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Introduction

1.1

Regulation of Gene Expression

1

Transgenic manipulation has become a powerful tool for investigating gene function for
both fundamental research and applications. In most cases, foreign genes under the
control of a constitutive promoter are introduced into pro- and eukaryotes. Constitutive
promoters have been used successfully to express a spectrum of genes in transgenic
organisms. However, such promoters have not been useful in situations where expression
of a (trans)gene needs to be restricted to specific tissues or at a particular time.
Constitutive expression of foreign genes may interfere with physiological processes and
on occasion, may be deleterious or even lethal. Understanding developmental and
physiological processes in plants often requires the conditional or targeted
expression/suppression of either transgenes or native genes. For example, systems that
allow researchers to control gene regulation precisely facilitate the over- or
underexpression of genes that have deleterious effects on plant growth and development.
These regulated gene expression systems also have possible applications in biotechnology
that are not provided by constitutive gene expression. Such applications include providing
conditional male sterility, altering the timing of defense and reproduction, controlling the
production of novel material in plants and microorganisms for industrial or
pharmaceutical uses and in gene therapy, and construction of molecular sensors or
“smart” materials [1-4].

1.1.1

Level of Regulation

The synthesis of proteins, which are usually the functional end-products of the
information stored in genes, involves multiple enzymatic reactions carried out by large
protein complexes and all of these processes appear to be potential regulatory targets.
Regulation of gene expression can be achieved in either one of these three broad stages:
transcription, translation and protein function. Transcriptional regulation offers the
potential to effect the widest change in protein levels. Translational control with small
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molecules was discovered only recently, but appears to have intermediate properties of
speed and breadth of regulation. Direct regulation of protein function has the highest
precision, but it suffers from a lack of generality. Regulation can be achieved by turning a
gene on (induce) or off (repress). While turning off a gene function is desirable in some
cases, the majority of regulation application is benefitted from the induction of
expression. Again if a gene remains silent and can be induced while the function is
needed, the necessity of repression is theoretically alleviated in most of the cases.
Because of its application potential, we will only focus on inducible control of gene
expression.

1.1.1.1

Transcriptional regulation

Most organisms regulate gene expression primarily through altering mRNA levels. An
important characteristic of transcriptional regulation is that the regulatory signal is
amplified. Binding of transcription factors to one or several copies of a gene can generate
many mRNAs and thousands of active protein molecules. Another added advantage is the
level of control being at the beginning of central dogma, thus reducing the metabolic
burden of the cell. Of the three levels of regulation, transcriptional control typically
provides the widest range of response.

1.1.1.2

Translational control

Recent work by Breaker and coworkers has led to the discovery of RNA-mediated small
molecule regulation of translation. Termed “riboswitches”, these natural translational
switches are found in the 5’- untranslated region (5‘-UTR) of mRNAs of many
prokaryotes [5]. In one well-characterized riboswitch, the binding of thiamine
pyrophosphate blocks translational initiation by up to 16-fold in several genes involved
with thiamine biosynthesis in E. coli [6]. Researchers have shown that the principles of
translational control seen in many natural riboswitches can be applied to the creation of
artificial genetic switches. Switching activity achieved with most of the riboswitches is
the down regulation of gene expression, which is not always desirable. Recent
development in the upregulation of gene expression using riboswitches is promising, but
the induction kinetics limit their applicability [7, 8].
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Direct regulation of protein function

Post-translational regulation of protein function can provide high temporal precision and
is frequently used in natural systems to rapidly modulate protein activities. One major
drawback is the negative regulation, i.e. repression/inhibition of gene function. While
binding of a small-molecule to a protein target can exert an immediate effect, this direct
regulation of protein function suffers from a lack of generality [9]. Whereas a single
genetic switch can regulate transcription or translation of an arbitrary gene of interest,
small-molecule protein interactions are usually specific to a single protein target. The
synthesis and identification of potent and selective inhibitors or activators for a target
protein remain significant challenges despite improvement in synthesis and screening
methods.

1.1.2

Regulation at transcriptional level

Since the transcriptional regulation provides the greatest potential for positive control of
gene function, we will discuss briefly the mechanism of transcriptional regulation. The
core promoter region of a eukaryotic gene shows by itself only a very weak, if any,
transcriptional activity. The transcriptional activity is regulated, positively or negatively,
through DNA regions (cis-acting sequences) that are located more distally to the core
promoter and contain binding sites for regulatory proteins (trans-acting factors). The ciselements do not have a direct effect on transcription by themselves. Their role is rather to
serve as “landing-sites” for a diverse group of DNA-binding proteins, collectively called
transcription factors (TFs) [10]. Binding of TFs to upstream cis-elements is a pre-requisite
for transcription initiation. Today several hundred TFs have been identified, many of
them belonging to one of several different protein families. Although members of
different families can be entirely unrelated in their sequences and structures, they usually
encompass two common features. The first is the presence of a DNA binding domain
(DBD), which allows the sequence-specific binding of the factor to a short, defined DNAelement within upstream promoter regions or enhancers of target genes. The other
function present in transcription factors is an activation domain (AD), involved in
modulation of the transcriptional activity of the target promoter. The DNA binding and
activation properties are frequently found to be located in separate domains of the
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transcription factor [11, 12] as demonstrated by the fact that DBDs and TADs often can
be interchanged between transcription factors in so called swapping experiments [13-15].
Transcription initiation is one of the most exciting stages of regulation and numerous
studies have been conducted to understand the process in a deeper sense as well as to
manipulate the regulation. Two major strategies have been forwarded for such regulation:

1.1.2.1

Regulation of transcription factor expression

The activities of TFs are controlled in different ways to coordinate cell- and
developmental-specific gene expression. One strategy is to control the expression of the
transcription factors themselves and it has been shown for several TFs that they are
expressed predominantly in certain tissues and sometimes during special timeframes.
Tissue-specific TFs have been intensely investigated in e.g. liver [16, 17]. For many
tissues less is known about mechanisms involved in tissue-specific gene regulation and
involvement of cofactors in initiation of transcription makes this strategy complicated.

1.1.2.2

Regulation of transcription factor activity

Whereas a restricted expression pattern of a transcription factor is an efficient way for
tissue-specific control of target genes, this regulatory mechanism is not useful for
mediating a rapid response to extracellular environmental and chemical signals. To enable
this, several transcription factors are pre-existing within the cell in inactive forms that can
rapidly be induced to modulate gene expression. This modulation is often mediated by
covalent modification of the TF, e.g. by phosphorylation [18, 19] or by keeping the TF in
an inactive state bound to an inhibitory protein [20-22]. The transcriptional activity of
other TFs is mediated by the non-covalent, high affinity interaction with small signal
substances, such as antibiotic, sugar or hormones. This type of transcriptional regulation
is termed as inducible control of gene expression. The glucocorticoid receptor for
example, is present in an inactive form in the absence of the cognate ligand. Binding of
glucocorticoids activates the receptor, leading to the formation of a homodimer capable of
DNA binding and transactivation [23].
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Trends in inducible control of gene expression

Since the transcriptional regulation has several advantages like broader control range,
positive and negative control as well as being a well-studied phenomenon, it is no wonder
that there were numerous approaches to develop regulatory systems based on native or
heterologous promoter elements [24]. In almost all the cases, the regulation or switching
was achieved by various signals like environmental stimuli [25, 26], metal ions [27, 28]
and chemicals [29-32]. Native promoters have been used for tissue-specific induction but
they have limitation like activation during the process of regeneration, causing unwanted
pleiotropic effects. In addition, they also restrict analysis to a few cell types or tissues.
Promoters responding to environmental signals (temperature, light etc) and metal ions are
also problematic as these stimuli are difficult to control in nature and induction of
expression often results in unwanted effects.

To achieve effective regulation of transgene expression, a series of chemically regulated
expression system have been developed, with which expression can be switched on or off,
by adding or removing specific chemicals [1, 24]. Based on the purpose and type of
control as well as on the organism, chemically inducible systems could vary significantly.
However, when considering in general, the following criteria and absolute requirements
for an ideal chemically inducible system are:


Low basal level of expression



High inducibility with rapid response



Termination of expression after removal of inducer



Low toxicity and high specificity of the inducer



No pleiotropic effect



Inducer should be easily applicable

Because the ideal inducer should affect expression only of the transgene, it favours the
use of well-characterized regulatory elements from evolutionarily distant organisms
(heterologous systems), which respond to chemical signals that are usually not
encountered by higher plants [24]. Considering the above-mentioned criteria, various
major chemically inducible systems developed in the past are summarized in Table 1.1:
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Table 1.1: A comparison among different regulatory systems developed for plant gene expression based on
chemically inducible promoter system [33].

1.1.4

Orthogonal combination

One of the major drawbacks of available inducible systems is that they are not truly
orthogonal, i.e. putting genes under control of a native ligand binding domain requires the
use of ligands that will also activate the endogenous pathways that are normally
controlled by the receptor within a cell. This unwanted gene activation would make it
impractical or impossible to accurately evaluate the physiological role of the intended
target gene. For a receptor-ligand pair to overcome this obstacle they must be orthogonal
to the contents of the cell [34], i.e., the receptor cannot be activated by endogenous small
molecules and the ligand cannot activate endogenous receptors. One strategy to achieve
this goal is to employ heterologous ligand-receptor pairs that are not found in target cell
or organism, but this then significantly reduces the applicability. An alternate strategy that
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does not depend on identifying heterologous ligand-receptor pairs from other organisms is
to modify the receptor to be activated by compounds that do not activate the wild-type
protein. This strategy has been used to selectively modulate the function of engineered
immunophilins [35], kinases [36], and Src homology domain 3 (SH3) [37]. Peet and
coworkers have previously observed that the nuclear hormone receptor retinoid X
receptor (RXR) can be mutated to alter its activation in response to various ligands [38].
Koh and colleagues have shown that the related retinoic acid receptor (RAR) can be
mutated to permit activation by neutral and basic ligands [39] and in recent work have
demonstrated that the same strategy can be applied to the estrogen receptor [40].
Katzenellenbogen has also used mutagenesis of the estrogen receptor in combination with
chemical synthesis to obtain new hormone-receptor combinations [41].

1.1.4.1

Criteria for orthogonal ligand-receptor pair

While creating a heterologous chemically inducible promoter system, knowledge of
model system (e.g. plant or animal) to be used helps in deciding the orthogonal
combination of ligand and receptor. The choice of receptor is based on the following
criteria. First, the model organisms should not express any activity that is homologous or
related to the exogenous transcription factor used. Second, the inducer of this
transcription factor should be an inert signal for the cells used. Third, the binding site for
this transcription factor should be complex and therefore unlikely to occur by chance in
the control region of a mammalian gene. Good induction kinetics and structural
knowledge are also important criteria to consider.

1.1.5

Nuclear hormone receptor (NHR) and estrogen receptor (ER)

One such receptor class fulfilling the above-mentioned citeria is nuclear hormone receptor
(NHR) proteins which form a class of ligand activated proteins that, when bound to
specific sequences of DNA serve as on-off switches for transcription within the cell
nucleus. These switches control the development and differentiation of skin, bone and
behavioral centers in the brain, as well as the continual regulation of reproductive tissues.
NHRs function by binding to specific sites within the DNA genome and regulating the
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expression of adjacent target genes in response to cognate ligand. Both negative and
positive effects on transcription can occur [42-47]. Nuclear receptors (NRs) share a
modular domain structure, which includes, from N-terminus to C-terminus, a modulatory
A/B domain, the DNA-binding domain (DBD; C domain), the hinge D domain, the
ligand-binding domain (LBD; E domain) and a variable C-terminal F domain that is
absent in some NRs [48]. The nuclear receptor (NR) superfamily represents a large group
of transcriptional regulators that encompass receptors for steroid and thyroid hormones,
retinoids, vitamin D, peroxisome proliferator-activated receptors and orphan receptors
[46].

Estrogen receptor (ER) is a well-characterized NHR that perfectly satisfies the abovementioned criteria. Additionally ER shows rapid induction kinetics with its natural ligand
estradiol (E2) and accepts diverse range of chemical structures as ligands where the
induction varies significantly. The receptor shows dose-dependency which in turn can
make the inducible system a quantitative one [49]. ER is a well studied NHR with
significant structural data available [50]. The receptor has also good tolerance to modular
exchange and to engineering approaches, making it an ideal candidate for orthogonal
inducible system [51]. ER does not occur in plants, thus the regulatory system would not
have any pleiotropic effect with host regulatory pathway. And once engineered for a
synthetic chemical ligand without any hormonal properties, this system can also be used
in mammals.

1.1.5.1

The Estrogen Receptor

Already at the beginning of the century, it was recognized that some substance(s) present
in ovaries was important for e.g. uterine and vaginal functions. It was subsequently found,
during the early thirties, that an estrous-inducing substance could be isolated from urine
from pregnant animals, which led to the first successful isolation and purification of an
estrogen, estrone. Somewhat later, a second estrogen, estradiol, was isolated from ovarian
tissue. In the early sixties, a major breakthrough came with the work of Jensen [52, 53]
reporting the presence of receptors for estrogens in target tissues. Intense research during
the following years led to an improved understanding of the action of these receptors.
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Another important step came forward during the mid-eighties when estrogen receptorencoding cDNAs were cloned from several species [54-57] allowing detailed molecular
investigations. Simultaneously, cDNAs coding for related proteins were cloned,
indicating the presence of a large family of hormone receptors with similar mechanisms
of action [46]. Thanks to the dramatic progress since then, a wealth of information has
accumulated [58, 59]. We know today that the ER is a ligand-activated transcription
factor that after activation binds to specific DNA elements (estrogen response elements,
EREs) and modulates the transcription levels of target genes.

Like other nuclear receptors, ER exhibit a modular structure with different regions
corresponding to autonomous functional domains (Fig. 1.1) that can be interchanged
between related receptors without loss of function. ER has six domains named A through
F from N- to C terminus as follows: Activation Function 1 (AF-1), a conserved DNAbinding domain (DBD), a linker region, a conserved region that contains the ligand
binding domain (LBD) and the C-terminal Activation Function 2 (AF-2) region.
A/B

N

C

D

DBD
1

180

F

C

LBD
263 302

AF-1

Transactivation

E

535 595
AF-2

DNA binding
Dimerization
E2 binding
HSP interaction
Coactivator/corepressor interaction

Figure 1.1: Graphical representation of structure and function of human ERα. The numbers indicate
positioning of different domains within the receptor.

The

N-terminal

A/B

domain

contains

the

autonomous

(ligand-independent)

transactivation function AF-1 that modulates transcription in a gene and cell-specific
manner. The A/B domain shows promoter and cell-specific activity, suggesting that it is
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likely to contribute to the specificity of action among receptor isoforms and that it could
interact with cell type-specific factors [60-63].

The DNA binding domain (DBD) is made of the C domain and plays an important role
in receptor dimerization and in binding of receptors to specific DNA sequences. Several
three-dimensional structures (nuclear magnetic resonance as well as X-ray investigations)
are known for ERα DBD alone and in complex with DNA [64-66]. The DBD binds as a
dimer with each monomer recognizing a six base pair sequence of DNA.

The hinge region or D domain is a 40 amino acid sequence separating the DBD and
LBD which contains sequences for receptor dimerization and nuclear localization
sequences (NLSs). Nuclear co-repressor proteins interact with the hinge region and
increase the partial agonist activity of antagonist ligands. The D domain can be
considered as a linker peptide between the DBD and the LBD [67].

The Ligand Binding Domain is a globular domain that harbors a hormone binding site, a
dimerization interface (homo- and heterodimerization), and a coactivator and corepressor
interaction function. In the three dimensional structure of ERα, the polypeptide chain is
folded into the canonical α-helical sandwich topology associated with NR-LBDs [68].
This compact “wedge-shaped” domain is composed of 12 helices (H1- H12) that are
arranged into 3 anti-parallel layers. The observed helical arrangements act as a molecular
scaffold that maintains a sizable buried cavity of approximately 500 Ǻ at one end of the
LBD. While the overall conformation of the ER LBD is remarkably similar in the various
ligand complexes, one aspect of the LBD, namely the orientation of the C-terminal
transactivation helix (H12) is highly sensitive to the nature of the bound ligand [69]. The
LBD also harbors activation function 2 (AF-2), which is a complex region whose structure
and function are governed by the binding of ligands. Crystallographic studies with the
LBDs of ERα and ERβ revealed that the AF-2 interaction surface is composed of amino
acids in helix 3, 4, 5, and 12 and that the position of helix 12 is altered by binding of
ligands [70-72]. The LBD participates in several activities including hormone binding,
homo- and/or heterodimerization, formation of the heat-shock protein complex and
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transcriptional activation and repression. The binding of the hormone induces
conformational changes that seem to control these properties and influence gene
expression. The conformational changes that accompany the transition between the
liganded and unliganded forms of the nuclear hormone receptors affect dramatically their
affinity for other proteins.

Dimerization
All liganded ER-LBD complexes determined to date form homodimer within the
crystal. The dimerization surface is extensive and encompasses about 14-16% of
each monomer’s accessible surface area. The interface is dominated by the H11
helices from each respective monomer which interact via a stretch of conserved
hydrophobic residues at their N-terminal ends [73].

Ligand Binding
ER binds a wide repertoire of compounds with remarkable structural and chemical
diversity [74]. Typically, ER ligands comprise two hydroxyl groups separated by a
rigid hydrophobic linker region ranging from 10-12 Å. In addition, effective
ligands possess a phenolic hydroxyl group. The ligand binding cavity is formed by
residues from H3, H6, the loop region between H7 and H8, H8, H11 and H12.
Ligand recognition is achieved through a combination of specific hydrogen bonds
and the complementarity of the hydrophobic residues that line the cavity of the
non-polar nature of ER ligands. The first crystal structure of an ERα-LBD
provided the molecular basis of the interaction of the receptor with its natural
ligand E2 [73]. The cavity is completely shielded from the external environment
and buries the ligand in a highly hydrophobic environment mostly defined by 22
residues. Two polar regions located at opposite sides of the ligand binding pocket
can be identified and they are involved in the anchoring of the E2 hydroxyl moiety
at positions 3 and 17. The phenolic hydroxyl group of the A–ring (3-OH) is
hydrogen bonded to E353 from H3, and to R394 from H5 and a water molecule.
The hydroxyl group of the D-ring (17β-OH) forms a single hydrogen bond with
H524 (H11). The cavity delimited by the protein exhibits a probe accessible
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volume of 450 Å, which is much larger than the molecular volume of natural
ligand (250 Å) [75]. While the rigid protein architecture around the ‘A-ring’
pocket imposes an absolute requirement on effective ER ligands to contain a
planar ring group, the remaining of the binding cavity is quite accommodating [69,
72, 73]. It is well known that ligand binding induces a conformational change in
nuclear receptors. Protease digestion and antibody accessibility studies reveal that
agonists and antagonists trigger distinct structural alterations of nuclear receptor
LBDs [76]. A comparison between apo (ligand-free) and holo-(ligand-occupied)
ERα LBD reveals several differences in the variable region. The most striking
difference is the repositioning of the C-terminal helices, which is shown in Figure
1.2. In the apo LBD, helix H11 is almost perpendicular to H10 and points towards
the LBP and some of the hydrophobic residues of H11 partially fill and stabilize
the LBP. Helix H12, which contains the residues of the AF-2 activation domain
core, extends away from the LBD. In the holo-LBD (bound E2), helix H11 is
positioned in the continuity of H10, and H12 sits snugly over the ligand binding
cavity and is packed against H3, H5/6 and H11. Although it makes no direct
contact with E2, it forms the lid of the binding cavity and projects its inner
hydrophobic surface towards the bound hormone. This precision positioning of
H12, which is observed in all well-known structures of liganded forms of LBD,
seems to be prerequisite for transcriptional activation as, by sealing the ligandbinding cavity, it generates a competent AF-2 that is capable of interacting with
the coactivators. In contrast, the alignment of H12 over the cavity is prevented by
antagonists (for example, raloxifene, tamoxifene etc), and instead the helix lies in
a groove formed by H5 and the C- terminal end of H3 [73].
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Figure 1.2: Schematic drawing of the ER LBD. On the left, the LBD from the crystal structure of
the unliganded ERα is shown. On the right, the ligand-bound LBD of the ERα is shown. Cylinders
represent α-helices that are numbered from 1 to 12. Note the different position of the C-terminal
helix 12 that contains the core AF-2 domain in both situations.

Interaction with coactivators
A variety of nuclear factors termed coactivators serve as intermediaries between
liganded NRs and the general transcription machinery [77]. p160 coactivators,
such as steroid receptor coactivator 1 (SRC-1) and transcription intermediary
factor 2 (TIF-2), are recruited by ER in a ligand- and AF-2-dependent manner
through a distinctive common signature motif termed the NR-box which
comprises the core consensus sequence LxxLL (where L is Leucine and x is any
amino acid) [78]. The integrity of the coactivator binding groove is highly
dependent on the orientation of H12. In turn, the alignment of H12 is highly
sensitive to the nature of the bound ligand. Only those ER ligands that promote the
positioning of H12 over the ligand binding cavity will act as full agonist. ER AF-2
antagonists, such as raloxifene and tamoxifene, are able to prevent the proper
alignment of H12 through direct steric effects between their characteristics basic
side chain substituents and H12 [72, 73]. Consequently, the recruitment site is
incorrectly formed and such receptors are unable to interact with p160
coactivators.
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Mechanism of E2 action

The dissection of the molecular mechanism by which estrogen activates its receptor and
thereby modulates target gene transcription is central to the understanding of the complex
biology governed by estrogen. In the absence of any ligand, the ER is generally believed
to reside in the cytoplasm of target cells where it is associated with heat shock proteins
(hsps) and remain transcriptionally inactive [79]. After diffusion into the cell, estradiol
binds the estrogen receptor with high affinity. The binding of estradiol to ER induces an
allosteric change which subsequently leads to dissociation of hsp from the ER followed
by homodimerization of the receptors which allows the receptor–hormone complex to be
transported through the nuclear membrane into the nucleus and bind to its specific DNA
target, the ERE (Figure 1.3) [80]. These DNA sequences are found in the promoter region
near the start site of transcription of many but not all genes directly regulated by
estrogens. This ERE-bound, ligand-occupied ER complex can either activate or suppress
transcription of a downstream target gene in a cell and promoter-specific manner [46, 81,
82]. In the case that the complex recruits coactivators and induces the transcription of a
downstream target gene, this biological function is generalized as transactivation or
transcriptional activity of ER.

Figure 1.3: Schematic representation of E2 action in ERα.
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Orthogonal ligand-receptor pair: chemical synthesis vs. protein
engineering

The engineering of highly specific ligand–protein pairs that are orthogonal to existing
natural ligand–protein pairs represents an important challenge that would allow us to
selectively regulate gene expression for applications such as the study of gene function,
gene therapy, tissue engineering and metabolic engineering [83, 84]. The ability to
engineer new specific ligand–protein pairs would also be useful in the selective regulation
of cellular processes for the study of phenomena such as apoptosis, genetic
recombination, signal transduction and motor protein function [34].

Numerous strategies for engineering orthogonal ligand–receptor pairs have been
developed with varying degrees of effectiveness in terms of generality of approach, as
well as degree of specificity of interaction achieved. Two broad approaches have been
applied (Figure 1.4): (i) identification of a mutant receptor with weakened response to the
natural ligand and creation of various synthetic ligands to rematch the interaction with the
target mutant receptor; and (ii) identification of a synthetic ligand that poorly activates the
natural receptor and creation of variant receptors that are strongly activated by the target
ligand.

Figure 1.4: Scheme showing approaches to create orthogonal ligand-receptor pair. Two broad approaches
can be used to achieve the desired rematch: (i) chemical synthesis, and (ii) protein engineering.
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The chemical manipulation of ligands based on rational structure–function considerations
to rematch interaction with a given mutant receptor of human estrogen receptors (hERα or
hERβ) has been demonstrated by several studies [40, 41, 85]. Despite these advances, the
degree of specificity shift towards the target mutant receptor achieved in even the best
cases was only moderate. In addition, the general application of this approach is hindered
by two factors: (i) our ability to modify ligands to create optimized variants to rematch a
mutant receptor is limited to the changes allowable by existing chemical synthesis
methods; and (ii) the synthesized ligand modifications are mostly based on rational
predictions of complementary interaction with the protein ligand binding pocket, and such
predictions are often inaccurate.

Although proteins are far more structurally complex on a molecular level than small
molecules, they are in some sense easier to manipulate structurally. For example,
substitution of one or more protein residues with amino acids of other identities is
routinely carried out using any of several simple procedures for DNA-based site-directed
mutagenesis and large quantities of the protein with the substituted amino acid can be
expressed and purified in a matter of days. Therefore, numerous attempts have been made
to create protein variants based on NHRs that preferentially respond to a selected
synthetic ligand over the natural ligand.

1.1.7.1

Engineering approach

Protein engineers now possess an unprecedented capability to design, modify and
engineer naturally occurring proteins at the molecular level. Two different yet
complementary approaches have been developed in the past two decades: rational design
and directed evolution. Rational design involves the rational alterations of selected
residues in a protein via site-directed mutagenesis, and requires detailed knowledge of
protein folding, structure, function, and dynamics. In contrast, directed evolution mimics
the process of natural evolution in the test-tube, involving repeated cycles of creating
molecular

diversity

by

random mutagenesis

and/or

gene

recombination

and

screening/selecting the functionally improved variants. Both approaches have been used
successfully to engineer a wide variety of protein functions such as stability, activity,

1 Introduction

17

affinity, selectivity and pH profiles [86-90]. While rational design has been used
successfully in protein design strategies for the past two decades, the difficulty of fully
comprehending the structure-function relationship of proteins makes the success rate of
this approach low. Despite recent advances in computational protein design and structural
proteomics, identifying the molecular basis for the desired protein function by rational
design is not straightforward and reliable [87]. In addition, recent findings that many
protein functions are not confined to a small set of amino acids but are affected by
residues far away from active sites have added another level of difficulty [86, 91-95]. It is
therefore, that the second general approach for protein design- directed evolution is
important. In directed evolution, changes are imposed on a protein on a DNA-level via
some form of mutagenesis or DNA recombination, and the resulting library of protein
variants is screened out using a screening system that assess the protein’s performance in
the function of interest. Protein variants showing improved function are then subjected to
the same diversification-screening treatment in an iterative approach, until a protein
variant with sufficiently improved function is achieved.

While directed evolution is undoubtedly a powerful approach for protein design, it also
has some significant limitations. In order to fully consider all the possible variants that
can be generated from a 300 amino acid protein, one would need to screen through a
library of 20300 different protein variants. Not only is this library size impossible to
generate with conventional mutagenesis techniques such as error-prone PCR [96], but
even if this library size is possible to generate, it would be far too large to experimentally
screen out (in a practical E. coli or yeast screening host, the limitation of DNA
transformation means that a generated library size of 106~ 107 is considered very good
[97, 98]). Table 1.2 shows the theoretical library size for various numbers of simultaneous
mutations generated in a protein consisting of 300 amino acids. It is evident from the
analysis that a library where only one amino acid substitution is allowed per protein lends
itself to comprehensive screening. If two simultaneous mutations were to be allowed per
protein, the large library size would make it very difficult, if not impossible to screen
through all the possible variants. If three simultaneous mutations were to be allowed per
protein, no currently available techniques would be able to screen out all the library
variants within a reasonable amount of time. To date, most directed evolution approaches
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employ a mutation rate whereby one, sometimes two amino acid substitutions per protein
(corresponding to ~2-3 base substitutions per gene) are allowed [99]. In rare cases, higher
mutation rates (translating to ~10-30 base substitutions per gene) have been employed to
successfully engineer improved mutants [100, 101], although the resulting library sizes
from these cases were not by any means comprehensively screened out. These
observations demonstrate that a directed evolution approach can only explore a tiny
fraction of the total possible search space when designing a protein. Therefore, a purely
directed evolution approach may not be the best way to optimize a protein’s function.

Mutation(s)

Potential Library Size *

1

6.00X103

2

1.79X107

3

3.06X1010

4

4.31X1013

5

4.85X1016

* Calculated by N=20mX300!/[(300-m)!m!] where m= number of simultaneous mutations in a protein.
Table 1.2: The potential mutant library size of a protein with 300 amino acids.

One answer to the dilemma that arises from using a purely directed evolution approach to
design proteins is to use rational design to guide and focus the directed evolution
approach [102, 103]. Such an integration of rational design and directed evolution may
take the form of narrowing the region of DNA-based random mutagenesis down to a
specific sub-fragment of the gene of interest, randomly mutating the base pairs
corresponding to a given subset of important protein residues, and /or narrowing down the
number of amino acid substitutions that can be made to particular residues (in total, 20
possible amino acid substitutions can be made per residue).
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Aim of the study

The aim of this thesis was to use a two-pronged approach of rational design combined
with directed evolution to create a transcriptional switch. Here we describe mutation of
hERα LBD and identification of an orthogonal ligand-receptor pair. The nonsteroidal
orthogonal ligands were chosen because of their relatively small structure, which in turn
made them quite inactive in natural ER. While inactive, they still have the A and D ring
which is typical to estrogen and thus serve as the platform for creating an orthogonal
ligand receptor pair.
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2

Materials and Methods

2.1

Materials

2.1.1

Organisms

2.1.1.1

Bacteria

Bactertial Strain
Description
Reference
Escherichia coli BL21 (DE3) F-; omp T hsdSB (rB mB) gal dcm
[104]
E. coli DH5α
F-; gyrA96 (Nalr), recA1, relA1, endA1, [105]
thi-1, hsdR17 (rk-mk+), glnV44, deoR, D
(lacZYA-argF) U169 [p80dD (lacZ) M15]

2.1.1.2

Yeast (Saccharomyces cerevisiae)

Yeast
strain
PJ69 4A
YRG2

2.1.2

Description

Reference

MATα; trp1-901, leu 2-3,112, ura3-52, his3-200, gal4∆, [106]
gal80∆, GAL2-ADE2, LYS2::GAL1-HIS3, met2::GAL7-lacZ
MATα; ura3-52 his3-200 ade2-101
Stratagene
lys2-801 trp1-901 leu2-3 112 gal4-542 gal80-538
LYS2::UASGAL1-TATA GAL1-HIS3 URA3::UASGAL4
17mers(x3)-TATACYC1-lacZ

Media and additives

All media and heat-stable solutions were sterilized by autoclaving for 20 min at 121 °C.
The heat sensitive solutions were sterilized by filtering through a 0.2 µm membrane filter
(Heinemann Labortechnik GmbH, Germany).

2.1.2.1
Medium
dYT
LB
SOC

Bacterial media
Components and concentrations
16g/l tryptone,10g/l yeast extract, 5g/l NaCl, pH 7.0 (NaOH)
10g/l tryptone, 5g/l yeast extract, 10g/l NaCl, pH 7.0 (NaOH)
20g/l tryptone, 5g/l yeast extract, 0.5g/l NaCl, 186.38 mg/l KCl,
2.033g/l MgCl2, 3.6g/l glucose, pH 7.0 (NaOH)
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Yeast media

Medium
yPD

Components and concentrations
20g/l peptone, 10g/l select yeast extract,
15g/l agar (only for solid medium), 20g/l glucose
pH adjusted to 5.8 with HCl
yPAD
yPD medium with 100mg/l adenine
SOS (always prepared fresh) 750µl yPD, 750µl 2M sorbitol and 9.75µl 1M CaCl2
SD drop-out medium
6.7g/l yeast nitrogen base without amino acids,
12-15g/l select agar (only for solid medium),
0.61 CSM-appropriate drop-out, pH 5.8 with KOH

2.1.2.3

Plant Media

Media
2MS
Shoot Induction Media

2.1.2.4

Additives

Substance
100XAdenine
Ampicillin
Chloramphenicol
IPTG
500XHistidine
Kanamycin
100XLeucine

2.1.3
2.1.3.1

Components and concentrations
4.4g/l MS salt, 20g/l sucrose, 6.4g select agar,
pH adjusted to 5.7 with KOH
2MS medium supplemented with 0.5mg/l BAP and
0.1mg/l NAA

Working concentration
20mg/l
100mg/l
25µg/ml
0.5mM
50mg/l
50mg/l
20mg/l

Stock solution and solvent
2g/l in H20
100mg/ml in H20
25mg/ml in 100% EtOH
100mM in H20
2.5mg histidine in 100ml H20
50mg/ml in H20
2g/l in H20

Nucleic Acids
Plasmid

Plasmid
pGBT9

pGBT-LBD

Description
Reference
Vector containing Gal4DBD for Y2H screening Clontech
where the fusion protein is consitutively
expressed from ADH1 promoter; a shuttle vector
with ampr (E. coli) and TRP1 (yeast) marker
hERα LBD (residue 282-595) fused to the This work
Gal4DBD and VP16AD in the N- and C-terminus
in pGBT9 vector
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Plasmid
pBDGal4Cam

Description
Vector containing Gal4DBD for Y2H screening
where the bait fusion protein is consitutively
expressed from ADH1 promoter; a shuttle vector
with camr (E. coli) and TRP1 (yeast) marker
pBDGal4LBDCam hERα LBD (residue 312-595) fused to the
Gal4DBD the pBDGal4Cam vector
pAD-Gal4-2.1
Vector for GAL4AD fusion of insert DNA for
Y2H screen; contains ampr and LEU2 marker
pAD-Gal4-2.1
Human SRC-1 fused to the Gal4AD in the pADSRC-1
Gal4-2.1 vector
pET15b
Vector for 6XHis-fusion protein expression under
the control of IPTG-inducible T7 promoter and
lac-operator, ampr
pET15b-LBD
pET15b derivative containing the coding
sequence for of hERα LBD (residue 302-553)
pET28a
Vector for 6XHis–fusion protein expression
under the control of IPTG-inducible T7 promoter
and lac-operator, kmr
pET28a-LBD
pET28a derivative containing the coding
sequence for of hERα LBD (residue 302-553) as
a 6XHis fusion

2.1.3.2

Reference
Stratagene

[107]
Stratagene
[108]
Novagene
This work
Novagen
This work

Primer

Name of the primer

Sequence (5’→3’)

LBD Upper

TCCGCTGACTAGGGCACATCTGAC

LBD Lower

CGTCTAGCGCGTCGGCATG

M388A Upper

GAGATCCTCGCGATTGGTCTCGTCTGGCGCTC

M388A Lower

GACCAATCGCGAGGATCTCTAGCCAGGCACATTC

L428A Upper

CGACATGGCGCTGGCTACATCATCTCGGTTCC

L428A Lower

TAGCCAGCGCCATGTCGAAGATCTCCACCA

Y537S Up

GCCCCTCTCTGACCTGCTGCTG

Y537S Low

GTCAGAGAGGGGCACCACGTTC

LBD Sense

AATTCTCTAAGAAGAACAGCCTGGCCTTGTC

LBD Antisense

CTCGAGTAGTGGGCGCATGTAGGCG

Cam L ER

CGACATCATCATCGGAAGAG

Cam R ER

GCTTGGCTGCAGTAATACGA
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Name of the primer

Sequence (5’→3’)

343Sat5

GCTTCGATGNNSGGCTTACTG

343Sat3

CAGTAAGCCNNSCATCGAAGC

346Sat5

GATGGGCTTANNSACCAACCTG

346Sat3

CAGGTTGGTNNSTAAGCCCATC

347Sat5

GGCTTACTGNNSAACCTGGCAG

347Sat3

CTGCCAGGTTNNSCAGTAAGCC

349 Sat5

CTGACCAACNNSGCAGACAGG

349Sat3

CCTGTCTGCNNSGTTGGTCAG

350 Sat5

GACCAACCTGNNSGACAGGGAG

350 Sat3

CTCCCTGTCNNSCAGGTTGGTC

383 Sat5

GAATGTGCCNNSCTAGAGATC

383 Sat3

GATCTCTAGNNSGGCACATTC

384 Sat5

TGTGCCTGGNNSGAGATCCTG

384 Sat3

CAGGATCTCNNSCCAGGCACA

387 Sat5

CTAGAGATCNNSATGATTGGTC

387 Sat3

GACCAATCATNNSGATCTCTAG

388 Sat5

GAGATCCTGNNSATTGGTCTC

388 Sat3

GAGACCAATNNSCAGGATCTC

391 Sat5

GATGATTGGTNNSGTCTGGCGC

391 Sat3

GCGCCAGACNNSACCAATCATC

404 Sat5

GAAGCTACTGNNSGCTCCTAAC

404 Sat3

GTTAGGAGCNNSCAGTAGCTTC

421 Sat5

GTAGAGGGCNNSGTGGAGATC

421 Sat3

GATCTCCACNNSGCCCTCTAC

424 Sat5

CATGGTGGAGNNSTTCGACATG

424 Sat3

CATGTCGAANNSCTCCACCATG

425 Sat5

GTGGAGATCNNSGACATGCTG

425 Sat3

CAGCATGTCNNSGATCTCCAC

428 Sat5

CTTCGACATGNNSCTGGCTACATC
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Name of the primer

Sequence (5’→3’)

428 Sat3

GATGTAGCCAGNNSCATGTCGAAG

521 Sat5

GAGTAACAAANNSATGGAGCATC

521 Sat3

GATGCTCCATNNSTTTGTTACTC

524 Sat5

GGCATGGAGNNSCTGTACAGC

524 Sat3

GCTGTACAGNNSCTCCATGCC

525 Sat5

CATGGAGCATNNSTACAGCATG

525 Sat3

CATGCTGTANNSATGCTCCATG

528 Sat5

CTGTACAGCNNSAAGTGCAAG

528 Sat3

CTTGCACTTNNSGCTGTACAG

II-383Sat5

GAATGTGCCNNSTTCGAGATC

II-383Sat3

GATCTCGAANNSGGCACATTC

II-388Sat5

GAGATCATGNNSATTGGTCTC

II-388Sat3

GAGACCAATNNSCATGATCTC

pBDCam5N

TGCCGTCACAGATAGATTGG

pBDCam3C

AGAAATTCGCCCGGAATTAG

2.1.4

Enzymes

Enzyme

Manufacturer

DNA Restriction enzymes type II

Fermentas
New England Biolabs

DNase (RNase-free)

Promega

iProof High Fidelity DNA Polymerase

Biorad

Lysozyme

Serva

Lyticase

Sigma

Moltaq

Molzym

Pfu DNA polymerase

Stratagene

Phusion High Fidelity DNA Polymerase

New England Biolabs

Reverse Transcriptase

Fermentas
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Enzyme

Manufacturer

Ribonuclease Inhibitor

Fermentas

T4 DNA Ligase

Fermentas

Taq DNA Polymerase

Fermentas

2.1.5

Synthetic ligands

A library of 56 novel estron analogs were synthesized by Dr. Carsten Vock and Dr. Ilga
Krimmelbein [109] in the Institute for Organic and Biomolecular Chemistry, Georg
August University Göttingen, Germany. These analogs were synthesized using a
palladium-catalyzed Sonogashira-coupling reaction. A broad range of substitution
patterns were covered by these analogs. A complete list of ligands with structure is
included in the Appendix.

2.1.6

Chemicals

Chemical
Acrylamide: N,N-methylene-bisacrylamide (37.5:1) 30% (w/v)
Acrylamide: N,N-methylene-bisacrylamide (19:1) 40%(w/v)
Acetic acid
Adenine hemisulfate
Agar bacteriological
Agarose Seakem LE
Albumin fraction V
3-Amino-1,2,4 Triazole (3-AT)
Ammonium persulfate (APS)
Ampicillin
β-mercaptoethanol
17β-estradiol (E2)
Boric Acid
Bradford Reagent
Bromophenol Blue
Calcium Carbonate
Calcium Chloride
Chloramphenicol (Cam)
Chloroform
Coomassie Brilliant Blue
Dimethylsulfoxide (DMSO)
Dithiothreitol (DTT)

Manufacturer
Roth
Roth
Roth
Sigma
Gibco BRL
Biozym
Applichem
Sigma
Biometra
AGS
Roth
Sigma
Serva
Roth
Roth
Merck
Merck
Roth
Merck
Merck
Roth
Sigma
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Chemical
DNA Carrier
dNTPs
Human Estrogen Receptor α, Full Length
Ethanol (EtOH)
Ethidiumbromide (EtBr)
Ethylenediaminetetraacetic acid (EDTA)
Formaldehyde (37%)
Formamide
Glucose
Glycerol
Glycine
Hepes
Histidine
Hydrochloric acid (HCl)
Imidazole
Isoamylalchol
Isopropanol
Isopropylthiogalactoside (IPTG)
Leucine (Leu)
Lithium Acetate
Kanamycin (Km)
Magnesium chloride
Magnesium sulfate, heptahydrate
Methanol (MeOH)
Methionine (Met)
Non-fat dried milk power SUCOFIN
o-nitrophenyl-β-D-galactopyranoside (ONPG)
Orange G
Peptone
Phenol
Phenylmethanesulfonylfluoride (PMSF)
Polyethylene glycol of various concentrations
Potassium chloride
Select Agar
Sodium acetate
Sodium Carbonate
Sodium Chloride (NaCl)
Sodium dodecyl sulfate (SDS)
Sodium hydroxide (NaOH)
Sodium Phosphate, dibasic (Na2HPO4)
Sodium Phosphate, monobasic (NaH2PO4)
Sorbitol
Sucrose
TEMED
Tris
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Manufacturer
Sigma
Fermentas
Sigma
Merck
Roth
Roth
Roth
Fluka
Sigma
Roth
Roth
Roth
Sigma
Roth
Sigma
Roth
Roth
BioTech Grade
Sigma
Sigma
Sigma
Applichem
Applichem
Roth
Sigma
TSI
Sigma, Roth
Sigma
Roth
Applichem
Fluka
Roth
Roth
Life Technologies
Roth
Merck
Roth
Roth
Merck
Merck
Merck
Sigma
Roth
Roth
Roth
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Chemical
Tryptophan
Tween-20
X-ray film developer LX24
X-ray film fixator AL4
Xylenecyanol FF
Yeast extract
Yeast nitrogen base witout amino acids

2.1.7

Manufacturer
Sigma
Sigma
Kodak
Kodak
Roth
Gibco BRL
Difco

Kits

Kit
BD Universal His Detection Kit
Big Dye Enhanced Terminator Cycle Sequencing Kit v3.1
Hithunter Estrogen Assay Kit
Nucleospin Extract II Kit
Nucleospin Plasmid
Nucleobond AX 500
Qiafilter Midi/Maxi Kit
Qiaprep Spin Miniprep Kit
Qiaquick Gel Extraction Kit
Zymoprep Kit

2.1.8

Manufacturer
BD Biosciences
Perkin-Elmer
DiscoveRx
Macherey-Nagel
Macherey-Nagel
Macherey-Nagel
Qiagen
Qiagen
Qiagen
Zymo Research Corportaion

Buffers and solutions

Buffer/Solution
Buffer I for alkaline lysis
Buffer II for alkaline lysis
Buffer III for alkaline lysis
Coomassie destain solution
Coomassie fixing solution
Coomassie staining solution
DNA loading buffer

Component and concentration
50mM Tris-HCl, pH 8.0
10mM EDTA
100µg/µl RNase A
0.2M NaOH
1% (w/v) SDS
29.4 g potassium acetate
5ml formic acid
water till 100ml
10% (v/v) glacial acetic acid
25% (v/v) isopropanol
10% (v/v) glacial acetic acid
0.01% w/v) coomassie brilliant blue G-250
10% (v/v) glacial acetic acid
67% (w/v) sucrose
50mM EDTA, pH 8.0
0.42% (w/v) bromophenolblue
0.42% (w/v) xylenecyanol
0.42% (w/v) orange G
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Buffer/Solution
H Buffer for ONPG

Ni-NTA binding buffer
Ni-NTA washing buffer
1XPBS

PBST
Ponceau S

10X SDS-PAGE running buffer

3X SDS-PAGE sample stop buffer
(without β-mercaptoethanol)
20XTAE
100XTE
Transfer Buffer for western blotting
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Component and concentration
100mM HEPES/KOH, pH 7.0
150mM NaCl
2mM MgCl2
1% (w/v) BSA
300mM NaCl
50mM (Na2HPO4 + NaH2PO4), pH 8.0
10mM imidazole
300mM NaCl
50mM (Na2HPO4 + NaH2PO4), pH 6.0
20mM imidazole
68mM NaCl
58mM Na2HPO4
17mM NaH2PO4
Adjust pH to 7.4 with NaOH
1XPBS
0.1% (v/v) Tween 20
2g Ponceau S
30g Trichloroacetic acid
30g Sulfosalisylic acid
H2O to 100 ml
25mM Tris-HCl, pH 8.3
200mM Glycine
0.1% (w/v) SDS
4.5g SDS
15g sucrose
18.8 ml 1M Tris pH 6.8
1 teaspoon of bromophenolblue
800mM Tris
20mM EDTA
2.3% (v/v) glacial acetic aicd
1M tris-HCl, pH 8.0
0.1M EDTA
39mM glycine
48mM Tris base
0.037% (w/v) SDS (electrophoretic grade)
20% (v/v) MeOH
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Consumables

Product
3MM paper
96-well plate

Manufacturer
Whatman
Evergreen Scientific
Rainin Instruments
Sarstedt
Greiner
Nunc
Biorad
Brand
Schott
Qiagen
Amersham Pharmacia
Sarstedt, Greiner, Eppendorf

384-well black plate
Electroporation cuvette
Glass material
Ni-NTA resin
Nylon Membrane Hybond N+
Plastic ware

2.1.10 Software
Program
Acrobat Reader 6.0
Chemwindow
Chromas 1.55
Clone v7
Molecular Operating Environment
Multalin
Office
Oligo 4.0
PyMOL vers. 0.99rc6
Rastop2.1

Manufacturer
Adobe
SoftShell International
Technelysium Pty Ltd
Scientific and Educational Software
Chemical Computing Group, Montreal
http://bioinfo.genopole-toulouse.prd.fr/multalin/
Microsoft
MedProbe
DeLano Scientific LLC
SourceForge.net

2.1.11 Equipment
Equipment
Autoclave
Automatic pipette
Balance

Model
3870 ELV

Cooling Centrifuge
Digital Camera
DNA/RNA Calculator
Electroporator

SP051, SAC62
1207 MP2
Sorvall RC 5B Plus
Canon Powershot A510
GeneQuant II
GenePulser II

Manufacturer
Tuttnauer
Gilson
Scaltec
Sartorius
DuPont
Canon
Pharmacia
Biorad

Fluorometer

Cytofluor II Plate Reader

PerSeptive
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Equipment
Gel Documentation Station
Heating Block

Model

Heating Stirrer
Ice Machine
Incubation Chamber
Microtitre Plate
Spectrophotometer
PCR Thermocycler

RCT Basic
AF 20

pH-meter
Polyacrylamide Gel
Chamber
Shaker
Scanner
Sequencer
Spectrophotometer
Sterile Bench
Table-top Centrifuge
Table-top centrifuge with
cooling
Freezer (-800C)
Ultrasound Sonicator
Vortex
Water Deionization System
Water Bath

MRX Plate Reader

Manufacturer
MWG Biotech
Unitek
Boekel Scientific
IKA Labortechnik
Scotman
WTC Binder, Memmert
Dynex

MiniCycler PTC 150
PTC-200
HI 9321

MJ Research

ST5
Scanjet 4c
ABI Prism 310
Novaspec Biochrom
Spectramax 340PC
Microflow Biohazard
Biofuge Pico
5403

M Zipperer GmbH
Hewlett Packard
Perkin-Elmer
LKB
Molecular Devices
Nunc
Heraeus Christ
Eppendorf

C54285
Soniprep 150
L46
Option 4, Maxima
1086

New Brunswick Scientific
MSE
Labinco BV
ELGA
GFL

Hanna Instruments
AGS
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2.2

Methods

2.2.1

Culture and storage of microorganisms

2.2.1.1

E. coli strains

A single colony of E. coli cells was cultured at 37°C in LB or dYT liquid or solid media
in the presence of selective antibiotic. The liquid culture was grown under continuous
shaking at 250 rpm in a 37°C shaker, while solid culture was grown in a 37°C incubator.
Number of cells in a liquid culture was determined by measuring the optical density at
600nm (OD600). A liquid culture with OD600 equal to 0.1 corresponds to 2X107 cells/ml.
For long-term storage, the overnight culture was supplemented with glycerol to 20% and
stored at -70°C.

2.2.1.2

Yeast S. cerevisiae strains

A small portion of the frozen glycerol stock was streaked onto a yPD (or appropriate SD)
agar plate and incubated at 30°C for 2-3 days so that the yeast colonies became ~2 mm in
diameter. These colonies were used as the working stock. The addition of adenine to yPD
was crucial to enhance the growth of yeast strains that contain the ade2-101 mutation
(strain YRG2). Transformed yeast strains were grown on SD drop-out medium (lacks
specific nutrients) in order to keep selective pressure on transformed plasmids. The 3amino-1,2,4-triazole (3-AT), a competitive inhibitor of the HIS3 gene product, was added
in order to suppress background growth on SD medium lacking histidine, at
concentrations ranging from 10-50mM, when required. Cells number of the liquid culture
was determined by measuring the OD600. A liquid culture with OD600 equal to 1
6

corresponds to 1 x 10 cells/ml. Sealed plates with Parafilm were stored at 4°C for up to 3
weeks. Yeast strains can be stored indefinitely in YPD medium with 25% glycerol at 70°C. A fresh culture was derived from the short or long-term stored culture always
before performing chemical complementation based selection or screening.
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Standard molecular biology methods

2.2.2.1

Isolation of plasmid DNA from E. coli

2.2.2.1.1

Alkaline lysis:

Small amounts of plasmid DNA for analytical purposes were isolated from E. coli
using a modification of the alkaline lysis method [110]. E. coli overnight culture
(stationary phase) of 1.5 ml was collected by centrifugation at 13000 rpm for 1
minute. The supernatant was removed and the cells were resuspended in 100µl of
buffer I for plasmid DNA isolation (50mM Tris-HCl, pH 8.0; 10mM EDTA;
100µg/µl RNase A). The cell suspension was lysed for 5 minutes on ice using 200
µl of buffer II [0.2M NaOH; 1% (w/v) SDS]. The suspension was neutralized with
150 µl of buffer III (29.4 g potassium acetate; 5ml formic acid and water till
100ml). The solution was mixed well by inverting 8 times and the suspension was
centrifuged for 10 minutes at 13000 rpm at room temperature. The aqueous
solution (~400 µl) was transferred into a new eppendorf tube containing 1 ml of
96% (v/v) ethanol. The DNA was left to precipitate for 20 min at -20°C. Plasmid
DNA was collected by centrifugation for 10 minutes at 13000 rpm and 4°C. The
pellet was washed with 70% (v/v) ethanol and air-dried for 10 minutes at 37°C.
The DNA was dissolved in 20 µl of EB buffer (10mM Tris-HCl, pH 8.5).

2.2.2.1.2

High-purity plasmid DNA isolation

Spin Miniprep
For sequencing and yeast transformation purposes, high-purity plasmid DNA was
isolated using QIAprep or Nucleospin Mini kit following the manufacturer’s
instructions. Optional steps were always followed according to the manufacturer’s
recommendation. A 4ml overnight culture was used to isolate plasmid and the
isolated DNA was eluted with 50µl (high copy) or 30µl (low copy) EB buffer.
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Preparative quantity (Midi and Maxiprep)
Larger quantities of plasmid DNA from E. coli with high purity were isolated
using Qiagen or Macherey-Nagel Midi and Maxi kit depending upon the required
end

concentration.

Manufacturer’s

protocol

including

the

optional

recommendations was followed and final elution volume depended on the plasmid
copy number, size of the DNA pellet to be eluted and final concentration required.

2.2.2.1.3

Isolation of plasmid DNA from yeast

To isolate plasmid from yeast for plasmid rescue purpose, a single colony (less than 2
weeks on selection plate) was used to inoculate a 3 ml overnight SD liquid culture
(lacking the nutritional marker to keep selective pressure on the plasmid) at 30°C. Next
day, cells were vortexed briefly and a 1.5 ml aliquot was centrifuged for 5 minutes at
13000 rpm to harvest the cells. Pelleted cells were suspended in 30µl of Lyticase solution
(5 U/µl in TE, pH 7.5). The cell suspension was incubated for 1.5 hour at 37°C for
lyticase-mediated cell wall digestion. The suspension was used then to isolate the plasmid
DNA using the QIAprep Spin Mini kit following the manufacturer’s instructions.
Alternatively, 800µl overnight yeast culture was used for isolating plasmid using a
Zymoprep yeast plasmid miniprep kit according to the protocol provided by the
manufacturer. Thirty-µl EB buffer (pre-incubated at 70°C) was used for elution purpose.
The concentration and quality of isolated yeast DNA plasmid was relatively low and was
used for retransformation in E. coli so that plasmid DNA with analytically suitable
quantity and quality could be isolated.

2.2.2.1.4

Estimation of nucleic acids concentration and purity

The concentration of nucleic acids was estimated by measuring their absorption in a
spectrophotometer at a wavelength of 260 nm (maximum nucleic acid absorption value;
due to the π-electron systems of the heterocycles of the nucleotides). In a cuvette having
10mm path-length where OD260 reading is 1 corresponds to 50 and 40 µg/ml doublestranded DNA and RNA, respectively. Absorption at 280 nm (for the presence of
aromatic rings from amino acids and phenol compounds) was used to give information
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about the purity of the DNA or RNA sample, where an optimal ratio OD260/OD280 is in
the range of 1.9-2.0 for RNA and 1.8 for DNA. DNA concentrations lower than 100ng/µl
were measured on an agarose gel using the Gene Ruler Ladder Mix.

2.2.2.2

Nucleic acids gel electrophoresis

2.2.2.2.1

Separation of DNA on Agarose Gels

The electrophoretic separation of DNA for analytical and preparative purpose was
done in a horizontal agarose gel (10 cm X 7 cm X 0.3 cm, 16 lanes) with 1X TAE
as running buffer. DNA fragments ranging between 500 bp and 14 kb were run in
an agarose gel concentration of 1% where DNA fragments with lower size were
run in a 2% agarose gel. DNA samples were mixed with 1/10 volume of 10x DNA
loading buffer, loaded in separate lanes and run at 120 V for 40-45 min. Ethidium
bromide solution (0.1% w/v) was used to stain the DNA fragments. The detection
of DNA was done under UV light (260nm). When a preparative gel was run and
particular band fragments were needed to cut out, detection was done using larger
wavelength UV light (320nm). Before exposure to the UV light, the gel was rinsed
briefly in H2O to reduce background staining. In a gel-documentation station, gels
were visualized on a UV-transilluminator and documented. The sizes and amount
of the DNA fragments were determined using DNA standards.

2.2.2.2.2

Elution of DNA fragment from agarose gel

The elution of DNA fragments from agarose gel was done using the QIAquick or
Nucleospin Extract II Gel Extraction kit following the manufacturer’s instructions.
The eluted fragments were verified by electrophoresis as described above.

2.2.2.3

Restriction digestion of DNA molecules

Type II endonucleases were used to digest a double stranded DNA molecule for analytical
and cloning purposes. The enzymes cut the DNA either as 5´ or 3´ “sticky” overhangs or
as blunt ends. The digestion reactions were incubated in a buffer system optimized for the
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used enzyme and in the case of double digestion a universal buffer system was used. The
activity of the restriction enzymes was estimated in “units” (U), where 1 U was defined as
that amount of enzyme cutting completely 1 µg of λ DNA in 60 minutes at optimal
conditions. The minimal amount of enzyme necessary for each restriction was determined
according to the following formula:

Umin =

bp[λ] X No. of restriction sites in target DNA X incubation period (hour)
---------------------------------------------------------------------------------------No. of restriction sites in [λ] X bp of target DNA

Where, λ = 48500 bp
The incubation temperature was 37°C unless otherwise mentioned for particular
restriction enzyme. Due to the adverse effect of high glycerin concentration, we preferred
the total volume of restriction enzymes less than 10% in the restriction mix.
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Ligation of DNA fragments

The conventional cloning of a DNA fragment into a selected plasmid was performed
using the T4-DNA ligase enzyme, which is able to catalyze the formation of a
phosphodiesther chemical bond between free 5´-phosphate and 3´-OH groups of doublestranded DNA fragments and vectors. The donor DNA fragment (10 x accesses to the
vector) was incubated with the vector DNA, 2 µl of ligation buffer and 1 µl of T4-DNA
ligase for 2 hours at room temperature. The ligation of DNA fragments with blunt ends
was performed in the presence of 5% (w/v) PEG 4000 with the ligation mix described
above. Ligase activity was destroyed by heating at 65°C for 10 min before using the
ligated DNA for transformation.

2.2.2.5

Homologous recombination in yeast

A 10-bp fragment was removed from the multiple cloning site of pBD-Gal4-Cam by
digestion with EcoRI and SalI. For individual site saturation mutagenesis or error-prone
PCR libraries, this gapped expression vector was cotransformed with mutagenized hERα
LBD PCR product into YRG2 yeast cells pretransformed with the pGAD424-SRC1
plasmid by using the lithium acetate/single-stranded DNA/polyethylene glycol protocol
[98]. The two cotransformed linear DNA fragments share 40-60 bp of homology at their
ends, allowing the yeast cells to recombine the linear fragments in vivo, giving rise to
circular plasmids expressing the mutagenized fusion protein Gal4DBD-hERα LBD. All
saturation mutagenesis library transformations were plated onto SC minimal media agar
plates lacking leucine and tryptophan (for selection of the plasmids expressing the
pGAD424-SRC1 and pBD-Gal4-Cam plamids, respectively). Error-prone PCR library
transformations were plated onto SC minimal media agar plates lacking leucine,
tryptophan, and histidine and containing appropriately concentrated target ligand.

2.2.2.6

Polymerase chain reaction (PCR)

Depending upon aim of our amplification, we made four different polymerase chain
reactions with variables like DNA polymerase, primer, buffer etc.
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Standard amplification
Amplification of target DNA fragments was performed by polymerase chain
reaction in thermal cycler according to the protocol from Mullis and Faloona [111]
with required modification. The reaction started with the denaturation of two
strands of a DNA template. The 5´ complementary strands of the denatured DNA
were recognized and hybridized with specific primers (annealing). A high fidelity
polymerase (iProof or Phusion) was used which catalyzed elongation of a newly
synthesized chain and the complementary polymerization of nucleotides to the free
3´-OH group of the primer. Repeating the denaturation, annealing and elongation
for x cycles (usually from 25 to 35) exponentially enriched the reaction with the
primer-flanked DNA sequence. In some cases suitable synthetic restriction sites
were incorporated to the 5´-end of the primer for cloning purposes. The PCR
reaction was carried out in a 50µl reaction volume with the following constituents:
10-50 ng template DNA, 10 pmol sense primer, 10 pmol antisense primer, 0.2 mM
dNTPs, 2µl of 10x buffer, 2U polymerase and H2O up to 50µl. The amplification
reaction was done in a PCR thermocycler using program mentioned in Table 2.1.

PCR Site Directed Mutagenesis
The principle of the PCR site-directed mutagenesis is that a mismatched
oligonucleotide is extended incorporating a "mutation" into a strand of a selected
DNA that can be cloned [112]. In this study the point mutation was introduce by
PCR overlap extension method using high fidelity polymerase like iProof (Biorad)
or Phusion High Fidelity DNA Polymerase (New England Biolabs). In the overlap
extension method two separate PCRs were conducted to amplify two PCR
fragments. Each PCR reaction uses one flanking primer that hybridizes at one end
of the target sequence and one internal primer that hybridizes at the site of the
mutation and contains the mismatched nucleotide bases. Finally, a third PCR was
conducted using flanking primers and the generated DNA fragments from
previous reaction as template.
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Random point mutagenesis using error-prone PCR
For generating randomly point-mutated (error-prone PCR) libraries, two flanking
primers were used for a template DNA. The method introduces mutations in the
gene of interest using a PCR reaction under conditions that induce an increased
error-rate of the DNA-polymerase. For the manipulation of mis-incorporation, we
used higher Mg+2 concentration, supplemented with Mn+2, used unbalanced dNTP
concentrations, decreased annealing temperature and increased number of cycles.
We used the protocol from Cadwell and Joyce with slight modification where
Moltaq (Molzym) or Taq DNA polymerase (New England Biolab) were used with
MnCl2 concentration of 0.15mM. MnCl2 was added at the end in order to avoid
precipitation.

Initial denturation
Denaturation
Annealing
Extension
X time to 2
Final extension

Standard
amplification
Temp
Time
98°C
1 min
98°C
15 sec
58°C
30 sec
72°C
2 min
30
72°C
10 min

Random
mutagenesis
Temp
Time
94°C
2 min
94°C
30 sec
55°C
30 sec
68°C
2 min
30
72°C
7 min

Site-directed
mutagenesis
Temp
Time
98°C
1 min
98°C
15 sec
55°C
30 sec
72°C
2 min
25
72°C
10 min

Table 2.1: Variable PCR program for standard amplification, random and site directed mutagenesis.

Saturation Mutagenesis
The procedure used for generating libraries whereby single residues were
randomized to all 20 possible amino acids involves overlap extension coupled
with PCR [112]. Briefly, four primers were used to generate an amplified gene
library consisting of a saturation mutagenized residue: two primers flanking the
region to be amplified and two exactly complementary degenerate primers
incorporating the residue to be mutated. The two degenerate primers incorporating
the randomized amino acids substituted the codon corresponding to the target
residue with the sequence NNS and contained 9-10 additional bases on either side
(5' and 3'). The choice of the substitution NNS allows the incorporation of all 20
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amino acids while keeping the total number of codon possibilities low, at 32
instead of 64. For each gene library containing a randomized codon, four PCRs
were performed. First, two separate PCRs were performed by using the vector
harboring the appropriate region to be amplified as template and a primer pair
consisting of a flanking and a degenerate primer to amplify a 5' portion and 3'
portion of the hERα LBD gene containing the NNS substitution at the codon of
interest. A high fidelity DNA polymerase (Phusion High Fidelity DNA
Polymerase, New England Biolabs) was used in saturation mutagenesis purpose.
The PCR components were: 30ng template DNA, 25pmol each of flanking and
residue primer, 1X cloned Pfu reaction buffer and 2 U of Phusion polymerase in a
total of 50µl reaction volume. The PCR program was similar to standard
amplification PCR described above. Both PCR products from these reactions were
gel purified and treated with the restriction enzyme DpnI to remove any residual
methylated template from the products. Each PCR product was then combined in
an overlap extension reaction without primers in 20µl volume. The reaction
conditions of this overlap extension were identical to those used for the standard
PCR described above except for the absence of primers with 15 cycles. Finally,
this overlap extension reaction was used as the template for a standard
amplification PCR for the amplification of the gene library incorporating a
randomized codon by using the flanking primers.

2.2.2.7

DNA sequencing

The DNA sequencing was done using the BigDye Terminator RR Mix Cycle Sequencing
kit. The principle of DNA sequencing is based on the chain-termination method described
by Sanger et al.. [113]. In the chain-termination method, dideoxynucleotides (terminators)
are incorporated into a newly synthesized complementary chain that will lead to stop its
elongation in a PCR reaction. Each of dideoxynucleotides is labeled with a specific
fluorescent dye and the terminated chains can be specifically detected using an ABI Prism
310 Capillary Sequencer (Applied Biosystems). The PCR sequencing reaction was
performed using 500-1000ng plasmid DNA, 5pmol primer, 2µl RR mix (ready reaction)
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and H2O up to 10µl. The samples were subjected to 25 cycles of: 10 seconds at 95°C, 5
seconds at 50°C, 4 minutes at 60°C in a thermocycler. The DNA product was precipitated
using 9.5µl water and 30.5µl of absolute ethanol and left for 1 hour. The DNA was
collected by centrifugation for 20 minutes at 13000 rpm. The pellet was washed using
125µl 70% ethanol and then centrifuged for 10 minutes at 13000 rpm. The pellet was
dried at 95°C for one minute and resuspended in 15µl of template-suppression reagent
(TSR, Perkin-Elmer). A denaturation step at 95°C for 2 minutes took place and the tube
was immediate placed on ice. The reaction was loaded on an ABI-Prism 310 capillary
electrophoresis sequencing station for analysis.

2.2.2.8

Gene transfer in bacteria

E. coli have no competence nature, i.e., they are not able to accept naked DNA molecules
from the environment. To enable the bacterial cells to take up circular vector DNA they
have to be made competent using special treatments. Two transformation methods were
used to transform bacteria cells: the heat shock and the electroporation. The heat shock
method was used only to transform E. coli chemical competent cells. The transformation
procedure was done after Hanahan [105]. In brief, 200µl competent E. coli cells were
thawed on ice for 20 min, 50ng of plasmid DNA was added to the cells and mixed gently.
The mixture was incubated on ice for 30 minutes. The cells were heat shocked for 90
seconds at 42°C and were placed immediately on ice for at least 3 minutes. Eight
hundred- µl of SOC medium was added to the tube and the suspension was mixed on a
roller for 45-60 min at 37°C depending on selectable antibiotic resistance marker.
Different volumes of the culture were plated on plates containing LB medium
supplemented with antibiotics. The plates were incubated overnight at 37°C.

The transformation using electroporation was done for E. coli cells according to a slight
modification of Dower et al. [97]. The electroporation was done using a Gene Pulser II.
Bacterial competent cells were thawed on ice slowly before adding 2µl of plasmid DNA.
The mixture was transferred into an ice-cooled electroporation cuvette (2mm electrode
distance). The cuvette was subjected to electroporation at 25µF, 2.5kV, 200Ω. The cells
were suspended immediately with 1ml SOC medium and incubated for 45-60 min at
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37°C. Different volumes of the culture were plated on LB media supplemented with
antibiotic and incubated overnight (12-16 hours) at 37°C.

2.2.2.9

Gene transfer in yeast

Yeast cells were transformed with plasmid DNA using two different methods. The first
method was using frozen competent yeast cells for screening a small variable population
whereas the second method was using freshly prepared competent cells for large scale
selection.

2.2.2.9.1

Frozen yeast transformation for screening

A slightly modified transformation method described by Dohmen et al. [114] was
used to transform previously prepared competent yeast cells for screening a
limited variable for reporter gene assays like β-galactosidase or ligand titration
curve assay. Shortly, frozen competent yeast cells were thawn on ice for 15 min. A
cocktail was prepared using 1µl plasmid DNA (0.1-1µg), 10µl single-stranded
carrier DNA (50µg) and 40µl lithium-sorbitol solution [0.1M Li-acetate; 1mM
EDTA; 10mM Tris-HCl, ph 8.0 and 1.82% (w/v) sorbitol]. This cocktail was
added to the yeast cells and mixed well. Five hundred eighty-µl of 40% poly
ethylene glycol (PEG) 3350 (in Li-Acetate-TE) was added to the mix and vortexed
until a homogenous suspension appeared and incubated for 30 min at 30°C. A heat
shock was done at 42°C for 15 min followed by brief (30 sec) centrifugation at
6000 rpm in a table top centrifuge. The supernatant was discarded, the pellet was
resuspended in 220µl SOS media and incubated again at 30°C for 30 min in a
rotor. Finally, the cells were plated on a synthetic dropout (SD) plate lacking
appropriate amino acid mediating selection for the plasmid. The transformation
plate was incubated at 30°C for 2-3 days so that the yeast clones could appear.

2.2.2.9.2

High efficiency transformation for selection

For a large scale selection of libraries where high efficiency is desired, we used
the following method described by Gietz and Woods [98]. Frozen yeast cells were
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streaked on SD agar plate with appropriate selection and grown for 2 days at 30°C.
A single colony was picked to inoculate 3ml of the similar liquid medium and
incubated overnight (12-14 hours) in a rotary shaker. This overnight culture was
used to inoculate 50ml yPAD rich medium (5X106 cells/ml) and incubated for 5
hours at 30°C in a rotary shaker (250 rpm). Cells were harvested by centrifuging at
3000g for 6 min. The pellet was washed twice with 25ml sterile ddH2O and
dissolved in 1ml sterile ddH2O. A transformation cocktail was prepared from
240µl PEG 3500 50% (w/v), 36µl 1M Li-acetate and 50µl single-stranded carrier
DNA. Fifty-µl aliquot of yeast cells (supernatant removed by centrifugation),
326µl of transformation cocktail and 34µl plasmid DNA were mixed together
gently and incubated at room temperature for 10 minutes. Cells were heat shocked
at 42°C for 10 min with a mixing in between. Ethanol was added to final
concentration of 2.5% to the transformation mix and incubated for another 10 min
with intermittent mixing. Cells were harvested by centrifugation (3000g, 30 sec),
resuspended in sterile ddH2O and plated in pre-warmed SD plates with appropriate
selection. The transformation plate was incubated at 30°C for 2-3 days for
appearance of colony.

2.2.2.10 Construction of plasmids

pGBT-LBD
Plasmid pHCA/Gal4ERVP16 coding for Gal DBD (1-93), hERα LBD (282-595) and
VP16 AD (424-490) [115] was double-digested with two different sets of restriction
enzymes as (a) XhoI-HindIII and (b) BamHI-HindIII. Two fragments of 272bp and a
1046bp length were cut out from the gel. A second plasmid pGBT-TGA2.2 [116] was
digested with XhoI and BamHI to remove the TGA2.2 insert and a 5276bp vector
backbone pGBT was gel purified. A 3-fragment ligation was done including the 272- and
1046bp fragments from pHCA plasmid containing the GalDBD-hERαLBD-Vp16AD
cassette with the pGBT vector backbone to get pGBT-LBD.
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pET28a-LBD
A PCR was made on pHCA/Gal4ERVP16 using primer pair LBD sense and LBD
antisense to amplify the 756bp LBD sequence (amino acid residue 302-553). This LBD
sequence was cloned into the pGEM-T vector (Promega) and named pGEM-T LBD. The
newly created pGEM-T LBD and pET28a (Novagen) were digested with EcoRI and XhoI
to get the LBD and vector backbone, respectively. The LBD fragment and linearized
pET28a vector backbone was ligated to yield pET28a-LBD.

pBD-Gal4- LBD-Cam
pCMV5-ERα plasmid containing the wild type full-length hERα cDNA [117] was first
digested with EagI and BamHI and then treated with T4 DNA polymerase to form blunt
ends at both termini followed by ligation into the EcoRI site (also treated with T4 DNA
polymerase) of pBD-GAL4-Cam vector (Stratagene) to form pBD-GAL4 hERα
containing hERα amino acids 312–595.

pAD-Gal4-2.1-SRC-1:
pGAD424 SRC-1 containing the full-length SRC-1 was constructed as described
elsewhere [108].

2.2.3
2.2.3.1

Standard protein biochemical methods
Expression of 6x His-fusion protein expression in E. coli

Expression and purification of WT and mutant hERα LBD was done according to Eiler et
al. [118] and Chen et al. [92] with minor modification. E. coli BL21(DE3) cells
transformed with the pET28a plasmid containing the wild type or V400A mutant hERα
LBD fragments encoding residues 302–553 fused with 6X His fusion were grown at 37°C
until A600 = 0.6. No ligand was added to the culture media. Protein expression was then
induced with 0.5mM isopropyl-dithiogalactopyranoside (IPTG) at 25°C for 5–7 h. Cells
were harvested by centrifugation, resuspended in lysis buffer (50mM Tris buffer, pH 8.0,
10% glycerol, and 10mM β-mercaptoethanol) at 10ml/g of wet cells, and lysed by
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sonication. The sonication was carried out for 30 sec with 3 intermittent cooling steps of
10 sec each. The cell debris was separated from the supernatants by centrifugation for 30
min at 10,000 X g. The resulting supernatants were used for purification in an affinity
chromatography.
2.2.3.2

Purification of recombinant 6x His-fusion proteins

For the purification of the 6x His fusion proteins, an affinity chromatography on NiNTAmatrix resin (Qiagen) was performed according to the manufacturer’s instructions.
2+

Histidine has a high affinity for bivalent transition metals e.g. Ni . Protein fusions like
oligo-histidine-peptide can be purified by affinity chromatography with immobilized
metal ions. A soluble fraction of proteins produced from the above-mentioned expression
and purification procedure was transferred to a fresh tube and incubated with 4 ml of the
50% Ni-NTA-matrix resin and the suspension was mixed gently for 1 hour at 4°C. This
mix was loaded into a column and left for 30 min to settle down by gravity. The unbound
supernatant was drained away and the column was washed with low salt concentration
buffer (20mM imidazole). Similar amount of gel volume (1.5-2ml) of elution buffer
containing gradually increasing imidazole concentration was used to elute the bound
protein in different fractions. The eluates were stored at -20 °C till further use.

2.2.3.3

Protein concentrations determination

Protein concentration was estimated by two different methods. A colorimetric assay was
used to determine the concentration from proteins extracted without detergent usage
according to Bradford [119]. The assay was conducted by pipetting equal amounts of
protein extract into a microtiter plate containing 200µl of 5-fold diluted Bradford reagent.
The OD595 was measured with a MRX plate reader (Dynex). Protein concentrations were
calculated with the help of a standard curve derived from different BSA protein amounts
(1, 4, 8 µg etc) on the same plate. Protein isolated using buffers containing detergent was
loaded in a SDS-PAGE with variable amounts (1, 2, 4µl etc) together with known
concentration of BSA standards. After staining and scanning, band intensity was used to
estimate the concentration of protein in the sample.
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Denaturing sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)

In sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins
are separated largely on the basis of polypeptide length. The electrophoresis of the protein
was done using a discontinuous buffer system, in which a non-restrictive large pore gel,
called a stacking gel, is layered on top of a separating gel called a resolving gel [120]. The
recipe for the resolving gel was consisting of: 10-12% (w/v) acrylamide/bisacrylamide
(19:1), 400 mM Tris-HCl pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) TEMED and 0.1% (w/v)
ammonium

persulfate.

The

stacking

gel

was

consisting

of:

5%

(w/v)

acrylamide/bisacrylamide (37.5:1), 125 mM Tris-HCl pH 6.8, 0.1% (w/v) SDS, 0.2%
(w/v) TEMED and 0.1% (w/v) ammonium persulfate. The denatured protein extract
samples were boiled at 95°C for 5 minutes, cooled on ice and loaded into the gel. The
native extracted protein samples were mixed with 10µl of protein loading buffer and
denatured at 95°C for 5 minutes, cooled on ice and then loaded on the gel. The
electrophoresis was performed at 120V in 1x SDS-PAGE running buffer until the
bromphenol blue band run out of the gel. Six-µl prestained protein ladder was loaded on
each gel for the estimation of the size of the separated proteins.

2.2.3.5

Coomassie staining of proteins separated on SDS-PAGE

The Coomassie Brilliant Blue G-250 dye was used to detect proteins separated on SDSPAGE. The gels were fixed in a Coomassie fixing solution for 30 minutes under
continuous agitation then the fixing solution was removed. The fixed gel was incubated
with Coomassie staining solution for at least 2 hours at room temperature. The gel was
destained using Coomassie destain solution for 2 hours.

2.2.3.6

Western blot analysis

The protein ran in the SDS-PAGE were blotted into a PVDF membrane using semi-dry
blotting method [121] in an electric field between two graphite plates. The PVDF
membrane was activated before blotting using MeOH. For the transfer of proteins from
the gel to the membrane, the gel and the membrane were sandwiched between two 3layers of Whatman papers (pre-soaked with transfer buffer). The whole arrangement was
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placed within a blot apparatus and transfer was performed using an electric flow of
2mA/cm2 for 1 hour. Ponceau S staining was done to observe whether the transfer was
successful or not. Destaining was done using 1XPBS. Non-specific binding was avoided
by blocking with non-fat dried milk powder. Since our protein constructs had 6XHis tag,
we used a Universal His Western Blot kit (BD Bioscience) for the detection of specific
protein in the membrane. The basis of the detection method was a unique detection
reagent derived from BD TALON resin technology that combines specificity for His tags
with high affinity. This reagent utilized metal ion affinity to specifically recognize and
bound His tags. After washing, the detection reagent was bound with high affinity by
streptavidin conjugated to horseradish peroxidase (HRP) and unbound reagent was again
washed away. Addition of the enhanced chemiluminescent substrate, which reacted with
the bound HRP conjugate, allowed visualization of the His-tagged protein. The
chemiluminescent signal was detected using autoradiography where the exposure time
was 30 sec to 3 min depending upon the strength of chemiluminiscent signal generated by
the bound protein.

2.2.3.7

β-galactosidase activity (ONPG assay)

Determination of transcriptional activation of reporter gene lacZ was done from its coded
product,

β-galactosidase

catalyzed

breakdown

of

substrate

o-nitrophenyl-β-D-

Galactopyranoside (ONPG). The β-galactosidase catalyzed the colorless substrate ONPG
into the fluorescent o-nitrophenyle substance, which could be quantified at 420nm. A
modified protocol from Thurow [122] was followed where fresh clones were used to
inoculate 2ml SD media with appropriate selection for the plasmid and supplemented with
ligand and grown overnight at 30°C with 200-220rpm shaking. Cells were harvested from
200µl of overnight culture and resuspended in 865µl H buffer [100mM HEPES/KOH, pH
7.0; 150mM NaCl; 2mM MgCl2; 1% (w/v) BSA]. Two hundred µl aliquot of this cell
suspension was taken in a round-bottom 96-well plate for measuring the OD595. The rest
665µl cells were broken down by addition of 55µl chloroform and 55µl 0.1% (w/v) SDS
along with vigorous vortexing. One hundred and twenty five µl of ONPG substrate
(4mg/ml in H buffer) was added into the broken cells and incubated at room temperature.
Necessary time required for the solution to become yellow was recorded. The reaction
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was stopped upon appearance of yellow color with 400µl 1M Na2CO3, centrifuged at
13000 rpm (Biofuge Pico) for 5 min and the supernatant was taken into flat-bottom 96well plate for quantifying at 420nm in a spectrophotometer. The calculation of βgalactosidase activity was done according to the following formula-

β-galactosidase activity =

1000 X OD420
------------------V X T X OD600

Where, V was the volume (200µl) and T was reaction time. β-galactosidase activity was
expressed in Miller Unit (MU).

2.2.3.8

In vitro ligand binding assay

A competitive binding assay was done to determine the affinity of WT and mutant hERα
LBD towards E2 and synthetic analogs based on enzyme fragmentation complementation
using Hithunter Estrogen Assay kit (DiscoveRx, Birmingham, UK). Estrogen and
estrogen analogs compete for binding to the estrogen receptor. Estrogen possesses the
same property when conjugated with other chemicals or proteins. In the assay kit, the
manufacturer has fragmented β-galactosidase protein into two fragments, namely enzyme
donor coupled estrogen (ED-E2) and enzyme acceptor (EA). A functional β-galactosidase
enzyme would be reconstituted when ED and EA interact together and catalyze substrate
turn over where product formation could be monitored in a fluorescent intensity reader
with excitation and emission at 530±25 and 620±20 nm, respectively. Addition of
estrogen receptor would quench the ED-E2 conjugate and would reduce signal intensity
whereas addition of synthetic ligand would bind to the receptor depending on their
affinity and ligands with lower and higher affinity would generate decreased and
increased signal, respectively. The assay was done with commercially available full
length hERα LBD (Sigma) or purified WT and V400A mutant LBD (residue 302-553)
expressed in heterologous E. coli BL21 (DE3) and purified through affinity
chromatography. The concentrations of commercially available or purified receptor were
adjusted to 5nM. The assay was performed according to the manufacturer’s manual.
Briefly, 1µl standard (known E2 concentration) or ligand was added to the 25µl ER/ED-
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E2 conjugate (1.5 parts of receptor: 1 part of ED-E2 reagent) in a 384-well black
microtitre plate and incubated for 90 min in dark. Ten µl EA and 10µl substrate were
added to the each wells and again incubated for 60 min at room temperature and in dark.
Finally, the fluorescence was read and EC50 values were calculated from a standard curve
fitting the fluorescence value and ligand concentration in Y and X-axis, respectively.
Each sample was included in triplicate in the assay.

2.2.3.9
2.2.3.9.1

Chemical complementation based library selection
One hybrid system

A chemical complementation based nutritional screening was done to select mutant from
a random mutagenesis library with higher affinity towards synthetic ligand. Yeast strain
PJ69 4A was transformed with randomized library in the pGBT-LBD vector backbone
and the transformation mix was plated on transactivation plate lacking adenine (Ade),
histidine (His) and tryptophan (Trp). The transactivation plate was supplemented with
appropriate concentration (10µM) of selected ligand (for chemical complementation) and
when necessary, 10-50mM 3-AT (to remove background growth due to the leakiness of
HIS3). Colonies appeared on the transactivation plate after 3 days were then screened in
β-galactosidase assay.

2.2.3.9.2

Two hybrid system

For library selection, a two-tiered strategy consisting of an agar plate-based selection (onplate growth assay) followed by a 96-well plate-based screening was used. In the
selection method, S. cerevisiae YRG2 cells harboring pGAD424 SRC-1 were cotransformed with mutagenized LBD fragments and BglII-BsaI-digested pBD-GAL4
hERα vector. The transformed cells were plated on an agar plate containing minimum
medium lacking tryptophan, leucine, and histidine and supplemented with an appropriate
synthetic ligand concentration. The ligand concentration was chosen such that yeast cells
bearing the parental hERα LBD in each round of directed evolution cannot form colonies,
whereas yeast cells bearing a variant with 5–10-fold improvement in ligand binding
affinity may form colonies. Colonies that formed on the selection plates after incubation
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at 30°C for 3 days were picked and streaked onto two agar plates containing the same
minimum medium as mentioned above, one with and one without the ligand. The colonies
appearing on the agar plate with ligand but not on the agar plate without ligand were
picked and assayed in the 96-well plate to determine their EC50 values.
2.2.3.10 Chemical complementation based screening
2.2.3.10.1 One hybrid system
In the one hybrid system, clones selected for screening were included in the βgalactosidase assay (See 2.2.3.7) for determining the activity of ligand in the mutant.

2.2.3.10.2 Ligand dose-response/titration assay
The ligand dose-response/titration assay was done according to Chokalingam et al. (2005)
in a 96-well plate format. Shortly, candidate mutants from the selection plates were grown
to log phase (A600: 2–4) in synthetic complete minimal medium lacking leucine and
tryptophan (selection for plasmid only) at 30°C overnight (12–16 h) with shaking. The
resulting cell culture was diluted to A600: 0.002 in liquid minimal medium lacking leucine,
tryptophan, and histidine (transactivation media). Each well in the 96-well plate contained
200µl of diluted yeast cells and the appropriate ligand or E2 at specific concentrations
dissolved in EtOH. These ligand containing microtiter plates were incubated at 30°C for
24 h, after which they were visually inspected for identification of mutants with
strengthened response toward the target ligand (higher cell density than parental mutant
control) and weakened response toward E2 (lower cell density than parent). The cell
density at 600nm was measured using a SpectraMax 340 PC plate reader (Amersham
Biosciences).

2.2.4
2.2.4.1

Toxicity test
Germination of seed

A germination test was carried out according to the OECD in presence of synthetic ligand
to find out general toxicity properties of the ligands. Tobacco seeds (SNN) were
germinated in sterile condition and seeds were sterilized before in 6% (v/v) sodium

2 Materials and Methods

50

hypochlorite solution for 25 min and then washed with sterile ddH2O for 5 times. Sterile
tobacco seeds were used to inoculate 2XMS [123] solid media supplemented with 10µM
concentration of E2, CV5407, CV6019 or polysorbate-ethanol (10:1) as solvent control in
5cm diameter Petri dish. Wheat seeds were soaked in ddH2O and plated on 5cm diameter
Petri dish containing 2-layers of filter paper. These filter papers were previously soaked
with ddH20 containing 10µM E2, CV5407, CV6019 and the solvent. The Petri dishes
were sealed with Leucopore and kept in dark for 5 days at 25°C. When appearance of
seedling observed in the plate, they were transferred to a growth chamber with 16 hours
light and 8 hours dark rhythm where the temperature was adjusted to 24and 22°C in day
and night respectively. Growth of seedlings was observed for further 2 weeks.

2.2.4.2

Adventitious shoot induction test

In vitro grown sterile tobacco (SNN) leaf was cut into approximately 1 square cm and
placed on Petri plates containing shoot induction media supplemented with 10µM
concentration of E2, CV5407, CV6019 or polysorbate: ethanol (10:1). The plates were
sealed with Leucopore and placed in a growth chamber where the condition was similar to
one described above. Adventitious shoot formation and development were observed up to
4 weeks.

2.2.5

Molecular modeling

The hERα LBD crystal structure (Protein Data Bank code 3ERD) was imported into MOE
(Molecular Operating Environment, Chemical Computing Group Inc., Montreal, Quebec,
Canada). A model of hERα LBD complexed with the synthetic ligand CV3320 was built
from the hERα -diethylstilbestrol (DES) structure using the following attributes: (i) the
forcefield MMFF94s [124] was applied, (ii) hydrogen atoms were added, (iii) partial
charges were assigned to all atoms, and (iv) the structure was subsequently energyminimized by using a sequential combination of steepest descent, conjugate gradient, and
truncated Newton algorithms. Subsequently, a docking box with a grid consisting of
52X38X30 points was drawn around the DES ligand to specify the boundaries for the
movement of the ligand to be docked. In this orientation, the box includes the entire DES
ligand and a few atoms of the interacting residues. The DES ligand was subsequently
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deleted from the structure, and the CV3320 ligand (which had previously been assigned
partial charges and minimized by using the MMFF94s force field) was docked into the
docking box by using a simulated annealing algorithm [125] with the following
parameters: initial temperature 12,000 K, 25 runs involving six cycles per run, and 20,000
iterations per cycle. The five structures with the best docking score (lowest overall
energy) from these docking runs were compared and found to be within a root mean
square deviation (RMSD) of 0.5 Å from each other. The lowest energy of these five was
then subjected to energy minimization as described earlier, to determine the most
favorable conformation and orientation of DHB in the ligand binding pocket. Residues
within 4.6 Å of the docked DHB were considered to be in contact with the ligand for
purposes of receptor engineering. For gauging the individual role played by the L384F,
L387M and Y537S mutations, the appropriate amino acid substitutions were made to the
docked DHB-hERα structure, and the resulting structure was energy-minimized.

3 Results

52

3

Results

3.1

Validation of test system

To isolate human hERα variants with altered transcriptional activation activity (towards
synthetic non-steroidal estrogen analogs), we utilized two efficient and sensitive high
throughput screening methods based on macromolecular interaction in yeast. The first
system was based on a modified yeast one hybrid screening which could be used for lacZ
reporter gene assay and complemented phenotypic selection of library variants in vivo.
The second system was a very sensitive two hybrid assay for chemical complementation
in yeast and thus could be used for high throughput ligand titration assay as well as for
screening of large libraries.

3.1.1

Yeast one hybrid system:
To allow efficient identification of mutants of hERα LBD having an altered
response to E2 as well as synthetic ligands, we used a modified yeast one hybrid
system where a chimeric protein was generated consisting of Gal4 DNA binding
domain and VP16 activation domain placed in the amino- and carboxylic- terminal
end of ER LBD (GLV). This chimeric construct was introduced into yeast strain
PJ69 4A, where HIS3 and ADE2 genes are driven by Gal1 and Gal2 promoter,
respectively. Upon binding of ligand, the chimeric protein would be released from
hsp chaperon, dimerize, transport inside the nucleus and bind to the different Gal
promoters, thus allow the yeast cell to biosynthesize histidine (His) and adenine
(Ade) in a media lacking His and Ade. This chemical complementation allowed us
first to validate E2-LBD binding and later to look for orthogonal combination of
ligand-mutant receptors in vivo on transformation plates. The yeast strain PJ69 4A
has also β-galactosidase gene (lacZ) integrated under the control of another Gal
promoter, Gal7. In presence of a functional ligand-receptor interaction, expression
of lacZ would take place and a quantitative β-galactosidase assay could be done to
reveal the quantity of induction, which was correlated to the binding of ligand to
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the receptor. The validation results from on plate chemically complemented
nutritional selection and β-galactosidase assays are mentiond separately below:

3.1.1.1

On plate assay
The in vivo validation was done in yeast strain PJ69 4A by transforming with
pGBT-LBD expressing the chimeric GLV or with the empty vector pGBT and
plating the transformation mixture on minimal plates lacking adenine, histidine
and tryptophan (SD-Ade-His-Trp). These plates were termed transactivation
plate because of nutritional selection via inclusion of HIS3 and ADE2 genes as
transcription reporter. These plates were supplemented with two different
concentrations (0.1 and 1µM) of E2 or with EtOH as solvent control.
Transformation mix was also plated on SD-Trp plates for the selection of
plasmid, elucidation of transformation efficiency and production of
transformants for β-galactosidase assay. As shown in the figure 3.1, in the
transactivation plates containing 0.1 or 1µM E2, cells harbouring LBD could
grow whereas there was no growth on plates where cells were only harbouring
the empty plasmid. There was no growth in the absence of ligand on
transactivation plates, showing the stringency of the plate assay.

Figure 3.1: Ligand-dependent chemical complementation based on plate growth assay in
yeast one hybrid system. Yeast strain PJ69 4A was transformed with plasmid pGBT (empty
plasmid) or pGBT-LBD (chimeric construct Gal4 DBD- hERα LBD- VP16 AD) and the
transformation mixture was plated on transactivation media (SD-Ade-His-Trp) with E2 or
with solvent only. Growth was only observed with plates containing E2 where cells
harbouring pGBT-LBD were plated.
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β-galactosidase assay
As Gal7-lacZ was introduced in the strain PJ69 4A, the lacZ gene product ßgalactosidase could be used also as quantitative transcription reporter. In
presence

of

β-galactosidase,

the

substarte

o-nitrophenyl-β-D-galacto-

pyranoside (ONPG) was hydrolyzed into galactose and o-nitrophenol, which is
yellow in color and measured in a spectrophotometer at 420nm. We tested E2
and ligands CV2807, CV5407 and CV6019 at 10µM concentration. β
galactosidase activity (Miller Unit) for E2 was considered to be 100% and
relative activities were calculated for the above-mentioned ligands from the ßgalactosidase activity (Figure 3.2). When only the solvent was used instead of
any ligand, the activity was negligible.
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Figure 3.2: ß-galactosidase reporter gene assay in yeast one hybrid system, where PJ69
4A containing pGBT-LBD was inoculated with different ligands of 10µM concentration.
Ligand-induced transcriptional activation of lacZ was proportional to the β-galactosidase
mediated breakdown of substrate ONPG into colored product o-nitrophenol, which is
measured at OD420 nm and plotted against corresponding ligands in the graph to get the
activity in Miller Unit. Taking E2 as 100%, the comparative activity was calculated for
other ligands and plotted in the graph.
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Yeast two hybrid system
In the two hybrid system, the cDNA encoding hERα amino acids 312-595
containing most of the LBD domain (hERα amino acids 302-553) and the F
domain (hERα amino acids 554-595) was fused to the gene encoding the Gal4
DBD in plasmid pBD-Gal4-Cam to form the “bait plasmid” pBD-Gal-LBD-Cam.
The gene encoding human steroid receptor coactivator-1 (SRC-1) was fused to the
Gal4 AD in plasmid pGAD424 to form “prey plasmid” pGAD424SRC-1. Both
plasmids were transformed and expressed in S. cerevisiae YRG-2, which contains
a Gal4-regulated HIS3 reporter construct integrated on its chromosome. In the
presence of agonistic ligands, the LBD undergoes a conformational change and
binds to SRC-1, which brings the Gal4 DBD and the Gal4 AD in proximity, thus
activating the transcription of the reporter gene. A simple diagram is presented in
Figure 3.3 (A) showing the two hybrid system in yeast. The cell growth rate in
medium lacking histidine is proportional to the strength of ligand-receptor
interaction. We have validated this system using the yeast cells with WT LBD in
96-well plates where cell density (A600) was measured. We could show (Figure 3.3
B) that the cells bearing pBD-Gal4-LBD-Cam and pGAD424-SRC-1 responded to
E2 at sub-nanomolar concentration and the EC50 value was 5X10-10 M. No growth
was observed in 96-wells where only solvent (EtOH) was added instead of E2.
A.

B.
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Figure 3.3: A. Diagram showing the classical two hybrid system that was used in YRG2 yeast
strain. The LBD and SRC-1 were encoded by two different plasmids where they have in their
amino terminal end Gal4 DBD and Gal4 AD, respectively. Ligand induced conformational change,
dimerization and nuclear transport enable the chimera to bind to the Gal UAS of reporter gene
HIS3, enabling nutritional complementation in selection plate. B. Transactivation profile in the
yeast two hybrid cells for the WT LBD construct in presence of E2 (blue triangle) or solvent (pink
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square). The transactivation potential of ligand correlates to the growth of cells in this assay in a
concentration dependent manner.

3.2

Toxicity test

Because the long-term goal of our project is to transfer the established regulatory system
in plant that could be used for commercial agriculture, we were interested in the general
toxicity of the synthetic ligands we used. We used the following two short-term bioassays
in plant system for toxicity test.

3.2.1

Germination Test
The germination test assessed the effects on seedling emergence and early growth
of two higher plants i.e. tobacco and wheat, following exposure to the ligand. E2
and solvent (Polysorbate/EtOH- 1:10) were also included in the test as reference
and negative control. All treatments were carried out at 10µM concentrations.
Sterilized seeds were placed on solid media or paper towel containing appropriate
concentrations of treatment in Petri dishes and evaluated for effects following 7-10
days after 50% or greater emergence of the seedling in solvent control plate.
Endpoint measured were percentage of germination, visual assessment of seedling
emergence and detrimental effects of plant development. As shown in Figure 3.4
and 3.5, there were no significant differences between germination of tobacco and
wheat seeds in presence of E2, CV5407, CV6019 or the solvent alone. Since the
ligands used had no negative effect on germination at 10µM concentration, we did
not proceed further to find out range-finding tests to generate a dose-response
curve. The growth of seedlings was homogenous and there were no visual
evidence of altered biomass production like shoot size and growth stunting as well
as visual detrimental effects like chlorosis and seedling mortality.
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Figure 3.4: Germination of tobacco and wheat seeds in presence of ligands. Endpoints measured in
this germination test were percentage of seedling appearance and visual assessment of adverse
effect on seedling development.
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Figure 3.5: Percentage of tobacco and wheat seed germination in the presence of E2, CV5407,
CV6019 or the solvent only. Three individual plates were used as replication for each of the
treatment mentioned.

3.2.2

Adventitious shoot induction
Leaf sections of tobacco plants were placed on solid media containing 10µM
concentration of E2, CV5407, CV6019 or the solvent alone and observed for
adventitious shoot formation. Comparable shoot inductions were observed in all
treatments (Figure 3.6). No growth abnormalities like bleaching and stunting were
observed with any of the ligands in use. These observations demonstrated that the
ligands in use did not have any adverse effect on shoot induction and
development.
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Figure 3.6: Adventitious shoot induction from tobacco leaf disc in presence of E2, CV5407,
CV6019 or the solvent alone. Visual assessment of shoot induction and development was made to
find out any adverse role of ligands used in this assay.

3.3

Rational design: Site-directed mutagenesis at M388 and L428

Brozozowski et al. demonstrated 26 residues involved in estradiol contact and binding in
agonist conformation whereas a slightly different set of 26 residues involved in raloxifene
contact and binding in antagonist conformation [73]. Interestingly, in agonist and
antagonistic conformation, residues vary significantly to come into contact and bind the
ligand. Since compounds with halogen group at position 5’ showed significant activity in
our yeast one hybrid system (Table 3.1), we were interested in corresponding residues
within a reasonable distance (6Å) which may make any contact with that particular
position of the ligand. Through molecular modeling, we have identified two residues
(shown in Figure 3.7)- M388 and L428 which are situated in close proximity (3.95 and
5.98 Å, respectively) and both these residues were mentioned in previous literature to
have interaction with E2 as well as different ligands [73, 107]. Once we identified these
two residues, we exchanged them with smaller hydrophobic residue alanine (A) and
added bulky aliphatic or aromatic hydrocarbon groups in the 5’ position of ligand so that
we can rematch the ligand-receptor pair. We have decided to exchange these two residues
into alanine because of the general hydrophobic nature of the ligand binding pocket as
well as the aromatic or aliphatic group substitution in the ligand. We tested M388A,
L428A and in combination (ML-AA) in β-galactosidase assay in presence of natural
ligand E2, compounds showing significant activity in WT LBD like CV5407 and
compounds having bulky substitution in position 5’- IK308, IK377 and IK519 (Figure
3.8). These compounds displayed very poor activity in WT LBD construct. Unfortunately
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none of these compounds was active in any of the mutants created. Interestingly, when
L428 is exchanged to A, the protein cannot even bind to the natural ligand E2, where
M388A mutant retains the capability to bind E2. When combined together (M388A
L428A), the double mutant can bind E2, although to reduced affinity and the relative
activity went down to 60% compared to the WT.

Ligand

Substitution at C 5’ position

Relative Activity (%) *

E2

-

100

CV5407

-Cl

68

CV6104

-Br

61

CV6407

-F

56

* Relative activity (%) was calculated from the ß-galactosidase assay using PJ69 4A strain containing WTLBD. The Miller Unit of E2 was fixed to 100% activity and the relative values for other ligands were
calculated comparing their corresponding Miller Unit values with E2.
Table 3.1: Relative activity of E2 and ligands containing halogen group in 5’ position. Relative activity was
calculated from the ß-galactosidase assay in yeast one hybrid system where E2 activity was fixed to 100%
and the activity of other ligands was calculated from their corresponding Miller Unit values.

A.

B.

Figure 3.7: A. Selection of residues for manipulation. Ligand with halogen substitution at C5 is shown in
the ligand binding pocket in a simple drawing. The hydroxyl and keto groups in the A and D ring interact
with the E353, R394 and H524. These three residues are very important for ligand interaction and thus
shown in red. Residues within 6Å distance from the C5 halogen group were shown in green. B. Residues
forming the ligand binding pocket for docked DES in hERα LBD (PDB code 3ERD). M388 and L428 are
shown in yellow and orange respectively.
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Figure 3.8: A. Relative activity of ligands with bulky substitution at C5 position compared to E2 in the WT
as well as mutant M388A, L428A and double mutant ML-AA in yeast one hybrid system. B. The structure
of ligands use in the assay.

3.4

Irrational design using random mutagenesis

While rational design failed to deliver a suitable ligand-receptor combination, we focused
on the so-called “irrational design” to create uniquely interacting ligand-receptor pairs. To
that end, we have developed an on-plate selection method where only mutants with
altered positive affinity towards the ligand in question. We have chosen CV6019 for the
selection of mutant in the random mutagenesis screen at concentration 10µM. Criteria for
ligand selection was based on minimal activity of the ligand in the WT receptor- in this
case, the ligand had around 20% relative activity in WT receptor compared to E2 which
enabled us to start with and provided the opportunity for further improvement of ligandreceptor binding affinity. Besides, we had included this ligand in tobacco and wheat seed
germination assay for possible toxicity and CV6019 showed no adverse effect in
germination and seedling growth in our test system (See the 3.2 Toxicity Test). For the
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random mutagenesis purpose, we chose error-prone PCR on the entire LBD keeping the
exchange rate of amino acid residue ~1 per kb of gene [126]. A relatively small library
with 4X104 variants was created and transformed into competent yeast strain PJ69 4A. A
ligand-induced nutritional complementation selection was applied so that PJ69 4A cells
carrying mutated LBD with improved affinity towards ligand in use, CV6019, would only
grow on the transformation plate (SD-Ade-His-Trp) supplemented with ligand at 10µM
concentration, which is a synthetic dropout medium lacking tryptophan for selection for
plasmid and adenine and histidine for transactivation. Figure 3.9 briefly outlines the steps
involved in creating random mutagenesis library followed by selection, identification and
characterization of mutant.

Figure 3.9: Scheme showing the steps in random mutagenesis library creation, screening, identification and
characterization of mutant

In the random mutagenesis approach we found one mutant, which was ~3.5 fold more
active in presence of 10µM CV6019 compared to the wild type (Figure 3.10.A).
Sequencing revealed that the mutant has an exchange of V to A at position 400. When we
made a dose-dependent ß-gal reporter gene assay in presence of CV6019, the mutant was
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found to be active at concentrations starting from 1µM, which was also the case for WT
(data not shown). Interestingly, the mutant was ~15 fold more active than the WT in
presence of 1µM CV6019 (Figure 3.10.B).
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Figure 3.10: Activity of mutant V400A compared to the WT in presence of CV6019 in reporter gene assay.
ß-galactosidase assay was performed in yeast one hybrid system using A. 10µM and B. 1µM concentration
of CV6019 and ß-galactosidase activity is plotted as Miller Unit. WT and V400A LBD are depicted in black
and grey, respectively. C. Structure of CV6019.

3.4.1
3.4.1.1

Characterization of V400A mutant
3-D Model of LBD with V400
After sequencing, we found that the increased activity towards CV6019 was due to
the exchange of residue 400 from valine to alanine. We wanted to look where this
residue lies and how it interact with our ligands using molecular modeling
program PyMOL because there exists literature indicating a role of residue 400 in
hsp interaction [127-129]. Since this interaction takes place on the surface of the
receptor protein, there was no wonder when it was found that the position 400 is
situated around 13Å away from ligand, as shown in Figure 3.11.
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His524
Glu353

Arg394

Val400

Figure 3.11: Residues forming the ligand binding pocket (LBP) for DES are shown in crystal
structure of bound DES in hER LBDα (PDB code 3ERD). The ligand itself is shown in grey
(sphere) while residue E353, R394 and H524 interacting with the OH-groups from A and D rings
are shown in red. The V400 is shown in pink and is positioned 13Å away from the ligand and does
not constitute the LBP.

3.4.1.2

Ligand-dependent activation of V400A
After observing increased activity of CV6019 in mutant V400A, we were
interested in other ligands to know whether there was a general trend of increased
activity towards this mutant or this ligand was more active specifically in the
mutant. For this purpose, we tested several ligands with variable C 5’ substitution
and variable D ring structure. The result from the β-galactosidase assay showed all
ligands included in the assay at 10µM concentration were active in the mutant and
in combination with IK423, the highest activity compared to WT was observed,
i.e. ~10 fold better activity compared to the WT (Figure 3.12). It was also clear
from the figure that the solvent alone (as negative control) had no activity in the
mutant, thus the mutant was exclusively dependent on ligand for transactivation.
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Figure 3.12: A. Relative activity of WT (black) and mutant V400A (grey) in β-galactosidase assay
tested in yeast one hybrid system where liands varying in C5 substitution as well as in the D ring
structure were included at 10µM concentration. Although all ligands were active in the mutant,
these activity were of reporter gene was ligand-dependent, as there was no activity found in the
absence of ligand (only solvent). B. Structure of ligands included in the above-mentioned assay.

We also wanted to compare the result found from the above experiment using
chemical complementation in our yeast two hybrid system. While comparing the
EC50 values from WT and V400A mutant, we could see that there was no
improvement in the V400A mutant for the affinity towards the ligands (Figure
3.13). The general tendency was that V400A mutant showed weakend affinity
towards all ligands used (including E2) compared to WT.
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Figure 3.13: Comparison of EC50 values of A. WT and B. mutant V400A in the yeast two hybrid
system in presence of compounds used in the previous experiments (see Figure 3.12). Compared to
the WT, the mutant V400A showed reduced affinity towards E2 as well as ligands used in the
assay.

3.4.1.3

In vitro binding assay
To establish whether the improved transactivation potency of the V400A mutant
was the result of a corresponding change in the ligand binding affinity, we used an
in vitro reconstitutive enzyme assay for competitive ligand binding study, which is
a commercial estrogen assay kit from DiscoveRx (Hithunter Estrogen Assay kit).
The assay is based on enzyme fragmentation complementation of β-galactosidase
where the enzyme is fragmented into two distinct parts- an enzyme donor (ED)
and an enzyme acceptor (EA). When the two fragments are separated, the enzyme
is inactive. A simplified scheme is presented in Figure 3.14 showing the enzyme
fragmentation complementation.
A. ED is chemically coupled with E2, which does not interfere with the
complementation of ED and EA to form functional enzyme and hydrolyse
substrates like β-galactosides. This substrate degradation can be monitored
and a standard curve can be generated to find the optimal concentration of ED
and EA.
B. When purified estrogen receptor is added to the reaction, the receptor binds
E2 from ED-E2 and complementation of the functional ß-galactosidase
enzyme is not possible-thus no signal is generated.
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C. In presence of competing ligand and purified receptor, there would be a
ligand-receptor pair as well as a functional enzyme and signal would be
generated depending on the affinity of the ligand to the receptor.

Figure 3.14: Schematic representation of the enzyme fragmentation complementation based in
vitro assay for competitive binding. ß-galactosidase enzyme is fragmented into two componentsenzyme donor (ED, which is conjugated with E2) and enzyme acceptor (EA). Upon interaction, the
two fragments of β -galactosidase (ED and EA) reconstitute functional enzyme and hydrolyze
substrate, which could be quantified. In presence of ER, the ED-E2 binds to the receptor and a
functional enzyme cannot be reconstituted. In presence of a competing ligand and ER, some of the
ligand will bind to the receptor and ED-E2 could couple with EA to form functional enzyme and
catalyze reaction. When receptor concentration is kept static, EC50 values could be obtained from
the plotted dose vs enzyme activity (fluorescence) graph.

Using on the above-mentioned assay, we have compared first the EC50 of our
ligand CV6019 and E2 in the commercially available full length WT LBD (Figure
3.15). The commercially available full-length receptor was used as a proof of
principle that the assay could be used to characterize ligand binding in vitro. The
EC50 values of E2 and CV6019 are 200nM and 30µM, respectively obtained from
this in vitro assay towards the WT receptor.

3 Results

67
60000
50000

RFU

40000
30000
20000
10000
0
1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

Concentration (Log M)

Figure 3.15: In vitro binding assay of E2 and CV6019 in the WT receptor. The enzyme activity
was measured in presence of variable concentrations of E2 and CV6019 and the half-saturation
was taken for calculation of the affinity of WT receptor towards E2 and CV6019.

Once we had the values of E2 and CV6019 from WT LBD, we wanted to know
whether there was an improvement of the affinity of CV6019 in V400A mutant by
comparing the EC50 values between the WT and the mutant. For this purpose, we
had to purify the WT as well as V400A mutant receptor in native and ligand-free
form. E. coli BL21 (DE3) cells transformed with the pET15b plasmid containing
the WT or the V400A mutant were used for IPTG based over-expression followed
by sonication and centrifugation to recover the receptor in soluble supernatant
fraction. In the competition assay, the EC50 values for CV6019 were very much
similar in the WT and V400A mutant (Figure 3.16 and Table 3.2). The WT and
V400A mutant also showed similar binding affinity towards E2.
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Figure 3.16: In vitro binding assay using purified WT and mutant V400A LBD to determine their
affinity towards E2 and CV6019.
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Estrogen Receptor

EC50 (M)
E2

CV6019

LBD

7X10-9

5X10-7

LBD V400A

5X10-9

6X10-7

Table 3.2: Half-saturation values obtained for E2 and CV6019 in WT and V400A LBD from the in
vitro binding assay.

3.5

Directed Evolution

3.5.1

Ligand classification in yeast two hybrid system
We had relatively a large number (56) of ligands with diverse structure and
activation properties in our test systems, we decided to build ligand titration
curve/yeast transcription response curve in the yeast two hybrid system. This
ligand titration curve would provide us with the valuable information like the
affinity of our ligand towards the WT receptor and thus help us decide which
ligand we would use for developeing orthogonal ligand-receptor pair through
directed evolution. The half-saturation (EC50) values found in the ligand titration
curve is the basis for ligand classification. E2 has the EC50 value of 5X10-10 M in
our test system whereas we have ligands with EC50 values ranging from 5X10-8 to
5X10-6 M. We also had some ligands which did not show any transcription
response and thus no ligand titration curve and EC50 values could be obtained.
Based on these results, we classified the ligands into the following four groups
(Figur 3.17 and Table 3.3). Ligands with halogen substation at position 5’ of A
ring (i.e. CV5407) showed the lowest EC50 value (greatest affinity) in the range of
5X10-8 and they are termed as group D. Compounds with no transcription
response (group A) have two distinct properties: the 3’-MeO or other substitution
instead of -OH and 5-carbon D ring. There were no distinct relevance of structural
similarities and EC50 values in the rest of the groups (B and C)
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Figure 3.17: Ligand classification based on their transactivation properties in yeast two hybrid
system. The half-saturation (EC50) of natural ligand E2 was 0.5nM, whereas group B, C and D had
EC50 values of 5µM, 0.5µM and 50nM, respectively.

Ligand category

Example

Group A

Could not be detected

O

CV3519

MeO

~5X10-6

O

Group B

CV3320

HO

Group C

~5X10-7

O

CV6019

HO

Group D

~5X10-8

O

HO

CV5407

Cl

~5X10-10

OH

Natural ligand
C
A
HO

EC50

D

B

E2

Table 3.3: Based on the transactivation properties of ligands in yeast two hybrid system, we
classified them into 4 different group. A representative from each of these groups was included in
the table with its EC50 value. The four different groups of ligands were compared with natural
ligand E2.
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Identification of ligand for the saturation mutagenesis
Directed evolution attempts to recapitulate the natural evolution of proteins with
new structures and functions, but on an experimentally accessible timescale. To
create orthogonal ligand-receptor pair, we considered starting with ligands, which
have minimum transcriptional activation properties. This strategy provides the
possibility of increased fold improvement (increased affinity of ligand towards the
mutated receptor as well as reduced affinity towards WT receptor). Ligand
selection criteria were also determined in such a way that the ligand would not
bind to the WT hERα- so that the orthogonal ligand-receptor pair could be
generated. From the ligand classification mentioned in the previous section, we
identified five ligands from group B, which have the lowest affinity (next to zero,
group A) towards the WT hERα LBD. We confirmed this result from the reporter
gene assay (β-galactosidase, ONPG assay) using yeast one hybrid system (Figure
3.18). In that β-galactosidase assay, all those five compounds showed backgroundlevel activity. We have used CV6019 in our previous rational design approach.
This ligand belongs to group C with EC50 value around 5X10-7, which is relatively
high compared to the other ligands from group B. Group B ligands were ideal for
creating orthogonal ligand-receptor pair because of their poor affinity towards WT
LBD and thus there were greater potential to create orthogonal ligand-receptor
pair with significant fold improvement.
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Figure 3.18: Affinity of ligands belonging to group B compared to E2 in WT LBD. Ligand affinity was
calculated by (A) Ligand-dependent transactivation and growth of yeast cells containing WT LBD in yeast
two hybrid system. The group B ligands had EC50 values of ~ 5µM compared to the 0.5nM of that of E2 in
WT LBD. (B) Relative activity of group B ligands compared to E2 in yeast one hybrid system calculated
from ligand-dependent ß-galactosidase reporter gene assay. Group B ligands showed poor activity which
was comparable to that of solvent only.
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Identifying ligand-contacting residues in hER LBD
Molecular simulation studies were made by loading the known crystal structure of
hERα LBD crystallized with E2 or DES and replacement of the ligand with group
B ligand CV3320. Using Molecular Operating Environment (MOE), twenty-one
residues were identified which were thought to be in direct contact (within 4.6 Å)
with the docked CV3320 in the hER LBD, as shown in Figure 3.19. It was
reasoned that these 21 residues could be considered lining the ligand binding
pocket for CV3320. For our receptor re-engieering work towards CV3320, 3 of the
21 residues were not subjected for manipulation: E353, R394 and H524- because
of their known role in hydrogen bonding with the terminal hydroxyl groups of the
ligand [73]. The rest 18 residues were selected for stepwise individual site
saturation mutagenesis.
A.
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B.

Figure 3.19: Computational simulation-based selection of residues for saturation mutagenesis. (A)
hERα LBD crystal structure with DES was loaded in MOE and the ligand was replaced with
CV3320. The ligand was allowed to rotate freely in energy-minimized state and residues within a
reasonable distance (~5Å) were selected for saturation mutagenesis approach. (B) Two
dimensional represantation of CV3320 in the LBP of hERα LBD where 21 residues were identified
within ~5Å distance. Among these 21 residues, E353, R394 and H524 are reported to be important
for receptor activity and could not be replaced; these three residues were depicted in red. The rest
18 residues (depicted in black) were considered for manipulation to create orthogonal ligandreceptor pair.

3.5.4

Saturation mutagenesis
Saturation mutagenesis works for creating CV3320-specific receptor were
performed by stepwise individual site saturation mutagenesis on 18 functionally
important ligand-contacting residues. The saturation mutagenesis library with the
linearized backbone pBDGal4Cam was co-transformed with pAD SRC-1 plasmid.
Each saturation mutagenesis library was plated onto non-selective minimal media
agar plates (selective only for plasmid containing cells, not for mutant with
strengthened target ligand response). One hundred and ninety yeast colonies from
each saturation mutegenesis library were picked and subjected to yeast two hybrid
screening

approach

to

achieve

chemical

complementation.

Chemical

complementation was achieved using CV3320-induced transcriptional activation
of HIS3 and biosynthesis of histidine in a minimal media lacking histidine
(selection for transactivation). The concentration of synthetic ligand used for the
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identification of mutants with enhanced response was chosen to be relatively
lower (5-10 fold) than the concentration at which the WT receptor started to
respond, while the concentration of E2 used for identification of mutants with
weakend response was chosen such that the parent shows moderate response at
this concentration. In addition, each saturation mutagenesis library was also
accompanied by two controls consisting of yeast cells expressing WT construct.
Mutants were considered candidates for enhancement in specificity for target
ligand (CV3320) if two criteria were met:
i.

The gowth of mutant yeast cells appeared more confluent than the WT in
the media containing CV3320

ii.

The growth of mutant yeast appeared less confluent than the parent in
media containing E2

In the first round of saturation mutagenesis, six putative candidate clones were
identified, and when retransformed after plasmid rescue from yeast, only one
showed improved affinity towards CV3320 and weakend response towards E2.
The overall fold improvement in this clone, where the lucine residue at 384 is
exchanged to phenylalanine (L384F), was 1.6X103. The transactivation profile is
shown in Figure 3.20 and the EC50 values in comparison with WT are summarized
in Table 3.4.
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Figure 3.20: Transactivation profile of yeast two hybrid cells for WT (round, blue) and mutant
(square, pink) showing the best transactivation from the first round of saturation mutagenesis. (A)
Transactivation profile in presence of CV3320. (B) Transactivation profile in presence of E2. See
Table 3.5.1 for mutant identity and EC50 values.
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Construct

EC50, CV3320 (M)

EC50, E2 (M)

Selectivity

Fold improvement

WT

3X10-6

5X10-10

1.6X10-4

1

L384F

5X10-7

5X10-8

10-1

1.6X103

Table 3.4: Summary of the first round of saturation mutagenesis based on yeast two hybrid system.
Selectivity refers to the preference of CV3320 relative to E2, and is the ratio of EC50 values (EC50,
CV3320/ EC50, E2). Fold improvement is the selectivity enhancement for CV3220 relative to the
WT construct.

The mutant from the first round of saturation mutangenesis (L384F) was taken as
template for creating further saturation mutagenesis library in rest 18 positions and
screened for further improved affinity towards CV3320 and weakend affinity
towards E2. As shown in the Figure 3.21, there was no improvement in the affinity
towards CV3320 but the affinity towards E2 was 10-fold reduced, so that the
overall fold improvement was 10-fold increased. The result from second round of
saturation mutagenesis screen is summarized in Table 3.5. Sequence information
revealed exchange of leucine into methionine at position 387 in the mutant clone
from second round of saturation mutagenesis.
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Figure 3.21: Transactivation profile of yeast two hybrid cells for WT (round, blue) and mutants
showing the best transactivation from the first (square, pink) and second (triangle, yellow) round of
saturation mutagenesis. (A) Transactivation profile in presence of CV3320. (B) Transactivation
profile in presence of E2.
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Construct

EC50, CV3320 (M)

EC50, E2 (M)

Selectivity

Fold improvement

WT

3X10-6

5X10-10

1.6X10-4

1

L384F

5X10-7

5X10-8

10-1

1.6X103

L384F L387M

5X10-7

5X10-7

1

1.6X104

Table 3.5: Summary of the second round of saturation mutagenesis based on yeast two hybrid
system where the mutant from the first round was also included.

We have also created third round of saturation mutagenesis library and selected for
further fold improvement but there was no improvement achieved. Several
candidate mutants were identified with reduced estrogen affinity but those mutants
also had dramatic reduced response towards CV3320. The inability to improve
further after repeated attempt indicates that the level of saturation one could
achieve using saturation mutagenesis was reached.

3.5.5

Random Mutagenesis
Once we arrived in such a position that no further improvement could be made to
improve the affinity of the protein to CV3320 through saturation mutagenesis, we
approached the random mutagenesis approach since it is well documented that
residues outside the ligand binding pocket could also influence the binding and
affinity towards a ligand through secondary structure rearrangements [107, 130].
In our experiments, we have chosen to use error-prone PCR to generate random
mutations mainly because the mutation rate of error prone PCR can be easily and
precisely controlled by the MnCl2 concentration in the reaction mixture [131]. We
used 0.15 mM MnCl2 in the error prone PCR reaction at which concentration it
was estimated one to two amino acid substitutions per gene on average was
generated [131]. CamL ER and CamR ER, the two primers flanking the L384F
L387M LBD (a.a. 312-595) were used for amplification. The amplified PCR
product was co-transformed with linearized pBDGal4Cam into yeast competent
cells YRG2-SRC-1. The two cotransformed linear DNAs share 40 bp of homology
at their ends, allowing the yeast cell to recombine the linear DNA in vivo, giving
rise to circular plasmid pBDGal4CamLBD(m). In the first round of random
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mutagenesis, 378 clones were first picked from the transactivation plate containing
appropriate concentration of ligand CV3320, where the library size was 2X106,
into four 96-well master plates (minimal media selecting for plasmid) and
incubated overnight at 30oC. These candidate clones were used for inoculation of
96-well transactivation plates containing water, minimal media (selecting for
plasmid as well as for transactivation) with CV3320 or E2 into the corresponding
well compared to the masterplate. After 12-16 hours of incubation, clones were
only picked from the corresponding master plate according to the following
criteria observed in transactivation plate

No growth in water (discarding constitutive activation), and



more confluent growth compared to control (here the mutant from the
second round of saturation mutagenesis, L384F L387M LBD) in presence
of CV3320 at the concentration of 50nM

Although we included weakend response of the candidate clone towards E2
compared to the positive control, no such clone were found which fulfill this
particular criteria. So, we focused on increased affinity towards CV3320 and
selected 4 clones from the corresponding master plates. After plasmid rescue and
retransformation, only one clone showed increased affinity towards CV3320 with
further 10-fold increase compared to the mutant found from second round of
saturation mutagenesis (this clone also showed 100-fold increased affinity towards
E2 compared to L384F/L387M). Sequencing revealed an additional exchange in
Y537 to S in this mutant. The result from the first round of random mutagenesi is
shown in Figure 3.22 and summarized in Table 3.6.
We took this mutant (L384F L387M Y537S) as a template for second round of
random mutagenesis for further engineering the ligand-receptor combination in a
library of 3.2X106 variants but we could not improve the affinity towards CV3320
nor decrease the affinity towards E2 separately. The candidates showing improved
affinity towards CV3320 also showed improved affinity towards E2 and mutant
showing decreased affinity towards E2 also showed significantly decreased
affinity towards CV3320. One candidate clone behaved slightly according our
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target but after retransformation and sequencing, it proved out to be the same
clone from the first random mutagenesis (L384F L387M Y537S).
A.

B.
E2

0.5

0.5

0.4

0.4

0.3

0.3
O D600

O D600

CV 3320

0.2
0.1
0
1.00E-10
-0.1

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

0.2
0.1

0
1.00E-11
-0.1

1.00E-10

Ligand Cncentration (Log M)

1.00E-09

1.00E-08

1.00E-07

1.00E-06

Ligand Concentration (Log M)

Figure 3.22: Transactivation profile of mutant generated from two rounds of saturation and the
first round of random mutagenesis (royal blue, quadrate) compared to WT (round, black).
Transactivation profile was obtained from the yeast two hybrid system using (A) CV3320, and (B)
E2.
Round

Construct

EC50, 3320
(M)

EC50, E2
(M)

Selectivity

Fold
improvement

0

WT

3X10-6

5X10-10

1.6X10-4

1

1-S

L384F

5X10-7

5X10-8

10-1

1.6X103

2-S

L384F L387M

5X10-7

5X10-7

1

1.6X104

3-R

L384 F L387M Y537S

5X10-8

5X10-9

10-1

1.6X103

4-R

L384 F L387M Y537S

5X10-8

5X10-9

10-1

1.6X103

Table 3.6: Summary of results from two rounds of saturation mutagenesis and two rounds of
random mutagenesis based on two hybrid system in yeast in presence of CV3320 and compared
with E2. S and R are saturation and random mutagenesis, respectively. The numbers in the column
round are depicting the numeric of rounds.

3.5.6

Additive effect of mutations for improved affinity and better
transactivation
Since recombining the two rounds of saturation mutagenesis and one round of
random mutagenesis improved the affinity of the mutant to CV3320 in fold
improvement of 1.6X103, we were interested to see if any of these residual
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exchanges had dramatic effect alone or this improvement was additivty of the
functional mutations. Particularly, several mutants at position 537 including serine
were reported to have constitutive activation in yeast and mammalian system
[132-134]. To that end, we separated the exchanges from saturation mutagenesis
(L384F L387M) and random mutagenesis (Y537) and tested those mutants in our
one or two hybrid system to decipher their role. In the yeast one hybrid system
(shown in Figure 3.23), the ligand CV3320-L384F L387M Y537S combination
was able to transactivate ~70% to that of E2-WT combination at 10µM
concentration. When we compared these two combinations at 1µM concentration,
the transactivation property increased upto 84%. Mutant L384F L387M had only
14% activity in presence of E2 and completely lost its activity in presence of
CV3320. The Y537S mutant had retained 35% activity with E2 and had relatively
increased activity with CV3320 as well as with the solvent alone. This could be
explained by the increased background activity of this mutant but in general, we
could not see any constitutive activation in our one hybrid system.
800
700
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500
400
300
200
100
0
pGBT-LBD

384/387/537

384/387

Y537S

Figure 3.23: Transactivation profile based on the ß-galactosidase reporter gene assay (Miller Unit)
in yeast one hybrid system. Mutations achieved through two rounds of saturation and one round of
random mutagenesis were separated according to the manipulation approach (i.e. saturation
mutagenesis- L384F L387M, random mutagenesis Y537S) and compared in presence of E2
(black), CV3320 (grey) or the solvent (white) at 10 µM concentration.

Because the yeast two hybrid system that we employed was more sensitive than
that of one hybrid, we tested the Y537S mutant with the WT in our two hybrid
system in presence of E2 and CV3320 (Figure 3.24). The Y537S mutant has EC50
value 5X10-9 M, which explained the reduced activity of E2 (35%) in this mutant
in one hybid system. There were no differences between WT and Y537S in their

3 Results

79

affinity towards CV3320 from their EC50 values in yeast two hybrid system. Thus
the Y537S alone could not increase the activity of CV3320 in the yeast one hybrid
system and the affinity towards CV3320 was also not improved in this mutant.
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Figure 3.24: Transactivation profile of WT LBD and Y537S mutant in presence of E2, CV3320 or
with solvent only in the yeast two hybrid system. Legends for receptor-treatment are as follows:
WT-E2: closed circle, black, Y537S-E2: closed square, pink; WT-CV3320: open circle, black;
Y537S-CV3320: open square, pink; WT-EtOH: closed circle, broken black; Y537S-EtOH: closed
square, broken pink.

3.6

Combinatiorial improvement of transactivation: combining
V400A with L384F L387M Y537S

Since the mutant V400A did not have any improved affinity towards CV6019 in the in
vitro binding assay (see Figure 3.16), we hypothesized that the hsp interaction is
weakened in the V400A mutant. This led to the better release from hsp even in presence
of a weak ligand interaction, which at the end contributed to the increased activity found
in our test system. On the other hand, we could clearly show the improvement of affinity
towards CV3320 in the mutant L384F L387M Y537S. We wanted to know whether
weakening chaperon interaction (mediated by V400A) and increased affinity (engineered
mutant L384F L387M Y537S) could be combined together. If their combination led to the
cooperative influence, we would get dramatic improvement in reporter gene activation in
presence of very low concentration of ligand. To validate our hypothesis, we brought the
two mutants in pGBT-LBD background and tested in our one hybrid system for β-
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galactosidase reporter gene assay. In the assay, we included CV3320 and CV6019,
ligands which were used for two mutants separately in previous experiments.
700
600

Miller Unit

500
400
300
200
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0
pGBT-LBD

V400A

384/387/537

384/387/400/537

Figure 3.25: Comparison of ß-galactosidase reporter gene activity (Miller Unit) among WT, V400A,
L384F L387M Y537S and L384F L387M V400A Y537S mutant LBDs in presence of E2 (black), CV3320
(white), CV6019 (grey) and EtOH (royal blue) in yeast one hybrid assay.

As shown in Figure 3.25, the reporter gene activity found in combined mutant (L384F
L387M V400A Y537S) for CV3320 and CV6019 were similar to their corresponding
single mutant and there were no additive effect observed. This was also evident for E2- if
improved affinity and weakened chaperon interaction would have worked cooperatively,
we could expect dramatic increase of E2 action as well as for those ligands.
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In order to develop an orthogonal ligand-receptor pair for transcriptional regulation, the
most important criterion to be met was that the receptor must be manipulated in such a
way that it responded to the ligand only after the manipulation, i.e. the ligand was not
binding in the WT receptor (which makes the system safe to be used in the field).
Presumably, such a unique ligand should be estrogen-like, in order to be recognized at all
by the hERα LBD, while at the same time being sufficiently different from the native
ligand so that it does not trigger a strong transactivation response with WT hERα.

Although the generation of functionally orthogonal ligand-ER pairs have been reported
[40, 41, 85, 107, 135], a major distinguishing feature of our work relies on the use of an
entirely new class of compounds structurally unrelated to existing natural ligands. We
wanted a general method for discovery of orthogonal ligand-receptor pair, so we imposed
the additional criterion that there should be similar structural analogs of potential ligand
so that once a ligand proved to be unsuitable due to its solubility, charge or substitution,
there would be alternatives to be used for the same receptor.

Typically, ER ligands comprise two hydroxyl groups separated by a rigid hydrophobic
linker region. In addition, effective ligands posses a phenolic hydroxyl group at the C3
position of ‘A’ ring in a steroid structure [136]. The underlying determinants of ER’s
promiscuous ligand binding preferences were revealed by the initial hERα LBD
complexes [73]. Ligand recognition is achieved through a combination of specific
hydrogen bonds and the complementarity of the hydrophobic residues that line the cavity
to the non-polar nature of ER ligands. A triumvirate of hydrogen-bonding residues (E353,
R394 and a structurally conserved water molecule) forms a polar pocket. Access to this
polar pocket is somehow restricted by a ‘pincer-like’ arrangement of the side chains of
L387 and F404. Consequently, the planar moieties of ER ligands, such as the ‘A’ ring of
E2, bind at this end of cavity. In contrast to the extensive network of hydrogen-bonding
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residues at the ‘A’ ring region of the binding cavity, interaction at its distal end, where
‘D’ ring of E2 lies, typically involves a single hydrogen bond to a histidine residue
(H524). Although the ‘pincer-like’ arrangement around the ‘A’ ring imposes a general
requirement for ligands to possess an aromatic ring with –OH group, the reminder of the
binding pocket can accept a variety of hydrophobic groups [73, 74, 137].

While designing ligands for chemical synthesis, we focused on two particular
characteristics such as:
a) The presence of both 3-OH and 17-O group spatially separated by 10-12Å to
ensure that the ER can recognize the ligand
b) The absence of ‘B’ and ‘C’ ring of steroid receptor so that the interaction provided
by this region is abolished and the ligands are only weakly interacting or not
interacting at all with the WT receptor

We designed two different classes of ligands having above-mentioned characteristics
where the ‘D’ ring was consist of either 6 (class 1) or 5 (class 2) carbon ring, as shown in
Figure 4.1.
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Figure 4.1: General ligand structure showing the difference in the ‘D’ ring in comparison with E2.

The initial focus was concentrated on ligands with R1 substitutions with halogen, OH and
aliphatic hydrocarbon groups because of their activity in the WT receptor. Compounds
which showed 10-20% activity in the WT LBD in yeast one hybrid system were primarily
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selected for engineering LBD through rational design and later on using random
mutagenesis. We have also tested these compounds for their possible role in general
toxicity in planta according to the OECD guideline [138] where compounds with C5 –OH
(CV6019) or Cl (CV5407) substitution did not show any adverse effects on germination
and seedling development as well as adventitious shoot formation and general
development. Although compound CV5407 did not show any general toxicity in those
tests, we did not choose this compound for two reasons i.e. (i) it showed ~ 70% activity
with the WT LBD (Table 3.1), and (ii) being an organochloric compound, it may have
adverse effect on the environment. Compound CV6019, on the other hand, showed a
minimum activity with the WT LBD (15-20% relative activity, Figure 3.2) in one hybrid
system and was therefore chosen for creating orthogonal ligand-receptor pair based on
rational design.

Because the yeast two hybrid system that we used was more sensitive than the one hybrid
system and due to the high throughput of the selection of mutants in our directed
evolution approach, we picked ligands from group B showing a very low affinity in WT
LBD (see Figure 3.17 and 3.18). We have chosen ligands with minimum transcriptional
activity in yeast two hybrid system (group B, EC50 value: ~5X10-6 M). Deciding to start
with a minimum activity ligand minimizes the possibility of activating other estrogen
receptors found in mammals, thus making the system suitable to use in other eukaryotic
organisms. Additionally, there remains the greatest potential for improvement of ligandreceptor interaction, which is calculated as “fold improvement”. Because our test system
in two hybrid screen was of high throughput, we had the choice to start with a ligand
having very low affinity towards the WT receptor and improve the affinity in multiple
rounds of selection in a relatively short period of time.

4.2

Yeast-based test system

The budding yeast S. cerevisiae has indeed proved to be a powerful model for studying
the functions of more complex eukaryotes. The advantages of yeast arise in part from the
relatively short doubling time in culture, the ability to use defined culture conditions and
the availability of well established genetic tools for analyzing yeast mutants. In addition, a
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number of fundamental processes, such as transcription initiation and regulation, appear
to have been conserved from yeast to higher eukaryotes [139].

The first steroid receptors expressed in yeast were reported by two independent groups at
same time [140, 141]. To date, the activity of virtually all the classical steroid receptors
together with a number of non-steroid members of the nuclear receptor family has been
reconstituted in the yeast S. cerevisiae. These pioneering studies illustrated that the
different steps in steroid receptor signaling could be reconstituted in yeast cells by coexpression of the receptor protein and a reporter gene driven by the appropriate hormone
response element [140, 141].

The ability to faithfully reconstitute ligand-dependent activity of steroid receptors in yeast
has allowed yeast-based transactivation assays to be used to investigate the role of
specific amino acids in hormone binding. Thus, yeast has been used to screen for altered
ligand binding by the estrogen [142] and glucocorticoid [143] receptors after random
mutagenesis of the receptor hormone binding domain. Significantly, the phenotypes
observed for the mutant estrogen receptors were comparable in both yeast and Chinese
hamster ovary cells [142]. Furthermore, the residues identified map to the recently
described ligand binding pocket observed in the crystal structures of the estrogen and
progesterone receptor ligand binding domains [144].

Yeast cells transformed with the estrogen receptor have thus proved a readily accessible
and powerful screening tool to help identify potential “synthetic estrogens” and to
compare the potency of such chemicals with the natural ligand 17β-estradiol [145, 146].
Therefore, the yeast system can be seen as complementary and offers the advantage of
increased sensitivity, adaptability and analysis of single receptor populations [146].
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Chemical complementation based one and two hybrid test system

Genetic selection is a powerful tool and widely used in multiple aspects of molecular
biology for evaluating macromolecular interactions. The general idea behind genetic
selection is that the host cell will only survive if the desired entity, such as a desired
function of the macromolecule, is present inside the cell [147, 148]. Chemical
complementation is an attractive tool for genetic selection, which allows testing for
activation of protein variants by specific ligands. However, when large libraries
(>100,000 variants) of receptor variants are expressed in yeast, the number of hits
(receptors activated by the desired ligand) may be too numerous to practically analyze.
Many of the variants may only slightly activate transcription or have high EC50s (in the
µM range). It is desirable to have a versatile selection method with which the receptors
that have high efficacy and low EC50s can be identified. To this end, we utilized two
different chemical complementation selection methods with variable stringency. With
variable stringency genetic selection, chemical complementation can identify not only
receptors that are activated by the targeted small molecule, but also those that have the
desired property of high activation levels. The concentration of ligand can be varied to
identify receptors with low EC50s. Hits with desired properties originally identified
through chemical complementation on growth medium can be characterized using
variable stringency chemical complementation screens.

The focus has been the development of a genetic selection system for detecting the
interaction of a small molecule with a protein; in this case synthetic estrogen analogs were
used to test the viability of chemical complementation for discovery of ligand-receptor
pairs from large libraries. Combining chemical complementation with a large library of
protein variants decreases the time, effort, and resources necessary to find new ligandreceptor pairs. Detection of ligand binding to nuclear receptors and transcriptional
activation has been performed in yeast. Binding of the ligand to the nuclear receptor
initiates transcription of the reporter gene. We had utilized a chemical complementation
based coupled selection and screening in yeast one hybrid and a chemical
complementation based selection in two hybrid system.
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One hybrid system
We have constructed an estrogen inducible transcription factor Gal4 DBD-hERα
LBD- VP16 AD, which consists of the DNA-binding domain of the yeast Gal4
protein (the first 74 amino acids) linked to the hormone-binding domain of the
human estrogen receptor (amino acids 285-595) and the transactivation domain of
herpes virus. The human estrogen receptor is a modular enhancer factor with two
independent non-acidic transactivation functions (TAF-1 and TAF-2) each of
which exhibits some cell type specificity [60, 149]. To render the chimeric
transcription factor less cell type-dependent, we have modified this transcription
factor by fusing onto it the transactivation domain of the VP16 [150]. This VP16
domain encodes one of the strongest acidic activation functions [151], does not
transcriptionally interfere with TAF-2 activity [149] and functions in species from
yeast to man [152]. Coupling the VP16 transactivation domain onto Gal4 DBDhERα LBD did not lead to elevated basal activity in the absence of estrogen but
only increased its transactivation strength in the presence of estrogen [153]. By
replacing the DNA-binding domain of the ER with that of GAL4, we have
eliminated the possibility of simultaneous activation of any endogenous E2responsive genes if this system would be used in mammalian cells.

The reporter plasmid consists of the ADE2, HIS3 and lacZ gene stably integrated
in the yeast strain PJ69 4A [106]. The chimeric transcription factor was binding to
the Gal4 response elements in the promoter regions and controlling the expression
of the ADE2, HIS3 and lacZ gene only upon ligand binding. The specific feature
of this regulatory system was that it was only activating the target gene containing
the GAL4-binding sites in the presence of E2 or matching ligand.

The three reporter genes present in PJ69 4A provided us two different types of
assay: the on plate growth assay or selection assay quantifies yeast growth
occurring through transcriptional activation of the ADE2 and HIS3 gene, and the
screen quantified β-galactosidase activity occurring through transcriptional
activation of the LacZ gene. The selection assay was ~10-fold more sensitive than

4 Discussion

87

the screen as growth was observed at 10-fold lower ligand concentrations than βgalactosidase activity. However, the selection assay did not quantify activation
level (efficacy) as well as the screen. In the selection assay, there was either
growth or no growth, whereas the screen more accurately quantified different
activation levels at various concentrations of ligands. We used this one hybrid
system initially to validate the test system in growth based on plate assay and
characterized the ligand binding in the WT LBD. We then generated variants
through rational design and random mutagenesis, selected for positive variants and
finally characterized the ligand binding for the mutant.

The sensitivity of yeast one hybrid based system was in nano- to micromolar
range depending upon the affinity of the ligand. Although the system was not high
throughput for screening of large librarys, the coupling of on plate growth assay
eliminated the negative constructs (WT or mutants with no improvement in ligand
binding) and thus reduced the load for screening quantitatively in β-galactosidase
assay. The system was easy to use and produced highly reproducible data from the
screening.

4.3.2

Two hybrid system
In an attempt to make the test system more sensitive where we could determine
the ligand-receptor interaction in nanomolar range, we used a yeast two hybrid
based interaction between hERα LBD and human steroid receptor coactivator
(SRC-1). In this system, the cDNA encoding hERα amino acids 312–595
containing most of the LBD domain (hERα amino acids 303–553) and the F
domain (hERα amino acids 554–595) was fused to the gene encoding the GAL4
DNA binding domain in plasmid pBD-GAL4-Cam (Stratagene) to form the “bait
plasmid” pBD-GAL4 hERα, and the gene encoding human SRC-1 was fused to
the gene encoding the GAL4 activation domain in plasmid pGAD424 (Clontech)
to form the “prey plasmid” pGAD424 SRC-1. Both plasmids were transformed
and expressed in S. cerevisiae YRG-2, which contains a GAL4-regulated HIS3
reporter construct on its chromosome. The HIS3 reporter provides strong
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nutritional selection. In the presence of agonistic ligands, the LBD undergoes a
conformational change and binds to SRC-1, which brings the GAL4 DNA binding
domain and the GAL4 AD in proximity, thus activating the transcription of the
reporter gene. In general, the cell growth rate is proportional to the strength of the
ligand-receptor interaction. In the absence of agonistic ligands, no transcription of
reporter genes would occur. While the survival of the yeast could indeed be linked
to a small molecule ligand in the yeast one hybrid system, ligand-activated growth
was only observed at 10-5 to 10-6M of ligand concentrations. In the two hybrid
system, introduction of the adapter fusion protein Gal4 AD-SRC-1 in chemical
complementation increased the sensitivity 10-1000-fold over the one hybrid
system based on the ligand used, which was also observed by several other authors
[92, 148]. The functional interaction of hERα LBD with the coactivator SRC-1 is
critical for effecting transcription in mammalian cells [67] and our chimeric
construct could overcome these differences in the transcription machinery
between human and yeast which we observed in one hybrid system. Thus, the
Gal4 AD-SRC-1 fusion protein also humanizes the yeast response, allowing a
complete correlation of nuclear receptor function in yeast and in mammalian cell
culture.

This chemical complementation system was highly sensitive (producing growth
with EC50 value of E2 5X10-10 M), with zero background (no growth without
ligand), and high dynamic range (permitted variability in ligand concentration,
incubation time and growth). Since we utilized a 96-well based assay format, the
system provided high throughput analysis of multiple ligand receptor
combinations. The assay provided an initial analysis of the ligands of interest
through growth. The ligands that were able to cause growth of the yeast cells
could then be subjected to a dose-response growth assay. Based on this growth
assay, we initially classified and selected ligands for directed evolution, and
characterized the mutations in terms of improved and weakened affinity towards
CV3320 and E2, respectively.
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Rational design

Rational protein design by site-directed mutagenesis is a very effective strategy to
improve a protein function or define a new function for the existing protein. Rational
design approach usually requires both the availability of the structure of the protein and
knowledge about the relationships between sequence, structure and mechanism/function,
and is therefore very information-intensive. Rational designs have been successfully
applied to improve the thermal stability [154, 155] and oxidative stability [156, 157] of
various proteins and to produce proteins with altered substrate specificities [158-160] and
creating orthogonal ligand-receptor pairs [161]. Rational design of orthogonal specificity
is especially significant because it can provide a general means for engineering biological
macromolecules for useful chemical and biochemical reactions in vitro and in vivo.
However, specificity is a challenging property to engineer predictably because it is
determined by a complex and poorly understood mix of chemical binding forces that
includes electrostatic interactions, steric and hydrophobic effects. So far, only a few
successful orthogonal combinations have been developed based on principles of
molecular recognition, as opposed to random screening. Multiple libraries were designed
by various groups based on the hypothesis that binding affinity arises from hydrophobic
contacts and that specificity arises from binding pocket size, shape, hydrogen bonding,
and electrostatics. The targeted residues to be exchanged were chosen based on their
proximity to the bound ligand as observed in the crystal structure [161-163].

The rational design approach that we followed was based on so called “bump-hole”
approach used previously for creating orthogonal ligand receptor pairs [135]. We have
identified two amino acids (M388 and L428) within 6Å, which might have interaction
with the ‘A/B’ ring interface in E2 and then generated additional space in the LBP by
exchanging the M388 and L428 into alanine separately, or simultaneously. We used a
relatively inactive ligand (CV6019) carrying a C5 -methyl substitution in the ‘A’ ring
where the concept was this additional CH3 group could fill in and promote interaction.
However, the mutants that we created through this approach were completely inactive
with our ligand CV6019. M388A mutant bound E2 similar to that of WT LBD, whereas
L428A completely lost interaction and was silent. When we combined these two
mutations, the double mutant could bind E2 and had up to 60% relative activity. From
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these results, we postulate that the exchange of M388 into alanine has no (or little) effect
on E2 binding, whereas exchange of L428 into A made the protein completely inactive.
Thus, the L at residue 428 provides a structural scaffold which is essential for correct
tertiary structure and functional interaction with ligands. Residue 388 showed relatively
higher tolerance and when these two residues were exchanged together into A, residue
388 could provide structural support for the entire structure and the double mutant could
bind the natural ligand E2, although with weakened affinity.

4.5

Irrational design

Once we failed to generate suitable ligand-receptor combination through rational design
approach, we contemplated manipulating the entire LBD through the so called “irrational
design” or random mutagenesis approach. Because we had the one hybrid based test
system providing chemical complementation through selection of growth on plate in
presence of ligand and eventually screening of positive variants from the plate through βgalactosidase assay, we created a relatively small library through error-prone PCR. Errorprone PCR enabled us to control the amino acid exchange rate to ~1 residue/ kilo base
pair of template DNA. Although the strain PJ69 4A had two reporter gene for growth
based selection in the transactivation plate (ADE2 and HIS3), this selection was somehow
leaky as several clones appeared on the transactivation plates which later on characterized
proved to be false-positive. While we used varying concentrations of 3-AT upto 50mM,
we could still detect false positives in our candidate clones. One explanation could be the
transactivation property of our chimeric construct was relatively strong in this strain PJ69
4A due to presence of VP16 AD coupled with Gal4 DBD and hERα LBD into one single
construct. An alternative explanation might be the emergence of constitutive mutants
through random mutagenesis which outgrew the true mutant in the transactivation plate
where the true mutant might not grew in similar or better rate like the constitutive ones.

The V400A mutant had ~4 and 15-fold higher activity with CV6019 at 1 and 10 µM
concentrations, respectively compared to the WT LBD in our yeast one hybrid system
(see Figure 3.10). Molecular modeling demonstrated that the residue 400 was situated in
the surface of the LBD, around 13Å away from the docked C5 DES in crystal structure of
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hERα LBD (Figure 3.11). Thus, this residue is not part of the LBP and not directly
involved in the ligand interaction. Interestingly, this residue lies in such a position which
was previously mentioned to be interacting with the chaperon hsp90 [73]. Hsp chaperons
were implicated in the steroid receptor function where ligand-free (apo) receptors are
anchored in the cytoplasm with the chaperon molecules and released from it after the
ligand binding and subsequent conformational change [79, 164, 165].

A potential role of hsp90 in vivo in controlling ligand-inducible transactivation by the
glucocorticoid receptor (GR) has been well supported by genetic studies in S. cerevisiae
[166]. Reduced expression of the hsp90 gene strongly inhibited GR-dependent
transactivation, suggesting that the hsp90 stabilized the ligand-free GR. However, the ER
was less affected in similar experiments [166], suggesting that the hsp90 may not be
necessary for regulating ligand-inducible transcription by ER. Moreover, several
immunocytochemical studies have suggested that the hormone-free ER is at least partially
nuclear [56, 167-170]. Lee et al. suggested that the mechanism of action of ER is
intermediate between that of GR subfamily of steroid receptor and those of the thyroid
hormone/retinoid/vitamin D3 nuclear receptors [171]. The apo-GR is cytoplasmic, and
ligand binding leads to its translocation to the nucleus [172]. In contrast, the thyroid
hormone and related receptors do not interact with hsp90 in vitro [173] and are nuclear in
the absence of hormone [174].

The first human ERα cDNA isolated [55] contains, within its ligand binding domain, a
point mutation relative to ER that results in a G to V substitution at residue 400 (G400V).
The two variants with G and V at residue 400 are termed HEGO and HEO, respectively.
It has been [175] reveled that the HEO is hsp90-bound in absence of ligand and upon
ligand binding, is dimerized, transported into the nucleus and transactivates the target
gene, which is very much similar to that of gluccorticoid receptor. On the other hand,
HEGO is relatively stable without any hsp interaction and without ligand binding, could
be found at least partially nuclear located in dimer form but depends on ligand binding for
transactivation.
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While V400A showed ~4-fold improved activity with CV6019 at 10µM concentration
compared to WT LBD, this improvement was not specific to a particular ligand. As
shown in Figure 3.12, several other ligands exhibited improved activity with this mutant,
suggesting that the mutant has elaborate specificity for ligand responsiveness. The
increased activity found in the mutant was strictly ligand-dependent, although V400A
mutant showed relatively increased background with the solvent. Aumais et al. [175]
observed a similar phenomenon with HEO (V400) and HEGO (G400) variants where
HEGO showed increased transactivation of reporter gene in their chimeric ER (VP16GAL-ER) only in presence of E2.

When we made a competitive in vitro binding assay with WT LBD (V400) and the
mutant V400A to determine the affinity towards E2, we could not find any significant
difference among these two variants. The half-saturation value (EC50) of WT LBD
obtained from our binding assay was 10-fold higher (or 10-fold weakened affinity) than
that of the reported values for WT hERα. The half-saturation value for full length hERα is
in the range of 0.5nM which is obtained by in vivo experiments [176]. The difference
might have been arisen due to the difference in test system as we have used the purified
receptor and made an in vitro binding assay (competitive in vitro binding assay based on
enzyme fragmentation complementation). Another reason for the difference might be due
to the length of receptor construct as we used the construct 6XHis-LBD (aa residue 302553) instead of the full length hERα. Nevertheless, we could include the purified V400A
mutant along with the WT LBD in the competitive binding assay to find out if there was
any improvement in the binding of CV6019 in V400A compared to WT LBD. The EC50
values for V400A and WT LBD were similar and thus there were no improvement in
terms of ligand binding for CV6019 (Table 3.2). Thus the increased activity found in the
mutant V400A with CV6019 was not due to the better ligand-receptor interaction and
better affinity.

We postulate that the V400A mutant that we obtained is similar to the HEGO variant
G400, because of the similar structure and hydrophobic charge of glycine and alanine.
Thus, where as the V400 is relatively unstable and needs either hsp90 or ligand binding
for stability, V400A is more stable and is more nuclear even in the absence of ligand. Due
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to its partial nuclear presence, ligands with minimal activity in HEO are sufficient to
mount increased response in this mutant.

4.6

Directed evolution

We have used a systematic directed evolutionary approach to develop an orthogonal
ligand-receptor pair based on synthetic estrogen analog and engineered estrogen receptor
LBD. Manipulation for engineering the LBD was achieved through saturation and random
mutagenesis which were coupled with a sensitive, high throughput selection based on
chemical complementation in yeast two hybrid system. The ligand induced interaction
partner were the hERα LBD and the human SRC-1 as a coactivator. Since we followed
the protein engineering approach to match an orthogonal combination of ligand-receptor
pair rather than chemical synthesis, our starting point was to find a suitable ligand having
minimum activity in the WT receptor. In that end, we have tested 65 ligands with varying
structure and identified CV3320 as the suitable one to start with. It should be noted that
the strategy shown in this work and by some other authors [107] can be used as a genral
approach to generate alternative combination of ligand-receptor pair based on a different
structure with similar or different starting protein molecule.

Once the ligand has been chosen, a systematic approach was followed where molecular
simulation studies were made to identify 21 residues involved in the interaction, and 18
residues were identified for manipulation among these 21. These residues were
subsequently altered in each position into 20 possible amino acid variants using the
saturation mutagenesis. So, the first round of saturation mutagenesis would result in 18
different libraries in yeast two hybrid system. Each library was screened in transactivation
media in 96-well plates where ligand induced growth enhancement and E2 induced
reduction of growth were the criteria for selection of mutant candidates. Once a candidate
was found, it was characterized in dose response curve to find out the improvement in
CV3320 affinity and decrease of E2 affinity. Such a mutant would be the template for the
second round of saturation mutagenesis and the whole processes were repeated holding
the most suitable exchange of residue and manipulating in the rest amino acid positions.
Once such a point was reached where no improvement could be made anymore, random
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mutagenesis strategy over the whole LBD was followed repeatedly until no further
improvement could be achieved.

In this work, we have performed 3 rounds of saturation and 2 rounds of random
mutagenesis to create our desired ligand-receptor pair. At the end of first two rounds of
saturation mutagenesis, we could obtain a fold improvement of 1.6X104 in combination of
CV3320-L384F L387M LBD. When we made another round of saturation mutagenesis
(the third round), we could not shift the fold improvement in any positive direction
meaning we had reached a point of saturation. Although it was reported that more
manipulation through saturation mutagenesis and fold improvement could be achieved
[107], it was also reported that a very restricted number of mutations could be tolerated in
the hERα LBP to maintain a productive interaction [135]. Residues distant to the LBP are
also thought to be important in providing suitable tertiary structure that can bind the
ligand with improved affinity. The mutant found from saturation mutagenesis was thus
used as template for random mutagenesis over the whole LBD and after two rounds of
randomization, we could manipulate the fold change to 1.6X103. Finally, when we tested
the mutant in our yeast one hybrid system, the ligand-mutant receptor pair showed around
50-fold increased activity than the WT receptor. A second round mutagenesis produced
similar result whereas a third round of random mutagenesis was performed but the fold
change could not be improved anymore revealing the saturation. Although the fold
change is 10-fold lower than the result obtained from two rounds of saturation
mutagenesis, the affinity towards CV3320 could further be improved 10-fold through the
random mutagenesis (random mutagenesis EC50 5X10-8 compared to EC50 5X10-7 of
saturation mutagenesis, also see the table 3.5). We considered the improvement of affinity
towards CV3320 to be more important than that of reducing affinity towards E2, and thus
we focused on the mutant found and characterized it further. Because one of the major
long term goals of this work is to develop an inducible system for plant, we were less
concerned to increase the affinity of our ligand and the affinity of E2 could be less
emphasized due to the absence of E2 or phytoestrogens in several crop species (like
potato). Whereas the developed orthogonal ligand-receptor pair is tightly regulated and
well-induced in absence and presence of the ligand CV3320 respectively, the system
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needs more assessment before application in plants, specially plants with high
phytoestrogen levels like soybean and grape.

4.7

Evolution

of

novel

ligand-receptor

combination

through

systematic protein engineering
A systematic directed evolution approach using saturation mutagenesis would provide
advantages like universal applicability for creating ligand-receptor pair, a relatively small
library to screen, very good sensitivity in two hybrid system and cumulative effect of
exchanges in subsequent rounds of mutagenesis [107]. Additionally, and more
importantly, such an approach provides a bi-directional selection in terms of improvement
for desirable characteristic and weakened response in terms of undesirable attributes.
Such tandem positive and negative selection led us to a combination of ligand-receptor
pair where we could improve the affinity of the mutant towards CV3320 and weaken the
response to E2, thus making the ligand-receptor combination true orthogonal. Another
advantage of this approach was that it could be coupled to other engineering approaches
to achieve greater positive attributes desirable, thus leaving the further potential open for
improvement. In our case, we had combined a random mutagenesis approach (error-prone
PCR) once we arrived to a point when no further improvement could be made using
saturation mutagenesis alone. We expect that other mutagenesis methods could be used to
introduce amino acid substitutions otherwise inaccessible by error-prone PCR, so as to
further enhance potency of response toward the ligand CV3320.
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Functional mutations identified in the evolved hERα variants:
L384F L387M Y537S

Figure 4.2: Superpositioning of ligand CV3320 (yellow) on E2 (magenta)-docked hERα LBD, showing the
C5 methyl substitution in the ‘A’ ring of CV3320.

When we mapped the mutant receptor found after saturation and random mutagenesis
screen, the roles played by the individual mutations in determining selectivity towards the
target ligand were not immediately clear. Figure 4.2 and 4.3 show the LBP of WT and
mutant receptor docked with CV3320 using DES-bound hERα LBD crystal structure. The
energy minimized molecular simulation and cursory analysis revealed the potential role
played by L384F, L387M and Y537S in the CV3320-specific receptor modeling. The
individual exchanges are described below:
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L384F

An analysis of the LBPs from ERα and ERβ [each composed of 23 amino acids in direct
vicinity (4Å) of E2] revealed two amino acid differences: ERα L384/ ERβ M336 and ERα
M421/ERβ I373. There are ligands which are recognized differentially by two ER
subtypes called selective estrogen receptor modulators (SERMs). While designing ERβselective SERM, Hillisch et al. [177] demonstrated the importance of L384 in forming
LBP and recognition of the ligand. Site directed mutagenesis and transactivation studies
suggested that difference conformation of LBPs of ERα and ERβ are due to the difference
in ERα L384/ ERβ M336. This difference plays important role for the high isotype
selectivity of diarylpropionitrile (DPN) [178]. However, it has been shown that single
point mutations of those amino acids differing between ERα and ERβ alone could not
account for the ERα selectivity of propyl pyrazole triol (PPT). Stauffer et al. [179]
suggested additional parameters might be needed for selective binding of a ligand.
Whereas leucine has a large aliphatic side chain, phenylalanine possesses even larger
aromatic ring providing greater hydrophobicity. The aromatic ring of F contains
delocalized pi (π) electron clouds that enable it to interact with other π-systems and to
transfer the electrons. As shown in Figure 4.3, exchange of L384 to F led to the
positioning of benzyl ring of F in close vicinity to 5’-methyl substitution of the ‘A’ ring of
the ligand CV3320. This could explain the ten-fold improvement of EC50 value of
CV3320 in the mutant compared to the WT LBD. Additionally, the specific interaction
that we observed in the mutant with CV3320 but not with E2 might be a contribution of
van der Waals bonding. The relative proximity of F384 and the methyl group in CV3320
at C5 position (around 2Ǻ) created a transient asymmetry in the electronic charge, which
in turn created a steric complementarity to played role in specific interaction. On the other
hand, due to the absence of any methyl group in ‘A’ ring, E2 could not form any
interaction with F384.

4.8.2

L387M

The long sulfur-containing chain in methionine residue at 387 forms a parallel structure
towards F384 only if the CV3320 is occupying the LBP. When E2 is occupying the LBP,
it might produce congestion in the LBP due to the space occupation of B and C ring of
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E2. Since CV3320 has no ‘B’ and ‘C’ ring, it could bind the LBD in a more flexible
fashion. When both residues F384 and M387 are present, CV3320 could still fit in the
LBP well but E2 binding is compromised and this might be the reason for 10-fold
decrease in binding. Crystal structures of hER in presence of ligand showed the
homologous residues A350 and L387 were in contact through van der Waals force [180].
Exchanging L387 into M could destabilize this van der Waals contact but it was not clear
why the affinity towards CV3320 remained unchanged but the affinity reduced for E2.

Figure 4.3: The structural model showing the mutant LBD (L384F L387M Y537S) LBP docked with
CV3320 (magenta). F384 (pink) and M387 (yellow) are in very close proximity to the ‘A’ ring of CV3320,
whereas S537 (orange) is around 12Å away from the ligand.
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Y537S

It has been demonstrated previously that, rather remarkably, some single point mutations
in the nuclear hormone receptors can mimic the effect of the binding of agonist ligands,
resulting in receptors that have partial or full constitutive transcriptional activity [132,
133, 181, 182]. These constitutively active mutant receptors appear to have conformations
that even when unoccupied by ligands, resemble that of the liganded, transcriptionally
active receptor in terms of sensitivity to proteases and the binding of coactivator proteins
[132, 183]. Nevertheless, the constitutively active receptors still bind ligands with high
affinity, with estradiol maintaining the high transcriptional activity seen in their ligandunoccupied state and antiestrogens blocking their constitutive and estradiol-occupied
transcriptional activity [132, 133, 183]. Amino acid 537 is such a residue identified in the
hERα LBD leading to constitutive activation when mutated to N, A and S [134, 181].
Tyrosine 537 of the hER is located in a flexible loop region at the base of the amphipathic
R-helix (H12) of the ligand binding domain which undergoes extreme conformational
changes in response to hormone binding [72, 73]. Y537S ER was shown to be fully
constitutive i.e., the complete transcriptional activity in the absence or presence of
estrogen [181, 184]. Observation with A, N, S, F and L mutants at residue 537 lead to
proposal of a model (Figure 4.4) where the unoccupied WT receptor is staying as a
collapsed pocket form (state I) and no transactivation is possible in this conformation. The
close pocket conformation (state III) is transcriptionally active whether or not a ligand is
occupying to the receptor. A receptor has to go through the open pocket conformation
(state II) to bind and later on dissociate from the ligand. Y537S and other constitutive
mutants can take the close pocket conformation in absence of ligand and thus are
constitutively active [184, 185]. When tested in our one hybrid system, the Y537S mutant
separately in presence of ligand or solvent alone, we could see a decrease of activity with
E2 (30% relative activity) as shown in Figure 3.22. The Y537S mutant showed an
increase in the activity with CV3320 and the solvent, which was almost at the background
level. When we tested this mutant in the two hybrid system, we could not find any
significant increase in the activity with solvent alone. The transactivation in presence of
E2 was significantly decreased (Figure 3.23). We postulate thus the difference found with
the published literature might have arisen from the difference in the test system as well as
from the construct.
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Figure 4.4: Proposed model of conformational states, ligand binding and transcriptional activation in WT
and Y537S mutant ER LBD. Conformational reorganization involved in ligand association and dissociation
in wild-type ER (top) and Y537S ER (bottom). The residue at position 537 (Y or S) is shown in the small
circle. The magnitude of receptor transcriptional activity is illustrated by the large shaded arrow at the right
side of the figures. The ligand (E2) is illustrated by a shaded circle [184].

4.8.4

Additivity of the functional mutations

Since recombining the two rounds of saturation mutagenesis and random mutagenesis
variants yield a variant with further improved affinity to CV3320, we were interested to
know whether any of these exchanges contributed to the beneficial attribute alone or this
was a cumulative effect. Thus, we separated mutants from different mutagenesis approach
and tested them in our one and two hybrid based test system. The double mutant
generated from the saturation mutagenesis approach (L384F L387M) or the Y537S from
random mutagenesis failed to show the increased activity shown by the combined triple
mutant in β-galactosidase assay (Figure 3.22). When we compared the Y537S mutant in
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the two hybrid system, the improved affinity shown by the triple mutant towards CV3320
could not be found (Figure 3.23). Thus, these three exchanges did not add independently
the attribute of high affinity towards CV3320 but they were rather cumulative in function.
This phenomenon was also observed in hERα LBD engineered for enhanced androgen
specificity and affinity [92]. We postulate that the triple exchanges contribute to the
suitable tertiary structure of the LBP where CV3320 could interact better with the
residues involved in LBP formation through subtle modulation of the van der Waals
interactions and probably hydrogen bonds between the receptor and ligand by many
residues far away from the ligand binding pocket and thus showed improved binding.
Recently, such long range interactions were also demonstrated to be important in
determining the ligand selectivity of human estrogen receptor subtypes [92, 186]. Due to
the subtlety and complexity of these long-range interactions, it is not surprising that some
independently obtained functional mutations are not individually role-playing in their
effect on ligand specificity and affinity.

We could show from our “irrational design” that the mutant identified (V400A) did not
have any improvement in ligand binding; instead the increased activity that we have seen
could be due to the weakened interaction with hsp90 which led to the partial dimerization
and localization of receptor in the nucleus even in absence of ligand. We postulated that if
the release from hsp90 is favoured due to the weakening of interaction, we could perhaps
combine this phenomenon with the increased affinity that we found in the triple mutant
L384F L387M Y537S. Theoretically, this combination would result in significant
increase in transactivation due to the additive effect of chaperon release and better binding
of the ligand with the receptor. However, when combined, we could not find any
improvement in transactivation (Figure 3.25). This may be due to the non- additiveness of
discrete properties the two independent mutant. Other reasons could be the point of
saturation with transactivation, limitation in our test window, unfavourable conformation
of the receptor which might lead to altered protein stability or turn over.
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Orthogonal ligand-receptor pair with unique specificity is useful
in controlling gene expression

Unique specificity regulatory systems are under active investigation not only as means to
control the transcription of transgene [35, 187] but also to regulate enzyme activity [188190] and to probe the function of certain enzymes [189].There are a number of classical
approaches to the regulation of gene expression with ligands [191, 192]. There are a
number of well documented cases where nuclear receptor mutants were found that had
useful shift in hormone specificity [193-195]. A potentially serious problem encountered
with most of these systems is that the ligand being used to regulate the mutant receptor
still has biological activity on endogenous receptors. Thus, the activating ligands in those
systems have not been sufficiently mismatched with their endogenous receptor for the
specificity of the system to be unique.

Rationally designed mutatgenesis in retinoid X receptor (RXR) system led to significant
changes in hormone-receptor specificity, such that the mutants were more responsive
synthetic ligands than to the natural ligand 9-cis retinoic acid [38]. In a number of studies
on ER, random mutagenesis and phenotypic selection have been used to generate mutant
ERs that are responsive to a ligand that has very low potency on WT ER [130, 196]. At
least in these examples, one is starting with a ligand that is well mismatched with the WT
receptor, and ER mutant that show significantly enhanced responsiveness towards the
novel ligand have been found in this fashion.

4.10

Outlook

Here we demonstrated a combined mutagenesis approach where rational design guided
directed evolution approach could successfully create an orthogonal ligand-receptor pair
with significant improvement of affinity. This orthogonal system has the potentiality to be
tested in eukaryotic systems, especially in plants. However, to use the system in crop
plants by physical ligand application (for example, spraying), the inducing concentration
of the ligand should be in nanomolar range. Further improvement could also be made
using this mutant as a start point. To get further hints for manipulations on the structure of
the inducing ligand CV3320 and generation of rational or irrational compensatory
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mutagenesis in the L384F L387M Y537S-mutant, a crystal structure of this mutant in
complex with CV3320 might give valuable insights. This might lead to a further increase
in the affinity towards the ligand or a decrease in the affinity towards E2. In parallel the
existing mutant could be tested in transient plant cell-culture reporter gene systems to find
the transactivation potential in planta. In addition the uptake of the ligand into the plant
cell should be tested. While we have tested some of the ligands in general toxicity tests in
plant system, further studies are needed in mammalian system to find out whether the
ligand in question has any adverse effect or not and whether it is safe to use externally.
Additional studies regarding chemical and pharmacological properties and possibly
modification may be required to apply this system for ligand inducible transcriptional
regulation.

5 Summary
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Summary
To develop an inducible gene-switch based on a modified estrogen receptor and nonsteroidal estradiol analogs, we developed an in vivo test system in yeast that allowed
us to qualitatively and quantitatively assess the transactivation properties of the
artificial ligands in WT and mutated receptors. Here compounds with halogen groups
at position 5’ showed significant transactivation activity in the WT receptor. In a
rational design approach via site-directed mutagenesis, two putative interaction sites
(M388 and L428) were exchanged against alanine to generate a cavity which we tried
to fill/compensate with ligands with a bulky side-chain at position 5’ like IK308,
IK377 and IK519. We tested M388A, L428A and a combination (ML-AA).
Unfortunately none of these compounds showed activity in any of the mutants
screened. Interestingly the L428A-mutant lost the interaction even with E2
completely, whereas M388A was still able to interact with E2. The double mutant can
bind E2, but with reduced affinity (60 % compared to WT).
Because the rational design strategy was not successful in delivering a suitable ligandreceptor combination we started a random mutagenesis approach over the entire
ER-LBD with CV6019 as the screening ligand in a one-hybrid based assay. This
approach led to the identification of a mutant (V400A), which showed approximately
4- and 15-fold enhancement in activity at concentrations of 10 and 1µM CV6019,
respectively, compared to WT. Another ligand, IK423, even showed 10-fold better
activity compared to WT at 10µM concentration. Because V400 is not constituting the
LBP and known to be involved in hsp interaction, we performed an in vitro binding
test to analyze if the enhanced activity of the V400A mutant towards the ligands
compared to WT-receptor is really due to an enhanced binding, or to an weakended
interaction with hsp, wich might lead to increased transactivation even upon binding
of weak ligands. The EC50 values for binding of E2 in WT and V400A as well as for
binding of CV6019 in WT and V400A were similar, which led to the conclusion that
ligand-binding was not improved in this mutant but rather the interaction with hsp
weakened.
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Because random mutagenesis over the entire LBD did not lead to mutants with
increased binding activity, we continued with a systematic directed evolution
approach. Here saturation mutagenesis libraries for 18 functionally important ligandcontacting residues were screened for altered transcriptional activation in a sensitive
two-hybrid based in vivo assay with CV3320 as the target ligand. In the first round of
saturation mutagenesis one mutant (L384F) showed improved affinity towards
CV3320 and weakened response towards E2 (1,6X103-fold improvement). The 2nd
round of saturation mutagenesis with L384F as a template led to the identification of
the mutant L384F L387M. This mutant did not show an improvement in the affinity
towards CV3320 but the affinity towards E2 was 10-fold reduced, so that the overall
fold improvement was 10-fold increased (1,6X104-fold improvement). The 3rd round
of saturation mutagenesis with L384F L387M as template did not lead to a new
mutant with improved affinity, which indicated that the level of saturation was
achieved.
Because it is documented that residues outside the LBP could also influence the
binding and affinity through secondary structure rearrangements, we superimposed a
random mutagenesis over the entire LBD to the L384F L387M mutant. One mutant
(L384F L387M Y537S) showed a further 10-fold increase in affinity towards
CV3320, but also a 100-fold increased affinity towards E2 compared to the
L384F/L387M mutant, leading to an overall fold improvement of 1,6X103. When the
Y537S mutation was analyzed separately, it showed no increase in activity or affinity
towards CV3320.
Analysis of a combination of the V400A-mutation found in the first random
mutagenesis approach, which led to a weakened chaperon interaction, with the L384F
L387M Y537S-mutant did not lead to a further improvement in transactivation
compared to the corresponding single mutants. We hypothesized that a combination of
reduced anchoring (due to the weakened hsp interaction) and increased affinity (found
in the L384F L387M Y537S mutant) would lead to a cooperative effect and
significant improvement in ligand-induced transactivation. We conclude that these
two different mechanisms were non-cooperative in our chimeric constructs and test
system.
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7.1

List of ligands

Structure of ligands synthesized in the Institute of Organic and Biomolecular Chemistry,
Georg August University Göttingen.
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The amino acid code

Single letter code

Abbreviation

Full name

A

Ala

Alanine

R

Arg

Arginine

N

Asn

Asparagine

D

Asp

Aspartic acid

C

Cys

Cystein

Q

Gln

Glutamine

E

Glu

Glutamic acid

G

Gly

Glycine

H

His

Histidine

I

Ise

Isoleucine

L

Leu

Leucine

K

Lys

Lysine

M

Met

Methionine

F

Phe

Phenylalanine

P

Pro

Proline

S

Ser

Serine

T

Thr

Threonine

W

Trp

Tryptophan

Y

Tyr

Tyrosine

V

Val

Valine

Acknowledgement
Sincere gratitude to Prof Dr. C. Gatz for providing me the opportunity to pursue the
doctoral study in her innovative and exciting group. Her creative ideas, instructive
discussions and helpful insights made this work possible. The interest, time and patience
that she maintained throughout the entire period are astounding and needs special
mentioning. I would also like to thanks PD Dr. Wolfgang Dröge-Laser for his constant
interest in this work from the very beginning and his kind assertion in being the Coreferent of this thesis.
Special thanks to Dr. Meik Dilcher for his versatile support and inspiring discussions,
even in difficult periods. All the efforts and support that he provided in academic and
non-academic areas were really instrumental. I would like to also mention the constant
support that Dr. Corinna Thurow provided- particularly the exceptionally creative ideas in
dead-end situations. Heike Runne, while working as a Master student, started creating
some of the vector and I would like to appreciate her contribution. I would also like to
thank Dr. Guido Kriete and Ms. Heike Freundt for helping in numerous administrative
matters. I appreciate the contribution from Anna Herrman, Annette Gunkel and Ronald
Scholz for their technical assistance and invaluable knowledge of special know-how
which made the life easier for a researcher.
I would like to thank the collaboration partners at the University of Göttingen, namely,
Dr. Carsten Vock and Dr. Ilga Krimmelbein (Organic Chemistry) for synthesis of ligands
as well as Dr. Christina Schlicker (Structural Chemistry) and Simone Brauns (Molecular
Structural Biology) for their assistance in protein biochemistry.
Prof. Dr. Humin Zhao (Dept. of Biomolecular Engineering, University of Illinois at
Urbana Champaign) deserves special gratitude for providing me the opportunity to
perform some of the protein engineering approaches (directed evolution) in such a great
setup. His critical thinking, dynamic drive and unorthodox supervision enriched the work
significantly.
Finally, many warm thanks to my colleagues at the Dept. of General and Developmental
Physiology for creating a comfortable work environment.

Curriculum Vitae
Name:

Kazi Mohammed Didarul Islam

Date and Place of Birth:

18 January 1977, Gopalgonj

1982-1986:

Primary School Study (Class I-V)
BAF Shaheen School, Dhaka, Bangladesh

1987-1991:

Secondary School Study (Class VI-X)
BAF Shaheen School, Dhaka, Bangladesh

1993-1994:

Higher Secondary Certificate
Notre Dame College, Dhaka, Bangladesh

1995-2000:

BSc in Biotechnology
Khulna University, Bangladesh

2001-2003:

MSc in Biology (Plant Cell Biotechnology)
Transport of catharanthine and vindoline into the isolated
vacuoles of Catharanthus roseus
Under the supervision of Prof. Robert Verpoorte
Department of Pharmacognosy
Leiden University, The Netherlands

2003- 2007:

Completed the thesis for PhD in Biology (Botany)
Development of an orthogonal ligand-receptor pair based
on synthetic estrogen analogs and engineered estrogen
receptor for transcriptional regulation
Under the supervision of Prof Christiane Gatz
Dept. of General and Developmental Physiology
Georg August Universität Göttingen, Germany

