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Abstract

Nuclear receptors (NRs) form a large family of transcription factors (48 human
members) and have critical roles in nearly all aspects of vertebrate development and
adult physiology by transducing the effects of small, lipophilic compounds into
transcriptional response. The ligand-binding domains (LBDs) of most NRs consist of
11 to 13 a-helices that form a characteristic, 3-layer anti-parallel 0-helical sandwich.
Adopted orphan NRs such as constitutive androstane receptor (CAR), peroxisome
proliferator-activated receptors (PPARs) and the classical endocrine receptor for
vitamin D (VDR) show distinct functional, biochemical and physiological properties
originating from their protein structures.

The main objective of the present study was to gain more insight into the
structure-function relationship of PPARs, CAR and VDR using molecular dynamics
simulations and structural analysis as tools. The results confirmed that although
these receptors show high amino acid and spatial conservation in their LBDs they
display major differences in the ligand recognition, in the affinity for coactivators
and corepressor and in the LBD dynamics, which lead to conformational changes
resulting in activation or inactivation of the receptor. All of the above mentioned
processes are tightly connected with the dynamics of the most C-terminal helix of the
LBD, called helix 12.

CAR and PPARs are of additional interest since they display exceptionally high
constitutive activity, which originates in the ligand-independent CoA interaction.
The data of the presented studies show that the molecular mechanism of this
function is an intra- and extramolecular stabilization of the helix 12 via residues in
helices 3, 4-5 and 11. In the case of PPARs there are at least four groups of amino
acids to stabilize the helix 12. Some of the interactions are evolutionary conserved
between both receptors. These findings suggest that the modulation of activity of
these receptors is possible not only by increasing their activity using receptor specific
agonists but also by lowering it via inverse agonists.

In conclusion, the studies presented in this doctoral thesis increased our
knowledge on the structure-function relationship of NRs and provided detailed
perception for understanding the molecular basis of ligand-recognition, cofactor
interaction of the NRs and dynamic properties of activation and inactivation of these
receptors.

Universal Decimal Classification: 577.112, 577.122, 577.214
National Library of Medicine Classification: QU 475, QU 34, QU 55

Medical Subject Headings: transcription factors; nuclear proteins; receptors,
cytoplasmic and nuclear; peroxisome proliferator-activated receptors; receptors,
calcitriol; ligands; binding sites; molecular structure; molecular conformation;
computer simulation; structure-activity relationship
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"It is those who get lost, who find the new ways.”
Nils Kjaer (1870-1924)
Norwegian writer

Chapter 1

Introduction

During evolution most biological systems have had a tendency to increase their
complexity. This trend also applies for the molecular processes occurring in cells
such as replication, transcription and translation. They demand a strict level of
organization and regulation since they involve multifunctional complexes and huge
protein machineries.

One of the mentioned processes, transcription, requires such multitasking
regulatory complexes containing rather diverse selection of nucleic acids and
proteins with highly specific but distinguished functions. These complexes contain,
amongst others, transcription factors, coregulators, and proteins with specific
enzymatic activities, which makes their exploration and investigation challenging.

Luckily, modern study approaches gave rise to the research fields that try to
answer the questions concerning the detailed molecular understanding of these
processes by looking at a limited number of components at one time. One of the
fields, structural biology, includes tools such as structural analyses that are useful in
answering these questions.

Structural analysis is an approach trying to connect three dimensional protein
structures with the function of the proteins. Usually certain amino acids are
responsible for distinct functions in a protein such as catalytic activity, ligand
binding, DNA binding and dimerization. Looking on the one or the other function
separately can create very simple model with biased views. For example, certain
amino acids are directly involved in the catalytic activity of the protein and they are
essential for it. However, if we try to look at these processes in parallel the picture
gains in its complexity and the dynamic sequence of actions can be recognized. As a
direct example of this kind of continuity of causes is the binding of the ligand in the
ligand-binding pocket of a receptor that induces conformational changes altering
protein interactions on the surface of the protein. Exploration of these continual
dynamic changes is a very difficult task since there is limited number of methods,

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 193: 1-115 (2006) 17



which can be used to observe proteins in their native environment and consequently
measure the dynamic changes of their functional properties.

Most of the available techniques allow the measurement of functionality of a
protein at a certain time point, which makes the obtained data more characteristic for
the static state of the molecule at the beginning of the experiment. At the intersection
of these two technical approaches are the in silico methods where molecular
dynamics (MD) simulations play a very important role. These allow for a more
dynamic view of processes and are very important tools in the investigation of the
series of actions such as the impact of conformational changes on protein-protein
interactions.

This thesis extends the research on the molecular mechanism of the transcription
regulation via nuclear receptors (NRs) using structural analysis and MD simulations.

18 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 179: 1-115 (2006)



Chapter 2

Review of Literature

The NR family has the largest number of members of any class of transcription
factors. The completion of the Human Genome Project allowed the definition of the
complete functional set of 48 NR genes [Robinson-Rechavi et al., 2001]. In contrast, in
the genome of D. melanogaster there have been identified 21 NRs [Adams et al., 2000],
whereas in the nematode C. elegans their number is more than 270 [Sluder et al.,
2001]. Below will be discussed the present knowledge of the molecular biology of
this class of proteins as well as cofactors, which have been found to interact with
them.

2.1 The NR superfamily

NRs are characteristic of multi-cellular organisms and in many cases their
activity can be modulated via small lipophilic compounds (ligands). For example,
non-polar compounds, such as steroid hormones, fatty acids, cholesterol derivates or
xenobiotics, can act as ligands for NRs. In this respect they behave as ligand-gated
transcriptional switches. In response to the presence of these ligands, NRs regulate
the expression of target genes to affect processes such as mineral homeostasis,
reproduction, development and metabolism [Chawla et al., 2001]. Since many of the
ligands for NRs are products or potential metabolites of NRs’ target gene action they
provide a direct link between signaling molecules controlling the processes and
molecular responses. Like other transcription factors, NRs work in concert with other
proteins to achieve their effect. These proteins fall into two broad classes, namely
coactivators (CoA) and corepressors (CoR), which are defined by the way they
activate or repress NR action. These proteins in conjunction regulate NRs to achieve
primarily chromatin remodeling events which lead to activation or suppression of
target gene expression [Glass et al., 2000] (Fig. 2.1). As mentioned already above the
fact that NRs can bind small molecules makes them suitable for “smart” drug design
because their size makes them readily synthesizable. In addition, NRs regulate many

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 193: 1-115 (2006) 19
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our genes, which are often clustered into functional groups related to a pathological
processes and thereby targeting of NRs may change the course of a disease in many
cases. These interventions may be beneficial for controlling physiological cascades
associated with major diseases (e.g. cancer, osteoporosis and type 2 diabetes).

? Ligand Extracellular matrix
v R ) Cytoplasm
@

\> ?
‘uvuuuvv

.¥ CoA or CoR

b

RE in the regulatory
region of the target gene

Nucleus

target gene

Fig. 2.1 The activation of NRs by ligands and the regulation of target genes. Small
lipophilic compounds (Ligand, red) binds to the NR in the cytoplasm or the nucleus. The
NR binds to the specific DNA sequence in the regulatory region of the target gene.
Depending on the property of the ligand, NR interacts with CoA or CoR. In the case of
activation, the basal transcription machinery is recruited and the target gene is up-
regulated.

2.1.1 Classification of the NRs

NRs have been classified using evolutionary criteria, based on primary
sequences of their genes and proteins or similarities in their functional profiles such
as ligand affinity, ligand binding, or dimerization. Taking evolution into account,
NRs can be divided into six related subfamilies, NRO-NR5 and 28 groups of receptors
according to DNA sequence homology of DNA-binding domains (DBDs) and ligand-
binding domains (LBDs) [The NR nomenclature committee, 1999].

The functional division of the superfamily based on affinities and properties of
the ligands includes three subfamilies (Table 2.1). In the first group there are classical
endocrine NRs, “receptors” that can bind high-affinity hormonal lipids in a
concentration 1 nM or lower [Chawla et al., 2001]. In this group, receptors for the
hormones 3,5,3-triiodothyroine (TRs, [Sap et al., 1986; Weinberger et al., 1986]), all-
trans retinoic acid (RARs, [Petkovich et al., 1987]), 1¢,25(0OH),D, (VDR, [Baker et al.,
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1988]), 17p-estradiol (ERa, B), cortisol (GR), aldosterone (MR), progesterone (PR) and
dihydrotestosterone (AR) are to be found.

Table 2.1 The human NR superfamily.

Subfamily Name Nomenclature Ligand*
AR NR3C4 dihydrotestosterone
ERa,f3 NR3A1, NR3A2 17B-estradiol
GR NR3Cl1 cortisol

Receptors MR NR3C2 aldosterol
PR NR3C3 progesterone
RARa, B,y NR1B1, NR1B2, NR1B3 all-trans retinoic acid
TRa, B NR1A1, NR1A2 3,5,3’-triiodothyronine
VDR NRI111 1a,25(0OH),D,
CAR NR1I3 androstanol, xenobiotics
ERRa, B, y NR3B1, NR3B2, NR3B3 anti-estrogens
FXR NRI1H4 bile acids
HNF-4a, v NR2A1, NR2A2 fatty acids
LRH-1 NR5A2 phospholipids
LXRa, NR1H2, NR1H3 oxysterols

Sensors PPARc, 0,y | NRICI,NRIC2,NRIC3 | [y acidsandits

derivatives
PXR NRIL2 Renobiotics
RORa, B, y NRIFI, NRIF2, NRIF3 | [atty acids, cholesterol,
retinoids

RXRa, B,y NR2B1, NR2B2, NR2B3 retinoids, fatty acids
SFE-1 NRS5AL1 phospholipids
COUPaq, 8, v NR2F1, NR2F2, NR2F3
DAX NROB1
GCNF NR6A1
NGFI-Ba, 3,y | NR4A1, NR4A2, NR4a3

Orphans PNR NR2E3 unknown
RevErbAa, NR1DI1, NR1D2
SHP NROB2
TLX NR2E1
TR2a, B NR2CI1, NR2C2

*

physiological effects.

synthetic or natural compounds co-crystallized with NRs, which have or may have

The second group covers “sensors” for xenobiotics and nutritional components
such as fatty acids, lipids and cholesterol. These sensors are recognizing their ligand
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mostly in micromolar range. In this group, we can find sensors for fatty acids (PPAR,
[Desvergne et al., 1999]), oxysterols (LXRs, [Repa et al., 2000]), bile acids (FXR, [Mi et
al., 2003]) and xenobiotics (PXR and CAR, [Honkakoski et al., 2003]). In addition, to
this group belong the RXR isotypes, receptors for the natural ligand 9-cis retinoic
acid, which are probably the most prominent adopted orphan NRs since many other
NRs make heterodimers with them [Mangelsdorf et al., 1990]. The heterodimerization
is inevitable for the biological function of many of these receptors.

The third group of NRs is called “real orphans” because to date no high affinity
ligand has been identified for them. It should be noted that many of the sensors
when first cloned were described as orphans and when ligands were found for them,
they became adopted orphans. This term is still widely used in the literature.

2.1.2 Three-dimensional and functional organization of the NRs

The functional and structural organization of NRs is highly conserved with most
of them containing specific domains such as activation function-1 (AF-1), DBD,
hinge region, LBD and activation function—2 (AF-2). However, it should be noted
that the conservation of these domains varies throughout the NR family (Fig. 2.2).
Specific NRs lack some of these domains, VDR lacks an AF-1, the orphan NRs SHP
and DAX lack DBD and RevErb lacks an AF-2 domain.

Functional A/B C D E F

domains:

Helix 12

Fig. 2.2 Schematic overview of the functional domains of NRs. NRs consist of different
domains that are connected with a distinct function of the protein. The least conserved
region is the C-terminal region (E-F), which may vary in length and the AF-1 domain that
can contains sites for CoA binding. Some receptors contain an additional F domain. The
DNA-binding domain (DBD), which contains two zinc fingers, is the most conserved
region and contains several functional domains (P-, D-, T- and A-box). The hinge region
serves as a connector between DBD and the ligand-binding domain (LBD). It has very
critical parts that serve for ligand recognition, heterodimerization and cofactor
interaction. In addition, at the very end of the LBD the AF-2 (helix 12) is localized, which
is crucial for ligand dependent conformational changes of the receptor
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2.1.2.1 Activation function-1 domain

This domain is the part of the A /B region (Fig. 2.2), which is a modulatory region
of variable size and sequence. The A/B domain is one of the most diverse parts of
NRs, i.e. its sequence is not well conserved among the NRs. In many cases the
function of this region is dependent on covalent modifications of its respective amino
acid residues. There are several studies, which indicate that this domain in NRs can
be phosphorylated by cyclin-dependent kinases and/or mitogen-activated protein
kinases (MAPK) and this modification influences ligand-dependent and
-independent transactivation function of the receptor [Kato et al., 1995; Patrone et al.,
1996; Rochette-Egly et al., 1997, Rochette-Egly et al.,, 1992; Taneja et al., 1997]. In
PPARa the AF-1 domain is also modulated via MAPK phosphorylation, which
results in enhancement of the transcriptional activity of the receptor [Juge-Aubry et
al., 1999]. In contrast to this, the phosphorylation by the same kinase on the PPARy
AF-1 results in the negative regulation of the receptor. Surprisingly, this
posttranslational modification has a negative impact on the ligand-binding to the
receptor, suggesting that the regulation of the transcriptional activity involves an
intramolecular communication between the modulatory domains AF-1 and AF-2
(helix 12), which is located at the opposite end of the molecule [Shao et al., 1998].
Furthermore, AF-1 can have a direct interaction with CoAs as it is the case for PGC-2
that interacts with the AF-1 of the PPARy, NR [Castillo et al., 1999].

2.1.2.2 DNA-binding domain

The DBD is the most conserved region in NRs, which confers their specific
mechanism of action concerning the recognition of specific target sequence and the
activation of nearby target gene. This domain contains amino acid residues, which
are highly conserved among the members of the NR superfamily and are required
for efficient DNA binding of the receptor. The DBD includes two “zinc-finger” motifs
that consist of four conserved cysteine residues each, which bind and hold in place
one zinc atom (Fig. 2.3) [Luisi et al., 1991; Schwabe et al., 1993; Shaffer et al., 2002].
Besides the zinc-finger binding motifs that span usually 60-70 amino acids, there is a
carboxy-terminal extension, which contains the so-called T- and A-boxes. Amino
acids essential for the specific DNA recognition are located in the first zinc-finger in
the region called P-box. NRs typically bind to the DNA sequences with the
conserved hexanucleotide motif. In addition, the DBD is involved in the dimerization
of NRs through the specific amino acids located in the region called D-box, which is
in the second zinc-finger. The «core of the DBD contains two
a-helices, the first helix starting from the third cysteine residue of the first zinc-finger
and the second one spans the carboxy terminus of the second zinc-finger (Fig. 2.3).

2.1.2.3 Hinge region

The hinge region, which is sometimes also called domain D (Fig.2.2) with
respect bridges the DBD and the LBD and allows the rotation of these two domains
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selective to each other. In many cases it also contains a nuclear localization signal and
also some residues that have been shown to be important for CoR interaction [Chen
et al., 1995; Horlein et al., 1995].

C-termina
extension
extension

side view front view

Fig. 2.3 Crystal structure of the human VDR DBD. The DBD consist of a highly
conserved 66 amino acid stretch whose core is made up from two zinc fingers (red
spheres) each contacted by four cysteine residues. The polypeptide chain around the zinc
nuclei modules is folded into unified globular domains containing two a-helices (blue)
and B-strands (red). The last adjacent helix is the C-terminal extension that may contain
motifs for dimerization.

2.1.24 Ligand-binding domain

The LBD is a multifunctional domain involved primarily in the ligand
recognition. It has also been shown to be responsible for dimerization with LBDs of
other NRs and interactions with heat shock proteins as well as CoAs and other
components of the basal transcriptional machinery. To date many crystal structures
containing the LBDs of NRs have been solved that show rather similar canonical
structures for different members of the NR superfamily. From the structural point of
view (Fig. 2.4) the LBDs of most NRs are a characteristic 3-layer anti-parallel a-helical
sandwich formed by 11 - 13 individual a-helices. The part of the LBD formed by
helices 1, 8, 9, 10 and the upper part of helix 3 (Fig.2.4) is structurally highly
conserved among the members of the NR superfamily and shows less dynamic
movements. Helices 4, 5, 6, 7, 11, 12 and the lower part of the helix 3 (Fig. 2.4) form a
cavity of the ligand-binding pocket, which has the ability to adopt its volume
according to the bound ligand. This part of the LBD displays the highest flexibility
and dynamics [Molndr ef al., 2005; Nagy et al., 2004; Nolte et al., 1998]. For detailed
description of the LBDs see Chapters 2.2.1, 2.3.1 and 2.4.1.
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Fig. 2.4 3D-view of the structurally conserved NR LBD. The two views represent the
same molecule turned 270°.The LBD of most NRs is a characteristic 3-layer anti-parallel
a-helical sandwich formed by 11-13 a-helices. The three layers are depicted in color (red,
blue and green). Helices h6 and h12 (light brown) make the lid of the LBD. The B-sheets
are highlighted in light blue.

2.1.2.5 Helix 12 (AF-2 domain)

The helix 12 (Fig. 2.2 and 2.4) is considered to be the very last helix of the LBD,
and its main function is to respond to ligand-triggered conformation change of the
receptor allowing the docking of the CoA to LBD. In the whole receptor this part
undergoes the biggest conformational changes and the direct effect of the ligand is
also mediated through this domain [Li et al., 2003].

2.1.2.6 Ligand-binding pocket

The ligand-binding pocket is the cavity inside the LBD of the NR, which contains
amino acids essential for the recognition of the ligand. This pocket is mainly
hydrophobic and is buried in the lower, more flexible, part of the LBD allowing the
accommodation of its shape for the different non-polar ligands bound into the cavity
of the ligand-binding pocket. Its lining is constructed from residues derived from the
helices 3, 4, 6, 7, 11 and 12. Ligand-binding pockets vary in size among the receptors
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from ~ 0 A® in the Nurr-1, which does not have a functional ligand-binding pocket, to
~ 1400 A® in the mammalian PPAR subtypes. However, it is very difficult to calculate
the exact volume of the apo-receptor ligand-binding pocket, because the space of the
pocket may considerably change within the same receptor depending on the volume
of the ligand [Li et al., 2003].

2.2 CAR

The human NR CAR (initially called MB67) was cloned in 1994 by using
degenerated oligonucleotide probes against the conserved NR sequence motif in the
DBD. Three years later the mouse orthologue was isolated [Baes et al., 1994; Choi et
al., 1997]. An amino acid comparison of human CAR relative to human PXR, another
orphan NR, results in an amino acid residue identity of 66 % and 45 % for the DBD
and the LBD, respectively. In addition, like plenty of other NRs, CAR dimerizes with
RXR. CAR is most abundantly expressed in the liver and intestine.

2.2.1 3D-protein structure of the human and mouse CAR LBDs

CAR was one of the most recent NRs to be crystallized and to date there are four
different LBD crystal structures available (Table 2.1). Three of them represent either
human or mouse CAR in an active conformation whilst the other one is mouse CAR
in an inactive conformation. All crystal structures share the canonical 3-layer o-
helical sandwich architecture typical for other NR LBDs. However, some of the
helices that contribute to the LBD structure differ slightly in their composition. Both
human and mouse CAR contain in their respective active conformation, 11 a-helices,
two 3" helices (helix 2 and helix 2’) and three short B-strands [Suino et al., 2004; Xu et
al., 2004].

Table 2.1 The human and mouse CAR crystal structures.

Resolution | Resolution | Complete LAV LS
PDB . (free R) value
Molecules Ligand from PDB | from map -ness of Reference
ID . from PDB for
header calculation data
header map
CITCO
hCAR- . P " 0 0.180 " [Xuetal.,
1XVP RXRol Penta;iic((i:anom 2.60 A - 86.3 % 0.234) - 2004]
hCAR- 5p-pregnanedione o " o 0.181 * [Xu et al.,
IXV9 | RXRa C16-CI8 FA 2104 - 864% | (0239 | - 2004]
mCAR- TCPOBOP 19.99 - 0.255 [Suino et
IXLS RXRa 9cRA 296 A 197 A 929 % (0.303) 0.276 al., 2004]
) o 29.54 — 0.229 [Shan er
1XNX mCAR Androstanol 2.90 A 290 A 100.0 % (0.288) 0.241 al., 2004]

* the electron density map is not available

26 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 179: 1-115 (2006)



Review of Literature

Interestingly, mouse CAR in the inactive conformation contains 12 a-helices with
helix 2 being absent. Despite this, the rest of the molecule has an identical structural
fingerprint when compared to the active CAR LBD. The inactive mouse CAR LBD
shares the highest structural similarity with human PXR with root-mean-square
deviation (rmsd) = 0.76 for 155 Ca atoms, sequence identity of 35.1 %, and VDR with
rmsd = 0.97 for 155 Co. atoms, sequence identity of 30.8 % [Shan et al., 2004]. Some
additional interesting features occur in the CAR LBD, including the occurrence of the
shortest known helix 12 for a NRs and the appearance of an additional helix called
“X” that is located between helices 11 and 12 (Fig. 2.5). This latter structural feature is
also present in other NRs, such as VDR [Rochel et al., 2000], RORo. [Kallen et al., 2002]
and RORP [Stehlin et al., 2001]. However, the character and number of amino acids
linking the helices X and 12 are very critical. In case of CAR, this linker is one
methionine residue, which influences the rigidity of this region and ultimately allows
the fixation of the helix 12 in this NR. In other NRs the linker is comprised of two
residues. In case of VDR, the leucine and threonine allow higher flexibility for this
part of the LBD. This is in contrast to the occurrence of phenylalanine and proline
residues in the ROR NR subtypes. The presence of these residues helps in the fixation
of the helix 12 and thus contributes to the constitutive activity [Xu et al., 2004].

human CAR mouse CARY

Fig.2.5 The crystal structures of the human and mouse CAR LBDs. Both crystal
structures show a high level of similarity. Helices h2 and h2’ (orange) are highlighted in
orange. The additional helix hX (blue), located between helices h11 and h12, is depicted
in color with helix h12 in dark red.
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The short helix 12 in CAR allows for the free carboxyl group at the C-terminus to
interact with the lysine in helix 4 (K195 in human and K205 in mouse CAR) and this
interaction helps to stabilize helix 12. This lysine is conserved in many other NRs
such as VDR and PPARs. However, in the latter it interacts with an aspartate residue
located in helix 12 [Molnér et al., 2005] and helps in the stabilization of PPARs’
helix 12. In addition to this interaction, K205 (K195) together with S337 (5327) from
helix 10 also interacts with other carbonyl groups in the C-terminus of the helix 12
[Suino et al., 2004]. Furthermore, this same lysine appears to be critical for the
interaction with CoRs [Lempidinen et al., 2005; Xu et al., 2002]. Another special
feature of CAR is the presence of the two short 3" helices 2 and 2/, which connect
helices 1 and 3 (Fig. 2.5). Although these two helices show low thermal parameters
(average b-factor =33 A?) they contribute to the ligand-binding pocket since an
evolutionary-conserved hydrophobic phenyalanine residue in helix2’ (F142 in
mouse and F132 in human CAR) is part of the ligand-binding pocket. However,
residues from helices 2 and 2’ do not seem to be involved in direct interactions with
the ligands but they contribute to the hydrophobic nature of the ligand-binding
pocket. Finally, the topology suggests that this region is most likely the ligand entry
point as it was postulated for PPARa [Gampe et al., 2000; Nolte et al., 1998; Shan et al.,
2004].

The CAR ligand-binding pocket is made up from the residues from helices 2, 3, 4,
5, 6, 7 and 10 and from B-sheets 3 and 4, and therefore resembles other NRs.
However, the numbers of residues that frame the pocket are different in active and
inactive mouse CAR, 31 and 27 residues, respectively [Shan et al., 2004; Suino et al.,
2004]. As it is the case for many other NRs, most of the residues in the ligand-binding
pocket of CAR have an apolar character. Two hydrophilic patches exist and they
make it possible to form hydrogen bonds with the ligands. Interestingly, the sizes of
the ligand-binding cavities of CARs are in between the classical endocrine NRs e.g
ER and RAR and the adopted orphans such as PPARs and PXR. The volumes of the
ligand-binding pockets are 525 A> and 570 A® for active and inactive mouse CAR,
respectively. For human CAR it is 675 A%, which is more comparable to the 697 A® of
VDR’s ligand-binding pocket bound to its natural ligand 10,25(0OH),Ds.

Although the chemical structures of the ligands bound to all four CAR LBDs are
different, they share some similarities in binding to CAR. All of them are using the
hydrophobic character of the cavities, and the hydrogen bonds formed between the
polar residues and ligands serve to orient the ligand. In mouse CAR, none of the
ligands make a direct hydrogen bond contact with the helix 12, but TCPOBOP forms
a number of hydrophobic interactions with helix 12 (L353) and the linker helix (L346,
T350). Since these interactions serve additionally for stabilization of the helix 12, they
may be responsible for the superagonistic properties of this ligand. In human CAR
neither of the ligands co-crystallized with the LBDs form direct contacts with
helix 12. The closest residue to the atoms of the ligands is L343, which is positioned
at a distance of 4.9 A from the C21 of 5p-pregnadione and 3.9 A from the thiazole
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ring of CITCO. Between the ligand and helix 12 there is a barrier formed by residues
of F161, N165, F234 and Y326 that excludes the possibility of a direct interaction.

2.2.2 Physiological role of the CAR

The role of CAR as a xenobiotic receptor was first suggested by Honkakoski et al.
[Honkakoski et al., 1998b], who characterized the transcription factors that regulate
the expression of the CYP2B P450 cytochrome oxidase enzyme producing gene
family. Like the xenobiotic responsive enhancer module (XREM) of the CYP3A gene
promoter, the CYP2B promoter contains clusters of simple NR REs in close proximity
to each other. The phenobarbital responsive enhancer module (PBREM) of the mouse
CYP2B10 gene contains two direct repeat (DR) 4-types of response elements (REs),
which have an arrangement of two hexanucleotide half-sites with a four-nucleotide
spacer, and a nuclear factor (NF) 1-binding site at positions -2290 to -2237 relative to
the transcription start site (TSS) [Honkakoski et al, 1998b]. In human, a similar
PBREM was found at position -1733 through -1683 relative to the TSS of the CYP2B6
gene, which is the orthologue of the mouse CYP2B10 gene [Sueyoshi et al., 1999].
Mutation of one of these DR4-type REs decreased activity to one third of the wild
type activity in transfected primary hepatocytes, while simultaneous mutation of
both NR REs abolished PBREM activity [Honkakoski et al., 1998a; Paquet et al., 2000].
Recently, Wang et al. further analyzed the CYP2B6 regulatory region and were able
to identify an additional phenobarbital (PB)-responsive element located 8.5 kB
upstream of the TSS containing a DR4-type RE [Wang et al., 2003a]. Moreover, the
generation of CAR knockout mice provided definitive proof for the role of CAR in
the regulation of CYP2B expression in vivo, since these mice were unable to induce
CYP2B expression upon exposure to the mouse CAR activator PB [Wei et al., 2000].

Sugatani ef al. [Sugatani et al., 2001] identified another PBREM-like cluster of
CAR REs (CAREs) in the regulatory region of the human UGT1Al gene. The
UGT1A1 PBREM contains three CAREs and all are essential for the responsiveness of
the gene to CAR (as mediator of PB action). Surprisingly, there is only significant
binding of CAR-RXR heterodimers to one of the REs. How the three REs act together
to confer full enhancer activity was an interesting question at the start of the studies
presented here.

Phase I genes regulated by CAR in various species include members of the
CYP1A [Maglich et al., 2002], CYP3A [Maglich et al., 2002; Sueyoshi et al., 2001] and
CYP2C [Chen et al., 2003; Ferguson et al., 2002; Gerbal-Chaloin et al., 2002]
subfamilies. In addition to the phase II enzyme UGT1A1, CAR regulates, in mouse,
the expression of gluthathione S-transferases (GSTs) [Maglich et al, 2002] and
sulfotransferases (SULTs) [Maglich et al., 2003; Maglich et al., 2002]. Moreover, mouse
CAR has been shown to regulate the expression of the transporters multi-drug
resistance-associated protein (MRP) 1, MRP2 and MRP3 [Kast et al., 2002; Maglich et
al., 2002].
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2.3 PPARs

Although it was not known at the time, the first molecular sensor for fatty acids
was discovered in 1990 and was termed peroxisome proliferator-activated receptor a
(PPARa), since it was able to bind chemicals known to induce peroxisome organelle
proliferation in rodents [Issemann et al., 1990]. The organelles contribute to the
oxidation of the fatty acids.

The following years uncovered two other related receptors, PPARy and ¢ (also
called B) [Dreyer et al., 1992; Kliewer et al., 1994].

2.3.1 3D-protein structure of the PPAR LBDs

To date (November 2005) there are 19 PPAR crystal structures available in the
Protein Data Bank (Table 2.2), and this number is expected to increase. This high
number, compared to CAR and human VDR crystal structures, reflects how
significant these receptors are for the NR research community. A simple division of
these structures can be made according to what protein molecules are in the basic
unit of the crystals (e.g. monomer or heterodimer PPAR with RXR). Another way in
which to classify these structures is according to ligand properties or whether the
structure contains CoA peptide. It is an interesting fact that, currently there is only
one structure available of a NR containing a CoR peptide. This crystal structure is
PPARa co-crystalized with the SMRT CoR peptide. For a detailed description of this
structure see Chapter 2.6.1. One of the first PPAR structures to be published was
PPARYy [Nolte et al., 1998]. The authors presented the apo-PPARy LBD and a ternary
complex of PPARy-SRC1 with rosiglitazone (Fig.2.6). These structures resembled
well the classical architecture of the canonical NR LBD of 13 a-helices sandwiched in
three layers and a small four-stranded B-sheet. The unique features of this LBD is the
existence of the helix 2’ between the first f-sheet and helix 3. Most of the amino acids
have well-defined electron-density maps except for those which were in the loop
region between helices 2’ and 3 (Fig. 2.6), which appears to be the most thermally
mobile loop. The spatial placement of the helix 2 suggests that it is a ligand entry
point. The top part of the LBD, where helices 4, 5 and 8 are tightly packed between
the helices 1, 3, 7 and 10, shows that there is a very rigid composition of the tertiary
structure [Molndr et al., 2005; Nagy et al., 2004; Nolte et al., 1998]. This arrangement of
the helices defines well the large ligand-binding pocket.
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Table 2.2 Human PPAR crystal structures.

PDB Resolution | Resolution | Complete- gr‘e,:lll;e) vaI:ue
Molecules Ligand from PDB | from map ness of Reference
ID . from PDB for
header calculation data
header map
117G | PPARa Az242 220 & - 99.3 % (8'??) . ES“’;(; fj’
PPARo- 0.247 [Xu et al.
k _* ’
1K7L SRCI GW409544 2.50 A 98.3 % (0.284) 2001]
PPARo- o 0.258 [Xu et al.
_k % B
1KKQ SMRT GW6471 3.00 A 98.8 % (0.290) 2002]
2-Methyl-
, L 13.18 - 0.246 [Xuetal.,
1IGWX PPARS pro;:)li(()imc 2.50 A 250 A 73.1 % (0.303) 0.269 1999
. o 8.00 - 0.246 [Xuetal.,
2GWX PPARJ No ligand 230 A 200 A 72.0 % 0.288) 0.263 1999]
Eicosa-
. o 19.50 - . 0.242 [Xuetal.,
3GWX PPARJ per;t(?i[:iou, 240 A 220 A 60.0 % ©.301) 0.272 1999]
19.76 - 0.210 [Takada et
1Y0S PPARJ GW2331 2.65A 264 A 94.5 % 0261) 0.226 al., 2000]
. o 50.99 - o 0.246 [Nolte ez
1PRG PPARYy No ligand 220 A 200 A 76.1 % 0318) 0.271 al.. 1998]
PPARYy- . o « 0 0.207 « [Nolte et
2PRG SRCI Rosiglitazone 230 A - 89.9 % 0.264) - al., 1998]
. 19.73 - 0.209 [Uppenberg
3PRG PPARY No ligand 2.90 A 291 A 95.7 % 0271 0226 | - 1., 1998]
4PRG | PPARy GW0072 2.90 A »* 78.6 % (8'532) E e[t(ztl’erf‘;;g]
171 PPARy Az242 2357 -* 913 % (gggi) * EZCI“’Z“&E f]’
Alkyloxy-
39.89 - 0.224 [Sauerberg
1IKNU PPARy phenylpro- 2.50 A 250 A 97.4 % ©0268) | 9249 | crar. 2000]
pionic Acid
INYX | PPARy | Ragaglitizar | 2.65A = 80.0 % (8%32) * Ebdzr(‘)‘g;f
2-Benzoyl-
PPARYy- oy o 14.83 - 0.195 [Ostberg et
1WMO TIF2 amino- 290 A 281 A 87.7 % 0.295) 0.212 al., 2004]
benzoic acid
PPARy-
GW406544 o s 0.238 « [Xuetal.,
1K74 RXRa- OcisR A 230 A - N/A 0279 E 2001]
SRCl1
PPARy- .
Rosiglitazone ° 44.00 — 0.250 [Gampe et
IEM6 | RXRo- 9cisRA 2104 2.10 A 87.8% 1 (0202) | %265 | a1 2000]
SRC1
PPARy-
GI262570 19.69 - 0.239 [Gampe et
IFM9 RXRa- 9cisRA 210A 2.10A 91.9 % 0.268) 0.258 al.,2000]
SRC1
PPARy-
GI262570
RXRa- ) I 2 % . 0.221 « [Haffner et
IRDT CoA 2 prgg«;nmc 240 A - 97.1 % (0.259) - al., 2004]
peptide

* the electron density map is not available or cannot be calculated

Both the apo- and the holo-PPARY structures contain homodimers that probably
mimic the herodimerization with RXR, since to date there is no evidence for a
biological function of PPAR homodimers. It remains interesting that the dimerization
interface of PPARy resembles that of ERa and RXRa, which are both capable of
homodimerization. The protein sequence homology between PPAR and RXR is 27 %
in this region. However, several amino acids that form the strongest interaction in
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RXR homodimers are conserved in PPAR (F432, A433, L436, E418, E407 and K438 of
human PPARY;). The ligand-binding pocket of apo-PPARy is a large T-shape pocket,
which is bordered by helices 3, 6, 12 and the B-sheets. The total volume of the apo-
PPARy pocket is ~1300 A°. In the holo-PPARYy, rosiglitazone occupies only 40 % of the
ligand-binding pocket. This ligand makes several specific interactions with amino
acid in helices 3, 4, 10 and 12. The carbonyl group of rosiglitazone forms hydrogen
bonds with both H323 and H449. Unlike ligands for CAR, in PPARYy the ligand has a
direct contact with helix 12 that helps to stabilize helix 12.

Apo-PPARY Holo-PPARY

Fig. 2.6 The crystal structure of human apo- and holo-PPARy LBDs. The helices of the
LBDs are depicted in slate blue and wheat color for apo-PPARy and holo-PPARYy,
respectively. The helix 12 in both LBDs is highlighted in red color. The holo-PPARy
structure contains the SRC1 peptide (white) and rosiglitazone (yellow). The most
thermally labile part of the structure is the loop between helices h2” and h3.

The origin of this very specific contact is the second last tyrosine in the helix 12
that is conserved in all human PPARs. Except these polar interactions there are many
apolar interactions with the benzene rings and the sulphur atom of the TZD ring,
since the pocket has a hydrophobic character, as is it the case also for other NRs. The
position of the helix 12 in the apo-PPARy homodimer interestingly adopts in one
molecule an active and in the other one an inactive conformation suggesting that in
the apo-PPARy the helix 12 can assume both conformations and the ligand then acts
to lock-down the receptor into the active conformation [Nolte et al., 1998]. Although
this scenario is highly possible, detailed analysis of the crystal structure suggests that
the helix 12 of the inactive PPARy molecule contacts the helix 12 of the active
neighboring symmetry-related molecule. Thus it appears that the inactive helix 12
mimics the interaction with a CoA peptide. In the process of ligand-dependent
activation the interaction of the LBD with CoAs is required and the ternary structure
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of the crystalized complex suggests that each member of the receptor in the dimer
interacts with a single interaction motif from the CoA.

2.3.2 Physiological roles of the PPARs

All three subtypes have distinct tissue distribution and selective function in the
regulation of metabolism in the organism. In the cell they act by regulating networks
of target genes.

PPARa can be found primarily in the liver and in smaller amounts in heart and
skeletal muscle tissue, where it has a critical role in controlling fatty acid oxidation
[Reddy et al., 2001]. Under conditions of prolonged fasting or during night, fatty
acids are released from adipose tissue and transported to the liver where PPARa
becomes highly up-regulated [Kersten et al., 1999]. The activation of PPARa by fatty
acids promotes hepatic fatty acid oxidation to generate ketone bodies, providing an
energy source for peripheral tissues. This regulation is very important and is
supported by evidence derived from the PPARa-null mouse, which is unable to meet
energy requirements during fasting [Kersten et al., 1999]. The PPARa-induced fatty
acid oxidation improves plasma lipid profiles and in many mouse models PPARa
agonists have an effect on plasma triglycerides, reduce adiposity and improve
hepatic and muscle steatosis leading to improved insulin sensitivity [Chou et al.,
2002; Guerre-Millo et al., 2000; Kim et al., 2003]. This is reflected by the fact that, in
clinical practice, PPARa-selective agonists are widely used to treat
hypertriglyceridemia. However, the beneficial effect on insulin sensitivity has not
been rigorously examined.

PPARS in the beginning received less attention than the other PPARs due to its
ubiquitous expression profile in addition to lack of selective ligands. However, recent
development of specific PPARS agonists has made it possible to study more
extensively this subtype, and this receptor has turned out to be a prominent
regulator of fatty acid catabolism and energy homeostasis [Barak et al., 2002; Peters et
al., 2000]. GW501516, a PPARY selective agonist, was shown to lower plasma
triglyceride levels in obese monkeys while raising HDL levels suggesting a beneficial
effect in hyperlipidemic patients [Oliver et al., 2001]. Ectopic expression of an
activated PPARS in adipose tissue produced lean mice that are resistant to obesity
and hyperlipidemia [Wang et al.,, 2003b]. The mechanism of this protective effect
appears to be due to the up-regulation of genes involved in fatty acid catabolism and
adaptive thermogenesis. PPARS deficient mice fed with high-fat diet show reduced
energy uncoupling and are susceptible to obesity [Wang et al., 2003b]. All these data
suggest a role for PPARS as a fat-burning opposite to the fat-storing PPARy [Wang et
al., 2003b]. However, its potential therapeutic value in obesity and diabetes has to be
further explored.

PPARy is the most studied PPAR isoform and large amounts of evidence show
that it is a master regulator of adipocyte formation and their ability to function
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normally in the adult body [Rosen et al., 2000]. Its expression is induced during the
differentiation of fat cells, which can be mimicked via ectopic expression of this
receptor in nonadipogenic cells. These cells consequently differentiate to mature
adipocytes [Tontonoz et al., 1994]. Furthermore, PPARy null mice fail to develop
adipose tissue [Barak et al., 1999; Kubota et al., 1999; Rosen et al., 1999]. Although
adipose tissue only represents about 10 % of the insulin-stimulated glucose disposal,
it has a key role in directing whole body glucose homeostasis. The hints for this
function come from the fact that TZDs, PPARy selective agonists, act as insulin-
sensitizing drugs [Forman et al., 1995; Lehmann et al., 1995]. At the molecular level,
two plausible mechanisms have been suggested to explain this process. Firstly,
activation of PPARy in adipocytes improves their ability to store lipids, thereby
reducing lipotoxicity in muscle and liver tissue. The activation of this metabolic
pathway involves repartitioning of lipids in the body by increasing the content of
triglycerides in adipose tissue and lowering free fatty acids and triglycerides in
plasma, liver and muscle, and consequently improving insulin sensitivity [Guan et
al., 2002; Yamauchi et al., 2001]. Secondly, PPARy-agonists affect the release of
adipokines such as leptin, resistin and adiponectin, which have potent metabolic
effects on other tissues. For example, PPARy specific drugs inhibit the expression of
tumor necrosis factor a and resistin which both promote insulin resistance [Guan et
al., 2002; Peraldi et al., 1997; Rajala et al., 2003; Steppan et al., 2001]. Tissue-specific
knockout studies strengthen the conclusions that the adipose tissue is the primary
target of TZDs and suggest a critical biological role for PPARy in both muscle and
liver. These studies also provide direct evidence for a molecular link between glucose
homeostasis and lipid metabolism [Evans et al., 2004].

2.4 VDR

The first evidence for the existence of a vitamin D binding protein or receptor
was provided by Haussler and Norman in 1969 [Haussler et al., 1969]. However, for
the isolation of the full coding sequence of the human and rat receptor, one had to
wait nearly two decades until 1988 [Baker et al., 1988; Burmester ef al., 1988a;
Burmester et al., 1988b]. VDR was first discovered in extracts from chicken intestine,
because this animal was used as a model system for examining the role of vitamin D
in calcium homeostasis [Pike et al., 1980]. Later on, the actions of vitamin D have
been extended beyond those identified in the intestine. The target tissues of vitamin
D include the kidney, bone, parathyroid gland as well as many others, which reflects
the fact that VDR is a widely expressed NR.

2.4.1 3D-protein structure of the VDR LBD

To date there has been six human VDR crystal structures (Table 2.3) made
available in the Protein Data Bank (PDB).
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Table 2.3 The human VDR crystal structures.

PDB Resolution Resolution Complete- (Rfr:ael;§ R value
D Ligand from PDB from map ness of from PDB for Reference
header calculation data map
header
0.191 [Rochel et al.
— 0, s
IDB1 | 1a,25(0OH),Ds 1.80 A 19.94 - 1.80 A 95.6 % (0.214) 0.202 2000]
0.212 [Tocchini-Valentini
— 0,
11E8 KH1060 152A | 1853-137A | 903% (0.230) 0.223 et al., 2001]
0.214 [Tocchini-Valentini
— 0,
11E9 MC1288 140 A 14.88 - 1.40 A 732 % (0.248) 0.224 etal., 2001]
0.170 [Tocchini-Valentini
— 0,
1S0Z EB1089 2.50 A 14.95-2.50 A 972 % (0.204) 0.187 et al., 2004]
0.179 [Tocchini-Valentini
— 0,
1S19 MC903 2.10 A 19.90 -2.00 A 93.9% (0.214) 0.194 et al., 2004]
1TXI TX522 1.90 A 19.83 -1.90 A 96.0 % (gé?é) 0.196 [Eelen et al., 2005]

The first one was solved with the natural ligand, 1a,25(OH),D; [Rochel et al.,
2000]. The VDR molecule used for crystallization has a deletion of a hinge region
insertion domain, which acted to stabilize the LBD and allowed the formation of
crystals. The complex was solved at resolution 1.8 A by a combination of molecular
replacement using a homology model based on the RARy [Klaholz et al., 1998;
Renaud et al., 1995] and isomorphous replacement with a mercurial derivative. The
structure has the general topology of NR LBDs with the canonical 13 a-helices
sandwiched in three layers and a three-stranded f-sheet (Fig. 2.7). Helices 1 and 3 are
connected via two small helices 2 and 3n.

The missing insertion domain is rather distant from the ligand-binding pocket
and therefore most likely it does not affect the ligand binding. On the other hand the
insertion domain may play a role in cofactor binding. However, this hypothesis has
not been investigated in detail. The crystal structure has the highest homology to
holo-human RARy LBD [Klaholz et al., 1998; Renaud et al., 1995]. The clearest
difference between LBDs of VDR and RARy corresponds to the connection between
helices 1 and 3, which in RARy surrounds the p-sheet. Contrary to this, in VDR the
tip of the B-sheet is shifted outward and thus allowing an enlargement of the ligand-
binding pocket. The position of this B-sheet is very similar to that found in ERa
[Brzozowski et al., 1997]. All the individual strands of B-sheet have residues which
contact the ligand 10,25(0OH),D;. In the pl-sheet, W286, a very specific residue in
VDR, helps to position the ligand in the ligand-binding pocket. In addition, the
residues from the f-sheets help to stabilize the connecting loop formed between
helices 2 and 3n.

Another interesting property leading to the enlargement of the ligand-binding
pocket is the shifted loop between helices 6 and 7 towards the surface of LBD. The
comparison among the various NRs showed that this loop is highly flexible. The
crucial helix 12 is in the active conformation and makes two direct van der Waals
contacts with the methyl group of the ligand via two residues V418 and F422. The
position of the helix 12 is stabilized by several hydrophobic interactions (T415, L417,
V418, L1419, V421, F422) with the residues from helices 3 (D232, V234, S235, 1238,
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Q239), 5 (A267, 1268) and 11 (H397, Y401). In addition, the fixation of helix 12
involves two pairs of polar residues, the conserved salt bridge between K264 (helix 4)
and E420 (helix 12) and a hydrogen bond between 5235 (helix 3) and T415 (helix 12).
Some of the above mentioned residues (V234, 1268, H397 and Y401) directly interact
with the ligand and therefore they contribute to the ligand-induced switch of the
helix 12. The volume of the ligand-binding pocket of the receptor is 697 A® and
1a,25(0OH),D; occupies only 56 % of the pocket. In the space where the A-ring of the
ligand is situated, there is an enlargement of the pocket due to two water molecules
[Rochel et al., 2000]. This adaptation of the pocket can explain the activity of the 2a-
methyl derivative of 10,25(0OH),D;, which shows 4-fold higher affinity than the
natural ligand [Fujishima et al., 1998].

Fig. 2.7 The crystal structure of the human VDR LBD. Helices are depicted in wheat
color with helix 12 is highlighted in red. The deleted insertion domain is between helices
h3n and h2 (orange). The ligand-binding pocket (LBP) is displayed in mesh
representation (grey). In the pocket the natural ligand 10,25(0H),D; is bound and is
highlighted in yellow color
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In addition, the empty space around the aliphatic chain in the pocket would
suggest that analogs with differing chain lengths could fit. Some vitamin D
derivatives [Bouillon et al., 1995] have been shown to have different effects on
transcriptional regulation and CoA recruitment [Rachez et al., 1998; Takeyama et al.,
1999]. To understand their specificity, preliminary ligand docking was made [Rochel
et al., 2000], which showed that synthetic ligands with a rigid aliphalic chain at
position C17 (MC903, EB1089), can be accommodated in the ligand-binding pocket
with only minor changes in geometry with the respect to the position of
1a,25(0OH),D;. In contrast, the 20-epi analogs’ (MC1288, KH1060) C21-methyl group
points to the same part of the pocket as the natural ligand’s one while the rest of the
chain is lining the opposite side of the pocket. Ligands with longer aliphatic chain
adopt more compact conformation and form additional van der Waals contacts with
the ligand-binding pocket, which may further stabilize the LBD.

2.4.2 The physiological role of the VDR

The physiological role of vitamin D metabolites and its receptor include a variety
of processes and perhaps one of the most interesting is its biological effect on
regulation of proliferation and differentiation [Feldman et al., 1980]. These effects are
rather different from the effects of other steroid hormones. The observed
antiproliferative effects are considered to have a potential therapeutic role in the
treatment of various cancers as well as in the treatment of human psoriasis and
hyperproliferative disorders of the skin [Nagpal et al., 2001].

In mammals, the most responsive primary VDR target gene is the
24-hydroxylase (CYP24). The product of this gene is an enzyme which forms a
negative feedback loop mechanism in the vitamin D signaling due to its primary role
in inactivation of the natural ligand for VDR, 1¢,25(0OH),D..

VDR is known to bind as a heterodimer with RXR to DR3-type of elements.
These elements can be found in the CYP24 promoter and this is the reason for the
strong responsiveness of this gene. The two DR3-type elements are located in the
proximal part of the promoter and are separated by a distance of less than 100 bp.
These RE clusters are evolutionary conserved between men and rodents [Kerry et al.,
1996; Zierold et al., 1995].

2.5 Cofactors

2.5.1 CoAs

CoAs represent a diverse group of proteins that have the ability to enhance
NR-mediated transcription mainly via direct interaction with the LBD of the receptor
in its active conformation. Most CoAs contain one or more NR interaction boxes,
bearing a short consensus peptide interaction motif LXXLL, where L is leucine and X
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is any amino acid [Heery et al., 1997]. This motif directly interacts with the CoA
binding groove on the surface of the LBD and its active part is the helix 12. CoA
interaction can also occur in the N-terminal part of the receptor primarily in the AF-1
domain [Warnmark et al., 2003]. CoAs do not show such common structural themes
like NRs, they are highly diverse in both structure and function (Table 2.4). Some can
serve as adapters between NRs or other transcriptional factors and the basal
transcriptional machinery (Fig.2.1). Many CoAs have shared characteristic
enzymatic activities that can enhance the transcriptional activity, e.g. the SRC family,
whose members have histone acetyltransferase (HAT) activity that targets histones
or other proteins at NR-regulated gene promoters for acetylation [McKenna et al.,
1999].

2.5.1.1 The SRC family of NR CoAs

This family of CoAs has been the focus of intensive study in recent years. There
are three protein members in this family each derived from a separate gene.

2.5.1.1.1 SRC-1

The first member of this family, SRC-1, was cloned using PR-LBD as a bait in
yeast-two-hybrid experiments [Ofiate et al., 1995]. Although SRC-1 interacts with the
LBD of NRs in a ligand-triggered manner there have been reports that it can enhance
the activity of ER and AR through the AF-1 domain of these NRs [Alen et al., 1999;
Bevan et al., 1999; Ma et al., 1999; Webb et al., 1998]. In addition, Takeshita et al.
[Takeshita et al., 1996] and Ikeda et al. [Ikeda et al., 1999] reported the interaction of
SRC-1 with general transcription factors such as TBP and TFIIB. However, the
functional consequences of these interactions remain uncovered. Furthermore, SRC-1
can interact and enhance the activity of other transcription factors such as NF-kB,
SMAD3 and AP-1, which are responsible for multiple cellular processes [Lee et al.,
1998; Na et al., 1998; Yanagisawa et al., 1999].

2.5.1.1.2 TIF-2

Human TIF2 was isolated by Voegel et al [Voegel et al., 1996] as an ER- and RAR-
interacting factor (GRIP1) and its mouse orthologue GRIP-1 by Hong et al [Hong et
al., 1996] as a GR-interacting protein. The two proteins share 94 % amino acid
identity. Both associate ligand-dependently with classical NRs such as RAR, ER and
PR in vivo. GRIP has been also shown to enhance NR receptor activity through the
AF-1 domain in addition to that of the helix 12 [Ma et al., 1999].

2.5.1.1.3 RAC3

The third member of the family was discovered simultaneously by several
groups as a RAR-interacting (RAC3), a CBP-interacting (p/CIP), a hRARB-
stimulatory protein (ACTR), a gene amplified in breast cancer (AIB-1) and a TR-
interacting protein (TRAM-1) [Anzick et al., 1997; Chen et al., 1997; Li et al., 1997;
Takeshita et al., 1996; Torchia et al., 1997]. RAC3/ACTR/AIB-1/TRAM represent the
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human protein whereas p/CIP is the mouse orthologue. In addition to the
interactions and coactivation of many NRs, p/CIP has been shown to enhance the
activity of interferon-o. and cAMP regulatory element binding protein (CREB),
suggesting the involvement of this CoA in multiple signaling pathways [Torchia et
al., 1997]. Furthermore, RAC3/TRAM-1 expression can be upregulated by hormone
treatment, which is another possible mechanism, how CoAs can potentiate hormone

action [Li et al., 1998; Misiti et al., 1998].

Table 2.4 The diversity of coactivators.

Coactivator
Function
Abbreviation Name
SRC-1 Steroid receptor coactivator-1
TIF2 Transcription intermediary factor 2
Hist
istone RAC3 Receptor-associated coactivator 3
acetyltransferases
p300 300-kD protein
CBP cAMP-response-element-binding (CREB)-binding protein
Histone CARMI Coactivator-associated arginine methyltransferase 1
methyltransferases PRMTI Protein arginine methyltransferase 1
Receptors or general
transcription-factor- TRAP220 Thyroid-hormone-receptor-associated protein of 220 kDa
bridging factor
Chromatin remodeling Brgl Brahma-related gene 1
RPF1 Receptor potentiating factor 1
E6-AP E6-associated protein
Ubiquitin proteasome UbcH7 Ubiquitin conjugating enzyme 7
pathway TRIP1- ) . . . .
mSUG1 Suppressor of Gal4-thyroid hormone interacting protein 1
MIP224 MB67-interacting protein 224
TBP-1 TATA-binding protein-1
PGC-1 PPARy coactivator-1
CoAA Coactivator activator
p72 72-kDa protein
Splicing control TRBP/AIB3 Thyroid-hormone-receptor-binding-protein/amplified in breast
cancer 3
CAPER Coactivator of activating protein-1 (AP-1) and estrogen receptors
P54nrb Nuclear RNA-binding protein p54
pl102 U5 small nuclear ribonucleoprotein particle-binding protein
SRC-1 Steroid receptor coactivator-1
TIF2 Transcription intermediary factor 2
Slgnal—u}tegratmg RAC3 Receptor-associated coactivator 3
coactivators
PGC-1 PPARYy coactivator-1
TORC2 Transducer of regulated CREB activity 2
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2.5.1.2 Functional domains and the LXXLL motif of the SRC CoA family

The SRC family shares a common domain structure (Fig. 2.8), the most conserved
N-terminal basic loop-helix-loop (bHLH)-PAS domain, which functions in many
proteins especially in transcription factors as a DNA-binding or heterodimerization
domain. The PAS motif is also found in several transcription factors such as Period
(Per), Aryl hydrocarbon receptor (AhR) and single-minded (Sim). Although similar
to the bHLH domain, the PAS domain (Fig. 2.8) plays also an important role in
protein-protein interaction and dimerization. The function of these domains in SRC
CoAs remain unknown, though it probably mediates intra- or intermolecular
interactions. The bHLH-PAS domain is followed by a centrally located receptor
interaction domain (RID) and C-terminal transcriptional activation domain (AD).
The RID mediates ligand-dependent, direct interacions with NRs [Li et al., 1998;
Onate et al., 1995; Voegel et al., 1996]. The detailed protein sequence analysis of this
domain identified a conserved LXXLL motif. This motif is also often called the NR
box [Heery et al., 1997].

HAT
bHLH/PAS RID AD1 AD2
1 300 634 780 Q-rich 1441
SRC-1 ¢« .
I II III IV V VI VII
1 624 775 1464
TIF-2 .
I II III IV V VI
1 621 821 1412
RAC-3 ¢ '
I II III IV V VI
Myogenin NRs P/CAF
MEE-2C CARM1
TEF-4 —_—
p300/CBP

Fig. 2.8 A representation of the functional domains found in the p160 family of CoAs.
The functional domains of the three p160 CoA family members (SRC-1, TIF-2 and RAC-3)
are visualized in cylindrical representation. The basic helix-loop-helix (PHLH) and the
PAS heterodimerization domains are located within the first 300 amino acid residues on
the N-terminus. It allows the CoAs to interact with proteins such as myogenin, MEF-2C
and TEF-4. The NR RID is placed in the middle part of the proteins. Other domains (AD1
and AD?2) also contain protein interaction motifs. SRC1 contains an additional interaction
motif in the AD2 domain. The LXXLL motifs are numbered with Roman numerals (I-VII).
The activation domains (AD1 and AD?2) serve for interaction also with HATs. The other
possible protein-protein interactions (P/CAF, CARM1 and p300/CBP) are shown with
black lines.
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The SRC family of CoAs has three LXXLL motifs, with additional, non-conserved
NR boxes present at different locations outside the RID (Fig.2.8). Peptide
competition assays and site-directed mutagenesis experiments provided a solid
evidence for the requirement of LXXLL motifs in interaction with the LBDs of NRs
[Ding et al., 1998; Heery et al., 1997; Torchia et al., 1997]. In addition, protein structure
prediction and crystallographic analysis have shown that LXXLL motifs form
amphipathic a-helices with the hydrophobic leucines on one side of the helix. This
o-helix is then able to interact efficiently with helix 12 of the NR’s LBD. In addition,
the interacting surface of NR includes helices 3, 4 and 5, which actively participate in
creation of a LXXLL compatible hydrophobic groove where the CoA interaction
motif can fit [Darimont et al., 1998; Feng et al., 1998; Nolte et al., 1998; Shiau et al.,
1998; Torchia et al., 1997]. One of the most interesting aspects of NR box function is
that different NRs prefer different NR boxes of RID for interaction with CoAs
[Darimont et al., 1998; Ding et al., 1998; Leers et al., 1998; McInerney et al., 1998].

2.5.2 CoRs

In general, CoRs are proteins, which can mediate gene silencing through
interaction with transcription factors that bind to DNA. Several NRs, including RAR,
TR and VDR, appear to bind to their target genes in the absence of ligand and
actively repress transcription. In majority of the cases the interaction partner for
these receptors is NCoR or its homolog SMRT, which were the first identified CoRs
for NRs [Chen et al., 1995; Horlein et al., 1995]. They are the best-characterized CoRs
and they also share high functional and structural similarities (Fig. 2.9). Since then,
several other CoRs for NRs that differ clearly from NCoR and SMRT have been
isolated. These include Alien [Dressel et al., 1999], SUN-CoR [Zamir et al., 1997],
Rip140 [Cavailles et al., 1995], Hairless [Potter ef al., 2001] and SMRTER [Tsai et al.,
1999] (Table 2.5).

Table 2.5 The NR corepressors.

Corepressor

Name Abbreviation Function
Development
NR corepressor 1 NCoR Differentiation
Silencing mediator for retinoid Development

. SMRT . .
and thyroid hormone receptors Differentiation
Thyroid hormone receptor Alien Development
interactor 15 (TRIP15) Differentiation
. Development
Small unique NR corepressor SUN-CoR Differentiation

Homolog of mouse hairless Hairless Hair development

SMRT, NCoR and other CoRs harbor several domains that are critical for their
function (Fig. 2.9). There are at least three repressor domains (RDs), which mediate
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the repression function of the CoRs, since they are critical for contacting the proteins
with additional properties important for the silencing of the target genes. One of
these properties is histone deacetylation, which acts to reverse the effects of CoAs

LXX I/H I XXX I/L
1 RD1 DAD RD2 RD3 N3 N2 NI 2453
NCoR e I3 e

1943 2073 2277

LXXI/HIXXXI/L
1 RD1 DAD RD2 RD3 RD4 s2  s1 2473
SMRT R e e (o
mSin3 HDAC3 HDAC4/5
= HDAC? 2092 2294
Repression domain Receptor interaction domain

Fig. 2.9 Functional domains in the CoRs NCoR and SMRT. The primary structure of
NCoR and SMRT is sketched from N- to C-terminus. The functional domains are
visualized in cylindrical representation. The location of the repression domains (RD1 to
RD4) and deacetylase-activating domain (DAD) are indicated within each CoR. These
domains allow the CoRs to interact with histone deacetylases (HDAC3, HDAC4/5 and
HDACY?) and they are crucial for their function. The CoRNR box/NR interaction sites
(N1, N2, and N3 in NCoR verses S1 and S2 in SMRT) that contain the
LXX(I/H)IXXX(I/L) motifs are indicated within each corepressor schematically in dark
cylinders. Transducin beta-like protein 1 (TBL1), which is part of the repression complex,
interacts with the RD1 domain. In vivo, TBL1 is bridged to HDAC3 through SMRT and
can potentiate repression by NRs such as TR. With the same domain, SIN3 is able to
interact and thus serves as a scaffold on which the corepressor complex assembles, since
it contains multiple protein-protein interaction domains.

like the SRC family members. The C-terminal domain of SMRT and NCoR contains
two or three receptor interacting domains (RIDs) crucial for their interaction with
NRs (Fig. 2.9). The primary structure of the CoR RID resembles that of the LXXLL
motif of CoAs. However, it has an extended a-helical motif with the consensus
sequence LXXI/HI XXXI/L (L = leucine, I = isoleucine, H = histidine, X = any amino
acid) [Perissi ef al., 1999].

NCoR and SMRT are mainly localized in the nucleus. Recent findings, however,
suggest that changes in signaling at the cell surface can activate second messenger
systems leading to posttranslational modification, such as phosphorylation of these
proteins that can induce nuclear-cytoplasmic shuttling of the CoRs. In the case of
SMRT, MAPK-directed phosphorylation has been implicated [Hong et al., 2001]. For
NCoR the phosphorylation of an associated protein, TAB2, by IKK kinase has been
reported to induce nuclear exit [Baek et al., 2002].
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2.5.2.1 The role of CoRs in transcription repression

NCoR and SMRT have distinctly different properties when they are bound to
NRs in solution, on DNA, and on target gene promoters in living cells [Hu et al.,
2001; Ishizuka et al., 2003; Makowski et al., 2003; Webb et al., 2000; Zamir et al., 1997].
They also function as CoRs for other transcription factors [Xu et al., 1998]. The
apparent evidence of non-redundant functions and the irreplaceable role of NCoR
and SMRT comes from the knockout mouse model of NCoR, which is embryonic
lethal [Jepsen et al., 2000], indicating that SMRT cannot compensate for the lack of
NCoR. The physiological importance of CoRs has been demonstrated by analyzing
the association between CoR dysfunctions and disease states in mice and humans.
For example, in the syndrome resistance to thyroid-hormone (RTH) mutated TRf
fails to release CoRs in response to physiological concentrations of the hormone.
Therefore, dysfunctional gene activation through TRf is causing an abnormal
physiological state [Tagami et al., 1997; Yoh et al., 1997]. NR CoRs have also been
implicated in the mechanisms of human diseases, including acute promyelocytic
leukemia due to RAR translocations [Grignani et al., 1998; Guidez et al., 1998; He et
al., 1998], acute myeloid leukemia due to the AMLI1-ETO translocation [Gelmetti et
al., 1998; Lutterbach et al., 1998; Wang et al., 1998], and insulin resistance due to
mutations in PPARy [Gurnell et al., 2000]. Furthermore, NCoR and/or SMRT have
been connected with cancer. In studies where chimeric NCoR-ER proteins were
created it has been shown that they lack transcriptional activity and inhibit
ER-mediated transcription in T47D and MDA-MB-231 breast cancer cells. The
chimeric proteins also repressed the growth of T47D cells when delivered to the cells
by a retroviral vector. In addition, it has been shown that decreased levels of NCoR
correlate with the acquisition of tamoxifen resistance in a mouse model system for
human breast cancer [Lavinsky et al., 1998].

2.6 The activation and inactivation of NRs from a
structural perspective

2.6.1 Active and inactive conformations of human PPAR«x

The superimposition of the agonist- and antagonist- bound PPARa structure
shows that the CoR binding site partially overlaps with the CoA binding site [Xu et
al., 2002] (Fig.2.10). Compared to the CoA motif LXXLL, the CoR motif
LXXI/HIXXXI/L has one additional a-helical turn. This additional turn binds to the
same region on the surface of the NR-LBD that is occupied by helix 12 in the
agonistic conformation of the LBD. Therefore, the repositioning of the helix 12 is
necessary to allow the binding of the larger CoR motif and to prevent the folding
back of the helix 12 to its active conformation.
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hPPAR0-SRC1-GW409544 hPPAR0-SMRT-GW6471
(1K7L) (1IKKQ)

Fig.2.10 Crystal structures of human PPARa LBDs co-crystalized with SRC1 and
SMRT peptides. The crystal structures of PPARa in active (1KL7) and inactive (1KKQ)
conformations are shown. The surface of the LBD is displayed in green color. The active
conformation shows the helix 12 (red) as it is fixed to the body LBD and CoA peptide
from SRC1 (orange color) can bind. Inactivation involves the repositioning of helix 12
(red color) creating a hydrophobic groove where the CoR SMRT (green color) can bind.
The two crystal structures show that the binding surfaces for CoA and CoR overlap.

In the crystal structure of PPARa LBD bound with antagonist, GW6471, adopts a
U-shaped conformation and wraps around C276 of helix 3. The amide head group
modification of GW6471 prevents the establishment of the hydrogen bond with Y464,
the conserved tyrosine contact point in helix 12 of all PPAR isoforms. Moreover, this
ligand extends to the space, which is normally occupied by Y464 and thereby
abrogates the stable position of the helix 12 in the agonist-bound conformation [Xu et
al., 2002]. However, unlike in the case of ER bound to antagonist, the helix 12 does
not occupy the CoA binding groove, but it is loosely packed against helix 3.
Although there is an overlap between the binding spaces of CoAs and CoRs there are
some differences in the binding interfaces. First, the SMRT LXXXIXXXL motif
overlays 736 A2 of Connolly surface of PPARa whilst the SRC-1 buries only 478 A2
suggesting the preferable binding of CoRs’ interaction motif in the presence of
antagonist over the smaller CoA motif. Second, CoR is anchored to PPARo. LBD by
three hydrogen bonds between the C-terminal carbonyl and the conserved K292
from helix 3, which also interacts with the CoA. Finally, the three-turn a-helical RID
of CoR deviates from the regular a-helix, which helps the motif to make hydrophobic
interactions with the receptor.

The GW409544 agonist-bound human PPARa structure shares the classical
properties of the NR LBDs with its helical sandwich and a four-stranded f-sheet [Xu
et al., 2001]. GW409544 adopts a U-shape conformation and its acidic head group
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forms hydrogen bonds with Y314 (helix 5) and Y464 (helix 12). This bridg e stabilizes
the C-terminus of the LBD in the active conformation allowing the formation of the
charge clamp between E462 and K292, directing the LXXLL motif of the CoA to the
hydrophobic cleft on the surface of the receptor. The amide group from the tyrosine
nitrogen of GW409544 is buried in the part of the pocket created by helices 3, 6 and
10. The rest of the ligand wraps around helix 3 and the phenyloxazol tail faces the
helices 2’, 3 and the p-sheet [Xu et al., 2001].

From both structures it is obvious that the balance between CoA and CoR
binding is tightly modulated by the position of helix 12. Helix 12 senses the presence
of different ligands and recruits CoAs or CoRs that either activate or repress
transcription.

2.6.2 Active and inactive conformations of mouse CAR

Unlike the PPARa antagonist GW6471, androstanol does not contain any side
chain or other modification on its steroid backbone and thereupon it cannot extrude
helix 12 from its active conformation by creating a steric tension.

The molecular mechanism of the conformation change when androstanol is in the
pocket of LBD depends on the presence of the specific “kink” between helices 10 and
11 (Fig2.11). Intriguingly, the conformation of the helices 10 and 11 in the
androstanol-bound mouse CAR resembles the inactive apo conformations of classical
NRs. Although this arrangement of helices 10 and 11 is present in the inactive mouse
CAR crystal structure, it is missing from the TCPOBOP agonist-bound mouse CAR
structure. The important existence of this kink is based on the hydrogen bond
between E339 and the backbone amide of Q245 that holds the kink in its position
(Fig 2.11). This interaction is considered to be important because it is conserved in
many NRs such as ERo, LXRa, ERRy, RARa, PR, VDR, and TR. This kink has an
important role in fixing helices 10 and 11 to the loop between helices 6 and 7. This
fixation plays an important role in fortification of certain parts of ligand-binding
pocket. In the TCPOBOP-bound mouse CAR structure, E339 can potentially interact
with the ligand. However, no such interaction can be seen for androstanol [Shan et
al., 2004]. The dynamic properties of activation and inactivation of CAR are largely
different from PPARa LBD dynamics. Since the inactive mouse CAR was not
crystallized in the presence of CoR peptide, it is not possible, at this point, to make
any comparisons between the binding modes of CoA and CoR.

2.6.3 NRligand classification
NR ligands can be classified into two main groups according to what

conformation of the LBD they are inducing and stabilizing. In the first group there
are agonists, which stabilize the receptor in an active conformation and thus promote
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helix 12

Active Inactive

Fig. 2.11 Crystal structures and schematic representations of mouse CAR LBDs in the
active and inactive conformations. Crystal structures of superagonist TCPOBOP (yellow,
left) and inverse agonist androstanol (yellow, right) bound protein structures are shown
(upper part). The hydrogen bond interaction between Q245 (helices H6-H7) E339 (helices
H10-H11) represents the “kink” that is responsible for the molecular mechanism of
inactivation via androstanol. The two additional residues Y336 and N175 displayed in the
figure are responsible for ligand recognition. The helix H12 is highlighted in red color.
The lower figures represent the two conformations in schematic views. In the active
conformation the helices H10-H11 form a compact unit (left side) that is upon the binding
of andostanol divided to two helices H10 and H11. This conformational change creates
tension, which is released via a repositioning of the helix H12. Since CoAs are unable to
bind to the LBD they dissociated allowing the CoR to bind instead of it.

the association of the LBD with CoAs. A typical example of this group is the natural
ligand of VDR, 10,25(0OH),D,, or TCPOBOP in the case of mouse CAR. In addition,
these ligands disable the interaction of the receptor with CoRs. The second group
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represents the inverse agonists and antagonists that support the interaction of the
receptor with CoRs and thereby stabilize the receptor in an inactive conformation.
ZK168281, a VDR antagonist, and a mouse CAR inverse agonist, androstanol, belong
to this group. In the presence of these ligands, CoAs are unable to bind to the
receptor [Lempidinen et al., 2005; Perakyld ef al., 2004].

2.6.4 NR ligand classification

NR ligands can be classified into two main groups according to what
conformation of the LBD they are inducing and stabilizing. In the first group there
are agonists, which stabilize the receptor in an active conformation and thus promote
the association of the LBD with CoAs. A typical example of this group is the natural
ligand of VDR, 1¢,25(0OH),D,, or TCPOBOP in the case of mouse CAR. In addition,
these ligands disable the interaction of the receptor with CoRs. The second group
represents the inverse agonists and antagonists that support the interaction of the
receptor with CoRs and thereby stabilize the receptor in an inactive conformation.
ZK168281, a VDR antagonist, and a mouse CAR inverse agonist, androstanol, belong
to this group. In the presence of these ligands, CoAs are unable to bind to the
receptor [Lempidinen ef al., 2005; Perdkyl4 ef al., 2004].

From the physiological point of view NR agonists are compounds that bind to a
receptor, activate them and trigger a response in the cell. Antagonists also bind to a
receptor, but they fail to activate it and actually block the activation by agonists
competing for the binding site in the ligand-binding pocket. Interestingly, the overall
effect when an antagonist is administered together with an agonist is less than the
sum of their individual effects. The terms agonist and antagonist are often
inappropriate for the description of NR ligands, since many of them may function as
agonists in certain tissues but as antagonists in others [Weatherman et al., 1999].
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Chapter 3

Aims of the Study

Some major areas of uncertainty concerning the structure-function relationship
of PPARs, CAR and VDR LBDs were not investigated in detail. In addition, the
molecular mechanisms of some structural features in the LBDs of these receptors
were unknown.

Therefore the specific aims of the study were:

1. To investigate the mechanism of the constitutive activity in human and
mouse CAR.

2. To study specific ligand selective conformational changes in human and
rat VDR to explain species-specific ligand effects.

3. To investigate the mechanism of ligand independent CoA interaction of
human PPARs leading to recognition of their constitutive activity.

4. To study the antagonist- and inverse agonist-triggered conformational
changes in the LBDs of human VDR, human and mouse CAR.

5. To investigate the mechanism of superagonism of the ligands with high
affinity for human VDR.
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Chapter 4

Materials and Methods

The detailed description of material and methods can be found in the original
articles referred to by their Roman numerals (I-V).

4.1 NR ligands

Table 4.1 NR ligands used in the studies.

Compound NR F:;c;:;ltl;l Source Used in
1a,25(0OH),Ds| VDR agonist Dr. L. Binderup, LEO Pharma, Ballerup, Denmark I-v
Androstanol mCAR | inverse agonist Steraloids, Newport, RI, USA v
CITCO hCAR agonist Biomol, Copenhagen, Denmark LIIL IV
Clotrimazole hCAR | inverse agonist Sigma-Aldrich, St. Louis, MO, USA v
Gemini VDR agonist Dr. M. Uskokovic, BioXell Inc., Nutley, NJ, USA v
R043-83582 VDR agonist Dr. M. Uskokovic, BioXell Inc., Nutley, NJ, USA A\
1783483 PPARS agonist Dr. M.W. Madsen, Leo Pharma, Ballerup, Denmark I
MC1288 VDR agonist Dr. L. Binderup, LEO Pharma, Ballerup, Denmark \%
Rosiglitazone | PPARy agonist Dr. M.W. Madsen, Leo Pharma, Ballerup, Denmark 11
TCPOBOP mCAR agonist Dr. P. Honkakoski, University of Kuopio, Finland LIV
TEL-9647 VDR antagonist Dr. S. Ishlz;;l:,e ;eclﬂllan"l};i;gj?a;oarn Biomedical I
WY 14643 PPARa agonist Dr. P. Honkakoski, University of Kuopio, Finland v
ZK168281 VDR antagonist Dr. A. Steinmeyer, Schering AG, Berlin, Germany IL IV

Long term stocks of 1a,25(0OH),D;, Gemini, Ro43-83582, MC1288, TEI-9647 and
ZK168281 were dissolved in 2-propanol; whereas the other compounds were
dissolved in DMSO. Further dilutions were made in DMSO (for in vitro assays) or in
ethanol (for cell culture assays).
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4.2 DNA constructs

4.2.1 Mammalian expression constructs for full-length NRs and
cofactors

T7 RNA polymerase-driven mammalian expression vectors were used for
mutagenesis, in vitro transcription/translation of the respective cDNAs and the over-
expression of the respective proteins in mammalian cells. The full-length cDNAs for
human CAR [Baes et al., 1994], human VDR [Carlberg et al.,, 1993], human RXRa
[Mangelsdorf et al., 1990], human PPARa [Sher et al., 1993], PPARS [Schmidt et al.,
1992] and PPARy, [Tontonoz et al., 1994] were previously sub-cloned into the
T7/5V40 promoter-driven pSG5 (Stratagene) or pcDNA3.1 (Invitrogen) mammalian
expression vectors (Table 4.2). The full-length ¢cDNA for mouse CAR [Choi et al.,
1997] was already sub-cloned into the T7/CMV promoter-driven pCMX [Umesono et
al., 1991] expression vector (Table 4.2). The full cDNA of NCoR [Hoérlein et al., 1995]
was previously sub-cloned to the pCMX [Umesono ¢t al., 1991] eukaryotic expression
vector.

4.2.2 GST-fusion protein overexpressing constructs

The NR interaction domain of mouse SRC-1 (amino acids 596 to 790), human
TIF2 [Voegel et al., 1996] (amino acids 646 to 926), human RAC3 (amino acids 673 to
1106) and mouse NCoR [Hérlein ef al., 1995] (amino acids 1679 to 2453), were
previously subcloned into the GST fusion vector pGEX-KGK or pGEX-AHK
(Amersham Biosciences). The GST fusion protein constructs were used for supershift
assays (Table 4.2).

4.2.3 Reporter gene constructs

The core sequences of the REs are indicated in the original articles (I, Fig. 1A, IV,
Fig. 2A). The REs were each cloned immediately upstream of the thymidine kinase (tk)
promoter driving the firefly luciferase gene (LUC) in a derivate of the pGL3 Luciferase
Reporter Vector (Promega) (Fig. 4.1). The Xbal-restriction site at nucleotide position
1742 was removed from the original vector by mutagenesis. All constructs were
verified by sequencing (for details, see Section Manual sequencing 4.4).
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Table 4.2 List of NR and cofactor constructs used in the studies.

Construct Expression vector NR ¢cDNA Cloning site Used in
pSGS5-hCAR pSGS hCAR BamHI LIIL IV
pSGS5-hVDR pSGS hVDR BamHI/Hindlll IV
pSG5-hRXRa pSG5 hRXRa EcoRI/Bglll LIV

pSG5-hPPAR« pSGS hPPARa EcoRI, Xbal 1
pcDNA3.1-hPPARS pcDNA3.1 hPPARS Kpnl, BamHI 1
pSGS5-hPPARY, pSG5 hPPARY, Kpnl, Xbal 1
pCMX-mCAR pCMX mCAR BamHI LIV
pCMX-mNCoR'**3 pCMX NCoR ¥ Notl, Sall 1L 1V

pGEX-mSRC- 1767 pGEX-KGK mSRC-1"7%2% | BumHI/Hindlll I, 111
pGEX-hTIF264-9% pGEX-KGK hTIF2'9%2778 | BamHI/HindIll I-V
pGEX-hRA (3671106 pGEX-KGK hRAC3%3316 | BamHI/HindIll I, 11T

pGEX-mNCoR 6724 pGEX-AHK mNCoR¥7>7 Nocl/Notl v

Insert Vector
response element (RE) pGL3 derivate

Xbal

@(core sequence)}lm

Xbal

Multi-cloning site

Xbal

T4 ligase

TCTAGA

CTAGA
AGATCT (core sequence), AXTHER

Xb{le

Reporter gene construct

DIEEE:

Mmz

> [Luc] £

Fig.4.1 Cloning strategy for the reporter constructs. Double-stranded annealed
oligonucleotides containing the core sequence of the RE and the target vector pGL3 were
digested with Xbal. The insert and vector were ligated together with T4-ligase and the
construct was verified by manual sequencing,.
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4.3 Mutagenesis

4.3.1 Site-directed mutagenesis

The protein expression constructs pSG5-hCAR, pCMX-mCAR, pSG5-hVDR and
pSG5-PPARy, were used as a template for site-directed mutagenesis using the
QuickChange™ Site-Directed Mutagenesis Kit (Stratagene). The mutants were
created by changing the chosen amino acid residues separately into the mutated
ones, as described by the manufacturer. In general, we used the widely accepted Ala
scan, but in case of some particular amino acids such as Y501 for PPARy the mutant
Y501F was created in order to test the role of the phenylalanine’s hydroxyl moiety. I
other cases the aim was either to increase the hydrophobicity of a certain region
(VDRyy), charge inversion in both NR (VDRy,4e) and CoR (NCoRg,,g) to test the
functionality of the ionic interaction or introducing rodent-specific amino acids into
the human receptor (VDRyyqy)- All oligonucleotides for mutagenesis were purchased
from MWG Biotech AG. The cDNAs of the clones were purified with Qiagen Plasmid
Kit (Qiagen) and each point mutation was confirmed by sequencing (for details, see
Section Manual sequencing 4.4).

4.3.2 Generation of helix 12 deletion mutants

The helix 12 deletion mutants of human VDR, human CAR and human PPARy,
were created using the site-directed mutagenesis protocol (see Section Side-directed
mutagenesis 4.3.1) by introducing a stop codon at amino acid position 413, 342 and
492, respectively (Table 5.3). All three mutants were confirmed by sequencing (see
Section Manual sequencing 4.4).

4.3.3 Helix 12 extension NR mutants

The site-directed mutagenesis protocol (see Section Side-directed
mutagenesis 4.3.1) was used for the preparation of the helix 12-extension mutants of
human and mouse CAR. The original stop codon and the following six nucleotides
were mutated to three triplets that each translate into alanine. A new stop codon was
introduced after this sequence (Table 4.3). Both helix 12 extension mutants were
confirmed by sequencing (see Section Manual sequencing 4.4).

Table 4.3 Mutated NRs and CoR used in the studies.

Mutation Template vector re‘:;;:;ocfl;?ge Position Used in
PSG5-hCARy 774 pSG5-hCAR Lysto Ala 177 LIV
PSGS5-hCARy 054 Lysto Ala 195 LIV
pSG5-hCARy 955 Lys to Glu 195 v
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PSGS5-hCAR 304 Ile to Ala 322 1
PSGS-hCARys564 Tyr to Ala 326 LIV
pSGS5-hCAR 3304 Ile to Ala 330 I
PSG5-hCAR s ggz;éi 342 1
PSGS-hCAR 3434 Leu to Ala 343 LIV
PSGS-hCARg3454 Glu to Ala 345 1
PSGS-hCAR3474 Cysto Ala 347 LIV
PSGS5-hCAR 13050 ;etgfs llozn LIV
pCMX-mCARg 574 Lysto Ala 187 v
pCMX-mCARgs0s4 Lysto Ala 205 LIV
pCMX-mCARk0se Lysto Glu 205 v
pCMX-mCAR| 33,4 Leu to Ala 332 I
PCMX-mCARy3364 pCMX-mCAR Tyr to Ala 336 v
pCMX-mCAR 3404 Ile to Ala 340 I
PCMX-mCAR| 3534 Leu to Ala 353 LIV
PCMX-mCARc3574 Cysto Ala 357 v
pCMX-mMCAR 51344 eietil:s llozn LIV
pSG5-hVDRg 504 Phe to Ala 150 A\
pSGS5-hVDRy 464 Lysto Ala 246 LIV
PSGS5-hVDRg 64 Lysto Ala 264 v
pPSGS-hVDR 0 Lysto Glu 264 v
pSGS5-hVDRyg54 Tyr to Ala 295 A\
pSGS5-hVDR z303y Ala to Val 303 A\
pPSGS-hVDR| 5404 Leu to Ala 309 A%
pSG5-hVDR| 340k Leu to Phe 309 \%
pSGS5-hVDRy3974 His to Ala 397 LIV,V
pSG5-hVDRya Tyr to Ala 401 1
pSGS5-hVDRy, Tyr to Ile 401 1
PSGS5-hVDR 4035 pSG5-hVDR Cys to Ser 403 11
pSGS5-hVDR 405 Cys to Asn 410 11
pSG5-hVDRcpssicaion g;,lss tt(()) i:; i?g I
pSG5-hVDR 1 Eiz‘ml)i 413 I
pSG5-hVDRy, 54 Val to Ala 418 LIV
pSG5-hVDRy4 4 Val to Leu 418 I
pSG5-hVDRg 04 Gluto Ala 420 I
pPSGS5-hVDRggp4 Phe to Ala 422 LV
pSGS5-hVDRy04- truncation 424 v
pPSGS-hVDRg,574 Ser to Ala 427 v
PSG5-hVDRyugipvarse V'I‘;rtgolieu 1(1)51; I
pSGS-PPARY, k3204 pSG5-PPARY, Lys to Ala 329 11
pSGS-PPARY, k3474 Lysto Ala 347 I
pSGS5-PPARY, 13514 His to Ala 351 11
pSGS5-PPARY, p3504 Glu to Ala 352 1
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pSGS-PPARY, yassa Tyr to Ala 355 I
pSGS5-PPARY,; pazaa Aspto Ala 424 1
PSG5-PPARY, nassa Argto Ala 425 m
PSG5-PPARY, payra Argto Ala 471 m
PSGS5-PPARY, naroa His to Ala 477 m
PSG5-PPARY, moos Gluto Ala 499 m
pSG5-PPARY, yso14 Tyr to Ala 501 11
PSG5-PPARY, psgsa Asp to Ala 503 111
pSG5-PPARY, 411 gggléi 492 111
pSGS-PPARY; ysosa Tyr to Ala 505 I
pSGS5-PPARY, ysosk Tyr to Phe 505 I
PGEX-NCoRg;,74¢ pGEX-NCoR Glu to Lys 2278 v
pGEX-NCoR 2838 Lys to Glu 2283 v

4.4 Manual sequencing

To confirm the desired mutants generated via site-directed mutagenesis (see
Section 4.3) and also the cloned reporter gene constructs (see Section 4.2.4), manual
sequencing was performed using a modified version of the dideoxy method [Sanger
et al., 1977]. For this purpose 20 ul of template DNA (2-3 ug) was denatured by
incubation with 1ul of 10 M NaOH for 15 min at room temperature. Denatured
plasmids were precipitated using 4 ul of 7.5 M NH,Ac and 40 ul of 96 % ethanol. The
samples were centrifuged for 15 min at 20000 x g and the pellets were subsequently
washed with 100 ul of 70 % ethanol and centrifuged for further 7 min at 20000 x g.
Afterwards the plasmid templates were dried and dissolved in 10 ul 1x MultiCore
buffer (25 mM Tris, pH7.8; 10 mM MgAc 1 mM DTT; 100 mM KAc) including
200 ng of the respective sequencing primer. Annealing was performed by first
incubating for 5 min at 75 °C and then the samples were cooled down to room
temperature (annealing-mixture). To the annealing mixture was then added 2.5 ul of
sequencing reaction mixture (2 uM dATP; 2 uM dGTP; 2 uM dTTP; 20 mM DTT; 1 ul
T7 polymerase buffer and 2.5U T7 DNA polymerase (Amersham); 0.3 ul [a-*P]-
dCTP (Hartmann Analytic)) and the samples were incubated for further 10 min at
room temperature. The mixture was divided into four equal parts and 2.5 ul of the
respective ddNTP-mix (50 mM NaCl; 80 uM each dNTP; 8 uM one ddNTP) was
added to each of them. The reactions were incubated for 15 min at room temperature.
To terminate the reaction, 4ul of stop solution (95% formamide; 20 mM
ethylenediaminetetraacetic acid (EDTA); 0.05% bromphenolblue; 0.05% xylene
cyanol) was added and DNA was denatured for 3 min at 95 °C before the samples
were loaded into the gel. DNA fragments were resolved by electrophoresis through a
8 % denaturating polyacrylamide gel (7M urea) in 1 x TBE buffer (90 mM Tris,
pH 8.3; 90 mM boric acid; 2mM EDTA). Gel images were captured on a Fuji
FLA3000 reader using Image Gauge Software (Fuji).
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4.5 In vitro transcription and translation

4.5.1 One-step in vitro translation

In vitro-translated wild type or mutated NR proteins were generated by a
coupled in vitro transcription/ translation [Craig et al., 1992] using rabbit reticulocyte
lysate as recommended by the supplier (Promega). The reaction volume of 50 ul
contained the following components:

25ul  rabbit reticulocyte lysate, nuclease treated (Promega)
10ul  rNTPs (5 mM)

6 ul MgCl, (25 mM)

Tul amino acid mix (1 mM each, Promega)

Tul RNasin (40 U/ pl, Fermentas)

1wl T7 RNA-polymerase (20 U/ul, Fermentas)

5ul circular DNA template (400 ng/ul)

The reaction mixture was incubated for 90 min on 30 °C. Protein batches were
quantified by test-translation in the presence of [*S]-methionine. The specific
concentration of the receptor proteins was adjusted to approximately 4 ng/ul after
taking the individual number of methionine residues per protein into account. The
translated proteins were either stored at -70 °C until further use or directly used in
the appropriate assay.

4.5.2 Two-step in vitro translation

In vitro-translated wild type or mutated NR proteins were generated by two-step
production procedure. The in vitro transcription was followed by translation using
rabbit reticulocyte lysate as recommended by the supplier (Promega). The in vitro
transcription reaction volume of 50 ul contained the following components:

3-5ul linearized DNA template (0.2-1 ug/ul)
5ul rNTPs (5 mM)

2ul T7 RNA-polymerase (20 U/ ul, Fermentas)
Tul RNasin (40 U/ pl, Fermentas)

10ul  5x transcription buffer with MgCl,

The reaction volume was adjusted to 50 ul by adding RNAse-free molecular
biology grade water. The reaction mixture was incubated for 90 min at 37 °C. The
yield and the quality of transcribed RNA was tested in 7 M urea containing PAGE,
which was pre-run for 1 h at 200 V. To 5 ul of RNA mixture was added RNA loading
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buffer, samples were ran in a gel, stained with ethidium bromide and visualized by
UV trans-illuminator (260 nm). The synthesized RNA was stored at -20 °C, if not
used immediately.

The in vitro translation reaction volume of 50 ul contained the following
components:

35ul  rabbit reticulocyte lysate, nuclease treated (Promega)
Tul amino acid mix (1 mM, Promega)

Tul RNasin (40 U/ ul, Fermentas)

2-5ul transcribed RNA

The reaction volume was adjusted to 50 ul by adding RNAse-free molecular
biology grade water. The reaction mixture was incubated for 90 min on 30 °C.
Protein batches were quantified by test-translation in the presence of [*S]-
methionine. The specific concentration of the receptor proteins was adjusted to
approximately 4 ng/ul after taking the individual number of methionine residues
per protein into account. The translated proteins were either stored at -70 °C until
further use or directly used in the appropriate assay.

4.6 Bacterial overexpression and purification of GST-
fusion proteins

Fusion proteins, (GST-SRC1**7*, GST-TIF2*¢*¢, GST-RAC3**""* or GST alone
(as a control)), were overexpressed in the bacterial system wusing E.coli
BL21(DES3)pLysS strain (Stratagene) containing the respective expression plasmids.
After the bacterial cultures reached an ODy, of 0.4-0.6 overexpression was stimulated
with 0.25 mM isopropyl-B-D-thio-galactopyranoside for 3 h at 37 °C. The production
of GST-NCoR'"™™® was stimulated with 125mM isopropyl-B-D-thio-
galactopyranoside for 5 h at 25 °C. The proteins were purified and immobilized on
glutathione-Sepharose 4B  beads (Amersham-Pharmacia) according to the
manufacturer’s protocol. GST-fusion proteins were then eluted in the presence of
glutathione and concentrated using Millipore UFV5BGCO00 centrifugal filter-tubes
(Millipore Corporation). The required amount of GST-protein for the assays was
defined empirically.
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4.7 Limited protease digestion assay (LPD)

4.7.1 LPD of the VDR

In vitro-translated, [*°S]-labeled VDR protein (2.5 ul) was incubated with DMSO
or ligand for 15 min at room temperature in 10 yl 50 mM Tris-HCl [pH 7.9]. Trypsin
(Promega; final concentration 20 ng/ul) was then added and the mixtures were
further incubated for 15 min at room temperature. The digestion reactions were
stopped by adding 10 ul protein gel-loading buffer (0.25M Tris, pH 6.8, 20 %
glycerol, 5 % mercaptoethanol, 2 % SDS, 0.025 % bromophenol blue). The samples
were denatured for 3 min at 95 °C and separated through 15 % SDS-polyacrylamide
gels. The gels were dried, exposed to a Fuji MP2040S imager screen (Fuji) and
monitored on a Fuji FLA3000 reader.

4,7.2 LPD of the PPARs and CAR

In vitro translated, [*°S]-labeled VDR, CAR, and PPARy, (5 ul) were incubated
with DMSO or ligand for 15 min at room temperature. Trypsin (Promega; final
concentration 100 ng/ul) was then added and the mixtures were further incubated
for 30 min at room temperature. The digestion reactions were stopped by adding
7.5ul protein gel-loading buffer (0.25M Tris, pH 6.8, 20% glycerol, 5%
mercaptoethanol, 2 % SDS, 0.025 % bromophenol blue). The samples were denatured
for 3 min at 95 °C and resolved through 15 % SDS-polyacrylamide gels. The gels
were dried, exposed to a Fuji MP2040S imager screen and monitored on a Fuji
FLA3000 reader.

4.8 Gel shift and supershift assays (EMSA)

For gelshift assays, in vitro-translated heterodimers were incubated with
saturating concentrations of DMSO or receptor specific ligands for 15 min at room
temperature in a total volume of 20 yl binding-buffer (10 mM Hepes [pH 7.9], 1 mM
DTT, 0.2 ug/ul poly(dl-C) and 5 % glycerol). The concentration of the K" ions in the
binding-buffer had been adjusted with KCI to 150 mM. In case of supershift assays
0.5-10 ug of bacterially expressed GST, GST-SRC1*""!, GST-TIF2%*** GST-RAC3**
1% or GST-NCoR"??** protein and 1 ng (approximately 50000 cpm) of the [*P]-
labeled RE was added and incubation was continued for 15 min. Protein-DNA
complexes were resolved through 8 % non-denaturing polyacrylamide gels in 0.5x
TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA [pH 8.3]). The gels were dried,
exposed to a Fuji MP2040S imager screen and monitored on a Fuji FLA3000 reader.

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 193: 1-115 (2006) 59



Ferdinand Molndr: Structural analysis of the ligand-binding domains of CAR, VDR and PPARs

4.9 Cellular transfection and luciferase reporter gene
assay

Human breast cancer (MCEF-7) or human epithelial kidney (HEK293) cells were
seeded onto 6-well plates (10° cells/ml) and grown overnight in phenol red-free
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 5% charcoal-
treated fetal bovine serum. DNA-DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methylsulfate) liposomes were formed by incubating 1 ug of
the reporter plasmid and in indicated cases 100 ng-1 ug of expression vector for the
respective NR and/or cofactor or its mutants with 10 yg DOTAP (Roth) for 15 min at
room temperature in a total volume of 100 ul. After dilution with 900 ul phenol red-
free DMEM, the liposomes were added to the cells. Phenol red-free DMEM
supplemented with 15 % charcoal-treated fetal bovine serum (500 yl) was then added
4 h after transfection. At this time, specific ligands were also added. The cells were
lysed 16 h after onset of stimulation using the reporter gene lysis buffer (Roche
Diagnostics) and the constant light signal luciferase reporter gene assay was
performed as recommended by the supplier (Canberra-Packard). The luciferase
activities were normalized with respect to protein concentration.

4.10 In silico methods

4.10.1Structural analysis and visualizations of the protein structures

For visualization and structural analysis of crystal structures from the Protein
Data Bank (PDB), MacPyMOL 0.98 and/or 0.99beta37 (DeLano Scientific LLC)
and/or SwissPDB viewer (www.expasy.org/spdbv/) were used. The same software
was used for the structures obtained from MD simulations.

4.10.2Ligand-binding pocket volume calculations

For ligand-binding pocket calculations the Voidoo [Kleywegt et al, 1994]
software was used. The probe radius was set to 1.4 A in the case of crystal structures
obtained from the PDB databank or 1.9 A in the case of structures obtained via MD
simulations. For the mesh representation of the ligand-binding domains the grid
value for plot files was set to 0.5 A and for iso-surfaces to 0.2 A. The obtained
graphical representation EZD file output was converted with MAPMAN [Kleywegt
et al., 1996] to DSN6 FRODO format electron density maps. The maps were loaded,
visualized and rendered in MacPyMOL 0.98 and/or 0.99beta37 (DeLano Scientific
LLC).
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4.10.3Clustering of the amino acids using self-organizing maps
(SOMs)

SOMs is an artificial neural network algorithm in the unsupervised learning
category which is useful in the visualization and interpretation of large
high-dimensional data sets [Kohonen, 1997]. A map consists of a regular grid of
processing units, "neurons”. A model of some multidimensional observation is first
made, eventually a vector consisting of features, is associated with each unit. The
map attempts to represent all the available observations with optimal accuracy using
a restricted set of models. At the same time the models become ordered on the grid
so that similar models move closer to each other and dissimilar models further from
each other. In this study a version of the Visual Data software (Visipoint Oy), whose
core is based on a variation of a self-organizing maps, called a tree-structured SOMs,
was used [Koikkalainen, 1994]. The software implementation consists of several
SOMs that are organized hierarchically in an inverted pyramid-like fashion in
several layers. The number of neurons at a higher level is four times greater than the
number found in the previous level. The data to which the SOMs was applied to
consisted of a set with five variables, where to each single amino acid related 5
values representing a distance for 5 different ligands or conformations (MC1288,
Gemini I and II, Ro43-83582 I and II) are assigned. All these values were used as the
training pattern. At the beginning, each neuron of the SOM was randomly assigned a
weight vector with five variables with a maximal starting resolution of 1024. The
weight vectors of the best matching neuron and its neighbors are moved towards the
values of the input vectors such that neurons come to represent a group of amino
acids with similar dynamics. While the training proceeds, the adjustment of the
weight vectors is diminished. Finally, each amino acid is placed into a neuron, which
best describes its dynamic pattern and the value of the difference is displayed on
each neuron as a bar graph. The resulting map with a matrix resolution 16x16 was
then changed to 4x4 to exclude empty clusters from the matrix. Later a Sammon’s
mapping algorithm was applied to the matrix to visualize the clustered groups in
2D-space (see Section 4.10.4).

4.10.4 Visualization of the clustered SOMs using Sammon’s mapping

The Sammon’s mapping algorithm is part of the Visual Data software (Visipoint
Oy). It is an iterative method based on a gradient search [Sammon, 1969]. The aim of
the algorithm is to represent points in an n-dimensional space, usually in two-
dimensions. The square neurons obtained after applying the SOM are replaced with
round ones and located so that the distance between them represents the
dissimilarity between them. The algorithm finds the location in the target space so
that as much as possible of the original structure of the measurement vectors in the
n-dimensional space is conserved.
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Chapter 5

Results

5.1 Mechanism of the constitutive activity in human
and mouse CAR and human PPARs (I and III)

5.1.1 Constitutive activity of NRs

Constitutive activity with regard to NRs is the ability to achieve the active state
of the LBD without ligand-induced conformational changes. This conformation is
then consequently allowing the receptor to interact with CoAs, which increases the
expression of its target genes. This capability is not unknown among the members of
the NR superfamily and phylogenic studies imply that ligand recognition of NRs
may have been acquired later during the evolution [Escriva et al., 1997]. Receptors
having this property mainly belong to the group of nutritional and xenobiotic
sensors and/or “real” orphan NRs such as CAR, HNF-4, RORs, PPARs, ERRs and
the LRH-1.

5.1.2 Ligand-independent association of CAR with p160 CoAs

CAR is representing a NR with constitutive activity, based on the ability to
associate ligand-independently with CoAs. Since at the time when this study was
conducted no crystal structure was available, we addressed the molecular
mechanism of this behavior in a series of functional and biochemical assays. Firstly,
supershift assays were performed with the p160 CoA protein family members SRC-1,
TIF2, and RACS, in the absence or presence of the agonist. These were then assayed
for interaction with the CAR-RXR and VDR-RXR-heterodimers, the latter serving as
a negative control for constitutive activity. The substrate for DNA-binding was the
DR4-type RE of the mouse CYP2B10 PBREM (NR1) (I, Fig. 1D). Interestingly, all
three CoAs interacted in an indistinguishable way with either CAR or VDR when
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agonist was added to the receptors (I, Fig. 1D). Although CAR-RXR heterodimers
interacted with all three CoAs in the absence of agonist and in the presence of
agonist CITCO, the supershifts were found to be more prominent. In contrast, only in

the presence of 1,25(0OH),D,, did VDR-RXR heterodimers bind and supershift
with SRC-1, TIF2 and RAC3, as was expected for a classical endocrine NR (I, Fig. 1D).

Secondly, for a direct comparison of the basal activity and ligand inducibility of
human CAR and human VDR on different DR4-type REs (I, Fig. 1A) luciferase
reporter gene assays were performed (I, Fig. 1B) in transiently transfected MCF-7
cells. In these assays reporter constructs with two copies of DR4 (T/T), two copies of
NR1 or one copy of the PBREM from the mouse CYP2B10 promoter fused with the tk
promoter driving the luciferase gene co-expressed with human CAR or VDR in the
absence or presence of agonist were used. In cells CAR showed high basal activity
under conditions when the agonist was not present in contrast with VDR, which
could be activated only under conditions when 10,25(0OH),D, was present. The
difference in the ligand inducibility of the two receptors is primarily dependent on
the level of ligand-independent basal activity, which suggests that VDR with a lower
basal activity is capable of a higher fold induction level than CAR which has already
high basal activity (I, Fig. 1B). In summary, the high basal activity of CAR in the
absence of CITCO is a sign of agonist-independent CoA association.

5.1.3 Impact of helix 12 on the CoA recruitment of human CAR and
VDR

In VDR, an effective contact with CoAs is achieved when the charge clamp
formed by the positively charged K246 (K177 in human CAR) and the negatively
charged E420 (E345 in human CAR) has an optimal distance of 19 A [Viisanen ef al.,
2002]. To investigate the impact of helix 12 and these homologous amino acids on the
constitutive activity of human CAR, the respective amino acids were mutated to
alanine. In a separate mutant, helix 12 was deleted.

The deletion of helix 12 completely abrogated the effect of CITCO on human
CAR transactivation in MCE-7 cells (I, Fig. 2A). As expected both charge clamp
amino acids (K177 and E345 in human CAR) contribute to the constitutive activity of
this receptor by stabilizing the binding of CoAs to it in an agonist-independent
fashion. However these interactions are of minor importance for the ligand-
dependent transactivation of human CAR (I, Fig. 2C and D). In contrast to this, the
homologous mutations in human VDR have a clear effect on the ligand-dependent
transactivation of this NR (I, Fig. 2E and F).

Our previous findings concerning mouse CAR [Andersin et al., 2003] had shown,
that the interaction between Y336 (helix 11) and C357 (helix 12) has a critical impact
on the stabilization of this receptor in the active conformation. To investigate the role
of the residues Y326 and C347 in human CAR homologous Y336 and C357,
respectively in mouse CAR, as well as the orthologues amino acids H397 and F422 in
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VDR (I, Fig. 4A), the amino acid residues were mutated individually and the effects
of these changes were assessed in reporter gene and supershift assays (I, Figs. 2C, D,
E and F).

From this comparison it was proposed that in human CAR the impact of the
Y326/C347 interaction is less crucial than the H397 /F422 interaction in human VDR
(I, Figs. 2C, D, E and F).

5.1.4 Stabilization of helix 12 in human CAR, mouse CAR and human
VDR

To investigate the molecular mechanism of the stabilization of the helix 12 in
these NRs, we first addressed the question whether the interaction of the negatively
charged C-terminus of helix 12 with the positively charged K195 (human CAR) in
helix 4 may contribute to the stabilization of helix 12 (I, Fig.2B). Therefore the
respective lysine of helix 4 in both human and mouse CAR was mutated into alanine.
In addition, a separate mutant was created where helix 12 was extended by three
amino acids. Taken together, the results indicate that for both CAR orthologues the
interaction between the lysine of helix 4 and the C-terminal carboxy group is critical
for the constitutive activity of the receptor (I, Figs. 3A-D).

A subsequent structural analysis of a human CAR model, based on the published
PXR crystal structure, indicated an additional intra-molecular interaction for the
stabilization of helix 12. This consisted of a possible interaction between I330
(helix 11) and L343 (helix 12) (I, Fig.2B). These two amino acids as well as the
orthologous amino acids L340 and L353 in mouse CAR (I, Fig.4A) were then
mutated to test this hypothesis. In human CAR L343A blunted the inducibility by
CITCO and reduced the basal activity by 75 %. The other mutation, I330A showed a
1.9-fold higher response to ligand than wild type receptor and only a 50 % reduction
of constitutive activity in MCF-7 cells (I, Fig. 3A). This observation is in accordance
with the observed in vitro interaction of DNA-bound CAR-RXR heterodimers with
TIF2, which is blunted irrespective to the presence of the agonist by the mutation
L343A and abrogated only in the absence of CITCO with I330A (I, Fig. 3B). In mouse
CAR the orthologus mutations showed a slightly different profile. Both L353A and
L340A reduced but did not abrogate TCPOBOP-induced transactivation and reduced
the constitutive activity of mouse CAR drastically (I, Fig. 3C, right panel). In
supershift assays the mutants blunted both ligand-independent and ligand-
dependent interaction of CAR-RXR heterodimers with CoA protein (I, Fig. 3D).

According to a structural alignment (I, Fig. 4A), the human VDR counterparts to
1330 and L343 of human CAR are Y401 and V418, respectively. Both amino acids
were mutated individually into alanine or into the amino acid residues present at the
orthologues position in human CAR. Furthermore, the double mutant Y4011/V418L
was created. All the VDR mutants were investigated by supershift assay (I, Fig. 3E).
In the absence of ligand the mutants Y401l and V418L showed a weak supershift
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with TIF2, while the double-mutant Y4011/V418L displayed a significant ligand-
independent interaction with the CoA protein (I, Fig. 3E).

In summary, the 1330-L343 and L340-L353 interactions of human and mouse
CAR, respectively, had a significant contribution to the stabilization of helix 12 and
the constitutive interaction of the receptor with CoA protein. However, I330A
increased the ligand responsiveness of human CAR, while L340A decreased that of
mouse CAR.

5.1.5 Ligand-independent association of human PPARs with
p160 CoAs

A structural comparison of the helix12 of apo-receptors, which display
constitutive activity, such as LRH-1 and ERR3, with apo-PPARS and v (III, Fig. 1A)
raised the possibility that in un-liganded PPAR LBDs the helix 12 can take the active
conformation. Moreover, the superimposition of the apo- and holo-PPARy structures
suggested that it was possible for the apo-PPARy to maintain the critical 19 A
inevitable for the charge clamp residues K329 and E499 required for the efficient CoA
interaction (III, Fig. 1B and C).

To test this hypothesis we made supershift experiments where we tested all
PPAR subtypes with the three members of the p160 CoAs. All three CoAs effectively
interacted with PPARs in the absence of ligand (IIL, Fig. 2A), however RAC3 showed
the best interaction in these assays. The addition of the ligand caused minor
enhancement in the CoA interaction. We then made additional supershift
experiments where we compared the CoA interaction profile on the chosen example
of PPARy with CAR and VDR. From these experiments PPARy can be placed
between CAR and VDR with its interaction profile resembling more the profile of
CAR, which showed ligand-independent CoA association already under the lowest
concentrations of RAC3. On the contrary, VDR was unable to interact with RAC3 in
the absence of its natural ligand. This is in contrast to the situation in the presence of
1a,25(0OH),D;, where already the lowest concentration of CoA was enough for
efficient interaction to occur.

In further studies we examined the basal activities and ligand inducibilities of the
compared receptors in cell-based assays. We tested all three PPARs, CAR and VDR
in luciferase reporter assays with constructs bearing four copies of DR1-type RE
originated from human CPTI-f gene promoter, two copies of DR4-type RE from rat
Pit-1 enhancer and four copies of DR3-type RE derived from the rat atrial natriuretic
factor gene promoter, respectively (IIL Fig. 3A-D). We investigated the basal activity
and ligand inducibility in MCF-7 and HEK293 cells. In both cell lines CAR and
PPARs showed in the absence of extraneous ligand high basal activity that clearly
arose from CoA interaction. As expected, overexpressed VDR did not show high
basal activity (IIL, Fig. 3A and C). In the next step we introduced to cells NR-specific
ligands and we compared the ligand inducibilities of the NRs. VDR showed 36- and
74-fold increase in the activity in HEK293 and MCF-7 cells, respectively (III, Fig. 3B
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and D). CITCO could not stimulate CAR more than 1.8 fold and PPAR-specific
ligands reached 3.5 fold maximum in case of PPARS specific agonist. To show that
the used cell lines do not contain a high-affinity PPAR-specific agonists we
overexpressed NCoR with all the PPARs, which resulted in a significant decrease of
the basal activity. On the other hand a “strong” agonist, such as rosiglitazone, was
able to restore the activity of PPARY, even in the presence of NCoR.

Summing up, PPARs show ligand-independent CoAs association in vitro in
gelshifts and within living cells as demonstrated by the luciferase experiments
described above.

5.1.6 Structural basis of the constitutive activity of human PPARs

To further identify the structural determinants of the ligand-independent CoAs
association, we prepared mutants of the candidate amino acids identified from the in
silico-derived structural analysis of the apo- and holo-PPARs. We tested all the
mutants in luciferase reporter gene assays and in supershift experiments (III, Fig. 4-6).

According to which type of stabilization is provided via candidate amino acids
we assigned them to four groups that represent the backbone of the structural basis
for ligand-independent CoA interaction. The common property for all the amino
acids is that they are helping to stabilize the position of helix 12 and thereby
influencing the effective CoA docking to the LBD. In the following chapters PPARy,
numbering is used for the residues.

The first group consists of residues K329 and E499 (III, Fig. 4A and B). These
amino acids represent the stabilization, which can be either ligand-independent or

-dependent. K329 and E499 create the earlier mentioned charge clamp, which is a
critical requisite for CoA interaction. When either or both of these amino acids are
mutated the ligand-independent and -dependent CoA interaction is abolished (III,
Fig. 4C-E).

In the second group, there are K347 and D503, which display a mixture of direct
and indirect stabilization of helix 12 by both interacting directly with each other and
in addition contacting the CoA peptide. This amino acid pair is conserved in human
CAR where K347’s orthologue K195 and the C-terminus of the helix 12 make a ionic
interaction. Identical stabilization is present in mouse CAR.

The residues of the third group, E352, D424, R425, R471 and Y505, are involved
in a direct stabilization of helix 12 via ionic interactions and hydrogen bonds (III,
Fig. 5A and B). These amino acids have an additional function since they are located
in the heterodimerization interface with RXR. These mutants show basal activities
from 45-80 % of the wild type and ligand inducibilities up to 260 % for R425A (III,
Fig. 5C and D).

Although the last group represents amino acids, which contact the ligand, they
form an extensive hydrogen bond network already in the absence of agonist. Amino
acids H351, Y355, H477 and Y501 belong to this group. They are responsible for both
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ligand-dependent and -independent stabilization of helix 12 (III, Fig. 6A and B). The
mutants of these amino acids with only one exception, H477, do not have lower basal
activities compared to wild type receptor. This observation is even more surprising
in case of the mutant Y501A (III, Fig. 6C and D), because it disturbs the hydrogen
bond network and thus partially destabilizes the helix 12. This amino acid is located
in helix 12 and it is responsible for the direct ligand-helix 12 interaction. The mutant
Y501A is unable to bind any intracellular ligands, which could directly stabilize the
helix 12, and shows a clear evidence for the ligand-independent association with
CoAs.

All the amino acids involved in the stabilization of the helix 12 in PPARy are
conserved in all three subtypes suggesting a very similar molecular mechanism also
for PPARa and & (I11, Fig. 7B and C). When looking at the properties and functions of
the LBD such as ligand-independent CoA association, ligand-inducibility or LBD
dynamics, PPARs can be place between VDR and CAR (I1I, Fig. 7D) though closer to
CAR and other NRs with constitutive activity.

In summary, at least four different groups of amino acids are responsible for the
molecular basis of the ligand in-dependent CoA association and the stabilization of
the helix 12.

5.2 A structural basis for the species-specific
antagonism of 26,23-lactones on vitamin D
signaling (II)

In order to investigate the species-specific differences, the functional profiles of
the VDR antagonists ZK168281 and TEI-9647 (IL, Fig.1A) were compared in rat
osteosarcoma (Ros17/2.8), human osteosarcoma (MG-63), rat epidermal
keratinocytes (REK), human immortalized keratinocytes (HaCaT) and MCEF-7 cells.
In all cellular systems, ZK168281 had insignificant agonistic activity (II, Fig. 1B
lanes 2, 8, 14, 20 and 26). In contrast, at the same concentration (1 uM) TEI-9647
showed significant residual agonistic activity (II, Fig. 1B lanes 3, 9, 15, 21 and 27),
which was higher in rat than in human cells. Remarkably, the five cell lines differ in
their relative basal activity and therefore in their maximal inducibility by
1a,25(0OH),D;. For example, in Ros17/2.8 cells (lane 6) the basal activity was more
than two times higher than in MCF-7 cells (I, Fig. 1B lane 30).

The results suggest that the origin of the species-specific difference in the
functional profile of TEI-9647 might be caused by amino acid differences in the VDR
of rodent and human. We compared the amino acid sequences of human and rat
VDR and found only two amino acids that are different and they are located in the
region close to the ligand-binding pocket and helix 12. These differences occur at
positions 403 and 410, respectively (II, Fig. 2A). The rodent receptors both carry a
serine and an asparagine residue at these positions, whereas the human VDR has
two cysteines at positions 403 and 410, respectively.
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In order to test our hypothesis about the critical role of C403 and C410 in the
function of TEI-9647 as a VDR antagonist, we made the mutants C403S, C410N and
the double mutant C403S/C410N and we compared their antagonistic profiles of
ZK168281 and TEI-9647 in MCF-7 cells with the wild type receptor (II, Fig. 3). The
mutagenesis of VDR at positions 403 and 410 had virtually no effect on the
antagonistic action of ZK168281 (II, Fig. 3A). In case of wild type and C403S VDR
TEI-9647 still showed some partial antagonistic action, which was lost in C410N and
C430S/C410N mutants (IL, Fig.3 lanes17 and 23). Interestingly, the profile of
C430S/C410N in human cell line MCF7 was found to be similar to that of the rat cell
lines Ros17/2.8 and REK (II, Fig. 1).

To further understand the role of the positions 403 and 410 in the antagonistic
versus the agonistic action of TEI-9647 we tested the wild type and mutated
receptors in supershift experiments on DR3-type VDRE and with bacterially
expressed CoA TIF2 (I, Fig. 4). 1a,25(0OH),D; induced a supershift with wild type as
well as with mutants, whereas in the presence of ZK168281 or solvent no CoA
association was detectable. TEI-9647 did not induce a shift with wild type, only a
very faint CoA complex with C403S, a slightly stronger interaction with C410N and a
dominant shift with C430S/C410N (I, Fig. 4 lane 32) suggesting an agonistic profile
of TEI-9647.

To follow up the loss of the antagonistic potential of TEI-9647 we performed
limited protease digestion assays, which report on the flexibility of the C-terminal
part of the VDR, with wild type, C403S, C410N and C430S/C410N (II, Fig. 5). With
wild type both ZK168281 and TEI-9647 stabilize a subpopulation of all VDR
molecules in the antagonist-specific conformation c2. However, the two antagonistic
positions are different from each other. The conformation profile of C410N
resembled that of wild type, where both TEI-9647 and ZK168281 acted as antagonists
with this VDR mutant. In contrast, with C403S and C430S/C410N, only ZK168281
but not TEI-9647 was able to stabilize the antagonistic conformation ¢2.

In summary, the origin of the species-specific profiles observed in model cell
lines is based on the sequence differences between rat and human VDR. In human
receptor, the two key amino acids are at the positions 403 and 410.

5.2.1 Molecular determinants of species-specific antagonism

To further investigate the molecular basis of the species-specific anatgonism, 6 ns
MD simulations were performed with wild type complexed with 10,25(0OH),D,,
ZK168281 and TEI-9647 and with C430S/C410N bound by TEI-9647 in order to
understand the molecular basis of the effects of these ligands (II, Fig.6). In the
structure with ZK168281, the extended rigid side chain disturbs the interaction
between H397 and F422 and thus the stable positioning of helix 12 (II, Fig. 6B). This
blocks the ability to interact with CoA protein and explains the pure antagonistic
profile of ZK168281. The lactone ring of TEI-9647 is more bulky than the end of the
side chain of the 1a,25(0OH),D; and cannot interact effectively with H305 and H397.
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Moreover, the carbonyl group of the lactone ring cannot interact directly with F422.
These observations indicate that steric hindrance plays a role in this ligand’s
antagonistic behavior. However, TEI-9647 lacks an extended side chain and disturbs
helix 12 less than ZK168281 (II, Fig. 6C). In fact, the disturbance of helix 12 by TEI-
9647 is so weak that it can be counterbalanced by backbone contacts of N410 in
C430S/C410N with P408 and L404 (II, Fig. 6D). Therefore, in rodent VDRs the
backbone contacts of their loop amino acid N410 stabilize the helix 11-helix 12
interaction (II, Fig. 6E), so that the LBD of rodent VDR binds CoA proteins even in
the presence of TEI-9647. The differences in the structures of the complexes of wild
type and C403S/C410N with TEI-9647 is better illustrated, when the variation of the
backbone rmsd of amino acids 393 to 422 and the distance between the Ca-atoms of
T415 and F422 are monitored over the whole MD simulation period of 6 ns (II,
Fig. 7). The rmsd can be used to indicate the mobility of helices 11 and 12 and is
inversely proportional to the stability of helix 12. After 2.5 ns of MD simulation the
rmsd of the wild type VDR-TEI-9647 complex was significantly higher than that of
the complexes of wild type with 10,25(0H),D; and of C430S/C410N with
10,25(0OH),D, or TEI-9647 (II, Fig. 7A).

Interestingly, the latter three LBD-ligand complexes have the same average rmsd
indicating their comparable ability to stabilize the interaction with CoA proteins. The
peak after 4 ns of the simulation of wild type with 1a,25(0OH),D; is due to a transient
conformational change in the loop region (residues 407-414) between helices 11 and
12. The distance between the Ca-atoms of T415 and F422 measures the length of helix
12 (I Fig.7B). An increased length of helix 12 is a sign of greater flexibility and is
inversely proportional to the probability of an interaction with CoA proteins. In this
view of the structures, the wild type-TEI-9647 complex was shown after 2ns of
simulations to have significantly longer and more flexible helix 12 than the
complexes of wild type with 10,25(OH),D; and of C430S/C410N with 1a,25(0OH),D,
or TEI-9647. Again, the latter two LBD-ligand complexes appeared to be identical
and had the same average length of helix 12 (10.7 to 10.9 A, which is close to 10.8 A
in the X-ray crystal structure of the wild type-10,25(0OH),D;-complex ).

Taken together, the structural basis for the species-specific action of TEI-9647 is
directly connected with the ligand’s chemical structure and the critical amino acids in
helix 11 of rat and human VDR. In both receptors, the lactone ring of TEI-9647 does
not effectively disturb the helix 12, but in rat VDR additional interactions can be
established between the lactone ring and the residues in helix 11, which weakly
stabilizes the receptor in active conformation. This is not possible in the human
receptor that lacks these critical residues. The extended side chain of ZK168281 uses
the same strategy of perturbing the position of helix 12 in both receptors, and thus
there are no species-specific differences in the action of this antagonist.
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5.3 Antagonist- and  inverse-agonist triggered
conformational changes in the LBD of human
VDR, human and mouse CAR (IV)

The dynamic exchange of cofactors is usually connected with conformational
changes mediated via ligands. While agonists change the receptors conformation in
order to help CoAs establish efficient interaction on the other hand antagonists and
inverse agonists shift the balance on CoRs’ behalf. As it was already mentioned
earlier, there is only one crystal structure with CoR peptide currently available,
which is PPARa co-crystal with SMRT [Xu ef al., 2002]. This fact makes the study of
CoR interaction rather difficult and laborious.

5.3.1 Ligand-dependent interactions of VDR and CAR with CoAs and
CoRs

To examine the ligand-dependent interaction between the NRs human VDR,
human and mouse CAR with the CoA TIF2 and the CoR NCoR supershift
experiments were performed (IV, Fig. 2). In the absence of ligands, DNA-complexed
VDR did not show any association with TIF2 or NCoR (IV, Fig. 2A lanes 4 and 8),
however after introducing the natural agonist 1a,25(0OH),D; VDR was able to interact
with TIF2 (IV, Fig. 2A lane 5). The antagonist ZK168281 did not induce an interaction
of VDR with CoA protein (IV, Fig. 2A lane 7) and the combination of agonist and
antagonist resulted only in a very faint complex of VDR-RXR heterodimers with TIF2
(IV, Fig. 2A lane 6). Application of 1a,25(OH),D; did only induce residual interaction
of VDR with NCoR (IV, Fig. 2A lane 9), whereas in the presence of ZK168281 VDR
showed association with NCoR (IV, Fig. 2A lane 10). The combined application of
agonist and antagonist resulted in the significant interaction of NCoR with VDR (IV,
Fig. 2A lane 11).

On the contrary, human and mouse CAR showed significant interaction with
TIF2 even in the absence of ligands (IV, Fig. 2B and C lane 4). Surprisingly, both
receptors interacted ligand-independently also with NCoR (IV, Fig. 2B and C lane 7).
As expected agonist CITCO increased the interaction of human CAR with CoA,
however, it also induced a significant interaction of the receptor with NCoR (IV,
Fig. 2B lanes 5 and 8). Inverse agonist clotrimazole blunted the ligand independent
association of human CAR with TIF2 and also slightly reduced the interaction of the
receptor with NCoR (IV, Fig. 2B lanes 6 and 9). In case of mouse CAR, the agonist
TCPOBOP increased the interaction with CoA protein, but in contrast to CITCO it
decreased the interaction of the receptor with CoR protein (IV, Fig. 2C lanes 5 and 8).
Finally, androstanol behaved as expected from an inverse agonist and it decreased
the interaction of mouse CAR with TIF2 and increased the association with NCoR
(IV, Fig. 2 lanes 6 and 9).
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In order to compare the functional profiles in the presence of agonist or
antagonist/inverse agonist we tested the receptors in the transiently transfected
model cell line MCF-7 (Fig. 3). The luciferase reporter gene assays were performed
under conditions when CoA, CoR or empty plasmid was overexpressed. At
endogenous cofactor levels the very low basal activity of VDR on the DR3-type RE
(IV, Fig. 3A lane 1) was induced nearly 50-fold by 10nM 1¢,25(0H),D; (Fig. 3A
lane 2), while 100-times higher concentrations of ZK168281 (1 uM) resulted only in
less than a 4-fold induction (IV, Fig. 3A lane 4). The combined application of agonist
and antagonist led to 16.7-fold induction (IV, Fig. 3A lane 3). The overexpression of
TIF2 resulted in a significant increase of the basal level (3.8-fold, IV, Fig. 3A lane 5),
but in a less prominent increase of agonist-stimulated values, so that only an
approximately 15-fold induction was observed (IV, Fig.3A lane6). CoA
overexpression increased the response in the presence of antagonist (4.9-fold, IV,
Fig.3A lane 8), but the combined application of agonist and antagonist did not
provide significantly higher induction (6.5-fold, IV, Fig.3A lane?7). The
overexpression of NCoR reduced the basal activity to 60 % (IV, Fig. 3A lane 9), but
also the effects of agonist and antagonist alone and in combination, so that only 34.3-,
3.5- and 2-fold inductions were observed (IV, Fig. 3A lanes 10, 11 and 12),
respectively.

Human CAR showed high basal activity on the DR4-type RE (IV, Fig. 3B lane 1),
which could only be induced 2.5-fold by CITCO (IV, Fig. 3B lane 2) and was reduced
to 60 % by clotrimazole. TIF2 overexpression had only minor effects on the basal
activity and ligand response of human CAR (IV, Fig. 3B lanes 4, 5 and 6). In contrast,
NCoR overexpression clearly blunted the responsiveness of the receptor; the basal
activity was significantly reduced to 30 % (IV, Fig. 3B lane 7), the induction by
CITCO was only 1.6-fold (IV, Fig. 3B lane 8) and in the presence of clotrimazole still
90 % of the basal activity level was observed (IV, Fig. 3B lane9). The induction
profile of mouse CAR (IV, Fig. 3C) was similar to that of human CAR but the mouse-
specific ligands had more prominent effects. Mouse CAR also showed high basal
activity on the DR4-type RE (IV, Fig. 3C lane 1), which was induced three-fold by
TCPOPOB (IV, Fig.3C lane 2) and reduced to 30 % by androstanol (IV, Fig. 3C
lane 3). CoA protein overexpression slightly increased the basal activity (1.4-fold, IV,
Fig. 3C lane 4), reduced the response to the agonist (2.6-fold induction, IV, Fig. 3C
lane 5) and to the antagonist (still 70 % of basal activity, IV, Fig. 3C lane 6). In case of
NCoR overexpression the basal activity was reduced significantly to 50 % (IV,
Fig. 3C lane 7), the response to TCPOBOP was lowered to a 2.2-fold induction (IV,
Fig. 3C lane 8) and in the presence of androstanol it reached 40 % of the basal activity
(IV, Fig. 3C lane 9).

In summary, these experiments showed that NR-specific agonists and
antagonists/inverse agonists display distinct profiles in the presence of
overexpressed CoAs and CoRs in cellular models.
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5.3.2 Molecular basis of the VDR and CAR association with CoR

The acquired data suggested that CoR have a significant effect on the ligand
response and basal activity of both endocrine and adopted orphan NRs, therefore we
were interested in finding the molecular basis of the NR-CoR interaction. At the time
when the study was conducted there was no CAR crystal structure available
therefore molecular homology modeling was performed on the PPARa (1KKQ)
crystal structure template. To these structures the antagonists clotrimazole and
androstanol, respectively, were docked, whereas for the ZK168281-bound VDR-LBD
a structure from a previous MD simulation study was available [Viisanen et al.,
2002]. To each of the three LBDs a peptide representing the amino acids 2265 to 2289
of the second RID of NCoR was docked and MD simulations were performed.
Detailed views of the resulting structures indicate interactions of helices 3, 4 and 12
of the NR-LBDs with the CoR peptide (IV, Fig. 4).

The most remarkable and consistent observation of the three model structures
was that helix 12 is not flexible, as the “mouse-trap” model suggests, but takes a
fixed position, as does helix 12 of PPARa in the co-crystal with CoR peptide. In the
VDR-LBD-ZK168281 complex V418 of helix 12 interacts with 12280 of NCoR and S427
of the C-terminus makes a backbone contact to F2289 of the CoR (IV, Fig. 4A). In a
similar way, helix 12 of CAR is stabilized by an interaction between the positively
charged K2283 of the CoR peptide and C347 as well as the negatively charged
C-terminus in the human orthologue and C357, S358 and the C-terminus in the
mouse receptor (IV, Fig. 4B and C). In addition, K264 of helix 4 in VDR and the
homologous residues K195 and K205 in human and mouse CAR, respectively, form a
salt bridge with E2278 of NCoR. Moreover, K246 of helix3 in VDR and its
homologue residues K177 and K187 in human and mouse CAR, respectively, contact
the CoR peptide at the backbone of L2285. In addition, K246 also interacts with the
backbone of A2284. Despite their rather divergent structure all three ligands contact
the homologous amino acids H397, Y326 and Y336 in helix 11 of VDR, human and
mouse CAR, respectively.

It is remarkable that both the antagonist ZK168281 and the two inverse agonists
clotrimazole and androstanol stabilize their respective receptors in a very similar
conformation. Interestingly, the long side chain of ZK168281 is directly contacting
NCoR at position L2277 (IV, Fig. 4A). Such a contact is not observed with the smaller
ligands clotrimazole and androstanol (IV, Fig. 4B and C). In order to challenge the
models described above for each of the three receptors, a series of point mutants was
created and the interactions were conformed in supershift experiments (IV, Fig. 5, 6)
and luciferase reporter gene assays (IV, Table 1).

Taken together, the interactions between the RID of CoR and the LBDs of mouse
CAR, human CAR and VDR are conserved. In addition, our models show that helix
12 is stabilized by CoR’s RID in all three NRs.
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5.4 Molecular basis of the agonists-induced selective
modulation of the ligand-binding pocket volume
in human VDR (V)

Although the natural ligand for VDR, 10,25(0OH),D,, can inhibit the growth of
various human cancers and can regulate the human immune system [Reichle et al.,
1989] when used at supraphysiological levels, this hormone can produce serious side
effects such as severe hypercalcemia and soft tissue calcification [Vieth, 1990].
Therefore, the fundamental challenge to organic and medicinal chemists is to create
new analogues, which are more safe and selective. Up to now there are more than
3000 synthetic analogues of 1a,25(0OH),D; known [Carlberg, 2004] from which some
have higher affinities than the natural hormone. These analogues referred as
superagonist are significantly more transcriptionally potent or efficacious than the
natural hormone. There have been suggestions that the better activity is based on the
higher stability of these ligands. However, until now the molecular mechanism of the
superagonism has not been investigated in detail.

5.4.1 Selective modulation of the ligand-binding pocket’s volume by
VDR agonists

The ligand-binding pocket of VDR consist of 40 amino acids (V, Table 2) which
we defined using the Voidoo software. In order to find differences in the position of
the side chains in the individually superimposed structures of MC1288, Gemini
(conformation I and II) and Ro43-83582 (conformation I and II) with the
10,25(OH),D,-bound VDR, we measured for each of the 40 amino acid residues the
distance between the respective most terminal atoms (excluding hydrogens). The
obtained 200 values represent a five-dimensional data set (5 ligands or conformations
x 40 amino acids). (V, Table 2). To group the amino acids with similar movement
patterns we applied to the data set a data-mining clustering algorithm of SOMs and
we visualized the data in two dimensions with Sammon’s mapping (for details, see
Section Material and methods in V). The amino acids with most profound dynamics
are located in the groups I-X from the 16 clustered groups we obtained (V, Fig. 2A).

Next we were investigating the change of the volume of the ligand-binding
pocket for different ligands and their conformations. We calculated the pocket
volumes with the Voidoo software and the ligand volumes from Connolly’s surfaces
in the Sybyl software package (V, Table 3). The volume of MC1288 is 2.5 % less when
compared to 1a,25(0OH),D; even though the chemical structures of both ligands are
highly alike and, surprisingly, there is a vivid decrease of 17.2 % in the pocket
volume for MC1288. For Gemini and Ro43-83582, the ligand volume is 20 % and 25 %
larger, respectively, when compared to the volume of 1¢,25(0H),D,; which is
expectable since both contain an additional side chain. The pocket volume changes in
case of Gemini and Ro43-83582 are dependent on the conformation of the ligands.
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For Gemini I (inactive) (V, Fig. 1B) there is an increase of about 7.2 %, but for Gemini
IT (active) (V, Fig. 1B) it is already 18.5 %. The later suggests a directly proportional
volume change since the ligand volume of Gemini II is also increased by about 19 %.
In case of Ro43-83582 the accommodation of the pocket seems to have a different
trend compared to that of Gemini. In both conformations, I and II, there is a small
increase of the pocket volumes about 2.5 % and 9.5 %, respectively. The values for
Ro43-83582 I suggest tighter packing of this conformation in the pocket. Hence, the
ligand volume increase is 23.8 % but the ligand-binding pocket volume increase is
only 2.5 %.

In addition, we calculated how much of the pocket volume is occupied by the
respective ligand. While 1a,25(0OH),D; occupies 55.9 % of the pocket, for MC1288 it is
66.5 %. Interestingly, Gemini [ (62.8 %) fills up the pocket more than the active
Gemini 1T (56.4 %). Ro43-83582 1I and I occupy 63.7 % and 67.5 % volumes of the
pocket, respectively.

In summary, the above-mentioned values allow the grouping of the ligands
according to how much they fill the ligand-binding pocket of VDR. 1a,25(0H),D, is
in one group with Gemini II. MC1288 is grouped with Ro43-83582 I, and Gemini I
and Ro43-83582 1I are between the two mentioned groups. MC1288 and Ro43-83582 1
are close to each other in their functional properties and they represent the strong
agonists with profound physiological effects.

5.4.2 Dynamics of the selective amino acids in the ligand-binding
pocket

We chose representative amino acids from clustered groups I, V, IX and XIV in
order to find out whether the transfer of the information from the ligand in the
pocket to the surface requires these amino acids. We made the mutations of these
amino acids F150A, Y295A, A303V, L309A, L309F, H397A, and F422A. We tested the
ligand inducibilities of wild type and mutant receptors in luciferase reporter gene
assays (V, Fig. 4A). Only L309F was showing values close to the inducibility of the
wild type. Contrariwise mutants F150A, Y295A and F422A had inducibilities in the
range of 11-26 % compared to wild type. Interestingly, mutants A303V, L309A and
H397A showed agonist selective profiles. Remarkably the induction profile for
A303V starts at 17 % for 1a,25(0OH),D, and has a grading character with 53 % for
MC1288, 83 % for Gemini and finally achieving 157 % in case of Ro43-83582. The
mutation L309A is not well tolerated in case of agonists with one side chain although
in case of MC1288 the inducibility is 2.1 times higher compared to 10,25(0H),D,.
Although Gemini shows no change, Ro43-83582 has an increase of 30 % compared to
1a,25(0OH),D;. Introduction of a bulky phenylalanine at the same position
surprisingly reverses the adverse effects of L309A. There is no perceptible difference
in the induction of L309F compared to wild type.

To investigate the CoA interactions of the mutants, we carried out supershift
experiments (V, Fig.4C). The closest profile to that of the wild type (V,
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Fig. 4Clanes 1-5) is L309F (V, Fig.4C lanes26-30) supporting the results from
luciferase reporter gene assays. On the other hand, Y295A, H397A and F422A are not
able to interact with CoA. Ro43-83582 can still induce the CoA interaction in case of
mutants Y295A (V, Fig. 4C lane 15) and H397A (V, Fig. 4C lane 35), but not for F422A
(V, Fig. 4C lane 40). Very surprising is the result for F150A in case of Gemini (V,
Fig. 4C lane9), which suggests that the mutation FI150A abolishes the CoA
interaction and is required for the efficient information transmission from the pocket
to the surface. This mutation may stabilize the receptor in the inactive conformation
and thereupon it is not able to interact with CoAs.

Taken together, the shrinking of the ligand-binding pocket in the complex with
MC1288 as well as its expansion in order to accommodate the second side chain of
Gemini or Ro43-83582 is the combined result of minor movements of multiple
residues and major movements of a few critical amino acids.

5.4.3 Agonist-selective rearrangement of the hydrophobic residues in
helices 6 and 7 and the loop between them

In the superimposed structures, the regions showing the biggest difference were
helices 6 and 7. Since the amino acids A303 and L309 are located in this region we
were interested in the detailed arrangement of their neighbor residues. We focused
mainly on the amino acids with hydrophobic character since the mutants A303V,
L309A and L309F represent interventions that may change the hydrophobicity of this
region and may have an effect on interactions with other apolar residues. We
identified four residues (V300, 1310, L313 and L393) that may have an interaction
with A303 or L309. In addition we considered the interaction of these residues with
the groups located at the atoms C21, C26 and C31 in case of the ligands with two side
chains. We visualized and measured the distances of the interacting hydrophobic
amino acids for this region of the LBD (V, Fig.5). The detailed structures show
visible movements and agonist-selective rearrangements of the picked hydrophobic
amino acids that may be the origin of the ligands’ selectivity. Particularly interesting
is the preference of the agonists for the use of amino acids to fix their aliphatic side
chains through anchoring hydroxyl groups. The only exception is MC1288, for which
the distances between the ligand’s hydroxyl groups and the contact residues H397
and H305 are identical to those found in 10,25(OH),D,. However, the selectivity for
MC1288 can be found elsewhere and it has its origin most likely in the
rearrangement of the specific hydrophobic residues. Five residues show smaller
deviations in their positions compared to 1a,25(OH),D,. Surprisingly, the distance
between A303 and C26 is 4.3 A while in case of 1¢,25(0H),D, it is 5.6 A. This may
explain also the 2.1 times higher inducibility for A303V where a more hydrophobic
valine was introduced. In case of Gemini and Ro43-83582, the situation is
conformation-specific and they both use different stabilization of the side chains.
Paradoxical is the case of Ro43-83582 1, which does not require the residue H397 for
its stabilization. Instead, it uses alternatively the carbonyl backbone group of L309.
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This observation is consistently confirmed by experimental data (V, Fig. 4A and C
lane 35). Although Gemini I implies the same model, it has to be noted that in this
case F422 is repositioned (V, Fig. 3), and therefore the active conformation cannot be
achieved. On the contrary, this residue takes practically an identical position in Ro43-
83582- and 1¢,25(0OH),D,-bound structures.

In summary, the flexible region of helices6 and 7 shows agonist-specific
rearrangement of the residues forming a hydrophobic core. In addition, the
utilization of the anchoring hydroxyl groups by different ligands is also shown to be
ligand-specific. This finding is consistent with the mutational analysis in in vitro
experiments and the visualized conformation-specific stabilization of the two side
chains of Gemini and Ro43-83582.
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Chapter 6

Discussion

6.1 Mechanism of the constitutive activity in human
and mouse CAR and human PPARs (I and III)

6.1.1 Constitutive activity of NRs

The comparison of the crystal structures of apo-RXR [Bourguet et al., 1995] and
holo-RAR [Renaud et al., 1995] led to the formulation of the “mouse-trap” model
[Moras et al., 1998], in which helix 12 acts as a lid to the ligand-binding pocket of the
LBD. However, the movement of the helix12 from apo-states to agonist
conformations in orphan receptors such as PPARs questioned this model because the
dynamics of the helix 12 is not so prominent [Nolte et al., 1998].

An elegant model has been developed to explain the activation of classical
endocrine NRs, but no uniform mechanism has been suggested for the structural
basis of the modulation of activity and stabilization of the apo-receptors for adopted
orphan and orphan NRs [Steinmetz et al., 2001]. CAR, LRH-1, SF-1, ERR3, RORs, and
HNF-4 are NRs, which display vivid constitutive activity, notwithstanding the fact
that some of them, such as RORs, were co-crystallized with cholesterol sulfate
[Kallen et al., 2002] and retinoic acid [Stehlin-Gaon et al., 2003], respectively. Others,
such as HNF-4a and y have a constitutively bound lipid in their ligand-binding
pockets [Wisely ef al., 2002]. The recent finding that phosphatidylinositols are ligands
for SF-1 and LRH-1 enlarged the group of NRs that exhibit constitutive activity and
could be modulated by ligands [Krylova et al., 2005]. To date, there are no high
affinity natural agonists identified for human and mouse CAR, but the possibility of
binding xenobiotics such as TCPOBOP and CITCO suggests that CAR did not loose
during the evolution its ability to bind ligands despite its high constitutive activity
[Baes et al., 1994]. All these results suggest that the constitutive activity is not in
contradiction to the ability to bind ligands. For these receptors the conditional
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induction after ligand binding may represent an additional way by which they
modulate their activity.

The results presented in this thesis demonstrate that CAR and PPARs display
high constitutive activity in the absence of agonists, which is due to ligand
independent CoA association. The molecular basis of this behavior is the stabilization
of the helix 12 in the active conformation via inter- and extra-molecular interactions.

6.1.2 Mechanism of the constitutive activity in human and mouse
CAR

In case of CAR, the helix 12 is stabilized by at least three different direct contacts
with the partner amino acids from helices 4 and 11. In detail, these contacts are in
human CAR L343-1330, C347-Y326 and K195 with the oxygen from the
C-terminal carboxy group of C347. In mouse CAR, these stabilizations are analogous
[Frank et al., 2004]. The interaction between the C-terminus and K205 in mouse CAR
was previously reported by Dussault ef al. [Dussault ef al., 2002] and we confirmed
this interaction for human CAR. This interaction seems to restrict the mobility of the
short helix 12, which becomes effectively fixed and rigid in the active conformation.

We obtained all our data at the time when crystal structures for human and
mouse CAR were still unavailable. Despite of this we identified the residues L343
and 1330 as critical for the constitutive activity [Frank et al., 2004]. Later, the human
CAR LBD homology models suggested that even without ligand, helix 12 adopts the
active conformation because of hydrophobic interactions of L343 with LBD residues
Y326 and 1330, and of 1346 with residue V199 [Jyrkkarinne ef al., 2005]. The recently
published crystal structures for human and mouse CAR [Shan et al., 2004; Suino et al.,
2004; Xu et al., 2004] brought important insights into the molecular basis of the
structural features that underline the constitutive activity of this receptor. L343 and
1330 with other apolar amino acids are part of the hydrophobic core, which is
between helices 11-12 and helices 3 and 4-5. This hydrophobic core is conserved in
other NRs such as PPARs [Molndr, unpublished results] and probably its primary
role is helping in protein-folding and in the stabilization of the protein scaffold.
Although the other interaction C347-Y326 was not observed in the structures, Y336 in
mouse CAR has a critical role in the TCPOBOP-induced activation where it makes
hydrogen bonds with N175 to strengthen the rigidity of the region where helices 11
and 12 are located. Furthermore, this residue is rather critical in the dynamics of
inactivation of the receptor by androstanol.

In addition to these specific interactions and the presence of the hydrophobic
core there are other structural elements that stabilize the helix 12 in the active
conformation in the absence of a ligand. One of them is the presence of the shortest
linker helix known amongst the NRs, between helices 11 and 12. The stability of this
linker region has been shown to affect the active position of helix 12 [Ueda et al.,
2002].
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6.1.3 Structural basis of the constitutive activity of human PPARs

It has been earlier shown that for active VDR the distance between the residues
forming the charge clamp E420-K246 is 19 A [Viisanen et al., 2002]. Interestingly, this
distance in the adopted orphan NRs such as ERR3 (19.36 A), mouse LRH-1 (19.63 A)
and CAR (18.3 A) is maintained suggesting that the one requirement for the active
state of a receptor is the distance between the charge clamp residues. We found that
for the apo-PPARy, this distance is 19.9 A. This shows that the receptor is able to
achieve the active conformation even in the absence of agonist. Furthermore, in vitro,
in gelshift and luciferase reporter gene assays this receptor showed a ligand-
independent CoA association, which has its origin in the ligand-independent
stabilization of the helix 12. These findings represent a paradox since PPARs are
sensors for fatty acids and some endogenous ligands have been identified for them
[Forman et al., 1995; Fu et al., 2003].

The overexpression of CoRs such as NCoR, in model cell lines, led to a significant
reduction of the basal activity. This means that a massive increase of CoRs in relation
to endogenous CoA proteins apparently leads to an exchange of CoAs against CoRs
as PPAR-associated proteins and the basal activity is reduced as a result.
Interestingly, this process may happen in the presence of endogenous fatty acids
within the ligand-binding pocket of the PPARs, however it is not largely influenced
by it. We showed that only a high affinity agonist such as rosiglitazone is able to
reverse this state. This suggests that only a specific ligand has the potency to
overcome repression caused by high amounts of CoR, whereas endogenous fatty
acid ligands are unable to do so. Another argument showing the minor influence of
the endogenous ligands comes from the mutant Y501A. This residue is essential for
agonists in order to activate the receptor and induce the active conformation [Gampe
et al., 2000], since it is a direct ligand contact point in helix 12. Hence results from our
study indicate that the mutant Y501A has blunted ligand inducibility in the presence
of rosiglitazone but its basal activity is not reduced compared to the native receptor.
This suggests that endogenous ligands cannot influence the basal activity of PPARs
effectively, however they can modulate their inducibility.

From the obtained data, we suggested that the helix 12 region contributes 75% to
the basal activity of PPAR, but the remaining 25% of the activity might come from
the interaction of the AF-1 domain with other CoAs, since many investigators have
shown that this region contribute to the basal activity of the receptor [Castillo ef al.,
1999; Gelman et al., 1999; Juge-Aubry et al., 1999]. Although there might be a direct
link between the two domains in the ligand-independent activation, we focused our
studies mainly on the mechanisms that involve ligand-independent stabilization of
helix 12.
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6.1.4 Molecular mechanism of ligand-independent stabilization of the
helix 12 in human PPARs

As described above, the origin of the ligand-independent CoA association
appears to be the stabilization of the helix 12 in the apo-PPARs. This is achieved by at
least four groups of amino acids. These amino acid groups represent interactions
with distinct character.

In the first group, there are residues K329 and E499 that form the charge clamp,
which is essential for CoA docking [Heery et al., 1997]. This interaction is rather well
conserved in the NR superfamily except for Nurr-1, which has a reversed charged
clamp E422 (helix 3) and K590 (helix 12). Interestingly, no known CoA motif has been
found to interact with its LBD [Wang et al., 2003c].

The second group includes K347 and D503, residues that interact together and
additionally contact the CoA motif. This interaction is also conserved in both human
and mouse CAR and was discussed earlier (for details, see Chapter 6.1.2) [Dussault ef
al., 2002; Frank et al., 2004; Suino et al., 2004; Xu et al., 2004].

The third group represents the charged amino acids E352, D424 R425 and R471,
which form a hydrogen bond interaction network with Y505 (helix 12). Y505 is the
very last residue in the helix 12 and it is conserved between all the subtypes. This
interaction is receptor-specific since an analogous interaction in other receptors
would require a helix 12 whose length would be 11 amino acids and the last one has
to be an amino acid with a long side chain capable of making hydrogen bonds. The
residue R425, from the loop between helices 8 and 9, has a naturally occurring
mutation R425C that results in familial partial lipodystrophy [Agarwal et al., 2002].
The R425C mutation disables the stabilization of helix 12 and in addition affects the
overall stability of the LBD. However, a high affinity PPAR-specific ligand such as
rosiglitazone would increase the stability of helix 12 and may be effective in
overcoming the effect of the mutation.

In the fourth group amino acids H351, H477, Y355 and Y501 are included.
Although some of these amino acids make contact with rosiglitazone [Gampe et al.,
2000], there is a network of hydrogen bonds formed between these residues even in
the absence of this ligand. In addition, there is a stacking interaction between the two
phenyl groups of the tyrosines. When rosiglitazone is bound to the ligand-binding
pocket, it expands this network and makes the stabilization of the helix 12 stronger.
This is the molecular mechanism of the ligand-dependent stabilization of the active
conformation.

82 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 179: 1-115 (2006)



Discussion

6.2 A structural basis for the species-specific
antagonism of 26,23-lactone analogs on vitamin D
signaling (1)

6.2.1 Species-specific affinity of the ligands

The observation that some ligands have different affinities for rodent and human
receptors is not unique. A good example is the aryl hydrocarbon receptor, which in
humans shows lower affinity for its ligands than the murine receptor. This difference
is due to the variation of one amino acid at position 301. In the human protein it is a
valine residue whereas in the murine orthologue it is an alanine [Ema et al., 1994].
Another example is the xenobiotic receptor PXR for which it was shown that some
receptor agonists are mouse and others human specific. SR12813 is a human PXR
specific agonist that cannot activate the mouse orthologue. The mutation of four
residues in mouse PXR can “humanize” the previously insensitive receptor, which
results in an activation by SR12813. Finally, residue L308 is responsible for the
rifampicin sensitivity of the human PXR. The mutation of this residue to
phenylalanine, a residue found in rat PXR, reduces the apparent affinity of this
receptor to rifampicin induction [Tirona et al., 2004].

6.2.2 Molecular mechanisms for the species-specific differential
profiles of ligands

The observation that the same ligand shows opposite profiles when bound to
human and rodent receptors is rather rare. One example is for CAR, which can bind
a large variety of compounds. Meclizine, an antiemetic drug, shows in case of mouse
CAR an agonistic profile and at the same time it is an inverse agonists for human
CAR. However, the molecular mechanism of this species-specific ligand profile was
not fully investigated [Huang et al., 2004].

TEI-9647, the 26,23-lactone derivate of 1a,25(0OH),D,, shows very similar profile
to that of meclizine. In respect to mouse CAR, we showed that TEI-9647 displays
species-specific profiles for VDR, where in rat cells it acts as an agonists but in
human cells it acts as an antagonist. The molecular basis of this species-specific effect
is the different binding mode of TEI-9647 in rat and human VDRs. For agonistic
action in rat VDR it requires two residues 5403 and N410 from the loop region
between helices 11 and 12, which are not present in human VDR. Although it can
bind to the human receptor, the lactone ring of TEI-9647 is not efficient in forming
the critical interaction H397-ligand-F422 [Rochel et al., 2000], which would require
the aliphatic chain present in 1,25(OH),D;. The bulky lactone ring of TEI-9647
disturbs the exact positioning of helix 12, which results in a decreased interaction
with CoA proteins. The displacement of helix 12 by TEI-9647 is much weaker than
that by the pure antagonist ZK168281, so that only the 26,23-lactone but not the
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25-carboxylic ester is affected by the increased interaction potential of 5403 and N410
in rodent VDR.

ZK168281 and TEI-9647 represent the two different groups of antagonists for
VDR. ZK168281 shows a functional affinity towards VDR that is comparable to that
of 1a,25(0OH),D;, while that of TEI-9647 is at least 10-fold lower . With wild type
VDR, both ZK168281 and TEI-9647 stabilize a subpopulation of all VDR molecules in
the antagonist-specific conformation. However, it has been previously established
that each of them stabilize the LBD in slightly different antagonistic conformations
[Toell et al., 2001].

Selective antagonism as exhibited by TEI-9647 appears to be a complex
phenomenon that arises through the interplay of a number of factors, such as
differential ligand effects on the transactivation of the NR, the type of cofactor
recruited as well as cell and promoter contexts. So far, the partial antagonism of
TEI-9647 has been explained by a reduced interaction of VDR with RXR and/or the
CoA SRC-1 [Ozono et al,, 1999]. An alternative explanation involving covalent
binding of this ligand to VDR has been excluded in a separate study [Bula et al.,
2000]. This antagonism displays species-specific differences and was shown to be
more potent in human osteosarcoma and promyelocytic leukemia cells [Miura et al.,
1999a; Miura ef al., 1999b; Ozono ef al., 1999]. In contrast to this, in a rat in vivo model,
the action of TEI-9647 could not convincingly be distinguished from that of a weak
VDR agonist [Ishizuka et al., 2001].

6.3 Antagonist- and  inverse-agonist triggered
conformational changes in the LBD of human
VDR, human and mouse CAR (IV)

6.3.1 Unified classification of antagonists and inverse agonists

We demonstrated that ZK168281, clotrimazole and androstanol, despite of their
divergent chemical structures, do have comparable effects on the CoR recruitment of
VDR and human and mouse CAR, respectively. This led us to the conclusion that
antagonists of endocrine NRs and inverse agonists of adopted orphan NRs may be
considered as one class of ligand. The primary function of the inverse agonists seems
to be to lower the ligand-independent constitutive activity in case of some adopted
orphan NRs like CAR and PPARs, while antagonists show their potential mostly in
cases, where they are present together with an agonist. The joint class of antagonists
and inverse agonists is clearly distinguishable from the class of agonists, even if the
functional profile of CITCO suggests some overlap between them. The dualistic
profile of CITCO is not unique since there has been identified other compounds, such
as estrogens, for CAR with similar effects [Makinen ef al., 2003].
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Agonists and antagonists/inverse agonists compete at the same time for the
binding to the ligand-binding pocket and thus the effective agonist-antagonist or
agonist-inverse agonist ligand couples should have comparable range of affinities for
the NR LBD. The VDR antagonist ZK168281 has the same affinity (K; = 0.1 nM) for
VDR as the natural agonist 1¢,25(0OH),D; [Bury et al.,, 2000], but its extended side
chain pushes helix 12 from its agonistic position [Vaisanen et al., 2002] and directly
contacts and stabilizes CoR’s RID. These properties make ZK168281 a more potent
regulator of the cofactor exchange than the inverse agonists clotrimazole and
androstanol.

6.3.2 Why is it difficult to classify ligands?

The molecular mechanism common to both antagonists and inverse agonists is
the promotion of NR’s interaction with CoRs and the disabling of its contacts with
CoAs. In contrast, NR agonists have an opposite action since they favor CoA
interaction and prevent CoR association. The ligands in this study demonstrate that
there are intersections in the profiles between these adjacent states. The potential of
the ligand to show one and/or another profile is receptor specific. A good example
of this is clotrimazole, which prevents CoA association with human CAR but only
weakly recruits CoRs. On the contrary CITCO, the human CAR agonist, supports
interactions with both CoAs and CoRs. In particular the latter example raises the
question, whether the simplistic view that one ligand can recruit only one type and at
the same time disable the interaction with cofactor of the opposite class is valid for all
compounds. An alternative explanation may be that the larger ligand-binding pocket
of adopted orphan receptors allows the binding of a relatively small ligand, such as
CITCO, without inducing major changes in their conformation. Human and mouse
CARs are able to bind in their apo-states both CoA and CoR proteins. This suggests
that the ratio between CoA and CoR proteins in vivo may be a critical parameter in
determining the active and inactive state of the receptor and the ligand serves as a
lock to further stabilize it.

6.3.3 The mechanism of ligand antagonism or inverse agonism

Although it is very difficult to characterize the ligands according to their
physiological properties, it is rather simple to summarize the mechanism of ligand
antagonism and inverse agonism. Antagonists and inverse agonists can be classified
into groups based on the structural changes they induce. Most of them induce a
major change in the position of the helix 12, which is subsequently displaced from its
active position. The ligands, which are able to initiate this process, contain either long
aliphatic chains or bulky moieties like the antagonists ZK168281 and GW6471 [Xu et
al., 2002]. This part of the ligand is then perturbing to the space where the active
helix 12 is located and thus it has to move away. A different way of repositioning the
helix 12 is to use the rigid part of the molecule, initiate there a conformational change
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and start a cascade of structural changes, which will then lead to a rearrangement of
the position of helix 12. The classical example of this mechanism is androstanol,
which induces a change between the helices 10 and 11 of mouse CAR, which then
finally influences the dynamics of helix 12 [Shan et al., 2004]. The next group of
antagonists has completely different mechanism of action. Good examples are the
peptide antagonists of AR and ER that contain LXXLL motifs. They can effectively
block androgen or estrogen signaling by preventing the association of these NRs with
required coactivators [Chang et al., 2005; Hall et al., 2000]. Theoretically, there might
be possibilities for the ligands to influence the heterodimerization or DNA-binding
as well.

6.3.4 Similarities in the interactions of CoAs and CoRs with NRs

According to the "mouse-trap” model, helix 12 has a central role in determining
the agonist-triggered interaction of NR-LBDs with CoA proteins [Moras et al., 1998]
and this has been proven extensively in many studies. For apo-NRs, which should be
able to interact with CoR proteins, the model suggests free movement of helix 12 as
observed in the RXR-LBD crystal structure [Bourguet et al., 1995]. Amino acids that
were identified in this study as being important for CoR interaction, such as the
conserved lysines in helices 3 and 4, have already been described to be critical for the
CoA contacts of the respective receptors [Frank et al., 2004].

There is a conjuction of the surfaces on the outer area of LBDs which is used for
interactions by CoA and CoR RIDs, respectively [Li et al., 2003]. The difference
between the two RIDs is that the LXXLL CoA motif adopts a two-turn a-helix while
the LXXXIXXXL/I CoR motif adopts a three-turn a-helix instead [Li et al., 2003]. The
longer CoR motif would make a steric clash with the helix 12, which in order to allow
the interaction with CoR has to change its position. Many critical hydrophobic
interactions are required for the stabilization of both motifs. We did not directly
address the question of these apolar interactions, but we confirmed that CoA and
CoR proteins use an overlapping region on the surface of NR LBDs for their binding.

6.3.5 A model for the fixed helix 12 by a CoR RID

It has been shown in in vitro studies that NRs lacking their helix 12 interact the
most efficiently with CoRs [Zamir et al, 1996]. However, the truncation of the
helix 12 occurs rarely in vivo in NRs and thus they have to deal with its presence
when CoRs are bound. We proposed a model of a fixed helix 12 via CoR, which is an
energetically more favorable state for the receptor than a free-floating helix proposed
by the "mouse-trap” model. Although this stabilization is favorable for the NR, it has
no advantage for the CoR interaction. This model would explain why the mutants of
the contact points between helix 12 and the NCoR RID show only minor effects, if
any at all, on CoR association when compared with the mutants of the salt bridge
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between the conserved lysine in helix 4 and E2278 in the NCoR RID. For CoR-NR
LBD interactions, the latter salt bridge seems to have the same critical impact than
the charge clamp between the conserved lysine in helix 3 and the glutamate in helix
12 has for CoA interactions. It is remarkable that the glutamate in helix 12 is
changing its spatial position upon binding to CoA or CoR while the positions of the
two lysines in helices 3 and 4 are ligand-independent and stay fixed. This would
partially explain why endocrine NRs favor CoR interactions in the absence of
ligands. This seems not to be the case of adopted orphan NRs such as CAR and
PPARs, which display constitutive activity, since the ligand-independent
stabilization of their helix 12 prevents their association with CoR RIDs [Frank et al.,
2004; Molndr et al., 2005]. However, this behavior can be observed in cellular systems
only under normal physiological ratios of CoRs and CoAs.

6.4 Molecular basis for the agonist-induced selective

modulation of the ligand-binding pocket volume
in the human VDR (V)

6.4.1 Molecular mechanism of MCI1288-induced conformational
changes

Biochemical analysis suggested that the binding of 20-epi analogs such as
MC1288 and KH1060 [Binderup et al., 1991] to VDR’s ligand-binding pocket induces
conformations distinct from that induced by the natural hormone [Peleg et al., 1995].
This model additionally proposed that the contact points used by 20-epi analogs with
VDR are different from those used by 1a,25(0OH),D,. However, the model was not
supported by the crystal structures [Tocchini-Valentini et al., 2001] and the results
presented in this thesis. We tried to provide an explanation for the molecular origin
of the agonist-specific action. The structural comparison of the 1a,25(0OH),D;- and
MC1288-bound structures revealed a region between helices 6 and 7, which shows
the highest differences. This region is opposite to helix 12 and both regions serve as a
cap for the ligand-binding pocket. In the region between helices 6 and 7, we
identified four hydrophobic residues V300, 1310, L313 and L393 that may interact
with A303 and L309, the critical residues showing agonist-specific profiles. In
addition, we considered the interaction of these residues with the groups located at
the atoms C21, C26 and C31 in case of the ligands with two side chains. The
determined distances showed that five of the nine measured distances are shorter in
MC1288 than in 10,25(0OH),D,-bound structures suggesting the tighter packing of
this region with stronger hydrophobic core. Although these differences are not
visible in the crystallized structures [Rochel et al., 2000; Tocchini-Valentini et al., 2001]
we created our structural models in the presence of CoA peptide, which may help to
stabilize the LBDs in a more natural state and thus emphasize the differences
between the two structures.
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6.4.2 Molecular mechanism of Gemini- and Ro43-83582-induced
conformational changes in the LBD

Gemini and its derivates represent, from a mechanistic point of view, the most
interesting analogs of 10,25(0OH),D; since they carry two side chains [Herdick et al.,
2000; Norman et al., 2000; Uskokovic et al., 1997]. In this study, the superimposed
Gemini, Ro43-83582 and 10,25(0OH),D; structures showed the very same region of
difference as in case of MC1288, the region between helices 6 and 7. This region of
differences was in agreement with the partial results available from the zebra fish
crystal structure bound Gemini, when compared to 1a,25(OH),D, [Ciesielski et al.,
2004]. We looked at the earlier described hydrophobic core (for details see chapter
6.4.1) and found similar changes like in case of MC1288 that seems to be the
molecular mechanisms for superagonist-specific actions of these analogs.

6.4.3 Selective modulation of the ligand-binding pocket volume

In the currently crystallized structures, the size of the ligand-binding pocket
range from = 0 A? in case of Nurr-1 to = 1400 A® for PPARy LBDs [Benoit et al., 2004;
Li et al., 2003]. However, the present understanding of the ligand-binding pocket
changes is rather static since not many extensive studies have been conducted to
investigate the pocket volume dynamics in the presence of different ligands. We
showed that in the presence of MC1288 the pocket is shrinking by 17.2 %, but on the
contrary, Gemini and its derivatives expand the pocket 7-19 %. This increase is
understandable since the volume of these ligands is 20-25 % bigger than the volume
of 10,25(0OH),D,. However, the change in the pocket volume is not proportional to
the increase of the ligand’s volume.

Beside this, we also calculated how much of the pocket volume is occupied by
10,25(0OH),D,, MC1288, Gemini I and II, and Ro43-83582 I and II. From these data,
we propose that the superagonistic action of the ligands may be a function of the
occupied volume in the pocket. We grouped the ligands according to this parameter
into two groups. In the first group there is 1a,25(0H),D, together with Gemini II and
they fill up 56 % of the pocket. The second group includes MC1288 and Ro43-83582 I
and they are occupying 67-68 % of the pocket. Gemini I (62.8 %) and Ro43-83582 11
(63.7 %) represent the junction between these two groups.

The “pocket-filling” feature of ligands may be of valuable importance in judging
the potential of the agonists” actions. However, it has to be noted that it is necessary
in the process of ligand evaluation to calculate the pocket and the ligand volumes for
respective compounds individually, since the use of “default” volume from the
1a,25(0OH),D;-bound structure would give biased information. We suggested that
superagonistic action of the ligands might be the function of the occupied volume in
the pocket. However, it is always advisable to look at the same time for additional
changes or deformations caused by the evaluated ligand in the pocket like
repositioning of critical residues.
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6.4.4 Ligand-binding pocket volume calculations

For the calculation of the ligand-binding pocket volumes in VDR we used
Voidoo software (for details, see Section Material and Methods 4.10.2). In many
recent crystal structure publications it is unfortunate that the authors did not
mention the software or algorithms and parameters used in these calculations.
Depending on which algorithms and parameters are used in the calculations, the
obtained results may vary. Because of this it is not advisable to compare the absolute
volumes of the cavities obtained from different sources and studies. The only
possible way is to apply the same calculation method for all the evaluated NR
structures and then make a comparison.

A good example of this paradox is the determined ligand-binding pocket volume
of VDR by Rochel el al. [Rochel et al., 2000], algorithm used for PDBSum database
[Laskowski, 2001; Laskowski et al., 1996] and my own calculation where the values
were 697 A% 940 A® and 776 A% respectively. The largest difference between the
calculated pockets is 26 %. Even though Rochel et al. and I used the same software,
the results differ by 10 % from each other. This is probably due to the different probe
radius and grid plot set used in the calculations. Rochel et al. used the software with
its default parameters (probe radius=1.4 and grid plot=0.7) while I had user-defined
parameters (probe radius=1.9 and grid plot=0.5). My results may be closer to the real
volume of the pocket since bigger volumes represent more accurate results [Xu HE,
personal communication] and the smaller grid plot makes more meshes in the
curvature of the calculated surface and therefore the calculated volumes are bigger.

Despite of this, the differences are only present in the absolute calculated
volumes. For comparative purposes we suggest to use relative volumes where one of
the pocket volumes is set to 100 % and the others are compared to it. The relative
volumes show minor changes, if any, when different parameters are used for the
calculations of the same set of structures.

6.4.5 Energy transmission in the LBD of NRs

Allosteric energy transmission is fundamental for many biologic processes like
activation of G-coupled proteins via ligands [Menon et al., 2001], regulation of the
catalytic activity of tyrosine kinases [Young et al, 2001] and ligand-dependent
activation of NRs [Mangelsdorf et al., 1995]. In all cases, the functional output of the
protein depends on independent activity of the functional surfaces, but the efficient
coupling and transmission from one surface to the other determines the final
response [Shulman ef al., 2004]. The LBD of NRs contains four structurally distinct
but functionally linked surfaces: (1) ligand-binding pocket, (2) cofactor binding
surface, (3) helix 12 and (4) heterodimerization surface.

In case of VDR, one of the long-range energy interactions transmits the
information from the ligand-binding pocket out to the surface of the protein
influencing directly the function of the receptor. Although I presented in this thesis
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the data that investigated whether the transmission of the information from the
ligand-binding pocket to the surface requires amino acids F150, Y295, A303, L309,
H397 and F422, the characteristics of the energy architecture that connects these
residues with other functional surfaces remain still unknown. Unfortunately, crystal
structures provide a limited view of protein energetics, and traditional structure-
function studies cannot always identify the functional coupling of the residues.
Although MD simulations may partially help to overcome these problems, the task
to identify a set of residues involved in the energetic architecture of the NR LBD
remains a challenging problem and awaits further investigation.
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Chapter 7

Summary and Conclusions

In conclusion, the five scientific papers, on which this thesis is based, represent a
detailed investigation of the structural basis of the dynamic properties of the LBDs of
CAR, VDR and the PPARs. We made a systematic examination of the ligand-protein
interactions, cofactor-LBD interactions and functional properties of NRs such as
constitutive activity. Our studies were primarily directed towards molecular
understanding of the mechanisms of these processes.

Mechanism for the constitutive activity of human and mouse CAR (I)

This study indicated that the constitutive activity of the adopted orphan NR
human CAR is mediated by at least four contacts. In detail, there is a direct
interaction between amino acids L343-1330, C347-Y326, K195-C-terminus and an
indirect interaction between K177-E345 creating the charge clamp. Mouse CAR uses
orthologous amino acid contacts for the same purpose, but the relative impact of
each of the interactions is species-specific. The later interaction, the glutamate-lysine
charge clamp, is rather conserved throughout the NR superfamily. The hydrophobic
interaction between a pair of large non-polar amino acids in helices 11 and 12 was
shown to be the structural basis of the ligand-independent activity of constitutively
active NRs and is not used by the endocrine members of the NR superfamily. Three
out of four contacts identified in our study were confirmed by recently published
crystal structures.

Specific ligand selective conformational changes in human and rat
VDR leading to an explanation of species-specific antagonism (II)

In this study, we aimed to reveal the specific mechanism of TEI-9647 action by
using species-specific differences. We found that the bulky lactone ring of this
compound disturbs the exact positioning of helix 12 and therefore blocks the
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interaction with CoA proteins. Furthermore, in rat cells, we found that the residual
agonistic activity of TEI-9647 was higher than that observed in human cells. We
found that this is because the rodent-specific amino acids 5403 and N410 display
more and stronger interactions with TEI-9647 than C403 and C410 in humans. This
results in the loss of the antagonist function of TEI-9647 in rodents.

Mechanism for ligand independent CoA interaction in the human
PPARs leading to recognition of their constitutive activity (III)

Here we demonstrated that human PPARs show ligand-independent CoA
association comparable with the NR CAR. Using PPARy as an example, we found
that four different amino acid groups contribute to the ligand independent
stabilization of helix 12 of the PPAR LBD. These are: (I) K329-E499, mediating a
charge clamp-type stabilization of helix 12 via a CoA bridge; (II) E352, D424, R425,
R471 and Y505, directly stabilizing the helix 12 via salt bridges and hydrogen bonds;
(IIT) K347-D503, interacting with each other as well as contacting the CoA; and (IV)
H351, Y355, H477 and Y501, forming a hydrogen bond network. These amino acids
are conserved within the PPAR subfamily, suggesting that the same mechanism
applies for all three PPARs. Taken together, the ligand independent tight control of
the position of the PPAR helix 12 provides an effective alternative for establishing an
interaction with CoA proteins. Therefore, PPARs more likely should be considered as
active NRs in the absence of agonist, and their functional profile should class them
close to the group of NRs with constitutive activity, such as CAR, RORs and LRH-1.
The recognition of the constitutive activity of PPARs provides an additional view on
PPAR signaling.

The antagonist and inverse agonist-triggered conformational changes
in the LBD of human and mouse CAR and VDR (IV)

The ligand-triggered dynamic exchange of CoA and CoR proteins bound to NRs
is the molecular basis of the action of agonists, inverse agonists, and antagonists. The
structural determinants of the antagonist and inverse agonist-triggered interaction
VDR and human and mouse CAR with the second RID of NCoR led to the main
conclusion of this study that antagonists of endocrine NRs and inverse agonists of
adopted NRs have a comparable functional profile. The second important finding of
this study is the stabilization of helix 12 in all three receptors by direct contacts with
residues of the CoR. However, in contrast to the CoA interaction, which is dependent
on a fixed position of helix 12, this helix is not needed for CoR interaction. In fact,
helix 12 has to move from its position in the agonistic LBD conformation to a
perpendicular position, where it does not disturb the contact between the LBD and
the CoR. Therefore, fixation of the helix 12’s position in the antagonistic/inverse
agonistic conformation is only energetically favorable but of no specific function. The
molecular mechanisms that explain the comparable functional profile of antagonist
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and inverse agonists are likely to be extended from VDR and CAR to other members
of the NR superfamily and may lead to the design of even more effective ligands.

Mechanism of agonism of the ligands with high affinity for human
VDR (V)

I presented in this thesis the data, which showed that the ligand-binding pocket
of VDR consists of 40 residues from which some are modulated by agonists. We
proposed here a dynamic model of the ligand-binding pocket that can change in
volume by 380 A®. We identified the amino acids A303, L309 and H397 that can
accommodate their position in an agonist-specific manner. They are located in
helices 6 and 7 in the region opposite to helix 12. These two regions create the lid for
the ligand-binding pocket. Moreover, in this region, we identified a hydrophobic
core consisting of nine apolar residues that interact between themselves as well as
with the hydrophobic parts of the ligands such as the methyl groups on C21, C26 and
C31. The changes in this hydrophobic core are probably one of the mechanisms of the
agonist-specific actions. Furthermore, we suggested that the ligand’s superagonistic
profile is dependent on the “pocket-filling” feature of the agonist. This may be a
valuable indicator when judging the potential of the agonists” actions.
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Chapter 8

Future Aspects

In the last decades structural biology has been proven to be important to the NR
research field. Although to date most of the NR LBDs have been crystallized, there
are still challenging tasks left concerning the group of “real orphans” that in many
cases have brought surprising observations. Many of the “real orphans” are still to be
crystallized and hopefully in the near future we will have a complete set of human
NRs protein structures. We are still missing the structure of a whole NR, which
would provide valuable information and extend our view on the structure-function
relationships in this protein family.

All the crystal structures available in the database have been helpful for a “smart
drug design” approach and the collaborative efforts of structural biologists,
cheminformaticians, structural bioinfomaticians and medicinal chemists have shown
that there are many possible routes to find new compounds as ligands for NRs. In
the near future many non-traditional ligands are expected to be taken into practice
such as two-side chain analogs for VDR, and ligands with profiles leading to the
recruitment of specific cofactors in specific tissues. New inverse agonists and partial
agonists may represent the next wave of modulators for changing the properties of
the constitutively active receptors. In addition, the dynamic attributes of NRs such as
cavity modulation, information flow to the surface of the receptor and dynamic
exchange of cofactors should be taken into account when new ligands are being
designed.

In general, the crystal structures have provided valuable information, but in the
past few years, structural bioinformatics has contributed as an important
complement to the research field of NRs. Nowadays, many papers contain MD
simulations. However, laymen are accepting the new methods and their results with
particular skepticism. Nevertheless, these approaches have proven to provide
realistic data and particularly they have been shown to be useful when investigating
the dynamic properties of NRs. These methods are entirely dependent on the
computational power and thus the introduction of new computational algorithms
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and progress on the hardware will help to their further development. In the near
future the numbers of structural bioinformatics applications are expected to increase,
which may help in the investigation of bigger protein complexes.
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