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Abstract 

Dopamine (DA) is an endogenous neurotransmitter acting in the central nervous system. 
DA plays a key role in many vital brain functions such as behavior, cognition, motor 
activity, learning, and reward. Dopamine receptors belong to the rhodopsin like family of 
G-protein coupled receptors (GPCRs). There are five subtypes of DA receptors (D1-D5), 
which are further divided into two main families based on sequence similarities and their 
coupling to intracellular signaling (D1- and D2-like receptors). Dopamine agonists mimic 
the effects of the natural neurotransmitter and it has been found that selective dopamine 
D2 or D1 and mixed D1/D2 agonists are useful in the treatment of Parkinson disease. As 
D2 (but not D1) agonists have shown undesirable dyskinetic effects it is of highest interest 
to understand the reasons behind D1/D2 agonist selectivity. 

 This thesis is focused on the identification of structural features that determine the 
selectivity of D1 and D2 receptor agonists for their respective receptors. Selective 
pharmacophore models were developed for both receptors. The models were built by 
using projected pharmacophoric features that represent the main agonist interaction sites 
in the receptor, and excluded volumes where no heavy atoms are permitted. The sets of 
D1 and D2 ligands used for modeling were carefully selected from published sources and 
consist of structurally diverse, conformationally rigid full agonists as active ligands 
together with structurally related inactives.  

 3D receptor models in their agonist bound state were also generated for dopamine 
D1 and D2, in order to get improved insight into agonist binding. The constructed D1 and 
D2 agonist pharmacophore models were superimposed into their corresponding receptor 
model. The arrangement of pharmacophoric features were in agreement with the position 
of the agonist key interacting amino acids in the binding site, with exception of one 
hydrogen bond accepting/donating feature in the D2 model and the positioning of the 
excluded volumes in both models. Both pharmacophore models were refined to better 
reflect the shape of the binding pocket and had similar pharmacophore hit rate when 
screening the test sets of dopamine ligands. Several key factors for D1/D2 agonist 
selectivity were identified.  

 In addition, a semi-empirical method to model transmembrane proteins with focus 
on the ligand binding site has been developed. The method was evaluated by generating a 
β1-adrenergic receptor model which had an RMSD of 1.6 Å for all heavy atoms in the 
binding site relative the crystal structure. A D2 receptor model with an agonist present 
was constructed, but this model was unable to discriminate actives from inactives in a 
docking study.  

 

Keywords: dopamine, agonists, GPCRs, pharmacophore modeling, protein structure 
modeling, agonist selectivity  
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1. General introduction and aims of the thesis 

Computational methods are widely used in drug discovery and development in both 

industrial and academic environments. How ligands interact with their biological targets 

can be studied in detail using different modeling approaches and these methods are often 

complementing each other. A combination of methods is in many cases necessary as the 

information regarding structural characteristics and mechanistic properties of both targets 

and ligands may be limited. Validation with experimental work provides an improved 

possibility to interpret the experimental data and also provide ideas for new strategies. 

 If ligands with a desirable pharmacological profile are known, ligand-based 

approaches such as quantitative structure-activity relationships (QSARs) and 

pharmacophore modeling can be applied. These methods are used to collect common 

structural features from the ligands in order to provide knowledge regarding 

ligand/protein interaction, target selectivity and ligand affinity.  

 Even if the target structure including the binding site is known it may be a difficult 

task to predict how a given ligand binds. Docking programs are used to predict protein 

bound ligand poses in a predefined binding pocket and each binding mode can be ranked 

with respect to scoring functions.1 Structural information of biological macromolecules is 

available in the Protein Data Bank (PDB),2 but the detailed structures of several drug 

relevant targets are still unknown. Modeling techniques such as homology modeling can 

be used to predict 3D-structures if the structure of a related protein has been 

determined.3 

 Dopamine (DA) receptors in the central nervous system (CNS) play a major role in 

the initiation and control of many vital brain functions such as behavior, cognition, motor 

activity, learning, and reward.4 There are five types DA receptors which are further 

divided into two main families D1- (D1 and D5) and D2-like (D2-4). Detailed knowledge 

regarding subtype-selective agonists will improve the understanding of the role of D1- and 

D2-like receptor signaling in normal CNS function as well as in disease. The work 
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presented in this thesis deals both with structure and ligand based modeling strategies and 

the overall aim of the thesis is to investigate the reasons behind dopamine D1 and D2 

receptor agonist selectivities using both pharmacophore and homology modeling and 

combinations thereof.  

This has been achieved by 

• generating D1 and D2 agonist pharmacophore models based on sets of carefully 

selected active and inactive ligands 

• using a combined pharmacophore and receptor modeling approach to identify 

factors determining the agonist selectivity for both the D1 and D2 receptors 

• comparing the D1 and D2 agonist models to extract the factors determining the 

D1/D2 agonist selectivity 

 

Another aim was to develop a novel GPCR modeling method, based on repacking of the 

bundle of transmembrane helices of a receptor homology model having a ligand present 

in the binding site during the procedure. 
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2. Background 

2.1. Proteins as drug targets 

Most drugs act by binding to a target and affect its function in some way. The targets are 

in most cases proteins and are commonly divided into four categories:  

• Enzymes – proteins catalyzing a chemical conversion of a substrate to a product. 

Enzymes are selective for their substrate and speed up the reaction rate by 

lowering the energy barrier for the biochemical reaction. 

• Carrier proteins – cell membrane bound proteins actively transporting ions, small 

molecules or other substrates across membranes. The substrate binds to the 

carrier protein from one side of the membrane, this causes a translocation and 

the protein opens up on the other side. The substrate is released as the binding 

affinity decreases. 

• Ion channels – membrane proteins gated by different mechanisms, for example by 

ligand binding or by transmembrane voltage changes. The role of ion channels is 

mainly to regulate biological processes involved in rapid changes, such as in 

muscle cells during a muscle contraction. 

• Receptors – proteins located within the cell membrane, at the surface of the cell 

membrane or in the cytoplasm. A molecule, e.g. a hormone or a transmitter 

binds to the receptor and triggers a conformational change of the ligand-receptor 

complex which further leads to a biological response. 

G-protein coupled receptors (GPCRs) followed by ion channels and nuclear receptors are 

the most common targets for drugs available on the market today.5 

2.2. Protein structure 

To be able to study how drugs interact with their targets a good understanding of the 

protein structure and function is required. Proteins consist of chains of amino acids and 

the twenty naturally occurring amino acids have different physicochemical properties. The 
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physicochemical characteristics of the amino acids (i.e. acidic or basic, hydrophilic or 

hydrophobic properties) determine their capability to participate in different types of 

binding interactions. The amino acids are linked together with amide bonds, often 

referred to as peptide bonds, and the chain folds into specific 3D protein structures. 

Protein structures are classified in four levels:  

• primary – the order in which the individual amino acids are linked in the peptide 

chain (protein sequence) 

•  secondary – there are two main secondary structures, α-helices and β-sheets, 

both described by Pauling in 1951,6-7 that are defined by the patterns of hydrogen 

bonds between the amide bonds in the protein backbone 

• tertiary – the overall 3D shape of a subunit in a protein consisting of folded α-

helices and β-sheets connected by turns and loops 

• quaternary – arrangement of multiple subunits that can be identical (homomeric) 

or different (heteromeric) 

2.3. Protein/ligand interactions 

The most common types of interactions between the protein and the ligand are ionic 

interactions, hydrogen bonding and different hydrophobic interactions (Figure 1). In 

addition, interactions involving metal ions can be relevant for the stabilization of 

ligand/protein complexes or be important for protein function.8 The energy of binding of 

the ligand is mostly governed by intermolecular van der Waals attractive forces, hydrogen 

bonding interactions, and repulsive forces like the hydrophobic effect that drives a 

molecule from the aqueous environment into the more hydrophobic cavity of a protein. 

The strength of the protein/ligand interaction is given by the inhibition constant, Ki, from 

which the binding energy, ΔG, can be calculated (Eq 1). 

ܩ∆  = ܴܶ ∙ 	௜ܭ݈݊ = ܪ∆ −  (1	ݍܧ)				ܵ∆ܶ
 

Thus, both enthalpy (ΔH) and entropy (ΔS) contribute to the binding affinity. The 

entropy increases e.g. by introduction of larger more lipophilic substituents in the ligand, 

by decreasing the conformational degrees of freedom in the ligand or by displacement of 
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ordered water molecules.9 Enthalpy can be optimized by establishing hydrogen bonds and 

vdW interactions, however considerations on how to optimize geometries are then 

required. For example, van der Waals interactions are maximized by an optimal geometric 

fit between drug and target, while the strength of hydrogen bonds is maximal when the 

distance and angle between acceptors and donors are optimal. In addition, an unfavorable 

enthalpy can be associated with the desolvation of polar groups.9 

2.3.1. Ionic interactions 

The ionic interaction is an electrostatic attraction between two oppositely charged ions, an 

anion and a cation. A pure ionic bond does not exist, since the bond always contains 

some degree of covalent bonding. The bond length is the sum of the radii of the two ions 

and the strength of the bond depends on the difference in electronegativity. The potential 

energy is a result of the strength F which is determined by Coulomb’s law (Eq2), where 

the force F is directly proportional to the product of the point charges (q1 and q2) of the 

ions and inversely proportional to the square distance between the ions (r2). ke is 

Coulomb’s constant (Figure 1). 

ܨ = ݇௘ ଵݍ| ∙ ଶݎ|ଶݍ	 	(2ݍܧ)				
2.3.2. Hydrogen bonds 

Pauling stated in 196010 that a hydrogen bond is formed between X-H and Y, where X 

and Y are O and/or N (Figure 1), however the concept of hydrogen bonding was 

mentioned already in 1912 by Moore and Windmill.11 The most recent IUPAC definition 

of hydrogen bonds was published in 2011.12 The bonds may occur between different 

parts of a single molecule (intramolecular), or as in the case of a protein/ligand interaction, 

between different molecules (intermolecular). The strength of the classical hydrogen bond 

differs considerably dependent on distance, angle, atoms involved and the environment, 

but in organic and biochemical systems they are considered to be within the range 3-7 

kcal·mol-1.12-13 The hydrogen bond length between the heavy atoms in two water 

molecules is approximately 2.8 Å, and the optimal bond angle is 180 degrees (O···H-O). 

However, Baker and Hubbard14 suggested that a hydrogen bond angle could not be 

smaller than 120 degrees and the distance between the heavy atoms ≤ 3.5 Å. The 
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contribution to the binding energy originates mainly from Coulombic forces, but the 

bond also has a covalent nature.12  

 Hydrogen bonds can be stabilized by ionic interactions, such interactions are 

stronger than neutral hydrogen bonds and are called charge (or ion) assisted hydrogen 

bonds.12 In the case of a positively charged amino group and a negatively charged 

carboxylic acid oxygen ([N···H···O]±) the optimal distance between the heavy atoms is 

approximately 2.5 Å, and the binding energy ca 15 kcal·mol-1.15 

 Hydrogen bonds can also be formed between weak acids (e.g. C-H) and lone pair 

electrons (e.g. on O or N) as well as between weak acids and π-systems (e.g. C-H···π, or 

X-H···π [X = O or N]). These are weaker than classical hydrogen bonds (1-4 kcal·mol-1), 

but are still considered important for ligand binding.12-13, 16 

2.3.3. van der Waals interactions 

A van der Waals interaction is the sum of the attractive or repulsive forces between 

dipoles and/or induced dipoles, between molecules or within a molecule (Figure 1). The 

Lennard-Jones potential (VLJ) is often used as an approximation of the van der Waals 

forces as a function of distance (Eq 3) and the strength is typically 0.5-1 kcal·mol-1 per 

atom pair, e.g. between ligand and receptor. The term rm is the distance when the potential 

reaches its minimum, at rm the potential function has the value –ε and r is the actual 

distance. 

௅ܸ௃ = 	ߝ ቀݎ௠ݎ ቁଵଶ − 2 ቀݎ௠ݎ ቁ଺  (3	ݍܧ)			
2.3.4. π-interactions 

Aromatic systems are conjugated planar ring systems with delocalized π-electrons. They 

are dipoles with an electron-rich part around the π-system and a positive counterbalancing 

part, positioned on the hydrogen atoms. Two aromatic systems may interact with the 

rings perpendicular to each other (T-shaped or face to edge) or in a parallel displacement 

of the rings (Figure 1). Marsili et al.17 have studied π-interactions between aromatic 

residues in protein structures and the relative positioning between their aromatic planes. 

They defined orientations of the ring with angles (ω, θ) and a distance (r) and found that 

the T-shaped configuration should have 4.5 < r < 5.5 Å, 75º < θ < 90º and ω < 15º, and 
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the parallel displacement configuration 3.5 < r < 4.5 Å, θ < 15º and ω < 30º (Figure 2). 

The free energy for the bond in the parallel displacement configuration is in the range of 

1.3-2.3 kcal·mol-1 while it is 0.8-1.8 kcal·mol-1 for the T-shape configuration. The energies 

depend on the combination of residues, for example, in case of His-His interactions the 

parallel displacement configuration is highly favored (ΔE=1.6 kcal·mol-1), while the T-

shaped is found to be more stable in a Phe-Phe complex (ΔE=0.2 kcal·mol-1).17 The three 

different configurations, parallel displacement, T-shape and face-to-edge are almost 

isoenergetic, but the T-shape is considered as the global minimum for benzene dimers.18 

 

Figure 1. Important non-covalent protein/ligand interactions: i) ionic interactions, for which the 
bond length is defined as the sum of the ionic radii, dab, ii) hydrogen bonds, where the hydrogen is 
covalently bound to an electronegative donor (X) and further interacts with lone pair electrons of an 
electronegative acceptor (Y), iii) van der Waals interactions between an induced dipole and a 
permanent dipole, iv) π-interactions.  
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The delocalized electrons may also interact with cations, such as the interactions between 

aromatic residues in proteins and basic amino groups in ligands (Figure 1). These 

different π-interactions are essential and common contributors to binding in biological 

systems such as protein/ligand complexes.17 

 

Figure 2. Coordinates defining the orientation of two planar moieties, I and II, e.g. two aromatic 
rings. θ defines the angle between the normals of each plane and ω defines the angle between the 
normal of ring I and the vector r, which connect the centroids of I and II.  

2.4. Receptor agonists, antagonists, and inverse agonists  

A ligand that binds to a receptor and triggers a physiological response is called an agonist 

for that receptor. Agonist binding can be characterized both in terms of how strong 

physiological response it triggers (intrinsic activity or efficacy) and of the concentration 

required to produce the response (affinity). High-affinity ligand binding indicates that a 

relatively low concentration of the ligand is needed to produce maximal physiological 

response, while low-affinity binding requires a higher relative concentration of the ligand. 

If a ligand triggers maximal intrinsic activity, it is defined as a full agonist (Figure 3). An 

agonist that can only partially activate the physiological response is called a partial agonist. 

Ligands that bind but fail to activate the receptor are antagonists whereas inverse agonists are 

ligands counteracts the activation by stabilizing the ground state of the receptor.19 In 

some cases a ligand can produce a higher intrinsic activity than the full agonist and these 

ligands are referred to as super agonists. 
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Figure 3. Dose-response curve illustrating super (long dash), full (solid), partial (dot) and inverse 
agonists (dash) together with a neutral antagonist (dash-dot). 

2.5 G-protein coupled receptors (GPCRs) 

2.5.1. GPCRs structure, function and activation 

G-protein coupled receptors (GPCRs) are membrane proteins with seven transmembrane 

helices (TM1-7) which are connected by three intracellular (IC1-3) and three extracellular 

(EC1-3) loops (Figure 4).20 GPCRs are divided into three main classes (A, B and C) 

where the Class A (the rhodopsin like superfamily) is the largest and accounts for over 

80% of all GPCRs.21 These receptors are involved in second messenger cascades via the 

guanine binding proteins (G-proteins). The domains that couple to G-proteins are 

expected to reside at the intracellular side, primarily the third intracellular loop (IC3). This 

conclusion has been supported by experiments performed to analyze the properties of 

GPCRs by deletion and replacement of the IC3 and site-directed mutation studies of 

particular amino acids in this loop.20, 22-23 

 The cytosolic signaling of GPCRs is catalyzed by endogenous agonists (such as 

neurotransmitters, hormones and autacoids) or synthesized analogs.24-30 The agonist 

binding site in Class A GPCRs, is located in a cavity between the TM-helices at the 
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extracellular side and the binding of an agonist induces a movement of the helices at the 

cytoplasmic side. This has been shown by site-selective fluorescence labeling studies in 

which the magnitude of the fluorescence change was correlated with the agonist intrinsic 

activity.25 These results indicate that there are numerous active conformations for a single 

receptor, and its ability to couple to the G-protein is dependent of the efficacy of the 

agonist. Kjelsberg et al.22 have shown that mutations of an alanine residue close to the C-

terminus of IC3 in the adrenergic α1b-receptor with any of the 19 naturally occurring 

amino acids lead to various degrees of constitutive activation. The mutated receptors 

demonstrated higher affinity for agonists and even in absence of agonists the receptor 

mimicked an “active” state conformation. This indicates that the C-terminus of IC3 

restricts the G protein coupling to the receptor, a constraint which is normally relieved by 

agonist occupancy.22 

 

Figure 4. A schematic representation of a G-protein coupled receptor (GPCR). The peptide chain 
spans the membrane seven times and the transmembrane helices (TM 1-7) are annotated as 
cylinders. The N-terminus (NH2) is located at the extracellular side, while the C-terminus (COOH) 
is located intracellularly. The membrane spanning regions are linked by three extracellular loops 
(EC) that alternate with three intracellular loops (IC). EC2 between TM4 and TM5 lines the binding 
crevice and are in many GPCRs involved in ligand binding. The G-protein couples to the IC3.  

5 6 7 1

NH22
34
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COOHIC3



 

11 

The subsequent signaling pathway depends on the type of G-protein that couples to the 

receptor. In some cases a single receptor is able to couple to several G-proteins and some 

receptors may also couple to β-arrestin, which in turn gives rise to completely different 

physiological responses.31 These alternate signaling pathways are often referred to as 

functional selectivity.32-33 The diversity of responses is based on the GPCR conformation, 

which can be ligand specific, i.e. ligands may stabilize different conformations of the 

receptor and thereby activate different signaling pathways.34 This is often referred to as 

biased ligands.32 Therefore functional selectivity is of high interest in the drug 

development process, but should not be confused with ligand selectivity. 

 Sodium ions have a negative modulatory effect on the agonist binding for several 

GPCRs including e.g. the A2A adenosine35 the α2-adrenergic (adra2),36 the dopamine D1 

(drd1)37 and D2 receptors (drd2).38-39 In addition, the activation of the β2 adrenoceptor40 

(adrb2) and the dopamine receptor has also been shown to be regulated by pH.40-41 It has 

been suggested that the D(E)RY tripeptide  sequence, the most conserved motif in Class 

A GPCRs which is located at the intracellular side of TM3, is important for receptor 

activation. Site-directed mutagenesis studies on the adra1b42 and adrb240, 43 have shown 

that an ionic interaction between the most conserved residue, Arg3.50† (in the DRY-motif) 

and the Glu6.30 residue in TM6 restrains the movement of TM6 and stabilizes the inactive 

state of the receptor. A protonation of Asp3.49 induces a conformational change of Arg3.50 

and the ionic lock is disrupted.43 That means that at lower pH the receptor state 

equilibrium will be shifted towards the activated form.  

 The first available GPCR crystal structure was that of bovine rhodopsin, published 

in 2000.45 This structure has a covalently bound ligand (retinal) and differs considerably in 

sequence from drug relevant GPCRs, but at that time it was still a breakthrough regarding 

the understanding of receptor structure and mechanism. Recently several more relevant 

crystal structures of GPCRs have been solved, with medium to high resolution.  

                                              
† To facilitate a comparison between different GPCRs, the indexing method introduced by Ballesteros and Weinstein 
is used in this thesis,44 in which the most conserved residue in every transmembrane (TM) helix is given the index 
number 50. For example, the Arg residue in the highly conserved DRY motif at the cytoplasmic end of TM3 is 
denoted Arg3.50, the other residues in TM3 are then indexed relative to this position, with the previous residue as 
Asp3.49, and the subsequent as Tyr3.51. In addition, the absolute number of each residue in the amino acid sequence is 
sometimes included. 
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2.5.2. Monoaminergic receptors and their function  

The brain function is regulated by different neurotransmitters, which mainly act via 

GPCRs. Examples of monoamine neurotransmitters are serotonin, norepinephrine and 

dopamine (Figure 5), which all play central roles in normal brain function.  

 

Figure 5. The monoamine neurotransmitters serotonin, norepinephrine and dopamine. 

The monoaminergic receptors belong to the class A GPCR superfamily. The receptors 

show high sequence and structural consistency and may bind the same or similar ligands. 

Each receptor type is further divided into subfamilies. For example, the serotonin (5-HT) 

receptors are divided into seven families (5-HT1-7), which can then be further divided into 

additional subtypes (e.g. 5-HT1A-F). Ligand selectivity between receptor subtypes is a 

delicate balance, since the receptors are highly conserved in the TM-regions as well in the 

binding pocket. Several key interactions between the receptors and their agonists have 

been experimentally verified using mutation studies. An aspartic acid residue in TM3 has 

been shown to act as a counter ion for the positively charged monoamines.46-47 Similarly, 

mutations of a cluster of serine residues in TM5 also greatly reduce monoamine agonist 

affinities and efficacies.47-50 Two of these serine residues are more specifically involved in 

direct binding and appear to form hydrogen bonds with the aromatic hydroxyl groups of 

norepinephrine, serotonin and dopamine. In addition, a phenylalanine residue in TM6 is 

essential for high affinity binding of agonists.51-54 

2.5.3. Dopamine receptors and their function 

The physiological functions of 3-OH-tyramine (dopamine), a metabolite of the amino 

acid tyrosine, were discovered by Carlsson et al.,55 for more than 50 years ago. Dopamine 

(DA) acts on receptors which are grouped into two subfamilies, the D1-like (D1 and D5) 

and the D2-like (D2, D3 and D4). The division is based on their structure, pharmacology, 

and signal transduction pathways. The D1-like receptors couple to the Gs protein and 
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stimulate adenylate cyclase, which catalyzes the conversion of ATP to cyclic AMP, 

whereas the D2-like receptors inhibit this enzyme via the Gi and Go proteins.56 The 

dopamine system is involved in a wide range of fundamental processes such as motor 

function, reward, cognition and emotion, and is also associated with a variety of 

neuropsychiatric disorders/diseases such as Parkinson´s disease (PD), schizophrenia and 

depression. Classical antipsychotic drugs act as DA antagonists and block the DA 

receptors, while agonists have shown to alleviate the characteristic PD symptoms such as 

hypokinesia, rigidity and tremor. Dopamine itself (Figure 5), administered as its 

biosynthetic precursor L-DOPA (Figure 6), has been used for more than four decades in 

the treatment of PD. The mixed D1/D2 receptor agonist apomorphine,57 together with 

the bioavailable D2 agonists bromocriptine, pergolide, pramipexole, and ropinirole, have 

all been shown to be useful in the clinic (Figure 6).58 It has been suggested that the 

ergoline derivatives (e.g. bromocriptine and pergolide) could act as both agonists and 

antagonists.59  

 

Figure 6. Clinically used antiparkinson agents: the dopamine precursor L-DOPA, together with the 
D2 receptor agonists apomorphine, pramipexole, ropinirole, bromocriptine and pergolide. 

The role of D1 receptors (drd1) in treatment of PD was discovered in the 1980s, with the 

selective agonists SKF3839360 and CY-208-24361 (Figure 7). These ligands had only 

modest therapeutic effect, but because both are partial agonists, it led to the hypothesis 

that the beneficial antiparkinsonian activity depends on their efficacy at drd1. This theory 

was strengthened by the full and highly selective D1 receptor agonist ABT-431 (prodrug 

of A86929, Figure 7), which showed the same efficacy as L-DOPA.62 In addition, 
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Blanchet et al.63 reported that the well-known mixed D1/D2 full agonist dihydrexidine 

(DHX, Figure 7) also showed a definite motor improvement in patients with PD, but 

with a narrow therapeutic window. We have used the information from the literature 

regarding receptors and ligands to increase the understanding of dopamine D2 and D1 

agonist selectivities. 

 

Figure 7. Structures of the D1 receptor agonists SKF38393, CY-208-243, A86929 and DHX which 
show antiparkinsonian activity. 

2.6. Methods in computational drug design 

Computational methods are widely used as tools to discover, optimize and study drugs 

and bioactive compounds. How the ligands interact with their biological targets can be 

studied in detail using different modeling approaches. 

2.6.1. Molecular mechanics calculations 

In molecular mechanics (MM) calculations, mathematical functions (the so called force 

field) are used to describe the potential energy of systems of atoms and molecules and it 

may be applied on small molecules as well as on macromolecules. The change in energy 

and the dynamic behavior of a molecule can be described by the fundamental ball-and-

spring model (Figure 8).64  
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Figure 8. The ball-and-spring model, which is based on the historic physical and chemical analyses 
of structure and properties. The parameters that contribute to the calculation of the total energy, 
Etotal, are denoted as bond stretching, angle bending, torsion and non-bonded interactions. 

The mathematical functions and the parameter sets used to describe the potential energy 

surface (PES), i.e. the energy as a function of the positions of each atom in the system 

studied, are derived from both experimental work and/or high-level quantum mechanical 

(QM) calculations. The total energy (Etotal) of the molecular systems is a sum of energy 

components which are divided into bond stretching (Estrech), angle bending (Ebend), non-

bonded interactions (Enon-bond) including vdW and electrostatic contributions, torsion 

interaction (Etorsion) and coupled energy terms (Ecross-term) (Figure 8 and Eq 4).  

௧௢௧௔௟ܧ  	= 	 ෍ ௦௧௥௘௖௛௕௢௡ௗ௦ܧ + ෍ ௕௘௡ௗ௔௡௚௟௘ܧ + ෍ ௩ௗௐܧ)	 +௡௢௡ି௕௢௡ௗ (.ா௟௘௖ܧ + ෍ ௧௢௥௦௜௢௡ܧ +෍ܧ௖௥௢௦௦ି௧௘௥௠ௗ௜௛௘ௗ௥௔௟  (4	ݍܧ)	
 

The ability of the force fields (FFs) to predict molecular properties has gradually been 

enhanced, as the parameterization has become more accurate during the years. Kollman 

and co-workers developed AMBER,65 which is a FF especially applicable for 

macromolecules. In 1988, Jorgensen et al.66 developed a FF (OPLS) based on AMBER, 

that was primarily used for peptides in liquid simulation. Seven years later the same 

authors released an updated FF where torsion parameters were determined from ab initio 

calculations, to describe approximately 50 small organic molecules and ions.67 

Simultaneously, the MMFF94 FF was developed by Merck Research Laboratories, with 

the aim to achieve high quality geometries for small drug-like molecules with parameters 

from high level QM calculations.68-69 The OPLS FF was further updated and the 2005 
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version70 had a greatly expanded coverage of organic and medicinally relevant ligands as 

the training set of small molecular structures used was considerably larger than those used 

for the MMFF9468 and MMFF94s FFs.69 The OPLS_2005 FF was developed for 

simulations of protein/ligand-interactions but could also be used for large databases of 

compounds for which effective potential energy calculations are required.70  

 The molecules can be represented in Cartesian coordinates (x, y, z) or in internal 

coordinates (Z-matrix), which are interconvertible. The internal coordinates provide a 

description of each atom in a molecule in terms of its atomic number, bond lengths, bond 

angles, and dihedral angles using a series of vectors describing atomic orientations in 

space. 

2.6.2. Solvation of molecular systems 

The environment surrounding the molecule or molecules may be described in several 

ways in molecular mechanics calculations. A molecular system can be simulated with no 

surrounding environment as in a vacuum (gas-phase), but this usually introduces artifacts 

in the molecular geometry, caused by the electrostatics (charged or polar parts) within the 

molecules. These polar or charged parts would rather interact with solvent molecules and 

the presence of such an environment would therefore prevent unlikely molecular 

conformations. Thus, solvent effects have to be incorporated into a computational 

treatment of biochemical processes to ensure a reliable description. The use of explicit 

water molecules is a way to model solvation, however it is computational intensive. As an 

alternative, methods that use implicit solvation are also available such as the generalized 

Born solvation model that is highly useful in simulations.71-72 

2.6.3 Conformational analysis 

There are several methods and tools available to explore the PES and identifying low-

energy states of a molecular system. Different conformations can be identified by 

systematic sampling of each torsion angle in a molecule. This method suffers however 

from the “combinatorial explosion” problem, since the number of conformations 

increases exponentially with the number of rotatable bonds. Another approach is the low-

mode conformational search which explores the low-frequency eigenvectors of the 

system from any local minima. By using an eigenvector-following technique,73-74 a saddle 
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point associated with the minimum could be localized and a second energy minimum with 

a new eigenvector could be found, etc. Stochastic search methods depend on random 

assignment of different dihedral angle combinations, followed by an energy minimization 

step. Several methods are available for random sampling of the conformational space 

such as simulated annealing75, Monte Carlo simulation and the random incremental pulse 

search (RIPS) method.76  

 Monte Carlo (MC) sampling comprises FF based methods that are particularly useful 

for simulating systems with many coupled degrees of freedom, for example in the case of 

highly flexible molecules and protein structures. The algorithm is based on random 

sampling in internal coordinates and compared to molecular dynamics (MD) calculations 

the MC-methods sample the conformational space more efficiently. In combination with 

Metropolis sampling,77 MC generates Boltzmann weighted conformational ensembles that 

can be used for calculating thermodynamic observables for the system.  

 There are methods available aimed to speed up conformational searches for large 

databases of molecules. Conformational import does not sample the whole molecule 

conformations but identifies and assembles fragment conformations from a database of 

pregenerated fragment conformations. 

2.6.4. Structure based design 

Design of ligands that relies on knowledge of the 3D structure of the macromolecular 

target is known as structure-based design. Macromolecular structures are experimentally 

determined by nuclear magnetic resonance (NMR) spectroscopy or X-ray crystallography. 

The latter method gives in general better structural resolution than the determinations by 

NMR spectroscopy or modeled with guidance from structures of related proteins, as 

described in the following section. 

2.6.4.1. Homology modeling 

Homology modeling, also known as comparative modeling, is a method used when the 

target protein structure is not known, but the structure of a related protein is available. 

The method relies on the evolutionary fact that homologous proteins with similar amino 

acid sequences, most likely have similar 3D-structures.78 The homologous proteins often 
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contain regions that retain the same general 3D-structure and regions that differ. The 

geometrical quality of the constructed model depends partly on the similarity of the 

sequences, the resolution of the template structure and in some cases on the 

conformational state of the template structure. There are several softwares available to 

construct homology models such as Modeller,79 Prime,80 SWISS-MODEL,81 etc., however 

in this thesis we have used ICM82 and MOE,83 the description below focuses on the latter 

method. 

There are usually four steps in the homology modeling procedure:  

• Template selection – Several methods are available to identify suitable protein 

templates, which are sufficiently close in evolution to result in a reliable 

homology model. The template may belong to a homologous protein family or 

have a function similar to that of the query sequence. It is also possible to pick 

different template structures to different regions when more than one template 

structure is available.  

• Sequence alignment – This step is often performed together with the template 

selection, as the most common methods of identifying templates rely on the 

production of sequence alignments. For greater credibility of the alignment, 

several related sequences can be compared in a multiple sequence alignment. The 

alignments must still, in many cases, be manually checked and adjusted to be 

consistent with structural and experimental data, if such are available. An error in 

alignment will severely impair the quality the model in that region. 

• Model generation/model refinement – In the most applied method, and in that used in 

this thesis, all atom geometries of the conserved residues are copied from the 

template into the model while only the backbone geometries are copied in the 

non-conserved parts. In those regions where the model has no template structure 

(gaps), typically found in loops, the program searches for fragments in PDB2 to 

anchor up to the already modeled parts. Once all the loop fragments have been 

chosen, the side chains are modeled. Side chain data are assembled from an 

extensive rotamer library generated by systematic clustering of PDB data. A 

deterministic procedure based on Unary Quadratic Optimization (UQO)84 is 
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then run to select an optimal side chain packing. When all backbone segments 

and side chain conformations are modeled, hydrogen atoms are added to 

complete the valence requirements. The models are then submitted to a series of 

energy minimizations before the final preparation of the models are scored and 

written to an output database. 

• Evaluation of the protein model – Protein geometry evaluation tools can be used in 

order to confirm that the geometric quality of the selected models is reasonably 

consistent with typical values found in crystal structures. There are geometry 

evaluation tools implemented in the MOE software,83 but there are also several 

other evaluation programs available, e.g. Procheck.85 Manual adjustments to the 

structure due to for example errors in the sequence alignment may be necessary, 

particularly in the loop areas, followed by a rebuilding of the model. 

2.6.5. Ligand based design 

Ligand based design methods are typically used when the three-dimensional (3D) 

structure of the target protein is unknown, or as a complement to structure based 

methods. The ligand based methods require the use of several compounds with the 

desired biological profile, these compounds are used to gain information regarding the 3D 

rearrangement of functional groups in the ligands in order to e.g. guide the design of 

novel ligands.  

2.6.5.1. Pharmacophore modeling 

Pharmacophore modeling is a useful method to extract important structural properties 

from a set of ligands with a shared biological profile. The pharmacophore can be 

considered as the largest common denominator shared by a set of active ligands. 

Properties of the ligands important for target protein interactions can be referred to as 

pharmacophore features and correspond to a spatial arrangement of interacting functional 

groups (within or outside the ligands). The pharmacophore features will reflect important 

interactions with amino acids in the binding site and thereby image the protein binding 

pocket. Ligands which bind to a protein may have various inherent degrees of freedom, 

but the conformational energies of strong binders are generally within 3 kcal·mol-1 from 

the global minimum conformation.86 In addition, it has been suggested that each 1.4 
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kcal·mol-1 of increased energy decreases the binding affinity 10-fold.86 Therefore an 

ensemble of low-energy conformations for each ligand is needed to be able to identify the 

bioactive ligand conformations. In the pharmacophore modeling process it is strategically 

best to start from the most rigid structures and then try to superimpose the more flexible 

compounds into the pharmacophore model. The active ligands should not only be 

conformationally rigid but also structurally diverse. In addition, inactive compounds 

resembling the actives should be included in the procedure to increase the chances to 

obtain a true bioactive 3D pharmacophore. When as many as possible of the active 

ligands fit into the pharmacophore model one may try to exclude inactive ligands, if such 

are available, with the aim to make the model selective. The inactives can be excluded by 

not hitting essential pharmacophore features or entering into forbidden areas/volumes, 

which no parts of the ligands are allowed to occupy. 

 Once a sufficiently selective model has been derived it can be used to search for 

existing compounds that contain the same pharmacophore elements and thereby may 

show similar activity. Furthermore, the pharmacophore model may help to interpret the 

existing structure activity data and generate ideas to design new potentially active 

candidates. 

 The software packages available for pharmacophore modeling differ mainly in how 

the ligands are superimposed. The first commercial software for pharmacophore 

discovery was Catalyst,87 which uses a simplified version of the CHARMm88 force field to 

evaluate the conformational space of ligands. The conformational search in Catalyst uses 

a “poling” algorithm to maximally span the accessible conformational space of a molecule 

and not necessarily only the local minima.89 The recommended energy threshold is rather 

high (20 kcal·mol-1), and the high energy cut-off allows odd conformations to also match 

the pharmacophore. Other pharmacophore generating tools are also available, such as 

Phase90 and LigandScout.91 

 In the pharmacophore modeling tool in the MOE program,83 a pharmacophore 

annotation scheme is used to assign pharmacophore points (such as H-bond donor 

and/or acceptor, hydrophobic atom, etc.) from a 3D conformation of a ligand. These 

points can be divided into three broad categories:  
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• Atom annotations - located on an atom in the ligand, such as "H-bond donor or 

acceptor" or "cation" and typically indicate a functional group in a ligand 

involved in protein-ligand binding. 

• Centroid annotations - located at the geometric center of a subset of the atoms in a 

ligand. For example, an aromatic ring annotation will be located at the centroid 

of the ring.  

• Projected annotations - for example positioned along hydrogen bond directions and 

are used to annotate the position of possible hydrogen bond interaction points.  

The pharmacophoric features have a spherical shape and the size of the spheres can be 

fine-tuned manually to achieve a model that fits the experimental data. The 

pharmacophore hits are ranked with respect to the RMSD calculated from the centers of 

the pharmacophore features to the corresponding annotation point from the hitting 

ligand conformation. The program includes an RMSD cut-off which can be set by the 

user, but the relative conformational energy of the ligand is a more informative value if 

the hit is sufficiently good or not. It is also possible to add volume constrains, such as 

excluded volumes where no matching heavy atoms are permitted, exterior volumes where no 

predefined heavy atoms are permitted outside the volume and included volumes where at 

least one specified atom type must be positioned inside the volume. In addition, logical 

constraints for feature matches such as “and” and “or”, together with priority settings 

such as partial- or essential match, can be used to further refine the pharmacophore model. 

The generated model may be validated by verifying/falsifying hits experimentally.  
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3. Dopamine D2 agonist pharmacophore and receptor modeling 

During the years, dopamine D2 receptor (drd2) function and agonist binding have been 

extensively studied using various techniques. Important amino acids for agonist binding 

have been pointed out using site-directed mutagenesis combined with binding studies. As 

in all drug relevant monoaminergic receptors the dopamine D2 receptor has an aspartic 

acid in TM3 (Asp1033.32)46-47 which interacts with the amino function of agonists. There is 

a cluster of serine residues (Ser1935.42, Ser1945.43 and Ser1975.46)48-50 interacting with 

hydrogen bonding substituents in the aromatic ring of the agonists. A hydrophobic face 

in TM6 (Trp3866.48, Phe3896.51, Phe3906.52 and His3936.55),51, 92 has also been identified to 

be important for dopamine agonist interactions. Shi and Javitch93 found that two amino 

acids (Ile184 and Asn186) in the second extracellular loop (EC2) that lines the binding 

crevice are pointing downwards into the binding pocket and are important for ligand 

binding. As all monoaminergic GPCRs, drd2 has a disulfide bridge (EC2-SS-TM3) that 

connects a cysteine residue in EC2 (Cys182 in drd2) with a cysteine in TM3 (Cys1073.25). 

It has been shown that disruption of this disulfide bond in GPCRs dramatically decreases 

ligand binding,94 or could destabilize the high-affinity state of the receptor.95  

3.1 Dopamine D2 agonist pharmacophore models 

Early dopamine D2 receptor agonist pharmacophore models were based on the following 

features: i) the amino function (including the direction of the hydrogen bond), ii) the 

hydrogen bond acceptor/donor site, and iii) the aromatic site. These features were used 

for the superimposition of a set of different agonists in order to identify an agonist based 

pharmacophore.96-101 These first reported approaches focused mostly on the amino 

function and the hydrogen bonding features of the agonists, and they only included a 

limited training set of ligands. Later Cho et al.51 demonstrated that a specific 

phenylalanine residue in drd2 (Phe3906.52) was important not only for binding affinity, but 

also for receptor activation. This was also shown to be the case in several other GPCRs, 

e.g. Parrish et al. suggested a π–π-interaction between the agonist and the corresponding 
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phenylalanine in the 5-HT2A receptor.102 Therefore alignment of the aromatic ring of the 

different agonists in the pharmacophore ligand training set is of special importance.  

 There are many D2 agonists known from different structural classes, such as 

phenethylamines, apomorphines, aminotetralines and benzoquinolines, with various 

affinities and efficacies. The predictivity of a pharmacophore model is highly dependent 

on the ligands included in the construction of the model. We have therefore selected 

relatively rigid agonist from the different classes which demonstrated high efficacy and 

high binding affinity (actives), together with structurally similar inactives. The inactives 

could be non-binders, inverse agonists, antagonists or low intrinsic partial agonists.  

 Many of the inactives are enantiomers to the actives or are substituted differently 

compared to the actives. The actives do not necessarily have to be selective for the D2 

receptor, as long as they fulfill the criteria regarding their pharmacological profile and 

conformational rigidity. In addition, some structurally related potent partial agonists have 

also been included to generate a deeper understanding of structure-efficacy relationships. 

The compounds included in the set are shown in Figure 9. 

3.1.1 The construction of a new ligand based dopamine D2 agonist pharmacophore model (Paper I) 

In this project, the initial D2 agonist pharmacophore model was constructed from low-

energy conformers of two superimposed full D2 agonists (R-NPA57 (1) (ΔE = 0.015 

kcal·mol-1) and talipexole103-104 (2) (ΔE = 0.007 kcal·mol-1) (Figure 10a). The 

superimposition was made using a SEAL105 alignment and the initial pharmacophore 

model consisted of i) a projected feature representing the aspartic acid residue in TM3 

(Asp-TM3), ii) two projected features representing the serine residues in TM5 (Ser-TM5 

A and B), iii) a combined feature arrangement defining the aromatic system (Aro) and, iv) 

a hydrophobic inclusion volume (Figure 10a). The Asp-TM3 feature was defined as a 

projected hydrogen bond donor feature, since the amino function interacts with the 

carboxylate via a charged assisted hydrogen bond. The Ser-TM5 features act both as 

hydrogen bond acceptors and donors. The Aro system consists of an aromatic centroid 

feature together with two ring normals which determine the orientation of the aromatic 

plane.  
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Figure 9. Selected D2 receptor full agonists (1–13a), partial agonists (8b, 10b, 14, 15a and 16a) and 
structurally related inactives (3b, 4b, 6b, 13b, and 15b-20).  

The two hydrogen bond ‘acceptor and donor’ features (A and B Ser-TM5, Figure 10a) in 

the initial model were replaced with one ‘acceptor or donor’ feature, which allows for 

interactions with non-hydroxy containing functional groups such as carbonyl oxygens and 

donating N-H groups (Figure 9). The position of the new Ser-TM5 feature was fine-
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tuned (Figure 10b). In addition, its priority was changed to be essential, from being either 

one of the Ser-TM5 features. In this refined model the D2 agonist characteristic 

hydrophobic inclusion volume (Hyd) was removed (Figure 10b), to prevent it from being 

a too strong determinant for the D2/D1 agonist selectivity. It was not necessary for 

discrimination and by its removal we wished to obtain insights in other causes for agonist 

selectivity than the propyl pocket. The removal of the Hyd-volume resulted in 

pharmacophore hits where the protonated amino function interacted with the Ser-TM5 

feature, but by the inclusion of a cation feature the amino function could be correctly 

oriented. The cation feature was located near Asp-TM3 and the radius of the feature was 

large to allow Asp-TM3 hits from different directions. 

 

 

Figure 10. a) The initial dopamine D2 agonist model based on the superimposition of the full 
agonists R-NPA (1; green) and talipexole (2; purple). The pharmacophore consists of two projected 
hydrogen bond acceptor and donor features (Ser-TM5), a hydrogen bond donor feature that 
interacts with the protonated amino function (Asp-TM3), a hydrophobic feature (Hyd), and a 
combined feature that defines the aromatic system (Aro). b) The refined D2 agonist pharmacophore 
model together with the selective D2 agonist R-NPA (1). The model includes Asp-TM3, which 
describes the projected anion. The annotation points are: Ser-TM5, N+, Asp-TM3 and Aro (the 
aromatic system). 

The pharmacophore model was screened against four differently generated ensembles of 

conformations of the D2 ligands (Table A1 in Appendix and MMFF94(S) and 

OPLS_2005 results in Table 1). All active ligands except S-DPAT (9) (12/13) fitted the 

pharmacophore model, 9 did not fit as it is not capable to interact with the essential Ser-

TM-5 feature. Furthermore two out of four partial agonists (2/4, S-6- (14) and R-7-OH-

DPAT (15a)) and eight out of twelve inactives did hit the pharmacophore. The four 

inactives that missed were S,S-PHNO (4b), 3aR,9aS-(+)-6b, S-7-OH-DPAT (15b) and cis-

DHX (16c). To retrieve selectivity, i.e. to exclude the inactives, we introduced exclusion 
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volumes. The volumes were added one by one and their positions and sizes were fine-

tuned to exclude all conformations of the inactives, but still include conformations of 

active compounds.  

 The chromane-like DHX analog doxanthrine (17; Figure 9) shows considerably 

lower affinity for the D2 receptor than DHX (16a), which might indicate that the presence 

of a more hydrophilic ether function results in loss of activity. Therefore, a volume 

excluding oxygen (Excl O) in this position was added to discriminate 17 (Figure 11). The 

final ligand based D2 agonist pharmacophore model succeeded to include all but 9 of the 

full agonists (12/13 hits), two out of four partial agonists (2/4 hits) while all inactives 

(0/12 hits) were excluded (Table 1). 

 

Figure 11. Two orthogonal views of the final ligand based D2 agonist pharmacophore model, 
together with the D2 selective agonist R-NPA (1). The grey spheres represent the excluding volumes 
and the black the excluding oxygen volume. The feature color coding is the same as in Figure 10. 

3.1.2. The refinement of the dopamine D2 agonist pharmacophore model guided by the receptor model 

(Paper II) 

The selective D2 agonist pharmacophore model was superimposed into a structure model 

of the D2 receptor to compare the positioning of amino acids in the binding pocket with 

the pharmacophoric features and excluded volumes (the receptor modeling details are 

described below in section 3.2.2.). The geometry of the feature arrangement in the 

pharmacophore was in good agreement with the structure model, with the exception of 

the Ser-TM5 feature, which did not coincide with the serine residues but was instead 

located more towards the extracellular side close to Val1905.39 (Figure 12). The 
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positioning of excluded volumes differed also compared to the shape of the binding site. 

This is probably due to the fact that the initial pharmacophore approach is strictly guided 

by the ligands. We therefore decided to move the Ser-TM5 feature to be more consistent 

with the Ser1935.42 position in the 3D receptor model and reposition the excluded 

volumes to better match the shape of the binding pocket. The new Ser-TM5 feature was 

positioned deeper in the binding crevice based on projected hydrogen bond annotation 

points generated from the pharmacophore hits of low-energy conformers of full D2 

receptor agonists. 

 

Figure 12. Two orthogonal views of the ligand based selective dopamine D2 agonist 
pharmacophore model superimposed into the D2 homology model, with the selective agonist 2-
OH-R-NPA present. The backbone ribbon of the transmembrane helix 6 (TM6) is not shown on 
the side view (right), but the side chains of the interacting amino acids Phe3896.51, Phe3906.52, 
andTrp3866.48 are still included. The positioning of the anion feature (red) superimposes well with 
the aspartic acid Asp1143.32, as well as the position and direction of the aromatic system (orange), 
while the hydrogen bonding feature, Ser-TM5, together with the excluded volumes, do not match 
the receptor model.  

The size and position of the features were fine-tuned until all full agonists in the set fitted 

into the model. The priority of the hydrogen bond donor/acceptor feature was also 

redefined from being essential to optional, since hydrogen bonding does not seem to be 

crucial for obtaining a maximal D2 receptor intrinsic activity. The other features were kept 

as essential, which means that they must be matched. Excluded volumes were added to 

cover the hydrogen atoms in the amino acid residues surrounding the ligand to reflect the 

shape of the binding pocket. The selected hydrogens were bound to amino acids within 3 

Å from the ligand position (the D2 selective agonist, R-2-OH-NPA), including those 

involved in hydrogen bonding. The initial radii of the excluded volumes were selected 
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based on the van der Waals radii (vdWr) proposed by Bondi,106 (i.e., 1.2 Å for aliphatic 

and 1.0 Å for aromatic hydrogen atoms). The vdWr for hydrogen atoms in hydroxy and 

amino groups are not defined by Bondi, but were set at the same radii as the aromatic 

hydrogens. The sizes of the excluded volumes were gradually increased until the model 

was sufficiently selective between actives and inactives. The final diameters were 2.0 Å for 

aliphatic and 1.8 Å for the aromatic. Furthermore, excluded volumes with a diameter of 

2.5 Å were introduced at the centers of mass of the aromatic rings, to avoid perpendicular 

clashes between the ligands and the receptor. The alignment of the feature part of the 

pharmacophore model in relation to the set of new excluded volumes derived from the 

receptor model was further tuned manually and evaluated by the hit rate of the ligand 

training set. The oxygen excluding volume (Excl O) was reintroduced to discriminate 17. 

 

Figure 13. Top view (left) and side view (right) of the new pharmacophore model based on the 
agonist-induced dopamine D2 homology model, with R-2-OH-NPA present in the binding site. The 
backbone ribbon of TM6 and the corresponding excluded volumes are not shown. The 
conformation of R-2-OH-NPA is taken from the ligand-receptor homology model complex, 
whereas the relative positions of the pharmacophore features are tuned to generate the best hit rate. 

The structure based agonist pharmacophore model (Figure 13) was screened against the 

set of D2 ligands (13 full agonists, 5 partial agonists and 12 inactives, Figure 9) and when 

using the OPLS_2005 generated ensemble of conformations all except two full agonists 

(R-3-PPP (10a) and A70108 (13a), 11/13), all but one of the partial agonists (S-3-PPP 

(10b), 4/5) and only one of the inactive (S-7-OH-DPAT (15b), 1/12), did fit into the 

pharmacophore model (Table 1). The screen of MMFF(S) generated conformations 

showed similar hit rate (11/13, 3/5 and 1/12, Table 1). The main reason that neither 

enantiomer of 3-PPP did fit the model is the perpendicular orientation between the 
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piperidine and phenol rings in low-energy conformations of 3-PPP. Liljefors and 

Wikström have shown that the 3-PPP enantiomers require a conformational change for 

binding.107 A70108 (13a, Figure 9), which also has a single bonded phenyl ring attached 

to an isochromane scaffold, shows a similar orientation of the ring systems as the 3-PPP 

enantiomers. This might explain the relatively low D2 receptor affinity for these three 

compounds.  

 Since the pharmacophore model was superimposed into the generated drd2 structure 

model the pharmacophore ligand hits could be interpreted with respect to their ability to 

interact with the specific D2 agonist key interactions. Cox et al.50 and Wiens et al.48 have 

done Ser→Ala mutation studies on the serine residues in TM5 and concluded that 

Ser1935.42 is most important for binding of catechol-containing full D2 agonists. The 

efficacy for inhibition of adenylate cyclase stimulation of R-NPA (1), the non-catechol 

containing agonist quinpirole (7) and the partial agonist R-7-OH-DPAT (15a) was not 

affected by any of these Ser→Ala mutated receptors. Interestingly, Tschammer et al.92 

showed that the binding of 7 and DA (12) are negatively affected by a His3936.55→Ala 

mutation, but not by a His3936.55→Phe mutation. We therefore decided to evaluate the 

best hit of each compound in the pharmacophore model by measuring the hydrogen 

bond distances and angles between the ligand and the amino acids Ser1935.42 and 

His3936.55. The optimal distance for hydrogen bonding is ~2.8 Å between the heavy 

atoms, but since the receptor is flexible we consider distances between 2.4 and 3.8 Å to be 

acceptable. The angle between the heavy atom and the hydrogen of the ligand to the 

oxygen in the interacting amino acid (N/O···H···O(Ser1935.42) and N/O···H-N(His3936.55) 

should ideally be 180±40º, but could as mentioned before be down to 120º if the 

distances are appropriate. These measurements were done for the OPLS generated 

conformations and the results are shown in Table 1. Worth to notice is that the 

pharmacophore hit of the inactive ligand S-7-OH-DPAT (15b) was unable to make 

proper hydrogen bonding interactions with Ser1935.42 or no interactions at all with 

His3936.55. Several of the full agonists such as R-NPA (1) were oriented in a position able 

to form hydrogen bonds with both Ser1935.42 and His3936.55. The partial agonist DHX 

(16a) interacted with His3936.55 at a suboptimal distance (4.5 Å and 146º), but it can form 

hydrogen bonds to Ser1935.42 with both catechol hydroxy groups (Table 1).  
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DHX lacked efficacy for inhibition of adenylate cyclase via the Ser1935.42→Ala mutated 

receptor, while the intrinsic activities were unaffected for 1 and the non-catecholamine 

agonists 7 and R-7-OH-DPAT (15a).48 The serine mutation may change the binding 

mode for DHX due to hydrogen bond formation between the meta-hydroxy group and 

His3936.55 and thereby a loss of the important face-to-edge π-π interaction with 

Phe3906.52. As the hit priority of the Ser-TM5 feature was changed to optional, also the 

full agonist S-DPAT (9) could fit into the model.  

3.2. Agonist-bound dopamine D2 receptor structure modeling  

As the D2 receptor has not been crystallized a structure model had to be constructed. To 

circumvent the lack of relevant template structures, methods based on ab initio prediction 

of all types of membrane protein structures (Rosetta108) including GPCRs (PREDICT109 

and MembStruk110) have been developed. Shacham et al.109 applied their PREDICT 

method on drd2 and performed a screening study showing an enhanced enrichment of a 

set of 43 D2 ligands seeded into 10,000 drug-like ligands, relative a random screening. 

MembStruk was used to generate models of drd2 to study both antagonist and agonist 

binding, but only a limited set of structures was included, especially agonists.111 

Furthermore, not all experimental data available regarding mutations and agonist binding 

were considered. In order to get more relevant protein binding site geometries Evers and 

Klebe invented a homology modeling procedure, based on a bound ligand forming 

restraints in the binding site.112 We applied a similar strategy by including an agonist in the 

binding crevice during the modeling to generate a drd2 structure model that represents 

the agonist bound state. 

 There are several available GPCR structures that could be used as a template for 

prediction of drd2, e.g. the dopamine D3 receptor (drd3),113 the adenosine A2A114 receptor 

or the adrenergic β1-,29 or β2-28, 30, 115 receptor structures. It could be expected that drd3 

should be a natural choice because it has the highest sequence homology with drd2, but as 

the ligand used in the structure determination (eticlopride) binds rather shallow in the 

binding crevice and does not interact with the typical agonist interacting amino acids it 

may not be the most suitable template. In addition, the ligand used for the drd3 

crystallization is an antagonist and as we were interested in the receptor/agonist 
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interactions, that might also be a drawback. The large sequence similarity between drd3 

and drd2 (78%) can therefore be a disadvantage as many of the homology modeling tools 

use an algorithm where the homology model inherits the exact geometry of conserved 

amino acids. 

 Eleven X-ray structures of GPCRs with an agonist bound or claimed to be in an 

active state have been published recently; two ligand-free opsin structures,116-117 two β2,28, 

30 five β129 adrenergic, and two adenosine A2A118 structures. The active versus the inactive 

β2 receptor structures differ relatively little in the binding pocket, instead they differ 

considerably towards the cytosolic side. The resolution of the two active adrb2 structures 

(3.5 Å, PDB-code 3PDS28 and 3P0G30) is lower compared to the previously solved β2 

structure crystallized with an inverse agonist present (2.4 Å, 2RH1115). The best β1 

structure has a high resolution (2.6 Å), but according to Warne et al.29 the receptor adopts 

an inactive conformation despite the bound agonist. The agonist bound adenosine A2A 

structure 2YDV118 has also a high resolution, 2.6 Å, but its homology with drd2 is rather 

low (31% in the TM region except IC3). At the time for this investigation the 2RH1 

structure was considered the most suitable template for homology modeling (section 

3.2.2.).  

3.2.1. A semi-empirical helix docking method with ligand present (Paper IV) 

A semi-empirical 7TM modeling method was developed which is based on repacking of 

the helices of a homology model using Monte Carlo sampling in torsion space, followed 

by ranking based on their structural, geometrical and ligand-binding properties. The main 

purpose of this method was to model GPCRs with focus on the binding pocket and to 

analyze agonist binding, mainly to the dopamine D2 receptor. The method is Monte Carlo 

based and the molecular system is defined in torsion space and the positioning and 

orientation of each helix is controlled by only six variables (Figure 14).119 
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Figure 14. The position and orientation of each helix is determined by six variables only in the 
torsion space representation, which makes geometry optimizations more efficient.119 Labels indicate 
the N-terminus (N), the center of mass of the helix (M), the coordinate system axes (x, y, z) and 
virtual variables (a1, b1, t1, a2, t2, t3). 

In the modeling procedure the loops were cut out to make the conformational sampling 

more efficient, but these could be added back when a desired model was generated. The 

bundle consisting of seven helices is expanded and randomly displaced, i.e. each helix was 

moved by a random distance (0-5 Å) away from the bundle center in the membrane 

plane, tilted with respect to its center (0±20 degrees) and rotated around the helical axis 

(0±30 degrees). To bring the helix bundle back weak initial restraints were introduced to 

the original homology model and to a ligand present. The ligand guided the receptor 

towards a chosen conformational state, i.e. for example agonist (active) or inverse agonist-

induced (inactive) states.  

 In order to validate the method we constructed a β1 adrenergic receptor model in 

complex with S-cyanopindolol, which could then be compared with the crystal structure 

(PDB code 2VT429). The heavy atoms of the receptor binding site, as defined by residues 

within 5 Å from the ligand in the crystal structure, had an RMSD of 1.6 Å in the best 

model and a re-docked conformation of S-cyanopindolol had an RMSD of 0.5 Å. 

 The method was also used to generate a dopamine D2 receptor homology model 

based on bovine rhodopsin (PDB code 1U19120), with the selective and rigid agonist R-

NPA (1, Figure 9) present. Three loose distance restraints were set from two heavy 

atoms in the ligand (meta carbon in the catechol and the basic nitrogen) to three receptor 

atoms (in Asp1143.32, Ser1935.42 and Ser1975.46) to roughly orient the ligand in the binding 

pocket. In addition, tethers were introduced between the Cα atom in those residues that 

were conserved between the model and the template. The strength of the tethers was 



35 

tuned such that computational resources were not spent on sparsely packed models (too 

weak restraints) while avoiding the regeneration of the starting structure (too strong 

restraints). The restraints were softened gradually during four geometry optimizing steps 

in the modeling procedure and in the final step they were turned off. In the initial step 

472 complexes were optimized but the number of models was reduced stepwise by a 

score threshold based on geometry properties and energies. Despite the use of tethers 

during the initial step, the Cα RMSD was 3-12 Å, which demonstrates a wide sampling of 

the conformational space. The first optimizing step is fast and therefore the initial 

threshold was set to allow many receptor ligand complexes (38 models) to be evaluated in 

step two and three. After the second threshold nine complexes were selected for a final 

geometry optimization. These nine were further evaluated by docking a set of D2 ligands, 

including actives and inactives, but the model had no discriminating ability. 

 The modeling approach is applicable also to other helical transmembrane proteins 

and is particularly useful when suitable protein templates are not available. This method 

development started when only few templates of GPCRs were available and it was 

therefore not used in the homology modeling of the dopamine receptors as several more 

relevant crystal structures had been published in the meantime. 

3.2.2. Homology modeling of the dopamine D2 receptor with agonist present (Paper II) 

The recent crystal structures have contributed to an improved understanding of the 

GPCR structure and function. These findings have increased the possibilities for 

construction of more reliable homology models. It has been shown that docking in a 

homology model of drd3 gave similar result as docking in a crystal structure.121  

 A sequence alignment between the human adrenergic β2 receptor (adrb2, 2RH1) and 

drd2 was performed using ClustalW (version 2.0.10).122 The amino acid sequence for 

lysozyme in adrb2 and the third intracellular loop (IC3) in drd2 between TM5 and TM6 

were both removed. The sequence alignment was carefully checked in less conserved 

regions close to the binding site and in loops. The second extracellular loop (EC2), which 

lines the binding site crevice, has shown to be important for agonist interaction and 

receptor activation.93, 123 The loop includes a disulfide bridge (EC2-SS-TM3) that 

connects a cysteine residue in EC2 (Cys182) with a cysteine in TM3 (Cys1073.25) (Figure 

15), and constrains the loop on top of the crevice. Manual sequence alignment 
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adjustments were made in order to fill gaps in helices and to obtain the appropriate 

geometry of EC2. The most important modification in EC2 was the alignment of Ile184 

and Asn186 close to the N-terminus of TM5, which have shown to be accessible for 

binding in drd2,93 with the corresponding Phe and Thr residues which are pointing 

downwards into the binding crevice in the template structure (Figure 15). 

 The force field used for the receptor modeling in this study was Amber99124 with R-

field solvation, as implemented in the MOE software.83 In the initial homology model, 

Pro1875.36 at the N-terminus of TM5 was positioned in the EC2, although prolines are 

known to introduce kinks or terminate helices. To prevent Pro1875.36 from being forced 

into the loop region, we used a novel strategy based on the introduction of an additional 

alanine residue just before the proline in EC2, which allowed proline to start the helix 

(marked with a green ring at the N-terminus of TM5 in Figure 15). The alanine residue 

was later manually deleted, which left a gap in the structure. The distance in the gap was 

reduced by a counterclockwise rotation around the center of the lower part of TM5 

whereupon Pro1875.36 and Asn186 could be connected. The sequence similarity between 

adrb2 and drd2 in the final manually adjusted alignment was 35% in total, 41% in the 

helix regions, and 57% in the binding pocket. 

 

Figure 15. The final sequence alignment of the human adrenergic β2 receptor (adrb2, 2RH1) and 
the human dopamine D2 receptor (drd2). The adrb2 red bars (DSC) indicate the transmembrane 
(TM) helix regions and the second extracellular loop helix (EC2 Helix) in the adrb2 structure. The 
amino acid sequence for lysozyme in adrb2 and the third intracellular loop (IC3) in drd2 between 
TM5 and TM6 were excised, which is marked with a dashed line. The green ring at the N-terminus 
of TM5 indicates the gap where the alanine residue was introduced to prevent Pro1885.37 from being 
forced into the EC2 (see text). Amino acids marked in dark blue indicate fully conserved positions, 
medium blue residues have highly similar physicochemical character, and light blue residues have 
less similar physicochemical character. The conserved cysteine bridge between TM3 and EC2 (EC2-
SS-TM3) is indicated. The most conserved residue in each helix is marked with the index 50. 
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To collect more structural information regarding the agonist binding site in drd2 and the 

key interactions, the drd2 agonist R-2-OH-NPA125 was present as environment in the 

binding site during the homology modeling procedure. R-2-OH-NPA is a structurally 

rigid full D2 agonist that contains not only the typical D2 agonist functional groups, such 

as a propyl-substituted basic amine and a catechol moiety, but also a hydroxy group in the 

2-position (Figure 16). The reason for selecting this agonist was to make a stabilizing 

interaction possible between the ligand and Asn186 in EC2 via hydrogen bonding, in 

order to steer the Asn186 side chain towards the binding pocket.93 

 

Figure 16. A schematic view of the interactions between the full agonist R-2-OH-NPA and the 
dopamine D2 receptor homology model. The typical catecholamine agonist–receptor key 
interactions with Asp1143.32 Ser1935.42 and Phe3906.52 are shown, together with the interactions 
between the hydroxyl group at the 11-position in R-2-OH-NPA and His3936.55. In addition, the 
hydroxyl group at the 2-position participates in a hydrogen bond with Asn186 in EC2, and 
Phe3896.51 forms a π–π interaction with the monohydroxylated phenyl group of the ligand. The 
characteristic propyl/allyl pocket is also indicated, located between the residues Val832.53, Cys1183.36, 
Trp3866.48, and Tyr4167.43. Amino acids in purple are polar, while green residues are hydrophobic. 
The blue shades indicate ligand–receptor solvent accessibility. 

During the modeling procedure, 20 homology models were generated independently, and 

for each model all side chain conformations were sampled three times. The backbone 

structure varied only little in the helical regions but considerably more in the loop regions, 

mainly in EC2 and IC2. The structural quality of the 60 homology models was evaluated 

carefully. The focus was directed at the agonist binding region and the important  
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Figure 17. Two orthogonal views of the dopamine D2 receptor (drd2) homology model (yellow) 
with the full agonist R-2-OH-NPA present in the binding site, and the structure of the adrenergic β2 
receptor (adrb2; 2RH1) in red. Some interacting amino acids of drd2 are included together with the 
corresponding residues in adrb2. These structures differ particularly in the second extracellular loop 
(EC2), but also in the upper part of transmembrane helix 5 (TM5) and TM6, where important 
interacting amino acids are positioned. 

interacting amino acids (Figure 16). The following protein structural properties were 

inspected using the evaluation tools implemented in the MOE software:83 1) the bond 

lengths, angles and dihedrals of the protein backbone; 2) Ramachandran plots of φ-ψ 

dihedrals (general, glycine, proline, and pre-proline; for explanations, see Figure A2 in 

Appendix); 3) side chain rotamer quality; and 4) non-bonded amino acid steric clashes. 

 To refine the model, hydrogen atoms were added to the ligand, and the ionization 

and tautomeric states of the ligand–receptor complex were determined. The selected 

complex was refined further by energy minimization with R-2-OH-NPA present in the 

binding site with motion restrictions on all heavy atoms. This step was followed by an 

unconstrained energy minimization. The overall geometry of the selected model was 

investigated and evaluated further with the more robust protein geometry evaluation 

program, Procheck.85 According to Procheck the model had sufficiently good geometry, 
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with no residues in disallowed regions. The model had an RMSD value of 2.1 Å for all Cα 

atoms and 1.5 Å for the Cα atoms in the TM region, relative the template structure. 

Significant structural similarity was observed for the backbone except for the EC2, where 

the loop in the template adopts a helical structure (Figure 15 and Figure 17). In addition, 

TM5 and TM6 were slightly tilted inward at the extracellular side, closing the binding 

pocket (Figure 17). The typical drd2 agonist key interactions were also present between 

2-OH-R-NPA and the receptor (Figure 16). The distance from the oxygen atom in the 

C10 hydroxy group in 2-OH-R-NPA (the para position in its dopamine substructure) to 

the oxygen atom of the hydroxy group in Ser1935.42 was 3.0 Å, and the 

O···H···O(Ser1935.42) angle was 164º. Phe3906.52 (II) was then positioned to make an 

optimal face to edge π-π-interaction with the aromatic catechol ring (I) in the ligand (r = 

4.9 Å, θ = 88.1º and ω = 12.4º, see definition in Figure 2). On the opposite side of the 

catechol ring Val1153.31 stabilized the position of the aromatic ring in the agonist via two 

C-H···π-interactions with a distance of 4.2 Å between the center of the aromatic ring and 

both Cγ atoms, which is sufficient for a good interaction.16 The catechol oxygen atom of 

2-OH-R-NPA that corresponds to the meta position in DA interacted with the imidazole 

NH group in His3936.55 with a distance of 2.9 Å between the heavy atoms and an O···H-

N(His3936.55) angle of 157º (Figure 16). The other nitrogen atom of the imidazole ring in 

His3936.55 interacted with the phenolic function in Tyr4087.43 (Figure 13).  
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4. Dopamine D1 agonist pharmacophore and receptor modeling 

4.1. Dopamine D1 agonist pharmacophore models and important amino acids for 

agonist binding 

D1 agonists have not been studied as much as D2 agonists when it comes to 

pharmacophore modeling. Mottola et al.126 have published a D1 agonist pharmacophore 

model based on internal structural features such as the amino function and the oxygen 

atom of the meta-positioned hydroxy group in the catechol. This study also included a 

limited set of agonists together with a few inactive analogs, which were used to define 

forbidden volumes.  

 Like drd2 and all other catecholamine receptors, drd1 contains an aspartic acid 

residue in TM3 (Asp1033.32), which forms a salt bridge with the basic amino group of the 

ligands.46 Chemel et al.127 and Pollock et al.128 have shown that drd1 also includes a cluster 

of conserved serine residues (Ser1985.42, 1995.43, and 2025.46) in TM5, of which Ser1985.42 

and Ser2025.46 contribute most to the binding of the majority of agonists. SKF82958 (23), 

together with two analogs, also containing a chloride in the meta-position were however 

more sensitive to a Ser1995.43→Ala than a Ser1985.42→Ala mutation, and least affected by 

a Ser2025.46→Ala mutation. The hydrophobic face, including Phe2896.52, is highly 

conserved among the monomaminergic receptors and it could be expected that this 

residue is important for agonist binding as well as for activation also in the dopaminergic 

receptors.51-53 

4.1.1. The construction of a new ligand based dopamine D1 agonist pharmacophore model (Paper I) 

The initial D1 agonist pharmacophore model was constructed in a similar way as the D2 

agonist pharmacophore model, described above. A SEAL alignment of two low energy 

conformers of selective D1 agonists (doxanthrine (17) ΔE = 0.0 kcal·mol-1 and SKF89626 

(21) ΔE = 0.06 kcal·mol-1 Figure 18 and Figure 19a) was the starting point. As drd1 and 

drd2 are relatively close homologs and have the key interacting amino acids in common, 

they also share the same type of pharmacophore features (Ser-TM5, Asp-TM3 and Aro). 

All known full drd1 agonists have a catechol function and in the initial pharmacophore 
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model two projected hydrogen bond acceptor/donor features (A- and B Ser-TM5) were 

included.  

 

Figure 18. Selected full (13b, 17, 18a, 19a, 21, 22, 23, 24a-b, 25a-c and 26) and partial (11, 13a, 19b, 
20, 24c and 27) D1 receptor agonists and structurally related inactives (1, 3a, 5, 7, 16b-c, 18a, 26b, 28 
and 29). 
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As the main aim was to study D2/D1 agonist selectivity and the final D2 agonist 

pharmacophore model only included a single Ser-TM5 feature, one of the features was 

removed from the D1 agonist pharmacophore to prevent it from being a too strong 

determinant for the selectivity. In addition, a cation feature was introduced to guide the 

orientation of ligand hits (Figure 19). Thereby the D1 pharmacophore model had the 

same composition and sizes of features as the D2-model but the internal arrangement 

differed. The model was screened with a set of ligand conformations generated with 

conformational import, contained 12 full agonists, 6 partial agonist and 10 inactives and 

excluded volumes were introduced, in order to make the model selective. The final ligand 

based drd1 agonist pharmacophore model was screened against two conformational 

ensembles of D1 ligands that were generated with both MMFF(S)69 (MOE)83 and 

OPLS_200570 (MacroModel)80 force fields, using Born72 solvation (water). It succeeded to 

include all but one full agonists (11/12, zelandopam (22) excluded), three of six partial 

agonists (3/6) and exclude all but three inactives (3/9), of the MMFFs generated 

ensemble of conformations. The screen of the OPLS_2005 generated conformations gave 

even better results (12/12, 4/6 and 1/9, Table 2 and Table A2).  

 

Figure 19. a) The initial dopamine D1 agonist model (left) based on the superimposition of the full 
agonists doxanthrine (17; green) and SKF89626 (21; orange). The pharmacophore model consists of 
two projected hydrogen bond acceptor and donor features (Ser-TM5), a hydrogen bond donor 
feature that interacts with the protonated amino function (Asp-TM3), and a combined feature that 
defines the aromatic system (Aro). b) The final ligand and structure based D1 agonist 
pharmacophore model which shares the feature arrangement with each other. The agonists 17 
(green) and 21 (orange) are the pharmacophore hits in the structure based model (both ΔE=0.0 
kcal·mol-1). The two distinct binding modes are represented by the agonists. The excluded volumes 
are not shown in the picture. 
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4.1.2. The refinement of the dopamine D1 agonist pharmacophore model guided by the receptor model 

(Paper III) 

The selective D1 agonist pharmacophore model was superimposed into a D1 receptor 

structure model. A comparison was performed to see if the pharmacophoric features and 

excluded volumes were consistent with the shape of the binding pocket including 

interacting and sterically demanding residues (the receptor modeling details are described 

below in section 4.2.1.). Unlike the drd2 agonist pharmacophore model the geometry of 

the feature arrangement was in good agreement with the interacting amino acids, but the 

excluded volumes had to be rearranged. Excluded volumes were introduced over the 

hydrogens with the van der Waals radii suggested by Bondi106 as described for the D2 

model (i.e. 1.2 Å for aliphatic and 1.0 Å for aromatic, hydroxy, and amine [polar] 

hydrogen atoms). The sizes of the volumes were manually increased (1.5 and 1.3 Å) and 

the alignment of the feature part of the pharmacophore model in relation to the set of 

new excluded volumes was fine-tuned manually until the pharmacophore model was 

sufficiently discriminating. The excluded volumes (2.5 Å) covering the aromatic residues 

were introduced as in the D2 model (Figure 20). The pharmacophoric feature 

arrangement was located even deeper into the receptor than the position of SKF89626 in 

the agonist/receptor complex (Figure 20). The position of the features was still in good 

agreement relative the key interacting amino acids (i.e., AspTM3, SerTM5 and Aro 

superimposed well with Asp1033.32, Ser1985.42, and Phe2896.52, respectively, in the receptor 

model; Figure 20).  

 The set of D1 ligands used to screen the previously described pharmacophore model, 

was supplemented with four novel compounds, three full agonists (4-OH- (25b) and 6-

Et-dinapsoline (25c) and the octahydrobenzo[h]isoquinoline analog (26), and one inactive 

derivative (26b). The total number of screening ligands was fifteen full, six partial agonists 

and ten structurally similar inactives (Figure 18). The updated D1 set was screened against 

the pharmacophore model and of the MMFF(S) generated ensemble all full agonists 

except zelandopam (22) (14/15), three out of six of the partial agonists (3/6, A77641 

(19b), A70108 (13a) and CY-208-243 (27) did not hit) and four out of nine of the 

inactives (4/9; (-)-DHX (16b), rotigotine (29), R-NPA (1) and nPr-DHX (5)) hit the 

pharmacophore. The screen of OPLS-2005 generated conformers turned out to be 
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slightly better, where two more inactives were discriminated ((-)-DHX (16b) and R-NPA 

(1)) and one more partial agonist hit the pharmacophore (A70360 (13b)). A difference was 

also that A70360 (13b) hit the model but not zelandopam (22). The reason why 13b and 

its enantiomer 13a are on the border of matching the pharmacophore model may be 

reflected by the fact that 13b is a full agonist, but with only low affinity, whereas its 

enantiomer 13a is a potent partial agonist (IA~60%).129 

 

Figure 20. Side (left) and top view (right) of the receptor-based pharmacophore model 
superimposed onto the D1 structure model. The backbone ribbon for TM6 and the corresponding 
excluded volumes are not shown. The conformation of SKF89626 is taken from the ligand–
receptor model complex, while the relative positions of the pharmacophore features are tuned to 
generate the best hit rate. 

The ligand set contains one full agonist with an N-substituent (SKF82958, 23), but unlike 

the other full agonists it contains also a chloride in the meta-position in the catechol ring. 

In the pharmacophore hit of 23 the chloride pointed towards the backbone carbonyl 

oxygen of Ser1073.36 (distance 2.7 Å and C-Cl···O-angle 153º). The analog lacking the Cl-

substituent had five times lower affinity for drd1 and showed also lower intrinsic 

activity.130 The increased affinity of 23 indicates that the chloride is likely to be involved in 

a specific intermolecular interaction with a geometry well corresponding to a halogen 

bond.131 This is in agreement with findings from mutations studies by Pollock at el.128 and 

Chemel et al.127 who showed that 23 is relatively insensitive to a Ser2025.43→Ala mutation 

and moderately affected by a Ser1995.43→Ala mutation. This halogen bonding may 

compensate for Ser-TM5 interactions and allow a deeper binding mode of 23 which 

might be required for full efficacy. 



T
ab

le
 2

. R
es

ul
ts

 o
f 

th
e 

lig
an

d 
an

d 
st

ru
ct

ur
e 

gu
id

ed
 D

1 a
go

ni
st

 p
ha

rm
ac

op
ho

re
 m

od
el

s 
se

ar
ch

 o
f 

tw
o 

di
ff

er
en

t e
ns

em
bl

es
 o

f 
ge

ne
ra

te
d 

co
nf

or
m

at
io

ns
. 

 
 

St
ru

ct
ur

e 
gu

id
ed

 p
ha

rm
ac

op
ho

re
 m

od
el

 
L

ig
an

d 
ba

se
d 

ph
ar

m
ac

op
ho

re
 m

od
el

 

L
iga

nd
 

 
M

O
E

 st
oc

ha
sti

c s
ea

rc
h 

B
or

n 
so

lva
tio

n,
 M

M
F

F
94

(S
)[a

]  
M

ac
ro

M
od

el 
se

ria
l t

or
sio

n 
se

ar
ch

 
G

B
/S

A
 so

lv
at

io
n,

 O
PL

S2
00

5[
b]

 
M

O
E

 st
oc

ha
sti

c s
ea

rc
h 

B
or

n 
so

lva
tio

n,
 M

M
F

F
94

(S
)[a

]  
M

ac
ro

M
od

el 
se

ria
l t

or
sio

n 
se

ar
ch

 
G

B
/S

A
 so

lv
at

io
n,

 O
PL

S2
00

5[
b]

 
 

Δ
E

[c
]  

R
M

SD
[d

]  
#

c/
#

h[
e]
 

Δ
E

[c
]  

R
M

SD
[d

]  
#

c/
#

h[
e]
 

Δ
E

[c
]  

R
M

SD
[d

]  
#

c/
#

h[
e]
 

Δ
E

[c
]  

R
M

SD
[b

]  
#

c/
#

h[
e]
 

D
op

am
in

e 
(1

2)
 

Fu
ll 

0.
0 

0.
66

 
6/

1 
0.

0 
0.

64
 

20
/8

 
0.

0 
0.

66
 

6/
1 

0.
0 

0.
64

 
20

/8
 

A
70

36
0 

(1
3b

) 
Fu

ll 
1.

5 
0.

65
 

7/
1 

 
 

13
/0

 
0.

0 
0.

67
 

7/
5 

2.
1 

0.
67

 
13

/5
 

D
H

X
 (1

6a
) 

Fu
ll 

0.
8 

0.
63

 
2/

1 
0.

0 
0.

13
 

14
/1

4 
0.

0 
0.

23
 

2/
1 

0.
0 

0.
13

 
14

/8
 

D
ox

an
th

ri
ne

 (1
7)

  
Fu

ll 
0.

5 
0.

60
 

2/
1 

0.
0 

0.
11

 
14

/1
4 

0.
0 

0.
12

 
2/

2 
0.

0 
0.

11
 

14
/6

 
(-

)-
A

86
92

9 
(1

8a
) 

Fu
ll 

0.
0 

0.
54

 
10

/6
 

0.
0 

0.
52

 
73

/5
8 

0.
0 

0.
54

 
10

/1
0 

0.
5 

0.
12

 
73

/3
6 

A
77

63
6 

(1
9a

) 
Fu

ll 
1.

4 
0.

30
 

3/
1 

0.
0 

0.
26

 
11

/7
 

0.
0 

0.
28

 
3/

2 
0.

0 
0.

26
 

11
/7

 
SK

F8
96

26
 (2

1)
 

Fu
ll 

0.
1 

0.
61

 
4/

2 
0.

0 
0.

63
 

20
/6

 
0.

1 
0.

61
 

4/
2 

0.
0 

0.
63

 
20

/6
 

Z
el

an
do

pa
m

 (2
2)

 
Fu

ll 
 

 
4/

0 
0.

0 
0.

63
 

40
/1

3 
 

 
4/

0 
2.

9 
0.

63
 

40
/2

 
SK

F8
29

58
d  

(2
3)

 
F

ul
l 

3.
8 

0.
47

 
22

/1
 

2.
2 

0.
40

 
50

/6
 

1.
8 

0.
41

 
22

/1
 

0.
0 

0.
43

 
50

/8
 

24
a 

Fu
ll 

1.
6 

0.
59

 
2/

1 
1.

6 
0.

61
 

6/
2 

0.
0 

0.
22

 
2/

2 
0.

0 
0.

13
 

6/
4 

24
b 

Fu
ll 

0.
0 

0.
23

 
2/

2 
0.

2 
0.

62
 

12
/6

 
0.

0 
0.

23
 

2/
2 

0.
0 

0.
12

 
12

/6
 

D
in

ap
so

lin
e 

(2
5a

) 
Fu

ll 
0.

0 
0.

39
 

1/
1 

0.
0 

0.
45

 
4/

4 
0.

0 
0.

39
 

1/
1 

0.
0 

0.
45

 
6/

4 
4-

O
H

-D
in

ap
so

lin
eg

 (2
5b

)
F

ul
l 

0.
0 

0.
36

 
1/

1 
0.

0 
0.

46
 

8/
5 

 
 

 
 

 
 

6-
E

t-
D

in
ap

so
lin

eg
 (2

5c
) 

Fu
ll 

0.
0 

0.
37

 
6/

3 
0.

0 
0.

46
 

16
/1

6 
 

 
 

 
 

 
26

g  
Fu

ll 
0.

0 
0.

55
 

2/
2 

0.
0 

0.
56

 
16

/8
 

 
 

 
 

 
 

A
po

m
or

ph
in

e 
(1

1)
 

Pa
rt

ia
l 

0.
0 

0.
61

 
2/

1 
0.

0 
0.

62
 

4/
2 

0.
0 

0.
61

 
2/

1 
0.

0 
0.

62
 

4/
2 

A
70

10
8 

(1
3a

) 
Pa

rt
ia

l 
 

 
6/

0 
0.

0 
0.

56
 

11
/7

 
0.

0 
0.

71
 

6/
3 

0.
0 

0.
72

 
11

/7
 

A
77

64
1 

(1
9b

) 
P

ar
tia

l 
 

 
3/

0 
 

 
11

/0
 

 
 

3/
0 

2.
8 

0.
67

 
11

/2
 

SK
F3

83
93

 (2
0)

 
Pa

rt
ia

l 
0.

4 
0.

68
 

5/
2 

0.
0 

0.
47

 
20

/1
6 

0.
0 

0.
43

 
5/

3 
0.

0 
0.

62
 

20
/1

0 
24

c 
Pa

rt
ia

l 
0.

0 
0.

62
 

2/
2 

0.
9 

0.
61

 
8/

4 
 

 
2/

0 
 

 
8/

0 
C

Y
-2

08
-2

43
 (2

7)
 

P
ar

tia
l 

 
 

3/
0 

 
 

1/
0 

 
 

3/
0 

 
 

1/
0 

R
-N

PA
d 
(1

) 
In

ac
tiv

e 
2.

5 
0.

60
 

6/
1 

 
 

27
/0

 
 

 
6/

0 
 

 
27

/0
 

S-
Su

m
an

ir
ol

e 
(3

a)
 

In
ac

tiv
e 

 
 

5/
0 

 
 

4/
0 

 
 

5/
0 

 
 

4/
0 

nP
r-

D
H

X
d  

(5
) 

In
ac

tiv
e 

1.
3 

0.
42

 
17

/2
 

3.
4 

0.
43

 
56

/2
 

 
 

17
/0

 
 

 
56

/0
 

Q
ui

np
ir

ol
e 

(7
) 

In
ac

tiv
e 

 
 

4/
0 

 
 

9/
0 

 
 

4/
0 

 
 

9/
0 

cis
-D

H
X

 (1
6c

) 
In

ac
tiv

e 
 

 
5/

0 
 

 
12

/0
 

2.
7 

0.
62

 
5/

1 
3.

4 
0.

62
 

12
/4

 
(-

)-
D

H
X

 (1
6b

) 
In

ac
tiv

e 
0.

8 
0.

74
 

2/
1 

 
 

8/
0 

0.
8 

0.
74

 
2/

1 
 

 
8/

0 
(+

)-
A

86
92

9 
(1

8b
) 

In
ac

tiv
e 

 
 

10
/0

 
 

 
41

/0
 

 
 

10
/0

 
 

 
41

/0
 

26
b 

In
ac

tiv
e 

 
 

2/
0 

 
 

8/
0 

 
 

 
 

 
 

R
o 

21
-7

76
7d

 (2
8)

 
In

ac
tiv

e 
 

 
4/

0 
 

 
8/

0 
 

 
4/

0 
 

 
8/

0 
R

ot
ig

ot
in

ed
 (2

9)
 

In
ac

tiv
e 

1.
3 

0.
73

 
18

6/
5 

1.
9 

0.
72

 
48

6/
13

 
3.

6 
0.

69
 

18
6/

2 
 

 
48

6/
0 

[a
] 

T
he

 e
ne

rg
y 

cu
to

ff
 f

or
 c

on
fo

rm
at

io
ns

 g
en

er
at

ed
 in

 M
O

E
 is

 4
 k

ca
l m

ol
-1

. [
b]

 T
he

 e
ne

rg
y 

cu
to

ff
 f

or
 c

on
fo

rm
at

io
ns

 g
en

er
at

ed
 in

 M
ac

ro
M

od
el

 is
 1

6.
7 

kJ
m

ol
-1

 (
~

4 
kc

al
 m

ol
-1

). 
[c

] 
T

he
 lo

w
es

t 
re

la
tiv

e 
en

er
gy

 [
kc

al
 

m
ol

-1
], 

w
ith

 r
es

pe
ct

 t
o 

th
e 

m
os

t 
st

ab
le

 c
on

fo
rm

er
 in

 t
he

 e
ns

em
bl

e,
 f

or
 t

he
 c

on
fo

rm
er

s 
th

at
 f

it 
th

e 
ph

ar
m

ac
op

ho
re

 m
od

el
. [

d]
 R

oo
t 

of
 t

he
 m

ea
n 

sq
ua

re
 d

is
ta

nc
e 

be
tw

ee
n 

th
e 

ce
nt

er
 o

f 
th

e 
ph

ar
m

ac
op

ho
re

 f
ea

tu
re

s 
an

d 
th

ei
r 

m
at

ch
in

g 
lig

an
d 

an
no

ta
tio

n 
po

in
ts

. [
e]

 #
c:

 n
um

be
r 

of
 c

on
fo

rm
at

io
ns

 g
en

er
at

ed
 f

or
 t

he
 r

es
pe

ct
iv

e 
m

et
ho

d;
 #

h:
 n

um
be

r 
of

 c
on

fo
rm

at
io

ns
 t

ha
t 

hi
t 

th
e 

ph
ar

m
ac

op
ho

re
 m

od
el

. [
f]

 T
he

 a
m

in
e 

is
 t

er
tia

ry
 a

nd
 

th
er

ef
or

e 
co

ns
id

er
ed

 c
hi

ra
l, 

an
d 

tw
o 

di
ff

er
en

t 
co

nf
ig

ur
at

io
ns

 h
av

e 
be

en
 u

se
d 

in
 t

he
 m

od
el

in
g.

 [
g]

 T
he

 c
om

po
un

ds
 a

re
 n

ew
 i

n 
th

is
 s

tu
dy

 a
nd

 t
he

re
fo

re
 w

er
e 

no
t 

sc
re

en
ed

 a
ga

in
st

 t
he

 p
re

vi
ou

sl
y 

pu
bl

is
he

d 
ph

ar
m

ac
op

ho
re

 m
od

el
. 

46



47 

4.2 Dopamine D1 receptor structure modeling  

4.2.1 Homology modeling of the dopamine D1 receptor with agonist present (Paper III) 

A drd1 model was constructed in the same way as described above for the drd2 (section 

3.2.2). A multiple sequence alignment using the human adrenergic β2 receptor (adrb2, 

PDB code: 2RH1), drd1, and drd2 was performed using ClustalW122 (Appendix Figure 

A1). Some manual adjustments were done in order to fill gaps in the sequences and an 

amino acid stretch (WYRAT) in EC2 was cut out in the template structure in order to let 

the program freely predict the 3D structure for the considerably longer stretch in drd1. 

The sequence similarity between adrb2 and drd1 in the manually adjusted alignment was 

36% in total, 43% in the TM helix region, and 67% in the binding pocket (the 

corresponding sequence similarity between drd1 and drd2 is 34, 43, and 55%, 

respectively).  

 

 

Figure 21. The refined multiple sequence alignment of the human adrenergic β2 receptor (adrb2, 
2RH1) and the dopamine D1 (drd1) and D2 (drd2) receptors. The adrb2 (DSC) bars indicate the 
transmembrane (TM) helix regions and the helix in the second extracellular loop (EC2 Helix) in the 
adrb2 structure. The lysozyme in adrb2 and the third intracellular loop (IC3) in drd1 and drd2 
between TM5 and TM6 were excised; this is indicated with a dashed line. The strikethrough amino 
acid stretch WYRAT was cut out in the template structure. The green ring at the N-terminus of 
TM5 in the drd2 sequence indicates the gap caused by the smaller number of amino acids between 
the cysteine bridge (EC2-SS-TM3) and TM5. Amino acids marked in dark blue indicate fully 
conserved positions, medium blue residues have highly similar physicochemical character, and light 
blue residues have less similar physicochemical character. The conserved cysteine bridge between 
TM3 and EC2 (EC2-SS-TM3) is indicated. The most conserved residue in each helix is marked with 
the index 50. 
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Figure 22. A schematic view of the interactions between the full agonist SKF89626 (21) and the 
dopamine D1 receptor homology model. The typical catecholamine agonist–receptor key 
interactions with Asp1033.32, Ser1985.42 and Ser2025.46 are shown. The meta-hydroxy group of 
SKF89626 interacts via hydrogen bonding with Ser1985.42 and the para-hydroxy group interacts with 
Ser2025.46. The para-hydroxy group also forms a hydrogen bond to Thr1083.37, while the aromatic 
ring in the agonist forms a face-to-edge π–π interaction with Phe2896.52 and a methyl–π interaction 
with Ile1043.33. Polar residues are shown in purple, whereas hydrophobic residues are in green. Blue 
shades indicate ligand–receptor solvent accessibility. 

The potent and full D1 agonist (+)-doxanthrine132 (DOX, 17) was present in the binding 

site during the generation of the homology models. DOX is a chromane-based analog of 

DHX, but unlike DHX, it is selective for D1 receptors.132 A total number of 60 drd1 

models were generated and in these models the backbone differed considerably in the C-

terminal part of TM4, in the EC2 close to the disulfide bridge, and around the IC1 loop, 

but particularly in EC3. The conformations of the side chains varied also in these regions. 

Such differences were also observed in helical regions where more than one optimal 

packing solution is possible. The force field used for the receptor modeling was 

Amber99124 with R-field solvation, as implemented in the MOE software.83 The two 

ligands, SKF89626 (21, Figure 20 and Figure 22) a super-agonist (Figure 3) with an 

intrinsic activity of 120%133-134 and zelandopam135 (22, Figure 18) have similar scaffolds, 

in which the catechol ring is linked via a single bond to a bicyclic motif. As mentioned 

above, all full D1 agonists contain a catechol function, and when aligning these aromatic 

rings, the binding mode of 21 and 22 differ from the remaining set of agonists. The low-
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energy conformations of 21 and 22 have the bicyclic motif oriented perpendicular to the 

catechol and the receptor aligned pharmacophore hits would therefore clash into residues 

in TM6. Therefore, it was concluded that D1 agonists may bind in two distinct binding 

modes when the structure guided excluded volumes have been introduced (Figure 19). 

The modeling approach which is based on an iterative procedure including both structure 

and ligand based methods made this observation possible. 

 

Figure 23. The dihedral angle energy profile for the bond connecting the two ring systems in 
SKF89626. The dihedral angle in the ligand is marked in bold. A) The conformation of SKF89626 
in the ligand/receptor complex with a relative energy of ~0.6 kcal·mol-1. B) The global minimum. C) 
The conformer of SKF89626 just after the planarity flip.  

When evaluating the rotational energy of the dihedral angle between the ring systems in 

21, we found that the energy barrier to planarity was ~8 kcal mol-1 (Figure 23). In 

addition, dinapsoline (25a, Figure 18) also had steric clashes in this region which 

particularly involved Phe2886.51. Therefore, different side chain rotamers of Phe2886.51 

were evaluated to create space for 25a, 21, and 22. A more favorable rotamer of 

phenylalanine was selected and DOX was replaced by 21 in the binding site. A subsequent 

energy minimization was performed, which resulted in the movement of Val3177.39 in 

between Phe2886.51 and Trp2856.48 to form a larger cavity for these three agonists. This 

modification of the model did not affect the binding mode of DOX and the typical 
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monoaminergic key interactions, i.e. the ionic interaction to Asp1033.32, the hydrogen 

bonds to the serine residues (Ser1985.42 and Ser2025.46) and the face-to-edge π-π 

interaction with Phe2896.52, were still present in the D1 receptor–agonist complexes 

(Figure 22).  

 The basic amino group of the ligand interacted almost symmetrically with both 

oxygen atoms in Asp1033.32 and formed salt bridges with N-O distances of 2.7 and 2.9 Å, 

and N-H···O(Asp1033.32) angles of 158º and 130º. The other hydrogen atom in the amino 

function of 21 was just outside the defined distance to form a hydrogen bond with 

Ser1073.36 (d=4.6 Å, angle=175º). The hydroxyl group of Ser1073.36 was directed toward 

the binding crevice and interacted with the backbone carbonyl of Asp1033.32, this residue 

has shown to be important for agonist binding in both the drd1136 and 5-HT2A137 

receptors. The distance from the oxygen atom in the para-hydroxy group of 21 to the 

oxygen in the hydroxyl group of Ser2025.46 was 2.7 Å and the O···H···O(Ser2025.46) angle 

178º. In addition, the para-hydroxy group interacted also via a hydrogen bond to 

Thr1083.37 (d=2.7 Å, a=176º). The oxygen atom of the meta-hydroxyl interacted instead 

with Ser1985.42 with a distance of 2.8 Å between the heavy atoms and an 

O···H···O(Ser1985.42) angle of 166º. The hydroxyl-oxygen in Ser1995.43 was 4.6 Å away 

from the oxygen in the meta-hydroxy group of 21 and could therefore not interact directly 

with the ligand, but interacted instead via a hydrogen bond to Asn2926.55. This was in 

agreement with the findings by Chemel and co-workers,127 who suggested that the 

binding of the majority of the D1 agonists in their study were least sensitive for a 

Ser1995.43→Ala mutation. 

 The phenylalanine residue, Phe2896.52 (II), which has proven to be important for 

agonist binding and activation of GPCRs,51, 54 was positioned to form a face-to-edge π-π 

interaction with the catechol ring of SKF89626 (21) (I), but the angles were just on the 

border of being appropriate (r = 4.9 Å, θ = 74.0º and ω = 17º, see definition in Figure 2). 

As in the drd2-agonist complex, the aromatic catechol of 21 was stabilized from the 

opposite side of Phe2896.52, via C-H···π-interactions from Ile1043.33. The distance between 

the center of the aromatic ring and the Cγ atoms were 4.1 and 4.2 Å and the angles 145º 

and 152º (Cγ-H···centroid), respectively, which is sufficient for a good interaction.16 The 

position of the thiophene moiety of SKF89626 was stabilized by the 
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aromatic/hydrophobic cluster in TM6 and TM7, which includes residues Phe2886.51, 

Phe2896.52, Trp2856.48, Val3177.39, and Trp3217.43 (Figure 22). In EC2, which has been 

found to be important for agonist binding and activation of GPCRs,93, 123 two amino acids 

(Ser188 and Leu190) were directed downwards into the binding site crevice and can thus 

make additional interactions with the ligand. 

 The refined SKF89626-minimized D1 receptor model had an RMSD relative to the 

template structure (2RH1) of 2.8 Å for Cα and 1.94 Å for Cα in the TM-region. The 

generated structure model showed good geometric quality according to the evaluation 

tools implemented in MOE83 (Ramanchandran plots are shown in Apendix, Figure A3). 

The model was further investigated with the Procheck program,85 which showed that with 

the exclusion of glycines and prolines, 86% of the residues belonged to the most favored 

region of the Ramachandran map, 16% in the allowed, and 1% in the generously allowed 

region. No residues belonged to disallowed regions and all main chain and side chain 

geometries were designated to the “better” class. Close contacts were identified, all 

represented by protein ligand interactions.  
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5. Dopamine D2/D1 agonist selectivity 

5.1. Comparison of dopamine D2 and D1 agonist models 

The D1 homology model had an RMSD in relation to the corresponding D2 model of 2.2 

Å for Cα and 1.4 Å for Cα in the TM region. Thus, the dopamine receptor models were 

more similar to each other in the TM region than they were to the template structure 

(drd1–adrb2: 2.8 Å for all Cα and 1.9 Å for Cα in the TM region; drd2–adrb2: 2.1 Å for 

all Cα and 1.5 Å for Cα in the TM region). An overlay of the two models is shown in 

Figure 24. The orthosteric binding pockets, defined as amino acids within 3.5 Å of the 

corresponding agonists, were located between TM2, 3, 5, 6, and 7, and the EC2 lines the 

top of the binding crevice. The volume of the binding pocket of drd2 is 371 Å3, whereas 

it is considerably larger (495 Å3) for drd1. The radii of the optimized excluded volumes of 

the drd1 agonist pharmacophore models were 1.5 Å for aliphatic and 1.3 Å for aromatic 

and polar hydrogen atoms in drd1, and 2.1 and 1.9 Å, respectively, in drd2. This indicates 

that the models probably underestimate the actual size difference between the receptor 

binding sites.  

 The optimized positions of features in the drd1 pharmacophore model were shifted 

downward, corresponding to a deeper binding mode in the receptor relative to the feature 

arrangement in the D2 pharmacophore model.  

 The binding pockets for both receptors have 22 amino acids in common, all within 

3.5 Å from the ligands. Of these are ten positions non-conserved and could be expected 

to have strong influence on agonist selectivity. Drd1 has a serine residue (Ser1073.36) one 

turn down in the membrane relative to the Asp3.32, which interacts with the backbone 

carbonyl of the aspartate residue. In drd2 there is a cysteine residue in the corresponding 

position which has a conformation that points out in the crevice and prevents lower 

binding modes. In addition, the cysteine residue has an inferior hydrogen bonding 

capacity to that of serine, which makes hydrophilic elements less favorable in D2 ligands. 

This fact can explain the difference in selectivity between the drd2 selective agonist DHX 

(16a) and its analog DOX (17), which is a selective potent D1 agonist. The latter contains 

an ether function that points toward Ser/Cys3.36. An additional indication that DOX most 
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likely interacts with Ser1073.36 is that DHX, which cannot make this TM3 interaction is 

more affected by the Ser-TM5 mutations than DOX.127 Unlike the majority of selective 

D2 agonists, the D1 agonists contain a primary or secondary amine which is able to form 

an additional hydrogen bond to Ser1073.36 beyond that to the aspartate.  

 

Figure 24. Two orthogonal views of the superimposed dopamine D1 (blue) and D2 (yellow) 
receptor models together with the corresponding full agonists R-2-OH-NPA (blue) and SKF89626 
(21, yellow) present in their binding sites. The typical monoaminergic key interacting amino acid 
residues are shown explicitly. The structures differ particularly in the second and the third 
extracellular loops (EC2 and EC3), but also in the transmembrane (TM) region, where important 
interacting amino acids are positioned. 

Of special interest were the interactions made by the DHX diaza-analogues 24a-c 

(Figure 18) to residues in EC2 of drd1. The aromatic nitrogen atom in the most potent 

and full D1 agonist 4,6-diaza analog 24a may form a hydrogen bond with Ser188 in EC2 

(Figure 25). The distance between the heavy atoms in the hydrogen bond was 4.3 Å and 

the N···H-O(Ser188) angle was 139º, a distance and angle considered to be suboptimal for 

a hydrogen bond. However, Ser188 could most likely change its conformation to a 
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position more available for hydrogen bonding, due to its location in the flexible loop. The 

3,6-diaza analog 24b, showed slightly lower affinity than 24a, but had full efficacy for the 

D1 receptor. Finally, the 2,6-diaza analog 24c has even lower affinity and also lower 

efficacy. In the pharmacophore hits of 24c, the nitrogen atom points toward the 

hydrophobic Leu190 residue located in EC2. Interestingly, 24c was the most potent 

analog at the drd2 with a similar affinity as DHX.138 The corresponding residue to Leu190 

in drd2 is an asparagine (Asn186), whereas the Ser188 in drd1 corresponds to Ile184, 

which may reflect the D1/D2 binding selectivity of the diaza-analog. This result was in 

analogy with the potent and full intrinsic dinapsoline analogs 25b and 25c,139 where 25b 

has a hydroxyl function pointing towards Ser188 and 25c an ethyl substituent pointing in 

the direction of Leu190 in drd1. 

 

Figure 25. Left: The pharmacophore hit of the 4,6-diaza analog 24a which forms a hydrogen bond 
with Ser188 in EC2 in the D1 receptor model. The distance between the heavy atoms in the 
hydrogen bond is 4.3 Å and the angle (N···H-O(Ser188)) is 139°. Right: A side view of the 
superposed drd1 (blue) and drd2 (yellow) models. TM6 is cut out. The conserved tryptophan 
residue in TM6 that differs in conformation and forms the D2-characteristic propyl pocket together 
with amino acids in TM2, TM3, and TM7, Trp6.48. Tyr7.43 in drd2 interacts with Asp3.32, whereas the 
corresponding residue (Trp7.43) is unable to make that bond and is instead rotated toward TM6 and 
Trp6.48. His6.55 interacts with the meta-hydroxy group of the D2 agonist R-2-OH-NPA (yellow), while 
the corresponding Asn6.55 forms a hydrogen bond with Ser5.43. The D1 agonist SKF89626 (blue) 
binds deeper in the binding crevice. 

The TM5 serine residues that are part of the binding site are conserved between drd1 and 

drd2. TM5 in the drd2 model is rotated slightly inward toward the ligand binding site 

relative to the drd1 model, which makes the serine residues in drd2 less optimally 
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positioned for catechol interaction. This was also reflected in the D2 agonist 

pharmacophore model, for which the hit rate was the same when the priority of the Ser-

TM5 feature was redefined from essential to optional. This was in contrast to the D1 

pharmacophore model where the essentiality for Ser-TM5 feature hits was crucial. 

 

Figure 26. Representation of the solvent-accessible surface of the D2 (left) and D1 (right) receptors, 
as viewed from the binding pocket in the direction of the D2-characteristic propyl pocket region. 
The N-propyl functional group of R-2-OH-NPA is included to illustrate the shape difference 
between the receptors in that region.  

The hydrophobic face in TM6 is highly conserved between receptors, but they differ in 

position 6.55, where drd2 has a histidine and drd1 an asparagine residue. In mutagenesis 

studies His3936.55 has been shown to be involved in agonist binding in drd2,92 

unfortunately the corresponding Asn2926.55 in drd1 has not been studied. The asparagine 

residue is conserved in relation to the template structure (Asn2936.55) and has shown to be 

involved in agonist binding in adrb2.140 In the drd2 model His3936.55 was accessible for 

ligand interaction, whereas Asn2926.55 in drd1 was rotated toward TM5 and instead 

interacted with Ser1995.43 (Figure 25). The additional polar interaction between the ligand 

and His3936.55 in drd2 may explain D2 agonism of ligands with aromatic hydrogen 

bonding substituents other than the catechol function. Furthermore, D1 agonists cannot 

make polar interactions with residues in TM6, and for that a catechol function seems to 

be optimal for the Ser-TM5 interactions. The phenylalanine residue (Phe6.52), which forms 

a face-to-edge π–π interaction with the agonists, was positioned almost identically in the 

two models. The rotamers of the tryptophan residue (Trp6.48) one turn down in the 

membrane relative Phe6.51, differ to some extent between the receptors. Trp3866.48 in drd2 

adopted a conformation where the side chain was directed toward TM7, while the 



57 

corresponding tryptophan in drd1 was sterically hindered by the non-conserved 

Trp3217.43, which was rotated out towards the ligand binding site (Figure 25). In the 

drd2, Tyr4167.43 interacts with Asp1143.32 and was anchored up towards TM2, which 

opened up the cavity referred to as the propyl pocket, localized between the residues 

Val832.53, Cys1183.36, Trp3866.48, Thr4127.39, and Tyr4167.43 (Figure 16 and Figure 26) 

This cavity was not present in the drd1 model (Figure 25 and Figure 26). These 

geometrical differences in TM6 and TM7 between D1 and D2 might be a second reason 

why N-substituents are present on D2 but not on D1 agonists. It could also explain the 

diverse binding modes of the D1 agonists.  
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6. Concluding remarks 

We have developed selective D2 and D1 agonist pharmacophore models by using a 

strategy based on projected features and excluded volumes. To generate robust and truly 

discriminating 3D pharmacophore models, it was important that the set of actives used to 

build the models were structurally diverse and conformationally rigid. In addition, closely 

structurally related inactive analogs were needed. Therefore sets of well-characterized full 

agonists and inactives were carefully selected from the literature. The inactives were either 

agonists selective for the other receptor, inverse agonists, antagonists, or true inactives.  

 We also constructed dopamine D2 and D1 receptor 3D models with an agonists 

present in the binding site during the modeling procedure in order to steer the receptor 

towards the agonist bound states. The generated selective pharmacophore models were 

superimposed into their corresponding receptor model, and the pharmacophores were 

further refined based on information from the 3D receptor models and published 

experimental data. These pharmacophore models included forbidden areas where no 

matching heavy atoms are allowed, in order to reflect the shape of the binding pocket. 

The combination of receptor and pharmacophore modeling gave a unique possibility to 

identify key factors for D /D  selectivity, such as: 

• The Ser-TM5 interactions are not as important for D2 as for D1 agonists  

• The binding mode for D1 agonists seems to be deeper in the binding pocket than 

for D2 agonists  

• The sizes of the excluded volumes indicate that the binding pocket in the drd1 

homology model is too narrow 

• The unconserved Ser1073.36 residue in TM3 is important for D1 agonist binding  

• Interactions with EC2 are important for agonists to both receptors, but are of 

different nature 

• The unconserved His3936.55 residue in TM6 is important for D2 agonist binding 

• The unconserved Trp/Tyr7.43 residue in TM7 contributes to the formation of the 

drd2-specific propyl pocket, where Tyr4167.43 interacts with Asp1143.32 and opens 

up the cavity 

2 1
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A semi-empirical helix docking approach was developed for modeling of helix containing 

receptor targets (GPCRs and other transmembrane helix proteins). The method was used 

to build models of both the β1-receptor and the D2 receptor. A docking study using the 

latter showed however that the model was not selective as it did not only accommodate 

all full agonists but also most of the structurally related inactives.  

 The use of a combination of computational methods together with information 

from available experimental findings gives the opportunity to generate more reliable and 

predictive models. The approach described in this thesis is considered to be general and 

therefore applicable to many other systems. It is especially useful in less well-characterized 

systems to explore ligand–receptor interactions and to guide the construction of each 

model to make it more credible for further analysis. 
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8. Appendices 

 

  

Table 1. Results of the D2 agonist pharmacophore search of the four different ensembles of generated conformations. 

Ligand 
 

 
MOE conformational import 

Born solvation, MMFF94(S)[e] 
MOE stochastic search

Born solvation, MMFF94(S)[e] 
MacroModel serial torsion search 
GB/SA solvation, MMFF(S)[f] 

MacroModel serial torsion search
GB/SA solvation, OPLS2005[f] 

 ΔE[a] RMSD[b] #c/#h[c] ΔE[a] RMSD[b] #/#h[c] ΔE[a] RMSD[b] #c/#h[c] ΔE[a] RMSD[b] #c/#[c] 
R-NPA (1)d Full 0.0 0.61 10/6 0.0 0.59 12/6 0.0 0.58 16/16 0.0 0.45 21/19 

Talipexole (2)d Full 0.0 0.50 48/21 0.0 0.54 44/22 0.0 0.51 44/22 0.0 0.51 28/14 
R-Sumanirole 

(3a) Full 0.0 0.26 5/2 0.0 0.32 5/2 0.0 0.26 5/2 0.0 0.23 3/2 

RR-PHNO 
(4a) 

Full 0.0 0.47 9/6 0.0 0.51 6/4 0.0 0.51 17/17 0.0 0.50 12/12 

nPr-DHX (5)d Full 0.5 0.49 10/3 0.4 0.47 3/1 0.0 0.49 71/22 0.0 0.44 57/24 
3aS,9aR-(-)-6ad Full 0.0 0.60 6/6 0.0 0.53 5/5 0.0 0.53 9/9 0.0 0.54 12/12 
Quinpirole (7)d Full 0.0 0.37 8/6 0.0 0.38 5/5 0.0 0.36 9/9 0.0 0.36 9/7 

S-5-OH-
DPAT (8a) 

Full 1.2 0.61 82/17 1.7 0.57 78/21 1.2 0.55 130/29 2.1 0.57 140/30 

R-3-PPP 
(10a)d Full 3.1 0.67 34/2 3.5 0.68 26/3 3.2 0.70 68/6   43/0 

Apomorphine 
(11) 

Full 0.0 0.54 2/1 0.0 0.56 2/1 0.0 0.47 2/2 0.0 0.47 4/4 

Dopamine (12) Full 0.0 0.65 2/1 0.0 0.66 8/3 0.0 0.64 16/3 0.0 0.61 20/6 
A70108 (13a) Full 2.4 0.65 3/1 2.2 0.57 6/2 1.1 0.61 15/4 2.8 0.58 10/1 

R-5-OH-
DPAT (8b) 

Partial   80/0   75/0 3.0 0.74 131/2   140/0 

S-3-PPPd (10b) Partial   34/0   18/0   68/0   54/0 
S-6-OH-

DPAT (14) Partial 1.2 0.56 81/19 1.7 0.53 82/22 1.2 0.51 193/44 2.1 0.54 
154 
/34 

R-7-OH-
DPAT (15a) 

Partial 1.2 0.57 81/17 1.8 0.65 84/16 1.2 0.62 193/37 2.1 0.63 152/28 

S-Sumanirole 
(3b) Inactive   5/1   5/0   5/0 1.5 0.62 3/1 

SS-PHNO 
(4b)d 

Inactive   9/0   6/0   22/0   16/0 

3aR,9aS-(+)-
6bd Inactive   6/0   5/0   10/0   12/0 

A70360 (13b) Inactive   2/0   5/0   20/0   15/0 
S-7-OH-

DPAT (15b) 
Inactive   82/0   79/0   189/0   151/0 

cis-DHX (16c) Inactive   2/0   6/0   11/0   12/0 
(-)-DHX (16b) Inactive   1/0   2/0   9/0   14/0 

(+)-A86929 
(18a) 

Inactive   12/0   11/0 0.0 0.63 30/4 0.0 0.64 48/23 

A77636 (19a) Inactive   2/0   3/0   8/0   11/0 
A77641 (19b) Inactive   2/0   3/0   7/0   11/0 
SKF-38393 

(20) 
Inactive 2.3 0.51 3/1   5/0   13/0   22/0 

[a]The relative energy [kcal mol-1] of the conformer that fit the pharmacophore model, related to the most stable conformer in the ensemble.[b] Root of the mean square 
distance between the center of the pharmacophore features and their matching ligand annotation points. [c]#c: number of conformations generated using the assigned 
method; #h: number of conformations that hit the pharmacophore model. [d] The tertiary amine is considered chiral, and two different configurations have been used 
in the modeling. [e]The energy cut-off for conformations generated in MOE is 4 kcal mol-1. [f]The energy cut-off for conformations generated in Macromodel is 16.7 kJ 
mol-1 (approximately 4 kcal mol-1). 
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Table A2. Results of the D1 agonist pharmacophore search of four different ensembles of generated conformations.

Ligand 
 

MOE conformational import 
Born solvation, MMFF94(S)[e] 

MOE stochastic search
Born solvation, MMFF94(S)[e] 

MacroModel serial torsion search 
GB/SA solvation, MMFF(S)[f] 

MacroModel serial torsion search
GB/SA solvation, OPLS2005[f] 

 ΔE[a] RMSD[b] #c/#h[c] ΔE[a] RMSD[b] #/#h[c] ΔE[a] RMSD[b] #c/#h[c] ΔE[a] RMSD[b] #c/#[c]

Dopamine 
(12) 

Full 0 0.65 6/1 0 0.66 6/1 0 0.65 16/6 0 0.64 20/8 

A70360 (13b) Full   2/0 0 0.67 7/5 1.1 0.63 22/9 2.1 0.67 13/5 
DHX (16a) Full 0 0.17 1/1 0 0.23 2/1 0 0.15 9/5 0 0.13 14/8 

Doxanthrine 
(17) 

Full 0 0.14 1/1 0 0.12 2/2 0 0.13 7/3 0 0.11 14/6 

(-)-A86929 
(18a) Full 0 0.48 12/12 0 0.54 10/10 0.3 0.14 33/14 0.5 0.12 73/36 

A77636 (19a) Full 1.2 0.25 2/1 0 0.28 3/2 0 0.23 8/4 0 0.26 11/7 
SKF89626 

(21) 
Full 0 0.62 4/1 0.1 0.61 4/2 0 0.62 8/4 0 0.63 20/6 

Zelandopam 
(22) Full   4/0   4/0   13/0 2.9 0.63 40/2 

SKF82958d 

(23) 
Full 0 0.38 16/2 1.8 0.41 22/1 0 0.39 57/4 0 0.43 50/8 

24a Full 0 0.59 2/2 0 0.22 2/2 0 0.15 9/5 0 0.13 6/4 
24b Full 0 0.59 1/1 0 0.23 2/2 0 0.15 9/5 0 0.12 12/6 

Dinapsoline 
(25a) 

Full 0 0.36 2/1 0 0.39 1/1 0 0.36 3/2 0 0.45 6/4 

Apomorphine 
(11) Partial 0 0.62 2/1 0 0.61 2/1   2/0 0 0.62 4/2 

A70108 (13a) Partial   3/0 0.0 0.71 6/3 0.0 0.68 15/8 0.0 0.72 11/7 
A77641 (19b) Partial   2/0   3/0 3.6 0.65 8/1 2.8 0.67 11/2 

SKF38393 
(20) 

Partial 0 0.66 3/3 0 0.43 5/3 0 0.45 12/8 0 0.62 20/10 

24c Partial   2/0   2/0   9/0   8/0 
CY-208-243 

(27) 
Partial   2/0   3/0   3/0   1/0 

R-NPAd (1) Inactive   10/0   6/0   22/0   27/0 
R-Sumanirole 

(3a) Inactive   5/0   5/0   5/0   4/0 

nPr-DHXd (5) inactive   16/0   17/0   72/0   56/0 
Quinpirole (7) Inactive   8/0   4/0   8/0   9/0 
(-)-DHX (16b) inactive   1/0 0.8 0.74 2/1 0.4 0.75 11/2   8/0 
cis-DHX (16c) Inactive   2/0 2.7 0.62 5/1 1.9 0.61 11/4 3.4 0.62 12/4 
(+)-A86929 

18b 
inactive   13/0   10/0 1.4 0.75 34/13   49/0 

Ro 21-7767d 

(28) 
Inactive   3/0   4/0   13/0   8/0 

Rotigotined 

(29) 
inactive 2.5 0.66 232/2 3.6 0.69 186/2 3.4 0.69 375/2   486/0 

[a]The relative energy [kcal mol-1] of the conformer that fit the pharmacophore model, related to the most stable conformer in the ensemble.[b] Root of the mean square 
distance between the center of the pharmacophore features and their matching ligand annotation points. [c]#c: number of conformations generated using the assigned 
method; #h: number of conformations that hit the pharmacophore model. [d] The tertiary amine is considered chiral, and two different configurations have been used 
in the modeling. [e]The energy cut-off for conformations generated in MOE is 4 kcal mol-1. [f]The energy cut-off for conformations generated in Macromodel is 16.7 kJ 
mol-1 (approximately 4 kcal mol-1). 
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Figure A1. The initial multiple sequence alignment between dopamine D1 (drd1), D2 (drd2) and the 
adrenergic β2 receptors obtained from ClustalW. 
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Figure A2. Ramachandran plots for glycines, prolin, pre-proline and for general residues of the 
selected dopamine D2 homology model. The contours indicate allowed (orange) and core (green) 
regions of φ and Ψ angles, and the filled green rings indicate amino acids within the core regions 
while the yellow rings indicate allowed regions. A red cross indicates outliers. The outlier Lys101 1st 
extracellular loop (EC1) and the geometry are, therefore, considered to be acceptable. 
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Figure A3. Ramachandran plots for glycines, prolines, pre-prolines and for general residues of the 
selected dopamine D1 homology model. The contours indicate allowed (orange) and core (green) 
regions of φ and Ψ angles, and the filled green rings indicate amino acids within the core regions. 
The yellow rings indicate allowed regions. A red cross indicates outliers. The outliers Arg150, Ser162 
and Glu181 are located in loops far apart from the binding site and are, therefore, considered to be 
acceptable. 
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