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population, with the maximum of each trace normalized to one, was computed.  Plotted 
are the averages of the three data sets.  The standard deviation was about twice the size of 
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CHAPTER 1  INTRODUCTION   

 

Nuclear receptors are ligand-inducible transcription factors which regulate the 

development and the maintenance of homeostasis of the organism.  An example is the 

estrogen receptor (ER).  It is an important member of the nuclear receptor super-family 

which binds with female hormones to trigger downstream effects and eventual 

proliferation of mammary cells.  ER has two isotypes: ER and ER.  ER has been 

shown to be linked to breast cancer development.  Selective estrogen receptor 

modulators (SERMs) are therefore developed to compete with endogenous hormones for 

the same ER receptor site but will not cause cell proliferation or other harmful 

side-effects [1].  Another health issue related to nuclear receptors is environmental 

endocrine disruptors.  They are hormone-like substances found in the environment that 

disrupt the normal endocrine functions of the body to cause potential health problems, 

such as abnormal fetal developments [2].  High-throughput screening of environmental 

contaminants for such disruptors is therefore necessary.  Meanwhile, the mechanism of 

ER-mediated intra-cellular signaling through ligand binding is still poorly understood [3, 

4, 5].  For all these reasons, the binding of ER with its ligands is being actively 

investigated. 

For the purpose of anti-estrogen drug discovery and for high-throughout screening 

of endocrine disruptors, receptor-ligand bindings are studied in vitro for better control of 

parameter values and to avoid in vivo complications [6, 7].  To quantify binding affinity, 

the dissociation constant KD of the receptor-ligand complex is conventionally measured 

[8].  Recently, however, attention is shifted to the kinetic rate constants, the off-rate koff 
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in particular, for drug characterization [9].  It is because live cells, being open systems, 

are not in equilibrium and steady-state constants measured in test tubes may not be 

relevant.  In contrast, koff of unimolecular dissociation events remains unchanged be it in 

test tubes or live cells.   

Accordingly, an assay to measure the kinetics rate constants of receptor-ligand 

interaction in vitro is sought after.  The method should be sensitive, accurate, reliable, 

reproducible, and convenient.  It has to be fast for screening of potential ligands.  

Although the sure-fire method is still to be developed, three general classes of techniques 

are potential candidates.  They are assays based on (1) radiolabels, (2) mass differences, 

and (3) fluorescence.  Radio-assays made use of the competitive displacement of 

radiolabeled (3H or 131I) ligand by other ligands for the same receptor.  Although they 

offer sensitive detections, they are handicapped by limited shell life, hazardous handling 

of radioactive materials and problematic waste disposal [10, 11, 12].  Mass-difference 

assays, such as surface plasmon resonance (SPR), are widely used [ 13 , 14 ].  

Fluorescence assays, especially those based on fluorescence polarization (FP) anisotropy 

and evanescent wave excitation are also gaining acceptance. 

The prime advantage of mass-difference assay is label-free, so target ligands can be 

measured as they are.  The challenge is to measure small ligands such as estrogens when 

the added mass (mass difference) is minute.  In order to boost the weak signal, higher 

probe density is required, but at the expense of local reagent depletion.  On the other 

hand, fluorescence assays offer single-molecule detection sensitivity but require 

dye-labeling of the analytes.  We will show that the best of both worlds is possible, that 

sensitive fluorescence techniques can be developed to measure receptor-ligand binding 
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weakly with the other regions but synergizes with AF-2 binding.  DBD contains two 

zinc fingers which bind with specific DNA sequence called hormone response elements 

(HRE).  LBD is the most important part of the receptor.  The receptor dimerizes and 

modulates the recruitment of cofactors upon ligand binding.   

 

2.1.2   Estrogen receptor structure and function 

 

Estrogen receptor (ER) binds specifically to female hormone or other estrogen 

ligands and then triggers downstream effects leading to the proliferation of mammary 

cells.  ER, together with estrogen-related receptors (ERR), androgen receptor (AR), 

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

(MR), all belong to the steroid hormone receptor class in the nuclear receptor superfamily.  

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

They share ~97% sequence homology in DBD and ~55% sequence homology in LBD, as 

shown in Figure 2.1.  That is why they bind to the same DNA sequence called estrogen 

response element (ERE), and bind equally strong to the female hormone estradiol (E2), 

and share most of the specific ligands as agonists and antagonists, shown in Figure 2.3 

[16].   

The secondary and tertiary structures of ER are shown in Figure 2.2.  Upon 

specific ligand binding to the hydrophobic binding pocket of the ER-LBD, if the ligand is 

an agonist, the LBD folds to a conformation when the helix 12 (H12) caps the ligand 

binding pocket and exposes the nearby hydrophobic groove for the further binding of the 

LxxLL motifs of a coactivator (CoA) which is needed for transcription, as shown in 
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Figure 2.4.  On the other hand, if the ligand is an antagonist, the H12 flips outward to a 

position that blocks the binding of the LxxLL motifs of CoA [16], also shown in Figure 

2.4.  There are studies showing that the ligand binding can also modulate the 

dimerization interaction of two LBDs of an ER dimer.  The ER dimer can either be a 

homodimer (ER-ER or ER-ER), or heterodimer (ER-ER) [17].  There were 

studies showing that ligand binding at LBD of ER affected its DBD function [18].  

These allosteric and cooperative effects of ER binding are still under study.    

 

 

Figure 2.1 The primary structures of ER and ER, showing their homology and 

functions of different regions. [19] 
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Figure 2.2 (A) The primary structure of ER.  (B) The secondary structure of ER- 

LBD.  (C) The tertiary structure of ER-LBD. [16]  

 

 

Figure 2.3 The top three chemicals are agonists of ER.  The bottom three chemicals 

are antagonists of ER.  
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Figure 2.4 The conformation of ER-LBD upon ligand binding.  Left: The 

coactivator docking pocket (light green) formed by helices 3, 5 and 12 upon agonist 

binding.  Middle: Docked coactivator (purple) with LxxLL motif.  Right: Upon 

antagonist binding, helix 12 swings further to block the coactivator docking pocket. [16] 

 

The classical model of ER signaling for transcription is that the estradiol (E2) goes 

into the cytoplasm and binds to ER monomer.  The activated ERs form homodimers or 

heterodimers and then bind to the DNA sequence ERE and further recruit other 

coregulaters needed for transcription [20], as shown in Figure 2.5.  However, there are 

studies showing that ligand-independent and ERE-independent pathways can also 

initialize transcription, in which phosphorylated ERs bind to ERE, or activated ERs bind 

to other DNA sequences by association of other transcription factors, as shown in Figure 

2.6, plus there are nongenomic effects resulting from ER ligand binding as well [20].  
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The complete picture of ER signaling for transcription is still unclear.  For example, is 

ER mainly in the form of dimer or monomer in the cytoplasm?  Can an ER dimer go 

from the cytoplasm into the nucleus?  Does ER bind to the ERE as a monomer or dimer 

initially?  Does ER bind the CoA first or the ERE first?  The quantitative 

characterizations of allosteric and cooperative effects of ER interactions are also lacking.   

 

 

Figure 2.5 The classical model of ER signaling for transcription.  Estrogen bound 

ER form homodimer and hence binds to estrogen response element ERE and coactivator 

GRIP-1 to initiate transcription. [21] 
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Figure 2.6 Ligand-independent ER pathways and nongenomic pathways.  (1) The 

classical model of ER signaling for transcription.  (2) ligand-independent transcription 

activation through phosphorylation of ER.  (3) ERE-independent transcription activation 

through association of transcription factors.  (4) Nongenomic pathways.  [20]  

 

2.1.3   Breast cancer and drug discovery  

 

Due to radiation, chemicals, virus, heredity or DNA replication errors, the mutation 

of DNA occurs in a cell.  If this DNA-damaged cell does not repair itself nor commit 

suicide (apoptosis), it becomes a cancer cell.  The cancer cell will then undergo cell 

divisions and have more and more DNA mutations to disrupt normal cell growth balance.  

Finally, the cancer cells undergo uncontrolled growth and gradually form larger 

cancerous tissue, called tumor.  This cancer tissue gradually invade the surrounding 
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normal tissues to disrupt normal function of the organ, and may also invade the blood 

vessels to transport the cancer cells to other parts of the body and grow at new locations 

[1].   

According to the World Health Organization (WHO), cancer will replace heart 

disease to become the top human killer by 2010.  Twenty-seven million new cancer 

cases are to be expected by 2030 [22, 23].  Cancer prevention and treatment is certainly 

of top priority.  Breast cancer is one of the most common cancers.  It was shown that 

for breast cancer, ER was highly expressed in cancer cells to regulate their proliferation 

through female hormone induced transcriptions.  Meanwhile, ER was found to be 

expressed in normal cells.  Therefore, a major breast cancer therapy is the administering 

of an anti-estrogen drug which acts as an antagonist of ER and competes with the 

female hormone to block the transcription process and prevent proliferation of breast 

cancer cells, as shown in Figure 2.7.  However, these anti-estrogen drugs also affect the 

signaling in normal cells and cause undesirable side effects in the body.  For example, 

the most common drug tamoxifen also activates uterine receptor to increase the risk of 

uterine cancer development.  Therefore, selective estrogen receptor modulators (SERMs) 

are being developed which are designed to suppress breast cancer cell development and at 

the same time have no side effect, or even have beneficial effect to the body [24, 25].  

Until now, there is no perfect SERM for breast cancer therapy [24].  SERM chase is still 

on, and the development of newer techniques to aid drug discovery and to enhance the 

understanding of receptor-ligand binding is keenly sought after.   
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Figure 2.7 Action of anti-estrogen drug for breast cancer therapy.  

 

2.1.4   Endocrine disruptors and contaminant screening  

 

Another important health issue related to ER ligand interaction is the environmental 

hazard caused by so-called endocrine disruptors.  Endocrine disruptors are hormone-like 

chemicals that exist in the environment around us.  For example, they may be found in 

drinking water, consumer products, food additives, chemical wastes, etc.  Once up taken, 

they may engender hormonal effects through ER and AR signaling in the human body to 

cause long-term public health problems.  Detection of this kind of environmental hazard 

is very challenging.  Very large scale screening of potential endocrine disruptors is 

needed but the technology does not yet exist.  The National Toxicology Program (NTP) 

of the National Institute of Environmental Health Sciences (NIEHS) in the US reviewed 

current in vitro ER and AR ligand binding assays [2] and concluded that no standardized 

binding assay can be made from current methods due to the lack of validation data.  The 

development of a simple, sensitive, reliable, robust, and high-throughput technique to 

screen receptor-ligand binding is urgently required. 
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2.1.5 Peroxisome proliferator-activated receptors 

 

 Peroxisome proliferator-activated receptors (PPARs) belong to a group of the 

nuclear receptor superfamily [26].  PPARs have three isotypes, PPARα, PPARβ and 

PPARγ.  Like other nuclear receptors, PPARs have AF-1, DBD, hinge region and LBD.  

However, PPARs only form heterodimers with the retinoid X receptors (RXRs) and no 

homodimers [26].  The tertiary structures of PPAR(LBD) and the PPAR-RXR 

heterodimer are shown in Figure 2.8.  PPARs are lipid inducible transcription factor 

which regulate the gene expression for lipid and glucose metabolism ][27 .  Cholesterols, 

phospholipids and fatty acids are major lipids in human body.  PPARγ is found to play a 

key role in adipogenesis (generation of fat cells) and is associated with atherosclerosis, 

obesity, insulin resistance diabetes (high blood glucose level) and cancer [27].  For 

diabetes treatment, insulin-sensitizing drugs, e.g. thiazolidinediones in Figure 2.9, were 

developed as PPARγ agonists to reduce insulin resistance and to improve insulin 

sensitivity in order to regulate normal blood glucose level in the body [26, 27].  

 

   

Figure 2.8  Left: Ligand-binding domain (LBD) of the PPARγ.  Right: LBDs of the 
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PPARγ-RXR heterodimer. 

 

Figure 2.9 Left: thiazolidinedione.  Right: three members of thiazolidinedione 

derivatives.   

 

2.1.6   Ginsenosides 

 

For over thousands of years, panax ginseng C.A. Meyer is one of the most popular 

herbs used in traditional Chinese medicine.  Recently, it plays an increasingly important 

pharmacological role in western medicine as well.  Ginsenosides are the small 

molecules of active ingredients in ginseng.  More than thirty types of ginsenosides are 

classified into two main types: protopanaxadiol (PPD) and protopanaxatriol (PPT).  

They differ by the various sugar moieties attached at the different positions as shown in 

Figure 2.10.  The pharmacological effects of ginsenosides include the modulation of 

angiogenesis and their effects on the central nervous system.  They also have specific 

wound-healing and anti-tumor effects [28].  As can be seen from Figure 2.10, the 
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structures of ginsenosides are similar to steroids (Figure 2.3).  It was suggested that their 

pharmacological effects might arise from interaction with nuclear receptors such as ERs.  

For that reason, their screening for binding with nuclear receptors will help clarify the 

issue.   

 

Figure 2.10 Left: Panax ginseng.  Right: The chemical structures of ginsenosides.   
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2.2   In-vitro binding assays   

 

As mentioned in Chapter 1, there are three main types of techniques for the 

measurement of in vitro receptor ligand binding.  They are radio-assays, mass difference 

assays and fluorescence assays.  Although radio-assays offer sensitive detection, they 

are hampered by limited shell life, radioactive hazards and waste disposal problems [10, 

11, 12].  In this section, we will give an overview of mass difference assays and 

fluorescence assays.  We will explain their pros and cons, and outline how we can build 

on them to develop a better alternative method.   

 

2.2.1   Mass difference assays  

 

Mass difference assays are widely used to measure binding kinetics between targets 

in solution and probes immobilized on surfaces.  The surface mass increase upon target 

binding to tethered probes is monitored.  The most common mass difference assay is 

surface plasmon resonance (SPR).  These assays have the advantage of measuring 

label-free ligands, but the sensitivity can be low if the mass increment is small.   

 

2.2.2   Surface plasmon resonance (SPR)   

 

 Surface plasmon is the electromagnetic wave which propagates along the interface 

between a metal and a dielectric.  It is created by a light beam incident at the surface.  

The property of this electromagnetic wave is very sensitive to the refractive index change 
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of the interface caused by mass or thickness increases.  As a result, the intensity of the 

reflected light beam also changes, and this change is usually measured [13].  The SPR 

biosensor measures the mass change due to the association and dissociation of molecular 

complex tethered on the metallic surface in order to obtain the kinetics rates.  This is 

commonly used for biological binding kinetics studies, such as antibody-antigen, 

DNA-protein, and receptor-ligand interactions.  The advantage of SPR biosensor is 

label-free analytes [14].  However, the sensitivity can be low when the molecular weight 

of the analytes is low.  The limit of detection is about 10 pg mm-2, which is equivalent to 

one hundred bovine serum albumin (~ 66 kDa) bound to an area of 1 m2.  For estrogen 

receptor binding studies using SPR, large molecular weight analytes are preferred.  For 

example, ER dimerizing with tethered ER monomer [29], ER binding to tethered ERE 

[30], and ER binding to tethered hormone [31] were investigated.  For the case of small 

ligands as analytes, the mass increment will be minuscule and the surface density of the 

tethered probes will have to be increased in order to boost the binding mass.  But then, 

the reagents will be depleted or accumulated near the surface and the interpretation of the 

kinetics data will be very complicated [32].  This probably explains why small ligands 

as analytes could only be studied by SPR experts [33 ].  Moreover, for bindings 

involving multiple partners, if only mass but no other identifier is measured, the many 

binding events cannot be easily decoupled.  

A less common mass difference assay is the quartz crystal microbalance with 

dissipation (QCM-D).  Similar to SPR, it measures the mass change due to binding but 

can also measure the structural change at the same time [30], and therefore has similar 

 17



advantages and limitations as SPR.  The limit of detection of QCM-D is also about 10 

pg mm-2.   

 

 

Figure 2.11 The typical setup of SPR with flow channel, measuring the angle shift of 

the maximum reflectance upon binding mass increases.   

 

2.2.3   Fluorescence assays 

 

Fluorescence assays are another commonly used technique to measure binding 

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

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

proteins, DNAs, lipids and small ligands.  Unlike mass difference assays, dye labeling is 

generally required.  Fluorescence measurement can be very sensitive, and even single 

fluorophores can be detected.  Moreover, specific binding signal from a particular 

fluorophore can be spectrally or temporally selected so that multi-partner interactions can 
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be de-scrambled.  In the following sections, several common fluorescence assays that 

are used to study binding kinetics will be discussed [34]. 

 

2.2.4   Total internal reflection fluorescence (TIRF) 

 

Total internal reflection fluorescence (TIRF) makes use of the thin (~ 100 nm) 

evanescent wave produced by a total internally reflected laser beam at the glass-water or 

quartz-water interface to excite the surface immobilized fluorophore [ 35 ].  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 the dye-labeled ligand with the surface-tethered probes, usually in a 

flow cell configuration.  The sensitivity of TIRF is extremely high and can reach single 

molecules detection level [36, 37].  Vogel used TIRF to study the binding kinetics of 

serotonin 5HT3 receptor with a novel fluorescent ligand.  They obtained the on and 

off –rates of the fluorescent ligand.  Because of its relatively small off rate, they could 

only measure the dissociation constants of nonfluorescent competitor ligands but not their 

on and off -rates [38].   
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Figure 2.12 The typical setup of TIRF, measuring the emission from fluorescent 

molecules which are excited by the thin evanescent wave at the interface.   

 

2.2.5   Total internal reflection with fluorescence correlation spectroscopy 

(TIR-FCS) 

 

Total internal reflection with fluorescence correlation spectroscopy (TIR-FCS) is 

built around a microscope.  It is another fluorescence technique for exciting/viewing a 

very small analyte volume.  The z dimension is again restricted by evanescent wave of 

TIR.  The x-y dimension is restricted by a m-size pin-hole at the image plane of the 

microscope.  When the fluorescent ligands enter or exit the detection volume to bind 

with or dissociate from surface receptors, the fluorescence intensity will change.  The 

time-dependent auto-correlation function will yield the off-rate of the fluorescent ligand.  

The advantages of TIR-FCS are that it can also determine the receptor coverage and the 

z-diffusion constant of the fluorescent ligand.  However, because of the small detection 

volume, the signal is generally weak even for high receptor coverage, and the study of 

nonfluorescent ligands will be difficult.  Thompson demonstrated interesting 
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applications of this technique, and anticipated the extension to nonfluorescent ligands.  

So far, only kinetics of fluorescent ligands were measured [39, 40].   

 

 

Figure 2.13 The setup of TIR-FCS, measuring the fluorescence correlation of 

fluorescent molecules diffuse in and out of the viewed volume during the binding process 

[39]. 

 

2.2.6   Total internal reflection with fluorescence photobleaching recovery 

(TIR-FPR) 

 

Total internal reflection with fluorescence photobleaching recovery (TIR-FPR) is 

based on the photobleaching of surface bound fluorophores at time zero, and the 

monitoring of their gradual displacement by bright fluorophores originally in solution 

[41].  The advantages of TIR-FRP are that the off-rates of the fluorescent ligand can be 

measured directly and no sample flow is needed.  However, this method cannot 
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determine the kinetics of nonfluorescent ligands because they will be confused for 

bleached fluorophores.   

 

2.2.7   Total internal reflection with reflectance interferometry (TIR-RIf) 

 

Total internal reflection with reflectance interferometry (TIR-RIf) is a technique that 

uses TIRF to measure the fluorescence signal of surface fluorophores and RIf to measure 

the change in normal reflectance of the substrate surface [42].  Akin to SPR, the normal 

reflectance changes upon ligand binding to surface tethered receptors.  Again, no dye 

labeling is necessary and RIf can give the absolute mass added to the surface once the 

instrument is calibrated.  However, it is limited by the same low sensitivity of ~ 10 pg 

mm-2.  If the ligand is fluorescent, the TIR part can detect the signal very sensitively.   

 

Figure 2.14 The setup of TIR-RIf, measuring both the fluorescence from TIR and the 

change in fluorescence of normal reflectance upon ligand binding [42]. 
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2.2.8   Fluorescence polarization (FP) 

 

Fluorescence polarization (FP) is a powerful technique for measuring the interaction 

of small fluorescent ligands with large receptors.  The small (~ 102 D) fluorophore in 

solution is first excited by a linearly polarized laser beam.  The parallel and 

perpendicularly polarized components of the fluorescence emissions are measured.  The 

polarization anisotropy is computed [43].  If the fluorescent ligand is unbound, within 

its fluorescence lifetime, it already tumbles enough cycles in solution to scramble the 

parallel and perpendicular components and the polarization anisotropy is small.  If it is 

bound to a large (104 D) receptor, its rotation is slowed and the polarization anisotropy is 

high.  FP is a simple and robust technique and can be used to measure the binding of 

dark ligands through their competition with a bright reporter ligand.  It has been widely 

used in numerous biological and pharmacological studies [44, 45, 46] to measure the 

binding affinity (in terms of the dissociation constant KD or IC50) of various receptors 

with their respective ligands.  As for measuring kinetics rate constants, FP has only been 

used to study fluorescent but not dark ligands [43].   
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Figure 2.15 Upper: Typical FP setup for measuring the polarization of emission from 

small fluorescent molecules.  Lower: The degree of polarization distinguishes the fast 

tumbling free fluorescent molecule from the larger complexed ones. [47]  

 

2.2.9   Free probes versus tethered probes 

 

 In vitro receptor-ligand binding measurements are carried out either in bulk solution 
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with stopped-flow mixing or in flow cells with tethered probes.  Free probes in solution 

have the advantages of having probes in their native forms and the setup is generally 

simpler.  On the other hand, flow cells with tethered probes use much less chemicals and 

allow reagent changes at any stage of the reaction.  This format also allows parallel 

processing as in microarrays and therefore is scalable for high throughput assays [48, 

49].  
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inhibitory concentration IC50 is known, by using the following equations, 
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where [F]total
  is the total (free + bound) concentration of the fluorescent ligand F used in 

the competition, and KD (= koff/kon) is the equilibrium dissociation constant of ER-F [2].  

In our case, KL = offk
~

/ onk
~

 (listed in Table 4.1) and IC50 for L could be computed using 

Eq. (4.6).  Accordingly, RBA of L could be computed using Eq. (4.7), and the results are 

listed in Table 4.1.  

RBA values were reported by other groups.  Among them, we selected those 

using full length human ER and fluorescence polarization assays (hER-FP) [44, 55, 

56, 57, 58, 59, 60].  We averaged the reported values and computed their standard 

deviations.  They are also tabulated in Table 4.1 for easy comparison.  As can be seen, 

our RBA values were consistent with the reported ones.    

We could also compute the RBA values based on the results of Rich 2002.  

These were shown in Table 4.1.  They were very different from the other reported values.  

Rich 2002 used SPR to assay the binding of ER(LBD only) with its ligands, while all 

the others used FP to study full length ER; that may explain the difference. 
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Ligand kon (105 M-1 s-1) koff  (10-3 s-1) KD (nM) RBA 

 This work Rich 2002 This work Rich 2002 This work Rich 2002 This work Rich 2002 hER-FP 

Agonist          

  green F 570 (100) --- 30 (5) --- 0.5 (1)  --- 270 (60) --- --- 

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

  DES 10 (1) 60 (7) 1.5 (3) 0.05 (2) 1.4 (3) 0.009 (3) 100 (20) 1104 120 (30) 

  GEN 0.26 (8) --- 2.3 (5) --- 90 (30) --- 1.5 (6) --- 6 (9) 

          

Antagonist          

 TAM 1.0 (3)  0.045 (1) 1.73 (6) 1.0 (1) 18 (6) 220 (20) 8 (3) 0.4 4 (3) 

 4OHT 2.4 (9) 0.023 (1) 1.6 (4) 0.041 (1) 7 (3) 18 (1) 21 (9) 5 15 (7) 

 RAL 3.3 (5) --- 1.3 (5) --- 4 (2) --- 35 (17) --- 38 (30)* 

Table 4.1  Rate constants, dissociation constants and relative binding affinity (RBA) 

for ER-ligand interactions.  Results of this work are compared against values reported 

in Rich 2002 [33] and others hER-FP [44, 55, 56, 57, 58, 59, 60].  ER ligands are 

estradiol (E2), diethylstilbestrol (DES), genistein (GEN), tamoxifen (TAM), 

4-hydroxytamoxifen (4OHT) and raloxifene (RAL).  

* In the binding of raloxifene with hER, all published RBA values were measured using 

radio-assays [61, 62, 63].  No FP results were reported. 

 

Our results showed that koff of the various nonfluorescent ligands were similar.  

Their difference in binding affinity was due to different kon.  How that might be 

explained by their chemistry (structure and reactivity) will be explored in Section 4.9. 
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4.6   Positive and negative controls  

 

In the previous section, we showed that all the known ER ligands that we have 

studied (E2, DES, genistein, TAM, 4OHT and RAL) did bind to ER and competed with 

F for ER.  In other words, all the positive results that we saw were true positives.  We 

did not see any false positives.   

We also checked for false negatives.  We tested testosterone (TEST) and 

dexamethasone (DEX) for binding with ER.  It is known that these two ligands are not 

ligands of ER.  The test results are shown in Figures 4.13.  As can be seen, no 

binding was detected.  In other words, the negative results were true, no false negatives 

were seen.    
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Figure 4.13 Negative and positive controls of ER ligand binding.  Top: Tethered 

ER was first complexed with F.  As negative control, non-ER ligand dexamethasone 

(DEX) at 10 M was injected into sample cell at time t = 0 and fluorescence anisotropy 

was measured for the next 300 s.  As positive control, estradiol (E2) was injected at the 
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end.  Bottom: The experiment was repeated with another non-ER ligand testosterone 

(TEST).  

 

4.7   Screening ginsenosides for ERα binding  

 

As mentioned in previous chapters, our FP-TIRF method could be used to 

fast-screen potential ligands of the tethered receptor.  We screened a total of eleven 

ginsenosides for binding with tethered ER.  They were chosen based on recent reports 

of their steroid-like properties [64, 65].  The experimental protocol was explained in 

Section 3.7.3, and outlined in the caption of Figure 4.14.  Briefly, each ginsenoside at 

high concentration was flowed onto tethered ER-F complex.  Displacement of F due to 

binding of ER with the ginsenoside would show up in the decay of the bound 

population of F.  The experiment was repeated for each of the eleven ginsenosides, and 

near the end, genistein was injected as positive control.  Finally, excess E2 was injected 

to define the baseline.  The entire series of experiment were repeated three times.  

Because the ER coverage varied among the three runs, in order to compare data across 

runs, we normalized the maximum anisotropy reading of each trace to one, and defined 

the minimum anisotropy reading of each trace (after injection of excess E2) as zero.  For 

each ginsenoside and control, the averaged bound population of F, so normalized, is 

plotted in Figure 4.14 as a function of time.  The relative standard deviation was only 

about 3 %.  As can be seen, there was no measurable binding of any of the ginsenosides 

with ER.  The null results were double-checked using fluorescence polarization assays 

of ER-F in solution [66].  The two results agreed.  
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Figure 4.14 Screening ginsenosides for binding with ER.  Tethered ER was first 

complexed with F.  10 M of a ginsenoside was injected into sample cell at time t = 0 

and fluorescence anisotropy was measured for the next 300 s.  The cell was refreshed by 

flushing with blank buffer.  The injection-wash cycle was repeated with a new 

ginsenoside each time.  As positive control, 200 nM genistein was injected in the last 

round.  Minimum anisotropy was determined by injecting excess E2.  The entire 

experiment was repeated three times, with the order of the ginsenosides randomized.  In 

the third trial, the ginsenoside concentration was increased to 50 M.  The bound F 

population, with the maximum of each trace normalized to one, was computed.  Plotted 

are the averages of the three data sets.  The standard deviation was about twice the size 

of the data symbol. 
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4.8   Screening ginsenosides for PPARγ binding  

 

Using the FP-TIRF system, we screened the same eleven ginsenosides for binding 

with surface-immobilized PPAR (LBD).  This time, we streamlined the procedure still 

further by simply physi-sorbing the receptor on PLL-coated channel surfaces.  Binding 

was measured by TIRF.  Results of ten ginsenosides and one positive control are shown 

in Figure 4.15.  The other ginsenosides not shown did not exhibit detectable binding.  

Interestingly, two ginsenosides, Rb1 and 20(S)-Rg3, did show significant binding to 

PPARγ, relative to the positive control GW1929.  The experiment was repeated twice 

and the same results were seen.   

In view of the crudeness of the physi-sorption scheme, we double-checked the 

reliability of the screening results by repeating the experiment but tethered the PPAR 

(LBD) by a surface-immobilized antibody specific for the receptor this time.  The 

epitope was far from the ligand binding region.  We measured binding using FP.  

Results are shown in Figure 4.16.  Clearly, the same conclusion was drawn.  Both the 

positive and negative results were double-checked using PPAR (LBD)-F in solution [66].  

The two results agreed.  Downstream effects of ginsenosides on diabetic mice had since 

been investigated by our collaborators and very interesting results that corroborated with 

our in vitro binding measurements were seen [67]. 
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Figure 4.15 Screening ginsenosides for binding with PPAR physi-sorbed on PLL.  

Physi-sorbed PPAR was first complexed with its specific F.  10 M of a ginsenoside 

was injected into the sample channel at time t = 0 and TIRF was measured for the next 

300 s.  The cell was refreshed by flushing with blank buffer.  The injection-wash cycle 

was repeated with a new ginsenoside each time.  As positive control, a PPAR standard 

ligand GW1929 at 10 M was injected in the last round to generate the TIRF baseline. 
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Figure 4.16 Screening ginsenosides for binding with antibody-captured PPAR.  

Tethered PPAR was first complexed with a specific F.  This F was different from the 

one used in Figure 4.15.  10 M of a ginsenoside was injected into sample channel at 

time t = 0 and fluorescence anisotropy was measured for the next 300 s and converted to 

bound F fraction.  The cell was refreshed by flushing with blank buffer.  The 

injection-wash cycle was repeated with a new ginsenoside each time.  As positive 

control, a PPAR standard ligand GW9662 at 10 M was injected in the last round to 

determine the minimum anisotropy.  
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4.9   Binding affinity and chemical structure  

 

We attempted to identify the correlations between binding affinity and the 

chemical structure of the ligands.  For the case of ER, the structures of the standard 

ligands and the non-ligand are shown in Figure 4.17, and ranked according to their RBA.  

As pointed out by Pike 2006 [16], the phenolic A-ring (colored green in the figure) is 

common to all the ligands, but is missing in the non-ligand testosterone.  It is also 

missing in the ginsenosides, as shown in Figure 4.18.  That may explain their 

non-binding.   

For the case of PPAR, it is interesting to note that in our measurements; only 

20(S)-Rg3 and Rb1 would bind.  The other ginsenosides did not.  20(S)-Rg3 and 

20(R)-Rg3 are isomers, differing only in the spatial arrangement of the hydroxyl group 

on the chiral carbon (C-20) (circled in blue in Figure 4.18).  That difference apparently 

marks PPAR ligands from non-ligands.  Similarly, comparing 20(S)-Rg3 against 

20(S)-Rh2, the only difference is one more sugar moiety (highlighted by red square in the 

figure) that is present in the former but not in the latter.  That is a second feature that 

correlates with binding.  The same additional sugar moiety is also found in the only 

other ligand Rb1.  The hydroxyl group on C-20 is replaced by sugar moiety for Rb1 

(highlighted by green rectangle in the figure).  This indicates that the sugar moiety on 

C-20 may be a key feature.  This will require further corroboration by screening more 

ginsenosides.  

The structures of the standard ligands of PPAR are illustrated in Figure 4.19. 

They are ranked by binding strength.  Because tens of M of 20(S)-Rg3 and Rb1 were 
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needed to compete with nM of F (see Figure 4.15 and 4.16), their binding strength would 

be similar to Pioglitazone.  Yet, based on Figures 4.18 and 4.19, their common features 

are not apparent.  It will be useful if molecular dynamics modeling can be performed to 

elucidate the observations mentioned above.  The deeper principles that can be learned 

will certainly enhance our understanding of ligand-receptor interactions in general, and 

ginseng pharmacology as well as the bio-hazards of endocrine disruptors in particular.   
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Figure 4.17 Structural characterizations of ER ligands (top) and non-ligands (bottom).  

Affinity among ER ligands decreases from top to bottom.  Green colored phenolic 
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A-rings are the common characteristics among ER ligands.  Antagonist side chain 

moieties are marked with purple spots.  ER ligands are estradiol (E2), diethylstilbestrol 

(DES), genistein (GEN), tamoxifen (TAM), 4-hydroxytamoxifen (4OHT) and raloxifene 

(RAL) [16].  Non-ER ligands are testosterone (TEST) and dexamethasone (DEX).  
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Figure 4.18 Structural characterizations of Ginsenosides.  Red squares and blue 

circles highlight the common structures among those ginsenosides that bind with PPAR.  

Green rectangle highlights another possible binding feature.  
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Figure 4.19 Structural characterizations of PPAR ligands.  Affinity decreases from 

top to bottom.  Red and blue boxes highlight the common structures. 
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CHAPTER 5   CONCLUSION  

 

In this thesis work, we developed a novel method for measuring receptor-ligand 

binding kinetics based on FP-TIRF in a flow cell format.  The project was very 

interdisciplinary, requiring expertise in physics as well as in biochemistry.  The entire 

methodology, from instrumentation through data capture to kinetics modeling was 

worked out basically from scratch.  Challenging aspects of the instrumentation included 

the design and implementation of the FP-TIRF optics that was built around a microscope, 

the design of a flow cell that was simple but very practical, and the working out of a 

receptor tethering scheme that was secure while preserving the receptor functions at the 

same time.   

The design of the data capture protocol was no less demanding.  The receptor 

coverage had to be kept low to guarantee rapid mixing, which implied very weak signal.  

The fragility of protein receptors necessitated carefully planned and executed data runs, 

together with positive and negative controls, and automated data capture for kinetics 

modeling.  All the critical parameters had to be identified beforehand, such as [F] and 

[L], so that the feasibility of their accurate determination could be factored in.   

Finally, the kinetics modeling part was another challenge.  The simplifying 

assumptions, such as the random pointing of the dipole of the fluorophore and the rapid 

mixing of reagents, had to be clearly identified and justified based on empirical data.  

The robustness and the sensitivity of the model had to be tested.  We also compared the 

FP data against the TIRF data for self-consistency.  In cases when alternative assays 

were available, such as the measurement of equilibrium binding affinities, we 
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double-checked our results against those gotten with conventional techniques.   

We first applied our method to measure the binding kinetics of ER with its 

standard ligands.  The system was chosen for its relevance in anti-estrogen therapy of 

breast cancer and in the screening of environmental pollutants for endocrine disruptors.  

While equilibrium binding affinities had been measured by many other groups, kinetics 

rate constants had never been reported for full length ER.  For the six standard ligands 

we studied, their rate constants were found to be similar.  For example, their off-rates 

ranged from 1.3  10-3 to 2.3  10-3 s-1 while their on-rates ranged from 0.3  105 to 11  

105 M-1 s-1.  Their equilibrium binding strengths, expressed in terms of RBAs, were 

shown to agree with results reported by others who also measured full length human 

recombinant ER using FP.  We found that the four times higher binding affinity of 

raloxifene relative to tamoxifen was due primarily to a three times higher on-rate.  This 

kind of information will be useful for SERM development in breast cancer therapy.    

We next applied our method to screen ginsenosides for binding with ER.  This 

was motivated by recent reports that some ginsenosides appeared to act like hormones in 

animal models.  We demonstrated that the screening could be fast.  A total of eleven 

ginsenosides could be screened in less than two hours.  We showed that none of the 

ginsenosides bound to the tethered ER, even at 50 M concentration.  We finally 

screened ginsenosides for binding with PPAR.  We found that none of them would bind 

except 20(S)-Rg3 and Rb1.  The implication of their potential positive effect in diabetes 

management was being actively pursued by our collaborators. 

Given this powerful and convenient FP-TIRF technique, much further work can 

be explored.  For example, one can contrast the binding kinetics of full length versus 
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LBD ER, in order to clarify the role of non-LBD regions in ligand interaction.  

Another interesting comparison is monomer versus dimer ER.  One will want to 

investigate the possible cooperativity among the multiple binding sites.  Environmental 

effects of temperature, crowding, and chaperones can be studied too.  Because our 

fluorescence technique can track multi-partners simultaneously, ligand-induced 

downstream effects such as co-regulator recruitment and ERE binding can be readily 

monitored.  Based on our experience in ER and PPAR tethering, we should be able to 

extend to other receptor systems as well for a more comprehensive investigation of 

signaling and regulation by small molecules.  These are all important basic science 

issues.  For more practical applications, fast screening of potential endocrine disruptors 

will be a good example.    
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