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ABSTRACT

Nuclear Receptors (NR) function as transcription factors that regulate genes that affect
processes like reproduction, development and metabolism. The NRs are activated upon
a given signal, which can be a ligand binding or a chemical modification. When
activated, the receptors perform a conformational change that opens up interaction
surfaces on the ligand binding domain, where coactivators can bind and transcription of
the target gene can start. In this thesis the key events for NR activation, the ligand
binding/unbinding mechanism and interactions with cofactors, are studied. Furthermore
the communication between the ligand binding pocket and the cofactor interaction
surface was investigated.

To gain insight on the ligand unbinding mechanism we performed molecular dynamics
(MD) studies on two NRs. The unbinding mechanism from Retinoic Acid Receptor
(RAR) and Estrogen Receptor (ER) was studied with modified MD methods, random
acceleration MD and steered MD. In the RAR study 4 unbinding pathways of the
ligand retinoic acid were obtained, where one of the pathways were more likely than
the others. Thus ligand binding could be obtained without major conformational
changes on the receptor structure. In the ER study, three different ligands unbinding
from ER a and B was studied. The results showed that an ER agonist or selective
agonist could unbind from the receptor without causing major conformational changes,
while a slightly more bulky antagonist could not. Thus NR agonist and antagonist
would use different unbinding mechanisms. The results from the ER simulations also
showed variance in pathway preference between the different ligands. Differences
between the ligands and receptor subtypes might therefore also effect the unbinding and
hence influence ligand selectivity.

When the NR is activated an interaction surface becomes available and cofactors with a
conserved motif can bind. In MD studies of Liver Receptor Homologue 1 (LRH-1) and
Liver X Receptor (LXR), the interaction between different cofactor peptides and the
receptors were characterized. In the LRH-1 study, a specific interaction from an
aspartate to the motif was identified while the interactions between LXR and cofactor
peptides showed a less specific binding. Thus specificity between LXR-cofactors
should be found in other factors.

Cofactor interactions were also studied in the context of ligand binding. For LRH-1, a
bound ligand to the receptor caused different effects on the receptor- cofactor peptides
interaction. This indicates a communication pathway between the ligand and the
cofactor peptide, an allosteric communication. Allosteric signaling is difficult to study,
to do so we used a modified MD technique, anisotropic thermal diffusion method. With
this method we were able to identify an allosteric signaling pathway from a coactivator
peptide through LXR to the ligand in the ligand binding pocket.
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INTRODUCTION

Nuclear receptors (NR) are a protein family that regulates gene transcription. In the
cells the NRs play an important role as they are involved in the cell development,
differentiation, homeostasis and metabolism (reviewed in (1-3)). Due to their central
role in many cellular events the NRs have been identified as a drug target for cancer,
diabetes, hormone resistance syndromes and cardiovascular diseases. The growing
number of the population affected by problems controlled by NR have placed the NRs
as the second largest gene family for FDA (U.S. Food and Drug Administration)
approved drugs and the NR glucocorticoid receptor (GR) as one of the targets with the
most number of approved drugs (reviewed in (4)).

The NRs action is controlled by a signal, often small molecules called ligands. The
ligand binds the receptor’s ligand binding domain (LBD) which induces a number of
events and results in a change of the target protein production. Since drugs often are
small organic molecules, they can bind the NRs and resemble their natural ligand. In
such ways, a synthetic molecule can induce a biological response in the cell.

The mechanism for NRs action in the cell has been studied with various experimental
techniques. Molecular biology experiments typically relate a change in the environment
or in one of the components tested, to the amount of target protein produced. Doing so,
it is possible to determine how the tested variables affect the biological activity of the
receptor. Thus molecular biology studies of the NRs have highly contributed to the
understanding of what factors influence the mechanism of the receptors. To get a more
detailed explanation of the action of NRs, one can use structural biology experiments.
The structural biologist can determine the 3D structure of a protein and with help from
the molecular biologist, point out more exactly which part of the protein that is
responsible for the activity. Protein 3D structures are like photos of the protein in its
stable conformations. This can be compared to taking very few snapshots of a person
during one day. The most likely motif would be the person sleeping or working,
however we all know there is a lot of action going on between those two points.
Similarly structural studies of a protein are not fast enough to catch all the events, but
often just show a fraction of the actual action that the proteins undertake. To get more
information on the continuous movement of the proteins, one has to use theoretical
models and computer calculations. Computer simulations of the molecules movements,
also called dynamics, are a useful tool for the understanding of the function of proteins.
The first molecular dynamics (MD) simulation of a large molecule was performed in
1977 (5) and since then the technique has significantly contributed to the
understanding of protein motions.

In this thesis MD simulations have been used to understand how the NRs LBD
performs it actions. The first two papers concern the ligand binding mechanism of the
Retinoic Acid Receptor (RAR) and Estrogen Receptors (ERs). Paper 1l characterizes
how cofactor peptides bind to the Liver Receptor Homologue 1 (LRH-1) receptor and
how this binding is influenced by the presence of a ligand. The last paper 1V, studies
the cofactor binding interactions, the ligand binding and the communication that occurs
between these two sites in Liver X Receptor (LXR).



NUCLEAR RECEPTOR’S STRUCTURE

In the human genome 48 NRs have been indentified some of which are very similar
resulting in 28 different ligand binding sites* (reviewed in (6)). Most of these NRs are
activated by ligand binding but for some receptors no ligands are yet identified and
these are called orphan receptors. The NR activation might in such case take place by
other events like chemical modification of the receptor. The ability of ligand dependent
activation has been suggested to been evolved during evolution when increased
specificity was required although the opposite mechanism cannot be out ruled (3,7). No
NRs have not been identified in fungi, plants or unicellular eukaryotes suggesting that
NRs appeared during animal (metazoan) evolution (8). Evolutionary data indicate a two
step gene duplication where the first wave led to the present NR subfamilies and the
second wave occurred in vertebrates where prologue groups were formed within the
subfamilies. Thus most of the NRs subfamilies seem to be ancient since they have
homologues in lower metazoan species. The number of NRs identified in metazoan
species varies greatly from 21 in the fly Drosophila melanogaster to 270 in the worm
Caenorhabditis elegans (9).

NUCLEAR RECEPTOR SUPERFAMILY

All of the known NRs belong to the NR superfamily which comprises the steroid
receptor family and nonsteroid receptor family. In more details the NR families have
been divided into 6 subfamilies based on evolutionary analysis (10). Receptor subtypes
are products from individual genes while receptor isoforms are produced from
alternative splicing and/or promoter usage. Subfamily 1 is formed by thyroid hormone
receptors (TRs), retinoic acid receptors (RARSs), vitamin D receptor (VDR) and
peroxisome proliferator-activated receptors (PPARS) as well as some orphan receptors.
The second subfamily contains the retinoic X receptor (RXR) among others, which
plays an important role as heterodimer partner for other receptors. The third subfamily
is formed by the steroid receptors GR, androgen receptor (AR), progesterone receptor
(PR), ERs and the highly related orphan estrogen-related receptors (ERRS). Subfamily
4, 5 and 6 contains orphan receptors like steroidogenic factor 1 (SF-1) and LRH-1. The
additional subfamily 0 includes the small heterodimeric partner (SHP) and dosage-
sensitive sex reversal (DAX-1) which are not full length receptors.

DOMAIN STRUCTURE

The NRs share a common domain organization named from A-F (Figure 1) (reviewed
in (11)). The N-terminal A/B region often varies in length and sequence between the
family members. The D region is a linker between the evolutionary conserved DNA
Binding Domain (DBD) (C region) and the LBD (E region). The C-terminal F region is
not present in all NRs and its function is unknown. The NRs contain regions
responsible for the transcriptional activity. The first one found in the variable A/B
region, is constitutively active and referred to as the activation function 1 (AF-1). The
second activation function 2 (AF-2) is located on the LBD and has a ligand dependent
activation. Both the DBD and the LBD have surfaces responsible for interactions with

! Assuming that subtypes have the same natural ligand.



another NR, dimerization surfaces, and nuclear localization signal. Most of the NRs
display this domain organization except some which only contain regions similar to the
DBD or LBD.

DBD LBD
N-term - A/B C D E F FC-term

Figure 1. Schematic view of the NR domain organization.

The DBD is the most conserved region of the NRs and it mediates DNA binding. The
structure of the DBD has been solved for several NRs and is conserved within the
family (Figure 2). The domain consists of two “zinc fingers”, held together by 4
cysteines arranged around a zinc ion. The DBD spans about 60-70 amino acids, where
the ones responsible for binding to the core DNA recognition motif are present at the
first zinc finger. The recognition helix of the first zinc finger binds to the DNA major
groove often in dimer complex with another DBD. The amino acids responsible for

dimerization are found at the second finger.
[e0d
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Figure 2. NR DBD structure consists of two zinc fingers each one coordinated around a zinc ion by 4
cysteins (lines with spheres) (left picture). The DBD often binds to the DNA as a dimer, interacting
with the first finger to the DNA major groove (right picture). The pictures are based on the structure of
ER (pdb id 1HCQ).

The structure of the LBD has also been determined for several members of the NR
family. A canonical domain structure has been elucidated from the results, where the
receptors are arranged in a three-layered anti-parallel helical sandwich (Figure 3).
Thel2 a-helices (H1 to H12) are interrupted by a B-sheet (S1 and S2) between H5 and
H6.



Figure 3. Schematic picture of the NR LBD canonical fold. The three layers in the anti-parallel helical
sandwich are indicated with white, gray and dark gray color. The pictures are based on the structure of
ERa (pdb id IGWR).

Some of the NRs show a small deviation from this canonical structure, such as PPARy
which contains an extra helix H2’. The LBD is a multi functional domain including
surfaces for protein interaction and a ligand binding pocket (LBP). The AF-2
interaction surface responsible for cofactor interactions is located at H3, H4 and H12
while the surface for interaction with another NR partner, the dimerization surface, is
found at H10/11, some of H9 and the loop between H7-H8. The enclosed LBP is
mostly hydrophobic and located beneath H5 in close contact with H3, H7, H11, H12
and the B-sheets. The pocket size and shape varies among the members of the NR
family spanning from the large PPARYy pocket to the collapsed pocket of the orphan
receptor Nuclear Receptor related 1(NURR1). It is particularly the LBP side towards
the B-sheets and the presence or absence of the H2 that contributes to the variability in
volume. Some of the NRs also have an additional solvent cavity, close to the LBP,
which can during certain circumstances be exploited by ligands. Binding of ligand to a
large LBP often results in low affinity interactions while binding to small LBPs more
often cause very specific interactions between the NR and ligand. Several studies
indicate LBD stabilization upon ligand binding and induction of a more compact
domain structure (12,13). Structures of the ligand free LBP (apo) has also revealed
some structural variations between receptors, indicating equilibrium of receptor
conformations (14).

The first DBD structure was solved in 1991 (15) and the LBD structure in 1995
(16,17). However, the receptor structure of the DBD-LBD complex remained elusive
until 2008, when the structure of the PPAR-RXR was solved (18). This structure
indicates a central role of the PPAR LBD, contacting all the ordered domains of both
proteins. Moreover the PPAR domain directs the DBD of both receptors towards the
DNA. Also surprising is that all three ligands tested induced the same domain
rearrangements within the molecule.



NUCLEAR RECEPTOR’S FUNCTION

MECHANISM OF ACTION

NRs can be activated by different mechanisms and the most common mechanism is the
binding of a ligand (Figure 4). The ligand can be generated in three different ways; 1)
the active ligand or hormone can be synthesized in a classical endocrine organ and
enter the cell. 2) Alternatively the ligand might be synthesized within the target cell
from a precursor or prehormone, or 3) the ligand may be a metabolite synthesized
within the target cell. The NRs are often located in the nucleus even in their apo state,
but some receptors like the steroid receptors are located in the cytoplasm in the absence
of ligand. Ligand binding to a cytoplasmatic receptor releases the binding of heat chock
proteins and translocates the receptor to the nucleus. The translocation is done by active
transport trough the membrane and guided by a tag on the receptor, the nuclear
localization signal. NRs located in the nucleus bind the ligand and release bound
corepressors. When activated the receptor binds the DNA as a monomer or it forms a
dimer complex and binds the DNA. A specific DNA sequence, the hormone response
element (HRE), is recognized by the NR which binds to this sequence. The HREs are
often built up by two half sites, separated by a various length of DNA sequence, and
located close to the regulatory regions of the target gene. In the active conformation the
NR interacts with coactivators and other transcription factors which make the DNA
accessible for RNA polymerase Il which starts to decode the sequence of the target
gene.

cytoplasm

nucleus
Transcription

Ny —— Yo ‘\1) factors
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Figure 4. Ligand mediated activation mechanism of NRs. The ligand can be produced in three ways. In
the cell the ligand binds the NR either in the cytoplasm or in the nucleus. Upon ligand binding the NR
adopts an active conformation and can bind DNA. Together with various transcription factors the NR
activates gene transcription.



MECHANISTIC CLASSES

NRs can be grouped into classes depending on the mechanism of action and subcellular
distribution in the absence of a bound ligand (Figure 5) (1,19). The Class | receptors,
including the steroid receptors in NR subfamily 3, bind to the ligand in the cytoplasm
of the cell and then translocate to the cell nucleus. In the nucleus the homodimer bind to
its HRE. The Class | receptors bind to a HRE consisting of two half sites where the
second half site is an invert repeat of the first. The Class Il receptors, mainly NR
subfamily 1, are always located in the nucleus and form a heterodimer upon ligand
binding. The heterodimer partner is usually RXR, which has been shown to interact
with very different receptors. The Class Il receptors show a variable DNA interaction
mode where direct repeats and inverted HRE repeats can be accessed. The Class Il
receptors, principally NR subfamily 2, are similar to Class | except in their DNA
binding mode. The Class 111 also forms homodimers but bind direct HRE repeats on the
DNA. The Class 1V receptors bind DNA as monomers or dimers, but only interact with
a single DNA HRE. Most of the orphan receptors belong to this class.

Class | Class I

—_——

Class il

Figure 5. NRs mechanistic classes overview showing DNA binding, dimerisation and ligand
binding properties. Representative examples for each group are shown.



LIGAND BINDING AND OTHER SIGNALS

NRs can bind chemically and structurally diverse molecules. The ligands are entitled
after what transcriptional effect they induce. Binding of an agonist ligand induces the
active conformation of the receptor and active gene transcription. Ligands that repress
gene transcription are called antagonists and ligands which show different transcription
modification depending on cell type and environmental factors are called selective NR
modulators (SNRM) (reviewed in (20)). Binding of an antagonist causes a
conformational change where the AF-2 surface is usually unavailable, due to different
H12 conformation (Figure 6), and recruitment of coactivators is halted. The binding of
a SNRM induces different conformational changes depending on the cellular context
and thus different transcriptional activity will be achieved.

|
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Figure 6. Conformation of NR LBDs bound to antagonist or SNRM. The ligands induce different
H12 positions, making the AF-2 region unavailable for coactivator binding. The schematic picture
were drawn after the structure of ERa bound to the antagonist 4-hydroxytamoxifen (blue H12) (pdb id
3ERT), ERP bound to the SNRM genistein (yellow H12) (pdb id 1QKM) and GR bound to the
antagonist mifepristone (red H12) (pdb id 1NHZ). Most of the LBD structure is preserved (H1-H11)
without larger conformational changes, while the H12 positions deviates depending on ligand bound.
Ligand structure are shown to the left starting with the 4-hydroxytamoxifen on top, followed by
genistein and on the bottom mifepristone.

Activation of NRs is often mediated by ligand binding but sometimes by other
mechanisms. Ligand-independent activation mechanisms are used by the true orphan
receptors, for which no natural ligand exists but also as an alternative mechanism for
NRs like ER (21-23). Ligand independent NR activation is often a consequence of



cross-talk with other signal-transduction pathways. Such cross-talk has been observed
to act by multiple mechanisms including a high level of complexity.

Activation through a chemical modification has been observed for both ligand binding
and orphan receptors. Common posttranscriptional modifications are receptor
phosphorylation, methylation and ubiquitylation which alter the receptor function
(reviewed in (22,23)). The modification can occur on the DBD or at the LBD but the
majority of modified residues are found in the A/B region. For most NRs
phosphorylation at the A/B region by Mitogen-activated protein kinase (MAPK) or Akt
helps the recruitment of coactivators or of components of the transcription machinery
and thus it increase the response to the ligand. But phosphorylation can also terminate
the ligand response due to its close linkage to the phophorylation dependent
ubiquitylation which target the protein for degradation by the 26S proteasome. Thus
posttranscriptional modifications show a fine tuning between NR activation and
degradation. Recent results have suggested that the phosphorylation/ubiquitylation
signal for protein suicide might be incorporated in the mechanism of NR gene
transcription. Experimental studies show that the steroid receptors with coactivators
cycle on and off the promoter on the DNA many times indicating a brief DNA
interaction (reviewed in (24)). Such cyclic interaction between the transcription
complex and the DNA has been suggested to be directed by changes in the chromatin
structure and acetylation/ methylation/ phosphorylation of the NRs, their cofactors and
histones. Further on, phosphorylation or ubiquitylation of the NR cofactors can work as
an efficient mechanism to clear out cofactors, permitting new ones to bind and allowing
transcriptional elongation with a higher speed.

Another type of cross-talk occurs between the NRs and other transcription factors. This
can be exemplified by the mutual gene repression between GR and either AP-1 or the
nuclear factor kB (reviewed in (25,26)). In this case both of the transcriptional
activators can repress the transcription of the other one, without binding to the DNA or
change the other transcriptional activators DNA binding properties. The mechanism of
such event remains elusive.

A third type of cross-talk is the so called ‘non-genomic’ action observed for several
NRs (reviewed in (27,28)). This was observed for ERs since the effect of some
estrogens are so rapid that they cannot depend on the activation of RNA and protein
synthesis. The actions are believed to be mediated through membrane associated ERs
and connected to protein-kinase cascades. 17-estradiol has been shown to activate the
MAPK and phophoinositol 3- kinase signaling pathway in various cell types.
Membrane bound ERs also associate with a variety of signal molecules like G proteins
and can activate membrane tyrosine kinase receptors. However, the non-genomic
action of estrogens are cell specific, thus the response to estrogens depend on the signal
transduction molecules and the targets in the target cell.



COFACTORS: COACTIVATORS AND COREPRESSORS

NRs modify transcription activity by recruitment of positive or negative regulatory
proteins, coactivators or corepressors. Some of these cofactors are used only by the
NRs but many of them are used in similar manners by numerous other transcription
factors. Coactivation or corepression are not an intrinsic feature of a given cofactor but
can depend on the target gene and the cell-type specific context (reviewed in (29)). As
an example a coregulator can function either as a coactivator or corepressor depending
on the cellular environment.

Full activation of NRs is achieved by synergism between the two activation function
regions AF-1 and AF-2 (30). The AF-1 region varies in sequence and length from 23
amino acids in VDR up to 602 amino acids in mineralocorticoid receptor. Structural
studies with nuclear magnetic resonance and circular dichroism spectroscopy reveal a
disordered AF-1 domain. Secondary structure formation has been suggested as an
important step in the AF-1 activation mechanism similar to what has been observed for
other transcription factors (31-33). In contrast to the disordered AF-1 region, the AF-2
region in the LBD is highly structured. The AF-2 surface is built up by H3, H4 and the
correct position of H12. The position of H12 is crucial and small deviations might shift
a preference for coactivator binding to corepressor binding, modifying the
transcriptional activity. The active conformation of H12, exposing the hydrophobic AF-
2 region allows interaction with a LXXLL motif (where L is a leucine and X any amino
acid) present in most coactivators (34) (Figure 7).

Figure 7. Schematic picture of the NR cofactor interactions. The conserved LXXLL motif is folded
with the hydrophobic leucines (green spheres in the helical wheel) towards the protein surface (green
half circle). The numbering in cofactors starts with +1 at the first leucine as indicated in the table.
Below the numbering row the corepressor motif is indicated.



Figure 8. Interaction of ER AF-2 region and coactivator with the conserved LXXLL motif (pdb id
2J7X). The conserved leucines in the LXXLL motif are shown in sticks folded towards the protein.
The coactivator backbone makes hydrogen bond interactions to a glutamic acid and lysine of the
receptor, the charge clamp.

The short LXXLL motif forms a helical structure, folding the leucines towards the
receptor hydrophobic surface (Figure 7, helical wheel). Structural studies of NRs and
coactivator peptides have revealed electrostatic interaction between a receptor glutamic
acid and lysine sidechains and the coactivator backbone, so called charge clamp (35)
responsible for the coactivator orientation during binding (Figure 8). Additionally
specific interactions between combinations of NR and coactivators can be found within
or adjacent to the LXXLL motif (36). Until recently only structures of a cofactor
peptides was available, but in 2008 the structure of the first full length coactivator
DAX-1 and LRH-1 was solved (37), indicating that also interaction further away from
the core motif might contribute to the strength of the interaction and specificity in NR-
cofactor binding.

The NRs coactivators can be divided into 5 major groups (reviewed in (23)). The first
group is members of the protein subfamily with molecular weight 160kDa (p160)
which mainly serve as adapters recruiting other complexes. The second group is the
histone acetyltransferases (HAT), the third group histone argenine metyltransferases
(HMT), the fourth group nucleosome remodeling complexes and the last fifth group is
mediator complexes which bridge NRs and the basal transcription machinery. The
order and sequential recruitment of these coactivators have recently been determined
and defined as a ‘transcriptional clock’ (38). Studies of ER identify ER and the p160
nuclear receptor coactivator (NCoA) family to be the first ones recruited to the DNA.
Secondly HATs and HMTs are recruited to remodel the chromatin and make the DNA
more accessible. At the last step the mediators are bound, facilitating the arrival of
RNA Polymerase Il and general transcription factors. However the order of coactivator
recruitment might differ from one target gene to another indicating that one NR can use
multiple programs for gene activation depending on the promotor context.
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Unliganded NRs in the nucleus are often bound to a corepressor like Nuclear Receptor
Corepressor (NCoR) and the silencing mediator of retinoid and TR (SMRT) (reviewed
in (39)). The corepressor binds the LBD with a conserved LXXXIXXXL/I motif,
similar to the LXXLL motif but extended at the N-terminal end (Figure 7). Structural
studies show that the motif adopts an amphipathic a-helical conformation. In the apo
conformation of the NRs H12 is out of the active conformation, leaving a larger area
for the corepressor bind to. Thus the corepressor binds to a site similar as the
coactivators, but lacking the H12 interaction. Mutations of the receptor’s hydrophobic
core abolish interaction with corepressors, and amino acids adjacent to the core have
also been shown to be important for corepressor binding (reviewed in (3)). Most
corepressors also recruit a histone deacteyltransferase activity (HDAC) protein.

The binding of an antagonist or SNRM induces a LBD conformation with the AF-2
region unavailable (Figure 6). Full antagonist NR structure induces a LBD
conformation with the H12 relocated from the AF-2 region, but SNRMs induced
structures often put the H12 in a position close to the coactivator binding cleft. Thereby
the binding of coactivators is prevented, but partly also the binding of the corepressors.
The longer helical corepressor motif seems to be the key for corepressor interaction,
where some binding might occur although the binding site is partly occupied. Full
antagonism activation might thus only be achieved when the H12 is located out of the
cleft.

Corepressor binding can also occur to ligand bound receptors and compete with the
coactivators by displacing them (reviewed in (40)). In this atypical repression the
receptor structure and the amino acids in both the NR and the corepressor are the key
for interaction. These corepressors contain a LXXLL motif as the coactivators and can
thus bind at the AF-2 region. Furthermore they act by recruiting HDACs as the
classical repressors NCoR and SMRT. The first corepressor binding the agonist
receptor form discovered was the receptor interacting protein 140.

ALLOSTERIC SIGNALING

The NRs contains structurally distinct sites which are functionally coupled. The
cofactor binding sites AF-1 and AF-2, the LBP and the dimer interface, often act in a
collaborative way indicating a communication between these sites (reviewed in (41)).
The mechanism by which information is transmitted across long distances in proteins is
often referred to as allosteric communication (reviewed in (42)). Such allosteric signal
includes an enthalpic and an entropic component. The enthalpic component can be
described as a change in structure where the proteins conformational ensemble changes
and the entropic contribution constitute a change in the protein dynamics, upon the
allosteric signal. Several methods have been used to gain insight of the nature and
identification of allosteric signaling pathways. One of the methods; the statistic
coupling analysis, uses statistic methods on protein family sequences to extract residue
networks that have been preserved during evolution. Secondly MD studies including
simplified protein models as in coarse grain methods and normal mode analysis have
been utilized to evaluate correlated conformational fluctuations in the proteins.
Experimental methods have also contributed to the understanding of allosteric
communication, where nuclear magnetic resonance studies can enable residue to
residue conformational fluctuations (43).
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NUCLEAR RECEPTORS IN DRUG DISCOVERY

The cellular concentration of the intracellular receptors is extremely low; under normal
physiological conditions rarely exceeding 0.01% of the total cellular proteins (44).
Given that a single receptor can control more than100 genes, the effectiveness of the
receptors action is indicated. Thus many of the receptors can be targeted for multiple
disease treatment and their action can also be correlated with other NRs mechanisms.
The complex schemes of NR action often affect several diseases and interact with other
signal transduction pathways.

NUCLEAR RECEPTOR RELATED DISEASES

The intense research on NRs as targets for drug discovery every year results in an
overwhelming amount of publications. In this chapter I mention the major disease
groups and some of their associated target receptor to give a brief update on the
research today. However, this is a very limited report of the field and many interesting
and important NR related diseases are not covered.

Cancer

The treatment for breast cancer with the antiestrogen tamoxifen targeting the ER, has
been extensively used. ERa is a very effective target for breast cancer treatment due to
its expression in 70% of the breast cancers (reviewed in (45)). Today antiestrogen
therapy is for example used before and after surgery. However, all patients do not
respond to antiestrogen treatment, providing a need for an alternative signaling pathway
to target. Studies of other NRs have revealed a potential importance of AR, GR, PPAR,
RAR, RXR, VDR and EER, in breast cancer. The active NRs use both genomic and
nongenomic NR pathways to activate growth factor signaling pathways that are central
to breast cancer biology. The NR cofactors are also essential elements in regulation of
NRs transcription. Recent results indicate their involvement in human diseases, but to
what extent is not known. Interestingly, cofactors are broadly over- or underexpressed
in human cancers (reviewed in (46)). For instance, in lung cancers 60% of the cofactors
are overexpressed, 38% in breast cancer and 43% in prostate cancer. One can therefore
probably assume that misexpression of cofactors is a common factor for cancer
progression.

Metabolic diseases

Therapy for metabolic diseases including obesity, type Il diabetes and metabolic
syndrome, which includes several metabolic abnormalities, can be achieved by
targeting NRs. The hyperlipidemic fibrates and antidiabetic thiazolidinenedions are
drugs that act via PPARa and PPARYy respectively and are used in clinical practice
(reviewed in (47,48)). Activating PPAR target genes that participate in fatty acid uptake
through membranes, fatty acid binding in cells and fatty acid oxidation. The LXRs also
show a key role in lipid metabolism since it increases the cholesterol efflux via
activation of the ABCAL (ATP-binding cassette transporter), CYP7A (Cholesterol 7
alpha-hydroxylase) and ApoE (Apolipoprotein E) genes (reviewed in (49,50)).
However, activation of LXRs also increases triglyceride levels and formation of fatty
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tissues (adipogenesis). Therefore identifying a SNRM activating LXRa but not LXR},
could reduce the unwanted effects of LXR biology.

Inflammation

Several members of the NR superfamily have regulatory effects on the inflammatory
process. Natural and synthetic glucocorticoid agonists are potent inhibitors of
inflammation in various cell types. Although glucocorticoids are effective anit-
inflammatory drugs, a prolonged use often results in side effects like hypertension,
diabetes and muscular weakness. Furthermore some inflammatory diseases stop
responding to treatment at some point during their development. Thus the development
of new GR agonists show focus on reducing the unwanted side effects.

Activation of PPARy and LXRs by metabolites of fatty acids and cholesterol, also
target inflammatory response genes (reviewed in (51)). Since the target genes are
distinct but overlapping, a combinatory mechanism with GR has been suggested.
Indeed studies show that simultaneous treatment with GR and PPARYy or LXR agonists
resulted in synergistic repression. Thus it is possible that anti-inflammatory actions of
GR could be achieved at lower doses with less side effects by simultaneous
administration of PPARy or LXR agonist.

Cardiovascular diseases

Cardiovascular diseases are an increasing problem of the modern society, killing more
Americans than cancer. The underlying cause is often an advanced state of
atherosclerosis. Atherosclerosis is a chronic inflammatory response in the walls of
arteries leading to hardening of the arteries, caused by build ups of lipids, plaques
formation. PPARa and PPARY regulate the plasma lipoprotein concentrations used for
plaque formation and effect foam cell formation, an important step in the development
of atherosclerosis (reviewed in (48)). Thus targeting the PPARs might modulate the
atherosclerosis development. Synthetic LXR agonists administration also protects
against atherosclerosis as observed in mice (reviewed in (52)). However, the increased
plasma triglyceride levels observed upon LXR activation, results in a contradictory
effect in the treatment of cardiovascular diseases.

Other diseases

A diverse span of other diseases related to the mechanism of NRs has been revealed
and likely more are to come (reviewed in (53)). Most of the studies are focused on
finding a ligand which binds the LBP of the LBD. In such ways, ligands for many
orphan receptors have been discovered. However, some NRs are true orphan like the
NURR1 receptor, which LBP is filled with hydrophobic amino acid side chains. Even
so, a ligand that activates NURRL1 has been found. Apparently the ligand activates the
AF-1 region instead of binding to the LBP. NURRL1 is mainly expressed in the central
nervous system (CNS) and is indicated to be important for development, migration and
survival of dopaminergic neurons. Since Parkinson’s disease results from the loss of
dopaminergic neurons, NURR1 was proposed as a drug target for Parkinson’s disease.

Another orphan receptor expressed in the brain is the RAR-related orphan receptor
(ROR) a, which in contrast to NURR1 holds a relative large LBP. The hormone
melatonin, a drug used for treatment of sleep disorders, was reported as a natural ligand
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for RORa. RORP was also found to bind all trans retinoic acid, which inhibited RORf
activity. This indicate that retinoids can become tools for drug discovery for RORf3
related CNS diseases.

DRUG DISCOVERY

Since the introduction of the term "hormone” about 100 years ago, an amazing progress
has been made within life science increasing our knowledge of diseases and the
mechanisms underlying them (54). Treatments for the diseases regulated by NRs have
been identified and potent agonist and antagonist ligands discovered. Initially the drugs
developed for the NRs aimed at the full agonist or antagonist action. Several such drugs
like the anti-inflammatory drugs targeting GR or TR are potent but also induce several
unwanted side-effects. Therefore today drug development targeting the NRs is mostly
searching for molecules with partial or mixed agonist/antagonist function, the selective
NR modulators (SNRM). These molecules usually bind the receptor with lower affinity
inducing a conformational change in the receptor which allows only a certain number
of cofactor to interact which results a limited biological response. Ideally a SNRM
would activate the receptor in one cell-type to defeat the disease and inactivate the
receptor in cell-types responsible for the unwanted side-effects. Important for the
identification of SNRM, is the identification of cofactors that bind the NRs, their tissue
distribution and expression profile during development (reviewed in (49)). Further on
the information on how selective the SNRM promoter is will also be important for
SNRM development.

Mapping of the human genome revealed no new NRs than the 48 already known.
Therefore the drug development targeting NRs should first focus on the understanding
of the mechanism of action and interaction network between receptors and other
signaling pathways. Doing so development of new drugs will have a new platform to
work from, making the costly process of drug development easier to manage.

The understanding of NRs actions have already contributed to explanations of diseases
and effects observed in nature. One example is the effect that various chemicals that are
accumulated in the environment have on endocrine systems. These chemicals can act as
NR agonists or antagonists and interfere with the hormone synthesis and therefore
disrupt endocrine networks in human and animal. This effect is called the “endocrine
disruption hypothesis” and was presented after studies of male fertility in Scotland and
Denmark (55,56). The studies indicated that the number and motility of sperms were
decreased in men born after the World War |1, hypothesizing that chemicals present at
this time could have caused this effect. However it is young and unborn that are most
sensitive to such disruption, since the correct levels and timing of hormones are crucial
in the prenatal and postnatal development. In animal life, the most vulnerable group is
the aquatic animals. Examples like these expand the field of NRs including molecular
biologists, biochemists, epidemiologists, clinicians, zoologists and risk assessment
experts to try to understand the NRs and their action.
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MOLECULAR DYNAMICS SIMULATIONS

Simulations of particles have been performed on systems with sizes spanning from
nanometers as in atoms, to meters as in simulations of human panic behavior in public
rooms (57) and up to the distances measured in light years as in galaxies (58). The
timescale on which these simulations act are almost as diverse as the size. From
fractions of seconds in atoms simulations to fractions of the Universe age for galaxies.
Despite such broad spans many of the simulations follow the classical Newtonian
equations of motion even though sometimes corrections for other effects have to be
taken into account. Moreover theoretical calculations often include approximations to
some extent to simplify and speed up the computational time. The most precise
calculation one can perform on molecules are the quantum mechanical (QM)
calculations. In QM calculations both the structure and electron properties of the atoms
are taken in account. Due to the high level of complexity QM calculations are
computational expensive and limited to studies of hundreds of atoms. Thus QM
calculations are usually performed on a selected part of a biomolecule while studies of
larger biomolecules like proteins demands more approximate methods. Simulations of
proteins are done on the molecular mechanics (MM) level, where atoms are treated as
hard spheres connected to each other by harmonic springs. Molecular dynamics (MD)
simulations of proteins gives detailed information on atom interaction and movement,
but also show larger scale motions like protein dynamics.

SIMULATING PROTEINS

MD calculations of proteins have contributed to the understanding of how proteins
work and behave in the cells. An example among many others (reviewed in (59,60)) is
the MD study of the Src family of tyrosine kinases (61). Experiments on this system
have shown that a dephoshorylation of a tyrosine at a position far off from the active
site could shift the protein from an inactive to active form. How this could be achieved
was revealed by MD simulation which showed that the dephosphorylation changes the
protein dynamics making it move more and in an uncorrelated fashion. The flexibility
is therefore the key factor for the Src family of tyrosine kinases activation. The MD
simulations of Src family of tyrosine kinases were then used to guide mutational
experiments of the protein. Close connections between theoretical and experimental
studies gain both sides. MD simulations can provide experimentalists with detailed
information on atom motions as a function of time, often of large interest in
biomolecular function. Experimental data is crucial for MD simulations at different
levels. Most importantly, the simulation requires the knowledge of the atom positions,
given in 3D structure of the molecule, to start the simulation. Furthermore experimental
data is important in validation and improvements of the MD results.

In this part of the thesis | will give a brief introduction to the field of MD simulations.
First I explain the basic concept of a MD calculation on proteins and then | will
introduce some modified MD techniques which can be used when classical MD is not
sufficient.
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FORCE FIELDS

To perform a MD simulation an equation of motion and a description of the energy of
the system is needed. The energy is described as a potential energy function of the
coordinates, of the atoms. From the first derivate of the potential energy function with
respect to the coordinates, the forces acting on the systems can be obtained. Combining
the calculation of the Newtonian equation of motion and the forces acting on the
systems, the motion of the atoms in time, the trajectory of the system, can be acquired.
There are several programs available for MD calculations; common ones are
CHARMM (62), Amber (63) and GROMACS (64). The parameters are empirically
derived and therefore set to simulate the molecular behavior as accurately as possible
(65).

The potential energy of a system is described as a sum of bond stretching, bond
twisting, improper potentials, potentials describing the nonbonded van der Waals
(vdW) interactions and electrostatic interactions (Figure 9). The bonds and angular
terms are described as harmonic potentials, the vdW term as a simple Lennard-Jones
potential and the electrostatic term as a Coloumb interaction between two point
charges.

V= Vbonds + Vangles + Vdihedrals + Vimproper + VvdW + Velec Equation 1

Using the first derivate of the potential energy function gives the force acting on that
particular atom at that timestep.

F,, = —Z—i Equation 2
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Figure 9. Potential contributions from bond stretching and angular bending between atoms. These
terms are described by a harmonic potential function. The picture describes from the left, bond
stretching, angular bending, dihedral bending and improper bending.

16



MOLECULAR DYNAMICS CALCULATIONS

The MD calculation uses Newton’s equation of motion to calculate the atom
movements in time. This can be done if the atoms position and velocities are known or
can be assumed and if all forces acting on each atom as a function of the atom position
can be calculated. Knowing the 3D structure of the system and using the MD program’s
force field, such conditions are generally fulfilled. The initial velocities are generated
from a random number series, but since a complicated system very soon looses
memory of the details of the initial conditions differences in the starting motions are
eliminated.

The actual propagation of the coordinates can be achieved with different schemes and
CHARMM can use a Verlet algorithm for this purpose. The algorithm is derived from
two Taylor series expansions t + At and t — At, where At is the timestep for the
progress. Combining the Taylor expansion of the coordinates and the Newtons equation
of motion generates the following expression for the coordinates of atom i.

x; (t+ At) = 2x;(t) — x;(t — At) + F@ a2 4 opg Equation 3

mi
From knowing two sets of coordinates, the velocities can be calculated.

x; (t+At)—x; (t—At)
2At

v;(t) =

Equation 4

Equation 3 includes the term F, which is the sum of the forces acting on that atom at
that time. Thus at each timestep for each atom equation 3 and equation 1 have to be
calculated. Doing so, the movement of the molecular system in time can be obtained.

A MD simulation can be performed under preferred environmental circumstances.
Variables like temperature, pressure, solvent and salt concentration are easily
manipulated and often selected to match the calculation purpose or for direct
comparison to experimental data. The solvent representation is the single variable
which will affect calculation time the most. Water is the most frequently used solvent
and it can be represented as individual molecules (explicit representation) or as a
continuum potential (implicit representation). The choice of representation depends on
the system size and what kind of calculation one aims to perform. A detailed
calculation demands a more accurate solvent representation and explicit solvent are
recommended. The studies included in this thesis all use explicit solvent with the TIP3P
model (66). This water model represent electrostatic charges at three sites, positive for
the two hydrogens and negative for the oxygen, and the vdW surface represented by
interaction points centered around the oxygen and hydrogens. The simulation time for a
systems with explicit water are usually found between 10-100 ns today, using a 1 or 2
fs timestep (At) for the numerical integration (Equation 3).

A number of additional functions are included in the MD simulations performed by
CHARMM, to speed up the calculation time or improve the accuracy of the simulation
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results. Constraints on covalent bonds to hydrogens remove the highest frequency
movements and allow the timestep to be increased from 0.5 or 1 fs to 2 fs using an
algorithm such as SHAKE (67). Further on the computationally expensive long range
vdW and electrostatic interactions can be reduced by introducing a cutoff radius, where
the interactions are shifted or switched to a value close to zero (68). Since the system
simulated is finite, the solvent molecules at the surface of the system will have one
interaction side towards vacuum and one towards solvent. Unrealistic results created
from such solvent representation might be avoided by using periodic boundary
conditions (69) (Figure 10). Periodic boundary conditions image the system around
itself avoiding abrupt boarders of the system. In such way the molecules of the right
side will interact with the molecules on the left side of the image.

O O O
OQ——) OOQ—+OO
O

O

Figure 10. Schematic picture of periodic boundary conditions. The simulated system is indicated with
grey spheres and its images with white spheres. The motions of the simulated system are also copied to
the images as shown by arrows. Example of a motion is given by the arrow.

The obtained trajectory of the system can further be analyzed with a number of
calculations. Common analysis are measurements of the change in position (root mean
square deviation) or fluctuation (root mean square fluctuation) of the protein, identify
hydrogen bonds or interactions between charged residues, and see how these properties
change in time. Important is also to look at the trajectory with a molecular visualization
program. In this thesis | have used the PyMOL tool (70) or Swiss PDB (71) for
visualization of structures and production of pictures. To study the systems trajectory |
have used VMD (72).
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MODIFIED MOLECULAR DYNAMICS SIMULATIONS

Today biomolecular simulations are often used for studies of protein stability, dynamics
and protein-protein or protein-ligand interactions which normally demand simulations
on the nanosecond timescale. On this timescale vibration, rotation and translation
movements can be observed, but many biochemical events take place on a timescale
beyond this range. Molecular mechanisms like protein folding, domain movements or
ligand binding have been shown in experiments to act on the micro second, seconds or
even longer times (reviewed in (73)) Such events cannot be simulated by classical MD
simulations mainly due to limited sampling of the molecules conformational space.
When the simulation is started, minimization and dynamics often drive the system to
the closest energy minimum (Figure 11). This minimum might be a local or the global
minimum of the system. Depending on what state of the molecule one wants to study,
the conformation either in the local or global minima is preferred. Most importantly
however is the possibility to move between energy minima, something that can be
difficult with classical MD. Several approaches have been used to improve the
sampling. With the improvement of computational power, longer simulation times are
possible but for now this approach is not sufficient for many studies. A second
approach is to help the system over the energy barriers surrounding the energy minima.
Doing so, a larger part of the conformational space can be explored.

Energy

< Localminima

< Global minimum

Conformational space

Figure 11. Schematic figure of a system’s energy function. The system simulated has several local
minima and one global minimum. Therefore the probability that the simulated system will end up
in a local minimum is higher.

RANDOM ACCELERATION MOLECULAR DYNAMICS

To study the mechanism of a molecule leaving its binding site a modified MD method
is demanded. Several methods are available like locally enhanced sampling (74),
steered MD (SMD) (75) and random acceleration MD (RAMD) (initially called
Random Expulsion MD) (76). Such methods have previously been used for unbinding
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studies on NRs (75,77-81). With the RAMD method the system works under the
normal force field, except for a selected part, like a ligand, to which an additional force
is applied. The force is given a random direction and will translate the ligand. The
translation will continue until the ligand reaches an obstacle, such as a protein surface.
At this point the ligand will stop and its velocity will decrease to a value close to zero.
This will be detected by the RAMD method, which then gives the force a new random
direction. The process is repeated and in such way the ligand is allowed to explore the
binding compartment and find a more flexible part of the protein with a pathway where
it can exit. The RAMD method was first used on the cytochrome p450 system, to
which different ligands were bound (76). Using the RAMD method, unbinding
pathways from the cytochrome p450 LBP was found. The major advantage of the
RAMD method is that it demands no pre-knowledge of the pathways. The pathway
search is done in an unbiased manner, giving all the possible pathways available for the
system.

The pathway found in a single RAMD simulation is dependent on the initial random
direction of the additional force. To obtain statistically convergent results many
simulation repeats with different random direction of the force have to be employed.
Typically, more than 30 repeats are used for the RAMD simulations included in this
thesis. More aspects considering the RAMD variables and setup is discussed in Paper 1.

STEERED MOLECULAR DYNAMICS

Similar to RAMD, SMD employ the normal force field for major parts of the system
and an additional force for a selected part of the system. The selected part can be a
ligand, but also single atoms or a larger part like a protein domain. For simplicity, | will
use the example of a ligand in this SMD description. In SMD, the additional force is
used to translate the ligand between two points in space. In practice, this is done by
introducing a dummy atom to the system. A dummy atom is an atom that has no vdWs
or electrostatic components and thus it cannot interact with the rest of the system, it is
only used as a computational tool. The dummy atom is attached to the ligand by a
harmonic spring. The dummy atom will then move between the start point and the final
point with a constant velocity. When the dummy atom is translated, the attached ligand
will also translate. At some point during the trajectory, the ligand might enter a narrow
protein area which can cause repulsive interactions. At such point the ligand will try to
slow the translation but since the dummy atom move with a constant velocity, the
additional force is increased to overcome the local repulsive interactions of the ligand.
Thus the force in SMD is variable and adjusts to the environmental impact on the
ligand. From analysis of the SMD trajectory a force profile for the pathway can be
extracted. Such profile is useful in the characterization of the pathway, describing
pathway bottlenecks and to estimate the free energy of binding. However, the SMD
method setup demands the knowledge of the start and final point of the translation, the
pathway for translation, which in many cases is unknown. Therefore a combinatory
scheme with another method e.g. RAMD, to define the pathway and then further
characterize it with SMD, is preferential.
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ANISOTROPIC THERMAL DIFFUSION

Another event difficult to study with classical MD is the communication between
amino acids, particular at distal sites. Studies of the protein’s correlated movement or
normal mode analysis (reviewed in (82)) have presented good results (83), but these
methods often demand long simulations times due to the low signal-to-noise ratio. The
anisotropic thermal diffusion (ATD) method increases the signal-to-noise ratio and
thereby makes it possible to study molecular signaling on a picosecond timescale (84).
The simulated system is first equilibrated at 300K and then cooled to 10K. At 10K the
movements in the protein is almost reduced to zero. To this cooled protein a selected
part, e.g. an amino acid sidechain, is heated to 300K. The heat gathered in this
sidechain will propagate out to the surrounding amino acids. If the heat propagation is
evenly distributed to the close environment, the heated amino acid had no clear role in
any molecular communication pathway. But if the propagation of the heat is done with
directionality, it is possible that this energetically favorable pathway also plays a role in
molecular communication. The ATD method was first tested on the PDZ (post synaptic
density protein) protein for which the intramolecular communication pathway is
experimentally known. These results indicated a good correlation between
experimental data, correlation covariance calculations and ATD results, suggesting that
the ATD method is a good tool for studies of allosteric communications.
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SUMMARY OF MAIN RESULTS

PAPER |

Ligand binding is a key event in the action of NRs. Experimental studies of the kinetic
properties of agonist and antagonist binding have revealed differences between the two
ligand types, which indicate different binding and or unbinding mechanisms (85). The
mechanism of binding/unbinding is so far not known on a molecular level. Structural
studies of the apo state and ligand bound receptor indicates differences in the H12
position (17,86), but to what extent and for which receptors the H12 would participate
in the ligand binding/unbinding mechanism is unknown.

In this study the retinoic acid (RA) unbinding from RAR was studied with the RAMD
method. The RAMD method had previously not been used on highly flexible,
elongated and charged ligands as RA. Therefore the first approach of this study was to
optimize the RAMD protocol to such ligands. The try outs of the variables were
performed in a simple 2D model system, only using a carbon atom wall and carbon
atom ligands with different properties. This initial study revealed that the force
application mode is crucial for ligands like RA. It is particularly the electrostatic
interactions that will affect the outcome.

The results from the RAMD study on RAR showed four unbinding pathways (Figure
12). The frequency by which the RAMD method detected the pathway and the
distortion on the RAR structure was used to rank the pathways. Doing so one of the
pathways turned out to be more likely than the others. None of the detected pathways
was found in the H12 region. This indicates that unbinding can take place from the
RAR not involving larger conformational changes like translation of H12.

Figure 12. Unbinding pathways of RA from RAR. The initial RA (gold/red spheres) position is shown in
the receptors LBP (multicolored cartoon) and its unbinding trajectory is shown as a trace of a central RA
atom (grey spheres).
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PAPER I

The second paper studies the ligand unbinding mechanism from the ERs with three
different ligands. The aim is to find possible unbinding pathways and rank them to each
other. This is particularly interesting since the ligands selected for the study span from
full agonist to SNRM to antagonist. Secondly, both ER subtypes o and 3 are used to
provide further insight on the selectivity properties observed for the SNRM. The
RAMD method was used to identify all the unbinding pathways which then were
further characterized by the SMD method. A third method, CAVER, which performs a
search for unoccupied volumes in the static protein structure, was also employed. The
results from all three methods were combined for the ranking and characterization of
the pathways.

The RAMD method identified in total seven possible unbinding pathways for the
agonist and SNRM in the ERs (Figure 13). Differences were observed between receptor
subtypes and ligand types, indicating that specific receptor-ligand combinations can
employ different unbinding pathways. In general pathways 1, 2 and 3 are the highest
ranked pathways for the ERs. Interestingly, the antagonist did not unbind with the
RAMD method, although the additional applied force was increased significantly. This
indicates different binding/unbinding mechanism for NR agonists and antagonists,
which was also suggested by experimental results (85).

The RAMD results also revealed different unbinding pathways for the SNRM in the
two ER subtypes, where a pathway below the B-sheet was selected in ERa, while in
ERP the SNRM exited above the B-sheet. This preference probably arises from the
different degrees of hydrophobicity between the pathways. In the pathway below the
[3-sheet the ligand has to pass a compartment where no polar interactions are possible.
While in the pathway above the B-sheet, several polar interactions are possible,
especially in ER that has two subtype specific polar amino acids in this region (Figure
13). The more polar environment is probably preferred by the polar SNRM studied,
selecting this pathway to a higher extent. Thus specificity might be explained by
differences between receptor subtypes, outside the LBP.

Figure 13. Ligand unbinding pathways in ERs (left picture). Pathway 2 (right picture), above the B-
sheets, hold subtype specific polar amino acids for ERp (in circle). The ERp (grey cartoon) structure
is superimposed on ERa. (colored cartoon)
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PAPER llI

Several 3D structures of the orphan receptor LRH-1 indicated that the LBD adopts an
active conformation without a ligand bound in its LBP. However, one 3D structure of
the LRH-1 LBD revealed a bound phospholipid and the receptor in the active
conformation. Ligand binding is an interesting aspect also in orphan receptors, mainly
due to its possibilities of drug discovery. Although the biological importance for this
particular phospholipid might be discussed, its presence might impact the receptor and
binding to cofactor peptides. MD simulations might provide insights on how the always
active LRH-1 reacts to the binding of a ligand, and if its interactions with different
cofactor peptides are modified.

The results from the MD simulations of LRH-1 with or without ligand bound, in
complex with four different cofactor peptides, showed that the receptor conformation
was preserved. It is therefore likely that the orphan receptor LRH-1 might bind a ligand
and maintain its active conformation. The receptor interactions with cofactor peptides
were modified in diverse ways in the context of a ligand. Two peptide interactions were
decreased when a ligand was introduced, while one interaction was unchanged and one
increased with a ligand present. Thus it is likely that the regulatory effect of a bound
ligand to LRH-1 is found in its interaction to cofactor peptides, as observed for many
SNRMs.

The interaction between the receptor-cofactor peptides was also characterized. A
specific interaction was observed between an aspartic acid sidechain from the receptor
and the -4 and/or +2 amino acid on the cofactor peptide (Figure 14). Structural
comparisons with other NRs indicated that such interaction might be possible for
several members of the NR superfamily.

Figure 14. Interactions between LRH-1 and a cofactor peptide. The peptide (green cartoon and sticks) is
oriented by the conserved charge clamp of NRs, here Glu534 and Arg361 (CPK colored surface and
sticks). Additional specificity can be obtained with interactions to an aspartic acid (Asp372) here shown
to the peptide’s -4 and +2 amino acids. Together with the charge clamp the aspartic acid forms a
triangular shaped interaction pattern for the cofactor peptide.
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PAPER IV

The LXRoa is an important regulator of genes involved in metabolism and
inflammation. The receptor binds various types of ligands and the flexible ligand
binding pocket can adapt to diverse ligand structures. The dynamics of the flexible LBP
was decreased upon cofactor binding, in the closely related pregnane X receptor (87).
Flexibility of the LBP might be important in the ligand binding mechanism and in drug
development. MD simulations of a ligand bound in different conformations to the LXR
LBP might indicate if LBP flexibility is an important aspect for LXR as well. The
communication between the LBP and the AF-2 region with the cofactor bound is an
example of the allosteric signaling pathways detected in several NRs. Here we use the
ATD method to identify and characterize such signal pathway. Further on the LXR
interactions with nine different cofactor peptides are characterized, providing insights
to the recognition and specificity between LXR and its cofactors.

The ATD method was able to identify and characterize a signal pathway between the
coactivator peptide and the ligand in the LXR LBP (Figure 15). The signal transmission
went through the receptor sidechain and backbone, in a cooperative manner, indicating
that both these parts of the polypeptide chain are important for allosteric signaling.
Interactions between the LXR and the nine cofactor peptides revealed a somewhat
different interaction pattern between the receptor-cofactor complexes. Most complexes
used the charge clamp interaction for interactions, sometimes with an additional
specific interaction. Only in one case the specific interaction was more important than
the charge clamp interaction.

The preliminary results from the flexibility of the LBP in the simulations show that the
LBP dynamics is reduced or unchanged, when a cofactor peptide is bound to the
receptor. This indicates that drug development targeting LXR should consider a flexible
receptor structure for docking studies.

Figure 15. Communication pathway between the coactivator peptide and ligand in the LXR LBP,
identified with the ATD method. Key residues for signaling are the coactivator L+1 and receptor
K291. From K291, the signal might pass the H5 backbone to the right or pass over to H12 1442-W443
sidechains, on its way to the ligand.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

"Everything that living things do can be understood in terms of the jigglings and
wigglings of atoms™
Richard Feynman

Although quite controversial when stated almost 50 years ago, Feynman’s statement
has proven to hold in many situations. MD simulations have often been used as a tool
for such studies when experimental techniques are not sufficient. However, the MD
techniques can be further improved. Most important is increased sampling of the
conformational space. Today several modified MD techniques like replica exchange
MD (88), locally enhanced sampling MD (74) and RAMD or SMD presented in this
thesis, have been developed to improve the sampling. The results from modified MD
studies often bring useful insight but the interpretation of the results should be done
with care. Modified MD techniques often introduce highly artificial components and
the effects from these have to be taken into account when evaluating the results. One
such example was observed in paper I, where the RAMD and SMD sampling turned
out to be fundamentally different. The results in such study can be interpreted in a
number of variant ways, where an accurate evaluation should take into account the
sampling properties of the method.

Secondly sampling can be improved with simplified biomolecular models, like grid
modeling. A grid model maps out the biomolecule with grid points and performs the
simulation on the grid points, which significantly improves the computational time.
However, much of the details are lost in such simulations. Therefore the best approach
to obtain the detailed information and also improve sampling would be to increase the
simulation time. Doing so, some groups have reported instabilities in the force field
when simulation time exceeds 100 ns or so. Thus force field improvements and
increased computational power will probably make way for much longer simulation
times in the future.

The MD technique can be a powerful tool in combination with other computational
techniques. Combining MD and QM calculation is one such example, where precise
data on binding energies from QM can be combined with the dynamic influences from
MD (89). The QM/MM combination has been limited due to difficulties with the
interface representation between the methods (reviewed in (90)), but improvements on
this will probably increase the use for such calculations. Further on the introduction of
MD into the drug discovery field has turned out to be successful (91,92). A typical
screening procedure for a new drug target involves thousands or millions of compounds
but only one or a few receptor structures. Introduction of flexibility to the receptor
improves the prediction of the ligand binding mode significantly but also increased the
computational time. Although high speed is crucial for the drug discovery research, the
observed improvements when including MD justifies the time consumed. Therefore it
is likely that a standard in silico drug development procedure will include the MD
technique to some extent in the future.
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One of the time consuming parts of the MD technique is the setup of the system and
parameterization of ligands. The setup of the system to be simulated involves several
steps of evaluation which demands structural and biochemical knowledge of the
system. This limits the availability of the MD technique excluding researcher with less
such experience. Attempts to automatize MD setup and parameterization are under
progress and could dramatically increase the use of the MD techniques. Although the
field of MD would benefit from such improvement, it is also important to stress the
understanding of the method when evaluating the results.

The computational studies of NRs have so far been limited to studies of individual
domains, due to lack of DBD-LBD complex 3D structures. Larger complexes including
multiple domains and full length cofactors have been difficult to crystallize for X-ray
crystallography, and are too big for nuclear magnetic resonance studies. However, last
year pioneering results in NR structure prediction were obtained, when both a full-
length cofactor-receptor complex and DBD-LBD NR heterodimer in complex with
DNA were solved. These studies show unexpected interaction surfaces which
undoubtedly will impact the future NR research. Presumable molecular biology
progress in the mapping of the NR interaction proteins will further stress the
importance of structural determination of the NR multi protein complex. A platform of
knowledge of the NR interaction proteins and its interaction surfaces on the receptor
provides a potential for extensive MD simulations. Such scenario might be realistic in
just a few years from now. At that point the computational power is enhanced and
improvements of MD sampling techniques have hopefully been made, making MD
simulations a technique for the understanding of the living things, in terms of jiggling
and wiggling.

27



POPULARVETENSKAPLIG SAMMANFATTNING PA SVENSKA

Kroppen bestar av hundratals olika typer av celler, som skiljer sig at i var de é&r
placerade och vad de ska fungera for. Cellens arbetare ar ofta proteinerna, som ser till
sa att cellens funktioner blir utférda. D& proteinet tar emot en signal om arbete i form
av en liten molekyl kallas proteinet for en receptor. Det finns flera typer av receptorer
men i denna avhandling har jag studerat receptorer som har sin funktion i cellens karna,
s.k. kdrnreceptorer. | cellens kérna finns &ven DNAt, den genetiska koden, till vilken
karnreceptorerna kan binda. Ké&rnreceptorerna blir ddrmed en direkt lank till cellens
beteende och kontrollerar flera av de viktigaste funktionerna i cellen som cellens
utveckling, amnesomséttning och dod. Eftersom dessa funktioner ingar i manga vanliga
sjukdomar anvander man karnreceptorerna som mal for lakemedel. Exempel pa
sjukdomar som man kan bota eller lindra ar cancer, inflamamtion, typ Il diabetes,
fettma och hjart- och karlsjukdomar. Dessa sjukdomar &r idag folksjukdomar och
antalet personer som drabbas Okar varje ar. Detta har gjort karnreceptorerna till den nast
mest populara familjen att inrikta ett lakemedel mot, enligt USA’s motsvarighet pa
lakemedelsverket, FDA.

Ké&rnreceptorerna dr en protein familj vars funktion styrs av en signal, ofta en liten
molekyl en sk. ligand. Liganden binder till receptorns ligand bindande del som da
andrar sitt utseende till en aktiv form. Till den nya aktiva formen kan andra proteiner
binda och receptorn kan déarefter binda till DNA"t. Bindandet av liganden ar en viktig
handelse for receptorns aktivering. Trots det sa vet man lite om hur detta gar till. | de
tva forsta artiklarna har jag studerat méjliga mekanismer for hur liganden kan lamna
eller binda receptorn. Resultaten visar att det krdvs mycket sma rorelser hos receptorn
for att fa en liten ligand att komma ut ur receptorn. Ligandens egenskaper, som om den
gillar vatten eller fett-miljéer, avgor ocksa vilken vag den tar. En ligand som gillar
vatten kommer alltsa att ta en vag dar det finns vatten omkring sig och tvartom. Att
olika ligander tar olika vager kan ha betydelse for framtida lakemedels utveckling.

| den aktiva formen binder receptorn till andra proteiner, medhjalpare for protein
produktionen sk. co-faktorer. Receptorn har speciella omraden dar dessa kan binda och
interaktionen sker alltid med en konserverad del av co-faktorn. Trots att interaktionen
ar sa val bevarad inom hela karnreceptor familjen kan bara vissa co-faktorer binda vissa
receptorer. For att forsoka forsta bindningen battre studerade jag i artikel 3 och 4 hur
olika co-faktorer binder sin receptor. For receptorn beskrivd i artikel 3 (LRH-1), visade
sig att det finns kontakter utanfor den konserverade delen av co-faktorerna som kan
anvandas for att fa en mer specifik binding. For receptorn (LXR), beskrivd i artikel 4,
verkade det dock som att den konserverade kontakten &r viktigast.

Receptorn har skilda delar for sina olika funtioner tex sa binder liganden pa ett stalle
och co-faktorn pa ett annat. Trots de atskillda platserna finns en kommunikation mellan
dess delar. Denna kommunikation kallas allosterisk signalering. Hos kérnreceptorera
finns en allosterisk kommunikation mellan den ligand bindande fickan och ytan dar co-
faktorer binder. | artikel 4 forsoker jag att hitta denna signalvag och beskriva hur denna
signalering kan ske. Jag fann en majlig vag och sag att signalering verkar ske genom
bade andrad rorelse hos proteinet och andrad form. Identifikation av allosteriska vagar
gor det majligt att battre forsta varfor vissa mutationer ar farligare an andra.
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