H), 1.56 (m, 4H), 1.41 (m, 2 H); "C NMR (100 MHz,

» 15929, 157.23, 156.45, 145.35, 140.75, 139,08, 138.32, 132.24, 131.62, 130,27,

, 123.40, 121.13, 115.89, 114.15, 112.27, 66.22, 58.84, 55.91, 41.70, 26.35, 24.93

RMS (EI) exact mass calculated for Cash, NO3; 427.2147, found: 427.2149.
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(-fluorophenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-11)

pling: To a solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11)

) mg, 0.559 mmol) in tetrahydrofuran (4 mL) at 25 °C, was added 4–

rophenylmagnesium bromide (1 M in tetrahydrofuran) (615 pil, 0.615 mmol). The

ow solution was stirred at 25 °C for 2 hours, then poured into 1.5N hydrochloric acid,

acted with diethyl ether, followed by dichloromethane, the organic layers washed

■ water, combined and dried over anhydrous magnesium sulfate, and solvent removed

er reduced pressure. The crude oil was purified by flash column chromatography

ca, 0%–10% ethyl acetate-hexanes), to give 3-(4-fluorophenyl)-6-methoxy-2-(4-

hoxyphenyl)-1H-indene as a pinkish orange crystalline solid (144.5 mg, 0.417 mmol)

5% yield. R, 0.63 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CDC1,) 8 7.30

J=8.30, 5.86 Hz, 2 H), 7.15 (d, J=8.79 Hz, 2 H), 7.09 (m, 2 H), 7.03 (d, J–8.30 Hz, 1

7.03 (d, J–8.30 Hz, 1 H), 6.80 (dd, J–8.30, 2.44 Hz, 1 H), 6.73 (d, J–8.79 Hz, 2 H),

(s, 3 H), 3.80 (s, 2 H), 3.75 (s, 3 H); "C NMR (100 MHz, CDC1,) 158.39, 158,05,

.82, 140.16, 138.85, 136.84, 132.34, 131.03, 130.95, 129.12, 120.16, 115.89, 115.68,

.63, 111.96, 110.17, 55.55, 55.12, 41.03 ppm; HRMS (EI) exact mass calculated for º

HigrO2: 346.1369, found: 346.1353.

rotection: To a solution of 3-(4-fluorophenyl)-6-methoxy-2-(4-methoxyphenyl)-1H- S

ºne (144.5 mg, 0.398 mmol) in dichloromethane (4 mL) at -78 °C, was added boron !

romide (1 M in dichloromethane) (834 ul, 0.834 mmol). The reaction mixture was

ed at –78 °C for 2 hours, then at 25 °C for a further 2 hours, followed by further |

ition of dichloromethane (4 mL) and boron tribromide (1 M in dichloromethane) (1

1 mmol). The semi-solid mixture was stirred at 25 °C for a further 26 hours
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overnight. The solution was poured into water, Sonicated extensively to dissolve the

solids, extracted with dichloromethane, washed with saturated sodium bicarbonate, and

solvent removed under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 0%-40% ethyl acetate-hexanes) followed by p'■ LC (40% ethyl

acetate-hexanes), and eluted off silica with ethyl acetate to give the pure NC-11 (62.1

mg, 0.195 mmol) in 49% yield. R, 0.33 (40% ethyl acetate-hexanes); "H NMR (400 MHz,

CD,OD) 6 7.10 (m, 2 H), 6.96 (m, 2 H), 6.89 (d, J–8.79 Hz, 2 H), 6.82 (d, J–2.44 Hz, 1

H), 6.72 (d, J–8.30 Hz, 1 H), 6.54 (dd, J–8.30, 1.95 Hz, 1 H), 6.47 (d, J–8.30 Hz, 2 H),

3.55 (s, 2 H); "C NMR (100 MHz, CD,OD) 157.33, 156.48, 145,32, 140.32, 139.91,

137.52, 132.33, 132.25, 130.32, 129.38, 120.94, 116.62, 116.41, 115.93, 114.18, 112.34,

41.71 ppm; HRMS (EI) exact mass calculated for C, HisBO, 318.1056, found: 318.1056.

1-(4-chlorophenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-12)

Coupling: To a solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11)

(150 mg, 0.559 mmol) in tetrahydrofuran (4 mL) at 25 °C, was added 4

chlorophenylmagnesium bromide (1 M in diethyl ether) (615 ML, 0.615 mmol). The

Orange solution was stirred at 25 °C for 2 hours, then poured into 1.5N hydrochloric acid,

extracted with diethyl ether, followed by dichloromethane, the organic layers washed

With water, combined and dried over anhydrous magnesium sulfate, and solvent removed

under reduced pressure. The crude oil was purified by flash column chromatography

(silica, 0%-5% ethyl acetate-hexanes), to give 3-(4-chlorophenyl)-6-methoxy-2-(4-

methoxyphenyl)-1H-indene as a pinkish white solid (131.3 mg, 0.3626 mmol) in 65%

yield. R, 0.57 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CDCL) 67.36 (m, 2 H),

220



■■
■■■

!1



7.26 (d, J–8.30 Hz, 2 H), 7.14 (d, J–8.79 Hz, 2 H), 7.07 (s, 1 H), 7.02 (d, J–8.30 Hz, 1

H), 6.79 (dd, J–8.30, 1.95 Hz, 1 H), 6.73 (d, J–8.79 Hz, 2 H), 3.81 (s, 3 H), 3.78 (s, 2 H),

3.73 (s, 3 H); "C NMR (100 MHz, CDCL) 15844, 158.04, 143.81, 139.84, 139.11,

136.58, 134.90, 132.94, 130.73, 129.12, 129.01, 128.91, 120.10, 113.65, 111.93, 110.17,

55.51, 55.09, 41.07 ppm; HRMS (EI) exact mass calculated for C, H10CIO, 362.1074,

found: 362.1053.

Deprotection: To a solution of 3-(4-chlorophenyl)-6-methoxy-2-(4-methoxyphenyl)-1H

indene (131.3 mg, 0.362 mmol) in dichloromethane (4 mL) at –78 °C, was added boron

tribromide (1 M in dichloromethane) (876 pil, 0.876 mmol). The reaction mixture was

stirred at –78 °C for 2 hours, then at 25 °C for a further 2 hours, after which additional

dichloromethane (4 mL) and boron tribromide (1 M in dichloromethane) (1 mL, 1 mmol)

were added. The semi-solid mixture was stirred at 25 °C for a further 26 hours overnight.

The solution was poured into water, sonicated extensively to dissolve the solids, extracted

with dichloromethane, washed with saturated sodium bicarbonate, and solvent removed

under reduced pressure. The crude oil was purified by flash column chromatography

(silica, 0%-40% ethyl acetate-hexanes) to give NC-12 as an orange oil (79 mg, 0.236

mmol) in 65% yield. R, 0.33 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CD,OD)

ö 7.16 (d, J–8.79 Hz, 2 H), 7.01 (d, J–8.30 Hz, 2 H), 6.84 (d, J–8.79 Hz, 2 H), 6.79 (s, 1

H), 6.69 (d, J–8.30 Hz, 1 H), 6.52 (dd, J–8.30, 2.44 Hz, 1 H), 6.45 (d, J–8.30 Hz, 2 H),

3.48 (s, 2 H); "C NMR (100 MHz, CD,OD) 157.33, 156.43, 145,32, 140.19, 140.01,

137,23, 136.74, 133.78, 132.04, 130.35, 129.84, 129.22, 120.90, 115.94, 114.19, 112.36,

41.75 ppm; HRMS (EI) exact mass calculated for C2H13CIO, 334,0761, found:

334,0772.
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2-(4-hydroxyphenyl)-1-p-tolyl-3H-inden-5-ol (NC-13)

Coupling: To a solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11)

(150 mg, 0.559 mmol) in tetrahydrofuran (4 mL) at 25 °C, was added p-tolylmagnesium

bromide (1 M in diethyl ether) (615 pull, 0.615 mmol). The yellow solution was stirred at

25 °C for 2 hours, then poured into 1.5N hydrochloric acid, extracted with diethyl ether,

followed by dichloromethane, the organic layers washed with water, combined and dried

over anhydrous magnesium sulfate, and solvent removed under reduced pressure. The

crude orange oil was purified by flash column chromatography (silica, 0%-10% ethyl

acetate-hexanes), to give 6-methoxy-2-(4-methoxyphenyl)-3-p-tolyl-1H-indene as an

orange semi-solid (149.2 mg,0436 mmol) in 78% yield. R,061 (40% ethyl acetate

hexanes); ‘H NMR (400 MHz, CDCl3) & 7.21 (m, 6 H), 7.07 (m, 2 H), 6.78 (dd, J–8.30,

2.44 Hz, 1 H), 6.71 (d, J–8.30 Hz, 2 H), 3.79 (s, 3 H), 3.77 (s, 2 H), 3.71 (s, 3 H), 2.38 (s,

3 H); "C NMR (100 MHz, CDC1,) 158.16, 157.86, 143.83, 140.44, 138.06, 137.81,

136.70, 133.35, 129.45, 129.38, 129.11, 129,03, 120.34, 113.46, 111.80, 109.99, 55.46,

55.02, 40.91, 21.29 ppm; HRMS (EI) exact mass calculated for C.H.O.; 342.1620,

found: 342.1624.

Deprotection: To a solution of 6-methoxy-2-(4-methoxyphenyl)-3-p-tolyl-1H-indene

(149.2 mg, 0.436 mmol) in dichloromethane (4 mL) at -78 °C, was added boron

tribromide (1 M in dichloromethane) (959 puL, 0.959 mmol). The reaction mixture was

stirred at -78 °C for 1.h30, allowing the dry-ice bath to warm to 25 °C, after which the

Solution was stirred a further 2 hours. Additional boron tribromide (1 M in

dichloromethane) (1 mL, 1 mmol) was added, and the solution stirred 24 hours at 25 °C.

The solution was poured into a dilute sodium bicarbonate solution, extracted with
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dichloromethane, washed with Saturated sodium bicarbonate, again extracted with

dichloromethane, and solvent from the combined organic layers removed under reduced

pressure. The crude brown oil was purified by flash column chromatography (silica, 0%-

40% ethyl acetate-hexanes), followed by p■ DC (40% ethyl acetate-hexanes), and eluted

off silica with ethyl acetate to give the pure NC-13 (81.9 mg, 0.260 mmol) in 60% yield.

R,032 (40% ethyl acetate-hexanes), 'H NMR (400 MHz, CD,OD) & 7.00 (m, 4H), 6.91

(d, J–8.79 Hz, 2 H), 6.81 (d, J–2.44 Hz, 1 H), 6.73 (d, J–8.30 Hz, 1 H), 6.53 (dd, J–8.30,

2.44 Hz, 1 h). 6.45 (d, J–8.79 Hz, 2 H), 3.53 (s, 2 H), 2.19 (s, 3 H); "C NMR (100 MHz,

CD,OD) 157.04, 156.23, 145.31, 140.74, 139.05, 138.58, 137.77, 135.08, 130.35, 13025,

130.25, 129.71, 121.13, 115.80, 114,08, 112.23, 41.62, 21.36 ppm; HRMS (EI) exact

mass calculated for C.HisO, 314.1307, found: 3.14.1310.

I-benzyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-14)

Coupling: To a solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11)

(150 mg, 0.559 mmol) in tetrahydrofuran (4 mL) at 25 °C, was added benzylmagnesium

chloride (2 M in diethyl ether) (307.5 pil, 0.615 mmol). The light yellow solution was

Stirred at 25 °C for 1.h30, then refluxed for 2h50. Additional benzylmagnesium chloride

(2 M in diethyl ether) (307.5 pil, 0.615 mmol) was added, and the solution refluxed

overnight for 16 hours. The solution was cooled, poured into 3N hydrochloric acid,

extracted with diethyl ether, washed with water, dried over anhydrous magnesium sulfate,

and Solvent removed under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 0%-10% ethyl acetate-hexanes), to give 3-benzyl-6-methoxy-2-

(4-methoxyphenyl)-1H-indene as a red-orange oil (150.5 mg, 0.440 mmol) in 79% yield.
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R, 0.65 (40% ethyl acetate-hexanes); ‘H NMR (400 MHz, CDC1,) 67.23 (d, J–8.79 Hz, 2

H), 7.14 (m, 3 H), 7.09 (m, 2 H), 6.95 (d. J–195 Hz, 1 H), 6.89 (d, J–8.30 Hz, 1 H), 6.76

(d, J–8.79 Hz, 2 H), 6.63 (dd, J–8.30, 2.44 Hz, 1 H), 3.98 (s, 2 H), 3.66 (s, 3 H), 3.65 (s,

3 H); "C NMR (100 MHz, CDC1,) 158.47, 157.70, 144,08, 140.13, 139.83, 139.56,

134.71, 129.72, 128.79, 128.49, 128.16, 125.95, 120.14, 113.87, 111.74, 109.94, 55.40,

55.14, 41.17, 32.19 ppm; HRMS (EI) exact mass calculated for C, H.O.; 342.1620,

found: 342.1623.

Deprotection: To a solution of 3-benzyl-6-methoxy-2-(4-methoxyphenyl)-1H-indene

(150.5 mg, 0.440 mmol) in dichloromethane (4 mL) at –78 °C, was added boron

tribromide (1 M in dichloromethane) (1.73 mL, 1.73 mmol). The reaction mixture was

stirred at –78 °C for 1.h30, allowing the dry-ice bath to warm to 25 °C, after which the

Solution was stirred a further 2 hours. Additional boron tribromide (1 M in

dichloromethane) (1.73 mL, 1.73 mmol) was added, and the solution stirred 1 hour at 25

°C. The solution was poured into water, stirred 30 minutes, extracted with

dichloromethane, washed with saturated sodium bicarbonate, dried over anhydrous

magnesium sulfate, and solvent removed under reduced pressure. The crude oil was

purified by flash column chromatography (silica, 0%-40% ethyl acetate-hexanes), to give

the pure NC-14 (130.8 mg, 0.416 mmol) in 95% yield. R,040 (40% ethyl acetate

hexanes); ‘H NMR (400 MHz, CD,OD) 87.04 (m, 7 H), 6.80 (d, J–2.44 Hz, 1 H), 6.71

(d, J–7.81 Hz, 1 H), 6.62 (d, J–8.79 Hz, 2 H), 6.47 (dd, J–8.30, 2.44 Hz, 1 H), 3.85 (s, 2

H), 3.52 (s, 2 H); "C NMR (100 MHz, CD,OD) 15741, 156.12, 145.56, 141.19, 140.93,

14021, 135.55, 130.10, 129.95, 129.41, 12923, 126.90, 121.09, 116.21, 113.99, 112.11,
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41.89, 32.98 ppm; HRMS (EI) exact mass calculated for C.HisO.; 314. 1307, found:

3.14.1324.

1-(4-(trifluoromethyl)phenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-15)

Coupling: To a solution of 4-bromobenzotrifluoride (236 pil, 1.709 mmol) in

tetrahydrofuran (6 mL), was added magnesium turnings (41.55 mg, 1.709 mmol) and a

catalytic amount of iodine. The reaction mixture was refluxed for 50 minutes, until

disappearance of the magnesium metal indicated formation of the Grignard reagent. The

dark orange solution was allowed to cool, and added to a second flask, containing a

Solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11) (139 mg, 0.518

mmol) in tetrahydrofuran (4 mL). The reaction mixture was stirred at reflux for 1.h30.

The solution was poured into 3N hydrochloric acid and stirred for 30 minutes, then

extracted with diethyl ether, washed with water, dried over anhydrous magnesium sulfate,

and Solvent removed under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 0%–10% ethyl acetate-hexanes) to give 3-(4-

(trifluoromethyl)phenyl)-6-methoxy-2-(4-methoxyphenyl)-1H-indene as a whitish

crystalline solid (164.4 mg, 0.415 mmol) in 80% yield. R, 0.64 (40% ethyl acetate

hexanes); ‘H NMR (400 MHz, CDCL) 67.53 (d, J–7.81 Hz, 2 H), 7.32 (d, J–8.30 Hz, 2

H), 6.98 (m, 3 H), 6.91 (d. J–8.30 Hz, 1 H), 6.67 (d, J-8.79 Hz, 1 H), 6.61 (d, J–8.30 Hz,

2 H), 3.68 (s, 3 H), 3.67 (s, 2 H), 3.61 (s, 3 H); "C NMR (100 MHz, CDCIA) 158.57,

158.11, 143.84, 140.40, 139.85, 139.52, 136.39, 129.73, 129.31, 129.18, 128.62, 125.70,

125.67, 12004, 113.69, 111.95, 110.19, 55.44, 55.05, 41.17 ppm; HRMS (EI) exact mass

calculated for C, H,F,C), 396.1337, found: 396.1331.

225





Deprotection: To a solution of 3-(4-(trifluoromethyl)phenyl)-6-methoxy-2-(4–

methoxyphenyl)-1H-indene (164.4 mg, 0.415 mmol) in dichloromethane (4 mL) at −78

°C, was added boron tribromide (1 M in dichloromethane) (913 pil, 0.913 mmol). The

reaction mixture was stirred at –78 °C for 1.h30, allowing the dry-ice bath to warm to 25

°C, after which the solution was stirred a further 2 hours. Additional boron tribromide (1

M in dichloromethane) (913 pil, 0.913 mmol) was added, and the solution stirred 1 hour

at 25 °C. The solution was poured into water, stirred 30 minutes, extracted with

dichloromethane, washed with saturated sodium bicarbonate, dried over anhydrous

magnesium sulfate, and solvent removed under reduced pressure. The crude oil was

purified by flash column chromatography (silica, 0%-30% ethyl acetate-hexanes), to give

NC-15 as an orange oil (75.2 mg, 0.204 mmol) in 49% yield, and deemed as 78% pure by

HPLC, R,0.38 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CD,OD) 67.52 (d,

J=7.81 Hz, 2 H), 7.28 (d. J–8.30 Hz, 2 H), 6.87 (d, J–8.79 Hz, 2 H), 6.83 (d, J-1.95 Hz,

1 H), 6.73 (d, J–8.30 Hz, 1 H), 6.54 (dd, J–8.30, 2.44 Hz, 1 H), 6.48 (d, J–8.79 Hz, 2 H),

3.58 (s, 2 H); "C NMR (100 MHz, CD,OD) 157.66, 156.70, 145.41, 142.48, 141.10,

139.67, 137.14, 131.19, 130.45, 130.21, 128.98, 126.63, 126.59, 120.86, 116.05, 114.29,

112.44, 41.98 ppm; HRMS (EI) exact mass calculated for C.HisF,O.; 368. 1024, found:

368. 1026.

(4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenoxy)triisopropylsilane (15)

To a solution of (4-bromophenoxy)triisopropylsilane (501.1 mg, 1.52 mmol) in

tetrahydrofuran (4 mL), was added magnesium turnings (37 mg, 1.52 mmol) and a

catalytic amount of iodine. The reaction mixture was refluxed for 2h50, until
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disappearance of the magnesium metal indicated formation of the Grignard reagent. The

clear gray solution was allowed to cool, and added to a second flask, containing a

solution of 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-one (11) (140.4 mg,

0.523 mmol) in tetrahydrofuran (4 mL). The yellow reaction mixture was stirred at reflux

for 1.h30. The solution was poured into 3N hydrochloric acid, extracted with diethyl

ether, washed with Saturated sodium bicarbonate, dried over anhydrous magnesium

sulfate, and solvent removed under reduced pressure. The crude orange oil was purified

by flash column chromatography (silica, 0%-40% ethyl acetate-hexanes) to give 15 as a

red oil (252.5 mg, 0.504 mmol) in 96% yield. R, 0.60 (25% ethyl acetate-hexanes); 'H

NMR (400 MHz, CDCl3) & 7.07 (m, 4H), 6.96 (m, 2 H), 6.84 (d. J–8.79 Hz, 2 H), 6.69

(dd, J–8.30, 2.44 Hz, 1 H), 6.58 (d, J–8.79 Hz, 2 H), 3.69 (s, 3 H), 3.65 (s, 2 H), 3.62 (s,

3 H), 1.04 (s, 18 H), 1.02 (m, 3 H); "C NMR (100 MHz, CDCL) 158.12, 157.89, 155.25,

143.81, 140.53, 137.91, 137.77, 130.32, 129.46, 129.21, 129,03, 120.49, 120.27, 113.40,

111.86, 110.03, 55.46, 55.00, 40.74, 17.87, 12.62 ppm; HRMS (EI) exact mass calculated

for Cs2H40O,Si: 500.2747, found: 500.2763.

4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenol (16)

To a solution of (4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)phenoxy)triisopropylsilane (15) (555.4 mg, 1.109 mmol) in tetrahydrofuran (6 mL) at

25°C was added triethylamine trihydrofluoride (904 uD, 5.546 mmol), and the reaction

stirred for 5 hours. Additional triethylamine trihydrofluoride (4 mL, 36.810 mmol) was

added, and the reaction stirred a further 30 minutes. The solution was poured into a 1M

Sodium fluoride, extracted with ethyl acetate, then dichloromethane, washed with
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aturated sodium bicarbonate, followed by saturated sodium chloride, dried over

nhydrous magnesium sulfate, and solvent removed under reduced pressure. The crude

inkish solid was purified by flash column chromatography (silica, 0%-20% ethyl

cetate-hexanes) to give 16 as a white solid (370.5 mg, 1.076 mmol) in 97% yield. R,

.50 (40% ethyl acetate-hexanes); ‘H NMR (400 MHz, CDCl3) & 7.22 (d, J–8.30 Hz, 2

(), 7.21 (d, J–8.79 Hz, 2 H), 7.09 (m, J–8.30 Hz, 2 H), 6.89 (d, J–8.30 Hz, 2 H), 6.81

ld, J–8.30, 2.44 Hz, 1 H), 6.75 (d, J–8.79 Hz, 2 H), 3.85 (s, 3 H), 3.81 (s, 2 H), 3.77 (s,

H); "C NMR (100 MHz, CDC1,) 158.04, 157.75, 155.55, 143.83, 140.63, 137.80,

37.66, 130.45, 129.03, 127.13, 120.32, 115.61, 115.05, 113.47, 111.83, 110.02, 55.57,

5.10, 40.84 ppm; HRMS (EI) exact mass calculated for C, H2O3: 344. 1412, found:

44.1419.

-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenyl trifluoromethanesulfonate (17)

o a solution of 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenol (390.7 mg,

.1334 mmol) and 2,6-lutidine (316.9 pil, 2.72 mmol) in dichloromethane (30 mL) at 0

º was added trifluoromethane sulfonic anhydride (767.5 mg, 2.72 mmol) (80). The
Olution was stirred at 0 °C for 20 minutes, followed by 1 hour at 25 °C. Further reaction

me did not result in more than 67% conversion, so the Solution was poured into water,

xtracted with dichloromethane, then with ethyl acetate. The organic layers were washed

'ith Saturated sodium bicarbonate solution, dried over anhydrous magnesium sulfate,

Ombined and solvent removed under reduced pressure. The crude oil was purified by

ash column chromatography (silica, 0%-15% ethyl acetate-hexanes) to give 17 as a

hite solid (472.9 mg, 0.992 mmol) in 88% yield. R, 0.67 (40% ethyl acetate-hexanes);
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"H NMR (400 MHz, CDCl3) 67.39 (d, J–8.79 Hz, 2 H), 7.29 (d, J–8.79 Hz, 2 H), 7,08

(m, J–8.79 Hz, 3 H), 7.02 (d, J–8.30 Hz, 1 H), 6.80 (m, 1 H), 6.72 (d, J–8.79 Hz, 2 H),

3.80 (s, 3 H), 3.77 (s, 2 H), 3.73 (s, 3 H); "C NMR (100 MHz, CDC1,) 158.61, 158.16,

148.50, 143.79, 139.95, 139.39, 137,03, 135.84, 131.24, 129.15, 128.56, 121.67, 120.34,

119.96, 113.68, 111.99, 110.20, 55.42, 55.03, 41.13 ppm; HRMS (EI) exact mass

calculated for C, HoF.O.S: 476.0905, found: 476,0879.

methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)benzoate (18)

To a yellow solution of 1,3-bis(diphenylphosphino)propane (17.9 mg, 0.043 mmol) and

palladium(II) acetate (9.77 mg, 0.0435 mmol) in methanol (9 mL) and

dimethylformamide (13 mL) at 25 °C, was added 4-(6-methoxy-2-(4-methoxyphenyl)-

1H-inden-3-yl)phenyl trifluoromethanesulfonate (17) (319 mg, 0.670 mmol) and

triethylamine (205 pull, 1.47 mmol) (80). The reaction system was then purged with

carbon monoxide for 5 minutes, and refluxed at 85 °C for 18 hours, followed by 1h.25 at

25 °C, under carbon monoxide atmosphere. The dark brown solution was cooled, water

Was added, extracted with ethyl acetate, washed with Saturated Sodium chloride, dried

Over anhydrous magnesium sulfate, and solvent removed under reduced pressure. The

crude oil was purified by flash column chromatography (silica, 0%-30% ethyl acetate

hexanes) to give 18 as a yellow solid (203.6 mg, 0.527 mmol) in 79% yield. R, 0.55 (40%

ethyl acetate-hexanes); ‘H NMR (400 MHz, CDCl3) & 7.95 (d, J-7.81 Hz, 2 H), 7.29 (d.

J=7.81 Hz, 2 H), 6.99 (d, J–8.79 Hz, 2 H), 6.94 (s, 1 H), 6.91 (d, J–8.79 Hz, 1 H), 6.66

(d, J=8.30 Hz, 1 H), 6.58 (d, J–8.79 Hz, 2 H), 3.79 (s, 3 H), 3.67 (s, 3 H), 3.66 (s, 2 H),

3.59 (s, 3 H); "C NMR (100 MHz, CDCI) 166.81, 158.45, 158.00, 143.76, 141.52,
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139.61, 139.50, 136.77, 129.96, 129.33, 129.09, 128.77, 128.65, 120.01, 113.56, 111.86,

110.10, 55.37, 54.96, 51.92, 41.06 ppm; HRMS (EI) exact mass calculated for C.H.O.

386.1518, found: 386.1511.

1-(4-aminophenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-16)

Coupling: To a solution of N,N-diallyl-4-bromobenzenamine (14) (577.5 mg, 2.29 mmol)

in tetrahydrofuran (4 mL), was added magnesium turnings (56 mg, 2.29 mmol) and a

catalytic amount of iodine. The reaction mixture was refluxed for 2h50, until

disappearance of the magnesium metal indicated formation of the Grignard reagent. The

solution was allowed to cool, and 2,3-dihydro-5-methoxy-2-(4-methoxyphenyl)inden-1-

one (11) (409.7 mg, 1.53 mmol) was added. The yellow reaction mixture was stirred at

25 °C for 2 hours. The solution was poured into 3N hydrochloric acid, and extracted with

ethyl acetate, then dichloromethane, and washed with Saturated Sodium bicarbonate. The

aqueous layer was basified with 1N sodium hydroxide, extracted with dichloromethane

and washed with saturated sodium bicarbonate. The organic layers were combined, dried

over anhydrous magnesium sulfate, and solvent removed under reduced pressure. The

bright purple oil was purified by flash column chromatography (silica, 0%-20% ethyl

acetate-hexanes) to give N,N-diallyl-4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)benzenamine as an orange oil (487.4 mg, 1.151 mmol) in 75% yield. R, 0.31 (40%

ethyl acetate-hexanes); ‘H NMR (400 MHz, CDCl3) & 7.14 (d, J–8.79 Hz, 2 H), 7.08 (m,

J=8.30, 6.84 Hz, 3 H), 6.96 (d, J–1.95 Hz, 1 H), 6.69 (dd, J–8.30, 1.95 Hz, 1 H), 6.63 (d,

J–8.79 Hz, 4 H), 5.78 (m, 2 H), 5.09 (m, 4H), 3.84 (m, J-5.37 Hz, 4 H), 3.70 (s, 3 H),

3.66 (s, 2 H), 3.63 (s, 3 H); "C NMR (100 MHz, CDCI,) 157.96, 157.73, 147.80, 143.92,

º
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10.73, 137.93, 137.03, 134,03, 129.98, 129.04, 123.84, 120.55, 116.13, 113.42, 112.42,

12.24, 111.77, 109.89, 55.47, 55.04, 52.66, 40.91 ppm; HRMS (EI) exact mass

alculated for C20H23NO, 423.2198, found: 423.2207.

llyl deprotection: Palladium tetrakis triphenylphosphine catalyst was prepared by

dding tris(dibenzylideneacetone)-dipalladium(0)-choloroform adduct (23.8 mg, 0.023

mol) to a solution of triphenylphosphine (36.2 mg, 0.138 mmol) in dichloromethane (2

mL) and stirring 10 minutes until the solution turned clear orange. The palladium(0)-

strakis-triphenylphosphine was transferred via cannula to a solution of N,N-diallyl-4-(6-

methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)benzenamine (487.4 mg, 1.151 mmol) in

ichloromethane (2 mL). N,N-1,3-dimethylbarbituric acid (1.797 g, 11.51 mmol) was

dded, and the orange-brown reaction mixture stirred at 25 °C for 6 hours (94). The

olvent was removed under reduced pressure, and the residue redissolved in diethyl ether,

washed with saturated sodium bicarbonate, then washed with water, dried over anhydrous

magnesium sulfate, and solvent removed under reduced pressure. The crude oil was

lurified by flash column chromatography (silica, 0%-40% ethyl acetate-hexanes) to give

-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)benzenamine (353.1 mg, 1.028

nmol) in 89% yield. R,041 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CDCL)

7.15 (d, J–8.79 Hz, 2 H), 7.07 (d, J–8.30 Hz, 2 H), 7.04 (d, J–8.79 Hz, 1 H), 7.00 (d,

=2.44 Hz, 1 H), 6.72 (dd, J–8.30, 2.44 Hz, 1 H), 6.65 (m, 4H), 3.75 (s, 3 H), 3.71 (s, 2

I), 3.68 (s, 3 H); "C NMR (100 MHz, CDCL) 158,08, 157.82, 145.39, 143.90, 140.68,

37.89, 137.48, 130.24, 129.73, 129.06, 126.40, 12041, 115.45, 113.49, 111.83, 110.02,

5.57, 55.11, 40.89 ppm; HRMS (EI) exact mass calculated for C.H., NO. 343.1572,

Dund: 343.1575.
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Deprotection of methyl ether: To a solution of 4-(6-methoxy-2-(4-methoxyphenyl)-1H

inden-3-yl)benzenamine (353.1 mg, 1.028 mmol) in dichloromethane (5 mL), at -78 °C,

was added boron tribromide (1 M in dichloromethane) (4.524 mL, 4.524 mmol). The

reaction mixture was stirred at –78 °C for 2 hours, then at 25 °C for 2h.30. The Solution

was poured into water, stirred 30 minutes, then the organic layer separated from the

aqueous layer. Any remaining precipitate in the organic or aqueous layer, was collected

via filtration, re-dissolved in acetone, and added to the organic layer, and solvent

removed under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 0%–10% methanol-dichloromethane) to give NC-16 as a white

solid (324 mg, 1.028 mmol) in 100% yield. R,045 (10% methanol-dichloromethane); "H

NMR (400 MHz, CD,OD) 8 7.25 (d, J–8.30 Hz, 2 H), 7.13 (d, J–8.79 Hz, 2 H), 7.01 (d,

J=8.79 Hz, 2 H), 6.91 (d, J-1.95 Hz, 1 H), 6.83 (d, J–8.30 Hz, 1 H), 6.60 (dd, J–8.30,

2.44 Hz, 1 H), 6.52 (d, J–8.79 Hz, 2 H), 3.70 (s, 2 H); "C NMR (100 MHz, CD,OD)

157.02, 156.29, 147.77, 145.36, 141.06, 138.96, 138.28, 131. 14, 130.21, 130.13, 127.74,

121.22, 116.90, 115.78, 114.06, 112.17, 41.58 ppm; HRMS (EI) exact mass calculated

for C, HLNO, 315.1259, found: 315.1251.

4-(6-hydroxy-2-(4-hydroxyphenyl)-1H-inden-3-yl)benzoic acid (NC-17)

To a solution of methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)benzoate (18)

(20 mg, 0.052 mmol) in dichloromethane (2 mL), at -78 °C, was added boron tribromide

(1 M in dichloromethane) (228 pil, 0.228 mmol). The reaction mixture was stirred at –78

°C for 1.h30, then additional boron tribromide (1 M in dichloromethane) (456 pull, 0.456

mmol) was added, and the solution stirred at 25 °C for 20 hours. There was no further
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reaction progress, so the solution was poured into water, extracted with dichloromethane,

then with diethyl ether, after which the organic layers were combined, dried over

anhydrous magnesium sulfate, and solvent removed under reduced pressure. The crude

oil was purified by p■ DC (silica, 15% methanol-dichloromethane) and eluted off silica

with diethyl ether, to give NC-17 as a yellow solid (15.9 mg, 0.046 mmol) in 89% yield,

deemed as 73% pure by HPLC, R, 0.18 (10% methanol-dichloromethane); "H NMR (400

MHz, CD,OD) 68.00 (d, J–8.30 Hz, 2 H), 7.34 (d, J–8.30 Hz, 2 H), 6.99 (d, J–8.30 Hz,

2 H), 6.92 (d, J–1.95 Hz, 1 H), 6.84 (m, 1 H), 6.61 (dd, J–8.30, 2.44 Hz, 1 H), 6.54 (d,

J=8.79 Hz, 2 H), 3.73 (s, 2 H); "C NMR (100 MHz, CD,OD) 169.78, 157.67, 156.73,

145.45, 143.47, 140.90, 139.87, 137.78, 131.24, 130.65, 130.45, 129.21, 126.12, 120.99,

116.05, 114.31, 11241, 42.02 ppm; HRMS (EI) exact mass calculated for C.H.O.

344.1049, found: 344. 1424.

(4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenyl)methanol (19)

To a solution of methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)benzoate (18)

(20 mg, 0.052 mmol) in tetrahydrofuran (2 mL) at 0 °C was added lithium aluminum

hydride (1.0 mg, 0.026 mmol) (95, 96). The solution was stirred for 45 minutes at 0 °C,

then 18 hours overnight at 25 °C. No reaction had occurred, as determined by TLC, so

additional lithium aluminum hydride (9.0 mg, 0.24 mmol) was added and the solution

refluxed for 2 hours. The solution became gray, but still no reaction had occurred, so the

Solution was cooled to 0 °C, and DIBAL-H (1.5 M in toluene) (86 pull, 0.129 mmol) was

added. The reaction was stirred at 0 °C for 1 hour, and the solution became darker.

Additional DIBAL-H (1.5M in toluene) (70 mL, 0.105 mmol) was added, and the
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reaction stirred at 25 °C overnight for 18 hours. The reaction was still incomplete by

TLC, so the solution was cooled to —20 °C, and additional DIBAL-H (1.5 M in toluene)

(200 pull, 0.3 mmol) was added, and the reation stirred for 30 minutes at −20 °C, after

which the reaction was complete. The reaction was poured into saturated sodium

potassium tartarate at −20 °C, and stirred for 30 minutes, then stirred at 25 °C for another

30 minutes. The solution was extracted with ether and dried over anhydrous magnesium

sulfate, and solvent removed under reduced pressure. No further purification was needed,

and the pure product 19 was isolated as a yellow solid (18.6 mg, 0.090 mmol) in 100%

yield. R, 0.33 (40% ethyl acetate-hexanes); "H NMR (400 MHz, CDCl3) & 7.34 (m, 2 H),

7.28 (d, J–8.30 Hz, 2 H), 7.11 (d, J–8.79 Hz, 2 H), 7.03 (d, J–2.44 Hz, 1 H), 6.99 (d.

J=8.30 Hz, 1 H), 6.72 (dd, J–8.30, 2.44 Hz, 1 H), 6.66 (d, J–8.79 Hz, 2 H), 4.67 (s, 2 H),

3.76 (m, 5 H), 3.68 (s, 3 H); "C NMR (100 MHz, CDCl3) 158.32, 157.97, 143.88,

140.31, 139.70, 138.64, 137.58, 135.87, 129.53, 129.28, 129.13, 127.44, 120.32, 113.60,

111.92, 110.14, 65.24, 55.61, 55.15, 41.09 ppm; HRMS (EI) exact mass calculated for

C2H22O3: 358.1569, found: 358. 1574.

1-(4-(bromomethyl)phenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-18)

To a solution of (4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-yl)phenyl)methanol

(19) (18.6 mg, 0.052 mmol) in dichloromethane (4 mL) at -78 °C, was added boron

tribromide (1 M in dichloromethane) (229 pil, 0.229 mmol). The reaction mixture was

stirred at –78 °C for 30 minutes, allowing the dry-ice bath to warm to 25 °C, after which

the Solution was stirred a further 2h50. The solution was poured into water, stirred 30

minutes, extracted with dichloromethane, washed with Saturated sodium bicarbonate,
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dried over anhydrous magnesium sulfate, and solvent removed under reduced pressure.

The crude oil was purified by p■ LC (50% ethyl acetate-hexanes), to give NC-18 as a

yellowish solid (5.9 mg, 0.015 mmol) in 29% yield. Purity could not be ascertained by

HPLC, due to instability of the compound on the columns. R, 0.30 (30% ethyl acetate

hexanes); ‘H NMR (400 MHz, CD,OD) 67.39 (d, J–8.30 Hz, 2 H), 7.20 (d, J–7.81 Hz, 2

H), 6.99 (d, J–8.79 Hz, 2 H), 6.89 (s, 1 H), 6.82 (d, J–8.30 Hz, 1 H), 6.59 (m, 1 H), 6.52

(d, J–8.79 Hz, 2 H), 4.55 (s, 2 H), 3.69 (s, 2 H); "C NMR (100 MHz, CD,OD) 157.45,

156.58, 145.39, 140.26, 140,07, 138.55, 138.44, 138.07, 130.84, 130.61, 130.36, 129.47,

121.07, 115.94, 114.24, 112.32, 41.88, 34.00 ppm; HRMS (EI) exact mass calculated for

C22HisO3: 392.0412, found: 392.2022.

4-(6-hydroxy-2-(4-hydroxyphenyl)-1H-inden-3-yl)benzamide (NC-19)

Coupling: To a solution of flame-dried ammonium chloride (43.1 mg, 0.806 mmol) in

benzene (3 mL) at 90 C, was slowly added trimethylaluminum (2 M in hexanes) (403 pil,

0.366 mmol). The reaction was stirred for 1h 15 at 25 °C, until the evolution of bubbles

ended. This trimethylaluminum-ammonium chloride complex (80) was transferred via

cannula to a solution of methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)benzoate (18) (141.5 mg, 0.366 mmol) in benzene (2 mL), and the fluorescent yellow

Solution stirred at 60 °C for 4.h30. Further reaction time did not result in more than 50%

conversion as monitored by TLC, so the solution was cooled to 25 °C, poured into water,

extracted with diethyl ether, then with dicholoromethane. The organic layers were

washed with saturated sodium chloride, then combined and dried over magnesium

Sulfate, and solvent removed under reduced pressure. The crude oil was purified by flash
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column chromatography (silica, 0%-2% methanol-chloroform), followed by p'■ LC

(silica, 5% methanol-dichloromethane) and eluted off silica with ethyl acetate and 5%

methanol-chloroform to give 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)benzamide as a whitish solid (71.0 mg, 0.191 mmol) in 52% yield. R, 0.23 (5%

methanol-chloroform); ‘H NMR (400 MHz, CDCL) 68.02 (d, J–8.42 Hz, 2 H), 7.52 (d,

J–8.61 Hz, 2 H), 7.25 (d, J–8.97 Hz, 2 H), 7.22 (d, J–2.01 Hz, 1 H), 7.12 (d, J–8.42 Hz,

1 H), 6.90 (dd, J–8.42, 2.38 Hz, 1 H), 6.82 (d, J–8.97 Hz, 2 H), 3.95 (s, 2 H), 3.93 (s, 3

H), 3.85 (s, 3 H); "C NMR (100 MHz, CDC1,) 171,62, 159.39, 158.90, 144.74, 141.41,

140.56, 140.45, 137.63, 132.88, 130.23, 129.93, 129.68, 128.85, 120.71, 114.29, 112.70,

110.81, 55.92, 55.51, 41.81 ppm; HRMS (EI) exact mass calculated for C, H, NO,

371.1521, found: 371. 1534.

Deprotection: To a solution of methyl 4-(6-methoxy-2-(4-methoxyphenyl)-1H-inden-3-

yl)benzoate (74.3 mg, 0.200 mmol) in dichloromethane (2 mL) at -78 °C, was added

boron tribromide (1 M in dichloromethane) (880 uD, 0.880 mmol). The reaction mixture

was stirred at –78 °C for 45 minutes, then at 25 °C for 2h50. The solution was poured into

water, extracted with dichloromethane, then with ethyl acetate, after which the organic

layers were combined, dried over anhydrous magnesium sulfate, and solvent removed

under reduced pressure. The crude oil was purified by p■ DC (silica, 25% methanol

dichloromethane) and eluted off silica with ethyl acetate, to give NC-19 as a yellow oil

(45.5 mg, 0.133 mmol) in 66% yield. R,028 (10% methanol-dichloromethane); "H NMR

(400 MHz, CD,OD) 67.86 (d, J–8.79 Hz, 2 H), 7.34 (d, J-8.30 Hz, 2 H), 7.00 (d, J–8.79

Hz, 2 H), 6.92 (d, J-1.95 Hz, 1 H), 6.84 (d, J–8.30 Hz, 1 H), 6.61 (m, 1 H), 6.53 (d.

J=8.79 Hz, 2 H), 3.73 (s, 2 H); "C NMR (100 MHz, CD,OD) 17226, 157.64, 156,72,

/
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145.45, 142.32, 140.78, 139.94, 137.76, 133.60, 130,68, 130.45, 129.25, 129.18, 120.97,

116.03, 114.29, 112.41, 42.00 ppm; HRMS (EI) exact mass calculated for C.H.I.NO3:

343.1208, found: 343.1214.

methyl 4-(6-hydroxy-2-(4-hydroxyphenyl)-1H-inden-3-yl)benzoate (NC-20)

To a slurry of 4-(6-hydroxy-2-(4-hydroxyphenyl)-1H-inden-3-yl)benzoic acid (NC-17)

(39.1 mg, 0.114 mmol) in tetrahydrofuran (3 mL) was added methanol (2 mL). The

solution was cooled to 0 °C, and lithium aluminum hydride (4.74 mg, 0.125 mmol) was

added. The orange suspension was stirred for 2 hours at 0 °C, then overnight at 25 °C,

upon which it became brown. The reaction was poured into saturated sodium potassium

tartarate, and the methanol removed under reduced pressure. The solution was acidified

to pH 3 with 3N hydrochloric acid, extracted with ether, washed with water, dried over

anhydrous magnesium sulfate, and solvent removed under reduced pressure. The crude

oil was purified by p■ LC (10% methanol-chloroform) to give retrieved acid starting

material (9 mg, 0.026 mmol) in 23 % yield, and NC-20 product (7.6 mg, 0.0212 mmol) in

19% yield, deemed as 72% pure by HPLC. R,040 (10% methanol-chloroform); "H

NMR (400 MHz, CD,OD) & 8.00 (d, J–8.30 Hz, 2 H), 7.36 (d, J–8.79 Hz, 2 H), 6.99 (d,

J=8.79 Hz, 2 H), 6.92 (d. J–2.44 Hz, 1 H), 6.83 (d, J–8.30 Hz, 1 H), 6.61 (dd, J–8.30,

2.44 Hz, 1 H), 6.54 (d, J–8.79 Hz, 2 H), 3.87 (s, 3 H), 3.74 (s, 2 H); the sample was too

dilute for adequate analysis by "C NMR; HRMS (EI) exact mass calculated for Cahis0.

358.1205, found: 358.1206.
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4.1. Overview

The estrogen receptor (ER) plays an important role in development and reproduction,

and mediates its effects through ligand-dependent control of gene transcription. Several

ER ligands have been developed for treatment of diseases such as breast cancer and

osteoporosis. In contrast to estradiol, which acts as an estrogen in all tissues, these

synthetic ER modulators (SERMs) have different effects in different tissues. The

molecular mechanisms behind these selective activities remain largely undefined, and

there is a need to dissociate specific pathways within the complex signaling networks.

The development of ligands selective for the different ER subtypes, can provide a useful

tool to target and dissect specific ER-mediated transcription pathways. I have used a |

unifying core indene scaffold to synthesize two series of ER ligands (Chapter Three).

Indene ligands with an amide-linked aryl extension off the core scaffold, bind only weakly

to the receptors. On the other hand, the series of 2,3-diarylindenes bind tightly to the .

ERs, and depending on their exact chemical structures, have different biological

activities, both in transcriptional reporter gene assays, and inhibition of estradiol

stimulated proliferation of MCF-7 cells. Several of the ligands can differentiate between

the ERC. and ERB subtypes at an ERE, and display various levels of partial to full agonist

activity at ERO, while antagonizing estradiol action at ER■ . NC-13 has potential use in

generating a “chemical knockout” of ER■ . The antagonist effects of these ligands are

thought to constitute a form of passive antagonism resulting from subtle allosteric effects

on the receptor, as opposed to the ‘active antagonist’ conformation induced by

prototypical SERMs.
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4.2. Introduction

The estrogen receptor plays an important role in the transcriptional regulation of genes

involved in the growth and development of many different tissues (Chapter One). Our

approach towards studying the mechanism of these pathways, has been to use organic

chemistry as a tool to dissect the complex signaling networks. Our initial work focused

on the use of triphenylethylene ligands to selectively activate ER-mediated gene

transcription at an AP-1 site (1). Our current work focuses on developing ligands that can

differentiate between the ERO, and ER■ subtypes at a classical estrogen response element

(ERE). º

The development of ER ligands based on a unifying indene scaffold was described in

Chapter Three. Aryl extensions were built off the core indene scaffold, analogous to the

extensions of the prototypical SERMs. These are known to disrupt the conformation of

the ERS by displacing helix 12, thus preventing interaction with coactivator proteins (2– *

4). The first series of indene ligands (Series C) are based on the 3-ethyl-1,2-diarylindene

structure, and because of synthetic reasons, contain an amide linked aryl extension

(Figure 4.1). Series D indenes consist of a 2,3-diarylindene structure, in which the aryl

extension is directly attached to the core scaffold (Figure 4.1). This chapter describes the

biological characterization of these indene ligands, in terms of binding to the ERs,

transcriptional activation in reporter gene assays, and their anti-proliferative effects in

estradiol-stimulated MCF-7 cells. This characterization has identified Several Series D

ligands with interesting selectivities at the ER subtypes. These provide useful tools in

Order to further probe the mechanisms of specific ER signaling pathways, and

–
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preliminary data indicates that the indene ligands induce recruitment of different subsets

of coactivator proteins to the ER-ligand complex.

Figure 4.1. Structures of prototypic SERMs, and the indene-based estrogen receptor

ligands

SOrº \s O
HO HO HO

4-Hydroxytamoxifen (OHT) Raloxifene (Ral) Series C Target Indenes Series D Target Indenes
R1 = varied functional groups





4.3. Results and Discussion

4.3.1. Ligand binding to ERo and ERB

All compounds were tested for binding affinity to full-length ERO, and ERB in a

competition assay with a fixed concentration of fluorescent estradiol ligand, using

fluorescence polarization as a read-out (Table 4.1). We were concerned that the innate uv

absorbance and fluorescence characteristic of the indene structure may interfere with this

assay. The uv spectra of indene ligands have a \ma, at 236 and 316 in 95% EtOH, with a

slight hypochromic effect (5), and the fluorescence emission is known to be appreciable

(QPF = 0.15 in EtOH) (5) with maximal emission at 420 nM (6). We assayed the emission

spectra of several indene ligands upon excitation at 300 nM, a wavelength determined to

be close to their maximal uv absorbance. We observed no appreciable fluorescence,

particularly at the wavelengths used in the binding assay. Therefore we proceeded with

the assays, without any difficulties.
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slative binding affinities of the indene ligands for the ERs

ligand Relative Binding Affinity
R1 = ERO. ERB

estradiol 380 2100

4-hydroxytamoxifen 100 100

raloxifene 18 4

(ing an aryl extension
NC-1 (ethyl indenestrol A) Et 28 118

NC-3 (indenestrol A) H 209 1772

NC-7 COOH 12 8

enes

NC-2 O(CH2)2N(C5H10) 1 0.7

NC-4 O(CH2)2N(CH3)2 0.4 0.4

NC-5 OH 0.1 0.1

enes

NC-8 H 9 5

NC-9 OH 4

NC-10 O(CH2)2N(C5H10) 10 4

NC-11 F 20 14

NC-12 C| 20 15

NC-13 CH3 14

NC-15 CF3 7

NC-16 NH2 13

NC-17 COOH 0.2 0.4

NC-18 CH2Br 1

NC-19 C(O)NH2 12 18

NC-20 C(O)CH3 1 1

NC-14 H 15 5

elative binding affinities are expressed as a percentage of the potency of 4-hydroxytamoxifen,
found to have an K of 5.7 nM for ERa and 1.7 nM for ERB.
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Both indenes NC-1 (ethyl indenestrol A (EIA)) and NC-3 (indenestrol A (IA)), which

lack an aryl extension, show binding affinities for ERo and ERB that are as good as, or

even better than, 4-hydroxytamoxifen (OHT). This is in general agreement with previous

studies for ERo (7). Although NC-7 also lacks an aryl extension, it contains a charged

carboxylate group, which may explain its reduced affinity for both ER subtypes (only

10% of the affinity of OHT).

Of note, is that the 3-ethyl-1,3-diarylindenes of Series C that have the amide-linked 1

aryl extension (NC-2, -4 and -5), all show poor binding affinity for both ER subtypes,

less than 1% of the affinity of 4-hydroxytamoxifen. The 2,3-diarylindenes of Series D on

the other hand (NC-8 through NC-20), show fair binding to both ERo and ERB, on the

order of the affinity of raloxifene, and on average about 10-fold weaker than 4–

hydroxytamoxifen. The only exception is NC-17 that again has a negatively charged

carboxylate group, and therefore very poor affinity for the ERS as a result of unfavorable

interactions with the receptor (1000-fold worse than OHT).

The weak affinity of the Series C indenes was unanticipated, and we expect that the

amide carbonyl may interact unfavorably with residues in the ligand binding pocket.

Interestingly, research on the related spiroindene ligand scaffold has also found that a

carbonyl linker was detrimental to binding affinity, despite modeling predictions to the

contrary (8). Encouraged by potent binding affinity of a series of 2-phenylspiroindenes to

both ERO, and ERB (Figure 4.2), these researchers used molecular modeling to determine

possible ways of increasing receptor selectivity. Addition of a carbonyl oxygen at C-3 of
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the spiroindene system was expected to result in substantial selectivity for ERO, due to

negative steric and electronic clashes with Met293 of the

ER■ splice variant used in the study (analogous to ERo Leu384). However, the resultant

spiroindenediones were about 200-fold less active in binding than the corresponding

spiroindenes and failed to demonstrate the receptor subtype selectivity that had been

anticipated (9) (Figure 4.2). These additional carbonyl groups are thought to generate

unfavorable interactions with both ER subtypes.

Figure 4.2. Addition of a ketone-linker to the spiroindene scaffold results in

significant loss in ER binding affinity

O) Pºlocº
2-phenylspiroindene 2-phenylspiroindendione

ERa = 1 nM, ERB = 1.8 nM ERa = 172 nM, ERB = 223 nM

Blizzard TA et al. (2004) Bioorg Med Chem Lett 14: 1317-1321

With the exception of NC-3 (indenestrol A (IA)), none of the indene ligands showed any

binding preference for either of the ER subtypes. NC-3 has a 9-fold preference in binding

affinity for ERB in this assay, only slightly higher than the 5-fold ERB preference shown

by estradiol. This increased affinity of NC-3 for ERB may be due its lack of a functional
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group at the 1-position of the indene ring, the absence of which may avoid potentially

unfavorable steric interactions with the Met354 residue in the ERB binding pocket.

However modeling studies are necessary to further validate this hypothesis.

4.3.2. ER Subtype-selective Ligand Activity at an ERE

All the indene ligands were tested for their effects on ER-mediated transcription in U2OS

cells using high throughput reporter gene assays. A luciferase reporter gene construct

regulated by a consensus ERE (the vitellogenin A2 ERE-tk promoter) was used. A

constitutively active renilla luciferase reporter gene was originally used as a control for

transfection efficiencies, however this proved to be non-robust, and the data was more

reliable without this control. On the basis of the level of efficacy achieved in the dose

response assays, the ligands were classified as ‘full agonists' (efficacy > 60%) or ‘partial

agonists’ (10-59% efficacy). Ligands that were able to compete away the agonist activity

of estradiol in competition assays, were termed ‘full antagonists’ (compete to basal

activity levels) or ‘partial antagonists’ (compete down to the levels of partial activation).

In dose response assays, the ligands without an aryl extension, NC-1 and NC-3, were

potent agonists with both ER subtypes at an ERE (ECsos in the range of 0.1 to 0.3 nM)

(Table 4.2). NC-7 showed lower potency (ECso = 50-160 nM), as a result of its weaker

binding affinity. The poor affinity of the Series Cindenes (NC-2, -4 and -5), translated

into very weak agonist activity at ERO/ERE in dose response assays (ECso = 100-430

nM). Despite the bulky aryl extensions of these ligands, the weak interactions with the

receptor must be insufficient to induce either an optimal agonist conformation, or an
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optimal antagonist conformation with full displacement of helix 12 (2-4). NC-4, with the

dimethylamino extension analogous to hydroxytamoxifen, is actually a full agonist of

both ERo and of ERB, albeit at very high concentrations (ECso = 150 nM for ERO, and

500 nM for ERB), while NC-2 and NC-5 have little to no effect on ERB, with just slight

partial antagonism displayed by NC-2 at ERB/ERE. /
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Activity of indenes with ER subtypes at a classical ERE in U2OS cells

ligand Agonism Antagonism
vs 0.1 M E2

ERO1 ERB EROI ERB
R1 = ECso efficacy ECso efficacy Kl K

estradio 0.019-0.004 100% 0.098-0.024 100%
- -

OHT
- - - -

0.04+0.010 0.014+0.003

raloxifene - - - -
0.03+0.004 4.5 + 2.0

ng
SIOn

NC-1 (EIA) Et 0.059–0.012 102 13% 0.30 – 0.13 75 – 6%
- -

NC-3 (IA) H 0.31 – 0.13 69 – 10% 0.30 – 0.083 87 – 13%
- -

NC-7 COOH 158 – 6 110 12% 52 – 18 90 – 7%
- -

neS

NC-2 O(CH2)2N(C5H10) 100 32 + 3%
- -

(184 + 29) (147 = 99)

NC-4 O(CH2)2N(CH3), 152 – 25 96 - 9% 512 - 182 83 – 13%
- -

NC-5 OH 427 16 +1.6%
- - - -

ºneS

NC-8 H 4.3 - 1.6 90 – 12%. 54 + 17 30 + 3%
- -

NC-9 OH 7.0 11 + 6%
- -

(8.5 ± 3.3) 1.3 = 0.4

NC-10 O(CH2)2N(C5H10)
- - - -

1.7 = 0.5 0.19 + 0.0

NC-11 F 3.9 – 1.7 77 – 4% 10 + 0.3 13 + 1%
-

(2.8 + 1.0)

NC-12 C| 17+ 8 57 = 3%
- -

(24) 0.49 + 0.18

NC-13 CH3 17 – 7 73 – 3% - - -
1.3 + 0.3

NC-15 CF3 15 + 5 50 + 8%
- -

(2.1) 0.91 + 0.27

NC-16 NH2 6.7 + 1.8 54 + 5%
- -

(0.67) 2.2 + 0.73

NC-17 COOH
- - - - -

(421 + 304)

NC-18 CH2Br 109 + 31 25 + 6%
- -

(59 = 17) 15 + 7

NC-19 C(O)NH2
- - - -

4.2 + 1.3 0.46 + 0.16

NC-20 C(O)CH3
- - - -

7.3 + 1.7 3.8 + 1.3

NC-14 H 14 + 3 77 - 3% 37 - 9 64 – 7%
- -

subtypes at an ERE, in transient tranfection reporter gene assays in U2OS cells. EC50s and KS calculated
5ftware analysis tools, as described in the Methods section. Green indicates full agonism, red indicates
antagonism versus 0.1 Mestradiol. Black and parentheses indiacate partial agonism/antagonism.
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The most exciting and interesting activities are seen with the Series D 2,3-diarylindenes.

These ligands display a wide range of activities at both ERO, and ERf8, and in several

cases, are able to differentiate between the receptor subtypes, acting as agonists at one

subtype and antagonists at the other (Table 4.2). In agreement with the binding data, the

agonist potencies or ECso’s of most of the Series D ligands are on the order of 4-17 nM,

which is 100-fold less potent than E, and the antagonist potencies or K.’s, range from 0.2

to 15 nM which are 10-100 fold weaker than 4-hydroxytamoxifen. These potencies are

good enough to deem these ligands effective ER agonists and antagonists. NC-17 is the

only Series D indene ligand that is virtually inactive, due to its weak affinity for the

receptors.

Dose response assays determine NC-14 to be a full agonist at both ERO, and ER3. This is

the only ligand with a methylene-linked phenyl extension. The directly-linked phenyl

equivalent, NC-8, displays full agonist activity at ERC and partial agonist activity at

ER■ ). All the other Series D indenes show virtually no agonist activity at ERB, and

competition experiments versus a fixed estradiol concentration show them to be partial to

full antagonists at ERB. The activity of these same ligands at ERC ranges from full

agonism (NC-11, -13), to partial agonism (NC-9, -12, -15, -16, -18), to full antagonism

(NC-10, -19, -20). This suggests that ER■ is more sensitive to ligand structure than ERO,

and that it can convert from an agonist to antagonist conformation more readily (10). For

example, the addition of a phenolic hydroxyl to NC-8, converts an ERC full agonist/ERB

partial agonist into an ERo partial agonist/ERB antagonist (NC-9). Interestingly, a similar

conversion is seen with 3-ethyl-2,4,5-tris(4-hydroxyphenyl)furan, an ERO-selective furan
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ligand that is inactive at ER■ , which converts to an ER■ agonist merely by removal of

the 5-phenolic hydroxyl (11).

The above results demonstrate that very small changes to the indene ligand structure, can

have drastic effects on the transcriptional activity of the ER subtypes at an ERE. The

indene ligand scaffold has provided access to a range of subtype-selective ER ligands.

There is no clear correlation between the properties of the functional groups, and the

efficacies or potencies of activation at ERO. For example, the methyl (NC-15) and

fluoride (NC-11) derivatives are more efficacious than the chloride (NC-12) and

trifluoromethyl derivatives (NC-15). The ethyl bromide (NC-18) shows lower overall

potencies, which may be due to covalent modification of lysines or other electron

donating residues. In addition, there may be differences in the cell-permeability of the

indenes, which may also contribute to apparent differences in potency.

The selective ERo agonist and ERB antagonist properties of the Series D indenes (NC

11, -13, -9, -12, -15, -16 and -18) are similar to the R, R-tetrahydrochrysene ligand (R,R-

THC), which acts as an agonist on ERo at ERE but an antagonist on ERB (12) (Figure

4.3).
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Figure 4.3. Tetrahydrochrysene ligand enantiomers

The S,S-THC enantiomer is in fact an agonist on both ERO, and ERB at an ERE. Since

these enantiomers differ only in configuation of the carbon bearing the ethyl groups,

investigations were conducted into the role of substituent size and stereochemistry in ■

determining agonist versus antagonist activity (13). All the THC derivatives were

agonists on ERO, and those with small substituents were also agonists on ERB. As

Substituent size was increased, ERf8-selective antagonism developed first in the (R,R)-cis
%

enantiomer series and finally in the trans diastereomer and (S,S)-cis enantiomer series. *

Thus the induction of an antagonist conformation in ER■ can be achieved with less steric

perturbation than in ERO, as is also the case with the Series D indene ligands.

There are three Series D indene ligands that are full antagonists of E, activity at both

ERO, and ERf8. NC-10 has an N-piperidinyl extension group analogous to raloxifene, and

is likely to function in the same way as the prototypical SERMs, by displacing helix 12 as

a result of the bulky extension group, thereby disrupting the coactivator binding interface

(2-4). On the other hand, NC-19 and NC-20 have much smaller aryl extensions,

containing an amide and a methyl ester, respectively. In this respect, they are similar to
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R,R-THC, which functions as an antagonist on ERB but has a structure that is very

different from the bulky sidechain extensions of the typical antiestrogens tamoxifen and

raloxifene (12).

The crystal structures of R, R-THC bound to the ERo and ERB ligand binding domains

(14), provide interesting insight its novel mechanisms for selectivity. In the case of ERO,

R,R-THC is buried within the ligand binding pocket, however, for ERB, helix 12 is

unable to close over the opening to the pocket and adopts an antiestrogenic conformation,

despite the lack of a bulky sidechain as is the case for the other SERMs (Figure 4.4). It

appears that R, R-THC stabilizes a non-productive conformation of key residues within

the binding pocket, that allosterically act to prevent progression to an active agonist

complex. This has been termed ‘passive antagonism' (14). We believe that the

interactions in the receptor binding pocket with the carbonyl functionality of the

extensions of NC-19 and NC-20, may result in a similar allosteric effect on the receptor

conformation, which translates into a form of ‘passive antagonism' (14, 15). The

Synthesis of several more derivatives containing alkyl-substituted amide sidechains

(Chapter Three), should enable a more complete analysis of the structure activity

relationships (SAR). There has been a recent report of ER ligands based on a bridged

bicyclic core, which have also been able to access a range of subtype selectivities with

One common core scaffold (10).
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Figure 4.4. Crystal structure of R,R-THC bound to the ligand binding domains of

ERo (agonist conformation) and ERB (passive antagonist conformation)

Ferºzººed yº Mexicºz Zaz Kºzaw A. et & ■ º ºwe Sºtº Riº 9/5): 353-564 & Jºe Mºwe Prº tºy.

The question remains as to how the Series D indene ligands exert their subtype selective

effects on ER transcriptional activity. The functional groups must be interacting with

residues within the ligand binding pocket in such a way that results in differences in the

allosteric communication with distal secondary structural interactions, both within the

ER, and with other interacting proteins (15).
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4.3.3. Anti-proliferative effects in MCF-7 cells

In order to study the pharmacological activity of the Series D indene ligands in MCF-7

breast cancer cells, We collaborated with the lab of Dale Leitman at UCSF. Sreenivasan

Paruthiyil screened a representative subset of ligands, to see whether, at saturating

concentrations, they could block the 4-fold proliferative effect induced by 0.01 M

estradiol. The extent of proliferation was quantified by incorporation of tritiated

thymidine into the newly synthesized DNA of the dividing cells. As expected, both

prototypic SERMs, 4-hydroxytamoxifen and raloxifene, inhibited proliferation

completely at saturating levels of ligand (Figure 4.5). Saturating levels of NC-10 and

NC-19 also resulted in close to complete inhibition. NC-9, -16 and —20 induced 2-fold

proliferation of cells upon ligand treatment in the absence of E3. Therefore in the

presence of E, the 4-fold proliferative effect of E, was inhibited down to 2-fold. The

remaining indene ligands demonstrated no anti-proliferative effects.
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Figure 4.5. The antiproliferative effect of Series D indene ligands on estradiol

stimulated MCF-7 cells
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MCF-7 cells express ERo at high levels, thus it follows that the ligands that show most

potent antagonism at ERO/ERE in reporter gene assays – namely NC-9, -16 and —20 - are

likely to be most effective at preventing Ex-stimulated proliferation in these cells. While

it can be argued that the reporter gene assays are conducted in an artificial system, these º

results confirmed our hypothesis, and indicate that the data from reporter gene assays ■

does correlate to ligand effects in a more physiological context using breast cancer cells

that express endogenous receptors. 2

4.3.4. Coregulator recruitment in response to ligand treatment

The Series D indene ligands that can selectively activate or antagonize the ER subtypes,

have obvious utility as tools to study distinct components of the signaling pathways. We

-
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wanted to determine whether the indene ligands that were partial agonists, full agonists,

or full antagonists at the two receptor subtypes, could recruit different subsets of

coregulator proteins to the ER-ligand complex. As discussed in Chapter One, the

conformation of agonist-bound ER allows helix 12 to cover the opening to the binding

pocket, thereby exposing certain residues of helices 3, 5 and 12 which form a coactivator

binding groove to recognize and bind to the NR boxes (LXXLL motifs) of the p160

family of coactivators (2, 16). Constrained C-helical peptidomimetics of the LXXLL

motifs (17), as well as a series of phage-displayed peptides (18) have been identified that

interact preferentially with the ER subtypes bound to different ER agonists or SERMs.

This indicates that subtle changes in the receptor surface conformation could play an

important role in determining the interaction with coregulators and thereby in mediating

the activity of the ER-ligand complex.

4.3.4.1. FRET-based assays for interactions of ER with coactivator

peptides

In collaboration with Fred Schaufele at UCSF, a microscope-based assay using

fluorescence energy resonance transfer (FRET) was used to measure the ability of NC-1

and other ER ligands to modulate LXXLL interactions with ERo (19). These interactions

were promoted by E, diethylstilbestrol (DES) and NC-1 (ethyl indenestrol A), but

blocked by tamoxifen and the pure antagonist ICI 182,780. Small, ligand-selective

differences in the levels of FRET were measured in the interactions of ERO, with one of

the LXXLL target sequences (data not shown) (19). This technique is a useful way of
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measuring differences in cofactor peptide recruitment in a physiological context, however

we had not synthesized the full panel of indene compounds at the time of the experiment.

4.3.4.2. Coregulator peptide recruitment by ER in vitro

In collaboration with Jamie Moore in the lab of R. Kip Guy at UCSF, we sought to screen

the interactions induced by the Series D indenes between the ER subtypes and a large

panel of LXXLL peptides. This high-throughput in vitro binding assay has been used

previously to measure the equilibrium affinity of ligand-bound TR for coregulator

peptides (20). We selected a representative subset of ligands based on our reporter gene

assays at an ERE: NC-19 (ERO, & ERB antagonist), NC-13 (ERO agonist & ERB

antagonist), NC-15 (ERo partial agonist & ERB antagonist), and NC-14 (ERo & ERB

full agonist). Unfortunately, the expression and purification of both ERO, and ERB for

these assays proved to be extremely problematic, and only partial results for ERO, with

NC-13 and NC-15 were achieved (Figure 4.6).

Figure 4.6. Recruitment of SRC NR-box peptides by ERO, upon indene treatment

Ligand
Coregulator-Peptides NC-13 NC-15

SRC1-1 100-500

SRC1-2 501-1000

SRC1-3 1001-1500

SRC2-1 1501-5000

SRC2-2 >5000

SRC2-3 No binding Obs.

SRC3-2

SRC3-3

/
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These results indicate that estradiol induces strong interactions of ERO, with several of the

SRC1and SRC2 NR boxes, and weaker interactions with the SRC3–2 NR box. In

contrast, the interactions induced by the partial ERo agonist, NC-15, and the full ERO.

agonist, NC-13, are weaker and more limited. While the panel of ligands is too small to

make any definitive conclusions, and we were unable to test the ligands for NR-box

recruitment with ERf8, these results indicate that the Series D indene ligands are likely to

achieve their subtype selectivities by inducing subtle but distinct conformational changes

of the receptors, thereby influencing cofactor recruitment. This has been demonstrated in

studies with the ERO-selective agonists propyl pyrazole triol and R,R-THC, which induce

interaction of p160 coactivators only with ERO, and not with ERB, and show differences

in relative affinity of the receptor for particular NR-boxes (21, 22).

4.4. Conclusions and Future Directions

Using a common indene scaffold, we have developed a series of ligands with a range of

Selective activities at the ER subtypes. This subtype selectivity is particularly striking,

because it results from only very small changes in the ligand structure. Previously

characterized SERM's such as raloxifene, possess a bulky basic side-chain which

displaces helix 12 of the receptor, disrupting the interaction of co-activators necessary for

transcriptional activation. The indene ligands do not have the same large bulky side

chain, and would appear to affect the receptor conformation in a more subtle way.

271





Several of the Series D indenes show various levels of agonist activity at ERO, while

possessing full antagonist activity at ER■ . NC-13, in particular, can be used to generate a

chemical knockout of ER■ , in order to study the role of ER■ in adult physiology.

Understanding the molecular events that convert a drug from being predominantly

antiestrogenic to being estrogenic could potentially open the door to a better

understanding of the molecular mechanism of SERM action. Structural studies are also

expected to help gain insight into the modes in which these ligands achieve their subtype

Selective actions.

These selective indene ligands, can additionally be used as chemical tools, to identify

patterns of cofactor recruitment upon binding of ligands with different selectivity

profiles. Further analysis, for example using mammalian two-hybrid or chromatin

immunoprecipitation (ChIP) assays, can help to determine the identity and dynamics of

the cofactors involved in specific ER-mediated signaling pathways.

Recently, an interesting spirolindene-1,1-indanel core structure was used to develop

SERMs with basic sidechains, that have little activity on breast or uterus, but have

beneficial effects on lipid and bone metabolism, and in treating hot flush (23,24).

Whereas we have not conducted in vivo studies with our Series D indenes, such studies

may result in interesting SERM effects. Ultimately, the use of our Series D selective

indene ligands in a combination of structural, biochemical, cellular and physiological

studies, could enable a greater understanding of how ligand-receptor conformations relate

to estrogen agonist or antagonist behavior. This has significant implication for the design
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of more effective drugs in the treatment of diseases such as breast cancer and

osteoporosis.

4.5. Methods

4.5.1. General Molecular Biology Procedures

The construction of the expression vectors for both hERO (HEG0) and hERB, have been

previously described (25, 26). The wild-type ERO (HEG0), and the longer form of ERB

(ERf81) with 149 residues in the N-terminal domain, were used in transfection

experiments. The ERE-driven luciferase reporter gene consists of two repeats of the

upstream region of the vitellogenin ERE promoter from —331 to —289, followed by region

–109 to +45 upstream of the thymidilate kinase, followed by the luciferase gene (1, 25,

26).

4.5.2. ER binding assays

The relative binding affinities of compounds for full length ERo and ERB were

determined using ERC and ERB competitor assay kits (green), according to the

manufacturer’s instructions (Pan Vera Corp, Madison, WI). Fluorescence polarization was

used as a read-out, and the experiments were performed in 96-well plates (Costar(B) black

polystyrene round-bottom assay plates #3792) and read (5 readings per well; 0.1 second

integration time; entire plate read 8 times; G factor = 0.91) using the Analyst" AD plate

reader (LJL Biosystems) with fluorescein excitation (485 nM) and emission (530 nM)
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filters. Each hormone dose was performed in triplicate and the relative error was

determined by calculating the standard error of the three values from the mean. In all

cases we controlled for minimal competition (ethanol vehicle alone), for no ER, for no

fluorescent ligand, and for maximal competition (10° M E). The binding curves were fit

using a single binding site competition model, with the Prism statistical analysis software

package. The R values in all cases were greater than 0.8. Experiments were conducted

multiple times to ensure reproducibility of the results, and the standard error of the mean

(SEM) was less than 0.2 log units from the average logICso value in all cases. K. values

were reported as averages across experiments along with SEM. Percent relative binding

affinity (RBA) was then determined by dividing the K determined for unlabeled 4–

hydroxytamoxifen by the test ligand K, and then multiplying the result by 100.

4.5.3. Tissue culture, transfection and luciferase assays

U2OS human osteosarcoma cells were grown in 0.1 pm filtered DME/H21 growth

medium, supplemented with 4.5 g/L glucose, 0.876 g/L glutamine, 100 mg/L

Streptomycin sulfate, 100 units/mL of penicillin G and 10% newborn calf serum. Cells

were grown to a confluence of no more than 80%. For transient transfection assays, cells

were trypsinized, washed with PBS, and resuspended in 0.5 mL electroporation buffer in

0.4 cm gap electroporation cuvettes at approximately 1.8 x 10° cells per cuvette, together

with 5 pig of the reporter plasmid and 2.5 pig of the ERO, or ERB expression vector,

determined as optimal for the ERE response. The electroporation buffer consisted of 0.2

plm filtered PBS and 0.1% glucose. Cells were transfected by electroporation at a

potential of 0.25 kV and a capacitance of 960 mP. Transfected cells were pooled and
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immediately resuspended in assay medium. The assay medium was prepared by the

UCSF Cell Culture facility, and consisted of 1 pum-filtered DME/F12 Ham's media 1:1

without phenol red, with 15m M Hepes and L-glutamine (Sigma #D-2906), supplemented

with 1.338 g/L NaHCO3, as well as with 100 mg/L streptomycin sulfate, 100 units/mL of

penicillin G and 10% heat-inactivated and hormone-depleted newborn calf serum. This is

serum that had been incubated at 56°C for 30 mintues to inactivate complement,

followed by treatment with dextran-coated charcoal as described previously (26). Cells

were plated into 96-well Costar(B) assay plates (#3917, opaque flat bottom with lid, tissue

culture treated) at 100 pull assay medium per well, and at a density of approximately 1.5 x

10° cells per well for ERO, and 1.75 x 10" cells per well for ERB. After 6 to 8 hours of

incubation at 37 °C, to allow for adherence of the cells, the media was removed, and

fresh assay media was added to the plates, along with 10-fold serial dilutions of

hormones, prepared in triplicate. The maximum concentration of ethanol vehicle in all

cases was 1% of the total volume. In the case of the dose response experiments, the serial

dilutions were done in the tissue culture plates, taking care not to disturb the cells. In the

case of the competition experiments, a constant concentration of estradiol was required,

So the serial dilutions of test ligand were done on a separate plate, and transferred over to

the wells of plated cells. Controls were performed in all cases for no hormone response

(ethanol vehicle alone) and for maximal activation (107M estradiol). In the case of

competition experiments, additional controls were performed for maximal antagonism of

estradiol (107M 4-hydroxytamoxifen).

º
º
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After 12 to 24 hours of incubation at 37 °C, the cells were lysed by first removing the

media from the wells, washing with 100 pillwell of PBS (Ca"- and Mg"-free) and then

adding 40ML/well of passive lysis buffer (Promega #E194A) at room temperature. The

plates were incubated for 20 to 30 minutes on a shaker, then combined with reconstituted

luciferase assay buffer (Promega Luciferase Assay System #E1501) at room temperature.

Luminescence was immediately measured for 0.1 seconds/well on an Analyst" AD

plate-reader (LJL Biosystems), with prior shaking of the plate (5 seconds) to ensure

mixing of the reagents.

In dose response experiments, the transcriptional activation with increasing amounts of

added ligand, yielded an ECso value, indicative of the potency of ER activation at the

ERE. Antagonist properties were measured in competition assays, where an increasing

amount of ligand is added to compete away a constant level of 10" M E, agonist, in

order to calculate an ICso value, which is then converted to a K. Each hormone dose was

performed in triplicate and the relative error was determined by calculating the standard

error of the three values from the mean. The curves were fit with the Prism statistical

analysis software package, using either the sigmoidal dose response curve for dose

response experiments, or the single binding site competition model for competition

experiments. The R* values in all cases were greater than 0.8. Experiments were

conducted multiple times to ensure reproducibility of the results, and the standard error of

the mean (SEM) was less than 0.2 log units from the average logECso or logICso value in

all cases. ECso or Ki values were reported as averages across experiments along with

SEM.
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4.5.4. Cell proliferation assays

Assays to determine the antiproliferative effects of selected indene test ligands on

estradiol-stimulated MCF-7 human breast cancer cells, were performed by Sreenivasan

Paruthiyil and Dale Leitman at UCSF, according to published procedures (27). Briefly,

cells were treated with both 10" Mestradiol and a saturating concentration of test ligand,

and incubated for 7 days, with replacement of media and hormones after day 3. The

extent of proliferation was quantified by incorporation of tritiated thymidine into the

newly synthesized DNA of the dividing cells, and results were reported as fold

proliferation compared to the no hormone control.

4.5.5. Fluorescence Resonance Energy Transfer Assays

FRET assays measuring the direct interaction between ligand-bound ERo and LXXLL

peptides, expressed as fusions with spectral variants of the green fluorescent protein,

were performed by the laboratory of Fred Schaufele at UCSF, according to the published

procedure (19). Both the wild-type ERO, fusion, and a Lys362Ala ERo mutant were used

in the studies.

4.5.6. Recruitment of Coregulator Peptides

High-throughput in vitro binding assays to measure the equilibrium affinity of ligand

bound ERO, for coregulator peptides, were done by Jamie Moore with the help of Andrea
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McReynolds in the lab of R. Kip Guy at UCSF. The ERo protein was expressed

according to published procedures (17), and the library of LXXLL peptides, and the

fluorescence polarization assay procedure, was the same as described for the thyroid

hormone receptor (20).
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(+-)-N-(4-(2-(piperidinyl)ethoxy)phenyl)-3-ethyl-6-triisopropylsiloxy-2-
(4-triisopropylsiloxyphenyl)-1H-indene-1-carboxamide monohydrochloride

(NC-2 intermediate)
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(+)-N-(4-(2-(piperidinyl)ethoxy)phenyl)-3-ethyl-6-hydroxy-2-
(4-hydroxyphenyl)-1H-indene-1-carboxamide monohydrochloride (NC-2)
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º

º' "(*"methylamino)ethoxy)phenyl)-3-ethyl-6-triisopropylsiloxy-2.
(4-triisopropylsiloxyphenyl)-1 H-indene-1-carboxamide monohydrochloride -(NC-4 intermediate)
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(+-)-N-(4-(2-(dimethylamino)ethoxy)phenyl)-3-ethyl-6-hydroxy-2-
(4-hydroxyphenyl)-1H-indene-1-carboxamide monohydrochloride (NC-4)
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(+-)-1 ,3-diethyl-2-(4-triisopropylsiloxyphenyl)-5-triisopropylsiloxy-3H
indene (NC-1 intermediate)
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OH

º
(+)-1,3-diethyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-1)
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-1H-indene-1-carboxylic acid(*)-3-ethyl-6-hydroxy-2-(4-hydroxyphenyl)
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*(*methoxyphenyl)-2-(4-methoxyphenyl)propanoic acid (10)
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**dihydro-5-methoxy-2-(4-methoxyphenyl)inden- -one (11)
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N,N-diallyl-4-bromobenzenamine (14)
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6-methoxy-2-(4-methoxyphenyl)-3-phenyl-1H-indene (NC-8 intermediate)

Sºo
No O

º
7

s i

4.360.90 1.86 5. 16
H H H- HH

H---------

ppm
LO

co :
O) :
CN LO
T - ºn 3

oš N. lo -

ou CO co
- Q -

-
º

l

!

º

C *
C Nº 35 O) ºf

T. c. ~ C to ~ O 2.
N- CN r— "T LO LO ~
CN v- r— "T Lo Lo +

* | || º |
i

co
O (O

co (O & c. 3 st {
go on co 35 ºf Cº
§ 3 ; 3 g : f
to I- G 2 3
- - r

| -

l
-

Wºwºw -
I H i | T-I-T-T

f T I T i i I I I i i I | i i i i I i i i T |
150 100 50

ppm





2-(4-hydroxyphenyl)-1-phenyl-3H-inden-5-ol (NC-8)
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1,2-bis(4-hydroxyphenyl)-3H-inden-5-ol (NC-9)
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<■ =T=T=1-(2-(4-(6-methoxy-2-(4-methoxyphenyl)-1 H-inden-3-yl)phenoxy)ethyl)-
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*(*"uorophenyl)-6-methoxy-2-(4-methoxyphenyl)- H-indene

/
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1-(4-fluorophenyl)-2-(4-hyd roxyphenyl)-3H-inden-5-ol (NC-11)
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*(*chlorophenyl)-6-methoxy-2-(4-methoxyphenyl)-1 H-indene
(NC-12 intermediate)
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1 *(*chlorophenyl)-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-12)
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6-methoxy-2-(4-methoxyphenyl)-3-p-tolyl-1 H-indene (NC-13 intermediate)
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-1H-indene (NC-14 intermediate)3-benzyl-6-methoxy-2-(4-methoxyphenyl)
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1-benzyl-2-(4-hydroxyphenyl)-3H-inden-5-ol (NC-14)
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3-(4-(trifluoromethyl)phenyl)-6-methoxy 2-(4-methoxyphenyl)-1H-indene
(NC-15 intermediate)
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(4-(6-methoxy-2-(4-methoxyphenyl)-1 H-inden-3-yl)phenoxy)-
triisopropylsilane (15)
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4-(6-methoxy-2-(4-methoxyphenyl)-1 H-inden-3-yl)phenol (16)
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4-(6-methoxy-2-(4-methoxyphenyl)-1 H-inden-3-yl)phenyl
trifluoromethanesulfonate (17)
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Summary

Allosteric communication between interacting mole
cules is fundamental to signal transduction and many
other cellular processes. To better understand the re
lationship between nuclear receptor (NR) ligand posi
tioning and the formation of the coactivator binding
pocket, we investigated the determinants of ligand
selectivity between the two estrogen receptor sub
types ERo and ERB. Chimeric receptors and structur
ally guided amino acid substitutions were used to
demonstrate that distinct “hot spot” amino acids are
required for ligand selectivity. Residues within the
ligand binding pocket as well as distal secondary
structural interactions contribute to subtype-specific
positioning of the ligand and transcriptional output.
Examination of other NRs suggests a mechanism of
communication between the ligand and coactivator
binding pockets, accounting for partial agonist and
dimer-specific activity. These results demonstrate the
importance of long-range interactions in the transmis
sion of information through the ligand binding domain
as well as in determining the ligand selectivity of
closely related NR receptor subtypes.

Introduction

Nuclear receptors are allosteric transcription factors
that engage in complex functional interactions with li
gand, DNA, and transcriptional cofactorproteins, including
coactivators and corepressors. The most carboxy-termi
nal helix (H12) of the nuclear receptor ligand binding
domain (LBD) acts as a molecular switch, whose posi
tion determines the transcriptional readout of the recep
tor. In the agonist-bound structure, H12 forms one side
of a hydrophobic coactivator binding pocket, or cleft,
by docking against H3 and H11 in a highly conserved
conformation (Supplemental Movie S1 at http://www.
molecule.org/cgi/content/full/13/3/317/DC1). Transcrip
tional coactivator proteins (e.g., those of the p1 60 family)
interact with nuclear receptors via LXXLL amino acid

*Correspondence: ggreene■ ?uchicago.edu
*These authors contributed equally to this work.

motifs that bind in this cleft, also known as the AF2
domain (Darimont et al., 1998; Nolte et al., 1998; Shiau
et al., 2000). In contrast, the bulky side chains of antago
nists, like tamoxifen and raloxifene, sterically block H12
from assuming an agonist position (Shiau et al., 1998),
thereby preventing formation of the coactivator binding
pocket and instead allowing H12 itself to dock in the
hydrophobic cleft. Thus, H12 provides allosteric control
of transcription from AF2 through its dynamic localiza
tion (Schulman et al., 1996).

The structural events underlying ligand-specific co
activator recruitment and transcriptional activation re
main poorly understood for the NR superfamily. The
development of ER subtype-selective ligands (Gaido et
al., 1999; Meyers et al., 1999; Stauffer et al., 2000; Sun
et al., 1999, 2003a) provides a molecular tool to study
unresolved issues in the structural linkage between li
gand and transcription. For example, there is no direct
correlation between ligand affinity and transcriptional
potency. Thus, while both ER subtypes have near identi
cal affinities for estradiol, ERo demonstrates a greater
potency in cell-based assays. There is also little struc
tural information to explain the reduced efficacy seen
with high-affinity partial agonist ligands, such as gen
istein. Ligand effects depend upon dimer partner for
NRs that function as obligate dimers with the rexinoid
X receptor (RXR) (DiRenzo et al., 1997). Current models
suggest that the dynamics of H12 positioning are in
volved in these effects (Kallenberger et al., 2003; Love
et al., 2002; Pike et al., 1999; Steinmetz et al., 2001; Webb
et al., 2003), but the structural basis for the cooperative
coupling between specific ligands and coactivators re
mains elusive.

To better understand the relationship between ligand
positioning and transcriptional activation, we examined
several ER subtype-selective ligands (Figure 1A) with
different behaviors. THC (Meyers et al., 1999; Sun et al.,
1999) and HPTE (Gaido et al., 1999, 2000) act as partial
agonists on ERo but as full antagonists on ERB, whereas
PPT is an ERo-selective agonist (Stauffer et al., 2000;
Sun et al., 1999). We examined both the structural inputs
into ER-ligand positioning and how this positioning me
diates ligand-specific transcriptional responses. Struc
ture-based point mutations and ER subtype chimera
were used to identify key amino acids that regulate li
gand position and transcriptional output. We show that
the critical determinants of ligand selectivity between
ERo and ERB vary with ligand structure. In some cases,
selectivity results from proximal ligand-amino acid con
tacts inside the ligand binding pocket, whereas in other
cases, selectivity derives from sequence differences
outside the pocket. For THC, H11 controls the position
ing of H12 into agonist or antagonist conformations,
suggesting that H11 may play a wider role in nuclear
receptor signaling.

This hypothesis was further evaluated by surveying
ER, peroxisome-proliferator-activated receptor (PPAR),
and RXR crystal structures for associations between
ligand type, dimer type, and H11 conformation. H11 is
differentially positioned in partial agonist versusfull ago
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nist crystal structures and in homodimer versus hetero
dimer structures of RXR and PPAR. Understanding
these long-range contributions to allosteric function has
important implications for the development of targeted
therapeutics for the NR superfamily and for understand
ing basic principles underlying specificity in signal trans
duction.

Results

Ligand Binding Pocket Residues Account for ER
Subtype Selectivity for HPTE but Not PPT or THC
To determine the basis of ligand selectivity for the ER
subtypes, we first mutated residues within the ligand
binding pockets of the two ERs, starting with the only
two residues that differ between ERo and ERB, Leu-384/
Met-336 and Met-421/Ile-373 (Figure 1B, all mutations
are summarized in Figure 2). HPTE activity was com
pletely abrogated, THC activity was significantly re
duced, and while there was no effect on the maximal
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Figure 3. Schematic Representations of ERo and ERB Chimeric LBD Constructs and Activity of PPT

The secondary structure of the LBD is shown schematically at the top, with H representing a helix in the LBD and S a B strand. (Helices 9a
and 11a are not consistently seen in the structures of both ERs.) The LBD sequences from ERo and ERB are designated by open and hatched
boxes, respectively. Each chimeric construct is also numbered (right), and the site of each crossover is specified by the residue numbers at
the junction. These LBDs (domain E) were inserted into ERB containing domains A–D and F. Maximal transactivation responses of the chimeras
were determined at 10–6 M PPT, representing the mean + SEM from three or more separate experiments. They are expressed as a percent
of the response of the construct having a full ERo LBD to 10-8 M E2, set at 100% (right). The maximum activity of each chimera to 10-8 M
E2 is also given (rightmost column).

from ERo to ERB sequences or the reverse are desig
nated as o[residue letter]###/B[residue letter]:### or
B[residue letter]:###/o[residue letterl###, respectively.
Chimeras are also numbered for easier reference.

ERo Selectivity for PPT
The chimera analysis demonstrates that a substantial
portion of the ERo LBD is required for full PPT efficacy
(Figure 3). We introduced the various ERo/B LBD chime
ras into an ER having the B context in these other do
mains (A–D and F). In this manner, we could examine
the extent of activity recovery for PPT that is obtained as
progressively larger ERo LBD sequences are introduced
into the ERB context. When ERo sequences were pro
gressively introduced into the N terminus of the ERB
LBD (chimeras 1–5), we found that PPT activity rises,
reaching 30% as the ERo sequence reached the end of
helix 8 (chimera 2) (Figure 3). Maximal activity levels
were obtained, however, only when the ERo sequence
extended to the start of H11 (chimeras 3-5). Interest
ingly, differences between ERo and ERB in the distal
C-terminal region of the LBDs, which includes H12,
clearly known to be important for transactivation, are

apparently not responsible for the ERo subtype-selec
tive character of PPT.

To further define the minimal ERo sequence required
for full PPT activity, we examined other chimeras in
which ERB sequences were introduced progressively
into the N terminus of chimeras otherwise having ERo
sequences through the start of H11 (chimeras 6–8). PPT
maintained full efficacy until ERB sequences reached
beyond H4. Further analysis of PPT efficacy on ER chi
meras having three or four crossovers (chimeras 8–12)
allowed us to further localize the PPT activity-supporting
ERo sequences to H4-6 and H8-10. Thus, by chimera
analysis, full PPT efficacy required two segments of ERo
sequences near the middle of the ER LBD, spanning
helices 4–6 and H8 through the middle of H11. This
portion of the LBD includes sequence elements that
comprise one sector of the ligand binding pocket (H5-6),
as well as elements that are quite distal to this pocket.
Curiously, although PPT regains full efficacy on many of
the ERo/B chimeras, for a number of these, PPT potency
was reduced such that the dose-response Curve Was
shifted approximately 10-fold to the right (data not
shown). ERB sequences that were responsible for this
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Figure 4. Schematic Representations of ERo and ERB Chimeric LBD Constructs and Activity of THC

[=

The chimeric LBDs are depicted as in Figure 3 but were inserted into ERo containing domains A–D and F. Maximal transactivation responses
of the chimeras were determined at 10–9 M THC. They are expressed as a percent of the response of the construct having a full ERo LBD to
10-8 M E2, set at 100% (right). The maximum activity of each chimera to 107* M E2 is also given (rightmost column).

PPT potency shift are in H3 of the LBD, outside the H4-6 that THC agonist activity quickly increased over a shortsequence region (chimeras 7–10), reaching half to two
thirds of maximal, when ERo sequences encompassing
only helices 11 and 12 were introduced (chimera 10).
Further extension of ERa sequences did not reliably
result in an increase of THC agonism (data not shown).

region required for full efficacy. The segments contribut
ing to PPT selectivity, which constitute about half of the
LBD, are shown schematically in Figure 2.

structural Basis of ER Subtype Selectivity for THC Thus, it appears that sequences at both ends of the FR2
ls Distinct from PPT or HPTE

- -We performed a similar analysis of THC activity on a This hypothesis was tested by assessing THC activity
different set of ERo/B LBD chimeras having the o context on chimeras in which ERo sequence was introduced
in the other ER domains (A–D and F), through which progressively from the N terminus into chimera 10 (in
THC works best. Although THC binds better to ERB than which helices 11 and 12 are already ERo). Nearly full
to ERo (Meyers et al., 1999), it is a partial agonist on ERo activity was obtained when ERB sequence through.”
(teaching an efficacy level of ca. 50%) and a complete beginning of H3 was replaced with ERa sequence ■ º.
antagonistin ER
ties obtained at sat
well as that with 10-5 M estradiol, are listed in Figure 4.

Analysis of THC activity on chimeras in which ERO.
sequences were introduced progressively into the N ter
minus of the ERB LBD shows that full to nearly full activ
ity required ERo sequences to extend through the mid
dle of H11 (chimeras 5 and 6), with lower efficacies being
seen with shorter ERo LBD inserts. By contrast, analysis
of complementary chimeras in which ERo sequences

- -were introduced from the C terminus of the LBD showed tivity.

LBD are required for maximal agonism of THC (Figure2).

8. Foreach chimera, the maximal activi- mera 11); only slight further activity was
urating concentrations of THC, as extending the ERo sequences to the mi

(chimera 12). Thus, as with PPT, chimera ana
-cated that a considerable portion of ERo sequeñº.”

required to support THC agonist activity (Figure 2),
cluding regions that are distal to the ligan
pocket. However, the ER regions required forth
tic activity of the two ligands clearl
ably, HPTE, PPT, and THC have
to ligand positioning that determinet

distinct contributions
heir subtype select
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Comparison of Crystal Structures of ERo:/B Suggest
Amino Acids Involved in Subtype Specificity
An analysis of all published ER crystal structures, as
well as molecular modeling of PPT to both ER subtypes
(see below), suggests that subtype selectivity derives
from a narrowing of the back of the pocket with ERB,
between the 3 sheet and helices 3 and 6, which force
the ligands into alternate binding modes. For THC, this
alternate binding mode with ERB was previously shown
to shift H11, forcing H12 into the antagonist conforma
tion (Shiau et al., 2000). A comparison of the amino
acids that contact the ligand in 12 published ER crystal
structures demonstrates that the 3 sheet Phe-356/404
(for ERB/o, respectively) is significantly closer to H3
Glu-305/.353 (Student's t test, T = 3.37; degrees of
freedom = 11; p < 0.001) and H6 Leu-343/391 (T = 3.39;
df = 11; p < 0.001) for ERB compared to ERo (Figures
5A and 5B). While these differences are too small to
be discerned within the limits of resolution of a single
structure, the comparison of 12 structures reveals them
to be highly statistically significant.

We identified structural features that differ between
the ER subtypes and appear to alter the shape of the
ligand binding pocket. These amino acids are located
at the surface, hydrophobic core, H12, in the 3 sheet,
and H1-H3 coil. Mutations in these respective regions,
termed mut-S, mut-C, mut-B, and mut-H1-H3 coil, re
spectively (Figures 2, 5C, and 5D), were examined for
their effects on ligand selectivity, as discussed below.

The altered distance between the 3 sheet and H3 is
associated with a network of surface-exposed hydrogen
bonds (Figure 2, mut-S), found only in ERo that link H3
and the 3 sheet (Figure 5C), forcing the involved side
chains to intercalate between these secondary struc
tural elements and spread them further apart. The coil
between H1 and H3 lies between helix 3 and the 3 sheet
and is highly divergent between the ER subtypes (Figure
2, mut H1-H3 coil), suggesting that it may also modulate
the distance between the 3 sheet and H3 (Figure 5C).
The hydrophobic core of ER, including amino acids in
helices 6, 8, 9, and 11, contains specific differences
between ERo and ERB (Figure 2, mut-C) that appear to
alter the distance between H6 and the B sheet (Figure
5D), contributing to the narrowing of the pocket with
ERB. Finally, the strands of the 3 sheet are significantly
further apart in ERB (data not shown), a feature that may
push the 3 sheet Phe-356 closer to both H3 and H6
(Figure 2, mut-B). This narrowing of the back of the
pocket is accommodated differently by PPT and THC,
as discussed below.

Molecular Modeling of PPT to ER Subtypes
Molecular modeling suggests that the narrowing of the
back of the pocket with ERB forces PPT to bind in an
inverted fashion compared to the binding to ERo . Be
cause we have not yet obtained a crystal structure of
PPT bound to either ERo or ERB, we used molecular
modeling to examine what differential interactions might
explain its high binding preference (ca. 500-fold) for ERo .
Consistent with our earlier phenol deletion/binding affin
ity studies, we found the C(3)-phenol to be the best
mimic for the estradiol A ring (Stauffer et al., 2000),

engaging in strong hydrogen bonds with H3 Glu-353 and
H6 Arg-394, while the C(5)-phenyl group demonstrated a
hydrogen bond with H11 His-524 at the other end of the
ligand binding cavity (Figure 5E). The N(1)-phenol forms
close van der Waals interactions with H3.

When we placed PPT into the ERB LBD in the same
orientation as in the ERo pocket and performed the
docking routine and energy minimizations as before, we
were surprised to find that the pyrazole core had flipped
over, so that the N(1)-phenol was now on the other side
of the cavity (Figure 5E), shifted away from H3. This
binding mode eliminated hydrogen bonds with H6
Arg-346 (equivalent to Arg-394 in ERo) and H11 His-475
(equivalent to His-524 in ERo), mimicking the reduced
affinities shown by certain mono- and diphenolic pyra
zole analogs that also cannot form hydrogen bonds with
ER (Stauffer et al., 2000). Thus, the narrowing of the back
of the pocket appears to be the structural feature that
forces PPT into a low-affinity binding mode with ERB.

THC Shifts H11 into an Antagonist Conformation
with ERB
For THC, the position of the ligand is different in ERo
and ERB. In the ERB structure, THC is shifted away from
the back of the pocket and toward H11, causing H11
to flex away from the pocket (Supplemental Movie S2,
available on Molecular Cell's website; Figure 5A; Shiau
et al., 2000). To assess the effect of this flex on the
stability of the coactivator binding pocket, ERB residues
in the AF2 region of H3-5 were aligned with the corre
sponding amino acids in the DES-ERo LBD structure.
The position of H11 in ERB was then compared with the
relative positions of helices 11 and 12 in the agonist
conformation of DES-ERo . The shift in the backbone of
THC-ERB H11 produces a steric clash with the agonist
conformation of H12 that is predicted to force H12 into
the antagonist conformation (Figure 5F), an interaction
that accounts for the passive antagonism of THC on
ERB. Similar results were obtained when THC-ERB was
aligned with ERo bound to estradiol or THC (data not
shown).

This analysis of H11 flexibility suggests that ERB may
also differ in H11 and H12 dynamics. We hypothesize
that the agonist conformation of H12 is less stable in
ERB than in ERo and that a preferred localization of H12
away from H11 in ERB could allow H11 more flexibility.
This hypothesis is based on the reduced transcriptional
activity of ERB relative to ERo (McInerney et al., 1998;
Sun et al., 1999), the reduced affinity of ERB for the p160
coactivators compared to ERo (Bramlett et al., 2001;
Kraichley et al., 2000), and the structural differences
between the two ER subtypes in helices 11 and 12.
Specifically, ERo contains a unique salt bridge between
the end of helix 12 (Arg-548) and helix 11 (Glu-523) that
stabilizes the agonist conformation (Figure 2, Mut-H12).
Differences in the hydrophobic packing of the H11-12
loop (Tyr-526, Leu-536) may also contribute to different
H12 dynamics. These amino acids, identified as Mut
H12, were introduced into the ERB construct. Mutations
on the LBD surface (mut-S) can also stabilize the agonist
conformation of helix 12 by virtue of an ERo-specific
hydrogen bond between H3 and H12 (Figure 5C).

- - _
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Figure 5. Amino Acids that Control Ligand Orientation for ER Subtypes
(gray) was superimposed with ERB (blue) bound to genistein (left panel) or THC (right panel) using amino acids

excluding any unstructured loops, for an rms deviation of 1.20 Å (genistein) or(A) ERa (yellow) With THC
307–525 in ERo and the corresponding amino acids in ERB,
0.93 Å (THC).
(B) Portion of the ligand binding pocket of ERa, with
in ERB are shown in orange. Structures were superimposed as in (A).
(C) Ribbon
and the H1-H3 coil, which is a

followed by the corresponding ERo residue.number,
ereo view of the superposition of the(E) Crossed st

according to the EFo residues,
atom colors. PPT in ERB is shown in
(F) Superposition of ER6 THC versus
shown is a ribbon rendering of ERo DES H11 (blue) and H12 (yellow),
shown in red. Arrows denote predi
H12. ERB Leu-476 is 2.5 Å from Leu-544 in H12 of DES-ERoy.

Structure-Guided Mutagenesis
Based on the above comparisons, we performed struc
ture-guided mutagenesis of the ERB LBD to probe the
importance of identified amino acid differences in ER
subtype-specific selectivity for HPTE, PPT, and THC.
While HPTE required only amino acid changes in the
ligand binding pocket, PPT needed mutations in the
hydrophobic core and surface to gainfull agonistactivity
on ERB. The recognition of THC as an agonist required
all of these mutations, plus those in and around H12.
For HPTE, introduction of the two ERo ligand binding

diagram of a portion of the ERøl-BD bound to THC (space filled),
so highly divergent between the ER subtypes.

(D) Nonconserved hydrophobic core residues clustered around H6 in the ER

and portions of some residues are deleted for clarity.
green, and ER3 residues are shown in orange.

ERo DES structures, aligned over amino acids ERo 350–380/ERB 30
with amino acids in gray. The corresponding ERB H11 amino ac

cted clashes between the antagonist ERB THC conformation of H11 and the agonist ERo DES position of

THC shown in pink and specified amino acids in gray. The corresponding amino acids

illustrating a cluster of surface hydrogen bonds specific to ERo,

LBD. The side chains are indicated with the ERB residue and

PPT-ERo LBD and PPT-ERB LBD complexes. Selected residues shown are labeled
PPT in ERo and ERo residues are shown with standard

2–332 for an rms deviation of 0.58 A.
ids are

pocket residues that differ between the two subtypes
into ERB was sufficient to restore full agonist activity
(mut-P, Figures 2 and 6B). The introduction of additional
ERo-specific surface residues into ERB (Figure 5A,
mut-P + s) decreased the activity of HPTF, without
affecting estradiol activity. Although PPT activity was
observed for the mut-P + S ERB LBD, its potency was
well below ERo-mediated activity. A subset of the Sur
face mutations, clustered on H3 (mut-Pt S(H3)], yielded
a more efficacious response with PPT. This outcome is
consistent with the results from the analysis of ERa/8
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chimeras, in which ERB sequences in the H3 region
appear to modulate PPT potency more so than PPT
efficacy. However, none of these ERB mutations elicited
THC agonist activity (data not shown). Notably, the re
sponse of all of these mutants to estradiol was identical
to that of wild-type ERB, demonstrating the robustness
of this domain with respect to the natural ligand.

Mutation of the cluster of eight hydrophobic core resi
dues in ERB to the corresponding ERo residues pro
duced statistically significant but still suboptimal ago
nist activity for PPT when added to the mutations in the
pocket (mut-P + C, Figure 6C). The addition of these
core mutations to the mut-P + S ERB produced an ER
(mut-P + S + C, Figure 6C) that responded fully to PPT.
Since PPT does not bind appreciably to the wild-type
ERB, these data imply that both surface and core muta
tions contribute separately to ERo binding and agonist
potency for PPT. It is noteworthy that seven out of these
eight hydrophobic mutations lie within the regions in
ERo identified by chimera mapping as being important
for specifying the ER subtype preference of PPT, and
the eighth is immediately adjacent (Figure 2).

THC differed from PPT in that all of the above
described mutations, including the pocket, hydrophobic
core, and surface, were required to elicit any appreciable
ERB agonist activity. The mut-P + C construct displayed
no activity. However, THC behaved as an ERB agonist
with the mut-P + S + C construct, although with reduced
efficacy compared to ERo (Figure 6C). Since THC binds
more avidly to ERB than to ERoº, this change must repre
sent an alteration in the binding mode of THC, an effect
requiring both surface and core mutations. Among the
eight core mutations, only four are within the region
identified through chimera analysis as important for THC
selectivity. This difference may relate to the cell lines
used, or it may indicate that only these four residues
are required.

The addition of H12 mutations to mut-P + S + C ERB
resulted in full THC agonist activity (mut-P + C + S +

H12, Figure 6C), although these same H12 mutations
had no effect on THC activity when added to the individ
ual mut-P + S or P + C constructs (data not shown).
Mutations in the B sheet and the H1-H3 coil were also
added to each of the constructs listed in Figure 6. While
these latter amino acid clusters appear to contribute to
differences in the shape of the ligand binding pocket,
they did not alter the behavior of any tested ligand (data
not shown).

Surprisingly, estradiol was more active on the mut
P + C + S + H12 ERB, compared to mut-P + C + S
(Figure 6D). This effect required surface (mut-S) as well
as H12 mutations, consistent with the observation that
these amino acids stabilize the agonist conformation of
H12 on ERo . Thus, estradiol was also more potent on
mut-P + S + H12 ERB than on mut-P + S or mut-P +
C + H12 ERB (data not shown).

Role of Helix 11 in Partial Agonist
and Dimer-Specific Activity
The above structural and functional analysis of THC
selectivity implicates H11 as a key subtype-specific link
between the ligand and coactivator binding pockets.
To determine the generality of this phenomenon, we
examined all of the published NR structures and noted
that the conformation of helix 11 was different with par
tial agonists compared to full agonists and that it varied
by dimer partner for PPAR and RXR. While the antago
mist THC forces H11 into the space occupied by the
agonist position of H12, the three partial agonists shown
in Figures 7A-7C allow H11 to flex away from the agonist
conformation of H12. This suggests partial agonist activ
ity occurs because of a shift in H11 away from H12 that
destabilizes the agonist conformation and the coactiva
tor binding pocket. The structure of RXR bound to the
synthetic agonist LG268 (Love et al., 2002) also shows
a shift in H11 positioning that may explain its unique
behavior. H12 is located away from its agonist position
in the LD268:RXR structure, consistent with the reduced
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Figure 7. H11 Conformation and the Stabilization of H12
(A–F) An LBD structure with an antagonist or partial agonist was
superimposed with a full agonist structure. The full agonist is listed
first and shown with the H11 ribbon colored blue and H12 ribbon
colored yellow. The agonist amino acids are colored gray. The corre
sponding H11 amino acids are shown for partial agonists in green
or for antagonists in red. Arrows point to predicted loss of VDW
contacts orhydrogen bonds or steric clashes with RXR in the hetero
dimer with RAR, in (F).

- - --

(G) A luciferase assay demonstrates effects of mutating the indi
cated H11 residue located in the dimer interface. COS-7 cells were
transfected with RXR and RAR expression vectors and a DR-5 luct.
erase reporter. Identical results were obtained with all transreti
noic acid.

- - -

(H) Ishikawa cells were transfected with ERo expression plasmids
and an estrogen-responsive luciferase reporter, demonstrating loss
of transcriptional activity associated with the H11 mutation. The
indicated ■ igands were used at 10 nM concentration.

displacement of corepressor (Love et al., 2002), limited
recruitment of TBP (Lala et al., 1996), and weak activa
tion of RAR:RXR heterodimers relative to other RXR
ligands (Germain et al., 2002; Schulman et al., 1997).

Helix 11 position also varies according to dimer part
ner for RXR and PPAR, demonstrating distinct confor
mations in heterodimeric structures (Figures 7E and 7F,
supplemental Figures S2A and S2B available on Molec

ular Cell's website). For RXR, heterodim
RAR is associated with inactivation of the R.
guet et al., 2000; Westin et al., 1998). In
heterodimer, helix 11 is flexed into an an
formation (Figure 7E), similar to that se
and ERB. In contrast, heterodimerization
PPAR (Figure 7F) elicits a positioning of I
resembles the partial agonist conform
PPARy:RXRo complex (PDB: 1K74, 1FM6
are 7 ± 1.1 hydrophobic contacts betwe
and H12, while in the RXRo monomer or
(PDB: 1FBY, 1MVC, 1MZN, 1MV9) there ar.
more contacts (11.2 + 1.0, cut off of 4.2
df = 4; p < 0.05), suggesting that dimer
ences RXR transcriptional activity by m
interaction between H11 and H12. The st
parisons shown in Figure 7 and Suppleme
(available on Molecular Cell's website) wer
by the choice of full agonist structure, c
cut off of the AF2 region used to align th

To test the hypothesis that helix 11 conf.
trols AF2 stability and transcription acti
advantage of the fact that H11 comprise
dimer interface. ER, RAR, and RXR displa
Glu amino acid that forms a water-mediat
across the dimer interface for RXR and ER
tal Figure S2C on Molecular Cell's website
contains a Gln at the corresponding positi
al., 2000), allowing the formation of a hy
across the dimer interface in the contex
heterodimer (Supplemental Figure S2D
Cell's website). Conversion of this Glut
should draw the two H11 closer togeth
dimer interface for the RAR:RXR hetero■

bling the conformation seen with partial ag
As shown in Figure 7 and Supplemental Fi
able on Molecular Cell's website), these n
verted all tested agonist ligands to partial
RAR, RXR, and ER. Notably, the mutant
played decreased responses to RXR-sp
LD754 and LD268, and blocked the synerg
combining low doses of RXR- and RAR-s
(Supplemental Figures S1A-S1C on Mº
website), further supporting the idea tha
role in transmitting information across t
face. Importantly, the ER and RAR mut:
expected dimerization and corepresso
(Supplemental Figures S1D and S1E on M
website), respectively, demonstrating th
receptors were selectively disrupted in
activation.

Discussion

Amino Acids Implicated in Estrogen Re
Subtype Selectivity
Several NR subtypes have been crystal
type-specific ligands, including membe
RAR, and TRfamilies, but only residues t
contact with ligand have been implica
served specificities. Among the appro
LBD pocket residues that contact the
residues that differ between ERo and



-

■ :

■ º
º
■ º
;

■ k.
3%
■ .

º

Estrogen Receptor Ligand Selectivity
32

M421) are insufficient to explain all of the observed
differences in ligand behavior and discrimination. We
demonstrate here that residues outside the LBD pocket
make significant contributions to the subtype-specific
positioning of the ligand. Differences in secondary struc
tural interactions, both in the hydrophobic core of each
receptor and in hydrogen bond networks on the surface,
alter the shape of the ligand binding pocket between
the ER subtypes and the transcriptional output of both
receptors. In this way, the link between ligand and co
activator binding is differentially modulated by a few
key amino acids distal to the ligand.

Using different cell lines and approaches, our two
laboratories independently identified regions of the ER
LBD required for ligand selectivity. Importantly, the re
sults were nearly identical. The chimera approach, origi
nally performed in yeast, has the advantage of random
selection for gain of function, yet it is not amenable to
fine structural analysis. Individual mutations were per
formed in clustered groups of functional units to main
tain hydrogen bonding partners and hydrophobic pack
ing interactions between secondary structural elements.
By combining chimera and clustered point mutation
data, it is possible to approximate the minimum number
of amino acids required for each ligand, while eliminating
concerns about loss of binding or gross structural per
turbations that can occur with single mutations.

Our observation that mutant ERs respond well to es
tradiol but variably to other ligands supports the idea
that there are “hot spots” for protein folding and muta
tion (Nikolova et al., 2000) and that most amino acids
can be mutated with little effect (Sinha and Nussinov,
2001). We conclude from our data and the data of
others that each ligand selects a different subset from
the ensemble of conformations. This same principle
has allowed the development of therapeutics, such as
Gleevec, which selects a unique inactive conformation
of the c-ABL protein (Wisniewski et al., 2002), and sug
gests that similar approaches will workfor the NR Super
family.

Allosteric Communication in the Nuclear Receptor
Ligand Binding Domain
The transmission of information through structural per
turbation is fundamental to the function of many proteins
and plays a key role in cellular signal transduction. We
have demonstrated that H11 is a conduit of structural
information between ligand and H12, though ligand and
H12 also interact directly with some receptors, such as
PPAR. Both THC/ERB and RXR in the context of the
RAR heterodimer demonstrate a shift in H11 that pre
cludes the agonist position of H12. In contrast, partial
agonist activity is associated with a suboptimal confor
mation of H11 that destabilizes the agonist position of
H12 through loss of hydrophobic or electrostatic con
tacts. This model explains the effects of a glucocorticoid
receptor H11 mutation that does not effect ligand bind
ing but reduces coactivator recruitment (Ray et al., 1999;
Stevens et al., 2003), presumably through altering the
conformation of H11 and destabilizing the active confor
mation of H12. These effects could be mimicked by a
conservative mutation across the H11 dimer interface,
convertingfull agonists to partial agonists for RXR, RAR,

and ER and eliminating the synergistic effects of RXR
and RAR-specific ligands without effecting dimerization
or corepressor recruitment.

The structural and energetic linkage between the li
gand and coactivator binding pockets is demonstrated
here to be bidirectional, as mutations effecting H12 Con
tribute to the recognition of THC as agonist or antago
nist, presumably through altered binding of the ligand
within the pocket. Our structural and functional analyses
substantiate a role for the coactivator binding cleft in
controlling the positioning of the ligand through the con
formation of H11. This concept of bidirectional commu
nication was also demonstrated by the recent crystal
structure of PXR, which showed that binding of coacti
vator elicited an unexpected positioning of the ligand
(Watkins et al., 2003).

Our data also suggest that a high-affinity ligand can
induce a low-affinity coactivator binding site by select
ing for suboptimal conformations of H11 and H12. In
addition, the cellular context contributes to the affinity of
the ligand because coactivators can stabilize the active
conformation, thereby slowing ligand dissociation (Gee
et al., 1999). Thus, bidirectional communication between
coactivator and ligand can account for discrepancies
between ligand affinity and transcriptional potency, as
demonstrated with the ER subtypes and estradiol.

Helix 11 flexibility may represent a physiological re
Sponse that can be co-opted by some ligands, such
as THC with ER, to elicit partial agonist (ERo) or full
antagonist (ERB) activity. The natural phyto-estrogen
genistein induces a suboptimal conformation of H11 in
ERB compared to estradiol, suggesting that this flexibil
ity is a physiologically relevant response. RXR is another
example of this phenomenon, in which the conformation
of H11 varies according to NR dimer partner when RXR
is bound to its natural ligand, 9-cis retinoic acid.

The control of helix 11 conformation by NR dimeriza
tion partners also suggests that H11 may contribute
to phenomena such as the “phantom ligand effect,” in
which a ligand bound to one partner alters the activity
of the other partner. Thus, the RXR antagonist LD754
can activate the RXR:RAR heterodimer in the absence
of RAR ligand (Schulman et al., 1997). Interactions
across the H11 dimer interface present a possible struc
tural conduit for communication between dimer part
ners. Since H11 contacts ligand, H12, and dimer partner,
its positioning by a specific ligand could alter the confor
mation of helix 11 across the dimer interface and, thus,
control the binding of both coactivator and ligand in the
dimer partner. This model is consistent with the ligand
Specific nature of permissive and synergistic activation
of RXR heterodimers (Chen et al., 1996; DiRenzo et al.,
1997; Forman et al., 1995; Germain et al., 2002; Gupta
et al., 2001; Mukherjee et al., 1997).

Experimental Procedures

Chemicals, Materials, and Plasmid Constructions
Cell culture media were purchased from Invitrogen and Gibco BRL
(Grand Island, NY). Calf serum was obtained from Hyclone Labora
tories (Logan, UT), and fetal calf serum was purchased from Atlanta
Biologicals (Atlanta, GA). The luciferase assay system was from
Promega (Madison, WI). Plasmids were constructed using standard
molecular biology techniques or through PCR-mediated DNA shut
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fling, as previously described (Sun et al., 2003a, 2003b). RAR and
RXR expression vectors and the DR-5 luciferase construct were
gifts of Ron Evans. The GST-NCOR construct was a gift of Mitch
Lazar. Details of plasmid construction are available upon request.
Mutagenesis was performed with the Stratagene Quickchange or
Multi-Site Directed Mutagenesis kits. Plasmids were verified by DNA
sequencing. HPTE was a gift from Kevin Gaido. The RXR ligands
LD268, LD1069, and LD754 were a gift from Ligand Pharmaceuticals.

Cell Culture and Transient Transfections
Human endometrial cancer (HEC-1) cells were maintained in culture
as described (Sun et al., 1999). Transfection of HEC-1 cells in 24
well plates used a mixture of 0.35 ml of serum-free improved minimal
essential medium and 0.15 ml of Hank's Balanced Salt Solution
containing 5 pil of lipofectin (Life Technologies, Rockville, MD),
1.6 pg of transferrin (Sigma, St. Louis, MO), 0.5 pig of pcMVB
(3-galactosidase) as an internal control, 1 p.g. of the reporter gene
plasmid, 100 ng of ER expression vector, and carrier DNA to a total
of 3 p.g. DNA per well. The cells were incubated at 37°C in a 5%
CO2 containing incubator for 8 hr. The medium was then re
placed with fresh medium containing the desired concentrations of
ligands. Reporter gene activity was assayed at 24 hr after ligand
addition. Luciferase activity, normalized for the internal control
3-galactosidase activity, was assayed as described (Sun et al.,
1999).

Ishikawa cells or Cos-7 cells (ATCC) were plated into wells of 48
well plates fortransfection. Effectene (Qiagen) was used to transfect
Ishikawa cells with 100 ng of TK-ERE-reporter, 5 ng pcMV5-ERo
with 20 ng of peluescript, or 25 ng of pcMV5-ERB. CoS-7 cells were
transfected with Polyfect (Qiagen) and 350 ng of DR-5-luciferase
reporter with 25 ng of RARo and 25 ng RXRo expression plasmids.
At the time of transfection, cells were switched to media containing
charcoal-stripped serum. After 16 hr, cells were washed with phos
phate buffered saline and ligands were added. Cos-7 cells were
switched to serum-free media upon addition of ligands. After 24
additional hours, cells were lysed for luciferase assay. Data points
represent 3–6 separate wells and are representative of at least
four experiments.

Structural Analysis
The SwissPDBViewer was used for comparing crystal structures
and making figures. Structural superpositions were generated for a
carbons based on the following amino acids in H3-5 of the LBD,
using a least squares fit method: FR3, amino acids 350–380; RXRo,
amino acids 273–303; PPARy, amino acids 290–320. Other receptor
subtypes were aligned using the corresponding amino acids. Fig
ures were rendered with Povray.

Molecular Modeling
The genistein-ERB LBD crystal structure (Protein Data Bank code

º

10KM) (Pike et al., 1999) was imported into SYBYL (Tripos, St.
Louis, MO). After adding hydrogen and fixing heavy atoms, energy
minimization was performed using the MMFF94 force field. The
same procedure was applied to the DES-ERo LBD crystal structure
(Protein Data Bank code 3ERD) (Shiau et al., 1998). PPT was built
in SYBYL and minimized using the MMFF94 force field. The lowest
energy conformer was docked into the ERB and ERo LBDs in various
orientations. Docking and minimization was done as previously de
scribed (Stauffer et al., 2000), and details can be found in that refer
ence. Superposition of the PPT-FFo LBD and PPT-ERB LBD struc
tures are based on their main chain atoms from H3 to H11, spanning
178 residues (root mean squared difference, 2.15 A).

Statistical Analysis
Averages are reported as mean + standard error of the mean. The
Student'st test was used for comparing group averages. One factor
analysis of variance was used to examine ligand dose effects. Error
bars were omitted for clarity on graphs containing overlaid dose
curves.
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Members of the nuclear receptor superfamily directly activate or
repress target genes by binding to hormone response elements
(HREs)" in promoter or enhancer regions, and by binding to other
DNA sequence-specific activators and can inhibit the transcrip
tional activities of other classes of transcription factors by transre
pression. Hormone response elements provide specificity to recep
tor homodimer heterodimer binding (reviewed in Ref. 2). Nuclear
receptor functions are directed by specific activation domains, re
ferred to as activation function 1 (AF-1), which resides in the N
terminus, and activation function 2 (AF-2), which resides in the
C-terminal ligand binding domain (LBD) (reviewed in Ref. 1). Reg
ulation of gene transcription by nuclear receptors requires the
recruitment of proteins characterized as coregulators, with ligand
dependent exchange of corepressors for coactivators serving as the
basic mechanism for switching gene repression to activation. In
this review, we discuss biochemical and genetic studies suggesting
that coregulatory complexes are differentially utilized in both a
cell- and promoter-specific fashion to activate or repress gene tran
Scription. These coregulatory components, themselves targets of
diverse intracellular signaling pathways, provide a combinatorial
code for tissue- and gene-specific responses, utilizing both enzy
matic and platform assembly functions to mediate the actions of
nuclear receptor genetic programs critical for developmental and
homeostatic processes in metazoan organisms.

Nuclear Receptor Coactivators
A diverse group of proteins have emerged as potential coactiva

tors for nuclear receptors. Ligand-dependent recruitment of coac
tivators is dependent on AF-2, which consists of a short conserved
helical sequence within the C terminus of the LBD (2). Biochemical
and expression cloning approaches have been used to identify a
large number of factors that interact with nuclear receptors in
either a ligand-independent or a ligand-dependent manner and are
often components of large multiprotein complexes. Many of these
factors are capable of potentiating nuclear receptor activity in
transient cotransfection assays. In addition, a distinct set of coac

* This minireview will be reprinted in the 2001 Minireview Compendium,
which will be available in December, 2001. This is the first article of five in
the ‘Nuclear Receptor Minireview Series.” This work was supported by the
National Institutes of Health, CapCURE, and CRP.

$ Investigator of the Howard Hughes Medical Institute. To whom corre
spondence should be addressed. Tel.: 858-534-5858, Fax: 858-534-8180;
E-mail: mrosenfeldQucsd.edu.

* The abbreviations used are: HRE, hormone response element; PPARY,
peroxisome proliferator-activated receptor; TaR, thyroid hormone receptor;
ER, estrogen receptor; LBD, ligand binding domain; N-CoR, nuclear receptor
corepressor; SMRT, silencing mediator of retinoic acid and thyroid hormone
receptor; ISWI, imitation SWI; CREB, cAMP response element-binding pro
tein; CBP, CREB-binding protein; HAT, histone acetyltransferase; §§
mitogen-activated protein; HDAC, histone deacetylase; SRC, steroid receptor
coactivator; RIP, RAR interacting protein; GRIP, glucocorticoid receptor
interacting protein; TRAP, TaR receptor associated protein; DRIP, vitamin
receptor D interacting protein.
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tivators is associated with the AF-1 domain. As the number of
potential coregulators clearly exceeds the capacity for direct inter
action by a single receptor, the most plausible hypothesis is that
transcriptional activation by nuclear receptors involves the actions
of multiple factors. These factors act in a sequential and/or combi
natorial manner to reorganize chromatin templates and to modify
and recruit basal factors and RNA polymerase II (3, 4).

ATP-dependent Chromatin Remodeling Complexes
As chromatinized transcription units are “repressed” compared

with naked DNA, a critical aspect of gene activation involves nu
cleosomal remodeling (reviewed in Refs. 3–5), Two general classes
of chromatin remodeling factors that appear to play critical roles in
transcriptional activation by nuclear receptors have been identi
fied. These are ATP-dependent nucleosome remodeling complexes
and factors that contain histone acetyltransferase activity. The
yeast SWISNF complex facilitates the binding of sequence-specific
transcription factors to nucleosomal DNA and can cause local
changes in chromatin structure in an ATP-dependent manner (3–
12). Mammalian homologues of Drosophila SWI2/SNF2 such as
BRG1/hBrm function as components of large multiprotein com
plexes. Transfection of ATPase-defective alleles of either Brg1 or
hBrm into several mammalian cell lines leads to a significant de
crease in the ability of several nuclear receptors to activate transcrip
tion (3–6). Remodeling complexes containing ISWI (imitation SWI)
may also be involved in nuclear receptor function (7–11).

Acetyltransferases
Rates of gene transcription roughly correlate with the degree of

histone acetylation, with hyperacetylated regions of the genome
appearing to be more actively transcribed than hypoacetylated
regions (reviewed in Ref. 7). The specific recruitment of a complex
with histone acetyltransferase activity to a promoter may play a
critical role in overcoming repressive effects of chromatin structure
on transcription (4–7). This concept was further supported by the
subsequent finding that the mammalian Gcn5 orthologues, includ
ing p■ (XAF, CREB-binding protein (CBP), adenovirus E1A-binding
protein p300, and TAF11250, each possess intrinsic histone acetyl
transferase (HAT) activity (7–11). Conversely, the discovery that a
mammalian histone deacetylase (HDAC) was a homologue of the
yeast corepressor, RPD3 (13), gave rise to the hypothesis that
regulated activation events might involve the exchange of com
plexes containing histone deacetylase functions with those contain
ing histone acetyltransferase activity (Fig. 1). It appears that in
most cases the acetyltransferases are not directly recruited to
nuclear receptors but associate with other coactivators that exhibit
higher affinity for the liganded receptor. The acetyltransferase
functions of factors such as CBP/p300 are directly required for
enhanced transcription on chromatinized templates (14).

Nuclear Receptor-interacting Coactivators
A large number of proteins that are recruited in a ligand-depend

ent fashion have the capacity to enhance transcriptional activation
by transient transfection. Several insights into the mechanisms by
which coactivator complexes are recruited to nuclear receptors in a
ligand-dependent manner have been provided by the initial iden
tification of the p160 family of nuclear receptor coactivators, re
ferred to as SRC-1/NCOA1, TIF2/GRIP1, and p■ cIP/A1B1/ACTR/
RAC/TRAM-1 (reviewed in Ref. 15). The p160 factors consist of
three members that exhibit a common domain structure, illus
trated in Fig. 1. The central conserved domain mediates ligand-de
pendent interactions with the nuclear receptor LBD, whereas the
conserved C-terminal transcriptional activation domains mediate
interactions with either CBP/p300 or protein-arginine methyl
transferase (16, 17). Based on the presence of three regulatory
domains, members of the p160 family have been suggested to
function as coactivators, at least in part, by serving as adapter
molecules that recruit CBP and/or p300 complexes to promoter
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bound nuclear receptors in a ligand-dependent manner (18, 19).
Biochemical studies have also demonstrated strong ligand-depend
ent interactions between nuclear receptors and p140 factors,
probably representing the coregulator RIP140, which results in a
reproductive defect in female mice on gene deletion (20).

Analysis of the nuclear receptor interaction domain of the pl60
family led to the identification of three repeated motifs with a
consensus sequence LXXLL in which L represents leucine and X
represents any amino acid. The LXXLL motif has been found to be
necessary and sufficient for ligand-dependent interactions with the
nuclear receptor ligand binding domain (19, 21–25). Structural
studies of the PPARy, ER, and TaF ligand binding domains com
plexed to fragments of the pló0 nuclear receptor interaction do
mains revealed that these motifs form short o helices (22–25), with
multiple LXXLL motifs within a single coactivator mediating co
operative interactions with nuclear receptor dimers or het
erodimers. The LXXLL helix is oriented and positioned at each end
by a “charge-clamp" consisting of a conserved lysine in helix 3 of the
Iigand binding domain and a conserved glutamate in the AF-2
helix. These residues grip the LXXLL helix so that the internal
leucine residues can pack into a hydrophobic pocket in the receptor
C terminus. Most nuclear receptor coactivators have proved to
contain functionally important LXXLL helices, with additional
residues contributing to binding specificity (e.g. Refs. 26 and 27).
Furthermore, these contacts are sensitive to conformational
changes induced by structurally distinct ligands.

Many additional factors have been demonstrated to enhance
nuclear receptor activity in functional assays, suggesting that they
may serve as nuclear receptor coregulators (reviewed in Ref. 1).
Biochemical studies and protein-protein interaction screens sug
gest that many of these proteins function as components of large
multiprotein complexes and that additional enzymatic activities
may be important for their function. For example, the pl60 protein
GRIP1 can associate with arginine methyltransferase 1 (CARM1),
which potentiates ligand-dependent transcription by several nuclear
receptors (16). PRMTI, a second arginine methyltransferase related
to CARM1, also functions independently as a nuclear receptor coac
tivator (17). The CBP/p300 coactivators can recruit additional factors
with HAT activity, such as the p■ CAF-Gcn5L complexes (11, 18). The
content and conformation of the recruited complexes may explain
why distinct acetyltransferases are required by different DNA-bound
transcription factors on specific gene targets (28).

The TRAPDRIPARC Complex
In addition to coactivator complexes that harbor nucleosome

remodeling or histone acetyltransferase activities, other coactiva
tor complexes have been identified. The best characterized of these
is the TRAPDRIPARC complex, which enhances the transcrip
tional activities of nuclear receptors and other signal-dependent
transcription factors in vitro (29–31). The TRAPDRIPARC com

Platform Proteins f HAT Activation Functions Mediator-like Comple:
i —

Histone and factor
deacetylation

N-CoRM Sºft

Rº■ º

plex is recruited to nuclear receptors in aligand-dependent manner
via a 220-kDa component referred to as PBP/TRAP220/DRIP205,
which contains two alternatively utilized LXXLL nuclear receptor
interaction motifs (32, 33). Disruption of the TRAP220/PRIP206■
PBP gene in the mouse results in embryonic lethality at embryonic
day 11.5, and initial studies in myocyte enhancer factors have
suggested a defect in ligand-dependent thyroid hormone and
PPARy receptor function (31, 32). Intriguingly other classes ºf
transcription factors remain competent to activate transcriptionin
these cells. The TRAP-DRIPARC complex consists of more than a
dozen polypeptides, a subset of which appears to constitute mod.
ules that are components of other activator complexes, including
CRSP, NAT, SMCC, and mouse mediator, and have no known
enzymatic functions (29, 31, 34). These factors may thus functiontº
recruit RNA polymerase II holoenzyme to ligand-bound nuclear
receptors. The TRAPDRIPARC complex is not stably associated
with RNA polymerase II but can be coimmunoprecipitated in the
presence of ligand-activated vitamin D receptor (35), suggesting a
conformational change or recruitment of additional components
that allow stable interactions with RNA polymerase II complexes

As more than 30 additional putative coactivators have been
identified, including proteins with protease activity and an RNA
that appears to function as a coactivator (reviewed in Ref. 15)ith
likely that different protein complexes can act either sequentially,
combinatorially, or in parallel, particularly in light of the evideº
of rapid turnover of DNA-receptor interactions (36,37). Onepºtºº
tial scenario for a division of labor among coactivators would be f
Brg-1-Brm-like complexes to carry out chromatin remodeling while
ligand-dependent recruitment of the so called pló0 factors, intº
cert with other factors such as CBP, p300, and p!CAF, bring
required acetyltransferase activities. Finally, recruitment of
complexes such as the TRAPDRIPARC complex may function to
enhance RNA polymerase II recruitment to the promoter.

Combinatorial Control of Receptor Function
In addition, a number of factors have been isolated that can act

in a promoter-specific fashion, potentially adding important*
matic activities or protein-protein interactions and acting º"
gistically or antagonistically with other complexes. For example."
coactivator ASC2/Rap250/NRC/PRIPTRBPinteracts both with".
clear receptors and CBP/p300 p160 factors or a TRAP component
(DRIP130/CRSP130/surg) via a C-terminal domain and pº
also contacts factors in the basal transcription complex (38. 39)

Genetic evidence has revealed alternative promoter-specific re
dundancy in cofactor requirements or absolute dependent.”
cific coregulators. Both CBP and p300 are functionally limiting
exhibiting haploinsufficiency phenotypes (40,41), and trans”
studies in p300(-/-) embryonic fibroblasts suggest impairmatiº
retinoic acid receptor signaling, supporting the idea from biodem
ical studies that correct regulation of transcription requires!”
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levels of p300 and CBP (42). While mice lacking each of the p160
factors are viable, subtle defects are suggested in specific receptor
functions (43–46); for example, p■ cIP/SRC-3 exerts effects on somatic
growth, modulating cell-autonomous cell cycle events (45, 46).

The alternative requirements for diverse coactivators reflect, in
part, their tissue-specific distributions and covalent modifications
of different coactivators, exemplified by the variations in CBP in
specific cell types (47). However, a major conceptual problem is that
the number of potential coregulators clearly exceeds the capacity
for direct interaction by a single receptor. Using chromatin immu
noprecipitation assays, CBP/p300p160 complexes and
TRAPDRIPARC complexes are found to be “simultaneously.”
bound to estrogen receptor target genes in response to hormones
(37). Whether these complexes indeed simultaneously contact each
estrogen receptor cannot be established by this technique, espe
cially in light of the evidence of rapid turnover of DNA-bound
receptors (36). A very rapid turnover of receptors, on the glucocor
ticoid response elements of hormonally induced gene, was estab
lished by determining the turnover of fluorescent labeled glucocor
ticoid receptors in a cell line containing a multimerized contig of
mouse mammary tumor virus promoter/transcription units (36).
One might speculate that there is a correspondingly rapid ex
change of receptors associated with different coactivator, which
could then combinatorially mediate a series of essential and non
redundant steps required for transcriptional activation.

A striking example of a promoter-specific coactivator require
ment has been provided by identification of the cold-inducible co
activator PGC-1 (48, 49). PGC-1 is induced in brown fat cells by
thermal stimulation and acts as a coactivator, along with CBP and
p160 factors, for PPARy- and TaF-mediated transcriptional activa
tion. These observations raise the intriguing question of why spe
cific combinations of coactivators are required for only some pro
moters regulated by the same nuclear receptor.

Nuclear Receptor Corepressors
Several members of the nuclear receptor family appear to exert

critical physiologic roles by actively repressing gene transcription,
alternatively functioning as a ligand-independent repressor on
Some target genes or a ligand-dependent repressor on other tran
Scription units (Fig. 1). A search for interacting proteins mediating
these effects led to the cloning of the nuclear receptor corepressors
N-CoR and SMRT (50–52). These factors harbor multi-independent
repressor domains that can interact with mammalian homologues of
proteins that have been defined genetically in yeast to mediate tran
Scriptional repression, including Sin? and histone deacetylases (53,
54). Thyroid hormone resistance syndromes can be correlated with
mutations in the ligand binding domain of thyroid hormone receptor
9 that enhance ligand-independent interactions with N-CoR/SMRT
(55). N-CoR also exerts repressive roles in the actions of other classes
of transcription factors (reviewed in Ref. 1).

Genetic evidence has permitted linkage between N-CoR and
repression, as deletion of the murine N-CoR locus relieves nuclear
receptor-mediated repression of specific genes (56). Altered pat
terns of transcription in cells derived from N-CoR gene-deleted
mice and the resulting block at specific points in erythrocyte, thy
mocyte, and neural development indicate that N-CoR is a required
Component of short term active repression by nuclear receptors and
other factors. In addition, N-CoR also appears to be required for a
subset of long term repression events. Thus, available data suggest
that specific combinations of corepressor and histone deacetylases
mediate the gene-specific actions of DNA-bound repressors on the
development of multiple organ systems.

N-CoR and SMRT appear to be components of several distinct
corepressor complexes. Although both proteins were initially sug
gested to interact with complexes containing Sin? and specific
HDACs based on coimmunoprecipitation experiments (53, 54),
Sing complexes isolated under stringent biochemical conditions did
not contain N-CoR or SMRT. However, purification of N-CoR from
Xenopus laevis oocytes resulted in recovery of three distinct com
plexes (57). One complex contained Sing, HDAC1, and RbAp48; the
Second contained a Sing-independent histone deacetylase; and the
third complex lacked HDAC activity. Purification of N-CoR com
plexes from HeLa cells has also resulted in the recovery of at least
three complexes (58–61). One complex contains HDAC1, HDAC2,

and several other components found in the Sin?A.HDAC complex,
consistent with the original immunoprecipitation studies (58). The
second complex contains several additional components, including
BRG-1, BAF170, BAF155, BAF47/INO1, and KAP-1, a corepressor
that has been linked to heterochromatin silencing (53). What ap
pears to be a third complex, identified through purification of either
SMRT or N-CoR, contains transducin B-like protein 1 (TBL-1), a
protein with structural and functional similarities to the WD40
containing Tup1 and Groucho corepressors (60). HDAC3 is also a
component of the N-CoRTBL-1 complex (60, 61), raising intriguing
issues as to the specific functions of various HDACs in N-CoR
action. A specific conserved corepressor domain of N-CoR and
SMRT has also been shown to be capable of direct interaction with
HDACs 4 and 5 (62, 63). In concert, these findings suggest that
N-CoR associations with specific corepressor complexes are dynam
ically regulated and will exhibit promoter and cell-type specificity.

Determination of N-CoR/SMRT, Receptor Interactors
Two sequences in the C-terminal regions of N-CoR and SMRT

appear to function cooperatively to mediate interactions with DNA
bound thyroid hormone receptor/RXR heterodimers, each contain
ing a conserved consensus sequence LXXXLXXX(I/L) that mediate
interactions with unliganded thyroid and retinoic acid receptors
(63–65). This motif is predicted to form an extended a helix, one
helical turn longer than the LXXLL recognition motif present in
nuclear receptor coactivators. Biochemical findings indicate that
the LXXXLXXX(L/L) motif in N-CoR and SMRT and the LXXLL
motif in coactivators utilize overlapping surfaces for interactions,
with inability of the corepressor helix to fit in the charge clamp.
However, a clever phage display screen suggests that a second type
of corepressor can be recruited to receptors, such as estrogen re
ceptor in the presence of antagonist (66), although N-CoR also
appears to be a required component (56, 67). Crystal structures of
the estrogen receptor bound to tamoxifen or raloxifene indicate
displacement of the AF-2 helix (e.g. Ref. 25), facilitating corepres
Sor binding.

Coactivators and Corepressors as Targets of Signal
Transduction Pathways

Emerging evidence indicates that coactivators and corepressors
are themselves targets of multiple signal transduction pathways,
examples of which are illustrated in Fig. 2. Regulation of coactiva
tor and corepressor function potentially provides a means for
integration of responses to specific signals across families of
sequence-specific transcription factors. For example, the histone
acetyltransferase activity of CBP has been suggested to be regu
lated by cyclin-dependent kinases, which presumably alter its co
activator activities during the cell cycle (68). The ability of CBP to
serve as a coactivator of CREB is enhanced in response to calcium
signaling via a mechanism involving calmodulin kinase IV (69).
The p160 nuclear receptors can be phosphorylated in response to
different signaling events, causing redistribution of p■ (XIP from the
cytoplasm to the nucleus (46). Further CBP-dependent acetylation
of lysine residues adjacent to LXXLL motifs may facilitate the
disassociation from DNA-bound receptors. Similarly, corepressors
are apparent targets of signal transduction pathways, with activa
tion of MAP kinase cascades correlating with a redistribution of
SMRT from a predominantly nuclear location to a predominantly
perinuclear or cytoplasmic compartment (69, 70). The N terminus
of N-CoR has been shown to interact with mSiah2, the mammalian
homologue of Drosophila Seven in absentia (71), implicated in
regulating proteosomal degradation of proteins. Based on cotrans
fection assays mSiah2 can mediate a dramatic decrease of N-CoR
protein levels, blocked by a proteosome inhibitor. The association of
N-CoR/SMRT with nuclear receptors is modulated by cell signaling
events that can regulate the association and activity of N-CoR/
SMRT. Thus, activation of signaling pathways that stimulate the
MAP kinase pathway decreased association of N-CoR with estrogen
receptors in the presence of the antagonist tamoxifen, based on the
phosphorylation of the ER N terminus (67). In addition, treatment
with forskolin or epidermal growth factor resulting in serine phos
phorylation of TRB1 and dissociation of SMRT with MAP kinase
extracellular signal-regulated kinase 1 directly inhibits interac
tions between SMRT and nuclear receptors or PLZF (72).
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Conclusions

Nuclear receptors can serve as repressors or activators, appar
ently dependent upon the regulated exchange of binding of factors
and complexes, characterized by distinct enzymatic and platform
functions. In addition to a ligand-dependent switch, various signal
transduction pathways can modulate interactions of specific
coregulators with nuclear receptors or mediate their activity or
distribution between nuclear or cytoplasmic compartments. The
potential for rapid exchange of nuclear receptors and cofactors has
intriguing implications for the functional significance of ever
expanding multiple receptors of coregulatory complexes.
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ERYTHROCYTE

A mature red blood cell, which
lacks a nucleus and
mitochondria. It contains
haemoglobin and functions in
the transport of oxygen.

ACROSOME REACTION

On appropriate stimulation, the
outer acrosomal membrane at
the front of the sperm head
ruptures and liberates its
contents (mainly enzymes and
actin). An early event in the
reaction is a rapid increase in the
concentration of intracellular
calcium that can be measured
easily.

NONGENOMIC ACTIONS OF
STEROID HORMONES

Ralf Lösel and Martin Wehling
Steroid hormones modulate many physiological processes. The effects of steroids that are
mediated by the modulation of gene expression are known to occur with a time lag of hours or
even days. Research that has been carried Out mainly in the past decade has identified other
responses to steroids that are much more rapid and take place in Seconds or minutes. These
responses follow nongenomic pathways, and they are not rare.

In 1942, Hans Selye, in a study on steroid hormones
(hereafter referred to as steroids), noted that Some steroids
induced effects (such as anaesthesia) only minutes after
their application, even in the absence of main hormonal
activity, whereas the main hormone actions that were
known at that time—corticoid, folliculoid, luteoid and
testoid—were only visible hours or days after application
of the steroid'. According to contemporary knowledge,
but without the strict dogmatic theories, which emerged
later on, to explain the action of steroids, this was yet to
become an acceptable observation. In the light of present
knowledge, Selye's paper was actually the first to detail the
nongenomic action of steroids (BOX1); this discovery also
led to the development of steroidal anaesthetics that were
routinely used in human medicine and are still used in
animals.

Two decades later, acute cardiovascular effects of
aldosterone that occurred within five minutes of its
administration were reported in humans”. Here, again,
the short time frame was indicative of a nongenomic
action. In vitro studies on the modulation of sodium
ion (Na") exchange by aldosterone in dog ERYTHROCYTEs’
contributed more evidence of a nongenomic action of
steroids, because these cells do not contain a nucleus. As
transcription requires DNA, which is located in the
nucleus, the absence of the nucleus therefore excludes
the possibility of transcription and, so, genomic action.
However, when these studies were carried out, no com
prehensive theory to explain the action of hormones
had been established. Therefore, the peculiarity of these
particular findings, and possibly the results of some
other studies, is only recognized retrospectively.
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Genomic versus nongenomic action
According to the classical model of steroid action",
steroid molecules enter the cell — either passively by
diffusion through the lipid membrane or assisted by
transporter proteins — and are bound to ‘classical'
steroid receptors (BOX2) that are located mainly in the
cytosol. Ligand binding induces a conformational
change in the receptor protein, which is accompanied
by the dissociation of accessory proteins, thereby
exposing the DNA-binding domain. In the nucleus,
the receptor—ligand complex binds to DNA and mod
ulates gene transcription. Eventually, after it has been
transported and modified by independent mecha
nisms, the protein that is made from the newly syn
thesized messenger RNA elicits the genomic response.
The length of time between steroid entry and the
accumulation of significant amounts of newly
formed protein is in the order of hours, and the whole
pathway is sensitive to particular inhibitors, such as
actinomycin D or cycloheximide.

As outlined above, some steroid responses do not
fit this classical genomic model of steroid action.
Many steroid-induced phenomena occur rapidly —
for example, the ACROSOME REACTION that is induced by
progesterone takes place seconds after sperm come
into contact with this steroid. Although it is often, but
not always, straightforward to distinguish between
genomic and nongenomic action, considerable con
troversy still exists as to the identity of the receptors
that initiate nongenomic phenomena. Nongenomic
action often involves the generation of intracellular
second messengers, and various signal-transduction
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the rapid progesterone action in sperm. However,it
must be considered that showing the existence of a
binding site does not necessarily indicate thatthereºp.
tor confers properties in terms of cellular signalling,
unless other evidence is available,

In several cases, however, nongenomicsteroidactions
can be attributed to classical steroid receptors,ormodi.
fied classical receptors. This is particularly trueforsome
of the effects of oestrogen, and the classical progesterone
receptor has also been shown recently to interactwith
signalling components (see below).The Mannheimdas.
ification' has been proposed to put the existingdistinct
forms of nongenomic steroid action into an order

Progesterone
Consistent with its role as agonadalsteroid, most ofthe
nongenomic effects of progesterone have been
described in germ cells such as oocytes or sperm.
Xenopus laevis oocytes that are arrested in the G2 phase
undergo maturation when progesteroneisadded.This
phenomenon is insensitive to actinomycin Dandevem
occurs in enucleated cells', which indicates thatitish
result of nongenomic action. The initial responseto
progesterone involves the inhibition of adenylated dº
and, consequently, a decrease in the levels ofcAMP"
Interestingly, progesterone is more effective when
applied outside the cell than when microinjectedinº
the cytoplasm", a finding that is consistent with the
membrane localization of the respective receptor
Recent findings indicate that an isoform of the Xenopus
homologue of the classical progesterone receptor
which is known as XPR—is presentinsmallamounts
in the cell membrane". Furthermore,XPRseemstobº
associated with phosphatidylinositol 3-kinase (PBM
and extracellular-signal-regulated kinase (ERK/miº
gen-activated protein kinase (MAPK), both of which
are activated on the addition of progesteront.
However, other steroids such as hydrocortisone,deº
corticosterone and the classical progesteronereceptor
antagonist Russ, which can allelicitoocytematuration
do not trigger this mechanism. This indicates that there
are other, potentially nonclassical, receptors and
signalling mechanisms, or modified classical receptors

PLATELETS
The smallest blood cells, which
are importantin haemostasis
and blood coagulation.

MICROSOME
A small, heterogeneous vesicular
particle, 50–150-nm wide, that is
the product of homogenization
of eukaryotic cells. Rough
microsomes, which have
ribosomes attached to their
surface, are derived from the
rough endoplasmic reticulum,
whereas smooth microsomes
lack ribosomes and might be
derived from the smooth
endoplasmic reticulum or the
plasma membrane.

RU486

(Mifepristone). Asteroidal
progesterone receptor- and
glucocorticoid receptor
antagonist that prevents
implantation of a fertilized
ovum in the uterus.

Box 1 | Criteria for defining nongenomic action

A nongenomic action defines any action that does not directly and initially influence gene expression, asdothedassical
steroid receptors, but rather drives more rapid effects such as the activation of signalling cascades.Thereareseveral
criteria that indicate nongenomic action:

• The absence of a ‘normal, functional nucleus in some cell types, such as in erythrocytes, PLATELETsandspermatozoa,
excludes genomic action. Another example is chondrocyte matrix vesicles, although these are not real cells,

• Effects that are not blunted by inhibitors of transcription, such as actinomycin D, cannotinvolve gene expression.Ina
similar way, insensitivity to cycloheximide, a protein synthesis inhibitor, provides evidence of anongenomicmedianism.

• A short time frame—in the seconds to minutes range—is one of the strongest pieces of evidence. However, many
nongenomic effects might also occur over a timescale that might include genomic action.

• The observation of effects that are elicited by steroid hormone analogues that do not access the cellinteriorexcludesthe
classical mechanism of translocation of the liganded receptor to the nucleus. However, directexperimentalproofis
difficult to obtain.

The term ‘membrane-initiated steroid signalling’ (MISS) has been proposed as an alternative to ‘nongenomic'action;
however, it is possible that there are nongenomic effects that do not necessarily originate at themembrane.

cascades, such as ion fluxes (often calcium), cyclic AMP
modulation and protein kinase pathways, have been
shown to be involved.

Receptors that mediate nongenomic action
Although it has been discovered recently that classical
steroid receptors can initiate second messenger produc
tion or interact with other cellular signalling systems,
their most reported property is still their transcriptional
activity. In addition, the pharmacological agonist and
antagonist profiles for the genomic and nongenomic
actions often differ markedly. First, in many cases,
antagonists that strongly inhibit the genomic effects that
are mediated by the classical receptors are virtually inac
tive towards the nongenomic effects (see the examples
below); unfortunately, there are only a few selective
inhibitors for nongenomic steroid action that are
known at present. Second, rapid, nongenomic responses
have been shown in cells in which the respective classical
receptor was thought not to be expressed; such
responses can often also be elicited by steroids that are
coupled covalently to a polymer, which presumably is
unable to enter the cell. Although the latter approach
has some drawbacks (for a detailed discussion, see REF5),
it is often used to show that receptors are present at the
cell membrane. Such nonclassical receptors are not yet
well characterized, and only limited information about
their identities is available. Antibodies have been used
to prove either the presence or absence of certain
steroid receptors, or even their involvement in given
effects by showing functional inhibition. However, this
approach is sometimes misleading, owing to antibody
crossreactivity or the low abundance of the antibody
substrate.

Various steroids have been shown to bind to many
biological membranes, but the characterization of the
proteins to which they bind has mostly been limited to
the determination of their molecular weight or their
tentative identification by antibodies. A progesterone.
binding protein from liver Microsomes was isolated by
our group", then sequenced and cloned. When
expressed recombinantly, it binds progesterone, and
antibodies raised againstithave been shown to suppress
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Box 2 | Classical steroid receptors

Classical, or nuclear, steroid receptors are proteins that are located in the cytosol (or
sometimes in the nucleus). On binding their ligands, they undergo a conformational
change that allows them to interact with DNA. The receptors consist of a carboxy
terminal domain that contains the ligand-binding pocket; a conserved cysteine-rich
central domain that is probably responsible for DNA-binding activity; and a variable
amino-terminal region that might modulate transactivation. Nuclear steroid receptors
show considerable homology to each other, and form a protein superfamily together
with the receptors for vitamin D, and the thyroid hormones. More than 60 different
receptor proteins have been identified invertebrates. In some cases, their ligands have
not been identified, and in this case they are described as 'orphan receptors.

Sperm cells respond to progesterone by initiating the
A cell that makes up a layer that acrosome reaction”", which is often monitored by
surrounds the cavity of mature determining the free intracellular Ca” concentration
Graafian and secondary follicles. ([Ca"].). This response is undoubtedly nongenomic,
It catalyses the conversion of 1: . - - -and there is evidence for the involvement of a nonclassi
androgens to oestrogen.

-cal receptor. Although the question as to whether the
classical progesterone receptor is present in spermato
zoa has yet to be settled”, the steroid specificity for the
induction of the acrosome reaction differs too much to
be compatible with the selectivity pattern of the classical
progesterone receptor”; RU486 has been reported to

GRANULOSA CELL

Cell membrane

Ras

Rafi

W
MEK Cytoplasm

{
ERK/MAPK

Nucleus

Figure 1 | Nongenomic actions of the progesterone receptor. This schematic Shows the
interaction of the classical progesterone receptor (PR) with SrC-homology-3 (SH3) domains and
the initiation of the extracellular-signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) cascade. The amino-terminal proline-rich domain of PR interacts with the SH3 domain of
Src. This activates the Ras-Raf-ERK/MAPK pathway, which then influences the activity of
transcription factors (TFS) in the nucleus. The more conventional (genomic) action of the PR is
depicted on the right of the figure, PR functions as a dimer in the nucleus to mediate
transactivation and subsequent transcriptional changes. SH2, SrC-homology-2, MOdified with
permission from REF.27 C) (2001) Cell Press.

antagonize the progesterone-induced Caº influx”
only minimally, and other studies have reported a par
tial antagonism that was thought to be nonspecific”.
Using fluorescent progesterone—albumin conjugates,
the membrane localization of receptors has been stud
ied”. Fluorescence microscopy has shown that proges
terone-binding proteins are localized on the outer surface
of the head of the sperm cell. Furthermore, it has been
shown that the progesterone effect can be reduced by
antibodies against the progesterone membrane-binding
protein (mPR)”, which was isolated previously from
liver". This protein shows specific, high-affinity binding
of progesterone and is one of the few candidate non
classical receptors that has been sequenced and cloned”.
Interestingly, higher levels of the rathomologue of this
protein, which is known as 2.5Dx, have been reported
in the brains of female mice in which the proges
terone receptor has been genetically knocked out than
in their wild-type littermates”, which might indicate
that there is some kind of compensatory regulatory
mechanism.

The classical progesterone receptor includes an
amino-terminal proline-rich motif that has been
shown, for the human protein, to interact with Src
homology-3 (SH3) domains of various proteins in
response to progesterone”. One such SH3-containing
protein is Src, and the interaction of progesterone with
Src activates the Ras and/or Rafl and ERK/MAPK cas
cades. Mutagenesis studies have shown this activation to
be independent of the transactivation properties of the
progesterone receptor (FIG. 1). This indicates that proges
terone might have a dual role, through both genomic
and nongenomic pathways.

Oestradiol

Similar to progesterone, the gonadal steroid oestradiol
has been reported to give rise to nongenomic effects in
cells of the reproductive system. Oestradiol-induced
(sometimes at subnanomolar concentration) rapid
increases in the [Ca”], have been observed in cul
tured endometrial cells”, maturing oocytes” and
GRANULOSA CELLs. Although there seems to be a pro
nounced preference for oestradiol and related com
pounds, neither the classical oestrogen receptor (ER)
inhibitor tamoxifen nor actinomycin D or cyclohex
imide inhibited the calcium response in granulosa
cells". In endometrial cells, oestrogen binds to specific
sites on the cell surface, which indicates that ERs might
be present at the cell surface”.

In addition to the effects that are related to the repro
ductive system, oestradiol has a direct action on the vas
cular system. As shown in several species, both 170- and
17|3-oestradiol induce significant relaxation in coronary
arteries and vessels in the aorta”. In endothelial cells,
170-oestradiol activates endothelial nitric oxide syn
thase (eNOS); this results in increased levels of nitric
oxide (NO)”, which acts as a vasodilator. In this case,
classical ER antagonists such as ICI-182780 (REF 36)
blunt the response, whereas overexpression of ERO. aug
mented the effect”. The PI3K-Akt pathway has been
shown to be involved in this response”, which leads
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PERTUSSISTOXIN

A mixture of proteins that is
produced by Bordetella pertussis.
It activates G proteinsby
catalysing the ADPribosylation
of theo-subunit.

CAVEOLAE

Specialized rafts that contain the
protein caveolin and form a
■ lask-shaped, cholesterol-rich
invagination of the plasma
membrane. Caveolaemight
mediate the uptake of some
extracellular materials, and are
probably involved in cell
signalling.

ATOMIC-FORCEMICROSCOPY
Amicroscope that
nondestructively measures the
forces (at the atomic level)
between a sharp probing tip
(which is attached to a cantilever
spring) and a sample surface.
The microscope views structures
at the resolution of individual
atoms.

Figure 2 | Rapid changes in nuclear pore structure induced by aldosterone. Atomic-force microscopy was used tow'suade
the structural changes in the nuclear envelope that occur minutes after addition of the steroid. Before aldosteronestimulation, poe
Complexes have smooth surfaces, but granular structures (arrows) appear 2 min after the addition of aldosterome. Thelaterhave
disappeared 19 min after steroid stimulation and plugs (amows) in the central channels become visible instead. Reproduced with
permission from REF 123 © (2000) S. Karger AG, Basel.

ultimately to the phosphorylation of eNOS. PERTUssis
TOXIN inhibits oestradiol-induced activation of eNOS”,
which indicates that a G-protein-coupled receptor
might be involved. This has indeed been confirmed by
immunoprecipitation studies in cells that are cotrans
fected with ERO, and various Go proteins. So far, the evi
dence points to the presence of a receptor that is closely
related to ERO, is located at the membrane" and inter
acts with G. (REF.39). The similarity of ERO, and mem
brane ERS has been supported in recent studies, in
which ER was shown to co-localize with caveolin 1 (REE41).
Furthermore, overexpression of caveolin 1 modulates
the activation of ERK/MAPK by oestradiol. The organi
zation of eNOS and ERO into a signalling module in
CAVEOIAE has been described previously".

There are, however, nongenomic effects of oestrogen
that do not require ERO. The rapid activation of
ERK/MAPKs by oestradiol also occurs in ERO-knock
out mice". This points to the involvement of either ERB,
which has also been shown to initiate nongenomic
steroid effects", or a nonclassical receptor. To clarify this
issue, a double knockout (ERo and ERB) is now being
studied. However, recent studies have indicated that a
nonphysiological splice variant of ERO, is present in
these double knockouts", so it is difficult to draw a
definite conclusion at present.

Interestingly, recent studies have identified a large
number of genes that are upregulated by oestradiol
through a pathway that is sensitive to inhibitors of PI3K.
Some of these transcripts have been shown to be
relevant to cell function".

Aldosterone

As mentioned previously, the nongenomic action of
aldosterone was shown both in vitro and in vivo some
decades ago. Subsequent studies then reported the pres
ence of specific aldosterone binding sites", and showed
that aldosterone induced various responses in mononu
clearleukocytes". These responses included activation
of the Na'■ h 'antiporter", which leads to alkalinization
of the cytosol and subsequent changes in cell volume".
Although inhibitors of the classical mineralocorticoid
receptors (MRS) spironolactone and canrenone cannot
inhibit this response, the timescale (15 min) does not
completely rule out a genomic mechanism. Ion fluxes

NATURE REVIEWST MOLECULAR CELL BIOLOGY

Before aldosterOne 2 min after aldosterOne 19 min after aldosterone
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have been shown in this and many other systems,such
as vascular smooth muscle cells” or arterialendothelial
cells (Online Fig. 1; for a review, see REF.51), which
might underline a role for aldosteronein theregulation
of vascular function.

An interesting finding that provides evidenceforthe
involvement of receptors that are unrelated tothedassical
MRs is the persistence of the Ca” and cAMPresponsesto
aldosterone in mice that lackthese receptors”.

Recently, aldosterone-induced alkalinizationhas
been studied in human arteries”. Although cortisolis
not able to induce this effect on its own, it becomesas
potent as aldosterone when the hydroxysteroidde:
hydrogenase inhibitor carbenoxolone is present”,This
finding (which so far remains unconfirmed)iscom:
patible with the involvement of classical MRs,however,
the sensitivity to inhibitors is not. In particular,the
potent classical MR antagonist spironolactoneisine■
fective, whereas the open-ring compound RU28318
strongly inhibits this response. Accordingtobinding
studies, the closed-ring lactone moiety that is present
for example, in spironolactone, is required for high
affinity binding to MR, whereas open-ring compound
have binding affinities that are orders of magnitude
lower". This reversed behaviour points to the partici.
pation of a nonclassical receptor with different ligand
selectivity.

A rapid, transient Ca” increase thatismaximulatºr!
min, followed by a slower, more sustained rise.ispro
duced by aldosterone in skeletal muscle".Atthesingk
cell level, the rapid Ca” effect occurs as a sequenced:
rapid oscillations. In this, and many of the systemsthº
are described above, the Ca” signalis preceded by arist
in inositol trisphosphate (InsP), which liberates Ca”
from certain intracellular stores. Furthermore,Ca"can
also enter from the extracellularspace.The contribution
of these two mechanisms varies between cells,andprº.
tein kinase C(PKC) often seems to be involved intº
Ca” response, as its inhibitionabolishes the Ca” effect".

Using Atomic-Force.Microscopy, rapid contraction ºf
nuclear pore complexes in response to a C* signal
evoked by aldosterone—has been seen incamine §
ney cells” (FIG.2). In addition, aldosteronecausesnudº
to shrink within minutes of its administrationandprº.
duces different patterns of response. This shrinking"

© 2003 Nature Publishing Group
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INOTROPIC

Influencing the contractility of
muscles.

OPIOID RECEPTORS
These seven transmembrane
receptors are produced at high
levels in the nervous system and
are important for modulating
Pain responses. The K-type
inhibits a G-protein-modulated
calcium channel.

DEXAMETHASONE

A synthetic glucocorticoid that
has actions similar to the adrenal
corticosteroids. It has negligible
mineralocorticoid activity.

DLASTEREOMER
Any stereoisomer of a given
molecule that does not represent
its exact mirror image.

Box 3| Steroids

Hormonally active molecules have a core that is formed
from four fused rings (A–D) as a common chemical
Structure.

The figure shows the steroid skeleton with the rings
named and the positions ! is 17
numbered according to commonly
used nomenclature. In vitamin D 2
derivatives, the carbon–carbon
bond between positions 9 and 10 is 3 s\;
severed, which is denoted by the
prefix seco. For a detailed summary of steroid
nomenclature, see the International Union of Pure and
Applied Chemistry and the International Union of
Biochemistry and Molecular Biology joint commission
on biochemical momenclature: The Nomenclature of

Steroids (see Online links box for further information).

the nuclei was interpreted as occurring during the
import of the liganded receptor, and is followed by
swelling of the nuclei. Early aldosterone-induced tran
scripts might then be exported, with a concomitant
shrinking of the nuclei back to normal.

An effect that could have great physiological rele
vance has been described in the isolated ratheart. Here,
aldosterone has a rapid (within minutes) and positive
INOTROPIC effect. Spironolactone does not antagonize this
response, but has an autonomous inotropic action that
is additive to the aldosterone response”.

Glucocorticoids

For many decades, glucocorticoids have been used rou
timely to treat many clinical conditions, and they have
contributed to therapeutic success. However, the nonge
nomic effects of glucocorticoids have not been studied
as thoroughly as those of other steroids. As glucocorti
coids occur naturally at high levels and often are applied
at rather high doses, nonspecific action at the mem
brane level must be considered. By their very nature,
steroids are highly lipophilic substances that tend to
accumulate in lipid membranes. Here, they might alter
membrane fluidity and possibly influence the function
of embedded proteins, such as ion channels or receptor
proteins. However, these phenomena are assumed to
occur mainly at concentrations above 10 puM, and there
are many nongenomic glucocorticoid effects that occur
well below this concentration range”.

Glucocorticoids are assumed to be involved in stress
mediated responses, many of which occur rapidly and
therefore presumably in a nongenomic manner.
Comprehensive studies have been carried out on the
behaviour of the roughskin newt Taricha granulosa, in
which corticosterone administration can mimic the
rapid stress reaction of courtship behaviour”. In this
system, a membrane receptor that mediates glucocorti
coid action in the amphibian brain has been tentatively
assigned, and it seems to share similarities with OPIOID k.
RECEPTORS". Biochemical studies indicate that this mem
brane glucocorticoid receptor has properties that are
inconsistent with classical glucocorticoid receptors”.

© 2003 Nature Publishing Group

At the cellular level, high levels of DEXAMETHASONE
have been reported to rapidly (in under 10 min) stabi
lize lysosomal membranes”. A similar effect could be
detected after 24 h, but this was sensitive to the gluco
corticoid receptor antagonist RU486, whereas the rapid
effect was insensitive. This indicates that a dual action
occurs through classical and nonclassical receptors.

The membrane-receptor-mediated mechanisms of
glucocorticoid action, which involve disruption of
mitochondrial function", are assumed to participate in
cellular processes that lead to apoptosis”. This under
lines the, as yet, incompletely recognized physiological
and therapeutic importance of the additional mecha
nisms of glucocorticoid action. This is also reflected in
differing hierarchies for the nongenomic high-dose glu
cocorticoid effects when compared with the classical
genomic responses”, as the potency ranking for various
glucocorticoids is altered.

Glucocorticoids have been shown to activate eNOS

in a nongenomic manner that is mediated by PI3K and
Akt phosphorylation. This leads ultimately to vasorelax
ation, which might explain some of the cardioprotective
effects of glucocorticoids”.

Vitamin D

Vitamin D — or its active form 10,25-dihydroxy
vitamin D, (10,25(OH),D,)—is an unusually flexible
molecule, with regard to its conformation. Unlike ‘real’
steroids (BOX3), its A-ring might rotate relative to the
fused C- and D-rings, which generates different con
formers (FIG.3). Analogues of these conformers that have
bonds that are locked' in the cis or trans conformation,
and other isomers, have been synthesized. These com
pounds can elicit specifically nongenomic and/or
genomic responses to 10,25(OH),D, This property is
unique among the steroids, and supports the involve
ment of nonclassical receptors.

The most prominent rapid effect of lo,25(OH),D,
at subnanomolar concentrations, is the stimulation of
intestinal uptake of Ca” (REF.70), which is known as
transcaltachia. The DIASTEREOMER 13,25(OH),D, potently
inhibits this nongenomic effect, but it cannot block the
genomic action”. Several studies clearly show that cis
locked analogues activate rapid pathways, whereas they
are only weak agonists for genomic responses” and

OH

HO --HON OH

Figure 3|Flexibility of vitamin D. Owing to a missing bond
(shown as a dotted line) in the sterane Scaffold, the molecule
undergoes rotation along the bond between ring A and rings C
and D (arrow). This rotation is not possible in 'normal' steroids
and gives rise to different conformers that are interconverted
easily. Structural analogues have been synthesized that have a
'locked' COnformation, and these molecules elicit well-defined
Subsets of the vitamin D response.
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hardly bind to classical receptors. In a strikingly different
way, trans-locked analogues do not promote transcaltachia
even at elevated concentrations. The modified analogues
of 10,25(OH),D, affect proliferation rate, PROTEOGIYCAN
production and PKC activity in CHONDROCYTEs”, but they
only bind to the classic vitamin D receptor with 0.1% of
the effectiveness of 10.25(OH),D,

Subnanomolar levels of 10,25(OH),D, have been
shown to increase the [Ca”), within many different
cells”—even those that lack the vitamin D recep
tor—in minutes". Although a Ca” influx from the
extracellular space through voltage-dependent chan
nels seems to be involved”, 10,25(OH),D, also ini
tiates membrane-lipid hydrolysis, which causes the
production of second messengers such as InsP, that,

PROTEOGLYCAN in turn, release Ca” from intracellular stores". In
Adiso■ addeºcoproteins addition, diacylglycerol (DAG) is formed, and this
that contain more carbohydrate babl

- 82,83 -
f

than protein. probably activates PKC**. Again, analogues o
10,25(OH),D, that hardly bind to the vitamin D

CHONDROCYTE receptor elicit significant PKC activation”. As is often
Adifferentiated cºlorating: observed, the latter is followed by the rapid activation
tissue, of Raf and ERK/MAPK'" (FIG.4).
STATS The nongenomic action of 10,25(OH),D, also
Afamily of cytoplasmic involves the cAMP-protein kinase A(PKA) pathway.
. ºo:: (signal Inhibitors of adenylate cyclase or PKA block the rapidtºº. Ca” response in various cells**. Conversely,
phosphorylation and translocate 10,25(OH),D, increases camPlevels within minutes
to the nucleus to activate in vitamin-D-deficient avian muscle” and other
transcription of target genes. cells** 89.
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Thyroid hormones ine (T)andti.
Although the thyroid hormones thyroxime (T) º:
iodothyronine (T,) are chemically different .
steroids (FIG.5), their classical receptorsº o .
steroid-receptor superfamily. Similar to true º º
the thyroid hormones have also been shown toº."
nongenomic effects.... increases in the uptake of jº.
caused by low nanomolar rang” of T. º d
described in various cells and organs". Similarly,º
often associated withit,rapidrises" intracellular

-

occur". In addition, T, and T. stimulate *:
brane and ºplasmiºlº.
ATPase (SERCA) activity”, which resultsin diated by
from the cytosol. This effectis probably medlä nes"
pKC's PKC is itself activated by thyroidº
although another study reported that PKQ. to
dependent on phospholipase C.T. has º ay.This
initiate a dual diacyglycerol-liberating .*
involves phospholipase C, which isº:
T, and then PKC-stimulated phospholipas. . alling

"It has been reported that the Fº by a
cascade is driven by To and is posiº, * yetto
putative G-protein-coupled receptor"tna cu■ , Su
be identified. Numerous phenom” then . ºw
as phosphorylation of signal tºº. rthermore,
tors of transcription (stats)" and p53. Fu hosphor)"
activated ERK/MAPKhas beenº ..º.
late thyroid receptor-Bl, which causesthº
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ELECTROENCEPHALOGRAM
A recording of the electrical
activity of different parts of the
brain.

BARBITURATES
Pharmacologically active
molecules with a potent
depressor effect in the central
nervous system.

WENTRALTEGMENTALAREA
A nucleus of the midbrain. The
main supplier of dopamine to
the cortex.

VENTROMEDIAL
HYPOTHALAMUS
An area of the brain that is
found in the middle region of
the hypothalamus. It is
important for the regulation of
appetite and other
consummatory behaviours.

PREGNENOLONE
A key intermediate in the
biosynthetic pathway from
cholesterol to progesterone.

CREB

Cyclic AMP response-element
binding protein. A transcription
factor that functions in glucose
homeostasis and growth-factor
dependent cell survival, and has
also been implicated in learning
and memory.

T■ iiodothyronine; R = H
Thyroxim; R = |

O OH

Figure 5|The thyroid hormones. Thyroxin and
triiodothyronine, together with other, related compounds, are
re■ emed to as thyroid homones.Their structure is different from
Steroids, but the classical thyroid hormone receptor belongs to
the superfamily of nuclear (steroid) receptors.

of co-repressor proteins". Although these events
lead ultimately to a modulation of gene expression, it
is exerted by a nonclassical, probably nongenomic,
pathway.

The activation of some enzymes, such as pyruvate
kinase" and cytochrome coxidase", seems to be mod
ulated directly by iodothyronines. Iodothyronines abol
ish the sensitivity of cytochrome c oxidase activity to
ATP inhibition, and this lack of feedback inhibition
might explain the rapid effect of thyroid hormones on
mitochondrial respiration.

Neurosteroids

Many steroids act on the nervous system, modulating
mainly neuron excitability, but according to the defini
tion of Baulieu", true 'neurosteroids' not only act on,
but also are synthesized in, the brain. Neuroactive
steroids can influence sleep, the reaction to stress, mood,
memory and some other functions. As these effects
often occur with a considerable time lag, it is not always
easy to distinguish between genomic and nongenomic
actions.

Steroids that modulate GABAergic transmission
(where GABA is Y-aminobutyric acid) through GABA,
receptors are often used in clinical studies.
Dehydroepiandrosterone (DHEA) and its sulphate
metabolite DHEA-S, which are known allosteric modula
tors of GABA, receptors, influence ELECTROENCEPHALOGRAMs
and change sleep pattern". However, the doses admin
istered were comparatively high and the results have
been puzzling. The GABA, receptor is the site of action
of some 30,50-tetrahydrosteroids, which are potent
BARBITURATE-like ligands". The clinically used anaes
thetics alphaxolone and alphadolone also belong to this
group of modulators and act on the GABA, receptor.
The GABA receptor also seems to be the ultimate site of
action of progesterone in the VENTRALTEGMENTALAREA in
rodents. Again, the tetrahydrosteroids are the active mol
ecules. Interestingly, in the VENTROMEDIALHYPOTHALAMUS,
progesterone action seems to be dependent on an intra
cellular progesterone receptor".

The NMDA (N-methyl-D-aspartate) receptor is
essential for proper cognitive functions and nervous
system development. Its allosteric modulation by
PREGNENOLONE has been linked to enhanced memory per
formance in rodents”. As memory involves a complex
interaction of different mechanisms, it is not surprising
that it can also be influenced positively by the GABA,
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ligand DHEA as well as O. 1-receptor ligands. The
G1-opioid receptors are putative multifunctional pro
teins that regulate ion-channel function and have an
unusually diverse ligand selectivity".

Antagonists of the NMDA receptor, such as some
preganolone derivatives, prevent cell death in neuronal
cell cultures, as does 173-oestradiol". Furthermore,
dementia has been correlated with decreased amounts
of neurosteroids.

The anxiolytic activity that is seen with several
steroids, mainly A-ring reduced compounds”, might
also be correlated with positive allosteric modulation of
GABA, receptors. Although there might be broad clini
cal applications for steroids in the treatment of condi
tions such as depression and stress, very few studies have
so far been conducted in humans.

Another receptor that is modulated by steroids is the
glycine receptor—for example, progesterone” and
pregnenolone sulphate” inhibit glycine-induced cur
rents, although different mechanisms seem to be
involved. The modulation of the 5-hydroxytryptamine
(5-HT) receptor type 3 by both oestradiol and proges
terone has been described"; as this receptor is involved
in the onset of nausea, this might be a mechanism that
is involved in gestational nausea.

Although neurosteroids might have considerable
clinical potential, owing to their extensive metabolism, at
present, it is not always possible to identify the active sub
stance that is responsible for a particular response, or to
limit the steroid action to certain desired effects.

Interaction of distinct pathways for steroid action
Rapid, nongenomic effects of steroids—that is, the gener
ation of second messengers and activation of signalling
cascades—might influence the genome through several
mechanisms. Many rapid signalling messengers, although
they do not act primarily on DNA, indirectly modulate
gene expression by acting on transcription factors. They
might also influence genes that are targeted by the same
steroid in a synergistic, immediate and delayed manner.
An example of this is the response of a nerve cell line to
oestrogen: a two-pulse stimulation schedule was used to
show that the early membrane-mediated oestrogen effect
was required for full subsequent induction of genes”.
Both PKA and PKC seem to be involved in the rapid
action.

PKA, which is usually activated by cAMP is a media
tor that is frequently involved in nongenomic steroid
pathways. It phosphorylates calAP response element
binding protein (CREB) directly", as has been shown for
aldosterone”, and is thought to activate the
ERK/MAPK pathway, which eventually leads to the
phosphorylation of the steroid receptor co-activator 1
(SRC1)". Both phosphorylated CREB and phosphory
lated SRC1 affect the co-activation of some steroid
receptors".

Other modes of interaction have been described for
XPR”. Its membrane form, when stimulated by
steroids, activates the ERK/MAPK pathway, which, in
turn, phosphorylates a different form of XPR, which
might indicate that there is a functional regulation of

www.nature.com/reviews/molcellbio
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Figure6 |Scheme for the numerous actions of steroids by different pathways. This schematic.
the mechanisms of nongenomic action that can occur within a generic cell — anyone celltype has not been S: driven
these effects. The pathways of action comprise direct transcriptional activation by classica receptors (left), º p edrivenby
by Classical receptors (middle part), as well as cyclic AMP lipase and kinase pathways, including ion fluxes, whe º modification
nonClassical receptors (■ ight). Some signalling pathways eventually lead to (indirect) modulation of gene jº,na.
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regulated kinase/mitogen-activated protein kinase, InsP, inositol trisphosphate, MEK, MAPK and ER: º: goose C.
phosphorylated CREB, PI3K, phosphatidylinositol 3-kinase, PKA, protein kinase A. PKC, protein kinase C. PLC, phos

the delayed response. As mentioned above, the human
Progesterone receptor has been shown to interact in a
ligand-dependent way with the SH3 domains of various
Proteins. So, stimulation of the progesterone receptor
drives the ERK/MAPK pathway”, and this eventually
affects transcription factors in the nucleus.

The possible modes of interaction between nonge
nomic and genomic processes are complex. A multi
step model for steroid action — that is, an extension
of the crosstalk model that was proposed originally
for aldosterone-aims to assemble and inter-relate
some of the more prominent mechanisms of steroid
action (FIG.6).

Physiology, conclusions and perspectives
The short timeframe of many nongenomic responses is
essential; such rapid effects are always required when
similarly rapid and also transient stimuli are present.
The changes in plasma aldosterone levels that OCCur

minutes after posture changes—that is, the increased
*mount of aldosterone in the plasma that is observed

shortly after rising from a recumbent to an upright :
tion—are an explicit example of a rapidly" .
signal. If only the slower genomic responsº.
the instant regulation of plasma aldos” affect
would be ineffective. Such rapid responses might ta

the cardiovascular system, aiding dº.-
sis?.58.121 or the recovery from physical exercº" ºea
cleº.Those actions indicate that aldosterº”º to

rapidly acting stress hormons that
-

º
most peptide hormones—might diffuse th º of
membranes, possibly preparing cells for w tion of
other hormones or for the slower geno" of the
aldosterone itself. The physiological ideº
rapid retardation of sodium exchangeine

however, is unclear. le is theA similar example is
- in the

(micromolar) of progesterone that.” º:
region that surrounds the oocytes. i. esterOne
therefore, subjected to a rapid increase ºº: in turn,concentration as they enter this area.""
helps to trigger the acrosome reaction.

high local concentration
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Box 4|Evidence needed for the assessment of physiological relevance

To attribute physiological relevance to laboratory findings, effects should be detectable in living animals, or in humans,
at hormone levels that are either within the physiological range or that are reasonably achieved by pharmacological
intervention. This excludes many nonspecific effects that are due to a high concentration of steroid.

Animal models offer the advantage of working with classical receptor knockout systems. However, as general
knockouts often have severely affected physiology and signalling pathways, they are probably less well suited for such
studies. Conditional, tissue-specific, knockouts, or even inducible ones, will be the option of preference. Even in cases in
which the classical receptors themselves mediate nongenomic action, genetically modified animals in which constituents
of the signalling pathway, such as kinases, are knocked out might be helpful for the elucidation of physiological
relevance. Furthermore, inhibitors, which cannot be used in humans for obvious reasons, can be readily used in
animal models.

Glucocorticoids, which are secreted in response to
stress, might also contribute to the adaptation to difficult
conditions, as they rapidly induce vasorelaxation and
therefore ameliorate the supply of blood to the heart in
addition to reducing the inflammatory response to
ischaemia”.

Although the mechanisms that underlie the rapid
responses to steroids at the cellular and molecular levels
are diverse, common pathways that are engaged by sev
eral classes of steroids have been identified. The
ERK/MAPK pathway is frequently involved, although the
upstream signalling might be different. Similarly, PKC
often participates in the rapid steroid effects. Ion fluxes,
mostly calcium, have been shown for virtually all steroids,
and second messengers such as cAMP and InsP, have also
been frequently reported to be involved. However, even in
one steroid class, the pathway used depends very much
on the cell type that is studied.

To assess the role of nongenomic steroid action in
physiology, clinical trials and animal models are needed
(BOX4). However, clinical trials that involve humans are
hampered by the fact that it is not possible to use
inhibitors of the genomic pathway, such as actinomycin
D or cycloheximide. So, the primary criteria of these
trials must be the time frame and the efficacy of classi
cal-receptor inhibitors. Despite these obstacles, some
studies provide convincing evidence of the importance
of rapid nongenomic effects in mammalian, or more
specifically, human physiology. It is hoped that further
investigation of such phenomena at the level of the
whole organism, which will hopefully incorporate spe
cific 'nonclassical' inhibitors, will help to identify targets
for therapeutic intervention that were hitherto
unknown. So far, the importance of nongenomic
steroid actions has been underestimated, despite the
early reports of this phenomenon.
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Abstract

Background: The selective estrogen receptor modulators
(SERMs) raloxifene and tamoxifen are triphenylethylene deriva
tives that affect transcriptional regulation by the estrogen
receptors (ERo and ERB) but show different effects in different
tissues. A third triphenylethylene derivative, GW-5638, displays
tissue selectivity in rats identical to that of raloxifene, suggesting
that GW-5638 and raloxifene share a mechanism of action that is
different from that of tamoxifen.

Results: Both GW-5638 and its hydroxylated analog GW-7604
were tested for their ability to bind to ERC. and ER■ and their
ability to affect transcription of ERo and ER■ ) at a consensus
estrogen response element and an ER/AP-1 response element. The
drugs were found to have the same affinity for ERC and ER},
although they were also found to activate transcription from an
AP-1 promoter element more potently with ERB than with ERO.

Derivatives of GW-5638 with alterations at the carboxylic acid still
showed increased ERB potency compared to ERO, but the
magnitude of the activation with ERO was much higher than
with ER3.

Conclusions: Despite similar binding affinities to isolated ERO.
and ERB, GW-5638 and GW-7604 show markedly lower EC50
values with ERB at an AP-1-driven promoter as compared to
ERO. This suggests that the two compounds produce a more
active ER/AP-1 conformation of the ER/AP-1 transcription factor
complex when bound to ER■ ) than when bound to ERO. (C) 2001
Elsevier Science Ltd. All rights reserved.

Keywords: Estrogen receptor; GW-5638; Raloxifene; SERM; Tamoxi
fen; AP-1
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1. Introduction

The estrogen receptors (ERo and ER■ ) are members of
a large family of nuclear receptors that activate or repress
transcription of genes in response to small molecule li
gands [1]. Estrogen receptors play an important regulatory
role in the reproductive, skeletal and cardiovascular Sys
tems and are validated therapeutic targets for diseases
such as breast cancer and osteoporosis. A number of
drugs have been developed that target the ER and many
of these show different activities in different tissues [2]. For
example, the breast cancer drug tamoxifen (2) functions as
an antiestrogen in breast tissue, but mimics the activity of
the physiological hormone, estradiol (1), in the uterus and
bone. In contrast, the osteoporosis drug raloxifene (3) acts

as an antiestrogen in both breast and uterine tissue while
being estrogenic in bone. (Structures of the compounds
used in this study are shown in Fig. 1.)

One explanation for the different tissue effects of these
drugs is that a ligand may elicit different responses when
the receptor binds to different effector sites [3,4]. The es
trogen receptor regulates transcription through binding to
estrogen response elements (EREs) in the upstream pro
moter regions of target genes. At present, the most studied
consensus ERE is the palindromic core Sequence
GGTCANNNTGACC which is recognized by homodi
meric liganded ERs (5,6]. However, there is a growing
body of evidence suggesting that there are important
DNA effector sites for the estrogen receptors that differ
significantly in sequence from the consensus ERE. These
non-classical sites do not necessarily require protein-DNA
interactions between the receptor and the promoter ele
ment, but instead can regulate transcription through
protein–protein interactions between the receptor and
other transcription factors, such as Sp-1 and AP-1 [7,8].* Correspondence: Thomas S. Scanlan;

E-mail: scanlan(a)cgl.ucsf.edu
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Through rºceptor interactions with different response ele
ments, the same ligand can cause activation or repression
of different sets of genes. One of the most interesting fea
tures about these non-classical response elements is that
antiestrogens can induce transcriptional activation
through ERs at these sites.

A second variable to consider for tissue selectivity is
that there are two different subtypes of the estrogen re
ceptor, ERo and ERB. The two subtypes share a high
degree of sequence similarity in the regions of the receptor
responsible for DNA binding and ligand binding, but dif
fer substantially in the A/B and F regions of the receptor.
It has been shown that the response to both estrogens and
antiestrogens at an AP-1 site depends on the subtype of
the receptor [9]; estradiol elicits transcriptional activation
with ERO, but transcriptional repression with ERB. The
two ER subtypes also respond differently to raloxifene at
an AP-1 site; ER■ shows much stronger activation than
ERO in response to raloxifene. Subtype-selective activities
have also been seen at other classical and non-classical
estrogen response elements [7,10,11].

A triphenylethylene derivative, GW-5638 (4), has been
reported to have tissue-selective effects similar to raloxi
fene, in that it is estrogenic in bone and antiestrogenic in
breast and uterine tissue [12,13]. There are two interesting
features about GW-5638: (1) it shows a tissue profile sim
ilar to raloxifene despite having the ethyltriphenylethylene
scaffold of tamoxifen, and (2) GW-5638 contains a car
boxylic acid on the side chain extending from the central
ethyltriphenylethylene core which differs from the amine
containing side chains of both tamoxifen and raloxifene.

To date, there have been no reports of induction of inn.
scription by GW-5638; only antiestrogenic in vitro activ.
ities have been reported with this compound. Here, we
show that GW-5638 can induce ER-dependent transcrip.
tional activation at an AP-1 site and that it does so in an
ERB-selective way. We also show that the negative charge
of the carboxylic acid side chain is an essential feature of
this ERB-selective response.

2. Results

2.1. Synthesis of GW-5638 and derivatives

Both GW-5638 and its more potent, hydroxylated ana.
log, GW-7604, were synthesized following a published syn.
thetic route for GW-5638 [12]. In the case of GW-76.4
which contains a hydroxyl group on one of the phenyl
rings, the synthesis was modified to carry through the
hydroxyl group protected as a t-butyl ether (Scheme l)
While the synthesis of GW-5638 produces only the desired
Z double bond geometry at the triphenylethylene core, the
synthesis of GW-7604 produces a mixture of Z and E
isomers. The olefin isomerization occurs in the bromina:
tion step that provides bromide 11. We investigated a
variety of alternative conditions to prevent this isometilä.
tion but all attempts were unsuccessful. However, We We■ t
able to find conditions to precipitate the undesired Ziº
mer of GW-7604 such that preparations of pure Z *
E/Z mixtures could be obtained. A Homer-Emmons ■ t

action was used on an intermediate in the synthes" Of

Zºº
OH ( ) ( ) Q

-
Ocº To Cºo

HO R S

estradiol (1) tamoxifen (2) (R-H) raloxifene (4)
4-hydroxytamoxifen (3) (R-OH)

—

ketone (8) (R+)GW-5638 (5) (R-H
-

=OH§ |º carboxamide (7) anyºne (9) (R-9"
Fig. 1. Compounds used in this study.
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Scheme 1.

GW-5638 and GW-7604 (Scheme 2) to make analogs
where the carboxylic acid was replaced with a methyl ke
tone (8 and 9). The synthesis of the methyl ketone deriv
ative of GW-7604 produced a mixture of Z and E isomers
that were inseparable.

2.2. Ligand binding to ERo and ERB

All compounds were tested for binding affinity to ERO.
and ER■ in a competition assay with radiolabeled estra
diol (Table 1). GW-5638 and GW-7604 did not show bind
ing selectivity between ERO, and ERB; GW-5638 bound to
both ERs with 5–8% of the affinity of estradiol, whereas
GW-7604 bound to both ERS with 15% of the affinity of
estradiol. The methyl ketone derivatives 8 and 9 had
roughly 5–10-fold lower binding affinity for ERO, and
ERB compared to their carboxyl analogs suggesting that
the acid moiety is involved in an important binding con
tact. One of the well-documented difficulties of working

with the 4-hydroxylated tamoxifen derivatives is the facile
E/Z isomerization, particularly in the cell-based assays
used to measure activity [14,15]. Compared to the E/2
mixture, the pure Z isomer of GW-7604 shows 8-fold low
er affinity for ERO, and 15-fold lower affinity for ERB. A
similar difference was seen between the two isomers of
hydroxytamoxifen in binding to ERO. [15]. In that case,
isolation of hydroxytamoxifen from estrogen receptors in
cell-based assays resulted in recovery of only the higher
affinity form [15]. With a similar difference in binding
affinity for the two isomers of GW-7604, any activity
seen in cell-based assays with the E/2 mixture can be
attributed to the E isomer since it will be the predominant
isomer that is bound to the receptor.

2.3. Ligand activation at ERE and AP-1 sites

GW-5638 and GW-7604 were then tested for their ef.
fects on ER-mediated transcription in HeLa cells using

Table 1

Relative binding affinities (RBA) of ligands to full length ERO, or ERB calculated as described in Section 5
Ligand RBA

ER0. ERB
Estradiol (1) 100 100
4-Hydroxytamoxifen (3) 36 43
Raloxifene (4) 34 76
GW-5638 (5) 5 8
GW-7604 (6) (Z and E isomers) 15 15
GW-7604 (Z isomer) 2 |
Ketone (8) 1.3 0.2
4-Hydroxyketone (9) (Z and E isomers) 2.4 |

Relative binding affinities are expressed as a percentage of the potency of estradiol. Under the experimental conditions described in Section 5, estradiol
was found to have an IC50 of 5 nM for ERo and 3 nM for ERB.
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Fig. 3. Dose—response curves for transient transfections with the AP-1-driven luciferase reporter gene using (A) 4-hydroxytamoxifen, (B) raloxifene, (C)
GW-5638 (5), and (D) GW-7604 (6). Data for transfections with ERO, shown in orange and data for ER■ shown in purple. Fold activation determined
relative to the response with no hormone present. Curve represents best fit of data using a single-site sigmoidal dose-response model.

3. Discussion

3.1. Mechanism of ER/3-selective signaling at the AP-1 site

Ligand binding experiments show that there is no ERO/
ERB binding selectivity for GW-5638, GW7604 or ketone
derivatives 8 and 9 (Table 1). These compounds have a
weaker binding affinity than 4-hydroxytamoxifen and ra
loxifene, but like 4-hydroxytamoxifen and raloxifene, the
affinity is approximately the same with ERO, and ER■ .
Furthermore, competition experiments at the ERE site

Table 2
-

Comparison of ligand activities in competition experiments at an ERE-driven reporter gene and in activation experiments at an AP-1-driven reporter
gene
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show that these compounds have similar IC50 values
with ERO, and ER■ for antagonism of an estradiol re
sponse, a property that is again similar to 4-hydroxyta
moxifen and raloxifene (Table 2). However, the properties
of the compounds at the AP-1 site differ from those of 4
hydroxytamoxifen and raloxifene. All of the compounds
are agonists of transactivation at AP-1 and show greater
potency with ER■ than with ERo (Table 2). GW-7604 is
approximately 50 times more potent at inducing activation
with ERP than with ERO. This differs from 4-hydroxyta
moxifen and raloxifene, which show similar potencies with

IC50 at ERE EC50 at AP-1 site

ERO, ERB ERC, ERB
GW-5638 2.6 puM 3.8 plM > 10 uM 730 nM
GW-7604 130 nM 43 nM 240 nM 5.1 mM

Ketone (8) 5.6 puM 1.2 puM > 10 MM > 10 MM
4-Hydroxyketone (9) 50 nM 15 nM 2.2 puM 110 nM

Competition experiments performed versus 0.1 nM estradiol. IC50 values determined using a single binding site competition model. EC50 values deter
mined using a single binding site sigmoidal dose—response model.
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Fig. 4. Dose-response curves for transient transfections with the AP-1-driven luciferase reporter gene using 4-hydroxyketone (9) and carboxamide ()
Data for transfections with ERo shown in orange and data for ER■ shown in purple. Fold activation determined relative to the response with no hor
mone present. Curve represents best fit of data using a single-site sigmoidal dose-response model.

ERo and ERB but different levels of maximum induction
(Fig. 3). The 4-hydroxyketone derivative (9) shows differ
ences between ERo and ERB in both the potency and the
level of maximum induction. Taken together, these results
indicate an unusual situation in which ligand binding a■
finity for the two estrogen receptors of GW-5638 and GW
7604 is not directly connected to potency of ligand induc
tion at an AP-1 site.

This suggests that there may be different mechanisms of
ligand induction for ER0. and ERB at AP-1 sites. Ligand
binding by the estrogen receptor is merely the first step in
a pathway that leads to transcriptional activation. Other
accessory proteins are known to interact with the receptor
after ligand is bound to form a transcriptionally active
complex [16]. The fact that GW-5638 and GW-7604 as
well as their ketone derivatives (8 and 9) are able to acti
vate transcription at the AP-1 site more potently with ER}
compared to ERo suggests that the accessory proteins
necessary for activation are recruited more efficiently by
liganded ERB than by liganded ERC. GW-5638 and GW
7604 bind to ERB to produce a strongly active ER/AP-1
whereas the same tWO drugs bind to ERO to produce a
weakly active ERJAP-1 conformation. It is important to
note that in this situation, the affinity of the ligand for
each receptor subtype is less important in determining
the overall activity of the compound than the ability of
the ligand-receptor complex to transduce signals to the
basal transcription machinery.

The work reported here demonstrates that compounds
without binding selectivity for ERO, and ERB can still
show significant ERo■■ FRB selectivity in ligand induction.
Mutational analysis suggests that domains in addition to
the ligand binding domain are important in binding puta
tive accessory proteins involved in the AP-1 response [17].
This means that ligand binding can cause different inter
domain interactions in ERC. compared to ERP and that
this may be the underlying explanation for the differences

in the AP-1 activity of the two subtypes in response to
different ligands. In support of this model, interchanging
the highly different N-terminal domains of ERG and ER}
has a dramatic effect on the response of the two subtypes
to tamoxifen and raloxifene at the AP-1 site [18]

3.2. Correlating SERM activity with the AP-1 response

A signature feature of compounds that target the stº
gen receptor is that they often show different effects in
different tissues. For instance tamoxifen has anti-strº
properties in breast tissue but estrogenic properties in ult
rine and bone tissue. In contrast, raloxifene is antist"
genic in uterine tissue while still maintaining estrogºmic
activity in bone. At the AP-1 site, raloxifene shows great■
activation with ERB compared to ERO, whereas tamoxi■ t■
shows greater activation with ER0. The possibility u
the activation of transcription at ERo via the AP-1 silt
might be correlated with the estrogenic properties in ute.
rine tissue is further strengthened by this work Gwº
shows greater ERB activation at the AP-1 site while º
carboxamide analog (7) shows greater activation with
ERo This can be correlated to the original **
the compounds; GW-5638 lacked uterotrophic activº)"
rats whereas estrogenic activity in the uterus * seen with
the carboxamide derivative [12].

4. Significance

This work further demonstrates that the “” º
tor (ER) subtype selectivity of a given ligand at an to

site cannot be determined solely by binding º,ed
ERo and ERB. In addition, a correlation is est” º
between the tissue estrogenic profile of a panel of.
estrogen receptor modulators (SERM) º
tion profile in an ER-mediated transcript" aSSãy.
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5. Materials and methods

5.1. General procedures

The construction of the expression vectors for both hERO.
(HE0) and hER■ as well as the AP-1 regulated luciferase con
struct (AColl73-luc) have been described (8,9]. The ERE-driven
luciferase reporter gene consists of two repeats of the upstream
region of the vitellogenin ERE promoter from —331 to —289,
followed by region – 109 to +45 of the thymilidate kinase up
stream region and the luciferase gene. Whereas a point mutant of
ERO (HE0) that has a lower hormone-independent response was
used in these studies, previous experiments have shown that there
are no differences in the responses of the HE0 mutant and the
wild-type ERo at the AP-1 site [9]. The longer form of ER3 with
149 residues in the N-terminal domain was used in transfection

experiments. No significant differences in the activation at either
the ERE or AP-1 site were observed with the shorter version of

ER■ with 96 residues (data not shown). Proton and carbon-13
nuclear magnetic resonance spectra ("H NMR, "C NMR) were
obtained on a Varian INOVA-400 (400 MHz) instrument; 'H
NMR chemical shifts are reported as 6 values in parts per million
(ppm) downfield from internal tetramethylsilane, or downfield
from the residual H2O peak in CD3OD; *C NMR chemical
shifts are reported as 6 values with reference to the solvent
peak. High-resolution mass spectrometry (HRMS) was per
formed by the National Bioorganic and Biomedical Mass Spec
trometry Resource at UCSF.

5.2. Tissue culture, transfection and luciferase assays

HeLa cells were grown in 0.1 mm filtered DME supplemented
with 4.5 g/l glucose, 0.876 g/l glutamine, 100 mg/l streptomycin
sulfate, 100 units/ml of penicillin G and 10% newborn calf serum.
Cells were grown to a density of not more than 5× 10° cells per
cmº. For transient transfection assays, cells were suspended in
0.5 ml electroporation buffer in 0.4 cm gap electroporation cu
vettes at approximately 1.5× 10° cells per cuvette with 5 pig of the
reporter plasmid and the optimal amount of the receptor expres
Sion vector for ligand activation, determined previously to be 5 pig
plasmid per transfection for the AP-1 response or 1 pig expression
plasmid per transfection for the ERE response. The electropora
tion buffer consisted of 0.2 pm filtered PBS and 0.1% glucose.
Cells were transfected by electroporation at a potential of 0.25 kV
and a capacitance of 960 m F. Transfected cells were pooled and
immediately resuspended in growth media supplemented as de
scribed above with the exception that the newborn calf serum had
been treated with charcoal as described previously [9]. Cells were
plated into 6- or 12-well dishes at 2 ml per well at a density of
approximately 1 × 10° cells per well. After 2 h of incubation at
37°C, hormones were added in 2 pil of ethanol.

After 24 h of incubation at 37°C, the cells were lysed by first
removing the media from the wells, washing with PBS and then
adding 0.2 ml of lysis buffer consisting of 100 mM potassium
phosphate (pH 7.5), 0.2% Triton X-100 and 1 mM DTT. After
10 min at room temperature, 0.1 ml of the lysate was combined
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with 0.3 ml of the luciferase assay buffer consisting of 25 mM
glycylglycine, 15 mM MgSO4, 4 m M EGTA, 15 mM potassium
phosphate (pH 7.8) with the addition to a final concentration of
1 mM DTT, 2 mM ATP and 0.2 mM luciferin. Luminescence was
measured for 10 s with a Monolight 3010 luminometer (Analyt
ical Luminescence Laboratory, San Diego, CA, USA). Each hor
mone dose was performed in triplicate and the relative error was
determined by calculating the standard error of the three values
from the mean. Experiments were conducted multiple times to
ensure reproducibility of the results.

5.3. ER binding assays

The relative binding affinity of compounds for ERO, and ER}
was determined using a spin column assay with commercially
available full length forms of both ERo and ERB (Pan Vera
Corp, Madison, WI, USA). Receptor was added to a final con
centration of 15 nM to a solution containing 10 mM Tris, pH 7.5,
10% glycerol, 2 mM DTT and 1 mg/ml BSA and 3 nM
(2,4,6,7,16,17-'H]estradiol at 4°C. 100 pil of the solution was
added to 1 pil of the ligand in ethanol, mixed gently by pipetting
and incubated at 4°C overnight. The mixture was then applied to
a micro spin column containing G-25 Sephadex (Harvard Appa
ratus Inc.) equilibrated in binding buffer (minus tritiated estra
diol) according to the manufacturer's instructions. Bound estra
diol was separated from free ligand by spinning at 2000×g for
4 min at room temperature. The filtrate was then added to 2.5 ml
of Scintillant and counted in a liquid scintillation counter. Each
point in the binding curve represents the average of two separate
experiments and the curve was fit using a single binding site
competition model with the Prism statistical analysis software
package. The Standard deviation was determined to be less than
0.2 log units from the EC50 value. Percent relative binding affinity
was then determined by dividing the IC50 determined for unla
beled estradiol by the ligand IC50 and multiplying that by 100.

5.4, Synthesis of compounds

5.4.1. (3E)-3-(4-■ (12)-1,2-Diphenyl-1-butenyl)phenyl)-3-buten
2-one (8)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in tol
uene) (253 pil, 0.13 mmol) was added to a stirring 0°C solution of
diethyl (2-oxopropyl)phosphonate (24 Hl, 0.13 mmol) in tetrahy
drofuran (0.8 ml). After stirring for 15 min at 0°C, the solution
was cooled to -78°C, and a solution of 1,2-diphenyl-1-(4-formyl
phenyl)-but-1-ene (33 mg, 0.11 mmol) (14)) [12] in tetrahydrofur
an (0.4 ml) was added dropwise. The reaction was stirred at
-78°C for 5 min, then allowed to warm to room temperature
and stirred 20 h overnight. The solution was poured into satu
rated sodium chloride, extracted with ethyl acetate, dried over
anhydrous magnesium sulfate, and solvent removed under re
duced pressure. The crude oil was purified by flash column chro
matography (0-5% ethyl acetate-hexanes) to give 8 as a yellow
oil (13.3 mg, 0.038 mmol) in 36% yield: R 0.26 (10% ethyl ace
tate-hexanes); ‘H NMR (CDCl3) 60.94 (t, J = 7.6 Hz, 3 H), 2.31
(s, 3 H), 248 (q, J-7.6 Hz, 2 H), 6.56 (d, J– 16 Hz, 1 H), 6.90
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(* J-80 Hz, 2 H), 7.11-7.38 (m. 13 H); "C NMR (CDCl3)'**'.”30, 29.00, 12743, 12747, 27.84,13799, 3. 128.28,
** 12949, 12958, 13016, 13076, 131.34 issos, a■ is
143.21, 143.36, 1984] PPm; HRMS (EI) exact mass calculated
for C26H24O: 352.1827, found: 352.1826.

5.4.2. 4-2-Phenyl-1-(4-tert-butoxyphenyl)-1-trimethylsilyl-but-j-
ene (10)

A solution of lithium 4-tert-butoxybenzene was prepared by
adding n-butyl lithium (2.5 M in hexanes) (3.17 ml, 7.94 mmol)
to a -78°C solution of 4-tert-butoxybromobenzene (1.81 g, 7.94
mmol) in tetrahydrofuran (20 ml). The reaction was stirred at
-78°C for 30 min. In a separate flask, anhydrous zinc chloride
(1.04 g, 7.94 mmol) was dissolved in tetrahydrofuran (23 ml) and
a solution of 4-tert-butoxyphenylzinc chloride was prepared by
adding the lithium 4-tert-butoxybenzene solution at such a rate
that a slow reflux was maintained. The solution was refluxed an

additional 30 min, then cooled to room temperature. Tetrakis
(triphenylphosphine)palladium(0) (0.13 mmol) was added to a
solution of (E)-1-bromo-2-phenyl-1-trimethylsilyl-1-butene (1.5 g,
5.29 mmol) in tetrahydrofuran (6 ml) and stirred at 25°C for
5 min. The 4-tert-butoxyphenyl zinc chloride solution was then
added and the reaction was refluxed 17 h overnight. The solution
was cooled to room temperature, quenched with 3 N hydrochlor
ic acid, extracted with hexanes, washed with Saturated sodium
bicarbonate and dried over anhydrous magnesium sulfate. Sol
vent was removed under reduced pressure. The crude product
was purified by flash column chromatography (silica, 0–4%
ether-hexanes) to afford 10 as a white crystalline solid (1.61 g,
4.56 mmol) in 86% yield: R. 0.58 (10% ethyl acetate-hexanes);
1H NMR (CDCl3) 60.36 (s, 9 H), 0.72 (t. J = 7.6 Hz, 3 H), 1.36
(s, 9 H), 2.15 (q, J = 7.6 Hz, 2 H), 6.89 (d, J = 8.4 Hz, 2 H), 6.95
(d, J-84 Hz, 2 H), 7.21 (d, J = 6.4 Hz, 2 H), 727–7.34 (m, 3 H);
13C NMR (CDCl3) 0.10, 12.80, 28.89, 30.05, 78.03, 123.80,
126.68, 127.66, 128.37, 128.98, 139.64, 140.50, 144.00, 1967.
155.52 ppm; HRMS (EI) exact mass calculated for C23H32OSi:
352.2222, found: 352,2240.

5.4.3, z_1-Bromo-2-phenyl-1-(4-tert-butoxyphenyl)-but-l-ene
(11)

-

To a solution of Z-2-phenyl-1-(4-tert-butoxyphenyl)-1-trime
thylsilyl-but-1-ene (10) [19,20) (76.5 mg, 02: mmol) in dichloro.
methane (1 ml) at -78°C, was added dropwise a 1 M solution of
bromine in dichloromethane, until the reaction was complete aS

monitored by thin layer chromatography. The yellow solution
was poured into 10% sodium sulfite, extracted with dichlorome
thane, washed with saturated sodium chloride, dried over anhy
drous magnesium sulfate and solvent removed under reduced
pressure to give an orange oil. The crude product was purified
by flash column chromatography (0–5% ethyl acetate-hexanes to

give 11 as a yellow oil (53.9 mg, 0.15 mmol) in 69% yield, deter
mined by H NMR to be a 3:2 mixture of Z.E isomers: R. 0.61

(20% ethyl acetate-hexanes); "H NMR (CDCl3) 60.79 (t, J = 7.6
Hz, 3 H, Z isomer), 0.96 (t, J- 7.6 Hz, 2 H, E isomer), 1.19 (s,
6 H, E isomer), 1.31 (s, 9 H, Z isomer), 2.27 (q, J = 7.6 Hz, 2 H,
z isomer), 2.72 (q, J-7.6 Hz, 1.3 H E isomer), 6.61 (d, J-8.8

Hz, 1 H), 6.90–7.00 (m, 6 H), 7.17–726 (m, 6H), 730-13) (m,
2 H); "C NMR (CDCl3) 11.68, 13.06. 28.77, 2890, 29.50,330),
78.63, 78.81, 11874, 120.50, 122.99, 12342, 12657, 127.10,
127.83, 128.13, 128.30, 129.11, 129.61, 130.80, 13548, 1355
140.54, 142.57, 144,03, 144.54, 154.52, 155.39 ppm, HRMS (EI)
exact mass calculated for C20H24OBr: 360,0912, found: 3600)71.

5.44. E-2-Phenyl-1-(4-tert-butoxyphenyl)-1-(4-formylphenyl).
but-1-ene (12)

To a flask containing a 1-bromo-2-phenyl-1-(4-tert-butory.
phenyl)-but-1-ene (11) isomer mixture (91.2 mg 0.25 mm)
was added 4-formylphenylboronic acid (41.9 mg, 0.28 mm)
potassium fluoride (48.7 mg, 0.84 mmol) and tris(dibenzylident.
acetone)dipalladium(0)-chloroform adduct (1.31 mg, 00013
mmol). After dissolving in tetrahydrofuran (1 ml), a 0.12 Ms.
lution of tri-tert-butylphosphine (0.62 mg, 0.003 mmol) in tella.
hydrofuran was added [21]. The reaction turned from red to
brown in 15 min, and was then stirred at 25°C for 16h ovemight,
by which time it had turned a clear yellow with a black residue.
The solution was poured into saturated sodium bicarbonate, tº
tracted with ethyl acetate, dried over anhydrous magnesium Sul.
fate, and solvent removed under reduced pressure. The crude oil
was purified by flash column chromatography (0-6% ether-hº.
anes) to give 12 as a yellow oil (43.8 mg, 0.11 mmol) in 46% yield,
determined by "H NMR to be a 2:1 mixture of E:Zisomers: R.
0.52 (20% ethyl acetate—hexanes); "H NMR (CDCl3) 60.95 (l,
J = 7.6 Hz, 4.5 H), 1.24 (s, 4.5 H, Z isomer), 1.38 (s, 9 H. E.
isomer), 2.46 (q, J– 7.6 Hz, 1 H, Z isomer), 2.52 (q, J-16
Hz, 2 H, E isomer), 6.64 (d, J = 8.4 Hz, 1 H), 6.72 (d. J-34
Hz, 1 H), 6.98 (d, J = 8.4 Hz, 2 H), 7.03—7.16 (m, 11.5H),144(d.
J = 8.0 Hz, 1 H), 7.52 (d, J = 8.0 Hz, 2 H), 7.88 (d, J-80 Hi
1 H), 9.83 (s, 1 H, E isomer), 10.03 (s, 1 H, Z isomer); BCNMR
(CDCl3) 13.44, 13.50, 28.75 28:81, 2890, 29.14, 1831, TS5),
123.16, 123.69, 126.38, 126.61, 127.81, 128,02, 128.87, 17953,
129,55, 129.68, 130.02, 130.19, 131.18, 131.39, 13371, 13416,
137.12, 137.27, 137.46, 137.56, 141.58, 141,62, 143.21, 14438,
150.04, 150.18, 153.60, 154.50, 191.91, 19194 ppm, HRMS (El)
exact mass calculated for C. HisO2: 3842089, found: 384][9]

5.4.5, (3E)-3-(4-■ (IE)-2-phenyl-1-(4-tert-butoxyphenyl)-k
butenyl)phenyl)-3-buten-2-one (15)

-

A solution of potassium bis(trimethylsilyl)amide (0.5 Maº
uene) (247 pl. 0.12 mmol) was added to a stirring 0°C sº of
diethyl (2-oxopropyl)phosphonate (47.5 ul, 0.1% mm) nº
hydrofuran (0.8 ml). After stirring for 15 min at 0°C, the solut"
was cooled to -78°C, and a solution of 2-phenyl-4-º
phenyl)-1-(4-formylphenyl)-but-1-ene (12) isomer mixture º
mg, 0.10 mmol) in tetrahydrofuran (0.4 ml) was added º º
The reaction was stirred at -78°C for 5 min. then allow lu

warm to room temperature and stirred 29" oveme: º
tion was poured into saturated sodium alsº ºd sol.
ethyl acetate, dried over anhydrous magnesium al■ º

-

vent removed under reduced pressure. The crude oil º
by flash column chromatography (0–10% ethyl º% yield,
to give 15 as a yellow oil (40.3 mg. 0.095 º: isomets (al
determined by H NMR to be a 3:2 mº" of E:

–
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the triphenylethylene center): RF 0.46 (30% ethyl acetate—hex
anes); ‘H NMR (CDCl3) 60.94 (t, J = 7.6 Hz, 3 H., E isomer),
0.95 (t, J = 7.6 Hz, 2 H, Z isomer), 1.24 (s, 6 H, Z isomer), 1.38
(s, 9 H, E isomer), 2.31 (s, 3 H., E isomer), 2.39 (s, 2 H, Z isomer),
2.49 (q, J = 7.6 Hz, 1.7 H, Z isomer), 2.50 (q, J– 7.2 Hz, 2 H,
E isomer), 6.56 (d, J = 16.4 Hz, 1 H, E isomer), 6.62–7.31 (m,
21.7 H), 7.35 (d, J = 16.4 Hz, 1 H, E isomer), 7.51–7.55 (m,
1.3 H); PC NMR (CDCl3) 13.47, 13.60, 27.35, 27.51, 28.75,
28.80, 28.90, 29.13, 78.24, 78.44, 123.10, 123.63, 126.20, 126.38,
126.75, 127.39, 127.75, 127.95, 128.14, 129.59, 130.01, 130.16,
131.20, 131.40, 131.62, 132.68, 137.55, 137.73, 137.71, 141.88,
141.98, 142.67, 143.23, 143.38, 145.96, 146.16, 153.44, 154.34,
198.35, 198.38 ppm; HRMS (EI) exact mass calculated for
C30H32O2: 424.2402, found: 424.2406.

5.4.6. (3E)-3-(4-■ (IE)-2-Phenyl-1-(4-hydroxyphenyl)-1-
butenyl)phenyl)-3-buten-2-one (9)

To a solution of a (3E)-3-[4-(2-phenyl-1-(4-tert-butoxyphenyl)-
1-butenyl]phenyl]-3-buten-2-one (15) isomer mixture (39.0 mg,
0.92 mmol) in dichloromethane (2 ml) was added trifluoroacetic
acid (100 pul) and 2,2,2-trifluoroethanol (0.5 ml). The reaction was
stirred 12 h overnight at 25°C, after which the solution was
poured into water, extracted with diethyl ether, washed with sa
turated sodium bicarbonate, and the solvent removed under re
duced pressure. The crude yellow solid was purified by prepara
tive thin layer chromatography (30% ethyl acetate-hexanes, eluted
off silica with ethyl acetate), to afford 9 as a yellow solid (25.7
mg, 0.070 mmol) in 76% yield, determined by "H NMR to be a
3:2 mixture of E:Z isomers (at the triphenylethylene center): RF
0.40 (30% ethyl acetate—hexanes); H NMR (CDCl3) 60.87 (t,
JF 7.6 Hz, 5 H), 2.25 (s, 3 H., E isomer), 2.32 (s, 2 H, Z isomer),
2.42 (q, J = 7.6 Hz, 1.7 H, Z isomer), 2.44 (q, J = 7.6 Hz, 2 H,
E isomer), 6.42 (d, J = 8.4 Hz, 1.3 H), 6.49 (d, J = 16.0 Hz, 1 H,
E isomer), 6.63–6.68 (m, 2H), 6.76 (d, J = 8.4 Hz, 2 H), 6.82 (d,
J= 8.4 Hz, 2 H), 7.01–7.22 (m, 13.7 H), 7.29 (d, J = 16.4 Hz, 1 H,
E isomer), 7.44–7.49 (m, 2 H); %C NMR (CDCl3) 13.50, 13.55,
27.32, 27.48, 28.99, 29.14, 11446, 115.16, 125.28, 126.24, 126.30,
126.39, 126.68, 127.43, 127.91, 127.96, 128.17, 128.21, 129.02,
129.60, 130.18, 130.83, 131.41, 131.55, 132.10, 132.62, 135.01,
135.34, 137.46, 137.59, 141.99, 142.00, 142.30, 143.36, 143.51,
143.69, 146.15, 146.46, 153.81, 154.69, 198.78 ppm; HRMS (EI)
exact mass calculated for C26H24O2: 368. 1776, found; 368.1774.

5,47. Methyl(2E)-3-(4-■ (IE)-2-phenyl-1-(4-tert-butoxyphenyl)-
1-butenyl/phenyl)-2-propenoate (13)

A solution of potassium bis(trimethylsilyl)amide (0.5 M in tol
uene) (288 pil, 0.14 mmol) was added to a stirring 0°C solution of
trimethyl phosphonoacetate (23 Al, 0.12 mmol) in tetrahydrofur
an (0.8 ml). After stirring for 15 min at 0°C, the solution was
cooled to -78°C, and a solution of a 2-phenyl-1-(4-tert-butoxy
phenyl)-1-(4-formylphenyl)-but-1-ene (12) isomer mixture (46.2
mg, 0.10 mmol) in tetrahydrofuran (0.4 ml) was added dropwise.
The reaction was stirred at -78°C for 5 min, then allowed to
Warm to room temperature and stirred 16 h overnight. The solu
tion was poured into water, extracted with diethyl ether, washed
with saturated sodium bicarbonate, dried over anhydrous magne
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sium sulfate, and the solvent removed under reduced pressure.
The crude oil was purified by preparative thin layer chromatog
raphy (15% ethyl acetate-hexanes; eluted off silica with ethyl
acetate) to give 13 as a yellow oil (50.8 mg, 0.12 mmol) in 96%
yield, determined by "H NMR to be a 2:1 mixture of E.Z iso
mers (at the triphenylethylene center): RF 0.48 (20% ethyl ace
tate-hexanes); H NMR (CDCl3) 8 0.93 (t, J = 7.6 Hz, 4.5 H),
1.24 (s, 4.5 H, Z isomer), 1.37 (s, 9 H, E isomer), 2.49 (q, J = 7.6
Hz, 3 H), 3.75 (s, 3 H), 3.81 (s, 1.5 H), 6.28 (d, J = 16.0 Hz, 1 H,
E isomer), 6.45 (d, J = 16.0 Hz, 0.5 H, Z isomer), 6.63 (d, J-8.8
Hz, 1 H), 6.73 (d, J = 8.4 Hz, 1 H), 6.88 (d, J = 8.4 Hz, 2 H), 6.97
(d, J = 8.4 Hz, 2 H), 7.06–7.17 (m, 11.5 H), 7.28 (d, J = 8.0 Hz,
1 H), 7.51 (d, J-7.6 Hz, 1 H), 7.53 (d, J = 16.0 Hz, 1 H, E isomer),
7.71 (d, J = 16.0 Hz, 0.5 H); "C NMR (CDCl3) 13:47, 13.55,
28.74, 28.79, 28.89, 29.12, 51.54, 51.65, 78.21, 78.41, 116.83,
117.31, 123,08, 123.61, 126.16, 126.35, 127.18, 127.29, 127.73,
127.93, 128.00, 129.47, 129.57, 129.99, 130.05, 131.19, 131.29,
131.59, 132.64, 137.58, 137.74, 137.76, 141.90, 141.98, 142.57,
143.21, 144.62, 144.69, 145.64, 145.87, 153.40, 154.30, 167.45,
167.50 ppm; HRMS (EI) exact mass calculated for C30H32O3:
440.2351, found: 440.2350.

5.4.8 (2E)-3-/4-■ (1E)-2-Phenyl-1-(4-tert-butoxyphenyl)-1-
butenyl)phenyl)-2-propenoic acid (16)

To a 1:2 methanol: tetrahydrofuran (8 ml) solution of a meth
yl(2E)-3-[4-(2-phenyl-1-(4-tert-butoxyphenyl)-1-butenyl)phenyl]-2-
propenoate (13) isomer mixture (50.8 mg, 0.12 mmol) at 25°C,
was added dropwise a 0.2 M solution of aqueous potassium hy
droxide (5.76 ml, 1.19 mmol). The reaction was stirred 24 h over
night at 25°C, then poured into l N hydrochloric acid. After
stirring for 10 min, the solution was extracted with methylene
chloride, dried over anhydrous magnesium sulfate, and the sol
vent removed under reduced pressure. The crude oil was purified
by preparative thin layer chromatography (7.5% methanol
chloroform; eluted off silica using ethyl acetate) to give 16 as a
yellow oil (29.5 mg, 0.069 mmol) in 58% yield, determined by "H
NMR to be a 2:1 mixture of E:Z isomers (at the triphenylethy
lene center): RF 0.31 (5% methanol-chloroform); H NMR
(CD3OD) 60.85 (t, J = 7.6 Hz, 4.5 H), 1.14 (s, 4.5 H, Z isomer),
1.28 (s, 9 H, E isomer), 2.42 (q, J = 7.6 Hz, 3 H), 6.23 (d, J = 16.0
Hz, 1 H, E isomer), 6.31 (d, J = 16.0 Hz, 0.5 H, Z isomer), 6.55
(d, J-84 Hz, 1 H), 6.69 (d, J = 8.8 Hz, I H), 6.82 (d, J-84 Hz,
2 H), 6.92 (d, J = 8.8 Hz, 2 H), 701–7.10 (m, 9.5 H), 7.14 (d.
J-84 Hz, 2 H), 7.21 (d, J = 8.0 Hz, 1 H), 742 (d. J– 15.6 Hz,
| H, E isomer), 7.52 (d, J = 8.0 Hz, 1 H), 7.62 (d. J– 160 Hz,
0.5 H, Z isomer); "C NMR (CD,OD) 13.77, 13.82, 29.10, 29.24,
29,76, 29.99, 79.50, 79.65, 118.64, 119.15, 1962, 124.20, 124.87,
127.36, 127.55, 128.33, 128.88, 129.05, 129.16, 130.81, 131.13.
13243, 133.23, 133.49, 134.32, 138.01, 139.30, 13934, 139.45,
140.50, 142.92, 143.29, 143.33, 143.98, 144.55, 146.03, 14634.
147.02, 147.09, 154.68, 155.62, 170.40 ppm; HRMS (EI) exact
mass calculated for C20H3003: 426.2195, found: 426.2195.

5.4.9, (2E)-3-(4-■ (IE)-2-Phenyl-1-(4-hydroxyphenyl)-1-
butenyl)phenyl)-2-propenoic acid (GW.7604) (6)

To a solution of a (2E)-3-[4-(2-phenyl-1-(4-tert-butoxyphenyl)-



436 Chemistry & Biology 8/5 (2001) 427 436

º: acid (16) isomer mixture (29.5 mg,mº 1In dºnoromethaned ml) was added 2,2,2-º ol (0.5 ml), followed by trifluoroacetic acid (1 ml).
The reaction was stirred for 10 min at 0°C, then allowed to warm
10 room temperature and stirred for 1.5 h. The solution was then
Poured into N hydrochloric acid, extracted with dichlorome
thane, dried over anhydrous magnesium Sulfate, and solvent re
moved under reduced pressure. The crude oil was purified by
preparative thin layer chromatography (7.5% methanol-chloro
form), where upon elution with ethyl acetate off the silica resulted
in formation of a white precipitate. Solvent was removed under
reduced pressure, and the residue redissolved in methanol. Sepa
ration of the precipitate and solvent by centrifugation, allowed
separation of the pure triphenylethylene Z isomer as a white solid
(2.3 mg, 0.0062 mmol, 9% yield), and a 2:1 mixture of the E:Z
isomers of 6 as a yellow oil (5.2 mg, 0.014 mmol, 20% yield): RF
0.31 (5% methanol-chloroform); H NMR (CD3OD) of E:Z

* mixture 5 0.85 (t, J = 7.6 Hz, 4.5 H), 2.44 (q, J = 7.6 Hz, 3 H),
623 (d. J = 160 Hz, H, E isomer), 6.34 (d. J–8.8 Hz, 1 H),

• * 641 (d. J– 160 Hz, 0.5 H), 6.58 (d, J-84 Hz, 1 H), 6.71 (d.
º

J– 8.8 Hz, 2 H), 6.82 (d, J– 8.0 Hz, 2 H), 6.96 (d, J-84 Hz,
:** 2 H), 7.00-7.10 (m, 7.5 H), 7.14 (d, J-84 Hz, 2 H), 7.19 (d, J = 8.4

-
Hz, 1 H), 743 (d, J- 160 Hz, 1 H, E isomer), 7.51 (d, J = 8.0 Hz,
| H), 7.62 (d, J = 16.0 Hz, 0.5H, z isomer); 13C NMR (CD3OD)
of E isomer 13.80, 30.01, 116.04, 118:56, 127.42, 128.23, 129.02,
130.85, 131.67, 13249, 133.12, 135.53, 139.64, 143.57, 144.09,

º 146.06, 147.41, 157.58, 170.52 ppm; H NMR (CD, OD) of Z
* - isome 5 0.86 (t. J–76 Hz, 3 H), 240 (q, J-76 Hz, 2 H).

* ****: . . 6.35 (d, J = 8.8 Hz, 2 H), 6.41 (d, J = 160 Hz, 1 H), 6.59 (d,
- - - -

jigs Hz, 2 HD, 7.03-7.12 (m, 5 H), 7.20 (d. 7-80 Hz, 2 H).
***

is, a J-34 Hz, 2 H), 76 (d. J-160 Hz, H); HRMS ■ º
-

3.
* - exact maSS calculated for C25H22O3: 370.1569, found: 370. 1562.
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Nuclear receptor ligand-binding domains:
three-dimensional structures, molecular
interactions and pharmacological
implications
William Bourguet, Pierre Germain and Hinrich Gronemeyer

Nuclear receptors are members of a large family of ligand-inducible transcription factors that regulate gene
programs underlying a plethora of (patho)physiological phenomena. The recent determination of the crystal
structures of nuclear receptor ligand-binding domains has provided an extremely detailed insight into the intra- and
intermolecular mechanisms that constitute the initial events of receptor activation and signal transduction. Here, a
Comprehensive mechanistic view of agonist and antagonist action will be presented. Furthermore, the novel class
Of partial agonists—antagonists will be described and the multiple challenges and novel perspectives for nuclear.
receptor-based drug design will be discussed.

Multicellular organisms require a specific intercellular com
munication to organize the complex body plan properly
during embryogenesis and maintain its physiological prop
erties and functions throughout life. Although growth
factors, neurotransmitters and peptide hormones bind to
membrane receptors thereby inducing the activity of intra
cellular signalling pathways, other small hydrophobic sig
nalling molecules such as steroid hormones, certain vitamins
and metabolic intermediates enter target cells and bind to
cognate members of a large family of nuclear receptors.
Nuclear receptors are of major importance for intercellular
signalling in animals because they converge different intra
and extracellular signals on the regulation of genetic pro
grams. Such nuclear receptors are transcription factors that:
(1) respond directly through physical association with a large
variety of hormonal and metabolic signals; (2) integrate
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diverse signalling pathways because they correspond them
selves to targets of post-translational modifications; and
(3) regulate the activities of other major signalling cascades
(commonly referred to as 'signal transduction crosstalk').
The genetic programs that these receptors establish or mod
ify affect virtually all aspects of the life of multicellular organ
isms, covering such diverse aspects as, for example, embryo
genesis, homeostasis, reproduction, cell growth or death.
Their gene-regulatory power and selectivity has prompted
intense research on these key factors, which is now starting
to decipher the complex network of molecular events that
account for their capacity to regulate transcription. The
study of these molecular processes also sheds light on gen
eral mecha-nisms of transcription regulation, and it will be
a future challenge to uncover the molecular rules that define
spatial and temporal control of gene expression.
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Fig. 1. Structural and functional Organization of nuclear receptors. Nuclear
receptors Consist of six domains (A–F) based on regions of Conserved
Sequence and function. The DNA-binding domain (DBD, region C) is the most
highly conserved domain and encodes two zinc finger modules. The ligand
binding domain (LBD, region E) is less conserved and mediates ligand binding,
dimerization and a ligand-dependent transactivation function, termed AF-2,
Within the AF-2, the integrity of a conserved amphipathico-helix termed AF
2 activation domain (AD) has been shown to be required for ligand-dependent
transactivation. The N-terminal A–B region contains a Cell- and promoter
specific transactivation function termed AF-1. The region Disconsidered as a
hinge domain. The F region is not present in all receptors and its function is
p00rly Understood.

All nuclear receptors are modular proteins (Fig. 1) that
harbour one DNA-binding domain and one ligand-bind
ing domain (LBD). The LBD also comprises the ligand
dependent activation function 2 (AF-2) whereas the
activation function 1 (AF-1) operates autonomously and in
a ligand-independent manner when placed outside of the
receptor. However, in the context of its own receptor, the
activity of AF-1 is also controlled by the cognate ligand
(for further details see, for example, Ref. 1). Nuclear
receptors act as agonist-induced factors that enhance the
transcription of their target genes, and certain nuclear
receptors, such as thyroid and retinoic acid receptors, can
act as silencers of transcription in the absence of ligands or

(b) Holo-LBD (c) Antagonist-LBD

-T-7--------trends in Pharmacological Sciences

Fig.2. Schematic drawing of thee different conformational states of nuclear receptor ligand-bind.
ingdomains (LBDs) (a) The unliganded ■ apo) retinoid X receptor (RXR) LBD. (b) The agonist-bound
(holo) retinoic acid receptor (RAB) LBD. (c) The antagonist-bound RAR LBD. The o-helices (H1–H12)
are depicted as rods whereas broad arrows represent the B-turn. The Various regions of the LBD are
coloured depending on their function the dimerization surface is shown in green, the co-activator
and co-repressor binding site, which also encompasses the nuclear receptor LBD signature motif,
is shown in orange and the activation helix H12 that harbours the residues of the core activation
function 2 (AF-2) activation domain (AD) is shown in red. Other structural elements are shown in
mauve. Abbreviation: LBP, ligand-binding pocket.
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in the presence of certain antagonists. The silencing activ
ity of nuclear receptors is due to their ability to requit
co-repressors and establish, by virtue of this interaction, a
co-repressor complex at the promoters of target genes,
which can affect the chromatin structure as a result of the
associated histone deacetylase (HDAC) activity of the
receptorº. The subsequent condensation of chromatini,
believed to cause the gene repression. By contrast, agonist,
induce a change in the structure of the receptor that allows
nuclear receptors to establish a co-activator complex that
can acetylate histones, which is believed to prepare target
gene promoters for transactivation by decondensation of
the corresponding chromatin”. Following decondenº
tion of chromatin, a second complex, variously te■ med
TRAP (thyroid receptor-associated proteins) or DRIP
(vitamin D receptor-interacting proteins), appears to take
over and establish the link to the basal transcriptional
machinery, which results in activation of the target gene”.

The initial steps of ligand action, the mechanistic and
molecular details of agonism, antagonism and partialago■
ism–antagonism will be discussed, and possibilities, chil
lenges and perspectives for nuclear-receptor-based drug
design will be presented.

Allosteric effects induced by agonists
It is well known that ligand binding induces a con■ om
tional change in nuclear receptors, and protease digestion
and antibody accessibility studies reveal that agonists and
antagonists trigger distinct structural alterations of nuclear
receptor LBDs. The resolution of the crystal structures ºf
several ligand-free (apo) and ligand-occupied (hol)
nuclear receptor LBDs alone or in a complex with co-act
vator fragments have provided molecular details of the
various ligand-induced changes and, moreover, have
shown how these structural alterations translate into pro
tein–protein interactions. The first structure of a nuden
receptor LBD, the unliganded retinoid X receptor a
(RXRo)", revealed a previously undescribed ■ old compris
ing 12 o-helices (H) and a short B-turn (1-2), ammº
in three layers to form an anti-parallel 'o-helical sandwich
(Fig. 2a). Helices H1–H3 form one face of the LBD. H.
H5, s1–s2, H8 and H9 correspond to the central layer of
the domain and helices H6, H7 and H10 constitute thest
ond face. The overall ■ old has proven to be prototypic■ :
the LBDs of other nuclear receptors following the deter
mination of the structure of severalliganded nuclearfect■ "
LBDs (Ref. 6). Table 1 lists all presently available three
dimensional structures of nuclear receptor LBDs together
with their Protein Data Bank (PDB) assignments. Sº
position of these structures shows a clear overall similarity,
particularly in the top half of the LBD, which comprises the
helices H1, H4, H5 and HT-H10 and corresponds"
structurally rather invariable region of the LBD. The lower
part of the LBD comprises the variable region, whichº"
tains the ligand-binding pocket (LBP). A compº"
between apo-RXR and holo-nuclear-receptor LBDs
reveals several differences in the variable region. The mº
striking difference is the repositioning of the C-terminal
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helices. In the apo-RXRo (Fig. 2a), helix H11 is almost
perpendicular to H10 and points towards the LBP, and
some of the hydrophobic residues of H11 partially fill and
stabilize the LBP. Helix H12, which contains the residues
of the AF-2 activation domain (AD) core (Fig. 1), extends
away from the LBD. In all holo-LBDs, helix H11 is pos
itioned in the continuity of H10, and H12 folds back over
the LBP (Fig. 2b). The crystal structures of all presently
known holo-nuclear-receptor LBDs adopt a very similar
structure (Table 1) with the ligand entirely buried in a pre
dominantly hydrophobic pocket that is generated by
residues originating from various secondary structural ele
ments: helices H3, H5, H11, H12, the 3-hairpin s1–s2, and
loops L6–7 and L11–12 (Fig. 2b). The recent determina
tion of the RXRo LBD bound to its agonist 9-cis-retinoic
acid” (Fig. 3), allowed, for the first time, the comparison
of the liganded and unliganded structures of RXR and
confirmed the previously proposed model of an agonist
induced LBD transconformation". This
involves the generation of a LBP as a result of the reposi
tioning of helix H11 along H10, the concomitant swing
ing of H12 underneath H4 and the bending of H3
allowing the N-terminal part to pack on the ligand
(Figs 2a,b). To what extent this activation model can be
applied to other nuclear receptors is unclear because only
two other apo-LBD structures have been solved. In apo
PPAR-Y [peroxisome proliferator activated receptor Y
(Ref 9,10) and apo-PPAR-8 (Ref. 11), the AF-2 helix
adopts a conformation similar to, but not identical with,
that of their holo-LBDs. However, irrespective of whether
more or less divergent nuclear receptor apo structures
might exist, the ligand-triggered activation mechanism
implies a stabiliz—ation of the canonical holo-LBD confor
mation that was previously described (Fig. 2b).

mechanism

Agonists induce a cognate surface for co-activator
interaction
Co-activator recruitment is the second essential step by
which the information generated by the agonist—receptor
interaction is propagated along a cascade of events that
finally leads to the activation of the transcriptional machin
ery. This recruitment is the direct consequence of the ag
onist-induced conformational changes that generate the
surface to which the nuclear-receptor-interacting domain
(NID) of co-activators bind. Several studies have revealed
the structural basis of nuclear-receptor-co-activator inter
action: PPAR-Y (Refs 7,9), RXRo (Ref. 7), oestrogen
receptor o (ERO)12 and thyroid hormone receptor 3
(TRB)” were co-crystallized together with their cognate
agonists and a short peptide from the NID that contained
the so-called co-activator nuclear receptor box LxxLL
motif". In all cases, the nuclear receptor box peptide is
bound to a hydrophobic groove generated by the carboxy
terminal part of H3, the loop L3–4 and H4 (Fig. 4a). Note
that this groove encompasses the highly conserved nuclear
receptor LBDs signature motif" (Fig. 2), which suggests that
the majority of nuclear receptors have the potential to
interact with helices of the nuclear receptor box-type. The

Table 1. Three-dimensional structures of nuclear receptor li
binding domains together with their PDB assignmentsa

Receptors Ligands Remarks P

Monomers
RARY T-RA Agonist 2|

90-RA Agonist 3|
BMS961 Agonist 4|
BMS394 Agonist 16
BMS395 Agonist 16

RXRo: 90-RA Agonist 1■

TRo: T3 Agonist
-

TRB T3 NR box complex 1E
PPAR-8 GW2433 Agonist 1g

ApO
-

2g
EPA Agonist 3g

WDR Vitamin D3 Agonist 1C
PR ProgesterOne Agonist g

PPAR-y ApO
-

3|
Homodimers
RXRoy ApO

-
1|

ERo Oestradiol Agonist 16
Raloxifene Antagonist 16
Diethylstilbestrol NR box complex 36
4-Hydroxytamoxifen Antagonist 36
Oestradio Agonist 13

ERB Raloxifene Antagonist 1C
Genistein Partial agonist 1C

PPAR-y ApO
-

1■
Rosiglitazone NR box complex 2p
GW0072 Partial agonist 4■

Heterodimers
RARo-RXRo: BMS614, Oleic acid Antagonist, partial agonist 10
PPAR-y–RXRo Rosiglit, 90-RA NR box complex

-

G|262570, 90-RA NR box complex

"Abbreviations: Apo, unliganded receptor, 90-RA, 9-cis retinoic acid, EPA, eicosape
Oestrogen receptor, NR, nuclear receptor, PDB, Protein Data Bank, PPAR, peroxisome pr
receptor, PR, progesterOne receptor, RAR, retinoic acid receptor. RXR, retinoid Xreceptor. T
T-RA, all-trans retinoic acid, TR, thyroid hormone receptor, WDR, vitamin D receptor.

peptide is held in place via the interactions of its leucine
residues with the hydrophobic groove constituents but also
by hydrogen bonds that involve two conserved residues of
the nuclear receptor LBDs (Fig. 4a). These amino acids are
a lysine at the C-terminus of H3 and a glutamate in H12.
Both are hydrogen-bonded to a main-chain peptide bond
of the LXXLL motif and together form a ‘charge clamp' that
in addition to the stabilization of the peptide-receptor
interaction defines the precise length of the helical motif
that can be docked to the cleft. Biochemical experiments
suggest that non-conserved residues adjacent to the LXXLL
motif of co-activators make additional contacts with the
nuclear receptor LBD and might determine the specificity
of nuclear-receptor—co-activator interaction”. Fully sup
porting the original model", all the structural data discussed
above have shown how nuclear receptor activity is regu
lated by ligand-binding via the alteration of LBD surface
topology. It appears that the induction of the AF-2 upon
ligand binding involves the proper repositioning of struc
tural elements (helices H3, H4, loop L3–4 and the ‘acti
vation helix' H12) such that a defined nuclear receptor
interaction surface for co-activators is generated.

TiPS – October 2000 (Vol. 21)
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(a) Pure agonists (b) Pure AF-2 antagonists
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All-trans retinoic acid (RAR) BMS614 (RARO)

|
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HO

9-cis retinoic acid (RAR, RXR) Hydroxytamoxifen (ER)

a. OH

cº"
Oestradiol (ER)

Raloxifen (ER)
-* OH

* *.
O OH

HO H ( ).o
oºm

§ |
:* -- " - Diethylstilbestrol (ER) ICI164384 (ER)

º *
* &
* -- - -

Onists

s Ç
º (c) Partial AF-2 antag OH

- - -
N[. *** *** - O OH O

[. C O OHº HO
-

Genistein (ER) Oleic acid (RXR)
--------trends in Pharmacological Sciencesf

| ■ Fig. 3. The structures of (a) pure agonists, (b) pure activation function2(AF-2)antagonists and (c) par
tial AF-2 antagonists, discussed in the text, are shown with the receptor to which they bind in paren.
theses. 'Antagonistic substitutions are represented in red. Abbreviations; ER, Oestrogen receptor.
RAR, retinoic acid receptor, RXR, retinoid X receptor.L

Structural basis of antagonist action
To date, three crystals of nuclear receptor LBDs bound to
pure AF-2 antagonists (Fig. 3) have been reported. The
structural determination of the ERo LBD in complexes with

!" the selective anti-oestrogens raloxifen" and 4-hydroxytamoxifen”, provided the first structural evidence for the
structural basis of antagonism. This principle was recently
extended to another subgroup of the nuclear receptor fam
ily with the determination of the structure of the retinoic
acid receptor o (RARo) LBD bound to BMS614, a RARo

º
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selective antagonist'7. Together, all these structures revealed
a well-conserved overall fold as compared to the canonical
holo-nuclear-receptor LBD conformations, with one
exception: due to the particular chemical structure of pure
antagonists (see below), helix H12 is unable to adopt the
holo position. Following a clockwise rotation of ~12■ .
combined with a shift towards the amino terminus of the
LBD, helix H12 packs on the groove formedbythecatory
terminal part of H3, the loop L3–4 and H4, which also co
responds to the co-activator nuclear receptor box LXXII
motif binding site (Fig. 2C). Note that helix H12harbour
conserved hydrophobic residues that define a degenerated
LxxLL motif that mimicks the nuclear receptor box of co
activators and mediates the interaction with the de■ t
(Fig. 4b). Importantly, antagonist-induced repositioning of
the AF-2 helix immediately suggests a possible mechanism
for antagonist action, because the interaction surface with
co-activators, of which helix H12 is an integral part, is not
formed.

A general feature common to all AF-2 antagonist
molecules crystallized to date is the presence of bulkyside
chain that cannot be accommodated within the agoniº
binding cavity. As exemplified by the recently reported
RARo-BMS614 LBD complex'7, the antagonist extension
points towards helix H12 and exits the binding pocket
between helices H3 and H11 (Fig. 5a). This particularpº.
ition prevents the positioning of the activation helix H12in
the 'active' conformation as seen in the RARY-all-in
retinoic-acid complex”. Indeed, the superposition of these
two structures (Fig. 5a) shows that there would be as■ e■ :
clash between the antagonist extension of BMS614 and
helix H12 in its holo position. In the antagonist con■ om
tion, the lengthening of the loop L11–12, resulting■ tomtik
unwinding of the C-terminus of helix H11 enables helix
H12 to adopt a second low-energy position by bindingto
the co-activator LxxLL recognition cleft (compare Figº
and 5c). In contrast to agonists that stabilizealongHlíhº
cal conformation, different ligand-receptor interactions:
the level of H11 and of the surrounding regions (loop Lº
and H3) most probably explain the antagonist-induced
unwinding of the C-terminal part of this helix. Note that
these structural features are found in all antagonist-bound
LBD complexes crystallized so far. Hence, it appearsthat:
type of action of pure AF-2 antagonists described above
originates from at least two structural principles. The mººr
feature is the presence of a large 'antagonistic'ligºndeº
sion that sterically prevents the alignment of helix H(2m
the holo position. Without a holo-H12, no LBD-co-di
vator interface can be formed. The second structuralpink
ple is the unwinding of helix H11, which allows Hi!"
bind to the co-activator nuclear receptor box LXxll mi
binding groove. Thus, the second feature of antagonism"
the competition between H12 and the nuclear recº"
boxes of co-activators for a common LBD surface.

Structural basis for full and partial AF-2 antagonism
-

In addition to complete antagonists of AF-2 finds
(e.g. raloxifen and 4-hydroxytamoxifen), AF-2 "
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º
º agonists—antagonists (Fig. 3) have been crystallized with the (a) ERO-DES-GRIP1 NR box (b) ERO-OHT
-

corresponding receptors. All the structures discussed above
-

show a strict correlation between the orientation of the
-

-
AF-2 helix and their biological activity. However, the

-

ERB-genistein!" and RXRo—F318A-oleic acid.” LBD GRHP+- -

structures show that H12 can adopt the antagonist confor- peptide º
mation even though the corresponding ligand elicits a weak

-

but clear transcriptional AF-2 activity. A probable explana- !
tion for the discrepancy between the antagonist location of º

H12 and the transcriptional activity of these complexes is
that these ligands display some but not all features of pure
AF-2 agonists or pure AF-2 antagonists. Both oleic acid * H3
and genistein can be classified as partial or mixed AF-2 ago
nists—antagonists'72". A major difference between pure and
partial antagonists lies in their steric properties. In contrast

- -

- - - - -
trends in Pharmacological Sciencesto full antagonists genistein and oleic acid do not bear a

bulky extension. Thus, they do not sterically preclude the Fig. 4. Interfaces between the oestrogen receptor a (ERO) ligand-binding domain (IBD) and both
agonist position of H12 and are, in this respect, similar to the nuclear ■ eceptor box peptide and helix H12 (a) Close-up view of the coactivator (GRIP1-I■ ?
agonist. However, these compound induce unwinding of ºil
helix H11, which permits the positioning of helix H12 in leucine side-chains of the LXXL motif shown. For clarity, the hydrophobic residues of the groove
the antagonist groove; in this respect, these ligands are sim- that interacts with the co-activator peptide have been removed. The Wo ERa ■ esidues K352 and
lar to antagonists. The recently solved structure of ..."...º.º.º.º.º.º."
PPAR-Y bound to the mixed agonist–antagonist GW0072 (b) Close-up view of the ERo-4-hydroxytamoxifen (OHT) antagonist complex showing helix H12
(Ref. 21) suggests that an additional mechanism might bound to the static part Of the co-activator binding site Helix H12 is represented as a ■ ed Co worm'
account for the particular biological properties of suchºº
ligands. In this case, the partial activity of the ligand is Adapted from Ref. 12 using the coordinates §ed and 3ert deposited in the PDB.
attributed to a poor stabilization of the holo position of
H12 as a result of a lack of contact between the ligand and
the AF-2 helix. In the presence of such mixed ligands, the example of an 'intracrine' regulation by orphan receptors is
active holo conformation of nuclear receptor LBDs is not cholesterol metabolism, which is under feedback and feed
firmly stabilized, and the position of H12 probably depends forward control of the previous orphan receptors SF1

-
on the intracellular concentration of co-activators and (steroidogenic factor 1), LXRC. (liver X receptor o) and
co-repressors. Therefore, these ligands might act as either FXR (farnesoid X receptor). In this case, SF1 and LXRo act
AF-2 agonists or antagonists depending on the cellular as oxysterol receptors that stimulate bile acid synthesizing
context (Fig. 6). enzymes, whereas FXR is the cheno-deoxycholate receptor,

which exerts a feedback control in the same pathway. (For
Perspective for pharmacological drug design further details the reader is referred to the review by Repa
Orphan receptors as new pharmacological targets and Mangelsdorf”.) Another exciting progress is the recent
Because of its implication in virtually all fundamental physi- identification of a new steroid receptor, PXR (pregnane X

-

ological functions, the nuclear receptor superfamily offers an receptor), which interacts with several natural and synthetic
exceptional spectrum of targets for the development of ther- steroids” and controls steroid catabolism by activating the
apeutics. In addition, the rapidly growing number of nuclear cytochrome P450 isoform CYP3A and other P450 hydrox
receptor superfamily members raises the prospects of new ylases. Interestingly, PXR can bind to a large variety of com
targets and new ligands. Indeed, recently, ligands for several pounds that all act as agonists, including, in addition to

º of these new nuclear receptors, the so-called orphan recep- steroids agonists and antagonists, rifampicin or taxol. Obvi
tors',”, have been identified. One example are PPARs ously, this receptor plays an important role in determining
whose o isotype was originally identified as binding to syn- the concentration of for example, steroids and taxol used in
thetic compounds that stimulated the proliferation of perox– contraception and tumour therapy, respectively. ! {
isomes in liver cells, such as Wy14643 (Ref 23). Now, we
know that PPAR-o binds leukotrienes and might be Pharmacological action of nuclear receptor ligands -

involved in the control of inflammation. PPAR-Y controls The pharmacological potential of nuclear receptors lies, in part, ■
adipogenesis, binds certain fatty acids and prostaglandins, in the ability of synthetic derivatives to partially reproduce or
mediates the action of insulin sensitizers (thiazolidinediones) inhibit the activities of natural ligands. Indeed, synthetic ago- 1.

º used in the treatment of non-insulin-dependent diabetes and nists and antagonists of several nuclear receptors are currently
- might have a perspective in the 'differentiation' therapy of used as anticancer agents in chemotherapies of acute promye

liposarcoma” and breast cancer”. (For further details and
references on PPARs, the reader is referred to a recent
comprehensive review by Desvergne and Wahli") A recent

locytic leukaemia (retinoid agonists), and prostate (androgen
antagonists) and breast (Oestrogen antagonists) cancers.
Moreover, glucocorticoids are used as immunosuppressive
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(b) ERO–DES (c) ERO-OHT

trends in Pharmacological Sciences

Fig. 5. Structural basis of antagonist action, (a) Superposition of the ligand-binding sites of the retinoic acid receptor &
(RARo)—BMS614 (light blue) and the RARY-all-trans-retinoic-acid (T-RA) (pink) Complexes illustrating the steric clash
between the BMS614 antagonist extension (red arrow) and 1412 of holo-H12, which prevents the positioning of the AF-2 acti.
Vation domain (AD) core in the agonist Orientation, (b,c) Comparison between the conformations triggered by an agonist
(diethylstilbestrol (DES) and an antagonist (4-hydroxytamoxifen (OHT) in the region H11–H12 of ERo LBD. This highlights
the different positioning of helix H12 and the Unwinding of helix H11 in the ERo-0HT COmplex when Compared with the
ER&–DES COmplex. S530 and Yö26 indicate the C-terminal residues of H11 in the diethylstilbestrol and 4-hydroxytamoxifen
Complexes, respectively. Adapted from Refs 12 and 17 Using the COOrdinates 1dkf, 3erd and 3erf deposited in the PDB.
Abbreviations: ago, agonist, ant, antagonist.

or anti-inflammatory agents. However, the use of natural lig
ands for therapeutic purposes is often limited by their relatively
low specificity that results in toxicity when these ligands are
used at pharmacological doses. Therefore, the knowledge of
holo-nuclear-receptor LBD structures is of great value for ratio
nal design of more selective nuclear receptor ligands with
improved pharmacological properties. Although highly related,
distinct receptor isotypes might display amino acid differences achievement,
in their LBPs, allowing the generation of selective ligands. For
example, three divergent amino acids in the LBPs of RARQ,

Agonist Antagonist Partial agonist |
trends in Pharmacological Sciences

Fig. 6. The crystal structures discussed in this review have provided a structural view On how the binding of various
ligands can induce different nuclear receptor conformations, thereby modulating their transcriptional activity. Agonist
ligands (left) induce a conformation of nuclear receptor ligand-binding domains ([BDs) in which the holo-position of helix
H■ z is firmly stabilized (note that the black lines between the ligand and H12 indicate that the Overall holo-LBD Comfor
mation is strongly stabilized by the ligand, which does not necessarily have to directly interact with H12). This active
conformation provides a surface tº which co-activators can bind via their nuclear receptor boxes that contain LxxLL
motifs. By contrast, antagonists with bulky substitutions (centre panel) prevent the proper positioning of H12 in its agon
istic site and therefore destabilize the interaction surface. The antagonist induced unwinding of the C-terminal part of
helix H11 allows helix H12 to bind to the static part of the co-activator binding site. In the presence of partial AF-2
agonists—antagonists (right), the hold form is poorly stabilized (black lines). However, the agonist position of H12 is not
precluded by a steric hindrance of the ligand and the active conformation might, at least transiently, be adopted.
Consequently, the biological activity of such ligands might be highly dependent On the cellular concentration of Co
activators and co-repressors. Abbreviations: Ag0, agonist, Ant, antagonist,
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3 or Y have been shown to mediate theio.
type recognition by specific ligands”
Indeed, specific ligands for the q, Borº
RAR isotypes have been synthesized in a
similar way, the recent cloning of a second
oestrogen receptor, ERB, which presentsin
expression pattern that is different from that
of ERo (Ref. 33), offers the opportunity tº
look for new oestrogen receptor isotype.
selective ligands with higher specificity and
reduced side-effects”.

Many nuclear receptorsfunctionaseither
homo- or heterodimers with RXR as a

promiscuous heterodimerization partner.In
contrast to homodimerization, heterº
dimerization among nuclear receptor
superfamily members allows for the fint
tuning of nuclear receptor action by using
combinatorial sets of ligands. In this way,
RXR ligands can be used to enhance VII
ious signalling pathways as demonstrated

by the ability of RXR agonists to synergize with RAR
ligands, including some RAR antagonists”. It has beensu■ .
gested that in the context of the PPAR-Y-RXR htt
erodimer, RXR ligands stimulate insulin action in
non-insulin dependent diabetes, and enhance the action ºf
thiazolidinediones”. Thus, the generation of signaling
pathway-specific RXR ligands would be an impount

The generation of nuclear-receptor-based drugs with cd
or tissue specificity is of significant interest to limit side.

effects. To some extent, partial agoniº
antagonists can display such a specifidy
because the agonistic or antagonistic adiº
ity of such compounds might be exprest
in a cell-specific manner. In their N-■ emi
nal region, nuclear receptors harbour
another activation function, AF-1 (Fig.1).
whose activity is also mediated by binding
to co-activators. Moreover, the activity ºf
several nuclear receptor AF-1scanbe mod
ulated by phosphorylation, which mos
probably alters nuclear receptor AF-1-tº
activator interaction”. However, to dº
no crystal structure of the AF-1-containing
region of a nuclear receptor has been
reported and no interaction motifshow.
ogous to the LXXLL nuclear receptor boxes
could be determined. Antagoniºsimº
vate AF-2 but not necessarily AF-1. As"
example, the selective oestrogen recº
modulators (SERMs) 4-hydroxytamoxia
and raloxifen, which are used dimicº"
the treatment of osteoporosis and w
mone-dependent breast cancer, acts"
oestrogens in breast and endometrium but
are agonists in bone. This is in contrº"
the pure oestrogen receptor antagºn"
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ICI164384 (Ref. 38). It has been shown that ICI164384
antagonizes both the oestrogen receptor activation functions
AF-1 and AF-2 whereas 4-hydroxytamoxifen antagonizes
only AF-2 and functions as an AF-1 agonist”. Antagonists
that block both AF-1 and AF-2 activity, such as the anti
oestrogen ICI164384, are normally referred to as complete or
full oestrogen receptor antagonists, whereas 4-hydroxyta
moxifen and raloxifen are partial Oestrogen receptor ago–
mists—antagonists. Recently, the crystal structure of the
ERG-ICI164384 LBD complex revealed a mechanism of
antagonistic action that is similar, in principle, to that of
4-hydroxytamoxifen and raloxifen. However, in that case,
because of the presence of the long antagonist substituent in
the co-activator recruitment site, helix H12 cannot adopt a
defined position". It has remained unclear, however, why
the N-terminal AF-1 remains silent in the presence of this
antagonist. Along the same lines, Gehin and colleagues” have
shown that some synthetic retinoids that display cell speci
ficity, act as mixed RAR agonists—antagonists. However, in
this case, the partial activity triggered by these ligands would
be mediated only through the AF-2 function by the flip-flop
mechanism of helix H12 described above, Nuclear receptors
are also able to affect, positively or negatively, other signalling
pathways such as those involving activator protein 1 (AP-1),
nuclear factor KB (NF-kB) or signal transducer and activator
of transcription 5 (STAT5) transcription factors". Such sig
nalling crosstalks have been shown to be important targets for
drug design. For example, like RAR agonists, some RAR
antagonists also induce AP-1 repression”. Such retinoid
antagonists are therefore able to dissociate RAR-mediated
transactivation from transrepression of AP-1 activity. Inter
estingly, the first dissociated’ glucocorticoids have been
reported and might display reduced side-effects”.

Co-activators as pharmacological targets
Transcriptional regulation requires the recruitment by
nuclear receptors of multiple enzyme activities (e.g. acetyl
ases, deacetylases, kinases and ATPases), each of them repre
senting a potential therapeutic target. A plethora of potential
nuclear receptor co-activators that interact with transcrip
tionally active receptors in a ligand-dependent manner have
been reported?,*. Although their function is not fully
understood, some of these co-activators might play a role in
disorders of the endocrine system and in diseases such as
steroidal cancers. For example, the co-activator AIB1 (ampli
fied in breast cancer-1) is found to be amplified in oestrogen
receptor-positive cell lines as well as in a high proportion of
oestrogen-receptor-positive tumours”. The possibility that
some co-activators present nuclear-receptor- or cell
specificities is an attractive view. For example, PGC-1
(PPAR-Y co-activator-1), which is preferentially expressed
in skeletal muscle and brown fat, enhances transactivation by
PPAR-Y and TR (Ref 46). ARA70 (androgen receptor
co-activator 7) was reported to exhibit a preference for
androgen receptors, and enhance androgen-dependent trans
activation"; however, this is controversial”.

Both structural and biochemical data have shown that the
LXXLL motif is part of co-activator surfaces that interact with

nuclear receptor LBDs. Moreover, it has been shown that
co-repressors N-CoA (nuclear receptor co-repressor) and
SMRT (silencing mediator of RAR and TR) bind to a
nuclear receptor surface overlapping the co-activator bind
ing site via similar but not identical LxxLL motifs”.
Therefore, these findings raise the possibility to preclude
nuclear-receptor—co-regulator interactions with small pep
tidomimetic molecules. Using a phage display approach,
Chang and colleagues” have screened combinatorial pep
tide libraries that contain the core LxxLL motif of co-acti
vators. Some peptides have been found to selectively disrupt
ER■ – but not ERO-mediated reporter gene expression. In
a similar way, peptides were identified that discriminate
between ERo and ERB agonist and antagonist complexes”.
Histone acetyltransferases (HATs) represent another poten
tial pharmacological target. In this context, Lau and col
leagues” recently described the design of peptide CoA con
jugates that selectively inhibit the transcriptional
co-activators p300 and PCAF |p300/CREB (cAMP
response element-binding protein) binding protein-associ
ated factor].

In addition to the nuclear receptor co-activators present
in the HAT complex, a second type of complex, termed
TRAP or DRIP, mediates the transcription stimulatory
effect of nuclear receptors on the basal transcriptional
machinery. Interestingly, ligands can be found that differen
tially stimulate recruitment of HAT and DRIP co-activators
to the receptor, as shown for the vitamin D receptorº.
Thus, ligand design can differentially target these two com
plexes. However, the specific roles of the HAT and
TRAP–DRIP complexes in nuclear-receptor-mediated
transcription have yet to be determined.
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acetylamino]-benzoic acid
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ABSTRACT
Tamoxifen is the endocrine treatment of choice for all stages of

estrogen receptor (ER)-positive breast cancer, and it is the first drug
approved to reduce the incidence of breast cancer in high-risk women.
Unfortunately, tamoxifen also possesses some estrogen-like effects in
the uterus that cause a modest increase in the risk of endometrial
cancer. GW5638 is a tamoxifen derivative with a novel carboxylic acid
side chain with no uterotropic activity in the rat (Willson et al., J Med
Chem, 1994, 37:1550–1552).

We have compared and contrasted the actions of 4-hydroxytamox
ifen (4-OHT, the active metabolite of tamoxifen) with GW7604 (the
presumed metabolite of GW5638 in breast (MCF-7) and endometrial
(ECC-1) cell lines in vitro). GW7604 did not cause the growth of ECC-1
cells at any concentration (10 *–10 * M), but 4-OHT was weakly
estrogen-like at low concentrations (10 *-107* M). Compounds
(107." M) blocked the growth promoting action of estradiol (10 “M) in
both ECC-1 and MCF-7 cells. Western blotting was used to show that
GW7604 and raloxifene did not affect ER levels significantly, com
pared with controls, in MCF-7 cells; whereas the pure antiestrogen
ICI182,780 decreased ER levels (P< 0.05).

An assay system was used that can classify compounds into ta
moxifen-like, raloxifene-like, or pure antiestrogens. The assay de
pends on the activation of the transforming growth factor a (TGFo)
gene in situ by wild-type or D351 Y mutant ER stably transfected into
MDA-MB-231 cells (MacGregor-Schafer et al., Cancer Res, 1999, 59:
4308–4313). GW7604 inhibited both estradiol (107° M) and 4-OHT
(107°, 10 "M) induction of TGFa in a concentration related manner
(107°–10~" M). GW7604 and raloxifene stimulated TGFa with the
D351 YER. In contrast, ICI 182,780 (10 °M) did not initiate TGFa and
blocked the induction of TGFC, with GW7604, raloxifene, and 4-OHT
in D351 Y-transfected cells. Using computer-assisted molecular mod
els of ER complexes, we found that the antiestrogenic side chain of
4-OHTweakly interacted with the surface amino acid 351 (aspartate),
but the carboxylic acid of GW7604 caused a strong repulsion of as
partate 351. We propose that GW7604 is less estrogen-like than
4-OHT, because it disrupts the surface charge around aa351 required
for coactivator docking in the 4-OHT:ER complex. This charge is
restored in the D351Y ER, thus converting GW7604 from an anties
trogen to an estrogen-like molecule. (Endocrinology 142: 838–846,
2001)

Tºº FUNCTIONS AS an antagonist to estradiol(E2) in estrogen receptor (ER)-positive breast tumors
and, paradoxically, displays beneficial estrogen-like activity
in bone (1–3) but troublesome estrogen-like actions in the
uterus (4). This estrogen-like effect of tamoxifen on the uterus
is known to raise the incidence of endometrial cancer (3,5).
Furthermore, the ability of tamoxifen to function as an ag
onist in some settings may also explain the development of
drug resistance during breast cancer therapy. Tamoxifen
stimulated breast cancer growth has been noted during the
treatment of advanced breast cancer (6), and a steroidal pure
antiestrogen ICI 182,780 that has no estrogen like properties
is showing promise in the treatment of tamoxifen-resistant
breast cancer (7).
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The clinical pharmacology of nonsteroidal antiestrogens is
complex and cannot be described as simple blockade of es
trogen action, and the compounds are now referred to as
selective ER modulators (SERMs) to describe the site-specific
effects. New SERMs are being investigated for multiple ap
plications as treatments or preventives for breast cancer,
osteoporosis, and coronary heart disease (8). Raloxifene is
already used clinically to treat and prevent Osteoporosis (9),
but raloxifene is also being tested to determine whether it
will reduce the risk of coronary heart disease in high risk
women and also against tamoxifen to determine its worth as
a breast cancer preventive (10). The clinical success of ta
moxifen and raloxifene has encouraged the search for novel
SERMs for applications as multifunctional drugs. The ta
moxifen derivative GW5683 is unique because, unlike other
nonsteroidal antiestrogens, it possesses a carboxylic acid side
chain and not a tertiary nitrogen group (Fig.1). GW5638 is an
antiestrogen with reportedly less estrogenic than tamoxifen
in the rat uterus but which maintains agonist activity in bone
(11,12). GW5638 is a prodrug that is converted to its active
metabolite, GW7604, similar to the way tamoxifen is con
verted to the metabolite 4-hydroxytamoxifen (4-OHT) (13–
15). GW7604 is therefore used in cell culture systems to study
mechanisms of action at the ER in much the same way as
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Flo. 1. Structural similarity of GW5638 and its active metabolite
GW7604, to tamoxifen and 4-OHT. The pure antiestrogen ICI182,780
and raloxifene were used in the reported studies, and their structures
are illustrated for comparative purposes.

4-OHT is used in studies of tamoxifen in vitro. GW7604 is
particularly interesting for several reasons: it has a unique
structure as an antiestrogen, and it has been suggested to
destroy ERo (16) in a manner similar to that of pure anties
trogens (17). Clearly the actions of GW5638 in vivo classify it
as a SERM (11), so an evaluation of the mechanism of action
of GW7604 merits consideration.

The antiestrogenic side chain of nonsteroidal antiestrogens
is obligatory (18) for antiestrogen action, but it must be the
correct length for optimal activity (19) The resolution of the
x-ray crystallography of part of the ligand binding domain
with E, diethylstilbestrol, 4-OHT, and raloxifene (20, 21)
demonstrates profound differences between estrogens and
antiestrogens that helps to explain how antiestrogens silence
activating function (AF)2 and prevent coactivator binding.
As a result, estrogen-induced gene transcription is blocked.
What is particularly interesting is the observation that the

§

tertiary nitrogen of the antiestrogenicsidechainoffaloft
forms a close association with the surface aminoacid aspºr
tate at position 351 in the ligand-binding domain (N)h
contrast, the nitrogen of the antiestrogenic side diamº
4-OHT has only a weak association with aa351 (21) We
believe that this difference in the interaction of the anies.
trogenic side chains with aa351 could explain whylamoxia
ER complexes are more estrogen-like than raloxifene ER
complexes.

A D351 Y mutant ER was identified in a tamoxifen-Slim.
ulated MCF-7 breast tumor grown in athymic mice(?)■ he
complementary DNA (cDNA) for D351Y ER was stºl,
transfected into ER negative breast cancer cells MDA.M.
231 (23) and the estrogenic and antiestrogenic actions &
ligands, compared with breast cancer cells stably transiºlº
with cDNA for wild-type ER (24) at a transforming gowth
factor o (TGFo) gene target in situ. Interestingly, ■ aloº
behaved as an antiestrogen that suppressed AF-1 and AR.
with wild-type ER but D351X ER caused a partial readiº
tion of estrogen-like function (25). In contrast,40H■ sim.
ulated TGFa gene expression with both wild-typeandD35W
ER (26).

As a prelude to the testing of GW5638 in laboratorymbiº
of tamoxifen-stimulated breast and endometrial Cance■ . We
have compared and contrasted the actions of GW16A and
4-OHT on the growth of estrogen-responsive MCF7b■ º
and ECC-1 endometrial carcinoma cell lines in culture Wº
jayaratne and co-workers (16) previously noted dramat:
decreases in ER protein in MCF-7 cells, by Western bloting
and suggested that GW7604 may have some propertist
lated to pure antiestrogens such as ICI182,780. We have■ e
examined this action of GW7604 on ER in both breast
endometrial cells and used our antiestrogen classificatº
assay (27) to describe a potential mechanism of action ■ t
GW7604. In the absence of crystallographic data, Wehº
employed ligand docking with the 4-OHTER compkº
complement our study. The computer-assisted lowº
energy calculations are based on the interaction of amº
acids in the immediate vicinity of the antiestrogenictatº
ylic acid side chain. In this way, we propose a poet.
molecular mechanism of action for GW7604 that suppº
our classification of this novel SERM.

Materials and Methods
Cell culture and compounds

ER-negative human breast MDA-MB-231 cells were tº
the American Type Culture Collection (Manassas, VA) S30 sºMB-231 cells stably transfected with wild-type ER (24.10 º'
[MDA-MB-231 cells stably transfected with D351). ER (23) were gown
in phenol red-free MEM supplemented with 5% 3× demº
charcoal-treated calf serum, 2 mm glutamine, 6 ng/mlbowin: insula
100 U/ml penicillin, 100 pg/ml streptomycin, and nonessentialam"
acids.

MCF-7 cells (originally obtained from Dr. Dean Edwardsº º
University of Colorado, in 1985) were maintained in phenol .
taining RPMI 1640 supplemented with 10% FBS, 2 mmº
ng/mlbovine insulin, 100U/ml penicillin, 100 ug/mlsº

-nonessential amino acids. MCF7 cells were maintained inp"
free RPMI 1640 at least 48 h before each experiment.

- m
ECC-1 human endometrial cells (obtained from Dr. Mile .

Dana Farber Cancer Center, Boston) were maintained in pheno ºcontaining DMEM supplemented with 10% FBS, 2 m tº
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! FIG. 2. A, Concentration-responsive effects of E2, 4-OHT, andGW7604 on the growth of ECC-1 endometrial cancer cells. ECC-1 cells
were treated for 7 days with either vehicle (Control) or increasing
concentrations of E2, 4-OHT, and GW7604 (107*–1077 M). B, An
tiestrogenic actions of compounds on E2-stimulated growth of ECC-1
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6ng/ml bovine insulin, 100 U/ml penicillin, 100 pg/ml streptomycin,
and nonessential amino acids. ECC-1 cells were grown in phenol red
free DMEM at least 48 h before each experiment. All cells were passaged
twice per week with 0.5% trypsin (1:10 dilution). Cells were grown in
a 37-C incubator with 5% carbon dioxide.

E2 was obtained from Sigma Chemicals (St. Louis, MO), 4-OHT and
ICI182,780 were generous gifts from Dr. Alan Wakeling (Astra USA, Inc.
Zeneca Pharmaceuticals, Manesfield, UK), GW 7604 was a generous gift
from Dr. Timothy Willson (GlaxoWellcome Inc., Durham, NC), and
raloxifene (formerly known as keoxifene) was a generous gift from Eli
Lilly & Co. (Indianapolis, IN). Structures of the compounds are shown
in Fig. 1.

Human breast cell (MCF-7) and endometrial cell (ECC-1)
proliferation assay

Cells were seeded at 15,000 per well in 24-well plates, on day 0, in
estrogen-free maintenance medium. The cells were treated on days 1, 3,
and 5 with test media containing E2 and antiestrogens at the indicated
concentrations. All of the compounds were dissolved in 100% ethanol
and added to the medium at a 1:1000 dilution. Dose response curves
were prepared for GW7604, 4-OHT, and E, between 107"-107 M alone.
Combinations with E2 (10 "M) were used to determine antiestrogen ac
tion. On day 6, cells were sonicated and assayed for DNA content, as
described previously (28), using a fluorometer.

Western blot analysis
Cells were seeded into T-75-cm tissue culture flasks. Cells were

exposed to ligands in culture media containing 10% stripped FBS, for
24 h, and nuclear extracts were prepared as described previously (29).
Cells were trypsinized and pelleted. The pellet was resuspended in
protein extraction buffer (0.45 M NaCl, 1 mM MgCl2, 0.2 mM phenyl
methylsulfonyl fluoride, 0.5 mM dithiothreitol, 25% gycerol, and 20 mM
HEPES (pH 7.7) and then was respun. The extracts were collected and
stored at -80 C. Protein concentration was measured using the Protein
Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Total protein (100
pg) was analyzed by SDS-PAGE. Proteins were transferred to nitrocel
lulose membrane and probed with monoclonal antibody AER311 (Neo
markers, Fremont, CA), raised against the human ERA, and 3-actin
antibody AC-15 (Sigma) was used to standardize loading. Complexes
were detected using ECL (Amersham Pharmacia Biotech, Piscataway,
NJ). The membrane was wrapped in plastic and exposed to X-OMAT
film (Eastman Kodak Co., Rochester, NY).

Northern blot analysis

The assay of compounds for estrogenic and antiestrogenic activity at
the TGFa gene was described previously (27). Concentration response
experiments, in at least triplicate, were conducted with compounds as
indicated in Results. Analysis of TGFa messenger RNA (mRNA) ex
pression was assessed by Northern blots as described previously (30).
Cells were treated with ligand for 24 h, and total RNA was extracted
using TRIZOL reagent (Life Technologies, Inc., Rockville, MD). Twenty
micrograms of total RNA were separated by electrophoresis in dena
turing agarose gel (22 M formaldehyde and 1% agarose), and transferred
to a nylon filter by capillary blotting, and cross-linked by UV irradiation.
The blot was hybridized, and the probe was prepared with 50 ng cDNA

endometrial cancer cells. ECC-1 cells were treated for 7 days with
either vehicle, 107* M E2, 107" M 4-OHT, 10-7 M raloxifene (Ral),
1077 M ICI 182,780, 1077 M GW7604, or combinations thereof, as
described. The antiestrogens blocked the E2-induced growth of ECC-1
cells when compared with E2 alone (P< 0.05). C, Histogram illus
trating the antiestrogenic actions of the compounds on E2-stimulated
growth of MCF-7 human breast cancer cells. The MCF-7 cells were
treated for 7 days with either vehicle, 10^*M E2, 10-7M 4-OHT, 10-7
M Ral, 10-7 M ICI 182,780, 10-7 M GW7604, or combinations thereof,
as described. The antiestrogens blocked the E2-induced growth of
MCF-7 cells when compared with E2 alone (P<0.05). The amount of
DNA/well was determined fluorometrically in all studies (A–C) as
described in Materials and Methods. The results represent the
mean + SD of at least three determinations.
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fragments randomly labeled with [*p/deoxycycidine triphosphate. A
human TGFa cDNA probe, derived by EcoRI digestion of a TGFa
containing plasmid, was a generous gift from Dr. R. Derynck, (Genen
tech, Inc., San Francisco, CA). The membrane was washed successively
with 1 × SSC (150 mM sodium chloride/15 mm sodium citrate, pH 7.0)
buffer and 0.1% SDS solution for 30 min at 60 C, 0.5× SSC buffer/0.1%
SDS solution for 30 min, and 0.1× SSC buffer/0.1% SDS solution for two
15-min periods at 60 C. The blot was exposed to Eastman Kodak Co.
X-OMAT film for autoradiography, in a cassette with double Quanta III
intensifying screens, at -80 C, for 24–48 h.

Molecular modeling
A structural model of dimeric human ERo bound to 4-OHT was

constructed from 3ERT.pdb (21) using crystallographic symmetry op
erations. After removing all water molecules except the ordered water
forming a hydrogen bond with the O4 of 4-OHT, the model was min
imized in the consistent valance force field using Discover (Molecular
Simulations Inc., San Diego, CA). The small molecule GW7604 was
constructed using tamoxifen found in 3ERT as template, and the com
pound was then minimized in consistent valance force field using Dis
cover. For docking, GW7604 was placed in the active site, using 4-OHT
as a guide, and the compound hydroxyl was restrained to be within 40A
of both the order water molecule and Glu 353, using a quadratic force
term. Docking was performed using Affinity, and results were visual
ized using Insight 9.72 (Molecular Stimulations, Inc., San Diego, CA).

Results

Estrogenic and antiestrogenic activity of GW7604 on
endometrial cell proliferation

The ER-positive ECC-1 endometrial cancer cells (Fig. 2)
were extremely sensitive to the proliferative effects of E2, but
GW7604 did not increase the proliferation of endometrial
cancer cells above control (no treatment). In contrast, 4-OHT
showed a concentration-related increase in the proliferation
of endometrial cancer cells. The magnitude of the estrogen
like response of 4-OHT was increased at low concentrations,
compared with GW7604, but was not as dramatic as the E2
response (Fig. 2A). We also demonstrated that, at high con
centrations (107 M), the antiestrogens inhibited the E2-stim
ulated (107"M) proliferation of endometrial cancer (ECC-1)
cells (Fig. 2B) and breast cancer (MCF-7) cells (Fig. 2C).

Effects of GW7604 on ER expression
To characterize the antiestrogenic activity of GW7604 fur

ther, we determined the effects of ER protein expression in
MCF-7 breast cancer and ECC-1 endometrial cancer cells. It
has been previously reported (Fig. 3A) that E2 decreases the
transcription of ER in MCF-7 cells with decreased protein
levels (Fig. 3A) (29). Interestingly, 4-OHT increased ER in
MCF-7 cells but only at the protein level. It is widely accepted
that pure antiestrogen ICI182,780 degrades ER protein al
though having no effect on ER mRNA (17. 29). Because
GW7604 has previously been found to decrease ER protein
(16), we tested the effects of GW7604 on ER protein levels in
our cell lines and compared the results with the effect of ICI
182,780. In Fig. 3A, Western blot analysis shows ER protein
levels in MCF-7 and ECC-1 cells after treatment with E2,
4-OHT, raloxifene, and ICI182,780. GW7604 did not appre
ciably decrease the level of ERo protein in either cell pop
ulation, compared with the decrease observed with the pure
antiestrogen ICI 182,780. These data were repeated at least
three times for MCF-7 cells, and the changes in ER protein

ER S--- -MCF-7
-

3-Actin *-*

B-Actin --> --~~
ECC-1

B 0. 4

0. 3.

; 0 2

0.1

G

cont E2 4OHT Rat |C. GW

To
C * É

5 ºn Q Tº 7 3.& u■ " < * 9 O
-—T

ERo tº * * * *
L–

MCF-7
B-Actin | * * ****

ERC, ***
ECC-1

ninMCF1am
FIG. 3. Western blot analysis of ER protein expressio andECC-1 cells grown in estrogen-free media and treated with B,
antiestrogens. A, ER protein was measured by Westernblº sº
of treatment with media (control), 10°ME, 10'M40HT!"
Ral, 10-7 MICI 182,780 (ICI), or 10-7M GW7604. p-Actinproteinwº
measured to ensure even loading, B, Densitometric analysis º
mean + so of western blot of MCF-7 cells for ERa. The ".
ERo-over-B-actin is shown. 4-OHT, raloxifene, and GW7604.have
protein levels similar to control (cont). However, E, and ICI18278)
treatments have significantly lower levels of ERa (P<0.0%.ern blot analysis of ER mRNA in MCF-7 and ECC-1 tells. ■ º
were treated with vehicle (control), 10°ME, 10'M 4-OHT,10"M
Ral, 10-7MICI, 10-7M Gw, for 24h, before RNAisolation.Nº
blot analysis was performed using a TGFa cDNA probe as■ iºn
in Materials and Methods, 8-Actin mRNA was measured tº ensu■ e
even loading. Results were confirmed in A-C with 4-5 separa”
periments.
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were quantified. Of the antiestrogens, only ICI 182,780 pro
duced a significant (P<0.05) decrease in ER protein levels,
compared with untreated cells (Fig. 3B). ER mRNA was
determined, and Only E2 caused an expected decrease in
MCF-7 cells (Fig. 3C). The ER mRNA was also decreased in
ECC1 cells by E2 treatment but was unaffected by the an
tiestrogens (Fig. 3C).

GW7604 is an antiestrogen at the TGFo: gene
Different concentrations of GW7604 (107°–10~" M) were

unable to increase the level of TGFo mRNA in cells trans
fected with wild-type ER (Fig. 4, A and B). This was in
marked contrast to the effect of E2 (107°M) and 4-OHT (1077
M), both of which activated the TGFa gene in cells with

A > 3 > 3 > <:~ *- ºn tº -- º

2 E 2 e 2 e
> → 3’ > 3 >
(5 C (5 C5 C5 G5
+ + + + + +

: 3 : s = = <
r- - * * ~ *- r:- a = F = * * * * * *

8 : E → * * – E E E E E# * r = E = + F = F = +3 = Q = # = Q, Q & Q & C
O u + (5 C5 C5 ºr ºr ºr ºr + ºr

TGFC, º * * *
Wild type ER

B-Actin ºººººº tº sees tº sº as

B 7

t ow }- - r- - - - - - r- -

o u! ~ º t- wo * tº * * t wo
C 3 o c -> Q C. Q C º cº

- > - T. T. & T. - :-
-> + + + + +

º ~ ■ º F F Fº§ 3 ; * * *

GW [M] — 4OHT GW [M]

FIG. 4. The inhibition of the estrogen-like effect of 4-OHT ER by
GW7604 at the TGFa gene. A, Northern blot analysis of TGFa mRNA
Was performed as described in Materials and Methods, 24 h after
exposure of ER-transfected cells to 107* M E, alone or 4-OHT alone
or in combination with increasing concentrations of GW7604. TGFa
mRNA was detected with a TGFo cDNA probe as described in Ma
terials and Methods. 3-Actin mRNA was measured to ensure even
loading. Results were confirmed in three separate experiments. B,
Fold induction of TGFa transcription based on densitometric quan
tification of Northern blot analysis of MDA-MB-231 cells containing
wild-type ER standardized with 3-actin. E2 and 4-OHT treatment
induced a statistically significant increase of TGFo mRNA (P<0.05).
A 10-fold greater concentration of GW7604 blocked 4-OHT-induced
transcription at two different concentrations (107.7 M and 107*M) (*,
significant decrease in TGFor mRNA at the P × 0.05 level, compared
with 4-OHT alone). Results are the mean + SD of triplicates.
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wild-type ER (Fig. 4, A and B). Most importantly, increasing
concentrations of GW7604 blocked gene activation of TGFo
by two concentrations (107° and 107M) of 4-OHT (Fig. 4B).
As would be predicted if competition occurs at the ER,
GW7604 was more effective against the lower concentration
(107* M) 4-OHT. We then investigated the interaction of
GW7604 with E2 by comparing and contrasting the actions of
the compound in wild-type and D351 YER-containing cells.
We confirmed that GW7604.wild-type ER complexes were
antiestrogenic at the TGFo gene; increasing the concentra
tions of GW7604 (10 °–107°M) blocked E2 (10 °M)-induced
increases in TGFo mRNA (Fig. 5, A and B). However, cells
stably transfected with the cDNA for the mutant ER D351 Y

A —Wild type ER — D351 Y ER—

* = = z =
* * * * * = s = ># = 3 = # * : * : * : * :

# , C (5 & 3 (2 : E → E → *
5 *, *, *, *, *, *, 5 = - 3 - -
C LL LL Lu Lu LL LL C C C C C C,

TGFC, **** % º

3-Actin

B Wild type ER — D351 YER —

3.5 -

3 -

a 2.5
º
cº

§ 2 - T
E
is 1.5 +
■ ×

1 -

0.5 -

0 +- :- - r- rº- F. rº- t r- -- +- F +-§ 3 ; ; ; ; # 3 # 3 ; ; ;
ow - — — — — - - - - -
* — E, 1 GW IM] GWIM] —

FIG. 5. Concentration-related actions of GW7604 on TGFo mRNA
levels in MDA-MB-231 cells stably transfected with cDNAs for wild
type or D351Y ER. A., GW7604 blocked the effect of E2 (107° M) in a
concentration-related manner. Northern blot analysis of TGF a
mRNA was completed 24 h after cells containing wild-type ER were
treated with vehicle (control) or 107* M E, alone or in combination
with increasing concentrations of GW7604. Cells containing D351Y
ER were treated for 24 h with vehicle (control) or increasing concen
trations of GW7604 alone. TGFcy mRNA was detected with a TGFo:
cDNA probe as described in Materials and Methods. 3-Actin mRNA
was measured to ensure even loading. B, Fold induction of TGFo
standardized over B-Actin quantified with densitometry in wild-type
and D351Y ER. GW7604 blocked E2-induced transcription, compared
with E2 treatment alone with wild-type ER (*, P × 0.05); but GW7604
induced a detectable, but not significant, increase in TGFa mRNA
with D351Y ER. Results were confirmed in three separate experi
ments and a represented as mean it SD.
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increased TGF0 mRNA in a concentration-related manner
(Fig. 5, A and B). Nevertheless, the increases observed with
GW7604 did not reach statistical significance in this series of
experiments. We have previously reported that nonsteroidal
antiestrogens whose side chain interacts with aa351 in the
wild-type ER can become estrogen-like if aspartate is
switched to tyrosine (25, 27). The nonsteroidal antiestrogens
in this category that bind to the ER in this manner are related
to raloxifene (27).

The hypothesis that antiestrogenic side chain of GW7604
had an important interaction with aa351 was addressed in
our next experiment. We compared the actions of E2 (107°M),
4-OHT (107 M), raloxifene (107 M), ICI 182,780 (a pure
antiestrogen that is not a SERM) (10−7 M), and GW7604 (107
M) on TGFa gene activation in freshly thawed stock cells
stably transfected with cDNAs for wild-type or D351 YER.
The results (Fig. 6, A and B) demonstrated that GW7604
interacts with the ER at aa351. GW7604, unlike 4-OHT, did
not stimulate TGFo mRNA via wild-type ER, but both D351 Y

A § – #
º: I tº5 s, Q & = 3
dj uj - d. 9 (5

TGFC, * *

Wild type ER
B–Actin

TGF(x *rºvº -
D351 Y ER

- ----------> ---------3–Actin |*-

B

co

É
t
£

§ ºr =
5 tº - C

- g > g >ru H
u I. rº

O or o ■
D351 Y ER

7:
O

O

Wild type ER

FIG. 6. Actions of E2 and various antiestrogens on TGFa mRNA lev
els in MDA-MB-231 cells stably transfected with cDNAs for wild-type
or D351 YER. A., Northern blot analysis of cells treated for 24 h with
vehicle (control), 10 ” M E2, 107" M 4-OHT, 107* M Ral, 10-7 M ICI
182,780 (ICI), or 107" M GW7604. E2 and 4-OHT induced transcrip
tion, compared with control, in both wild-type and D351 Y-transfected
cells (P<0.05). However, ral and GW7604 were able to induce TGFo
mRNA transcription in cells containing D351 YER. 3-Actin mRNA
was measured to ensure even loading. These results were confirmed
in three separate experiments. B, Fold induction of TGFo, standard
ized over 3-actin quantified with densitometry in cells stably trans
fected with wild-type mRNA or D351 YER (*, P* 0.05, compared with
control). Results represent + SD of three determinations.

ER:GW7604 and raloxifene complexes activated the TCF,
gene. ICI 182,780, the pure antiestrogen, did not activate■ he
TGF8 gene with either wild-type or D351). ERalone■ ists
and 7B) and acted as an inhibitor of TGFa gene induction■
used in combination with E2,4-OHT, raloxifene, or GW18.
in cells transfected with D351XER (Fig. 7, A and B).These
data illustrate the unique properties of ICI182,780 and the
difference from the nonsteroidal compound GW604

Discussion

We have established two important facts about the new
tamoxifen derivative, GW7604. First, the side chain of h.
moxifen controls the estrogen-like nature of the ERCOmplex
The new molecule GW7604 (Fig.1) has reducedestrogenik
actions at the TGFo gene and can block both E. and 40H■
induction of TGFor mRNA. We conclude, from the datap■ e.
sented (Figs. 6 and 7), that GW7604 is a compound that ºld

A

# ; ; :# g

TGFC:

3–Actin

B

| ..
0

§ § É § 3 § ; i : i
FIG. 7. Effects of the pure antiestrogen ICI182,7800m TGFamFNA
expression in combination with either E, or antiestrºgºn treatmentA. Gwié04 was compared directly with ICI182,780 in tºº."
fected with D351YER. The MDA-MB-231 transfectantswº
with vehicle (control), 10-9 M E, 107M 4-OHT, 10-7M Ral, 10 M
ICI182,780 (ICI), 10-7 M GW7604 (GW), or combinations thereºfit
24 h, before RNA isolation. Northern blot analysis was ■ º
using a TGFa cDNA probe, as described in Materials and Methºds.
3-actin mRNA was measured to ensure even loading. R.
confirmed with three separate experiments. B. Fold induction 0
TGFa standardized over 3-actin in MDA-MB-231 cells slº.
fected with D35■ y ER. The pure antiestrogen ICI182,780is."
block the induction of transcription of each of the monsteroidal.
tiestrogens. All treatment combinations with ICI182780had sº
icantly lower levels of transcription, compared with treatment".
out the pure antiestrogen (P<0.05). Results representmean”
at least three determinations,
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# be classified as a raloxifene-like compound but cannot be
i. classified as a pure antiestrogen (Figs. 3 and 7).

-
We have advanced that idea the 4-OHT and GW7604 have

º an interaction with aa351 (aspartate) by examining the ex
ternal surface of the complexes. The x-ray crystallography of

i■ the 4-OHT ER complex (ligand binding domain) demon

#
##
º
º
#
#:

-

º* . . . 4. 2wº-".

strates that the protein envelopes
12 (shown in blue in Fig. 8A) is ur
the top of the ligand because the
the vicinity of asp351. Shiau and
x-ray crystallography to show that
the GRIP1 binding site, thereby

of GW7604 strongly repells aspartate 351.

FIG. 8. A, left, Molecular modeling of the wild-type ligand binding domain ER dimer showing the surface aa asp
tertiary amine of the antiestrogenic side chain of tamoxifen. Helix 12 (shown in blue) is reported to occupy the sit
that is needed to activate AF-2 (28). Right, The carboxylic acid side chain of GW7604 is calculated to repell aspi
the surface charge. We suggest that the change in the positioning of the charge caused by GWT604 is critical to
binding in the region around aa351, which results in the loss of estrogen-like properties for the ER complex at t
models were calculated as described in Materials and Methods. B, The positions of 4-OHT and GW7604, as th
binding, with their respective interaction with surface amino acids in the ER complex. The positioning of 4-OHT is
by Shiau et al. (21), and these data were used for the modeling of GW7604 as described in Materials and Methods.
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However, the fact that 4-OHT ER complexes are estrogen
like at the TGFo gene, in the context of the MDA-MB-231
breast cancer cell, suggests that other coactivators of estrogen
action must bind at novel sites on the complex. This hypoth
esis was first proposed by Norris et al. (31), who found that
coactivators required for gene activation of E, or 4-OHTER
complexes bind at different sites on their respective com
plexes. We suggest that the putative coactivator that binds to
the 4-OHTER complex and causes gene transcription may
bind to the area around the aspartate at aa351. The exposed
negative charge from aspartate in the 4-OHT ER complex
would be available to interact with an LXXLL area on the
binding site of a putative coactivator.

The concept is supported by the finding that, unlike the
side chain of 4-OHT (21), the side chain of raloxifene has a
tight interaction with aa351 (20). This neutralizes and shields
the charge on aspartate (20). In an earlier report (32), we
addressed the importance of available negative charge at
aa351 for the estrogen-like actions of 4-OHT by substituting
glycine for aspartate at 351. The 4-OHT:D31G ER complex is
not estrogen-like itself, but E2 binds and effectively activates
the D351G ER at the TGFo gene. Raloxifene and 4-OHT are
both antiestrogens, and they block E2 action at the TGFo gene
with the D351GER (32). In the current study, we suggest that
GW7604 does not neutralize or shield the charge on the
aspartate of wild-type ER but causes a repulsion of the as
partate at aa351 (Fig. 8, A and B). In Fig. 8B, we show the
three-dimensional structures of both 4-OHT and GW7604, to
illustrate directly the differences in interaction with relevant
amino acids. We suggest that the repositioning of the surface
charge around aa351 (Fig. 8A, right) is responsible for the
reduced estrogenicity of GW7604, because it cannot now
bind to the appropriate coactivator molecule for gene tran
scription. This conclusion supports the recent report by Wi
jayaratne and co-workers (16), which demonstrated general
differences in the surfaces of GW 7604 ER complexes and
4-OHTER complexes using a phage display technique. How
ever, the authors could not define a precise area on the
surface of the ER. We suggest that the most likely area for
coactivator interaction will involve aa351. Based on our ac
cumulated experimental evidence (25–27, 32), it is possible to
summarize our observations to propose a working model for
the estrogen-like action of several SERMs.

We suggest that the precise positioning of the surface
aa351 aspartate is critical for the assembly of a transcription
complex at the TGFo gene. The side chain of raloxifene
shields the aspartate completely, to prevent gene activation
(25), but the gene can be reactivated with a larger charged
amino acid substitution at 351, such as tyrosine (25). The
interaction of the side chain of 4-OHT with aspartate 351 is
inadequate (21), and the remaining charge can enhance TGFo
gene activation (26). Removal of the charge at aa351 by sub
stituting glycine retains antiestrogenic activity but silences
estrogen-like properties for the 4-OHT ER complex (32).
Changing the amino acid from glycine to tyrosine restores
the charge at 351 and restores the estrogen-like properties of
the 4-OHT ER complex (26). The observation that GW7604
also silences the ER complex implies that the relocation of
aspartate 351 on the surface (Fig. 8) creates an inappropriate
surface charge that prevents coactivator binding and, as a

result, prevents activation of the TGFa gene. The replace.
ment of aspartate for tyrosine in D351X ER must, therefore
permit some coactivator binding to cause weakTGFagºre
transcription with GW7604 (Fig. 6).

Our second observation is that GW7604 is less estiºn.
like than 4-OHT in the ECC-1 endometrial cancer cell prº
liferation assay. In this study, ECC-1 cells and MCF7&l;
were used to confirm the antiproliferative action of GWA,
(11). Dauvois et al. (33) used MCF-7 cells to establishth■ the
steroidal pure antiestrogen ICI182,780 would causedestric
tion of ERo Wesubsequently confirmed thesefindings sing
ICI182,780 (29) and noted that ER mRNA is maintained
although protein is lost. Although the profiles of GW16Ain
some assays resemble that of pure antiestrogens, GW1845
distinct from steroidal antagonists such as ICI18278) he
cause it does not appreciably degrade ER protein levels in
breast or uterine cells (Fig. 3). These data support the geneº
conclusion of the SERM classification assay.

The observation that GW7604 is a raloxifene-like Com
pound at ERa is consistent with the previous findingstha,
like raloxifene (34,35), the prodrug GW5638 maintainsbon:
density in the rat but blocks estrogen action in the uterus(■ )
13). However, the present and previous (16) mechanisi.
studies do indicate that GW7604 produces a distinctly if
ferent external surface of the ER than either tamoxi■ ºm O■

raloxifene. We support the view that the molecular mediº
nism of action of GW7604 makes it different from Ú■ t
pounds reported previously (16). The finding that GW&H
has low potential to stimulate the proliferation of endome
trial cancer cells is excellent preliminary data to suggestial
unlike tamoxifen (3,5), the prodrug GW5638 might notif
crease the incidence of endometrial cancer in patien's
GW5638 is being advanced to the next stage of development
by testing in animal models of human drug resistant tº
tamoxifen (36–38) to garner appropriate preclinical databe
fore clinical testing is initiated.
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