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Abstract
The neurokinin receptors (NKRs) are members of the superfamily of G-protein
coupled receptors. It has been demonstrated in clinical trials that selective NKR
antagonists show antidepressive and anxiolytic activity. The NKRs have also been
linked to other biological effects in the central nervous system, as well as in peripheral
tissues. This thesis is devoted to the development of pharmacophore and 7TM
receptor models for NKRs with the aim of explaining the structure-activity
relationships for ligands that inhibit the NKRs.

Five pharmacophore models have been developed. A pharmacophore model
for selective NK1R antagonists. A pharmacophore model for selective NK2R
antagonists. Three pharmacophore Models (1-3) for dual NK1R/NK2R antagonists, of
which Model 2 is argued to be the one that best represents the binding mode. The
NKR antagonists bind to the NK1R and NK2R subtypes in essentially the same
conformation, and subtype selectivity is determined by the substitution pattern of
mainly three aromatic rings. By using exhaustive conformational analysis and least-
squares molecular superimposition studies, a large number of structurally diverse
high, moderate and low affinity NKR antagonists have been fitted to the
pharmacophore models. Affinities of the NKR antagonists accommodated by the
models could be rationalised by the conformational energy penalties for the
antagonists to adopt their proposed bioactive conformation. Low or moderate affinity
could also be explained by missing pharmacophore elements, solvation energy, or
penetration into receptor essential volume.

Using an iterative distance geometry approach, 7TM receptor models for each
of the NKR subtypes have been constructed. These models are based on the bovine
rhodopsin- X-ray structure. Using published site-directed mutagenesis data, a putative
binding site for several NK1R and NK2R antagonists was identified. Selective NK1R
antagonists were manually docked into the NK1R model, and found to bind to the
receptor in a conformation represented by the NK1 pharmacophore model.
Unselective NKR antagonists were docked into all three NKR models. Possible
residues responsible for subtype selectivity have been identified. The binding mode at
the NK1R, NK2R and NK3R was found to be similar and compatible with
pharmacophore Model 2. However, selective NK3R antagonists may have another
binding mode.

The pharmacophore models were used as search queries for database search
with the program package Catalyst. The search queries were evaluated by searching a
drug database with known biological activities. However, the results were not
impressive. This was probably due to severe shortcomings in the conformation
generation module of Catalyst. Conformational ensembles generated by Catalyst
turned out not to be diverse and to show a significant overpopulation of high-energy
conformations. The lacking diversity of low energy conformations results in false
negatives, and the many high-energy conformations are noise, which results in false
positives.
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Resumé (Abstract in Danish)
Neurokinin receptorerne (NKR’er) tilhører superfamilien af G-protein koblede
receptorer. Kliniske forsøg har vist, at selektive NKR antagonister udviser
antidepressiv og angstdæmpende aktivitet. NKR’er er også blevet sat i forbindelse
med andre biologiske effekter både i det centrale nervesystem og perifert. Denne
afhandling omhandler udviklingen af farmakofor- og  7TM receptor  modeller for
NKR’er, der kan forklare struktur-aktivitetsforhold for ligander, der hæmmer NKR’er.

Fem farmakoformodeller er blevet udviklet: en farmakoformodel for selektive
NK1R antagonister, en farmakoformodel for selektive NK2R antagonister og tre
farmakoformodeller (Model 1-3) for NK1R/NK2R antagonister. Om Model 1-3
konkluderes det, at Model 2 bedst repræsenterer den bioaktive konformation.
Subtypeselektiviteten er primært bestemt af substitutionsmønsteret i tre aromatiske
ringe, og den bioaktive konformation af antagonisterne, bundet til NK1R og NK2R
subtyperne, er stort set identisk. Ved brug af grundig konformationsanalyse og
overlejring af molekyler er et stort antal strukturelt forskellige både høj- medium- og
lavaffine antagonister blevet tilpasset farmakoformodellerne. Affiniteten af
antagonister med lav- eller medium affinitet kunne forklares med deres høje
konformationelle energi, manglende farmakofor elementer eller solvatiserings energi.

Tre 7TM receptor modeller, en for hver af NKR subtyperne, er blevet udviklet
ved en iterativ afstandsgeometrisk metode. Disse modeller er baseret på
røntgenstrukturen af bovin rhodopsin. Et formodet bindingssted for flere NK1R og
NK2R antagonister er blevet identificeret ved hjælp af publiceret mutagenese data.
Selektive NK1R antagonister blev manuelt dokket i NK1R modellen. Den receptor-
bundne konformation var i overensstemmelse med farmakoformodellen for selektive
NK1R antagonister. Uselektive NKR antagonister blev manuelt dokket i alle tre NKR
modeller. Aminosyrer, som ser ud til at have indflydelse på subtypeselektivitet, er
identificeret. Konformationen af antagonisterne bundet til NK1R-, NK2R- og NK3R
modellerne var stort set identiske og i overensstemmelse med farmakofor Model 2.
Dog kan selektive NK3R antagonister muligvis binde til receptoren på en anden
måde.

Farmakofor modellerne blev brugt som hypoteser ved databasesøgning med
programpakken Catalyst. Hypoteserne blev evalueret ved at søge i en database med
kendte biologiske aktiviteter. Resultaterne var ikke imponerende, hvilket
sandsynligvis skyldes konformationsgenereringsmodulet i Catalyst. Det blev vist at
konformationelle ensembler genereret af Catalyst ikke er diverse, og at højenergi
konformationer er overrepræsenterede. Den manglende diversitet af lavenergi-
konformationer resulterer i falske negative og de mange højenergikonformationer er
støj, der resulterer i falske positive.
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1 Introduction

1.1 Depression and anxiety disorders

Research into mental disorders goes back to ancient Greece. However, the foundation

for modern research in depression was laid by Emil Kraepelin (1856-1926) who

suggested that schizophrenia and manic-depressive illness are two separate disorders.

Today, two lines of depression are recognised; bipolar (manic-depression) and

unipolar (major depressive disorder) depression. They are both further divided into

subtypes of bipolar or unipolar depression. The main symptoms of depression are

depressed mood and negative thoughts, apathy, loss of energy, fatigue, sleep

difficulties, irritability, changes in appetite and weight. The bipolar depression is

characterised by interchanging periods of depression and mania. In unipolar

depression, the manic symptoms are absent, but sometimes psychotic symptoms are

present [1]. Depression is a recurring illness. More than 65% of the people that

develop a depression will have one or more relapses later in life. The number of

relapses is generally larger for bipolar depression. A depression typically lasts for 3-

12 months, but could be longer or even chronic. Both types of depression can be

successfully treated with cognitive therapy and antidepressant drugs. In addition,

severe depression can be treated with the controversial electro shock therapy. It is

estimated that depression costs the Danish society approximately eight billion DKK

per year. Of these, 30% is direct expenses for the treatment and 70% is indirect in the

form of lost production [2].

The neurobiology of depression remains poorly understood. The amine

hypothesis states: ”There is a decreased availability of the neurotransmitters

norepinephrine (NE) and serotonin (5-HT) in the brains of people suffering from

depression”. This hypothesis has successfully been employed in the development of

new antidepressants, but it fails to explain how and why this unbalance arises. It is

clear that both genetic and social factors are involved. About 10% of children with a

depressed parent develop depression. In monozygotic twins the concordance is above

50%, whereas the concordance is 15% for dizygotic twins. These numbers should be

compared with the prevalence of depression in the population. It is estimated that 2-

4% of Danish men and 5-9% of women will develop a depression at some stage

during their life [2]. Depression occurs in all races, and the prevalence is believed to
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be fairly constant. Some factors increase the risk of developing depression. Among

these are: Traumatic experiences, age, change of lifestyle, hormonal changes, alcohol

and drug abuse as well as certain types of medicine and other illnesses, both physical

and mental [3].

Anxiety disorders have received much less attention than depressive disorders.

Currently five major anxiety disorders are recognised: General anxiety disorder, panic

disorder, social anxiety disorder, post-traumatic stress disorder, obsessive-compulsive

disorder, specific phobia and acute stress disorder. Diagnosing anxiety disorders may

be difficult because of the high degree of comorbidity they share with each other and

with mood disorders, especially unipolar depression. Symptoms of anxiety disorders

include feelings of impending doom, worries, irrational fear of a situation, an activity

or object. The symptoms manifest themselves in different ways in each anxiety

disorder. Both genetic and social factors are involved in the cause of anxiety

disorders. Few hereditary studies have been published. In monozygotic twins the

concordance is significantly higher than for dizygotic twins. Rates of panic disorders

in relatives of panic probands were 2-21% compared to 2-4% in relatives of controls

[3].

Discovery of the first drugs that have been effective in the treatment of

depression happened by chance in the 1950’s. The drug Iproniazid was used for the

treatment of tuberculosis. Structural modifications of the antipsychotic drug

Chlorpromazine resulted in Imipramine and later in other tricyclic drugs. It was found

that these drugs had an antidepressant effect, but they also had serious side effects.

Iproniazid could induce a hypertensive crisis because of an interaction with diets

containing tyramine. The tricyclic drugs are sedative, fattening and are deadly toxic in

high doses, which is a very unfortunate property for an antidepressant. Iproniazid is a

monoamine oxidase inhibitor (MAOI). The monoamine oxidase (MAO) enzyme

degrades the monoamines NE, dopamine (DA) and 5-HT. Imipramine was found to

have another mechanism of action, namely the blockade of the NE and 5-HT

transporters. However, both mechanisms lead to the same net result, an increase of the

NE and 5-HT concentration in the synapse [4].

These observations led to the formulation of the amine hypothesis discussed

above. Later, Arvid Carlson further developed this theory and postulated that

increasing the NE levels in depressed people would give them back their drive,

whereas increasing 5-HT levels would elevate their mood. To increase the drive in
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people suffering from depression without elevating their mood could initiate suicide.

However, if the mood of the depressed was increased, the increase in drive would

follow automatically [4]. Carlson’s hypothesis set the stage for the selective serotonin

reuptake inhibitors (SSRIs), the first of which was introduced in the 1980’s. These are

the major antidepressant drugs of today [2]. Compared to the tricyclic antidepressants

they have very few side effects. However, the SSRIs do not work for approximately

30% of the patients. This group is treated with the old tricyclic antidepressants or

electro shock therapy. SSRIs have a slow onset of action, and some patients

experience sexual dysfunction when taking SSRIs. This has led to a renewed interest

in the research for novel antidepressants with a novel mechanism of action.

Several types of drugs have been demonstrated to be effective in the treatment

of anxiety disorders. They belong to the same classes as antidepressants, i.e. tricyclics,

benzodiazepines, MAOIs and SSRIs. However, the neurobiology of anxiety disorders

remains poorly understood and the ultimate mechanism of action of these drugs

remains undetermined [3].

Recently, it has been demonstrated that selective neurokinin receptor (NKR)

antagonists show antidepressive and anxiolytic activity. In a clinical study by Kramer

et al. [5], the selective neurokinin 1 receptor (NK1R) antagonist MK869 (compound

39, Table 2.4 [6]) was compared to the SSRI Paroxetine. MK869 appears to be

effective as an antidepressant with efficacy matching that of Paroxetine. The

anxiolytic effects may be slightly greater than those of the SSRI, and MK869 has

fewer side effects than Paroxetine. A few neurological studies have shed light on how

the antidepressant effect of NKR antagonists is elicited. Repeated administration with

antidepressant compounds causes a reduction of substance P (SP, the endogenous

ligand of the NK1R, see Section 1.2) biosynthesis in discrete brain regions in rats [7].

Therefore, alterations in neurokinin systems may contribute to their antidepressant

activity. Acute stress has been demonstrated to result in an increase in SP content in

certain brain areas of rats [8]. The mechanism of action of NK1R and NK2R

antagonists in reducing responses to stress is believed to be preventing the stress-

induced increase in SP and neurokinin A (NKA) levels. Several studies have indicated

a link between SP levels and anxiety. The selective NK1 antagonist CGP49823

(compound 124, Figure 4.3 [9]) is reported to show anxiolytic effect in rats [10].

Fehder et al. [11] have shown that the SP levels in peripheral blood in humans

correlates with the anxiety level measured on the multiple affect adjective checklist
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and they conclude that SP may serve as a mediator in stress induced immune

reactions.

The reader is referred to the books "Comprehensive textbook of psychiatry"

[3] and "Handbook of Depression and Anxiety" [1] for more information on

depression and anxiety disorders. The books "The Psychopharmacologists" [12] and

"Antidepressants – New Pharmacological Strategies" [13] describe the history and

strategy for the development of antidepressants. Stout et al. [14] is a review of NK1R

antagonists as potential antidepressants.

1.2 The neurokinin receptors

Research into the NKRs dates back to 1931 when Euler and Gaddum extracted a

substance from horse brain and intestine that caused vasodilation in rabbit peripheral

tissues. In 1934, this agent was named substance P, but it was not until 1971 that its

structure was identified to be an undecapeptide (Table 1.1). The same year, SP was

synthesised. It was established that SP is the mammalian analogue of the tachykinins

found in amphibians and it was therefore included in this family of signalling

peptides. Since its discovery, SP has been found in numerous tissues and has been

shown to affect several different types of cells. It has also been established that SP is a

neurotransmitter that is involved in signalling painful or noxious stimuli.

Three NKR subtypes, NK1, NK2 and NK3, have been identified by molecular

cloning and sequence analysis [15-17]. They are classified according to their

endogenous ligands. The NK1R has the highest affinity for SP, the NK2R has the

highest affinity for NKA (also named substance K, neurokinin α and neuromedin L),

and the NK3R has the highest affinity for neurokinin B (NKB, also named neurokinin

β and neuromedin K). However, the ligands act as full agonists on all three receptors

[18]. See Table 1.1 for the structure of the endogenous ligands. The NKRs have been

linked to such biological effects as decrease of blood pressure, plasma extravasation,

smooth muscle contractions and release of secretory products, neurotransmitters,

histamine and prostaglandins [18]. Recently, it has been demonstrated that selective

NKR antagonists show antidepressive [19], antipsychotic [20], and anxiolytic effects

[10] (Section 1.1). NKRs could also be involved in neurodegenerative diseases [20].

Selective binding and efficacy assays have been developed for each of the NKR

subtypes. This has led to the identification of large amounts of both peptide and non-
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peptide antagonists. Some of these are now in development for the treatment of

emesis, depression, anxiety, psychosis, colitis, pain, asthma, migraine, inflammation,

bronchitis and incontinence [21].

Table 1.1: Structure of the endogenous ligands of the NKRs.
Receptor Ligand Structure

NK1 SP H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2
NK2 NKA H-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2
NK3 NKB H-Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2

The NKRs are proteins composed of 350 to 500 amino acids. They belong to

the superfamily of G-protein coupled receptors (GPCRs) [18]. GPCRs are

transmembrane proteins that transfer signals across the cell membrane. That is,

GPCRs transmit intercellular signals by coupling to an intracellular G-protein as a

response to a specific binding of a transmitter molecule. GPCRs are classified by their

endogenous ligands. The NKRs belong to the largest group of GPCRs, the rhodopsin-

like GPCRs. This group includes most of the other well-studied, neurotransmitter

receptors like the monoaminergic and opioid receptors.

 As is the case for most other GPCRs, NKRs have not yet been crystallised, so

no experimental structures are available. However, the X-ray structure of the GPCR

bovine rhodopsin [22] has recently been published (PDB file 1F88). The GPCRs

contain seven transmembrane α-helices (7TM) of approximately 25 residues length.

The helices are connected by intra- and extracellular loops. The N-terminal is located

on the extracellular side whereas the C-terminal extends into the cytoplasm. The loop

regions and the N- and C-terminals are surrounded by an aqueous environment and

consist primarily of hydrophilic amino acids. The 7TM region is in a lipid

environment and consists of amphiphilic helices. The sequence identity between

bovine rhodopsin and the NKRs is 20-25%. The transmembrane part of the receptors

where the non-peptide antagonists bind shows even higher sequence identity. Figure

1.1 show a schematic view of a NK2R model based on the structure of bovine

rhodopsin. This model will be further discussed in Chapter 5.
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Figure 1.1: A schematic view of the NK2R model seen from the extracellular side. Only the 7TM part
of the receptor are shown. The areas where the helices bend are coloured grey.

The reader is referred to the reviews by Regioli et al. [18], Aamir et al. [23]

and Maggi [24] for more information on NKRs. Raffa [20] describes the possible role

of NKRs in CNS disorders. The publications by Schwartz and Holst [25], Bikker et al.

[26] and Chollet and Turcatti [27] provide information on the pharmacology, structure

and modelling of GPCRs.

1.3 Structure and ligand based design

The three-dimensional structure(s) of a molecule provide important information about

the properties of the molecule and help in understanding the biological activity of the

molecule. This is true for both large molecules like receptors or enzymes (drug

targets) and smaller drug like molecules. The ligand needs to be both sterically and

electronically complementary to the receptor-binding cavity in order to attain activity.

This is sometimes described by the key-in-a-lock metaphor. If a 3D structure of the

drug target can be obtained by X-ray crystallography, preferably with a co-

crystallized ligand, then the ligand-receptor interaction can be studied directly.
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Potential ligands may be docked into the binding site, and the knowledge obtained

from the docking may be used in the design of new ligands with optimal ligand-

receptor interaction. This approach is called structure-based ligand design.

If the structure of the drug target is unknown, as is the case with most GPCRs,

information about the binding site and the ligand-receptor interaction can be obtained

by studying the ligands and their binding data. This indirect approach is called ligand-

based design and includes the qualitative method pharmacophore modelling and the

QSAR (Quantitative Structure-Activity Relationship) methods. If the X-ray structure

of a protein related to the target protein exists, a homology model of the target can be

constructed. The quality of a homology model may not be sufficient for structure-

based design, but the model can serve as a help in the development or validation of a

pharmacophore model.

The reader is referred to the reviews by Taylor and Jewsburry [28], Flower

[29], Greer et al. [30], and the book “3D QSAR in Drug Design: Ligand-Protein

Interactions and Molecular Similarity” [31] for more information on structure- and

ligand-based design.

1.4 The pharmacophore concept and methodology

A pharmacophore model describes the nature of and the spatial relationships between

structural features recognized at a receptor site and responsible for the affinity of

ligands at that site. The first step in the construction of the pharmacophore model is

the selection of a set of high affinity ligands with the same binding mode. The set

should be selected from the criteria of structural diversity and low flexibility. Next,

functional groups considered essential for biological activity (the pharmacophore

elements) are identified. The most important step is identification of the putative

receptor-bound conformation. This is done by superimposing low energy

conformations of the most rigid ligands. The ligands are superimposed so that the

pharmacophore elements overlap and a common template, i.e. a pharmacophore

model can be is identified [32]. It is important to use less flexible ligands for the

construction of the pharmacophore model since this reduces the number of possible

models. Structure-Activity Relationship (SAR) data and the calculation of

conformational energies are used to evaluate the pharmacophore models. The

pharmacophore model can be used as a search query for database search, as a starting
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point for 3D-QSAR, as a tool for designing new high affinity ligands and to

rationalise SAR data.

To explore the conformational space of a ligand, a conformational analysis is

performed. This is done by utilising a molecular modelling program package

containing a search algorithm and a force field. Since the biological environment of a

drug molecule is mostly aqueous, calculations should be made using a solvation

model [32]. The protonation state of the ligands in the biological environment also has

to be considered. This is necessary since the protonation of a molecule will alter both

its sterical and electronic properties.

RMS values are used as a measure of how well the proposed bioactive

conformations fit the pharmacophore model. For certain pharmacophore elements,

site-points should be used instead of superimposing the ligand atoms [32]. For

hydrogen bond donors or acceptors, a dummy atom 2.8 Å from the heteroatom of the

ligand will emphasize the directional aspect of the ligand-receptor interaction. Each

pharmacophore element should be weighed equally in the RMS, otherwise the value is

misleading.

Information about the receptor cavity can be obtained by analysing the ligands

in their putative bioactive conformation. Low affinity ligands might intrude into

regions that are occupied by the receptor resulting in unfavourable ligand-receptor

interactions. The space occupied by the receptor is referred to as the receptor-essential

volume. If such areas can be identified, they can be included in the pharmacophore

model. Receptor-essential volumes are often necessary pharmacophore elements in

models discriminating between different receptor subtypes [32].

The reader is referred to the book ”Pharmacophore Perception, Development,

and Use in Drug Design” [33] for more information on pharmacophore modelling.

1.5 Aims of the thesis

The development of a drug is a costly and time-consuming process. It is therefore of

great importance to have satisfactory tools and models as a basis for drug design and

development. The present work is directed towards increasing our knowledge about

ligands that inhibit the NKRs. Structure-activity relationships (SAR) is a major

component in the drug development process. The aim of the project is to analyse SAR

for antagonists of, primarily, the NK1R and NK2R subtypes. The identification of the
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bioactive conformation and its interactions with the target receptor provides essential

knowledge for the design of new drugs. State-of-the-art programs like Molecular

Mechanics, Quantum Mechanics and Molecular Graphics programs will be used in

the development of 3D-pharmacophore models and receptor models for the NK1R

and NK2R.

The developed 3D-pharmacophore and receptor models will be used as tools

for the rational design of new active and selective compounds with increased affinity

for the target receptors. A comparative analysis of the 3D-pharmacophore and

receptor models will make it possible to design drugs which are selective for one or

more subtypes of the receptors. The pharmacophore models will also be used as

search queries for database search. In this way, new leads can be identified and the

time-consuming drug design process may be shortened.
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2 Pharmacophore models for selective NK1R antagonists

2.1 Methods

The methods outlined in this section were applied in the development of the

pharmacophore models described in this and in the following chapter.

2.1.1 Conformational search, force fields and solvation model

The molecules were built using the program package MacroModel version 7.0 and 7.1

[1;2]. The molecules were protonated as they were expected to be found in an aqueous

solution at physiological pH (see section 2.1.5). The conformational space was then

searched using the Monte Carlo Multiple Minimum (MCMM) method [3]. All heavy

atoms and hydrogens on heteroatoms were superimposed in the test for duplicate

conformations. All rotatable single bonds were included in the conformational search.

All flexible rings were ring-opened and the rings were allowed to invert. However,

known chiral centers were not allowed to invert. The search was continued until the

lowest energy conformations were found at least five times. The energy minimisation

was carried out with the truncated Newton conjugate gradient (TNCG) algorithm and

the MMFF94s [4] force field as implemented in MacroModel. This force field has

proven to be one of the best methods for reproducing experimental conformational

energies [5;6]. Default parameters were used, except for van der Waals and

electrostatic cut-offs which were set to 100 Å. This means effectively no cut-offs on

van der Waals and electrostatic forces. The conformational searches were done for

aqueous solution with the Generalised Born/Solvent Accessible surface (GB/SA)

continuum solvation model [7;8] as implemented in MacroModel. For compounds for

which no low energy conformation that fitted the pharmacophore model could be

found, further conformational searches by this standard procedure using the

AMBER*, MM3* and MM2* force fields as implemented in MacroModel were

performed.

2.1.2 Thermodynamics and calculation of the conformational energy penalty

The change in free energy (∆G) for the binding of the ligand to the receptor to form

the ligand-receptor complex is related to the equilibrium constant (K) as described by

Equation 2.1, where R is the gas constant and T is the absolute temperature. A
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thermodynamic cycle is displayed in Figure 2.1 [9]. The only terms that we are able to

calculate with reasonable accuracy are ∆Gconf(Ligand) and ∆Gsolv(Ligand). From

Equation 2.2 we see that ∆Gconf(Ligand) contributes directly to ∆G. By combining

Equation 2.1 and 2.2, we can calculate that each 5.6 kJ/mol of ∆Gconf(Ligand) lowers

the Ki by a factor of ten. Because of the rapid decline of Ki with increasing

∆Gconf(Ligand), only low energy conformations are of biological interest.

Ligand (aq) + Receptor (aq) Ligand-Receptor (aq)

Ligand-Receptor (g)

Receptor (g)
Bound conformation

Ligand (g)
Bound conformation

Ligand (g)
Solution ensemble

Receptor (g)
Solution ensemble

∆Gconf

∆Gconf

∆Ginter
-∆Gsolv

-∆Gsolv

∆Gsolv

∆G

Figure 2.1: A thermodynamic cycle for the binding of the ligand to the receptor to form the ligand-
receptor complex. ∆Gsolv are the change in free energy of solvation. ∆Gconf is the change in
conformational free energy. ∆Ginter is the change in free energy of interaction between the ligand and
receptor.

The conformational energy penalty for the putative bioactive conformation of

the ligand was calculated by subtracting the internal (steric) energy of the preferred

conformation in aqueous solution (∆Hconf(GlobalMinimum), the energy of the global

energy minimum in solution excluding the hydration energy) from the calculated

energy of the putative bioactive conformation (∆Hconf(LigandBound)) [9]. This is

equivalent to making the approximation in Equation 2.3. Since the conformational

ensemble was represented by only the global minimum, entropy effects have not been

taken into account. For flexible molecules, this leads to an underestimation of the

energy penalty. A limit of 12.6 kJ/mol (3 kcal/mol) for acceptable energy penalties

was imposed as recommended by Boström et al. [9].

     iKRTG ln=∆  , K1Ki /=  ⇔  KRTG ln−=∆                   (Equation 2.1)
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)()()( ReceptorGLigandGxptorCompleLigandReceGG solvsolvsolv ∆∆∆∆ −−=

interconfconf GReceptorGLigandG ∆∆∆ +++ )()(                             (Equation 2.2)

)()( mumGlobalMinidConfLigandBounHLigandG confconf −≈ ∆∆ (Equation 2.3)

2.1.3 Manual superimposition studies

Aromatic rings, hydrogen bond donors (in most cases the protonated nitrogen atom of

an amine) and hydrogen bond acceptors were chosen as pharmacophore elements. For

each of the aromatic rings, centroids were constructed. A putative hydrogen bonding

site point was represented by a dummy atom 2.8 Å from the heteroatom of the ligand

in the direction of the hydrogen bond. The dummy atom was used to evaluate the

direction of the hydrogen bond donor-acceptor interactions. The dummy atoms

together with the centroids were used as fitting points for superimposing the ligands,

except when noted. In that case, the heteroatoms of the ligand and centroids were used

as fitting points. The fitting method employed was least-squares rigid body molecular

superimposition using the MacroModel program. The superimposition was evaluated

in terms of RMS values of the fitting points. A RMS value of 0.6 Å has been used as a

soft indicator to determine whether a fit is acceptable or not. The aromatic

pharmacophore elements were fitted in a coplanar orientation if energetically possible.

The RMS values do not give any measure of this coplanarity since only the centroids

are superimposed.

2.1.4 Flo99 flexible superimposition search

The automatic fitting algorithm QXP is part of the program package Flo99 [10;11].

QXP is a flexible fitting algorithm that assigns an attractive force between similar

atoms in different molecules. Structures were built and imported from MacroModel.

QXP works best when only two or three structures are fitted at a time. Either one

structure was used as a template, or all structures were kept flexible. Default

parameters were used, except when noted. The force field implemented in Flo is an all

atoms force field without electrostatics. This is not state-of-the-art for calculating

conformational energy penalties. Therefore, the output conformations from Flo99 was

exported to MacroModel where each structure was relaxed by using flat bottomed



22

Cartesian constraints with a half width of 0.2 Å and the default restraining force

constant of 500 kJ/mol*Å2. The conformational energy was calculated using the

MMFF94s force field as previously described [9].

2.1.5 pKa calculations

In order to identify the protonation state of the ligands at physiological pH, the pKa

values of the basic nitrogens were calculated by use of the program MolSurf 99/1

[12]. Some compounds contain more than one basic nitrogen but only the pKa for the

most basic nitrogen is calculated by MolSurf. MolSurf is parameterised so that it

requires a Spartan [13] archive file with the neutral compound as input. Each of the

putative bioactive conformations were imported into Spartan for a full AM1 geometry

optimisation followed by a single point HF calculation with the 3-21G* basis set.

Default settings were used for both programs.

2.2 SAR of selective NK1R antagonists

Compound 1 (Table 2.1) was the first non-peptide NK1R antagonist to be published.

A derivative, compound 2, without the methoxy group, was discovered by random

screening, and the subsequent optimisation yielded compound 1. This is a selective

and potent NK1R antagonist with a Ki of 0.8 nM. Systematic modification of the

functional groups (compounds 3-6) have identified the essential pharmacophore

elements. Compound 3 proves that one of the phenyls of the benzhydryl group is

essential for high NK1 affinity. The secondary nitrogen and oxygen in the

benzylamine and benzylether group respectively, are probably hydrogen bond

acceptors. NMR measurements confirm that only one nitrogen is protonated at

physiological pH, and that is the quinuclidine nitrogen. Therefore, both the

benzylamine nitrogen in 1 and the benzylether oxygen atom in 8 can be hydrogen

bond acceptors, whereas only the benzylamine nitrogen in 1 can act as a donor. If the

hydrogen bonding group is blocked as in compound 4, the affinity decreases by a

factor of 150. For compound 13, the effect of removing the oxygen atom (X in

compound 15) is even more pronounced.

Compounds 5-7 demonstrate that the quinuclidine nitrogen is not essential for

high NK1 affinity. However by comparing compounds 5 and 7 it is evident that a

hydrogen bonding group in this area increases NK1 affinity. The effect of removing
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the piperidine nitrogen (Y in compound 12) from compound 12 is even more

pronounced than removing the quinuclidine nitrogen from compound 1. Compound

14 has a very low affinity.

The stereochemistry is important for NK1 affinity with one diasteriomeric pair

(compounds 8 and 9) being high affinity antagonists while the other pair (compounds

10 and 11) show more than a 100 fold lower affinity.

Compounds 12 and 13 are very minimalistic in the sense that they show high

affinity and contain nothing but the essential pharmacophore elements. A large

number of analogues of compounds 1, 8, 12 and 13 with substituents in the phenyl

and quinuclidine ring have been synthesised. The SAR of these compounds is

summarised in Figure 2.2. The NK1 affinity decreases when the benzhydryl phenyl or

the equivalent phenyl in compounds 12-13 are substituted, except for the 4-F analogue

that is equally potent as the unsubstituted analogue [14]. Small aliphatic substituents

are tolerated in the quinuclidine ring, but this decreases the NK1 affinity slightly

[15;16]. The quinuclidine or piperidine nitrogen can be substituted with relatively

large groups containing hydrogen bonding atoms [14;17]. The benzyl group tolerates

relatively large substituents in the 3-position, like pyridine and other heteroaromatics.

3,5-disubstitution or 2-methoxy-5-disubstitution is better than mono substitution [18].

Substitution in the 4-position decreases affinity (compound 16), and only methoxy is

tolerated in the 2-position [19]. Several linkers (C in Figure 2.2) between the

quinuclidine ring and the benzyl group have been tested, but the optimal for NK1

affinity is just an oxygen or nitrogen atom [19].
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Table 2.1: SAR of the first non-peptide NK1R antagonists. Centroids and atoms in bold mark the
selected pharmacophore elements.

N

N

R
N

N

O

O

N

CF3

CF3

N

X
R

N

N

O

X

Y

z

CF3

CF3
N

NN

N

O

(CP96345)

(CP99994)

1

2

3 4

12

R=OMe

R=H

5
6

R=CH2CONH2, R=N+

R=H, X=C

8
9

10
11

2S,3S

2

3

2R,3S
2S,3R
2R,3R

13 X=O, Y=NH, Z=CH2

R=CH3, X=N+

7

14 X=O, Y=Z=CH2
15 X=CH2, Y=NH, Z=O

16

Compound NK1 IC50/nM Reference Compound NK1 IC50/nM Reference
1 2.1, 0.8, 0.5 [20], [19] 9 0.7 [21]
2 16, 85 [20], [19] 10 270 [21]
3 487 [20] 11 570 [21]
4 383 [20] 12 0.8, Ki = 0.17 [22], [23]
5 22 [24] 13 1.4 [25]
6 12.2 [17] 14 2632 [26]
7 1.3 [17] 15 1530 [27]
8 1.3 [21] 16 246 [19]
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R

N

Small aliphatic
substituents 

Substituents
not tolerated

C=NH, O

Substituents
in 3 and 5
positions
but not
4 and only
OMe in the
2 position

A

B

C

Figure 2.2: A summary of the SAR of selective NK1R antagonists. The letters in bold marks the three
pharmacophore elements. A and B are aromatic rings and C is a hydrogen bond acceptor.

The scaffolds of 1 and 12 have been modified in numerous ways (Table 2.2).

A number of constrained analogues of 12 have been synthesised (compounds 17-21).

In compounds 17-18, the two nitrogen atoms have been incorporated in a ring, and in

compounds 19-20, the piperidine ring and the linker are converted to a spirocycle. In

compound 21, the phenyl group is connected to the piperidine ring in a spirocycle,

and in compound 22, the linker is constrained by an epoxy ring. In compounds 23-24,

the piperidine ring has been replaced by five-membered rings, and in compounds 25-

27, the substituents on the piperidine ring are on a quaternary carbon. Compounds 29-

30 are ring-opened analogues of 8 and 13, respectively, whereas compound 28 is a

constrained analogue of 30.
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Table 2.2: Selective NK1R antagonists derived from the compounds 1 and 12. Centroids and atoms in
bold mark the selected pharmacophore elements.

N

N

O
X

X

N

O

NO

X
R

O
CF3

CF3

N

N

O
R

N

N

O

O
CF3

CF3

N

N

O
CF3

CF3

Y
X

O
CF3

CF3

z

17
18

X=CH2

X=(CH2)2

19
20

X=NH
X=NHCH2

25
26
27

X=NH, Y=Z=CH223
24 Y=NH, X=Z=CH2

Z=NH, X=Y=CH2

X=CH2, R=NH2 
X=N, R=H

22

29

21

28 R=CH(Ph)2
R=Ph30

Compound NK1 IC50 / nM Reference Compound NK1 IC50 / nM Reference
17 0.61 [28] 24 7 [25]
18 0.36 [28] 25 1.0 [29]
19 Ki > 10000 [30] 26 20 [29]
20 Ki = 2 [30] 27 0.95 [29]
21 40 [22] 28 Ki = 150 [31]
22 87 [27] 29 0.53 [32]
23 12 [33] 30 8, 8 [34], [35]

A number of selective NK1R antagonists that are not derived from compounds

1 or 12 are believed to share the binding mode of 1 and 12 (Table 2.3). Compounds

31-32 are derived from benzodiazepine gastrin/cholecystokinin antagonists. A number

of similar scaffolds has been reported [36;37]. Several analogues of the 4-amino-

piperidin-amide compound 33 with different substituents on the 4-amine have been

reported. The perhydroisoindole compound 34 was the second non-peptide NK1R

antagonist described. It is six times more potent at the rat NK1R than at the human

NK1R. However, compounds in this series with higher selectivity for the human

NK1R have been described [36;38]. Compound 35 is a L-tryptophan ester derivative,

while compound 36 has the ester linkage replaced by a conformationally constrained

heterocycle.
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Table 2.3: Selective NK1R antagonists that share the binding mode of compounds 1 and 12. Centroids
and atoms in bold mark the selected pharmacophore elements.

N

O

N

N

N

O

O

F

CF3

CF3

N

N

O

N

N

N

N

O

O

H H O O

N

O

CF3

CF3

N
N

O

CF3

CF3

O

O

N

31 32 33

34 35 36
Compound NK1 IC50 / nM Reference Compound NK1 IC50 / nM Reference

31 0.45 [39] 34 49 [40]
32 Ki = 1.4 [41] 35 1.6 [42]
33 12 [43], [44] 36 22 [45]

Compounds 37-42 were used to explore the receptor dimensions (Table 2.4).

Compounds 37-39 are second generation NK1R antagonists with improved ADME

profiles due to the substitution of the benzylic position and the piperidine nitrogen

(compound 39) or the benzyl phenyl ring (compounds 37 and 38). They have been in

phase II clinical trials for the treatment of emesis [46]. Compound 39 has a methyl in

the benzylic position and a large substituent on the morpholine nitrogen. Compounds

40-42 include a tricyclic moiety.
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Table 2.4: NK1R antagonists fitted to the pharmacophore model. Centroids and atoms in bold mark the
selected pharmacophore elements.

N

N

O N

N

O

N

N

O

O
CF3

N

N

O

N
N

NN

CF3

O

N

O
CF3

CF3

N N

N
OF

N

N

O

37 38 39

40 41 42
Compound NK1 IC50 / nM Reference Compound NK1 IC50 / nM Reference

37 0.16 [47] 40 2.4 [16]
38 Ki = 0.2 [18] 41 0.92 [16]
39 0.09 [14] 42 1.9 [16]

2.3 Published pharmacophore models for selective NK1R antagonists

A number of pharmacophore models have been published for selective NK1R

antagonists. Goldstein et al. [49] have used DISCO, the automated pharmacophore

generation module from the SYBYL program package. As input structures they use a

surprisingly diverse set consisting of both peptides, peptidomimetics and small non-

peptides like compounds 8, 9, 12 and 33 are used. The descriptions of the obtained

models are vague and little structural similarity is found in the figures with

superimposition of compounds.

Jacoby et al [50] derive a pharmacophore model for chemically modified

dipeptide selective NK1R antagonists and two non-peptide antagonists (Compounds 1

and 35). In this model, the antagonists bind with two aromatic rings in a parallel
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displaced conformation. The pharmacophore model is combined with a receptor

model study, where it is shown that a hydrogen bond acceptor in the antagonists

interacts with a donor in the receptor (Gln165). All pharmacophore elements are

found to interact with residues which have been identified to be important for binding

by site directed mutagenesis. However, the pharmacophore model is not evaluated by

calculating conformational energy penalties or RMS values.

Takeuchi et al. [51] have developed a pharmacophore model comprising

compounds from several structurally diverse classes, all of which are discussed in

Section 2.2. The model only contains two pharmacophore elements, two aromatic

rings. A constrained conformational search procedure are used, where the constraints

derived from the conformational search of the first compound are used to constrain

the conformational search for the next, and so on. The authors end up with a set of

intramolecular distances (an Imap), containing 188 common alignments. In four of

these the two aromatic rings form a T shape and an L shape in the rest (Figure 2.3). It

is concluded that a conformation in which the aromatic rings are stacked cannot

represent a common binding mode. Argumentation of whether the L or T shape

represents the protein bound conformation are not given, but the T shape is chosen for

a CoMFA analysis. This seems surprising, considering the overweight of alignments

in which the two aromatic rings form an L shape. In the T conformation, there is a

favourable interaction between the rings, whereas the opposite is true for the L shape.

However, this argument is not given and conformational energies are not considered

at all. Furthermore, the authors presume that only the L, T and parallel arrangement of

the aromatic rings are possible and do not consider the parallel displaced and tilted

arrangement.
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Figure 2.3: Illustrations of the arrangement of two phenyl rings. a: Stacked or parallel. b: Parallel
displaced. c: Parallel displaced and tilted. d: L shape. e: T shape or edge to ring face.

Swain et al. [19] have conducted a modelling and mutagenesis study of

compounds 1 and 8. It is suggested that compound 1 has the two aromatic rings in an

parallel conformation and that there is an intramolecular hydrogen bond between the

methoxy group and the secondary amine. However, believe compound 8 is suggested

to have the aromatic rings in an edge to ring face arrangement. Three amino acids

residues are identified as important for the binding of compound 8 to the NK1R and

they are proposed to interact with specific groups in compound 8. This is discussed in

detail in Section 5.2. The quinuclidine nitrogen is proposed to be protonated and

interact with the receptor, but specific interactions are not identified.

Armour et al. [37] have modelled analogues of compound 31. Veenstra et al.

[44] have studied compounds 12 and analogues of compound 33. McLeod et al. [42]

have studied compounds 8 and 35. These papers suggest that the NK1R antagonists

bind in a conformation with parallel displaced and tilted aromatic rings. Lewis et al.

[45] have studied compound 36 and derivatives. Several conformations are identified

with the aromatic rings in either a parallel or tilted orientation. Lowe et al. [20] was

the first to suggest a binding model for 1, however no bioactive conformation is

reported.

Desai et al. [23;30] have conducted a modelling study of compounds 1, 12, 19

and 20. The authors conclude that the two aromatic rings are parallel and are

hydrophobically collapsed. In their stereo illustrations, the rings appear stacked.
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However, a stacked conformation is energetically unfavourable whereas a parallel

displaced  conformation is energetically favourable.

Caliendo et al. [52] have studied three tripeptide NK1 antagonists by nuclear

magnetic resonance (NMR). The low energy solution conformations of the peptides

have two aromatic rings in a stacked, parallel displaced or parallel displaced and tilted

arrangement. These arrangements are superimposed on compounds 1, 35 and 36, and

the authors conclude that the putative bioactive conformation of NK1 antagonists

have two aromatic rings in a U-shape (In their illustrations the aromatic rings appear

stacked). Another NMR study of compound 12 [22] and several X-ray structures of

selective NK1 antagonists have been reported [15;17;19;20;28;36;37;42;44;45].

However it should be noted that X-ray or NMR conformations may be different from

the bioactive conformation.

2.4 Development of a novel pharmacophore model for NK1R antagonists

2.4.1 Development

The two aromatic rings (A and B) and the hydrogen bond acceptor (C) were chosen as

pharmacophore elements (Figure 2.2). Compounds 1, 12, 18, 20 and 24 were used to

derive the pharmacophore model. These compounds were chosen for their varying

degree of flexibility. The following criteria must be fulfilled in the pharmacophore

model: The aromatic rings are fitted in an approximately coplanar orientation, the

hydrogen bond acceptor is accessible and the acceptor-donor vectors are pointing in

the same direction, and the conformational energies are low. Only one

superimposition was found for which these criteria are fulfilled. In this

pharmacophore element, A and B are in a parallel, displaced and tilted orientation.

The superimposition is shown in Figure 2.4 together with the pharmacophore model.

The pharmacophore model was defined as the pharmacophore elements in the

conformation of compound 12 from the superimposition in Figure 2.4 top.

No model could be obtained by Flo99 when the more rigid compounds 18 and

20 were included in the flexible superimpositioning search. However, a search with

the compounds 1, 12 and 24 yielded one solution in which the criteria for the

pharmacophore model were fulfilled. This is shown in Figure 2.5, where the hydrogen

bond acceptors are represented as vectors. In this solution, there is no hydrogen bond

between the methoxy oxygen and the benzylamine. When calculated by MMFFs, the
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conformational energies are quite high (7.0, 11.5 and 15.1 kJ/mol for compounds 1,

12 and 24, respectively). However, when the bonds in the benzylamine group are

rotated about to form the intramolecular hydrogen bond (as shown in Figure 2.5), the

solution found by Flo99 is transformed into the manually generated pharmacophore

model.

Figure 2.4: Top: Superimposition of compounds 1, 12, 18, 20 and 24. Stereo image, hydrogen atoms
are removed for clarity. Bottom: The pharmacophore model. Stereo image.

Figure 2.5: The superimposition found by Flo99. Stereo image, hydrogens are removed for clarity. The
hydrogen bond acceptors are represented as vectors. The arrows indicate bonds, which by changes of
dihedral angles will transform these conformations to make them fit the pharmacophore model in
Figure 2.4.
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2.4.2 Validation

Compounds 1-11 and 13-42 (Tables 2.1-2.4) were used to evaluate the

pharmacophore model. The conformational energy and RMS value of the fits are

shown in Table 2.5. Figure 2.6 shows a superimposition of compounds 1-10 and 12-

42 (Compound 11 has another stereochemistry than 1). All compounds could be fitted

to the model with a low conformational energy and a low RMS value, except

compounds 3, 4, 17-19, 28, 31, 32 and 34. Compounds 3, 18, 19 and 28 could be

fitted to the model with a low RMS value but a higher conformational energy.

Compounds 3 and 28 have moderate affinity for the NK1R and conformational

energies of 17.7 and 15.5 kJ/mol, respectively, while compound 19 is inactive and has

a conformational energy of 34.0 kJ/mol. The conformational energy penalties for

these compounds provide a good explanation for the observed low affinities. If the

conformational energy of compound 18 is calculated by AMBER* or MM3*, it is

within the accepted limit. The conformational energy of compound 17 is also lower

when calculated by AMBER* and MM3*. The high energy calculated by MMFFs

could be an artefact of the force field. It is reasonable to assume that the uncertainty of

the energy is higher for the constrained bicyclic systems of 17 and 18 since these ring

systems have probably not been used for the parameterisation of the force field.

Compounds 4 and 15 could be fitted to the model with a low conformational

energy. However, compound 4 has a methyl group that points in the direction of the

hydrogen bond acceptor vector, and compound 15 has the acceptor atom replaced by a

carbon atom. This explains their reduced NK1 affinity. Compounds 17, 31, 32 and 34

could be fitted to the model with a low conformational energy and a low RMS value

only when the hydrogen bond acceptor atom was used as a fitting point instead of the

dummy atom. This is because there is a significant angle between the direction of the

lone pair on the hydrogen bond acceptor atom (of pharmacophore element C) and the

hydrogen bond acceptor vector. However, it is not unreasonable to assume that they

fit the pharmacophore model as argued in Appendix II (A small deviation from the

ideal angle of the hydrogen bond results in a small decrease in hydrogen bond energy,

while the change in RMS value is large). Compounds 10 and 11 could also be fitted to

the model with a low conformational energy and a low RMS value only when the

hydrogen bond acceptor atom was used as a fitting point. However, for these

compounds, the lone pair on the hydrogen bond acceptor atom (of pharmacophore

element C) is pointing in the wrong direction. Compounds 10 and 11 are the
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enantiomers of the high affinity compounds 9 and 8, respectively. The moderate

NK1R affinity of these compounds can be explained by the missing hydrogen bond

interaction.

All high affinity compounds could be fitted to the model with low RMS value

and a low conformational energy penalty. A number of weak or inactive close

analogues of high affinity compounds were fitted to the model. These are missing a

pharmacophore element (compounds 4, 10, 11 and 14-15), have a high

conformational energy penalty (compounds 3, 19 and 28), or occupy a receptor

essential volume (compound 16). The model can also distinguish between the high

affinity (compounds 8 and 9) and weak (compounds 10 and 11) stereoisomers of

compound 8.

The pharmacophore model is consistent with the modelling studies by Armour

et al. [37], Veenstra et al. [44] and McLeod et al. [42]. The pharmacophore model

differs from that of Takeuchi at al. [51] and Swain et al. [19] and the modelling study

by Desai et al. [30]. In these models, pharmacophore elements A and B are edge-to-

ring face or stacked, respectively. Figure 2.7 shows a superimposition of three

conformations of compound 8 with pharmacophore elements A and B parallel,

displaced and tilted, stacked and edge-to-ring face, respectively. The difference

between the three conformations lies mostly in the orientation of pharmacophore

element A.
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Table 2.5: Conformational energy penalties (Econf) and RMS values of compounds fitted to the model.
The energies are calculated by MMFFs, except when noted. Centroids and dummy atoms are used as
fitting points, except numbers in parenthesis where centroids and the hydrogen bond acceptor atom are
used.

Compound Econf. / kJ/mol RMS / Å Compound Econf. / kJ/mol RMS / Å
1 -2.3 0.27 20 3.6 0.34
2 -6.5 0.27 21 -1.4 0.34
3 17.7 0.11 22 -5.6 0.53 (0.49)
4 -4.8 (0.25) 23 -1.0 0.10
5 5.1 0.15 24 -3.7 0.08
6 -0.8 0.36 25 -1.9 0.28
7 -6.9 0.36 26 6.8 0.28
8 5.4 0.05 27 0.3 0.26
9 0.4 0.21 28 15.5 0.70

10 9.4 (0.65) 29 -1.1 0.52
11 0.3 (0.12) 30 3.7 0.12
12 -8.1 Template 31 -5.5 1.13 (0.29)
13 4.6 0.18 32 -3.3 0.65 (0.27)
14 5.6 0.18 33 3.3 0.29
15 -5.1 0.40 34 0.0 1.25 (0.57)
16 -2.5 0.34 35 -5.4 0.16
17 10.7 (0.35) 36 6.4 0.62

17 a 9.7 (0.42) 37 -6.0 0.14
17 b 7.0 (0.34) 38 -0.3 0.26
18 15.7 0.50 (0.23) 39 4.4 0.31

18 a 10.5 0.49 (0.25) 40 -3.6 0.06
18 b 3.4 0.52 (0.29) 41 -2.9 0.05
19 34.0 0.11 42 -0.3 0.18

aAMBER* bMM3*

Figure 2.6: A superimposition of compounds 1-10 and 12-42. Compound 11 are the enantiomer of 8.
Stereo image. Hydrogen atoms are removed for clarity.
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Figure 2.7: A superimposition of compound 8 with pharmacophore elements A and B parallel,
displaced and tilted (blue), stacked (green) and edge-to-ring face (red). Stereo image. Hydrogen atoms
are removed for clarity.

2.5 Conclusion

A pharmacophore model for selective NK1R antagonists has been developed. The

model consists of two aromatic rings and a hydrogen bond acceptor. The aromatic

rings are in a parallel, displaced and tilted conformation. The hydrogen bond acceptor

is represented as a vector to emphasize the directionality of the hydrogen bond. The

pharmacophore model is consistent with the modelling studies by Armour et al. [37],

Veenstra et al. [44] and McLeod et al. [42]. The model differs from the

pharmacophore model published by Takeuchi at al. [51] and Swain et al. [19] and the

modelling study by Desai et al. [30] by the arrangement of pharmacophore element A.

The model was evaluated against 42 structurally diverse and selective NK1R

antagonists with affinities ranging from sub-nanomolar to inactive. The model could

successfully explain the NK1 affinities of all compounds fitted to the model. All high

affinity compounds could be fitted to the model with low RMS values and a low

conformational energy penalty. All weak or inactive compounds fitted to the model

are missing a pharmacophore element, have a high conformational energy penalty, or

occupy receptor essential volume. The model can also distinguish between the

affinities for the four stereoisomers of compound 8.
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3 Pharmacophore models for NKR antagonists

3.1 SAR of NK1R, NK2R and NK3R antagonists

Compound 43 is the first selective non-peptide NK2R antagonist published (Table

3.1). Like the selective NK1R antagonists (Section 2.2), compound 43 has two

aromatic rings connected by a linker holding a hydrogen bond acceptor. The chirality

has a large impact on the NK2 affinity, as the enantiomer 44 is almost inactive. The

de-methyl analogue compound 45 is much less active. This could be due to the

conformational properties of the amide. The methyl group makes the cis conformation

energetically accessible, whereas in the de-methyl analogue, only the trans

conformation is energetically accessible, as discussed in Appendix II. Unlike the

selective NK1R antagonists, a complete systematic modification of pharmacophore

elements has not been published for this type of NKR antagonists. However, the

phenyl and the hydrogen bonding substituents on the piperidine ring, which are

missing in compounds 46 and 47 respectively, are essential for high affinity. In

compound 48, the hydrogen bonding group can only function as an acceptor. In

compounds 50-55, the phenyl on the amide group has been exchanged with other

groups. Small aromatic rings are preferred in this position. Few antagonists have been

published with other groups in place of the di-Cl-phenyl group. However, it seems

like a 3,4-substituted phenyl group is the optimal moiety.
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Table 3.1: SAR of the first selective non-peptide NK2R antagonists.

N O
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O

N O

N
O

R

N O

N

Cl
Cl

56

*

49  R=Ph
50  R=Ethyl
51  R=Cyclohexyl
52  R=2-Naphthyl
53  R=2-Pyridine
54  R=3-Thiophene
55  R=5-Benzimidazole

46  R1=NHAc, R2=H
47  R1=Ph, R2=H
48  R1=OAc, R2=Ph

43  R=Me (S)
44  R=Me (R)
45  R=H

Compound NK2 IC50/nM Reference Compound NK2 IC50/nM Reference
  43 a Ki=0.5, 0.44 [1], [2] 50 670 [3]

44 Ki=945 [1] 51 280 [3]
45 Ki>100 [1] 52 57 [3]
46 >1000 [4] 53 38 [3]
47 180 [4] 54 46 [3]
48 Ki=0.3 [1] 55 17 [3]
49 84 [3] 56 500 [3]

a NK1 IC50=593nM, NK3 IC50=208nM [2].

Selective NK1R, NK2R, NK3R, dual NK1R/NK2R, dual NK2R/NK3R and

nonselective NKR antagonists with a binding mode similar to 43 have been published.

Table 3.2 describes the SAR of dual NK1R/NK2R antagonists. Compounds 58-63

comprise a series with substituents in the benzamide moiety. No substituents, or a

polar substituent in the 4-position, is optimal for selective NK2R antagonism, whereas

3,4,5-trimethoxy substitution is optimal for NK1 affinity. In the ring-closed analogues

of 43, compounds 64-69, the phenyl group on the chiral carbon is substituted. Small

halides in the 3 and 4 positions are essential for NK2 affinity, whereas the NK1

affinity is largely unaffected, except by larger substituents, as in 67. The piperidine

tail also influences the subtype selectivity, as exemplified by compounds 70-74. The

position of the aromatic ring is important for NK2 affinity, where the tolerance is

greater for NK1R antagonists, as in compound 73. The basic aromatic ring of

compound 70 reduces NK2 affinity, whereas it is of minor importance for the NK1

affinity.
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Table 3.2: SAR of non-peptide dual NK1R/NK2R antagonists.

N O

R

N

N

NH2

O

O

O
O

O

R

R

O

N

Cl
Cl

N O
N

N

O

N

OH
N

OS

N
N
H

N

N
O

NH

N

O

70

71

72

73

74

R=

R=

R=

R=

R=

*

57  R=H
58  R=4-Cl
59  R=3-Cl
60  R=2-Cl
61  R=2,3-di-OMe
62  R=3,4,5-tri-OMe
63  R=4-NHAc

64  R=3-Cl
65  R=4-Cl
66  R=3,4-di-F
67  R=3,4-di-OMe
68  R=3,4-di-Cl (R)
69  R=3,4-di-Cl (S)

Compound NK1
IC50/nM

NK2
IC50/nM Reference Compound NK1

IC50/nM
NK2

IC50/nM Reference

57 710 84 [5] 66 9.76 74.5 [6]
58 610 120 [5] 67 36.7 2770 [6]
59 310 260 [5]   68 a 3.11 8.4 [2]
60 640 150 [5]   69 b 160 760 [2]
61 73 95 [5] 70 1.9 89 [7]
62 33 180 [5] 71 17 5.5 [7]
63 2100 24 [5] 72 12 3.0 [7]
64 10.7 190 [6] 73 5.0 160 [7]
65 8.62 57.9 [6] 74 6.7 7.5 [7]

a NK3 IC50=21.0nM, b NK3 IC50=2307nM.

Table 3.3 describes the SAR of dual NK2R/NK3R and nonselective NKR

antagonists. In most NK3R antagonists, the linker connecting the piperidine ring to

the chiral carbon is three atoms long, whereas it is two atoms in most published

NK1R and NK2R antagonists. The nonselective NKR antagonists 68 and 79 have a

two-atom linker, but the selective NK3R antagonists all have 3-atom linkers. The

position of the hydrogen bond acceptor is responsible for subtype selectivity. If the

carbonyl is in the ring (X=O and Z=H2 as in compounds 75 and 76), the NK3 affinity

is reduced, whereas the benzylic carbonyl (X= H2 and Z=O as in compounds 77 and

78) reduces NK2 affinity. Substitution of the aromatic rings is probably also

responsible for NK3 selectivity. However, few NK3R antagonists in these series have

been published.
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Table 3.3: SAR of non-peptide dual NK2R/NK3R and unselective NKR antagonists.

N

R

X

z

Cl

Cl
N

N

MeO2S

N

N

N
H

O

N

O

N
H

N

N

O

N

O

Cl
Cl

N

NN

N
NH

OMe

F

N

N

Cl
Cl

N

S

O

O

O

75  R =

76  R =

77  R =

78  R =

8079

X = O , Z = H 2 X = H 2 , Z = O

Compound NK1 IC50/nM NK2 IC50/nM NK3 IC50/nM Reference
75 763 2.2 25 [8]
76 743 6.4 539 [8]
77 460 389 1.5 [8]
78 108 50 6.8 [8]
79 0.45 9 25 [9]
80 100-500 30 0.6 [10]

A wide variety of scaffolds for NKR antagonists related to compound 43 have

been described. In compounds 81 and 82, there is an imidazole ring in the linker

holding the two aromatic rings. The extra carbonyl group in compound 82 is

important for NK1 affinity, whereas 81 is a selective NK2R antagonist. In compound

83, the linker is ring closed to form a 2,3-dihydro-isoindol-1-one group. The dual

NK1R/NK2R antagonist 84 is a close analogue of 43. In compounds 83 and 84, the

hydrogen bond acceptor is moved from the piperidine ring to the phenyl ring.

Compounds 85 and 86 have an oxime group in the linker connecting the two aromatic

rings. These types of compounds are nonselective or dual NK1R/NK2R antagonists.

A number of different linkers holding the two aromatic rings have been described

[11]. The selective NK1R antagonist compounds 87 and 88 are analogues to

compounds 77 and 43 respectively. In 87 and 88, the benzamide has been exchanged

for a benzylamide.
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Table 3.4: SAR of NKR antagonists with different scaffolds. n.a.: Not available.

N

N

N O

Cl

Cl

O

Cl
Cl

N O

NO

CF3

CF3

S

N

O

OH

N O
OH

N

N

N

Cl

Cl

N

N

O

N

N

N
+

Cl

Cl
O

N

N

Cl

Cl

O

S
O

N

Cl

Cl

N O

S
O

CN

N
+

O

N

O

N

N

Cl

Cl

N O

CF3

CF3

S

86

81

85

S

82 83 84

87 88

S
S

SS

S

Compound NK1 IC50/nM NK2 IC50/nM NK3 IC50/nM Reference
81 inactive Ki = 23 inactive [12]
82 2 24 n.a. [13]
83 n.a. 8.9 n.a. [14]
84 0.12 0.64 74 [15]
85 Ki = 1.8 Ki = 23 n.a. [16]
86 1.3 0.4 0.3 [17]
87 Ki = 0.27 Ki = >1000 Ki = >1000 [18]
88 0.75 n.a. n.a. [19]

3.2 Previously published pharmacophore models

Elliot et al. [20] have published a pharmacophore model for a series of serine derived

NK1R antagonists (Figure 3.1). However, the model only describes the tail part of the

antagonists and consists of an aromatic ring and a hydrogen bond acceptor. The

authors argue that the phenyl ring is equatorial to the piperidine ring. In compound 90,

the ring opened analogue of 89, there is an intramolecular hydrogen bond, and the

difference between the axial and equatorial conformation is 11 kJ/mol (as calculated

by MMFFs + GB/SA1). It is therefore unlikely that the axial conformation is the

bioactive conformation. They also note that compounds with a flexible side chain,

                                                
1 The author’s unpublished results
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which are unable to lock the conformation via the intramolecular hydrogen bond, have

much lower NK1 affinity.

N

N

SO
O

R

N
H
N

N

SO
O

R

O

N
H

O

H

N

N

NH O
Cl

Cl

CF3

CF3

R =

89 90
NK1 IC50=1.0nM NK1 IC50=4.8nM

Hydrophobic
or pi-interaction

Protonation

Axial

91

1

2

NK1 IC50=0.75nM

3

4

Figure 3.1: Left: The pharmacophore model published by Elliot et al. [20]. Right:  Typical compound
in the series studied by Verdani et al. [19].

Verdani et al. [19] have conducted a 4D-QSAR study on a series of NK1R

antagonists (Figure 3.1 right). In the alignment, the two aromatic rings (3 and 4 in

Figure 3.1) are in a stacked conformation. They conclude that polar substituents in

ring 4 reduce the affinity due to higher desolvation energy and that the 3,5-di-CF3

substitution in ring 4 contributes to high NK1 affinity. The majority of ligands in the

study contain two piperidine rings (numbered 1 and 2 in Figure 3.1) that are

connected by a single bond. Verdani et al. conclude that the ligands are mono

protonated, and it is the nitrogen in ring 1 that is protonated. Since this nitrogen has an

amide in the β-position, it is the least basic one [21]. If compounds 91 and 43 are

superimposed, it is the nitrogen in ring 2 that overlays with the basic nitrogen in

compound 43. It is therefore more likely that it is the nitrogen in ring 2 that is

protonated. It is claimed that the conformational energy penalties of the

conformations in the alignment are between 0 and 20.5 kJ/mol (calculated by

AMBER as implemented in MacroModel). However, it appears that the piperidine

rings were not ring-opened during the conformational search, and only conformations

where the N-substituent on piperidine ring 1 is in an axial position (as indicated in

Figure 3.1) were considered. The conformational energy of the lowest energy

conformation of compound 91 with piperidine ring 1 axial is more than 20 kJ/mol

above the global energy minima, no matter which piperidine ring is protonated2.

Therefore the conformational energies are probably much higher than reported by

                                                
2 The author’s unpublished results
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Verdani et al. [19]. The conformation of the aromatic rings and the linker that

connects them are low in energy, but the conformation of the piperidine rings are not.

In Verdani et al. [22] the same NK1R antagonists have been investigated by a 5D-

QSAR approach. In this study, the substituents on the nitrogen of ring 1 are also axial.

3.3 Development of pharmacophore models for NKR antagonists

3.3.1 Pharmacophore models for NKR antagonists

Three pharmacophore models, Models 1-3, have been derived for NKR antagonists

for which SAR is discussed in Section 3.1. These models are described in two papers

(Appendices I and II). The NKR antagonists described in Section 3.1 are composed of

two fragments defined as the head and tail, respectively in Figure 3.2. The head of

most NKR antagonists consists of two aromatic rings (pharmacophore elements A and

B) connected by a linker holding a hydrogen bond acceptor (pharmacophore elements

E and F). The tail of most NKR antagonists consists of a 4-substituted piperidine ring

holding an aromatic ring (pharmacophore elements C) and a group incorporating a

hydrogen bond acceptor (pharmacophore elements G). The basic nitrogen is

calculated to be protonated at physiological pH and will therefore function as a

hydrogen bond donor (pharmacophore elements D). Because of the fragment based

approach used to derive the pharmacophore models in Appendix I the number of

fragments and pharmacophore elements differ between Appendix I and II. (Figure

3.2)

N

N

O

NH

O

Cl

Cl
N

N

O

NH

O

Cl

Cl

:

:

:Head

Body

Tail

+

AB

C

D

Head

Tail

+

AB

C

D

EF

G
Figure 3.2: Definition of fragments and the pharmacophore elements that constitutes the
pharmacophore models described in Appendix I (left) and Appendix II (right).
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3.3.2 Pharmacophore models described in Appendix I

The compounds used to derive and evaluate the pharmacophore models are shown in

Figure 3 in Appendix I. Each compound was divided into three fragments as defined

in Figure 3.2 left. A sub-pharmacophore was derived for each of the three fragments.

In each compound the partition into fragments was chosen so that part of the

fragments superimposed. This ensured that the sub-pharmacophores could be

assembled in an unique way. Two pharmacophore models were derived (Figure 3.3),

one in which pharmacophore element C is axial relative to the piperidine of

compound 43, and one in which it is equatorial. The equatorial orientation is generally

the one of lowest conformational energy. In these models the NKR antagonists bind in

an extended conformation with two aromatic rings (pharmacophore elements A and

B) in a parallel displaced and tilted orientation. Pharmacophore element D is

represented as a vector to emphasise the directionality of the hydrogen bond donor-

acceptor interaction.  These models were evaluated against 25 structurally diverse

NK2R antagonists. 23 of the antagonists could be fitted to the pharmacophore models

with a low conformational energy penalty and a low RMS value. Furthermore, the

models were able to explain the enantioselectivity of the compounds 43 and 44 (Table

3.1).

Figure 3.3: Left: The pharmacophore models described in Appendix I. The pharmacophore element C
can be axial or equatorial relative to the piperidine ring of compound 43. Center and right: The putative
bioactive conformation of compound 43 with pharmacophore element C axial respectively equatorial to
the piperidine ring.
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3.3.3 Pharmacophore models described in Appendix II

The pharmacophore model described in Section 3.3.2 does not explain the importance

of the hydrogen bond acceptors in the tail and head fragments of NKR antagonists

(Pharmacophore elements E, F and G in Figure 3.2). By using a new procedure for

superimposition it was possible to add one hydrogen bond acceptor to the tail part of

the previous model, resulting in pharmacophore Model 1. Instead of representing the

hydrogen bond acceptor as a vector in the direction of the lone pair on the hydrogen

bond acceptor atom, the direction was allowed to deviate somewhat from the ideal

hydrogen bond geometry (Figure 3 in Appendix II). By altering the position of

pharmacophore element A, two more hydrogen bond acceptor vectors could be

incorporated resulting in Models 2 and 3. Both Models 2 and 3 are described by seven

pharmacophore elements: Three hydrophobic groups, three hydrogen bond acceptors

and a hydrogen bond donor (Figure 3.4). Model 1 contains the same hydrophobic

groups and hydrogen bond donor as Models 2 and 3, but only one hydrogen bond

acceptor. In Model 1 the antagonists bind in an extended conformation with two

aromatic rings in a parallel displaced and tilted conformation. Model 2 has the same

two aromatic rings in a parallel displaced conformation where as Model 3 has the

rings in an edge to ring face conformation. A superimposition of pharmacophore

Models 1-3 is shown in Figure 3.4.

The pharmacophore models were evaluated against 21 structurally diverse non

peptide NKR antagonists (Figure 4 in Appendix II). 16 of the 21 NKR antagonists

could be fitted to both Model 2 and 3 with a low conformational energy penalty and a

low RMS value. Two of the remaining five antagonists could be fitted to Model 2

with a low conformational energy penalty. The remaining three antagonists

(compounds 102, 104, and 111, Figure 3.7) were concluded to have another binding

mode. The pharmacophore models were also evaluated against the 7TM NKR models

described in Section 5.5. It was found that only pharmacophore Model 2 is compatible

with the 7TM receptor models. Therefore it is concluded that pharmacophore Model 2

is the model that best describes the actual binding mode of the NKR antagonists.
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Figure 3.4: A superimposition of the pharmacophore Models 1-3 described in Appendix II. Stereo
image. Black: The pharmacophore element B, C, D and G are identical in all three models. Red:
Pharmacophore Model 1. Blue: Pharmacophore model 2. Green: Pharmacophore Model 3.

3.3.4 Results obtained by an automated fitting method

The flexible fitting algorithm QXP in the program Flo99 (Section 2.1.4) was used to

investigate if the pharmacophore models obtained by rigid-body least-squares

superimposition could be supported. Superimpositions leading to pharmacophore

Model 1 were obtained as described in Appendix I. Compounds 43 and 92-93 (Figure

3.5) were chosen, since they were used to derive pharmacophore Models 2 and 3. All

compounds were kept flexible during the fitting procedure. Using the global energy

minima conformations found by MMFFs + GB/SA as input and the default settings in

Flo99, pharmacophore Model 2 was found, but not Model 3. The fit resembling

pharmacophore Model 2 is shown in Figure 3.6, left. This is the superimposition with

the highest score. Increasing the number of steps to 1000, the similarity distance to

1Å, or the energy window to 100 kJ/mol did not change the result. However, by using

the conformations fitted to pharmacophore Model 3 as input, Model 3 could be

obtained. The substituents that are axial in Model 2 are equatorial in Model 3. The

reason why we could find either Models 2 or Model 3 is that Flo99 was unable to

generate a conformation with an axial substituent from an input structure where the

same substituent is equatorial. This substituent is indicated in Figure 3.5 by an arrow.
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Both pharmacophore Models 2 and 3 were supported by Flo99, and in each case the

superimposition of compounds leading to the pharmacophore models were the highest

scoring solutions found.

N

N

O

Cl

Cl

N

O

N

N

N

OH

Cl

Cl

92 93

Axial or
equatorial
phenyl ring

Figure 3.5: Compounds 92-93, as well as 43, were used as input for Flo99. Data and references are
given in Table 3.1, 3.2 and in Appendix II.

Figure 3.6: The superimpositions supporting the pharmacophore models. Left: Superimposition found
by Flo99 leading to Model 2. Right: Superimposition found by Flo99 leading to Model 3.

3.3.5 Subtype selectivity

In the papers in Appendix I and II, the focus has been on NK2R antagonists.

However, dual NK1R/NK2R and NK2R/NK3R antagonists are included in the work.

The conclusion is that pharmacophore Model 2 represents the binding mode at the

NK1R and NK2R subtypes. Subtype selectivity is determined by the substitution

pattern of pharmacophore elements A and B and the nature of the group holding

pharmacophore element G. Nonselective (compounds 68, 75 and 79, Table 3.2 and

3.3) and some selective NK3R antagonists (compounds 77 and 78, Table 3.3) can also
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be fitted to the pharmacophore model with low RMS deviations and low

conformational energies. The selective NK3R antagonist compound 80 may also be

fitted to pharmacophore Model 2 in a low energy conformation, but the hydrogen

bond acceptor (pharmacophore element F) cannot be addressed. However, 80 may be

docked into the 7TM NK3R model (Section 5.5) in this conformation, and the

hydrogen bond acceptor is found to interact with another residue. It is likely that the

pharmacophore model also describes antagonist binding to the NK3R subtype, but if

the model is to describe the ligand receptor interactions of compound 80, an

alternative hydrogen bond acceptor site must be defined. However, the limited

structural information available for NK3R antagonists in the literature does not allow

the definition of this alternative hydrogen bond acceptor.

3.3.6 A pharmacophore model for selective NK2R antagonists

In Appendix II, it was concluded that the selective NK2R antagonists 102, 104 and

111 (Figure 3.7) have another binding mode than the rest of the compounds described

in Appendix I and II and Section 3.1. It was therefore decided to develop a

pharmacophore model for this type of compounds. In Smith et al. [23], SAR around

the benzyl group of compound 104 is described. A benzyl or 4-methyl-benzyl

(compound 114) is optimal for NK2 affinity. The two aromatic rings (A and B), the

basic nitrogen (C) and a hydrogen bond acceptor (D) were chosen as pharmacophore

elements. These are marked with centroids, lone pairs and "+" in Figure 3.7.

Compounds 102, 104, and 111 were used to construct the model. They were chosen

for their high NK2 affinity and structural diverse head fragments (see compound 111

for definition of head and tail fragments). However, since the tails of all compounds

are identical and flexible, there is not enough information to derive a model for this

part of the molecules. Ali et al. [24] have used a receptor model for the design of a

ligand with a constrained tail (compound 112). However, this compound does not

have its tail in an extended conformation and have reduced NK2 affinity. Since large

surface area, few intramolecular interactions, and high radius of gyration are

descriptors that characterise bioactive conformations of ligands [25], the tail was

modelled in an extended low energy conformation. The basic nitrogen is calculated to

be protonated at physiological pH (Appendix I). The hydrogen bond donor (the

protonated nitrogen) and the hydrogen bond acceptor (in most cases an oxygen atom)

were represented as vectors. The approach for construction of the model is described
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in Appendix II. Only one superimposition was found, for which the aromatic rings

superimpose, and the hydrogen bond donor and acceptor vectors point in the same

direction. The pharmacophore model was defined as the average position of the

pharmacophore elements for the three compounds 102, 104, and 111 (Figure 3.8).
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Figure 3.7: Compounds fitted to the pharmacophore model. The pharmacophore elements are marked
by centroids, +, and lone pairs.
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Table 3.5: Data of compounds fitted to the pharmacophore model. Deviation from ideal hydrogen
bonds. (Ideal Angle = 0° and Length = 2.8 Å). IC50 affinity of racemate. Ki affinity of pure enantiomer.
For RMS values in parenthesis, the RMS is calculated by using the hydrogen bond acceptor atom
instead of the dummy atom. Energies in parentheses are calculated from a global energy minimum
chosen as the first conformation without electrostatic collapse.

Compound
Activity

Rat colon
Ki / nM

Pharm.
Element C
Angle / °

Pharm.
Element D
Angle / °

RMS
/ Å

Energy
kJ/mol Reference

95 1000 39.1 58.9 0.76 27.1 (15.1) [26]
96 1600 10.2 26.5 0.34 5.7 [26]
97 32 34.2 32.7 0.85 (0.16) 8.0 [26]
98 32 15.1 58.5 0.52 (0.07) 7.6 [26]
99 4 10.5 39.0 0.55 (0.02) 3.2 [26]

100 32 6.8 24.0 0.24 -0.9 [26]
101 0.3 6.2 12.9 0.24 0.2 [26]
102 0.1 0.0 24.0 0.14 1.9 [26]
103 8 9.7 66.9 0.64 (0.19) 17.9 [26]
104 1.3 20.9 31.8 0.15 1.2 [23]
105 130 31.3 52.6 0.21 21.5 (18.6) [26]
106 1.3 11.7 36.1 0.11 8.7 [26]
107 1.3 9.2 38.5 0.16 8.3 [26]
108 6.3 26.1 - 0.06 21.0 (5.6) [26]
109 10 11.5 36.6 0.16 4.0 [26]
110 100 23.8 51.5 0.50 18.7 (7.2) [26]
111 1.6 14.2 35.9 0.26 -5.7 [26]
112 IC50=25µM Does not fit the pharmacophore model [24]

Figure 3.8: The pharmacophore model. Stereo image. The indole ring (pharmacophore element B) is
included in the model, but its position in relation to the other pharmacophore elements is uncertain.
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The pharmacophore model was evaluated against 14 selective NK2R

antagonists. The conformational energy and RMS of the fits are shown in Table 3.5.

Figure 3.9 shows a superimposition of compounds 95-111. All compounds could be

fitted to the model with a low conformational energy and a low RMS value, except

compounds 95, 97, 103, 105, 108, and 110. In compounds 95, 105, 108, and 110,

there is an electrostatic collapse in the global energy minimum. An electrostatic

interaction is observed between the hydrogen of the protonated nitrogen and the ring

face of the indole. This is probably an artefact of the force field. If the global energy

minimum is taken as the first conformation without the electrostatic collapse, the

conformational energies are lower. It is still high for compounds 95 and 105, but these

compounds have low NK2 activities. The conformational energy is also high for

compound 103. In the global energy minima of 103 and the putative bioactive

conformation of its enantiomer (compound 101), there is an intramolecular hydrogen

bond between the hydroxy group and the sulfonyl oxygen. This is not found in the

putative bioactive conformation of 103. However, 103 is a factor of 27 less active

than its enantiomer, and the high conformational energy could explain this.

Compound 97 was fitted to the model with a low conformational energy but a high

RMS. If the hydrogen bond acceptor is used as a fitting point instead of the dummy

atom, the fit is much better in terms of RMS.

The almost inactive compound 96 fits the model with a low conformational

energy. The reduced affinity could be caused by the cyano group penetrating into

receptor essential volume. The reduced affinity of compounds 97 and 98 can be

explained by the 2-methyl group in 97 and the longer linker in 98. The 2-Me and

phenethyl analogues of compound 104 (compound 115 and 113) have a ten- and

eight-fold lower NK2 affinity respectively. Compound 100 has an extra highly polar

oxygen atom compared to compound 101. If this atom is not engaged in an interaction

with the receptor, the extra energy penalty for desolvation will reduce its affinity. The

difference in solvation energy between compounds 100 and 101 is calculated to be 19

kJ/mol by using MMFFs + GB/SA. The benzylic nitrogen in compound 110 has a

lone pair, but this is probably forming an intramolecular hydrogen bond to the

hydroxy group. Therefore 110 does not have a hydrogen bond acceptor that can

participate in an interaction with the receptor, which explains the poor affinity of the

compound.
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Figure 3.9: Superimposition of compounds 95-111. Stereo image, hydrogens are removed for clarity.

3.4 Conclusion

Three pharmacophore models embracing selective NK1R, NK2R, NK3R, dual

NK1R/NK2R, dual NK2R/NK3R, and nonselective NKR antagonists have been

developed. They are described in Appendices I and II.

A pharmacophore model for the selective NK2R antagonists 95-111 has been

derived. The model consists of two aromatic rings, a protonated nitrogen that

functions as a hydrogen bond donor and a hydrogen bond acceptor. The hydrogen

bonding interactions are represented as vectors. The ligands bind in an extended

conformation. However, all published NK2R antagonists with this binding mode

contain the same flexible tail fragment. A unique position for pharmacophore element

B could therefore not be identified. All high affinity antagonists could be fitted to the

model with a low conformational energy. Compounds with reduced affinity could also

be fitted to the model. However, the reduced affinity could be explained by a high

conformational energy penalty, higher desolvation energy, unfavourable substituents,

or missing pharmacophore elements.
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4 Database search with Catalyst 4.6

4.1 Introduction

When a 3D pharmacophore model has been developed, the next step would be to use

it in the search for new ligands. Searching commercially available or in-house

databases is a way to obtain ready-made ligands that can serve as lead structures. This

procedure could reduce the expenditure on the synthesis of new chemical entities and

high throughput screening. To perform these tasks, one needs a program that can

convert the 3D pharmacophore model into a search query, represent each structure in

the database as a conformational model, and search the 3D database with the query.

4.2 The Catalyst program package

Catalyst [1] is a program package from Accelrys (former Molecular Simulations Inc.).

The program provides a modelling environment and consists of several modules,

which can be bought independently. Below is a description of the modules important

for database search and hypothesis generation [2]. In Catalyst, 3D-pharmacophore

models and queries for searching 3D databases are called hypotheses. Pharmacophore

elements and functional groups are termed features.

VISUALIZER: Together with Compare, this module is the core requirement of

Catalyst. It is an environment for modelling, database search and QSAR. The module

allows structure editing and manual generation of hypotheses.

COMPARE: Provides the ability to fit compounds and hypotheses, and determine

their degree of similarity, both geometrically and functionally. In a database search,

COMPARE fits the original hypothesis onto the hit molecules obtained from the

search and a score are calculated according to the geometrical fit.

INFO and database Server: This is Catalyst's information management software,

which builds and administers databases. The information stored in the database is both

1D, 2D, 3D and 4D with each molecule being described by a conformational model,

its features and shape descriptors generated by the SHAPE module.

HipHop and HypoGen: These modules allow the user to automatically generate

hypothesis from a set of ligands and their activities (activities are only required by

HypoGen) [3;4]. The module HipHop analyses the ligands for common features in
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3D-space, while HypoGen utilises SAR information. HypoGen requires an input with

affinities spanning several orders of magnitude.

SHAPE: The philosophy of SHAPE is that drug molecules must fit into a receptor

cavity with a specific shape before they can bind. The module allows a compound, an

alignment of several compounds or a binding cavity to be converted into a shape

hypothesis. The conformers of 3D databases can be described in terms of shape

indices that can be searched with a shape hypothesis. Shape hypotheses can be

combined with feature based hypotheses.

ConFirm: The primary aim of ConFirm's approach to conformation generation is to

explore compounds in terms of all the energetically accessible conformations

available under physiological conditions [5-7]. ConFirm uses a semi systematic search

algorithm and a fragment library for flexible rings. When the conformation of a

molecule is found with its features in one arrangement, poles are added to the force

field, so the features will not be found in that arrangement again [4;5]. There are two

methods for conformational analysis. Fast conformation generation uses a heuristic

method that quickly builds a geometrically diverse conformational model. Best

conformational analysis allows all internal coordinates to vary [2].

4.3 Catalyst  Hypotheses

In Catalyst, a hypothesis can be constructed from four different kinds of objects [2;8]:

Function: This is a pharmacophore element. Catalyst comes with 11 predefined

functions; HB ACCEPTOR (vector), HB ACCEPTOR lipid (vector), HB DONOR

(vector), HYDROPHOBIC (point), HYDROPHOBIC aliphatic (point),

HYDROPHOBIC aromatic (point), NEG CHARGE (atom), NEG IONIZABLE

(point), POS CHARGE (atom), POS IONIZABLE (point), RING AROMATIC

(vector). They can be classified according to which receptor-ligand interaction they

represent, namely hydrophobic, hydrogen bond donor, hydrogen bond acceptor, pi-

stacking and salt-bridge. It is possible to modify a predefined function or make new

functions.

Fragment: A fragment is a substructure made up of specifications for atoms and

bonds. Each atom in the fragment may be specified to be a particular element, or it

may be any of several elements. Similarly, each bond may be specified to be a

particular bond type, or it may be any of several types. Catalyst comes with 117
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predefined fragments. These can be modified, or the user may create their own

fragments.

Exclusion volume: An excluded volume can be added to a hypothesis (or to a

template molecule) to specify one or more spherical spaces that must not contain any

atoms or bonds. An exclusion volume can represent a region in space that might

impinge sterically on a receptor. An exclusion volume can be interpreted as a

geometrical constraint, and this is how it is treated in Catalyst.

Shape: A Catalyst shape is defined by a set of three-dimensional coordinates, each

with a corresponding radius. These points can be the centres of atoms in a molecule

and the radius associated with each atom. Shapes can be constructed automatically

from a single conformer of a molecule or from a set of aligned molecules. If the

hypothesis is build from functions only, one would expect to find all compounds

fitting the pharmacophore model. If a Shape is included in the hypothesis, one would

expect to find only compounds that are geometrically similar to the compound from

which the Shape was constructed. Using a Shape limits therefore the possibilities of

finding new leads. However, if only functions are used to build the hypothesis, one

can not avoid "wrong" mappings. I.e. when a compound maps the hypothesis but does

so in a wrong conformation or orientation, so that there is a reduced molecular overlap

with other compounds that map the hypothesis (Figure 4.1). To avoid this, one must

include exclusion volumes or a shape in the hypothesis. Exclusion volumes is the best

option since no shape is favoured and the possibility of finding new leads is therefore

not compromised. However, deducing the exclusion volumes requires an extensive

SAR knowledge.

Each object is associated with a set of geometric constraints. These can be

constraints on location, distance, angle, and torsion. Property constraint can also be

associated with a hypothesis. These are 1D specifications such as an allowable range

for molecular weight. Each type of constraint can be used in a hypothesis to specify

physical limitations on the characteristics of target molecules.
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Figure 4.1: Example of "correct" mapping (left) and "wrong" mapping (right) to the NK1 hypothesis
1a (Section 4.9.1). Left: The NK1R antagonist occupies an area where there is a molecular overlap with
other NK1R antagonists. Right: The pyridine ring occupies an area where there is no molecular overlap
with NK1R antagonists.

4.4 The MDDR 3D-database

MDL’s Drug Data Report (MDDR) [9] is a database of compounds with known

biological activities. In the MDDR database, the compounds are classified according

to their mode of action. The NKR antagonists are classified as Regulatory Peptides

and divided into four groups: Substance P antagonists, NK1R antagonists, NK2R

antagonists and NK3R antagonists (Table 4.1). The Substance P group contains both

NK1R antagonists, NK2R antagonists, dual NK1R/NK2R antagonists and probably

NK3R antagonists.

The 3D database was constructed from the 2D ISIS database. This database

contains a large amount of fragmented structures (structures that are stored as two

molecules in the same entry e.g. salts) that Catalyst is unable to handle. These were

removed. The database also contains some structures that are not drug-like and

therefore of no interest for virtual screening. In order to reduce the number of non-

drug like compounds, carbohydrates, DNA, RNA and compounds with a molar

weight above 800 g/mole were removed. Also compounds containing metal atoms and

saturated carbon chains of more than eight atoms were removed. Altogether 44% of

the compounds in the 2D database were removed. A 3D catalyst database was created

from the remaining structures with the fast conformation generation algorithm.
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The database contains different classes of NKR antagonists, which do not

share the same binding mode. Since the compounds are classified according to

biological activity and not binding mode, two artificial categories were created. The

3D database was analysed for compounds which share binding mode with compounds

1 and 12 (Table 2.1). The SAR of these compounds is described in Section 2.2. There

are 295 compounds in the 3D database, which are believed to share this binding

mode, and they are referred to as Pfizer-like. All of these are classified as SP

antagonists. The 3D database was also analysed for compounds which share binding

mode with compound 43 (Table 3.1). The SAR of this type of NKR antagonists is

discussed in Section 3.1. There are 95 compounds in the 3D database which are

believed to share this binding and they are referred to as Sanofi-like. Among these,

53, 41, and 1 compounds are classified as NK1R, NK2R and NK3R antagonists,

respectively. In the analysis of the search results, focus will be on the Pfizer- and

Sanofi like compounds. However, since they are not native categories in the MDDR

database, the search results will also be analysed for the native categories of SP, NK2

and NKR antagonists.

Table 4.1: Compounds in the MDDR database. n.a.: Number not available (≥ number in 3D database).
MDDR Database 2D 3D % in 3D

Total 121788 67889 100
Substance P antagonists 1394 780 1.15

NK1R antagonists 255 103 0.15
NK2R antagonists 288 82 0.12
NK3R antagonists 37 5 0.01

Pfizer-like antagonists n.a. 295 0.43
Sanofi-like antagonists n.a. 95 0.06
Total NKR antagonists 1974 970 1.43

4.5 Statistics for analysing hit lists

To analyse the hit list obtained from a database search, one needs a goodness of hit

(GH) metric. It is common to describe the hit list in terms of enrichment (E). This is

defined in Equation 4.1 as the fraction of actives in the hit list divided by the fraction

of actives in the database. Ha is the number of actives in the hit list, Ht is the number

of compounds in the hit list, A is the number of actives in the database and D is the

number of compounds in the database. However, the enrichment is not a good GH

metric because it carries no information about the number of false negatives. The
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enrichment will be approximately the same number if Ha≈Ht, no matter the size of the

hit list.
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parameter, the other is usually sacrificed. Güner and Henry [10] have proposed the

GH score in Equation 4.3. The first bracket is a linear combination of %Y and %A
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The theoretical best case where a database search returns 100% of the active

compounds and nothing else corresponds to a GH of 1.00. The theoretical worst case

where the whole database with the exception of the active compounds is retrieved

corresponds to a GH of zero. Güner and Henry [10] analyses a number of database

searches. A typical good result is described as retrieving 200 hits with 80 actives from

a 50,000 compound database with 100 actives. This corresponds to a GH of 0.5. A

typical bad result is described as retrieving 1000 hits with 50 actives from a 50,000

compound database with 200 actives. This corresponds to a GH of 0.16.

The GH calculated in the following sections are not exact GH but the

theoretical lowest GH value. In this case, some of the false positives might be NK

active, even though they are not registered as such in the database.
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4.6 Database search using a shape only

In Table 4.2, the results of searches with queries consisting of a NKR antagonist

shape only, are displayed. The GH is between 0.06 and 0.13. Using the shape of the

global minima (found by Catalyst best search) of 1 returns most of the database. The

shape of the putative bioactive conformation of 1 (Section 2.4) gives a GH of 0.11 and

an enrichment of 3.4 for Pfizer like compounds. The shape of the putative bioactive

conformation of 43 (pharmacophore Model 1-3 described in Appendix II) gives a GH

of 0.09-0.13 and an enrichment of 6.5-11 for Sanofi like compounds. Searching with a

shape only gives a poor result in terms of GH. The maximal %A are 49% for the

Pfizer like compounds and 53% for the Sanofi like compounds. By adding a shape to

a hypothesis, one can therefore only expect to find around 50% of these types of

compounds.

Interestingly, the shape of the conformation fitted to pharmacophore Model 1

gives the best result, and the shape of the conformation fitted to pharmacophore

Model 2 gives the second best result. In the ensembles of Sanofi like compounds

generated by Catalyst, a conformation fitting pharmacophore Model 1 is therefore

more often present than conformations fitting pharmacophore Model 2 and 3.

Table 4.2: Search results for the shape only hypotheses. Pfizer: Pfizer like compounds. Sanofi: Sanofi
like compounds. Glob. Min. is the global minima found by Catalyst Best search. Pharm shape is
derived from a conformation of compound 1 or 43 fitted to the pharmacophore models described in
Section 2.4 and Appendix II, respectively.

Hypothesis Hits NK GH SP GH Pfizer GH
Glob. Min. Shape 1 20,000 - - - - - -

Pharm Shape 1 9638 253 0.07 243 0.08 144 0.11
Hypothesis Hits NK GH SP GH Sanofi GH

Glob. Min. Shape 43 2661 120 0.06 20 0.06 24 0.07
Pharm1 Shape 43 3797 135 0.06 34 0.10 50 0.13
Pharm2 Shape 43 4063 137 0.06 36 0.11 37 0.10
Pharm3 Shape 43 1892 113 0.07 27 0.09 29 0.09

4.7 Database search using HipHop generated hypotheses

The automatic hypothesis generation with HipHop was done by the following

procedure:

•  For each compound a best quality conformational model was generated with

default parameters; Max number of conformers = 250 and energy range = 20

kcal/mol.
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•  An automatic hypothesis generation was run. The hypotheses was allowed to

contain the features: 0-5 “hydrophobic”, 0-5 “HB Acceptor features” (default), 0-5

“HB donor”, 0-5 “Pos. Ionizable”, and 0-5 “Ring Aromatic”.

•  All other parameters were set to default. Therefore the program will stop after 10

hypotheses are generated.

4.7.1 Pfizer like compounds

The NK1R antagonists selected for the automatic hypothesis generation are shown in

Figure 4.2. For each hypothesis, a best fit best conformation compare fit with

compound 1 was done, and compound 1 was converted to a shape, and merged with

the hypothesis. The results from the database search are shown in Table 4.3. All

searches for hypotheses without shape were stopped when 20.000 hits (30% of the

database) were obtained. Searches with shape returned between 0.9% (Hypothesis 9)

and 8.8% (Hypothesis5) of the database. Hypothesis 9 gave the highest enrichment of

Pfizer like compounds (6.1) and GH score (0.15) while Hypothesis 5 gave the highest

%A (29%) with a GH of 0.08. This is somewhat better than search with a shape only

(Section 4.6). A good enrichment factor are obtained, but the %A are disapointing.

This is reflected in the poor GH scores. The GH for SP antagonists was marginally

higher (0.18) than for Pfizer like compounds for hypothesis 9. This hypothesis can

distinguish between SP antagonists and inactive but not between Pfizer like

compounds and SP antagonists. This was unexpected considering the input structures

to HipHop.
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Figure 4.2: NK1R antagonists used for the automatic hypothesis generation with HipHop. The
compounds are described in Section 2.2.

Table 4.3: Search results for the NK1 hypotheses generated by HipHop. Hyp.: Hypothesis number.
Av.: Average. Pfizer: Pfizer like compounds.

No Shape With Shape of compound 1Hyp.
Hits Hits NK GH SP GH Pfizer GH

1 20,000 2438 138 0.08 132 0.08 57 0.06
2 20,000 750 109 0.14 103 0.13 60 0.11
3 20,000 1806 168 0.11 162 0.12 82 0.10
4 20,000 2931 160 0.08 152 0.08 62 0.07
5 20,000 5990 228 0.08 215 0.09 86 0.08
6 20,000 3710 148 0.06 138 0.07 43 0.04
7 20,000 856 85 0.10 84 0.10 39 0.07
8 20,000 1037 76 0.07 71 0.07 39 0.06
9 20,000 618 122 0.18 119 0.18 72 0.15

10 20,000 1998 183 0.11 173 0.12 84 0.10
Av. 20,000 2213.4 141.7 0.10 134.9 0.10 62.4 0.08

4.7.2 Sanofi like compounds

The compounds used to generate the hypotheses are shown in Figure 4.3. For each

hypothesis, a best fit best conformation compare fit with compound 43 was done, and

43 was converted to a shape, and merged with the hypothesis. The search results are

shown in Table 4.4. Hypothesis 5 with a shape gives the best GH (0.15) and the

highest enrichment (113), but only 11% of the Sanofi like compounds are returned.

Hypothesis 6 without shape returns 54% of the Sanofi like compounds and 10% of the

database. These results are marginally better than search with a shape only (Section
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4.6). Both a good enrichment factor and %A are obtained, but not both for a search

with the same hypothesis, resulting in a low GH.
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Figure 4.3: The NK2R antagonists used for automatic hypothesis generation. Compounds 43, 68, 74,
75 and 116-119 were used as input for HipHop, while all compounds were used as input for HypoGen.
Compounds 43-45, 68, 69, 74, 75, 83 and 87 are described in Section 3.1, while compounds 93 and
116-123 are described in Appendices I and II. Compound 124 (NK1 IC50=13 nM, NK2 IC50=2790 nM
and NK3 IC50=2650 nM) [11] is an analogue of compound 22.



69

Table 4.4: Search results for the NK2 hypotheses generated by HipHop. Sanofi: Sanofi-like. Hyp.:
Hypothesis number. Av.: Average.

No ShapeHyp Hits NK GH NK2 GH Sanofi GH
1 4800 83 0.03 32 0.10 36 0.09
2 5889 104 0.04 39 0.11 40 0.10
3 5075 72 0.03 32 0.09 33 0.08
4 4734 78 0.03 31 0.09 32 0.08
5 6595 115 0.04 43 0.12 46 0.11
6 6492 130 0.04 47 0.13 51 0.13
7 4151 111 0.05 26 0.08 39 0.10
8 4356 124 0.05 29 0.09 43 0.11
9 3798 112 0.05 40 0.12 46 0.12

10 6881 114 0.04 44 0.12 52 0.13
Av. 5277.1 104.3 0.04 36.3 0.11 41.8 0.11

With Shape of compound 43Hyp Hits NK GH NK2 GH Sanofi GH
1 138 6 0.03 3 0.03 5 0.04
2 103 13 0.10 7 0.07 10 0.10
3 2 0 0.00 0 0.00 0 0.00
4 68 8 0.09 5 0.07 7 0.10
5 63 12 0.15 6 0.09 10 0.15
6 285 21 0.06 15 0.08 17 0.09
7 17 3 0.13 3 0.14 3 0.14
8 18 3 0.13 3 0.13 3 0.13
9 134 10 0.06 4 0.03 6 0.05

10 161 17 0.08 13 0.10 16 0.12
Av. 98.9 9.3 0.08 5.9 0.09 7.7 0.09

4.7.3 Randomly selected compounds

The poor results obtained by search with HipHop generated hypotheses inspired a

comparison with random. Ten compounds from the 3D database were randomly

selected and an automatic hypothesis generation was run (Figure 4.4). For each

hypothesis a “best fit best conformation compare fit” with compound 1 or 43 was

done. The conformation returned by Compare was converted to a shape and merged

with the hypothesis. This way, the selected shape is not biased by any foreknowledge

of the conformations of NKR antagonists, only by the fit to the randomly generated

hypothesis. The 3D-MDDR database was searched with each of the 30 hypotheses

(10+10 with and 10 without a shape). The results are shown in Table 4.4. All searches

by hypotheses without shape was stopped when it reached the maximum allowed

20,000 hits. A randomly generated hypothesis returns almost the entire database. This

corresponds to a GH score of zero. However, when a shape of a NK1R antagonist is

added to the hypothesis the number of hits is dramatically decreased, and the GH

increases to between 0.03 and 0.10. The average enrichment of NKR antagonists is a

factor of 3. In most cases, the addition of the shape of NK2R antagonist 43 results in a

wrong mapping (Figure 4.1), and the database search returns no hits. The hypotheses
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generated by HipHop for the selective NK1R antagonists (Section 4.7.1) performed

poorly but somewhat better than random. The hypotheses generated by HipHop for

the Sanofi like antagonists (Section 4.7.2) performed poorly but significantly better

than random.

Table 4.5: Search results for the hypotheses generated by HipHop from the randomly selected
compounds in Figure 4.2. Hyp.: Hypothesis number. Av.: Average. Pfizer: Pfizer like compounds.
Sanofi: Sanofi like compounds.

No Shape With Shape of compound 1Hyp.
Hits Hits NK GH SP GH Pfizer GH

1 20,000 731 74 0.09 73 0.10 27 0.05
2 20,000 2917 136 0.07 129 0.07 49 0.05
3 20,000 771 52 0.06 52 0.07 4 0.01
4 20,000 5519 135 0.05 127 0.05 46 0.04
5 20,000 1701 121 0.08 116 0.09 41 0.05
6 20,000 557 17 0.03 16 0.03 5 0.01
7 20,000 1682 91 0.06 87 0.07 43 0.05
8 20,000 1848 63 0.04 61 0.04 28 0.03
9 20,000 2497 71 0.04 69 0.04 25 0.03

10 20,000 3399 108 0.05 104 0.05 58 0.06
Av. 20,000 2162.2 86.8 0.06 72.4 0.06 32.6 0.04

No Shape With Shape of compound 43Hyp.
Hits Hits NK GH NK2 GH Sanofi GH

1 20,000 591 21 0.03 2 0.01 1 0.00
2 20,000 475 20 0.04 3 0.01 3 0.01
3 20,000 91 3 0.03 0 0.00 0 0.00
4 20,000 552 38 0.06 9 0.04 8 0.03
5 20,000 59 2 0.03 0 0.00 0 0.00
6 20,000 53 1 0.01 0 0.00 0 0.00
7 20,000 696 19 0.03 9 0.04 10 0.04
8 20,000 79 10 0.10 0 0.00 0 0.00
9 20,000 51 0 0.00 0 0.00 0 0.00

10 20,000 45 3 0.05 2 0.04 3 0.06
Av. 20,000 269.2 11.7 0.04 2.5 0.01 2.5 0.01
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Figure 4.4: 10 randomly selected compounds from the 3D-MDDR database.

4.8 Database search using HypoGen generated hypotheses

The automatic hypothesis generation with HypoGen was done by the following

procedure:

•  Input structures were selected from the criteria that they should share the same

binding mode, be structurally diverse, and the affinity data should cover several

orders of magnitude.

•  For each compound, a best quality conformational model was generated with

default parameters; Max number of conformers = 250 and energy range = 20

kcal/mol.

•  The compounds were associated with an uncertainty of 3.

•  An automatic hypothesis generation was run. The hypotheses was allowed to

contain the features: 0-5 “hydrophobic”, 0-5 “HB Acceptor features” (default), 0-5

“HB acceptor lipid”, 0-5 “Hydrophobic aromatic”, and 0-5 “Ring Aromatic”.

All other parameters were set to default. The program would therefore stop after 10

hypotheses were generated.
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4.8.1 Pfizer like compounds

Compounds 1-11, 14-16, 18, 20, 23, 25, 26, and 29-36 (Table 2.1-2.3) were used as

input to HypoGen. Hypogen returned only three hypotheses. For each hypothesis, a

best fit best conformation compare fit with compound 1 was done, and 1 was

converted to a shape and merged with the hypothesis. However, compound 1 failed to

map one of the features in all three hypotheses. This was unexpected, since compound

1 and a number of derivatives thereof were included in the input to HypoGen. The

search results are shown in Table 4.6. Between 19% and 27% of the database are

returned in searches without shape. When a shape is added the number of hits

decreases to a few hundreds, but the numbers of actives returned are close to zero. In

terms of GH, the search results without shape are marginally better than search with a

shape only (Section 4.6), but the enrichment is slightly lower.

Table 4.6: Search results for the NK1 hypotheses generated by HypoGen. Hyp.: Hypothesis number.
Av.: Average. Pfizer: Pfizer like hits.

No ShapeHyp Hits NK GH SP GH Pfizer GH
1 18493 511 0.11 454 0.12 167 0.11
2 12753 367 0.09 298 0.09 70 0.05
3 14203 472 0.12 403 0.12 143 0.10

Av. 15149.7 450.0 0.11 385.0 0.11 126.7 0.09
With ShapeHyp Hits NK GH SP GH Pfizer GH

1 103 5 0.04 5 0.04 0 0.00
2 449 10 0.02 10 0.02 1 0.00
3 23 1 0.03 1 0.03 0 0.00

Av. 191.7 5.3 0.03 5.3 0.03 0.3 0.00

4.8.2 Sanofi like compounds

The compounds used as input to HypoGen are shown in Figure 4.4. For each

hypothesis, a best fit best conformation compare fit with compound 43 was done, and

43 was converted to a shape and merged with the hypothesis. The search results are

shown in Table 4.7. Although compound 43 mapped all of the features in all ten

hypotheses, virtually no hits were obtained by hypotheses including a shape. For

hypotheses without a shape, the GH is between 0.02 and 0.09. Except for hypothesis 7

(which was stopped at 20,000 hits), the searches returned between 1.9% and 5.8% of

the database. Hypothesis 10 gives the largest enrichment of Sanofi like compounds

(9.4) with a GH of 0.08, whereas hypothesis 8 gives the best GH with an enrichment

of 8.8. This is comparable to search with a shape only (Section 4.6).
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Table 4.7: Search results for the NK2 hypotheses generated by HypoGen. Hyp.: Hypothesis number.
Av.: Average.

No ShapeHyp Hits NK GH NK2 GH Sanofi GH
1 2510 95 0.05 22 0.07 24 0.07
2 1659 81 0.06 19 0.06 20 0.06
3 1836 28 0.02 12 0.04 15 0.04
4 1287 27 0.02 12 0.04 14 0.04
5 2022 29 0.02 12 0.04 13 0.04
6 2995 36 0.02 14 0.04 16 0.04
7 20000 344 0.07 26 0.06 19 0.04
8 2175 43 0.03 15 0.05 20 0.06
9 2675 123 0.06 26 0.08 33 0.09

10 2051 104 0.06 24 0.08 27 0.08
Av. 3921 91 0.04 18.2 0.06 20.1 0.06

With ShapeHyp Hits NK GH NK2 GH Sanofi GH
1 3 1 0.25 0 0 0 0
2 2 1 0.38 0 0 0 0
3 6 0 0.00 0 0 0 0
4 7 0 0.00 0 0 0 0
5 4 0 0.00 0 0 0 0
6 14 0 0.00 0 0 0 0
7 27 2 0.06 0 0 0 0
8 6 0 0.00 0 0 0 0
9 7 1 0.11 0 0 0 0

10 2 1 0.38 0 0 0 0
Av. 7.8 0.6 0.12 0 0 0 0

4.9 Database search using manually generated hypotheses

The pharmacophore models described in Section 2.4 and Appendix II were converted

into hypotheses by the following procedure:

•  The putative bioactive conformation of the template molecule was imported from

MacroModel 7.0.

•  The pharmacophore elements were mapped with appropriate functions.

•  All functions were fixed by the default location constrains (except hypotheses

described in Table 4.11) and merged into the final hypothesis.

•  For each hypothesis, a rigid fit with the template was done and the template was

converted to a shape and merged with the hypothesis. Default parameters were

used except for the hypotheses described in Table 4.11.

•  The MDDR database was searched using both the hypotheses with and without a

shape.
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4.9.1 Pfizer like compounds

The putative bioactive conformation (Section 2.4) of the selective NK1R antagonists

1 and 12 (Table 2.1) was used to build the search queries. The two aromatic ring

pharmacophore elements (A and B in Figure 2.2) were mapped as ring aromatic. The

hydrogen bond acceptor pharmacophore element C was mapped as hydrogen bond

donor lipid. However, a part of the molecules penetrated the tolerance sphere of the

putative hydrogen bond donor atom in the search query, and the hydrogen bond donor

was therefore seen as inaccessible by Catalyst. These parts of the molecules (coloured

green in Figure 4.5) had to be deleted before the hydrogen bond acceptor function

could be added to the hypothesis. These hypotheses are named 1a (Figure 4.5 right)

and 12a. In the hypotheses b, c, and d the basic ring nitrogen of 1 and 12 was mapped

by a hydrogen bond acceptor lipid, a hydrogen bond donor, and a positive ionisable,

respectively.

The MDDR database was searched with each of the hypotheses, and the

results are shown in Table 4.8. The GH varies between 0.03 and 0.39. Both high yield

and high enrichment were obtained, but not with the same hypotheses. The search

with hypothesis 1a without shape found 70% of all Pfizer like compounds, but 25% of

the database was retrieved, corresponding to a GH of 0.14. Adding a shape to the

hypotheses reduces both the total number of hits and %A significantly. The search

with hypothesis 1d with a shape gave an enrichment factor of 87, but only 18% of the

Pfizer like compounds were retrieved, corresponding to a GH of 0.33. Hypothesis 1d

with a shape, and 12d without shape give the best search results. Considerably better

than any of hypotheses generated by the automated methods. However, since they

contain a positively ionisable function, the hypotheses cannot retrieve NKR

antagonists without a basic nitrogen in the area corresponding to the ring nitrogen in

compounds 1 and 12. Since the template molecules failed to map the hydrogen bond

acceptor before part of the molecules was deleted, it is reasonable to assume that the

same is true for some of the NKR antagonists in the database. These shortcomings

severely limits %A.
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Figure 4.5: Left: The derivatives of 1 and 12 used to build the hypotheses. In these compounds, the
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Table 4.8: The results from searching the MDDR database with the NK1 hypotheses a-d.
No ShapeHypa

Hits NK GH SP GH Pfizer GH
1a 17196 589 0.13 527 0.14 206 0.14
1b 1424 68 0.05 64 0.05 21 0.03
1c 477 49 0.09 48 0.09 15 0.04
1d 679 130 0.18 123 0.17 83 0.16
12a 16494 572 0.13 520 0.15 199 0.13
12b 2277 59 0.03 57 0.04 29 0.03
12c 543 41 0.07 40 0.07 23 0.05
12d 616 134 0.20 129 0.20 94 0.19

With ShapeHyp Hits NK GH SP GH Pfizer GH
1a 665 91 0.13 89 0.13 53 0.10
1b 277 25 0.07 24 0.07 15 0.05
1c 131 16 0.10 15 0.09 12 0.08
1d 143 71 0.39 71 0.39 54 0.33
12a 1688 59 0.04 59 0.04 36 0.05
12b 350 25 0.06 25 0.06 17 0.05
12c 122 22 0.14 22 0.14 15 0.10
12d 129 42 0.25 42 0.26 30 0.20

aNumbers 1 and 12 refer to the template molecule that were used to construct the hypotheses.

4.9.2 Sanofi like compounds

The three putative bioactive conformations of the NK2R antagonist 43 (one for each

of the pharmacophore Models 1-3, Appendix I and II) were used to build the search

queries. The pharmacophore element A (Figure 1 in Appendix II) was mapped as

hydrophobic. The aromatic pharmacophore element B was mapped as ring aromatic.

The aromatic pharmacophore element C was mapped as hydrophobic aromatic, since

it could not always be fitted in a coplanar orientation. The basic nitrogen

pharmacophore element D was mapped as hydrogen bond donor lipid or positively
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ionisable. In some hypotheses, the pharmacophore elements E, F and G were also

included as hydrogen bond acceptors. Table 4.9 lists the functions that constitute each

hypothesis.

Table 4.10 lists the results of the database search. The GH is between 0 and

0.76. Hypothesis 1b without shape gave the highest %A of Sanofi like compounds

(53%) with 1.2% of the database retrieved and a GH of 0.17. Hypothesis 3l gave the

highest enrichment factor of 715, but only 3.2% of the Sanofi like compounds were

retrieved, resulting in a GH of 0.76. The addition of a hydrogen bond acceptor

representing pharmacophore element E, F or G increases %Y and GH, but reduces

%A. Hypotheses constructed from pharmacophore Model 1 give the best results,

followed by hypotheses constructed from pharmacophore Model 3. The results are

significantly better than search with a shape only, or search with a hypotheses

generated by one of the automated methods.

To improve the search results, the tolerance spheres in hypotheses 1a and 1b

were varied between 1 Å and 2.5 Å (1.5 Å being default), and the shape were

similarity varied between 30% and 55% (50% being default). The search results are

shown in Table 4.11. Reducing the tolerance spheres and increasing the shape

similarity increases the GH and %Y but reduces %A. Increasing the tolerance spheres

and reducing the shape similarity increases the %A somewhat but it also results in an

exponential increase of false positives. Hypothesis 1a with 55% shape similarity gave

the highest %Y (81%) of Sanofi like compounds with a %A of 18%, which is half the

%A obtained by 1a with the default shape similarity of 50%.

Although high Y% were obtained, this could only be combined with a

moderate %A. In terms of GH, good search results were obtained (e.g. hypothesis 3l),

but these were extreme situations where the number of false positives was very low

ant the number of false negatives very high. There is a large difference in the %A

obtained with search hypotheses derived from the different pharmacophore models.

Unexpectedly, hypotheses derived from pharmacophore Model 2 give the lowest %A.

The low %A obtained, especially from searches with hypotheses derived from

pharmacophore Model 2, is probably due to the conformational properties of the

molecules in the database. The putative bioactive conformation may not be present in

the ensemble generated by Catalyst.
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Figure 4.6: The hypothesis 1b with shape. Stereo image. Solid grey: The shape hypothesis. Orange:
The ring aromatic function. Cyan: The hydrophobic function. Red: The positive ionisable function.
Blue: The hydrophobic aromatic function.

Table 4.9: Composition of the manually constructed search queries. Abbreviations: Ar.: Aromatic,
HBA: Hydrogen bond acceptor. Pos: Positively. The pharmacophore elements refer to the
pharmacophore models described in Appendix II

Pharmacophore elementModel A B C D E F G
a Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid - - -
b Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable - - -
c Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid HBA - -
d Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable HBA - -
e Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid - HBA -
f Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable - HBA -
g Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid HBA -
h Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable HBA -
i Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid - - HBA
j Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable - - HBA
k Hydrophobe Ring Ar. Hydrophobe Ar. HBA Lipid HBA - HBA
l Hydrophobe Ring Ar. Hydrophobe Ar. Pos. Ionizable HBA - HBA
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Table 4.10: The results from searching the MDDR database with the NK2 hypotheses. The
composition of hypotheses a-l is described in Table 4.9. The numbers 1-3 refer to the pharmacophore
models described in Appendix II.

No ShapeHyp Hits NK GH NK2 GH Sanofi GH
1a 889 65 0.07 37 0.14 41 0.14
2a 2165 66 0.04 26 0.09 33 0.10
3a 2664 154 0.08 35 0.11 40 0.11
1b 842 79 0.09 39 0.15 50 0.17
2b 1747 109 0.07 36 0.12 46 0.14
3b 1635 178 0.12 38 0.13 49 0.15
2c 48 8 0.13 3 0.06 6 0.11
3c 32 9 0.21 3 0.08 8 0.21
2d 91 18 0.15 8 0.09 14 0.15
3d 73 24 0.25 12 0.16 20 0.26
2e 72 5 0.05 3 0.04 5 0.07
3e 49 8 0.12 4 0.07 7 0.13
2f 129 17 0.10 7 0.06 11 0.09
3f 106 27 0.20 12 0.12 21 0.20
2g 60 8 0.10 5 0.08 8 0.12
3g 43 12 0.21 5 0.10 10 0.20
2h 103 20 0.15 9 0.09 15 0.15
3h 83 25 0.23 12 0.14 21 0.24
1i 60 23 0.29 20 0.31 23 0.35
2i 115 9 0.06 8 0.08 9 0.08
3i 144 21 0.11 14 0.12 15 0.12
1j 69 33 0.37 25 0.35 29 0.39
2j 112 15 0.10 13 0.13 14 0.13
3j 122 28 0.18 18 0.17 21 0.18
2k 4 2 0.38 0 0.00 0 0.00
3k 1 0 0.00 0 0.00 0 0.00
2l 3 2 0.50 1 0.25 2 0.51
3l 3 3 0.75 1 0.25 3 0.76

With ShapeHyp Hits NK GH NK2 GH Sanofi GH
1a 59 38 0.49 25 0.39 34 0.52
2a 44 16 0.28 11 0.22 15 0.30
3a 25 14 0.42 7 0.23 11 0.36
1b 116 48 0.32 28 0.27 40 0.36
2b 115 23 0.16 14 0.13 20 0.18
3b 59 27 0.35 15 0.24 19 0.29
2c 6 3 0.38 1 0.13 3 0.38
3c 6 6 0.75 1 0.13 5 0.64
2d 16 6 0.28 2 0.10 5 0.25
3d 13 12 0.70 6 0.36 10 0.60
2e 5 2 0.30 1 0.15 2 0.31
3e 3 3 0.75 0 0.00 3 0.76
2f 19 4 0.16 2 0.09 4 0.17
3f 5 5 0.75 1 0.15 4 0.61
2g 6 3 0.38 1 0.13 3 0.38
3g 6 6 0.75 1 0.13 5 0.64
2h 21 6 0.22 2 0.08 5 0.19
3h 12 12 0.75 6 0.39 10 0.65
1i 20 16 0.60 13 0.53 16 0.64
2i 2 1 0.38 1 0.38 1 0.38
3i 3 2 0.50 1 0.25 2 0.51
1j 28 22 0.59 17 0.51 20 0.59
2j 7 2 0.21 2 0.22 2 0.22
3j 9 8 0.67 6 0.52 7 0.60
2k 0 0 0 0 0 0 0
3k 0 0 0 0 0 0 0
2l 0 0 0 0 0 0 0
3l 0 0 0 0 0 0 0
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Table 4.11: The results from searching the MDDR database with the NK2 hypotheses 1a and 1b with
modified constraints. Radius of tolerance spheres in Å and shape similarity in %.

No ShapeHyp Hits NK GH NK2 GH Sanofi GH
1a-1.0Å 61 28 0.35 20 0.31 25 0.37
1b-1.0Å 131 55 0.33 32 0.28 40 0.33
1a-1.3Å 309 52 0.14 32 0.17 38 0.19
1b-1.3Å 454 68 0.13 36 0.17 47 0.20
1a-1.4Å 523 58 0.10 35 0.16 41 0.17
1b-1.4Å 612 73 0.11 38 0.16 49 0.19
1a-1.5Å 889 65 0.07 37 0.14 41 0.14
1b-1.5Å 842 79 0.09 39 0.15 50 0.17
1a-1.7Å 2233 103 0.06 42 0.14 46 0.13
1b-1.7Å 1338 94 0.08 39 0.14 51 0.16
1a-2.0Å 5127 172 0.06 51 0.15 54 0.14
1b-2.0Å 2079 119 0.07 39 0.13 51 0.15
1a-2.5Å 12264 430 0.11 64 0.16 63 0.14
1b-2.5Å 4047 285 0.12 42 0.13 55 0.15

With shapeHyp Hits NK GH NK2 GH Sanofi GH
1a-1.0Å 24 20 0.63 14 0.48 19 0.64
1b-1.0Å 51 34 0.51 20 0.35 30 0.52
1a-1.3Å 42 35 0.63 23 0.48 31 0.64
1b-1.3Å 95 47 0.38 28 0.31 39 0.41
1a-1.4Å 55 38 0.53 25 0.42 34 0.55
1b-1.4Å 102 46 0.35 28 0.29 39 0.39
1a-1.5Å 59 38 0.49 25 0.39 34 0.52
1b-1.5Å 116 48 0.32 28 0.27 40 0.36
1a-1.7Å 78 39 0.38 25 0.32 34 0.42
1b-1.7Å 136 49 0.28 28 0.24 41 0.33
1a-2.0Å 108 42 0.30 26 0.26 36 0.34
1b-2.0Å 149 50 0.26 28 0.23 41 0.31
1a-2.5Å 144 44 0.24 27 0.22 37 0.29
1b-2.5Å 157 50 0.25 28 0.22 41 0.30
1a-30% 831 64 0.07 37 0.14 41 0.14
1b-30% 808 78 0.09 39 0.15 49 0.17
1a-35% 771 61 0.07 37 0.15 41 0.15
1b-35% 780 78 0.09 39 0.15 49 0.17
1a-40% 504 55 0.10 34 0.15 41 0.17
1b-40% 641 74 0.10 38 0.16 49 0.18
1a-45% 188 48 0.20 30 0.21 38 0.25
1b-45% 318 65 0.17 35 0.19 47 0.23
1a-50% 59 38 0.49 25 0.39 34 0.52
1b-50% 116 48 0.32 28 0.27 40 0.36
1a-51% 53 37 0.53 25 0.43 33 0.55
1b-51% 94 46 0.38 27 0.30 38 0.40
1a-52% 38 29 0.58 18 0.41 26 0.58
1b-52% 73 38 0.40 22 0.29 32 0.41
1a-55% 21 18 0.65 11 0.43 17 0.65
1b-55% 29 19 0.50 12 0.35 18 0.51

4.10 An evaluation of Catalyst’s conformational search algorithm

4.10.1 Energy calculations

To investigate the quality of the force field and conformational search algorithm used

by Catalyst [5], eight NKR antagonists representing different degrees of flexibility
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were selected (Figure 4.7). These were subjected to a conformational search using both

Catalyst’s Fast and Best conformational search algorithm. The conformational

ensemble generated by Catalyst was exported to MacroModel, where each

conformation was minimised using the MMFFs, MMFFs+GB/SA, MM3* and

MM3*+GB/SA force fields. The conformational space was also searched using

MacroModel and the above mentioned force fields. The global energy minima were

exported to Catalyst where the conformational energy was calculated. An overview of

these calculations is shown in Figure 4.8. Since the philosophy of Catalyst

conformational search algorithm is to sample feature space and not local minima space

[5], it was expected that some conformations were far from a local minimum.

Minimising a Catalyst conformation to the nearest local minimum may result in an

energy that does not reflect the actual energy of the original conformation. After the

minimisation, the conformation may be significantly different from that obtained by

Catalyst. The conformational ensemble was therefore also minimised by MMFFs,

MMFFs+GB/SA, MM3* and MM3*+GB/SA with flat bottomed Cartesian constraints

of 0.2Å. A rigorous conformational search was done for each compound, using the

MCMM method with each of the above mentioned force fields, and the conformational

energy was calculated in relation to the global energy minima.

This evaluation is only meaningful if Catalyst is compared to a high quality

force field. MM3* and MMFFs were selected since they are widely used and have

proved to be among the best force fields to reproduce experimental conformational

energies [12].
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Figure 4.7: Structures of the compounds used for the evaluation of Catalyst force field and
conformational search algorithm. Compounds 12, 20 and 31 are selective NK1R antagonists described
in Section 2.2. Compounds 43 and 74 are selective NK2R antagonists described in Section 3.1.
Compound 102 are a selective NK2R antagonists described in Section 3.3.6. Compound 116 are
described in Appendix I. Compound 125 is a selective NK1R antagonist with NK1 IC50=0.15 nM, NK2
pA2=4.7, NK3 pA2=4.7 [11].
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Figure 4.8: An overview of the calculations performed to evaluate Catalyst’s conformation generation
module.

Table 4.12 displays the conformational energy penalties of the global energy

minima found by Catalyst calculated by the various force fields. In most cases, the

energy is calculated to be higher than the guideline for acceptable conformational

energy penalties of 12.5 kJ/mol [13]. Especially when flat bottomed Cartesian

constraints are used. When using a solvation model, the strength of the electrostatic

interactions are reduced, and one could expect the conformations to resemble more

those obtained by a force field without electrostatic interactions. The Catalyst force
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field does not contain any electrostatic terms. For conformations fully minimised by

MM3*+GB/SA and MMFFs+GB/SA, just over half of the global energy minima are

calculated to have a conformational energy penalty below the threshold, while most of

the conformations fully minimised by MM3* and MMFFs are high in energy.

The energy of the global energy minima obtained by the Best conformational

search is generally lower than the global energy minima as found by the Fast

conformational search (5.9 kJ/mol on average).

Table 4.12: Conformational energy penalties (kJ/mol) of Catalyst global energy minima, calculated
by various methods. Cpd.: Compound. Av.: Average. Colour codes: Red: conformational energy
below 4.2 kJ/mol. Green: conformational energy below 8.4 kJ/mol. Cyan: conformational energy
below 12.5 kJ/mol.

Cpd. Catalyst
Method MM3* MM3*

GB/SA MMFFs MMFFs
GB/SA

MM3*
Constr.

MM3*
GB/SA
Constr.

MMFFs
Constr.

MMFFs
GB/SA
Constr.

43 BEST 37.5 24.7 39.1 20.2 41.0 33.0 50.6 39.0
43 FAST 26.3 9.6 37.6 4.8 29.9 16.8 39.7 14.6
74 BEST 13.6 8.2 22.3 10.0 14.1 10.5 22.6 17.9
74 FAST 28.6 13.4 37.9 4.5 30.6 16.8 40.5 8.8

116 BEST 16.7 6.1 15.1 3.2 28.4 18.4 44.8 33.4
116 FAST 34.3 24.8 57.6 24.6 61.9 60.5 70.0 55.4
102 BEST 11.4 4.5 33.5 14.7 12.3 6.3 39.4 18.1
102 FAST 18.1 10.7 21.3 5.6 32.5 18.0 51.2 21.9
12 BEST 28.5 23.0 13.7 1.5 30.8 25.0 16.0 3.2
12 FAST 28.2 20.6 24.2 6.7 33.5 25.8 31.9 14.5
20 BEST 4.9 9.0 17.1 10.3 8.6 13.8 27.6 22.8
20 FAST 24.6 37.4 61.4 63.0 71.1 81.3 86.7 90.3
31 BEST 0.3 1.0 0.1 0.3 48.0 34.2 24.4 4.9
31 FAST 0.1 1.0 4.5 0.3 26.9 18.9 17.1 6.6

125 BEST 46.0 33.0 49.0 32.5 40.0 32.9 103.9 81.1
125 FAST 31.7 14.8 28.6 10.1 18.9 13.2 33.2 20.6
Av. BEST 19.9 13.7 23.7 11.6 27.9 21.8 41.2 27.6
Av. FAST 24.0 16.5 34.1 15.0 38.2 31.4 46.3 29.1

Table 4.13 displays the RMS between Catalyst global energy minima and the

same structure minimised by the MMFFs, MMFFs+GB/SA, MM3* and

MM3*+GB/SA force fields. When the structures are minimised with flat bottomed

constraints of 0.2Å, they are almost identical with the global energy minima as found

by Catalyst (RMS=0.123-0.155Å). When minimised to the nearest local minima, large

conformational changes (>0.5 Å) are seen for most of the compounds. Table 4.12 and

4.13 show that the global energy minima obtained by Catalyst are generally both far

from a minimum and high in energy.
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Table 4.13: RMS (Å) between Catalyst global energy minima and the minimised structure. Cpd.:
Compound. Av.: Average. Cyan fields: RMS below 0.5 Å.

Cpd. Catalyst
Method MM3* MM3*

GB/SA MMFFs MMFFs
GB/SA

MM3*
Constr.

MM3*
GB/SA
Constr.

MMFFs
Constr.

MMFFs
GB/SA
Constr.

43 BEST 1.26 1.02 0.90 0.75 0.14 0.14 0.14 0.14
43 FAST 0.54 0.51 0.47 0.41 0.12 0.12 0.13 0.13
74 BEST 0.36 0.40 0.41 0.42 0.13 0.13 0.13 0.13
74 FAST 0.37 0.34 0.48 0.37 0.13 0.13 0.13 0.13

116 BEST 0.80 0.89 1.08 1.09 0.15 0.15 0.14 0.14
116 FAST 1.37 1.11 0.58 1.02 0.13 0.13 0.15 0.15
102 BEST 0.41 0.41 0.59 0.48 0.13 0.14 0.14 0.14
102 FAST 0.65 0.70 0.60 0.56 0.14 0.14 0.14 0.14
12 BEST 0.58 0.52 0.58 0.47 0.13 0.13 0.13 0.12
12 FAST 0.74 0.66 0.36 0.34 0.14 0.14 0.13 0.13
20 BEST 0.40 0.45 0.54 0.57 0.13 0.13 0.14 0.14
20 FAST 1.80 1.80 0.68 0.72 0.14 0.14 0.15 0.15
31 BEST 0.91 0.88 0.92 0.77 0.10 0.11 0.12 0.13
31 FAST 0.61 0.57 0.61 0.50 0.12 0.12 0.12 0.12

125 BEST 0.52 0.58 2.60 2.55 0.15 0.15 0.16 0.16
125 FAST 0.53 0.84 0.65 0.72 0.13 0.13 0.15 0.15
Av. BEST 0.65 0.64 0.95 0.89 0.13 0.13 0.14 0.14
Av. FAST 0.82 0.81 0.56 0.58 0.13 0.13 0.14 0.14

Table 4.14 displays the average energy of the conformational ensemble

generated by Catalyst Best and Fast search, calculated by the various force fields.

Generally, the Best conformational search methods gives the lowest average energies

when the ensemble is minimised to the nearest local minima. However, when

minimised with flat bottomed Cartesian constraints, it is generally the Fast

conformation generation algorithm that gives the lowest average energies. This reflects

the fact that the Best conformation generation algorithm finds more conformations than

the Fast conformation generation algorithm. But these extra conformations are merely

distortions of low energy conformations. In some cases, the global energy minima are

calculated to have a higher conformational energy penalty than the average

conformational energy penalty. These are coloured red in Table 4.14. The average

energy is generally within the default 84 kJ/mol (20 kcal/mol) energy limit set by

Catalyst. However, for the ensembles minimised with flat bottomed Cartesian

constraints, most of the average energies are approaching this limit, indicating that

many conformations have significantly higher conformational energies.
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Table 4.14: Average conformational energy penalty (kJ/mol) of Catalyst conformational ensemble,
calculated by various methods. Cpd.: Compound. Av.: Average. Colour codes: Red: Below energy of
global energy minima found by Catalyst. Green: Within 4.2 kJ/mol of global energy minima found by
Catalyst. Cyan: Within 8.4 kJ/mol of global energy minima found by Catalyst.

Cpd. Catalyst
Method MM3* MM3*

GB/SA MMFFs MMFFs
GB/SA

MM3*
Constr.

MM3*
GB/SA
Constr.

MMFFs
Constr.

MMFFs
GB/SA
Constr.

Catalyst
Number

of
Conf.

43 BEST 40.4 35.2 39.0 28.9 66.8 62.1 77.9 68.8 47.8 192
43 FAST 37.2 29.2 40.7 24.8 53.7 45.5 66.3 51.1 48.3 199
74 BEST 27.7 25.0 33.5 20.4 53.1 50.0 73.7 62.3 45.3 183
74 FAST 33.8 29.0 42.0 24.8 49.7 45.1 65.0 49.1 55.3 100

116 BEST 39.1 35.0 39.6 25.6 56.4 52.1 74.7 65.7 44.5 107
116 FAST 45.3 38.3 54.0 32.3 78.1 71.6 89.8 70.4 49.8 225
102 BEST 25.7 22.5 41.9 33.9 49.0 45.3 81.6 70.7 43.7 230
102 FAST 36.1 32.0 44.3 36.7 55.4 51.8 77.0 65.0 41.6 225
12 BEST 31.5 26.7 27.5 15.2 54.9 48.8 60.7 46.8 49.7 71
12 FAST 27.6 22.7 15.8 7.0 40.4 35.4 38.9 29.3 25.3 10
20 BEST 30.5 38.4 45.1 44.4 59.3 66.6 79.0 75.4 54.2 56
20 FAST 24.7 35.8 52.6 58.1 71.1 81.3 93.0 97.4 44.2 5
31 BEST 10.8 3.3 9.7 2.8 41.9 33.1 47.1 27.7 32.8 140
31 FAST 11.5 4.7 15.2 3.6 42.3 36.2 40.7 25.3 29.7 67

125 BEST 54.0 41.7 66.2 47.3 76.9 66.2 125.6 96.6 41.1 202
125 FAST 55.8 42.4 72.6 46.7 65.3 53.8 110.8 77.0 47.2 216
Av. BEST 32.5 28.5 37.8 27.3 57.3 53.0 77.5 64.3 44.9 147.6
Av. FAST 34.0 29.3 42.2 29.2 57.0 52.6 72.7 58.1 42.7 130.9

Table 4.14 reveals that the energy, for many of the global energy minima, is

comparable to the average energy of the conformational ensemble. This reflects that

Catalyst’s energy rank ordering of conformations is more or less arbitrary. Figure 4.9 is

a plot of the conformational energy calculated by the various force fields versus

conformation number (as ranked by Catalyst). When minimised with constraints, the

trend is that the conformational energy rises with increasing conformation number.

This trend is absent when full minimisation to the nearest energy minima is used, only

the variation in energy increases with increasing conformation number. Figure 4.9

clearly reveals that many of the conformations found by Catalyst are just distortions of

low energy conformations, and that the energy rank ordering is more or less arbitrary.

This is typical for all the compounds examined.
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Figure 4.9: Conformational energy penalties for compound 74 calculated by various methods, plotted
versus the conformation number (ranked by Catalyst). Yellow: Energy calculated by Catalyst. Pink:
Energy calculated in MacroModel on conformation minimised using flat bottomed Cartesian
constraints. Blue: Energy calculated in MacroModel on fully minimised conformation.

The global energy minima found by MMFFs, MMFFs+GB/SA, MM3* and

MM3*+GB/SA were imported into Catalyst, where they were subjected to a

minimisation (Called a 3D minimisation in Catalyst). This is the only way to relax a

conformation, so the energy can be meaningfully calculated in Catalyst. When

Catalyst reports the energies from a conformational search, it is the conformational

energy penalty relative to the global energy minima. The global energy minima found

by Catalyst were therefore also subjected to a minimisation to calculate the absolute

energy in Catalyst’s force field. This changed the conformations slightly, except for

compound 125, for which a large change was observed. Table 4.15 displays the

conformational energy penalties of the global energy minima found by MMFFs,

MMFFs+GB/SA, MM3*, MM3*+GB/SA, and Fast conformational search, relative to

the global energy minima as found by Catalyst’s best conformational search. Half of

the global energy minima found by MM3* and MMFFs are found to be low energy

conformations in Catalyst’s force field. MM3*+GB/SA and MMFFs+GB/SA global

energy minima are generally lower in energy.  When electrostatic interactions of

MMFFs and MM3* are reduced by the solvation model, the conformational energies

are closer to those obtained by a force field without electrostatic interactions. When

using Catalyst’s Fast conformation generation algorithm, only half the global energy
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minima obtained are low energy conformations in Catalyst’s own force field.

Especially for MM3*+GB/SA, some energies are calculated to be negative. This

means that Catalyst does not find the global energy minima in its own force field

when generating an ensemble.

Table 4.15: Conformational energy penalties for global energy minima obtained from the various force
fields, calculated by Catalyst. The energies are relative to the global energy minima as found by the
Best conformational search. Colour codes: Cyan: Negative energies. Red: High conformational energy.

Compound Catalyst
Fast MM3* MM3*

GB/SA MMFFs MMFFs
GB/SA

43 13.7 4.2 -2.6 14.6 9.9
74 16.4 18.4 1.8 25.7 12.8

116 56.6 18.1 -0.5 65.4 37.4
102 9.5 6.2 2.0 5.5 7.5
12 7.6 -2.3 -2.3 -0.4 0.1
20 63.4 16.9 -5.7 0.4 1.0
31 2.6 2.5 2.5 1.7 2.4

125 -4.8 3.2 1.9 5.6 6.9
Average 20.6 8.4 -0.4 14.8 9.8

When doing a conformational search in Catalyst, there is a user-defined energy

threshold (default 84 kJ/mol). Conformations having a conformational energy penalty

above this limit are rejected. To find the influence of this limit on the conformational

model generated, Best and Fast conformational search of compound 43 were done with

several energy limits. The conformational ensembles were exported to MacroModel

and minimised by using MMFFs. Both a full minimisation and a partial geometry

optimisation with flat bottomed Cartesian constraints were done. Table 4.16 displays

the average conformational energies of each conformational ensemble. When

optimised with flat bottomed constraints, the average conformational energy penalty

rises with increasing energy limit. However, when fully minimised, the average

conformational energy does not show this trend. Decreasing the energy limit results in

an insufficient coverage of conformational space.
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Table 4.16: Average conformational energies of ensembles of compound 43 generated by Catalyst Best
and Fast search with varying energy limits. Energies in kJ/mol.

Catalyst Fast search Catalyst Best search
Energy

limit MMFFs MMSFFs
Constr Catalyst Number

of conf. MMFFs MMSFFs
Constr Catalyst Number

of conf.
2.1 15.0 31.2 0.2 2 20.4 31.6 0.6 2
4.2 14.7 32.5 1.3 2 26.1 32.7 1.3 3
8.4 41.1 51.6 2.8 2 34.9 40.9 4.2 7

12.6 41.1 43.2 1.4 2 26.7 34.6 7.7 9
16.8 30.2 44.0 9.7 19 29.7 36.9 8.2 10
21 31.7 45.4 14.5 77 27.6 36 9.6 12
42 32.0 51.8 22.6 74 39.2 54.3 19.3 44
63 32.1 55.1 37.7 185 39.5 69.5 34.1 134
84 34.4 60.1 43.6 236 34.9 74.9 43.8 197

As discussed in Section 2.1, the binding constant Ki is related to the free energy

of binding ∆G, and the conformational energy contribute to ∆G for the binding of the

ligand to the receptor [13]. A high energy conformation therefore cannot be

biologically active, and all high energy hits are false positives. Imposing a low energy

limit would have been the solution, if Catalyst’s force field could correctly calculate

conformational energy penalties. However, this does not work for three reasons. A low

energy limit gives an incomplete sampling of conformational space (Table 4.16). True

low energy conformations that are high energy conformations in Catalyst’s force field

are missed (Table 4.17). Even with a low energy limit, most of Catalyst conformations

are high in conformational energy.

When constructing a pharmacophore model it is important only to consider low

energy conformations, otherwise one might construct a wrong model. When using the

HipHop or HypoGen modules for automatic pharmacophore model generation, it is

necessary to do a conformational search for all structures to be used for the model

generation. Accelrys recommends that Catalyst Best search be used. Knowing that the

quality of the conformational model generated by Catalyst is poor, it would be highly

surprising if Catalyst should generate a correct pharmacophore model. With the present

analysis in mind, it must be recommended to import an externally generated

conformational model when using HipHop or HypoGen. However, with the present

version of Catalyst, this is time consuming and not without problems. Catalyst

calculates an energy of each imported conformation, and if it is higher than 84 kJ/mol,

the conformation might be disregarded.



89

4.10.2 Diverse Sampling

Catalyst did not find the same global energy minima as MM3*, MM3*+GB/SA,

MMFFs, or MMFFs+GB/SA for any of the compounds. The global energy minima of

MM3*, MM3*+GB/SA, MMFFs, and MMFFs+GB/SA were imported into Catalyst to

see if they were present in the conformational model generated by Catalyst Best or Fast

search. A best conformation fast fit returned the Catalyst conformation closest to the

imported global energy minima. The RMS values are listed in Table 4.17. In most

cases, Catalyst does not find conformations close to the global energy minima found

by MM3*, MM3*+GB/SA, MMFFs, and MMFFs+GB/SA. Catalyst Best search

performs a little better than Fast search. Catalyst Best search only finds a conformation

close to the global minima found by Catalyst Fast search for compound 31. Catalyst

Fast search also finds only a conformation close to the global minima found by

Catalyst Best search for compound 31. This demonstrates that Catalyst Best and Fast

searches find different conformations, and that both algorithms miss important low

energy conformations. The RMS value might not be the best measure for

conformational similarity, because a small change of a torsional angle can lead to a

large overall difference in RMS. However, for the most restricted compounds like 12,

20, and 31 (Figure 4.7), RMS is a good measure, and for those, only a conformation

close to the global minima of compound 31 is found by Fast search.

Table 4.17: RMS (/Å) between global energy minima and the closest conformation in Catalyst’s
ensemble. The RMS is calculated between all heavy atoms and hydrogens on heteroatoms. Cpd.:
Compound. Av.: Average. Colour codes: Red: RMS below 0.5 Å. Cyan: RMS below 1.0 Å.

Catalyst Best search Catalyst Fast search
Cpd.

MM3* MM3*
GB/SA MMFFs MMFFs

GB/SA
Catalyst

Fast MM3* MM3*
GB/SA MMFFs MMFFs

GB/SA
Catalyst

Best
43 1.440 1.657 1.323 1.694 1.700 1.203 1.633 1.358 1.633 1.977
74 1.494 1.594 1.121 1.360 1.287 1.871 1.970 0.938 1.358 1.505

116 1.945 1.935 1.820 1.985 1.060 2.477 1.231 1.697 1.773 1.346
102 1.395 0.751 0.723 1.005 1.601 1.553 1.364 1.648 1.716 1.606
12 0.767 0.754 1.306 1.307 0.987 1.289 1.295 1.260 1.237 1.361
20 0.736 0.409 0.577 0.592 0.824 1.657 1.551 1.714 1.709 1.559
31 0.547 1.065 0.482 1.201 0.197 0.759 0.877 0.597 0.666 0.483

125 1.942 1.909 1.548 1.889 1.952 1.685 1.776 1.182 1.802 2.446
Av. 1.283 1.259 1.113 1.379 1.201 1.562 1.462 1.299 1.487 1.535

Catalyst searches feature space, and that is claimed to be a more diverse

sampling than other conformational search algorithms [5]. This is not always true. In

compound 31, the tricyclic ring system can be in two conformations, as shown in

Figure 4.10. Table 4.18 compares the number of conformations as found by Monte
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Carlo search with MMFFs or MM3* and Catalyst Fast or Best search algorithm having

either of the tricyclic ring system conformations. The Monte Carlo search finds

approximately equal number of conformations with either of the tricyclic ring system

conformations, whereas Catalyst Best search finds almost exclusively one of the

conformations. Figure 4.10 left displays a superimposition of the first 9 conformations

of compound 31 found by Best conformational search. The only difference between

these conformations is the tilt of the di-trifluormethylphenyl ring. Fast search generates

a more diverse ensemble since the ratio is about 1:2.

Figure 4.10: The seven membered ring of compound 31can be in two conformations as displayed left
or right. Left: A superimposition of the nine first conformations found by Catalyst best search. Right: A
superimposition of the three conformations found with the tricyclic ring system in that conformation.

Table 4.18: Number of conformations of compound 31 with the tricyclic ring system having a
conformation as defined in Figure 4.10 left and right.

Method Right Left
Catalyst Best 3 137
Catalyst Fast 24 43

MMFFs 29 24
MMFFs+GB/SA 30 47

MM3* 9 8
MM3*+GB/SA 9 7

In the spiro ring system of compound 74 (Figure 4.7), the phenyl ring can be

either axial or equatorial to the piperidine ring, as shown in Table 4.19. Using Monte

Carlo/MMFFs or MM3* with or without GB/SA, the axial and equatorial

conformations are equally represented. Catalyst Best search finds 183 conformations.

Only 7 of these have the phenyl ring in the axial position, and in all 7, the piperidine

ring is twisted. Catalyst Fast search finds 100 conformations. 22 of these have the

phenyl ring in the axial position and the piperidine ring is in a chair conformation in all

22.
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Table 4.19: In compound 74 the phenyl ring can be equatorial or axial to the piperidine ring. The
representation of these conformations in ensembles generated by the various methods are shown.

Conformation Axial Equatorial Total

Catalyst Best 7 176 183

Catalyst Fast 22 78 100

MMFFs
MMFFs+GB/S

A
MM3*

MM3*+GB/SA

~50% ~50%

Compound 116 (Figure 4.7) also has a spiro ring system (Table 4.20). Catalyst

Best search finds 107 conformations, 12 of them having the phenyl ring equatorial to

the piperidine ring, which is in a chair conformation. Catalyst Fast search finds 225

conformations, 120 of them having the phenyl ring equatorial to the piperidine ring,

which is always in a twisted conformation. The spiro system has three low energy

conformations, as shown in Table 4.20. Catalyst Best search finds four conformations

with the spiro system adopting conformation 3, and three conformations in which the

lactam ring is flat, as in conformation 2. Fast search finds 34 conformations with the

spiro system adopting conformation 1, the remaining conformations have a flat ring

(conformation 2). A Monte Carlo search using MMFFs or MM3* finds roughly equal

numbers of conformations with the spiro system adopting conformation 1 or 3, but no

conformation in which the lactam ring is flat. The flat conformation is 5 kJ/mol and 10

kJ/mol higher in energy than the other conformations calculated by MMFFs and

MM3*, respectively. Conformation 2 is the transition state for inversion between

conformations 1 and 3.

Table 4.20: The spiro ring system of compound 116 have three low energy conformations. The
representation of these conformations in ensembles generated by the various methods are shown.

Conformation 1 2 3

Catalyst Best 4.7% 2.6% 3.5%

Catalyst Fast 15% 38% 0%

MMFFs
MMFFs+GB/S

A
MM3*

MM3*+GB/SA

~50% 0% ~50%
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Compound 20 (Figure 4.7) has two piperidine rings in a spiro system. The most

stable conformations as calculated by MM3*, MMFFs, MM3*+GB/SA, and

MMFFs+GB/SA have both rings in a chair conformation, as shown in Table 4.21.

Catalyst Best search finds 56 conformations. Three of these have both rings in a chair

conformation and four have one ring in a chair conformation and one ring in a distorted

chair conformation. Catalyst Fast search finds no conformations with both piperidine

rings in a chair conformation.

Table 4.21: Only conformations where the two piperidine rings of compound 20 are in chair
conformations are of low energy. The representation of these conformations in ensembles generated by
Catalyst are shown.

Catalyst
Method Fast Best

Chair Chair 0
(0%)

3
(5.3%)

Unexpected 5
(100%)

53
(94.6%)

No.
Conformations 5 56

Compound 125 (Figure 4.7) has two piperidine rings connected by a single

bond. The extended conformation, where all bonds are equatorial and the piperidine

rings are in a chair conformation (Table 4.22), are the most stable conformation as

calculated by MM3*, MMFFs, MM3*+GB/SA, and MMFFs+GB/SA. Catalyst Best

search finds 202 conformations. 10 of them have the piperidine rings in the extended

conformation, four with both rings in a chair conformation, and six in which one of the

rings is twisted. Fast search finds 216 conformations, 45 of them having the piperidine

rings in the extended conformation, 36 with both rings in a chair conformation, and 9

in which one of the rings is twisted.
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Table 4.22: Conformations where the two piperidine rings of compound 125 are in chair conformations
and the substituents equatorial are lowest in energy. The representation of these conformations in
ensembles generated by Catalyst is shown

Catalyst
Method Fast Best

Chair Chair
Equatorial

36
(17%)

4
(1.8%)

Chair Twist
Equatorial

9
(4.2%)

6
(2.7%)

Non Extended
conformations

171
(79.2%)

212
(95.5%)

Number of
Conformations 216 222

In compound 102 (Figure 4.7), the methoxy group can be either axial or

equatorial to the piperidine ring (Table 4.23), with the first mentioned lowest in

energy, as calculated by MM3*, MMFFs, and MM3*+GB/SA, but not

MMFFs+GB/SA. Catalyst Fast search finds 49 conformations of compound 102, all of

which have the methoxy group in the equatorial conformation. Catalyst Best search

finds 230 conformations, 42 of which have the methoxy group in the equatorial

conformation. Of these 42, only two have the piperidine rings in a chair conformation

with the N-substituent equatorial.

Table 4.23: The methoxy group of compound 102 can be equatorial or axial to the piperidine ring. The
representation of axial and equatorial conformations in the ensembles generated by Catalyst are shown.

Catalyst
Method Fast Best

Axial Chair 0
(0%)

2
(0.8%)

Axial Twist 0
(0%)

40
(17%)

Equatorial 49
(100%)

188
(81%)

No.
Conformations 49 230

Diverse sampling of feature space does not always result in a diverse

conformational model. For six of eight compounds examined, important low energy

conformations were missing or severely underrepresented in the conformational model

generated by Catalyst. A conformation close to the global energy minima in MMFFs,

MM3*, MMFFs+GB/SA, and MM3*+GB/SA was only represented in the Catalyst

ensemble of the three most rigid compounds (12, 20 and 31). Best conformational
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search gives the most diverse model in feature space. In conformation space, it seems

to depend on the structure whether Best of Fast search gives the most diverse model.

There are probably three reasons for the poor quality of the conformational

models generated by Catalyst. 1; The conformational coverage is evaluated in a feature

space [5] which is not directly coupled to conformational space. Feature space imposes

constraints on the conformational model, but the conformation of ring fragments,

torsional angles etc. is independent of feature space. 2; The use of poling distorts the

conformations. 3; The quality of the force field.

A search query for database search in Catalyst can be constructed from two

kinds of elements. Pharmacophore elements (functions), which in Catalyst belongs to

feature space and fragment, shapes and exclusion volumes, which are generated in

conformational space. Since there is a large difference between the conformational

models generated by Catalyst and that of conventional methods, it is probably

important to use a Catalyst conformation when defining a shape query, exclusion

volumes, or using fragments in the search query.

4.10.3 Conclusions on Catalyst evaluation

The primary aims of Catalyst’s conformation generation module are 1: Speed. 2: To

explore compounds in terms of all the energetically accessible conformations

available under physiological conditions [2]. The present work clearly demonstrates

that the second goal is not achieved3. Most conformations generated by Catalyst are

far from a local minima and high in energy. Furthermore, the rank ordering of the

conformational model is arbitrary. These high energy conformations are just noise

that results in false positives when doing a database search. This noise is dangerous

when doing automatic hypothesis generation, since it leads to wrong models. Low

energy conformations are often missing or seriously underrepresented in the

ensembles generated by catalyst. This results in false negatives when doing a database

search. Furthermore, the lack of low energy conformations makes it impossible for

HipHop and HypoGen to generate a realistic model.

                                                
3 The extent to which a given conformation is populated depends on the conformational energy and the

temperature. Since most of Catalysts conformations are high in conformational energy, they are only

accessible at higher temperatures than physiological conditions.
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Diverse sampling of feature space does not always result in a diverse

conformational model. The conformational diversity is often seen in distortions of true

low energy conformations. Especially for rings, high energy conformations are over

represented in the conformational model. Sometimes so much that no low energy

conformation is found for the ring system. In six out of eight compounds examined,

Catalyst failed to generate diverse conformational models due to problems with

flexible ring systems. Because Smellie et al. [5] consider feature space, they conclude:

“Poling: Promoting Conformational Variation”. However, considering conformational

space the conclusion must be; Poling: Preventing Conformational Variation.

Catalyst is a good tool for 3D database search, but the way conformations are

generated leaves a lot to wish for. Substituting the conformational search algorithm

for a Monte Carlo or Low mode search would greatly enhance the quality of the

conformational models. However, this would slow down the generation of a 3D

database considerably. A compromise between speed and quality would be to

implement a fragmented approach without the poling algorithm.

4.11 Conclusion

The pharmacophore models (Section 2.4 and Appendix I and II) were used as search

queries for database search with the program package Catalyst. The search queries

were evaluated by searching MDDR, a database with known biological activities. The

two automated hypothesis generating methods in Catalyst (HipHop and HypoGen)

were also used to generate search queries. However, the performance of these two

methods was poor. Analogues of compound 1 and 12 were used as templates for

constructing hypotheses for the selective NK1R antagonists described in Section 2.2.

However, problems were encountered with the accessibility of the hydrogen bond

donor pharmacophore element, which hampered the search results. Compound 43 was

used as template for constructing hypotheses for the NKR antagonists described in

Section 3.1. Good yields could be obtained with these hypotheses, but the percentage

of actives returned was moderate.

These moderate results are probably due to severe shortcomings in the

conformation generation module of Catalyst. The conformational ensembles of eight

NKR antagonists were investigated. Ensembles generated by Catalyst were shown not

to be diverse and with a significant overpopulation of high energy conformations.
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Especially flexible rings pose a problem for Catalyst. Low energy conformations were

missing or significantly underrepresented in six out of eight ensembles generated by

Catalyst. The lacking diversity of low energy conformations results in false negatives

and the many high energy conformations are noise that results in false positives.

Substituting the conformation generation module of Catalyst with one that has a better

performance would greatly enhance the program.
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5 Neurokinin 7TM receptor models

5.1 7TM receptor models

This chapter describes the development of receptor models for the NK1R, NK2R and

NK3R, as well as their use in identifying receptor-ligand interactions and residues

responsible for subtype selectivity.

Neurokinin receptors do not readily crystallise, and structures of these

receptors are not yet available. However, an X-ray structure of bovine rhodopsin has

been published [1], and the NKRs have sufficient sequence identity to bovine

rhodopsin for an alignment to be made. Rhodopsin is a photoreceptor found in the

retina of the eye. It is comprised of seven transmembrane alpha helices, each

approximately 25 residues long. The helices are connected by intra- and extracellular

loops. The helices are arranged in a bundle with a counter clockwise orientation, as

seen from the extracellular side. The residues facing the lipid membrane are mostly

hydrophobic, whereas those facing the interior may be more polar. Residues in the

loops are generally hydrophilic. The first intra- and extracellular loops are short, five

and six residues, respectively, whereas the other loops are longer.

Several receptor modelling studies of the NK1R [2-6], the NK2R [2;7-9] and

the NK3R [7] have been published and are reviewed in Section 5.2. These receptor

models are based on the bacteriorhodopsin  structure by Henderson et al. [10] or the

rhodopsin structure by Baldwin et al. [11]. Bacteriorhodopsin is a proton pump, not a

GPCR, and the sequence identity with any known GPCR are too low for sequence

based alignment. (Alignment is hydrophobicity based). Furthermore, the resolution of

the cryo electron microscopy structure is 3.5 Å too low to provide the atomic

coordinates directly. Thus, bacteriorhodopsin is not an ideal template for modelling

GPCRs. The structural rationale for employing bacteriorhodopsin as a template for a

GPCR is that bacteriorhodopsin has 7TM helices in a similar counter clockwise

orientation as the GPCRs. Rhodopsin is a true GPCR. Baldwin’s rhodopsin model is

based on a cryo microscopy electron density map of frog rhodopsin [12], but the

resolution is 7.5 Å in the membrane plane and 16.5 Å normal to it, too low to provide

atomic coordinates directly. An X-ray structure of bacteriorhodopsin with a resolution

of 2.5 Å have been published by Pebay-Peyroula et al. [12a], but this structure have

seen little use for homology modelling of GPCRs.
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Bovine rhodopsin is a GPCR that shares approximately 20-25% sequence

identity with most known GPCRs. Using the recently published bovine rhodopsin X-

ray structure (resolution 2.8 Å) [1] as template is expected to produce better GPCR

models.

Extensive site-directed mutagenesis work has been performed on the NK1R

and NK2R identifying residues essential for ligand binding (see Section 5.2). Another

type of mutagenesis work performed on the NK1R is the introduction of metal ion

binding sites [13-15]. From this work, information about the relative orientation of

helices, distance constraints and solvent accessibility can be obtained. By contrast, the

only mutagenesis data available for NK3R are a few chimeric NK1/NK3 receptors

[16-20].

5.2 Previously published mutagenesis and receptor model studies

5.2.1 Selective NK1R antagonists

Several mutagenesis studies on the NK1R have been published. See Table 5.1 for data

and references. Only data for compounds fitting the pharmacophore models described

in Section 2.4 and Appendix II are listed in the table. Some of these studies are

conducted by the use of the selective NK1R antagonists compounds 1 and 12 [3-

5;21]. Interactions between some residues in the NK1R and specific groups and atoms

in compound 1 have been identified by the following method [21]: If a residue

interacts directly with a specific pharmacophore element in the ligand, then an

analogue of the ligand where that pharmacophore element has been removed should

bind equally well to both the wild-type and the mutant receptor, because the proposed

interaction is no longer present.

Compound 3 is a close analogue of 1 in which one of the benzhydryl phenyls

is missing. Compound 3 has the same affinity for the His197Ala mutant as the wild-

type receptor [21]. However, for compound 1 a decreased affinity by a factor of 6.6 is

seen for the mutated receptor. This suggests that His197 interacts with the benzhydryl

moiety in compound 1. It is also suggested that Gln165 forms a hydrogen bond to the

nitrogen atom of the benzylamine of compounds 1 and 12. This is supported by the

fact that compound 4, a close analogue of 1, has the same affinity for the Gln165Ala

mutant as the wild-type receptor. For compound 1, a decreased affinity by a factor of

16-44 is seen for the mutated receptor. Compound 4 has a methylated amino group
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where the benzyl amine in compound 1 is secondary. It is hypothesised that the

methyl group in 4 is positioned so the hydrogen bond to Gln165 cannot be formed

[22]. His265 probably interacts with the benzyl moiety or substituents thereof.

Compound 1 binding is not affected by the His265Ala mutation but compound 8, the

3,5bis-CF3 analogue, loses a factor of 20 in binding affinity, and compound 12 loses a

factor of 4 [5]. Pro112 and Phe268 might also be important residues for binding of

compounds 1 and 12 to the NK1R. Consistent with the SAR discussion in Sections

2.2 and 3.1, the mutagenesis data suggest a common binding mode for compounds 1

and 12 that is not shared by compounds 68 and 87.

Table 5.1: Mutation data for the NK1R. Decrease is the fall in affinity for the receptor mutant
compared to the wild-type.
Ligand Mutation Decrease Reference Ligand Mutation Decrease Reference

68 Gln165Ala 6.8 [2] 1 Ile283Ala 4.1 [23]
68 His197Ala 7.9 [2] 1 Pro112Ala 13 [24]
68 Ile204Ala 9.0 [2] 1 Pro112Asp 4300 [24]
68 Phe264Ala 26 [2] 12 Pro112His 4600 [24]
68 Phe264Tyr >480 [2] 12 Gln165Ala 63, 100, 44 [3;22;23]
68 His265Ala 17 [2] 12 His197Ala 9.9 [23]
68 His267Ala NB [2] 12 Phe264Ala 4.4 [23]
68 Tyr272Ala 1.3 [2] 12 His265Ala 4.0 [3]
1 Pro112Ala 3.5 [24] 12 Phe267Ala NB [23]
1 Pro112Asp 150 [24] 12 Phe268Ala 4.0, 15 [3;24]
1 Pro112His 210 [24] 12 Pro112Ala 2.0 [24]
1 Glu165Ala 16, 18, 44 [3;22;23] 12 Gln165Ala 2.0 [3]
1 Ser169Ala 5.2 [22] 87 His197Ala 2.0 [3]
1 His197Ala 13, 70, 34 [3;22;23] 87 Phe268Ala 4.0, 4.8 [3;24]
1 His197Gln 6.6 [23] 3 His197Ala 1.2 [21]
1 Phe267Ala NB [23] 4 Gln165Ala 3.0 [6]
1 Phe268Ala 5.0, 71 [3;24] 8 His265Ala 20 [5]
1 Tyr272Ala 4.0, 4.2 [22;23]

5.2.2 Dual NK1R/NK2R and selective NK2R antagonists

Greenfeder et al. [2] have conducted a study on the binding sites of the dual

NK1/NK2 receptor antagonist compound 68. They conclude that the binding sites

differ and that the bioactive conformations at the two receptor subtypes are different.

This is a surprising conclusion considering the high sequence identity between the

NKR subtypes (see Section 1.2). They conclude that compound 68 binds to the NK1R

in a conformation close to that represented by pharmacophore Model 2 (Appendix II)

and to the NK2R in a conformation close to that represented by pharmacophore

Model 1 (Appendix I and II). However, their modelling work is flawed because the

dichlorophenyl group of their docked antagonist is connected to C2 of the pyrrolidine

ring instead of C3 as in compound 68. This might be the reason for their surprising
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conclusion. But the site-directed mutagenesis data in this article are still valuable

(Table 5.2).

Giolitti et al. [9] have conducted a study on the binding sites of the selective

NK2R antagonist compound 43. They conclude that compound 43 binds in a

conformation close to that represented by the NK2 pharmacophore Model 2

(Appendix II). By site-directed mutagenesis they identify the same residues important

for binding as Greenfeder et al. [2]. This suggests a common binding mode for

compounds 43 and 68. However, the binding mode suggested in the two papers is

different.

Table 5.2: Mutation data for the NK2R. Decrease is the fall in affinity for the receptor mutant
compared to the wild-type.
Ligand Mutation Decrease Reference Ligand Mutation Decrease Reference

68 Trp156Ala NB [2] 43 His198Ala 16 [9;25]
68 Gln166Ala 7.0 [2] 43 Tyr266Ala NB [9]
68 His198Ala NB [2] 43 Tyr266Phe 4.0 [9]
68 His198Phe 0.8 [2] 43 His267Ala NB [9]
68 Tyr266Ala NB [2] 43 Phe270Ala 5.3 [9]
68 His267Ala NB [2] 43 Tyr289Ala NB [9]
68 Tyr269Ala NB [2] 43 Tyr289Phe 2900, 3000 [26;27]
68 Ile285Ala NB [2] 43 Ser27Ala 6.0 [27]
68 Tyr289Ala NB [2] 43 Trp31Ala 5.0 [27]
68 Tyr289Phe 300 [2] 43 Trp99Ala NB [27]
43 Met117Leu 4.4 [25] 102 His198Ala 100 [27]
43 Gln166Ala 5.7 [9] 102 Tyr266Phe >250 [27]
43 Thr171Ala 6.3 [9] 102 Phe293Ala 22 [27]

5.3 The binding site for NKR antagonists

The monoaminergic receptors were among the first GPCRs to be studied. The

muscarine M1  receptor is used as an example for comparison with the NKRs. Figure

5.1 shows the alignment of the NKRs to the M1 receptor. The residues identified by

site directed mutagenesis as significant for binding of compounds 43 and 68 are

displayed in bold in Figure 5.1 and listed in Table 5.2. The putative binding site of the

NKRs is located in the same area as that proposed for the monoaminergic receptors.

The important residues for M1 receptor antagonists binding [28] is located either at

the same position as in the NKRs or one helix turn above or below the NKR positions.

It has been proposed that this is a common binding site for small molecule

antagonists, shared by many of the rhodopsin-like GPCRs [5;29]. This NKR

antagonist binding site is different from the proposed binding site of the endogenous
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NKR ligands. These bind to the extracellular loops with a small part of the peptide

extending into the 7TM region [16;30;31].

Bovine rhodopsin, the template used for our NKR models, is crystallised with

the endogenous ligand retinal [1]. Retinal is special since it is covalently bound to the

receptor. The binding site of retinal partly overlaps with that of the small molecule

antagonists and are located just below the extracellular loops. There is a change in

receptor conformation upon activation. Ideally, the inactive receptor conformation

should be used for modelling of the antagonist binding site. Fortunately, the bovine

rhodopsin structure is in the inactive state.

Most of the residues in the binding site are preserved throughout the NKR

subtypes. The residues identified by site-directed mutagenesis are important for the

binding of compounds 43 and 68 to the NK2R are Met117, Gln166, His198, Tyr266,

Phe270 and Tyr289 [2;9;27]. The residues important for the binding of compound 68

to the NK1R are Gln165, His197, Ile204, Phe264 and His265 [2]. The NK1 binding

site differs from that of NK2 in residues 117, 202 and 266 (NK2 numbering). The

NK3 binding site differs from that of NK2 in residues 117 and 205.

The residues identified by site-directed mutagenesis as being important for the

binding of the selective NK1 antagonists compounds 1 and 12 to the NK1R are

His197, Gln165, His265 and Phe268 [3]. This binding site is not identical to the

binding site of compounds 43 and 68, but they overlap. The site-directed mutagenesis

data are supported by a study by Gether et al. [32], who have constructed a number of

chimeric NK1/NK2 receptors. They show that TM6 and part of TM7 (amino acids

251-293 in the NK1R) are responsible for most of the subtype selectivity of

compound 12 and 43, but not that of SP and NKA.
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TM3 IL-2

NK1R_HUMAN 105 CKFHNFFPIAAVFASIYSMTAVAFDRYMAIIHPLQPRLS-

NK2R_HUMAN 106 CYFQNLFPITAMFVSIYSMTAIAADRYMAIVHPFQPRLS-

NK3R_HUMAN 158 CRFQNFFPITAVFASIYSMTAIAVDRYMAIIDPLKPRLS-

M1 114 CDLWLALDYVASNASVMNLLLISFDRYFSVTRPLSYRAKR

-

TM4 EXL-2

NK1R_HUMAN 144 ATATKVVICVI-WVLALLLAFPQG-YYSTTETMPS--RVVCMIEWPEHPNKIYEK

NK2R_HUMAN 145 APSTKAVIAGI-WLVALALASPQC-FYSTVTMDQG--ATKCVVAWPEDSGGKTLL

NK3R_HUMAN 197 ATATKIVIGSI-WILAFLLAFPQC-LYSKTKVMPG--RTLCFVQWPEGP--KQHF

M1 138 TPRRAALMIGLAWLVSFVLWAPAILFWQYLVGERTVLAGQCYIQFLS----QPII

* *

TM5 IL-3

NK1R_HUMAN 195 VYHICVTVLIYFLPLLVIGYAYTVVGITLWASEIPG-DSSD

NK2R_HUMAN 196 LYHLVVIALIYFLPLAVMFVAYSVIGLTLWRRAVPGHQAHG

NK3R_HUMAN 246 TYHIIVIILVYCFPLLIMGITYTIVGITLWGGEIPG-DTCD

M1 189 TFGTAMAA--FYLPVTVMCTLY

** *- -*

TM6 EXL-3

NK1R_HUMAN 235 RYHEQVSAKRKVVKMMIVVVCTFAICWLPFHIFFLLPYINPDLYLKKFI

NK2R_HUMAN 237 ANLRHLQAKKKFVKTMVLVVLTFAICWLPYHLYFILGSFQEDIYCHKFI

NK3R_HUMAN 286 KYHEQLKAKRKVVKMMIIVVMTFAICWLPYHIYFILTAIYQQLNRWKYI

M1 357 LVKEKKAARTLSAILLAFILTWTPYNIMVLVSTFCKD--CVP--

- *

TM7 C-terminal

NK1R_HUMAN 284 QQVYLAIMWLAMSSTMYNPIIYCCLNDRFRLGFKHAFRCCPFI

NK2R_HUMAN 286 QQVYLALFWLAMSSTMYNPIIYCCLNHRFRSGFRLAFRCCPWV

NK3R_HUMAN 335 QQVYLASFWLAMSSTMYNPIIYCCLNKRFRAGFKRAFRWCPFI

M1 397 ETLWELGYWLCYVNSTINPMCYALCNKAFRDTFRLLLLC

*

Figure 5.1: Alignment of the M1 receptor to the NKRs. The residues in bold marks the residues in the
proposed antagonist binding site. * The residues are identical in the NKRs. – The residues differ in the
NKRs. Notice that the important residues for M1 binding are located at the same place or one helix turn
away from the putative NK antagonist binding site.

5.4 Development of the neurokinin 7TM receptor models

Construction of the NKR models was done by the iterative distance geometry method

by Lomize et al. [29]. This method involves: 1) Alignment of the NKRs to bovine

rhodopsin; 2) construction of an initial crude NKR model by amino acid replacement

of the X-ray structure of bovine rhodopsin; 3) refinement of the initial NKR model by

the iterative distance geometry method. In the construction of the crude NK1R and
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NK3R model, information about loop and side chain conformation obtained from the

previously constructed NKR models was used.

5.4.1 Alignment

The sequences for bovine rhodopsin, NK1R, NK2R and NK3R, were obtained from

the GPCR Data Bank (GPCRDB) [33], and they were manually aligned [34] (Figure

5.2). Each helix in the rhodopsin-like family contains a number of highly conserved

residues [35]. They were used to check if the alignment is correct, and they are

marked in bold in Figure 5.2. An alignment of the sequences was also obtained from

Expert Protein Analysis System (ExPASy) [36] (Figure 5.3). The sequence data was

submitted using default settings. The sequence identity to bovine rhodopsin was found

to be 23.1% for the NK1R in 293 residues, 23.9% for the NK2R in 289 residues, and

22.1% for the NK3R in 289 residues.

The manually alignment differs from that obtained from ExPASy in the areas where

there are insertions. These are:

-Residues 144-146 (rhodopsin numbering) in the second intracellular loop.

-Residues 174-197 in TM4 and the second extracellular loop. Here the insertion is in

the extracellular loop in the manual alignment where as it is situated in TM4 in the

ExPASy alignment.

-Residues 239-245 in TM6 and the third intracellular loop. Here the insertion is in the

intracellular loop in the manual alignment whereas it is situated in TM6 in the

ExPASy alignment.

-Residues 281-294 in the third extracellular loop and TM7. Here the insertion is in the

extracellular loop in the manual alignment whereas it is situated in both the loop and

TM7 in the ExPASy alignment.

-For the NK3R, the manual and ExPASy alignments also differ throughout TM5 and

the third intracellular loop. By comparing this region of the three NKRs in the

ExPASy alignment, it is obvious that the NK3R is aligned differently than the NK1R

and NK2R.

This was an unexpectedly poor result. It is preferred to have the insertions in the

extra- and intracellular loops, since the 7TM part is generally more conserved than the

loops.  Therefore the manual alignment was chosen.
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N-terminal
OPSD_BOVIN 1 MNGTEGPNFYVPFSNKTGVVRSPFEAPQY--------------YLAEP
NK1R_HUMAN 1 -MDNVLPVDSDLSPNISTNTS----EPNQ--------------FVQPA
NK2R_HUMAN 1 ----MGTCDIVTEANISSGPESNTTGITA--------------FSMPS
NK3R_HUMAN 42 ------LQLLDQAGNLSSSPSALGLPVASPAPSQPWANLTNQ-FVQPS

--------------X-x-------------------------xx—-x-
TM1 IL-1

OPSD_BOVIN 35 WQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRT
NK1R_HUMAN 30 WQIVLWAAAYTVIVVTSVVGNVVVMWIILAHKRMRT
NK2R_HUMAN 31 WQLALWATAYLALVLVAVTGNAIVIWIILAHRRMRT
NK3R_HUMAN 83 WRIALWSLAYGVVVAVAVLGNLIVIWIILAHKRMRT

X---xx--xx---x---x-xX—-x-xxxxxX-xxXX
TM2 EXL-1

OPSD_BOVIN 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVFGPTG
NK1R_HUMAN 66 VTNYFLVNLAFAEASMAAFNTVVNFTYAVHNEWYYGLFY
NK2R_HUMAN 67 VTNYFIVNLALADLCMAAFNAAFNFVYASHNIWYFGRAF
NK3R_HUMAN 119 VTNYFLVNLAFSDASMAAFNTLVNFIYALHSEWYFGANY

xxXXx-xXXX-----Xxxxx---xx-xx-X—-xx-X---
TM3 IL-2

OPSD_BOVIN 110 CNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG
NK1R_HUMAN 105 CKFHNFFPIAAVFASIYSMTAVAFDRYMAIIHPL-QPRLS
NK2R_HUMAN 106 CYFQNLFPITAMFVSIYSMTAIAADRYMAIVHPF-QPRLS
NK3R_HUMAN 158 CRFQNFFPITAVFASIYSMTAIAVDRYMAIIDPL-KPRLS

X-x-x-xxx-x-x-xxxXxxx-X-xXXxxx—-X-x-xXxx
TM4 EXL-2

OPSD_BOVIN 150 ENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEE--TNNE
NK1R_HUMAN 144 ATATKVVICVIWVLALLLAFPQGYYSTTETMPSR-VVCMIE--WPEHPNKIYEK
NK2R_HUMAN 145 APSTKAVIAGIWLVALALASPQCFYSTVTMDQGA-TKCVVA--WPEDSGGKTLL
NK3R_HUMAN 197 ATATKIVIGSIWILAFLLAFPQCLYSKTKVMPGR-TLCFVQ--WPEGP--KQHF

x—-xx-xx—-xX—-X—-xX-Xx—-xx-----------X---xxxXx--------
TM5 IL-3

OPSD_BOVIN 202 SFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQ----
NK1R_HUMAN 195 VYHICVTVLIYFLPLLVIGYAYTVVGITLWASEIPG-DSSD
NK2R_HUMAN 196 LYHLVVIALIYFLPLAVMFVAYSVIGLTLWRRAVPGHQAHG
NK3R_HUMAN 246 TYHIIVIILVYCFPLLIMGITYTIVGITLWGGEIPG-DTCD

-xx—-x—-x-x—-XX------X---x-Xxx----xx-----
TM6 EXL-3

OPSD_BOVIN 239 ESATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQG---SDFG
NK1R_HUMAN 235 RYHEQVSAKRKVVKMMIVVVCTFAICWLPFHIFFLLPYINPDLYLKKFI
NK2R_HUMAN 237 ANLRHLQAKKKFVKTMVLVVLTFAICWLPYHLYFILGSFQEDIYCHKFI
NK3R_HUMAN 286 KYHEQLKAKRKVVKMMIIVVMTFAICWLPYHIYFILTAIYQQLNRWKYI

-------Xx-x-xx-x—-xX-xXxXXXXX-x—-x-x----------x-x
TM7 C-terminal

OPSD_BOVIN 285 PIFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNP
NK1R_HUMAN 284 QQVYLAIMWLAMSSTMYNPIIYCCLNDRFRLGFKHAFRCCPFI
NK2R_HUMAN 286 QQVYLALFWLAMSSTMYNPIIYCCLNHRFRSGFRLAFRCCPWV
NK3R_HUMAN 335 QQVYLASFWLAMSSTMYNPIIYCCLNKRFRAGFKRAFRWCPFI

xxxxxx—-xxXxxXxxXXXxXXxxxX-xXX-xx—-xxx-xx--
Figure 5.2: Manually generated alignment of h-NK1R, h-NK2R, h-NK3R and bovine rhodopsin.
Residues in bold are highly conserved and used in the numbering scheme by Schwartz [35]. X marks
residues conserved over all four receptors. x marks residues conserved over the three NKR.
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TM1 IL1 TM2
bovine 27 PQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFM
h-NK1R, 22 PNQFVQPAWQIVLWAAAYTVIVVTSVVGNVVVMWIILAHKRMRTVTNYFLVNLAFAEASM
h-NK2R, 31 WQLALWATAYLALVLVAVTGNAIVIWIILAHRRMRTVTNYFIVNLALADLCM
h-NK3R, 78 FVQPSWRIALWSLAYGVVVAVAVLGNLIVIWIILAHKRMRTVTNYFLVNLAFSDASM

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
EXL1 TM3 IL2

bovine 87 VFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNF
h-NK1R, 82 AAFNTVVNFTYAVHNEWYYGLFYCKFHNFFPIAAVFASIYSMTAVAFDRYMAIIHPLQP-
h-NK2R, 83 AAFNAAFNFVYASHNIWYFGRAFCYFQNLFPITAMFVSIYSMTAIAADRYMAIVHPFQP-
h-NK3R, 135 AAFNTLVNFIYALHSEWYFGANYCRFQNFFPITAVFASIYSMTAIAVDRYMAIIDPLKP-

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX---
TM4 EXL2 TM5

bovine 147 RFGENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIY
h-NK1R, 141 RLSATATKVVICVIWVLALLLAFPQGY-YSTTETMPSRVVCMIEWPEHPNKIYEKVYHIC
h-NK2R, 142 RLSAPSTKAVIAGIWLVALALASPQCF-YSTVTMDQGATKCVVAWPEDSGGKTLLLYHLV
h-NK3R, 194 RLSATATKIVIGSIWILAFLLAFPQCLYSKTKVMPG-RTLCFVQWPEGPKQHFTYHIIVI

XXXXXXXXXXXXXXXXXXXXXXXXXXX------------------------xxxxxxxxx
IL3 TM6

bovine 207 MFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQESATTQ----K---AEKEVTRMVIIMVI
h-NK1R, 200 VTVLIYFLPLLVIGYAYTVVGITLWASEIPGDSSDRYH----EQVSAKRKVVKMMIVVVC
h-NK2R, 208 VIALIYFLPLAVMFVAYSVIGLTLWRRAVPGHQAHGANLRHLQ---AKKKFVKTMVLVVL
h-NK3R, 253 ILVYCFPLLIMGITYTIVGITLWGGEIPGDTCDKYHEQL---K---AKRKVVKMMIIVVM

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx---------------XXXXXXXXXXXXXX
EXL3 TM7

bovine 260 AFLICWLPYAGVAFYIFTHQGSDFGPIFM—-TI---PA---FF—-AKTSAVYNPVIYIMM
h-NK1R, 256 TFAICWLPFHIFFLLPYINPDLYLKKFIQ—-QV---YLAIMWL—-AMSSTMYNPIIYCCL
h-NK2R, 258 TFAICWLPYH-LYFILGSFQEDIYCHKFIQQVY---LA---LFWLAMSSTMYNPIIYCCL
h-NK3R, 307 TFAICWLPYHIYFILTAIYQQLNRWKYIQ--QVYLASF---WL--AMSSTMYNPIIYCCL

XXXXXXXXXXxxxxxxx----------------------------XXXXXXXXXXXXXXX
C-term

bovine 310 NKQFRN
h-NK1R, 309 NDRFR
h-NK2R, 311 NHRFRS
h-NK3R, 360 NKRFR

XXXXX

Figure 5.3: Alignment of h-NK1R, h-NK2R, h-NK3R and bovine rhodopsin obtained from the
ExPASy server. X indicates regions where the manual alignment is identical to the ExPASy alignment.
_ indicates regions where the two alignments differ. x indicates regions where only the alignment of h-
NK3 to rhodopsin differs in the two alignments.

5.4.2 The program DIANA [37]

DIANA (DIstance geometry Algorithm for NMR Applications) is a program that

calculates a 3D protein structure from distance and torsional constraints. The

algorithm employed by DIANA is based on the minimisation of a target function

T(φ1,…,φn), where n is the number of dihedral angles around rotatable bonds. Bond

lengths and bond angles are kept constant. The target function T, with T≥0, is defined

so T=0 if no constraints are violated. The problem to be solved is to find the values

(φ1,…,φn) that yields low values of the target function. Violations of the distance

constraints, torsional angle constraints, and van der Waals distances are the values

that contribute to the target function. In the treatment of the non-bonded interactions,

only the repulsive part of the Lennard-Jones potential is employed. A conjugate

gradient algorithm is used for the minimisation of the target function. The target

function is continuously differentiable over the entire conformational space and

defined so that a small violation δ is given by cδ2, where c is a constant. The
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minimisation is stopped when the gradient is smaller than a predefined value, or the

maximum number of iterations is exceeded.

5.4.3 Construction of an initial receptor model

The X-ray structure of bovine rhodopsin (PDB file 1F88) was obtained from the

Protein Data Bank (PDB) [38]. This structure and the manually generated alignment

were used as input for the program Thread [39]. This program mutates the residues in

the input structure into those residues it is aligned to. The program will retain the

torsional angles of the side chains if possible and use a rotamer library to determine

the rest. In the alignment, there are insertions in the second and third intracellular as

well as the second extracellular loop of the NKRs (Figure 5.2). These cannot be

handled by Thread and has to be inserted manually.

This crude model was refined by manually changing side chain torsional

angles that resulted in severe clashes. Rhodopsin has a sulfur bridge between TM3

and the second extracellular loop (EXL-2) (residues C110 and C187). Since these

cysteine residues are conserved in the NKR [40], they were connected to form a

sulphur bridge. Loops are especially problematic since there is low or no homology to

rhodopsin in these regions, and this is also where the insertions and deletions occur. If

the loop regions are not involved in the binding of ligands, it is common to omit them

in the receptor model. However, DIANA requires that all residues are connected in

one strand. This problem could easily be solved by mutating all residues in loop

regions to glycine. Unfortunately, most of the NK antagonists studied bind just below

EXL-2. It was therefore decided not to use glycine mutation but model the loops with

their native residues.

5.4.4 Refinement of the initial model

The initial model served as a starting point for the distance geometry iteration

procedure. This is described in the diagram in Figure 5.4. The initial model was

imported into Quanta where torsional angles and hydrogen bonds were exported to a

file. The initial model also served as input for C-Beta [41]. This is a program that

creates a file containing all Cβ to Cβ distances within a cut-off distance. The torsional

angles, the hydrogen bonds and the Cβ-Cβ distances were used as constraints in the

distance geometry calculations by DIANA. Together with the sequence this is the
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only input to DIANA. The torsional angle constraint is an interval that was set to the

actual torsional value ±15°. The distance constraint is an upper limit. The Cβ-Cβ

constraints were set to the Cβ-Cβ distances +1Å, and all values below 4 Å were

removed in order to avoid van der Waals clashes. The hydrogen bond constraints were

set to 2.9 Å for constraints between heavy atoms and 1.9 Å for constraints between

hydrogen and heavy atom.

The iterations consisted of a cycle with three steps: 1) Examination of the

structures that is the output from the previous DIANA calculation. Constraint

violations and van der Waals clashes are detected; 2) modifications of angle and

distance constraints files; 3) DIANA calculation with the modified constraints.

Since the constraints are intervals, the position of the transmembrane helices is

allowed to change somewhat. The RMS between Cα atoms in the 7TM region of the

initial and final structure was 1.38 Å for the NK1R, 1.32 Å for the NK2R, and 1.35 Å

for the NK3R.

Figure 5.4: Overview of the iterative distance geometry method used for the construction of the NKR
models. Names in bold are programs, the rest is input and output files.

5.4.5 Evaluation of the models

In the Asp79Asn NK2R mutant, a decrease in current amplitude and agonist-induced

desensitisation is observed. However, in the double NK2R mutant Asp79Asn +
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Asn303Asp these effects are reversed.  Based on these observations, Donnelly et al.

[26] conclude that there is a direct interaction between the side chains of the two

residues. That places TM2 and TM7 in contact, and the relative orientation of the two

helices can be deduced. A Cβ-Cβ distance constraint can be obtained from this

information, but it was included in the list of constraints generated by C-Beta. It was

verified that in the models Asp79 and Asn303 are oriented so that a hydrogen bond

can be formed between their side chains.

Another way of obtaining experimental distance constraints is from

engineering metal ion binding sites. Elling et al. [13;14] have performed extensive

mutagenesis work to identify zink ion binding sites in the NK1R. In the Glu193His +

Tyr272His mutant, they observed an increase in Zn(II) affinity by a factor of 620. In

the NK1R model, these two residues are sufficiently close to His197 for the three

residues together to form a zink-binding site. Again, this information was included in

the list of constraints generated by C-Beta. In the two mutants Tyr92His and

Tyr92His + His95Ala, an increase in Zn(II) affinity by a factor of 12 was observed. In

the NK1R model, residue 92 is sufficiently close to His108 for the two residues (but

not residue 95) to form a zink-binding site.

In a protein structure, only some torsional angles are “allowed”, i.e. of low

conformational energy. The main chain torsional angles can be visualised by the

Ramachandran plot, a plot of the torsional angles Cα-C’ versus C’-N. Except for

glycine, the side chain restricts the torsional values of the main chain that are low in

energy. The list of allowed torsional angles is called a rotamer library. The number of

residues in each receptor model with torsional angles not found in Quanta’s rotamer

libary is listed in Table 5.3. This number is comparable to that of the rhodopsin

structure.

A buried polar atom results in a destabilisation of the protein conformation. If

the buried polar atom can form a hydrogen bond to another buried polar atom, the

hydrogen bond will help stabilise the protein conformation.  Burying an unpaired

hydrogen bond donor or acceptor is around 5.7 kJ/mol more unfavourable than

burying a hydrogen bond [42]. The number of solvent inaccessible polar atoms not

participating in a hydrogen bond is shown in Table 5.3. Again, this number is

comparable to that of the rhodopsin structure.
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The receptor models were also analysed for van der Waals clashes. However,

no clashes were found. This was also expected since they contribute to the target

function and should be removed during the minimisation of that.

Table 5.3: Number of rotamers not in the Quanta rotamer libary and number of buried polar water
inaccessible residues in the NKR models compared to the rhodopsin structure.

Rotamer not in Quanta library Buried polar residues aReceptor Main chain Side chain All Helix Loop All
Rhodopsin 22 41 63 4 8 12

NK1 14 48 62 6 7 13
NK2 26 57 73 2 2 4
NK3 18 47 65 3 4 7

a Defined as water inaccessible polar residues not participating in at least one hydrogen bond.

5.5 Predictions made from the NKR models

5.5.1 Selective NK1R antagonists

Figure 5.5 shows compound 1 docked in the NK1R model. This binding mode is

consistent with the published site-directed mutagenesis data, and the NK1

pharmacophore model described in Section 2.4, except that the direction of the

hydrogen bond acceptor interaction differs by 120˚. The interactions discussed in

Section 5.2 between compound 1 and His265, Gln165 and His197 are present. The

benzyl group of compound 1 makes an aromatic edge to ring face interaction with

Phe268 and a hydrophobic interaction with Ile113. However, no direct interaction

with Pro112 could be identified, but this residue is in proximity of the binding site.

The mutation of Pro112 might induce a local conformational change in the receptor

and thereby alter the affinity of the antagonists. Hydrophobic interactions are

observed between the quinuclidine ring and Val200, Ile204 and Leu161. The polar

residues Thr201 and Asn109 and the hydrophobic residue Leu269 are also found in

the binding site. However, no direct interactions with these residues could be

identified.



110

Figure 5.5: Compound 1 docked into the NK1R model. Loops have been removed for clarity. Only
side chains lining the binding site are shown. The extracellular site is at the bottom.

5.5.2 Selective NK2R and non selective NK1R/NK2R antagonists

Figure 5.6 shows compound 68 docked in the NK1R and NK2R model. In the NKR

models, compound 68 makes a direct interaction with the residues identified by site-

directed mutagenesis. In the NK1R model, pharmacophore element A (Figure 1 in

Appendix II) and the methoxy substituents interact with His197, Leu161 and Thr201.

Pharmacophore element B interacts with Ile204. Pharmacohore element C makes an

aromatic edge to ring face interaction with Tyr287. This residue also makes a

hydrogen bond to pharmacophore element G. Pharmacophore element E forms a

hydrogen bond to Gln165. In the NK2R model, compound 68 interacts with the

equivalent residues. Furthermore, a hydrogen bond between pharmacophore element

D and Tyr266 are found and a hydrophobic interaction between pharmacophore

element B and Met117. It is evident that the location of the binding site in the NK1R

and NK2R models are the same, and that the conformations of the antagonists docked

into the NK1R and NK2R models are almost identical. This conclusion is the opposite

to that of Greenfeder et al. [2]. However, our binding mode is similar to that

suggested by Giolitti et al. [9]. The hydrogen bond between pharmacophore element

D and the receptor is only found in the NK2R model, where it is formed to Tyr266.

The equivalent residue in the NK1R is Phe264. If the antagonists are protonated as
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suggested by the pharmacophore models, then an ion-aromatic interaction can be

formed between the ammonium nitrogen and Phe264. This explains the decreased

affinity for the Phe264Ala mutant but not the decreased affinity for the Phe264Tyr

mutant. In the NK1R model, Thr201 is located in the binding pocket for the

trimethoxyphenyl group of compound 68. The equivalent residues in the NK2R and

NK3R are Ile202 and Ile252, respectively. Since threonine is polar as opposed to

isoleucine, this can explain the difference in the observed SAR around

pharmacophore element A. For high NK2 affinity, an unsubstituted phenyl ring is

preferable, while the polar substituents 3,5-di-CF3 and 3,4,5-tri-OMe are preferred for

high NK1 affinity.

5.5.3 NK3R antagonists

While the binding site of the NK1R and NK2R has been extensively explored by site-

directed mutagenesis, this is not the case for the NK3R. In Figure 5.7, the weak NK3

antagonist compound 43 is docked in to the NK3R model. Interactions with the

equivalent residues as in the NK2R model are observed except for V116 (the

equivalent of Met117).  The selective NK3 antagonists compound 80 have a reversed

amide group compared to NK1 and NK2 antagonists. The carbonyl of compound 43

interacts with Gln218 in the NK3R. When superimposed on compound 43, the

carbonyl of compound 80 points in another direction than that of compound 43.

Therefore, it must have another binding mode, or the carbonyl must interact with

another residue. When fitted to pharmacophore Model 2 and then docked in the

NK3R model, the carbonyl of compound 80 can form a hydrogen bond to Tyr256.

The equivalent residue in the NK1R and NK2R is also a tyrosine (Tyr205 and Tyr206,

respectively). Since the residues are the same in the three receptor subtypes, this

cannot explain why compound 80 is a selective NK3 antagonist.
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Figure 5.6. a: Compound 68 docked into the NK1R model. b: Compound 68 docked into the NK2R
model. Loops and the last three residues of helix 6 have been removed for clarity. Only side chains
lining the binding site are shown. The extracellular site is at the top.
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Figure 5.7. a: Compound 43 docked into the NK3R model. b:  Compound 80 docked into the NK3R
model (bottom). Loops and the last three residues of helix 6 have been removed for clarity. Only side
chains lining the binding site are shown. The extracellular site is at the top.
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5.6 Conclusion

Three receptor models, one of each NKR subtype, have been constructed by the

iterative distance geometry approach of Lomize et al. [29]. The X-ray structure of

bovine rhodopsin was used as a template. The models are consistent with

experimental data. The binding site for several NK1 and NK2 antagonists have been

outlined in a number of site-directed mutagenesis studies. The selective NK1

antagonists compounds 1 and 12 have been manually docked into the NK1R model.

They were found to bind to the NK1R in a conformation represented by the NK1

pharmacophore model (Section 2.4) in consistency with published mutagenesis data.

NKR antagonists with a binding mode similar to compound 43 were docked

into the three NKR models. Direct interactions with the NK2R were identified for all

pharmacophore elements in compound 43 and 68 except pharmacophore element F

(Figure 1 in Appendix II). However, no hydrogen bond could be found between the

basic nitrogen of compound 68 and the NK1R. The dual NK1 and NK2 antagonist

compound 68 was found to have analogous binding sites in the two NKR subtypes,

and it binds to both receptor subtypes in the same conformation. This conformation is

approximately the same as that represented by NK2 pharmacophore Model 2

(Appendix II). The results are also consistent with published mutagenesis data and the

receptor model study of Giolitti et al. [9], but contrary to that of Greenfeder et al. [2].

Thr201 is located in the NK1 binding site of compound 68. The equivalent residues in

the NK2R and NK3R are Ile202 and Ile252, respectively. This can explain the

difference in the observed SAR of pharmacophore element A. For high NK2 and NK3

affinity, an unsubstituted phenyl ring is preferable, while the polar substituents 3,5-di-

CF3 and 3,4,5-tri-OMe are preferred for high NK1 affinity. The selective NK3

antagonist compound 80 has a reversed amide group compared to that of compound

43. Therefore, it must have another bioactive conformation, or the amide must interact

with another residue. While the carbonyl of compound 43 interacts with Gln218 in the

NK3R, a hydrogen bond can be formed between the carbonyl of compound 80 and

Tyr256. Since the equivalent residues in the NK1R and NK2R are also tyrosines, this

cannot explain why compound 80 is a selective NK3 antagonist.
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List of abbreviations
3D three-dimensional
5-HT serotonin
7TM seven transmembrane
ADMET absorption, distribution, metabolism, excretion and toxicity
AM1 Austin model 1
AMBER assisted model building with energy refinement 
B3LYP Becke 3 Lee Yang Parr
CNS central nervous system
DA dopamine
DFT density functional theory
DIANA distance geometry algorithm for NMR applications
E enrichment
EXL extra cellular
ExPASy Expert Protein Analysis System
GB/SA generalised Born/solvent accessible surface
GH goodness of hit list
GPCR G-protein coupled receptor
GPCRDB GPCR Data Bank
IL intra cellular
HF Hartree-Fock
M1 muscarine 1 receptor
MAO monoamine oxidase
MAOI monoamine oxidase inhibitor
MCMM Monte Carlo multiple minimum
MDDR MDLs Drug Data Report
MDL Molecular Design Limited
MM molecular mechanics
MMFF Merck molecular force field
MMFFS Merck molecular force field static
NE norepinephrine
NK neurokinin
NKA neurokinin A
NKB neurokinin B
NKR neurokinin receptor
NMR nuclear magnetic resonance
PDB protein data bank
QM quantum mechanics
QSAR quantitative structure-activity relationship
QXP quick explore
RMS root mean square
RMSD root mean square deviation
SAR structure activity relationship
SP substance P
SSRI selective serotonin reuptake inhibitor
TM transmembrane
TNCG truncated Newton conjugate gradient algorithm

Standard one and three letter abbreviations for amino acids are applied.
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Appendix I

Poulsen, A., Liljefors, T., Gundertofte, K. and Bjørnholm, B.

A pharmacophore model for NK2 antagonist comprising compounds from several

structurally diverse classes, J. Computer-Aided Mol. Design, 16 (2002) 273.

Reprint with kind permission from Kluwer Academic Publishers.
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Appendix II

Anders Poulsen, Berith Bjørnholm, Klaus Gundertofte, Irina D. Pogozheva, and

Tommy Liljefors: Pharmacophore and receptor models for neurokinin receptors.

Submitted to Journal of Computer-Aided Molecular Design
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Abstract

Three neurokinin 2 (NK2) antagonist pharmacophore models (Models 1-3) have been

developed on the basis of a previously published NK2 pharmacophore model [Poulsen

et. al., J. Comput.-Aided Mol. Design, 16 (2002) 273]. By use of a new procedure for

superimposition it was possible to add one hydrogen bond acceptor to our previous

model. By altering the position of a hydrophobic pharmacophore element two more

pharmacophore elements, both connected to the same carbonyl, could be incorporated

resulting in Models 2 and 3. Both Model 2 and Model 3 are described by seven

pharmacophore elements: Three hydrophobic groups, three hydrogen bond acceptors

and a hydrogen bond donor. Model 1 contains the same hydrophobic groups and

hydrogen bond donor as Model 2 and 3, but only one hydrogen bond acceptor. The

hydrogen bond acceptors and donor are represented as vectors. Two of the

hydrophobic groups are always aromatic rings whereas the other hydrophobic group

can be either aromatic or aliphatic. In Model 1 the antagonists bind in an extended

conformation with two aromatic rings in a parallel displaced and tilted conformation.

Model 2 has the same two aromatic rings in a parallel displaced conformation whereas

Model 3 has the rings in an edge to face conformation. The pharmacophore models

were evaluated using 21 non-peptide antagonists from several structurally diverse

classes. By use of exhaustive conformational analysis (MMFFs force field and the

GB/SA hydration model) and least-squares molecular superimposition studies, 16 of

21 antagonists could be fitted to Model 2 and Model 3 with a low RMS value and a

low conformational energy penalty. Two of the remaining five compounds could be

fitted to Model 2 with a low conformational energy, but not to Model 3. We believe

the remaining three compounds that could not be fitted to either model have another
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binding mode. The pharmacophore Model 2 was successfully able to explain the

NK1, NK2 and NK3 subtype selectivity of the compounds fitted to the model. Three

NK 7TM receptor models were constructed, one for each receptor subtype. The

location of the antagonist binding site in the three NK receptor models is identical.

Compounds fitted to pharmacophore Model 2 could be docked into the NK1, NK2

and NK3 receptor models when the conformation of the flexible linker connecting the

head and tail fragments were altered.

-------------------------

Keywords: Bioactive conformation, conformational analysis, MMFF force field,

neurokinin, neurokinin A, neurokinin B, NK1 receptor, NK2 receptor, NK3 receptor,

pharmacophore model, 7TM receptor model, substance P, subtype selectivity,

tachykinin.

-------------------------
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Introduction

The neurokinin receptors (NKRs) are peptides composed of 350 to 500 amino acids.

They belong to the superfamily of G-protein coupled receptors (GPCRs) [1]. Three

NKR subtypes, NK1, NK2 and NK3, have been identified by molecular cloning and

sequence analysis. They are caracterised by their endogenous ligands. NK1 has

highest affinity for substance P, NK2 has highest affinity for NKA and NK3 has

highest affinity for NKB [1]. Most of the published NK2 antagonists contain at least

two ring systems connected by a linker holding a hydrogen bond acceptor. We define

this part of the NK antagonists as the head fragment, and the rest is defined as the tail

(Figure 1). The tail of the majority of NK2 antagonists contains a basic nitrogen, a

hydrophobic group and a hydrogen bond acceptor.  Figure 2 shows our previously

published NK2 pharmacophore model [2]. In this model the antagonists binds in an

extended conformation with two aromatic groups in a parallel displaced and tilted

conformation [3] (A and B in Figure 2). The model consists of an additional

hydrophobic group and a hydrogen bond donor represented as a vector (C and D in

Figure 2 respectively). Most of the studied NK2 antagonists have a piperidine ring in

the tail. The most probable orientation of pharmacophore element C is equatorial

relative to the piperidine ring. This model agrees with NK1/NK2 and NK2/NK3

receptor model studies [4, 5]. However, this model does not account for the

importance of hydrogen bond accepting groups in the head and tail of NK2

antagonists (compare compounds 2 and 34). By using a new procedure for

superimposition we can now present three new pharmacophore models that

incorporate these hydrogen bond acceptors.
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As is the case for most GPCRs, NKRs have not yet been crystallised, so no

experimental structures are available. However, the X-ray structure of the GPCR

bovine rhodopsin has recently been published [6] and the NKRs have sufficient

sequence homology to bovine rhodopsin that an alignment can be made. The GPCRs

contain seven transmembrane α-helices (7TM) of approximately 25 residues length.

The helices are connected by intra- and extracellular loops. The N-terminal is located

on the extracellular side whereas the C-terminal extends into the cytoplasm. The loop

regions and the N- and C-terminal are surrounded by an aqueous environment and

consists primary of hydrophilic amino acids. The 7TM region are in a lipid

environment and consists mainly of hydrophobic amino acids. Some experimental

work have been published from which structural information of the NKR have been

obtained. Elling et al. [7, 8] have performed extensive mutagenesis work to identify

zink ion binding sites in the NK1R. Donnelly et al. [9] have made a Asp79Asn +

Asn303Asp NK2R double mutant and they conclude that there is a direct interaction

between the side chains of the two residues. That places TM2 and TM7 in contact,

and the relative orientation of the two helices can be deduced.

Several receptor modelling studies of the NK1R have been published [4, 10-

13], the NK2R [4, 5, 14, 15] and the NK3R [5]. These models are based on the

bacteriorhodopsin cryo electron microscopy structure by Henderson et al. [16] or the

rhodopsin structure by Baldwin et al. [17]. Bacteriorhodopsin is a proton pump, not a

GPCR, and the sequence identity with any known GPCR are too low for sequence

based alignment. Furthermore, the resolution of these structures is too low to provide

the atomic coordinates directly. Thus, bacteriorhodopsin is not an ideal template for

modelling GPCRs. Rhodopsin is a true GPCR. Baldwin’s rhodopsin model is based

on a cryo microscopy electron density map of frog rhodopsin [18], but the resolution
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is too low to provide atomic coordinates directly. Using the recently published bovine

rhodopsin X-ray structure [6] as a template is expected to produce better GPCR

models. Our NKR models were used to evaluate the pharmacophore models. The

conformations of compounds manually docked into the receptor models were

compared to the pharmacophore models and the pharmacophore elements were

compared to specific interactions observed in the receptor-ligands complex.

Computational methods

Force fields, conformational analysis and calculation of conformational energies

Conformational space was searched by using the Monte Carlo Multiple Minimum

(MCMM) method as implemented in MacroModel 7.1 [19]. Force field calculations

were carried out using the MMFF94s force field, the GB/SA hydration model [20, 21]

and the truncated Newton conjugate gradient algorithm (TNCG) as implemented in

MacroModel. The conformational energy penalties were calculated as the difference

in internal energy between the putative bioactive conformation and the global energy

conformation obtained for aqueous solution [22]. The solvation energy was calculated

by using the GB/SA hydration model [20, 21]. No compound had a solvation energy

that differed markedly from the other compounds. A more detailed description of

conformational search, force fields and calculation of the conformational energy

penalty is given in [2].

Superimposition studies
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Three hydrophobic rings, one hydrogen bond donor (in most cases the protonated

nitrogen atom of an amine) and three hydrogen bond acceptors (two of which are

connected to the same carbonyl oxygen) were chosen as pharmacophore elements. For

each of the hydrophobic rings, centroids were constructed. The structures were fitted

to the pharmacophore model using the centroids as fitting points. Dummy atoms were

placed 2.8 Å from the donor/acceptor atoms in the direction of the putative hydrogen

bond interaction vectors defined by the pharmacophore model. The compounds were

again fitted to the pharmacophore models now using both the centroids and the

dummy atoms as fitting points. The RMS values in Tables 1 and 3 were obtained from

this second fit. The hydrogen bond donor and acceptor atoms in the molecules were

not used in the superimposition. A second putative hydrogen bonding site point was

represented by a dummy atom 2.8 Å from the donor/acceptor atom in the direction of

the nitrogen-hydrogen bond (for pharmacophore element D) or the lone pair (for

pharmacophore elements E, F and G). The second dummy atom was not used as a

fitting point, but used to evaluate the direction of the hydrogen bond donor-acceptor

interaction. The angle of deviation from the ideal hydrogen bond geometry, φ, is

defined in Figure 3 where pharmacophore element F in the head fragment of

compound 4 is used as an example.

Least-squares rigid body molecular superimpositions were performed using

the MacroModel program. The superimpositions were evaluated in terms of RMS

values of the fitting points. An RMS value of 0.6 Å has been used as a soft indicator

to determine whether a fit is acceptable or not. The aromatic pharmacophore elements

were fitted in a coplanar orientation if energetically possible. The RMS values do not

give any measure of this coplanarity since only the centroids are superimposed.
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DFT calculations

The program Jaguar 4.1 [23] was used for B3LYP DFT energy minimisation. The

basis set was 6-31G** and accuracy level was set to "accurate". Otherwise default

parameters were used.

Receptor modelling

The sequence alignment were produced for the NKRs was similar to the one obtained

from the GPCRDB [24] but slightly modified in the loop regions [25]. NK1R, NK2R

and NK3R models were constructed by the iterative distance geometry method of

Pogozheva et al. [26]. This approach utilises the program DIANA [27] to construct a

protein structure from torsional and distance constraints. The bovine rhodopsin X-ray

structure (PDB file 1F88) [6] was used as a template to derive the constraints. The

iterations consisted of a cycle with three steps. 1) Examination of the protein

structures and the output files from the previous DIANA calculation. Constraint

violations and van der Waals clashes are detected. 2) Modifications of the input files

with angle and distance constraints. 3) DIANA calculation with the modified

constraints. The NK antagonists were manually docked into the receptor models

guided by published mutational data [4, 15, 28]. The receptor-ligand complex was

minimised with all hydrogens using the CHARMm force field [29] with the adopted-

basis Newton Raphson method, a dielectric constant of 10 and 50-70 minimisation

steps.

Results and discussion
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Construction of the pharmacophore models

The previously published model [2] does not explain the importance of hydrogen

bond acceptors in the head and tail fragments of NK2 antagonists. Attempts to add a

hydrogen bond acceptor pharmacophore element to the head part proved futile with

the orientation of the pharmacophore elements as in the previous model. Therefore we

searched for new orientations of the pharmacophore elements A and B(Figure 2) for

which a hydrogen bond acceptor could be added to the model. Two new orientations

were found leading to pharmacophore Models 2 and 3. The conformation of the

flexible linker connecting the head and tail fragments was retained as in the previous

model. This conformation of the linker is the same as in the global energy minimum

of compound 2. In all three models, pharmacophore elements B, C and D are in the

same positions as in our previous model (Figure 2).

Compounds 1-3 (Figure 4) were used to derive pharmacophore Models 2 and

3, whereas compounds 4-21 were used to evaluate the models. Compounds 1-3 were

chosen due to their structurally diverse head fragments. In compound 1 the

pharmacophore elements A, B, E and F (Figure 1) are connected to a six-membered

ring containing an amide functionality, in compound 2 the pharmacophore elements

are connected by an open chain and in compound 3 an imidazole holds the

pharmacophore elements. Compound 3 is lacking pharmacophore element F.  

Three conformations of each of compounds 1-3 were found for which

pharmacophore elements A-D could be superimposed. For the hydrogen bond

acceptors in the head fragments, a dummy atom was placed 2.8 Å from the acceptor

atom in the direction of the lone pairs thereby creating a vector (pharmacophore

elements E and F). One mode of superimposition led to the previously published

model. The hydrogen bond acceptor-donor vectors (pharmacophore element E and F)
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did not superimpose in these conformations.  However, for the other two modes of

superimposition (Model 2 and 3) the hydrogen bond acceptor-donor vector did

superimpose. In Models 2 and 3 the positions of the pharmacophore elements are

defined as the average coordinate of the pharmacophore elements in the

superimposition of compounds 1-3. The position of pharmacophore elements B, C and

D are identical in all three models.

Construction of pharmacophore element G

As evident from Figure 5 and Table 1, the heteroatoms of the tail part of NK2

antagonists are important for the affinity of the compounds. For instance, by

comparing compounds 2 and 34 it is obvious that a hydrogen-bonding group in the

tail is needed in order to obtain high NK2 affinity. Since a number of the high affinity

NK2 antagonists do only have hydrogen bond acceptors in the tail (e.g. compounds 7,

22, 27, 28, 30 and 31), the simplest would be to assume that the interaction is one in

which the receptor is the donor. However, with our previous method for

superimposition [2] attempts to add a hydrogen bond acceptor vector to the

pharmacophore model failed because we did not allow the vector to deviate from the

ideal lone pair direction. Therefore a new method as described in the Computational

methods section was adopted.

The tail fragments have the same conformation in all three pharmacophore

models, therefore the hydrogen bond interaction vector also has the same position in

the three models. Compounds 2, 7, 16, and 22-32 (Figure 5) were superimposed on

the previous model using pharmacophore elements A-D as fitting points. A dummy

atom was placed 2.8 Å from the hydrogen bond acceptor in the direction of the lone

pair. The coordinates of the hydrogen bond interaction vector (pharmacophore
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element G) was defined as the average position of the acceptor and dummy atoms

respectively in the superimposition of compounds 2, 7, 16, and 22-32.

Pharmacophore Models 1-3 and the coordinates of the pharmacophore

elements are shown in Figures 6-8. Figure 9 shows a superimposition of the three

pharmacophore models. The position of pharmacophore element B, C and D are

identical in all three models. In Model 1, pharmacophore elements A and B are in a

parallel displaced and tilted conformation. In Model 2, pharmacophore elements A

and B are in a parallel displaced conformation, whereas they are in an edge to ring

face conformation in Model 3 [3].

Compounds and pharmacophore elements

The set of compounds 1-21 were chosen for its structural diversity and it contains

high affinity selective NK2, dual NK1/NK2 and triple NK1/NK2/NK3 antagonists.

Compounds 2-17 and 19-21 were also used to derive or evaluate our previous model

[2]. Two or three hydrophobic groups are found in all NK2 antagonists

(pharmacophore elements A, B and C, Figure 1). A basic amino group is also present

in all structures (pharmacophore element D, represented as a vector in Figure 2)

except for compound 20 [2]. Pharmacophore elements A and B are connected by a

linker holding a hydrogen bond acceptor (pharmacophore elements E and F).  In most

cases this is a carbonyl or ether oxygen. Furthermore, a hydrogen bond acceptor is

found in the tail part of most NK2 antagonists (pharmacophore element G). The

hydrophobic groups are marked in Figure 4 by centroids, the basic nitrogen is marked

with a "+" sign and the hydrogen bond acceptors are marked by bold type atom labels.

The pharmacophore element labelled B (Figure 1) is found to be an aromatic

ring in all structures except compounds 10-12. These compounds have electronegative
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groups in this area. Compound 10 has a hydroxy group, compound 11 a methoxy

group and compound 12 a carbonyl group. The pharmacophore element A does not

need to be an aromatic ring but can be aliphatic or olefinic hydrophobes as is the case

for compounds 1, 6, 14, and 15. In compounds 1, 14, and 15, the aromatic

pharmacophore element C is lacking.

The hydrogen bond acceptor in the head fragment (pharmacophore elements E

and F) is present in all compounds. Compounds 3 and 20 have only been fitted to

pharmacophore element E, where as compounds 5 and 13 have only been fitted to

pharmacophore element F. The rest of the compounds could be fitted to both

pharmacophore elements E and F. However, in the ligand-receptor complex, both

interactions represented by the pharmacophore element E and F may not be present

(See The receptor models section below).

The hydrogen bond acceptor in the tail (pharmacophore element G) is lacking

in compounds 8, 10-12, 15, and 20. The basic amino group is protonated at

physiological pH. pKa calculations using MolSurf 99/1 [30] (Table 2) show that in all

compounds having pharmacophore element D, this nitrogen always has the highest

pKa value.

Evaluation of the pharmacophore models

Compounds 2, 7, 16 and 22-32 (Figure 5) were fitted to Model 1 by the procedure

described under Computational methods. The angle (φ defined in Figure 3) between

the lone pair of the hydrogen bond acceptor atom, and pharmacophore element G are

shown in Table 1 as well as the RMS values. It has been shown that hydrogen bonds

involving an ether oxygen do not have a lone pair preference [31]. The strength of the

hydrogen bond in the plane between the lone pairs do not vary significantly with the
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angle φ. Hydrogen bonds involving a ketone oxygen have a lone pair preference.

However this preference is small in the plane between the lone pairs. A φ angle of 60°

is calculated to reduce the strength of the hydrogen bond to approximately 80%

compared to that of a hydrogen bond in the lone pair direction [31]. Only compound

24 exceeds this deviation. A superimposition of the tail fragments of compounds 2, 7,

16 and 22-32 are shown in Figure 10.

Compounds 1-21 were fitted to both pharmacophore Models 2 and 3 as

described in the Computational methods section. RMS values and the deviations of

the hydrogen bond interaction vectors from the ideal geometry are shown in Table 3.

Figure 11 shows a superimposition of compounds 1-9 and 13-21 fitted to

pharmacophore Model 2 (compounds 10-12 are believed to have another binding

mode as described below). Figure 12 shows a superimposition of the same compounds

fitted to pharmacophore Model 3.

Compounds 1-3, 6-8, 13, and 15, 16, 18 and 19 could be fitted to both Model 2

and 3 with low conformational energies and low RMS values (Tables 2 and 3).

Compounds 4, 5, 9, 17, 20 and 21 have high RMS values when calculated over all

pharmacophore elements. However, if pharmacophore element A is excluded from the

RMS calculation, these compounds all have an acceptably low RMS value. Some

compounds have large substituents in the aromatic ring that maps to pharmacophore

element A (e.g. compounds 16 and 17) and some have a bulky aliphatic ring (e.g.

compounds 14 and 15). It is therefore reasonable to assume that the centroid of

pharmacophore element A is not located exactly in the same place within the receptor

for all the compounds examined, but rather falls within the same area.

We have previously shown that the force fields MMFFs, MM2 and AMBER

are unable to correctly calculate the conformational energy penalty of compound 14
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due to an "electrostatic collapse" [2]. Since the structurally related compound 15

could be fitted to both models with a low conformational energy, we assume that

compound 14 can also be fitted to both models with a low conformational energy and

that the high calculated energy is a computational artefact.

In compound 20, the imidazole nitrogen is assumed to be involved in

hydrogen bonding to the receptor. The nitrogen can be a hydrogen acceptor

(unprotonated imidazole as for compound 20) or donor (protonated imidazole as in

compound 20a in Table 2). Whether the nitrogen acts as a donor or acceptor has a

large impact on the torsional energy of the bond connecting the carbonyl carbon to the

imidazole ring. A torsional drive of this angle of the model system shown in Figure 13

was performed by using MMFFs and B3LYP/6-31G**. The energy profile calculated

by MMFFs compares well with that of the DFT method for both the neutral and

protonated systems. The torsional barrier of the protonated system is lower than that

of the neutral system, and the profiles as calculated by both methods are different  for

the two model systems. When compound 20 is fitted to Models 2 and 3 this angle

(defined in Figure 13 for the model system) is 144.3° and 131.2°, respectively. By

assuming that the imidazole acts as a hydrogen bond donor, 20a could be fitted to

both models with a low conformational energy penalty. It is not unreasonable to

assume that pharmacophore element E is a hydrogen bond donor as well as an

acceptor if the hydrogen bond is formed to a water molecule or to a residue with a

side chain that can act as both hydrogen bond donor and acceptor.

Compound 9 could be fitted to Models 2 and 3, but only to Model 2 with a low

conformational energy. Compound 21 could be fitted to Models 1 and 2 but not to

Model 3. When fitted to Model 3 the ethyl substituent in the 2-position of the 2,3-

dihydro-isoindol-1-one group would fall in the area of pharmacophore element A. The
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aromatic part of the 2,3-dihydro-isoindol-1-one group could only map the

pharmacophore model when the stereochemistry was inverted at the 3-position, and

the ring could not be fitted in a coplanar orientation. Compounds 10–12 were fitted to

Model 1 with a low conformational energy and a low RMS value [2]. However they

could only be fitted to Models 2 and 3 with a high conformational energy and high

RMS. Structurally these compounds differ from the rest as previously described.

The angle (φ defined in Figure 3) between the lone pair of the hydrogen bond

acceptor atom, and pharmacophore elements E, F and G is shown in Table 3. Only

compounds 9-12 have a large angle for pharmacophore element E while the angle φ

for pharmacophore element G is large for compounds 4 and 18. The angle φ for

pharmacophore element D is also shown in Table 3. Except for compounds 11-12 this

angle is small for all compounds.

If the amide in the head of compound 2 is de-methylated, the affinity for the

NK2R drops by more than a factor of 200 [32]. There are three possible explanations

for this. 1) There could be a favourable interaction between the methyl group and the

receptor. 2) The de- methylated compound has a more negative solvation energy that

is not counteracted by a favourable interaction with the receptor. 3) For compound 2

low energy conformations exist where the amide adopts either a cis or a trans

conformation. When compound 2 is de-methylated only the trans conformation is

found in low energy conformations. Therefore the methyl group serves to make the

cis conformation energetically accessible. If the third explanation is correct Model 1

can not represent the actual binding mode.

On the basis of these observations we suggest that Model 2 represents the best

pharmacophore model for the examined NK2 antagonists. Model 2 includes all the

pharmacophore elements necessary for high affinity and only compounds 10-12 could
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not be fitted to this model with a low RMS and a low conformational energy penalty.

We believe that the compounds 10-12 bind to the receptor in a different mode.

The receptor models

It was verified that the NKR 7TM receptor models were compatible with the zink ion

binding sites found by Elling et al. [7, 8] and the Asp79Asn + Asn303Asp double

mutant by Donnelly et al. [9]. The compounds were fitted to pharmacophore Model 2

before being docked into the receptor model followed by minimisation of the ligand-

receptor complex. The conformation of the flexible linker connecting the head and tail

part of the antagonists was changed upon docking. However, the conformational

change of the head and tail fragments were minor. Conformations fitted to

pharmacophore Models 1 and 3 were found to be incompatible with the receptor

models. Pharmacophore element A were found to clash with the receptors in

conformations fitted to either Models 1 or 3.

The proposed antagonist binding sites of the NK1R and NK2R models binding

compound 16 are shown in Figure 14. The residues identified by site directed

mutagenesis as important for the binding of compound 2 and 16 to the NK2R are

M117, Q166, H198, Y266, F270 and Y289 [4, 15, 28]. The residues important for the

binding of compound 16 to the NK1R are Q165, H197, I204, F264 and H265 [4].

Compound 16 is docked in the NK2R model so that it makes a direct interaction with

the above mentioned residues. In the NK1R model, compound 16 also has direct

interactions with the residues identified by site directed mutagenesis. Furthermore, an

interaction with Y287 is found. It is evident that the location of the binding site in our

NK1R and NK2R models are the same and that the conformations of the antagonists

docked into the NK1R and NK2R models are almost identical.  This conclusion is the
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opposite to that of Greenfeder et al. [4] who conclude that the binding sites of the

NK1R and NK2R differ, and that the conformations of compound 16 bound to the

NK1R and the NK2R are different.

Predictions made from the NKR models

When docked into the NK2R model the compounds in this study (except 10-12) were

found to bind in a conformation represented by pharmacophore Model 2. However,

the linker connecting the head and the tail part of the antagonists has a different

conformation when docked in the NKRs as compared to the conformations fitted to

Model 2. Therefore the head and tail fragments have the same conformation but

different relative orientations in the docked conformations as compared to

pharmacophore Model 2. For each pharmacophore element except F a favourable

interaction with the receptor was identified. These are shown in Figure 14. This

suggests that pharmacophore Model 2 excluding pharmacophore element F represents

the actual binding mode.

The NK2R model and mutational data [28] indicates that compounds 10-12

bind in the same area as the rest of the compounds in this study, but in a different

orientation. Manual docking of compound 20a into our NK2R model suggests that

two hydrogen bonds can be formed from Gln166 to the protonated nitrogen and the

benzyl oxygen.

The NK2R model indicates that pharmacophore element E interacts with a

proton in the amide group of the sidechain of Gln166 (Figure 14). Glutamine is a

flexible residue so the angle φ between the lone pair of the ligand and the proton on

Gln166 may be significantly smaller than the value in Table 3. Pharmacophore

element G interacts with Tyr289 in the NK2R (Figure 14). Since tyrosine can act as
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both a hydrogen bond donor and acceptor it is possible that Tyr289 interacts with a

hydrogen on the amide group in the tail of compounds 4 and 18. This would result in

a lower φ value than given in Table 3. Pharmacophore element D also interacts with a

tyrosine (Tyr266 in the NK2R). Therefore we are unable to conclude whether the

basic nitrogen is protonated or not when the ligands bind to the receptor.

In the conformation of compound 2 docked into the receptor models, the

amide in the head fragment is in a cis conformation. No specific interactions are

observed between the methyl group on the amide, and the NK2R model. In the de-

methylated analogue of compound 2 specific interactions between the amide and the

NK2R model were also absent. Therefore the role of the methyl group is either

conformational (to make the cis conformation energetically available) or to lower the

solvation energy.

Selectivity for the NK1, NK2 and NK3 receptors

The most important information provided by a pharmacophore model is the putative

bioactive conformation of each ligand and the alignment of these conformations. A

correct molecular alignment makes it possible to identify the structural relationships

between different types of ligands. Receptor subtype selectivity may arise either from

differences in the bioactive conformations at the receptor subtypes, or from different

substitution patterns. We believe the latter is true for NK1/NK2 subtype selectivity.

Table 4 shows the NK subtype selectivity for two head fragments. Selective NK1,

selective NK2 dual NK1/NK2 and triple NK1/NK2/NK3 antagonists can be obtained

from the same scaffold. The subtype selectivity is determined by the substitution

pattern of the pharmacophore elements A, B and C. An unsubstituted phenyl ring and

a 3,4-di-chlorophenyl as pharmacophore elements A and B, respectively, is optimal
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for NK2 activity [33, 34]. 3,5-Di-methylphenyl, 3,5-di-trifluoromethylphenyl and

3,4,5-tri-methoxyphenyl as pharmacophore element A is optimal for NK1 activity

where as substituents in pharmacophore element B are of minor importance for NK1

activity [33, 35, 36]. Subtle changes around pharmacophore elements C and G also

seems to be important for subtype selectivity. Of the different compounds examined

only compounds 10-12 and 21 have a scaffold that is not claimed to have both NK1

and NK2 activities. We concluded earlier that compounds 10-12 have another binding

mode than the rest of the compounds. The head fragment of compound 21 is for NKR

antagonists to our knowledge unique for this compound. Therefore all the scaffolds

(except one) from which we have built the NK2 pharmacophore models can also have

NK1 activity. It is likely that the bioactive conformations of the NK1R and NK2R

subtypes are very similar and that our pharmacophore models are dual NK1/NK2

pharmacophore models. This is supported by the receptor model (Figure 14). In the

NK1R model, Thr201 is located in the binding pocket for the trimethoxyphenyl group

of compound 16. The equivalent residues in the NK2R and NK3R are Ile202 and

Ile252, respectively. Since threonine is polar as opposed to isoleucine this could

explain the subtype difference in the observed SAR around pharmacophore element

A.

Reversing the amide group in the tail of compound 2 increases NK3 activity

[37]. However, potent and selective NK3 antagonists have a reversed amide group in

the linker holding pharmacophore element A, B, E and F (cf. compounds 2 with 37

and compound 19 with 36 in Figure 4 and Table 4) [37, 38]. Changing the position of

the carbonyl from that in compound 2 to that in 37 changes the conformational

properties of the head fragment considerably, but the change of the carbonyl position

from that in compound 19 to that in 36 has only a minor effect on the conformations.
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The selective NK3 antagonists also differ from the NK2 antagonists in the length of

the linker connecting the head and the tail fragments. In the examined NK2

antagonists (except compound 19) the linker is a C2 chain whereas it is a C3 chain in

the selective NK3 antagonists. Compound 36 could be fitted to all pharmacophore

models while compound 37 could not be fitted to any of the models. However, if

pharmacophore elements E and F are ignored compound 37 can be fitted to Model 2.

These observations suggest that the bioactive conformations of NK antagonists at the

NK2R and NK3R subtypes could be different or that the carbonyl in compound 37 is

interacting with another residue. Pharmacophore element E is forming a hydrogen

bond to Glu166 in the NK2R. The equivalent residue in the NK3R is Glu218. When

compound 2 is docked into the NK3R model a hydrogen bond between

pharmacophore element E and Glu218 is observed. This interaction is not found for

compound 37. Instead pharmacophore element E of 37 can form a hydrogen bond to

Tyr256. However while the binding site of the NK1R and NK2R have been

extensively explored by site directed mutagenesis this is not the case for the NK3R.

Conclusions

Three pharmacophore models (Models 1-3) for NK2 antagonists have been derived on

the basis of a previously published model [2]. Model 1 is identical to our previous

model except that a hydrogen bond acceptor pharmacophore element has been added

to the tail. Both Models 2 and 3 consist of three hydrophobic pharmacophore elements

(A, B and C), a hydrogen bond donor element (D), and three hydrogen bond acceptor

elements (E, F and G). The hydrogen bond donor-acceptor interactions are

represented as vectors. In Model 2, the antagonists bind in an extended conformation
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with pharmacophore elements A and B in a parallel displaced conformation. In Model

3, pharmacophore elements B, C, D and G are in the same arrangement as in Model 1

and 2, but pharmacophore elements A and B are in an edge to ring face conformation.

Pharmacophore Model 2 and 3 models were evaluated against 21 structurally

diverse, high affinity selective NK2, dual NK1/NK2 and triple NK1/NK2/NK3

antagonists. All compounds except five could be fitted to both models with a low

conformational energy penalty and low RMS value. We believe that three of the

remaining five compounds have another binding mode. The last two compounds

could be fitted to Model 2 but not Model 3. Therefore we suggest that Model 2

represent the actual binding mode for the examined NK2 antagonists. This conclusion

is supported by our receptor model study. Compounds fitted to pharmacophore Model

2 but not to Models 1 and 3 could be docked in the receptor models with only minor

changes to the conformation of the head and tail fragments. The flexible linker

connecting the fragments has another conformation in the docked conformations

compared with pharmacophore Model 2. For each pharmacophore element except F, a

specific interaction with the NK2R model was observed. This binding mode is

compatible with published site directed mutagenesis data.

The NK1/NK2 subtype selectivity is determined by the substitution pattern of

the pharmacophore elements A, B, C and G and not by differences in the bioactive

conformations at the receptor subtypes. Therefore our pharmacophore models can be

used for the design of both potent and selective NK1 and NK2 antagonists. However,

we believe that NK2/NK3 subtype selectivity is determined by differences in the

bioactive conformations at the receptor subtypes or that pharmacophore element E is

interacting with different residues in the two receptor subtypes. These findings are

also supported by our NK1R, NK2R and NK3R model study.
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Table 1: Data of compounds fitted to pharmacophore Model 1. HB acceptor angle is the deviation from
the ideal hydrogen bond geometry (Angle =0°). IC50 is the NK2 affinity of the racemate. Ki is the NK2
affinity of the highest affinity enantiomer.

Compound Reference HB acceptor
Angle / °

RMSa

/ Å
IC50
/ nM

Ki
/ nM

2 [32, 39] 32.7 0.29 4.1 0.5
7 [39] 9.3 0.11 8.9

16 [40] 25.6 0.02 7.93
22 [39] 0 0.14 12
23 [39] 29.7 0.17 13
24 [39] 98.0 0.29 4.0
25 [39] 41.3 0.40 9.1
26 [41] 26.0 0.25 1.0
27 [39] 22.6 0.20 84
28 [39] 24.6 0.18 30
29 [41] 47.1 0.24 50
30 [41] 42.3 0.36 0.9
31 [41] 37.2 0.39 0.3
32 [41] 22.8 0.35 23
33 [39] 250
34 [42] >1000
35 [42] 180

a The fitting points are pharmacophore element A-D and G.
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Table 2: Data of compounds fitted to pharmacophore Models 2 and 3. Energy is the calculated
conformational energy penalty for the putative bioactive conformation. pKa values are for the amine
pharmacophore element D.

NK2 Affinity Energy in kJ/molCpd. Ref.a IC50/nM Ki/nM Model 2 Model 3
pKa

1 [43] N.A. N.A. 11.8 11.9 8.9
2 [32] 0.5 13.9 14.7 9.1
3 [44] 23 -5.3 8.4 9.0
4 [45] 3.0 9.5 7.6 8.9
5 [46] 23 -2.2 7.6
6 [47] 11 0.0 0.2 9.1
7 [39] 8.9 0.0 1.8 9.1
8 [48] 33 -0.8 9.6 10.1
9 [49] 4.5 14.2 40.4 9.2

10 [50] 1.6 43.3 86.7 9.2
11 [51] 0.1 27.8 31.2 9.1
12 [50] 1.3 33.1 52.6 9.1
13 [52] N. A. N.A. -4.5 9.6 9.0
14 [53] 0.5 67.5 102.0 7.6
15 [54] 0.6 8.3 0.0 8.3
16 [40] 7.93 5.2 -7.9 9.0
17 [55] 16.3 7.9 0.2 9.0
18 [56] N.A. N.A. 3.9 2.7 6.3
19 [57] 2.2 1.7 15.1 8.9
20 [58] 4 51.7 38.0 -

20a [58] 4 -8.1 -1.3
21 [59] 8.9 6.2 0.5 9.0

a Ref.: Reference.
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Table 3: Data of compounds fitted to pharmacophore Models 2 and 3. Angle is the deviation from
ideal hydrogen bond geometry.

Model 2 Model 3
Angle /° Angle /°Cpd.

D E F G
RMS
/ Å a D E F G

RMS
/ Å a

1 23.3 37.2 9.5 49.9 0.44 15.2 28.9 18.0 36.0 0.25
2 12.0 28.8 11.8 49.0 0.43 0.0 27.2 10.0 43.2 0.47
3 0.0 27.5 - 13.9 0.19 0.0 13.7 - 15.6 0.24
4 14.6 27.9 25.7 101.3 (0.60) 0.84 14.5 25.9 25.4 103.5 (0.41) 0.92
5 15.4 - 36.5 41.8 (0.47) 0.74 0.0 - 13.9 14.2 0.35
6 11.8 7.7 7.4 59.0 0.44 0.0 25.4 12.7 64.1 0.41
7 0.0 0.0 0.0 0.0 0.46 8.3 25.4 4.8 34.8 0.31
8 0.0 0.0 0.0 - 0.46 5.0 26.2 5.1 - 0.29
9 14.2 74.9 68.4 17.2 (0.52) 0.69 52.4 18.2 80.7 55.4 0.44

10 76.6 84.4 81.8 - 0.92 27.3 74.5 72.8 - 0.66
11 42.6 67.1 57.6 - 0.62 24.4 29.2 44.4 - (0.66) 1.52
12 40.1 8.9 80.0 - 1.08 66.6 57.5 37.2 - 0.56
13 13.9 - 39.2 37.0 (0.35) 0.63 0.0 - 16.5 22.2 0.29
14 11.8 32.6 23.0 27.6 (0.39) 0.63 30.8 49.2 14.1 51.3 0.40
15 13.2 33.5 20.6 39.3 0.48 52.9 54.9 0.0 6.8 0.35
16 20.3 35.2 51.8 39.9 0.46 20.0 31.8 13.7 14.5 (0.51) 0.86
17 17.0 21.0 14.6 31.3 (0.60) 0.89 17.3 29.6 14.8 13.6 ( 0.45) 0.76
18 26.2 35.7 23.3 77.0 0.27 20.4 18.2 3.3 82.2 0.45
19 18.7 25.9 99.6 55.5 (0.47) 0.56 5.8 9.8 55.4 30.2 0.71
20 - 40.5 - - (0.31) 0.92 - 49.4 - - 0.42

20a - 5.1 - - (0.27) 0.74 - 17.8 - - (0.26) 0.82
21 14.0 37.4 25.9 - (0.61) 0.97 10.4 33.4 46.9 - (0.18)

a The fitting points are pharmacophore elements A-G. Number in parenthesis are RMS without
pharmacophore element A as fitting point.
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Table 4: SAR of two NK antagonist head fragments and two selective NK3 antagonists.

N

O
R

Cl
Cl

X

N
N

NN

N
N

O

F

R=

N
N

O

R=

N
N

O

R=

X 3,5 di-Me 3,4,5 tri-OMe H
NK1 IC50 (nM) 0.45 0.2 593
NK2 IC50 (nM) 9 1.5 0.44
NK3 IC50 (nM) 25 N.A. 208

Reference [60] [60] [37]

N
O R

YX

N
O

NH2

R=

N
NH2

O

R=

N
NH2

O

R=

X 3,4,5 tri-OMe H 3,4,5 tri-OMe
Y 3-Cl 3,4-Cl 3,4-Cl

NK1 IC50 (nM) 10.7 161 3.11
NK2 IC50 (nM) 190 2.25 8.40
NK3 IC50 (nM) N.A. N.A. 21.0

Reference [61] [37] [37]

N
N

N

O

Cl

Cl

S
O

O N

N

O

N

S
O

O

Cl
Cl

36 37
NK1 IC50  497nM NK1 IC50  100-500nM
NK2 IC50  177nM NK2 IC50  30nM
NK3 IC50  1.2nM NK3 IC50   0.6nM

Reference [37] Reference [38]

N.A.: Not available.
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Figure 1: Definition of fragments with compound 2 as an example. Centroids, lonepairs and "+"
marks the selected pharmacophore elements A-G.

Figure 2: The previously published pharmacophore model. Left: Arrangement of pharmacophore
elements. Element C can be in an axial or equatorial conformation. We propose that the equatorial
conformation is most likely to be the bioactive conformation {Poulsen, Liljefors, et al. 2002 ID: 19}.
Center and right: The putative bioactive conformations of (S)-2 with pharmacophore element C axial
(center) and equatorial (right).

Figure 3: Definition of the angle φ (the deviation from ideal hydrogen bond geometry). The head
fragment of compound 2 is used as an example. LP is the vector in direction of the lonepair. F is
pharmacophore element F.
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Figure 4: Compounds 1-21 were fitted to the pharmacophore models. Centroids, “+“ and atoms in bold
mark the selected pharmacophore elements. The atoms in bold are hydrogen bond acceptors. Data and
references are given in Table 2.
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Figure 5: Compounds 2, 7, 16, 22-32 were used to derive the position of pharmacophore element G.
Atoms in bold mark the selected hydrogen bond acceptors pharmacophore elements. Data and
references are given in Table 1.
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Figure 6: Pharmacophore Model 1. Stereo image. The coordinates for the pharmacophore elements are
shown in the box. G’ is the acceptor atom of the hydrogen bond acceptor pharmacophore element. D’ is
the hydrogen bond donor atom of the hydrogen bond donor pharmacophore element.

Figure 7: Pharmacophore Model 2. Stereo image. The coordinates for the pharmacophore elements are
shown in the box. E’ and G’ are the acceptor atoms of the hydrogen bond acceptor pharmacophore
elements. D’ is the hydrogen bond donor atom of the hydrogen bond donor pharmacophore element.
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Figure 8: Pharmacophore Model 3. Stereo image. The coordinates for the pharmacophore elements are
shown in the box. E’ and G’ are the acceptor atoms of the hydrogen bond acceptor pharmacophore
elements. D’ is the hydrogen bond donor atom of the hydrogen bond donor pharmacophore element.

Figure 9: Stereo image. A superimposition of pharmacophore Models 1-3. Black: The pharmacophore
elements B, C, D and G have the same position in the three models. Red: Model 1. Blue: Model 2.
Green: Model 3.
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Figure 10: Superimposition of compounds 2, 7, 16 and 22-32. Stereo image, hydrogens are removed
for clarity. The hydrogen bond acceptor pharmacophore element G is shown as vectors.

Figure 11: Superimposition of compounds 1-9 and 13-21 fitted to Model 2. Stereo image, hydrogens
are removed for clarity. The hydrogen bond donor and acceptor pharmacophore elements D, E, F and G
are shown as vectors.
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Figure 12: Superimposition of compounds 1-9 and 13-21 fitted to Model 3. Stereo image, hydrogens
are removed for clarity. The hydrogen bond donor and acceptor pharmacophore elements D, E, F and G
are shown as vectors.

Figure 13: Torsional drive of the angle 1-2-3-4 in model system for the head fragment of compound
20.
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Figure 14. a: Compound 16 docked into the NK1 receptor model. b: Compound 16 docked into the
NK2 receptor model. Loops and the last three residues of helix 6 have been removed for clarity. Only
sidechains identified by site-directed mutagenesis to be important for antagonist binding as well as
residues in the binding site are displayed.
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