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Chapter 1 General introduction

1 Introduction

During the last century, the industrial production of chemicals has grown
enormously and although the effects of many of these xenobiotic chemicals have been
beneficial, public awareness of risks posed by anthropogenic chemicals has increased
significantly over the past few decades [1]. One group of chemicals in particular has been
investigated extensively since they are known to persist in the environment for fairly long
time periods and are capable of influencing the normal signal processes which are regulated
by the endocrine system. These so-called endocrine disrupting chemicals (EDCs) can
interfere with the activity of the endocrine system by mimicking the action of the naturally
produced hormones, by preventing the action of natural hormones, by altering the synthesis
and function of hormone receptors, or by modifying the synthesis, transport, metabolism,
and excretion of hormones [2].

In order to provide an overview of the various issues which play a role in the field
of endocrine disruption (ED), this chapter will first focus on the structure and functions of
the endocrine system, usually a very reliable internal signalling system, and two of its
components, the estrogen receptor o (ERa) and human estrogen sulfotransferase 1E1
(SULT1EL) enzyme. These two proteins play an important role in ED and therefore were
the main topics of the work described in this thesis. The remainder of this chapter presents a
brief overview of the scientific literature of xenobiotics with ED effects and how they may
affect wildlife and humans. Subsequently, EDC screening assays for the ERa and
SULT1EL proteins will be presented and EDC mixture screening will also be discussed.
The effects of biotransformation of xenobiotic EDCs and the role Cytochrome P450
monooxygenases (P450s) play in these processes as well as the potential of using bacterial
P450s as biocatalysts are reviewed next. The final part of this chapter is presenting the
scope and objectives of this thesis.

1.1  The endocrine system

The endocrine system is one of the body’s two major communication systems, the
nervous system being the other. Among the various systems in the body, the endocrine
system, which consists of all glands that secrete hormones, is rather unique. While most
systems are associated with a specific physiological task (respiration, reproduction,
excretion, etc.) the endocrine system functions as regulator of many of the activities
associated with the other systems. The functions regulated by the endocrine system can be
categorized as those involved in the maintenance of homeostasis and those involved in
physiological progression. Homeostasis related functions regulated by the endocrine system
include maintenance of the reproductive system, energy production, and metabolism.
Functions related to physiological progression include fetal development, growth, and
maturation.

The glands of the endocrine system are collections of specialized cells that
synthesize, store, and release their secretions directly into the bloodstream rather than
through a duct. They are sensing and signalling devices located in the extracellular
compartment and are capable of responding to changes in the internal and external
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Chapter 1 General introduction

environments to coordinate a multiplicity of activities that maintain both homeostasis and
the regulation of physiological progression. The main endocrine glands include the pituitary
gland, pancreas, ovaries, testes, thyroid gland, and adrenal glands (see Fig 1). The
hypothalamus is a neuro-endocrine organ which releases its secretions into the circulating
blood in response to a neuronal stimulus. Other organs less well known for their endocrine
activity include the stomach, heart, kidneys, liver, and gastrointestinal tract [3-5].

Hypothalamus
Gonadotropin- Thyrotropin- Adrenocorticotropic-
Releasing Releasing Releasing
Hormone Hormene Hormane

Gonadotropin Adrenocorticotropin
Thyrotropin
: Adrena
- gland
Thyroid

gland

—

Sex steroids
Corticosteroids

a -
v M- ¢
v

GENE TRANSCRIPTION AT TARGET ORGANS

Figure 1 Schematic representation of three major endocrine signalling pathways.
Upon stimulation of the hypothalamus, neuro-endocrine peptide hormones are released that
subsequently stimulate the secretion of a secondary hormone signal by the pituitary gland.
The secondary hormone signal is responsible for the regulation of secretion by an endocrine
gland, which ultimately results in the stimulation of gene transcription at target organs
(adapted and altered from [4]).

Endocrine signalling occurs along axes from the central nervous system to the
target organ (Fig 1). In mammals, the hypothalamus commonly initiates the endocrine
signalling pathway by secreting peptide hormones which range in size from small peptides
having only three amino acids to small proteins. The fact that these neuro-endocrine
hormones can be rapidly synthesized, secreted and degraded, allow near-instantaneous and
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Chapter 1 General introduction

short-lived responses to the stimulatory signals. Peptide hormones also do not require cell
entry to elicit activity but rather bind to cell surface receptors. The release of neuro-
endocrine hormones upon stimulation of the hypothalamus regulates secretion of the
secondary hormone signal by the pituitary gland. Pituitary hormones regulate secretion of
tertiary hormones, often steroid hormones, by the appropriate endocrine gland followed by
stimulation of gene transcription at the target organs. Steroids are more stable than peptide
hormones and are highly lipid-soluble which means that after being synthesized they can
simply diffuse across the plasma membrane of the steroid-producing cell and enter the
interstitial fluid and then the blood where they mainly bind to certain plasma proteins.

Because of these features, steroid hormones are maintained in circulation at a
relatively constant, physiologically appropriate level, they can be stored as precursor
molecules, and most often they require cell entry to interact with its receptor and elicit a
response. This means that they offer the advantage of continuous availability but lack the
advantages of rapid modulation. The concentration of a hormone in the plasma depends not
only upon its rate of secretion by the endocrine gland but also upon its rate of removal from
the blood, either by excretion or by metabolic transformation. The fact that endocrine
signalling occurs through cascades offers several advantages over a single hormone
signalling strategy since a cascade provides several sites at which the signal can be
regulated [3-5]. However, the disadvantage of many signalling sites is the fact that the
endocrine system is susceptible to disruption by endocrine toxicants (see Table 1).

In the subsequent part of this chapter, two targets of the endocrine system which
have been studied in this thesis will be introduced, namely the human estrogen receptor o
(ERa) and the human estrogen sulfotransferase 1E1 (SULT1EL).

Table 1 Processes regulated by four main groups of hormones [4].
Hormone group Example Origin Regulated Process
Androgens Testosterone Testes, adrenals | Sexual differentiation, fertility,

secondary sex characteristics,
sexual function, libido
Estrogens 17B-Estradiol (E2) Ovaries, testes | Sexual differentiation, fertility,
secondary sex characteristics,
bone density maintenance,
blood coagulation

Glucocorticoids Cortisol Adrenals Bone formation, wound healing,
growth, development
Thyroid hormones Thyroxine Thyroid glands | Fetal brain and bone

development, oxygen
consumption, gut motility

1.1.1 The estrogen receptor

The estrogen receptor (ER) is a member of the nuclear receptor superfamily and
one of the most important targets of the terminal steroid hormones of the above described
endocrine pathways. The ER is a ligand-activated transcription factor [6] which mediates
the effects of estrogen steroid hormones on the growth, development and function of a
diverse range of tissues [7]. Estrogens are naturally occurring cyclopentanophenanthrene
compounds whose synthesis begins with cholesterol. The most potent and dominant
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Chapter 1 General introduction

estrogen in humans is 17p-estradiol (E2), but lower levels of the estrogens estrone (E1) and
estriol (E3) are also present [8].

Two human ER isoforms have been identified and crystallized, ERa and ERp,
which show great resemblance in overall structure. Both isoforms contain an N-terminal
ligand-independent activation domain, a central DNA-binding domain (DBD) and a C-
terminal ligand-binding domain (LBD) bearing the ligand-dependent transcriptional
activation function (AF2) [9, 10]. A crystal structure of the ERo. LBD [11] is depicted in
Fig 2. The ERa LBD is represented in the classical helical sandwich fold that is common to
all nuclear receptor LBDs. Twelve a-helices are arranged into three layers and the two
parallel outer layers sandwich a central, orthogonal layer that occupies the ‘top half’ of the
LBD fold (Fig 2). This arrangement of helices acts as a molecular scaffold to maintain a
sizeable cavity in the ‘lower half’ of the molecule into which E2 binds. The cavity is
completely buried within the core of the LBD and flanked by a small -hairpin and the C-
terminal helix [12].

Figure 2 Perpendicular views of ERa LBD in complex with E2 (red) [11].

The LBD is folded into a three-layered anti-parallel a-helical sandwich comprising a central
core layer of three a-helices (green) sandwiched between two additional layers of a-helices.
This helical arrangement creates a ‘wedge-shaped’ molecular scaffold that maintains a
sizeable ligand-binding cavity at the narrower end of the domain. The remaining secondary
structural elements, a small two-stranded anti-parallel B-sheet (blue) and the C-terminal
helix (orange) are located at this ligand-binding portion of the molecule and flank the main
three-layered motif [8].

The classic mechanism of steroid hormone action, which is depicted in Fig 3A,
involves estrogen binding to ERs, which are associated with preformed complexes of
proteins which include hsp90 (heat-shock protein of 90kDa) and hsp70 [13] to stabilize and
help maintain the integrity of the receptor molecule or hide its DNA-binding domain [14].
The binding of estrogen to the receptor protein causes a change in conformation of the LBD
to form a novel hydrophobic surface that modulates binding of coactivator and corepressor
proteins [15-17]. Dissociation of the accessory heat-shock proteins enables the receptor to
homodimerize. The dimer is then translocated to the nucleus, where it interacts with
estrogen response elements (ERES), and transcription of estrogen-responsive genes is
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Chapter 1 General introduction

regulated [15, 16]. A second activation mechanism, which is depicted in Fig 3B, is ligand-
independent and is activated after phosphorylation of the ERs by growth factor receptors or
other molecules with serine or tyrosine kinase domains [14]. Both ligand-dependent and
ligand-independent ER activation can lead to the modulation of downstream intracellular
signalling cascades.

Cell surface membrane Nuclear membrane

3) G.. m/ﬁ ) ¢ ) mR'NA

Protein kinases

and r mRNA
phosphatases

——— e |

a)

Cell surface membrane Nuclear membrane

Figure 3 Mechanisms of steroid hormone receptors.

The upper portion (A) depicts the classical steroid dependent pathway. (1) Steroid hormones
diffuse across the cell membrane into the cell. (2) Steroid hormone receptors in the basal
state are bound to accessory proteins. (3) Steroid hormones bind to receptors and accessory
proteins are dissociated from the receptors. (4) Hormone-receptor complexes dimerize. (5)
Dimer complexes enter the nucleus and initiate transcription of responsive genes. The lower
portion (B) depicts signals emanating from receptors such as the dopamine receptor or
growth factor receptors that alter the kinase/phosphatase balance of the cell such that the
receptors are activated in the absence of ligand. L represents a ligand binding to a
membrane receptor that acts through a cAMP pathway. Y-P indicates the active form of a
growth-factor receptor (adapted and altered from [4] and [13]).

Ligand-dependent activation of the ERa does not only occur by endocrine
signalling but can also be caused by the action of xenoestrogens, estrogens which can be
found in an organism but which are not normally produced or expected to be present in it.
ERs are capable to bind quite a few structurally and functionally diverse structures (see Fig
4) and therefore have a relatively high susceptibility to these xenoestrogens. The ER is
presumed to be an ancestral precursor to other nuclear receptors, such as the androgen,
progesterone, glucocorticoid, thyroid hormone, retinoic acid and vitamin D receptor, which
can explain the lack of high ligand specificity which is observed for the more “modern”
nuclear receptors [4]. Because of the important role of the endocrine system in the
maintenance of total normal body function, unwanted binding of a xenoestrogen to the
susceptible ER can lead to disruption of normal endocrine function which can lead to
multiple, diverse, and severe toxicological outcomes. It has already been firmly established
that the ERa plays a crucial role in the development of breast cancer [18] and osteoporosis
in postmenopausal women [19]. Other toxicological outcomes include altered pubertal
development, reduced fertility, reproductive tract anomalies, sterility, hypospadias, and
cardiotoxicity [3].
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Figure 4 Examples of estrogen receptor o (ERa) agonists.

Chemical structures of the steroidal estrogens estriol (E3), estrone (E1), and 17pB-estradiol
(E2); the synthetic estrogens diethylstilbestrol (DES), ethinylestradiol (EE2), and tamoxifen;
the pesticides o,p’-DDT, methoxychlor, and endrin; the industrial chemicals bisphenol A
(BPA), benzophenone-3 (BP3), and nonylphenol; and the phytoestrogens zearalenone
(ZEN), genistein, and coumestrol.

1.1.2 Human estrogen sulfotransferase 1E1

As described above, the concentration of an estrogen depends not only upon its
rate of secretion by the endocrine gland but also upon its rate of removal. One of the most
important routes of removal of steroids is through enzymatic sulfonation, a major Phase 11
conjugation reaction in the biotransformation of structurally diverse compounds.
Sulfotransferases (SULTSs) catalyze the transfer of a sulfuryl group (SO;) from the
ubiquitous donor 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to an acceptor substrate
compound containing a hydroxyl or amino group [20, 21], see also Fig 5.

In most cases, sulfate conjugation results in the detoxification of the substrates by
increasing their water-solubility and thereby facilitating their removal from the body via the
kidneys or bile. However, for the hair growth stimulant minoxidil and the neuro-endocrine
peptide cholecystokin (CCK), sulfonation leads to bioactivation since the sulfonated forms
of these compounds elicit their biological effects [22, 23]. A third possible outcome of
sulfonation is the formation of reactive metabolites. In certain chemicals, the sulphate
group formed by O-sulfonation is electron-withdrawing and consequently a good leaving
group. Such non-heterocyclic cleavage of the sulphate group is further facilitated when the
resulting cation is stabilized by mesomerism. This means that for xenobiotics such as N-
hydroxyarylamines, N-hydroxyheterocyclic amines, and hydroxymethyl polycyclic
aromatic hydrocarbons, sulfonation is a metabolic activation process leading to highly
reactive electrophiles that are both mutagenic and carcinogenic [22, 24, 25].
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Chapter 1 General introduction

In vertebrates two classes of SULTs can be distinguished: (1) cytosolic SULTSs
which are responsible for the metabolism of xenobiotics and small endogenous substrates
such as hormones, bile acids and neurotransmitters [26], and (2) membrane-bound SULTS
localized in the Golgi apparatus of the cell [20] which are responsible for the sulfonation of
macromolecules, affecting both their structural and functional characteristics. Membrane-
bound SULTSs are genetically distinct from cytosolic SULTs and have not been reported to
have any xenobiotic-metabolizing function [27]. Cytosolic SULTs are members of a single
superfamily as judged from similarities in the nucleotide sequences of their genes/cDNASs
[24, 28]. A classification into families (indicated by a number after the superfamily name,
e.g. SULT1), subfamilies (capital letter after family name, e.g. SULT1E), individual genes
(number after subfamily name, e.g. SULT1E1), and different enzyme proteins due to splice
variants (lower-case letter after gene name, e.g. SULT2Ala), alleles or allelic protein
variants (asterisk and code postponed to gene or protein name, e.g. SULT1A1*1) [20, 29]
exists.

17p-Estradiol (E2) 17p-Estradiol sulfate (E25)
oH OH
o
NGOl
SULT1E1
HX EN
=N =N
o o E—f y. 0 Eg\\):?
o-4-o-#-0 "o o-P-0 N
b & o 0
H 0 OH
‘O—g'=0 -o—fl:|=g
paps & PAP o
Figure 5 Example of a reaction catalyzed by sulfotransferases (SULTS).

The SULT1E1-catalyzed 3-sulfonation of the prototype substrate 17p-estradiol (E2) into
17pB-estradiol-3-sulfate (E2S) is depicted.

Among the different SULT families, SULT1E1 (see Fig 6) is one of the most
widely studied enzymes because of its critical role in the steroid synthesis mechanism. This
enzyme exhibits the highest affinity (K, = 5 nM) [30] for estrogens among SULTs and
therefore is very important in regulating the biological activity and facilitating the
inactivation and elimination of these potent endogenous steroids. Although other human
SULT isoforms (in particular 1A1 and 2A1) show higher specific activities towards the two
major estrogens E1 and E2, the affinity of these enzymes is several orders of magnitude
lower (uM range) which means that SULT1EL is primarily involved in the regulation of E2
responsiveness at physiological concentrations [31-33]. SULT1EL is of capital importance
because of its role in the enzymatic mechanism involved in the biotransformation of
estrogens in human cells. The estrogen sulfates formed by SULT1E1, which possess a
considerably longer half-life than their parent compounds, are unable to bind to the ER and
therefore do not elicit genomic action [34]. An overview of the enzymes involved in the
biotransformation of estrogens in cells is depicted in Fig 7. It has been demonstrated that
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Figure 6 Perpendicular views of the crystal structure of human SULT1E1 [37].
Human SULT1EL is depicted in the presence of donor product PAP (green) and the PCB
inhibitor 4,4’-OH-3,5,3",5’-tetraCB (red). Secondary structure elements are represented as
coils for helices (orange) and arrows for strands (yellow). The protein structure of human
SULTL1EL1 is a classical sulfotransferase-fold. The main core of the molecule is composed of
a o/B motif that contains a 3 sheet comprised of five parallel B-strands surrounded by a-
helices on both sides and a conserved helix running across the top of the fold. This portion
of the molecule contains the conserved 5’-phosphosulfate-binding (PSB)-loop and helix 6
that constitute the binding site for the donor substrate and PAPS [38].

SULT1E1 is not present in most breast cancer cell lines [35] with the result that SULT1A1,
being active at micromolar concentrations and having a 300-fold lower affinity [36], is the
enzyme solely responsible for the inactivation of estrogens. Since in normal breast cells
SULTI1E1L acts at nanomolar concentrations of E2 it is suggested that factors controlling
this enzyme may be important to affect the availability of the hormone and consequently
cellular growth [34].

i’ i )
TES, wu AROMATASE - -~ E2 4 SULT1E1 mp E28

]
E1Si ‘ I

17B-HSD-1

.} ,

I
ADIONE wuu AROMATASE g E1i  wa SULTIE1 my» E1S)

Figure 7 Enzymatic mechanism involved in the formation and transformation of
estrogens.
The sulfatase pathway is quantitatively 100 to 500 times higher than that of the aromatase
pathways. Abbreviations: E2 = 173-estradiol; E1 = estrone; E2S = 17B-estradiol-3-sulfate;
E1S = estrone-3-sulfate; ADIONE = androstenedione; TES = testosterone; 17p3-HSD-1 =
17B-hydroxysteroid dehydrogenase type 1, reductive activity (adapted and altered from
[34]).
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It is believed that SULTI1E1 is involved in protecting peripheral tissues from
excessive estrogenic effects. Decreased SULT1EL expression or SULTL1E1 inhibition by
xenoestrogens can lead to an increased in situ availability of biologically active estrogens,
which can result in a higher estrogen-stimulated DNA synthesis or cell proliferation. This
may be related to various estrogen-dependent features and shows that SULT1E1 may thus
play an important role in the protection against several different carcinomas [39-44]. The
different possibilities of how xenobiotics might affect the biotransformation processes
regulated by SULTS, and in particular SULT1EL, or what can happen to xenobiotics after
sulfonation takes place, are summarized in Fig 8.

A Reduce SULT1E1
activity

Xenobiotic sy SULTIE1 inhibitor| s— | Increased availability of

ologically active estrogens

B Detoxification:
- Loss of ED activity (In the case of EDCs)

- Removal from the body
Sulfonation Bioactivation:

Xenobiotic - Minoxidil example
- Cholecystokin example

Formation of reactive intermediates:
- Mutagenesis
- Carcinogenesis

Figure 8 Involvement of xenobiotics in SULT mediated biotransformation

processes.

The effects of xeniobiotics on SULT-mediated biotransformation processes can be various.
(A) The xenobiotic can act as a SULT1E1 inhibitor and thereby disrupt its involvement in
the sulfonation of endogenous steroids and prevent the assiocated protection of peripheral
tissues from excessive estrogenic effects. (B) The xenobiotic undergoes biotransformation
by SULTs and is either detoxified by sulfonation; bioactivated through SULT-mediated
biotransformation; or reactive metabolites are formed that can have mutagenic and/or
carcinogenic effects.

1.2 Endocrine disrupting chemicals (EDCs)

The endocrine system is very important for the regulation of a large range of body
functions and is susceptible to toxic effects of xenobiotics. An endocrine disrupting
chemical (EDC) is defined as an exogenous substance or mixture that alters function(s) of
the endocrine system and consequently may cause adverse health effects in an intact
organism, its progeny, or its (sub)populations [45]. EDCs incorporate diverse groups such
as industrial and natural chemicals (e.g., pesticides, plasticizers, alkylphenol ethoxylates as
industrial surfactants, organotin compounds, polychlorinated biphenyls, phytoestrogens,
and natural hormones) and pharmaceuticals (e.g., ethinylestradiol (EE2), diethylstilbestrol
(DES), tamoxifen, methyltestosterone, and trenbolone). Because of the non-uniform
chemical characterization, there is a wide range of biophysical properties, from persistent to
rapidly degraded, lipophilic to hydrophilic, and nontoxic to very toxic, that can be
attributed to EDCs [46].
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Chapter 1 General introduction
Table 2 Xenobiotics with endocrine disrupting (ED) effects (adapted from [47]).
Compound(s) Hormone system affected References
Industrial chemicals
Benzenehexachloride Thyroid [48]
Benzophenone-3 (BP3) Estrogen [49]
Bisphenol A (BPA) Estrogen [50]
Bisphenol F (BPF) Estrogen [51]
Benzo-(a)-pyrene Androgen [52]
Carbendazim Reproductive [53]
Chloroform Reproductive [54]
1,2-Dibromoethane Reproductive [54]
Dioxins Estrogen [55]
Ethanedimethane sulphonate Reproductive [56]
Furans Estrogen [55]
Nonylphenol Estrogen [50]
Octylphenol Estrogen [50]
Organotin compounds Androgen [50]
Polybrominated biphenyls (PBBs) Estrogen/Thyroid [57]
Polybrominated diphenyl ethers (PBDES) Estrogen/Thyroid [58]
Polychlorinated biphenyls (PCBs) Estrogen/Androgen/Thyroid [59, 60]
Hydroxylated PCBs Estrogen/Thyroid [61]
Polycyclic aromatic hydrocarbons (PAHSs) Estrogen [50]
Styrene dimmers and trimers Estrogen [62]
Food Antioxidants
Butylated hydroxyanisole Estrogen [63]
Pesticides
Aldrin Estrogen [64]
d-trans-Allethrin Estrogen [65]
Amitrol Thyroid [66]
Carbaryl Estrogen/Progesterone [67]
Cypermethrin Reproductive [68]
o,p’-DDT Estrogen [69]
p,p’-DDE Androgen [60, 66]
Dicofol Estrogen [66]
Dieldrin Estrogen [64, 70]
Endosulfan Estrogen [50, 70]
Ethylene thiourea Thyroid [50]
Fenarimol Estrogen [66]
Fenbuconazole Thyroid [66]
Fenitrothion Androgen [66]
Fenvalerate Estrogen [65]
Hexachlorobenzene (HCB) Thyroid/Reproductive [60]
Kepone (Chlordecone) Estrogen [48]
Ketoconazole Reproductive [66]
Lindane (Hexachlorocyclohexane) Estrogen/Androgen [71]
Linuron Androgen [48]
Malathion Thyroid [50]
Methomyl Thyroid [56]
Methoxychlor Estrogen [48]
Mirex Androgen [60]
trans-Nonachlor Estrogen [50]
Oxychlordane Reproductive [72]
Permethrin Estrogen [65]
Procymidone Androgen [56]
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Table 2 Widespread pollutants with endocrine disrupting effects (continued).
Compound(s) Hormone system affected References

Sumithrin Androgen [65]
Tarstar Thyroid [56]
Toxaphene Estrogen/Thyroid [70]
Triamedifon Estrogen [48, 73]
Triadimenol Estrogen [73]
Vinclozolin Androgen [56]

Phthalates
Benzylbutyl phthalate Estrogen [69]
Di-n-butyl phthalate Estrogen/Androgen [56]
Di-ethylhexyl phthalate Estrogen/Androgen [56]
Diethyl phthalate Estrogen

Metals
Cadmium Estrogen [74]
Lead Reproductive [60]

Phytoestrogens
Biochanin A Estrogen [75]
Coumestrol Estrogen [76]
Daidzein Estrogen [75]
3,3’-Diindolylmethane Estrogen/Androgen [76]
Equol Estrogen [76]
Flavone Estrogen/Androgen [76]
Formononetin Estrogen [75]
Genistein Estrogen [75, 76]
Indol-3-carbinol Androgen [76]
Naringenin Estrogen [76]
Resveratrol Estrogen [77]
Zearalenone Estrogen [78]

The diversity of sources of EDCs is one of the main reasons of the wide
distribution of EDCs in the environment. Three major exposure routes exist for the uptake
and accumulation of EDCs in organisms: (1) exposure through the air where diesel exhaust,
combustion of biomass fuel, and indoor air, including airborne dust and disinfectants with
phenylphenol, are several possible sources [79-81], (2) exposure through food which is
contaminated by atmospheric deposition, contaminated soils or waters, phytoestrogens, or
pesticides [82-84], and (3) exposure through water, which includes wastewater, surface
water, groundwater and even drinking water and where contamination can be caused by for
example wastewater treatment plants, spill sites, or landfills [85-87].

EDCs may have different mechanisms of action. They can mimic or antagonize the
actions of steroid hormones, disrupt the biosynthesis or metabolism of steroids, or alter
hormone receptor populations. Table 2 gives an overview of compounds which can be
found in the environment and have been associated with endocrine disruptive effects in
humans.

1.2.1 Effects of EDCs on wildlife

The first associations between environmental exposure to EDCs and deleterious
health effects in wildlife have already been reported in the 1950s. One of the examples of a
compound which was developed with the intent to cure diseases but eventually turned out
to be an ecological disaster is the synthetic pesticide DDT. DDT was first used in the
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second half of World War 1 to successfully control mosquitoes spreading malaria and lice
transmitting typhus among civilians and troops. Due to its potent insecticidal properties,
after the war DDT was introduced on a large scale as an agricultural insecticide and since
then its use increased dramatically. However, during the 1960s it became apparent that the
increased use of DDT in the USA coincided with a decrease in reproductive ability of birds,
particularly those at the top of the food chain such as raptors and gulls [88]. Egg-laying and
calcification of the eggshell in birds is estrogen and Vitamin D-dependent and monitoring
nesting sites along the Great Lakes shoreline indicated that while eggshell thinning had
abated, embryonic and chick survival was not adequate to maintain stable populations [89].
These observations in combination with other findings consequently led to a ban and
restriction on the use and production of DDT in most countries in the 1970s. Since then the
concentration of DDT in the environment has decreased significantly and this decrease has
been correlated with dramatic improvements in reproductive success and significant
increases in populations of cormorants, gulls, terns, herons and other predatory birds in the
Great Lakes basin [90, 91].

Public awareness of risks posed by man-made chemicals has grown rapidly over
the past few decades due to similar deleterious health effects observed on wildlife from
exposures to various other anthropogenic chemicals. As a result of this, many studies have
been published which describe chemical-induced population effects of EDCs on wildlife
(see Table 3). The number of affected species is large and all vertebrate classes were
affected by EDCs. Although for all examples listed in Table 3 significant ED effects were
observed in the cases investigated, there was no proof given of a direct link between
chemical exposure and a general decline in population for the vast majority of the studied
species. Determining whether a chemical, especially at sublethal concentrations, can affect
endocrine functions in wildlife populations is difficult and may require a prolonged and
profound understanding of the animal’s life history, morphology, and the influence of the
local environmental conditions [46]. Consequently, long-term studies need to be designed
to monitor effects of EDCs on wildlife vertebrate populations in order to establish these
missing links [1]. ED effects have also been observed in invertebrates such as selected
species of mollusks [92], crustaceans [93], insects [94], nematodes [95], annelids [96],
echinoderms [97], and urochordates [98].

The main investigatory species described in literature to monitor the actions of
EDCs in the environment has been freshwater fish. Bioaccumulation effects of lipohilic
contaminants, which are readily absorbed from the water surrounding the fish, easily occur
in fish as the detoxification systems in this class are less effective than in mammals.
Consequently, this allows the lipid-soluble EDCs to be concentrated into the fat of the
ingesting organism. This effect is especially strong in bottom-feeding fish and those at the
top of the food chain. Another interesting feature which makes fish ideal study objects is
the fact that in fish two biological endpoints have been established as indicators for
endocrine disruption (ED) by EDCs: the induction of vitellogenin (VTG) and the formation
of ovotestis (OT). Vitellogenin (VTG) is intrinsically a female specific serum protein. It is
an egg-yolk precursor and is present in most oviparous vertebrates. The liver synthesizes
VTG in females in response to stimulation by estradiol (E2) [99] and in males and juveniles
VTG is normally not detectable. However, after exposure to EDCs, VTG may become
induced to measurable concentrations even in male and juvenile fish. OT is a form of
intersex where altered gonads contain both testicular and ovarian cells. In general, OT is
found in different species and all over the world, but little is known about the natural ratio
of OT in wild populations. However, exposure experiments have shown that EDCs such as
EE2 can lead to OT in fish [100, 101].
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Table 3 The impact of environmental EDCs on wildlife vertebrates (adapted from [1]).
Origin of EDCs Effects Species affected
Organochlorine exposure Reproductive system, reduced and delayed | Lake trout, winter flounder, rock sole, English sole, Atlantic herring,
Oil spills ovarian  development, tumors and | Atlantic cod, European flounder, Arctic charr, plaice, Pacific herring,
Sewage treatment facilities | ulcerations VTG induction, abnormal | rainbow trout, carp, Japanese flounder, fathead minnow, whitefish, male

Pulp and paper mills

gonadal development

roach, gudgeon, longear sunfish, longnose sucker, lake whitefish.

Forest-use pesticides

Mortality and paralysis during early life

Southern leopard frog, northern leopard frog, green frog, North American

Organochlorine exposure

development, unhatched
hatchling deformities

embryos,

Insecticides stages, delayed metamorphosis of the | bullfrog, wood frog, American toad, spotted salamander, European
PCBs tadpoles, increased risk of desiccation, | common frog, African clawed frog, streamside salamander.

malformations
Pesticides Altered sex determination and sexual | Fence lizard, red-eared slider turtle, American alligator, western pond turtle,

Morelet’s crocodile, common snapping turtle.

Organochlorine exposure
Oil spills

Sex-reversing effects, abnormal parental
behaviour, reduced reproductive success,
testicular feminization, altered gonadal
development, development abnormalities,
eggshell thinning

Japanese quail, zebra finch, herring gull, ring dove, lesser scaup, tern,
western gull, California gull, double-crested cormorant, brown pelican,
white-tailed eagle, osprey, harlequin duck, pigeon guillemot, black
oystercatcher, black-legged Kkittiwake, glaucous-winged gull, European
shag, common guillemot.

Organochlorine exposure
Herbicides

Reproductive  system,  malformations,
arteriosclerosis, uterine cell tumors,
hermaphroditism, sexual development

Baltic ringed seal, gray seal, Saimaa ringed seal, harbour seal, sea otter,
California sea lion, Beluga whale, Baikal seal, striped dolphina, bottlenose
dolphin, river otter, European otter, American mink, polar bear, black bear,
brown bear, Florida panther.
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1.2.2 EDCs as a risk to humans

For a long time, it was believed that human development was a function of the
unfolding of a genetic program where the environment played virtually no relevant role.
This turned out to be a misconception and in the last few decades several pathways have
been identified that can be altered by xenobiotic influences: (1) the neuro-endocrine route,
whereby the nervous system monitors the environment and transfers signals to the
endocrine system, (2) the epigenetic route, whereby environmental agents change the
methylation pattern of genes, thereby altering their transcriptional capabilities, and (3) the
direct modulation of gene expression, particularly by hormonally-active agents [102].
These new insights made scientists realize that fetal exposure to EDCs may cause health
effects that manifest during adult life. Already soon they noticed that some of the effects
observed in wildlife were comparable to those observed in human which also could be
related to the exposure to EDCs.
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Figure 9 The potential effect of exposure to EDCs on the endocrine system [90].

The figure gives an overview of the major effects of EDCs observed in adult women (left)
and men (right) which have been exposed to significant amounts of EDCs during their fetal
development.

A well-documented example of EDC effects in humans is the in utero exposure to
DES, a drug with strong estrogenic properties administered to prevent abortions in pregnant
women until 1971. Besides the fact that DES failed to prevent premature birth, it caused
developmental alterations in the female offspring from mothers who took DES during
pregnancy including clear cell adenocarcinoma of the vagina, and gross structural
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abnormalities of the cervix, uterus, and fallopian tube. Women who were exposed to DES
in utero are more likely to have spontaneous abortions, ectopic pregnancies, premature
births [103], and have a higher incidence of ovarian and vaginal cancer [104].

Other EDCs which have been reported to produce adverse health effects in humans
include PCBs, TCDD, 2-bromopropane, 4,4’-diaminostilbene-2,2’-disulfonic acid (DAS),
danazol, methyltestosterone, nonylphenol, bisphenol A (BPA), and DDT. In addition,
heavy metals, plastics, cosmetics, textiles, paints, and lubricants have been implicated as
EDCs in humans [103, 104]. The reproductive alterations associated with ED effects in
humans are numerous: sperm abnormalities, shortened anogenital distance in boys, altered
sex ratio, testis cancer, cryptorchidism, hypospadias, prostate cancer, advanced onset of
puberty, breast cancer, endometriosis, obesity, attention deficit disorder, uterine cancer,
neurobehavioral abnormalities (low birth weight, malformations, reduced 1Q and cognitive
abilities), and allergies. Fig 9 gives a representation of major effects observed after
exposure to EDCs during fetal development in both adult women and men.

Since the initial observations of ED effects in human and wildlife, the field of
EDCs has come a long way in developing useful test assays, mechanism-based screening
techniques and incorporation of toxicant-induced endocrine alterations into risk assessment
in order to ensure the safety of compounds which are released into the environment.
However, one of the main questions nowadays is how to deal with mixtures of EDCs. Most
research until now has been focused on single chemical exposures and it has become clear
that more data are needed to predict cumulative effects of EDCs since today’s pollutants are
not characterized by high environmental concentrations but occur in the ultratrace ranges
and may exert their ED effects only in combination with other pollutants.

1.3 EDC screening assays

As yet, many different test systems have been described that can be employed for
ERa affinity screening as well as for the elucidation of mechanisms of ERo action of
(anti)estrogenic EDCs. Although many in vivo (e.g. the uterotrophic assay) and in vitro
assays have been developed, only in vitro ERo. EDC activity and/or affinity screening
assays will be discussed here.

Measurement of binding of a ligand to ERa is usually performed by competitive
binding assays in which the test compound displaces a receptor-bound probe molecule (see
Fig 10A). Initially, radiolabeled probe molecules [105] were used for these studies, making
them relatively cumbersome to handle, especially in combination with the additional tracer
separation and wash steps required. These drawbacks eventually led to the additional
development of the fluorescence enhancement based assays [106] and fluorescence
polarization (FP) based competitive binding assays [107], which are much easier to handle.
Competitive binding assays provide relative binding affinities compared to positive controls
(usually E2 or DES) and therefore enable a ranking and prioritization of compound series
tested. In addition, Nikov et al. [108] have developed a FP based method which was
successfully used to measure the binding affinity of ERa to ERE upon binding by different
EDCs. However, all these assays will only indicate the binding affinity of the compound
investigated and are unable to distinguish receptor agonists from antagonists.

Transient transactivation assays can be used to provide estrogenic and
antiestrogenic potencies of EDCs. In these reporter gene assays, yeast or a mammalian cell
line lacking endogenous ERa. is transiently transfected with an expression plasmid carrying
the cDNA of ERa along with an ERa-responsive promoter or ERE linked to a
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chloramphenicol acetyltransferase (CAT) or luciferase reporter cONA. ERa ligands induce
a dose-dependent transcription of the reporter protein CAT or luciferase and can easily be
monitored and quantified [109]. An often used transient transactivation assay which can be
employed to measure agonistic action is the yeast estrogen screen (YES) assay [110]. This
assay uses a yeast cell transformed with a human ERa and a plasmid containing the ERE
and the LacZ gene as a reporter gene coding for B-galactosidase. Activation of the receptor
results in increased red colouring of the assay medium (see Fig 10B).
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Three examples of in vitro ERa. screening assays described in scientific
literature (adapted from [111]).

The upper portion (A) depicts the competitive radioligand binding assay. The middle
portion (B) gives a schematic overview of the yeast estrogen screening (YES) assay while
the lower portion (C) illustrates the principle of the E-Screen cell proliferation assay.
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Figure 10

Instead of transfecting cell lines with cDNA of ERa., another possibility is to use
cell lines with endogenous ER expression. The ER-CALUX assay [112] makes use of the
T47D human breast adenocarcinoma cell line which expresses endogenous ER and which
was stably transfected with an estrogen-responsive luciferase reporter gene containing three
EREs. In the ER-CALUX assay, reporter gene expression is again a measure of the ER-
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mediated cascade of events resulting in activation of genes. Another assay that is often used
to evaluate estrogenic potency in vitro is the E-Screen [113] which measures the estrogen-
induced increase of the number of human breast MCF-7 cells. The basic principle of this
assay is depicted in Fig 10C.

For the different studies described in this thesis a fluorescence enhancement based
(coumestrol displacement) and a FP based competitive binding assay have been used to
determine in vitro binding affinities of a selection of EDCs (Chapter 4). In Chapter 5, the
YES assay and the E-Screen have been applied to measure the estrogenic activity of a
selection of environmental samples containing EDCs.

1.3.1 Human SULT1E1 screening assays

The role of human SULT1E1l in the regulation of E2 responsiveness at
physiological concentrations and its involvement in protecting peripheral tissues from
excessive estrogenic effects have already been discussed above. It is clear that it is
necessary to screen EDCs for their potential to influence the SULT1E1L activity. Several
assays have been described in literature which can be used to investigate the affinity of
EDCs for SULT1E1 [44, 114-122].

In general, two approaches are being used to measure SULT1EL activity towards
EDCs. The first approach is based on the sulfonation of a radiolabeled substrate by the
unlabeled cofactor PAPS [114, 116]. The second approach is usually applied when the
substrate is not available in its radioactive form. In this alternative approach, the sulfonation
can be analyzed by determining the transfer of *SO5 from [®S]PAPS to an unlabeled
substrate [116, 117]. Although these assays can be used to acquire the necessary EDC
activity information, the usage of radiolabeled reagents makes these assays relatively
cumbersome and expensive. However, these assays cannot be used to identify EDCs which
do inhibit SULT1E1 but are not activated by the enzyme.

The two approaches described above can easily be adapted to investigate the effect
of EDCs on the enzyme activity. In the first approach the effect of the competition between
the selected EDC and a radiolabeled substrate (usually [*H]-E2) will be a measure of the
inhibitory potential [44, 116, 118]. In the second adapted approach, the effect on the
transfer of *°SO; from [®S]PAPS to a probe substrate (usually either E1 [115, 122] or E2
[122]) will indicate the potency of the EDC to inhibit SULT1EL. Again, the usage of
radiolabeled reagents makes these assays expensive and more difficult to work with.
Another strategy employed makes use of metabolites of benzo[a]pyrene to measure
SULTIEL inhibition by analysis of the amount of sulfonated product which has been
formed and can be determined fluorescently [119-121]. This assay is relatively easy to
work with and no radiolabeled reagents are used. The only disadvantage of this assay is the
fact that benzo[a]pyrene and its metabolites are classified as carcinogens [123, 124]. In this
thesis the development, validation (Chapter 2) and application (Chapter 3 and 5) of a
fluorescence-based HPLC assay for the determination of SULTL1EL inhibition will be
described. This assay will make use of the non-carcinogenic 1-hydroxypyrene (OHP) [125],
thus omitting the use of radioactive or carcinogenic compounds.

In addition to the in vitro activity and inhibition assays described above, in vitro
mutagenicity test systems have been developed to address the possible SULT1E1 regulated
metabolic activation of xenobiotics leading to the formation of highly reactive electrophiles
that can be both mutagenic and carcinogenic [22, 24, 25]. The indicator cells of the
common in vitro mutagenicity test systems appear to be deficient in either SULTs or PAPS
under standard conditions and therefore SULT-mediated activation is not detected in these
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tests [126]. To overcome these limitations, several recombinant test systems have been
developed which were capable to express SULTSs (including SULT1E1) directly within the
target cell and at least two of these systems (Salmonella typhimurium and Chinese hamster
V79 cells) were successfully applied to demonstrate SULT1E1-dependent activation of
several compounds, such as 1-hydroxyethylpyrene (1-HEP),  7-hydroxy-7,8,9,10-
tetrahydrobenzo[a]pyrene, 8-hydroxy-8,9,10,11-tetrahydrobenzo[a]anthracene, and 1-
acetylpyrene, to mutagens [20, 21].

1.3.2 EDC mixture screening

One of the critical shortcomings of the in vitro assays described above and similar
assays in general is the lack of the possibility to screen affinity or activity of individual
compounds in complex mixtures. They can be used to measure the total estrogenicity of a
mixture but will not give any information about the identities and affinities of the
compounds responsible for this endocrine effect. In order to address this issue, alternative
strategies have been developed over time which are capable to overcome this serious
limitation and can be used to identify affinity and/or activity of individual compounds in
complex mixtures such as metabolic incubations, natural extracts, and combinatorial
libraries. Especially in the field of development of new chemical entities (NCEs) this can be
very important because it allows a fast and reliable detection and identification of
compounds which might exercise ED effects and therefore need to be monitored very
carefully.

In general, two approaches can be used to measure the effect of individual
compounds in a mixture. One strategy is to combine HPLC with fractionation techniques to
enable the compounds in the mixture to be separated and allow screening of the individual
components (depicted in Fig 11A) using the appropriate plate reader assays. The efficiency
of this strategy is highly dependent on the chromatographic resolution and the commonly
used 96- or 384- well formats are less beneficial for the separation of highly complex
mixtures. The option to switch to a 1536-well format to achieve higher resolution in
fractionation is limited by problems related to the efficiency of the subsequent bioassay
detection which needs to be performed in very small volumes (efficient well mixing, liquid
handling, foam formation) [127]. Despite these drawbacks, this technique has been widely
applied for different bioanalytical purposes including the identification of EDCs in complex
mixtures [85, 128-130]. Also for part of the research described in this thesis (Chapter 5) a
fractionation approach has been used in combination with the previously described E-
Screen and YES assay to determine the activity of individual EDCs in complex
environmental samples.

The other available strategy is the on-line high resolution screening (HRS)
technique (depicted in Fig 11B) which enables the screening of individual compounds in
complex mixtures by coupling a separation technology, usually gradient HPLC, to post-
column biochemical detection assays on-line. This technique has already been successfully
used to develop a number of antibody- [131] and biotin- [132], receptor- [133, 134],
enzyme- [135-137], and MS-based [138, 139] screening assays. Limitations of the HRS
format are that it is relatively difficult to perform bioassays with long incubation times
[127] and that a detection technique is required which is suitable for the format. The ideal
screening technique is a fluorescence based assay but if this is not available, MS detection
is a possible alternative. However, these assay formats are seriously hampered by the fact
that optimal assay conditions usually employ buffer and cofactor conditions that are not
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compatible with MS. Additionally, many enzymes and receptors are membrane bound and
will therefore probably clog on-line assay formats in which free and bound ligand need to
be separated prior to detection which therefore makes it very difficult to use these targets in
a HRS setup.
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Figure 11 Different strategies for the screening of activity and/or affinity in complex
mixtures.
The upper portion (A) depicts a fractionation approach in which the gradient HPLC eluent
after mixing with a post-column make-up gradient is collected in a microtiter plate, which is
subsequently analyzed by the appropriate bioassays (e.g. receptor binding or enzyme
inhibition assays). The lower portion (B) depicts the general scheme of a HRS setup. After
gradient HPLC with post-column make-up gradient the total flow is split to a bioassay and a
parallel HPLC effluent readout. In the bioassay HPLC effluent is first mixed in a reaction
coil with the target protein (in this case a receptor) and subsequently in the second reaction
coil mixed with a probe with allows bioassay readout.

The first HRS based assay for the ER has been developed by Oosterkamp et al. in
1996 [134] and in this setup the ERa LBD is continuously mixed with coumestrol which
shows fluorescence enhancement upon binding to the ERa LBD. Binding of affinity ligands to
the ERa. LBD will inhibit the coumestrol from binding to the receptor which will result in a
fluorescent signal decrease. A similar setup was used to screen natural plant product extracts
for ERa and ERP binding affinity [140] and to identify and screen cytochrome P450-derived
metabolites of several EDCs [141-143]. This thesis will not only describe the development and
validation of a HRS platform which couples RP-HPLC on-line to ERa affinity detection using
FP detection (Chapter 4) but will also describe the analysis of environmental samples using
the HRS setup (Chapter 5). Additionally, in Chapter 8 an approach will be presented which
combines the metabolizing potential of bacterial cyrochrome P450s (P450s) with the HRS
ERa screening platform to screen for ERa affinity of P450-generated metabolites of the
mycotoxin zearalenone (ZEN).

Very recently, a study has been published by Giera et al. [127] who managed to
combine the benefits of both the fractionation and HRS approaches by hyphenating a 1536-
well fractionation technique to a system that adds all necessary biochemicals on-line. This
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approach has all the advantages of HPLC separation with a very high resolution while still
enabling the possibility to perform bioassays with a long incubation time.

14 Biotransformation of EDCs

Humans are exposed throughout their lifetime to a large variety of xenobiotics
(including EDCs) and endogenous compounds which, in most cases, need to be converted
into more water-soluble metabolites in order to be excreted from the body in the urine
and/or feces. This process, known as biotransformation, usually results in the detoxification
of the compounds metabolized. However, the processes of oxidation, reduction, and other
enzyme-catalyzed reactions involved may also lead to the formation of metabolites having
increased therapeutic or toxic effects. This process is often referred to as bioactivation and
may be explained either as enhanced activity or affinity of a metabolite towards an enzyme
or receptor compared to the parent compound, or it may be seen as a process in which the
metabolite becomes more toxic by for example its chemical reactivity which can lead to
covalent binding to DNA, adduct formation to proteins or the formation of reactive oxygen
species (ROS) [144]. The process of biotransformation can also play a crucial role in the
ED potential of xenobiotics (see Fig 12) which makes it important to get more insight into
these processes.
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Figure 12 Possible effects of biotransformation on the ED potential of xenobiotics.
When a xenobiotic enters the human body, it can either have ED potential (a so-called EDC)
or no display of such activities at all. The biotransformation of an EDC can lead to the
formation of no metabolites at all with the result that the EDC will continue to display its
effect. The process can also lead to detoxification (loss of ED activity) or to the formation of
metabolites with a similar or even enhanced ED potential. The biotransformation of a
compound with no ED potential can also have three results. The compound is not
metabolized; the compound is metabolized but the formed products have no ED potential; or
the compound is bioactivated into products which display ED potential.

The pathways of biotransformation have been divided into three major categories.
Phase | reactions include oxidation, hydroxylation, reduction, and hydrolysis. In these
enzymatic reactions, a new functional group is introduced into the substrate molecule, an
exisiting group is modified, or an acceptor site for phase Il reactions is exposed to make the
substrate more polar and therefore more readily excreted. Phase |1 metabolism is usually
catalyzed by cytochrome P450s (P450s). Other phase | biotransformation enzymes include
reductases, peroxidases, monoamine oxidases, epoxide hydrolases, oxidoreductases, flavin-
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containing monooxygenases, xanthine oxidases, dehydrogenases, and carboxylesterases

(see Fig 13A).
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Figure 13 Phase | (A) and phase Il (B) metabolism of currently marketed drugs

(adapted from [145] and [146]).

The percentage of phase | and phase Il metabolism of drugs that each enzyme contributes is
estimated by the relative size of each section of the corresponding chart. ADH, alcohol
dehydrogenase; ALDH, aldehyde dehydrogenase; DPD, dihydropyrimidine dehydrogenase;
NQO, NADPH:quinine oxidoreductase or DT diaphorase; COMT, catechol O-
methyltransferase; GST, gluthathione S-transferase; HMT, histamine methyltransferase;
NAT, N-acetyltransferase; TPMT, thiopurine methyltransferase; UGTs, uridine 5’-
triphosphate glucuronosyltransferases.

In phase Il reactions, cofactors are reacted with the functional groups that were
already present on the substrate or that were introduced by phase | reactions. Phase Il
biotransformations are usually needed to further enhance the hydrophilicity of the
substrates since many of the phase | intermediate metabolites do not possess sufficient
hydrophilicity to permit excretion from the body. Phase Il biotransformation reactions
include glucuronidation, sulfonation, gluthathione conjugation, amino acid conjugation,
acetylation, and methylation (see Fig 13B).

Phase 11l metabolism involves further modifications of the phase Il products in
order to facilitate urinary excretion even more. The xenobiotics that are resistant to
metabolizing enzymes or are already hydrophilic, are excreted from the body largely
unchanged.

1.4.1 Reactive intermediates and metabolites of EDCs

Biotransformation of xenobiotics, such as drugs or EDCs, might produce reactive
intermediates and/or metabolites that can have either therapeutic or unwanted toxic effects. In
the human body estrogens also undergo biotransformation which involves a series of
enzymatic steps catalyzed by different proteins (see Fig 14) [147]. It has been suggested in
literature that one of the catechol metabolites of E2, namely 4-hydroxyestradiol (4-OH-E2),
might cause DNA damage since it generates free radicals from reductive-oxidative cycling
with the corresponding semiquinone and quinone reactive intermediates [148]. In contrast to 4-
OH-EZ2, another catechol metabolite of E2, 2-hydroxyestradiol (2-OH-E2), is not carcinogenic
but is easily further metabolized into 2-methoxyestradiol which has an inhibitory effect on cell
proliferation [147]. This example illustrates the importance of carefully looking at all the
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effects of xenobiotics and their metabolites in order to understand the influence they might
have on important regulatory systems.
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Figure 14 P450 mediated metabolic pathways of E2 (adapted from [147]).

E2 is biosynthesized by both CYP19 and 178-HSD from andostenedione via testosterone or
E1. E2 is metabolized to 2- and 4-hydroxy-E2. These catechol metabolites can be
subsequently O-demethylated to monomethoxy E2 metabolites by catechol O-
methyltransferase (COMT). 2-Methoxy-E2 appears to be non-carcinogenic and inhibits the
proliferation of cancer cells. 4-Hydroxy-E2 undergoes metabolic redox-cycling to generate
free radicals such as superoxide and the reactive semiquinone/quinine intermediates, which
cause DNA damage.

To investigate the effects of EDCs and their metabolites on the ERa. several
techniques have been developed. A study published by Kool et al. describes a HRS
methodology which has been successfully applied for post-column on-line profiling of
metabolites of tamoxifen with affinity for the ERa. [143]. Van Liempd et al. have reported
the development of an automated and hyphenated bioanalytical method for the metabolic
profiling of potentially harmful xenoestrogens. This system consists of an on-line P450
bioreactor coupled to a HRS ERa detection system which can be used to generate
metabolites of EDCs on-line and immediately screen them for their ERa affinity. The setup
has been successfully applied to evaluate the P450-generated biotransformation of the
known EDCs raloxifen, tamoxifen, methoxychlor, and BP3 [141, 142, 149].

1.4.2 Cytochromes P450

Cytochrome P450 monooxygenases (P450s) represent one of the largest known
superfamilies of enzyme proteins. The expression of P450s is not restricted to mammals but
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can be found in virtually all organisms, in all kinds of tissues. P450s play essential roles in
the biosynthesis of prostaglandins, steroids and secondary metabolites of plants and
microorganisms, as well as in the detoxification of a wide range of compounds such as
drugs or chemical pollutants (including EDCs). Most of them are membrane-bound or need
a membrane environment to gain a functional conformation and all of them need at least
one redox partner protein in addition to be active [150]. There are currently more than 7000
unique named sequences of P450s known [151], including 57 different human genes [151,
152]. P450s are named according to sequence homology [153]. When the amino acid
sequence is less than 40% identical, the P450 enzymes belong to different gene families.
P450s are said to belong to the same family if they have a sequence similarity which is
higher than 40%. When P450s are more than 55% similar, they are classified as members of
the same subfamily in which usually different isoenzymes are known [153].

P450s catalyze hydroxylation, epoxidation, reduction, and other oxidative
reactions on substrates that range from alkanes to complex endogenous molecules such as
steroids and fatty acids. They are able to introduce atomic oxygen into allylic positions,
double bonds, or even into non-activated C-H bonds. An overview of the different reactions
catalyzed by P450s is listed in Table 4. The multitude of reactions that P450s can catalyze
makes these enzymes highly versatile. There are currently about 60 different human P450s
known [154] and approximately a dozen of these P450s are involved in xenobiotic
metabolism. The most important P450 enzymes are 1A2, 2C9, 2C19, 2D6, and 3A4 which
are responsible for the bulk of the metabolism of known drugs in humans (see Fig 13A)
[146]. Genetic polymorphisms have been reported for a number of P450s and may lead to
abolished, reduced, altered, or increased enzyme activity [155]. While for the P450s 1A2,
2A6, 2B6, and 2C8 the clinical effects due to these polymorphisms were minor, major effects
were observed for 2C9, 2C19, and 2D6 [156]. Polymorphisms in these isoenzymes affect
metabolism of 20% to 30% of the clinically used drugs and this has become a major issue in
the discovery and development of drugs and other NCEs [157, 158].

Because of the role which P450s play in biotransformation processes, it is necessary
to look carefully at the different effects which xenobiotics and their metabolites might have on
the activity of these enzymes. P450s can be inhibited, activated or induced by xenobiotics
which thereby influence the metabolism of critical endogenous compounds or xenobiotics such
as drugs. It has already been shown that a number of drugs undergo bioactivation into
pharmacologically active metabolites that either play a significant role or are entirely
responsible for the therapeutic effects of the drug [159]. Drug-xenobiotic interactions therefore
may lead to unwanted or even highly toxic effects.

1.4.3 Potential of P450s as biocatalysts

The official IUPAC definition of a biocatalyst is that it is an enzyme or enzyme
complex consisting of, or derived from, an organism or cell culture (in cell-free or whole-
cell forms) that catalyzes metabolic reactions in living organisms and/or substrate
conversions in various reactions. Biochemists and microbiologists have long seen
biocatalysis as an area with great promise for chemical synthesis. Especially P450 enzymes
have been a topic of considerable interest in biocatalytic studies because of their impressive
ability to catalyze the insertion of oxygen into non-activated C-H bonds. Very few methods
exist that directly hydroxylate aliphatic or aromatic C-H bonds, and most of them are not
selective or of limited scope [160].
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Chapter 1
Table 4 List of different reactions catalyzed by P450s [3, 161, 162].
Reaction type Example
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hydroxylation © ©
_—
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Epoxidation 0
o= ——— =t
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dealkylation @X\ E—— QXH + X
Alkyne_ R 1,0 0
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HNJ\ N
|
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OH 0
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As stated earlier, metabolites produced by P450s may display important
pharmacological activities or be responsible for the toxicity or other unwanted side-effects
of xenobiotics. Besides the fact that P450s can be used for biosynthetic purposes, there is
also a great need for systems enabling the facile (bio)synthesis of sufficient quantities of
metabolites for structural elucidation and pharmacological and toxicological evaluation
[160]. So far, biocatalytic metabolite production is usually performed by large-scale
incubations with recombinant human P450s. However, because of their low activities and
instability, the yield of the metabolites often is very low and the costs are very high.
Attempts to increase the specific activity of the human P450s by genetic engineering so far
has had limited success, i.e. resulting in only 2-10 fold increases in specific activity [163].
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Compared to their human counterparts, microbial P450s generally show much
higher stability and their specific activity towards their natural substrates can be more than
100-1000 fold higher compared to the highest activities observed with human P450s [164].
Another advantage of the use of microbial P450 systems is that biomass doubling times are
short and hence, production of biomass can be achieved quickly, and genetic engineering
techniques have enabled the enzyme industry to increase the fermentation productivity of
these enzymes by many orders of magnitude.

Figure 15 Perpendicular views of the P450 BM3 heme domain [165].
The structure of the P450 BM3 heme domain has two major structural blocks: a larger a-
helix-rich domain (blue) and a smaller B-sheet-rich domain (green). The heme cofactor is
indicated in red. The long I helix is shown in magenta. This structural element runs across
the face of the heme and contains several amino acids with important roles in catalysis
[166].

One of the most studied microbial P450 enzymes is P450 BM3 (CYP102A) from
Bacillus megaterium (see Fig 15). P450 BM3 is a 119 kDa cytosolic protein which
catalyzes the o-n (n = 1-3) oxidation of long chain fatty acids [167]. It is unique amongst
P450 enzymes in that it is catalytically self sufficient since as a natural fusion protein, P450
BM3 contains the heme domain and reductase on a single polypeptide chain. P450 BM3 is
the most active P450 so far identified and is a soluble highly stable enzyme [166]. The
substrate spectrum, crystal structures, large-scale production, and purification protocols
make P450 BM3 an ideal candidate for mutagenesis studies. It has been shown that
substrate selectivity can be manipulated by various genetic engineering approaches, such as
site-directed mutagenesis and random mutagenesis [168-176].

Recently, several P450 BM3 mutants were obtained by a combination of random
and site-directed mutagenesis by the group of Commandeur et al. With this mutant library,
they were the first ones to identify drug-like molecules as ligands for P450 BM3 and
showed that BM3 mutants could be used for the biosynthesis of drug metabolites. They
demonstrated this by producing large amounts of metabolites of the drugs acetaminophen,
dextromethorphan, amodiaquine, MDMA, clozapine, diclofenac, and trimethoprim [175-
178].
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1.4.4 The P450 BM3 screening process

An important step in the development of new P450 BM3 mutants for biocatalytic
purposes is the selection of mutants that display the desired changes. Therefore, the mutant
libraries which have been created using (a combination of) different mutagenesis
techniques need to be screened in order to select mutants with improved characteristics.
Three general screening methods exist: (1) screening by selection which is based upon a
system in which the presence of the catalytic activity of improved mutant enzymes provides
an advantage to the bacteria or microorganisms possessing it; (2) screening by detection
which is based upon a system which directly monitors the reaction of interest [179]; and (3)
affinity screening which is based on the detection of interactions of small or large
molecules with biological targets of interest to generate information on the potential
biological activity of these targets.

A good example of a high throughput screening (HTS) assay for P450 BM3 which
is based upon screening by selection has been published by Tsotsou et al. [180]. They
managed to identify active P450 BM3 mutants by measuring the consumption of NADPH
through the detection of a degradation product of NADPH oxidation during substrate
turnover. Wong et al. [181] have reported the laboratory evolution of P450 BM3 mutants
with improved activity in the presence of organic cosolvents. They screened libraries of
mutants created by directed evolution in the presence of high amounts of organic solvents
for their activity towards p-nitrophenoxydodecanoic (pNCA) acid which after
hydroxylation spontaneously dissociates in the chromophore p-nitrophenolate. The most
active mutants were selected and subsequently used for another round of directed evolution.
By repeating this strategy several times they managed to engineer mutants with an activity
increase up to 10-fold in organic cosolvents. Screening assays that are based on the reaction
between the desired product, or a reaction by-product, and an additional reagent have the
advantage that they can be used for an entire class of substrates and are highly suitable for
HTS. Other HTS assays which have been developed for BM3 include the Purpald [182], the
4-aminoantipyrine (4-AAP) [183], and the y-(4-nitrobenzyl)pyridine (NBP) assay [184]. A
disadvantage of these assays is that the reagent can often react with other medium
components, resulting in false positive or false negative signals.

When selection is not possible, this includes the majority of cases [150, 160, 164,
168, 170, 171, 185], the created library must be assayed for catalysis of the desired
reaction. This reaction can be monitored by either non-invasive methods like UV- or IR-
spectroscopy, all kinds of fluorescence spectroscopy, and NMR or by invasive methods
such as mass spectrometry. For this approach it can be useful to screen for the metabolism
of a number of structurally different substrates in a tandem- or cocktail approach.

The third alternative, affinity-based screening, has been successfully used by
Lussenburg et al. [185] to identify novel ligands that are able to bind P450 BM3 or P450
BM3 mutants. They developed a fluorescent HTS method for P450 BM3 that can be used
for inhibition screening and is based on the O-dealkylation of drug-like alkoxyresorufin
molecules to yield the extremely fluorescent resorufin product [186]. This fluorescent high
throughput assay has various advantages compared to some of the assays described above.
The measurement of cofactor depletion [180] is far less sensitive than monitoring
fluorescent product formation and uncoupling of the enzyme can occur which results in
false positive signals [187]. Other techniques, based on product identification and
quantification with GC-MS, NMR or HPLC, are less suitable for high-throughput purposes
because of long analysis times and/or laborious sample preparations [170, 171]. In addition,
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it was demonstrated that the developed high-throughput assay could be used in whole cells
which is very valuable since this makes laborious enzyme isolation procedures obsolete.

The second part of the research described in this thesis mainly focuses on the
screening for and application of P450 BM3 mutants for the production of large amounts of
metabolites of EDCs.

1.5  Scope and objectives of this thesis

The endocrine system is a signalling system which is very important for the
regulation of a large range of body functions. Unfortunately, this system is also susceptible
to the toxic effects of substances that are foreign to the human body, so-called xenobiotics.
When a xenobiotic has endocrine disrupting (ED) potential, it is termed an endocrine
disrupting chemical (EDC) and EDCs may cause adverse health effects in an intact
organism, its progeny, or its (sub)populations [45]. Two important proteins that can be
influenced by EDCs are the human estrogen sulfotransferase 1E1 (SULT1E1) enzyme and
the human estrogen receptor o (ERa). In general, sulfotransferase enzymes (SULTS),
including SULT1EL, are mainly involved in the detoxification of xenobiotics through
sulfonation [21] although bioactivation [22, 23] and the formation of reactive metabolites
[22, 24, 25] have also been reported for this class of enzymes. However, SULT1E1l
additionally plays a critical role in the biotransformation of endogenous estrogen steroids
and thereby regulates the biological activity of these potent natural steroids [31-33].
Decreased SULT1E1 expression or SULT1EL1 inhibition by EDCs can lead to an increased
in situ availability of biologically active estrogens, which has been related to various
estrogent-dependent unwanted features [39-44].

The second important protein, the human estrogen receptor o (ERa), is a ligand-
activated transcription factor which mediates the effects of estrogen steroid hormones on
the growth, development, and function of a diverse range of tissues [7]. It has been reported
that the ERa shows affinity for a remarkably wide range of structurally diverse compounds
and that it is involved in a range of diseases such as breast cancer [18], osteoporosis [19],
endometrial cancer, and prostate hypertrophy [188]. Additionally, it has been shown that
biotransformation processes can lead to the bioactivation of xenobiotics such as polycyclic
aromatic hydrocarbons (PAHs) [189] and chrysene [190] through the formation of
hydroxylated metabolites with estrogenic activities. This means that on the one hand, EDCs
can interfere with very important biotransformation processes (SULT1E1-mediated
detoxification of potent endogenous estrogen steroids) and thereby cause adverse health
effects. On the other hand, in some cases the bioactivation of xenobiotics can lead to the
formation of EDCs with unwanted interactions with ERa. It is therefore very important to
get more insight into the above described biotransformation processes.

The main aim of the research described in this thesis therefore was the
development and validation of methods to investigate the role of biotransformation in the
estrogenicity of xenobiotics. The first two target proteins on which this research has been
focused are the human ERa and SULT1E1 enzyme since both proteins play a role in the
regulation of the endocrine system in the human body and have been associated with toxic
effects. The third protein investigated is the microbial cytochrome P450 BM3 (CYP102A)
enzyme from Bacillus megaterium. P450 BM3 is one of the most active P450s so far
identified [164], is a soluble highly stable enzyme, and its substrate selectivity and activity
can be manipulated by various genetic engineering approaches [168-171]. This makes this
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enzyme a highly suitable candidate enzyme for biocatalysis thus generating xenobiotic
metabolites with ED potential.

The main goal of the first part of this thesis was the development of a rapid and
reliable assay to measure the inhibition of SULT1E1 by EDCs. A second goal of this part
was to integrate a fluorescence polarization (FP) detection technique with an already
available ERa high resolution screening (HRS) platform. This technique enables the
screening of the affinity of individual compounds in mixtures that displayed
autofluorescence in the original coumestrol-based HRS ERa. setup.

The main goal of the second part of this thesis was to investigate the role of
biotransformation in the estrogenicity of xenobiotics. To achieve this goal, P450 BM3
mutants were employed for the generation of large amounts of metabolites which
subsequently were screened for their estrogenic affinities. In order to identify the
appropriate BM3 mutants from selected libraries, new strategies were designed to screen
the mutants not only quantitatively (the degree of metabolism) but also qualitatively
(diversity of metabolic profiles). The most diverse mutants were then used for the
metabolic profiling of the EDC zearalenone (ZEN).

This thesis is divided in two parts and nine chapters. The first part (Chapter 2 to
5) focuses on the development and validation of strategies to measure the affinity of
xenobiotics and their possible metabolites towards SULT1EL and ERa. The second part
(Chapter 6 to 8) is dedicated to the evaluation of strategies to screen P450 BM3 mutants
for the generation of biologically active metabolites of xenobiotics.

A general introduction is given in Chapter 1. An overview of the literature
regarding EDCs, the estrogen receptor o (ERa) and the human sulfotransferase (SULT1E1)
is presented. The different techniques used to measure the effect of xenobiotics on these
targets are discussed. Finally, the screening and generation of biologically active
metabolites of estrogenic xenaobiotics is reviewed.

Chapter 2 describes the development and validation of an assay to measure the
inhibition of human SULT1EL. The HPLC based screening assay is rapid and simple and
uses the non-radioactive and non-carcinogenic 1-hydroxypyrene (OHP). I1Cs, values have
been determined for 8 known SULT1EL inhibitors/competing substrates and 2 unknown
SULTL1E1L inhibitors, namely ZEN and dienestrol (DIS). The assay was demonstrated to be
easy and highly reproducible for SULT1E1 inhibition screening.

In Chapter 3, the enzymatic and inhibitory properties of human and murine
SULT1E1 are compared both in vitro and in silico. The aim of this study was to investigate
whether this could shed light on the basis for substrate inhibition and the reasons for the
existence of different biologically active forms of sulfotransferases in these species.
Extensive molecular modelling was used to rationalize the experimental findings and to
suggest possible explanations to contradictory findings presented in literature. The
observations made offer an explanation of the substrate inhibition, observed in human
SULTIEL.

Chapter 4 describes the development and validation of a HRS platform which
couples gradient reversed-phase HPLC on-line to ERo affinity detection using FP. A
fluorescein-labelled estradiol derivative (E2-F) was synthesized and proof of principle was
demonstrated by separation of a mixture of 5 known EDCs followed by post-column
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bioaffinity screening of the individual affinities for ERa. In addition, we were able to
screen affinities of off-line generated metabolites of ZEN for ERa and it was shown that
the on-line FP-based bioassay can also be used to screen for ERa affinity of compounds
without disturbance by autofluorescence.

Chapter 5 gives an overview of a systematic attempt to analyze a wide range of
EDCs present in wildlife tissues. This has been achieved not only by analyzing a wide
range of EDCs chemically, but also by high-information content bioassays in order to
characterize and profile low-level exposures and effects of EDCs. Putative correlations
between internal exposures derived from chemical analyses and conditions indicative of
endocrine disruption have been integratively investigated. Using bioassay-directed
fractionation, correlations have been made between total EDC activity and chemicals
analyzed.

The second part of this thesis focuses mainly on the screening and employment of
bacterial cytochrome P450 BM3 mutants designed to generate biologically active
metabolites of drugs or other xenobiotics.

Chapter 6 describes the evaluation of the drug metabolizing potential of a library
of P450 BM3 mutants by a LC-MS based screening technology. Using this setup it was
demonstrated that a selected set of BM3 mutants could be screened quantitatively but also
qualitatively for their activities towards an expanded set of drugs to identify promising
mutants with improved metabolic characteristics.

In Chapter 7 the development and validation of an alternative screening method is
described. This method uses an on-line flow-injection analysis (FIA) screening assay which
makes use of highly fluorescent alkoxyresorufins to determine differences in affinities of
selected BM3 mutants towards a set of compounds.

Chapter 8 describes the application of highly active BM3 mutants to produce
elevated levels of biologically active metabolites of the phytoestrogen ZEN. The affinities
of the metabolites are subsequently screened using the HRS ERa platform. The
combination of both techniques demonstrates their strength in gathering detailed
information about the toxicological potential of xenobiotics.

Chapter 9 summarizes the overall conclusions of the investigations described in
this thesis and provides an outlook for future research on estrogenicity of xenobiotics.

A considerable amount of the work described in this thesis (Chapter 2, 4, and 5)
was done as part of the European project EDEN (Exploring novel endpoints, exposure, low-
dose and mixture effects in human, aquatic wildlife and laboratory animals). The project
EDEN was an interdisciplinary effort designed to address key issues that hampered sound
hazard- and risk assessment for EDCs in the European Union. An approach was adopted
that fully integrated human, wildlife, exposures, mechanisms, and low-dose/mixture-
evaluations. Our role in the project was to contribute to the analysis of human and fish
tissue specimens for chemicals with ED potential. In addition, we were responsible for the
analysis of the SULT1E1 inhibition in the collected samples. The final outcome of the
exposure assessment and mixture studies obtained will help to assess how this data can be
taken into consideration in testing guidelines and risk assessment procedures for wildlife
and humans.
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