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ABSTRACT 
Nuclear hormone receptors form a super family of homologous transcription 

factors. The ligand-dependent nuclear receptors are important drug targets controlling 
metabolic and inflammatory disorders, amongst others. The C-terminal ligand 
binding domain (LBD) which binds small molecule ligands and recruit transcription 
cofactors, is the main focus for drug design efforts targeting nuclear receptors. High-
affinity analogues to the natural hormone ligands are developed by medicinal 
chemistry, and theoretical modeling of their structural effects on the LBD is an 
integral part of the drug design process. 

Two papers in this thesis concern glucocorticoid receptor (GR) point 
mutations which directly and indirectly influence the affinity for coactivator peptides 
by structural modifications. Ligands may cause similar modifications to the receptor 
surface, through selective stabilization of distinct receptor conformations, and thereby 
alter coactivator binding affinity. We show that the hGR V571M mutation increase 
the width of the coactivator binding pocket. In accordance with crystal structure data, 
where the binding pocket is wider when coactivator peptide is present, our results 
provide an explanation for the increased biological activity observed for this mutant. 
In contrast, the hGR V575M mutation is modeled to decrease coactivator affinity 
through unfavorable steric contacts with a coactivator peptide, which may explain 
budesonide resistance found in human cell lines carrying this mutation. 

Influenced by the conformational selection model for molecular interaction, 
we have explored possible ligand unbinding pathways in retinoic acid receptor (RAR) 
using random expulsion molecular dynamics (REMD), and found that an agonist 
ligand can exit the �agonist conformation� of RAR where helix 12 covers the ligand 
binding pocket. Immediate stabilization of the closed conformation would shift the 
equilibrium towards the active state, and more quickly lead to coactivator recruitment 
and gene transcription than binding to an inactive state that has to undergo 
isomerization.  

The first paper in the present thesis describes efforts to improve parameters 
for the modeling of hydrophobic interactions. Inclusion of solvent effects are crucial 
in molecular modeling, and water may be explicitly modeled by addition of water 
molecules, or implicitly modeled as a dielectric continuum. In the latter context it is 
shown how the precision of free energy perturbation (FEP) simulations of linear and 
cyclic alkanes can be improved by proper scaling of atomic masses. Accurate FEP 
simulations can be used for derivation of more accurate parameters for hydrophobic 
compounds in implicit solvation models. 
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INTRODUCTION 

Effective treatment and curing of disease is the realm of the pharmaceutical 
industry and life science researchers. The active substance of a pill or other form of 
medication is often a small organic molecule, which has been developed through the art 
of medicinal chemistry. Traditionally, medicinal chemistry involves repeated iterative 
cycles of trial-and-error steps, guided by testing of putative drug molecules in various 
biological model systems and, not the least, the intuition of an experienced medicinal 
chemist.  

In many cases, the active substance of a drug exerts its effect by initiating a signal 
transduction event in the cell, often through binding to a receptor protein or �target�, 
leading to transcription of genes coding for other proteins that enables the cell to re-
spond to the stimuli from the drug. When binding to the receptor, the chemical sub-
stance resembles a natural ligand, e.g. a hormone. Since the advent of structural biology 
a few decades ago, the drug development process may be guided by detailed structural 
information of how the active substance interacts with its target protein. This thesis has 
emerged in the theoretical area of the structural biology field, where computer simula-
tions of the interaction of small molecules with proteins is the daily task. 

Nuclear hormone receptors (NRs) form a superfamily of homologous transcrip-
tion factor proteins. The ligand-dependent subfamily of nuclear receptors constitutes a 
group of important drug targets controlling metabolic and inflammatory disorders, 
amongst others. Structurally, nuclear receptors are composed of six domains. The C-
terminal ligand binding domain (LBD) which binds small molecule ligands and is in-
volved in the recruitment of transcription cofactors is the main focus for drug design 
efforts targeting nuclear receptors. High-affinity analogues to the natural hormone 
ligands are developed by medicinal chemistry, and theoretical modeling of the LBD is 
an integral part of the drug design process. 

In the present work, the LBD of the glucocorticoid receptor (GR) and the retinoic 
acid receptor (RAR) has been studied in detail by computer simulations. The focus is 
on emerging areas such as receptor-coactivator interaction and ligand binding kinetics 
rather than the more traditional area of ligand binding thermodynamics. A full set of 
force-field based modeling techniques ranging from minimization and calculation of 
interaction energies to free energy perturbation simulations have been employed. 

Briefly, the central dogma of nuclear receptor pharmacology states that when a 
ligand binds to the LBD, the ligand causes a structural rearrangement where the C-ter-
minal helix 12 of the LBD adapts one of two possible positions depending on whether 
the ligand is an agonist or antagonist. Based on the position of H12, coactivator pro-
teins leading to gene transcription, or corepressors leading to inhibition of gene tran-
scription, are recruited. 

The static and deterministic description of NR function above is sufficient to ex-
plain experimental results in many cases, but to understand the process in detail one has 
to appreciate the dynamic and probabilistic nature of proteins and ligand molecules. 
The ancient lock-and-key model for a rigid substrate binding to a rigid enzyme has 
been replaced by the induced-fit model and the conformational selection model, which 
allow more flexibility in both substrate and enzyme. In the latter model, the proteins are 
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constantly switching between conformational states of similar energy, and a ligand may 
shift the equilibrium between these states by stabilizing certain conformations. 

The induced fit and the conformational selection models are thermodynamically 
equivalent, but there are important structural and mechanistic distinctions. The confor-
mational selection model has influenced parts of this thesis, where an agonist ligand is 
assumed to be able to bind to a receptor where H12 is already in the agonist position, 
i.e. select a conformation close to the transcriptionally active state. In contrast, assum-
ing that antagonist ligands can only select partially unfolded and less populated states, 
this would provide an explanation for the 500-fold lower association rate observed for 
estrogen receptor (ER) antagonists compared to agonists.1 To this end, we have ex-
plored possible agonist binding pathways in RAR using random expulsion molecular 
dynamics (REMD), a recently described computational method not previously applied 
to the RAR LBD.  

Two papers in this thesis are dedicated to glucocorticoid receptor (GR) point 
mutations which directly and indirectly influences the affinity for coactivator peptides. 
Mutating the receptor is certainly not an alternative to small molecule drug treatment in 
classic medicine, but knowledge of the mechanism by which these mutations alter bio-
logical activity may well help the understanding of how ligands can mimic these ef-
fects. Minor structural differences between ligands may cause modifications to the re-
ceptor surface, through selective stabilization of similar receptor conformations, and 
thereby alter coactivator binding affinity.  

The first paper in the present thesis describes efforts to improve parameters for 
the modeling of hydrophobic interactions. Inclusion of solvent effects are crucial in 
molecular modeling, and water may be explicitly modeled by addition of water mole-
cules, or implicitly modeled as a dielectric continuum. In the latter context I show how 
the precision of free energy perturbation (FEP) simulations of linear and cyclic alkanes 
can be improved by proper scaling of atomic masses. The FEP simulations may be used 
for derivation of more accurate parameters for hydrophobic compounds in implicit sol-
vation models. 
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THE BIOLOGICAL CONTEXT  

Specialization is inevitable for scientists of today, and specialization involves a 
strong focus on details within a field. Doing molecular modeling of biomolecules using 
molecular dynamics simulations, you easily get absorbed in technical and methodologi-
cal details that obscure the fundamental biological questions that the model is built to 
answer. Unless your primary interest actually lies within methodological research, it is 
a good idea to acquire some understanding of the biological context of you models. In 
this section I have tried to summarize the contemporary knowledge of nuclear hormone 
receptors. In addition to the references in the text, the relatively recent review by 
Aranda and Pascual2 provides useful reading on this topic. 

The Nuclear Receptor Superfamily 

Nuclear receptors are proteins that form a superfamily of transcription factors, 
and are thought to be evolutionarily derived from a common ancestor. The fact that 
more than 5% of our genes are predicted to encode transcription factors underscores the 
importance of this protein family in biology.3 In humans, 48 nuclear receptors have 
been found4, which can be compared to 21 in the fly Drosophila melanogaster and 
about 270 in the worm Caenorhabditis elegans. The complete sequence of the human 
genome shows that there are probably no more nuclear receptors to be discovered in 
man, however, there is a possibility that a few additional �DBD-less� nuclear receptors 
may be found. Evolutionary analysis of the human nuclear receptors has led to a subdi-
vision in six different subfamilies.  

One large family is formed by thyroid hormone receptors (TRs), retinoic acid re-
ceptors (RARs), vitamin D receptors (VDRs) and peroxisome proliferator-activated 
receptors (PPARs) as well as different orphan receptors. Orphan receptors are those for 
which no natural ligand was originally known, although ligands for some of these re-
ceptors have been recently identified. The second subfamily contains the retinoid X 
receptors (RXRs) together with chicken ovalbumin upstream stimulators (COUPs), 
hepatocyte nuclear factor 4 (HNF4), testis receptors (TR2) and receptors involved in 
eye development (TLX and PNR). RXRs bind 9-cis-retinoic acid and play an important 
role in nuclear receptor signaling, as they are partners for different receptors that bind 
as heterodimers to DNA. Ligands for other receptors in this class have not been identi-
fied, whereas long-chain fatty acid acyl-CoA thioesters may be endogenous ligands for 
HNF4.  

The third family is formed by the steroid receptors (AR, ER, GR, PR, MR) and 
the highly related orphan receptors estrogen-related receptors (ERRs). The fourth, fifth, 
and sixth subfamilies contain various orphan receptors. Most subfamilies appear to be 
ancient since they have an arthropod homolog, with the exception of steroid receptors 
that have no known homologs. It has been suggested that the ancestral receptors were 
constitutive homodimeric transcription factors that evolved to independently acquire 
the ability to bind a ligand and to heterodimerize. On the other hand, the possibility that 
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the ancestral receptor was ligand dependent and that mutations changed the ligand-
binding specificity or led to loss of ligand binding during evolution cannot be ruled out. 

Domain structure 

Nuclear receptors exhibit a modular structure with different regions correspond-
ing to autonomous functional domains that can be interchanged between related recep-
tors without loss of function. 

Figure 1 A schematic view of a typical nuclear receptor sequence comprising six domains labeled A 

through F.  

A typical nuclear receptor (Figure 1) consists of a variable N-terminal region 
A/B, a conserved DNA-binding domain (DBD) or region C, a linker region D, and a 
conserved region E that contains the ligand binding domain (LBD). Some receptors 
also contain a C-terminal region F of unclear function. It seems to be involved in pro-
tein-protein interactions between the receptor and dimerization partners5-7 and cofac-
tors.8,9 Being transcription factors, nuclear receptors also contain regions required for 
transcriptional activation. The hypervariable A/B region of many receptors contains an 
autonomous transcriptional activation function (AF-1) that contributes to constitutive 
ligand-independent activation by the receptor. A second transcriptional activation do-
main (AF-2) is composed of helices 3, 4, and 12 in the LBD. AF-2 is essential for 
ligand dependent transactivation and conserved among members of the nuclear receptor 
superfamily. Serving as a hinge between the DBD and the LBD, the D domain allows 
rotation of the DBD with respect to the LBD. The D domain is not well conserved 
among the different receptors, but often contains nuclear localization signals and resi-
dues whose mutation abolishes interaction with nuclear receptor corepressors.  

Ligand binding domain 

The LBD is a multifunctional domain that, in addition to the binding of ligand, 
mediates homo- and heterodimerization, interaction with heat-shock proteins, ligand-
dependent transcriptional activity, and in some cases, hormone reversible transcrip-
tional repression. For 20 out of 48 human nuclear receptors the crystal structure of the 
LBD has been solved.10 These studies have demonstrated that the overall structures of 
the different receptors are rather similar, suggesting a canonical structure (Figure 2) for 
the different members of the nuclear receptor superfamily11. The LBDs are generally 
formed by 12 α-helices (H1 to H12), arranged in a three-layered antiparallel helical 
sandwich, and a conserved β-sheet between H5 and H6. However, PPARγ is unique in 
its overall structure and contains an extra helix designated H2�, and the VDR contains a 
poorly structured insertion between helices H1 and H3 for which no functional role has 
been defined.12,13  

A/B C D E FN C

AF-1 AF-2

DNA binding 
domain 

Ligand binding 
domain 
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Figure 2 Ribbon representation of the GR LBD. The N-terminal is colored greenish, and the C-termi-

nal is colored red. The long yellowish vertical helix in the front is H3. 

The ligand-binding pocket is mainly hydrophobic and is buried within the bottom 
half of the LBD (as oriented in Figure 2). Contacts with the ligand can be extensive and 
include different structural elements through the LBD. The size of the ligand binding 
pocket varies among the different receptors, being for instance very large in PPARγ, 
which allows binding of very differently sized ligands.14 Several reports indicate that 
the liganded structures are more compact than the unliganded ones,15-17 and NMR data 
indicate that the ligand binding domains do not adopt a well-defined structure in the 
absence of ligands, but instead are in a true equilibrium of conformations.18,19 

DNA binding domain 

The DBD is the most conserved domain of nuclear receptors and confers the 
ability to recognize specific target sequences and activate genes. The DBD contains 
nine cysteines (Figure 3), as well as other residues, that are conserved across the nu-
clear receptor superfamily and are required for high-affinity DNA binding. This 
domain comprises two �zinc fingers� that span 60�70 amino acids and a C-terminal 
extension that contains the so-called T and A boxes critical for monomeric DNA 
binding. In each zinc finger, four of the invariable cysteines tetrahedrally coordinate 
one zinc ion, and both zinc finger modules fold together to form a compact, 
interdependent structure as determined by nuclear magnetic resonance and 
crystallographic studies.20,21 Amino acids required for discrimination of core DNA 
recognition motifs are present at the base of the first finger in a region termed the �P 
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box,� and other residues of the second zinc finger that form the so-called �D box� are 
involved in dimerization. The core DBD contains two α-helices: the first one beginning 
at the third conserved cysteine residue (the recognition helix) binds the major groove of 
DNA making contacts with specific bases, and the second one that spans the C-termi-
nus of the second zinc finger forms a right angle with the recognition helix.  

Figure 3 Ribbon representation of the GR DBD structure. The nine cystein residues are displayed as 

ball-and-stick models.  

Hormone response elements 

Nuclear receptors regulate transcription by binding to specific DNA sequences in 
target genes known as hormone response elements (HREs).22 These elements are lo-
cated in regulatory sequences normally present in the 5�-flanking region of the target 
gene. The HREs are often found relatively close to the core promoter, but in some cases 
they are present in enhancer regions several kilobases upstream of the transcriptional 
initiation site. The analysis of a large number of naturally occurring as well as synthetic 
HREs revealed that a sequence of 6 bp constitutes the core recognition motif. Two con-
sensus motifs have been identified: the sequence AGAACA is preferentially recognized 
by steroid class III receptors, whereas AGG/TTCA serves as recognition motif for the 
remaining receptors of the superfamily.23 It should be noted that these motifs represent 
idealized consensus sequences and that naturally occurring HREs can show significant 
variation from the consensus. Although some monomeric receptors can bind to a single 
hexameric motif, most receptors bind as homo- or heterodimers to HREs composed 
typically of two core hexameric motifs. 

Monomers, homodimers, and heterodimers 

Several orphan nuclear receptors can bind DNA with high affinity as monomers, 
24 while steroid receptors almost exclusively bind as homodimers to the HRE. Two 
steroid hormone receptor monomers bind cooperatively to their response elements, and 
dimerization interfaces have been identified both in the LBD and in the DBD. In ER, 
the dimer interface in the LBD contains residues from helices 7, 8, and 9 as well as the 
loop between helices 8 and 9 but is dominated by a conserved hydrophobic region at 
the N-terminus of helix 10/11.25 Interestingly, the recent determination of the GR LBD 
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structure26 reveals a distinct dimerization interface based on residues 625 and 628 in the 
beta turn between H5 and H6. This interface buries significantly less hydrophobic sur-
face area than the ER dimerization interface, which explains the thousand-fold weaker 
dimerization affinity for GR compared to RXR dimers. GR, as well as the related AR 
and PR, lack the φXφφ repeats governing dimerization via H10 of ER and other RXR 
partners. Although several nonsteroidal nuclear receptors also bind DNA as 
homodimers, many nonsteroidal receptors bind to their HREs preferentially as het-
erodimers. In this case, the RXR is the promiscuous partner for different receptors. 
Typical heterodimeric receptors such as TR, RAR, or VDR can bind to their response 
elements as homodimers, but heterodimerization with RXR strongly increases the effi-
ciency of DNA binding and transcriptional activity.  

Transactivation and Transrepression 

Positive and negative response elements 

Much attention has been focused on transcriptional activation by binding of nu-
clear receptors to positive HREs, but nuclear receptors can also repress gene expression 
in a ligand-dependent manner. In some cases repressive effects may be due to passive 
inhibition, which can occur due to competition for DNA sites with other transactivators 
or to formation of transcriptionally inactive heterodimers. However, there are also the 
so-called �negative HREs� that bind the receptors and mediate negative regulation by 
the ligand. These elements have been identified for glucocorticoids in the proopiome-
lanocortin gene27,28 and for thyroid hormones in the thyrotropin and thyrotropin-releas-
ing hormone29,30 genes, indicating an important role of these sites in feedback mecha-
nisms in the pituitary.31,32 A rather common finding is that on negative HREs the 
unoccupied receptor increases transcription and the ligand reverses this stimulation. In 
addition to ligand-dependent gene activation and inhibition, a subset of nuclear recep-
tors represses basal transcription in the absence of ligand when bound to a positive 
HRE. This silencing activity is due to the binding of corepressors to the unliganded 
receptors. 

�Cross-talk� with other signaling pathways 

Nuclear receptors can also modulate gene expression by mechanisms independ-
ent of binding to an HRE. Thus they can alter expression of genes that do not contain 
an HRE through positive or negative interference with the activity of other transcription 
factors such as AP-1,33 through a mechanism generally referred to as �transcriptional 
cross-talk�.34 For instance, the ERs utilize protein-protein interactions to enhance tran-
scription of genes that contain AP-1 sites. The AP-1 complex that is composed of 
dimers of Jun family proteins or Jun/Fos heterodimers plays an important role in cell 
proliferation. ERα and ERβ have been shown to signal in opposite ways at AP-1 sites. 
ERα activates transcription in the presence of estradiol, whereas with ERβ estradiol 
inhibits AP-1-dependent transcription. Furthermore, antiestrogens can act as agonists of 
ER action at AP-1 sites. This is particularly evident in the case of ERβ, which enhances 
AP-1-dependent transcription in the presence of antiestrogens but not estrogens.35 An-
other well-studied example of the cross-talk between nuclear receptors and AP-1 com-
plexes is the finding that several receptors, such as TR, RAR, or GR, can act as ligand-
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dependent transrepressors of AP-1 (Jun/Fos) activity, and reciprocally, that AP-1 can 
inhibit transactivation by nuclear receptors.36 It is believed that many of the 
antiproliferative effects of ligands of nuclear receptors could be mediated by their anti-
AP-1 activity. Similarly, some nuclear receptors, specifically GR, can also mutually 
interfere with NF-κB activity, which could be involved in the anti-inflammatory and 
immunosuppressive effects of glucocorticoids. 

Dissociated ligands 

A most interesting discovery is that receptor-mediated activation and repression 
can be separated. Point mutations have been found that impair transactivation but retain 
the ability to antagonize AP-1 or NF-κB activity.26,37 It has also been possible to gener-
ate synthetic ligands of GR and retinoid receptors that dissociate transactivation from 
transrepression. 38,39 These ligands largely lack the ability to activate target genes con-
taining HREs, but they retain in vivo anti-inflammatory or antiproliferative activity. 
Structural analysis reveal that the point mutations in GR leading to the dissociation of 
transactivation and transrepression activity influence the dimerization properties, sup-
porting the notion that transactivation is mediated by GR homodimers whereas trans-
repression is mediated by GR monomers. The �dissociated� ligands inducing this effect 
have a large potential as pharmacological tools in the treatment of a variety of diseases 
including cancer and inflammatory diseases.40  

Receptor-Interacting Proteins 

Initiation of transcription 

Genes transcribed by RNA polymerase II are recognized by two types of tran-
scription factors: the basal or general transcription factors that interact with the core 
promoter elements, and the sequence-specific transcription factors, among which nu-
clear receptors are included, which generally interact with sequences located further 
upstream. The core promoter may contain the TATA box close to an initiator sequence 
that spans the transcriptional start site where the RNA polymerase II binds.  

Most of the factors involved in formation of the transcriptional initiation complex 
have been characterized. In addition to RNA polymerase II (which is composed of at 
least 12 subunits), these include TFIID, TFIIB, TFIIA, TFIIF, TFIIE, and TFIIH. The 
binding of TFIID to the promoter is thought to be a rate-limiting step in transcriptional 
initiation. TFIID is composed of TATA binding protein (TBP) and TBP-associated 
factors (TAFIIs) forming several complexes. TBP is a highly conserved protein that 
binds to the minor groove of DNA over the TATA region causing a drastic bend of 
DNA and also contacts the largest subunit of RNA polymerase II. After TFIID binding 
to DNA, recruitment of TFIIB is a critical step in the formation of the preinitiation 
complex. TFIIB contacts DNA upstream and downstream of the TATA box on the 
concave side of the bend induced by TFIID binding. 

It was formerly believed that the preinitiation complex was assembled in an or-
dered fashion, with binding of TFIID to the TATA box followed by sequential binding 
of TFIIB, the polymerase, and other factors. An alternative to the sequential recruit-
ment of individual GTFs is the existence of preformed complexes, including the RNA 
polymerase II and GTFs, that could be directly recruited to the promoter by sequence-
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specific transcription factors. These complexes, that contain RNA polymerase II, 
TFIIB, TFIIH, TFIIF, and several other proteins, have been isolated from yeast and 
mammalian cells and are termed the holoenzyme.41 The current hypothesis is that tran-
scription factors will finally cause their effect on gene expression by influencing the 
rate of assembly of these complexes to the regulated promoter. 

Interaction with general transcription factors  

Nuclear receptors are able to interact with several components of the general 
transcriptional machinery. It has been shown that TBP can interact with several recep-
tors and that over expression of TBP enhances ligand dependent transactivation in 
transfection assays. TAFIIs have also been identified as potential targets for hormone 
receptors. For instance, TAFII30 is required for transactivation by ER,42 whereas 
expression of TAFII135 strongly potentiates transcriptional stimulation by RAR, TR, 
or VDR, but does not affect the responses to ER or RXR.43 Also other receptors such as 
TR and VDR have been demonstrated to interact with TFIIB, thus TAFIIs can act as 
coactivators of nuclear receptors. 

Interaction with sequence-specific transcription factors 

In natural promoters, HREs are located close to recognition sequences for other 
transcription factors. Interaction between the receptors and these factors, which can 
result in functional synergism or repression, can play an important role in determining 
transcriptional rates. In some cases HREs have been shown to be dependent on coop-
erative interactions with adjacent transcription factors. Such interactions may serve to 
restrict a hormonal response to cell types that express the appropriate set of transcrip-
tion factors. A good example of these interactions is the expression of pituitary genes. 
Transcription of the growth hormone and prolactin genes is stimulated by a number of 
ligands for nuclear receptors, and this stimulation requires binding of the pituitary-spe-
cific homeodomain factor GHF-1/Pit-1 to its recognition sites in the promoters.44,45 A 
direct protein to protein interaction between the receptors and these factors appears to 
be involved in this synergism.  

Interaction with Coactivators and Corepressors  

Modulation of the assembly of preinitiation complexes by transcriptional activa-
tors involves not only direct actions but also indirect actions on components of the 
basal transcriptional machinery. Experimental evidence supports the existence of 
bridging molecules, also termed coactivators or transcription intermediary factors 
(TIFs), that are thought to mediate the interactions of transcription factors with the 
basal transcriptional machinery. Conversely, corepressors can bind transcriptional acti-
vators and inhibit the formation of transcriptionally active complexes.  

The original indication of the existence of coactivators for nuclear receptors 
comes from the existence of transcriptional interference or �squelching� between dif-
ferent receptors in transient transfection assays in which the presence of a second re-
ceptor represses transactivation of a promoter regulated by a given receptor. The clear 
inference from those results is that competition for putative coactivators which are 
commonly utilized by both receptors is responsible for the transcriptional interference 
observed. 
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Nuclear Receptor Coactivators 

The AF-2 domain of nuclear receptors 

Early studies suggested that a C-terminal part of nuclear receptors, termed the 
AF-2 domain, was involved in ligand-dependent transactivation in vivo, and mutation 
analysis has shown that this region is also involved in transcriptional interference. 
Structural models of the LDB of many nuclear receptors have shown that the AF-2 
domain is a surface formed by well-conserved amino acids in H12 and the nuclear re-
ceptor �signature motif� in H3 and H4.46 From H12, a consensus motif φφXEφφ (φ 
being a hydrophobic amino acid) can be derived. This motif is similar to the LXXLL 
coactivator motif (see below). Mutations in the �signature motif� affect neither ligand 
binding nor dimerization, but impair ligand-dependent transactivation. Specifically, a 
highly conserved lysine (which forms half of the charge clamp) in the C-terminus of 
H3 that is exposed to the solvent in the receptor crystals is important for transcriptional 
activity of several receptors (104, 119). Furthermore, natural mutations in the signature 
region have been identified in patients with androgen insensitivity syndrome,47 in thy-
roid hormoneresistant patients,48 and has been suggested as one structural basis for 
glucocorticoid resistance (main ref. II). 

A prerequisite for formation of the AF-2 is the proper position of the mobile H12, 
which contains the core AF-2 segment. Helix 12 projects away from the body of the 
LBD in unliganded RXR,49 whereas in liganded receptors this helix is tightly packed 
against H3 or H4 and making direct contacts with the ligand. Reinforcing this model, it 
has been recently demonstrated that in ER LBD bound to the antagonists raloxifen or 
dihydroxytamoxifen the position of H12 is different from that shown by the agonist-
bound LBD.50 In the antagonist-bound receptor, H12 is rotated and shifted with respect 
to its position when bound to estrogen. As a result, H12 and the φφXEφφ motif lies in a 
groove formed by H5 and the C-terminal end of H3. This position overlaps with the 
surface of coactivator interaction, thus precluding coactivator binding and consequently 
transcriptional activity. 

Coactivator Families  

Initial biochemical studies demonstrated that several proteins interact with the 
nuclear receptors. A potential role for these proteins as coactivators for the nuclear re-
ceptors was suggested by the ligand dependence for their interaction with the receptors 
and by the finding that they failed to interact with transcriptionally inactive receptor 
mutants or with antagonist-bound receptors. Different cloning strategies have led to the 
identification of numerous receptor-interacting proteins, and a somewhat confused no-
menclature. Some of these proteins have been demonstrated to play a role as true re-
ceptor coactivators, whereas others could play different roles in modulating nuclear 
receptor function. 

The most abundant of these were proteins of a molecular mass of 140 and 160 
kDa (p140 and p160) designated as ER associated proteins (ERAPS), receptor-inter-
acting proteins (RIPs), glucocorticoid receptor interacting proteins (GRIPs), or TR-as-
sociated proteins (TRAPs). Cloning of cDNAs encoding the biochemically identified 
p160 proteins has yielded three distinct but related family members from different spe-
cies, with each family member having a number of splice variants. These include SRC-
1/NCoA-1, TIF-2/GRIP-1/NCoA-2, and p/CIP/ACTR/ AIB1/TRAM1/RAC3.  
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The three members of the p160 family of coactivators show a sequence similarity 
of 40%. Conservation is maximal in their N-terminal domains that contain the nuclear 
localization signal, and two activation domains that mediate protein to protein homo- 
and heterodimeric interactions. Both activation domains are also located at the C-termi-
nus. The p160 coactivators possess histone acetyltransferase activity that maps also to 
the C-terminal region. The central region of the p160 coactivator contains the receptor 
interacting domain including the typical LXXLL motif.  

SRC-1 / NCoA-1 

The first coactivator, identified using a yeast two hybrid screen of a human B-
lymphocyte library using PR as bait, was named steroid receptor coactivator 1 (SRC-1). 
This protein interacts with the receptor in an agonist and AF-2-dependent manner and 
acts as a prototypic coactivator for different nuclear receptors including other steroid 
receptors such as GR or ER, and nonsteroid group II receptors such as VDR, PPAR, 
TR, or RXR. It stimulates the transcriptional activity of the corresponding ligands both 
in mammalian cells and in yeasts. The mouse homolog of SRC-1 was identified by 
screening bacteriophage-based expression libraries with the LBD of ER in the presence 
of estrogen and was denominated nuclear receptor coactivator 1 (NCoA-1). This pro-
tein was highly related to human SRC-1 at the C-terminus but encoded an extended N-
terminus, suggesting that the initially identified SRC-1 was either a partial clone or a 
splice variant of the full-length protein.  

TIF-2 / GRIP-1 / NCoA-2 

Immunoprecipitation experiments showed that SRC-1/NCoA-1 only accounted 
partially for the p160 proteins, suggesting that other coactivators with the same size 
might also exist. This was demonstrated by the cloning of a second set of p160 coacti-
vators (SRC-2), termed transcription intermediary factor (TIF-2) in humans and GRIP-
1 or NCoA-2 in mice. Truncated versions of these proteins exhibit dominant negative 
activity and can inhibit ligand and coactivator responses. Both types of coactivators 
share not only considerable sequence similarity, but also many functional characteris-
tics. Apart from interacting with various receptors and enhancing ligand-dependent 
transcriptional responses, they are also capable of relieving squelching, showing that 
they constitute common limiting factors recruited by the liganded receptors. Loss of 
function studies using microinjected antibodies against the coactivators also suggest 
that they are required for nuclear receptors function. Furthermore, these coactivators 
contain two major transactivation domains that retain their activity when fused with the 
DBD of the yeast GAL4 activator.  

SRC-3 

A third member of the p160 family of proteins was subsequently characterized. It 
was independently isolated as p/CIP (p300/CBP/co-integrator-associated protein) in 
mice and ACTR, AIB1, RAC3, or TRAM-1 in humans. This coactivator has been gen-
erically named SRC-3. Although many properties of this coactivator are similar to 
those of the other p160 proteins, a major difference is that it also enhances the tran-
scriptional activity of a number of different transcription factors including signal trans-
ducers and activators of transcription (STAT-1) and cAMP response element binding 
protein (CREB). It should be noted that although SRC-1 was initially considered as a 
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nuclear receptor-specific coactivator, more recently it has been demonstrated that it can 
also function as a coactivator for NF-κB, serum response factor, or p53 and that it is 
even required for muscle cell differentiation mediated by the helix-loop-helix tran-
scription factor MEF-2. 

The LXXLL motif 

The different members of the p160 family of coactivators possess a nuclear re-
ceptor interacting domain in their central region. This domain contains three highly 
conserved LXXLL motifs (where L is leucine and X is any amino acid) and is neces-
sary and sufficient to mediate association of coactivators to ligand-bound receptors. 
Mutations in these so called NR-boxes abolish interaction with the receptor and coacti-
vator activity but do not affect interaction with CBP.51 However, two related motifs 
harboring acidic and leucine residues, located in a more C-terminal position, appear to 
be responsible for the functional and physical interaction of p160 coactivators with 
CBP, potentially interacting with a hydrophobic binding pocket. A variable number of 
LXXLL boxes have been identified in the different coactivators and coregulators that 
bind the liganded receptors, including CBP, TIF1, RIP140, or DRIP205/TRAP220. 

The LXXLL motifs form amphipathic α-helices in which the leucines form a hy-
drophobic surface on one face of the helix. The structure of these receptor interacting 
motifs is reminiscent of that of H12 in the receptors, which is required for ligand-de-
pendent interaction with coactivators, and also forms an amphipathic α-helix. Although 
the different receptors bind the common LXXLL motif in the p160 coactivators, there 
is receptor specific differential utilization of these motifs. Whereas a single motif of the 
SRC-1 coactivator is sufficient for activation by ER, different combinations of two, 
appropriately spaced, motifs are required for activation by TR, RAR, AR, or PPAR. 
This specificity appears to be dictated by specific residues C-terminal to the core 
LXXLL motifs.52 

Surprisingly, different LXXLL motifs are required for PPARγ function in re-
sponse to specific ligands, suggesting distinct configuration of assembled complexes. 
The finding that sequences flanking the core LXXLL motif play a role in determining 
receptor sensitivity has suggested that it may be possible to target receptor-LXXLL 
interactions to develop receptor-specific antagonists. Thus, peptides containing these 
sequences could interact with a particular receptor in an agonist-dependent manner and 
disrupt ligand-dependent transcriptional activity. As one example, when using combi-
natory peptide libraries a peptide was discovered which when over expressed in cells 
selectively inhibited ERβ but not ERα-mediated transcription.53 

Several crystallographic structures of cocrystallized LBD and coactivator peptide 
have been solved, and indicate that a conserved glutamic acid residue in H12 and the 
conserved lysine residue at the C-terminus of H3 make hydrogen bonds to leucines 1 
and 5. The length and orientation of the LXXLL helical motif is vital for proper back-
bone interactions with both residues. These contacts form a charge clamp that orients 
and positions the receptor interacting motif of the coactivator and allows packing of the 
leucine residues into the hydrophobic pocket formed by helices 3, 4, and 5 (in PPARγ) 
or 3, 5, and 6 (in TRβ).  
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The AF-1 domain 

Structurally, the AF-1 domain is the least conserved in nuclear receptors, both 
with respect to size and sequence. The length of the N-terminal domain ranges from 23 
amino acids in the VDR to 602 in the MR. Alternative splicing leading to different re-
ceptor isoforms often take place in this region. In aqueous solution, the AF-1 domains 
of ERα and ERβ are disordered as determined by NMR and circular dichroism spec-
troscopy. It has been postulated that this region folds upon interaction with various 
coactivators, as observed for TATA-box binding protein and isolated AF-1 domain 
from ERα.46 

In contrast to ligand-dependent AF-2 activity, the mechanisms responsible for 
constitutive AF-1 activity are poorly understood. However, recent evidence suggests a 
participation of the coactivators that bind to the AF-2 domain on AF-1 activity. It has 
been shown that p160 coactivators also interact with the N-terminal AF-1-containing 
domain of several receptors. Binding of coactivators to the AF-1 domain does not in-
volve LXXLL motifs, but rather the glutamine-rich region of the coactivator. The AF-1 
domain can also be modulated by kinase signaling pathways. For instance, phosphory-
lation of two serine residues in the AF-1 domain of ERβ by MAPK leads to the re-
cruitment of SRC-1. Phosphorylation-mediated recruitment of coactivators provides the 
molecular basis for ligand-independent activation of this receptor by the MAPK path-
way. 

Nuclear Receptor Corepressors 

In addition to ligand-dependent gene activation, selected receptors including TR 
and RAR repress basal transcription in the absence of ligand. Binding of hormonal 
ligand to the receptor releases the transcriptional silencing and leads to gene activation.  

Bahniahmad et al.54 first demonstrated the existence of active silencing domains 
in TR and showed that these domains functioned as repressors when fused to a het-
erologous DBD. Squelching experiments also suggested the existence of inhibitory 
cellular factors necessary for transcriptional silencing that dissociated from TR and 
RAR in a ligand-dependent manner. Therefore, the current model of gene regulation by 
these receptors assumes that the unliganded receptors are bound to the HRE and that 
under these conditions are associated with corepressors responsible for the silencing 
activity. After ligand binding, the conformational changes in the receptors would cause 
the dissociation of corepressors followed by the recruitment of coactivator complexes 
responsible for transcriptional activation. Recently, it has been discovered that unli-
ganded TR may form a trimeric complex with both the coactivator ACTR and the 
corepressor NCoR.55 It was suggested that the physical interaction between coactivator 
and corepressor facilitates rapid switching from inactive to active transcription due to 
immediate access to coactivator proteins.  

Nuclear Receptors and Chromatin 

In order to fit huge DNA molecules into the confined space of the nucleus, eu-
karyotic cells wrap the DNA around octameric protein complexes called histones to 
form nucleosomes. Almost two superhelical turns spanning approximately 150 bp is 
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wound up on each histone, and the next histone is separated by a short linker segment 
of defined average length, creating a regular array of nucleosomes. The N-termini of 
each histone subunit protrude from the histone and may contact DNA, other histones or 
other proteins. These contacts contribute to a dense packing of nucleosomes creating 
the chromatin structure. 

It was previously thought that the chromatin was merely an efficient way of 
storing the DNA, but it seems that packing and unpacking of the chromatin structure 
also has an important regulatory function for transcription, replication, recombination 
and repair mechanisms. For these processes, the densely packed chromatin is repressive 
while a partially unpacked chromatin allows the crucial protein-DNA interactions. Re-
cently, two general principles for the regulation of chromatin packing states have 
emerged.  

Firstly, the N-terminal histone tails can be post-translationally modified through 
acetylation, phosphorylation, or methylation. Acetylation neutralizes positively charged 
lysine residues, which lowers the affinity of the histones for the negatively charged 
DNA and results in nucleosome unfolding. These post-translational modifications may 
also result in disrupted interactions with neighboring nucleosomes.  

Secondly, histones can be relocated to other parts of the DNA through an ATP-
dependent process referred to as nucleosome remodeling. By relocation of histones, 
specific DNA sequences can be revealed and allow binding of DNA-interacting pro-
teins. Nucleosome remodeling factors consist of between two and twelve subunits, and 
all factors have an ATPase unit in common. 

Nuclear receptors are involved in chromatin modification through the interaction 
with proteins acting along both of these principles. It has been demonstrated that many 
coactivator proteins such as the p160 family have intrinsic histone acetylation (HAT) 
activity located to their C-terminus. Nuclear receptor corepressors such as SMRT and 
NCoR are known to complex with histone deacetylases (HDACs) that are necessary for 
repression of gene expression.  
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METHODS IN COMPUTATIONAL CHEMISTRY 

�Every attempt to employ mathematical methods in the study of chemical 
questions must be considered profoundly irrational and contrary to the 
spirit of chemistry. If mathematical analysis should ever hold a prominent 
place in chemistry - an aberration which is happily almost impossible - it 
would occasion a rapid and widespread degeneration of that science.�  

Auguste Compte, Philosophie Positive (1830) 

Computational chemistry is a branch of chemistry where molecules are studied 
by theoretical models. Although many models are simple in spirit, they tend to grow 
very large and computers must be employed to handle the vast amount of data gener-
ated. Not surprisingly, computational chemistry is a relatively new field which has 
benefited enormously from the astonishing decrease in price-performance ratio of com-
puters during the last two decades. In stark contrast to the presage of monsieur Compte, 
mathematical modeling is today an integrated part of virtually all fields of chemistry. 

In this chapter, a selection of molecular modeling56 methods relevant to the pre-
sent work are described. 

Force field models 

The fundamental way to completely describe a molecular system is to use the 
tools of quantum mechanics (QM) and set up wave functions and solve the Schrödinger 
equation for all particles (nuclei and electrons) in the system. This can be done exact 
and analytically for the hydrogen atom (two particles) and the molecular hydrogen ion 
H2

+ (three particles), i.e. only for very small systems.  
For larger systems various approximations must be employed. There are ap-

proximate QM methods that can handle low-molecular weight compounds accurately 
within reasonable time, but to model macromolecular systems such as proteins, force 
field models are most adequate. A fundamental simplification in force field models 
enabling the treatment of large systems is the neglect of electronic motion. This is 
based on the Born-Oppenheimer approximation stating that the electrons instantane-
ously adapt to changes in nuclei positions due to their much smaller mass. 

The force field 

Thus, in force field models, the molecular system is described at the atomic level 
using classical mechanics theories for the interactions of particles. Each individual 
atom is acting in the field of forces created by the other atoms in the system, hence the 
common name force field model, or just �force field� (FF). Numerous force fields have 
been developed, all with different target systems such as liquids, small molecules, or 
macromolecules, in mind. A basic all-atom force field is built upon an energy function 
and a table of empirical parameters. Each atom is assigned a coordinate in 3D-space for 
its center of mass, and an atom type carrying atomic properties such as mass, vdW ra-
dius, and partial charge. Note that in united-atom force fields, non-polar hydrogen at-
oms are merged with their parent heavy atom to reduce the number of particles in the 
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model. In molecules, the atoms are connected by bonds which are best thought of as 
mechanical springs with a certain equilibrium length r0 and stretching force constant 
kbond. For each connected pair of atoms, a simple quadratic potential energy term is cal-
culated. 

2
0 )( rrkE bondbond −=  

This term has a minimum at the equilibrium distance r0, and grows monotoni-
cally as the interatomic distance r deviates from r0. Analogously, angles and dihedral 
angles between three and four atoms respectively are defined by an equilibrium angle 
and a corresponding force constant. The spatial extension of the atoms give rise to 
short-range van der Waals forces, and the partial atomic charge give rise to long-ranged 
Coulombic interactions. The vdW and Coulombic forces are collectively referred to as 
non-bonded interactions, as opposed to the bonded interactions mentioned earlier.  

miscbondnonbondtot EEEE ++= −  

The energy function of the force field summarizes the basic bonded and non-
bonded terms, and depending on the purpose of the force-field, other more specialized 
terms may also be included. One example is a solvation energy term such as GB/SA 
(below), another is the Urey-Bradley term for improved accuracy in spectroscopic ap-
plications. 

Solvent representation 

Traditionally, force field models have modeled solvent effects by explicit inclu-
sion of solvent molecules. The main advantage of this approach is a detailed model 
where structural effects in the solvent can be studied in atomic detail. Unfortunately, 
the computational load increases quadratically with the number of atoms in the model, 
and explicit solvation calculations tend to require inclusion of a large number of solvent 
molecules. This is the major drawback of this approach, and is one reason for the inter-
est in implicit models for solvation.  

Implicit solvent models represent the solvent as a continuous dielectric medium, 
combining empirical models for non-polar effects and macroscopic theories of contin-
uum electrostatics. Without the computational burden of solvent-solvent interactions, 
the simulation is only slightly slower than for a pure vacuum model, and the computa-
tional effort is focused on the solute and the solute-solvent interactions. An important 
difference from vacuum simulations is that the dielectric medium can screen interaction 
between charged particles, thus avoiding the collapse of charged surface residues on 
proteins, for instance. Continuum models have been successfully implemented in many 
force field-based molecular simulation software57,58, some of which relies entirely on 
continuum representation of solvent effects. 

The generalized Born solvent accessible surface area (GB/SA) algorithm as for-
mulated by Clark Still and co-workers59 is one representative and well-known example 
of an implicit model for solvation free energy estimates. It is based on the notion that it 
is possible to express the solvation free energy as the reversible work performed in two 
successive steps, each of which can be separately modeled. First, the solute is inserted 
in the solvent with zero atomic partial charges; second, the atomic partial charges are 
switched from zero to their full values. Consequently, the solvation free energy corre-
sponds to a sum of non-polar and electrostatic contributions. The non-polar term is also 
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called the cavity term, since it corresponds to the free energy change of creating an 
empty cavity in the solvent.  

Applications 

Energy evaluation and minimization 

The simplest application of a force field is a single-point, i.e. for a set of fixed 
spatial coordinates, evaluation of the energy function to obtain the total potential energy 
of the system. The energy function may be described as a surface which is often very 
complicated, having 3N dimensions where N is the number of atoms. In the case of 
macromolecule systems such as proteins, nucleic acids, or membranes, N is often  in 
the range 103 � 105 atoms. 

Minima on the potential energy surface represent stable geometrical configura-
tions of the molecular system, and are therefore of particular interest. Although not 
strictly true, the configuration of the lowest potential energy is generally regarded as 
being the most probable structure of the system, and therefore the most relevant to use 
in further analysis. There are numerous algorithms available to find minima on the en-
ergy surface, but still no single algorithm has proved to find the global minimum from 
an arbitrary starting point. The most commonly used algorithms include the use of de-
rivatives of the energy function, and can be classified according to the highest order 
derivative used. The steepest descent (SD) method is an example of a first-order algo-
rithm which is good for relieving high-energy strain in the model, but may converge 
slowly close to the minimum. Second order algorithms such as Newton-Raphson may 
converge significantly faster than SD, but suffer from instability far from the minimum. 
Thus, the best choice of minimization algorithm may not be one of the methods but a 
combination. One important application of minimization is relief of steric clashes and 
other high-energy artefacts which may occur during setup of model systems for mo-
lecular dynamics simulation.  

Molecular Dynamics 

In molecular mechanics (MM) minimization, the system will always end up in 
the nearest local minimum, although this may be very far from the global minimum of 
the system. Apart from the coordinate changes in a minimization procedure to move 
towards a local minimum, the MM model describes a frozen system where no atoms 
move. This may be seen as a snap-shot picture of a dynamic world, or a relevant model 
of a system at zero Kelvin. In molecular dynamics (MD) time is included in the model, 
making it possible to simulate the dynamic behavior, or time evolution, of the system at 
any temperature. Atomic motion is randomly assigned at the start of the simulation in 
correspondence to the desired temperature, often 298 K (�room temperature�). New-
ton�s second law of motion F=ma is used to derive the acceleration of each atom from 
the force it experiences at a given moment. The acceleration is used to update the posi-
tion and velocity of the atom in steps of 1-2 fs. This very short time-step is about one 
order of magnitude faster than atomic vibrations, making sure that the dynamic model 
describes even the fastest motions in sufficient detail. The explicit inclusion of mo-
mentum allows the model to overcome potential barriers and explore neighboring 
minima. 
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Due to the time-scale used, MD simulations have a severe limitation in that only 
short periods of the dynamics of the system can be simulated within reasonable wall-
clock time. Today, trajectories in the order of 10-100 ns are regarded long for average 
sized system comprising 10-20 000 atoms, and may take several weeks to complete on 
a fast personal computer. On the nanosecond time scale, molecular events such as side 
chain and loop motions can be seen in proteins, but larger conformational changes such 
as helix or subunit displacements are too slow to be detected. It should be noted that 
although a structural change, e.g. the flip of a loop, is observed during the course of the 
simulation, it does not necessarily mean that the motion is fully characterized, or sam-
pled. Although chaotic, most molecular motions have a certain periodicity, and several 
periods should be observed to obtain decent sampling. For small solutes in a container 
of solvent molecules, however, a few nanoseconds or even shorter simulations are often 
sufficient for the study at hand. 

Free Energy Perturbation 

Accurately estimating absolute free energies, or free energy differences between 
molecular systems, is an important task for computational chemistry. Statistical me-
chanics theory provide the tools to exactly express the absolute free energy of a system. 
The remaining obstacle is that the accurate numerical evaluation of the obtained inte-
grals requires infinite summations, which are of course not possible to carry out even 
with the fastest computers available today and in the foreseeable future. However 
hopeless this sounds, there is actually quite a lot of use for the statistical mechanics 
results as implemented in the free energy perturbation (FEP) method. This method is 
sometimes referred to as computational alchemy, since it involves an unphysical trans-
formation from one molecular species to another. The current section will go in to some 
detail on the theory of FEP, as employed in reference I. Several excellent reviews are 
available in the literature.60-63 

The partition function 

How can statistical mechanics theory help us derive a free energy from a mo-
lecular simulation? Similar in spirit to the quantum mechanical wave function contain-
ing all information about a QM system, one can define a partition function which con-
tains all information about a classical system as  
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where h is Planck�s constant, N the number of particles, H the Hamiltonian of the 
system, p the pressure, V the volume, R the gas constant, T the absolute temperature, 
and dΓN refers to integration over the complete phase space (the union of coordinate 
and momentum spaces). From this expression, all thermodynamic properties of the 
system can be derived. The free energy,  

ZRTG ln−=     (3) 

is the negative logarithm of the partition function, and to obtain the free energy 
needed to transfer a solute molecule from vacuum (state A) to water (state B), we sim-
ply need to find the difference 
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AB GGG −=∆     (4) 

However, direct evaluation of the partition functions for states A and B is not 
possible. First, the problem of dimensionality relates to that the summation (numerical 
integration) has to be carried out over 3N dimensions. This may be a large number, but 
it is still finite. The second problem is worse, each dimension has to be integrated from 
-∞ to +∞, thus leaving us with a sum over an infinite number of steps. Even a very 
coarse integration using 100 steps, would require (3N)100 energy evaluations, an in-
credibly large number. The trick that works around these problems is a further expan-
sion of the relative free energy difference between two states A and B, 
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where ∆H = HB - HA is the difference between the Hamiltonians for states A and 
B, whose significance will be clarified in a moment. In the second row of this expan-
sion we can identify the fractional argument to the logarithm as the definition of a sta-
tistical expectation value, or average value, as shown by the last equality. Instead of 
infinite integration over the whole phase space, we only have to determine an average 
value of the energy difference between the models representing the two states. In other 
words, the complete survey of phase space is replaced by a statistical sample from the 
same space. The larger the sample, the better the average is determined.  

The perturbation 

Looking back at Eq. 5, the subscript �A� on the ensemble average after the last 
equality indicates that the generation of conformational samples are carried out in the 
potential related to state A, i.e. the first molecular species. For each conformation gen-
erated in this potential, also the energy it would have in the potential of state B is 
evaluated. The difference between these two energy evaluations is an estimate of ∆H in 
the exponential function. A fundamental requirement in FEP is that the potential sur-
faces in state A and B are not too dissimilar, or in other words, the potential of state A 
has to generate conformations that are also representative for state B. In practice, the 
change from one functional group to another may be a too large difference. This prob-
lem is solved by the introduction of a coupling parameter, often called lambda (λ), al-
lowing smooth mixing of the two states. Lambda is changed from 0 (state A) to 1 (state 
B) in a number of small steps, or FEP windows. For each window (each value of 
lambda), a converged simulation has to be carried out to determine the ensemble aver-
age. This points to the major drawback of the FEP methodology; it requires massive 
amounts of CPU-time, most of which is spent on unphysical intermediate steps.  

In reference I the so called single topology implementation of FEP has been used. 
This means that one unique molecular topology but a mixed potential function is used 
in the generation of conformations. An alternative approach is the dual topology FEP, 
where not only the potential function but also the molecular topology is a mixture of 
the initial and final states. In both approaches it is necessary to use non-interacting 
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dummy atoms as place-holders on positions where atoms are created or annihilated 
during the perturbation, since the number of atoms in the initial and final topology must 
not change. 

Thermodynamic cycles 

Once we have established a way to calculate the free energy difference between 
two systems, there is one more problem we need to solve before the FEP method be-
comes fully useful. Since the perturbation have to be small, we can not go straight from 
a solute molecule in vacuum to a solute molecule in solvent. The addition of 102-103 
solvent molecules is definitely a too large perturbation. 

A (g)

B (g) B (aq)

A (aq)
∆G1

∆G2

∆G4∆G3

 
Figure 4 Thermodynamic cycle for the transfer of two molecular species A and B from gas phase (g) 

to aqueous solution (aq). 

The solution to the problem is the construction of a thermodynamic cycle (Figure 
4). Since the free energy is a state function, the sum of the free energy in a closed cycle 
must be zero, 

32410 GGGG ∆−∆−∆+∆=    (6) 

If states A and B are similar, we can use FEP to calculate ∆G3 and ∆G4, the trans-
formation of A to B in vacuum and in solvent, respectively. Rearranging Eq. 6, we note 
that the difference between these energies exactly corresponds to the difference be-
tween ∆G1 and ∆G2, the energies we are not able to calculate directly. Thus, using FEP 
in the context of a thermodynamic cycle, we can obtain the relative difference, ∆∆G, of 
solvation free energies. Analogously, this approach is also useful for calculations of 
relative binding free energy differences, stability calculations etc. 

Sampling 

To achieve accurate FEP results, good sampling of the phase space is required. 
How is this sampling done in practice? Two related but slightly 
different methods are widely used to generate a representative 
sample of conformations for the molecular system. Molecular 
dynamics, as described above, will generate a large number of 
conformations if the simulation is run for a long time. A simple 
MM minimization will only find the nearest minimum, but in MD, 
the randomly initiated momenta of each atom provides a possibil-
ity for the system to cross energy barriers and continue to a neighboring minimum. If 
the MD simulation is run for infinite time all of phase space will be sampled. An inher-
ent disadvantage in this kind of sampling is that it may take a very long time to reach 
convergence, i.e. a large enough sample, especially if the energy surface is rough with 
many high barriers. 
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A probabilistic alternative to the deterministic MD is the Monte Carlo (MC) 
simulation technique. A very simple idea about how MC works is given by the classic 
π example, where the task is to determine the value of π. Consider a dart board where a 
circle is inscribed in a square. The ratio between the areas of the circle and the square is 
exactly π/4, but instead of measuring the geometry we throw darts at the board. After a 
large number of darts have hit the board, the ratio between the hits within the circle and 
hits within the square will converge towards π. Translated to a molecular model, the 
two-dimensional dart board corresponds to the multi-dimensional coordinate space of 
the molecular system. Given a suitable starting conformation, new conformations are 
generated randomly (the dart throw) instead of being derived from Newtonian me-
chanics as in MD. Thus, no kinetic information about the system is available nor 
needed. Just like darts hitting the board outside the square are not counted, the new 
conformation may be accepted or rejected, but based on a probabilistic choice. The 
Boltzmann probability exp(-∆U/kT) is compared to a random number drawn from a 
uniform distribution, and the new configuration is accepted if the Boltzmann weight is 
larger than the random number. Each such an attempt to find a new conformation is 
called a trial move, and MC simulations comprise millions of moves. Here, ∆U is the 
change in potential energy due to the move, k is the Boltzmann constant, and T the ab-
solute temperature.  

Monte Carlo techniques are probably the most efficient sampling method for 
simulations of liquids and small molecule solutes in solvent, but for macromolecules 
MD is a better choice, with the possible exception of MC applied to torsional angles.64 
It can be shown that the most efficient MC move is to change the position of just one 
atom at a time, rather than randomly displacing all atoms in the system. A large random 
movement of on atom in a macromolecule will disrupt a chemical bond, whereas in a 
liquid simulation a whole solvent molecule can be moved to a completely new location 
with sufficiently high probability. Furthermore, in macromolecules where most atoms 
are extensively connected, the displacement of  just one atom in a protein will contrib-
ute very little to the exploration of the phase space.  

Computational facilities 

Just as an anecdotical note for the future, it could be of interest to briefly mention 
the computational facilities used during the work with the present thesis. A cluster of 
relatively cheap personal computers running the Linux operating system is currently 
regarded as the most cost-effective solution to provide the computational resources 
necessary for MD simulations. Some work (main references I, IV and early unpub-
lished studies) was carried out on a cluster comprising about 80 CPUs mounted on 
dual-CPU motherboards with 128MB memory each. Half of the CPUs were Intel Pen-
tium II running at 450 MHz and the newer half were Intel Pentium III running at 866 
MHz. The batch queue system granted access to groups of 1, 4 or 8 CPUs per job. De-
pending on the character of the job, the MD program CHARMM parallelizes well up to 
8 nodes. Most of the later work (main references II and III) was carried out on a small 
cluster of three dual-Pentium 4/Xeon workstations and 8 single-Pentium 4 PCs, running 
at 2.0 and 3.06 GHz respectively. The P4 computers were equipped with 512MB or 
1024MB memory. At the time of writing, a corresponding desktop computer without 
monitor cost approximately 6000 SEK (excl. VAT). It should be remembered that in 
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relation to current  licence fees for commercial modeling softwares, the hardware is 
often less than 10-20% of the total cost for the cluster. 

Concluding remarks on molecular modeling 

The personal experiences gained from five years studies of molecular modeling 
are probably at least as valuable as the scientific contributions this thesis bring. I have 
had an opportunity to study methods ranging from very simplistic calculations of mo-
lecular mechanics energies, via time-consuming molecular dynamics simulations to the 
most demanding free energy perturbation simulations, all with the goal to reproduce 
and predict experimental measurements. This is not trivial, and there are many pit-falls 
along the way. 

One of the most prominent obstacles in molecular modeling is the problem of 
sampling, which leads to difficulties to achieve converged simulations and eventually 
to unreliable results. The basic physical theories for the calculation of free energy are 
exact, but to get reliable numbers you need to evaluate, in principle, all possible states 
or configurations of the system. Computer simulations relies on the ergodic hypothesis 
which states that a time average of the molecular property of interest is equal to the 
ensemble average observed by the experimentalist. Due to limited computational re-
sources, various approximations are regularly made in order to limit the need for com-
plete sampling. However, many approximations are implict and may be difficult to rec-
ognize. In many cases, the implicit approximations could be taken one step further in 
order to increase efficiency of simulations. 

In phase space no one will hear you scream 

Consider, for instance, the use of a single electrostatic configuration of a protein 
model with respect to titratable groups of the amino acid side chains. In practice, all 
basic and acidic amino acids have pKa values that are far from neutral pH why their 
most likely protonation states are easily identified. In contrast, each histidine may be 
found in one of three possible protonation states at neutral pH (one protonated and two 
neutral where any of two side chain nitrogen atoms may be protonated). Often, one of 
these states is chosen by the modeler after visual inspection of the local environment of 
each histidine in the initial structure model. The GR LBD contains five histidines, 
which results in 35 or 243 unique combinations. In a careful setup, the pKa for each of 
these should be evaluated and the configuration of lowest energy should be used. Even 
so, in reality the protein will most likely alternate between several low-energy configu-
rations, and, in this example, continuously alter the protonation state of many residues. 
In the force field model, atom connectivity cannot change, and the model can therefore 
not adapt to changes in the local environment due to, for instance, new positions of 
neighboring residues. Although it can be argued that the protonation state of distal 
amino acids do not significantly influence the property of interest, the selection of one 
single configuration for all subsequent modeling is indeed an approximation. 

A similar argument could be used for the case of initial rotameric states of all 
amino acid side chains (except Gly and Ala). A long arginine side chain has four chi-
angles, and assuming three unique rotameric states for each angle yields 81 states per 
Arg residue. The vast majority of these states will certainly be excluded for steric rea-
sons (e.g. overlap with backbone and neighboring residues), but allowing just three 
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states for each of the approximately 250 residues in an NR LBD yields an astronomic 
10120 combinations. Depending on the size of the model, in the order of 104 states per 
hour may be evaluated on a single contemporary microprocessor. Obviously there is no 
way a complete sample of side chain conformations can be obtained in a molecular 
simulation of the kind employed in this work. 

Find your ballpark in phase space 

My point with the above examples is that the more or less unnoticed approxima-
tions made in selecting a single electrostatic configuration and a single initial rotameric 
state for side chain torsional angles could, and possibly should, be further extended to 
improve efficiency of computer usage. Just as the crystallographic structure model is 
often selected as a starting point and reference geometry for MD simulations based on 
its assumed biological relevance, other restraints imposed on the model should be taken 
to the level just above fluctuations which can be thouroughly sampled during a simula-
tion. MD simulations can be a very useful technique, but only if the scientific question 
is focused and well-defined.  

Depending on the problem at hand, one could for instance imagine application of 
strong torsional restraints on all but a few side chains that are involved in the phenome-
non of interest, e.g. the role of specific receptor residues for binding ligand, DNA or 
another protein, as well as restraining flexible loops far from the interaction region. 
With a very small set of completely flexible side chains, it would be possible to com-
pletely sample all conformations and probe their effect on, for instance, ligand interac-
tion or secondary structure element positions. This would tentatively result in quick 
convergence of measured properties and less noise caused by small but many and non-
controlled fluctuations elsewhere in the model. A valid criticism is that the obtained 
results are valid only for a particular case involving the added strong restraints. How-
ever, in comparison to the number of variables already locked based on assumptions of 
biological relevance of native fold, protonation state, etc, the additional restraints 
should be of minor importance. The choice of sidechains whose torsional freedom is 
relevant for the problem at hand may be judged from inspection of static structure mod-
els or short initial simulations without the additional restraints. 

One reason for slow convergence of various properties monitored during a mo-
lecular simulation is the drift due to low-frequency motions in the model, e.g. tertiary 
structure �breathing� of a protein. For instance, the interaction energy between two 
helices will show high-frequent random fluctuations due to atomic vibrations, but may 
also steadily drift towards larger or smaller values due to much slower helical motions. 
When the period of these motions is of the same or larger magnitude as the total simu-
lation time, any properties affected by the slow motions will have a drifting appearance. 
The drift prevents convergence of the monitored properties within the time-frame of the 
simulation, why it is desirable to remove the drifting behavior from the system. Ex-
tending the length of the simulation to include many periods of the motion is often a 
very costly solution. An alternative approach could be to filter out the slow motions by 
restraints, e.g. harmonic positional restraints on all or a subset of the α-carbons of a 
protein. This idea is not new, as exemplified by the SHAKE algorithm which is a 
widely used constraint of bonds to (primarily) hydrogen atoms, allowing for an increase 
in the simulation time step for biomolecular simulations.  
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In the extreme case, application of structural constraints to the whole initial 
structure model (obtained from crystallographic, NMR, or homology models) leads to a 
simple MM energy evaluation of a single conformation. This is certainly the quickest 
way to estimate a potential energy or other structural property, but suffers from the 
complete neglect of related conformations, some of which may be equally populated, 
and lack of dynamic information. Systematic generation (cf. grid search) of a large 
number of starting conformations (with respect to rotameric states, protonation states, 
etc) and running short MD simulations of each could be a more efficient way to sample 
the local properties than one long MD simulation using the same amount of CPU time.  

Conclusion 

MD simulations can be very useful for studies on molecular properties, and the 
only choice if time-dependent fluctuations are of interest. However, the model system 
must be set up very carefully, and the goal of the simulation must be well articulated. 
The chance of stumbling on a revolutionary result by chance is, unfortunately, negligi-
ble. 
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INTRODUCTION TO MAIN REFERENCES 

I. Calculations of hydrophobic hydration 

The molecular interaction with water is an important component in many bio-
logical systems. There are in principle two ways of estimating this effect by computer 
simulation: explicit solvation by inclusion of water molecules in atomic detail or im-
plicit solvation by the use of a dielectric continuum. The latter models often comprise a 
hydrophobic term and an electrostatic term, both of which need to be parameterized 
against experimental and/or theoretical data. 

The aim of this paper is to examine the hydration properties of cyclic alkanes, in 
an attempt to improve the hydrophobic term for this class of molecules. Cyclic struc-
tures are common building blocks in drug-like molecules, and the proper treatment of 
these structures is crucial for successful drug-design efforts. However, the experimental 
data for solvation of cyclic alkanes are scarce, and to this end we chose to use the free 
energy perturbation (FEP) technique to theoretically compute the free energy cost of 
solvating these model compounds.  

As the first step, solvation free energies were computed for a set of linear alkanes 
for which experimental data are abundant. This was to confirm that the computer model 
we used could reproduce the rather small energy differences seen for these molecules. 
To reach this goal, the standard FEP protocol had to be extended with a mass scaling 
functionality. The second step was to use the same setup for the cyclic alkanes. How-
ever, due to the nature of cyclic molecules, we found that the time necessary for con-
vergence was prohibitively long. By separating the conformational sampling of the 
initial and final states from the transformation step, convergence was improved, but not 
sufficiently for the precision desired in this study. 

II. Modeling GR � coactivator interactions 

Drugs targeting the glucocorticoid receptor (GR) are used in the treatment of 
asthma and other inflammatory diseases. However, some patients are resistant to the 
treatment with glucocorticoids such as budesonide, and mutations in the GR have been 
suggested as one possible reason. In this paper, the group of Roger Miesfeld presents a 
new method of screening for such GR mutations in human bronchial epithelial cells, as 
well as the discovery of one new mutation.  

Homology modeling of the three-dimensional structure of GR (at the time of this 
study an experimental structure was not yet publicly available) showed that the new 
point mutation is situated in the bottom of the coactivator binding pocket (AF-2) on the 
receptor surface. This indicated that the mutation may influence coactivator recruit-
ment, and thereby abolishing the effect of the glucocorticoid treatment. 

The binding affinity of a model peptide simulating the coactivator protein for the 
GRwt and GRmut was estimated by the linear interaction energy (LIE) method. The 
peptide was predicted to bind worse to the mutant than to the wild-type, and this pre-
diction was later confirmed by experiments. 
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Figure 5 Cartoon representation of the GR LBD. H1 is colored red, and H12 is dark blue.  On the 

reddish-brown H3, the mutated residues Met-571 (pointing left) and Gln-573 (pointing right) are 

shown as ball-and-stick-models. An aldosterone molecule indicate the position of the ligand binding 

pocket in the lower part of the structure. 

III. Dynamics of the GR coactivator binding pocket 

The mineralocorticoid receptor (MR) is closely related to GR. In contrast to GR, 
which interacts specifically with glucocorticoids, MR interacts with both glucocortio-
coid and mineralocorticoid ligands. It has earlier been found that the residue Val-571 in 
human GR plays a key roll in this specificity.65 When mutated to a methionine, which 
is the corresponding residue in MR, the affinity of GRV571M for the mineralocorticoid 
aldosterone as well as the biological activity increases. A second mutant, A573Q, does 
not change the binding or activity by itself, but reinforces the effect of V571M when 
combined. In this paper we investigate the possible structural mechanism of these mu-
tations leading to the more MR-like activity of GR.  

Structural models of GR (Figure 5) show that residue 571 is situated in the mid-
dle of H3, between the ligand binding pocket (more than 8Å away) and the coactivator 
binding pocket. Thus, the V571M mutation should not have any direct effect on either 
ligand or coactivator binding. By MD simulations of the whole protein immersed in a 
water droplet, the structural effects of the mutation have been examined. 
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We found that the V571M mutation changes the shape of the coactivator binding 
groove by increasing the H3-H12 distance slightly through steric repulsion. This in-
crease is more pronounced in the double mutant, while not at all seen in the A573Q 
mutant. Our hypothesis is that a slightly larger binding groove facilitates recruitment of 
coactivator. Experimental support for this hypothesis comes from measurements on 
crystal structures of the estrogen receptor (ER) where receptors co-crystallized with 
coactivator peptide always have a larger corresponding H3-H12 distance than receptors 
without peptide. 

IV. Ligand binding pathways in RAR 

The process of ligand binding is governed by thermodynamics and kinetics. Tra-
ditionally, the principal task in molecular modeling has been to predict the thermody-
namics of binding. Recent studies of the kinetics of hormone analogues binding to the 
estrogen receptor reveals that the kinetic properties discriminate between agonists and 
antagonists, two important classes of ligands with opposing biological function. 

To fully understand the kinetics of ligands binding to buried sites in nuclear hor-
mone receptors, it is necessary to understand how ligands enter and exit the binding 
site. This is in general a far too slow process to be studied by ordinary molecular dy-
namics, so several ways of accelerating the event are proposed in the literature. For the 
retinoic acid receptor (RAR) two methods have been reported, namely the steered mo-
lecular dynamics (SMD) method where the ligand is pulled out by an external force of 
constant direction and magnitude, and the multiple copy molecular dynamics method 
where several non-interacting copies of the ligand are present simultaneously in the 
binding pocket. 

In this paper, a third method called random expulsion molecular dynamics 
(REMD) is applied to RAR. Since methodological problems were encountered due to 
the extended and flexible structure of retinoic acid, this paper includes a systematic 
study on various ways of applying the artificial force to an extended ligand in a very 
simplified two-dimensional model system. The recommendations found in this study 
are used to search for new binding pathways in the full protein model. 

Conformational selection or induced fit?   

The association of biomolecules is usually described according to one of three 
models: the lock-and-key model, the induced fit model, and recently, the conforma-
tional selection model. The lock-and-key model dates long back,66,67,68  and receives 
little attention today. It is based on the assumption that both the ligand and receptor are 
rigid entities, and for successful interaction complementary in shape. However, over-
whelming experimental evidence show that most interacting biomolecules undergoes 
conformational changes when interacting. For instance, the most favorable conforma-
tion for a hormone ligand in solution may be rather different from the conformation 
adapted when bound to a receptor. 

In the �induced fit� model,69 two molecules first bind weakly, and then optimize 
the interaction through mutually induced conformational changes. In recent years, sev-
eral authors has advocated a third model termed �conformational selection� which is 
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based on statistical mechanics theory and the existence of an ensemble of conforma-
tions for both interacting species, and the notion that the binding event shifts the equi-
librium of the ensemble in one or the other direction. This may have functional impli-
cation if, for instance, a ligand shifts the conformational equilibrium of a receptor 
molecule from a predominantly inactive state towards a larger proportion of active re-
ceptors. For G-protein coupled receptors, there is evidence that different ligands bind to 
distinct conformations of the same GPCR, which in turn binds to distinct G-proteins 
depending on which conformation is selected by the ligand.70 Interestingly, the model 
for the binding event itself in the conformational selection model is identical to the 
lock-and-key model, in that a conformational preconfiguration is required for associa-
tion.  

From a thermodynamic standpoint, the conformational selection and induced fit 
mechanisms are equivalent (Figure 6), and may be characterized by the free energy 
difference between the free substrates and the complex, i.e. the binding free energy. 
From a structural standpoint, this is a black box description revealing no mechanistic 
details. The exact pathway of binding may be of interest for applications such as drug 
design, where two ligands of similar affinity (binding free energy) may bind through 
different mechanisms and subsequently lead to distinct interactions with tertiary ele-
ments of a signaling pathway. For ER, it has been shown that agonist ligands specify 
the coactivator peptide affinity.71 

 
Figure 6 A thermodynamic cycle describing ligand (L) binding to a native receptor (R) forming a 

complex (RL). The receptor may undergo isomerization leading to alternative conformations (R*). The 

induced fit model is described by legs 1 and 2, whereas the conformational selection model follows 

legs 3 and 4. This simple thermodynamic cycle may easily be extended horizontally to include more 

receptor conformations (R*1, R*2, �, R*n). Also coactivator protein (A) binding may be introduced by 

vertical extension to a second layer (RA, RAL, R*A, R*AL).72 

To understand protein folding, knowledge of the exact pathway may be even 
more important. Protein folding is often illustrated by a funnel analogy, where the na-
tive or folded structure is at the bottom, and various unfolded conformations are along 
the sides. This is a simplified view of an energy landscape, but Tsai et al.73 show that 
the ruggedness of the protein folding funnel has a biological function. A fast and reli-
able folding process requires a steep and smooth funnel, but observations show that for 
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most proteins the funnel is more or less rugged, where partially folded structures are 
trapped in local minima.  

The observation by Rich et al1 that antagonist ligands for the estrogen receptor 
LBD have a 500-fold slower association rate than agonists may be an illustrative exam-
ple of the usefulness of the conformer selection model. In main reference IV we show 
that an agonist ligand may escape from the LBD of RAR without major conformational 
changes of the �agonist conformation� of the receptor, confirming results obtained with 
different methods by others.74,75 Considering the high structural homology between 
nuclear receptor LBDs, it is not unlikely that also ER agonists are able to bind the 
�agonist conformation� of ER. In contrast, antagonist ligands having a bulky substitu-
ent are very unlikely to bind the �agonist conformation� and may only bind to a recep-
tor where H12 is already displaced. In a rugged folding funnel, such conformations are 
found in the local minima. If the population of partially unfolded LBDs is much smaller 
than the native population due to higher Gibbs energy,76 this would explain the ob-
served lower association rate of antagonists. The dissociation rates for agonists and 
antagonists overlapped and could not be used for classification of ligands. 

In conclusion, the induced fit and conformational selection models should proba-
bly best be regarded as complementary models. Obviously, due to thermal motion there 
will always be some character of induced fit on the atomic scale of molecular interac-
tion. On large scale, such as the equilibrium between tertiary conformations in proteins, 
the conformational selection model may provide a more appropriate description.  
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