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Chapter 1  INTRODUCTION 

 

 Breast cancer is among the top five cancerous causes of death.  The cause 

of breast cancer is complex, but it was claimed that the proliferation of the breast 

cancer cell is stimulated by estrogens, which is a natural hormone. 

 The proliferation mechanism is believed to be as follows.  Estrogen binds 

to the estrogen receptor alpha (ER ) in the cytoplasm to form a receptor-ligand 

complex (RL).  The complex recruits a coactivator and dimerizes.  The dimer 

enters the cell nucleus and binds to the estrogen response element (ERE) to 

initiate gene transcription for cell division.  

 Anti-cancer drugs are developed that compete with estrogen to bind to the 

same site on ER  but will not cause downstream effects.  In other words, these 

drugs behave like antagonist. 

 Tamoxifen (TAM) and Raloxifene (RAL) are two such drugs, and are 

widely prescribed to patients with estrogen-positive breast cancer.  However, 

these anti-hormone drugs have serious side effects, including hot flashes, vaginal 

discharge, dryness, the fall in bone density in pre-menopausal women and even 

endometrial cancers.  Therefore, more selective estrogen receptor modulators 

(SERMs) need to be developed that will suppress breast cancer cell development 

but cause minimal side-effects.  

 To produce such a drug, identification of lead compounds is the starting 

point.  The lead compounds should (1) compete with estrogen for binding with 

ER , (2) not an agonist in cancer cells, (3) have low toxicity, and (4) readily 

available. 
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 Dietary estrogens are candidate lead compounds.  They occur naturally, 

are readily available and easily ingested, and quite a few are nontoxic.    

 To determine if dietary estrogens can out-compete endogenous estrogen in 

ER   binding, it is customary to compare their relative binding affinities (RBA).  

RBAs of a few dietary estrogens are available in the literature.  However, RBA 

measures the relative binding strength for a system in equilibrium.   Recent 

studies showed that in vivo binding is seldom in equilibrium.  For that reason, 

dynamic indicators rather than equilibrium RBA are shown to be more indicative.  

For example, the dissociation rate (or its inverse which is the residence time) of 

the receptor-drug complex was shown to correlate with drug potency better than 

RBA would. 

The kinetic rates of the binding of ER  and dietary estrogens have not 

been reported.  We therefore measured them in this work.  Three general methods 

are available to measure R-L binding kinetics.  They are radio-assays, mass 

difference assays and fluorescence assays.  We chose the fluorescence method and 

applied it to tethered ER  in a flow cell.   We adopted this format because it (1) 

measured kinetics, (2) used less chemicals, (3) was fast and convenient, and (4) 

potentially could sort of agonists from antagonists. 

 The organization of the thesis is as follows. The motivation and 

introduction are mentioned in this chapter.  Chapter 2 reviews the background of 

breast cancer and estrogen, dietary estrogens and kinetics measurement 

techniques.  Chapter 3 discusses the experimental aspects.  Chapter 4 reports and 

discusses the experimental results.  Chapter 5 summarizes the thesis.   
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CHAPTER 2  BACKGROUND 

 

This chapter reviews the basic concepts of (1) breast cancer cell 

proliferation mechanism, (2) anti-estrogen drugs, (3) dietary estrogens, (4) 

binding kinetics, (5) methods for measuring binding kinetics, and (6) 

agonist/antagonist. 

 

2.1  Breast cancer cell proliferation mechanism 

  

2.1.1  Overview and general picture  

  

 The causes of cancer are complex, e.g. radiation, infections, virus, 

chemicals, heredity or DNA replication errors.  If the DNA-damaged cell neither 

self-repair nor commit suicide (apoptosis), it can become cancerous and undergo 

cycles of cell division to disrupt the balance of normal cell growth to form 

malignant tumor.  It may spread to other parts of the body through lymphatic 

system and blood vessel.  

 According to the World Health Organization (WHO), cancer is a leading 

cause of death worldwide, accounting for 7.6 million deaths (around 13% of all 

deaths) in 2008.  Deaths from cancer worldwide are projected to rise unceasingly 

to over 13.1 millions in 2030.  Breast cancer is one of the top five cancerous 

causes of death.  In 2008, it accounted for 0.458 million deaths.  Breast cancer 

treatment is therefore intensely studied.  
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Figure 2.1 The general picture of the mechanism of the breast cancer 

proliferation. The estrogen binds with the estrogen receptor, and then the 

receptor-ligand complex dimerizes, recruits coactivator, and binds with estrogen 

response element to induce cell proliferation. 

 

2.1.2  The role of ER 

 

 Estrogen receptor, estrogen-related receptor (ERR), androgen receptor 

(AR), progesterone receptor (PR), glucocorticoid receptor (GR) and 

mineralocorticoid receptor (MR) all belong to the steroid hormone receptor class 

of the nuclear receptor superfamily.  Steroid hormone receptors are transcription 
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factors.  Upon binding with certain ligand, the receptor-ligand complex (R-L 

complex) undergoes a conformational change and then enters the cell nucleus to 

initiate transcription.  Estrogen receptor (ER) binds specifically to female 

hormone (17 -estradiol) and other estrogen ligands.  The complex triggers a 

downstream effect that leads to the proliferation of mammary cells (Figure 2.1). 

ER has two isotypes, estrogen receptor alpha (ER ) and estrogen receptor beta 

(ER ).  ER  is a 68 kD protein of 595 residues, while ER  is a 55.5 kD protein 

of 495 amino acid residues.  They share about 97% sequence homology in DBD 

region and around 55% sequence homology in LBD region, whereas the  

N-terminus is poorly homologous at 24%, as shown in Figure 2.2.   The two 

isotypes share most of the ligands and bind equally strongly to the female 

hormone 17 -estradiol (E2).  The dimer binds to the estrogen response element 

(ERE). 

 The ligand binds to the hydrophobic binding pocket of the ER -LBD.  

Helix 12 (H12) acts as a switch for coactivator recruitment.  If the ligand is an 

agonist, helix 12 caps the ligand binding pocket to expose the nearby groove for 

further binding of the LxxLL motifs of a coactivator (CoA) [1].  On the contrary, 

if the ligand is an antagonist, H12 flips outwards to block the binding of the CoA.  

The receptor-ligand complex, in an agonist or antagonist mode, is shown in 

Figure 2.4.  Several studies showed that ligand binding can also modulate the 

dimerization interaction of the two LBDs of an ER dimer.  The ER dimer can 

either be a homodimer (ER -ER  or ER -ER ), or a heterodimer (ER -ER ).  

It was known that ligand binding also affects its DBD function [2].   These 

various cooperative effects of ER binding are still under investigation. 
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 ER  was shown to be highly expressed in breast cancer cells.  Their 

proliferation is believed to be due to female hormone induced transcriptions.  

ER  was found to be express in normal cells [1].  

 

 

 

Figure 2.2 The primary structures of ER  and ER , showing their homology 

and functions of the different regions [3]. 
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2.1.3 The role of estrogen 

 

  Estrogens are a group of primary female sex hormones which are 

essential for the menstrual and estrous reproductive system.  Endogenous 

estrogens are steroid hormones while the synthetic ones are non-steroids.  Estrone 

(E1), Estradiol (E2) and Estriol (E3) are the major steroid hormones in female.  

Non-steroid ones are classified into mytoestrogens, phytoestrogens and 

xenoestrogens according to their mode of production.  

 Steroid estrogens are mainly produced by the ovaries. The actions of 

estrogen are mediated by the estrogen receptor.  Once the estrogen binds with ER, 

the complex would recruit the coactivators and estrogen response element, and 

form a large complex with certain conformational change, as to activate the 

transcription of specific gene. 

 Estrogens are present in both male and female, but the concentration in 

both genders is different.  During puberty, the increase of the estrogens in female 

promotes the development of the secondary sex characteristics.  
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Figure 2.3 The chemical structure of Estrone E1 (Top), Estradiol E2 (Left 

bottom) and Estriol E3 (Right bottom).   

 

 2.1.4  Coactivator structure and its recruitment 

 

The coactivators contain a motif LxxLL, which is thought to mate with the 

NR box.  These LxxLL-containing peptide motifs adopt a helical conformation 

that helps to bind in the shallow depressions in the AF2 groove.  The AF2 

interaction promotes, and subsequently stabilizes the LxxLL binding, and leads to 

the correct positioning of the H12.  H12 is regarded as a molecular switch.  

Through the correct orientation of H12 with respect to the rest of the LBD, ER is 

biologically turned ‘on’ or ‘off’.  The ER activation is schematically shown in 

Figure 2.4. 
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Figure 2.4 Equilibrium model of ER activation [4]. 

 

 

With reference to Figure 2.4, in the agonist-receptor binding, the agonist 

stabilizes the transcriptional activation of the LBD conformation (1); hence 

recruits coactivator to bind to the AF2 groove (2).  Partial agonists have less 

stabilization effect; resulting in the recruitment of the coactivators to a lesser 

extent (3).  In the antagonist-receptor binding, different length of the side chain 

results in different pictures.  For those having a longer side chain, the H12 is 

unable to adopt the correct orientation, which leads to an unfilled AF 2 groove.  

The co-repressor is recruited (8).  For those with shorter side chain, H12 adopts an 

orientation that blocks coactivator binding (4) and (5). 
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2.2 Anti-estrogen drugs 

 

 Administering of an anti-estrogen drug that competes with the female 

hormone is one of the major breast cancer therapies. The anti-estrogen drugs 

block the transcription and hence prevent the proliferation of the breast cancer 

cells.  However, these anti-estrogen drugs affect the signaling in normal cells and 

cause unwanted side effects in the human body.  Therefore, selective estrogen 

receptor modulators (SERMs) are being developed which are designed to 

suppress breast cancer cell development and to minimize the side effect, or even 

to have beneficial effects to the body. 

 In this section, two major SERMs (Tamoxifen and Raloxifene) would be 

discussed.  Their structure, property and side effects will also be outlined. 

 

2.2.1  Tamoxifen (TAM) 

 

 Tamoxifen was developed in 1960s and was approved by the United States 

Food and Drug Administration in 1977 for the treatment of breast cancer.  It has a 

chemical formula of C26H29NO with mass of 371.515 g/mol. 

 At the usual starting dose of 20 mg/day, Tamoxifen takes several weeks to 

achieve the therapeutic blood levels.  Tamoxifen and its metabolites have a long 

serum half-life and may stay in tissue for several months after treatment is 

stopped [5].  Tamoxifen binds to ER in the tumor cells or other specific tissues, 

producing a complex which inhibits the estrogenic effect.  

 The patients receiving Tamoxifen would suffer different degrees of 

menopausal symptoms, such as hot flashes, vaginal discharge and dryness.  Also, 
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the fall in bone density of pre-menopausal women on Tamoxifen was found 

clinically. The most severe effect of Tamoxifen is its estrogenic activity in the 

endometrium, which results in endometrial hyperplasia and low-grade 

endometrial cancers.  

 

2.2.2  Raloxifene (RAL) 

 

 Raloxifene was first developed for osteoporosis, but it was approved as a 

drug for breast cancer treatment.  It has a chemical formula of C28H27NO4S with 

mass of 473.584 g/mol.  

 Raloxifene binds to ER and inhibits the estrogenic activity.  It was found 

to maintain the bone density, prevent rodent breast cancer, and inhibit Tamoxifen-

stimulated endometrial cancer growth [5].  

 The activity of Raloxifene is similar to that of Tamoxifen; the side effects 

induced by Raloxifene are also similar.  Yet it possesses less estrogenic effect on 

the endometrium, and therefore is less likely to cause endometrial cancers than 

Tamoxifen [6]. 

 

Figure  2.5 The chemical structure of Tamoxifen (Left panel) and Raloxifene 

(Right panel). 
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 The binding rates of ER and the two anti-estrogen drugs are shown in 

Table 2.1. 

 

Table 2.1 Rate constants and Relative Binding Affinities (RBA) of ER -

Ligand interaction [1, 7]. 

 

2.3  Dietary estrogens 

 

 In this section, we discuss the chemical structure and use of some dietary 

estrogens.  Dietary estrogens include the phytoestrogens and the mycoestrogens.  

Phytoestrogens are extracted from plants while mycoestrogens are produced by 

fungi.  Their molecular structures are similar to 17 -estradiol (Figures 2.3 and 

2.6), and can give rise to estrogenic and/or anti-estrogenic effects [8]. 

 Dietary estrogens occur naturally, are readily available and could be easily 

ingested.  For these reasons, they are potential lead compounds in the discovery of 

new anti-estrogen drugs.  We are therefore interested to measure their binding 

kinetics with the estrogen receptors. 

 

 

 

kon (10
5
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2010 
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Kwok 

2010 
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2002 

Kwok 

2010 

Rich 

2002 

E2 11(3) 13(6) 1.5(4) 1.2(2) 100 100 

Tamoxifen 1.0(3) 0.045(1) 1.73(6) 1.0(1) 8(3) 0.41(4) 

Raloxifene 3.3(5) --- 1.3(5) --- 35(17) --- 
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2.3.1  Resveratrol (RESV) 

 

 Resveratrol is a phytoalexin produced naturally by several plants when 

they are under attack by pathogens such as bacteria or fungi.  It is found in the 

skin of red grapes and some other fruits.  It is produced during the brewing of red 

wine, and was alluded to as the explanation for the cardio-protective effect of red 

wine [9].  

 Resveratrol could also be derived from Japanese knotweed, or produced 

by chemical and biotechnological synthesis [10]. 

 In recent studies, Resveratrol was found to have positive effects on life 

extension, cancer prevention, cardio-protection and anti-diabetes [11, 12, 13]. 

 

2.3.2  Zearalenone (ZEA) and  -Zearalenol ( -ZEA) 

 

 Zearalenone is a myco-estrogen that is produced by several species of 

Fusarium fungi that widely contaminates agricultural products [14]. Zearalenone 

exists in almost every agricultural product, but corn is the most frequently 

contaminated one.  After consumption, Zearalenone can be metabolized in the 

body by reduction of the keto-group at C-6’ and is converted to two major 

stereoisomer metabolites,  -and  -Zearalenol. The more potent estrogenic active 

metabolite is  -Zearalenol, which is also naturally produced by the fungi. 

 Zearalenone is a toxin.  It causes infertility, abortion and other breeding 

problems, especially in swine.  Zearalenone and its metabolite (alpha form) have 

been shown to possess estrogenic properties.  They can interact with the hormone 

receptors and were implicated in hormone-dependent diseases like breast cancer 
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[8].  Recent studies showed that its daily diet might lead to the growth of cancer 

cells.  

 

2.3.3  Coumestrol (COUM) 

 

 Coumestrol is an organic compound that is found in legumes, soybeans, 

Brussels sprouts, clover and spinach.  It is similar to Estradiol and is active as an 

agonist on ER  and ER  [15, 16], but was also shown to have mixed 

agonist/antagonist activities.  At low concentration, it can interact with the nuclear 

type II sites to inhibit cell proliferation; while at high concentration, it may bind to 

ER to promote cell proliferation [17].  For example, it has demonstrated anti-

estrogenic actions on two classic neuroendocrine responses in mouse via ER , 

namely, it reduced the effect of E2 on PR-ir in female brain and elevated LH 

levels in OVX WT females [18].  

 

2.3.4  Apigenin (APIG) 

 

 Apigenin is a natural product that is found in many plants, such as parsley, 

onions, oranges, tea, chamomile, wheat sprouts and some seasonings.  It is a 

yellow crystalline solid that is normally used in wool dyeing. 

 Apigenin belongs to the flavonoids, which are thought to provide 

protection against cancer.  Flavonoids are defined chemically as substances 

composed of a common phenylchromanone structure (C6-C3-C6), with one or 

more hydroxyl substitutes [19, 20]. 
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 Apigenin has gained particular attention due to its low intrinsic toxicity 

and its differential effects in normal versus cancer cells. Several studies have 

confirmed that Apigenin possesses anti-oxidant, anti-mutagenic, anti-carcinogenic, 

anti-inflammatory, anti-proliferative and anti-progression properties.  The effect 

of Apigenin in the presence of E2 or growth factors was found to be 

concentration-dependent [19]. 

 The binding affinities of ER  and the various dietary estrogens are listed 

in Table 2.2. 

 

 

 

Figure 2.6 The chemical structure of selected phytoestrogens used in this 

work. Top panel: Resveratrol and Zearalenone; Lower panel:  -Zearalenol, 

Coumestrol and Apigenin. 
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Ligand RBA for ER  Estrogenic / 

Antiestrogenic effect 

17 -Estradiol (E2) 100 Full potent agonist 

Coumestrol (COUM) 0.81-20 Full agonist 

 -Zearalenol ( -ZEA) 48 Full agonist 

Zearalenone (ZEA) 7-9.3 

Mixed potent agonist / 

antagonist 

Resveratrol (RESV) 0.06 

Mixed weak agonist / 

antagonist 

Apigenin (APIG) 0.3 Full agonist 

 

Table 2.2 RBA of the binding of phytoestrogens and Human ER , and their 

agonist/antagonist characteristics. Data adapted from [22, 23, 24].  All the RBA 

value reported used the human recombinant ER , either in LBD form or fusion 

form. 

 

2.4  Binding kinetics 

 

 The rates of ligand association with and dissociation from the receptor are 

directly related to the efficacy of the drug ligand.  Consider the simplest case of a 

single ligand and a single receptor, 

   

   
  

    

   
   (2.1) 

where     is the association rate (M
-1

 s
-1

) and      is the dissociation rate (s
-1

) 

respectively.  The kinetics rates are very useful for lead optimization in drug 
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discovery.  The formation of a binary between drug molecule and its target is the 

progenitor of in vivo drug action [24].  

 Generally, one would use the Relative Binding Affinity (RBA) or the 

equilibrium dissociation constant (KD) to quantify the binding strength of the 

ligand with its target receptor.  In the case of ER , RBA is the inverse ratio of the 

KD of the specific ligand over the KD of E2,  100.  This is an index to show the 

binding power of the specific ligand to the target.  The higher the RBA value, the 

higher the binding power.  Equilibrium dissociation constant corresponds to the 

concentration of the ligand to half-fill the binding sites.  The lower the KD, less 

ligands is needed to half-fill the target, which indicates a higher efficacy. 

 Both RBA and KD are typically measured in vitro in a closed system, in 

which the target is exposed to varying concentration of the ligand during the 

measurement.  However, the RBA and KD value measured in vitro may not 

actually be useful in vivo.  This is because in vivo conditions usually mean open 

systems when the concentration of the target receptor varies with times and is 

influenced by factors other than the molecular determinants of receptor-ligand 

interaction [24].  

     (on-rate) is associated with the physico-chemical processes, such as 

diffusion, desolvation and molecular orbital orientation.  These processes are 

normally beyond the control of the pharmacologist.  In practice, these systemic 

factors are often compensated by the dose of the ligand.  

      (off-rate) is entirely dependent on the interactions between the ligand 

and its target; and hence can be engineered by the modification of the chemical 

structure of the ligands/drugs.  Drug chemists therefore alter the off-rate to 

maximize the potency of the ligands/drugs. 
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2.5 In-vitro binding assays 

 

 There are three main types of techniques to measure receptor-ligand 

binding in vitro.  They are radio-assays, mass difference assays and fluorescence 

assays.  Radio-assays offer sensitive detection, but they are handicapped by the 

limited shelf life, radioactive hazards and the disposal of radioactive wastes.  

Mass difference assays offer label-free analysis, but the sensitivity could be very 

low if the mass increment is small.  In this section, we will explain the working 

principle of the fluorescence assays.  We used the third technique in our study.  

 

2.5.1 Fluorescence assays 

  

 Fluorescence assays are commonly used for measuring binding affinity 

and kinetics.  It is based on the detection of the fluorescent reporter ligand.  The 

fluorophores may be a dye chemically bonded to the biomolecule of interest, such 

as proteins, DNA, lipids or small ligands.  Binding of non-fluorescent dark 

ligands can still be measured by monitoring the competition between the dark 

ligands and the fluorescent reporter ligand.   

Fluorescence measurement can be very sensitive, even a single 

fluorophore can be detected.  Specific binding signal from particular fluorophore 

can be spectrally or temporally selected so that multi-partner interactions can be 

de-coupled.  In the following section, several common fluorescence assays will be 

discussed.  How they can be used to measure binding kinetics will be explained. 
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2.5.2  Total internal reflection fluorescence (TIRF) 

 

 Daniel Axelrod at the University of Michigan pioneered total internal 

reflection fluorescence microscopy (TIRFM) in the early 1980s.  This technique 

makes uses of the thin (about 100 nm) evanescent wave produced by a total 

internal reflected laser beam at the glass-water or quartz-water interface to excite 

the immobilized fluorophore at the surface. The emissions are either imaged by a 

charge-coupled device (CCD) or detected by a photomultiplier tube (PMT). The 

time course of the emission intensity gives the binding kinetics of dye-labeled 

ligand with the surface-tethered probes, usually configured in a flow cell.  The 

sensitivity of TIRF is extremely high, and can reach single molecule detection 

level.  We can measure the on and off-rate of the fluorescent ligand.  Competition 

between fluorescent and non-fluorescent ligands for the same binding site allows 

the determination of the binding rates of the dark ligand as well.  However, for 

dark ligands with off-rates much higher than the fluorophore, its kinetic rates 

cannot be measured [25, 26]. 
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Figure 2.7 The typical setup of TIRF, measuring the emission from 

fluorescent ligands that are excited by the evanescent wave at the boundary.  

 

2.5.3 Fluorescence Polarization (FP) 

 

 Fluorescence Polarization (FP) is another powerful technique for 

measuring the interaction of small fluorescent ligands with large receptors. The 

small (about 200 D) fluorophore in solution is first excited by a linearly polarized 

laser beam.  Its fluorescence emissions are split into parallel and perpendicularly 

polarized beams and then captured.  The polarization anisotropy is computed.  If 

the fluorescent ligand is unbounded (in a free state), within its fluorescence 

lifetime, it already tumbles numerous cycles in solution.  Hence it produces a 

small polarization anisotropy value.  If the fluorescent ligand is bounded to a large 

receptor, its rotation is slowed down.  A high polarization anisotropy value is 

therefore produced.  FP is a simple and robust technique.  It has been widely used 

in various biological and pharmacological studies to measure the binding affinity 

Laser beam 

   

Evanescent wave Fluorescent ligand 
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(in terms of the dissociation constant KD or IC50) of different receptors with the 

corresponding ligands.  It can also measure the binding kinetic of bright ligands as 

well as dark competing ligands.   

 

 

 

 

Figure 2.8 Upper: Typical FP setup for measuring the polarization of emission 

from fluorescent labeled ligands.  Lower: Schematics of FP difference between 

small and large molecules. Small molecule rotates rapidly during excitation and 

gives a low polarization anisotropy value.  Large molecule gives the opposite 

effect [27]. 
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2.6  Agonist / Antagonist mode of the ligands 

 

 Once the ligand binds with the receptor, the R-L complex would undergo 

conformational changes to recruit the coactivator to form a more complicated 

complex to activate the gene transcription by entering into the cell nucleus.  

 Agonist is defined as those ligands that will induce gene transcription; 

while antagonist is defined as those ligands that will not induce gene transcription. 

The agonist or antagonist mode of the ligand is tissue-dependent.  For example, 

Tamoxifen acts as an antagonist in breast cancer cell but as an agonist in the 

uterus.  Some ligands behave like partial agonists in some tissues, depending on 

the concentration of the ligand [28]. 

 It is necessary to know whether a ligand is an agonist or not.  In lead 

optimization, we want to design a drug which is a full agonist or full antagonist in 

the target tissue in order to minimize side effects. 

 In order to determine the agonist or antagonist mode of a ligand, two 

fluorescent methods can be used, (1) dye-labeled co-activator recruitment, and (2) 

R-L stabilization upon co-activator recruitment.  

 

2.6.1  Dye-labeled coactivator method 

  

 In agonist mode, the ligand binds the receptor to recruit a fluorescent 

coactivator, resulting in a high FP value.  A dye-labeled coactivator with a LxxLL 

motif is used in the FP set up.  For ER , the hormone E2 acts as a positive control 

(see Figure 2.9). 
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Figure 2.9 Principle of ER -coactivator assays. E2 = agonist, ICI = antagonist 

[29]. 

 

2.6.2  R-L stabilization upon coactivator recruitment 

 

 The presence of coactivator would affect the stability of the R-L complex 

by conventional wisdom.  It was shown that agonists would reside longer in the 

receptor in the presence of the coactivator.  For antagonist, the off-rate should 

remain the same in the presence or absence of the coactivator.  By comparing the 

off-rate of the ligands in the presence or absence of the coactivator, one may 

determine the agonist or antagonist mode of the ligands [30]. 

Because this thesis was based on kinetic measurements, we decided to 

investigate the feasibility of measuring R-L stabilization upon co-activator 

recruitment as a means to tell agonist from antagonist.   
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Chapter 3  METHODOLOGY 

 

 In this work, we measured the binding kinetics of ER  and its ligands.  

We also studied the stabilization of the ER -ligand complex upon co-regulator 

recruitment.  We used a fluorescence measurement apparatus that was developed 

previously by our group [1].  In this chapter, we will first describe the 

experimental set up and the sample preparation.  We will then discuss the data 

capture procedure.  We will cover the off-line data processing and analysis at the 

end. 

 

3.1  Experimental setup 

 

 The apparatus was designed for two techniques, fluorescence polarization 

(FP) and total internal reflection fluorescence (TIRF).  The FP-TIRF system was 

previously developed by our group [1].  The setup is shown schematically in Fig. 

3.1.  It was built around an inverted microscope.  The flow cell was made of a 

quartz slide and a cover slip, and sealed with high vacuum grease.  The flow cell 

was clamped onto the travelling stage of the microscope and coupled with 

immersion oil (refractive index = 1.47, Electron Microscopy Science, 16916-01) 

to an isosceles Brewster prism (CVI Melles Griot, IB-10.5-68.7-SS).  The prism 

was fixed relative to the microscope stand while the flow cell could be moved 

freely relative to it.  A 473-nm laser beam from a diode-pump solid-state (DPSS) 

laser (Photop DPBL-9050) was split into two beams by a beam splitter for the 

TIRF and FP channels.  The two beams were incident on the same prism at two 

different angles.  For TIRF, the laser beam was incident at about 70
o
, which was 
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larger than the critical angle of the quartz-water boundary (c = 65
o
), so an 

evanescent wave was created in the solution of the sample cell with a depth of 

about 100 nm (tunneling effect).  For FP, the laser beam was steered with mirrors 

to incident at 41
o
, and penetrated through the flow cell.  The two laser beams were 

S-polarized in order to produce the desired excitation of the fluorophores in the 

flow cell [1]. The laser power of the TIRF and the FP beams was fine-tuned with 

a neutral density filter to give 0.1 and 0.14 W cm
-2

, respectively.  The two laser 

spots were proximal but non-overlapping to ensure nearly identical probed areas 

for meaningful comparison.  The bulk fluorescence (BF) and TIR fluorescence 

(TIRF) were collected by a 10x microscope objective (NA = 0.25), filtered by a 

long-pass filter (Chroma HQ485Ip) and directed through a broadband polarizing 

cube beam splitter (Newport PB 3) for separation of the parallel (//) and 

perpendicular ( ) components of BF and TIRF beams.  Finally, the four 

components BF//, BF , TIRF// and TIRF  were aligned and imaged onto an 

electron-multiplied CCD (emCCD, Andor iXon-em+ 897).  A typical image is 

shown in Figure 3.1 (b).   
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Figure 3.1 (a) The FP-TIRF setup. 

  (b) A typical image captured by emCCD showing four spots. 

   From top to bottom: BF//, TIRF//, BF  and TIRF  [1]. 

 

3.2  Flow cell fabrication and fluidics 

 

 We will describe the fabrication of the flow cell and the control of the 

fluid flow. 
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3.2.1  Flow cell fabrication 

 

 The quartz slides with dimension 75 mm   25 mm   1 mm were 

purchased from Technical Glass Product Inc..  The cover slips with dimension  

40 mm   22 mm   0.13~0.16 mm were purchased from Menzel-Glaser.  Six 2-

mm holes were drilled on each quartz slide as shown in Figure 3.2.  The slide 

surfaces were carefully protected during drilling to avoid scratching [1].   

The drilled slides and cover slips were thoroughly cleaned by sonication in 

acetone (Tedia AS-1112) for 30 minutes, followed by sonication twice in Milli-Q 

water (18.2 M  cm) for 5 minutes.  For recycled slides, the acetone-cleaning step 

was repeated until all vacuum grease was removed.  The slides and cover slips 

were then sonicated in 0.5 M potassium hydroxide (Sigma-Aldrich 221473) in 

50% ethanol (Merck) at 60
o
C for 60 minutes, followed by sonication twice in 

Milli-Q water for 5 minutes.  This cleaning step was repeated twice.  The clean 

slides and cover slips were finally stored in Milli-Q water for flow-cell 

fabrication. 

 For flow cell assembly, the quartz slides were flushed with 99% nitrogen 

in the fume cupboard to dry.  The clean cover slips were sonicated in ethanol, 

followed by drying in an oven at 150
o
C for 5 minutes.  High vacuum grease (Dow 

Corning) was applied on a clean coverslip with a needleless syringe.  The cover 

slip was laid on a quartz slide to form channels as shown in Figure 3.2.  The 

finished flow cell was typically 30  m high.  Each channel was then filled with 

Milli-Q water (18.2 M  cm) and was placed in a refrigerator at 4
o
C, to maintain 

the moisture of the flow cell. 
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Figure 3.2 Top:  Top view of the flow cell. 

Bottom: Side view of the flow cell. The dashed arrows 

represent the direction of the flow of solution [31].  

 

3.2.2  Fluidics 

 

 For each injection, about 15  L of solution was pipetted into the inlet well 

of the flow channel.  The injected solution was sucked in when the original 

content in the channel was drawn out by lint-free paper at the outlet.  The 

complete replacement of channel contents was within 5 seconds.  By monitoring 

the BF intensity, the actual concentration of fluorescent ligand F in the flow 

channel could be tracked precisely at any time point. 
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3.3  Receptor tethering  

 

 In the binding experiments, we needed to tether the protein receptors on 

quartz slides while maintaining their functionality.  Several links were required, as 

shown in Figure 3.3.  In this section, we will explain the tethering steps. 

 

3.3.1  Coating with Poly-L-lysine (PLL) 

 

 Poly-L-lysine (PLL) is a small natural homopolymer of L-lysine.  In 

water, PLL carries a positively charged hydrophilic amino group, which is used to 

bind with the quartz slide via electrostatics interaction.  The coating procedure is 

as follows.  Poly-L-lysine, PPL (Sigma P8920) was diluted in PBS buffer in about 

0.05% weight proportion.  15  L of this solution was injected into a clean channel 

of the flow cell.  After incubation at room temperature for 5 minutes, the channel 

was flushed with 50  L PBS for two times.  The PLL coated sample cell was then 

stored in the refrigerator at 4
o
C until use. 

 

3.3.2  Immobilization of the primary and the secondary antibody 

 

 Ethyl-3(3-dimethylamino) propyl carbodiimide (EDC, Sigma 39391) and 

N-hydroxysuccinimide (NHS, Aldrich 130672) were dissolved in  99.9% DMSO 

(Sigma D8418) at 60 mg/mL and 450 mg/mL respectively, and stored at -20
o
C. 

Repeated freeze-thaw cycle and long-term storage should be avoided according to 

the vender.  Goat anti-rabbit IgG, AbR (Zymed 81-6100 or Zymed 65-6100) was 

diluted to 0.25 mg/mL in PBS with the 1.5 mg/mL EDC and 11 mg/mL NHS [1].  
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15  L of this solution was injected into the PPL-coated channel, and incubated at 

4
o
C for 30 minutes, followed by flushing with 50  L tris-buffered saline, TBS, for 

two times (24.7 mM Tris, 2.8 mM KCI, 139 mM NaCI) in order to passivate the 

remaining reactive group [1].  The anti rabbit IgG, AbR was attached to the PLL 

by the EDC/NHS cross-linking.  Anti-ER , clone 60C (Upstate 05-820) was 

diluted to 0.02 mg/mL in PBS.  15  L of this solution was injected into the 

channel, and incubated at 4
o
C for at least 1 hour, followed by flushing with 50  L 

TBS for two times.  The anti-ER  was attached to the anti rabbit IgG, AbR by 

specific binding.  15  L of binding buffer (ES2) was injected into the channel, 

and then stored in the refrigerator at 4
o
C overnight.  

 

3.3.3  Receptor preparation and tethering 

 

 Stock solution of human recombinant estrogen receptor alpha, ER  at  

2  M (Invitrogen Panvera, P2187) was divided into aliquots of 30  L each and 

stored at -80
o
C for long-term storage, or -20

o
C for short-term usage [1]. The 

binding buffer (ES2) provided by Invitrogen (100 mM potassium phosphate, pH 

7.4,  1% DMSO, 0.1 mg/mL bovine gamma globulin BGG and 0.02% sodium 

azide NaN3) was used in all the ER -ligand (ER -L) binding experiments.  The 

concentration of DMSO in the binding buffer was kept at or below 2%.  Before 

tethering the receptors, binding buffer ES2 was already injected into the flow cell.  

An aliquot of ER  was freshly thawed and diluted to 40 nM in the binding buffer 

ES2.  15  L of diluted ER  in the binding buffer was injected into the channel, 

and incubated for 5 minutes at room temperature to allow the tethering of ER  

onto the anti-ER  coated surface, then followed with flushing by blank binding 
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buffer ES2 for three times. The channel with tethered ER  was now equipped for 

the ligand binding experiments. The tethering steps are shown in Figure 3.3.  

 

 

 

Figure 3.3 The immobilization scheme for receptor-ligand binding study. 
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 The tethering scheme was proven to be (1) firm, (2) specific, and (3) 

preserving receptor functions.  Systematic control experiments in that regard were 

performed by a previous student and described in detail in his thesis [1, section 

4.2]. 

 

3.4  Ligand and peptide preparation 

 

 The green fluorescent ER ligand F (Fluormone
TM

 ES2, Invitrogen 

Panvera, P2645) was supplied at 400 nM in methanol.  It was first diluted, divided 

into aliquots of 20  L each, and then store at -20
o
C until use [1].   

17 -estradiol (E2), diethylstilbestrol (DES), tamoxifen (TAM),  

4-hydroxytamoxifen (4OHT), raloxifene (RAL), Resveratrol (RESV),  -

Zearalenol ( -ZEA), Zearalenone (ZEA), Coumestrol (COUM) and Apigenin 

(APIG) were all purchased from Sigma (product E8875, D4628, T5648, H7904, 

R1402, R5010, Z0166, Z2125, 27885 and A3145 respectively) with over 95% 

purity.   

The D22 peptide (Sequence: LPYEGSLLLKLLRAPVEEV) was 

synthesized by Sigma with over 95% purity. Its molecular weight is 2366 Da. 

The SRC-1 peptide (long CoA) was supplied by Abcam.  

All ligands and peptide were dissolved in DMSO as stock solution, 

divided into small aliquots and then were stored at -20
o
C until use [1].  For the 

binding experiments, the ligand stocks were diluted serially in DMSO until the 

final 50-fold dilution in the binding buffer.  The peptide stored in DMSO was 

added into the final 50-fold dilution with the desired concentration of ligand in the 
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binding buffer. This ensured the complete dissolution of ligands and peptide.  The 

final ligand concentration could be deduced based on the dilution ratios.  

 DMSO is one of the stronger polar aprotic solvent to ensure complete 

dissolution of the solute.  It was commonly used for storage of ligands to 

minimize precipitation loss.  However, our group found that DMSO did affect the 

polarization anisotropy of the fluorescent ligand F [26]; and small error in FA 

value may lead to amplified error in the resultant kinetic rates of the ligands.  For 

that reason, the final reagent solutions were adjusted to contain 2% of DMSO in 

all cases to ensure consistency.  

 

3.5  Real-time data capture and display 

 

 Receptor-ligand binding consisted of fast (on the order of second) and 

slow (on the order of tens or hundreds of second) events.  The slow events were 

captured by one-second-long movies of 5Hz frame rate taken at one-minute 

intervals.  The slide would be translated and ten or more movie segments would 

be taken in prompt succession if spatial averaging was needed.  For the fast 

events, such as the injection of the Fluormone F for the association with and 

dissociation from tethered receptors, a 30-second movie of a single spot was 

taken.  The extent of photo-bleaching was estimated by comparing non-irradiated 

spots against spots that were irradiated continuously for 40 seconds.   

Movies were saved as raw TIF files and were processed by a MATLAB 

program in real time.  The program calculated the average brightness over user-

defined areas (the four spots shown in Figure 3.1 (b)).  Neighboring areas were 

treated as background.  The net (background-subtracted) signal of the chosen area 
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was plotted against frame number, as illustrated in Figure 3.4.  The data traces in 

text format and the raw TIF file were stored for off-line processing and analysis 

after the experiment.  

 

 

Figure 3.4 Left: MATLAB program for real-time data capture and display. 

The red and pink curves are the BF// and BF  signal respectively.  The blue and 

cyan curves are the TIRF// and TIRF  respectively.  Green dots are the FA 

calculated from BF// and BF .  Right: The user-defined areas for averaging BF//, 

BF , TIRF// and TIRF , together with the background measurement in the 

margin [1]. 
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3.6 Data runs 

 

 Two general kinds of binding experiments were performed, binding of 

surface tethered receptors and free ligands (1) without the co-activator peptide and 

(2) with the peptide. 

 

3.6.1 Kinetics data capture without co-activators 

 

 The binding experiment could be divided into three sessions.  They were 

performed in succession in the same channel.  In the first session, we monitored 

the influx of F and their binding to surface tethered receptors in order to model the 

ER -F binding kinetics.  15  L F at about 1 nM in binding buffer was flowed into 

the ER  tethered channel.  Flow was stopped within 4 seconds.  At that instant, 

movies were captured for 30-s at 5 Hz frame rate.  The parallel and perpendicular 

components of TIRF and BF were computed and displayed at 0.2-s time 

resolutions.  After the first 30-second fast event, 1-second movies were taken 

every minute up to the 5
th

 minute.  All the data traces were computed and 

displayed in real-time.  Normally, ER -F binding equilibrated within 1 to 2 

minutes.  The photobleaching rate of F was determined by continuous recording 

of the same illuminated spot.  By comparing against the brightness of non-

irradiated neighboring area, photobleaching of F was found to be insignificant and 

could be neglected in kinetics modeling. The above procedures were then 

repeated for two more cycles in order to generate more equilibrium data for ER -

F binding kinetics modeling.  In the first cycle, 20  L of blank binding buffer was 
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injected.  In the second cycle, 15  L F at 1 nM in binding buffer was injected to 

ensure abundant F in the channel.  

 In the second session, the aim was to generate data for modeling the  

ER -L binding kinetics where L was a dark ligand.  20  L of the freshly prepared 

L at known concentration in binding buffer was flowed into the same channel.  

Movies were taken for 30-s, followed by periodic 1-second movie segment every 

minute until ER -L-F reached a new equilibrium state.  Five to seven minutes 

were normally needed to reach equilibrium.  The second session was usually 

finished within 10 to 15 minutes. 

 In the third and final session, all F were to be displaced from ER  so as to 

measure the minimum FP value (corresponding to 100% free F).  The minimum 

FP value was needed in the modeling and had to be determined for each sample 

channel.  It was because the minimum FP value depended on the surface 

chemistry, cleanness and the condition of the binding buffer.  To measure it 

experimentally, a mixture of 40  M E2 and 1 nM F in binding buffer was injected 

into the channel.  Movies were taken after 5 minutes.  The minimum FP 

anisotropy was usually 80 mA.  The complete displacement of F’s by excess E2 

also served as a positive control.  

 

3.6.2  Kinetics data capture with co-activators 

 

 The experimental procedure here was almost the same as the previous 

section except the co-activator was added to all injected solutions to give 45  M 

solution.  
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3.7 Data analysis – From fluorescence anisotropy to bound 

fraction 

 

 The kinetics analysis was based on measuring the fluorescence anisotropy 

of the fluorescence ligand F. The anisotropy parameter A is defined by 

  
     

      
 (3.1) 

where    and    are the bulk fluorescence intensities of F with polarization parallel 

and perpendicular to the incident polarization respectively.  The dipole of free F is 

assumed to orient randomly [1].  The value of A is usually reported in mA, where 

1 mA =  10
-3

 A.  A can be converted to the fraction f of fluorophores bound 

  
   

   
. (3.2) 

In Equation 3.2,   is the minimum A value of 100% free F in solution and   is the 

maximum A value of 100% bound F.  

 To generate 100% bound F, F was allowed to bind to high ER  coverage.  

After equilibrium was reached, free F’s were rapidly flushed out with blank 

buffer.  The A value at this instant gave the maximum FP (low [F] in excess 

[ER ]).  The value of    was about 320 mA.  

 To generate 100% free F, F was mixed with large surplus of a strong 

competitor ligand.  The mixture was flowed into a sample channel with low ER  

coverage. The competitor ligands would bind to the ER , so the FP value of F 

should be in minimum. The value of A was about 80 mA.  

While both the anisotropy value A and the TIRF signal could be used to 

determine the binding kinetics, we should point out that TIRF could only give the 

relative population of the surface-bound F but A could give the absolute bound 
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fraction (Eq. 3.2).  Meanwhile, we found that A(t) behaved very similarly to the 

time dependence of the TIRF signal [1].  For that reason, we used the measured A 

value to determine the kinetics rates.  We used the TIRF signal as consistency 

checks only. 

 

3.8  Kinetics modeling – Without coactivator 

 

 We determined the rate constants by simulating      with the following 

kinetics model.  When F was flowed into the channel, the time rate of change of 

the surface density of the receptor-F complex       is given by 

                                     (3.3) 

where     is the concentration of free F in solution,          is the surface density 

of apo and complexed receptors, and     and      are the on and off-rate constants 

respectively.  Expressing equation 3.3 in terms of bound fraction  , we have 

   
  

  
                                  (3.4) 

where        is the equivalent volume concentration if all the tethered receptors 

are dissolved in solution, and          is the equivalent volume concentration of 

free and bound F. 

 Two points concerning the two equations should be mentioned.  First, 

         could be dynamic but it was measurable as it was proportional to the total 

BF intensity of the channel,       .  The time derivative of          would be 

known once        was calibrated.  Second, all the dynamic variables in Eq. (3.4) 

were assumed to be position independent.   This so-called rapid mixing 

assumption was justified elsewhere [1].   
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 By solving Equation (3.4) numerically to fit the measured     , we could 

determine the three unknowns,        and the two rate constants. 

 When a dark ligand L competes with F for the same receptor, we needed 

to modify Eq. (3.4) to become two coupled differential equations. 

                                               (3.5) 

and 

                                                    (3.6) 

where variables with tildes are the L analogs of F.           could not be measured 

from fluorescence intensity, but it could be determined from the dilution ratios 

based on the known concentration of stocks.  Therefore, the precautions in the 

dilution of stocks should be taken into account.  First, the solubility of L in the 

dilution buffer should be a great concern; this explained the uses of DMSO in the 

dilution.  Second,          was assumed to be time-independent.  Its variation 

during reagent injections had to be avoided.  With these issues properly 

addressed, we could determine the five unknowns in Eq. (3.5) and (3.6),        and 

the four rate constants, by solving the coupled differential equations numerically 

to best fit the measured     . 
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3.9  Kinetics modeling – With coactivator 

 

We found experimentally that the presence of coactivator had no 

measurable effect on ER -F binding kinetics.  We therefore neglected the 

stabilization effect of coactivator on ER -F.  We only measured the effect of the 

coactivator on ER -L where L was a dark ligand. 

The binding affinity of the coactivator to apo- ER  was weak, so we 

simply consider ER -L–CoA as a system. The presence of CoA will not affect the 

availability of the apo ER  to recruit the dark ligand.  In terms of the modeling, 

we assumed that the on and off rates,      and      , of ER -L binding were now 

functions of [CoA].  By varying the concentration of CoA, we could determine its 

stabilization effect.  
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Chapter 4  RESULTS AND DISSUSION 

 

 We used FP-TIRF to measure the binding kinetics of ER  and its ligands.  

Our goal was to determine the kinetic rates of selected dietary estrogens, and to 

determine if they behave as agonist or antagonist by means of co-activator 

stabilization assay.  

 We pursued our goal in three stages.  We first established the validity of 

our rate measurements by studying a few standard ligands and compared our 

results against those reported in the literature.  We then applied our method to 

selected dietary estrogens and correlated their binding affinities to their chemical 

structures. We finally studied the feasibility of using co-activator stabilization to 

tell agonist from antagonist.   

 

4.1  Binding kinetics of ER  with standard ligands 

 

 In this section, we will discuss the measurement of the binding kinetics of 

ER and a few standard ligands.  We will start with the fluorescent reporter 

ligand F. 
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4.1.1  Binding kinetics of the fluorescent ligand F and ER  

  

 We studied the binding kinetics of ER  and the reporter green fluorescent 

ligand F.  While photobleaching was minimal, we still accounted for it by scaling 

the data points. 

 In a typical experiment, the on and off-rates of ER -F were determined by 

best-fitting the bound fraction      over time.  The off-rate      was determined 

as follows.  After ER -F and free F had reached equilibrium, a 40  M E2 solution 

was injected into the sample cell.  The large surplus of E2 prevented F from 

binding with apo ER , so the decay in bound fraction      was solely due to the 

dissociation of F from ER .  Through best-fitting     , we could determine the 

off-rate of the green fluorescent F. 

 Next, we determined the receptor coverage   and dissociation constant 

               in Eq. (3.4).  This was done by adjusting the values of the two 

parameters in the kinetics model to best fit the equilibrium states.  For better 

precision, we created a few more equilibrium states by cycles of blank flush 

followed by F replenishment.   

 Finally, we plugged all the determined values in the kinetics model to 

generate the association curve. The simulated curve was compared with the 

measured      for       .  Parameter values were iterated to optimize the fit.  

Good fits spoke for the reliability of the kinetics modeling.  

 To check the reproducibility of the kinetics data, we did many sets of 

experiments by using different slides at different time.  Multiple association rates 

    and dissociation rates      of F were gotten.  Their average values and 

standard deviations are tabulated in Table 4.1.  The average rate constants     and 
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     were found to be                  and                respectively.  The 

uncertainties were within 10%.   

 

 

 

Figure 4.1 ER -F binding kinetics. The bound fraction of F was plotted 

against time as different reagents were injected at various time points. 15  L of  

1 nM F was injected into the ER -tethered flow cell (red solid line), followed by 

flushing 20  L of blank buffer (blue solid line). Then 15  L of 1 nM F was 

injected into the flow cell (green solid line) and finally injected 20  L of 40  M 

of E2 (purple solid line). The two spots in final stage of each solid line represent 

the maxima and minima bound fraction of several neighboring spots of the flow 

cell, respectively. The blue and green solid line are used to determine the receptor 

coverage and dissociation constant of F. The purple solid line is used to determine 

the off rate of F, while the red line is used to best fit the association phase of the 

F, to find its on rate. 
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4.1.2  Binding kinetics of standard dark ligands and ER  

 

 To determine the binding kinetics of non-fluorescent ligands, we could 

monitor its competition with the fluorescent ligand F and make use of the bound 

fraction      of F.  Both ligands competed for the same ligand binding domain.  

The competition of the dark ligand ICI 182, 780 with F for ER  was used as an 

example.  ICI 182, 780 is a strong estrogen receptor antagonist. The result is 

shown in Figure 4.2. The time course was divided into two phases, the association 

phase of F with ER  and the competition phase of L-F. 

 During the association phase, green fluorescent ligand F was flowed into 

the flow cell.  The receptor-ligand complex equilibrated in about 300 s.  At 

       , a blank buffer was flowed in and the system was allowed to 

equilibrate.  In this stage, the bound fraction would increase as free F was 

removed.  At        , a solution of F was flowed into the same channel and the 

system was allowed to equilibrate a third time.  Through adjusting the on and off 

rate of the green fluorescent ligand F, and also the ER  coverage in off-line 

analysis, we best fitted (1) the shape of the association curve, and (2) the three 

steady state bound fractions.  The huge excess of free F would provide us a better 

fluorescent signal in the next phase. The rate constants were listed in Table 4.1. 

 During the competition phase, ICI 182, 780 was flowed into the channel to 

compete with the dissociated F.  This caused the bound fraction      of F to 

decay to a new equilibrium for         .  By fitting the steady state      

at         , we could compute the dissociation constant    
     

    
 of  
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ER -L binding.  The off rate of the dark ligand could be determined by best 

fitting the shape of decay curve     .  Hence, all the on and off-rate of the dark 

ligand could be determined. 
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Figure 4.2 ER -ICI 182, 780 binding kinetics. The bound fraction of F was 

plotted against time as different reagents were injected at various time points. 15 

 L of 1 nM F was injected into the ER -tethered flow cell (red solid line), 

followed by flushing 20  L of blank buffer (blue solid line). Then 15  L of 1 nM 

F was injected into the flow cell (green solid line) and finally injected 20  L of  

20 nM of ICI 180,782 (purple solid line). The two spots in final stage of each 

solid line represent the maxima and minima bound fraction of the flow cell 

respectively. The blue and green solid line are used to determine the receptor 

coverage and dissociation constant of F. The purple solid line is used to determine 

the off rate of ICI 180, 782. The steady state limit of the purple line gives the 

dissociation constant of ICI 180, 782, hence we can compute its on rate. The red 

line is used to best fit the association phase of F to find its on rate. 
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Rather than the rate constants, Relative Binding Affinity (RBA) is 

commonly used for comparison of results across laboratories [32]. RBA is the 

binding affinity of ER -L relative to ER -E2.  It could be calculated once the 

equilibrium dissociation constant    or      is known, by, 

   
          

   
        

  
 
  (4.1) 

and, 

    
                  

          
      (4.2) 

 

where          is the total concentration of the fluorescent ligand F used in the 

competition, and    is the equilibrium dissociation constant of ER -F. In our 

case, all the constants could be computed using Eq. (4.1).  The RBA of L could be 

computed using Eq. (4.2), and the results are listed in Table 4.1. 

 Kwok 2010 and Rich 2002’s results [1, 7] are also tabulated in Table 4.1 

for easy comparison.  
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                                              RBA 

This 

work 

Kwok 

2010 

Rich 

2002 

This 

work 

Kwok 

2010 

Rich 

2002 

This 

work 

Kwok 

2010 

Rich 

2002 

This 

work 

Kwok 

2010 

Rich 

2002 

Agonist  

Green F 580(35) 570(100) --- 29(2) 30(5) --- 0.52(3) 0.5(1) --- 364(26) 270(60) --- 

E2 10(2) 11(3) 13(6) 1.8(2) 1.5(4) 1.2(2) 1.9(6) 1.4(5) 0.9(4) 100 100 100 

Antagonist  

TAM 1.1(6) 1.0(3) 0.045(1) 2.8(3) 1.73(6) 1.0(1) 30(11) 18(6) 220(20) 7(3) 8(3) 0.4 

RAL 0.5(1) 3.3(5) --- 1.37(6) 1.3(5) --- 2.8(6) 4(2) --- 68(14) 35(17) --- 

ICI 182, 780 1.3(3) --- --- 1.9(2) --- --- 1.5(5) --- --- 127(34) --- --- 

 

 

Table 4.1 Rate constants, dissociation constant and relative binding affinity 

(RBA) for ER -L interactions. The numbers in parenthesis are the standard 

deviations of three experiments. Results of this work are compared against values 

reported in Kwok 2010 and Rich 2002 [1, 7].  ER ligands are Estradiol (E2), 

Tamoxifen (TAM), Raloxifene (RAL) and Fulvestrant (ICI 182, 780).  

 

 We showed that the on and off -rates measured in this work were similar 

to those reported in Kwok 2010.  Very similar techniques were used in both cases.  

Except for the on-rate of Tamoxifen, the values reported in Rich 2002 were also 

of the same order of magnitude.  Rich 2002 used mass difference assay (Surface 

Plasmon Resonance, SPR) to study the binding of ER  (Ligand Binding Domain) 
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with its ligand.  We used FP to study full-length ER .   It is remarkable that the 

rate constants still agreed even for such disparate systems. 

 

4.2  Binding kinetics of ER  with dietary estrogens 

  

 We measured the binding kinetics of ER  and a few dietary estrogens.  

The experimental procedure was very similar to that of section 4.1.2.    

 We first injected 15 L of 1 nM of green F into the flow cell.  The 

receptor-ligand complex equilibrated in about 5 minutes.  Then we flushed with 

20  L of blank buffer and recorded the dissociation of F, for about 5 minutes. We 

repeated the injection of F and its flushed out three times to determine the rate 

constant of green F. 

 We then allowed the dark dietary estrogen ligand to compete with F.  The 

concentration of the injected dark ligand was known.  It was based on the dilution 

ratio during ligand preparation.  We injected 20  L of the dark ligand into the 

channel; the dark ligand competed with the green F, and induced decay in the 

bound fraction of F.  This competition phase would last for 10 to 15 minutes. The 

typical experimental run was illustrated in figure 4.4.  

 Finally, 20  L of a mixture of 40  M E2 and 1 nM green F was injected 

into the channel.  The huge excess of E2 occupied all the binding sites of the 

tethered ER     All the green F were thus displaced and remained unbound.  That 

way, the minimum FA of the channel was measured.  The rate constants of the 

dietary estrogens are listed in Table 4.2.   
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Ligand CAS RN 

                                  RBA 

This work This work This work Literatures 

Apigenin (APIG) 
520-36-5 0.004(1) 9(1) 0.06(1) 0.3 

 -Zearalenol  

( -ZEA) 

36455-72-8 0.22(2) 4.5(6) 7.3(9) 48 

Zearalenone (ZEA) 17924-92-4 0.059(6) 3.6(3) 2.5(3) 8.1(9) 

Coumestrol (COUM) 479-13-0 0.06(1) 3.5(5) 2.8(7) 11(8) 

Resveratrol (RESV) 501-36-0 0.008(4) 9(1) 0.13(7) 0.06 

 

Table 4.2 Rate constants and RBA of selected dietary estrogens. The 

numbers in parenthesis are the standard deviations of three experiments. The 

literature RBA values were adapted from [21, 22, 23]. 

 

 From Table 4.2, we could see that Zearalenone, Coumestrol and  

 -Zearalenol have      values not much bigger than that of E2  

(                 ).  The relatively long residence time of the ligands in the 

LBD pocket would imply effective competition against E2. The RBA measured 

from this work is using the full length ER , while some literature is using the 

fusion ER  that comprised practically just the ligand-binding-domain [22].  This 

may explain the difference.  
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Figure 4.3 ER -dark ligand ( -ZEA) binding kinetics.  The bound fraction of 

F was plotted against time as different reagents were injected at various time 

points. 15  L of 1 nM F was injected into the ER -tethered flow cell (red solid 

line), followed by flushing 20  L of blank buffer (blue solid line). Then 15  L of 

1 nM F was injected into the flow cell (green solid line) and finally injected 20  L 

of 500 nM of  -ZEA (purple solid line). The two spots in final stage of each solid 

line represent the maxima and minima bound fraction of the flow cell 

respectively. The blue and green solid lines are used to determine the receptor 

coverage and dissociation constant of F. The purple solid line is used to determine 

the off rate of  -ZEA. The steady state limit of the purple line gives the 

dissociation constant of  -ZEA, hence we can compute its on rate. The red line is 

used to best fit the association phase of F to find its on rate. 
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4.3  Kinetic rates and dissociative half-lives of dietary estrogens 

 

 Our results showed that the off-rates of Zearalenone, Coumestrol and 

 -Zearalenol are about twice that of the natural hormone E2.  Given their 

comparable off-rate, and the fact that they are easily available and have low 

toxicity, they may serve as lead compound for SERM synthesis and drug 

discovery.   

 In pharmacokinetics and drug discovery, dissociative half-life is more 

commonly used [24].  Dissociative half-life is defined as 

                         
    

    
 

     

    
  (4.1) 

where      is the off-rate.  We tabulated in Table 4.3 the dissociative half-life of 

common drugs used in breast cancer treatment, as well as dietary estrogens and 

E2.  The longer is the dissociative half-life, the greater the potency of the ligand 

is.   

 Ligand dissociative half-life / min 

Agonist 

17 -estradiol (E2) 6.42 

Coumestrol (COUM) 3.3 

 -Zearalenol ( -ZEA) 2.57 

Mixed agonist / 

antagonist 

Zearalenone (ZEA) 3.21 

Antagonist 

Tamoxifen (TAM) 4.22 

Raloxifene (RAL) 5.84 

 

Table 4.3 Dissociative half-life of different ligands. 

 



53 
 

 

 

Figure 4.4 Structural characterization and dissociative half-life of selected 

ligands of ER .  DES is Diethyilbestrl, BPA is Bisphenol A.  The red circle 

denotes the phenolic A ring.  The green circle denotes the second phenolic ring.  

The blue circle denotes the side chain.  
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4.4  Correlation between the chemical structure and dissociative  

  half-life 

 

From Figure 4.4, we observed three significant features of the potent 

ligands. They are (1) the presence of phenolic A ring, (2) the linear structure, and 

(3) the symmetry structure of the ligand, especially those with the second phenolic 

ring.  We will elaborate on these three features below. 

Phenolic A-ring.  For the case of full-length ER , the phenolic A-ring is 

common to all the ligands, but missing in the non-ligand [4].  So the appearance 

of the phenolic A-ring seems to explain the difference in binding affinity.  The 

phenolic hydroxyl group was implicated as a potential site for interaction with ER 

in a manner similar to the 3-OH group of steroid estrogens [4, 33]. 

Symmetric second phenolic ring.   Besides the phenolic A-ring, the 

presence of another phenolic ring (located at the opposite end) was thought to 

favor binding [34].  Some studies showed that the replacement of the hydroxyl 

group with hydrogen in Coumestrol diminished the estrogenic activity by 

approximately one-sixth [35].  E2 has a cyclo-pentanol at the opposite end, and 

that presumably leads to its long residence time.  COUM has identical phenolic 

rings on both ends.  This structure probably contributed to its low off-rate.   

Linear structure.  DES, E2, ZEA,  -ZEA are linear while BPA is not. The 

dissociative half-life of BPA is about 0.44 min, which is about 15 times shorter 

than E2.  The linear structure probably explains the difference. 

Based on the three features, we may now want to identify promising lead 

compound for SERM.  It is useful to first consider the two standard anti-estrogen 

drugs Tamoxifen and Raloxifene.  Tamoxifen is modeled after the synthetic non-
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steroidal estrogen, Diethylstilbestrol (DES).  DES has all three binding features 

and has the longest dissociative half-life.  Tamoxifen also has low off-rate.  It is 

structural similar to DES except the 2 hydroxyl group is absent, and an extra side 

chain is added.  Raloxifene is structural similar to E2, except again a side chain is 

added.    

 From Figure 4.4, it is clear that  -Zearalenol, Zearalenone and Coumestrol 

have structures similar to E2.  Their long dissociative half-lives suggest good 

potential as lead compounds. 

 RESV is similar to DES except for the two OH groups at the opposing 

ring.   Interestingly, that hugely compromised the binding affinity.  APIG is 

structurally similar to RESV.  Both have the same high off-rate.  

  

4.5  From agonist to antagonist  

  

As an anti-breast cancer drug, the ligand should behave as an antagonist in 

cancer cells, but as agonist in other tissues.    

 The stereo conformation of ER -agonist is shown in the left panel of 

Figure 4.5 where DES played the role of the agonist.  Here, the x-ray structure of 

ER-DES is shown.  Upon DES binding, helix 12 was flipped to the proper 

position to form a binding site for the LxxLL motif of the coactivator.   

In contrast, upon antagonist binding, such as 4OHT binding, the side chain 

of 4OHT forced helix 12 to flip outward, as shown in the right panel of Figure 

4.5.  The binding site for the coactivator is no longer formed [33, 36, 37]. 
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Figure 4.5 X-ray crystal structures of the LBD of ER -DES (left) with 

coactivator fragment (in purple) and the LBD of ER -4OHT (right).  4OHT 

represents 4-hydroxyl Tamoxifen, which is an ER antagonist.  Helix 12 has been 

displaced from its agonist bound conformation and is occupying the space where 

the coactivator should be located when agonist bound [34]. 

 

Presumably, bulky side chains will force helix 12 to flip outward to 

prevent coactivator recruitment and thus give rise to antagonist property.  We 

have seen how the SERM Tamoxifen evolved from agonist DES; and how 

Raloxifene evolved from E2.  Interestingly, the binding affinity, especially the 

off-rate, seems to depend more on the three binding features mentioned earlier but 

not sensitively affected by side chains. 
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Figure 4.6 Structural characterization and dissociative half-life of selected 

ligands with ER . ER agonist E2 is shown on left panel. ER antagonists are 

shown on right panel. 4OHT denotes 4-hydroxyl Tamoxifen. The red circle 

denotes the presence of phenolic A ring, the green circle denotes the second 

phenolic ring and the blue circle denotes the presence of side chain. 
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 There are established methods to add or modify side chains.  For example, 

the replacement of the carbonyl group with the piperidine-bearing side chain 

would modify Coumestrol into Coumestrol SERM.  Coumestrol SERM (shown in 

Figure 4.7) was shown to have antagonist behavior in the estrogen-dependent 

stimulation of MCF-7 cells [34].  Other groups had studied the binding affinity 

and antagonist potency when the side chains were modified [38, 39]. 

 From literature, Zearalenone is a mixed agonist/antagonist, depending on 

the dose, while Coumestrol and  -Zearalenol are full agonist [23].  However, as 

explained above, agonist/antagonist property can be readily engineered.   

 

 

 

Figure 4.7 The chemical structure of Coumestrol (left) and Coumestrol SERM 

(right). 
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4.6 Binding kinetics of ER  and standard ligands in the presence 

of coactivators 

 

 As mentioned earlier, it might be possible to determine the agonist-

antagonist property of a ligand by measuring its binding kinetics with ER in the 

presence of co-activators.   We used two co-activators in our study, a short poly-

peptide of 19 amino acids called D22, and a long 160 amino acid coded SRC-1, 

both containing the LxxLL sequence. 

 

4.6.1 Binding kinetics of ER  and F in the presence of D22 

 

 To determine the stabilization effect of D22 on ER -F, we compared the 

binding kinetic rates of ER -F with or without D22.  

 The experiment procedure was identical to that of section 4.1.1 except 

D22 was mixed in.   In this experiment, the concentration of D22 was kept 

constant, about 50,000 times that of [F].  The kinetic rate constants, with or 

without D22, are listed in Table 4.4.  As can be seen, the presence of D22 had 

little effect on the ER -F binding kinetics. 

 We should point out that D22 did not bind to apo ER , evidence as 

follows.  We flowed Fluorescein-labeled D22 onto a quartz surface coated with 

everything except ER .  We saw both the TIRF signal and the FP signal increased 

with time.  We then flushed the flow cell with blank buffer.  Both TIRF and FP 

signal quickly returned to zero, indicating that the surface-bound D22 was only 

weakly adhering to the surface due to non-specific binding.  We then repeated the 

experiment but this time the labeled D22 was flowed onto tethered apo ER .  We 
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observed the same flushing out of weakly adhering D22, indicating that D22 did 

not bind specifically to apo ER .   

 

 
Green F Green F (+ 45  M D22) 

                  580(35) 567(58) 

                29(2) 29(1) 

            0.52(3) 0.53(6) 

 

Table 4.4 Rates constants, dissociation constant of the ER -F binding with 

or without D22. The numbers in parenthesis are the standard deviations of three 

experiments. 

 

4.6.2 Binding kinetics of ER  and standard dark ligands in the 

presence of D22 

 

 To determine the binding kinetics of ER  and non-fluorescent ligands in 

the presence of D22, we followed a procedure practically identical to that of 

section 4.1.2.  We monitored the competition of L with F and computed the bound 

fraction of F,     .  Both ligands competed for the same ER  ligand binding 

domain.  The competition in the presence of 45  M D22 was used as an example 

to illustrate the strategy of finding the binding kinetics.  The time course of events 

is shown in Figure 4.8.  It was divided into two phases, the association and the 

competition phase. 
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Figure 4.8 ER -E2 binding kinetics with 45  M D22.  The bound fraction of 

F was plotted against time as different reagents were injected at various time 

points. 15  L of 1 nM F was injected into the ER -tethered flow cell (red solid 

line), followed by flushing 20  L of blank buffer (blue solid line). Then 15  L of 

1 nM F was injected into the flow cell (green solid line) and finally injected 20  L 

of premixed 20 nM of E2 with 45  M of D22 (purple solid line). The two spots in 

final stage of each solid line represent the maxima and minima bound fraction of 

the flow cell respectively. The blue and green solid line are used to determine the 

receptor coverage and dissociation constant of F. The purple solid line is used to 

determine the off rate of F, while the red line is used to best fit the association 

phase of F to find its on rate. 
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 During the association phase, 15  L of 1 nM green F was flowed onto the 

surface tethered ER .  The complexed ligand reached steady state in about 300 s. 

At        , 20 L of blank buffer was flowed in to flush out all the free F, so 

the fluorescence signal was solely due to the bound F, leading to an increase in FP 

value and bound fraction.  At        , 15  L of 1 nM F was flowed into the 

same channel again and the system was allowed to equilibrate a third time. The 

three equilibrium states were used in off-line analysis to give more precise and 

consistent data.  Moreover, the huge excess of free F would produce better signal 

to noise ratio in the next phase.  The rate constants are listed in Table 4.5.   

 During the competition phase, 20  L of a solution containing 20 nM E2 

and 45  M D22 was flowed into the channel to compete with the dissociated F. 

This caused the bound fraction      of F to decay to a new equilibrium for 

        .  By fitting the steady state      at         , we could compute the 

dissociation constant    
     

    
 of the ER -L binding in the presence of D22.  The 

off rate of the dark ligand could be determined by best fitting the      decay. 

Hence, all the on and off-rate of the dark ligand in the presence of D22 could be 

determined.  

We mentioned that D22 hardly bound to apo-ER .  When we flowed D22 

onto agonist (E2) bound ER , signal survived blank flush, indicating that the 

recruitment of D22 by ER -E2 was specific.  For that reason, our kinetics 

modeling could be schematically represented by Figure 4.9.  The relative stability 

of the R-L-C (ER -E2-D22) complex with respect to R-L (ER -E2) gave rise to 

an apparently lower off-rate. 
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Figure 4.9 Kinetics modeling of the binding of receptor R (ER ) and agonist 

ligand L (E2) in the presence of coactivator C (D22).   

 

The stabilization effect of D22 on ER -L for various L is illustrated in 

Table 4.5.   The effect is expressed in terms of a stabilization factor, 

                    
       

                              
 (4.3). 

 

Ligand 

                                  Stabilization 

factor No D22 45  M D22 No D22 45  M D22 

E2 10(2) 8(1) 1.8(2) 0.57(6) 3.2(7) 

ICI 182, 780 13(3) 14(3) 1.9(2) 1.7(3) 1.1(3) 

TAM 1.1(6) 1.7(4) 2.8(3) 2.1(3) 1.3(3) 

RAL 5(1) 4.3(6) 1.37(6) 0.8(2) 1.7(5) 

 

Table 4.5 Rate constants of dark ligands with or without D22. The numbers 

in parenthesis are the standard deviations of three experiments. 
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 Three observations could be drawn from Table 4.5.  First, E2 was a well-

known full agonist and its 3-fold stabilization upon co-activator recruitment was 

to be expected.   Second, ICI 182,780 was an established full antagonist and the 

lack of stabilization was again not surprising.  Third, the partial stabilization of 

the two anti-estrogen drugs, Tamoxifen and Raloxifene, seemed to be consistent 

with their ‘selected estrogen receptor modulator’ properties. 

 Nonetheless, the stabilization of ER-E2 observed by us was not as strong 

as that reported in Gee 1999 [30]. In that paper, the off rate of E2 was about  

            .  Once a co-activator was added, the off rate dropped to  

               .  That is, a stabilization factor of 55 was observed.   

 The difference between our results and that of Gee 1999 could be due to 

several reasons.  First, Gee 1999 used the LBD of ER  while we used the full-

length version of ER .  Second, their co-activator was an NR-2 peptide of 15-

amino acid containing the LxxLL motif.  Our D22 was a 19-amino acid peptide 

containing the LxxLL motif.   Gee 1999 also reported still higher stabilization 

when the longer coactivator SRC-1 was used. 

 

4.6.3 Binding of ER  and standard dark ligands in the presence of 

SRC-1 

 

 To clarify the difference between this work and Gee 1999, we examined 

the bound fraction      of F in the presence of SRC-1 (long CoA).  In order to 

measure even small stabilization effect, instead of measuring kinetic rates, we 

measured the steady-state bound fraction of F at various concentrations of E2 in 

the presence and absence of the coactivators.   
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We tethered apo-ER  onto the quartz slide of the flow cell.  We injected 

the fluorescent ligands F into the flow cell and waited till equilibrium. We then 

injected known concentration of E2 mixed with CoA, and waited for 5 minutes 

for the system to equilibrate.  We finally recorded the FA value.  By varying the 

concentration of E2, we could compute the bound fraction of F against the 

concentration of E2.  

The results were plotted in Figure 4.10.  As can be seen, there was no 

observable difference be it long or short CoA.  The long SRC-1 seemed to have 

the same stabilization effect as the short D22.  

In our studies, whether a short D22 or a long SRC-1 was used, the 

stabilization of ER -E2 was not significant, and certainly not the tens of times 

stabilization as observed by Gee et al.   We should also point out that Gee 1999 

observed a 2.5-fold stabilization of the ER -ICI 182,780 complex when NR-2 

was mixed in.  The stabilization of a full antagonist by co-activator recruitment 

was puzzling. 

Because of all the above ambiguities, we concluded that co-activator 

stabilization of ER -L could not be used to definitively identify the 

agonist/antagonist nature of L.  For further studies, non-kinetic assays such as 

steady-state polarization anisotropy measurements using Invitrogen’s Fluorescein-

D22 Coactivator peptide (PV4386) is recommended, as mentioned in section 

2.6.1. 
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Figure 4.10 Normalized bound fraction of F against log [E2].  1 nM F was 

used.  

 

Nonetheless, we should also point out the possibility of degraded SRC-1 

used in our experiments.  The supplier Abcam did not provide direct shipping of 

SRC-1 to Hong Kong.   Instead, the protein coactivator was re-routed via a US 

collaborator in dry-iced packing.  We received the package in good form in dry 

ice, but exactly what happened in between was not guaranteed. 
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Chapter 5  SUMMARY 

 

 The objective of this thesis was to measure the binding kinetic rates of 

some dietary estrogens and ER , for the purpose of identifying lead compounds 

in anti-estrogen drug discovery.  Binding kinetics instead of equilibrium binding 

affinity was believed to be a more realistic indicator of drug potency because 

drug-body interaction was believed to be far from equilibrium [24].  

 We measured the binding kinetics of five dietary estrogens using the 

fluorescence techniques of total-internal-reflection and fluorescence polarization. 

Among the five dietary estrogens, we showed that Coumestrol, Zearalenone and 

 -Zearalenoel were strong binders to ER .  Although their on-rates were low 

relative to the natural hormone E2, their off-rates were comparable to E2.  The 

relatively long-lived ER -L complex suggested that these ligands could be 

candidate lead compounds.   

 We also highlighted the common structural features of these dietary 

estrogens with strong binders such as E2, DES, tamoxifen and raloxifene.  Three 

structural features were identified, the phenolic A-ring, the second phenolic ring 

at the opposite symmetric end, and the linear overall structure. 

We demonstrated that our fluorescence techniques were powerful.  It was 

fast, sensitive, and saved chemicals.  About 100  L of chemicals were used in 

each experiment, which was miniscule relative to conventional solution assays.  

We should point out that for small ligands (~ 200 Da or smaller), our method was 

probably the only practical technique for measuring R-L binding kinetics.  We 

believed that much further work could be pursued using the same setup.  For 
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example, many more dietary estrogens and derivatives could be screened for lead 

optimization. 

 There was a second objective to the thesis, and that was to study the 

feasibility of measuring ER -L stabilization upon coactivator recruitment in order 

to tell if L was an agonist or antagonist.  We found that contrary to what was 

reported in the literature, the stabilization effect was not significant even when 

full-length coactivator peptide was used.  We therefore concluded that this kind of 

kinetic measurement was not suitable for telling agonist from antagonist. 
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