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Abstract 
Environmental estrogens are a diverse group of natural and synthetic compounds that 
can interact with estrogen receptors (ERs) in animals and humans. Interactions with 
ERs relies on key structural features of estrogen molecules and if these similarities are 
found on other molecules, they are likely to have estrogen mimicry and elicit a 
response. The structural diversity of these 17b-estradiol (E2) mimics makes it difficult 
to predict whether they will act as E2 mimics and cannot be identified by structure 
alone. This thesis explores the structure activity relationship of environmentally 
prevalent E2 mimics and the implications of exposure to these compounds. 
 
E2 mimics were selected for this study based on their environmental prevalence. They 
were subject to MELN assays (a gene reporter assay based on expression of ERs) and 
MCF-7 (cultured ER positive breast cancer cells) proliferation studies. Studies were 
carried out with E2 and E2 mimics to investigate the structure activity relationship 
between estrogenicity values (e.g., EC50 values) and molecular modelling 
DockScores. This work further supports published literature and confirms the ER-
driven bioactivity and DockScores have a linear relationship (R2 = 0.75, MELN 
assay; R2 = 0.81, MCF-7 cell proliferation studies). 
 
In silico molecular modelling studies (Schrödinger platform) highlight the complex 
structural architecture of the ER and the interactions between ligands and the LBC; 
this indicates the potential effects of common structural features of ligands (e.g., 
isoflavone backbone, synthetic estrogens, parabens) on their binding energies with 
ERs and their estrogenicity – resulting in differing ER-driven bioactivities. Further 
studies using molecular dynamics focusing on ERa investigates the protein unfolding 
from the agonist conformations bound with genistein and E2, and the antagonist 
conformation bound with 4-hydroxytamoxifen. The ligands were removed before the 
simulation, resulting in new conformational freedom due to absence of van der Waals 
contacts between the ligands and the receptor, showing that van der Waals forces are 
crucial to hold the ligand binding domain in either the agonist or antagonist 
conformation. 
 
The interactions of E2 and E2 mimics with ERs are well documented, however, very 
few studies have investigated the interactions and effects these compounds have on 
plasma-steroid binding proteins. Sex hormone binding globulin (SHBG) is a 
glycoprotein and is the main, specific transport system for endogenous sex steroid 
hormones, the other being albumin. E2 mimics can interact with SHBG displacing 
endogenous sex hormones (e.g., E2, testosterone) and could lead to modulating their 
bioavailability. In this study a sandwich SHBG ELISA assay used to determine 
SHBG in plasma was utilised to investigate the effect E2 and select E2 mimics had on 
levels of SHBG levels in MCF-7 cell cultures. This could have implications on human 
exposure to E2 mimics if high enough concentrations in the blood are reached. 
 
Further research will increase our understanding of ER/ligand interactions, and our 
ability to predict their biological activity and consequent human health risks. Linking 
artificial intelligence with biological responses is the next step forward.   
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Glossary 
Estrogens are the female sex hormones; which refers to three compounds (estrone, 

17b-estradiol and estriol). Estrone is the least abundant estrogen and is the main form 

of estrogen in post-menopausal women. 17b-estradiol is the primary estrogen before 

menopause and is the most active of the three compounds. 17b-estradiol is produced 

by the ovaries in women, and by the testes and adrenal glands in men. Estriol is the 

predominant estrogen produced during pregnancy. The biochemistry of estriol is the 

least understood of the three endogenous estrogens. 

 
Androgens are the male sex hormones; which refers to five compounds 

(dehydroepiandrosterone, androstenediol, androstenedione, testosterone and 

dihydrotestosterone). Dehydroepiandrosterone, androstenediol and androstenedione 

are primary precursors in steroid hormone biosynthesis. Dihydrotestosterone is the 

metabolite of testosterone and is considerably more potent as a androgen receptor 

agonist as it has a higher affinity for the androgen receptor than testosterone.  

 

Agonists are compounds that can bind to the receptor in a cell and cause the 

biological response that is controlled or triggered by that receptor. The ability for a 

compound to bind to a receptor is called affinity and the ability for a compound to 

produce a biological response controlled by a receptor is called efficacy. Agonists can 

be endogenous compounds such as a sex hormone or a foreign compound such as a 

drug or compounds found in foods. Agonists of sex hormone receptors are able to 

activate (initiate, up-regulate) receptors that mediate gene transcription.  

 

Antagonists are compounds that can bind to the receptor in a cell and blocks the 

biological response that is controlled or triggered by that receptor. An antagonist 

compound has affinity for a receptor, however has no efficacy. Antagonists mediate 

their effects through the binding site or allosteric site on a receptor. Antagonists of sex 

hormone receptors are able to inactivate (inhibit, down-regulate) receptors that 

mediate gene transcription. 

 
Agonist and antagonist are also terms used to describe the 3D confirmations of the 

estrogen receptor ligand binding domain upon ligand binding, one structural feature of 
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the estrogen receptor is the position of a-helix 12 of the ligand binding cleft that 

occurs when an agonist or antagonist ligand is bound; therefore the estrogen receptor 

is said to adopt an agonist or antagonist conformation. 

 

17b-estradiol mimics are compounds that an organism is exposed to and cause an 

estrogenic or antiestrogenic effect via binding with estrogen receptor mediating up- or 

down-regulation of gene transcription. 17b-estradiol mimics can be synthetic or 

natural compounds. 

 

Co-regulatory proteins are proteins that interact with the ligand-receptor complex at 

estrogen response elements of DNA that activate or supress the transcription of genes. 

Co-regulatory proteins that enhance transcription are known as co-activators and co-

regulatory proteins that supress transcription are known as co-repressors. Co-

regulatory protein activity is regulated by their absolute and relative expression levels 

in different cell types. Co-regulatory proteins allow for cell type and promotor 

specificity for transcription factors.  

 
Genomic signalling pathway is the classical signalling the mediates gene expression 

through conformational changes of receptors that lead to direct binding of the ligand-

receptor complex to DNA at response elements. 

 
Non-genomic signalling pathway is characterised by rapid cellular actions mediated 

by secondary messenger proteins. 

 
Model refers to the protein structure used for ligand docking obtained after the 

processing and preparation of the published crystal structure is completed. The model 

also still contains the co-crystallised ligand. 

  



 xxvii 

Nomenclature 
The notation of ring designation and numbering of substituents is illustrated in Figure 

A. The binding pocket of estrogen receptors is often described as having an A-ring 

end and a D-ring end, this references the traditional binding of 17b-estradiol in the 

binding pocket, where the A-ring end binds with the water/Glu/Arg triad and the D-

ring end binds to the His. 

Ring designation is often used in reference to other ligands that do not share this 

structure to help describe the interactions with the receptor. 

 

 

Figure A. Position numbering and ring notations for ligands, illustrated with 17b-
estradiol and genistein. 
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Chapter One – Introduction 
1.1. The Endocrine System and Hormones 
Hormones are a diverse class of signalling molecules responsible for regulating 

physiological and behavioural responses. The endocrine system is the primary 

regulatory mechanism in the body, it is complex and tightly balanced to synthesise 

and secrete hormones into the circulatory system to control distal target organs, tissue 

and cells through receptor-mediated responses (Bergman et al., 2013). Within this 

tightly regulated system are three classes of hormones in mammals, peptide hormones 

(e.g., insulin), steroid (e.g., testosterone) and amino acid base hormones (e.g., 

norepinephrine). Endogenous steroid hormones are all synthesised from the common 

precursor cholesterol, an integral component of cell membranes to maintain 

membrane structure and fluidity. 

There are five groups of steroid hormones (Table 1.1), all of which are distinguished 

by their physiological behaviour: mineralocorticoids, which influence the electrolyte 

and fluid balance; glucocorticoids, which are involved in the metabolism of glucose 

and anti-inflammatory responses; progestogens, essential reproductive hormones; 

androgens, which induce the development of the male reproductive system; and 

estrogens, which cause the development of the female reproductive system (Miller, 

1988). The balance of the classes of steroid hormones is highly regulated and each 

carries out its physiological process within a narrow concentration range. Steroid 

hormones act via their respective nuclear receptor; 17b-estradiol (E2) acts via 

estrogen receptors (ERs) and testosterone via the androgen receptor (AR). The 

receptors are located in the cytoplasm and nucleus of target cells, binding of ligands 

induces conformational changes in the receptor triggering a cascade of events leading 

to up- or down-regulation of target genes (Nagy and Schwabe, 2004). 

Steroid hormones are fundamental in growth and development, particularly in the 

differentiation of the fetus' sex organs and during further sex development up to and 

including puberty. This development relies on the balance of E2 and testosterone (Fig. 

1.1), the female and male sex hormones, respectively. E2 is responsible for the 

development of primary and secondary sexual characteristics in females, regulating 

the menstrual cycle and during the gestation period. Testosterone is the male 
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equivalent of E2 and is responsible for the development of male reproductive tissues, 

spermatogenesis, and secondary sexual characteristics such as increased muscle mass 

and strength and bone growth (Keller et al., 1996; Hiort, 2002; Gao et al., 2005). 

Progesterone is another endogenous steroid hormone that has major physiological 

roles; it acts via the cognate nuclear receptor, the progesterone receptor (PR), in the 

uterus, ovary, mammary gland and brain. It plays a critical role regulating of the 

menstrual cycle, gestation and is a key metabolic intermediate during endogenous 

biosynthesis. The ratio of steroid hormones is crucial and tightly regulated. Beyond 

the normal roles of sex hormones, E2 and testosterone have are involved in 

physiological and developmental processes (e.g., embryonic neurogenesis). 

Imbalances can have implications on growth and development – hypospadias and 

cryptorchidism (Aksglaede et al., 2006).  
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Table 1.1 The key progestogens, corticosteroids, androgens and estrogens. 
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Androgen (continued) 
 
 
 
 
 

 
 
                        5a-Dihydrotestosterone                          Testosterone 

Estrogens 

 
            Estrone                                  17b-Estradiol                     Estriol 

  

O

OH

H

HH

O

OH

H

HH

H

HH

HO

OH

OHH

HH

HO

O

H

HH

HO

OH



 Introduction  

 5 

1.2. Estrogens 
An important group of steroid hormones are estrogens, estrone (E1), E2 and estriol 

(E3), which are involved in the growth, differentiation and function of key target 

tissues such as the female reproductive system (Kuiper et al., 1998). In the 1920s, E1 

was the first estrogen to be discovered by Adolf Butenandt and Edward Adelbert 

Doisy, however, it was Butenandt who was awarded the Nobel Prize in Chemistry for 

his work on sex hormones (Tata, 2005). Following the discovery of E1, E3 was 

discovered by Marrian and colleagues in 1930 and E2 the most potent of the three 

estrogens was the last to be identified by Schwenk and Hildebrant in 1933. Estrogens 

are synthesised from C19 androgens, mainly testosterone, through the enzyme 

aromatase primarily in the ovaries, testis, mammary glands, liver, corpus luteum, fat 

cells and placenta, and they play critical roles in female development. Their roles and 

levels differ significantly depending on sex, age, stage of development or pregnancy 

(Cui et al., 2013). In males, estrogens are also involved in the modulation of libido, 

spermatogenesis and erectile function (Schulster et al., 2016). 

The concentrations of total serum (bound and free) E2 vary greatly throughout 

development and the lifetime of a human and are different in females and males. 

Graham (2012), reviewed the levels of total serum E2 showing the difference between 

males (blue bars) and females (pink) (Fig. 1.1). It shows the significant increase in E2 

levels at birth, followed by a rapid decline in the days following. Further 

demonstrated is the similarity in E2 levels of children aged 1-5 years and 

postmenopausal women.  
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Figure 1.1 Human total (free + protein-bound) serum E2 concentrations. Blue bars 
indicate male levels; pink bars indicate female levels and purple bars 
indicate fetal and infant levels. (Graph based upon Graham (2012)) 
(Shutt et al., 1974; Styne, 2003; Fowler et al., 2011; Graham, 2012). 

 
1.2.1. 17b-Estradiol 
E2 is the most potent endogenous female steroid hormone. E2 is synthesised from 

testosterone via aromatase in many tissues, it is mainly produced in the ovaries, but 

other tissues such as fat, breast, brain, liver, and testicles also produce it (Stocco, 

2012). It is responsible for the differentiation of the fetus' sex organs, further sexual 

development up to and including puberty and maintaining secondary female sex 

characteristics such as control of the reproductive cycle (Program, 2011). In males, E2 

also plays an important role, at much lower concentrations; akin to the levels found in 

prepubescent girls and postmenopausal women. Women of childbearing age have 

significantly higher concentrations of E2, which change throughout a woman’s 

menstrual cycle, E2 levels steadily increase then peak sharply, initiating ovulation 

(Fig. 1.2). The length of the follicular, ovulation and luteal phases vary from person to 

person.  
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Figure 1.2 Blood concentrations of E2 in women showing the large fluxes during 
the menstrual cycle. Ovulation occurs during day 13 or 14. (Data from 
http://commons.wikimedia.org/wiki/File:Estradiol_during_menstrual_c
ycle.png) 

 

1.2.2. Estrone 
E1 is the least abundant endogenous estrogen, along with its sulfonated conjugated 

form (estrone-3-sulfate), E1 sulfate, it is the main form of estrogen in postmenopausal 

women. E1 is predominantly biosynthesised from cholesterol in the gonads and 

adipose tissue; it is also biosynthesised via a reversible reaction by 17b-

hydroxysteroid dehydrogenase in the liver, uterus and mammary glands (Kuhl, 2005). 

E1 is the primary metabolite of E2 and can be converted back to E2 when required to 

maintain homeostasis (Fig. 1.3) (Hanukoglu, 1992). 

 

 

Figure 1.3 E2 is metabolised to E1 via 17b-hydroxysteroid dehydrogenase. This 
reaction is reversible. 
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1.2.3. Estriol 
E3 is the predominant estrogen produced during late pregnancy by the placenta, in 

1931,  isolation from the human placenta showed concentrations of E3 to be much 

higher than concentrations of E1 and E2. Interestingly, E3 alone acts as a weak 

estrogen agonist; however, in a cocktail with E2 it acts as an antagonist, Melamed and 

colleagues (1997) suggested a theory explaining this; where a complex equilibrium 

between several receptor-ligand species is present: unliganded ER monomers and 

dimers, E2-ER monomers and dimers, E3-ER monomers and dimers, and potential 

E2-E3 dimers. The molar ratio of E2-E3 influences the abundance of these ligand-

receptors, and can bind to DNA with different binding affinities (Melamed et al., 

1997). The biochemistry of E3 is the least understood of the three endogenous 

estrogens. E3 is a metabolite of E2 via a reaction with a cytochrome P450 (Fig. 1.4). 

 

 

Figure 1.4 E2 is metabolised to E3 via a cytochrome P450.  
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1.3. Estrogen Receptors 
ERs are transcription factors responsible for mediating the biological responses of 

estrogens in the body (Evans, 1988). There are two classes of ERs; (i) nuclear ERs, 

which belong to the nuclear receptor family and (ii) membrane ERs (e.g., G protein-

coupled ER (GPER)) (Prossnitz et al., 2007). Membrane ERs are cell surface 

receptors (Zárate et al., 2012); however, unlike nuclear ERs, membrane ERs mediate 

their effects through rapid non-genomic signalling, such as generation of the 

secondary Ca2+ and cyclic adenosine monophosphate (cAMP) (Prossnitz et al., 2007). 

Current information on membrane ERs is limited; therefore, ER will refer to nuclear 

ERs in this thesis, unless otherwise stated. There are two known nuclear ER isoforms, 

ERa and ERb. Both ERs have strong affinities for E2; this is due to their conserved 

evolutionary domains and ligand binding properties (Heldring et al., 2007). The two 

receptors are encoded by different genes ESR1 and ESR2 and are located on different 

chromosomes 6q25.1 and 14q23.2 (ERa and ERb, respectively) (Marino et al., 2006). 

ERa consists of 595 amino acids and has a molecular weight of 66 kDa, and ERb 

consists of 530 amino acids and has a molecular weight of 55 kDa. Identified in 1958, 

ERa was not isolated until the 1980's when Green and colleagues cloned and 

sequenced the complete complementary DNA of ERa present in MCF-7 cells (Green 

et al., 1986b). It wasn't until a decade later that ERb was discovered (Koehler et al., 

2005). 

ERs have five structurally distinct sub-domains (A-F; Fig. 1.5), the N-terminal 

transactivation domain (NTD) (A/B), the DNA binding domain (DBD)(C), the hinge 

region (D), the ligand binding domain (LBD)(E), and the C-terminal (F) (Kumar et 

al., 2011). Compared to the primary structure, there is limited understanding of the 

complete tertiary structure of ERs. One major obstacle in furthering our understanding 

of the structural dynamics of ERs is lack of a complete structural characterisation of 

the ER, some regions have been characterised and crystallised due to residing in a 

well-ordered state (e.g., LBD, DBD) (Schwabe et al., 1993a; Brzozowski et al., 

1997); however, the LBD has not been crystallised without a ligand bound. Other 

regions (e.g., NTD, hinge region) are in an intrinsically disordered state, and this 

makes crystallising these regions and the whole ER structure almost impossible 

(Kumar and Thompson, 2003; Simons Jr and Kumar, 2013).  
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Figure 1.5 Schematic representation of ER protein structure domains. Within each 
segment, the number of amino acid residues is given. The % homology 
is indicated below each domain. (From Graham (2012) with 
permission). 

 

1.3.1. ER Structure 

1.3.1.1. The N-terminal Domain 

The NTD of ERs, which is critical for receptor activation and repression and is 

controlled by phosphorylation, recruits co-regulatory proteins responsible for 

regulating transcription initiation. An important site within the NTD is activation 

function-1 (AF-1), which is involved in activation of target genes through interactions 

with transcriptional proteins that regulate gene transcription (Enmark and Gustafsson, 

1999). However, unlike activation function-2 (AF-2), which is located in the LBD, the 

biochemistry and structure function relationship is not well understood. There are 

multiple challenges to elucidating the molecular mechanism of AF-1 regulation. 

Firstly, the structure of the NTD is not well defined and is unstructured in solution, 

which is confirmed by circular dichroism (CD) spectroscopy and nuclear magnetic 

resonance (NMR) and more recently hydrogen-exchange mass spectrometry (HX-

MS) and small-angle X-ray scattering (SAXS) (Wärnmark et al., 2001; Rajbhandari et 

al., 2012; Peng et al., 2019). AF-1 is regulated by phosphorylation, for which the 

importance is well understood; however, this is complicated by multiple sites of 

phosphorylation (Ali et al., 1993; Lannigan, 2003; Atsriku et al., 2009). One well-

studied phosphorylation site is at Ser118, where a single point mutation to alanine 

influences the conformational changes altering the recruitment of co-activators and 

overall ERa activity (Peng et al., 2019). Adding to the complexity Ser118 

phosphorylation is induced by an array of hormonal and non-hormonal activators 
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(e.g., agonists, antagonist, growth factors, kinases – estrogens, 4-hydroxytamoxifen 

(4-OHT), N-(n-butyl)-11-[3,17 beta-dihydroxy-estra-1,3,5(10)-trien-7 alpha-yl]N-

methylundecanamide (ICI-164384), epidermal growth factor (EGF), steroid receptor 

co-activator mitogen-activated protein kinase (MAPK), cyclin-dependent kinase 7 

(CDK7), protein kinase A and C, glycogen synthase kinase 3b (GSK3b)) (Ali et al., 

1993; Le Goff et al., 1994; Kato et al., 1995; Bunone et al., 1996; Chen et al., 2000; 

Medunjanin et al., 2005; Likhite et al., 2006; Sarwar et al., 2006). It has been shown 

to recruit both transcription activator (splicing factor SFa p120) and repressor 

(stromelysin 2 platelet-derived growth factor-responsive element-binding protein 

(SPBP) (Gburcik et al., 2005; Masuhiro et al., 2005). Phosphorylation of Ser118 has 

also been implicated in both the increase and decrease of ERa stability (Henrich et 

al., 2003; Marsaud et al., 2003; Calligé et al., 2005; Valley et al., 2005). There is an 

array of factors that contribute to the biochemical function and regulation of AF-1 

within the NTD, which remains mainly unidentified. More recently, studies 

combining experimental methods and computational modelling have revealed the 

NTD of ERs is unexpectedly compact with solvent protected regions (residues 3-12 

and 166-175), suggesting the presence of residual secondary structure (Peng et al., 

2019). 

Interestingly, this region differs significantly between ER isoforms, in ERb it is 

significantly shorter and in this isoform AF-1 is reported to act as a repressor site 

rather than an activator site (Hall and McDonnell, 1999; Delaunay et al., 2000; Kumar 

et al., 2011). 

 

1.3.1.2. The DNA Binding Domain 

The DBD is responsible for binding with high affinity to an estrogen response 

element (ERE), a short sequence of DNA within a target gene promoter region. The 3-

dimensional (3D) structure of the DBD is well defined using NMR and X-ray 

crystallography, both alone and in complex with DNA; both regions of ERa and ERb 

are highly conserved with 2 cysteine-cysteine zinc fingers allowing contacts with the 

major grooves of DNA and sugar-phosphate backbone (Fig. 1.6) (Gruber et al., 2004). 

This ER-ERE complex is stabilised by ligand binding and the chromatin high-

mobility group proteins 1 and 2 (Boonyaratanakornkit et al., 1998; Klinge, 2000). 
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EREs comprise of a palindromic hexanucleotide 5' AGGTCAnnnTGACCT 3' (where 

n is any base) (Klein-Hitpass et al., 1989; Roche et al., 1992; Wood et al., 2001), and 

plays an important regulatory role, dictating binding affinities with ERs, and 

modulating recruitment of proteins (Brown and Sharp, 1990; Luisi et al., 1991; 

Schwabe et al., 1993b; Glass and Rosenfeld, 2000). ERs bind to EREs via three 

specific amino acids within the P-box, allowing the recruitment of transcriptional and 

co-regulatory proteins. 

 

 

Figure 1.6 The tertiary structure of ERa DBD dimer complex with DNA and zinc 
(shown in space-filling mode). Image produced in Maestro, Schrödinger 
Suite 2019 by the author. PDB: 1HCQ. 

 

1.3.1.3. The Hinge Region 

The Hinge region of ERs is not well characterised. It is a mobile region located 

between the DBD and LBD and is thought to be responsible for ERs plasticity (Fig. 

1.5). It is believed to be involved in nuclear transport mediated by recruitment of 

proteins to facilitate relocation of ERs into the nucleus (Kumar et al., 2011). 
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1.3.1.4. The Ligand Binding Domain 

The LBD contains two binding sites, the ligand binding cleft (LBC), where ligands 

bind, and the activation function 2 (AF-2), where co-regulatory proteins interact (Fig. 

1.7) (Brzozowski et al., 1997; Weihua et al., 2003). The structure of the LBD has 

been well characterised. The LBD represents a significant proportion of the current 

knowledge of ERs (Brzozowski et al., 1997; Shiau et al., 1998; Tanenbaum et al., 

1998; Manas et al., 2004; Möcklinghoff et al., 2010). 

 

 

Figure 1.7 The tertiary structure of ERa (left) and ERb (right) LBD in complex 
with E2. Ribbons illustrate a-helix protein structures. Arrow-ribbons 
illustrate b-sheet protein structures. Thin lines illustrate flexible loops, 
which are disordered and connect two ordered regions. Dashed circles 
highlight the LBC (blue dotted circle) and AF-2 (orange dotted circle). 
Image produced in Maestro, Schrödinger Suite 2019 by the author. PDB: 
1ERE (ERa) and 3OLS (ERb). 

 

The first crystal structure of ERa LBD co-crystalised with the natural ligand E2 

published was by Brzozowski and colleagues in 1997 (PDB: 1ERE); however, there 

has been little advancements in the structural details of ERs, but rather new 

elucidation of ER dynamics that highlight the importance of ligand binding 

interactions (Ye et al., 2018). The first X-ray crystal structure of ERa showed a three 

layered a-helical sandwich, comprising of a central core – helices H5/6, H9 and H10, 
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sandwiched on either side by two additional layers – helices H1-4 and helices H7, H8, 

and H11 (Brzozowski et al., 1997). Additionally, H12 is located at the LBC end of the 

domain, where its orientation is dependent on the ligand bound to the LBC (e.g., 

agonist (E2) compared to an antagonist bound (4OH-T)) (Jordan et al., 1985; Nichols 

et al., 1998; Fanning et al., 2018). The LBC houses E2 in a highly hydrophobic 

compact ellipsoid cavity (Brzozowski et al., 1997). Within the LBC (formed by 22 

amino acids), the hydroxyl groups of E2 at positions 3 and 17 interact at either end of 

the LBC playing an essential role in the orientation of the steroid ligand. The 

hydroxyl groups on the steroid A and D rings form hydrogen bonds with Glu353 

(Glu305 ERb), Arg394 (346 ERb), water and His524 (His475 ERb) (Fig. 1.8) 

(Brzozowski et al., 1997; Möcklinghoff et al., 2010).  
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Figure 1.8 The hydrogen bonding (yellow dotted lines) network of E2 in ERa (top) 
and ERb (bottom). Image produced in Maestro, Schrödinger Suite 2019 
by the author. PDB: 1ERE (ERa) and 3OLS (ERb). 
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1.3.1.4.1. AF-2 

AF-2 is located in the C-terminal of the LBD, it binds heat shock proteins (HSP) in its 

inactive state and co-regulatory proteins in its active state (e.g., co-activators, co-

repressors) (Huang et al., 2013). AF-2 is comprised of a highly hydrophobic groove 

that is formed by helices 3, 4 , 5 and 12, and the turn between helices 3 and 4 (Shiau 

et al., 1998), within this hydrophobic groove, co-regulatory proteins interact with ERs 

via a highly conserved LeuxxLeuLeu motif (where x is any other amino acid). Further 

complicating this mode of action is the ability for AF-2 to act independently or in 

synergy with AF-1 to achieve transcription of target genes (Tzukerman et al., 1994; 

Métivier et al., 2001). AF-2 is ligand dependent, when a ligand binds to the LBC it 

causes ERs to undergo conformational changes, exposing the AF-2 site and 

facilitating the recruitment of co-regulators that up- or down-regulate gene 

transcription. 

The AF-2 site exhibits unique interactions with partial antagonists (e.g., 4-OHT, 

raloxifene known selective estrogen receptor modulators (SERMs)) that cause 

conformational changes that are different compared to pure antagonists (e.g., ICI 164 

384 a known selective estrogen receptor degrader) (Pike et al., 2001). These drugs 

causes large structure changes in the tertiary structure of ERs (Brzozowski et al., 

1997; Shiau et al., 1998; Pike et al., 2001), they mimic E2 binding interactions in the 

LBC with their long extensions sterically interfering with the positioning of H12 (Fig. 

1.9), causing it to lie across the AF-2 site via interactions with a LeuxxMetLeu motif 

(where x is any other amino acid) and prevent recruitment of co-activators to AF-2 

(Pike et al., 2001).  
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Figure 1.9 The tertiary structure of ERa complexed with E2 (green) aligned with 
4-OHT (grey) in situ showing the spatial arrangements of helices. The 
position of H12 differs greatly in the 4-OHT crystal structures compared 
to the E2 crystal structure. Image produced in Maestro, Schrödinger 
Suite 2019 by the author. PDB: 1ERE (ERa-E2) and 3ERT (ERa-4-
OHT). 

 

The regulation of ERs is controlled by the interactions of co-activators and more 

frequently co-repressors, which silence the activity of ERs in the absence of ligands. 

To overcome this, the co-repressor must be displaced by the co-activator enabling the 

activation of ERs in the presence of ligands and interactions with cellular transcription 

machinery. Current structural interactions of ERs with co-regulatory proteins are 

currently limited due to their size and because they are significantly larger than ERs 

(molecular weight >160 kDa). To overcome this studies have used peptides to 

investigate interactions with the AF-2 site of ERs. These studies highlighted the key 

amino acid residues in the hydrophobic groove, which cap the co-regulatory proteins 

and are responsible for initially attracting the co-regulatory proteins to the AF-2 site 

through the charge-clamp residues, Lys362 and Glu542 for ERa (Sun et al., 2011), 

and Lys314 and Glu493 for ERb (Wang et al., 2006). In addition, co-regulatory 

proteins have multiple (up to three) LeuxxLeuLeu motifs (where x is any other amino 



 Introduction  

 18 

acid), where the backbone carbonyl group of amino acid residues hydrogen bonds to 

the Lys362 and Glu542 of the AF-2 domain, and form van der Waals interactions 

with Ile310, Lys314, Phe319, Leu324, Gln327, Val328, Leu331, Leu332, Leu490, 

Glu493 and Met494 (Fig1.10) (Möcklinghoff et al., 2010). There is currently limited 

structural information on the interactions between ERs and co-regulatory proteins as 

co-regulatory proteins are significantly larger in size (>160 kDa). 

 

 

Figure 1.10 The tertiary structure of ERb AF-2 site complexed with steroid receptor 
co-activator (SRC)-1 peptide (green). Key amino acid residue involved 
in the binding are labelled in yellow. Image produced in Maestro, 
Schrödinger Suite 2019 by the author. PDB: 3OLS. 

 

AF-2 plays an vital role in the regulation of ER-mediated gene transcription and is 

able to bind a wider range of regulatory proteins and compounds than first anticipated. 

Work by Wang and colleagues (2006) showed a two-site binding of 4-OHT, which 

occupied not only the LBC within ERb but also AF-2 on the LBD surface (Wang et 
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al., 2006). They showed that the interactions at AF-2 are predominantly van der 

Waals interactions, therefore having a much lower affinity than the LBC. The position 

of the second 4-OHT displaces H12 into a unique position that is folded against the 

LBD surface, suggesting a unique dual mechanism of action (Fig. 1.11) (Wang et al., 

2006). The unique positioning of H12 is not unheard of as displacing H12 has been 

seen in ERs and other nuclear receptors (Tanenbaum et al., 1998; Gangloff et al., 

2001; Pike et al., 2001; Xu et al., 2002). Binding of 4-OHT in AF-2 occurs mainly 

through van der Waal interactions; however, the charge-clamp residues responsible 

for recognition of co-regulatory proteins are not involved 4-OHT interactions to AF-2 

(Wang et al., 2006). In a pharmacological sense, binding of 4-OHT to AF-2 is not 

clear given binding to the LBC is sufficient enough to cause conformational changes 

resulting in the displacement of H12 and thus antagonist activity. This binding of 4-

OHT to AF-2 is a unique observation, and provides new possibilities to utilise this 

protein-protein interaction site for possible ER and other nuclear receptor antagonist 

drug designs. 
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Figure 1.11 The tertiary structure of ERb complexed with 4-OHT at both the LBC 
and AF-2 site. Image produced in Maestro, Schrödinger Suite 2019 by 
the author. PDB: 2FSZ. 

 

Previously work in our group used in silico molecular modelling to investigate the 

intimate connections between the LBC and AF-2 site of ERs, and the implications for 

mixtures of E2 mimics (Dudley, 2018). Interestingly, results reported in this thesis 

further supports the initial idea of Wang and colleague’s two-site binding model, with 

high binding affinities for ligands binding to the LBC and lower binding affinities for 

ligands binding to AF-2. The two-site binding mechanism was highlighted in docking 

studies where tetrahydrocurcumin was docked into AF-2 of ERa complexed with E2 

in the LBC, illustrating the potential for two different ligands to interact with the LBC 

and AF-2 simultaneously (Fig. 1.12) (Dudley, 2018). This demonstrates the ability of 

dual ER interactions by E2 mimics and thus the biological effects of E2 mimics on 

their own or in combinations. 
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Figure 1.12 The tertiary structure of ERa with tetrahydrocurmin bound to the AF-2 
site (red dotted circle) and ER complexed in the LBC (green dotted 
circle). Image produced in Maestro, Schrödinger Suite 2017. PDB: 
1ERE (From Dudley (2018) with permission).  
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1.3.1.5. The F Region 

The carboxy-terminal F region has high variability in its sequence, the ER F region 

was first characterised by Montano and colleagues and is responsible for modulating 

gene transcription in a ligand-specific manner (Evans, 1988; Montano et al., 1995; 

Kumar et al., 2011). It modulates transcription by recruiting chaperone proteins that 

interact directly with the F region resulting in a conformational change, which opens 

the LBC to make it accessible to ligands . In an inactive state it aids binding of HSP to 

the AF-2 site, which are known to regulate ER-mediated transcription. 

The F region is also known to play a critical role in ERa dimerisation and 

simultaneously plays a role as an internal restraint to the dimerisation of ERa, which 

is a critical step in the transcription of estrogenic genes (Yang et al., 2008). Yang and 

colleagues (2008) have had a long-standing interest in elucidating the function of the 

F region. They showed, using a series of ERa mutants, that an increase in E2-induced 

dimerisation and transactivation is observed in a mutant where the final 24 C-terminal 

residues were deleted compared to the wild type. Furthermore, complete deletion of 

the F region resulted in a similar increase in dimerisation. In summary, the results 

from these studies suggest the F region affects dimerisation directly and is critical for 

the attenuation of ligand induced receptor dimerisation and transcriptional activity, 

thus could have pathological consequences due to the physiological role the F region 

has in transcription. From a breast cancer perspective this could have implications 

especially in estrogen responsive breast tissue where mutations could change the 

estrogen responsiveness resulting in proliferation. 

Adding to the pool of information on the F region, work by Skafar and Koide (2006) 

used mutagenesis to test the importance of interactions between the F region and 

ligand-regulated activity. They showed, constructed mutants within a predicted a-

helical region of the F region alters the response of the ER to E2, impairs the weak 

agonist behaviour of 4-OHT, and causes a change in the ability for E2 to overcome 

the effects of 4-OHT’s antagonist behaviour in combination with each other. Whilst 

complete deletion of the F region results in an increase in the affinity of the ER for 

E2, in contrast a single mutation (Q565P) in the predicted a-helical region to a proline 

causes no change in affinity for E2 compared to the wild type, but does change the 

binding mechanism from cooperative to noncooperative (Skafar and Koide, 2006). 
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These findings highlight that the F region of ERs, although short (42 residues), 

exhibits complex functionality and the ability to modulate the activity of the receptor. 

 

1.3.2. ER Function 
The genomic effects of E2 have been traditionally thought to be mediated through 

nuclear ERs. However, over the past two decades alternative mechanisms and a 

subpopulation of membrane bound ERs have been found to contribute to the overall 

estrogenic effect. This complexity of the E2-dependent signalling can be classed as 

genomic or non-genomic based on the mode of action (e.g., modulation of gene 

expression or activation of signalling cascades, respectively) (Björnström and 

Sjöberg, 2005). Furthermore, modulation of gene expression via E2-ER complexes 

can be either by direct or indirect interactions with DNA. 

 

1.3.2.1. The Classical Genomic Pathway 

The direct genomic signalling pathway is regarded as the classical mechanism of 

estrogen signalling. Inactive ERs are bound to HSP via AF-2. Upon ligand binding 

(e.g., E2) to the ER LBC in the cytoplasm of target cells the cell signalling cascade is 

initiated. Ligand binding causes a conformational change in the ER, more specifically 

rearrangement of H3, 5 and 12 leading to the release of HSP from AF-2 and the 

formation of a hydrophobic cleft, where H12 locks the ligand in the LBC and exposes 

AF-2 (Zilli et al., 2009). Ligand binding also facilitates phosphorylation and homo- or 

hetero-dimerisation and translocation into the nucleus where the dimer binds to EREs 

on the DNA via the DBD located in the promoter region of estrogen-regulated genes 

(Fig. 1.13) (Osborne et al., 2001; O’Lone et al., 2004; Zilli et al., 2009). The initiation 

of transcription by ligand binding can only occur if AF-1 and/or AF-2 are activated by 

the binding of co-activators such as steroid receptor co-activator (SRC)-1, SRC-2 and 

SRC-3 (McKenna et al., 1999; Leo and Chen, 2000). AF-1 and AF-2 mediate positive 

regulation of gene transcription and often work in synergy (Benecke et al., 2000). The 

large complexes with ERs enhance ER driven transcription via recruitment of histone 

acetyltransferases at the promoter site, which causes the chromatin decondensation 

required for gene transcription (Zilli et al., 2009). In addition to co-activators, proteins 

that aid with the degradation of ERs are also part of the ER complex formed at the 
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EREs. Ubiquitin activating enzyme, ubiquitin-conjugating enzyme and ubiquitin 

ligase that attach ubiquitin to a lysine on the ER complex, signalling it for degradation 

by proteasomes (Zhou and Slingerland, 2014).  
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Figure 1.13 Illustration of the classical genomic signalling pathway. The ER 
monomer is activated by the binding of E2 ( ), this facilitates the 
dissociation of heat shock proteins, dimerisation, phosphorylation and 
translocation to the nucleus. The ER dimer recognises and binds to the 
ERE of DNA recruiting co-activators. This large complex drives the 
recruitment of transcription machinery, transcription and is degraded at 
the proteasome altering gene transcription due to ubiquitination. (From 
Dudley (2018), and Zhou and Slingerland (2014) with permission). 
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1.3.2.2. The Non-Classical Genomic Pathway 

ERs have the ability to influence the transcription of genes that lack an ERE sequence 

and bind other transcription factors that bind to alternative regulatory regions of DNA 

(Zilli et al., 2009). This indirect genomic signalling pathway is known as the non-

classical genomic mechanism, where ER dimer-complexes do not bind directly to the 

ERE of DNA (Fig 1.14). This signalling mechanism is still induced by ligand binding 

to ERs. However, this mechanism is dependent on promoter elements including 

activation protein 1 (AP-1) sites, cAMP response elements (CREs) and specificity 

protein 1 (SP-1) sites, which bind transcription factors: AP-1, a complex of two 

oncogenic transcription factors that form the heterodimer, Jun/Fos (Kushner et al., 

2000), c-Jun/ATF-2 (Sabbah et al., 1999), and SP-1 (Saville et al., 2000), 

respectively. Interactions of ERs with these transcription factors stabilises their 

binding to DNA, thus facilitating transcription. The only difference between the 

classical and non-classical pathways is the indirect DNA interaction by ERs.  
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Figure 1.14 Illustration of the non-classical signalling pathway. The ER monomer is 
activated by the binding of E2 ( ), this facilitates the dissociation of 
heat shock proteins, dimerisation, phosphorylation and translocation to 
the nucleus. The ER dimer recognises and binds to the ERE of DNA via 
an intermediate protein recruiting co-activators. This large complex 
drives the recruitment of transcription machinery, transcription and is 
degraded at the proteasome altering gene transcription. (From Dudley 
(2018), and Zhou and Slingerland (2014) with permission).  
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1.3.2.3. The Indirect Non-Genomic Pathway 

In addition to the genomic signalling pathways mentioned above, it is known that 

certain E2-induced changes in target cells occur too rapidly to be accounted for by the 

classical direct and indirect genomic pathways (Lösel and Wehling, 2003; Vrtačnik et 

al., 2014). A receptor given the name orphan GPR30 was isolated in the 1980’s – 

early 1990’s and the ligand for GPR30 (now known to be associated with the inner 

membrane) was presumed to be a hormone or chemotactic peptide (Filardo and 

Thomas, 2012). Efforts to identify the ligand for GPR30 proved unsuccessful (Feng 

and Gregor, 1997). In 2000, it was shown that rapid E2-mediated activation of ERKs 

was dependent on GPR30 (Filardo et al., 2000). It was later shown that E2 was able to 

directly bind to GPR30 in transfected GPR30 cells and breast cancer cell lines 

(Revankar et al., 2005; Thomas et al., 2005). GPR30 was officially renamed to GPER 

and its role for mediating rapid cellular responses to E2, and the overall physiology 

and pathology processes have now been extensively studied in human and animal 

models (Boonyaratanakornkit and Edwards, 2007; Filardo et al., 2007; Prossnitz and 

Barton, 2014; Molina et al., 2017). 

Cellular responses to E2 are cannot always classed into the classical genomic model. 

Rapid E2-induced responses were hypothesised to be acting via a mechanism that 

does not involve ERs simply binding and initiating gene transcription, thus ensuing 

discovery of the GPER. Binding of E2 to GPER1 results in activation of signal-

transduction mechanisms resulting in production of intracellular secondary 

messengers (e.g., cAMP) and signalling cascade activations that indirectly regulate 

gene expression (Lösel and Wehling, 2003). The binding of E2 to ERs induces 

various signalling pathways, which can be classified into four main signalling 

cascades: phospholipase C (PLC)/protein kinase C (PKC) (Morley et al., 1992; 

Marino et al., 1998; Picotto et al., 1999; Marino et al., 2001; Perret et al., 2001; 

Incerpi et al., 2003), Ras/Raf/MAPK (Watters et al., 1997; Russell et al., 2000; Dos 

Santos et al., 2002; Marino et al., 2002; Migliaccio et al., 2002; Tanaka et al., 2003; 

Klinge et al., 2005; Woo et al., 2005), phosphoinositide 3-kinase (PI3K) (Castoria et 

al., 1999; Simoncini et al., 2000; Castoria et al., 2001; Marino et al., 2003; Acconcia 

et al., 2005; Björnström and Sjöberg, 2005; Chambliss et al., 2005; Levin, 2005; 

Marino et al., 2005; Alexaki et al., 2006), and cAMP/protein kinases A (PKA) (Farhat 

et al., 1996; Gu and Moss, 1996; Picotto et al., 1996; Picotto et al., 1999; Malyala et 
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al., 2005). Binding of E2 to GPER promotes E2-dependent activation adenylyl 

cyclase and epidermal growth factor receptor (EGFR) leading to an increase in 

extracellular regulated kinases (ERK) and PI3K/AKT activation (Fig. 1.15) (Levin, 

2003). Subsequent phosphorylation of transcription factors can alter their function and 

in turn ability to bind to genomic sequences thus altering gene transcription (Fuentes 

and Silveyra, 2019). Examples of altered gene products are ETS Like-1 protein, 

cAMP response element binding protein (CREB), CCAAT-enhancer-binding protein 

b, the nuclear factor-κB (NF-κB) complex, and the signal transducer and activator of 

transcription (STAT) family (Kousteni et al., 2003; Fox et al., 2009; Laliotis et al., 

2013; Furth, 2014; Cavalcanti et al., 2015). This complex cross-over and activation 

from non-genomic to genomic mechanisms results in indirect modulation of gene 

regulation at alternative DNA response elements by ERs. In addition, ERs (a and b) 

can be phosphorylated by protein kinases including MAPKs, this indicates that non-

genomic actions of E2 may also involve self-regulation of receptor expression (Kato 

et al., 1995; de Leeuw et al., 2011). 

GPER and variants of ERa and ERb have been linked to non-genomic signalling 

(Filardo and Thomas, 2012; Barton et al., 2018). It has been suggested a sub-

population of ERs is localised at the cell membrane and is able to activate intracellular 

signalling cascade (Razandi et al., 2004). These localised ERs can interact with 

scaffold proteins such as caveolin-1 and modulator of non-genomic activity of 

estrogen receptor (MNAR)/proline-rich, glutamic acid-rich and leucine-rich protein 1 

(PELP1) (Chambliss et al., 2000; Cheskis et al., 2008), and by proximity to G 

proteins (e.g., membrane protein such as tyrosine kinase, insulin growth factor 1 

(IGF-1), epidermal growth factor receptor (EGFR), signalling molecules such as ras, 

Src and PI3K, human epidermal growth factor 2 (HER2), Shc located near the cell 

membrane) (Migliaccio et al., 1996; Song et al., 2005; Li et al., 2007; Song et al., 

2007; Song et al., 2010; Boonyaratanakornkit, 2011). The downstream effects of 

binding to these membrane receptors and molecules promotes intracellular activation 

of MAPK and phosphorylation of protein kinase B (AKT) signalling pathways, which 

in turn can affect transcriptional activity (Li et al., 2010). 
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Figure 1.15 Illustration of the indirect non-genomic pathway as a result of E2 ( ) 
binding. The membrane bound GPER induces cytoplasmic events 
including secondary messenger cascades and transcription factors. 
GPER activation induces cAMP production, Ca2+ mobilisation, and c-
Src, which activates MMPs. MMPs then cleave pro-heprin-binding-
epidermal growth factor (HB-EGF), releasing free HB-EGF that 
transactivates EGFR, in turn activating ERK/MAPK and PI3K/AKT 
pathways inducing rapid non-genomic responses. (From Prossnitz and 
Barton (2014) with permission). 

 

1.2.3.4. Genomic and Non-Genomic Signalling Crosstalk 

Although discussed as separate pathways above, it is clear that there is a level of 

cross-over of between the mechanisms of action of E2 in various cell targets 

represents a complex combination of multifactorial processes. “Crosstalk” between 
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supposed independent genomic and non-genomic pathways has been proposed, which 

results in regulation of gene transcription (Björnström and Sjöberg, 2005; Silva et al., 

2010; Vrtačnik et al., 2014). Two mechanisms of crosstalk have been proposed and 

involve protein-protein interactions between components of both pathways. The first 

mechanism proposes E2-bound ER complexes dimerise, translocate to the nucleus, 

and bind to phosphorylated transcription factors resulting from GPER-mediated 

signalling (Fig. 1.16). The ER-complex then binds to directly to ERE sequences or to 

AP-1, STATs, c-Jun/AFT-2, and/or NF-κB cognate DNA binding sites (Björnström 

and Sjöberg, 2005). In the second mechanism, activation of GPER and localised ERs 

at the cell membrane activates protein kinase cascades that result in phosphorylation 

of transcription factors such as AP-1, STATs, CREB, and NF-κB, as well as ERs 

themselves, and can then bind to DNA and regulate gene transcription (Fig. 1.16) 

(Björnström and Sjöberg, 2005). Crosstalk between these two classical mechanisms 

can result in enhanced transcriptional activity in specific target cells and physiological 

processes (Fuentes and Silveyra, 2019). The mechanisms of signalling are not specific 

to just E2 and antagonists, these pathways can also be induced by compounds that 

structurally mimic E2. 

In addition to these crosstalk mechanisms, it has been shown that ERs are able to 

interact with various protein kinases cascades, which lead to the indirect alteration of 

gene transcription due to the phosphorylation of transcription factors. For example, 

E2 can induce expression of IGF-1 through ERs, in turn IGF-1 is able to exert its 

effects through binding to the IGF-1 receptor (IGF-1R), a receptor tyrosine kinase. 

Binding of IGF-1 to IGF-1R results in a conformational change in the receptor and 

autophosphorylation of the tyrosine residues (Contois et al., 2012). This initiates 

interactions with several protein substrates, which then undergo tyrosine 

phosphorylation leading to several major signalling cascades. For example, PI3K 

pathway, which leads to the phosphorylation of AKT that can be activated by the 

insulin-receptor substate, which is a major substrate of IGF-1R (Yu et al., 2013). 

Studies investigating the synergy between ER and IGF-1R show that E2 can affect the 

IFG-1R system, and activation of IFG-1R increases ER-mediated gene transcription 

via a number of pathways including those mentioned above. Interestingly, it has been 

suggested that ERs can bind to IFG-1R resulting in MAPK activation and ER 

activation in the nucleus, which is believed to be through translocation of ERs in the 
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cellular components (Yu et al., 2013). In addition, membrane bound or associated 

ERa can activate EGFR that leads to an increase in extracellular regulated kinases 

(ERK) and PI3K/AKT activation (Fig. 1.16) (Levin, 2003). 

In conclusion, while there has been significant increase in our understanding of ERs 

since its first isolation, surprisingly, there is still a lot to be learnt about it such as 

GPER and its related signaling. 
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Figure 1.16 Illustration of the interplay between genomic and non-genomic pathways because of E2 ( ) binding. The ER dimer is 
phosphorylated by kinase proteins, which is required for genomic signalling, whilst activating non-genomic signalling pathways. 
(Concept of crosstalk based on Prossnitz and Barton (2014)).
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1.4. Sex Hormone Binding Globulin 
Sex hormone binding globulin (SHBG; Fig 1.17) was first described in the 1960’s and 

is one of three carrier proteins (i.e., SHBG, serum albumin and corticosteroid-binding 

globulin) responsible for regulating free (i.e., active) concentrations of steroid sex 

hormones and transporting hormones as their biologically inactive (i.e., bound) forms 

in the blood by increasing their solubility. SHBG is the most important carrier protein 

as it has the highest affinity for steroid sex hormones (Renoir et al., 1980). It was 

initially reported to be primarily synthesised in the liver and secreted into plasma 

(Khan et al., 1981), since then studies have shown it is also synthesised in the 

endometrium (Misao et al., 1994), ovaries (Misao et al., 1995), testes (Hammond et 

al., 1989; Wang et al., 1989), brain (Nakhla et al., 2009), breast (Moore et al., 1996; 

Kahn et al., 2005), prostate (Kahn et al., 2005) and placenta (Larrea et al., 1993). 

 

 

Figure 1.17 The tertiary structure of SHBG complexed with E2 bound to the N-
terminal domain of SHBG. Image produced in Maestro, Schrödinger 

Suite 2019 by the author. PDB: 1LHU.  
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SHBG is now known to be involved in membrane-based steroid signalling in hormone 

responsive tissues (Hryb et al., 1990; Kahn et al., 2002), such as the breast (Fissore et 

al., 1994) and prostate (Nakhla et al., 1990), where it is able to mediate gene 

transcription. An unliganded-bound SHBG can bind to its specific receptor (SHBG-R) 

on the cell membrane and upon binding of an agonist steroid hormone (e.g., E2, 

testosterone) the SHBG/SHBG-R complex is activated, resulting in a significant 

increase in intracellular cAMP as a secondary messenger, and activation of 

downstream elements of the PKA pathway (Fig 1.18). 

 

 

Figure 1.18 Mechanism of action of the SHBG and SHBG-R system in E2 

dependent breast cancer cells. E2 ( ), binds to the SHBG/SHBG-R 
complex resulting in a significant increase in intracellular cAMP as a 
secondary messenger, and activation of downstream elements of the 

PKA pathway, which can activate or inactive unknown effectors, 
leading to the inhibition of activated E2-ERs complexes preventing 

transcription of target genes (From Fortunati (1999) with permission). 

 

Extensive studies (Fortunati et al., 1993; Fortunati et al., 1996b) using E2-dependent 

MCF-7 cells have shown that E2-induced proliferation is inhibited by SHBG. 

However, the anti-proliferation effect of SHBG is not due to the reduction of E2 

entering the cell (Fortunati et al., 1993), but rather because of modifications of 

intracellular pathways involving ERs (Fortunati et al., 1996a). This is in line with 

other studies that show that breast cancer tissue samples positive for SHBG-R have 
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significantly reduced rates of proliferation compared to SHBG-R negative samples, 

indirectly confirming the antagonist behaviour of E2 via the SHBG/SHBG-R complex 

in breast cancer. In contrast, studies using prostate cancer cell lines, LNCaP and 

ALVA-41, showed SHBG-R activation induces gene transcription and that 

dihydrotestosterone and E2 in the presence of SHBG increased proliferation 

respectively (Nakhla et al., 1990; Nakhla and Rosner, 1996). The later study also 

demonstrated that these effects were most likely to be mediated by cAMP (Nakhla 

and Rosner, 1996). These apparent opposing effects on breast and prostate cells could 

be explained by the pleiotropic effect of cAMP on cell proliferation (Gottesman and 

Fleischmann, 1986), or by cell- or promotor-specific actions of hormones, where the 

same steroid hormone can have opposing effects in different cells/tissues 

(Katzenellenbogen et al., 1996). The downstream activation of SHBG-R signalling 

must be rapidly inducible; however, SHBG concentrations in plasma are relatively 

stable, therefore it is unlikely that hormone responsive tissue would rely on changes in 

plasma SHBG concentrations to induce SHBG-R. The possibility that hormone 

responsive tissues can synthesis their own SHBG locally to overcome this has been 

studied in human breast and prostate cancer cell lines. SHBG mRNA and protein were 

detected in both cell lines, suggesting breast and prostate tissue can synthesise SHBG 

and participate in autocrine or paracrine signalling though SHBG-R (Kahn et al., 

2005), and regulate hormone responses intracellularly via endogenously synthesised 

SHBG. 

The significance of SHBG concentrations in the regulation of free and bound sex 

hormones is apparent in postmenopausal women. The biosynthesis of SHBG 

decreases, which is likely due to a decreased concentration of circulating E2 (Stomati 

et al., 1996; Ropponen et al., 2005), suggesting that SHBG biosynthesis is mediated 

by circulating E2 concentrations. In postmenopausal women there is a correlation 

between a higher risk of breast cancer and higher concentrations of free estrogens in 

combinations with lower concentrations of plasma SHBG (Toniolo et al., 1995; 

Stomati et al., 1996), hinting that SHBG plays an important role in the development 

of breast cancer. In contrast, hormone replacement therapy (HRT) treatment in 

postmenopausal women increases the concentrations of free estrogens, thus 

modulating plasma SHBG concentrations and reducing the risk of breast cancer in 

postmenopausal women (Stomati et al., 1996; Ropponen et al., 2005).  
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1.5. E2 Mimics 
It is now widely accepted that certain compounds can mimic E2 (Andersson and 

Skakkebaek, 1999) although the binding site for E2 is very specific, other molecules 

that have structural similarities with E2 might also fit into the LBC, resulting in less 

of a biological effect (Shaw and McCully, 2002). E2 mimics can be natural (genistein 

and daidzein – isoflavones found in soy beans (Table 1.2)) or synthetic (17a-ethinyl 

estradiol (EE2) – component of the contraceptive pill (Table 1.2)) and can be found in 

food and low concentrations in the environment (Thomson et al., 2003; Shaw, 2012). 

The chemical features necessary for E2 mimicry are an aliphatic hydroxyl group 

(mimicking the 17b-hydroxyl of E2) and an aromatic hydroxyl (mimicking the A-ring 

3-hydroxyl of E2) separated by a distance of approximately 10 Å in the correct 3D 

orientation (Ye et al., 2018); however, this does not apply to all E2 mimics (e.g., 

Dichlorodiphenyltrichloroethane (DDT)). In general, E2 mimics are considered ER 

agonists, each with different binding affinities for ERs; so, the cellular response they 

trigger depends on their individual binding affinities – also known as estrogenicity 

(Dudley, 2018). 

One of the first biological effects of E2 mimics was observed in sheep grazing red 

clover, which contains the phytoestrogen formononetin (an isoflavone; Table 1.2), 

that became temporarily infertile (Bennetts et al., 1946). Since then, there have been 

numerous cases where E2 mimics have had adverse effects on wildlife. In the 1980s a 

study showed that alligators living a Florida lake contaminated by a DDT spill had 

altered reproductive anatomy (e.g., smaller phalluses) and plasma hormone levels 

compared with alligators of the same species in a nearby lake (Guillette et al., 1994). 

Another example was seen in male rainbow trout that lived in an aquatic environment 

contaminated by sewage effluent containing estrogenic compounds (e.g., EE2). The 

male trout were producing vitellogenin, the protein precursor for egg yolks usually 

produced by oviparous female animals (Sumpter and Jobling, 1995). 

Because of their common occurrence in the environment, E2 mimics have been 

implicated as one of the leading causes of the increase of adverse effects on human 

development and health (Thomson et al., 2003). An example of this is the decline in 

male sperm quality, initially reported by Carlsen and co-workers (1992) the sperm 

quality had declined in the years between 1938-1990 from 113 × 106 /mL to 66 × 106 

/mL (Carlsen et al., 1992). They also highlighted the risk possibility that estrogens 
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and estrogen-like compounds could be factors influencing male sperm count. Swan 

and co-workers (2000) reported that the sperm count was declining at a rate between 

1.5 and 3.0% per year in the years 1934–1996 and this was due to increased exposure 

to E2 mimics (Swan et al., 2000). Interestingly, Lim and Shaw (2016) carried out a 

metanalysis on the link between dietary phytoestrogen intake and sperm 

concentrations using data from the USA and China (Lim and Shaw, 2016). In this 

study phytoestrogen intake in the USA has increased from 0.8 mg day-1 in 1993 to 

13.7 mg day-1 in 2005 and with sperm concentration trending down (not statistically 

significant). In comparison, intake of phytoestrogen in China decreased from 64.7 mg 

day-1 in 1991 to 15.6 mg day-1 in 2008, and sperm concentrations increased from 55 × 

106 mL-1 in 1999 to 74 × 106 mL-1 in 2008. This suggests that there is a possible 

complex interaction between sperm concentration and E2 mimics, it is important to 

note that phytoestrogens are only one component of a mixture of E2 mimics that 

humans are exposed to and are at least additive. The age of puberty onset in females 

has also decreased over the last century, the average age being 12 years old in the 

United States of America (USA), which is down from 16-17 years old at the turn of 

the 20th century (Pierce and Hardy, 2012). Puberty is initiated by high pulsing 

gonadotropin-releasing hormone leading to a rise in sex hormones, luteinising 

hormone and follicle-stimulating hormone (MacGillivray, 2004). Secretion of these 

hormones signalling from the anterior pituitary gland in turn stimulating the gonads 

and the increase of E2 levels causing estrogenic body changes of females (e.g., breast 

development, widening of low pelvis, growth spurt). Exposure to E2 mimics have 

been implicated to influence puberty through their estrogenic effects by binding 

directly to ERs, which can cause an increase in aromatase activity and increase in E2 

sensitivity or by their direct effects on the gonadotropin-releasing hormone, altering 

the production of E2 (Özen and Darcan, 2011). 

E2 mimics (Table 1.2) are found in an array of everyday products, such as 

pharmaceuticals, personal care products, cosmetics, and occur naturally in foods, as 

well as contaminants in water and foods (Thomson et al., 2003). Human exposure to 

E2 mimics can adversely affect multiple target cells in the body by a number of 

mechanisms, this can be activation or suppression of the ER via genomic or non-

genomic pathways, or inhibit hormone synthesis, transport or metabolism. In contrast 

to these negative implications of E2 mimics, some naturally occurring E2 mimics 
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(e.g., phytoestrogens) are increasingly being consumed because of their potential 

health benefits and being used as functional foods and sold as food supplements. 
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Table 1.2 Molecular structures of selected E2 mimics. 
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1.5.1. Phytoestrogens 
 Phytoestrogens are nonsteroidal plant derived E2 mimics that occur naturally in a 

wide variety of foods and have been found in dietary produce such as beans, other 

legumes, green vegetables, fruit and grains (Grace et al., 2003; Lehmann et al., 2008). 

Phytoestrogens, derived from the Greek φutόn ‘phytos’ meaning plant, were first 

noted in 1925 to have estrogenic activity (Verzele, 1986), but they are still used 

extensively in traditional medicine practises. Isoflavones are commonly found 

conjugated with glucose as the glucoside conjugates, and the composition of 

isoflavones in soy products varies depending on the manufacturing process, a classic 

example of this is tofu production where raw soy beans are soaked, ground in water, 

filtered, the supernatant boiled and coagulated (Kao et al., 2004). Secondary soy 

products (e.g., milk, flour) contain lower amounts of phytoestrogens (Zava et al., 

1998). 

Structurally, phytoestrogens resemble E2 with a phenolic ring (Table 1.2), allowing 

them to bind to both ERa and ERb, interestingly many phytoestrogens seem to have a 

higher binding affinity for ERb over ERa (Kuiper et al., 1998), and is thought to be 

due to the spatial arrangement of phytoestrogen hydroxyl groups (Ye and Shaw, 

2020), suggesting that some phytoestrogens are able to exert their actions via different 

pathways, for example ERb, particularly if it is in different target tissue (e.g., colon 

epithelium). 

There are three main types of phytoestrogens – isoflavones, coumestans and lignans, 

of which isoflavones are the most extensively researched. Indeed, there are over a 

1000 isoflavones; a good, commonly found example, is genistein from soy beans. 

There has been a plethora of studies investigating the health benefits of 

phytoestrogens including reducing the risk of osteoporosis, cardiovascular, various 

cancers, and reduction of menopausal symptoms (Hughes, 1988; Adlercreutz, 2002; 

Bhathena and Velasquez, 2002; Cederroth and Nef, 2009; Patisaul and Jefferson, 

2010; Zhao et al., 2011; Jungbauer and Medjakovic, 2014; Rietjens et al., 2017). The 

conjecture surrounding the health status of phytoestrogens remains unresolved 

(Wuttke et al., 2006; Andres et al., 2011; Rietjens et al., 2013; Bennetau-Pelissero, 

2016; Rietjens et al., 2017); the answer is likely to be complex and dependent on 

numerous factors such as age, gender, and health status. This controversy has 



 Introduction  

 43 

contributed to a lack of regulations of E2 mimics, especially those in mixtures 

(Dudley, 2018).  
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1.5.1.1. Genistein 

Genistein is a major isoflavone found in a number of plants, most commonly legumes 

such as soy beans, chickpeas, clover, lentils and other beans, and some green 

vegetables, it is also found in plants used in traditional medicines (Price and Fenwick, 

1985; Coward et al., 1993). Genistein has been extensively studied due to its 

antioxidant and anthelmintic properties, it is most well-known for its interactions with 

ERs, which causes effects in the body similar to those stimulated by female sex 

hormones. Soy-based products, which contain genistein, have been reported to have 

protective effects against breast and prostate cancers (Spagnuolo et al., 2015). 

However, these protective effects have been reported as concentration dependent, 

where genistein is only protective at high exposure concentrations and at low 

exposure concentrations it promotes cancer cell grow. Dose response studies using 

MCF-7 breast cancer cells show that exposure to genistein in the nanomolar range 

promote cell proliferation, whereas in the micromolar range it has anti-proliferative 

effects. Interestingly, MCF-7 cells exposed to genistein in the presence of E2, induces 

anti-proliferative effects (Chang et al., 2008). These observed effects of genistein 

indicate that the ER is greatly influenced by the nature of the ligand, concentration of 

the ligand and the differential abilities of ligand-ER complexes to recruit co-regulator 

proteins for hormone-regulated genes (Chang et al., 2008). These effects have also 

been observed in women of child bearing age (e.g., have high circulating E2 levels) 

who exhibit protective effect against breast cancer when exposed to genistein, 

compared to proliferative effects on breast tissue in postmenopausal women (e.g., low 

circulating E2 levels) with breast tumours (Rice and Whitehead, 2006). 

Genistein binds to the LBC of ERs (Fig. 1.19), it and other isoflavones (e.g., daidzein, 

S-equol, R-equol, biochanin A) preferentially bind to ERb over ERa (Kuiper et al., 

1998), differing from most endogenous estrogens and synthetic estrogens, which have 

an ERa binding preference. Genistein has a relative binding affinity (RBA), binding 

affinity relative too E2, for ERb of 6.8% compared to 0.021% for ERa (E2 = 100%) 

(Jiang et al., 2013). Along with the preferential binding to ERb genistein, and other 

isoflavones reinforce their preferential binding at a second level by recruiting SCR-3 

to ERb as effectively as E2, whereas its ability to recruit SCR-3 to ERa is only 1-10% 

that of E2 (Jiang et al., 2013). Interestingly, it appears the ligand binding preference 

to ERb and ERb co-activator recruitment preferences (Jeyakumar et al., 2011) play 
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significant roles in the biological potency of genistein and other isoflavones at a 

cellular level. 

 

 

Figure 1.19 The tertiary structure of ERb LBD in complex with genistein. Ribbons 

illustrate a-helix protein structures. Arrow-ribbons illustrate b-sheet 
protein structures. Thin lines illustrate flexible loops, which are 

disordered and connect two ordered regions. Image produced in 
Maestro, Schrödinger Suite 2019 by the author. PDB: 1X7J. 
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1.5.1.2. Daidzein 

Daidzein is another abundant isoflavone present in soy; it has similar anti-cancer 

protective properties to genistein (see Section 1.5.1.1.); however, it doesn’t bind as 

well to both ERs compared to genistein and has less of a preference for ERb (Jiang et 

al., 2013). This reduced affinity of daidzein can be attributed to the structural 

differences between the two ligands, daidzein lacks the additional phenolic hydroxyl 

group that in genistein is able to form an intramolecular hydrogen bond with the 

ketone (Fig. 1.20). In the LBC of ERs this isolated functional group of daidzein sticks 

into the hydrophobic pocket where it is unable to interact with a suitable polar 

residue, thus lowers the binding affinity (Pike et al., 1999; Ye et al., 2018). 

 

 

Figure 1.20 Structures of genistein (left) and daidzein (right). The only difference 
between the two molecules is the genistein hydroxyl of the A ring. 

 

1.5.1.3. Equol 

Daidzein is metabolised in the gut by some microflora to S-equol (Fig. 1.21), which 

increases its affinity for both ERs (Sathyamoorthy and Wang, 1997). Interestingly, 

only 30-50% of the human population have the microflora capable of converting 

daidzein to S-equol (Sánchez-Calvo et al., 2013). The unnatural enantiomer, R-equol, 

also binds to ERs better than daidzein but at lower affinity than S-equol and so is 

considerably less bioactive. 

 

 

Figure 1.21 Daidzein is metabolised to S-equol by human guy bacteria. 
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1.5.1.4. Biochanin A and Formononetin 

Biochanin A and formononetin are the methyl ester derivatives of genistein and 

daidzein, respectively (Fig. 1.22). Like other phytoestrogens they are predominantly 

found in legumes. It is not surprising that both methyl esters have lower binding 

affinities for both receptors than their respective metabolites, the methylation 

sterically hinders the ligand interaction with ERs. This highlights the importance of 

key functional groups that can mimic the phenol A ring of E2 that is required for 

binding in the LBC of ERs. 

 

 

Figure 1.22 Structures of biochanin A (left) and formononetin (right). 

 

1.5.1.5. Curcumin 

Curcumin is a bright yellow curcuminoid found in turmeric and it is often sold as an 

herbal food supplement, cosmetic ingredient, food colourant and flavouring agent 

(Aggarwal et al., 2003). Curcumin exists as a tautomeric compound, as the enol form 

in organic solvents or keto form in water (Bertolasi et al., 2008) (Fig. 1.23). It has 

been extensively studied as an anti-cancer therapeutic (Adiwidjaja et al., 2017), and 

like other phytoestrogens, its activity has been shown to have dose-dependent effects 

in MCF-7 cell studies. However, factors such as bioavailability, solubility, extensive 

metabolism and lack of selective target activity have limited the progression of 

curcumin and its derivatives into clinical and therapeutic studies (Lv et al., 2014). 

Tetrahydrocurcumin has been shown to be the main metabolite of curcumin in 

humans and mice, and reported to be responsible for curcumins diverse biological 

properties, including anti-inflammation (Zhang et al., 2018c). Unlike its parent 

compound, tetrahydrocurcumin is much more stable and is easily absorbed from the 

GI tract (GIT) due to the lack of double bonds next to the keto groups (Zhang et al., 

2018c). These factors support that tetrahydrocurcumin is responsible for the anti-
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(Han et al., 2016). These anti-proliferation effects have been suggested to be as a 
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result of apoptosis (Kang et al., 2014), which suggests that the effects could be a 

result of non-genomic ER signalling actions as described in Section 1.3.2.3.. 

 

 

Figure 1.23 Structures of curcumin keto (top) and enol (bottom) stereoisomers. 

 

1.5.1.6. Silibinin 

Silibinin is the major active compound found in the extract of milk thistle (Silybum 

marianum) seeds, which has been used historically in Chinese tradition medicine. It 

exists as a mixture of two diastereomers, silibinin A and silibinin B, in approximately 

equal molar ratio. Like curcumin, silibinin has poor water solubility and 

bioavailability, which has led to the development of an enhanced formulation, 

Silipide, which is silibinin complexed with phosphatidylcholine making it 10 times 

more bioavailable (Kidd and Head, 2005). Silibinin has been reported to exhibit a 

number of pharmacological properties; for example, it alleviates inflammation, has 

anticancer properties, is an antioxidant, is hepato- and cardioprotective (Priya et al., 

2017). 
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Oršolić et al., 2004; Li et al., 2016), it has also been shown to have GIT 

cytoprotective (Penissi et al., 2003) and immune modulating activities (Chirumbolo, 

2010). 

 

1.5.2. Synthetic E2 Mimics 
Synthetic estrogens are compounds obtained by chemical synthesis and have 

estrogenic properties, such as bisphenol A (BPA), EE2 and diethylstilbestrol (DES). 

Like E2, synthetic estrogens elicit their effects via ERs, in turn regulating target genes 

resulting in biological responses equivalent to those of E2 such as, feminisation and 

cell proliferation. 

 

1.5.2.1. BPA, Bisphenol S and Bisphenol AF 

BPA is a monomer of polycarbonate plastics (Fig. 1.24) commonly used in common 

consumer goods such as, plastic drink bottles, sports equipment and food containers 

(Cooper et al., 2011). BPA-derived epoxy resins are used in protective coatings for 

food and drink cans, the production of thermal receipt paper, and as sealants in 

dentistry (Calafat et al., 2005). BPA is a E2 mimic, which can elicit a weak response 

relative to E2 and several studies have proposed a relationship between BPA exposure 

and the appearance of adverse effects, such as cancer, infertility, and obesity 

(Almeida et al., 2018). BPA is the most well-known E2 mimic, which has led to the 

World Health Organisation (WHO) carrying out an enquiry into its safety (World 

Health Organisation, 2011). Although BPA has been deemed safe, in 2008 several 

countries took action, causing some retailers to remove BPA-containing products, 

more specifically polycarbonate baby bottles. This was on the grounds that milk-

formula-fed babies are likely to be a target group for exposure due to their sensitive 

development stage and their high intake of BPA per body weight, which is likely due 

to consuming BPA-contaminated food (Aschberger et al., 2010; Almeida et al., 

2018). Since then, BPA-free products have been produced due to consumer pressure 

using alternative bisphenols such as bisphenol AF (BPAF), bisphenol S (BPS) and 

bisphenol F, however there is uncertainty whether these alternatives are safer (Moon, 

2019). Food and beverage packaging are well-known sources of BPA exposure; 

however, a less-studied source of BPA exposure is thermal receipt paper that is 
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handled daily by many people at supermarkets, ATM machines and other settings. A 

pilot of BPA exposure after handling receipts continuously for 2 hours without gloves 

showed an increase in urinary BPA concentrations (peak level 5.8 µg/L). At the time 

the clinical implications of this level of exposure was unknown but was postulated 

that it may be particularly relevant to occupationally exposed populations such as 

cashiers (Ehrlich et al., 2014). Hormann and colleagues (2014) showed that serum 

and urine levels of BPA significantly increased when people handled thermal receipt 

after using hand sanitiser with dermal penetration enhancing chemicals (Hormann et 

al., 2014). Together, these studies provide the first evidence that thermal receipt paper 

may be a significant source contributing to the high levels of bioactive BPA in human 

serum and BPA found in urine that have been associated with a wide range of 

developmental abnormalities and diseases in adults. 

 

 

Figure 1.24 BPA and phosgene react to give a polycarbonate under bisphasic. 

 

BPS is a close structural alternative to BPA (Fig. 1.25), where the dimethylmethylene 

(C(CH3)2) group is replaced with a sulfone group (SO2). BPS is most commonly used 

in fast-drying epoxy, it is becoming increasingly popular in polycarbonate products 

following wide spread awareness of BPA ability to mimic E2 and to overcome BPA 

legal bans in some countries and to ensure consumer products are “BPA free”. Due to 

its structural similarities with BPA, there have been investigations into the endocrine 

disrupting properties of BPS, which shows that it is weakly estrogenic, EC50 12.10 

µM (BPS) and EC50 0.47 µM (BPA) from a luciferase bioassay (Molina-Molina et al., 

2013). It has also been shown to induce hypothalamic neurogenesis in embryonic 

zebra fish (Kinch et al., 2015). 

BPAF is another BPA analogue that is used as a crosslinking agent for 

fluoroelastomers and as a monomer in polycarbonates (Fig. 1.25). BPAF is found in 

the sealing of food and pharmaceutical packaging, various plastic products and epoxy 

resins. Toxicological studies using a MCF-7 luciferase reporter assay has shown that 

BPAF does have estrogenic activity, with an EC50 value of 0.05 µM compared to 0.63 

µM for BPA and 8.6 × 10-6 µM for E2 (Kitamura et al., 2005). Further studies have 
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also show that BPAF and some other related compounds exhibit inhibitory effects on 

androgenic activity (Kitamura et al., 2005). 

 

 

Figure 1.25 Structures of bisphenol A (left), bisphenol S (middle), and bisphenol AF 
(right). 

 

1.5.2.3. Parabens 

Parabens are esters of para-hydroxybenzoic acid (Fig. 1.26) and are a class of 

synthetic compounds most commonly used as preservatives in personal care products 

such as shampoos, conditioners, toothpastes, topical pharmaceuticals and make up, 

and food (Rudel and Perovich, 2009). They are effective antimicrobial agents, 

preventing growth in these products by interfering with membrane transporter (Freese 

et al., 1973), or inhibiting DNA and RNA synthesis (Nes and Eklund, 1983), and the 

function of key enzymes involved in glycolysis in some bacteria (Ma and Marquis, 

1996). 

 

 

Figure 1.26 General chemical structure of a paraben. Where R= an alkyl group and 

the substituents (R) of specific parabens. 

 

The estrogenicity of parabens was first reported by Routledge and colleagues in 1998 

(Routledge et al., 1998), consequently their ability to bind to bind to ERs has been 

extensively reported (Byford et al., 2002; Darbre et al., 2002; Darbre et al., 2003), 

increase expression of transfected and endogenous E2-regulated genes (Byford et al., 

2002; Darbre et al., 2002; Darbre et al., 2003), and induce cell proliferation in MCF-7 

cells, which can be blocked with the anti-estrogen Fulvestrant (Okubo et al., 2001; 
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Byford et al., 2002; Darbre et al., 2002; Darbre et al., 2003), demonstrating cell 

proliferation is ER-mediated. In vivo studies have demonstrated butylparaben has 

adverse effects on the male mouse reproductive system, including reduction in sperm 

count (Oishi, 2002). In general, the effectiveness and estrogenicity of parabens 

increases as the chain length increases from methyl to n-butyl, this is likely due to an 

increased affinity for the LBC of ERs (Darbre et al., 2002; Darbre et al., 2003; 

Karpuzoglu et al., 2013). 

Benzylparaben is unique in that its structure is an extension of methylparaben with an 

aromatic ring (Fig. 1.27), this structural feature of benzylparaben allows for 

interactions with amino acids within the LBC of ERs that are not seen by simply 

increasing the linear alkyl chain length (e.g., n-butylparaben), or introducing branched 

alkyl chains (e.g., adding to isobutylparaben) (Darbre et al., 2003). Benzylparaben has 

been reported to have estrogenic properties in an array of in vitro assays such as 

competitive binding assays, gene reporter assays and cell proliferation, and in vivo 

using an immature mouse uterine weight bioassay (Darbre et al., 2003). 

 

 

Figure 1.27 Structure of benzylparaben. 

 

1.5.3.4. 17a-Ethinyl Estradiol 

EE2 is a synthetic derivative of E2 and is widely used in the formulation of oral 

contraception in the form of birth control pills. Its primary role is to control ovulation, 

in turn preventing pregnancy (Tata, 2005), it is also used in the treatment of 

menopausal symptoms, and to suspend lactation post-breastfeeding (Aris et al., 2014). 

EE2 preferentially bindings to ERa and is a very potent agonist, in part due its slow 

metabolism because of the unique triple carbon bond in the 17a position (Fig. 1.28), 

and its structural analogies to E2 (Kuhl, 2005). EE2, like E2, is excreted by humans, 

assuming 17% of the total female population take the contraceptive pill in western 

countries it is estimated that 4.5 and 6 µg per day of EE2 are excreted per capitol in 
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urine and faeces, respectively (Johnson and Williams, 2004; Xu et al., 2012). It has 

been extensively reported that EE2 is present in surface waters through discharge of 

wastewater treatment plant effluents and has been classed as an emerging contaminant 

due to the negative effects on ecosystems and humans alike (Barreiros et al., 2016). 

The presence of EE2 and other estrogenic chemicals in aquatic environments has been 

associated with induction of vitellogenin synthesis and secretion in male fish (fish 

feminisation) (Sumpter and Jobling, 1995). In addition, EE2 has the potential to 

bioaccumulate and enter the food chain potentially causing further endocrine 

disruption (Hibberd et al., 2009; Magi et al., 2010; Barreiros et al., 2016). Therefore, 

it is possible that populations are being exposed to increasing amounts of EE2, which 

is why the European Union has added EE2 and E2 to a “watch list” of emerging 

contaminants in the Water Framework Directive (Eurpoean Union Directive, 2013). 

 

 

Figure 1.28 Structure of 17a-ethinyl estradiol. 

 

1.5.4. Mycotoxins and Mycotoxin Derivatives 
Zearalenone (Fig. 1.29) is an estrogenic mycotoxin that is mainly produced by 

Fusarium fungi. The most common exposure of farm animals to zearalenone is via 

animal feed and is a global concern due to its toxicity and wide distribution (D’Mello 

et al., 1999). Toxigenic species that produce zearalenone are major pathogens found 

in cereal plants, which cause ear rot in maize, and head blight in wheat and barley 

(Kuiper-Goodman et al., 1987; Zhang et al., 2018a). It is typically found in fresh 

animal feed that has not been stored correctly. Moreover, zearalenone is stable at 

temperatures up to 160°C (Kuiper-Goodman et al., 1987) and can withstand the 

milling and processing of food as evidenced by its presence in bread and other grain 

products (Lovelace and Nyathi, 1977; Scott, 1996; Ryu et al., 1999; Hueza et al., 

2014). 
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Metabolism of zearalenone has been reported in mammals, in which the keto group on 

C-8, is degraded into two metabolites (a-zearalenol and b-zearalenol (Fig. 1.29)). 

Although zearalenone and its metabolites are not steroids because of their molecular 

configuration, they act similarly to E2 and have been shown to have estrogenic 

activity (Leffers et al., 2001). The estrogenic activity of zearalenone and its 

metabolites causes several reproductive disorders in domestic animals and 

hyperestrogenic disorders in humans (Poór et al., 2015). One example of this has been 

observed in reproduction of farm animals, especially pigs. Pigs were the most 

sensitive species to the reproductive effects of dietary zearalenone. Its major effects 

lead to hyperestrogenism (Kuiper-Goodman et al., 1987) and sterility in sows due to 

ovarian disorders (Otrocka-Domagala et al., 2003). Also, there is limited information 

on mammalian follicle formation and development with the focus being on fertility 

symptoms. 

 

 

Figure 1.29 Metabolism in mammals of zearalenone (top left) by reducing the C-8 

keto group into b-zearalenol (top right). a-Zearalanol (bottom middle) 

is a synthetic nonsteroidal estrogen related to mycoestrogens and is a 
banned anabolic agent in some countries (e.g., United Kingdom). 

 

a-Zearalanol is a synthetic non-steroidal estrogen related to zearalenone and is used 

as an anabolic growth promoter in the USA beef industry (Fig. 1.29) (Leffers et al., 

2001), however anabolic growth promoter are banned in many countries including 

New Zealand and many member states of the European Union. The safety of a-

zearalanol has been debated for many years, as beef containing residues may pose as 
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an endocrine disrupting risk factor in humans (Takemura et al., 2007). 

Epidemiological studies on offspring’s’ sperm quality in relation to their mother’s 

beef consumption during pregnancy report sons of high beef consumers (>7 beef 

meals/week) sperm concentration was 24.3% lower than men whose mothers ate less 

beef in the USA (Swan et al., 2007). This is likely due to growth promoters used in 

meat production (e.g., a-zearalanol) not being completely metabolised or excreted; 

thus, humans were likely exposed via eating meat products. This highlights a lack of 

human data on the safety of anabolic steroids in meat production in the USA. 

 

1.5.5. Exposure to E2 Mimics 
E2 mimics are widely distributed in the environment and food, and therefore a large 

proportion of the human population is exposed to them in their day-to-day lives. An 

extensive literature search of the concentrations of E2 mimics in urine illustrates there 

is evidence of exposure to a wide range of E2 mimics range (Fig 1.30) (Graham, 

2012). The data in this study encompass cohorts with various sizes and nationalities, 

and thus represents diverse lifestyles. The data in Figure 1.30 includes a number of 

compounds of interest in this study, along with a number of emerging contaminants 

with estrogenic activity. 

 

 

Figure 1.30 Range of reported total E2 mimic concentrations in human urine. Lines 

indicate the range of reported values, bar indicate lowest and highest 
median reported values. (From Graham, 2012 with permission). 
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1.5.6. The Cocktail Effect 
It is apparent that humans are exposed to an array of compounds simultaneously, not 

only to single compounds, in their day-to-day lives through the environment and diet, 

and it is possible that these compounds bioaccumulate. Toxicology studies are often 

devoted to the effects of single compound exposures; so, it is not surprising there are 

very few data on mixture studies (Kortenkamp, 2007). Early studies in 1996 on 

mixtures of endocrine disrupting chemicals (EDCs) showed synergy between binary 

mixtures of estrogenic and non-estrogenic pesticides (Arnold et al., 1996a); however, 

the paper had to be retracted because the work was not reproducible by other 

laboratories (Ashby et al., 1997; Ramamoorthy et al., 1997). This highlights the 

challenges faced conceptually and experimentally when tackling combination effects 

of EDCs. The term “additivity” causes confusion as it is synonymous with additivity 

in mathematical sense (Kortenkamp, 2007). However, in a toxicological sense 

“additivity” describes when chemicals “act together” producing an effect that does not 

enhance or diminish the effect of each compound. Daily exposure is an ever-changing 

composition of E2 mimic concentrations; furthermore, since the endpoint of E2 

mimics’ effects is hormonal signalling, there is no safe threshold that can be set 

below, which there is no effect seen (Brucker-Davis et al., 2001). Work on E2 mimic 

mixtures has utilised the concentration addition (CA) model, postulated by Loewe and 

Muischnek in 1926, for calculating additivity expectations. The CA model is the 

simplest approach for assessing the total estrogenicity of mixtures and is when each 

component adds together to the total proportion of the concentration weighted by its 

relative potency (Dudley, 2018). Although simple in principle, there are mathematical 

limitations to the CA model regarding the prediction of different mixtures’ effects and 

differing in efficacies (e.g., maximal response). Furthermore, this model relies on E2 

mimics to act via the same mechanism (e.g., binding to ERs) and they must be at least 

additive. However, there are factors that complicate this model such as binding 

constants and binding at different sites (e.g., AF-2), thus leading to effect 

inconsistencies. 

 

1.5.7 E2 Mimics as Cancer Risk Factors 
There have been many endogenous and exogenous risk factors of cancer that have 

been discussed in the literature. It is estimated that around 40% of cancers in women 
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are linked to hormone (Starek, 2003), with the most well-known associations being 

with breast cancer, and there is increasing evidence that suggests E2 mimics could 

influence multiple cancers (Fucic et al., 2012). In prostate cancer advanced therapy 

aims to block the AR; however, in recurrent tumours AR activity can be restored. 

Exposure to a common E2 mimic, BPA, is able to activate a tumour-derived AR 

mutant leading to AR independent prostate cancer cell proliferation (Wetherill et al., 

2005). Therefore, it is likely E2 mimics may play a role in prostate cancer and might 

be a risk factor, especially in advanced tumours. Another study found an association 

between plasma estrogens and an increased risk of prostate cancer; yet another study 

found the opposite where decreased estrogen levels was associated with prostate 

cancer. Interestingly, prostate cells express ERb, so it is not surprising that there is 

some kind of link between exposure to E2 mimics and prostate cancer. This is an area 

of developing science and is far from conclusive at present. 

The major cause of lung cancer is exposure to tobacco smoke through active or 

passive smoking (Matsuo et al., 2007); however, there is increasing evidence that ERs 

have a role to play in lung cancer (Stabile et al., 2002; Boffetta, 2006). There is a 

clear gender difference in the incidence of lung cancer types, the leading cause in men 

is squamous cell carcinoma, and in women it is adenocarcinoma. In lung cancer 

tissues and cell lines ERs are consistently found, especially in adenocarcinomas, and 

mostly as the ERb isoform (Stabile and Siegfried, 2004; Kawai et al., 2005; Zhang et 

al., 2009). In lung cancer the two isoforms have different roles, ERa is responsible 

for the modulation of lung differentiation and maturation, whereas ERb causes cell 

proliferation (Skov et al., 2008; Xu and Shu, 2009). Interestingly, the ratio of ERa 

and ERb seems to be linked to lung cancer development and gender-related survival 

rates. ERb positive lung cancer in men is associated with lower mortality than ERb 

negative, while to in women there is no impact on survival (Fucic et al., 2012). 

Moreover, women taking HRT are shown to have higher incidences of lung cancer, 

highlighting a link between estrogens and lung cancer (Slatore et al., 2010). The 

complex involvement of ERs, more specifically ERb, in lung cancer carcinogenesis 

could mean E2 mimics also play a role in lung cancer incidences and are risk factors. 

ERs disturbances have been characterised in kidney (Tanaka et al., 2003; Shen et al., 

2007), brain (Batistatou et al., 2006), colon (Caiazza et al., 2007; Hartman and 
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Gustafsson, 2010; Rudolph et al., 2012), and pancreatic (Lowenfels and 

Maisonneuve, 2006; Konduri and Schwarz, 2007; Sauerland et al., 2009) cancers. 

Currently cancer risk in humans does not account for transplacental and 

environmental exposure to E2 mimics (Fucic et al., 2012); therefore, it is important 

for their complex role in carcinogenesis to be re-evaluated.  
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1.6. Breast Cancer 
Breast cancer is an uncontrolled growth of abnormal breast cells most commonly 

cause by mutation or in some cases inherited gene mutations. Globally, lung cancer is 

the most frequently diagnosed cancer  in men and women combined (2,093,876, 

11.6% of total cases), closely followed by female breast cancer (2,088,849, 11.6%) 

(Bray et al., 2018). The significance of breast cancer increases as women are more at 

risk in their middle to later years of life. In New Zealand, breast cancer affects 1 in 9 

women over their lifetime, and more than 600 women die of the disease every year 

(MOH, 2018). 

 

1.6.1. Breast Cancer Biology 
The breast is composed of lobes of lactiferous glands, and ducts, which are set in fatty 

tissue and are responsible for forming and transporting milk during lactations (Fig. 

1.31). Breast cancer is a disease caused by unusual and uncontrollable cell 

proliferation in the breast tissue and can grow in the ducts, lobes, and sometimes the 

intervening tissue (Nava-Castro et al., 2014). The most common type of breast cancer 

is ductal carcinoma, where clonal proliferation of cells that are malignant accumulate 

in the lumens of the ducts, whereas lobular carcinomas are less prevalent (Burstein et 

al., 2004). Normal breast growth is regulated by hormones and growth factors; in 

contrast, disturbances of normal growth control mechanisms results in the 

development of pathophysiological characteristics that confer the survival, 

proliferative and malignant capabilities of cancer cells and thus tumour progression. 

Moreover, as a result of dysregulation, tumour progression is characterised by the 

formation of a mass of multiple populations of cells that have escaped the normal 

control of cell proliferation and division, death, differentiation and fate (Feng et al., 

2018). Over time malignant cells are able invade healthy tissues through the 

circulatory and lymphatic systems (metastasis). 
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Figure 1.31 Breast parenchyma. (From Dudley, 2018 with permission). 

 

Before breast cancer can reach the invasive stage, normal epithelium cells initially 

transform due to epigenetic and genetic changes, which can cause excessive 

proliferation. This is known as hyperplasia and involves the cells beginning to show 

atypical characteristics. These cells are confined to ducts or lobes and have not 

invaded through the basement membrane and are often referred to as in situ 

carcinoma (Fig. 1.32) (Tower et al., 2019). The final progression of invasive 

carcinoma is where tumour cells escape and can migrate, surviving the absence of 

adhesion, through the vasculature and invade a secondary tissue such as the lung 

parenchyma (Fig. 1.32).
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Figure 1.32 The biology of breast cancer. Schematic representation of breast cancer progression. 1) Breast epithelial cells transformation due 
to epigenetic and genetic changes in the microenvironment giving rise to metastatic breast cancer. 2) During the multistage process 
the control of proliferation, survival, differentiation and migration of cells becomes unregulated facilitated by aberrant tumour-
stromal cell interactions. 3) Metastases are formed by cancer cells invading the basement membrane, enter the vasculature, survive 
in the absent of adhesion, exit the vasculature. 4) These cells establish a new tumour in a foreign microenvironment. (From Vargo-
Gogola et al, 2007 with permission).

1 2 3 4 
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1.6.2. Breast Cancer Risk Factors 
The incidence of breast cancer is known to increase with age and gives an impression 

that it is a disease predominantly found in middle-aged and older women (Dudley, 

2018). From a clinical perspective this is true with a higher incidence of breast cancer 

recorded in women over the age of 50 (Boyle and Levin, 2008). However, women are 

exposed to an array of risk factors over their lifetime and these must also be explored 

to understand the risk. Breast development is a key part of a woman’s reproductive 

development and happens at key stages during life. Changes also occur during the 

menstrual cycle and when a woman reaches menopause. From a breast cancer 

perspective there are five windows of vulnerability: in utero, pubertal, during 

childbearing years, pregnancy, postpartum, and age-related involution (Martinson et 

al., 2013) (Fig. 1.33). Breast begin to develop in utero with thickening in the chest 

area due to the development of the mammary ridge (Javed and Lteif, 2013). A female 

will be born with nipples, and the beginning of the milk duct system. As a girl nears 

puberty, the first physical signs of breast development begin. Mammary glands are 

developed by the secretion of E2 from the ovaries, and fat begins to collect in the 

connective tissue causing breast enlargement. Once menstruation begins, secretory 

glands form at the end of the milk ducts and the breast further matures with 

development with many glands and lobules. After maturation of the breast, changes 

continue to occur during the menstrual cycle as hormones (e.g., E2) concentrations 

change (Fig. 1.2). In the days before ovulation, increasing levels of E2 stimulate 

growth of milk ducts in the breast, with the initiation of ovulation following a sharp 

spike in E2 concentrations. Progesterone is also involved in the menstrual cycle, is 

responsible for the development of milk glands, and is believed to be responsible for 

the cyclical changes that women experience in breast during menstruation, such as 

tenderness, swelling and pain. Pregnancy causes mammary alveolar (alveolar cluster 

into groups of lobes (Fig. 1.33)) proliferation and differentiation, the growth of the 

milk duct system, and formation of many more lobules. By the third trimester the 

breast are fully capable of producing milk for breast feeding. Once lactation has 

ceased, the breasts undergo involution where the morphology and function returns to 

that similar to pre-pregnancy. When women reach there late 40s to early 50s, peri-

menopause begins and it is at this time that E2 concentrations begin to dramatically 

decrease. Lack of E2 causes alveolar lobule regression and breakdown of the 
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parenchyma (Fig. 1.33), causing the reduction of breast density. Interesting studies on 

the number of menstrual cycles before the first full-term pregnancy have indicated 

that a significant number of cycles before the first full-term pregnancy and high 

number of life time menstrual activity increased breast cancer risk (Olsson and 

Olsson, 2020).
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Figure 1.33 The lifecycle window of risk for breast cancer. Schematic representation of the lifecycle of breast development in women. The 
pregnancy, lactation and involution cycle of the breast is offset to distinguish parous from women who have never been pregnant 
(nulliparous). There are four main windows of cancer vulnerability, which are defined by bold black lines: Fetal, puberty, parous 
and age-related involution. (From Dudley, 2018 and Martinson et al, 2018 with permission). 
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Epidemiological studies have investigated breast cancer risk factors in selected 

populations and have established an extensive list of well-known and probable risk 

factors such as geographical location, age, socioeconomic status, reproductive events 

(e.g., age of menarche, menopause, pregnancy, breastfeeding), exogenous hormones 

(e.g., HRT, oral contraceptives), lifestyle risk factors (e.g., alcohol, diet, obesity, 

physical activity), mammographic density, history of benign breast disease, exposure 

to ionising radiation, bone density and height (Dumitrescu and Cotarla, 2005). Along 

with sex and age, familial predisposition is an important breast cancer risk factor. 

Most breast cancers are sporadic; however, some are a result of inherited 

predisposition, particularly due to genetic mutations in the tumour repressor genes, 

breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) (King et al., 2003). Women 

who are born with either gene mutations in BRCA1 or BRCA2 are at higher risk of 

developing breast cancer compared to women in the general population (Narod, 

2002). The lifetime risk of developing breast cancer in a women with the BRCA1 

mutation is 70-80%, whereas for BRCA2 it is slightly less but still is about 60% 

(Rebbeck et al., 2015). Furthermore, the risk of breast cancer to relatives with either 

mutations were reported, 20% by age 40, 55% by age 60 and >80% by age 80 (King 

et al., 2003). 

 

1.6.2.1. Environmental Risk and Geographical Location 

There is now a greater understanding of the environmental exposures that maybe 

responsible for a proportion of breast cancer incidences in women where it is not 

possible to identify a specific risk factor (Boyle and Levin, 2008; Lacey et al., 2009). 

However, it is now believed that an increased adoption of the Western lifestyle is 

likely adding to breast cancer risk in non-western countries. Epidemiological studies 

have indicated that there are significant differences in the incidence and mortality 

rates of breast cancer between the high- (North America and Northern Europe) and 

low-risk (South America, East Europe, Africa and Asia) regions (Parkin et al., 1999). 

There are many factors that account for the large variation in breast cancer risk among 

and within different geographical areas, which maybe, but are not limited to, genetic 

differences, diet, and environmental exposures (Dumitrescu and Cotarla, 2005). 

Interestingly, studies on migrants who move from low- (e.g., Asia) to high-risk (e.g., 

USA) countries have shown an increase in breast cancer incidence as early as 10 years 
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after moving to their adopted country. This points fairly to a strong environmental risk 

factor. Further to this, studies have highlighted the importance and contribution of 

environmental and sociocultural factors and the impact they have as breast cancer risk 

factors (Ziegler et al., 1993). 

 

1.6.2.2. Age 

The incidence of breast cancer is very low before the age of 25 and increases by about 

100-fold by the age of 45 (Hulka and Moorman, 2008). From this pattern, it is very 

likely that there is involvement of reproductive hormones in breast cancer aetiology 

(Pike et al., 1993). In contrast,  hormone independent cancers do not exhibit such a 

drastic change in incidence during the reproductive years (Dumitrescu and Cotarla, 

2005). Like most diseases, age is not a unique risk factor for breast cancer. This is in 

part due to as a person gets older there has been more opportunity for genetic changes 

(e.g., environmental exposure -related mutations) to occur, and as they grow older 

their bodies do not repair the genetic changes as effectively. 

 

1.6.2.3. Endogenous Sex Hormones 

High concentrations of endogenous estrogens in the bloodstream are well-defined risk 

factors that contributes to the incidence of breast cancer. A study on nine prospective 

studies confirmed that concentrations of endogenous sex hormones (total E2, free E2, 

E1, E1 sulfate, androstenedione, dehydroepiandrosterone, dehydroepiandrosterone 

sulfate, and testosterone) are strongly associated with breast cancer incidence in 

postmenopausal women (Key et al., 2002). However, in pre-menopausal women it is 

less clear whether endogenous sex hormones are a risk factor because of the huge 

fluctuation of sex hormones during the menstrual cycle. 

 

1.6.2.4. Exogenous Estrogens (Oral Contraception and HRT) 

There is a long standing controversy around the relationship between oral 

contraception and the risk of breast cancer. Some studies have indicated that different 

contemporary contraceptive types are associated with an increased risk of breast 

cancer (Beaber et al., 2014). On the other hand, a population-based case-control study 

shows among women aged 35-64 year, that current and former oral contraception use 



 Introduction  

 67 

was not associated with a significant increased risk of breast cancer (Marchbanks et 

al., 2002). In a reanalysis of combined worldwide epidemiologic data, which looked 

at the relationship between breast cancer risk and combinations of oral contraception 

shows that there is no significant difference in cumulative risk of breast cancer in oral 

contraception users that discontinued use ≥10 years ago compared to non-users, and 

risk is not dependent on the length of time of contraception use (Calle et al., 1996). 

Interestingly, these differences could be associated with difference in formulations of 

oral contraceptives during the past decades, and it is these different formulations that 

could lead to different breast cancer risks (Kamińska et al., 2015). 

HRT has been used for many years by women to alleviate postmenopausal symptoms; 

however, this use is associated with an increased risk of breast cancer, which also 

correlates with the length of time of the therapy (Ban and Godellas, 2014), and 

declines rapidly after cessation of HRT treatment (Banks et al., 2003). Breast cancer 

risk is enhanced by two-component HRT, especially HRTs containing estrogens and 

progesterone (more specifically conjugated equine estrogens and 

medroxyprogesterone acetate) (Prentice et al., 2008). Interestingly, HRT prescription 

is avoided in women with gene mutations (e.g., BRCA1, BRCA2) or first-degree 

relatives with breast cancer to ameliorate the risk. In addition to this, being a breast 

cancer risk factor, estrogen-only HRT has been associated with an increased risk of 

endometrial cancer in postmenopausal women. 

 

1.6.2.5. Alcohol and Exercise 

Numerous epidemiological studies have found alcohol consumption, in both pre-

menopausal and postmenopausal women, is a breast cancer risk factor (Singletary and 

Gapstur, 2001). The relationship between alcohol consumption and breast cancer risk 

increases linearly in a dose dependent matter when women have 2-5 alcoholic drinks 

per day, and with every 0.75-1 drink per day thereafter the risk increases by 9% 

(Smith-Warner et al., 1998). The exact mechanism of alcohol as a breast cancer risk 

factor is not known. Metabolism of alcohol forms acetaldehyde, which is a well-

known mutagen and carcinogen, and is a known tumour promoter so might constitute 

the underlying mechanism of carcinogenesis (Pöschl and Seitz, 2004). Another 

possible mechanism is the effect alcohol consumption has on E2 concentrations in 

women. In both pre-menopausal and postmenopausal women alcohol consumption is 
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shown to cause an increase in E2 concentrations (Reichman et al., 1993; Ginsburg et 

al., 1995; Coutelle et al., 2004; Onland-Moret et al., 2005). Furthermore, high alcohol 

intake in postmenopausal women in conjunction with low folate intake has been 

associated with increased risk of development of ER-negative (ER-ve) breast cancer 

(Sellers et al., 2002). Folate is required for DNA, RNA and amino acid synthesis; 

therefore, folate deficiency could increase the risk of malignancy due to DNA 

hypomethylation and uracil misincorporation during DNA synthesis due to a lack of 

thymidylate synthesis from deoxyuridylate (Duthie, 1999). In contrast, high folate 

intake has been shown to lower the risk of breast cancer in women who are at higher 

risk due to high alcohol consumption (Zhang, 2004). 

 

1.6.2.6. E2 Mimics 

Epidemiological, experimental, and clinical studies have highlighted the involvement 

of E2 in the development and progression of breast cancer, and the impact of 

compounds with E2-like properties must be considered. Over the past 25 years it has 

become evident that environmental chemicals with E2-like properties have impacted 

on the endocrine health of wildlife, influencing reproduction, particularly in aquatic 

populations (Hotchkiss et al., 2008; Kloas et al., 2009; Bergman et al., 2013). 

However, the contribution E2 mimics play in breast cancer risk is debatable. Unlike 

prolonged exposure to high concentrations of estrogens during pre-menarche and 

post-menopause, which has been associated with elevated incidence of breast cancer 

(Henderson et al., 1991; Bernstein and Ross, 1993), exposure to E2 mimics is not 

limited to elevated breast cancer risk at these two stages but occurs throughout a 

woman’s life. Studies have struggled to link one chemical to the causal mechanism of 

breast cancer, but in reality differences in women’s lifestyles results in individuals 

being exposed to a multitude of estrogenic chemicals and mixtures, which might act 

in concert (Darbre, 2006; Bergman et al., 2013). Variation in exposure time and stage 

of exposure may be critical in breast cancer risk and might begin many years before 

symptoms of breast cancer appear (Russo and Russo, 1987). 
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1.7. Model Systems for Studying E2 Mimic Responses 
There are numerous methods and model systems that have been developed to study 

E2 mimics. One is a breast cancer cell line (e.g., MCF-7) that expresses both ERa and 

ERb, another group of model system are genetically modified reporter gene assays 

(e.g., MCF-7 ERE-bGlo-Luc-SVNeo (MELN)), and finally in silico computational 

molecular modelling software (Maestro Schrödinger platform). 

 

1.7.1. The MCF-7 Model System 
The MCF-7 cell line was first isolated in 1970 from a woman who had breast cancer. 

The cell line has been extensively used for research as it was one of the first 

mammalian cell lines capable of surviving in culture for more than a few months. 

Furthermore, the discovery of ERs in the cell line was a pivotal discovery and paved 

the path for its use in breast cancer research. When exposed to E2 these cell rapidly 

proliferate in a dose dependent manner (Levenson and Jordan, 1997). This cell line 

has also been used in E2 mimic studies since it is the closest in vitro system to in vivo 

breast cells; therefore, when these cells are exposed to E2 mimics they are likely to 

give results that reflect the in vivo situation. Since the establishment of this cell line 

there have been other systems developed to overcome the difficulties that have arisen 

from working with the cell line (see Section 3.1.2). 

 

1.7.2. The MELN Reporter Gene Assay 
The MELN reporter gene assay is a bioassay used to measure the binding ability of 

chemical compounds to ERs. It consists of MCF-7 cells genetically modified (MELN) 

to contain the firefly luciferase gene, which is activated when ERs are ligand bound, 

producing luciferase – a light generating enzyme: one photon of light is generated per 

ligand occupancy. The DNA construct containing the luciferase gene is downstream 

of the ERE; thus modulating the transcription of the cognate-target gene. In MELN 

cells, ligand-activated receptors activate the luciferase transcription and in the 

presence of its substrate, luciferin light is emitted (Fig 1.34). The luciferase is 

expressed in a ligand dose-dependent manner and the light signal increases as a result 

of increasing exposure concentration to E2 and its mimics; therefore, allowing for the 

quantification of activity, most commonly reported as EC50 (Sonneveld et al., 2005).  
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Figure 1.34 Principle of the MELN reporter gene assay. 1) E2 or E2 mimics ( ), 
cross the cell membrane and bind to ERs. 2) The ligand bound ER 
complex dimerises and enters the nucleus. 3) Binding to DNA at EREs, 
results in up-regulation for protein synthesis of luciferase. 4) Addition 
of D-luciferin (substrate) results in light production, where the number 
of photons produced is proportional to the estrogenicity of E2 or E2 
mimics. 5) In an endogenous situation, the molecular mechanism is 
identical, except other ERE genes are upregulated since the luciferase is 
not present. (Concept of reporter gene assay based on Legler et al, 1999). 

 

Reporter gene assays have several advantages over classical in vivo assays (e.g., 

animal studies) for studying estrogenicity, they have been proven to accurately predict 

estrogenic activity of chemicals and are quicker and less costly (Sonneveld et al., 

2006; van der Burg et al., 2010). Another advantage is the ability to quantifying 

estrogenicity (e.g., EC50) of individual compounds, combination mixtures and 

samples (e.g., water samples). 
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1.7.3. Molecular Modelling 
Molecular modelling utilises theoretical and computational methods to model and 

predict the behaviour of molecules (e.g., receptor ligands) in a system, from small 

chemical systems to biological macromolecules. In chemical biology, molecular 

modelling is utilised as a tool to investigate the structure, dynamics and properties of 

protein structures, enzyme catalysis and protein conformational changes. Molecular 

modelling has been extensively used to study E2 mimics in the binding cleft of ERs 

(D'Ursi et al., 2005; Lambrinidis et al., 2006; Celik et al., 2008; Ye et al., 2018), or 

for the design and development of breast cancer treatments based on ER antagonism 

(Knox et al., 2006; Knox et al., 2008). Molecular modelling and molecular dynamic 

(MD) studies can elucidate small molecular changes during ligand binding, which can 

result in large conformational changes that allow for dimerisation and the initiation of 

gene transcription. 

In the studies described in this thesis a molecular modelling and MD simulations will 

be used in conjunction with cell model systems (MCF-7 and MELN) to explore the 

interactions and dynamics of ERs with E2 and E2 mimics to predict their effects.  
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1.8. Aims and Objectives 
Aim 1: Cell based assays are often used to evaluate the estrogenicity of compounds, 

however it is difficult to compare estrogenicity of compounds from the literature due 

to differences in methodologies. The aim of this study is to understand the effects E2 

and E2 mimics have on different cell model systems using two inhouse established 

cell model systems. 

Objective 1: Investigate the effects of E2 and E2 mimics on MCF-7 cells in 

culture by exposing the cultures to varying concentrations of E2 and selected 

E2 mimics and plotting dose-response curves to determine maximum response 

concentrations. 

Objective 2: Investigate the effects of E2 and E2 mimics on the MELN cell 

assay by exposing them in culture to varying concentrations of E2 and selected 

E2 mimics and determining their EC50 values by measurement of 

luminescence and plotting of dose-response curves. 

Aim 2: Molecular modelling tools provide insight into the possible molecular 

structures of proteins and simulate their behaviours using quantum and classical 

physics. The aim of these studies is to explore the biomolecular interactions of E2 and 

E2 mimics with ERa using the Schrödinger molecular modelling platform and to 

explore the importance of structural features of ERs in their agonist and antagonist 

conformations. 

Objective 1: Investigate the interactions of E2 and E2 mimics with the ER 

LBC using ligand-receptor docking to study the biomolecular interactions of 

E2 and E2 mimic and thus predict the relationship between ligand structure 

and cellular responses to E2 mimics. 

Objective 2: Investigate the structural changes of agonist and antagonist 

conformations of ERa when the co-crystallised ligand is removed using in 

silico MD. 

Aim 3: SHBG is more commonly understood in its role as a steroid transporting 

protein in the blood. The production of SHBG in cells is not understood and the 

effects of E2 mimics on SHBG concentrations have not been studied. The aim of this 
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section of my thesis was to gain an understanding of the possible effects E2 and E2 

mimics could have on the concentrations of SHBG in MCF-7 cells. 

Objective 1: Investigate the effects of E2 and selected E2 mimics on the 

expression of SHBG. This will be done by exposing cultured MCF-7 cells to 

E2 and selected E2 mimics. Exposure concentrations will be determined from 

the results of MCF-7 exposure studies (Aim 1) and SHBG concentrations will 

be determined by a sandwich SHBG enzyme-linked immunosorbent assay 

(ELISA) to determine the SHBG concentration. 

Aim 4: Bring together data from the MCF-7 exposure studies, MELN exposure 

studies, molecular modelling (docking and MD), and SHBG ELISA studies to explore 

the importance of E2 mimics and their interactions with ERs in the context of breast 

cancer risk. 
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Chapter Two – Materials and Methods 
2.1. Materials 
Table 2.1 shows the materials used in all experimental work. 
 
Table 2.1 Materials and equipment used in experimental work. 

Materials Storage Supplier/model Location 
Chemicals    
Benzyl 4-hydroxybenzoate (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Benzyl penicillin 4°C Sigma-Aldrich Ltd. Auckland, NZ 
Biochanin A (≥99%) -20°C Sigma-Aldrich Ltd. Auckland, NZ 
Bisphenol A (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Bisphenol AF (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Bisphenol S (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Butyl 4-hydroxybenzoate (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Calcium chloride dihydrate (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Curcumin (≥99%) -20°C Sigma-Aldrich Ltd. Auckland, NZ 
1,2-Diaminocyclohexane-N,N,N’,N’-
tetraacetic acid  Sigma-Aldrich Ltd. Auckland, NZ 

Daidzein (>99%) -20°C LC-Laboratories Massachusetts, 
USA 

Dienestrol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Diethylstilbestrol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Dimethyl sulfoxide (analytical grade)  Sigma-Aldrich Ltd. Auckland, NZ 
3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide 4°C Sigma-Aldrich Ltd. Auckland, NZ 

Dithiothreitol 4°C Sigma-Aldrich Ltd. Auckland, NZ 
ELISA wash buffer -20°C Sigma-Aldrich Ltd. Auckland, NZ 

S-Equol (≥98%) -20°C Sapphire Bioscience 
Pty. Ltd. 

Red Fern, NSW, 
Australia 

17b-Estradiol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Estriol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Estrone (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Ethanol (analytical grade)  ECP Ltd. Auckland, NZ 
Ethinyl estradiol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Ethylenediaminetetraacetic acid  Sigma-Aldrich Ltd. Auckland, NZ 
Formononetin (≥99%) -20°C Sigma-Aldrich Ltd. Auckland, NZ 
Fulvestrant (≥99%) -20°C Sigma-Aldrich Ltd. Auckland, NZ 

Genistein (>99%) -20°C LC-Laboratories Massachusetts, 
USA 

Ground dextran coated charcoal  Sigma-Aldrich Ltd. Auckland, NZ 
Hexestrol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Hydrochloric acid  ECP Ltd. Auckland, NZ 
4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid  ECP Ltd. Auckland, NZ 

(Z)- 4-Hydroxytamoxifen (≥99%) 4°C Sigma-Aldrich Ltd. Auckland, NZ 
Magnesium chloride hexahydrate  Sigma-Aldrich Ltd. Auckland, NZ 
2-Methoxyestradiol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Methyl 4-hydroxybenzoate (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
Mestilbol (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
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Chemicals (continued)    
Quercetin (≥99%) -20°C Sigma-Aldrich Ltd. Auckland, NZ 
Phosphate buffer saline packets  
(Formulation: NaCl (8 g), Na2HPO4 
(1.15 g), KCl (0.2 g), K2HPO4 (0.2 g)) 

4°C Sigma-Aldrich Ltd. Auckland, NZ 

Silibinin (≥98% HPLC) -20°C Sigma-Aldrich Ltd. Auckland, NZ 
Sodium hydrogen carbonate  ECP Ltd. Auckland, NZ 
Sodium chloride  ECP Ltd. Auckland, NZ 
Streptomycin sulphate salt 4°C Sigma-Aldrich Ltd. Auckland, NZ 
Sucrose  ECP Ltd. Auckland, NZ 
Testosterone (≥99%)  Sigma-Aldrich Ltd. Auckland, NZ 
3,3’,5,5’-Tetramethylbenzide  Sigma-Aldrich Ltd. Auckland, NZ 
Triton® X-100  Sigma-Aldrich Ltd. Auckland, NZ 
Trizma® hydrochloride  Sigma-Aldrich Ltd. Auckland, NZ 
Trypan blue  Sigma-Aldrich Ltd. Auckland, NZ 

a-Zearalanol (≥98%) -20°C Sapphire Bioscience 
Pty. Ltd. 

Red Fern, NSW, 
Australia 

b-Zearalenol (≥98%) -20°C Sapphire Bioscience 
Pty. Ltd. 

Red Fern, NSW, 
Australia 

Biological products    

Fetal bovine serum -20°C Gibco, Life 
Technologies NZ Ltd. Auckland, NZ 

D-Luciferin -80°C Sigma-Aldrich Ltd. Auckland, NZ 
Gelatine  Sigma-Aldrich Ltd. Auckland, NZ 
Human SHBG -80°C Scripps Laboratories California, USA 

Phenol red-free RPMI 1640 medium 4°C Gibco, Life 
Technologies NZ Ltd. Auckland, NZ 

Phenol red RPMI 1640 powder 4°C Gibco, Life 
Technologies NZ Ltd. Auckland, NZ 

Protease Inhibitor Cocktail 4°C Sigma-Aldrich Ltd. Auckland, NZ 

11F11 SHBG monoclonal antibody 4°C Isolated by John Lewis 
Canterbury 

Health 
Laboratories 

7H9 SHBG monoclonal antibody 4°C Isolated by John Lewis 
Canterbury 

Health 
Laboratories 

Rat antimouse IgG1-HRP -20°C Nordic MUbio Susteren, 
Netherlands 

Sodium pyruvate (1 M) 4°C Gibco, Life 
Technologies NZ Ltd. Auckland, NZ 

TrpLE™ express 4°C Gibco, Life 
Technologies NZ Ltd. Auckland, NZ 

Trypsin powder -20°C Sigma-Aldrich Ltd. Auckland, NZ 
Cell lines    

MCF-7 cells  
(ATCC® HTB-22™)  

Originally from 
American Type 

Culture Collection 
Manassas, USA 

MELN cells  Originally from 
Inserm 

Montpellier, 
France 

Equipment    
Amber glass vials (2 mL)    
Autoclave    
Automatic single channel pipettes and 
tips (10 µL, 200 µL and 1 mL)    
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2.1.1. Water 
All water used in experimental work was purified using the Milli-Q® system (Merck 

Millipore, Auckland, New Zealand). Resistivity (25°C) = 18.2 MΩ.cm. 

  

Equipment (continued)    
Automatic multichannel pipettes and 
tips (10 µL and 1 mL)    

Centrifuge   MultiFuge 1 S-R Hanau, Germany 

Centrifuge tubes (LabServ®, 50 mL)  ThermoFisher 
Scientific Auckland, NZ 

Cryogenic vials (Nunc®, CryoTube®, 
1 mL)  ThermoFisher 

Scientific Auckland, NZ 

Dewar flask (50 L)  Air Liquide New 
Zealand Ltd. Auckland, NZ 

Eppendorf tubes (500 μL, 1.5 mL)  Eppendorf NSW, Australia 
Glass Pasteur pipette    
Glass vials (1 mL, 4 mL, 20 mL)    
Hot-plate stirrer    
Incubator     
Inverted microscope (CKX41)  Olympus Melbourne, AUS 

Laminar flow cabinet  
Cytoguard CG2000 
series, model CGA-

180 
Sydney, AUS 

Microscope camera  ProSciTech Kirwan, AUS 

Microplate reader  
SpectraMax, M4 

Multi-Mode 
Microplate Reader 

Auckland, NZ 

Microwell plates, sterile (24 and 96 
wells)  Sigma-Aldrich Ltd. Auckland, NZ 

Multi-channel pipette throughs, sterile  Mediray Auckland, NZ 
Schott bottles (100 mL, 500 mL, 1 L)    
Sterile filters (Steritop-GP, 0.22 μm, 
polyethersulfone, 500 mL 45 mm)  ThermoFisher 

Scientific Auckland, NZ 

Sterile culture flasks (Nunc™ 
EasYFlask™ Cell Culture Flasks, 75 
cm2) 

 ThermoFisher 
Scientific Auckland, NZ 

Sterile syringe filter (17 mm, 0.2 μm 
PTFE filter)  ThermoFisher 

Scientific Auckland, NZ 

Veriplast plastic counting chambers  ThermoFisher 
Scientific Melbourne, AUS 

Volumetric flasks (1 mL, 10 mL)    
Water bath    
White 96 microwell plates, sterile 
(Nunc™)  ThermoFisher 

Scientific Auckland, NZ 
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2.1.2. Computational Modelling 

2.1.2.1. Software Tools 

The Schrödinger Suite 2019 is a proprietary software package used for investigating 

biomolecular interactions. Maestro is the graphical interface, which is the portal to the 

various applications and workflows. For this work, Table 2.2 lists the applications and 

workflows used. The Schrödinger Suite has been extensively tested and compared to 

other software tools, and its performance has been consistently in the top half of the 

group of tested software tools (Halgren et al., 2004; Kellenberger et al., 2004; Perola 

et al., 2004; Repasky et al., 2007; Cheng et al., 2009; Englebienne and Moitessier, 

2009). 

 
Table 2.2 Schrödinger Suite 2019 applications used in this work. 

Application Task 
Maestro 
(Release 2019-2) 

The graphical interface for all Schrödinger 
applications and workflows  

Prime 
(Release 2019-2) 

Protein structure predictions, protein structure 
refinement and MM-GBSA calculations. 

LigPrep 
(Release 2019-2) 

Generation of accurate 3D molecular models 
for ligand molecules, including tautomeric, 
stereochemical, and 
ionisation variation optimised for further 
computational analyses. These tools are based 
on well-known bond 
length, bond angle and atom size parameters 
and molecular geometry and bonding rules. 

Glide 
(Release 2019-2) 

An extensive validated ligand placement 
algorithm and scoring function package to 
accurately predict binding mode for ligand-
receptor complexes. 

Desmond 
(Release 2019-2) 

A package for setting up and running high-
speed molecular dynamics simulations of 
biological systems.  

Workflow Task 

Protein Preparation Wizard 
(Release 2019-2) 

Correcting common structural problems (e.g., 
missing residues or residue side chains) and 
creating a model that closely resembles the 
native protein. 

Advanced Homology Builder 
(Release 2019-2) 

Used to build and refine a model of a query 
sequence for which the sequence homology 
can be identified using BLAST. 
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2.1.2.2. Receptor Models 

For computational receptor docking studies, X-ray crystallographic coordinates for 

ERs were downloaded from the Research Collaboratory for Structural Biology 

(RCSB) Protein Data Bank (PDB) (http://www.rcsb.org). The receptor models 

developed from the crystal structures were identified by the PDB code (Table 2.3). 

 
Table 2.3 X-ray crystal structures for human ER LBDs used in the studies in this 

thesis. 
PDB 
code Receptor Ligand Resolution 

(Å) Chain Co-regulatory 
protein peptide Reference 

1ERE ERa E2 3.10 A No (Brzozowski 
et al., 1997) 

1GWR ERa E2 2.40 A Yes (Wärnmark 
et al., 2002) 

3ERT ERa 4-OHT 1.90 A No (Shiau et al,. 
1998) 

1X7R ERa Genistein 2.00 A Yes Manas et al,. 
2004) 

 

2.1.2.3. Ligand Structures 

3D structures of ligands were constructed using in Maestro (see Section 2.2.6.) 

LigPrep. Models of 30 compounds (E1, E2, E3, EE2, 2-methoxyestradiol, 

testosterone, diethylstilbestrol, mestilbol, 4-OHT, Fulvestrant, hexestrol, dienestrol,  

S-equol, genistein, daidzein, formononetin, biochanin A, curcumin, quercetin, 

silibinin, methylparaben, ethylparaben, propylparaben, butylparaben, benzylparaben, 

BPA, BPS, BPAF, a-zearalanol, and b-zearalenol – see structures in Table 3.1; were 

prepared for use in the studies reported in this thesis. 

All ligands were energy minimised using LigPrep to achieve the conformation with 

the lowest internal energy. LigPrep searches the entire conformational space, 

including ring structures (e.g., 6-membered ring boat/chair conformations) and 

rotational degrees of freedom. For the ring conformation search, only ligands with 

minimised energy within 50 kJ/mol of the lowest energy conformation were retained. 

For most ligands, only one conformation was found that fit this parameter.  
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2.2. Methods 

2.2.1. Sterilisation 

2.2.1.1. Glassware and Consumables 

All glassware and consumables including glass pipettes, pipette tips (10 µL, 200 µL 

and 1 mL), Pasteur pipettes, Schott bottles and Eppendorf tubes were sterilised by 

autoclaving at 121°C, 15 psi for 80 min. 

 

2.2.1.2. Maintaining Aseptic Workspace 

All cell culture procedures were conducted in a laminar flow cabinet with its internal 

work surface pre-sterilised by UV radiation (254 nm, 2 h). Immediately before any 

cell culture work, the internal surface was sprayed with 70 % v/v ethanol to ensure 

sterility. All equipment and reagents containers were sprayed with 70 % v/v before 

they were moved onto the working surface of the laminar flow cabinet. 
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2.2.2. Preparation of Cell Culture Media and Related Reagents 

2.2.2.1. Preparation of Phosphate Buffered Saline (PBS) 

A packet of PBS powder was added to a 1 L Schott bottle. MilliQ water (900 mL) was 

added and the PBS dissolved by vigorous shaking. The pH was adjusted to 7.4 using 1 

M HCl or NaOH as appropriate. The pH adjusted solution was topped up to 1 L with 

MilliQ water. The solution was sterilised by ultra-filtration through a 0.22 µM filter 

and stored at 4°C. 

 

2.2.2.2. Preparation of Antibiotics for Addition to Culture Media 

Benzylpenicillin (3.0 g) and streptomycin sulphate (2.8 g) were made up to 100 mL of 

MilliQ water and stirred using a magnetic stirrer for 24 h. The antibiotic solution was 

stored at 4°C for up to 2 weeks. 

 

2.2.2.3. Preparation of Trypsin Protease (0.25% aq.) 

NaCl (8.5 g) was made up to 1 L of MilliQ water (1 L). Trypsin powder (25 g) was 

added to the 0.85% (w/v aq.) NaCl (1 L) and stirred (using a magnetic stirrer) at room 

temperature for 1 h. The trypsin solution was sterilised by ultra-filtration through a 

0.22 µM filter and dispensed into 10 mL aliquots and stored at -20°C. EDTA (3.72 g) 

was made up to 1 L of PBS (1 L) and sterilised by ultra-filtration through a 0.22 µM 

filter. This PBS/EDTA (PE) solution was diluted 10-fold with PBS, and 90 mL of the 

diluted PE was mixed with trypsin solution (10 mL) to produce the final trypsin 

solution (0.25% w/v aq.). This solution was stored at 4°C for up to 3 weeks. 

 

2.2.2.4. Heat Inactivation of Fetal Bovine Serum (FBS) 

FBS (500 mL) was thawed at 4°C overnight. The thawed serum was gently warmed in 

a 37°C incubator for 30 min with gentle inversion every 10 min to ensure even 

temperature distribution. The serum was placed in a 56°C water bath for 60 min with 

gentle inversion every 10 min. The serum was left to rest at room temperature for 30 

min. Aliquots (100 mL) were transferred to Schott bottles and stored at -20°C. 
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2.2.2.5. Preparation of Charcoal-dextran Stripped FBS 

MgCl2(H2O)6 (0.3 g), sucrose (85.6 g), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES; 2.4 g) were added to a 1 L Schott bottle and made up to 1 L of MilliQ 

water. The solution was divided into 50 mL aliquots in 50 mL plastic centrifuge tubes, 

each containing dextran-coated charcoal (0.137 g). The centrifuge tubes were inverted 

10 times to ensure even distribution of the charcoal-dextran and incubated for 24 h at 

4°C. Following incubation, the charcoal-dextran solution was centrifuged at 500 x g 

for 10 min, and the supernatant was discarded. Inactivated FBS (50 mL) was added to 

each pellet. The tubes were inverted 10 times and incubated for a further 24 h at 4°C. 

The FBS-charcoal solution was then centrifuged at 1700 x g for 10 min, and the 

charcoal dextran-stripped FBS decanted into a 100 mL Schott bottle and stored at -

20°C. 

 

2.2.2.6. Preparation of Phenol Red RPMI 1640 Medium Containing 10% v/v 

Inactivated FBS 

Heat inactivated FBS (100 mL) was thawed at 4°C overnight. Phenol red Rose Park 

Memorial Institute (RPMI) 1640 powder (9.6 g) and NaHCO3 (2.0 g) were added to a 

1 L Schott bottle. MilliQ (900 mL) was added and the powder dissolved with 

vigorous shaking. The pH was adjusted to 7.4 (see Section 2.2.2.1.), and MilliQ water 

(100 mL) was added. Sodium pyruvate solution (1M; 1 mL) was added to the RPMI 

1640 solution, and 900 mL was sterilised by ultra-filtration through a 0.22 µM filter. 

The benzylpenicillin/streptomycin sulphate antibiotics solution (5 mL) and FBS (100 

mL) were sterilised by ultra-filtration through the same 0.22 µM filter. The complete 

RPMI 1640 culture medium solution was inverted to mix and stored at 4°C. 

 

2.2.2.7. Preparation of Phenol Red-Free RPMI 1640 Medium Containing 10% v/v 

Stripped FBS 

Charcoal dextran-stripped FBS (100 mL) was thawed at 4°C overnight. Phenol red-

free RPMI 1640 culture medium solution (900 mL) was sterilized by ultra-filtration 

through a 0.22 µM filter, followed by antibiotics solution (5 mL) and FBS (100 mL). 

The complete phenol red-free RPMI 1640 culture medium solution was inverted to 

mix and stored at 4°C.  
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2.2.2.8. Preparation of 25 mg/mL Luciferin Stock Solution 

D-Luciferin (25 mg) was made up to 1 mL of DMSO, aliquots of 100 µL were stored 

at -80°C in amber glass vials. 

 

2.2.2.9. Preparation of Luciferin Assay Medium (Per Plate) 

Luciferin stock solution (23.6 µL) was added to 7 mL phenol red-free RPMI 1640 

medium containing 10% v/v stripped FBS. 

 

2.2.2.10. Preparation of Test Compound Stock Solutions 

Test compound stock solutions were prepared freshly for each experimental 

procedure. Working stock solutions of 0.1 M or 0.01 M (depending on the solubility 

of each test compound) were made up using volumetric flasks and stored at 4°C. 

Table 2.4 shows the dilutions for each experimental procedure (MCF-7 exposure 

studies – 8 concentrations, MELN exposure studies – 10 concentrations and in vitro 

SHBG exposure studies – 1 concentration). The following compounds were prepared 

in ethanol: E1, E2, E3, EE2, testosterone, 2-methoxyestradiol, DES, dienestrol, 

mestilbol, hexestrol, BPA, BPS, BPAF, methylparaben, ethylparaben, propylparaben, 

butylparaben, benzylparaben, biochanin A, genistein, quercetin, and S-equol. The 

following serial dilutions were prepared in DMSO: a-zearalanol, b-zearalenol, 

formononetin, daidzein, curcumin, silibinin, Fulvestrant and 4-OHT. 

  



 Materials and Methods  

 83 

Table 2.4 Dilutions prepared for MCF-7 exposure studies, MELN exposure 
studies and SHBG exposure studies. 

Test compound MCF-7 exposure studies - 
dilution series (M) 

MELN exposure studies - 
dilution series (M) 

SHBG exposure 
studies – exposure 
concentration (M) 

Dienestrol 6.32 × 10-11 – 6.32 × 10-9 2.00 × 10-9 – 5.20 ×	10-4  
EES 6.32 × 10-11 – 6.32 × 10-9 2.00 × 10-13 – 5.20 × 10-8 1.00 × 10-12 

Hexestrol 3.56 × 10-10 – 2.00 × 10-9 2.00 × 10-13 – 5.20 × 10-8  
E2 3.56 × 10-10 – 2.00 × 10-9 3.90 × 10-12 – 1.00 × 10-6 1.00 × 10-11 
DES 2.00 × 10-9 – 3.56 × 10-8 2.00 × 10-9 – 5.20 × 10-4  
E3 2.00 × 10-9 – 3.56 × 10-8 2.00 × 10-10 – 5.20 × 10-5  
E1 3.56 × 10-9 – 2.00 × 10-7 2.00 × 10-10 – 5.20 × 10-5  
Curcumin 6.32 × 10-9 – 3.56 × 10-7 2.00 × 10-10 – 5.20 × 10-5  
Mestilbol 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-9 – 5.20 × 10-4  
(Z)-4OHT 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-8 – 5.20 × 10-3  
Fulvestrant 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-8 – 5.20 × 10-3  
a-Zearalanol 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-10 – 5.20 × 10-5  
b-Zearalenol 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-10 – 5.20 × 10-5  
Quercetin 1.12 × 10-8 – 6.32 × 10-7 2.00 × 10-10 – 5.20 × 10-5  
S-Equol 3.56 × 10-8 – 2.00 × 10-6 2.00 × 10-10 – 5.20 × 10-5  
BPAF 3.56 × 10-8 – 2.00 × 10-6 2.00 × 10-9 – 5.20 × 10-4  
Testosterone 6.32 × 10-8 – 3.56 × 10-6 2.00 × 10-7 – 5.20 × 10-2  
Genistein 6.32 × 10-8 – 3.56 × 10-6 2.00 × 10-10 – 5.20 × 10-5 1.00 × 10-9 
Daidzein 6.32 × 10-8 – 3.56 × 10-6 2.00 × 10-10 – 5.20 × 10-5  
BPA 3.56 × 10-7 – 2.00 × 10-5 2.00 × 10-9 – 5.20 × 10-4 1.00 × 10-8 
Formononetin 6.32 × 10-7 – 3.56 × 10-5 2.00 × 10-10 – 5.20 x 10-5  
Silibinin 6.32 × 10-7 – 3.56 × 10-5 2.00 × 10-10 – 5.20 × 10-5  
Benzylparaben 1.12 × 10-7 – 6.32 × 10-5 2.00 × 10-8 – 5.20 × 10-3  
2-Methoxyestradiol 3.56 × 10-6 – 2.00 × 10-4 2.00 × 10-7 – 5.20 × 10-2  
BPS 3.56 × 10-6 – 2.00 × 10-4 2.00 × 10-9 – 5.20 × 10-4  
Biochanin A 3.56 × 10-6 – 2.00 × 10-4 2.00 × 10-10 – 5.20 × 10-5  
Butylparaben 6.32 × 10-6 – 3.56 × 10-4 2.00 × 10-8 – 5.20 × 10-3 5.62 × 10-6 

Propylparaben 6.32 × 10-6 – 3.56 × 10-4 2.00 × 10-8 – 5.20 × 10-3  
Ethylparaben 1.12 × 10-5 – 6.32 × 10-3 2.00 × 10-8 – 5.20 × 10-3  
Methylparaben 1.12 × 10-5 – 6.32 × 10-3 2.00 × 10-8 – 5.20 × 10-3  
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2.2.2.11. Preparation of MTT Solution 

A 5 mg/mL solution of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT) was prepared in PBS and mixed by vortex. The solution was then 

sterilised by ultra-filtration through a 0.22 µM filter and stored at -20°C for 6 months. 

 

2.2.2.12. Preparation of Cell Lysis Buffer Solution 

MilliQ water (500 mL) was added to a 1 L beaker. Trizma® hydrochloride (3.0 g), 

1,2diaminocyclohexane-N,N,N’,N’-tetraacetic acid (CDTA; 0.73 g) and dithiothreitol 

(DTT; 0.31 g), glycerol (100 mL), protease inhibitor cocktail (10 mL) and Triton® X-

100 (10 mL). The final volume was adjusted to 1 L with MilliQ water and aliquoted 

in 50 mL centrifuge tubes. The tubes were stored at -20°C for up to a year.  
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2.2.3. MCF-7 Exposure Studies 

2.2.3.1. Cell Maintenance and Passage 

MCF-7 cells were kindly gifted by Dr John Lewis, Steroid and Immunobiochemistry 

Laboratory, Canterbury Health Laboratories, Christchurch, New Zealand. MCF-7 

exposure experiments carried out in this thesis were carried out at passage 24. SHBG 

exposure experiments carried out in this thesis were carried out at passage 21. The 

importance of low passage numbers is to ensure cell health and ensure consistent 

results. 

 

2.2.3.1.1. MCF-7 Cell Seeding 

A 1 mL cryogenic vial containing frozen MCF-7 cells (100 µL) was removed from 

liquid nitrogen (-196°C) and thawed at room temperature for 15 min. Phenol red 

RPMI 1640 medium (20 mL) was added to a sterile culture flask using a sterilise 10 

mL pipette that was flamed. The defrosted cell suspension was added to the phenol 

red RPMI 1640 medium using a 200 µL single-channel pipette with a sterile tip. The 

cells were incubated at 37°C in a humidified atmosphere of 5% v/v CO2 in air 

maintained at 10 PSI by a two-stage CO2 pressure regulator. Routine cleaning of the 

CO2 incubator was carried out every week to prevent fungal and bacteria growth, the 

shelves were taken out and wiped down with 70% v/v ethanol, and walls of the 

incubator were wiped down. Copper is known to slow or the stop growth of many 

organisms, including bacteria, fungi and yeast (Grass et al., 2011), as a routine 

practise the water reservoir was thoroughly cleaned and replenished with a fresh 

CuSO4.5H2O (1 g/L). 

 

2.2.3.1.2. Maintenance of MCF-7 Cell Cultures 

MCF-7 cells were routinely passaged when the culture reached at least 70% 

confluence (approx. 106 cells per flask). Confluence refers to the percentage of 

coverage of the culture flask by the adherent cells; in this case, a 70% coverage is 

required before routine passage. A confluent flask was removed from the incubator, 

and the phenol red RPMI-1640 medium was removed by vacuum aspiration using a 

sterilised Pasteur pipette that was flamed. PBS (4 mL) was added to wash away any 

residual phenol red RPMI 1640 medium. The PBS was removed by vacuum 
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aspiration using a sterilised Pasteur pipette that was flamed. TrpLEâ express (a 

proprietary trypsin solution, 3 mL) was added to detach the cellular monolayer. The 

culture flasks were incubated at 37°C in 5% v/v CO2 until the cells were seen using an 

inverted microscope to be beginning to detach (1-3 min). Phenol red RPMI 1640 

medium (6 mL) was added to inactivate the TrpLEâ express, and the cell suspension 

was transferred to two new sterile 75 cm2 culture flasks. Further phenol red RPMI 

1640 medium (12 mL) was added to each flask to give a total volume of 18 mL. The 

cells cultures were incubated at 37°C in a humidified atmosphere of 5% v/v CO2 in 

the air. 

 

2.2.3.1.3. Cryopreservation of MCF-7 Cells 

A flask of confluent cells was removed from the incubator, and the phenol red RPMI 

1640 medium was removed by vacuum aspiration using a sterilised Pasteur pipette 

that was flamed. PBS (4 mL) was added to wash away any residual phenol red RPMI 

1640 medium. The PBS was removed by vacuum aspiration using a sterilised Pasteur 

pipette that was flamed. TrpLEâ express (4 mL) was added followed by incubation at 

37°C in 5% CO2 for 5-10 min until the cells were seen using an inverted microscope 

to be beginning to detach. Phenol red RPMI 1640 medium (10 mL) was added to 

inactivate the TrpLEâ express, and the cell suspension was transferred to 50 mL 

centrifuge tubes, the cell suspension was centrifuged at 125 x g for 10 min. The 

supernatant was removed by vacuum aspiration using a sterilised Pasteur pipette that 

was flamed and the cells resuspended in phenol red RPMI 1640 medium (600 µL) 

containing 5% v/v DMSO. Aliquots of the cell suspension (100 µL) were transferred 

to 5 cryogenic vials and 900 µL RPMI-1640/DMSO added to each vial. Cryogenic 

vials were labelled, wrapped in cotton wool and placed into a small polystyrene box 

(13 cm x 9 cm x 5 cm) and the whole box was then placed in the -80°C freezer for 24 

hours before being fully submerged in liquid N2 for long-term cryostorage. 

 

2.2.3.2. Cell Counting 

2.2.3.2.1. Vetriplast® Counting Chambers 

 Vertiplast® Plastic Counting Chambers were used to count the number of cells 

present in each sample. To determine the number of cells present in the cell 
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suspension sample, an aliquot of cell suspension was taken, and 0.4 % w/v trypan 

blue (20 µL) added. A 9 µL aliquot of each sample was pipetted into the Vertiplast® 

counting chambers (9 x 9 grids – Figure 2.1). The same 5 squares were counted for 

each sample under an inverted microscope at 100x magnification in triplicate.  
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Figure 2.1 Vetriplast counting chamber layout. The same five squares (blue) were 
counted for all experiments. Cells in the blue squares were counted. Any 
cells that lay on the red lines were included in the cell count for that 
square. 

 

To determine the total number of cells (Ctotal), the total number of cells counted (T) 

was determined by taking the average of the three sums of five blue squares and using 

the following formulae: 

"!" = $
#×%&!
!	×	$ % × '                             "%&%'( = ")* × ( 

Where: 
C+, = Cells	per	mL 
C-.-/0 = Total	number	of	cells	in	the	cell	suspension 
T = Total	number	of	cells	counted 
k = 0.01111	(volume	of	the	squares	counted) 
N = 5	(number	of	squares	counted) 
D = Dilution	factor 
V = Total	volume	of	cell	suspension 
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2.2.3.3. Determining MCF-7 Cell Growth Parameters 

Growth curves for MCF-7 cells were determined in triplicate over 10 days. Five days 

before the experiments, cells were switched to grow in phenol red-free RPMI 1640 

medium supplemented with 10% v/v stripped FBS (in Section 2.2.2.7.) to prevent any 

estrogenic activity of phenol red. Flasks of confluent cells (3 flasks) were removed 

from the incubator, and the phenol red-free RPMI 1640 medium was removed by 

vacuum aspiration using a sterilised Pasteur pipette that was flamed. The cells were 

washed with PBS (5 mL), the PBS was removed by vacuum aspiration using a 

sterilised Pasteur pipette that was flamed. Trypsin (0.25% w/v in Section 2.2.2.3.; 4 

mL) was added followed by incubation at 37°C in 5% v/v CO2 for 5-10 min until the 

cells were seen using an inverted microscope to be beginning to detach. Fresh phenol 

red-free RPMI 1640 medium (10 mL) was added, and the cell suspension was divided 

into 1 mL aliquots and dispensed into 1.7 mL Eppendorf tubes (n = 24). Aliquots (20 

µL) were taken from each tube and the cells counted (see Section 2.2.3.2.1.). Cells 

were seeded at 200,000 cells/well in microwell plates (24 wells), and the plates were 

incubated at 37°C in 5% v/v CO2 for 10 days. Phenol red-free RPMI 1640 medium 

was removed by vacuum aspiration using a sterilised Pasteur pipette that was flamed. 

Each well was washed twice with 6 drops of PBS (1 drop approx. 0.06 mL), the PBS 

vacuum aspiration using a sterilised Pasteur pipette that was flamed. Trypsin (0.25% 

w/v in Section 2.2.2.3.; 200 L) was added followed by incubation at 37°C in 5% v/v 

CO2 for 5-10 min until the cells were seen using an inverted microscope to be 

beginning to detach. Fresh phenol red-free RPMI 1640 media (800 µL) was added to 

each well to deactivate the trypsin, and each well was thoroughly mixed to ensure all 

cells were detached from the bottom. The cell suspensions were transferred to 1.7 mL 

Eppendorf tubes and vortexed mixed and kept on ice to prevent aggregation. The cell 

suspensions were counted in triplicate on day 1, day 3 and days 5, 6, 7, 8, 9 and 10 

(see Section 2.2.3.2.1.). 

 

2.2.3.4. MCF-7 Exposure Experiments 

MCF-7 exposure experiments were conducted to determine the maximum response 

(i.e., on cell proliferation) concentrations for a series of test compounds. Final 

experimental concentrations were determined using peer-reviewed literature values 

and preliminary pilot experiments. Serial dilutions (see Section 2.2.2.10.) were 
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prepared, Table 2.5 outlines the final in culture concentrations. Five days before the 

experiments, cells were switched to grow in phenol red-free RPMI 1640 medium 

supplemented with 10% v/v stripped FBS (in Section 2.2.2.7.) to prevent any 

estrogenic activity of phenol red. Flasks of confluent cells were removed from 

incubation, and the cells detached, vortex mixed, counted and seeded (see Section 

2.2.3.2.1). Once the total number of cells were determined, they were seeded into 

microwell plates (24 wells) and diluted with phenol red-free RPMI 1640 medium to 

ensure a final concentration of 200,000 cells/2 mL/well. A 10 µL aliquot of each 

serial dilution was added to the wells in test compound blocks of eight. Aliquots of 

vehicle controls (i.e., the solvent used to dissolve the compound: ethanol and DMSO; 

10 µL) were added. Each test compound serial dilution and controls were carried out 

in triplicate. The plates were incubated at 37°C in 5% v/v CO2 for 5 days and counted 

in triplicate (see Section 2.2.3.2.1). 
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Table 2.5 In culture concentrations of test compounds for MCF-7 exposure 
studies. 

Test compound Concentration range (M) 
Dienestrol 3.16 × 10-13 – 1 × 10-10.75 
EES 3.16 × 10-13 – 1 × 10-10.75 
Hexestrol 1.78 × 10-12 – 1.00 × 10-10 
E2 1.78 × 10-12 – 1.00 × 10-10 
DES 1.00 × 10-11 – 5.62 × 10-10 
E3 1.00 × 10-11 – 5.62 × 10-10 
E1 1.78 × 10-11 – 1.00 × 10-9 
Curcumin 3.16 × 10-11 – 1.78 × 10-9 
Mestilbol 5.62 × 10-11 – 3.16 × 10-9 
4-OHT 5.62 × 10-11 – 3.16 × 10-9 
Fulvestrant 5.62 × 10-11 – 3.16 × 10-9 
a-Zearalanol 5.62 × 10-11 – 3.16 × 10-9 
b-Zearalenol 5.62 × 10-11 – 3.16 × 10-9 
Quercetin 5.62 × 10-11 – 3.16 × 10-9 
S-Equol 1.78 × 10-10 – 1.00 × 10-8 
BPAF 1.78 × 10-10 – 1.00 × 10-8 
Testosterone 3.16 × 10-10 – 1.78 × 10-8 
Genistein 3.16 × 10-10 – 1.78 × 10-8 
Daidzein 3.16 × 10-10 – 1.78 × 10-8 
BPA 1.78 × 10-9 – 1.00 × 10-7 
Formononetin 3.16 × 10-9 – 1.78 × 10-7 
Silibinin 3.16 × 10-9 – 1.78 × 10-7 
Benzylparaben 5.62 × 10-9 – 3.16 × 10-7 
2-Methoxyestradiol 1 .78× 10-8 – 1.00 × 10-6 
BPS 1 .78× 10-8 – 1.00 × 10-6 
Biochanin A 1 .78× 10-8 – 1.00 × 10-6 
Butylparaben 3.16 × 10-7 – 1.78 × 10-5 
Propylparaben 3.16 × 10-7 – 1.78 × 10-5 
Ethylparaben 5.62 × 10-7 – 3.16 × 10-5 
Methylparaben 5.62 × 10-7 – 3.16 × 10-5 
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2.2.4. MELN Exposure Studies 

2.2.4.1. Cell Maintenance and Passage 

MELN cells were kindly gifted by Katherine Trought, Manaaki Whenua Landcare 

Research, Lincoln, New Zealand. MELN exposure experiments carried out in this 

thesis were carried out at passage 15. 

 

2.2.4.1.1. MELN Cell Seeding 

MELN cells were seeded as described for MCF-7 cells (see Section 2.2.3.1.1.) expect 

that phenol red-free RPMI 1640 medium was used instead of phenol red RPMI 1640 

medium. 

 

2.2.4.1.2. Maintenance of MELN Cultures 

MELN cells were routinely passaged as described for MCF-7 cells (see Section 

2.2.3.1.2) expect that phenol red-free RPMI 1640 medium was used instead of phenol 

red RPMI 1640 medium. 

 

2.2.4.1.3. Cryopreservation of MELN Cells 

MELN cells were cryopreserved as described for MCF-7 cells (see Section 2.2.3.1.3.) 

expect that phenol red-free RPMI 1640 medium was used instead of phenol red RPMI 

1640 medium. 

 

2.2.4.2. Determining MELN Growth Parameters  

Growth curves for MELN cells were carried out in triplicate over 10 days as for 

MCF-7 cells (see Section 2.2.4.2.). 

 

2.2.4.3. MELN Cell Exposure Studies  

The response of the MELN assay to the test compounds was determined and repeated 

in triplicate. Final experimental concentrations were determined using peer-reviewed 

literature values and preliminary pilot experiments. Serial dilutions (see Section 

2.2.2.10.) were prepared, Table 2.6 outlines the final in culture concentrations. Cells 
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were seeded into white 96 microwell plates at a density of 50,000 cells/mL in phenol 

red-free medium (200 µL) and incubated at 37°C in 5% v/v CO2 for 24 h. The media 

was discarded by tipping the plates upside down over a container and shaking. The 

plates were tapped dry on paper towels. Fresh phenol red-free RPMI 1640 medium 

(199 µL) and the test compound (1 µL) were added from highest to lowest 

concentration along the plates using an automatic multichannel pipette and the plates 

incubated at 37°C in 5% v/v CO2 for 24 h. MELN cells were exposed to increasing 

concentrations of each of the test compounds at a final vehicle solvent concentration 

of 0.5% v/v. Additionally, five solvent blanks, five E2 controls and a full dose-

response curve of E2 were included on each plate. The preparation of the test 

compound dilution series (e.g., test compounds in EtOH or DMSO) were prepared in 

separate microwell plates (96 well) (Figure 2.2) with a 4x serial dilution across the 

plate. After another 24 h, the media containing the test compounds was discarded, and 

the plates were tapped dry on a paper towel. Finally, luciferin assay medium (100 µL) 

was added to each well, and the plates were incubated at 37°C with 5% v/v CO2 for 5 

min. The luminescence was measured using a microplate reader (SpectraMax M4 

Multi-Mode Microplate Reader) for 0.017 min/well (i.e., ~1 s). Test compounds were 

run in triplicate on separate plates, and random row positions were assigned between 

plates.  
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Table 2.6 In culture concentrations of test compounds for MELN exposure studies. 

Test compound Concentration range (M) 
EE2 1.00 x 10-14 – 2.60 x 10-9 

E2 1.90 x 10-14 – 5.10 x 10-9 
DES 1.00 x 10-13 – 2.60 x 10-8 
E1 1.00 x 10-12 – 2.60 x 10-7 
E3 1.00 x 10-12 – 2.60 x 10-7 
2-Methoxyestradiol 1.00 x 10-12 – 2.60 x 10-7 
Hexestrol 1.00 x 10-11 – 2.60 x 10-6 
Dienestrol 1.00 x 10-11 – 2.60 x 10-6 
S-Equol 1.00 x 10-11 – 2.60 x 10-6 
Testosterone 1.00 x 10-10 – 2.60 x 10-5 
Quercetin 1.00 x 10-10 – 2.60 x 10-5 
Genistein 1.00 x 10-10 – 2.60 x 10-5 
Biochanin A 1.00 x 10-10 – 2.60 x 10-5 
Daidzein 1.00 x 10-10 – 2.60 x 10-5 
Curcumin 1.00 x 10-10 – 2.60 x 10-5 
Silibinin 1.00 x 10-10 – 2.60 x 10-5 
a-Zearalanol 1.00 x 10-10 – 2.60 x 10-5 
b-Zearalenol 1.00 x 10-10 – 2.60 x 10-5 
Formononetin 1.00 x 10-10 – 2.60 x 10-5 
Benzylparaben 1.00 x 10-10 – 2.60 x 10-5 
Butylparaben 1.00 x 10-10 – 2.60 x 10-5 
Propylparaben 1.00 x 10-10 – 2.60 x 10-5 
Ethylparaben 1.00 x 10-10 – 2.60 x 10-5 
Methylparaben 1.00 x 10-10 – 2.60 x 10-5 
Fulvestrant 1.00 x 10-10 – 2.60 x 10-5 
4-OHT 1.00 x 10-10 – 2.60 x 10-5 
BPS 1.00 x 10-9 – 2.60 x 10-4 
BPA 1.00 x 10-9 – 2.60 x 10-4 
BPAF 1.00 x 10-9 – 2.60 x 10-4 
Mestilbol 1.00 x 10-9 – 2.60 x 10-4 
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Figure 2.2 Microwell plate (96 wells) set up. E2 standard (red), solvent control 
(orange), E2 control (yellow) and test compounds (green, blue, purple 
and pink). The outside wells are excluded due to evaporation. 

 

2.2.4.4. Cell Viability 

Cell viability studies were carried out to ensure the responses elicited from the test 

compounds were not a result of cytotoxicity, but rather ER-mediated effects. MELN 

cells were seeded into clear microwell plates (96 wells) at a density of 50,000 

cells/mL in phenol red-free medium (200 µL) and allowed to attach for 24 h. The 

assay medium was removed from each well by tipping the plates upside down over a 

container and shaking. Fresh phenol red-free RPMI 1640 medium (199 µL) and the 

test compound (1 µL) were added from highest to lowest concentration along the 

plates using an automatic multichannel pipette incubated at 37°C in 5% v/v CO2 for 

24 h. MELN cells were exposed to increasing concentrations of each of the test 

compounds at a final vehicle solvent concentration of 0.5% v/v. Additionally, five 

cell-free culture medium background wells were included on each plate. After another 

24 h, the medium was removed and phenol red-free RPMI 1640 medium (50 µL) and 

MTT solution (50 µL) was added to each well and incubated at 37°C in 5% v/v CO2 

for 3 h. After incubation, MTT solvent (150 µL) was added to each well. The plates 

were wrapped in foil and shaken on an orbital shaker 15 min. After the incubation 

time, each well was pipetted to dissolve the formazan fully. The absorbance was read 

in duplicate using a microplate reader at 590 nm.  
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2.2.5. In Vitro SHBG Exposure Studies 

2.2.5.1. MCF-7 SHBG Exposure Studies 

SHBG exposure studies were carried out using ERa expressing MCF-7 cells to 

determine the effect test compounds had on SHBG levels. Five days before the 

experiments, cells were switched to grow in phenol red-free RPMI 1640 medium 

supplemented with 10% v/v stripped FBS (in Section 2.2.2.7.) to prevent any 

estrogenic activity of phenol red. Flasks of confluent cells were removed from 

incubation, and the cells detached, vortex mixed and counted (see Section 2.2.3.2.1). 

Once the total number of cells was determined, the cells were seeded into 75 cm2 

sterile culture flasks to give a final concentration of 2 × 101 cells/mL in 20 mL of 

fresh phenol red-free RMPI 1640 medium with the desired test compound. The flasks 

were incubated at 37°C with 5% v/v CO2 for five days. The flasks were removed from 

incubation, PBS (4 mL) was added to wash away any residual phenol red-free RPMI 

1640 medium. The PBS was removed by vacuum aspiration using a sterile Pasteur 

pipette that was flamed. Trypsin (0.25% w/v in Section 2.2.2.3.; 4 mL) was added 

followed by incubation at 37°C in 5% v/v CO2 for 5-10 min until the cells were seen 

using an inverted microscope to be beginning to detach. Fresh phenol red-free RPMI 

1640 medium (10 mL) was added to inactivate the trypsin and the cell suspension was 

transferred to 50 mL centrifuge tubes and the cell suspension counted in triplicate to 

determine the amount of cell lysis buffer to the cell pellets after centrifugation (see 

Section 2.2.3.2.1).. The cell suspension was centrifuged at 125 x g for 10 min and the 

supernatant air aspirated. The cell pellets were lysed using fresh cell lysis buffer 100 

µL/107 cells (see Section 2.2.2.12.), then stored at -80°C until analysed using the 

SHBG one-step ELISA assay. 

 

2.2.5.2. SHBG ELISA Analysis 

The SHBG ELISA described below was carried out at the Canterbury Health 

Laboratories and is an assay based on the use of 2 paired monoclonal antibodies; 

hence, is a direct non-competitive or sandwich ELISA (Lewis et al., 1999). 
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2.2.5.2.1. Preparation of SHBG Assay Buffer 

The SHBG assay buffer was prepared by adding Tween20 (1 mL) and gelatine (1 g) 

to a 1 L Schott bottle with PBS (1 L) (see Section 2.2.2.1.) and shaken vigorously. 

The assay buffer contains Ca2+, which is prepared by, adding 1M CaCl2.2H2O 

solution (40 µL) to 100 mL of assay buffer. The 1M CaCl2.2H2O solution was 

prepared by adding 1.47 g of CaCl2.2H2O to MilliQ water (10 mL). The assay buffer 

is stored at 4°C. 

 

2.2.5.2.2. Preparation of the Plate 

Microwell plate (96 wells) was coated the day before with purified 11F11 monoclonal 

to SHBG. 1F11 monoclonal antibody (30 µL) was added to PBS (10 mL) in a glass 

vial then immediately pipetted (100 µL) into each well of the plate. The plate was 

covered and incubated at 20°C overnight. 

 

2.2.5.2.3. Preparation of the Block Plate 

The following morning the plate was washed four times with PBS and blocked by 

adding SHBG assay buffer (200 µL) into each well. Blocking involves the passive 

absorption to all the remaining binding surfaces of the plate that are not occupied by 

the coated antibody and improves the sensitivity of the assay by reducing background 

signalling and improving the signal-to-noise ratio. The plate was covered and 

incubated for a minimum of 30 min at room temperature. 

 

2.2.5.2.4. Preparation of the Standards 

Standards were prepared freshly for each assay, in a serial dilution of pooled human 

trimester pregnancy plasma in SHBG assay buffer. The standards are prepared in the 

first vertical row of the dilution block. The top standard of 400 nmol/L is prepared by 

adding 10 µL of plasma to 490 µL of SHBG assay buffer in a glass vial. Dilutions 

were carried out in duplicate, to position H1 and H2 of the dilution block in a 

microwell plate (96 wells) 100 µL of this dilution was added and 900 µL of SHBG 

assay buffer. This standard was then serially diluted to 200, 100, 50, 25 and 12.5 

nmol/L in the dilution block. These dilutions were carried out by adding 500 µL of 

SHBG assay buffer to positions A1 to G1 in the block, 500 µL of H1 was transferred 
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to 500 µL of SHGB assay buffer in G1, mixed, 500 µL of G1 to F1, mixed, 500 µL of 

F1 to E1, mixed, 500 µL of E1 to D1, mixed, 500 µL of D1 to C1, and mixed. C1 was 

the 12.5 nmol/L standard. Wells A1 and B1 are the zero standards. Duplicates of these 

standards are used in addition to four zero points on the standard curve. 

 

2.2.5.2.5. Preparation of Samples 

Cell lysate samples were arranged into 10 groups of 5 exposure compounds according 

to replicate number and Fulvestrant exposure and added to dilution block. Controls 

and vehicle controls were carried out in duplicate. 

 

2.2.5.2.6. Plate Set up and SHGB ELISA 

A second monoclonal antibody solution was prepared by adding 600 µL of SHBG 

monoclonal antibody supernatant 7H9 to 10 mL of SHBG assay buffer in a glass vial, 

following this 7 mL of Rat antimouse IgG1-HRP (Pharmagen) was added. The block 

plate was drained of the SHBG assay buffer by inversion and blotting the plate dry on 

paper towels. 7H9 antibody solution (50 µL) was added to each well using a 

multichannel pipette. The standards (50 µL/per well) were added starting with the 

four zero controls (positions A1, A2, B1 and B2) followed by increasing doses of 

standard in duplicate (positions H1/2-D1/2). The samples (50 µL/per well) were 

added in duplicate (A3/4-H3/4, A5/6-H5/6, and A7/8-D7/8), in addition 4 in house 

SHBG controls were add in duplicate (E7/8-H7/8). The plate was covered and 

incubated for 30 min at room temperature. 

The plate was washed with PBS, and TMB substrate (100 µL/per well) was added. 

The colour development was terminated using HCl (1M; 100 µL), and the absorbance 

was read at 450 nm using a microplate reader. 
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2.2.6. Graphs and Statistics 

2.2.6.1. Growth Curve Studies 

Cell counting data was processes as followed; all raw data were analysed using 

Microsoft Excel (Microsoft Corporation, Redmond, WA) before plotting using 

GraphPad Prism Software (version 7.0a for Mac, GraphPad Software, La Jolla 

California, USA, www.graphpad.com). All results were presented as mean ± standard 

error of the mean (SEM). 

 

2.2.6.2. MCF-7 Cell Exposure Studies 

Cell counting data was processed as followed; all raw data were analysed using 

Microsoft Excel (Microsoft Corporation, Redmond, WA) before plotting using 

GraphPad Prism Software (version 7.0a for Mac, GraphPad Software, La Jolla 

California, USA, www.graphpad.com). All results were presented as mean ± standard 

error of the mean (SEM). 

 
2.2.6.3. MELN Cell Exposure Studies 

Luminometer data were processed as followed; all raw data were analysed using 

Microsoft Excel (Microsoft Corporation, Redmond, WA) before plotting using 

GraphPad Prism Software (version 7.0a for Mac, GraphPad Software, La Jolla 

California, USA, www.graphpad.com). Luciferase activity was expressed in fold 

increase over solvent control. A sigmoidal dose-response curve was fitted to the data 

to calculate EC50 values and Hill slopes using non-linear regression analysis. All 

results were presented as mean ± SEM. 

 

2.2.6.4. Cell Viability Studies 

The absorbance data were processed as follows; the average reading for each inner 

well was calculated. The average background (cell-free culture medium control) 

values were subtracted from all mean values to give the corrected absorbance, the 

percentage cell viability (of control) was calculated with the following equation, using 

Microsoft Excel (Microsoft Corporation, Redmond, WA): 

%	LMNN	OPQRPNPST	(UV	LUWSXUN) = $
234%	5&)&678	9'4&:;'753
<3=>5(3	5&7%:&(	';4&:;'753% × 100  
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These data were plotted using a linear regression analysis using GraphPad Prism 

Software (version 7.0a for Mac, GraphPad Software, La Jolla California, USA, 

www.graphpad.com). All results were presented as mean ± SEM. 

 

2.2.6.5. In Vitro SHBG Exposure Studies 

The SHBG concentrations were extrapolated from SHBG standard curves using the 

standard procedure for SHBG characterisation in plasma (Lewis et al., 1999). The 

mean and standard deviation were calculated using GraphPad Prism Software (version 

7.0a for Mac, GraphPad Software, La Jolla California, USA, www.graphpad.com).  
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2.2.7. Docking Studies of the ER 

2.2.7.1. General workflow 

 The process for docking that was used in these studies is illustrated in the flowchart 

in Figure 2.3. The ensemble of poses generated from this workflow were further 

studied using ligand docking to obtain more information from force field scoring 

functions. 

 

 

Figure 2.3 Flowchart of the ligand docking process using the Schrödinger Suite. 
 

2.2.7.2. Receptor Model Development 

The X-ray crystal structure of ERa with E2 in situ (PDB: 1ERE; Table 2.2), was used 

to develop a receptor model for ligand docking. When multiple protein chains were 

present in the PDB files, chain A was arbitrability selected for all experiments 

because even single polypeptide protein have a chain A. The pre-processed atom 

coordinate files from the PDB are not suitable for docking because their protein 

structures are not complete and some structures having small sections of protein 

sequence missing because they have not been completely resolved. To overcome 
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these issues, the missing amino acid residues were inserted using the primary amino 

acid sequence of the receptor. Water molecules that were not involved in hydrogen 

bonding of the ligand with Arg394 and Glu353 in the LBC were removed. The 

Protein Preparation Wizard application was used to assign bond order to structures 

that do not have the correct bond orders, add missing hydrogen atoms, fill missing 

amino acid side chains and fill missing loops. The final step in receptor development 

was to perform a final minimisation of restraints of the model within the Protein 

Preparation Wizard application, to optimise bond distances and angles. This allows 

hydrogen atoms to be freely minimised, relaxing strained bonds, angles and clashes. 

 

2.2.7.3. Ligand Structure Development 

The molecular structures of ligands listed in Table 5.1 were constructed using the 2D 

Sketcher within the Maestro interface. For each ligand, LigPrep was used to the 

determine tautomer (e.g., keto-enol), ionisation state at pH 7 ± 2 (as this is close to 

cellular pH of 7.4) of carboxylic acids and amines, generate alternative chiralities for 

all stereocenters, and sample ring conformations to find the most thermodynamically 

stable energy conformation. Each ligand was processed through an optimisation step, 

which allows the structure to relax in all dimensions to achieve the lowest energy 

conformation. The internal filtering of LigPrep removed isomers produced that violate 

geometric restrictions, such as, for fused ring systems or conflict with natural product 

chiralities like those seen in steroid frameworks. For some ligands, multiple known 

stereoisomers were produced using LigPrep (e.g., S-equol, R-equol), to ensure the 

desired or correct option was used the stereocenters were defined in the construction 

phase. 

 

2.2.7.4. Rigid Receptor Docking – RRD 

RRD was carried out using Glide and was run within Maestro using the applications 

menu. The first step in Glide docking is to generate a receptor grid. The LBC binding 

cavity was defined automatically based on the size, shape and location of the co-

crystallised ligand of the 1ERE model created. For docking, the receptor was kept 

rigid (with no van der Waals radius or change scaling of receptor atoms) and the 

ligand was flexibly docked (allowing ring conformations and nitrogen inversion). 
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There were no docking constraints (e.g., specified hydrogen or covalent bonds to 

metal atoms), and all receptor hydroxyls were allowed to rotate. Glide XP was used 

for all docking studies using the pre-set default parameters. All the ligands listed in 

Table 5.1 were docked with the 1ERE receptor model listed in Table 2.3. For RRD, 

poses were ranked by GlideScore, which were reported as kcal/mol and converted to 

kJ/mol (i.e., SI units). 

 

2.2.7.5. XP GlideScore 

XP GlideScore was used for RRD to estimate the binding energy of the ligand to the 

receptor. Extra precision (XP) GlideScore is optimised to identify and estimate ligand 

poses that have unfavourable energies based on well-known principles of physical 

chemistry (e.g., inappropriate hydrophobic interactions, poor hydrogen bonding 

interactions) to filter out false indicators of ligand binding and produce more precise 

poses compared with the standard GlideScore. For this study, DockScores were used 

to assess the docking of ligands as they include the penalties generated for each 

structure from Epik during the LigPrep set up. 

 

2.2.7.6. Validation 

DockScore variability between individual docking experiments was checked by 

preparing the 3D coordinates of the 30 ligands studied using LigPrep and docking 

them into 1ERE in triplicate.  
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2.2.8. Molecular Dynamic Simulations for ERs 
Molecular dynamic (MD) simulations (100 ns) were conducted to examine the change 

of dynamic properties and protein unfolding from the agonist and antagonist forms 

found in the 1GWR, 1X7R and 3ERT PDB crystal structures using Desmond 

Software integrated ,. The bound ligands (1GWR: E2, 1X7R: genistein, and 3ERT: 4-

OHT) were removed before carrying out the simulations, resulting in additional 

conformational freedom due to the absence of hydrophilic and hydrophobic 

interactions between the removed co-crystallised ligands and the receptor. 

 

2.2.8.1. Protein Preparation and Advanced Homology Building 

The X-ray crystal structures, 1GWR, 1X7R and 3ERT (Table 2.2), were prepared 

using the Protein Preparation Wizard application, as described in Section 2.2.6.2. 

However, water molecules were not removed from the receptor models for these 

simulations. 

Advanced homologous building was carried out to ensure the secondary structure of 

the ER model was correct, in addition, any missing amino acid residues were added 

using the FASTA sequence. To predict the secondary structure, the FASTA sequence 

for the corresponding crystal structures was downloaded from the PDB and added to 

the dialogue box. The prepared receptor model and FASTA sequence were aligned, 

and the placement of a-helices and b-sheets were adjusted within the advanced 

homologous building tool to ensure no artefacts were present in the model. 

 

2.2.8.2. System Set-Up 

The starting conformations for the MD simulations were obtained after removing the 

co-crystallised ligands, E2, genistein and 4-OHT, and preparing the receptor models 

as described in Section 2.2.8.1. The new homology receptor models were solvated 

using the TIP4PEW water solvent model using the predefined Orthorhombic Box 

Shape, based on the topological shape of the ER model, thereby allowing for the 

computation of electrostatic forces (Horn et al., 2004). The solvent volume was 

minimised, aligning the ERs with the xyz vectors of the simulation. The water box 

was ionised by adding Na+ to balance the net charge of the water box using force field 

OPLS3e (Bowers et al., 2006). The aim of force fields is to provide sets of 
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empirically determined parameters, which ensure that systems reproduce relevant 

chemical and physical properties. OPLS3e force field was used as it leads to greater 

accuracy when assessing small molecule conformational propensities, solvation and 

protein-ligand binding (Roos et al., 2019). 

 

2.2.8.3. Molecular Dynamics Simulations of ER LBD of Agonist and Antagonist 

Confirmations 

The solvated receptor models were subjected to explicit MD studies for a period of 

100 ns, recording at 5 ps time intervals, and a total of 20,000 frames were obtained 

from each simulation using the Langevin thermostat and Barostat parameters 

specifications at a constant temperature and pressure (300 K, 1 atm). The complete 

results were saved as trajectories that were analysed for stability using root mean 

square deviations (RMSD) throughout the simulation. 
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Chapter Three – MCF-7 Exposure Studies 
3.1. Introduction 
The story of the MCF-7 cell line dates back to 1963 when Sister Catherine Frances Mallon 

underwent a mastectomy for a benign tumour in her right breast, then in 1967 she underwent 

a radical mastectomy of her left breast for an adenocarcinoma (Lee et al., 2015). Local 

recurrence in the left chest area was noted and reportedly controlled for three years with 

radiation therapy and hormone therapy although this was not officially recorded, but is likely 

to have involved the ER agonist, DES. In 1970, she developed metastatic disease in the 

pleura and chest wall, and it was from excisions of the pleura and chest wall that Soule and 

colleagues at the Michigan Cancer Foundation, Detroit, USA, cultured cells (Soule et al., 

1973). The cells cultured from the chest wall became overgrown by fibroblasts, which had 

been a previously documented technical difficulty in many laboratories trying to culture 

breast cancer cells. However, the cells from the pleural effusion successfully grew in 

suspension before adhering to the plastic culture flask and soon began to grow in continuous 

culture (Fig. 3.1). Other research groups had tried to culture breast cancer cells but were only 

able to maintain the cultures for a few months (Soule et al., 1973; Levenson and Jordan, 

1997). 

 

 

Figure 3.1 Historical image of MCF-7 cells grown at the Michigan Cancer Foundation, 
Detroit, USA. (Reproduced from MCF-7: The First Hormone-responsive Breast 
Cancer Cell Line, 1997, 57: 15, 3071-3078, Anait S. Levenson and V. Craig 
Jordan, with permission from AACR).  
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MCF-7 is named after the Michigan Cancer Foundation where the cell line was established 

and Soule’s seventh attempt at generating a cancer cell line and is one of the most studied 

breast cancer cell lines in the world (Lee et al., 2015). The success of the MCF-7 cell line as 

a model for studying estrogen action in breast cancer is largely due to the cell line retaining 

several key characteristics of breast cancer in a clinical setting, including expression of ERa 

akin to mimicking that of ER-positive (ER+ve) invasive human breast cancer (Sweeney et 

al., 2012). MCF-7 is now considered the “workhorse” for studying estrogen action in breast 

cancer. MCF-7 cells also express other clinically relevant receptors such as androgen, 

progesterone, and glucocorticoid (Horwitz et al., 1975). The establishment of the MCF-7 

altered the course of breast cancer research, contributing significantly to improved patient 

outcomes and has served as a valuable model system to aid our understanding of E2 and 

other hormone response pathways for at least 20 years. 

 

3.1.1. MCF-7 and ERs 
The MCF-7 cell line is often used in ER+ve breast cancer research and has made a significant 

contribution to our understanding of breast cancer and the role of ERa. The MCF-7 cell line 

is one of few established ER+ve human breast cancer cell lines, this is due to the difficulty 

involved in maintaining ER expression in cultured cells and has resulted in establishment of 

more ER-ve than ER+ve human breast cancer cell lines. Soule and colleagues original 

publication on the MCF-7 cell line did not describe its ER expression (Soule et al., 1973); it 

was in a later publication by the same research group by Brooks and colleagues, who showed 

the presence of an E2 binding protein in MCF-7 cells by [3H]-E2 radio binding assays and 

sucrose density gradient analysis, which fractionates DNA, RNA and proteins based on 

density (Brooks et al., 1973). This demonstrated the presence of an E2 binding protein and 

migration of the cytoplasmic ER complex into the nuclei. 

Early MCF-7 studies facilitated the understanding of the mode of action of ERs in MCF-7 

cells, while this appeared to be straightforward, demonstrating the stimulation of MCF-7 cell 

growth by E2 was far more complex with varied result reproducibility (Lippman and Bolan, 

1975; Lippman et al., 1976; Lippman et al., 1977; Barnes and Sato, 1979; Soto and 

Sonnenschein, 1985). However, it was not until 1975 when Lippman and Bolan, and Horwitz 

and colleagues first reported the significance and biological function of ERs in MCF-7 cells, 
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both group predicting the importance of MCF-7 in breast cancer research in the future 

(Horwitz et al., 1975; Lippman and Bolan, 1975). 

In 1986, a pivotal discovery was made highlighting that phenol red, a pH indicator used in 

cell culture media, was weakly estrogenic at the concentrations used in culture media and was 

able to stimulate the growth of estrogen-sensitive cell cultures (e.g., MCF-7). The removal of 

phenol red from media eliminated the confounding variability in published data and was an 

important step forward in understanding how E2 activates ERs and is involved in cell growth 

stimulation (Berthois et al., 1986). Comparatively early studies on the anti-cancer drug, 

tamoxifen, were more straightforward. At the time, tamoxifen’s mechanism of action was not 

completely understood, in vitro the effects of tamoxifen were shown to be reversible by 

simultaneous treatment with E2. Work in 1983 aided in elucidating the mechanism of action 

by tamoxifen, showing that it has anti-tumour activity in vitro, independent of the ER-

dependent system and that tamoxifen inhibits proliferation of MCF-7 cells by causing a 

transition delay early in the G1 phase of cell cycling – essentially blocking estrogen-

dependent breast cancer cells progression through cell cycling rather than by a direct 

cytotoxic effect (Osborne et al., 1983; Sutherland et al., 1983). Today, tamoxifen is the most 

widely prescribed anticancer drug in the world and has revolutionised the treatment of breast 

cancer. Tamoxifen has paved the way for other anticancer treatments such as raloxifene and 

more recently antibody-drug conjugates such as Enhertu and Trodelvy.  

 

3.1.2. Genomics of MCF-7 Cells 
Since its establishment in 1973, the MCF-7 cell line has been widely used in laboratories 

around the world, resulting in clone cell stocks from the original MCF-7 isolates. The cell 

line has played an integral role in the development of fundamental breast cancer concepts, 

and it is because of this that the biological profile of the cell line is well understood. It was 

reported early on that clonal variations were present, most commonly phenotypic traits, such 

as, estrogen responsiveness (Seibert et al., 1983; Whang-Peng et al., 1983; Butler et al., 

1986; Nugoli et al., 2003). The original publication on the MCF-7 chromosome number after 

passage 2 found a range of 70 – 144 (Soule et al., 1973). However, analysis after passage 39 

showed the range had narrowed to 77 – 99. Interestingly, there has been little change over the 

past 45 years with the current mean chromosome number reported by the American Type 

Culture Collection (ATCC) being 82 (range 66 – 87) (Lee et al., 2015).  
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MCF-7 cells are known to adapt and evolve over time, this is not unexpected as MCF-7 cells 

are known for their genomic instability, akin to the behaviour of clinical breast cancers that 

evolve over time in the patient, spontaneously and under the pressure of treatment. The 

development of lab specific clones has led to difficulty in replicating results from different 

MCF-7 variants from laboratories around the world, early reports on this suggested cross-

contamination due to poor cell culturing practices was the cause since this had been well 

documented in other cell lines and is an on-going general problem in labs around the world 

(Lorsch et al., 2014). However, this variation is now thought to be due to the genetic 

instability of the cell line (Nugoli et al., 2003). The heterogenous character of MCF-7 cells 

was identified as early as 1987 by Resnicoff and colleagues who identified subpopulations in 

an MCF-7 cell culture showing variation in growth rate, DNA synthesis and expression of 

ERs (Resnicoff et al., 1987; Kleensang et al., 2016). Interestingly, in the same year, Osborne 

and colleagues reported an MCF-7 cell line sourced from the ATCC that was cytogenetically 

different from the original MCF-7 cell line that was described by Soule and colleagues (Soule 

et al., 1973; Osborne et al., 1987). Since then, work by other labs has reported this issue and 

has noted different biological responses between cell line clones, this is apparent from the 

literature, which reports many labs around the world identifying their own clones of the cell 

line including MCF-7 L (Lippman), B (Benz), KO (Kent Osborne), BK (Benita 

Katzenellenbogen) to name a few (Lee et al., 2015). Therefore, it is important to consider the 

different cell clones that occur as a result of different culture methods and conditions that 

have been adopted by labs over time for MCF-7 cells. 

 

3.1.3. The MCF-7 Cell Culture System 
Cell culture techniques and equipment have been extensively developed and standardised, 

thus making them readily usable in lab use around the world. A key factor in cell culture is 

the choice of culture medium; clearly this is vital to support cell survival and viability. It is, 

therefore, important to understand that the culture medium selected can affect research 

results. There is an array of culture media available with different nutrient formulations. The 

most commonly used in published research are Modified Essential Medium (MEM), 

Dulbecco’s Modified Eagle’s Medium (DMEM) or RMPI-1640 commonly supplemented 

with FBS (heat inactivated, or charcoal-dextran stripped), sodium pyruvate, antibiotics (e.g., 

penicillin, streptomycin), insulin and non-essential amino acids (NEAAs). There is little 

scientific literature providing guidance on the choice of culture media for MCF-7 cell studies. 
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Previous work in our group investigated the MCF-7 cell system to optimise cell growth in our 

laboratory, which aligned with published literature and minimised background variability 

(Dudley, 2018). In these studies, the proliferation and metabolic pathways of MCF-7 cells 

were investigated to evaluate the composition of three cell culture media formulations. From 

this work it is apparent that RMPI-1640 had positive effects on the proliferation and 

adherence of cells. The most significant differences between RMPI-1640 and MEM/DMEM 

is the increased concentrations or presence of eight amino acids (arginine, asparagine, 

aspartic acid, cystine glutamic acid, glycine, proline, and serine); some of which are NEAAs 

and are important in the cell’s intermediary biochemistry and are in turn important in cell 

viability and proliferation. However, it is possible that these NEAAs are not biosynthesised in 

cells at sufficient concentrations to support cell proliferation and the addition to the culture 

medium may lower biosynthetic stress and provide the amounts required for healthy and 

rapid cell growth. Glutamine is required in cell culture at approx. 3-40 fold greater 

concentrations than other amino acids (Eagle, 1959); it is important not only as a crucial 

building block in proteins but also as an energy source, for nitrogen donation in anabolic 

processes, and carbon donation in the tricarboxylic acid (TCA) cycle. However, breakdown 

of glutamine in cell culture results in the formation of pyroglutamic acid and ammonia (Fig. 

3.2), which is cytotoxic to cells, thus inhibiting cell proliferation (Schneider et al., 1996). 

 

 

Figure 3.2 Breakdown of glutamine to form pyroglutamic acid and ammonia. 
 

MCF-7 cells have been shown to rapidly divide when media are supplemented with pyruvate 

compared to glucose-containing media (DMEM without NEAAs (Diers et al., 2012) and 

DMEM with NEAAs (Dudley, 2018). The supplementation of NEAAs in Dudley’s studies 

showed that they did not influence the proliferative outcome. What is apparent is that the 

glucose concentration in the medium and thus glycolysis is not sufficient to support the rapid 

proliferation of MCF-7 cells, compared to mitochondrial metabolism (Dudley, 2018), on the 

other hand glycolytic metabolism does aid in growth through other mechanisms (reviewed in 
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(Kim and Dang, 2006)). These include, faster ATP generation compared to oxidative 

phosphorylation; this provides the biosynthetic substrates needed for rapid cell proliferation 

through the pentose phosphate pathway (PPP) (e.g., reduced nicotinamide adenine 

dinucleotide phosphate (NADPH), ribose-5-phosphate, the sugar precursor of nucleotide 

synthesis) (Fig. 3.3). This is supported by work by Drabovich and colleagues (2012) who 

investigated the expression of key enzymes involved in metabolic pathways in non-cancerous 

breast cells (MCF-10) and breast cancer cells (MCF-7), most notably; fructose-1,6-

bisphosphatases, FBP1 and FBP2 (Drabovich et al., 2012). Elevated expression of these 

enzymes increases glucose flux into the PPP for biosynthesis, thus reducing cellular energy 

metabolism in cancerous cells (Jiang et al., 2011). This likely explains that even when cells 

are cultured in high glucose concentration media there is low induction of rapid proliferation, 

because glycolytic flux is redirected into the PPP, driving the synthesis of nucleotides and 

other macromolecules, leaving minimal substrate for glycolysis and pyruvate biosynthesis 

perse. It is not surprising that cells drive the production of ribose-5-phosphate (Fig. 3.3) for 

nucleotide synthesis and thus DNA synthesis for the frequent proliferation of cancer cells.  
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Figure 3.3 A simplified scheme for glycolysis (black), tricarboxylic acid (TCA) cycle 
(blue), and pentose phosphate pathway (red). The scheme highlights the role of 
these pathways in amino acid synthesis. 

 

It was long thought that glycolysis was the major metabolic process for energy mobilisation 

in cancer cells; however, emerging concepts are suggesting the importance of mitochondrial 

metabolism. Mitochondrial metabolism has been highlighted as having an important role in 

cancer cell metabolism, of particular importance is the TCA cycle, which provides 

intermediates for other biosynthetic pathways (e.g., electron transport chain, fatty acid 
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biosynthesis, amino acid biosynthesis). Studies have shown the importance of mitochondrial 

substrates (e.g., glutamine, pyruvate) in supporting frequent proliferation of cancer cells, 

which highlights a key link between mitochondrial respiration and proliferation in cancer 

cells compared to normal cells (Weinberg et al., 2010; Pike et al., 2011; Diers et al., 2012). 

This in turn highlights the requirements of cancer cells compared to normal cells and is 

reflected in the composition of culture media. The composition of cell culture media is 

critical for establishing cells in culture, Dudley’s work exploring the complexity of cancer 

cell metabolism concluded that NEAAs could be regarded as essential amino acids for cancer 

cell division as the energy required for NEAA biosynthesis can be redirected to the 

biochemistry associated with replication (Dudley, 2018). Furthermore, glucose 

supplementation does not achieve glycine and serine biosynthesis via glycolysis (Fig. 3.3), 

which further supports the need for NEAA supplementation as the metabolic flux is 

redirected away from glycolysis to the PPP. On the other hand, pyruvate supplementation 

completely bypasses glycolysis and following on, glycine and serine biosynthesis, further 

supporting the need for NEAAs supplementation. 

The cell culturing techniques used in this thesis are the same as those established by Dudley 

(2018). The work done by Dudley highlights the importance of understanding the 

biochemistry of cultured cells and the metabolic requirements of MCF-7 cells (Dudley, 

2018); therefore it is important to use a culture system that considers these needs of the cell 

line under study. 

 

3.1.4. E2 Mimics as Endocrine Disrupting Chemicals 
A significant event in the timeline of xenoestrogens was the industrial revolution, where we 

saw a significant increase in the development of chemicals. Since then, the number of new 

chemicals has grown exponentially (Binetti et al., 2008), millions of new chemicals are 

developed annually and registered with Chemical Abstract Service (CAS) Registry®, and 

now there are over 167 million registered organic and inorganic chemical substances (ACS, 

2020). It has been speculated that ERa evolved in an environment free of these chemicals, 

making it highly specific for the female hormone, E2 (Shaw and Graham, 2009). The 

industrial revolution saw increased production and use of structurally diverse chemicals, 

some of which have structural analogies with and so can mimic E2, and fit into the highly 

specific LBC of ERs, thus, regulating ER-mediated genes (Ye et al., 2018), and having 
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human and the environmental effects, such as, reduced sperm count (Carlsen et al., 1992), 

early onset of puberty (Biro et al., 2010), and vitellogenesis in male fish (Sumpter and 

Jobling, 1995). 

A sensitive feedback loop regulates E2 synthesis and secretion; E2 mimics can disrupt this 

via several mechanisms (Fig. 3.4). These mechanisms can be classified as ER-mediated (e.g., 

genomic, non-genomic signalling) and non-ER-mediated (e.g., binding competition at SHBG 

in circulation). The feedback mechanism is complex with multiple sites of possible control, 

which can be further complicated through interactions of multiple feedback mechanisms; 

these are shown in Figure 3.4, labelled 1-12. For example, E2 mimics can affect the synthesis 

of E2 by regulating of aromatase activity or compete for the binding sites of ERs, thus 

altering genomic and non-genomic signalling. The complexity of E2 mimics as EDCs has 

made it difficult to give a simple definition for their mechanism of action; thus, it is vital to 

understand the features of specific E2 mimics (agonist or antagonist).  
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Figure 3.4 Potential mechanism of xenoestrogen endocrine disruption. (1) 
Up/downregulation of testosterone biosynthesis leads to changes in E2 
synthesis. (2) Up/downregulation of aromatase lead to altered E2 biosynthesis 
in the ovaries. (3) Changes in E2 feedback mechanisms leads to altered E2 
biosynthesis. (4) E2 mimic gastrointestinal (GI) tract metabolism can lead to 
more/less potent xenoestrogens. (5) Competition from hormone carrier proteins 
(e.g., SHBG) increases the concentration of free E2. (6) Agonist xenoestrogens 
compete for ER binding altering genomic (8) and non-genomic (9) signalling 
pathways. (7) Antagonist xenoestrogens compete for ER binding altering 
genomic (8) and non-genomic (9) signalling pathways. (10) Changes in 
epigenetic modification (e.g., transcriptional, post-translational) lead to altered 
gene expression. (11) Altered E2 metabolism by competition for phase II 
enzymes (e.g., Sulfotransferase (SULT), uridine 5’-diphospho-
glucuronosyltransferase (UGT)) alters free E2 concentrations. (12) 
Up/downregulation of phase II metabolic enzymes alters free E2 
concentrations. (From Dudley, 2018 with permission; concept of GIT from 
(Kodavanti and Curras-Collazo, 2010)).  
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Individual E2 mimics exhibit unique biological responses; however, cocktails of these E2 

mimics may not be simply additive. Circulating levels of E2 vary throughout a women’s life 

and this can impact on the proportionate estrogenic load of a cocktail can contribute to the E2 

levels depending on the day in the estrus cycle and stage of development (e.g., pre-puberty, 

post-menopausal) of a woman. From a health perspective, with age women are most at risk of 

developing breast cancer, when comparing the E2 concentrations in women of child-bearing 

age (30-300 pg/mL) and pre-puberty or post-menopausal women (<15 pg/mL) (Styne, 2016), 

it is clear that with such varying E2 concentrations that the estrogenic effect of E2 mimics 

may impact both E2 activity and availability. In terms of regulation of compounds, scientists 

and regulators have to consider the unique biological activity of individual E2 mimics and 

mixtures when addressing the risk and benefits of estrogenic compounds. 

This chapter aims to assess E2 and E2 mimics’ exposure to determine their effect on MCF-7 

cell proliferation. We are exposed to an array of chemicals through food and the 

environment, and there is a sizeable amount of literature on the toxicological effect of many 

of these compounds (Thomson et al., 2003). However, the variability of results makes 

comparing and contrasting the effect of E2 and E2 mimics on cell systems difficult especially 

when results are from various laboratories.  
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3.2. Experimental Approach 
MCF-7 cells were kindly gifted by Dr John Lewis, Steroid and Immunobiochemistry 

Laboratory, Canterbury Health Laboratories, Christchurch, New Zealand and originated from 

ATCC, Virginia, USA. These cells are ER+ve and proliferated in response to E2 as described 

earlier (see Section 3.1.2.). 

 

3.2.1. MCF-7 Growth Curves 
It is important to know the growth characteristics of cell cultures before starting experimental 

work; this must include cell viability and proliferation. Changes in the cell growth pattern can 

indicate problems with the cell line, and if this goes undetected it can have an impact on 

experimental results. For this reason, growth curve studies were carried out before the dose-

response studies to evaluate the growth patterns of the cell cultures in our laboratory. 

Growth curve measurements were done in triplicate over 10 days. Cells were seeded into 24 

well plates and counted on day 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 in triplicate (e.g., each well was 

counted three times and each daily time point was repeated three times) as described in 

Section 2.2.3.3 using Vertiplast® Plastic Counting Chambers as described in Section 2.2.3.2. 

 

3.2.2. MCF-7 Dose-Response Studies 
An array of E2 mimics and estrogens (Table 3.1) were selected for the MCF-7 exposure 

studies based on compounds found in the Distributed Structure-Searchable Toxicity 

(DSSTox) database of the National Centre for Toxicological Research Estrogen Receptor 

Binding Database (NCTRER) and previously published studies, which confirmed estrogenic 

activity of known E2 mimics (Fang et al., 2001). 
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Table 3.1 Estrogens and E2 mimics selected for study in the MCF-7 exposure studies. 
Estrogens and E2 mimics Structure 
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Estrogens and E2 mimics 
(continued) Structure (continued) 
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Estrogens and E2 mimics 
(continued) Structure (continued) 

Formononetin 

 

Quercetin 

 

Curcumin 

 

Silibinin 

 

Benzylparaben 
 

Butylparaben 

 

Propylparaben 

 

Ethylparaben 

 

Methylparaben 

 

a-Zearalanol 

 

b-Zearalenol 

 
 

O

OOH

HO

OH

O

OOH

HO

OH

O

O
O

HO

OHO

O

OH

OH

OH

OH

O

OH

O O

O

OH

OHO

OH OH

OH

O

O

OH

OH

O

HO

O

O

HO

O

O

HO

O

O

HO

O

O

HO

O

O



 MCF-7 Exposure Studies  

 121 

MCF-7 dose-response experiments were carried out to assess the effect of E2 and E2 mimics 

on cell proliferation. Cells were exposed to increasing concentrations (n=8) of E2 or E2 

mimics (Table 2.3) in a 24 well plate. Cells were exposed to E2 or E2 mimics for five days 

and then counted in triplicate using Vertiplast® Plastic Counting Chambers as described in 

Section 2.2.3.2.1. The five-day exposure incubation period was chosen based on the time 

taken for cells to reach the middle of the log phase without any E2 or E2 mimics present (see 

Fig 3.5). From the results, the concentration where a maximum effect was observed (e.g., 

where there was a clear positive effect on proliferation) was used to analyse the relationship 

between DockScores and cell response parameters discussed in Chapter Five.  
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3.3. Results 

3.3.1. MCF-7 Growth Characteristics 
MCF-7 cells exhibit a typical growth patterning consisting of an initial lag phase, a rapid log 

phase, and death phase with a possible plateau between days 6 and 7 (Fig 3.5). The cells had 

a lag phase of approximately 2 days. At day 3 the cells entered the log phase where the 

growth is at the maximum rate. At day 7 the cells entered the stationary phase and the growth 

rate plateaued and the cells entered the death phase at day 9 where there is a reduction in 

viable cells. The growth curve indicates that MCF-7 cells can be grown in culture up to 8 

days. 

 

 

Figure 3.5 The growth of MCF-7 cells in culture. The cells have a typical four-phase 
growth pattern: this shows a clear lag, log, and death phase with a possible 
plateau between day 6 and 7.  
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3.3.2. E2 Mimic Dose Responses 
The proliferative effects of E2 or E2 mimics on MCF-7 cells was assessed in dose response 

experiments, and compared to the activity of the natural ligand, E2. A summary of the 

responses observed in the MCF-7 cell proliferation studies from exposure to E2 or E2 mimics 

is shown in Table 3.2. Figure 3.6 shows the concentration-dependent proliferation responses 

for E2 or E2 mimics on MCF-7 cells. Most E2 mimics studied showed a definite dose-

response if the concentrations were sufficiently low (Fig 3.6). No response was observed for 

silibinin, and the antagonist E2 mimics, 4-OHT and Fulvestrant.  



 MCF-7 Exposure Studies  

 124 

Table 3.2 Experimental maximum response concentrations for E2 and E2 mimics in 
MCF-7 cell proliferation studies. 

Test compound Maximum response concentration (M) 
EE2 1.00 × 10-12 

E2 1.00 × 10-11 
Hexestrol 1.00 × 10-11 
Dienestrol 1.78 × 10-10 
2-Methoxyestradiol 3.16 × 10-10 
b-Zearalenol 1.00 × 10-10 
E1 1.00 × 10-10 
Quercetin 1.00 × 10-10 
E3 1.78 × 10-10 
a-Zearalanol 1.78 × 10-10 
DES 3.16 × 10-10 
Curcumin 3.16 × 10-10 
BPAF 3.16 × 10-10 
S-Equol 5.62 × 10-10 
Genistein 1.00 × 10-9 
Testosterone 1.00 × 10-9 
Mestilbol 1.00 × 10-9 
Daidzein 1.78 × 10-9 
BPA 1.00 × 10-9 
Formononetin 1.78 × 10-8 
Biochanin A 3.16 × 10-8 
BPS 5.62 × 10-8 
Benzylparaben 5.62 × 10-8 
Butylparaben 3.16 × 10-6 
Propylparaben 5.62 × 10-6 
Ethylparaben 1.00 × 10-5 
Methylparaben 1.00 × 10-5 
Fulvestrant No response 
Silibinin No response 
(Z)-4OHT No response 
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Figure 3.6 also see page 127  
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Figure 3.6 also see page 127  
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Figure 3.6 Cell proliferation studies in MCF-7 cells. MCF-7 cell proliferation (± SEM, 

n=3*) response to E2 or E2 mimics. 
*Triplicates (to determine biological variance) were analysed in triplicate (to 
determine analytical variance).
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3.4. Discussion 
In this chapter, the growth characteristics of the MCF-7 model system were evaluated and 

estrogenic responses of E2 and E2 mimics were characterised in dose-response experiments. 

All bar three of the E2 mimics studied exhibited some degree of estrogenic response in the 

MCF-7 model system. The responses to E2 and E2 mimics followed similar trends to those 

seen previously in our group (Dudley, 2018). However, the growth of MCF-7 in response to 

E2 and E2 mimics reported in this chapter and those reported previously show distinct 

growth patterns, which are not shown by alternative assays such as gene reporter assays (e.g., 

typical dose-response sigmoidal curve). The MCF-7 dose response experiments take account 

of the entire physiological process of receptor occupancy to the physiology of cell division, 

compared to receptor occupancy to gene expression. The maximum response concentrations 

very interestingly showed a preliminary relationship between the in vitro responses and in 

silico DockScores; thus, is discussed further in Chapter Six. Interestingly, the classical “lock 

and key” mechanism of action of E2 mimics in MCF-7 model systems is well reported in the 

literature; however, this simple explanation does not account for more complex receptor 

interactions not limited to the LBC. These interactions could also provide explanations for 

the proliferative and antiproliferative effects of ligands. Studies have shown that some 

phytoestrogens have mixed proliferative effects, which are dose-dependent in breast cancer 

model systems (Zava and Duwe, 1997). An example of this is genistein, which has been 

shown to have proliferative effects at low concentrations (nM) and anti-proliferative effects 

at high concentrations (µM) (Lavigne et al., 2008; Lecomte et al., 2017). 

Binding to the LBC of ERs is not a simple case of binding straight into the LBC, but rather 

involves a delicate equilibrium between a bound state (e.g., ligand bound via hydrogen bonds 

to key amino acid residues) and an unbound state (Fig. 3.7). Adding to the complexity, a 

second site could explain mixed proliferative activity of E2 mimics. The LBC is the primary, 

high affinity site, which logically would need to be fully occupied before ligands could bind 

to a second, lower affinity site (e.g., AF-2). Ligand binding affinity could shift the 

equilibrium, with high binding affinity ligands (e.g., E2, EE2) erring towards the bound state, 

favouring binding to the LBC over AF-2. In contrast, ligands with low binding affinity 

ligands (e.g., genistein, parabens) erring the equilibrium towards the unbound state compared 

to E2 with similar binding affinities for both the LBC and AF-2. In this study, at low 

concentrations proliferative effects were seen in E2 and E2 mimic exposures and negative 

effects at high concentrations. Therefore, the binding state can be dependent on ligand 
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concentrations and binding affinities, and it is possible that real life exposure to E2 mimics 

could disrupt the binding of the nature ligand, E2. Dudley (2018) discussed that high 

concentrations of E2 mimics could in fact outcompete E2, in turn saturating the LBCs leading 

to anti-proliferative effects. Further to this, exposure to combinations of high and low binding 

affinity ligands could result in high binding ligands outcompeting for the LBC over the low 

binding ligands, facilitating a spill over into the lower affinity AF-2 altering the proliferative 

effects observed in MCF-7 model systems. When comparing combination and individual 

exposures it was clear that the decrease in cell proliferation could not be observed due to the 

high level of LBC theoretically occupied. Therefore, it is likely that direct competition for the 

LBC between high and low binding ligands is not the sole mechanism responsible for anti-

proliferative effects observed.
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Figure 3.7 Illustration of the equilibria in ER and ligand interactions.A) Shows the binding equilibria for a high binding affinity ligand where 

the binding to LBC is favoured over the binding to AF-2. B) Shows the binding equilibria for a low binding affinity ligand where 

the binding affinities for both is similar, thus ligand binding at the LBC is less favoured compared to a high binding affinity ligand. 

C) Shows the binding equilibria for a combination of high and low binding affinity ligands, where the high binding affinity ligand 

will outcompete the low binding affinity ligand for the LBC – facillitating an AF-2 “spill over”. D) Shows the binding equilibria 

for combination of two low and similar binding affinity ligands for both sites, where a high concentration of either ligand is needed 

in order to facilitate an AF-2 spill over. (From Dudley (2018) with permission).
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Another possible mechanism of mixed proliferative/anti-proliferative effects could be 

explained by the two-site binding of 4-OHT to the LBC and AF-2 of ERb, as 

previously discussed where 4-OHT interacts with AF-2 of ERb via predominantly van 

der Waal forces (see Section 1.3.1.4.1). 4-OHT has been shown to exert mixed effects 

on MCF-7, which are dose-dependent, where at low concentrations it can act as an 

agonist and positively effects MCF-7 cell proliferation and at high concentrations as 

an antagonist, negatively affecting MCF-7 cell proliferation (Katzenellenbogen et al., 

1987; Poulin et al., 1989; Dudley, 2018). This two-site binding mechanism proposes 

that at low concentrations the high affinity binding site is occupied and is responsible 

for the agonistic response, whereas at high concentrations the high affinity binding 

site is occupied, and a lower affinity binding site can also be occupied and is 

responsible for the antagonist response (Wang et al., 2006). Binding at these two sites 

has been shown in molecular modelling studies where 4-OHT can bind to the high 

affinity LBC and the lower affinity AF-2 of ERb. Even though this study was carried 

out with ERb it is possible that both sites of ERa can interact with more than one 

ligand due to the key amino acids involved in interactions being conserved between 

both isoforms. Having both binding sites occupied by E2 mimics could behave in the 

same way blocking the interactions with co-regulatory proteins (e.g., AP-1) that 

would normally interact at AF-2, thus preventing the formation of ER complexes 

required to interact with DNA and initiate transcription. Although this seems a 

plausible explanation for mixed agonism/antagonism responses of E2 mimics what 

isn’t addressed is the initial binding of ligands to the LBC, which initiate different 

degrees of conformational changes in the LBC as well as AF-2 due to the sharing of 

H3, H12 and the interlinking of other helices in both clefts. Ye (2018) showed a 

detailed study of the intimate interactions and possible communications between the 

LBC and AF-2 (Ye, 2018). Protein alignments of LBD X-ray crystal structures co-

crystalised with E2 and genistein showed slight shifts in His524 on H11, although not 

directly on a helix shared between the LBC and AF-2, H11 is linked to H12 via a 

polypeptide loop. Furthermore, protein alignment of the LBD X-ray crystal structures 

co-crystalised with E2 and cyclohexa-2,5-dien-1-yl (1S,2R,4S)-5,6-bis(4-

hydroxyphenyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-sulfonate (OBH), an agonist model 

compound, showed a significant shift in conformational change of about 90° 

compared to the position of H11 with E2 bound, and to a lesser extent the position of 
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H12. This significant change in conformation has downstream effects on the spatial 

arrangement of AF-2 (e.g., positioning of H11 and H12) and is mediated by the 

connecting polypeptide between H11 and H12. This is highlighted by the positioning 

of Lys531 on H11 and Glu542 on H12 (Fig 3.8). This implies that ligand binding 

could affect the conformation of AF-2 via spatial shifts of H11 and H12 (e.g., OBH 

bound) or via direct interactions with H12 (e.g., 4-OHT), further complicating what is 

thought to be a simple “lock and key” binding mechanism to initiate transcription. 

 

 

Figure 3.8 The tertiary structure of ERa complexed with E2 (green) aligned with 

OBH (grey) in situ showing the spatial arrangements of H11 and H12. 

The positions of Lys531 on H11 and Glu542 on H12 differ significantly 

between the two structures altering the spactial arrangement of AF-2. 

Image produced in Maestro, Schrödinger Suite 2019 by the author. PDB: 

1ERE (ERa-E2) and 5U2D (ERa-OBH). 

 

It is evident that there is not a sole mechanism responsible for the actions of E2 and 

E2 mimics in target cells but rather a combination of mélange complex multifactorial 

processes. In addition to binding affinity preference and two-site binding models, 

signalling pathways must also be considered. Aside from the genomic and non-

genomic pathways previous described (see Sections 1.3.2.1., 1.3.2.2., 1.3.2.3. and 

1.3.2.4.), it has been proposed that “crosstalk” involving both genomic and non-
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genomic pathways result in the regulation of gene transcription (Björnström and 

Sjöberg, 2005; Silva et al., 2010; Vrtačnik et al., 2014). Crosstalk involves protein-

protein interactions of parts of each pathway. The genomic pathway involves E2-

bound ER complexes dimerising, translocating to the nucleus where they bind to 

phosphorylated transcription factors. The ER complexes then bind to EREs directly or 

via AP-1 allowing for transcription. The second mechanism involves interactions of 

GPER1 and ERs located at the plasma membrane resulting in rapid activation of 

protein kinase cascades and resulting in phosphorylation of transcription factors (e.g., 

AP-1) and ERs that then interact with DNA (Björnström and Sjöberg, 2005). 

Crosstalk and convergence of these pathways can result in enhanced transcription 

activity and physiological responses (e.g., proliferation). Thus, crosstalk between 

genomic and non-genomic signalling pathways is likely a contributing factor to the 

proliferation and anti-proliferative effects previously reported and observed in this 

chapter. 

The studies reported here show that the E2 mimics studied can be categorised based 

on their responses in the dose response experiments. Using the MCF-7 model system 

allowed for the entire physiological response of cells to determine the maximum 

response. Some E2 mimics studied have been previously reported to have mixed 

agonist/antagonist effects and this was observed in these exposure studies. These 

studies further supported the theory that the mechanism of action of mixed effects of 

some E2 mimics is due to a combination of intertwined multifactorial processes and 

cannot be due to a single mechanism. 

Further work was done by establishing the MELN assay in our lab, which utilises a 

luciferase reporter gene, and EC50 values of E2 and E2 mimic exposure studies were 

determined from the output data. Along with the initial MCF-7 cell work, the results 

from the MELN assay will also be used to investigate the relationship between LBC 

interactions and in vitro cell culturing. The relationship between intimate interactions 

in the LBC of ERs and in vitro cell culturing responses is something that needs to be 

probed. The toxicological significance of this could optimise processes (e.g., reduce 

animal testing, minimise testing costs) making them more efficient, economical, and 

environmentally friendly. Along with this, enhanced screening could ensure potential 

therapeutic candidates and environmental chemicals are further explored for their 

protein-ligand interactions before they go into the development pipeline.  
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3.5. Concluding Remarks 
The results from this chapter highlight the MCF-7 proliferative response to E2 and an 

array of E2 mimics. When considering the possible mechanisms of ligand binding 

mediated responses it is clear there that there are multifactorial processes at play. It is 

important to consider the LBD architecture of ERs and the possibility of crosstalk 

communication between the LBC and AF-2, and the implications it may have for two-

site binding. All of which are also concentration dependent. The downstream effect of 

ligand binding in the LBC on H11 and H12 would likely affect the structure of the 

binding pocket of AF-2 reorientating exposed amino acid residues. The implications 

of this are something that needs to be further investigated as it may have 

pharmacological relevance in terms of drug design and food functionality. 

The results show clear estrogenic responses in less conventional dose-response 

experiments, to further investigate these responses the MELN assay was established 

to confirm these using the more conventional EC50 values used in toxicological 

reporting – this work is discussed in Chapter Four. Molecular modelling using the 

Schrödinger platform was used to investigate the interactions of E2 and E2 mimics in 

the LBC. Further work was carried out using the results in this chapter to investigate 

the relationship between DockScores in in silico modelling and in vitro cell culture 

responses – this work is discussed in Chapter Five. 
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Chapter Four – MELN Exposure Studies 
4.1. Introduction 
There are significant concerns that estrogenic compounds in the environment may be 

adversely affecting wildlife and humans; therefore, it is important to have reliable methods 

for detecting and characterising estrogenic chemicals. There are various bioassays that can be 

applied to test anthropogenic and naturally occurring chemicals (Table 4.1), these bioassays 

can be divided into three groups: in vivo assays, in vitro assays, and non-cellular assays. 

 

Table 4.1  Summary of well documented bioassays for analysis of estrogenicity. 

Type of bioassay Assay Estrogenic effect Biological tool 

In vivo assays 
Analysis of phenotype 
changes in organisms 
(Hansen et al., 1998) 

Reporter protein 
secretion (e.g., 

vitellogenin, luciferase) 
Organisms (e.g., fish, 

tadpoles) 
Development disruption 

Sexuality disruption 

Cell based  
in vitro assays 

Yeast Estrogen Screen 
(YES) assay 

(Arnold et al., 1996b) 

Reporter protein 
secretion (e.g., b-

galactosidase, luciferase) 
Recombinant yeast cells 

E-Screen assay 
(Soto et al., 1995) Cell proliferation 

Breast cancer cells (e.g., 
MCF-7) 

ER-luciferase assay 
(Balaguer et al., 1999; 
Legler et al., 1999; van 
der Burg et al., 2010) 

Reporter protein 
secretion (e.g., 

luciferase) 

Recombinant 
mammalian cells (e.g., 
MELN, T47D-KBluc, 

CALUX®) 

Non-cellular assays 

ER binding assay (Blair, 
2000) 

Radioactivity 
displacement 

ERs 

Enzyme linked receptor 
assay 

(Seifert et al., 1998) 

Colourimetry or 
luminescence 

Biosensors 
(Hock et al., 2002; 

Rodriguez-Mozaz et al., 
2004) 

Surface Plasmon 
Resonance, fluorescence 

 

In vivo assays use a variety endpoints including effects on organ weight, cell differentiation, 

protein expression, and enzyme activities (Cooper, 1993; Heppell et al., 1995). Although 

widely used, these assays are not suitable for large-scale screening, in addition they are 

further limited due to costs, poor sensitivity and modest responsiveness, and labour-intensive 

end point measurements (Zacharewski, 1997). One such assay that is considered to be the 

hallmark of in vivo assays is increase of uterus weight or thickening of the uterine wall in 

animal toxicity testing studies, this endpoint is a highly complex response, however this 

response can be induced through mechanisms not directly involving ERs, thus reducing its 
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specificity for compounds that act via ER pathways (Clark et al., 1980). One example of this 

is carbon tetrachloride (CCl4), which was used in fire extinguishers, refrigerants, and as a 

cleaning agent, but has since been phased out because it is a probable human carcinogen 

(Rieth et al., 2010). Treatment of rats with CCl4 has been reported to increase the weight of 

uterine weight; therefore based on this it would be assumed CCl4 is an E2 mimic. However, 

CCl4 does not interact with ERs, but rather enhances the action of E2 on the uterus, by 

inhibiting the metabolism of E2 (Welch et al., 1969). In vivo assays may have their 

limitations, but they are still vital in toxicology risk assessments as they account for various 

pharmacokinetics and pharmacodynamics that are not observed in in vitro systems. 

In vitro bioassays have been developed over the past two decades and are most commonly 

used to screen the estrogenic activity of environmental pollutants, industrial chemicals, and 

pharmaceuticals (Zacharewski, 1997; Mueller, 2002; Charles, 2004; Mueller, 2004; 

Scrimshaw and Lester, 2004; Soto et al., 2006). Bioassays have been extensively used to 

identify effects following exposure to individual E2 mimics in testing of man-made and 

naturally occurring compounds because they are based on well-established mechanisms of 

action and utilise more definitive endpoints compared to in vivo assays (Zacharewski, 1997). 

From an environmental perspective, in vitro assays are key for detecting chemical 

contaminants based on their biological response. The complexity of using bioassays is 

increased because often the composition of environmental samples is not known, and thus the 

biological interactions cannot be deduced from the concentrations of individual components 

of the samples. Furthermore, they are an important tool that can determine the presence of, 

and quantify the, biological activity in these complex mixtures (Leusch et al., 2010). There is, 

uncertainty about results from bioassay that can be affected by complex mixtures, and there 

have been questions about their variability, reliability, and robustness, particularly when 

monitoring environmental samples that are highly polluted (Leusch et al., 2006). Significant 

issues are also apparent with interlaboratory variability due to poor standardisation of 

bioassay techniques (Andersen et al., 1999), and there are perceptions that biological markers 

and detectors in bioassays are too dissimilar from chemical techniques with physical 

detectors; therefore, not allowing for comparison between the two methods (Leusch et al., 

2010). This highlights the importance of standardised bioassays, data analysis and 

consistency in operating protocols especially in the development of environmental 

monitoring and assessment of new compounds. Like in vivo assays, in vitro assays have 

drawbacks that limit their use for assessing the risk to human health and the environment. 
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4.1.1. Reporter Gene Assays 
Reporter gene assays have been developed to “report” easily identified and measurable 

indicators (e.g., bioluminescence produced by the catalytic reaction with luciferase enzymes 

and luciferin) and are mainly used to study the transcriptional regulation of genes. Reporter 

gene assays rely on the introduction of a DNA construct (e.g., plasmid) that contains a 

reporter gene under the control of a regulatory sequences (e.g., ERE). These regulatory 

sequences are placed upstream of the reporter gene common reporter genes include b-

galactosidase, chloramphenicol acetyltransferase, green and red fluorescence, and luciferase 

(Zacharewski, 1997). Reporter gene assays allow more easily monitored responses (e.g., light 

production) and provide information regarding the potential mechanism of action of a 

potential E2 mimics that can then be prioritised for further investigation. Ideally these 

bioassays work by complimenting each other and not as a substitute for in vivo assays. 

Although a useful tool, research groups and regulatory agencies have challenged the utility 

and validity of in vitro assays in the assessment of potential hazards of compounds or 

complex mixtures (Zacharewski, 1997). There are, however, few feasible alternatives that 

have the ability to screen large numbers of substances and samples. Values obtained from in 

vitro assays have been questioned due to the lack of validity and consensus of the predictive 

value of in vitro assays, and how this information should be interpreted by researchers and 

regulatory agencies, especially in risk assessments (Clift et al., 2011). This proves difficult as 

the list of potential estrogenic compounds continues to grow and the need to comply with 

legislative amendments that require the testing for estrogenicity. To overcome this it is 

inevitable that in vitro assays are used to rapidly screen compounds as an initial step in the 

overall assessment process that incorporate verification from adverse effects in vivo before 

concluding a compound is estrogenic to humans and wildlife (Zacharewski, 1997). 

The MELN cell line used in these experiments was derived from MCF-7 cells containing an 

estrogen-regulated luciferase gene driven by an ERE in front of the b-globulin promoter 

(Balaguer et al., 1999). Balaguer and colleagues established this stably transfected cell line to 

detect compounds that bind to ERs or interfere with induction of ER-mediated gene 

transcription, eliminating the need for transient transfection, significantly improving the 

utility of in vitro assays as screen tools. These cells rely on the stable transfection in which 

the response of interest is the luciferase expression, the use of the firefly luciferase as the 

reporter gene is particularly useful as the luciferase activity can be detected without cell lysis. 
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The aim of this study was to establish the MELN reporter gene assay in our laboratory and 

understand and effectively use the culture system. The bioassay was then used to investigate 

the estrogenic potency of E2 or E2 mimics on the ERa isoform in the MELN assay. Finally, 

the activity of E2 and E2 mimics will be compared to binding affinities determined in silico 

using the Schrödinger modelling platform, this is discussed in Chapter Five.  
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4.2. Experimental Approach 
MELN cells were kindly gifted by Katherine Trought, Manaaki Whenua Landcare Research 

(Lincoln, New Zealand) and originated from INSERN, Montpellier, France (Balaguer et al., 

1999). These cells had been genetically modified to express a luciferase gene as described 

earlier (see Section 2.2.4.3.). 

 

4.2.1. MELN Growth Curves 
10-Day growth curve experiments were carried out to characterise the growth pattern of the 

MELN cell line. Cells were counted in triplicate over 10 days (see Section 2.2.3.3.). 

 

4.2.2. MELN Assay 
The MELN assay was performed on compounds to evaluate the effects of E2 and E2 mimics 

on ERa. Full dose response (10 increasing concentrations) curves were carried out for each 

compound and the EC50 values were determined (see Section 2.2.6.2.).  

 

4.2.3. Cell Viability Studies 
Cytotoxicity was studied to ensure the responses elicited by E2 and E2 mimics were not a 

result of cytotoxicity, but rather ER-mediated effects (see Section 2.2.4.4.). The MTT 

cytotoxicity assay is a colourimetric assay for assessing cell metabolic activity and can be 

used as an indicator for cell viability. This assay is based on the reduction of the yellow MTT 

to purple a formazan salt by metabolically active cells (Fig. 4.1) (Vistica et al., 1991). The 

viable cells contain NAD(P)H-dependent oxidoreductase enzymes, which reduce MTT to 

formazan (Slater et al., 1963). The resulting formazan crystals are pipetted to dissolve, and 

the resulting-coloured solution is quantified by measuring its absorbance at 590 nm. The 

greater the absorbance, the greater number of viable and metabolically active cells. E2 and all 

E2 mimics were tested for cytotoxicity. 
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Figure 4.1 Metabolism of MTT to formazan by viable cells. 

 

4.2.4. Data Analysis 
The average background values (cell and culture medium control) were subtracted from the 

raw luminescence values. The luciferase activity was expressed as fold increase over solvent 

control. The data were then plotted using non-linear regression in the software GraphPad 

Prism, and EC50 values were calculated. 

For the cell viability testing the average background values (cell-free culture medium control) 

were subtracted from all mean values to give a corrected absorbance. The percentage cell 

viability (of control) was calculated, and the data were plotted using linear regression in the 

software GraphPad Prism.  
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4.3. Results 
The estrogenic potencies of E2 and E2 mimics were measured using the MELN assay, and 

compared to the activity of the natural ligand, E2. Exposure of MELN cells to E2 or E2 

mimics resulted in a variety of response, a wide range of luciferase maximum responses were 

also observed. Interestingly a number of E2 mimics induced luciferase responses the 

exceeded the maximum response elicited by E2, this is known as a supramaximal response. 

 

4.3.1. Growth Characteristics of MELN Cells 
Like MCF-7 cells, MELN cells exhibit a typical growth pattern consisting of an initial lag 

phase, a rapid log phase, and death phase with a possible plateau between days 6 and 7 (Fig. 

4.2). The cells exhibited a lag phase of approximately 2.5 days. At day 3 the cells entered the 

log phase where the growth is at a maximum rate. At day 6 the cells entered the plateaux 

phase, and the growth rate declined and after day 8 the cells began to enter the death phase. 

The growth curve indicates that the cells can be grown in culture up to 8 days. 
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Figure 4.2 The growth of MELN cells in culture. The cells have a typical four-phase 

growth pattern: this shows a clear lag, log, and death phase with a possible 

plateau between day 6 and 7. 

 

4.3.2. Dose-response Analysis of E2 and E2 Mimics 
The estrogenic potencies of E2 and E2 mimics were measured using the MELN assay, and 

compared to the activity of the natural ligand, E2. A summary of the responses observed in 

the MELN assay from exposure to E2 or E2 mimics is provided in Table 4.2. Figure 4.3 

shows the concentration-dependent response curves for E2 and E2 mimics in the MELN 

assay. It shows that E2 and the E2 mimics tested in the MELN assay exhibit a variety of 

estrogenic potencies, with EC50 values ranging from picomolar to nanomolar concentrations. 

The assay showed that E2 and EE2 were the most potent compounds tested and the least 

potent was propylparaben. No induction was observed in exposure to Fulvestrant, 4-OHT and 

silibinin. Interestingly, supramaximal responses were observed in the MELN assay. 

Formononetin 122.1% and daidzein 110.4% had supramaximal luciferase responses. In 

addition, a-zearalanol, 2-methoxyestradiol and b-zearalenol exhibited submaximal responses 

than E2, 74.5%, 82.5% and 85.3% respectively.  
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Table 4.2 Experimental EC50 values and maximal luciferase responses for E2 and E2 

mimics in the MELN assay. 

Test compound EC50 (M) ER maximal response (%) 
EE2 1.09 × 10-12 103.7 
E2 1.25 × 10-12 100.0 
DES 8.08 × 10-11 94.8 
E3 1.90 × 10-10 103.1 
E1 2.41 × 10-9 105.3 
2-Methoxyestradiol 4.26 × 10-9 82.5 
Hexestrol 6.88 × 10-9 90.2 
Dienestrol 8.38 × 10-9 89.9 
b-Zearalenol 2.16 × 10-8 74.5 
S-Equol 4.31 × 10-8 104.9 
Quercetin 5.39 × 10-8 87.5 
Genistein 1.60 × 10-7 101.2 
Testosterone 1.92 × 10-7 98.7 
Daidzein 2.31 × 10-7 110.4 
a-Zearalanol 2.50 × 10-7 85.3 
BPA 2.55 × 10-7 100.0 
Biochanin A 2.68 × 10-7 100.0 
Mestilbol 2.73 × 10-7 101.7 
Curcumin 3.58 × 10-7 95.2 
Benzylparaben 3.93 × 10-7 89.5 
BPS 4.02 × 10-7 102.0 
Formononetin 4.74 × 10-7 122.1 
Butylparaben 5.73 × 10-7 94.3 
BPAF 7.44 × 10-7 92.7 
Methylparaben 7.87 × 10-7 93.3 
Propylparaben 8.31 × 10-7 92.6 
Ethylparaben 9.52 × 10-7 90.4 
Fulvestrant No induction - 
Silibinin No induction - 
(Z)-4OHT No induction - 
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Figure 4.3 also see page 146 
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Figure 4.3 also see page 146 
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Figure 4.3 Activity of E2 and E2 mimics towards ERs in MELN cells. Results are 

expressed as the ratio of luciferase activity at a given concentration to that of 

the solvent control. Each compound was tested in triplicate* and results are 

presented as a non-liner regression with errors expressed as SEM. 

*Triplicates (to determine biological variance) were analysed in triplicate (to 

determine analytical variance).
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4.3.2. Cytotoxicity Testing 
Cytotoxicity testing was carried out for E2 and E2 mimics studies. The concentrations used in 

the MELN assays (Table 2.6) were the same concentrations used for the cytotoxicity testing. 

A positive result for cytotoxicity is indicative of a decrease in absorbance. Therefore, a 

cytotoxic response was observed for 4-OHT and Fulvestrant, which is not surprising 

considering these compounds are used in anti-cancer treatments. Interestingly, no 

cytotoxicity was observed for E2 or the other E2 mimics. This suggests that cytotoxicity did 

not interfere with the respective luminescence responses presented for the MELN assays.
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Figure 4.4 also see page 150 

 

 

-14 -12 -10 -8 -6 -4 -2
80

90

100

110

Log [test compound] (M)

C
el

l V
ia

bi
lit

y 
(%

 o
f s

ol
ve

nt
 c

on
tr

ol
) Mestibol

E1

E3

2-Methoxyestradiol

Testosterone

-14 -12 -10 -8 -6 -4 -2
80

90

100

110

Log [test compound] (M)

C
el

l V
ia

bi
lit

y 
(%

 o
f s

ol
ve

nt
 c

on
tr

ol
)

Dienstrol

Hexestrol

E2

EE2

Diethylstilbestrol



 MCF-7 Exposure Studies  

 149 

 

Figure 4.4 also see page 150 
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Figure 4.4 Results of E2 and E2 mimics in the cytotoxicity MTT assay. Each compound 

was tested in triplicate*. Results are presented using linear regression analysis 

with errors expressed as SEM. 

*Triplicates (to determine biological variance) were analysed in triplicate (to 

determine analytical variance).
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4.4. Discussion 
In this chapter, the estrogenic potencies of E2 and E2 mimics were examined in the 

MELN assay. The results showed a range of estrogenic responses, including sub- and 

supra-maximal responses for some E2 mimics. EC50 values for E2 and E2 mimics 

were used to investigate the relationship between DockScores and estrogenicity in 

Chapter Five. 

 

4.4.1. Estrogenicity of E2 Mimics 
The development of screening and assessing tools for estrogenic activity of 

environmental pollutants, industrial chemicals, natural chemicals and pharmaceuticals 

has been important in establishing regulatory and toxicological protocols. 

Traditionally, reporter gene assays have been used in reporting transcriptional activity 

of ERE promoters in cell lines (e.g., MCF-7, T47D). In recent years, it has become 

apparent that several reporter gene assays have shown an increased transactivation 

activity or induction of the reporter gene when they are exposed to E2 mimics 

compared to E2. This phenomenon is often referred to as super agonism, 

superinduction or supramaximal effects, with the mechanism remaining unclear but 

thought to be biologically important. 

The individual studies presented in this chapter exhibit a wide range of responses in 

the MELN assay. Formononetin and daidzein exhibited supramaximal effects; 

however, submaximal effects were exhibited by a-zearalanol, b-zearalenol, and 2-

methoxyestradiol. Interestingly, supramaximal effects observed in previous studies in 

our group are not consistent with those presented in this chapter. Supramaximal 

effects were exhibited individually by genistein, butylparaben and BPA in the ERa 

CALUX® assay, and combinations of E2 mimics further complicated the responses 

(Dudley, 2018). Inconsistencies in supramaximal effects has been previously reported. 

Therefore, it is important to understand the cause of sub- and supramaximal effects 

for the interpretation of the MELN results, and other results previously reported. 

The first report of supramaximal effects dates back to 1994 when Makela and 

colleagues reported a response that “exceeded 17b-estradiol-induced activation” in 

MCF-7 proliferation studies with zeranol and zearalenone (Makela et al., 1994). Since 

then it has only been mentioned in the literature (Makela et al., 1994; Kuiper et al., 
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1998; Han et al., 2002; Kuruto-Niwa et al., 2002; Wilson et al., 2004; Buterin, 2005; 

Kitamura et al., 2005; Kuruto-Niwa et al., 2005; van der Woude et al., 2005; Kuruto-

Niwa et al., 2007), or others have not mentioned it in their results or discussion even 

when supramaximal effects are apparent. The existence of supramaximal responses 

proves to be a challenge for quantification and interpretation of results (e.g., 

determining estrogenicity of compounds), as it is often difficult to interpret its 

meaning in terms of estrogenicity. What makes this phenomenon harder to understand 

is the inconsistency and frequency of supramaximal effects across studies, this has 

provoked debate in the scientific community over the mechanism of supramaximal 

effects and the relevance to other forms of bioassays (e.g., in vivo assays). 

A better understanding of supramaximal effects was achieved by an extensive meta-

analysis of supramaximal effects in in vitro estrogenicity assays by Montaño and 

colleagues (Montaño et al., 2010). It is apparent from their analysis of peer-reviewed 

literature that there is a lack of information on the identity of compounds, 

concentrations of reagents, and details on clone construct characteristics (e.g., ERE 

spacing, promotor spacing, ERE sequencing or source, reporter sequence, source in 

analysis), even when referenced to previously published data (Montaño et al., 2010). 

Furthermore, supramaximal effects are often overlooked through normalisation of 

data and the transformation of raw data for graphical presentation. Dose response data 

is often presented as induction factors, like the graphical presentations in this thesis, 

however in some cases the raw data is not available, while other cases do not present 

the maximum values that exceed 100% (activation of the natural ligand, E2) and the 

response curve stops suggesting a putative supramaximal response. Occurrence of 

supramaximal effects in the literature are inconsistent and could be dependent on a 

number of factors such as the type of serum used in the exposure medium, the 

endpoint used to determine estrogenicity (endogenous or transfected), number of 

EREs and the nature of the promoter (Montaño et al., 2010). 

Further to this, an extensive study by Sotoca and colleagues in the same year 

investigated the possible mechanisms of supramaximal effects using genistein as the 

model compound (Sotoca et al., 2010). Working with multiple hypotheses including, 

non-ER-mediated mechanisms, the role of genistein metabolites inducing higher ER 

activity than genistein, or post-translational mechanism that is not biologically 

relevant yet specific to luminescence reporter gene assays (Sotoca et al., 2010). The 
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work indicated that induction and supramaximal induction is ER-mediated. Genistein 

induced a supramaximal response and the authors attributed this to the stabilisation of 

the luciferase enzyme, which increases the bioluminescence in the assay, indicating a 

post-translational effect on enzyme stability and constituting as an artifact of the assay 

– otherwise known as the stabilisation theory. Interestingly, they showed 

supramaximal effects seen in luciferase reporter assays did not translate to 

proliferation studies with genistein. This highlights that supramaximal responses may 

not be biologically relevant. However, there have been no further reports exploring 

the relevance of supramaximal effects. 

Sub- and supra-maximal effects are relevant and interesting responses in toxicological 

risk assessment, and systematic approaches are needed to understand what conditions 

these effects occur in. One key point that is important to understand is whether these 

effects are assay-based artifacts or biologically relevant effects. Quantification of 

estrogenic activity of E2 mimics, both individual compounds and complex mixtures 

(e.g., environmental samples) rely on the responses relative to E2, effects like sub- 

and supra-maximal responses could lead to under- or over-estimation of the 

estrogenic potency in risk assessments of compounds and samples. To prevent 

inconsistent representations of in vitro publications it is critical that good reporting 

practises are implemented to prevent differences in methodology and establish 

systematic protocols. 

It is likely that the supramaximal effect is an artifact of report gene assays. It is 

possible there is some form of interplay between the LBC and AF-2 that mediates the 

sub- and supra-maximal effects but as discussed in Chapter Three, ligand docking in 

the LBC has downstream effects on AF-2, which need to be investigated further in 

terms of binding of ligands and regulatory proteins to AF-2 and the significance of it 

in terms of gene reporter responses. It is clear, further analysis of already reported 

results on supramaximal effects cannot answer how this effect occurs and dedicated 

research to unravel this unique phenomenon needs to be carried out.  



 MELN Exposure Studies  

 154 

4.5. Concluding Remarks 
In this chapter, the estrogenic potencies of E2 and E2 mimics were assessed using the 

MELN assay. Unlike the preliminary proliferation assays carried out in Chapter 

Three, the MELN assay provides conventional EC50 values, which are widely 

reported in toxicological risk assessments to identify the relationship between a 

specific effect of a compound and the dose, which it takes place. Formononetin and 

daidzein induced a supramaximal effect in the MELN assay; however, compared to 

previous work in our group common compounds did not share the same trends. 

Interestingly, submaximal effects were induced by a-zearalenol, 2-methoxyestradiol 

and b-zearalenol. Supramaximal effects have been previously reported in the 

literature, and common themes point to the consistency of results, which seem to 

differ depending on the cellular models applied (e.g., CALUX® versus MELN). The 

mechanism for a supramaximal effect response remains unclear with no clear 

explanation reported in the literature nor is there discussion over the regular 

occurrences of supramaximal effects in in vitro assays with research groups taking 

different approaches to the phenomenon. Work in our group by Dudley (2018) 

proposed a two-site binding model, whereby E2 mimics bind to the LBC and could 

bind to AF-2, downregulating ER-mediated transcriptional activity – providing a 

possible explanation for the observation of submaximal responses. The results from 

this chapter highlight an ongoing phenomena of in vitro gene reporter assays and the 

uncertainty surrounding it, although not the main focus of this chapter sub- and supra-

maximal effects provided an interesting discussion point of the assay used to measure 

E2 mimics estrogenicity. The results from this chapter were further used in 

conjunction with molecular modelling to study the interactions of E2 and E2 mimics 

in the LBC and to compare the in vitro results with in silico DockScores. 
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Chapter Five –Estrogen Receptor a Docking 

Studies 
5.1 Introduction 
Exposure to E2 mimics may lead to a number of adverse outcomes, such as increased 

risk of breast cancer, early onset of puberty in girls, and decline in male sperm 

quality, as reviewed in Chapter One. It is widely accepted that E2 mimics can fit into 

the LBC of ERs, and thus trigger cellular responses dependent on their binding 

affinities, and can have positive (e.g., cell proliferation) or negative (e.g., cytostatic) 

effects. It is clear from the work previously discusses (see Chapter Three) and the 

literature that some E2 mimics have mixed agonist/antagonist effects, which are likely 

to be ER-mediated responses, and it is important that we understand these responses 

in terms of binding mechanism and biological outcomes. The aim of this chapter is to 

investigate the relationship between binding of E2 mimics in the LBC and their 

respective biological responses (discussed previously in Chapter Three and Four). 

 

5.1.1. ER Binding Mechanism 
Nuclear ERs are the dominant player in the manifestation of cellular responses to E2. 

Binding of E2 and ligands to the LBC of ERs is the first step in a cascade of events 

that ends in transcription of target genes. E2 initially binds to an ER monomer with a 

two-fold symmetry, each monomer consists of a triple layer antiparallel a-helices 

sandwich and is capped at one end by two antiparallel b-sheets (Brzozowski et al., 

1997). Within the a-helical sandwich is a central layer of a-helices, which comprises 

H5, H6, H9 and H10, and is flanked on one side by H1, H3 and H4 a-helices, and on 

the other side by H7, H8, and H11 (Fig. 5.1).  
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Figure 5.1 The tertiary structure of ERa LBD in complex with E2 with labelled a-

helices. Image produced in Maestro, Schrödinger Suite 2019 by the 

author. PDB: 1ERE. 

 

Ligands bind to the LBD via recognition sites for the A ring and D rings of E2. In the 

binding cleft, hydrogen bonds between E2’s 3-hydroxyl group and the carboxylate 

group of Glu353 from H3 and the guanidinium group of Arg394 from H5, as well as a 

hydrogen bond between E2’s 17b-hydroxyl group with the imidazole group of His524 

from H11 (Fig. 5.2). Additionally, within the binding cleft, van der Waals forces are 

formed because of the sandwiching of the A and B rings of E2 between the 

hydrophobic amino acids Ala350 and Leu391on one side, and Phe404 on the other 

forming Pi stacking with the A ring of E2 (Fig. 5.2). The D ring of E2 is sandwiched 

between hydrophobic Ile424 on one side and Leu384on the other. 
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Figure 5.2 Key amino acid residue interactions at the LBC in ERa. Regions of the 

receptor are represented as red for negative, blue for positive, cyan for 

polar, and grey for neutral. Amino acid residues interacting with the 

ligand via hydrogen bonds (yellow dash lines) and van der Waals forces 

(green dash lines) are shown. Image produced in Maestro, Schrödinger 

Suite 2019 by the author. PDB: 1ERE. 

 

The LBC is an internal hydrophobic pocket that is separate from the external 

environment (which is ostensibly water-based) and it is proposed that the LBC works 

by a “mouse trap” model for agonist binding (Moras and Gronemeyer, 1998). In this 

mouse trap mechanism, a ligand binding to the LBC causes repositioning of H11 and 

this has flow on effect to H12, which is forced to swing unleashing the loop between 

H2 and H3, which results in the bending of H3 and the loop flipping under H6. H12 

then seals over the pocket of the LBC forming a lid, which further stabilises the ligand 

binding through more ligand-protein interactions (Moras and Gronemeyer, 1998). The 

trans-conformation of H12 and additional structural changes (e.g., bending of H3) 

results in exposure of AF-2 for binding of co-regulatory proteins (Fig. 5.3). AF-2 is 

created by H3, H4, H5 and H12 of the LBD; it is a hydrophobic groove capped at 

either end by two charged residues, Lys362 from H3 and Glu542 from H12, which is 

often referred to as the charge clamp (Sun et al., 2011). Recognition of the 

LeuxxLeuLeu motif (where x is any other amino acid) by AF-2 allows for interactions 

between the hydrophobic side chain of the leucine amino acid residues of the co-

regulatory protein and the hydrophobic groove of AF-2, and additional hydrogen 
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bonding between the charge clamp and the carbonyl groups of the LeuxxLeuLeu 

motif (where x is any other amino acid) of the co-regulatory protein (Möcklinghoff et 

al., 2010). H12 is an important helix that plays a critical role in ligand-induced 

repositioning and is a surface involved in the binding of co-regulatory proteins, 

thereby initiating the transcriptional activity of AF-2 (Wang et al., 2006). 

 

 

Figure 5.3 Schematic representation of three conformational states of nuclear 

receptor LBDs. (a) Apo-LBD conformation. (b) Agonist-bound LBD 

complex. (c) Antagonist-bound LBD conformaion. Note the different 

positions of H12. a-helices are represented by numbered rods and b-

turns depiced as broad arrows, and carboxyl termini are labelled N and 

C respectively. (Annotations by the author and original figure from 

Moras (1998) with permission). 

 

5.1.2. Ligand Structure and ER Binding 
The conformation of E2 is rigid and fits precisely into the LBC of ERs upon binding. 

This is confirmed by multiple X-ray crystal structures, which have been solved for the 

LBD (with E2 in situ) and forms the agonist conformation leading to transcription of 

target genes. In contrast, pharmaceuticals have been designed to block the 

transcription of target genes (e.g., pure antagonist, SERMs) by occupying space in the 

LBC causing H12 to lie against AF-2 (Gangloff et al., 2001), preventing the binding 

of co-regulatory proteins to AF-2 needed for gene transcription. X-ray crystal 

structures have confirmed that the rigid conformations of SERMs are able to induce 

radically different conformations of the LBD (see Section 1.3.1.4.1.). ERa SERMs 
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(e.g., tamoxifen, raloxifene) have been designed with “wedges”, which are long tails 

that interact with the receptor to stabilise the conformation (Fig 1.9). However, ERb 

SERMs, although rigid, do not have a large “wedge” like ERa SERMs to stabilise the 

antagonist conformation. 

Although in this thesis ERa is primarily discussed, an important factor to consider for 

ligand binding is the difference in activation energy that is needed to overcome the 

agonist and antagonist conformations in ERa and ERb. Of interest, genistein, has 

been shown to have mixed modulator properties (Barkhem et al., 1998). Like E2, 

genistein is rigid in conformation and shares similar functional groups. It has been co-

crystallised in both ERa and ERb, where the receptor adopts an agonist conformation 

in ERa, and agonist and antagonist conformations in ERb (Pike et al., 1999; Manas et 

al., 2004). However, when co-crystallised in ERb in the presence of a peptide 

designed to mimic a co-regulatory protein, the receptor adopts the agonist 

conformation (Manas et al., 2004). This can be explained by the relative free energies 

of the two H12 conformations of ERb, whereby the antagonist conformation is more 

stable (Fig. 5.4). The presence of co-regulatory proteins can influence the 

conformational state of the receptor by providing additional stability, producing the 

agonist conformation (Manas et al., 2004). Interestingly, while the activation energy 

barrier between agonist and antagonist in ERb are lower, it has been suggested in 

ERa the activation barrier is higher between agonist and antagonist (Fig 5.4) (Manas 

et al., 2004). This likely explains why genistein is not able to induce an antagonist 

conformation in ERa, structurally genistein does not have a “wedge” shape that 

allows stabilisation of the conformer, which is also a contributing factor (Graham, 

2012). This could be important in the prediction of biological responses to individual 

and combinations of E2 mimics (Shiau et al., 1998; Gangloff et al., 2001).  
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Figure 5.4 Illustration of proposed relative stability of the agonist and antagonist 

conformations of ERa and ERb. (From Graham (2012) with 

permission). 

 

5.1.3. Requirements for Ligand Binding 
Pharmacophore is a group of molecular features (steric and electrostatic) that are 

necessary to ensure molecular recognition of a ligand by a specific biological target 

(e.g., enzyme, receptor) and can trigger or block its biological response (Wermuth et 

al., 1998). The classical pharmacophore of ER agonist features is illustrated in Figure 

5.5, this includes: 1) presence of an aromatic ring; 2) presence of functional groups 

capable of performing hydrogen bonding interactions at each end of the molecule; 3) 

separation of hydrogen bonding functional groups at the 3 and 17 positions by ~9.3 Å; 

4) A rigid hydrophobic backbone. 

 

 

Figure 5.5 Structure of E2 with the major structural features necessary for optimal 

binding in the LBC of ERs. Hydrogen bond = HB.  



 Estrogen Receptor a Docking Studies  

 161 

Binding to the LBC has been described as a lock and key mechanism, where the 

ligand is a 3D key “opening” the ER, which is the lock. Structurally E2 is defined by 

two hydroxyl groups, one aliphatic and the other aromatic, which is separated by a 

hydrophobic backbone. These structural features can be mimicked by other 

compounds that have similar characteristics to E2 and this can bind to ERs but with 

less affinity compared to E2 (see Section 1.5.) (e.g., BPA has two aromatic hydroxyl 

groups separated by 7.07Å of hydrophobicity). Fulfilling these structural features 

allows for specific interactions that mediate ER biological activity, hydrogen bonding 

between the ligand and Glu535, Arg394 and H2O forms a hydrogen bond triumvirate 

at one end of the LBC, and His524 at the other end. The formation of van deer Waal 

forces pulls the ligand into the hydrophobic pocket and pulls down the a-helices 

towards the ligand, which initiates ER conformational changes. These conformational 

changes facilitate the dimerisation of ERs, translocation into the nucleus, and 

recruitment of co-regulatory proteins to facilitate gene transcription. 

 

5.1.4. The Origins and Use of Computational Docking 
Computational docking is a key method used in drug design, it facilitates prediction of 

the best pose (orientation and conformation) of small molecules to optimise binding to 

a target protein to form a stable complex (Khamis et al., 2015). Docking is used to 

screen large numbers of binding poses to rank them using a scoring function (e.g., 

DockScore). The scoring function is a mathematical model, which is representative of 

the binding free energy of the resulting ligand-protein complex. Computational 

docking has been used extensively in the assessment of EDCs and further to 

understand intimate interactions between E2 mimics and ERs, such as phytoestrogens 

and polyphenols (Lambrinidis et al., 2006), polychlorinated biphenyls, and DDT and 

its metabolites (D'Ursi et al., 2005), and pesticides (D'Ursi et al., 2005). For the most 

part, computational docking with the ER has been used as a research tool in drug 

development for breast cancer, osteoporosis, and prostate diseases (Knox et al., 2006; 

Knox et al., 2008). 

Computational docking works on the principle of a lock and key model, which was 

first described by Fischer in 1894 (Fischer, 1894). This concept considers the 3D 

structures of the ligand and the receptor to be rigid, much like how key fits a lock. 
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However, it is now widely accepted that ligands and receptors are dynamic structures 

that can alter in shape during the binding process. When a ligand binds to the binding 

pocket, the chemical and structural environment changes; this can occur through the 

formation of hydrogen bonds, salt bridges, van der Waal forces or water displacement 

in the binding pocket due to a ligand binding, which causes a favourable change in the 

energy profile of the receptor. A receptor-ligand system is a thermodynamic system, 

which is composed of the receptor, its ligand, and a solvent (e.g., water). In this 

system there are complex interactions and heat exchange that occur between the 

receptor and its ligands, and the heat exchange that occurs because of the various 

energy changes are dictated by the laws of thermodynamics (Du et al., 2016). For 

example, for ligand binding to occur, change in Gibbs free energy (ΔG), which is the 

thermodynamic parameter that measures the capacity of a thermodynamic system to 

do maximum or reversible work at a constant temperature and pressure, of the system 

must be negative when the system reaches equilibrium at constant temperature and 

pressure (Gibbs, 1873; Gilson and Zhou, 2007). Furthermore, ligand-receptor 

associations are determined by the magnitude of the negative ΔG, therefore the more 

negative ΔG the more stable the ligand-protein complex. 

Change in enthalpy (ΔH) is a measure of the total energy change of a thermodynamic 

system. In ligand-receptor binding, ΔH reflects the energy change in the system when 

a ligand binds to its receptor because of the formation of non-covalent interactions, 

such as hydrogen bonds and van der Waals interactions, at the binding interface. 

However, in the process of a ligand binding there are disruptions in the formation of 

hydrogen bonds and van der Waals interactions loss between the receptor and solvent 

resulting in solvent displacement and reorganisation around the ligand-receptor 

complex (Du et al., 2016). Together the loss and formation of interactions results in a 

net enthalpy change, which is the sum of these individual contributions (Perozzo et 

al., 2004; Liu et al., 2012). 

Change in entropy (ΔS) is a measure of how evenly the heat energy is distributed over 

the overall thermodynamic system. Entropy in ligand-receptor binding can be viewed 

as the measure of disorder in molecules in a system, and the positive or negative sign 

of ΔS indicates the overall increase or decrease in order of the system, respectively. 

The ΔS of ligand binding can be defined by the following equation: 
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∆" = Δ"!"#$ + Δ"%"&' + Δ"(/* 

Where: 

ΔS+,-. = Change	in	solvent	entropy 

ΔS/,01 = Change	in	conformational	energy	of	ligand/receptor
  

∆S2
3
= Loss	of	translocational	and	rotational	degrees	of 

												freedom	of	the	ligand/receptor	upon	binding 

 

ΔSsolv arises when solvent is released when a ligand binds, which often makes a 

favourable contribution to ΔS (i.e., increases overall disorder). ΔSconf can contribute 

favourably or unfavourably to ΔS, depending on the degree of freedom the ligand-

receptor complex has compared to its unbound state (MacRaild et al., 2007; 

Bronowska, 2011). ΔSr/t contributes unfavourably to ΔS due to the reduced number of 

molecules in the system (i.e., decreased disorder). Overall, these three entropic terms 

contribute to the net entropy change of a system, where positive and negative entropy 

changes have favourable or unfavourable effects on ligand binding, respectively (Du 

et al., 2016). Ligand binding must overcome entropy penalties (e.g., a negative ΔSr/t 

upon binding) (Amzel, 1997; Amzel, 2000) through a large entropy gain from a 

positive ΔSsolv or favourable ligand-protein interactions that lead to a negative binding 

ΔH if binding is to occur (Liu et al., 2012). Enthalpy and entropy are driving factors 

in ligand-receptor binding as the contributions of ΔH and ΔS to ΔG are related based 

on the following fundamental equation: 

∆? = ∆@ − B∆" 

Where: 

∆G = Gibbs	free	energy 

∆H = Change	in	enthalpy 

T = Temperature	in	Kelvin 

∆S = Change	in	entropy 

 

The understanding of energy transformation has allowed for the prediction of 

molecular interactions between proteins and ligands, alongside technological 

advances it has also allowed for the development of in silico molecular modelling 

software. Computational docking studies allows for the investigation of these ligand-

receptor interactions by utilising published X-ray crystals structures. It is based on 

static models of the receptor and ligand and assesses how a ligand can adopt a shape 
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to best fit and interact in the binding pocket of the receptor. For this reason, large 

scale movements of the receptor cannot be modelled by docking (Graham, 2012). 

Docking allows for intimate interactions between ligands and receptor to be studied 

without the costs associated with other structural techniques such as X-ray 

crystallography. Docking relies on a collection of computer programmes to perform 

the necessary calculations and visualisations. There is an array of tools available for 

computational docking depending on the purpose of the study and the ability of a 

programme to adapt to a particular purpose (Graham, 2012). For this study the 

Schrödinger Suite 2019 was used since the primary focus was to investigate a 

biological system (rather than developing a computer code to stimulate a biological 

system or improve the performance of the tool) (Graham, 2012). The Schrödinger 

Suite software package is commercially available and has been extensively validated 

(Friesner et al., 2004; Halgren et al., 2004; Friesner et al., 2006). In addition, the 

interface, Maestro, is simple to use and additional programmes can be run on the suite 

(e.g., Desmond) that were also used for molecular dynamic simulations (discussed in 

Chapter Six). 

The results from Chapter Three and Chapter Four show clear estrogenic responses to 

an array of E2 mimics in a concentration-dependent manner, which also appear to be 

ER-mediated. The aim of this study was to employ the established Schrödinger 

modelling platform to examine E2 mimic binding to the LBC of ERa and determine a 

relationship between Scoring functions (DockScores) and experimental data 

(maximum response concentrations and EC50 values).  
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5.2. Experimental Approach 
E2 and the E2 mimics selected to study include those already examined in Chapters 

Three and Chapter Four (Table 5.1). Each of the ligands were docked using published 

crystal structure coordinates for 1ERE, using RRD methods to investigate ER-ligand 

interactions.  

 

Table 5.1 Structures of estrogens and E2 mimics for computational docking 

studies. 

Estrogens and E2 mimics Structure 
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Estrogens and E2 mimics 
(continued) 

Structure (continued) 
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Estrogens and E2 mimics 
(continued) 

Structure (continued) 

Genistein 
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Estrogens and E2 mimics 
(continued) 

Structure (continued) 

Methylparaben 

 

a-Zearalanol 

 

b-Zearalenol 

 
 

The computational docking process begins with developing the geometric and 

chemical structures of the separate receptor and ligands. The receptor models are 

derived from PDB files for coordinates of ERa X-ray crystal structures with co-

crystallised ligands. The ligand structures are built using a 3D chemical structure 

drawing tool as previously discussed using the 2D Sketcher in Maestro (see Section 

2.2.7.3.). Energy minimisation of both receptor and ligands were carried out, then 

using search algorithms and force field interactions, the docking process sought to 

find optimal placement of the ligand in the receptor LBC. A scoring function is used 

to calculate the energy of the receptor-ligand complex, which ranks the poses of a 

given ligand relative to one another to allow for comparison of poses of different 

ligands. The DockScore value of each ligand should correspond directly to the 

binding affinity of the ligand for the protein so that the ligands with the best cores are 

the best binders (Graham, 2012). 
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5.2.1. RRD Docking 

RRD methodology was employed to study the E2 mimic binding affinities. RRD 

involves a rigid receptor, where there are no degrees of freedom within the receptor, 

so the docking of ligands relies solely on the ligands ability to adapt to the binding 

site to achieve a complex with favourable binding affinities (Fig 5.6). 

 

 

Figure 5.6 Illustration of the rigid receptor-flexible ligand docking concept. (From 

Graham (2012) with permission). 

 

5.2.2. Scoring Function 

The output scoring functions were used to estimate the free energy of binding (e.g., 

binding affinity). A general scoring function was chosen because the objective of the 

study was to evaluate the optimal poses of selected ligands and assess the relationship 

between DockScores and experimental estrogenicity values (e.g., maximum response 

concentrations, EC50 values). The scoring for each method (RRD and IFD) and 

receptor were compiled in empirical order. This was reported as DockScores using 

XP in units of kcal/mol and converted to kJ/mol where 1 kcal/mol = 4.2 kJ/mol (see 

Section 2.2.5.7.) (Bash et al., 1996; Mulholland, 2007).  

ReceptorReceptor

Ligand

Rotational degrees of freedom allow the ligand to adapt to the 
geometry of the binding site during docking

Receptor

Ligand
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5.3. Results 
Ligands (n = 30) were used to dock in the LBC in ERa in order to evaluate the 

relationship between DockScores and experimental values. One receptor model was 

set up and the RRD process was carried out to evaluate binding. RRD utilises a static 

receptor model that has been energy minimised as discussed in Section 2.2.7.2. and 

the docking calculation determines how favourably a ligand interacts with the model. 

This resulted in less flexible ligands only docking into the receptor model if their size 

and/or shape allowed them to bind into the LBC. Poor fitting was evident from less 

favourable DockScores or ligands not being able to be docked. Ligands with 

increased flexibility were able to adjust to the rigid topography of the LBC and 

resulted in more favourable DockScores. For the ligands that were successfully 

docked, the differences in DockScore for the ligand-receptor complex conformations 

were calculated and ranked. 

 

5.3.1. RRD Validation 
An important step in molecular docking is to validate the method used, in this case 

correct docking of ligands into the 1ERE model was evaluated. Initial work carried 

out in our group has extensively validated RRD methods by comparing experimental 

DockScores with calculated DockScores (Graham, 2012). Correlations between 

DockScores of ligands from Graham’s studies (E2, DES, genistein and 

methylparaben) and Dudley’s studies (E1, E2, E3, EE2, testosterone, BPA, genistein, 

daidzein, S-equol, curcumin, methylparaben, butylparaben, benzylparaben) were 

compared to those in the current study. The results showed a correlation with R2 

values of 0.95 and 0.73 between RRD DockScores with Graham’s work and Dudley’s 

work, respectively (Fig 5.6). Although the R2 value for the correlation with Dudley’s 

work shows a weaker R2 value compared to the correlation with Graham’s work; 

however the P value of <0.0001 indicates a significant correlation.  
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Figure 5.7 Correlation between Graham’s (2012) (top) and Dudley’s (2018) 

(bottom) DockScores and calculated DockScores from RRD in the ERa 

model. Solid line indicates 1:1 correlation ; broken lines indicate stated 

uncertainty of ± 12.5 kJ/mol. RRD carried out in Maestro, Schrödinger 

Suite 2019 by the author. PDB: 1ERE.  
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5.3.2. LBC Docking Studies 
The calculated DockScores for the top ranked poses for ERa are given in Table 5.2. 

The RRD method was able to dock all ligands studied in the correct pose except for 4-

OHT, Fulvestrant and silibinin. Table 5.2 summarises the key terms that contribute to 

the DockScore. HBond is the term used to define the hydrogen bond interactions. 

Hydrophobic enclosure reward (HER) is the term used to define the relationship 

between the hydrophobicity of ligands within the geometric receptor environment 

(Friesner et al., 2006). It describes the spatial arrangement of hydrophobic amino acid 

residues in the LBC, supporting van der Waal interactions between the receptor and 

ligand.  
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Table 5.2 Calculated DockScores, hydrogen bond (HBond) value and 

hydrophobic enclosure reward (HER) for the top ranked poses for LBC 

obtained by RRD in ERa. RRD carried out in Maestro, Schrödinger 

Suite 2019 by the author. PDB: 1ERE. 

Ligand DockScores (kJ/mol) HBond (kJ/mol) HER (kJ/mol) 
E3 -54.1 -11.2 -11.3 
a-Zearalanol -50.8 -10.7 -11.3 
EE2 -49.0 -6.1 -11.3 
Quercetin -48.5 -13.9 -8.7 
E2 -48.4 -6.1 -11.3 
b-Zearalenol -48.0 -6.1 -9.4 
BPAF -47.6 -11.1 -4.9 
2-Methoxyestradiol -47.0 -8.0 -11.3 
Hexestrol -44.8 -5.6 -10.8 
Dienestrol -44.4 -7.5 -10.4 
Curcumin -42.7 -8.0 -6.4 
Testosterone -42.4 -3.0 -11.3 
S-Equol -42.2 -6.2 -11.1 
DES -41.3 -4.1 -11.3 
Genistein -39.9 -6.1 -8.0 
Daidzein -39.8 -7.0 -10.2 
BPA -39.0 -3.3 -11.1 
Mestilbol -38.9 -3.5 -9.7 
E1 -38.8 -3.8 -11.3 
Biochanin A -37.0 -5.6 -8.5 
Formononetin -35.9 -3.1 -10.7 
BPS -35.8 -6.0 -7.9 
Benzylparaben -35.4 -3.2 -7.2 
Butylparaben -30.2 -3.9 -8.1 
Propylparaben -27.6 -3.8 -5.8 
Ethylparaben -27.2 -5.3 -5.2 
Methylparaben -25.9 -5.3 -5.2 
Fulvestrant NB NB NB 
Silibinin NB NB NB 
(Z)-4OHT NB NB NB 

NB = does not bind. 

 

To further validate the calculated DockScores from this study, correlations between 

the calculated DockScores with experimental ΔGbind values from Graham (2012) 

(Table 5.3; Table A. 1.) are shown in Figure 5.7 for RRD in the ERa model. RRD 

predicted the experimental ΔGbind for all ligands except two (DES and testosterone) to 

be within the stated uncertainty of ±12.5 kJ/mol.  
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Table 5.3 Experimentally determined ΔGbind values (Graham, 2012). The values 

are averages of multiple literature values where a standard deviation is 

reported. 

Ligand ERa ΔGbind (kJ/mol) 
E2 -52.8 
EE2 -50.3 
E1 -46.5 
E3 -46.4 
Genistein -42.3 
S-Equol -39.1 
BPA -36.3 
Daidzein -35.7 
Butylparaben -34.0 
Propylparaben -32.2 
Testosterone -18.5 
DES 54.8 
Methylparaben NB 
Fulvestrant NB 
4-OHT NB 
NB = does not bind. 

 

 

Figure 5.8 Correlation between experimental ΔGbind and calculated DockScores for 

RRD in the ERa model.Solid line indicated a 1:1 correlation using linear 

regression; broken lines indicate stated uncertainty of ± 12.5 kJ/mol. 

RRD carried out in Maestro, Schrödinger Suite 2019 by the author. 

PDB: 1ERE. 
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5.3.1. Relationship between LBC DockScores and Experimental Data 
The correlations between calculated DockScores for the top ranked poses for ERa 

and the corresponding in vitro experimental response (Table 5.4) were determined for 

selected ligands (Fig. 5.8 and 5.9). The results showed a correlation with an R2 values 

of 0.81 and 0.75 between calculated DockScores and MCF-7 maximum response 

concentration and MELN EC50 values from experimental work (see Section 3.3.2. and 

Section 4.3.2.), respectively. The P values of <0.0001 for both show the correlation is 

significant between calculated DockScores and MCF-7 maximum response 

concentration and MELN EC50 values, indicating that computational docking is a 

good indicator of experimental results and vice versa.  
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Table 5.4 In vitro experimental maximum response concentrations from MCF-7 

cell proliferation studies and EC50 values from MELN assay studies for 

E2 and E2 mimics. 

Test compound 
MCF-7 maximum response 

concentration (M) 
MELN EC50 (M) 

EE2 1.00 × 10-12 1.09 × 10-12 

E2 1.00 × 10-11 1.25 × 10-12 

Hexestrol 1.00 × 10-11 6.88 × 10-9 

Dienestrol 1.78 × 10-10 8.38 × 10-9 

2-Methoxyestradiol 3.16 × 10-10 4.26 × 10-9 

b-Zearalenol 1.00 × 10-10 2.16 × 10-8 

E1 1.00 × 10-10 2.41 × 10-9 

Quercetin 1.00 × 10-10 5.39 × 10-8 

E3 1.78 × 10-10 1.90 × 10-10 

a-Zearalanol 1.78 × 10-10 2.50 × 10-7 

DES 3.16 × 10-10 8.08 × 10-11 

Curcumin 3.16 × 10-10 3.58 × 10-7 

BPAF 3.16 × 10-10 7.44 × 10-7 

S-Equol 5.62 × 10-10 4.31 × 10-8 

Genistein 1.00 × 10-9 1.60 × 10-7 

Testosterone 1.00 × 10-9 1.92 × 10-7 

Mestilbol 1.00 × 10-9 2.73 × 10-7 

Daidzein 1.78 × 10-9 2.31 × 10-7 

BPA 1.00 × 10-9 2.55 × 10-7 

Formononetin 1.78 × 10-8 4.74 × 10-7 

Biochanin A 3.16 × 10-8 2.68 × 10-7 

BPS 5.62 × 10-8 4.02 × 10-7 

Benzylparaben 5.62 × 10-8 3.93 × 10-7 

Butylparaben 3.16 × 10-6 5.73 × 10-7 

Propylparaben 5.62 × 10-6 8.31 × 10-7 

Ethylparaben 1.00 × 10-5 9.52 × 10-7 

Methylparaben 1.00 × 10-5 7.87 × 10-7 

Fulvestrant No response No induction 

Silibinin No response No induction 

(Z)-4OHT No response No induction 
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Figure 5.9 Correlation for calculated DockScores and Maximum response 

concentrations. Solid line indicates 1:1 correlation using linear 

regression. RRD carried out in Maestro, Schrödinger Suite 2019 by the 

author. PDB: 1ERE. 

 

 

Figure 5.10 Correlation for calculated DockScores and MELN EC50 values. Solid 

line indicates 1:1 correlation using linear regression. RRD carried out in 

Maestro, Schrödinger Suite 2019 by the author. PDB: 1ERE. 
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5.4 Discussion 

5.4.1. Limitations 
Computational modelling is based on theoretical and physical principles to predict the 

binding free energy and therefore the stability of a ligand-protein complex. Biological 

systems are complex and to accurately predict the binding of ligands assumptions and 

simplifications are needed to make it possible to accurately dock E2 mimics into the 

ER model. More sophisticated commercially available model-based molecular 

simulation software’s are available; however, they are expensive, therefore it was not 

possible to access these systems for this study due to budgeting constraints. In the 

Schrödinger system there are limitations that determine the degree of movement 

within a protein; only those amino acids within 20 Å of the docking site can move. 

Assumptions and oversimplification of a biological system can lead to false dockings 

and consequent errors between computational results. For this study, the scoring 

function in the Schrödinger Suite was implemented as the ER was used as a model in 

establishing Glide as the new docking methodology and calibrating and validating 

GlideScore and DockScores as scoring functions (Friesner et al., 2004; Halgren et al., 

2004; Friesner et al., 2006). Glide is designed to screen large libraries and complete 

near exhaustive searches of position and orientation of ligands to fit into a particular 

conformational space. Schrödinger has been shown to be a robust docking software 

capable of outperforming other docking software packages in both accuracy of ligand 

positioning and predicting calculated binding energies (Friesner et al., 2004; Halgren 

et al., 2004; Friesner et al., 2006). Validation of ER model docking was an important 

step prior to this ERa study as in silico results do not always agree with experimental 

results but should still follow the general trends of experimental results. For this 

study, calculated DockScores were validated using previously reported calculated 

DockScores from Graham (2012) and Dudley (2018) and showed good correlations 

between the studies (Fig 5.7). Further validation of the ligand docking system in this 

study demonstrated a high correlation between experimental ΔGbind and calculated 

DockScores. Validation of the RRD gave confidence in the system to predict the 

calculated DockScores of unknown ligands and its ability to be representative of the 

in vitro situation.  
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5.4.2. LBC Binding Studies 
The validation studies demonstrated that RRD can correctly place ligands into the 

ERa model with their correct orientation within the LBC, and the scoring function 

(DockScore) is able to calculate the experiential binding energy within the stated 

uncertainty of ±12.5 kJ/mol. These studies also showed a good correlation between 

calculated DockScores and experimental ΔGbind values from Graham’s extensive 

literature search (2012) (Table 5.3; Table S1). Although only RRD was carried out in 

these studies, it has previously been reported from studies from our group that RRD 

and induced fit docking (IFD) return strong correlations between calculated 

DockScores and experimental ΔGbind data, and the difference in correlation was not 

significant (Dudley, 2018). This validation of both docking protocols suggests that 

either docking protocol could be used to calculated ER DockScores. Docking of 

ligands resulted in no calculated DockScores for 4-OHT, Fulvestrant and silibinin, 

which is likely due to the “wedge” functional groups that these ligands exhibit (Fig 

5.11), thus preventing them binding to the rigid-receptor LBC (Brzozowski et al., 

1997). Docking of these ligands using induced fit docking (IFD) also resulted in no 

calculated DockScores, suggesting the conformational changes required to bind 

ligands such as 4-OHT and Fulvestrant, which are known ER antagonists, must be 

more significant than the few amino acids deep movement that IFD allows. The LBC 

of ERs is significantly greater than E2’s volume (245 Å3) allowing for a degree of 

promiscuity given that the basic requirements for bindings are met.  
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Figure 5.11 Structure of 4-OHT (top left), Fulvestrant (top right) and silibinin 

(bottom). 

 

Interestingly, E3 and a-zearalanol returned the top calculated DockScores for ERa. 

This was unexpected considering other ligands are known to be more potent, full ER 

agonists, such as EE2, DES, hexestrol, dienestrol and Mestilbol. E3 shares the same 

hydrogen bonding interactions in the LBC as E2 (Fig 5.12). It is not surprising that E3 

has the same HER of -11.30 kJ/mol as E2, since they have the same hydrophobic 

backbone. E3 is structurally like E2 with the addition of a hydroxyl group on the D 

ring, this hydroxyl group does not form additional hydrogen bonds in the LBC (Fig 

5.12). However, when structurally overlayed, E3 has an additional hydrogen bond 

between the hydroxyl group of the A ring and Arg394, which results in a better 

Hbond value compared to E2. a-Zearalanol is a non-steroidal estrogen, that forms 

similar interactions to E2, such as pi-pi interactions with Phe404 and a hydrogen bond 

triumvirate between Glu535, Arg394 and H2O. RRD-docking of a-zearalanol showed 

no hydrogen bond formation to His524 in any of the poses generated from ligand 

docking (Fig 5.12). This is surprising because a-zearalanol is 11.82 Å in length 

within the LBC environment and the distance between the hydrogen of the hydroxyl 

group of a-zearalanol and the nitrogen of His524 is 2.12 Å, which would allow for 

the formation of a hydrogen bond. However, the hydrogen bond angle between the 

oxygen-hydrogen of the hydroxyl group of a-zearalanol and the nitrogen of His524 is 

less than 120º, indicating only a weak hydrogen bond would occur, compared to 

strong hydrogen bonds, which overlap linearly at 180°. Furthermore, at these 
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distances, van der Waal interactions may contribute as much as electrostatics to the 

total bond energy. The main distinguishing features between a weak hydrogen bond 

and van der Waal interaction is the preference for alignment of the donor with the 

lone pair orbital of the acceptor. Interestingly, even though hydrogen bonds only 

occur at one end of the ligand binding cleft, within the binding cleft additional 

hydrogen bonding occurs between a-zearalanol and the backbone carbonyl groups of 

Leu346 and Leu387. Hydrogen bonds are key interactions required in the LBC of ERs 

to secure the ligand and position it for hydrophobic interactions, additional hydrogen 

bonds could affect the distribution and orientation of the ligand (Ye et al., 2018), 

which could explain why there is not a hydrogen bond between a-zearalanol and 

His524. The increase in hydrogen bonds may increase the ligand’s estrogenicity, 

which fits the trend discussed by Ye and colleagues (2018) who investigated the 

trends of ligand binding and biological activity of E2 mimics (Ye et al., 2018). Unlike 

E3, a-zearalanol has a hydrophilic functional group on the typical hydrophobic 

backbone, which reduces the ideal thermodynamic fit in the hydrophobic pocket of 

the LBC (Eldridge et al., 1997). It is clear from these in silico studies that the 

hydrophobic and hydrophilic character of a ligand provides a basis for understanding 

the binding and interactions within the LBC, which in turn determines the binding 

affinity with the receptor with consequent greater receptor-mediated biological 

response (i.e., estrogenicity).  
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Figure 5.12 LBC docking of E3 (top) and a-zearalanol (bottom). E3 shares the same 

hydrogen bonding interactions as E2 does in the LBC. Additional 

hydrogen bonds between a-zearalanol and amino acid residues in the 

LBC of ERa. Image produced in Maestro, Schrödinger Suite 2019 by 

the author. PDB: 1ERE. 

 

5.4.3. Structure Activity Relationship of E2 Mimics 
The concept of structure activity relationship was pioneered by Crum-Brown and 

Fraser in 1868; they studied the effects of chemical additions to alkaloids on their 

pharmacological activity and noted that certain groups (e.g., methyl) changed the 
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biological activity of the alkaloid (e.g., morphia and methylmorphine in their 

account). They extended their idea to the development of drugs with modified actions; 

they showed that a soluble salt of methylmorphine possessed narcotic, but not spinal 

stimulant activity and so might be more useful clinically than morphine (Crum-Brown 

and Fraser, 1868) – we now know methylmorphine as codeine (Figure 5.13). 

Structure activity relationship links the structural features of molecules to their 

biological activities (Rice-Evans et al., 1996). The concepts of structure activity 

relationships have not changed significantly since Crum-Brown and Fraser’s work; 

however, we now understand the intricacies of biological activity of specific 

molecular moieties and the importance of spatial arrangements vis à vis interactions 

with protein binding sites. The receptor-driven estrogenic response of ERs is a classic 

example of structure activity relationships, the specific interactions of ligands with 

ERs are determined by the spatial arrangement of the ligand’s functional groups and 

its ability to fit into the LBC of ERs. In silico modelling systems such as the 

Schrödinger platform integrate physics-based computational methods to accelerate 

drug discovery, prior to synthesis and biological activity assays. Even without in 

silico methods, it is still possible to predict the biological activity of molecules by key 

special arrangement of functional groups and by comparing the activities of closely 

related structures (Lin et al., 2015). 

 

 

Figure 5.13 Codeine (left) the prodrug of morphine (right). 

 

In RRD, once the co-crystalised ligand is removed (in this case E2 from the PDB file 

1ERE) the LBC cannot relax to its non-ligand state. While this has negative 

connotations in a mechanistic molecular modelling context, it can be used in 
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estrogenicity assessment since docking a test E2 mimic into the LBC of 1ERE rigid 

standardises the interaction possibilities for those predetermined by E2’s interactions 

with the LBC. When the strength of these interactions for different E2 mimics is 

measured using DockScores, the values do not vary between individual in silico 

assays. This means if DockScores are used as a surrogate for estrogenicity magnitude 

(e.g., EC50 values), inter-assessment variability is no longer an issue. This means that 

results are likely to be consistent between laboratories providing the protein structure 

(e.g., 1ERE), and protein and ligand preparation methodologies are standardised. As 

previously mentioned, RRD uses a rigid receptor and ligands must adopt a low energy 

conformation to fit the LBC. This makes the positions of key binding amino acids 

(Glu353, Arg394, Phe404, and His524) critical when determining binding ligand 

poses, but does not allow for the natural dynamics of the receptor. For this reason, it is 

possible that the true pose of a ligand is not produced during RRD. Even if the ligand 

poses do not reflect the authentic in vitro or vivo receptor interactions, the DockScore 

still represents a standardised measure of the LBC/E2 mimic interactions, which 

reflects the magnitude of the ligand’s likely estrogenicity.  
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5.5. Concluding Remarks 
The results presented in this chapter clearly show a relationship between calculated 

DockScores and in vitro MCF-7 and MELN data sets, supporting computational 

docking as a tool for predicting estrogenicity of compounds. The docking studies 

show the key intimate interactions of E2 mimics with ERa and the potential for 

alternative ligand-receptor interactions of some E2 mimics, which could explain the 

estrogenic responses of these E2 mimics. Docking is a rapid and simple to use tool for 

assessing binding modes of ligands to a target binding site. However, there are clear 

limitations on assessing the conformational changes using RRD and IFD. To 

overcome this, MD simulations can be used to give a deeper insight into 

conformational changes and ligand interactions with ERs that cannot be seen from 

simple docking studies. Further work to investigate the structural features of ERs 

were carried out using MD simulations to investigate the conformational changes of 

ERs when co-crystallised ligands were removed from three structurally different 

conformations – this work is discussed in Chapter Six. 
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Chapter Six – Molecular Dynamic Studies of the 

Estrogen Receptor a 
6.1. Introduction 
The concept of macromolecular perturbation theory was first described by Belleau (1964), 

which described the unique conformational adaptability of enzymes when interacting with 

various ligands, this idea was extended further to include receptors (Belleau, 1964). In the 

last 20-years, study has increased in the area of conformational ensemble as a necessity of 

protein function and enzyme functionality, recognising protein conformations pre-exist 

allowing ligands to select the most favoured conformation compared to the traditional “lock 

and key” mechanism (Boehr et al., 2009). As the crystal structures of LBDs of nuclear 

receptors became available, it became evident that large conformational changes must occur 

to allow for biological function of this class of proteins. More specifically, work by Gangloff 

and colleagues (2001) on the LBD of ERa proposed a dynamic model where H12 can occupy 

two more or less favourable states – later termed agonist and antagonist conformations 

(Gangloff et al., 2001). When discussing the change of position of H12, they termed it the 

“flip-flop” mechanism, where the equilibrium between the two states can be perturbed by 

point mutations, ligand binding or the presence of co-factors (Moras and Gronemeyer, 1998). 

Since the first structure of ERa was solved, more than 20 different 3D protein structures have 

been published. It is evident from comparison of these 3D structures that there are three 

different structural conformations. The major differences between the apo, agonist and 

antagonist conformations of the ERa LBD is the positions of H12 (Fig 6.1), which 

determines the specific activity, the length of H11 and H12, the separate of the N-terminal of 

H3 and the C-terminal of H11, and the position of the loop 11-12 (Fig 6.1) (Egner et al., 

2001). In the apo conformation, H12 is extended away from the receptor, and it is assumed 

that H12 is fully solvated in the monomer. In this crystal structure, H12 is interacting with 

another ER LBD monomer, which is an artifact of the crystal structure. Closer inspection of 

the structure reveals that H12 is extremely flexible and when compared to apo conformations 

of other nuclear receptors, it is evident that there is great resemblance (Bourguet et al., 1995; 

Renaud et al., 1995; Nolte et al., 1998; Tanenbaum et al., 1998), and it is likely that this PDB 

structure is the best available model of an apo conformation of ERa (Celik et al., 2007). The 
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agonist conformation is defined by H12 closing over the LBC, being held in place by the 

“mouse trap” (Renaud et al., 1995; Bourguet et al., 2000), further to this H12 is involved in 

the co-regulatory binding groove between H3, H4, and H12. In the antagonist conformation, 

H12 lies a part of the co-regulatory binding groove blocking it from co-regulatory proteins, 

hence the downstream dimerisation, and transcription activation. 

 

 

Figure 6.1 Backbone of apo (pink), agonist (orange), and antagonist (green) conformation 

of ERa LBD aligned by structure (H12 in blue). Images produced in Maestro, 

Schrödinger Suite 2019 by the author. PDB: 1A52 (apo), 1GWR (agonist) and 

3ERT (antagonist). 

 

6.1.1 Dynamic Equilibrium of the ERa LBD 

The crystal structure of the ERa LBD has been known since 1997 (Brzozowski et al., 1997). 

Up until the late 2000’s little effort had been made to investigate the conformational changes 

that occur in the ERa LBD. Simple analysis of the different static crystal structures shows the 

three different conformations – apo, agonist and antagonist. Further to this, there is little 

known about the sequence in which these events occur in the LBD. The sequence of 

conformational events that occur during ligand binding to transition to the transcriptionally 

active form was presented by Steinmetz and colleagues (2001) who proposed ligand binding 

to the apo conformation precedes any conformational changes of the receptor (Steinmetz et 

al., 2001). However, the reserve sequence of events was proposed by Norman and colleagues 

(2004) (Norman et al., 2004). They suggested that each receptor conformer can preferentially 

bind different ligands, meaning that the ligand binding is determined by the conformer of the 
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ER. A key factor not addressed in their publications is the binding of a co-regulatory protein 

and whether it happens after ligand binding and conformational changes. It wasn’t until 2007, 

when work by Celik and colleagues (2007) used MD simulations to form the basis of a more 

detailed picture of the dynamic equilibrium of the ERa LBD (Celik et al., 2007). They 

proposed two possible activation pathways (Fig 6.2), where initial association of a co-peptide 

to the apo conformation, induces the movement of H12 towards the agonist conformation 

without closing off the entrance to the LBC between H3 and H11. Interestingly, from their 

simulations, this results in surface exposure of the positively charged His524 – a key binding 

amino acid in the LBC. As H12 nears the agonist “mouse trap” conformation, they propose 

that His524 becomes deprotonated due to either solvent or neighbouring amino acid residue, 

Glu419. As E2 nears the LBC, a hydrogen bond forms between the hydroxyl group of the D 

ring to His524, which pulls His524 into the LBC, thereby closing off the entrance. The 

second possible mechanism involves the initial binding of E2 to the apo conformation first to 

the His524 followed by the conformational change of H12 moving towards the agonist 

conformation. They proposed that the later pathway, although stable through the time scale of 

their simulations may not be as likely due the protonation state of His524 when solvent 

exposed. 
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Figure 6.2 Two possible pathways for the activation of ERa LBD. The first pathway (top) 

is dependent on the binding of the co-peptide first to the apo conformation, the 

second pathway (bottom) is dependent on binding of E2 first the the apo 

conformation. There may be a common intermediate before reaching the final 

agonist conformation for either pathway. The question marks indicate a likely 

undiscovered conformation. (Reprinted with permission from (Celik et al., 
2007). Copyright 2021 American Chemical Society.) 

 

Recently, studies have described surprising plasticity of the LBC of ERs, which supports the 

link between distinct binding orientations and intermediate conformations between agonist 

and antagonist (Bruning et al., 2010; Srinivasan et al., 2013). The use of MD simulations has 

yielded further details of the dynamic properties of agonist and antagonist conformations 

(Celik et al., 2007; McGee et al., 2008; Sonoda et al., 2008; Burendahl et al., 2009; Liu and 

Mooney, 2011; Jereva et al., 2017). Studies have shown an array of dynamic properties of 

ERs including: an antagonist conformation from 4-OHT bound can dock 11 other antagonists 

(Liu and Mooney, 2011), possible mechanisms for ligand release from the LBC (Sonoda et 

al., 2008; Burendahl et al., 2009; Shen et al., 2009), demonstrating how the agonist-bound 

conformation is locked in placed via the binding of a co-activator protein to AF-2 (Celik et 

al., 2007), and proposed trajectory pathway between the apo and agonist-bound 

conformations (Celik et al., 2007). 
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This chapter aims to investigate the dynamic fluctuations of ER conformations by removing 

ligands from X-ray crystal structures before subjecting them to explicit MD simulations. 

Preliminary studies by McGee and colleagues (2008) showed two key conformations in the 

loop at either end of H12, however these MD simulations were only 42 ns (McGee et al., 

2008). Longer MD simulations (100 ns) were produced of two agonist conformations (PDB: 

1GWR, and 1X7R) and an antagonist conformation (PDB: 3ERT). Final MD simulations 

were conducted with only backbone restraints at 2 fs timestamps before all the restraints were 

eliminated with snapshots every 5 ps. Thereafter, the trajectories were produced allowing for 

large-scale changes in conformational structure to be analysed during the 100 ns simulations. 
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6.2. Experimental Approach 
The X-ray crystal structures selected for this study included structures with ligands that were 

examined in Chapters Three and Four (Table 6.1). Each of the ligands co-crystallised were 

removed from the receptor model before the simulations were ran. 

 

Table 6.1 X-ray crystal structure codes for ERa LBDs and structures of their ligands. 

These ligands were removed from receptors used in MD simulations in this 

thesis. 

PDB code 
Co-regulatory protein 

peptide 
Ligand Structure 

1GWR Yes E2 

 

3ERT No 4-OHT 

 

1X7R Yes Genistein 

 
 

The MD simulations for this study began with developing the geometric structures of the 

receptor. The receptor models were derived from PDB files for coordinates of ERa X-ray 

crystal structures with co-crystallised ligands (Table 6.1). Homology modelling is considered 

the most accurate computational structure predictor (Cavasotto and Phatak, 2009), for this 

reason Advanced Homology Building was used to ensure the secondary structure of the ER 

models were accurate using amino acid sequences and X-ray crystal structures of a related 

homologous protein to build a model. Following this, energy minimisation of the receptor 

models was carried out and the co-crystallised ligands were removed (see Section 2.2.8.1.). 

MD simulations (100 ns) were employed to study the conformational changes and protein 

unfolding resulting from the absence of ligand interactions. MD simulations require a system 

set-up where the ERs are solvated in a predefined box shape (Fig 6.3) and energy minimised, 

aligning the ER within the xyz vectors of the simulation. The solvated receptor models were 

subjected to explicit MD simulations and the trajectories analysed for stability throughout the 
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simulations. The output files of the MD simulations allowed for large-scale changes in 

agonist and antagonist structures to that of the apo conformations to be analysed. 

 

 

Figure 6.3 The tertiary structure of ERa with E2 removed from the LBC. The system was 

solvated in a Orthorhombic Box. Image produced in Maestro, Schrödinger Suite 

2019 by the author. PDB: 1GWR. 
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6.3. Results 
The MD simulations were carried out using Desmond Software integrated with the Maestro 

interface to elucidate the possible conformational changes resulting from agonist or 

antagonist interactions with ERa as a means of determining whether agonist and antagonists 

interact differently with the receptor. The changes in structure of the ERa systems were small 

in both agonist conformations of ERa; however, from the antagonist structure at the start of 

the simulations to the structure at the end of the 100 ns simulation, an apo form, there is clear 

conformational changes that resemble an agonist-like conformation. The conformational 

changes occur quickly (<20 ns) in the MD simulations, yet the time for the MD simulations 

to reach equilibrium takes much longer and occurs over the course of the 100 ns. 

 

6.3.1. Root Mean Squared Deviation Data from MD Simulations 
Analysis of the RMSD data was carried out to ensure the protein equilibrated during the MD 

simulation period. Each simulation was carried out for a period of 100 ns, using a recording 

interval of 5 ps and, consequently 20,000 frames were obtained from each simulation. The 

RMSD measures the average change in displacement of a selection of atoms present in each 

frame of the trajectory, in comparison to a reference frame; this is calculated for all frames of 

the trajectory. The protein backbone (Ca) RMSD represents the stability of the ERa over the 

100 ns MD simulations. To calculate the protein RMSD, all Ca frames were aligned with the 

reference frame backbone. Analysis of the RMSD indicates that all the simulations reached 

equilibrium during the 100 ns MD simulations, as the monomers reach a stable value at ~20-

40 ns (PDB: 1GWR; E2 removed), ~5-30 ns (PDB: 1X7R; genistein removed) and ~20-80 ns 

(PDB: 3ERT; 4-OHT removed) (Table 6.2; Fig 6.4), after which the Ca did not exceed 2-3 Å 

(Table 6.2; Appendix 2). In addition, all MD simulations converged and stabilised, thereby 

indicating that the MD simulation period of 100 ns was long enough for rigorous analysis 

(Table 6.2; Appendix 2). Over the course of the agonist MD simulations, the receptors 

showed minor deviations at a steady phase resulting in small fluctuations in the Ca 

conformation. The antagonist MD simulations showed greater deviations, which are likely a 

result of significant conformational changes in the ERa LBD (Fig 6.4). 
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Table 6.2 Analysis of RMSD data. 

Simulation 
number 

PDB code 
Compound 
removed 

Time to reach 
equilibrium (ns) Ca ΔRMSD (Å) 

1 1GWR E2 ~40 1.03 
2 1GWR E2 ~20 0.46 
3 1GWR E2 ~20 0.98 
4 3ERT 4-OHT ~60 1.30 
5 3ERT 4-OHT ~20 0.48 
6 3ERT 4-OHT ~80 1.16 
7 1X7R Genistein ~20 1.53 
8 1X7R Genistein ~30 1.36 
9 1X7R Genistein ~5 0.67 
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Figure 6.4 RMSD for Ca atoms throughout the MD simulations of ERa with E2 removed 

(top), 4-OHT removed (middle), and genistein removed (bottom). Data for the 

RSMDs for all MD simulations can be found in Appendix 2. 
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6.3.2. Root Mean Square Fluctuation Data from MD Simulations 
The root mean squared fluctuation (RMSF) is a useful tool for characterising local changes 

along protein chains. Peaks indicate areas of the protein that fluctuate the most during the 

simulation (Appendix 3). Generally, the most fluctuation is observed in the tails (N- and C-

termini), compared to secondary structures (e.g., a-helices and b-sheets) that are usually 

more rigid than the unstructured parts of the protein, thus fluctuate less than the loop regions. 

Analysis of the RMSF data identified areas of local change along the ERa protein chain 

(Appendix 3). Large fluctuations were observed in the loop regions of the receptor, which is 

not surprising as these regions have higher degrees of flexibility. In the antagonist 

conformation MD simulation, the conformational changes in the loops between H11-H12 and 

the tail of H12 were of particular interest due to their close proximity to the LBC and AF-2, 

and showed large fluctuations due to the removal of the ligand (4-OHT), which when bound 

protruded out of the LBC. Table 6.3 summarises the RMSF values of the loop regions across 

all MD simulations.
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Table 6.3 Analysis of RMSF data. 
   H1-H3 loop H3-H5 loop H9-10 loop H11-H12 loop 
Simulation 
number PDB code Compound 

removed 
Amino acid 

residue RMSF (Å) Amino acid 
residue RMSF (Å) Amino acid 

residue RMSF (Å) Amino acid 
residue RMSF (Å) 

1 1GWR E2 THR334 2.14 THR371 1.47 SER464 3.18 TYR537 1.68 
2 1GWR E2 GLU330 3.14 THR371 1.32 SER463 3.67 VAL533 2.52 
3 1GWR E2 ASP332 2.46 THR371 1.26 SER464 4.40 TYR537 1.85 
4 3ERT 4-OHT SER338 2.40 GLY366 1.44 SER464 2.81 VAL533 3.22 
5 3ERT 4-OHT THR334 3.13 THR371 0.99 LEU462 2.68 ASN532 3.30 
6 3ERT 4-OHT THR334 2.37 GLY366 0.94 SER464 2.58 SER533 3.90 
7 1X7R Genistein THR334 1.59 THR371 1.64 SER464 2.43 LYS531 1.38 
8 1X7R Genistein PRO336 2.91 THR371 1.44 SER464 2.19 LEU536 1.54 
9 1X7R Genistein THR334 2.79 THR371 1.14 SER464 2.36 LEU536 1.64 
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6.4. Discussion 

In this chapter, the three independent MD simulations were carried out for monomer 

ERa with removed ligands E2, genistein and 4-OHT using Desmond accelerated with 

GPUs, with each run lasting 100 ns. Simulations started from the X-ray crystal 

structures of ERa with E2, genistein and 4-OHT ligands bound. Structural overlays of 

the agonist and antagonist X-ray crystal structures highlights the conformational 

differences of the C-terminal H12 helix via the mouse trap mechanism (Fig 6.5). The 

two conformations can be defined by the distance between Glu523 and Arg548, in the 

agonist conformation the distance is short ~3 Å (PDB: 1GWR), whereas in the 

antagonist conformation the distance is long ~37 Å (PDB: 3ERT). The 

conformational change in H12 is facilitated by the large molecular wedge of 4-OHT 

preventing co-activator proteins binding to AF-2.  

 

 

Figure 6.5 The tertiary structure of ERa complexed with E2 (green) aligned with 

4-OHT (grey) in situ showing the spatial arrangements of helices. The 

position of H12 differs greatly in the 4-OHT crystal structures compared 

to the E2 crystal structure. The positioning of H12 is illustrated by the 

differences in spatial arrangements of Glu523 and Arg548 – 

distinguishing the agonist and antagonist conformations. Image 

produced in Maestro, Schrödinger Suite 2019 by the author. PDB: 

1GWR (ERa-E2) and 3ERT (ERa-4-OHT).  
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Of the 3 MD simulation types, the removal of 4-OHT from the LBC in the antagonist 

conformation showed the largest structural changes (Fig 6.6), where the MD 

simulations show the initial structure in blue, and the simulation progresses through 

purple, red, and orange to cream. The loop region between H11-H12 fluctuates due to 

the removal of 4-OHT where the ethylamine tail of the ligand would have protruded 

out. This is seen in the RMSF values of for amino acids in the H11-H12 loop region 

(e.g., simulation 4: VAL533 3.22 Å; simulation 5: ASN532 3.30 Å; Simulation 6: 

VAL533 3.90 Å). These MD simulations also show that van der Waals interactions 

with the complexed ligands are critical to hold the ER LBD in its agonist/antagonist 

conformation. In the 4-OHT removed simulations, the loop between H11-H12 lies at 

the entrance of the LBC, the lack of van der Waals interactions with 4-OHT allows 

for free movement of the H11-H12 loop (Fig 6.6). Once the MD simulations reach an 

equilibrium, the movement of the H11-H12 loop exposes the binding site for co-

activator proteins, which is found in the agonist conformation. The loop at the tail end 

of H12 also showed large conformational migration throughout the MD simulations. 

The 100 ns MD simulations show the migration of the tail loop towards H5 and H9, 

where it remained in this conformation due to interactions with the helix amino acid 

residues (Fig 6.6). The migration of the head and H11-H12 loop occurred within 40 

ns, previous studies have reported these movements within 20 ns (McGee et al., 

2008); however, work reported here has shown that by carrying out extended MD 

simulations that the calculated RMSD for the Ca atoms in the ERa models took 

longer than the whole MD simulation (42 ns) previously reported (i.e., 60 and 80 ns in 

some of the MD simulations presented in this chapter). These fluctuations in the loop 

regions were conserved between ligand simulations, suggesting that the dynamic 

differences are ligand driven because of the interactions that are formed between the 

ligand and receptor causing the receptor to adopt its specific conformation. 



 Molecular Dynamic Studies of Estrogen Receptor a  

 200 

 

Figure 6.6 Trajectory of ERa from MD simulations following the removal of 4-

OHT. The initial conformation (blue) and snapshots taken every 10 ns 

(time scale reference to colour: purple to red to orange to cream). The 

loop region between H11 and H12 fluctuates throughout the MD 

simulation due to the removal of 4-OHT and the absence of the 4-OHT’s 

ethylamine tail that would have protruded out of the LBC. 

 

In contrast, the MD simulations of E2, and genistein removed resulted in very little 

conformational change (Fig 6.7). The lack of significant conformational change in 

either agonist conformation was surprising. This suggests that the agonist 

conformation must lock the receptor in place facilitating the binding of co-activators 

to AF-2. In these simulations it was hypothesised that the lack of hydrogen bond 

formation between the removed agonist ligands and His524 would result in 

protonation of His524. As a result, protonation of His524 could cause significant 

conformational change thereby forming in an inactive conformation. Unfortunately 

the agonist simulations did not show any significant conformational change and the 

protonation state of His524 remained constant throughout the entirety of the 

simulations. In order for His524 to be protonated it would need to be solvent exposed. 

Tail H12 loop

H11-H12 loop
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Like the removed 4-OHT MD simulations, the small fluctuations in loop regions were 

conserved in the simulations. 

 

 

Figure 6.7 Trajectory of ERa from MD simulations following the removal of 

genistein (left) and E2 (right). The initial conformation (blue) and 

snapshots taken every 10 ns (time scale reference to colour: purple to 

red to orange to cream). There is little loop fluctuation in either MD 

simulation due to removal of smaller ligands lacking a tail goup that 

would protude from the LBC. 

 

Although it seems logical that the removal of ligands from the ERa LBC would result 

in transition state conformations between apo, agonist and antagonist conformations, 

it does not appear to be so simple. One would expect that removing of a ligand from 

the LBC would result in the relaxation of the LBC to the inactive conformation due to 

the lack of hydrogen bonds and van der Waal forces that hold the ligand and receptor 

in place. However, it is clear there is no easy conformational change between the 

active and inactive conformations on this time scale. Work by Ng (2016) although 

revealing significant fluctuation in 4-OHT bound ERa complexes and tight restrains 

in E2 bound ERa complexes, shows stable simulations of ligand bound complexes, 

supporting the hypothesis that transitions states do not occur between agonist- and 

antagonist-bound conformations. Furthermore, tracking of H12 E2 bound complexes 

via the distance between the centre of mass of Ile358 and Leu544, throughout the MD 

Tail of H12

Tail of H12

H11-H12 loop

H11-H12 loop
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simulations resulted in a mean distance of 6.3 Å. This is the same as the Ile358 to 

Leu544 separation in the crystal structure; thus further supporting this theory. To date, 

experimental evidence for the activation or inactivation of ERs has not been 

established with respect to the sequential steps involved in binding of E2, co-factors 

and co-activator proteins. To complicate this further, unresolved questions remain in 

terms of partial agonism and mixed SERM activity. The results presented in this 

chapter suggest that there is a change from antagonist to agonist conformations or 

vice versa, of the ERa LBD. Although the agonist MD simulations did not show 

significant conformational change compared to the large conformational fluctuations 

observed in the antagonist MD simulations, the agonist MD simulations gave insight 

into the tight intra- and inter-molecular interactions involved in binding of ligands. 

Continuing efforts to explore the dynamics of ER conformations could determine if 

stable intermediate conformations do in fact exist, and thus giving a deeper insight 

into the mechanism of ER ligand interactions and possibly opening them to be 

exploited as drug targets resulting in the disruption of the delicate conformational 

equilibrium of ERs.  
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6.5. Concluding Remarks 

The MD results show that the intimate interactions with complexed ligands are vital 

to hold the ERa LBD in their agonist/antagonist conformations. The results highlight 

that van der Waal forces between complexed ligands and the LBC of ERs have a 

more significant role in ligand binding than first thought. The hydrogen bonds formed 

at either end of the LBC have traditionally been the focal point of ligand binding in 

ERs. It is now apparent that the hydrophobic interactions are responsible for pulling 

the ligand in and locking it into place once it is secured by hydrogen bonds, each van 

der Waal interaction is of low energy, however the sum of these energies is significant 

(Ye et al., 2018). The MD simulations carried out in this chapter show movement in 

the antagonist conformation, which exposes the binding site for the co-activators that 

is found in the apo conformation. Although mechanistic pathways for activation have 

been hypothesised, there is still no clear pathway for activation of ER LBD. This 

study suggested a conformational change of the tail loop of H12 and the H11-H12 

loop, probing a possible open apo conformation of ER LBD. It also highlights the 

importance of carrying out MD simulations over significant time to see the migration 

of key components of ERa and for the receptor to reach equilibrium. Further 

understanding of the intimate chemical biology of the interactions in the LBC could 

aid drug design for treatment of, for example, ER+ve breast cancer. 
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Chapter Seven – Effects of E2 Mimic 

Exposure on SHBG expressed in MCF-7 Cells 
7.1 Introduction 

The SHBG was first described as a circulating plasma protein that is able to bind 

androgens and E2 (Rosenbaum et al., 1966; Pearlman et al., 1967; Murphy, 1968; 

Steeno et al., 1968). Since then it has become evident that the biological role of 

SHBG is considered broader; it regulates the concentrations of sex hormones, which 

supports the “free hormone hypothesis” – i.e., their biological activity of sex 

hormones is affected by their bioavailability (unbound state) rather than protein bound 

(inactive) concentration in plasma (Mendel, 1989). SHBG has a high affinity and 

specificity for androgens and E2, and their biologically active metabolites, which 

exert their biological effects by non-genomic mechanisms (Hammond, 2011). 

Renewed interest in the SHBG due to advances in our understanding of SHBG 

structure and function in the early 2000s resulted in the identification of the 

membrane bound SHBG-R. As a result of this heightened research activity, 

investigations into the role of SHBG as an active regulator of sex hormones at a 

cellular level has been explored identifying an intimate relationship between SHBG, 

SHBG-R and their ability to act as a feedback mechanism in the presence of sex 

hormones (Fortunati, 1999). This, along with the high binding affinity, has made the 

SHBG and its receptor a focus for receptor-mediated activity of some cancers (e.g., 

breast). 

 

7.1.1. SHBG Structure 
The SHBG is a homodimer with a molecular weight of 90-100,000 Da (Suzuki and 

Sinohara, 1984). Each monomer contains clear functional domains that have been 

identified, such as the ligand binding site and dimerisation site both of which are 

located at the N-terminal region (Bocchinfuso and Hammond, 1994; Hildebrand et al., 

1995). Also located within the N-terminal region is the receptor binding domain, 

responsible for recognition of cell surface SHBG-R on target cells (Khan et al., 1990). 

Interestingly, the C-terminal region of SHBG does not appear to have any clear 
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functional domains involved in ligand or receptor binding; however, it is likely that it 

is responsible for stabilisation of the overall dimeric protein structure (Hildebrand et 

al., 1995). Interestingly, further SHBG crystal structure studies allowed improved 

visualisation of the ligand-binding site and dimerisation site leading to the discovery 

of a zinc-binding site pointing to characteristics that influence structure and function 

of SHBG. The SHBG is responsible for transporting steroids around the body 

therefore it can be assumed steroids compete for a single binding site on the SHBG 

monomer and likely bind to the protein in the same orientation. Work by 

Grishkovskaya and colleagues (2002) investigated this hypothesis by producing 

several crystal structures containing a variety of ligands and confirmed the binding of 

C19 steroids (androstanediols), levonorgestrel (a synthetic progestins), and E2 in the 

SHBG ligand binding site, which bind in different orientations and are determined by 

the ligand-specific changes that occur in the SHBG tertiary structure (Fig 7.1) 

(Grishkovskaya et al., 2002). Both C19 steroids and levonorgestrel in the study bound 

to SHBG in the same orientation as dihydrotestosterone (DHT). However, unlike 

DHT, which forms a single hydrogen bond to Ser42, the C3 hydroxyls of 

androstanediols can act as hydrogen bond acceptors or donors with Ser42. As a result, 

additional hydrogen bonds can form between the ligands and amino acid residues in 

the binding site. The hydrogen bond network with the 17b-hydroxyl of C19 steroids 

and levonorgestrel is identical to the for DHT. In contrast, E2 binds in the opposite 

orientation (Fig 7.1), the 17b-hydroxyl forms a hydrogen bond with Ser42 and Val105 

at one end and the C3 hydroxyl forms a hydrogen bond network at the other end with 

Asp65, Asn82, and Lys134. Albeit unusual, the authors postulated that the positioning 

of the oxygen atoms at both ends of the ligands plays a key role in determining ligand 

binding orientations. They highlighted that even though hydrophobic interactions play 

a key role in ligand binding they are usually not directional, with residues lining the 

binding site being able to adjust to the different hydrophobic elements of the different 

ligands. However, hydrogen bonds are highly directional, with the strength of 

hydrogen bonds being greatly dependent on the angle and length of the bond. 

Therefore, it is reasonable to assume the orientation of ligands within the binding site 

of SHBG is determined by the hydrogen bond network formation between the C3 and 

C17 functional groups, and the hydrophobic interactions are able to adjust 
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appropriately, in essence stabilising the ligand in the binding site (Grishkovskaya et 

al., 2002).  
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Figure 7.1 Amino acid residue interactions of SHBG with DHT complexed (top), 

5a-androstane-3b,17b-diol (androstanediol) (middle) and E2 (bottom). 

Image produced in Maestro, Schrödinger Suite 2019 by the author. PDB: 

1D2S (SHBG-DHT), 1LHO (SHBG-5a-androstane-3b,17b-diol), and 

1LHU (SHBG-E2).  
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The different orientation of ligands within the bind-site causes obvious 

conformational changes within the protein structure, affecting the overall specificity 

of SHBG (Fig 7.2). Binding of E2 in comparison to 5a-androstane-3b,17b-diol (C19 

steroid) results in amino acid residues being pushed away from the ligand binding site 

due to C18 methyl group displacing Leu171, Asp172, and Lys173 by 1.03, 1.30, and 

0.97 Å, respectively (Grishkovskaya et al., 2002). In contrast, E2 binding also results 

in inwards movement of residues towards the ligand binding site and may be 

responsible for stabilisation of the loop that covers the ligand binding site. Like ERs, 

conformational changes can have implications downstream of ligand binding. The 

conformational changes observed could provide the basis for ligand-specific 

interactions of SHBG with membrane bound proteins such as SHBG-R. 

 

 

Figure 7.2 Amino acid residue interactions of SHBG complexed with E2 (green) 

aligned with 5a-androstane-3b,17b-diol (grey) in situ showing the 

spatial arrangement of amino acids in the binding site. Amino acid 

residue interactions are also shown (hydrogen bonds – yellow dash 

lines) are shown. Image produced in Maestro, Schrödinger Suite 2019 

by the author. PDB: 1LHU (SHBG-E2) and 1LHO (SHBG-5a-

androstane-3b,17b-diol).  
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7.1.2. SHBG and Breast Cancer 
The high affinity of SHBG for E2 and the E2-dependence of some breast cancers has 

made the SHBG’s role in the pathogenesis of breast cancer a point of significant 

interest. As previously mentioned (see Section 1.4), SHBG is able to inhibit the 

upregulation of ER-mediated genes via SHBG-R, intracellular cAMP concentrations 

and the PKA pathway (Fig 1.18). This highlights the ability of SHBG to act beyond 

its biological function as a sex hormone binding protein so illustrating its broader, 

very important, biological role (Avvakumov et al., 2010; Rosner et al., 2010). 

Previous studies investigating the link between SHBG and breast cancer in women 

have been conflicting. Studies have consistently shown an inverse association 

between SHBG concentrations and post-menopausal breast cancer (Key et al., 2002; 

He et al., 2015). In contrast, associations between SHBG concentration and tumour 

hormone receptor status have been inconsistent (Missmer et al., 2004; Sieri et al., 

2009; Baglietto et al., 2010; James et al., 2011), and in pre-menopausal women there 

is no significant association between SHBG concentrations and pre-menopausal 

breast cancer (Kaaks et al., 2005; Key et al., 2013). 

A more recent study investigating SHBG and breast cancer risk used a Mendelian 

randomisation study that further supported previously published literature that 

demonstrated an inverse association between SHBG concentrations and the risk of 

ER+ve breast cancer, and also suggested a potential novel positive association with 

ER-ve breast cancer. This association warrants; however, further investigation given 

prior probability on this showing a low association and could indicate that there is a 

complex relationship between the role of SHBG in breast cancer development (Dimou 

et al., 2019). Dimou and colleagues study differed from those previously published as 

it used a Mendelian randomisation analysis compared to observational analysis. The 

associations between genetically determined circulating SHBG concentrations were 

determined to make casual inferences with risk of breast cancer and risk based on ER 

status of the tumour (Dimou et al., 2019). Interestingly, further studies investigating 

the associations of SHBG with mortality revealed increased concentrations of SHBG 

in post-menopausal breast cancer survivors decreases their risk of breast and of all-

cause cancer-specific mortality (Duggan et al., 2016). These high concentrations of 

SHBG are likely associated with the role of SHBG and its ability to regulate the 

bioavailability of E2 at target cells.  
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Like any protein, local expression must be very efficiently and rapidly regulated, 

especially if it participates in rapid response pathways. The effects of locally 

expressed SHBG could alter intracellular steroid signalling pathways, acting in 

autocrine or paracrine signalling via the SHBG-R or participate in crosstalk between 

epithelial (predominantly express SHBG) and stromal (predominantly express SHBG-

R) cells (Kahn et al., 2002). Furthermore, expression of SHBG could aid in predicting 

high-risk groups for hormone-dependent cancers and guide treatment direction for 

post-menopausal breast cancer (Park et al., 2020). It is clear from the literature the 

role of SHBG in breast cancer development and prognosis may be complex. It is 

likely that SHBG may exert differential effects depending on the ER and SHBG-R 

statuses of tumours (Fortunati, 1999). It is also important to consider the control of 

sex hormones is by SHBG binding and inactivation, so reducing free and active 

concentrations. 

 

7.1.3. SHBG and E2 Mimics 
Unlike the interactions with ERs, interactions of E2 mimics with SHBG has not been 

extensively reported. SHBG is a plasma transport system, and binding of E2 mimics 

could in theory influence the bioavailability and metabolism of these compounds and 

interfere with E2 bioavailability (depending on their RBAs) (Hammond, 2011). 

Furthermore, displacement of E2 from SHBG could cause disruption to the androgen-

estrogen balance; however, it does not necessarily mean that natural SHBG ligands 

can re-associate with the carrier protein. Using radiolabelled displacement binding 

assays Déchaud and colleagues showed E2 mimics were able to act as SHBG ligands 

(Déchaud et al., 1999). They also showed that E2 mimics dose dependently displaced 

radioactive ligands ([3H]-testosterone and [3H]-E2) from SHBG binding sites. 

Additionally, they showed that E2 mimics can bind to SHBG and do not prevent re-

association of natural SHBG ligands, nor do they alter the binding sites like equol (a 

naturally occurring phytoestrogen) that studies have previously shown. The SHBG 

binding specificities of E2 mimics and other endocrine disrupting chemicals, still 

remain uncertain with some alkylphenols such as 4-nonylphenol, 4-tertoctylphenol 

and BPA, but the not alkyl phthalates, dibutyl phthalate or benzyl phthalate binding to 

SHBG (Déchaud et al., 1999). Structurally, the SHBG binding site lie at the interface 

between the two SHBG monomer subunits, the docking of the two monomers forms 



 Effects of E2 Mimic Exposure on SHBG expressed in MCF-7 Cells  

 211 

an asymmetrical binding site for sex hormones. As a result, binding of E2 only occurs 

on one of the faces of the dimer where the structural motif recognises the flat phenolic 

A ring of E2. In contrast, the saturated A ring of dihydrotestosterone is recognised on 

both faces, allowing for possible promiscuity of binding to SHBG (Sui et al., 1996). 

The concentration of SHBG in blood is influenced by steroid hormones, peptide 

hormones (e.g., insulin), and dietary factors (Elkik et al., 1982; Adlercreutz et al., 

1987; Lee et al., 1987; Plymate et al., 1988; Plymate et al., 1990; Mousavi and 

Adlercreutz, 1993; Loukovaara et al., 1995). Later studies have shown that dietary 

isoflavones and lignans increase synthesis and secretion of SHBG in HepG2 

hepatoblastoma cells (early stage liver cancer cells) (Mousavi and Adlercreutz, 1993; 

Loukovaara et al., 1995). However, studies in humans who consume vegetarian and 

soy-based diets reveal that consumption of phytoestrogens does not cause an increase 

in SHBG concentrations (Adlercreutz et al., 1987; Shultz et al., 1991; Phipps et al., 

1993; Baird et al., 1995; Murkies et al., 1995). Interestingly, no work has been 

reported on the influence E2 mimics have on SHBG synthesis in breast cancers cells. 

Therefore, the aim of this chapter is to investigate the effect of E2 mimics on SHBG 

produced by MCF-7 cells using a one-step paired monoclonal ELISA method for 

SHBG quantification. Interactions of E2 mimics with SHBG have been previously 

investigated; however, the effect of E2 mimics on SHBG synthesis in breast cancer 

cells may affect the concentrations of SHBG and in turn the regulation of E2 

signalling via the SHBG-R and target SHBBG-mediated responses. 

 

7.1.4. The SHBG ELISA 
ELISA is an immunological assay that is commonly used to detect and quantify 

antibodies, hormones, proteins, and glycoproteins in biological samples. In an ELISA, 

antibodies are used to detect secreted products (Fig. 7.3) (Crowther, 2001). In this 

chapter a sandwich ELISA method is used. The first step is to immobilise antigens 

onto a solid support (i.e., bottom of a microwell plate) through specific capture 

antibodies (Fig 7.3; 1). Samples are then applied, which bind to the capture antibody 

already coating the plate (Fig 7.3; 2). Addition of primary detection antibodies form 

complexes with the antigen (Fig 7.3; 3), if the primary antibody is conjugated with an 

enzyme (Fig 7.3; 4) the activity of the conjugated enzyme can be used to quantify the 

antigen. Finally, a substrate, usually chromogenic, is added to the plate resulting in a 
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coloured product, which the absorbance can be measured using a plate reader (Fig 

7.3; 5 and 6). Determination of an antigen concentration requires production of a 

standard curve using antigens of known concentrations and can be determined using 

the absorbance. Alternative methods include direct, indirect, and competitive ELSAs, 

the type of method used depends on the target that is being investigated. 

 

 

Figure 7.3 Schematic repersentation of a sandwhich ELISA. Illustrated is a 

sandwich ELISA, showing the steps involved in the assay (numbered 1-

6). The capture antibody is attached to the substrate (e.g., well plate) (1), 

it then binds the test antigen (e.g., SHBG) (2), a primary antibody can 

then bind to the antigen (3), and a conjugate enzyme (4) iniates the 

chemical reaction of a chromogenic substrate (5) the subsequenctly will 

result in a product (6) with an absorbance, which can be mesasured using 

a plate reader. 

 

An ELISA for SHBG is commonly used in clinical practice to determine the 

concentrations of testosterone, dihydrotestosterone, E2 and other androgens in the 

body and is referred to as the SHBG test. Sex hormone concentrations can also be 

measured in a total sex hormone test however, these tests cannot distinguish between 

bound and unbound (free) sex hormones. Often total sex hormone tests can provide 

practitioners with enough information for a diagnosis; however, in some cases, a 

SHBG test is carried out because it can provide important information about the 

bound versus unbound concentrations of sex hormone present and while total sex 

hormone levels may appear healthy, low, or high concentrations may lead to improper 
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diagnosis and incorrect treatment plans. Low SHBG concentrations means there is 

less SHBG to bind sex hormones, thus leaving more free sex hormone. In contrast, 

high concentrations of SHBG can mean too much sex hormones are bound to the 

carrier protein and there is little unbound circulating, thus being an ultimate control. 

Low SHBG concentrations can be a sign of hypothyroidism (Hampl et al., 2003), type 

two diabetes (Le et al., 2012), Cushing’s syndrome (Dupuis et al., 2007), polycystic 

ovarian syndrome (Deswal et al., 2018), and prostate cancer (Sawada et al., 2010). 

High SHBG concentrations can be a sign of liver disease (Wang et al., 2016), 

hyperthyroidism (Hampl et al., 2003), hypogonadism (Carnegie, 2004), pregnancy 

(Kerlan et al., 1994), and eating disorders (Tomova et al., 1995). Interestingly, there 

appears to be some kind of feedback mechanism from sex hormone concentrations to 

the production of SHBG, which could possibly be influenced by the presence of E2 

mimics and then overly negatively affect the activity of E2. The aim of this chapter is 

to investigate this idea using MCF-7 cells exposed to E2 mimics and see if it 

influences the production of SHBG using a one-step paired monoclonal SHBG 

ELISA.  
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7.2. Experimental Approach 

MCF-7 cells were used as a model system to investigate the effect E2 and E2 mimics 

have on the production of SHBG. MCF-7 cells were kindly gifted by Dr John Lewis, 

Steroid and Immunobiochemistry Laboratory, Canterbury Health Laboratories, 

Christchurch, New Zealand and originated from ATCC, Virginia, USA. These cells 

are ER+ve and proliferate in response to E2 as described earlier (see Section 3.1.2.). 

Cultured MCF-7 cells were exposed to E2 and E2 mimics, the SHBG concentrations 

were measured in cell lysate following five days of incubation using a sandwich 

SHBG ELISA. 

 

7.2.1. MCF-7 Exposure Experiments 
The MCF-7 exposure experiments were performed on E2 and selected E2 mimics to 

evaluate the effects of E2 and E2 mimics on the synthesis of SHBG in MCF-7 

cells.E2 and E2 mimics (Table 7.1) were selected based on previous published 

studies, which showed a high likelihood of women being exposed during their day-to-

day lives. The concentrations for these studies were based on the effects observed in 

my previous MCF-7 exposure studies (see Section 3.3.2.; Table 3.2); exposures were 

carried out in triplicate. Cells were seeded into sterile 75cm2 culture flasks and 

exposed for five days based on this being the time taken for the cells to reach the 

middle of log phase without E2 or E2 mimics present (Fig 3.5) as described earlier 

(see Section 2.2.5.1.). Cells were lysed and the SHBG was measured using a 

sandwich SHBG ELISA, which were carried out at the Canterbury Health 

Laboratories, Christchurch, New Zealand as described earlier (Section 2.2.5.2.).  
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Table 7.1 Estrogens and E2 mimics selected for study; their molecular structures 

and exposure concentrations in MCF-7 E2 exposure concentrations. 

Estrogens/E2 Mimic Concentration (M) Structure 

E2 1.00 × 10-12 

 

EE2 1.00 × 10-12 

 

Genistein 1.00 × 10-9 

 

BPA 1.00 × 10-8 
 

Butylparaben 5.62 × 10-6 
 

 

7.2.2. SHBG ELISA 
Sandwich SHBG ELISA were carried out at the Canterbury Health Laboratories, 

Christchurch, New Zealand as described earlier (Section 2.2.5.2.). It is an assay based 

on the use of two paired monoclonal antibodies, thus it is a direct non-competitive 

ELISA. One monoclonal antibody was coated onto the microwell plates (96 wells); 

the plates were then blocked with assay buffer, thus passively absorbing to any 

binding surface not coated with the antibody. The assay buffer was removed and the 

second SHBG monoclonal antibody together with antimouse IgG1-HRP were added 

followed by either SHBG standards, in house controls (1-4) or the exposed MCF-7 

cell lysate samples. The plates were incubated for 30 min at room temperature, then 

washed and the substrate added (see Section 2.2.5.2.6.). The chromogenic reaction 

was stopped with 1M HCl and the absorbance read at 450 nm. The SHBG 

concentration is directly proportional to the absorbance. 
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7.3. Results 

The effects of E2 and E2 mimics on SHBG synthesised by MCF-7 cells were 

measured using a sandwich SHBG ELISA (Fig 7.4). The signal of some of the cell 

control, vehicle control, BPA, genistein, BPA with Fulvestrant, and genistein with 

Fulvestrant samples were out of the signal range of the standards, therefore 

extrapolation of the values was not possible; this is further discussed further below. It 

was decided not to pursue repetition of these results as it is likely the SHBG 

concentrations in the samples falls below the limit of detection of this ELISA. 

 

 

Figure 7.4 Synthesis of SHBG in MCF-7 cells following exposure to E2 and 

selected E2 mimics. In house SHBG controls (1-4) were also analysed. 
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7.4. Discussion 

7.4.1. Limitations and Future Work 
In this chapter the synthesis of SHBG in MCF-7 cells after their exposure to E2 and 

selected E2 mimics was investigated using a one-step ELISA for SHBG. The ELISA 

analysis of the cell lysate found that there was no significant change in synthesis of 

SHBG in MCF-7 cells exposed to E2 or E2 mimics. However, as the concentrations in 

the cell lysate of SHBG were extremely low, it is clear that the ELISA analysis used 

in this chapter did not consistently detect SHBG above 12.5 nmol/L (Lewis et al., 

1999). The methodology was not designed to be applied to this experimental work 

and has not been validated, therefore there are possibilities that this assay was not 

detecting SHBG in the cell lysate samples. Although unlikely, these results are a 

preliminary finding so it cannot be excluded as a possible theory for the results 

presented in this chapter. 

There are several limitations in the research described in this chapter. Firstly, the 

sensitivity of this ELISA analysis is 12.5 nmol/L (Lewis et al., 1999), compared to 

commercially available SHBG ELISA kits, which have sensitivities in the pmol/L 

such as the Invitrogen human SHBG ELISA kit from Thermofisher, which has a 

sensitivity of 1.229 pmol/L; however, these commercially available kits are costly. 

For the purpose of this pilot study into the effects of E2 and E2 mimics on SHBG 

synthesis in MCF-7 cells the SHBG ELISA developed in the Canterbury Health 

Laboratories was an appropriate tool as this ELISA correlates well with an existing 2-

day SHBG ELISA and has excellent performance characteristics (e.g., choice of 

antibodies). The ELISA analysis used in this chapter is routinely used in the 

Canterbury Health Laboratories to determine SHBG concentrations in plasma samples 

taken from patients. As previously mentioned SHBG can bind testosterone, 

dihydrotestosterone, and E2 amongst other androgens and estrogens. Evaluation of 

SHBG allows for clinical interpretation into a number of endocrine disrupting 

disorders. Normal SHBG concentrations range from 10-57 nmol/L in males and 18-

144 nmol/L in females, therefore the sensitivity of this ELISA is appropriate for its 

application. Future work would ideally use a commercially available SHBG ELISA 

kit to evaluate the effect of E2 and E2 mimics on SHBG synthesis in MCF-7 cells. 
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For the work carried out in this chapter, the ELISA analysis was used to measure the 

concentrations of SHBG in cell lysate samples. The first experimental worked carried 

out used a cell lysis buffer that did not contain protease inhibitors and it was 

hypothesised this could explain the lack of SHBG production picked up by the 

ELISA. Protease inhibitors are key in protecting proteins from degradation by 

endogenous proteases released during cell lysis and protein extraction. Further work 

introduced a protease inhibitor cocktail into the cell lysate buffer; however, there was 

no change in the ELISA response. Although the use of the ELISA analysis discussed 

in this chapter is not validated at the Canterbury Health Laboratories, ELISA analyses 

are commonly used in research facilities and are carried out on various sample types 

such as saliva, serum, urine, milk, plasma, cell culture supernatant, tissue extracts, and 

cell extracts. The work reported in this chapter using the SHBG ELISA analysis to 

measure the concentration of SHBG produced by MCF-7 cells exposed to E2 or E2 

mimics is the first of its kind. Although it cannot be concluded that no change in 

SHBG expression occurred due to the sensitivity limit, this work provides an 

interesting talking point on the potential effects of E2 mimics compared to well-

known published effects such as E2-dependent proliferation of breast cancer cells. 

Future work could use gene expression analysis in conjunction with protein 

expression analysis to investigate the effects of E2 mimics on gene expression of 

SHBG in cultured MCF-7 cells utilising analysis systems such as Nanostring® 

nCounter® technology.  

An alternative approach to the work carried out in this chapter could assess the effects 

E2 mimics have on SHBG synthesised in liver cells as SHBG is predominantly 

produced in the liver. SHBG synthesis is controlled by the fine balance of hormonal 

influences therefore it is reasonable to hypothesis that exposure to E2 mimics could 

influence SHBG production in the liver as well. Additionally, utilising 

immunohistochemistry to selectively immunostaining cell lines would help to 

selectively identify appropriate cell lines to carry out exposure experiments on as it 

exploits antibody binding specificity to antigens in samples. Although the results from 

the studies carried out in this chapter did not show a definitive change in SHBG 

synthesis in MCF-7 cells, it did provide a pilot study on possible alternative effects of 

E2 mimic exposure in an in vitro system. 
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7.5. Concluding Remarks 

The results from this chapter provide the first look into the exposure of E2 and E2 

mimics in MCF-7 cells and their effects on SHGB concentrations. Even though 

SHGB is expressed in MCF-7 cells the levels at which it is expressed are too low to 

be picked up in this ELISA analysis, which has a sensitivity limit of 12.5 nmol/L. 

These findings albeit show no significant effects of E2 and E2 mimics on the 

expression of SHGB however, they provide a good talking point for looking beyond 

the traditional effects of exposure to E2 mimics on the human body. Further work 

would look to fine tune the work carried out in this chapter by using alternative cell 

lines, SHBG ELISA with lower sensitivity and immunohistochemistry, which would 

assess the localisation of SHGB in cell lines to determine their suitability for these 

exposure experiments. 
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Chapter Eight – Overall Discussion 
8.1. Introduction 

The first observations of E2 mimics having biological effects were first observed in the 

1940’s (Bennetts et al., 1946), over the next 50 years numerous cases have been reported in 

humans and wildlife such as decline in sperm density (Carlsen et al., 1992), abnormalities in 

gonad development in juvenile alligators (Guillette et al., 1994), the increased synthesis of 

vitellogenin (Sumpter and Jobling, 1995), the feminisation of male fish (Matthiessen and 

Sumpter, 1998) and hypospadias (Wang and Baskin, 2008), and decreasing age of puberty 

on-set (Pierce and Hardy, 2012), to name a few. In parallel to these observations the 

discovery of E2 mimics in the late 1990’s was reported and pioneered our furthering 

understanding of the complex interactions with ERs. Today, vast amounts of money have 

been spent on research to develop assays such as reporter gene assays, competitive binding 

assays, cell proliferation assays, immature mouse uterine weight bioassays and yeast-based 

gene assays to accurately evaluate the risk of suspected E2 mimics. Beyond in vivo- and in 

vitro-based assays, work has continued to utilise and develop alternative methods for 

investigating the structure activity relationship potential of E2 mimics involving in silico 

approaches. In a world where we want to minimise waste and encourage the principles of 

humane experimental techniques, the development and implementation of methods are 

encouraged by some governments to promote an understanding and application of the 3Rs 

(replacement, reduction, and refinement) (Flecknell, 2002; Clark, 2018). 

The toxicological field continues to make sense of the complexity of E2 mimics and their 

significance on the human population which has far reach beyond those that were initially 

conceived. E2 plays a critical role as a female sex hormone, but it is also responsible in 

growth and developmental process (Stocco, 2012). Like E2, E2 mimics influences on humans 

extended beyond interfering with female physiology and biochemistry and into the 

mechanisms and pathways involved in growth and development. Long-term exposure to E2 

mimics poses a significant risk for human growth and developmental-based diseases such as 

breast cancer, which is one of the underlying themes of this thesis. 

Although it was not a key focus of this thesis, it is important to consider human exposure to 

E2 mimics. Humans are continually exposed to an array of E2 mimics, and this is further 

complicated by the varying cocktail of E2 mimics we are exposed to via our daily lives. E2 
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mimics interact with ERs and disrupt biochemical and physiological mechanisms (Fig. 3.4). 

Chapters Three and Four demonstrate the estrogenic activity of estrogens and some common 

E2 mimics to which humans might be exposed to daily including natural isoflavones (e.g., 

genistein, daidzein, equol, formononetin, biochanin A, curcumin), exogenous estrogens found 

in some food such as meat and dairy (e.g., E2, E1, E3), synthetic compounds in personal care 

products (e.g., parabens in shampoo, conditioner, and cosmetics), and medications (e.g., EE2 

in contraceptive pills and HRT). When you consider the activity of E2 mimic cocktails it is 

believed to be at least additive; however, in vitro studies suggest that the simple concept of 

additivity does not account for all exposure scenarios (Kortenkamp, 2007; Dudley, 2018). E2 

mimics are everywhere, and when you consider the “natural” circulating E2 concentrations 

which vary significantly during a woman’s menstrual cycle or her stage of development (i.e., 

pre-, or post-menopausal) the implications of this exposure could have serious health 

implications. This makes it hard to predict and assess the effects of E2 mimics exposure and 

poses a difficult and daunting prospective. Efforts to understand how we can assess the risk 

of E2 mimic cocktails has shown the additive approach is not a “one size fits all”, and there is 

an underlying complexity to E2 mimic cocktails that further research would help the unravel. 

Concerns over E2 mimics interfering with the endocrine system has grown over the past two 

decades and the debate has moved from the scientific field to the public arena. The 

prevalence of E2 mimics and other EDCs led governments and scientific bodies to act, 

documenting and reporting the knowledge of leading toxicologists, endocrinologist, and 

public health professional from around the world and their recommendations on the direction 

research should go to address the issue. The efforts are well-documented in various review 

papers and reports (Marty et al., 2011), of particular mention the WHO State of the Science 

of Endocrine Disrupting Chemicals 2012 (Bergman et al., 2013). These reports sparked 

government concern over the lasting effects of these compounds and as a result funding was 

pooled into supporting research on E2 mimics and other EDCs. Research in this field ranges 

widely from food and pharmaceutical safety to screening of large libraries of compounds by 

in vivo, in vitro or in silico methods for biological activity potential. As a result, databased 

have been established such as the DSSTox NCTRER which provides experimental ER 

binding results that are used to help develop and improve quantitative-SAR models to help 

predict ER binding affinities. The DSSTox NCTER has helped toxicologists understand the 

structural requirements for ER binding of compounds. Today, efforts continue to understand 

the implications of E2 mimics and their lasting effects on humans and the environment; 
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however, the specific or perhaps physiological effects of E2 mimics remains unresolved with 

some compounds exhibiting effects that can be beneficial or adverse, and exhibiting different 

effects in different tissues (Marty et al., 2011). 

In this chapter I will try to bring together the thinking and current perspectives of the 

structural features of ERs and the intimate interactions with E2 mimics, with a view to 

elucidate the bigger picture of how we approach assessing and predicting unknown 

estrogenic compounds from a risk management perspective. 
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8.2. Intimate Relationship between E2 Mimics and ERs 

Significant amounts of research have contributed to our understanding of ER function, 

showing an extremely intimate picture between ER and its ligands, which has underpinned 

the design of ER-mediated drugs (e.g., breast cancer treatments, birth control pills, and 

hormone replacement therapy). The first evidence of ERs was reported by Elwood V. Jensen 

(1920-2012) in the late 1950s and early 1960s (Jensen and Jacobson, 1960; Jensen et al., 

2010), however it would take 30 years until the gene sequence of the first nuclear ER to be 

cloned (Walter et al., 1985; Green et al., 1986a; Greene et al., 1986), and another 10 years to 

identify a second ER (later known as) and for the orphan GR30 receptor (later known as 

GPER) to be cloned (Bonini et al., 1997; Carmeci et al., 1997; Feng and Gregor, 1997; 

Kvingedal and Smeland, 1997). Initially, ERs were described as standalone transcription 

factors that acted only through genomic pathways to determine ER function; however, over 

the years it has become clear that ERs are involved in tightly regulated genomic and non-

genomic pathways and that their activity is dependent on the coordination of co-regulatory 

proteins that are responsible for a variety of ER functions (Zhou and Slingerland, 2014). 

The functions of the LBD of ERs far exceeds simply binding ligands to the LBC. Binding of 

ligands to the LBC results in conformational changes in the receptor which in turn leads to 

rearrangement of the LBD. Within the LBD, the LBC and AF-2 are within proximity of each 

other, sharing loops and helices (e.g., H11 and H12), as a result, ligand binding causes a 

ripple effect resulting in AF-2 conformational changes, giving it ability to bind co-regulatory 

proteins. This interesting relationship between the bound ligand, the LBC and AF-2 may 

explain how ligands facilitate differential estrogenic responses. This is highlighted in Figures 

3.8 (ERa-OBH) and 6.5 (ERa-4-OHT), which show that binding of ligands with large 

molecular wedges can initiate significant LBD conformational changes causing these rippling 

effects to AF-2. Interestingly, these ligands affect AF-2 in different ways, binding of OBH 

causes H11 to rotate 90° due to a shift in the loop region between H11 and H12, thus 

affecting the spatial arrangement of AF-2. In contrast, binding of 4-OHT results in a dramatic 

shift of H12, which blocks AF-2’s co-regulatory protein binding site. These different rippling 

effects in the LBD cause change in the topography of AF-2. Comparison of E2-bound and 

OBH-bound in the LBC causes different spatial rearrangements of AF-2 and results in 

Glu542 and Glu380 to be surface exposed (Fig. 8.1). Although OBH is an agonist ligand, 

these observations, present interesting concepts that might be considered in drug design of 
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ER agonist and antagonist ligands (e.g., anti-cancer treatment, treatment of menopause and 

treatment of some CNS disorders). 

 

 

Figure 8.1 Topographic representation of AF-2 of ERa with E2 (left) and OBH (right) 

bound to the LBC. Yellow dash lines show the slight change in AF-2 

conformation that results in the shift of key amino acids within the AF-2 site. 

Surface representation shows negatively charged (red), positively charge (blue), 

non-polar (green), polar (cyan), and neutral amino acid residues (grey). Image 

produced in Maestro, Schrödinger Suite 2019 by the author. PBD: 1ERE (ERa-

E2) and 5U2D (ERa-OBH). 

 

The interactions between E2 mimics and ERs might explain the maximal effects observed in 

some of the MELN data, previously discussed in Chapter Four and might explain some of the 

outliers in the correlation graphs. A submaximal effect will shift the dose response to the left 

giving an EC50 value that is artifactually high (Fig. 8.2). In contrast, a supramaximal effect 

shifts the dose response to the right giving an EC50 value that is artifactually low (Fig. 8.2). It 

is important to understand whether these effects are an artefact of the assays, or whether they 

are a response due to the mechanisms that initiate gene transcription and that could occur in 

an in vitro situation. Studies have suggested that the effect is a result of direction interaction 

with the luciferase enzyme, where some E2 mimics can stabilise the degradation of the 

enzyme, increasing the half-life of the enzyme and thus increase the bioluminescent signal 

(Sotoca et al., 2010) (see Section 4.4.1.). This likely explains the supramaximal results 

observed in Chapter Five; however, it does not explain the findings in previous studies using 

combination mixtures of E2 mimics (Dudley, 2018) or the submaximal effects observed in 
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Chapter Five with exposure to a-zearalanol, 2-methoxyestradiol, or b-zearalenol . Previously, 

supramaximal effects were not observed in E2 mimic combinations even though the mixture 

contained at least one E2 mimic capable of inducing such response was in the mixture 

(Dudley, 2018). In addition to this conjecture, supramaximal effects were observed in 

combinations that did not contain at least one E2 mimic which could induce a supramaximal 

response. 

 

 

Figure 8.2 Illustration of dose-response curves of submaximal (green line), supramaximal 

(orange line) responses compared to E2 (blue line) for which the maximum is 

100%. The effects on calculated EC50 values are shown by red dashed lines. 

 

Another possible explanation that could explain the supramaximal effect is the two-site 

binding mechanism, previously discussed in Chapter Three. The theory of the two-site 

binding mechanism proposes that at low concentrations, the high affinity binding site is 

occupied and is responsible for agonist responses, whereas at high concentrations a lower 

affinity binding site is also occupied and is responsible for antagonist responses. This idea 

that ligands can interact at two sites has been proposed previously in our group (Dudley, 

2018), with the initial idea suggested previously in the literature (Jensen and Khan, 2004; 
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Wang et al., 2006). In the two-site binding model there is a primary high affinity site (i.e., 

LBC), and a secondary lower binding affinity site (i.e., AF-2). For binding to occur at AF-2, 

the LBCs of all the ERs present would need to be saturated allowing for “spill-over” into AF-

2 causing a unique ligand dependent conformational change of ERs to occur. The 

submaximal responses observed in Chapter Five could be a result of this two-site binding, 

where binding of a-zearalanol, 2-methoxyestradiol, or b-zearalenol at the optimum 

concentrations are able to spill-over into AF-2 and disrupt the binding of co-regulatory 

proteins, thus decreasing the transcription of the luciferase enzyme (Fig. 8.3). In contrast, the 

supramaximal responses are harder to explain by the two-site binding model and it is likely 

the stabilisation theory is the cause of the supramaximal effects observed for formononetin 

and daidzein (discussed previously in Chapter Four). Although it was not carried out in this 

project, in silico molecular modelling studies could be carried out to investigate the possible 

binding of E2 mimics to the luciferase since this might explain the phenomenon. The 

inconsistency of sub- and supra-maximal responses in gene reporter assays for individual and 

combination E2 mimic exposures highlight the need to understand the potential unorthodox 

mechanism of action for some E2 mimic interactions. Both in vitro and in silico methods 

provide valuable information on E2 mimics and should be used to complement each other 

and the use of in silico methods can help explain artefacts that would otherwise be difficult to 

determine from in vivo or in vitro methods alone. 
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Figure 8.3 Proposed two-site binding and stabilisation models for E2 mimics. A) 

Schematic representation of the two-site binding model and a decrease in 

luciferase production because of the spill-over effect from a primary high 

binding site (LBC) with ligands binding to a secondary low binding affinity site 

(AF-2). B) Schematic representation of the stabilisation model and stabilisation 

of the luciferase enzyme because of E2 mimics interacting with the luciferase 

enzyme preventing its degradation (From Dudley (2018) with permission). 

 

Although the exact mechanism of maximal effects remains unclear, there are plausible 

models that explain these effects. It is clear intimate interactions between ligands, ERs and 

transcribed proteins have an important role to play – this warrants further investigation 

because these assays are continually used in research and as a basis for risk assessments. The 

ideas from this section highlight the ability of different ligands to induce conformational 

change, which are a result of the unique interactions of ligands with amino acid residues in 

the LBC. The downstream effects of ligand binding to the LBC influences the abilities of co-

regulatory proteins and possibly other ligand’s ability to interact with AF-2 (e.g., SRC-1, 

genistein) and facilitate estrogenic responses. 

  

A B 
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8.3. Understanding E2 Mimic Activity and Predictability 

It is clear from the experimental and computational studies that there is a relationship 

between estrogenic activity and computed DockScores. In silico molecular modelling 

methodologies are an emerging as a key player in the drug design toolbox and are critical in 

the cost-effective identification of drug candidates. These methodologies have also gained 

significant reputations in fields beyond pharmaceutical sciences. Indeed, in silico molecular 

modelling methods have been used in this thesis to study the interactions of E2 mimics at the 

ER LBC with a view in assessing its ability as a tool for predicting biological activity of E2 

mimics, highlighting the possibility that computational methods will play a key predictive 

role in deciphering the biological activity of compounds. 

Computational techniques such as molecular modelling have been increasingly implemented 

by toxicologists to further understand how E2 mimics behave in biochemical studies. There is 

potential for computational prediction models and next generation risk assessments that can 

screen potential ligands without the need for experimental studies; however, there remains 

uncertainty whether computational models represent a true in vivo situation (Zhang et al., 

2018b). In this thesis, rapid computational screening was used to determine DockScores of 

selected E2 mimics and cell proliferation assays and MELN reporter gene assays were used 

to determine experimental parameters (e.g., EC50 values). Correlations between the 

theoretical and experimental data were determined and showed a strong relationship between 

calculated DockScores and MCF-7 maximum response concentration and MELN EC50 values 

(R2 = 0.81 and 0.75, respectively) (Fig. 5.9 and 5.10). Interestingly, IC50 values determined 

by [3H]-E2 displacement from rat uterine ERs from the DSSTox NCTRER database also 

shows a strong relationship (R2 = 0.74; Fig. 8.4). This gives confidence in the relationships 

between DockScores and maximum effect concentrations and EC50 values found in the 

studies reported in this thesis (i.e., using published data not generated in our laboratory). 
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Figure 8.4 Correlation between computed DockScores and IC50 values obtained from the 

DSSTox NCTRER database. Solid line indicates 1:1 correlation using linear 

regression. RRD carried out in Maestro, Schrödinger Suite 2019 by the author. 

PDB: 1ERE. 
 

In the studies reported in this thesis two replacement bisphenols were studied and 

interestingly became good case studies for understanding predictability. These two 

bisphenols (BPAF and BPS) were a part of the E2 mimics used to investigate the correlations 

between cell-based assays and computed DockScores. From the findings reported in this 

thesis it is evident that these replacement bisphenols are estrogenic in vitro and is supported 

by the computed DockScores. BPA is a ubiquitous chemical found in everyday plastic 

products and materials as a polymer. When BPA plastics and resins are manufactured, the 

BPA monomer units are covalently bonded and cannot leach from plastics. However, if the 

manufacturing process is inefficient some BPA monomers will remain, and it is this BPA that 

can leach into the environment and food (from food packaging). BPA environmental 

contamination does not present as a human exposure issue because BPA is rapidly 

metabolised by environmental microorganisms; however, inefficiently manufactured BPA 

plastics and lacquers used for food packaging leach BPA into food. This is a significant 

source of BPA in a human exposure context (Goodman and Rhomberg, 2009). Preliminary 

studies suggest that BPA monomers are present in some polycarbonate containers; thus, 

resulting in bioavailable BPA monomers in plastic products (Raffensperger et al., 2011; 
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Hoekstra and Simoneau, 2013). Scientific findings show BPA causes reproductive effects, 

and behaviour and development defects across species (Hunt et al., 2003; Susiarjo et al., 

2007; Ejaredar et al., 2017; Almeida et al., 2018), this and heightened public awareness has 

led to many countries taking regulatory action against BPA use. Countries, including Canada, 

those in the European Union and Malaysia have banned the use of BPA in the manufacturing 

of drinking cups and bottle intended for infants and young children. This ban by some 

countries and consumer pressure has led to manufacturers replacing BPA with alternative 

chemicals and create new markets with “BPA free” products creating a safer image. Most 

replacements are BPA analogues and have undergone little toxicological testing, including 

BPAF and BPS. These two BPA alternatives were included in my experimental and 

computational docking correlations studies (see Sections 3.3.2., 4.3.2., and 5.3.2.). 

Interestingly, BPAF and BPS exhibited estrogenic responses in the MCF-7 proliferation and 

MELN assays (Table 8.1). The computational docking of these replacement compounds 

agreed in the correlation studies, which supports computational docking as a useful screening 

tool for new compound development. In line with the findings above, there is accumulating 

recent evidence that BPA alternatives including BPAF and BPS result in cellular, 

developmental and reproductive  responses (Ge et al., 2014; Moreman et al., 2017; Wang et 

al., 2017; Wu et al., 2017; Horan et al., 2018; Arancio et al., 2019; Pinto et al., 2019). 

Furthermore, some reports relating to human and animal cell model systems show that BPAF 

and others are more potent E2 mimics than BPA itself (Michałowicz et al., 2015; Liang et al., 

2017; Moreman et al., 2017; Arancio et al., 2019; Kojima et al., 2019). In addition, they have 

been reported to act via non-ER mediated mechanisms leading to apoptosis (Harnett et al., 

2021). Progress has been made to limit human exposure to BPA by the development of new 

alternatives, this along with recent work reveals that these alternative compounds will likely 

follow the same path as their original parent compound as hazards to human health and the 

environment. Methods such as molecular docking are rapid and simple screening tools that 

can assist in toxicological testing of compounds (e.g., predicting estrogenicity) such as BPA 

replacements, which clearly need to be further investigated. This will allow improvement in 

the regulation of non-consumable products such as plastic containers and bottles where 

bisphenols can leach into food and are consumed. Ideally studies will look to develop safer 

and more sustainable replacement compounds as plastic polymers. 
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Table 8.1 Comparison of calculated DockScores, experimental maximum response 

concentrations from MCF-7 cell proliferation studies, and EC50 values from 

MELN assay studies for BPA, and the two BPA alternatives, BPAF and BPS. 

Test compound DockScore (kJ/mol) MCF-7 maximum response 
concentration (M) MELN EC50 (M) 

BPAF -47.6 3.16 × 10-10 7.44 × 10-7 
BPA -39.0 1.00 × 10-9 2.55 × 10-7 
BPS -35.8 5.62 × 10-8 4.02 × 10-7 

 

The evidence thus far strongly supports molecular docking as an alternative model system 

that can be used to reliably predict the activity of potential estrogenic compounds. In 

addition, molecular modelling allows the interactions between compounds and proteins at an 

atomic level to be characterised and aids in the understanding of how compounds may 

behave in the binding site of ERs and identifying biochemical processes that they may affect. 

Docking involves two basic steps: predicting ligand conformation and its position, and ligand 

orientation in the binding site, which is used to assess binding affinity. These simple steps 

have allowed for successful application of molecular docking (e.g., structure-based drug 

design, predicting protein interactions with ligands) and shows its usefulness for screening 

large libraries of compounds. However, there remains uncertainty about the reliability of in 

silico predictions, which means that experimental techniques such as X-ray crystallography 

are still important in building up an accurate picture of biological interactions. Until 

molecular modelling can accurately predict the interactions of compounds, modelling in 

conjunction with experimental techniques can be used by regulatory authorities to give an 

insight into interactions that might lead to effects. 
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8.4. Dynamic Features of ERs 

MD is a powerful tool that is being utilised more by researchers to understand the dynamic 

properties of proteins that would otherwise be left unknown. Recently, studies have utilised 

MD to explore the mechanism of ligand binding and conformational response of ERs, with 

research primarily focusing on the LBD (Celik et al., 2007; Burendahl et al., 2009; Jereva et 

al., 2017). Ligand binding to the LBC has previously been described as a “lock and key” 

mechanism (Brzozowski et al., 1997); however, more recently views have changed; ER 

LBDs are now described has surprisingly plasticity (Nettles et al., 2007). This supports the 

link between the distinct binding orientations of ligands and their agonist and antagonist 

activities (Bruning et al., 2010; Srinivasan et al., 2013). MD simulations have allowed further 

details of the dynamic properties of agonist and antagonist-bound ER conformations to be 

explored. These studies have yielded plausible mechanisms of ligand binding and release 

which are determined by co-regulatory proteins, suggesting possible trajectories of transition 

between apo and agonist-bound conformations. 

MD simulations have been used to model the conformational changes of ERa after the 

removal of co-crystalised ligands (McGee et al., 2008), unlike previous MD studies that have 

primarily focussed on the ERs with ligands bound to the LBC (Celik et al., 2007). MD 

studies have also focused on the monomeric form of ERa because it is assumed that ligand 

binding and dimerisation are independent events due to the distance of the LBC from the 

dimerisation interface (Celik et al., 2007). This was confirmed by Ng (2016), which 

confirmed there was no additional information provided compared to monomeric simulations 

therefore my analyses focused solely on the monomers. As discussed in Chapter Six, the 

mechanistic pathway for ER activation has been hypothesised but there is still no clearly 

defined pathway for the activation. The MD simulations carried out in the present studies 

further highlighted the implications of van der Waals force, which have been previously 

reported by our research group utilising RRD (Ye et al., 2018). Even though there is a lack of 

evidence for the activation pathway of ERs the first critical steps have been discussed in 

detail, hydrogen bonds secure the ligand into the LBC; however, a critical role in energy 

supply to drive the conformational change is initiated by interaction with the ligand’s 

hydrophobic region and thus pulling it into place. This is just a small step in the scheme of E2 

signalling that is influenced by the crosstalk between the multifaceted genomic and non-

genomic pathways. In contrast, utilising docked ligands to determine ER conformations, 

protein unfolding due to the removal of some ligands results in new LBC conformational 
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freedom due to the absence of van der Waals interactions and hydrogen bonds. This is seen in 

ligands such as 4-OHT that have bulky substituents (e.g., 4-OHT’s ethylamine tail) and 

would likely be the same for structurally similar antagonist, with little to no significant 

conformational changes occurring in smaller ligands such as agonists (e.g., E2 and genistein). 

Fluctuations are predominantly localised to the C- and N-termini of H12, which also suggests 

ligands with large substituents utilise this feature to stabilise themselves in the ligand/ER 

complex, rather than simply just blocking the LBC and making them effective anti-cancer 

treatments. Nevertheless, the well-defined conformations of H12 in ER should continue to be 

the focus of research aiming to unravel the dynamic mystery of ER activation pathways. In 

addition, this presents, as an interesting therapeutic target – exploiting AF-2 rather than just 

the LBC like most anticancer treatments. The simulations and computational modelling 

carried out in this thesis highlights the unique and interesting features of ER conformations 

and these computational tools could be usefully applied to other nuclear receptors (e.g., AR) 

to investigate whether the delicate conformational equilibrium is a common feature of the 

nuclear receptor family; interestingly, work has begun on ARs in Shaw’s research group 

(University of Canterbury) and preliminary studies show remarkable similarities between AR 

and ER ligand interactions (Bridget Shimmin and Ian Shaw, personal communication, 2021). 

Computational models are becoming increasingly common for the study of complex systems 

and contain numerous variables that characterises the system being studied. They allow for 

scientists to run a large number of simulations with adjustable variables (e.g., pressure, 

temperature, solvent volume) to observe and analyse the possible simulation outputs. The 

computational modelling and MD simulations analysed in this thesis have added to the pool 

of knowledge on ER dynamics, it is clear they will be useful tools to aid in our attempts to 

better understand complex hypotheses such as ER activation. 
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8.5. E2 Mimics Effects Beyond ERs 

E2 mimics have complex and often multiple mechanisms of action, whether via signalling 

pathways or feedback loops. In this thesis, the effects of E2 mimics on concentrations of 

SHBG was explored with a view to understanding the wider biochemical implications E2 

mimics exposure. It is well-known that E2 mimics can bind to SHBG displacing endogenous 

testosterone and E2, disrupting the androgen-estrogen balance. This competitive binding is 

reversible; however, SHBG can transport E2 mimics in the bloodstream effectively 

modulating the bioactivity to target cells (Déchaud et al., 1999). 

SHBG is a vital carrier protein and has a key physiological role in regulating sex hormone 

free (active) concentrations via the hypothalamic-pituitary feedback mechanism, allowing 

protection from endogenous and exogenous sex hormones (Laurent et al., 2016). As 

discussed in Chapter Seven, the free hormone hypothesis states the biological activity of sex 

hormones is affected by their bioavailability as free (active) rather than their protein bound 

(inactive) concentrations in plasma (Mendel, 1989). The hypothesis also considers bound 

proteins will differ between tissues and is dependent on factors such as composition and flow 

rate of blood (Mendel, 1989; Hammond et al., 2012). As E2 mimics bind to SHBG they 

could perturb the regulatory process with a knock-on effect to both the E2 mimics biological 

effects and the endogenous hormones’ effects. It would be expected that the hypothalamic-

pituitary feedback mechanism would protect against exposure to E2 mimics by producing 

more SHBG, in turn, regulating their effects; however, this could have an overly negative 

effect on the activity of E2, due to E2 displacing the E2 mimics; therefore, the effect will be a 

reduction in E2’s biological effects and an overall biological estrogenic effect. In contrast, 

bound (inactive) E2 and E2 mimics could be carried to target tissues resulting in increased 

stimulatory effects associated with E2 exposure in response to an increase in SHBG 

production. When considering the mechanisms of action that E2 mimics have in breast cancer 

cells, these pathways result in a complex interplay with established genomic and non-

genomic pathways and could have numerous downstream effects on estrogen-related 

biological outcomes (Fig 8.5). For example, in ER+ve breast cancer cells, SHBG can bind to 

membrane bound SHBG-R and upon ligand binding activates the complex resulting in 

increased cAMP biosynthesis and activation of the PKA pathway. This pathway is also 

involved in rapid indirect non-genomic signalling as a result of E2’s and E2 mimics’ 

interactions with GPER, it is possible that additionally the SHBG/SHBG-R complex 

activation could result in increased non-genomic signalling counteracting the inhibition of 
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direct and indirect genomic estrogen induced proliferation. The exact mechanism of estrogen 

induced inhibition is not known and warrants further investigation. Indeed, the effects were 

not observed in the MCF-7 cell SHBG studies reported in this thesis where exposure to E2 

mimics showed no measurable effect on expression of SHBG; however, hypothetical cellular 

responses by MCF-7 cells cannot be ruled out as there could be several solutions for the 

observed effects discussed in this thesis, including using a more sensitive detection system, 

designing, and validating a specific methodology to be applied to this kind of study. Studies 

like those carried out in this thesis provided a look into different ways E2 mimics could have 

implications on human health and as previously mentioned it is something that should be 

investigated further. 
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Figure 8.5 Schematic representation of the interplay between genomic and non-genomic pathways because of E2 ( ) and E2 mimics ( ) 

binding (black lines) and the influence of the SHBG/SHBG-R complex on these pathways (red lines). The ER dimer is 
phosphorylated by kinase proteins, which is required for genomic signalling, whilst activating non-genomic signalling pathways. 
E2 and E2 mimics bind to the SHBG/SHBG-R complex resulting in a significant increase in intracellular cAMP as a secondary 
messenger, and activation of downstream elements of the PKA pathway which can activate or inactive unknown effectors, leading 
to the inhibition of activated E2-ERs complexes preventing transcription of target genes via the genomic pathway. Activation of 
PKA pathway interplays with non-genomic signalling pathways that could induce rapid non-genomic responses. (Concept of 
crosstalk based on Prossnitz and Barton (2014), concept of direct genomic SHBG mechanism of action based on Fortunati (1999), 
and concept of SHBG non-genomic response is the author’s).
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SHBG concentrations have significant clinical relevance as it affects the 

concentrations of hormones available to be used by the body’s tissue. Determining 

SHBG concentrations are frequently used to aid in medical diagnosis of conditions 

such as type 2 diabetes, obesity, hypothyroidism, and Cushing’s syndrome all of 

which are linked to the endocrine system. This highlights the incredible complexity 

and extent of overlapping pathways involved in the endocrine system and how small 

changes can have serious implications for otherwise apparently unlinked effects. E2 

mimics are widely present in the environment, and it is certain that we are exposed to 

them daily, with a common exposure route through food it makes these compounds an 

important class that needs to be fully addressed in a risk context (Thomson et al., 

2003; Shaw, 2014; Lim and Shaw, 2016). The extent of E2 mimics’ effects in 

biological systems represents a global problem (Shaw, 2009; World Health 

Organisation, 2011), by having an improved understanding of their environmental 

fate, endocrine disrupting potential, metabolic fate, and toxicological effects we can 

prevent the use and production of these compounds. More scientific evidence is 

needed to identify the full extent of E2 mimics effects in other types of pathologies. 
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8.6. Predicting the Future 

Computational predictions of 3D protein structures has relied on the use of two 

complimentary pathways which focus on the physical interactions or the evolutionary 

history of particular (Jumper et al., 2021). Advances in genome sequencing and 

depositories of experimentally determined protein structures (e.g., the PDB) have 

aided a bioinformatic approach to predicting 3D protein structures. Despite these 

advances, prediction of protein structures still cannot accurately determine a protein’s 

structure compared to experimentally determined structures when there is not a close 

homologue available thus limiting the biological application of these programmes. 

The human genome encodes instructions for over 20,000 proteins (Ezkurdia et al., 

2014); however, only a fraction of these protein’s structures have been elucidated 

experimentally and of those many have only been partially determined. This all 

changed when DeepMind Technology Limited developed a transformative artificial 

intelligence (AI) tool called AlphaFold®, which is capable of predicting protein 

structures to near experimental accuracy (Jumper et al., 2021), and among the almost 

complete human proteome that AlphaFold® has predicted is the complete structure for 

ERa (Fig 8.6). To date, predictions of the complete tertiary protein structure of 

complete (i.e., not just its binding region) ERs has been impossible with current 

techniques. This exciting new predicted structure of ERa gives the first insight to the 

complete 3D ERa and is a key step forward in understanding the complex and 

intimate interactions of the receptor with E2 and E2 mimics. The AI program scores 

its predictions on a per-residue basis; therefore, it is not surprising regions of ERa 

that are already structurally defined by experimental techniques have high confidence 

scores (pLDDT) (e.g., LBD and DBD) compared to other, previously unresolved, 

regions which showing very low confidence (e.g., C- and N-terminals); however, it is 

possible these regions maybe unstructured when attempts have been made to 

crystalise these regions in isolation, confirming what many scientists suspect as 

inherently disordered regions (Kumar and Thompson, 2003; Simons Jr and Kumar, 

2013). 
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Figure 8.6 The tertiary structure of ERa monomer predicted by AI tool 
AlphaFold®. The per-residue confidence score is colour coded: very 
high (pLDDT > 90; dark blue), confident (90 > pLDDT > 70; aqua), low 
(70 > pLDDT > 50; yellow), and very low (pLDDT < 50; orange). Image 
from the AlphaFold® Protein Structure Database (Jumper et al., 2021). 

 

In these early days of AI predictions of protein structures, it is important to continue 

to confirm these predictions with experimental data. In contrast, AlphaFold® and 

other related tools are currently helping scientists to make sense of experimental data 

obtained from x-ray crystallography and cryo-electron microscopy. It is clear 

Alphafold® is, and will continue to be, a significant contributor in advancing our 

scientific knowledge and will play a key role in solving many mysteries of ERs such 

as intramolecular communication within ERs, such as ERs’ involvement in gene 

regulation, AF-2’s involvement as a second binding site for ligands, activation and 

inactivation of ERs upon ligand binding/dissociation, plus many more. Along with 

predicting protein structure, prediction of biological activity has come a long way 

since its inception in 1868 by Crum-Brown and Fraser. Today, concerns are widely 

expressed over the high costs and animal welfare of in vivo and in vitro assays. 

However, despite demand from the 3Rs movement (Stokes, 2015), government 

policies, regulations, and legislation (e.g., REACH a European Union regulation 

dating from 2006 (Idakwo et al., 2019)), and the advancements in in silico programs 
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to predict toxicity, in vitro and in vivo assays remain part of the commonly used 

battery of assays used to determine toxicity. Deep learning algorithms in the field of 

AI have attracted the attention of computational toxicologists as they offer greater 

power of in silico activity prediction compared to existing shallow learning 

algorithms. However, the advancement in AI technology to aid SAR prediction has 

been dampened by contradicting reports (Koutsoukas et al., 2017; Lenselink et al., 

2017). Despite these conflicting reports, the application of AI to toxicology has less 

than seven years of application history (Idakwo et al., 2019), and like any new tool, it 

needs to be investigated before its potentially significant contribution can be realised. 

The success of prediction by AI benefits strongly from open-source implementations, 

such as software libraries allowing for the development of complex neural networks; 

it is these tools and programs that will need to continue to be open access to allow 

further development of AI networks. The possibilities of AI contribution to the field 

of toxicology and drug design are exciting and promising, AI is far from being perfect 

as there are still missing novel ideas that cannot be learned from simply feeding data 

into a machine, this allows for complimenting human and machine intelligence to 

work in combination together and gives a good perspective for the future of AI 

prediction in toxicology. 

The work carried out in this thesis shows significant correlation between computer 

generated binding parameters and biological activity of E2 mimics; in conjunction 

with AI technologies this will lead to significant advances in both our understanding 

of ER/ligand interactions, and more importantly, our reliable predictions of their 

biological activities and consequences on human health risk. Linking in silico 

computational modelling with biological responses via AI is just the beginning in 

Shaw’s research group at the University of Canterbury in collaboration with the 

University of Cambridge (Michael Hutton, Richard Dybowski and Ian Shaw, personal 

communication, 2021).; we are all watching this space with considerable excitement. 
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Table S1 References for experimental binding measurements used in Chapter 5. 

  

Reference 
(Lambrinidis et al., 2006) 

(Okubo et al., 2001) 
(Kuiper et al., 1998) 

(Mueller, 2004) 
(Blair, 2000) 

(Satoh et al., 2000) 
(Mueller et al., 2003) 

(Wolohan and Reichert, 2004) 
(Zhu et al., 2006) 

(Morohoshi et al., 2005) 
(Waller et al., 1996) 
(Kuiper et al., 1997) 
(Rich et al., 2002) 

(Muthyala et al., 2004) 
(Lemini et al., 2003) 
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Appendix 2. RMSD for Ca atoms throughout the MD 

simulations of ERa with the removal of E2, 4-OHT and 

genistein. 
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Figure S1 RMSD data from simulation 1 of the MD simulation for E2. 
 

 

Figure S2 RMSD data from simulation 2 of the MD simulation for E2. 
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Figure S3 RMSD data from simulation 3 of the MD simulation for E2. 
 

 

Figure S4 RMSD data from simulation 4 of the MD simulation for genistein. 
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Figure S5 RMSD data from simulation 5 of the MD simulation for genistein. 
 

 

Figure S6 RMSD data from simulation 6 of the MD simulation for genistein. 
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Figure S7 RMSD data from simulation 7 of the MD simulation for 4-OHT. 
 

 

Figure S8 RMSD data from simulation 8 of the MD simulation for 4-OHT. 
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Figure S9 RMSD data from simulation 9 of the MD simulation for 4-OHT. 
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Appendix 3. Protein RMSF per residue for Ca atoms throughout 

the MD simulations of ERa with the removal of E2, 4-OHT and 

genistein. 
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Figure S10 RMSF data from simulation 1 of the MD simulation for E2. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 

 

 

Figure S11 RMSF data from simulation 2 of the MD simulation for E2. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 
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Figure S12 RMSF data from simulation 3 of the MD simulation for E2. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 

 

 

Figure S13 RMSF data from simulation 4 of the MD simulation for genistein. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 
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Figure S14 RMSF data from simulation 5 of the MD simulation for genistein. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 

 

 

Figure S15 RMSF data from simulation 6 of the MD simulation for genistein. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 
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Figure S16 RMSF data from simulation 7 of the MD simulation for 4-OHT. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 

 

 

Figure S17 RMSF data from simulation 8 of the MD simulation for 4-OHT. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 
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Figure S18 RMSF data from simulation 9 of the MD simulation for 4-OHT. Peaks 
illustrate fluctuations in movement within the LBD of the ERa model. 


