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Abstract 
 

 Guanine nucleotide binding protein (G-protein) coupled receptors (GPCRs), the 

largest receptor family, is enormously important for the pharmaceutical industry as they are the 

target of 50-60% of all existing medicines. Discovery of many new GPCR receptors by the 

“human genome project”, open up new opportunities for developing novel therapeutics. High 

throughput screening (HTS) of chemical libraries is a well established method for finding new 

lead compounds in drug discovery. Despite some success this approach has suffered from the 

near absence of more focused and specific targeted libraries. To improve the hit rates and to 

maximally exploit the full potential of current corporate screening collections, in this thesis 

work, identification and analysis of the critical drug-binding positions within the GPCRs were 

done, based on their overall sequence, their transmembrane regions and their drug binding 

fingerprints. A proper classification based on drug binding fingerprints on the basis for a 

successful pharmacophore modelling and virtual screening were done, which facilities in the 

development of  more specific and focused targeted libraries for HTS. 
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Alphabetical List of Abbreviations 
 

2D:-   2-dimensional 

3D:-  3-dimensional 

7TM:-   seven-transmembrane-helix (receptor) 

Å: -   angstrom 

B2AR (B2):- ß2-adrenergenic receptor  

BI: -   Boehringer-Ingelheim pharmaceuticals, Germany. 

D2DR (D2):-  D2 - dopamine receptor 

EC50:-  agonist concentration which induces 50% of the maximum effect. 

G-protein: -  guanine nucleotide binding protein 

GPCR: -  guanine nucleotide binding protein coupled receptor 

GPCRDB: - G-protein-coupled receptor database 

HTS: -          high throughput screening 

IC50:-        antagonist concentration which suppresses 50% of an agonist induced effect. 

Ka: -           association constant 

Ki: -           dissociation constant (competition binding assay) 

Kd: -           dissociation constant (binding assay) 

PDB: -         protein data bank 

QSAR: -     quantitative structure-activity relationship 

SAR: -        structure activity relationship 

TM: -          transmembrane  

MDDR: -    molecular design limited (MDL) drug data report 

MutX: -      mutant X 

NMR: -      nuclear magnetic resonance 

SPL: -        SYBYL programming language 

WT: -        wild type 
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1 Introduction 
The ultimate goal of this master thesis is to establish new methods to develop targeted 

libraries, which can accelerate the discovery of new drugs for GPCRs using High Throughput 

Screening (HTS) and tailor-made GPCR-directed compound libraries. The “GPCR-directed 

libraries for HTS” project is based on the assumption that within the GPCR family there are 

consensus binding-sites for drug molecules defined by the positions of amino acids. These 

binding sites would not necessarily be of the same shape for all members but would involve 

combinations of the same residue positions, so-called drug binding “fingerprints” [24]. 
 
1.1 G-Protein Coupled Receptors  
 

 Guanine nucleotide binding protein (G-protein) coupled receptors (GPCRs) form a large 

and functionally diverse super family. These are cell surface membrane proteins with a chain 

length of approximately 500 amino acids and molecular mass of about 60kda. GPCR consists 

of a bundle of seven transmembrane helices (7TM), a cytosolic C-terminus, an extra-cellular N-

terminus, three cytosolic and three extracellular loops (figure 1.1).  

 GPCRs are involved in communication between the cell and its surroundings, and can 

detect signals at the periplasmic side. Such a signal may be a protein, a peptide, a small organic 

molecule, an ion, or a photon [2]. When the signal is transmitted through the transmembrane 

helices to the cytosolic side, where a trimeric G-protein becomes activated, this elicits the 

response in the cell [6]. Furthermore, the sensation of exogenous stimuli, such as light, odours, 

and taste is mediated via this class of receptors [32]. Two main factors for a protein to be 

classified as a GPCR are seven stretches of sequence of about 25 to 35 consecutive residues 

and the ability of the receptor to interact with a G-protein. GPCRs act as guanine-nucleotide 

exchange factors at the heterotrimeric G-protein. Hence these activated receptors induce a 

conformational change at the α-subunit of the associated G-protein that leads to release of GDP 

followed by the binding of GTP. Mostly primary sequence homology within this family of 

receptors is contained within the hydrophobic transmembrane domain, with the hydrophilic 

loop regions being more divergent. X-ray analysis and crystallization of GPCRs are extremely 

difficult since the required correct positioning of seven transmembrane domains depends on the 

presence of the lipid bilayer. 
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Figure 1.1: Common Structure of GPCRs. Seven α-helical domains of GPCRs are connected by three 
extracellular loops (E2-E4) and three intracellular loops (I1-I3). The amino terminus is extracellular (N-
term/E1) and the carboxyl terminal intracellular (C-term/I4). 

 Improper functioning of GPCRs leads to several diseases, such as alzheimer’s, parkinson’s, 

asthma, and dwarfism. Besides that, GPCRs play a major role in several other problems like 

hypertension, sleeplessness, depression, and several cardiovascular disorders [6]. As G-protein-

coupled receptors are involved in a broad range of body processes and functions, detailed 

knowledge about this receptor family is very important. GPCR research programs are going on 

at many pharmaceutical companies as well as in the academic sector, aimed at the designing of 

drugs to treat GPCR-related diseases.   

1.2 Classification of GPCRs 
 The seven alpha-helices spanning the cellular membrane is a typical feature of GPCRs. 

The C-terminus of the receptor protein is located in the cytoplasm and the N-terminus is in the 

extracellular environment. GPCRs are usually divided into six major classes called A-F [5]. 

Family A contains rhodopsin-like receptors, family B contains secretin-like receptors, family C 

contains metatropic glutamate receptors, family D contains pheromone receptors, family E 

contains cAMP receptors and family F contains other receptors, such as the frizzled receptor. 

The F family receptors are often hard to categorise.  

 Family A is the largest and most studied with approximately 90 % of the total number 

of receptors. Family A is often called AGPCRs, and is further divided into 6 subfamilies. 

Subfamily I contains olfactory, adenosine, melanocortin-like receptors, subfamily II contains 
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biogenic amine like receptors, subfamily III contains vertebrate opsins and neuropeptide-like 

receptors, subfamily IV contains invertebrate opsin-like receptors, subfamily IV contains 

chemokine, chemotactic, somatostain, opoid-like receptors and subfamily VI contains 

melatonin-like receptors. 

 

1.3 GPCR Modelling Using Bovine Opsin Structure  
 Although there has been a lot of technical development in recent years, the solved 

membrane protein structures are very few. The only GPCR whose X-ray structure is available 

is bovine rhodopsin (figure 1.2). The 3D structures of rhodopsin show that it contains 7TM 

domains which form a barrel shape and four compact ß-strands, of which two are of length 2 aa 

and the other two are of length 4 aa [4]. These seven helices traverse the membrane which is 

oriented perpendicularly to the plane of the membrane.  

           
         Figure 1.2: A common structure of 7TM helix of bovine rhodopsin [4]. Violet colour represents TM 
regions, yellow colour represents ß-strands and aqua colour represents loop regions. 
  

As techniques like x-ray crystallography and NMR encounter several problems with solving 3D 

structure, due to the complex membranous structure, GPCRs modelling studies play an 

important role in the study of GPCRs. Modelling studies start with a sequence alignment 

between the bovine opsin sequence as a template sequence and the family A GPCRs (AGPCRs) 

sequences as target sequences. Moreover, x-ray structures of bovine rhodopsin open a new way 

for modelling GPCRs. AGPCRs form an exception to this rule. In the majority of cases each 
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helix consists of one or two highly conserved residues, which allow for an explicit alignment of 

the helices of the model and the bovine opsin template. 

2 Background 
2.1 GPCR-targeted libraries 

 The rapid and cheap testing of large generalized libraries of diverse compounds has 

been a common strategy within many pharmaceutical companies [10]. However, as indicated 

by the number of new chemical entities, the desired increase of productivity has not been 

achieved [19]. The knowledge of the structural requirements for activity of a compound at a 

certain target family can be derived from structural information on the target class or from the 

analysis of potent ligands acting on the respective receptor family.  

  Although GPCRs are coded for only by a small subset of the human genome (2 to 3%), 

more than 50% of all existing drug targets are GPCRs. Sequencing of the human genome has 

expanded the number of potential GPCR targets  to several hundreds [10]. Hence, targeted 

library design is essentially an extension of the areas of computational chemistry and molecular 

modelling, which utilize quantitative structure-activity relationships (QSAR) for scaffold 

design and building block selection. Design of targeted libraries involves calculating molecular 

descriptors, using them in a model to predict biological activity, and to select building blocks to 

maximize the library’s performance against the target of interest. Some important reasons for 

designing GPCR-targeted libraries are; that the hit rate of focused libraries will increase, e.g. 

kinase-libraries [15]; that rapid and efficient SAR library follow-up around hits are found [3]; 

and that they are more successful and more cost-effective compared to large generalized 

libraries of diverse compounds [3]. 

 

2.2 In Silico (Virtual) Screening - Concepts  
 In silico screening is perhaps the cheapest and most successful way to identify new lead 

compounds. Virtual, or in silico, screening is defined as a selection of compounds by 

evaluating their desirability in a computational model [7]. The desirability comprises high 

potency, selectivity, appropriate pharmacokinetic properties, and favourable toxicology. Virtual 

screening assists the selection of compounds for screening in-house libraries and compounds 

from external vendors. The strategy of in silico screening is to bring a more focused approach 

using pharmacophore searches of 3D databases, homology searching and docking. Some 
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important points to be considered for virtual screening are: the knowledge about the 

compounds to be screened against receptor, the knowledge about the structure of the receptor 

and the receptor-ligand interactions, and the knowledge about drugs and drug characteristics 

[7].  

 Virtual screening allows the scope of screening to be extended to external databases. 

When this is done, increasingly diverse hits can be identified. Virtual screening is a cheaper 

and faster technique than experimental synthesis and biological testing. The application of 

virtual screening techniques before or parallel to HTS helps the assay-to-lead attrition rate 

observed from HTS [2]. In silico screening of compounds for GPCR activity can be performed 

by two approaches: The ligand-based and the target-based approach. 

2.2.1 Ligand-based Approach 

 The ligand based approach is the main technique used to design drugs for the GPCR 

family because of the limited availability of structural data of GPCRs. The ligand-based 

approach is mostly used when the structure of the receptor site is unknown. It is very important 

to have structurally similar compounds with high activity, with no activity, and with a range of 

intermediate activities for the most effective use of the ligand-based approach. On the basis of 

known ligand models, the discrimination between ligands and non-ligands can be generated. 

Such models have been proven to be powerful filter systems for virtual screening [23]. 

Application of those models to de novo compounds, external libraries, compound pool or 

virtual libraries results in target class-directed libraries, but models rely on binding data; 

therefore precise information about ligands is needed. Such data needs to be accessible through 

screening (internal or external), by GPCR databases or other sources. Models need to be 

validated by screening virtual hits in biological assays [10]. 

2.2.2 Target Based Approach 

  The target based approach is based on the assumption that within the GPCR family 

there are consensus binding sites for drug molecules defined by amino acid positions. These 

binding sites would not necessarily be of the same shape for all members but would involve 

combinations of the same residue positions, so-called drug binding fingerprints [24]. The target 

based approach is based on the sequence of the respective receptor. On the basis of the x-ray 

structure of bovine rhodopsin, homology models and logical models can be created. In this 
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approach, knowledge about mutation data is extremely important for the understanding of 

protein ligand interactions. Mutant data needs to be accessible through generation and 

screening of mutants, from GPCR databases or from other sources. Models need to be validated 

by screening virtual hits in biological assays. Resources for generation of mutants, acquisition, 

synthesis and testing of virtual hits are needed. 

     

2.2.3 Docking  

 Docking predicts the optimal physical configuration and energy of the intermolecular 

complex formed between two or more molecules [20]. Docking is widely used to suggest the 

binding modes of protein inhibitors. Docking is simply the collision of a substrate with the 

binding site in the correct conformation and orientation. In order to apply docking methods 

successfully, the active site geometry should be known either from x-ray crystallography or 

homology modeling, for proteins with known sequences. Within the context of molecular 

docking, there are several approaches available, such as automated docking and the use of 

combined quantum mechanical or molecular mechanical methods [7]. 

 Most of the docking methods that attempt to include the conformational degree of 

freedom only consider the conformational space of the ligand, while the receptor is invariably 

assumed to be rigid. Due to the lack of detailed information, like x-ray structure, accurate 3D 

model, or resolution value of the GPCRs, it is decided to go through the pharmacophore search. 

2.2.4 Pharmacophore 

 A pharmacophore is an ensemble of interactive functional groups with a defined 

geometry. In drug design the term “pharmacophore” refers to the set of features that is common 

to a series of active molecules. The section of the structure of a ligand that binds the receptor 

responsible for the desired biological action is a pharmacophore. The pharmacophore 

summarizes the important functional groups which are required for activity and the relative 

positions in space with respect to each other. Hydrogen bond donor and acceptor, negatively 

and positively charged groups and hydrophobic regions are typical features [12]. Such features 

are referred to as pharmacophoric groups. These groupings can be considered an illustration of 

the important concept of bioisosteres. The septial relationships between the groups are often 

expressed as distances or distance ranges but may also include other geometric measures, such 
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as angles and plane. The pharmacophore mapping is a procedure to determine possible 3D 

pharmacophores for a series of active compounds [11] and is usually used when an 

experimental structure of target macromolecule is not available. Once a pharmacophore has 

been developed, it can then be used to find or suggest other active molecules. Some advantages 

of pharmacophore methodology are that pharmacophores can be applied without knowledge of 

receptor structure, that its specification is very general, that it can be applied through different 

classes of ligands, and that it can be easily applied to large datasets in HTS [12]. 
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3 Methods & Materials 
3.1 Selection of GPCRs 

 As the GPCR family is the largest family of receptor proteins, it contains a large number 

of receptors. Due to time limitation, only the human adrenoceptor type 2 (B2AR) and 

Dopamine vertebrate type 2 (D2DR) receptor proteins were studied in this thesis work. 

Selection of these two GPCRs is due to their pharmaceutical importance [14, 30], and 

availability of more mutant information in comparison with other GPCRs. Both of these 

receptors belong to class A (amine) of GPCRs and there are number of previous studies [9, 14, 

30] on these GPCRs. Previous studies make it possible to compare the obtained results with the 

previous ones.    

 
3.2 Construction of Mutant Database 

Mutation data is the most important source of information for finding possible binding 

sites, especially when sufficient experimentally determined structures are not available. All 

mutant data used in this thesis were extracted from already published scientific papers. Well 

annotated single point mutations, double point mutations and multi point mutations were 

collected. Here annotated means that detailed information is available regarding quantitative 

and qualitative effects of mutations on agonist and antagonist binding. 

Two mutant databases were constructed for the human Beta Adrenoceptor type 2 

(B2AR) and Dopamine vertebrate type 2 (D2DR) from all available possible sources of mutant 

data, such as published articles and several biological and chemical databases (appendix 1 and 

2).  While extracting data from particular scientific papers, preference was given to those 

papers where calculated results were mentioned, rather than comparative results of 

experiments. From calculated values we can compare the property due to mutation accurately. 

Collection of data mainly focused on mutant information such as type of sequence (wild 

type / mutant), small molecule used (ligands), radio active ligands, and parameter values such 

as Bmax, Kd, Ki, IC50, EC50, Kact, binding type, and cell fraction. Calculation of these 

parameter values helps to find out the changes due to mutation. Since the mutant data was 

collected from different scientific papers, the units of measurement of the results may differ 
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from paper to paper, which can create confusion. To avoid this confusion; results in all the 

different measurement units were converted into a single unit. All the concentrations were 

converted into the nM (nano Molar) measurements unit. From the collected mutant data the 

factor values (mutant values divided by wild type values) were calculated for those mutants in 

which parameters (KI and KD) values are commonly available. A factor value provides an idea 

about the degree of change due to mutation.  

 

3.3 Multiple Sequence Alignment 
     The aim of multiple sequence alignment is to generate a concise, information-rich 

summary of sequence data in order to inform decision-making on the relatedness of a sequence 

to a protein family. Sometimes, multiple sequence alignment may be used to express the 

dissimilarity between sets of sequences. Alignment of primary sequences of GPCRs reveals 

that there is homology within the transmembrane domains across the family, but that the 

hydrophilic domains are largely divergent [13]. The degree of homology within the 

transmembrane domain is approximately 25-30% across the family as a whole, rising to 50-

70% among closely related receptor subtypes [14]. 

 Taking consideration of amino acids belonging to regions of interest, i.e. which might 

take part in ligand binding, multiple sequence alignment was performed (figure 4.1) using 

bovine rhodopsin as template, and B2AR and D2DR as targets. And also a similarity graph (figure 

4.2) is drawn from the sequence alignment (figure 4.1). The amino acid sequences of the target and 

templates were retrieved from the Swiss-Prot database [31]. Target sequences were aligned to 

the template sequence using AlignX, a module of Vector NTI 9.0 [26]. A slow pairwise 

alignment using the BLOSUM matrix series [57] and a gap opening penalty of 15 were chosen 

for aligning the amino acid sequences. Conserved amino acids were preserved while aligning 

the sequences. The multiple sequence alignment was performed with AlignX, due to its 

accuracy and reliability. 

        

3.4 Binding Site Analysis  
 A hypothesis was formulated regarding the possible amino acids that take part in ligand 

binding, stating that the involved amino acids are present in the 7tm helix of the concerned 

GPCRs. Mutagenesis studies with B2AR showed that the binding site was within the 
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transmembrane domain [16]. Only those amino acids which can create complete or partly 

binding surfaces in the inner region are important for drug binding [14]. GPCRs commonly 

bind ligands only in the inner region. SiteID finder, which is a module of SYBYL, also shows 

that there is a possible binding site located in the inner region (figure 3.2). Some earlier work 

[14, 30] in this field also proved that the common binding site for GPCRs is in the inner 

surface. It is difficult to select only the substructure which would form the binding site in the 

inner region. Thus a 3D structure analysis was done to find out the possible substructures that 

lie in the inner part. For this purpose only x-ray structure of bovine rhodopsin is taken from the 

PDB database [4]. One PDB structure of bovine rhodopsin is 1F88. Since the 1F88.pdb entry 

contains only the A and B chains, the A chain is selected. Selection of the only 7TM helix is 

done with reference to the PDB file and SWISS-PROT [31].  

To find out the possible amino acids that can form a binding surface in the inner region 

completely or partially, the MolCAD surface finder, a module of SYBYL [34], is used 

manually. MolCAD creates an electron density connolly solvent-accessible surface onto which 

it maps hydrogen binding sites, electrostatic potential, lipophilicity and other properties. This 

generates striking displays and communicates key surface properties of both small and large 

molecules. The MolCAD surface shows the possible binding sites for particular amino acids 

[17], i.e. only those amino acids were selected, which can create a complete or partial binding 

surface in the inner region. All substructures that were selected from MolCAD surface finder 

within the transmembrane region are shown in section 4.1 (in the multiple sequence alignment, 

red text with bold). 
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Figure 3.2: Showing the possible pocket (white) in the receptor and related amino acids in the 7TM 

structure of bovine [4]. This white pocket lies completely in the inner region. The 3D structure is drawn 

from SideID finder, which is a module of SYBYL7.0 [34]. 

 

3.5 Algorithm for model development 
 To perform a pharmacophore search in all possible conformations, chimeric amino acids 

should be mutated in a 3D model. An algorithm was developed to generate and analyze the 

whole possible conformation space of amino acids. This algorithm was written in the SYBYL 

Programming Language (appendix 3). A flow chart of the algorithm is shown in figure 3.3. 

 

 
Figure 3.3:  Flow diagram of developed algorithm. Each box represents a step of the algorithm. 

 

 Selection of PDB structures is the first step of the algorithm. From PDB only those 

structures were selected which have a resolution value below 2 Å. The lower the resolution 

value, the better the PDB structure. The B-Factor (also called the temperature factor) is an 

important parameter for measuring the quality of the PDB structure. The B-Factor also 

indicates the mobility of individual atoms and side-chains [29]. The B-Factor values vary 

widely between different structures and also within the substructure of PDB, so only the 

PDB structures, resolution  
2.0 Å or better 

B-Factor value <= 80 

Substructure lies in TM region 

Creation of database of all amino 
acids belonging to substructure

Analysis of all amino acids 

Analysis of chimeric conformation 
of amino acids 
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highest value within the particular substructure is taken into account [29]. Monomers which 

have B-factor values below 80 were extracted from the PDB structure. 

   As extramembrane parts (loops, N and C terminal) are too flexible and divergent in the 

amino acid sequence from the rhodopsin template [30], extramembrane parts were omitted. 

Thus, only monomers lying in the transmembrane region were selected. All potential side-

chains for all monomers which fulfill the above conditions were collected. Systematic searches 

for a minimum energy conformation were done [21], by using the MMFF94 (Merk Molecular 

Force Field version 94) option and by assigning a gradient value 0.05 and doing 1000 iterations 

(figure 3.5). MMFF94 is based primarily on a quantum mechanical calculation of the energy 

surface. The purpose of MMFF94 is to generate all possible chimerics, which helps with the 

calculation of the actual conformation of rotamers. It also helps with handling all functional 

groups of interest in pharmaceutical design. Databases were constructed separately for all 

amino acids that follow the above criteria (PDB resolution<2 Å, B-Factor<80 and lies with in 

transmembrane region).  

 

3.6 Analysis of amino acids 
 Analysis of each amino acid, especially for amino acids of interest (important for 

binding), were done individually by doing a conformational search and conformational analysis 

and by the use of small programs in SPL to calculate all torsion angles. Analyses of amino 

acids were done as described in the following sections. 

3.6.1 Conformational search 

         As the properties of the molecules are strongly affected by their conformation or 3D 

structure, a conformational search is very necessary to find the important conformations and 

also any analysis involving 3D structure to be reliable. Conformational search is used to find 

the lowest-energy conformation(s) of molecules. Conformational search is a procedure in 

which a set of rotatable bonds is identified, and for each of these bonds, all possible rotamers 

are examined as a function of each other. For each conformation achieved by this set of 

rotations, all internal atomic distances are computed. This search is a theoretical procedure to 

find out the actual torsions of rotamers. In the conformational search (figure 3.4) torsion values 

were calculated from the chi (χ) rotation. The chi angle is a dihedral angle calculated with four 
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points (the coordinates of four atoms) (figure 4.4, 4.6 and appendix 4); these four points are 

taken from the backbone structure of the amino acid, and calculates all the torsion values of the 

amino acid manually using the measure torsion option available in SYBYL. Values obtained 

from conformational searches are also called observed values.  

 
Figure 3.4. Program code  to perform a conformational search. The program creates a database for the 
particular amino acid (ASP) and updates the database with the measured torsion values. Five points (8 
6 5 2 3) are considered to measure two torsion values from the ASP structure. The first torsion is 
calculated by considering the first four points and the second torsion is calculated from the last four 
points using the measure torsion option. These points, which are considered to measure torsion, are the 
same for all the structures and substructures of ASP. This code was written in SPL.  
 

3.6.2 Conformational analysis 

The study of energy changes that occur during the rotation is called conformational 

analysis. To identify a pharmacophore, a conformational analysis is required. At one end of the 

spectrum of conformational analysis is the energy minimization. This procedure consists of 

moving the atoms of a molecule in such a way as to always reduce the total energy of the 

system based on force field equations and force field parameters.  Conformational analysis is a 

practical way to do the analysis of possible torsion of amino acids. To perform the 

conformational analysis a simple algorithm was written in SPL (figure 3.5). Torsion angle is 

calculated up to 360 degrees by making the 30 degree intersection. Torsion values were 

calculated from the chi (χ) rotation states. The chi angle is a dihedral angle calculated with four 

points (the coordinates of four atoms) (figure 4.4, 4.6 and appendix 4). From the analysis 

different values are obtained for all possible torsion angles. In some cases those rotamers which 

have the possibility to turn both sides were reduced by 180 degrees. Values from 

conformational analysis are also known as calculated values. 
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Figure 3.5: Code for the program to perform conformational analysis of ASP torsion angle, calculated up 
to 360 degrees by making 30 degree intersections. The i and j variables represent two torsions of ASP. 
Four points were taken in MODIFY TORSION; torsion is measured after performing energy minimization 
by MMFF94. This code completes the analysis of amino acids by using the modify and measure torsion 
option, which calculates electrostatic forces. The code was written in SPL. 
 

3.6.3 3D structure of chimeric amino acids 

 Chimeric amino acids contain all possible rotamers (set of preferable conformations) in 

the same structure [28]. These amino acids were prepared for the mutation of amino acids in 

3D models. Mutation of chimeric amino acids in the 3D model helps to find possible binding 

sites for pharmacophoric search.  

 3D structures were created in SYBYL software for all those amino acids which were 

amino acids of interest. Same amino acids structure is copied in different molecular graphic 

windows of SYBYL, according to number of conformational surface of amino acids. On the 

basis of selected sample population, torsion angle values of the amino acids in all molecular 

graphic windows were modified [22]. Then all the structures of the different molecular graphic 

windows were merged, using merge option available in SYBYL.  

 
3.7 UNITY Pharmacophore Search 

 UNITY [27], which is a module of SYBYL, is a search and analysis system for 

exploring chemical and biological databases. UNITY is designed to check compound databases 

and to return those compounds which match the specified query. UNITY structural queries may 

be based on molecules, molecular fragments, pharmacophore models, or receptor sites.   
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 When starting a UNITY search, yellow lines are displayed, which starts an active site 

donor and acceptor, ending with an asterisk. Yellow lines whose asterisks are closest to the 

ligands were selected. In UNITY, by default, all rules are applied using default values as 

mentioned in the Lipinski “rule of 5” [8], which are: 1) maximum number of H donors to allow 

in structure (default is 5); 2) maximum number of H acceptors to allow (default is 10); 3) 

maximum molecular weight (default is 500); 4) maximum for MLogP (default is 4.15); 5) 

ignore structures violating this number of rules or more (default is 2). 
 Values associated with the Lipinski rule are calculated at the time when the search is 

initiated and are not saved for later analysis. They are meant to be used as a very rapid way to 

eliminate unwanted compounds prior to the actual 3D search. The number of hydrogen bond 

donors and acceptors are calculated on the basis of the Lipinski “rule of 5” definitions [8]. 

   Pharmacophore searches were done by two ways, namely 3D-static and 3D-flexible. 

3D-static searching finds all the structures in a database for which the positions and 

relationships between various 3D features meet certain criteria, irrespective of how those 

features are connected to one another the 3D-static search found the hit only if the 3D 

conformation matches the query stored in the database. In UNITY, the 3D-flexible search takes 

the single conformation of all those compounds, which are stored in the database, and generates 

all feasible conformations. This search scans all possible conformations to only those which are 

relevant to the query. The 3D-flexible search attempts to determine if a candidate structure can 

reasonably flex into a conformation that matches the query. A flexible search may result in a 

no-hit (zero hit) condition if the candidate structure does not match the defined query. To avoid 

a no-hit situation, partial match constraints were introduced. For example, with a partial match 

constraint of 5 donor sites, a hit may contain up to all 5 of the donor sites, but it is considered a 

hit once 3 of the donor sites are found (and the other query criteria are met). Thus, only subsets 

of the features in the query need to match for a hit to be identified.  
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4 Results 
4.1  Multiple Sequence Alignment 

Taking consideration of amino acids belonging to regions of interest, i.e. which might take part 

in ligand binding, a multiple sequence alignment was derived, using bovine opsin as a template 

sequence and B2AR and D2DR are target sequences (figure 4.1). The alignment was performed 

by the multiple sequence alignment tool AlignX. The sequences were extracted from SWISS-

PROT [31]. In the alignment TM regions were selected on the basis of the SWISS-PROT and 

PDB structure of rhodopsin, TM regions are shown in green background, while yellow 

background shows that mutation data are available for the marked positions on the basis of 

constructed mutant databases. 
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Figure: 4.1: Sequence alignment. Green background shows TM regions, yellow background shows that 

mutation data is available for the marked positions, red text with bold indicates binding sites located in 

the inner surface, pink text with bold indicates binding sites lies in the middle (inner and outer), blue text 

with bold and underline indicates data of interest. 
                     

1 200 400  
 Figure 4.2: Similarity graph from the sequence alignment (figure 4.1). The height of peaks indicates the 

similarity of the aligned amino acids. 

 

4.2 Comparison of predicted possible binding site 
 

To cross-check the possible binding site of the GPCR receptor, a comparison is made of the 

possible putative binding site found (indicated by yellow and green colour in fig. 4.3), which 

lies within an inside 7TM region, and the possible binding site described by Bissantz [30] 

(shown in green and magenta colour).   

    
 
Figure 4.3:   3D structure showing predicted and possible binding sites. Green and magenta colour 
shows the possible binding site mentioned by Bissantz et al [30]. Yellow and green colour shows the 
possible binding site found by us. Green colour shows the commonality between both experiments. The 
magenta colour pocket, which lies completely outside, is only mentioned by Bissantz et al. The figure 
was created using SYBYL [34]. 
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4.3 Mutant Database 
 

 Mutant databases were generated for the B2AR and D2DR. These databases contain the 

mutant data of B2AR and D2AR, which were manually extracted from scientific publications. 

These databases help to find the possible binding sites within GPCRs. These databases contain 

the mutant data of B2AR and D2AR, which were manually extracted from scientific 

publications. The collection of data mainly focused on mutant information like sequence type 

(wild type / mutant), ligands used, radio ligands, and parameter values, such as Bmax, Kd, Ki, 

IC50, EC50, Kact, and binding type. Parts of the mutant databases are presented below (table 

4.2 and table 4.3) and complete databases are given in appendix 1 and 2. 

  
sequence 

WT/Mutant small mol. used Radio ligand  Kd (nM) Factor Ki (nM) factor Citation 

WT Isoproternol [125I]-CYP   390±160  37

WT Halostachine  [3H]CGP-12177   1.2E-05±1.17  38

WT Pindolol [3H]DHA 0.2±0.02  0.93±0.03  39

S203A Alprenolol [3H]CGP-12177   4.68E-11±1.14 0.69183 38

S203A propranolol [3H]CGP-12177   1.2E-11±1.479 0.08913 38

S203C propranolol [3H]CGP-12177   2.51E-11±1.258 0.18621 38

130 D/A Pindolol [3H]DHA 0.22±1.1 0.01 0.92±0.989 0.039 39
S204/207A Acebutolol [125I](--)-Pindolol 1737.80 0.3162   45

 
Table 4.2: Part of the constructed mutant database of B2AR. Each column contains different 
parameters: substructure (either wild type (WT) or mutant), small molecule used, radio ligand used, 
dissociation constant (Kd), factor value for Kd, Ki, factor value for Ki, and literature reference number 
(citation). The complete database is shown in appendix 1. 
 
sequence 

WT/Mutant small mol. used Binding/ Radio ligand  Kd (nM) Factor Ki (nM) factor EC50 Citation  

WT Nemonapride [3H]nemonapride   9.95   53

WT Tropapride [3H]nemonapride   9.87   53

A77C (-)Sulpiride [3H]N-methylspiperone   7 1  47

V78C (-)Sulpiride [3H]N-methylspiperone   4 0.6  47

A79C (-)Sulpiride [3H]N-methylspiperone   5 0.7  47

V91C (-)Sulpiride [3H]N-methylspiperone   4 0.5  47

G98C  [3H]N-methylspiperone 0.046 0.6    47

279A/E (-)-NPA [3H]nemonapride   8.75   51

 
Table 4.3: Part of the constructed D2DR mutant database. Each column contains different parameters: 
substructure (either wild type (WT) or mutant), small molecule used, radio ligand used, dissociation 
constant (Kd), factor value for Kd, Ki, factor value for Ki, and references number (citation).  
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4.4 Amino acids of Interest 
 

        From the conclusions of the constructed mutation databases (appendix 1, 2), the multiple 

sequence alignment (figure 4.1), and from the reputed earlier works [9, 14, 30], ASP (aspartic 

acid), CYS (cysteine), GLU (glutamic acid), LEU (leucine), MET (methionine), PHE 

(phenylalanine), and SER (serine) are selected as amino acids of interest.  Detail analyses of 

amino acids of interest were performed. Analyses of some amino acids of interest are shown in 

the following sections (section 4.4.1 & 4.4.2). And detailed analyses of the remaining amino 

acids of interest are provided in appendix 4. 

4.4.1 ASP 
 
To show the all torsion angles of the ASP amino acid, sketch diagrams were drawn using ISIS 

draw [55]. For ASP two torsion angles, namely T1 and T2, are calculated by measuring all chi 

(χ) rotation states of the specific torsion.  

                 
Figure 4.4   Sketch diagram of ASP. Pink and blue colour shows the calculated 4 points for Chi1 (χ1) 
and Chi2 (χ2) dihedral angles, for first torsion (T1) and second torsion (T2), respectively. C (Cα, Cβ, and 
Cγ) represent the carbon chain, O and N represents oxygen and nitrogen atoms, respectively. 
 
 

A scatter plot (figure 4.5) was constructed to analyze the calculated values (values from 

conformational analysis) and observed values (values from conformational search) of different 

torsions of ASP. Torsion values were assigned according to the average values of the biggest 

cluster. In the plot a densely populated cluster shows that much of the population have equal or 

nearly equal torsion angles. 
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Figure 4.5: Scatter plot to analyse calculated and observed values for first torsion (T1) and second 
torsion (T2) of ASP. Calculated values (CALC) is denoted by red stars and observed values (OBS) are 
denoted by blue triangles. 

4.4.2 SER 
 
For SER a single torsion angle (T1) is calculated by measuring all chi (χ) rotation states of the 
specific torsion.  
 

 
 
Figure 4.6: Sketch diagram of SER. Pink colour shows the calculated 4 points for Chi1 (χ1) dihedral 
angle for first torsion (T1).  
   
A histogram was constructed to analyze the calculated values (from the conformational 

analysis) and observed values (from the conformational search) of SER. a histogram is created 

directly on the basis of their frequency The torsion value was assigned according to the average 

values of the highest peak.   
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Figure 4.7: Histogram of rotamer of SER, created directly on the basis of their frequencies. Calculated 
values (CAL) are represented by blue bars and observed values (OBS) by red bars. 
 
 
4.5 Pharmacophoric Search 

 
Chimeric forms of amino acids were mutated in the critical drug binding position of the B2AR. 

This 3D structure [figure 4.8] of B2AR is created by an Ala-scan of bovine rhodopsin 3D 

structure [3] and all the amino acids according to B2AR sequence were muted in the Ala-

scanned 3D structure manually by using the mutate amino acids option of SYBYL. 

 

 
 
Figure 4.8: 3D structures of B2AR with mutated chimeric amino acids. Chimeric forms of amino acids of 
interest were mutated in the putative binding site of B2AR. 
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A 3D pharmacophoric search was performed by using UNITY [27] in the B2AR structure, 

where chimeric amino acids of interest were mutated [figure 4.8].  

 

 
 
Figure 4.9: 3D structure in two different views showing putative binding site with a possible 
pharmacophoric feature of B2AR obtained from a UNITY pharmacophore search. This figure hints that 
the mutation of the amino acids of interest in the possible binding site are correct. White (ring and fan) 
shows the possible ligand binding position, i.e. the so called putative drug binding site. 
 
 
 
To compare the pharmacophore of B2AR ligands, three different types of ligands set (Beta-

receptor, Dopamine-receptor and NoGPCR) were used for the UNITY pharmacophoric search. 

  
Search Type Dataset No. of Compounds Hits Percentage 

3D-static Beta-Receptor Ligands 905 251 27.73 

3D-flexible Beta-Receptor Ligands 905 738 81.55 

3D-static Dopamine-Receptor Ligands 1602 50 3.12 

3D-flexible Dopamine-Receptor Ligands 1602 305 19.04 

3D-static NoGPCRs Ligands 11117 1309 11.77 

3D-flexible NoGPCRs Ligands 11117 N.D N.D 
 
Table 4.3:  Summary of results obtained from the UNITY pharmacophoric search. Two different types of 
search (3D-static and 3D-flex) are used and three different types of datasets, namely Beta-Receptor 
ligands, Dopamine-Receptor ligands and NoGPCRs ligands. In case of the 3D-flexible search for 
NoGPCR, the number of hits is not declared due to a technical problem. In this search, the No. of 
Compounds refers to the total number of ligands used to perform the pharmacophore search. Hits 
denote the number of ligands that fulfil the defined query condition.  
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To perform a detailed analysis of the UNITY pharmacophore search results (table 4.3), 
searches are categorized into three different groups on the basis of the type of pharmacophoric 
search (3D-static and 3D-flexible), and type of dataset used (GPCRs dataset and NoGPCR 
dataset).  
 

First group:  

 In this group, Beta-receptor ligands and Dopamine-receptor ligands are used as dataset and a 

3D-static pharmacophoric search was performed. Analyses of the results were performed to 

determine how well the pharmacophoric searches are. In table 4.4 true-positive indicates the 

number of correct matches, false-positive indicates the number of incorrect matches, false-

negative indicates the number of true matches that incorrectly fail to be recognised and true-

negative indicates the number of false matches that correctly fail to be recognized.  

False-Positive (F.P) 

       50 

True-Positive (T.P) 

     251 

True-Negative (T.N) 

      1552 

False-Negative (F.N) 

        654 
  
Table 4.4:   Result shows that 251 correct hits are found and 50 incorrect hits found are found. In 
addition, there are 654 cases that the search incorrectly fails to recognise and 1552 cases that the 
search correctly avoids to recognize.    
                                                                                                                                   

Components Results Formulas 

Sum of Compound 2507 Beta+Dopmine Compounds 

High hit rate (a)  36.5% T.P+F.N/Sum of compounds 

High hit rate (b) 83.4% T.P/(T.P+F.P) 

Enrichment 2.3 High Hit rate (b)/High hit rate (a) 

Sensitivity (Recall value) 27.7% T.P/ (T.P+F.N)  

Specificity 96.8% T.N/(T.N+F.P) 

Table 4.5: Analysis of first group dataset (Beta+Dopamine) from the 3D-static pharmacophore search. 
The sum of compounds is obtained by adding Beta-Receptor and Dopamine-Receptor ligands. The high 
hit rate (a) is calculated by dividing the number of true-positives and false-negatives by the number of 
compounds. High hit rate (b) is calculated by dividing the number of true-positives by the number of 
true-positives and false-negatives. Enrichment value is calculated dividing high hit rate (a) by high hit 
rate (b). Sensitivity is calculated by dividing the number of true-positives by the number of true-positives 
and false-negatives. Specificity is calculated by dividing the number of true-negatives by the number of 
true-negatives and false-positives. 
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Second group:  

 In this group the Beta-Receptor Ligands and NoGPCR ligands are used as dataset and a 3D-

static pharmacophoric search was performed. In table 4.6, true-positive indicates the number of 

correct matches, false-positive indicates the number of incorrect matches, false-negative 

indicates the number of true matches that incorrectly fail to be recognised and true-negative 

indicates the number of false matches that correctly fail to be recognized.  

   

False-Positive (F.P) 

       1309 

True-positive (T.P) 

     251 

True-Negative (T.N) 

      9808 

False-Negative (F.N) 

        654 

 
Table 4.6:  Result shows that 251 correct hits are found and 1309 incorrect hits are found. In addition, 
there are 654 cases that the search incorrectly fails to recognise and 9808 cases that the search 
correctly avoids to recognize. 
 
 
 

Components Results Formulas 

Sum of Compound 12022 B2+Dopmine Compounds 

High hit rate (a)  7.5% T.P+F.N /B2+NoGPCR 

High hit rate (b) 16.1% T.P/(T.P+F.P) 

Enrichment 2.14 High hit rate (b)/High hit rate (a) 

Sensitivity (Recall) 27.7 % T.P/ T.P+F.N  

Specificity 88.2% T.N/(T.N+F.P) 

 
Table 4.7: Analysis of second group dataset (Beta+Dopamine) from the 3D-static pharmacophore 
search. The sum of compounds is obtained by adding Beta-Receptor and Dopamine-Receptor ligands. 
The high hit rate (a) is calculated by dividing the number of true-positives and false-negatives by the 
number of compounds. High hit rate (b) is calculated by dividing the number of true-positives by the 
number of true-positives and false-negatives. Enrichment value is calculated dividing high hit rate (a) by 
high hit rate (b). Sensitivity is calculated by dividing the number of true-positives by the number of true-
positives and false-negatives. Specificity is calculated by dividing the number of true-negatives by the 
number of true-negatives and false-positives. 
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Third group:  

 In this group Beta-Receptor Ligands and Dopamine-Receptor ligands are used as dataset and a 

3D-flexible pharmacophoric search was performed. In table 4.8 true-positive indicates the 

number of correct matches, false-positive indicates the number of incorrect matches, false-

negative indicates the number of true matches that incorrectly fail to be recognised and true-

negative indicates the number of false matches that correctly fail to be recognized.   

 

False-Positive (F.P) 

       305 

True-Positive (T.P) 

     738 

True-Negative (T.N) 

      1279 

False-Negative (F.N) 

        167 
 
Table 4.8:  Result shows that 738 correct hits are found and 305 incorrect hits are found. In addition, 
there are 167 cases that the search incorrectly fails to recognise and 1279 cases that the search 
correctly avoids to recognize.   
 
 

Components Results Formulas 

Sum of Compound 2507 B2+Dopmine Compounds 

High hit rate (a)  36.5% B2/B2+Dopamine 

High hit rate (b) 70.7% T.P/(T.P+F.P) 

Enrichment ~2.0 High hit rate (b)/High hit rate (a) 

Sensitivity (Recall Value) 81.6% T.P/ T.P+F.N  

Specificity 80.7% T.N/(T.N+F.P) 

 
Table 4.9: Analysis of third group dataset (Beta+Dopamine) from the 3D-static pharmacophore search. 
The sum of compounds is obtained by adding Beta-Receptor and Dopamine-Receptor ligands. The high 
hit rate (a) is calculated by dividing the number of true-positives and false-negatives by the number of 
compounds. High hit rate (b) is calculated by dividing the number of true-positives by the number of 
true-positives and false-negatives. Enrichment value is calculated dividing high hit rate (a) by high hit 
rate (b). Sensitivity is calculated by dividing the number of true-positives by the number of true-positives 
and false-negatives. Specificity is calculated by dividing the number of true-negatives by the number of 
true-negatives and false-positives.  
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5 Discussion 
 
5.1 Multiple Sequence Alignment  

 The multiple sequence alignment helps to identify the conserved and similar amino 

acids of the targets and the template. The multiple sequence alignment was done taking bovine 

opsin as template sequence and B2AR and D2DR are target sequences (figure 4.1). In the 

alignment TM regions were selected on the basis of the SWISS-PROT and PDB structure of 

rhodopsin.  

  In the MSA (figure 4.1) and the similarity graphs (figure 4.2) the sequence identity 

between the TMs of the modelled receptors (B2AR and D2DR) and the template (bovine 

rhodopsin) is lower. As the modelled GPCRs include several conserved motifs, the modelled 

receptors in this alignment have the same fold as the template. Although there is only around 

30% sequence similarity when considering the whole transmembrane sequence, amino acids 

which are important both structurally and functionally are conserved or substituted by amino 

acids of high similarity. Thus, this alignment is expected to be of higher accuracy than an 

alignment of proteins based on a template with such a low-sequence identity. Moreover, there 

are vast differences between the transmembrane domains and loop regions [30]. 

Extramembrane parts are much more flexible and also these parts are not significantly involved 

in drug binding, so extramembrane parts are avoided.  

 
5.2 Mutagenesis Study and Database Creation 

 To study mutagenesis data is one of the best ways to improve the accuracy and to 

maximize the quality of a GPCR model. The ability to differentiate between distinct binding 

modes with different chemical series is one of the main benefits of mutagenesis, as a tool 

within a drug design program. A mutagenesis study of GPCRs may facilitate intimate 

collaboration between modelling, pharmacology, medicinal chemistry, and molecular biology. 

Parts of the mutant databases are presented in chapter 3.3 and detailed databases are 

presented in appendix 1 and 2. These databases contain the mutant data of B2AR and D2AR, 

which were manually extracted from scientific publications. The collection of data mainly 

focused on mutant information like sequence type (wild type / mutant), ligands used, radio 

ligands, and parameter values, such as Bmax, Kd, Ki, IC50, EC50, Kact, and binding type. 
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Factor values (mutant/wild type) give an idea about changes due to mutation. Due to frequent 

availability of Ki and Kd parameter values, Ki (factor) or Kd (factor) values were calculated 

from collected data. The standard factor value is 1, so factor values which deviate strongly 

(positively or negatively) from the standard values, are the mutant data of interest. Highly 

deviating standard values (mutant data of interest) helps to determine the possible binding 

position on each GPCR. An in-depth analysis of the mutant data of interest was done. 

 

5.3 Developed Algorithm 
 An algorithm was developed to generate and analyze all possible conformations of 

amino acids. This algorithm was written in SPL. The algorithm was run on 1745 PDB 

structures from the BI protein database. As shown in figure 3.3, filtration of only those protein 

structures whose X-ray crystallography structures with resolution 2.0 Å or lower were selected. 

An assumption is made that the PDB resolution values lower than 2 Å is better. Those PDB 

structures, whose resolution values are not mentioned, were simply avoided. The B-Factor is an 

important parameter to measure the quality of PDB structures. The B-factor value varies 

between different structures and also within substructures. If the B-factor value is small, the 

probability for an atom to be located close to its assigned position is large. Hence, only those 

structures and substructures, whose B-factor value is lower than 80Å, were considered. 

Substructures lying in the TM regions are important for binding [14, 30]. Therefore, only these 

substructures were taken into consideration. For all those substructures which fulfill the above 

criteria analyses of chimeric conformation were done. Our algorithm creates database for all 20 

amino acids of all the possible rotamers.  

  

5.4 Analysis of Individual Amino acids 
 To explore the different possible rotamers for each amino acid, a program was written 

(appendix 3) to find the backbone independent rotamers. Analysis of individual amino acids 

was done from the amino acid databases that were formed after screening PDB structures with 

the algorithm. Amino acids of interest were analyzed individually by calculating all possible 

torsion angles. The amino acids of interests were decided from the result of the multiple 

sequence alignment (figure 4.1), mutation databases (appendix 1 and 2), and also from reputed 

earlier works [9, 14, and 30].  
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 Conformational analysis and conformational searches were performed on the amino 

acid databases, these amino acids databases were constructed after running the code program of 

the developed algorithm (appendix 3). On the basis of the conformational analysis and search 

in amino acid databases, scatter plots or histograms were created for all the amino acids of 

interest (figure 4.5, 4.7 and appendix 4). Chimeric forms of amino acids were developed on the 

basis of scatter plots (sample value from biggest cluster) and histograms (value of highest 

peak). Mutation of chimeric amino acids in the putative binding site of the receptor (B2AR) 

was done (figure 4.8) to perform pharmacophore searches.  

 

5.5 Pharmacophore Search  
 To compare the pharmacophore with ligands, pharmacophore searches were performed. 

All the ligand datasets that were used for pharmacophoric searches are already known and 

extracted from the MDDR database [56]. These extracted ligands were used as compound 

dataset (table 4.3). Two main types of searches, namely 3D-static and the 3D-search with 

flexibility (3D-flex) were performed with different sets of receptor compound, namely Beta-

receptor ligands, Dopamine-receptor ligands and ligands which are not GPCRs (NoGPCRs 

ligands) (table 4.3).  

 In the first group, 905 Beta-receptor ligands and 1602 Dopamine-receptor ligands were 

used as datasets and the types of pharmacophoric searches performed was 3D-static. The 

number of true-positives is 251, false-positives 50, true-negatives 1552 and total false-

negatives is 654 (table 4.4). In this group, first hit rate, second hit rate, enrichment value, 

sensitivity (recall value) and specificity were calculated, and the values obtained for first hit 

rate, second hit rate, enrichment, sensitivity (recall value) and specificity were 36.5%, 83.4%, 

2.3, 27.7% and 96.8% respectively (table 4.5).  

 In second group, 905 Beta-receptor ligands and 11117 NoGPCR ligands were used as 

dataset and types of pharmacophoric search performed was 3D-static. Total true-positive is 

251, false-positive 1309, true-negative 9808 and total false-negative is 654 (table 4.6). In this 

group, first hit rate, second hit rate, enrichment, sensitivity (recall value) and specificity values 

were calculated, and the values obtained were 7.5%, 16.1%, 2.14, 27.7% and 88.2% 

respectively (table 4.7).  
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In third group, 905 Beta-receptor ligands and 1602 Dopamine-receptor ligands were 

used as dataset and the types of pharmacophoric search performed was 3D-flexible. Total true-

positive is 738, false-positive 305, true-negative 1279 and total false-negative is 167 (table 4.8). 

In this group, In this group, first hit rate, second hit rate, enrichment, sensitivity (recall value) 

and specificity values were calculated, and the values obtained were 36.5%, 70.7%, 2.0, 81.6% 

and 80.7% respectively (table 4.9). 

 Enrichment, sensitivity (recall value) and specificity values show the success of the 

model, in the first and the second groups, 3D-static search were done and in both cases 

sensitivity values were the same and enrichment and specificity values were also nearly same. 

In case of 3D flexible search in third dataset very high hit rate values were obtained, with the 

3D static search. Also recall value is very high in 3D-felxible when compared to the 3D static 

search. All the obtained results from pharmacophore search are fairly good.  
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6 Summary  
  

  Due to the advancement of high-throughput screening and the sequencing of the 

human genome, which leads to the discovery of many new receptors, there is a need for new 

methods which can determine the functionality of GPCR-targets and also the analysis for 

ligand receptor structure. Therefore the aim of this thesis is to establish new methods to 

developed targeted libraries, which accelerate the discovery of new drugs for GPCRs using 

HTS and tailor-made GPCR-directed compound libraries.  

         For this purpose analysis of GPCR sequence and mutagenesis data followed by a 

re-classification of GPCRs were done. Using published mutagenesis data, mutant databases 

were constructed (appendix 1, 2) for two selected GPCRs (B2AR and D2DR). From the 

mutation database the positions of amino acids, the binding of drug molecules within GPCRs 

were identified. Multiple sequence alignment was performed by using bovine rhodopsin as a 

template that helped to find detailed information about similarity of amino acids and the 

conserved region. From the conclusions drawn from the developed mutant databases, multiple 

sequence alignment, and some earlier work [9, 14, and 30], important amino acids (amino acids 

of interest) and their putative binding sites were decided. An algorithm has been developed to 

screen the PDB structure, to refine the model and also to find out all possible rotamers of the 

amino acids. Chimeric forms of amino acids were created for the amino acids of interest by 

using SYBYL [34].  

      UNITY pharmacophoric search was performed to set up a database of receptor 

ligands which are active in particular GPCR (B2AR) by mutating the chimeric amino acids in 

the putative drug binding sites. For pharmacophore search three different already known sets of 

receptor ligands namely Beta, Dopamine and NoGPCR were used. Due to the in-depth analysis 

of, amino acids of interest and their putative binding sites, developed pharmacophoric model, 

over-all good, enrichment, sensitivity (recall value) and specificity values are obtained from the 

pharmacophore search. The over-all good results supports that our pharmacophore model and 

underlying assumption of master thesis, that within the GPCR family there are consensus 

binding-sites for drug molecules defined by the positions of amino acids. On the basis of this 

pharmacophore model (with some refinements) specific targeted libraries for HTS could be 

developed.  
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8 Apendix 
 
 

Appendix 1: B2AR Mutant Database 
 
sequence 
WT/Mutant 

small mol.used/ 
Marker Radio ligand  Kd (nM) Factor S.D Ki (nM) factor S:D Citation 

WT Isoproternol [125I]-CYP    390  160 37
WT Epinephrine [125I]-CYP    1070  272 37
WT(high ) Isoproternol [3H]DHA 0.29      40
WT(Low ) Isoproternol [3H]DHA       40
WT CPG-12177 [3H]CGP-12177    1.32E-10  1.12202 38
WT Pindolol [3H]CGP-12177    6.92E-11  1.77828 38
WT Alprenolol [3H]CGP-12177    6.76E-11  1.90546 38
WT Propranolol [3H]CGP-12177    1.35E-10  3.98107 38

WT Epinephrine (HAL-mOHpOH) [3H]CGP-12177    1.26E-07  1.23027 38

WT Phenylephrine (HAL-mOH [3H]CGP-12177    3.16E-06  1.12202 38

WT Synephrine (HAL-poH) [3H]CGP-12177    1.48E-05  1.14815 38
WT Halostachine (HAL) [3H]CGP-12177    1.2E-05  1.1749 38
WT Pindolol [3H]DHA 0.2  0.02 0.93  0.037 39

WT Allosteric ligands(Zn+) [3H]DHA 0.54  0.14    42
WT [125I]-CYP [125I]-CYP 0.0244  0.004    44
WT Isoprenaline [125I]-CYP 46.1   210  50 44
WT Meta-Hydroxyl ISO [125I]-CYP 45.9   2200  500 44
WT Para-Hydroxyl ISO [125I]-CYP 20.2   3400  200 44
WT Acebutolol [125I](--)-Pindolol 5495.409  0.5    45
WT Adrenalone [125I](--)-Pindolol 7943.282  0.27    45
WT AH3021 [125I](--)-Pindolol 2398.833  0.32    45
WT AH3474-A [125I](--)-Pindolol 204.1738  0.8    45
WT Alprenolol [125I](--)-Pindolol 0.776247  0.18    45
WT Bisoprolol [125I](--)-Pindolol 524.8075  0.7    45
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WT C 78 [125I](--)-Pindolol 389.0451  0.4    45
WT Cimaterol [125I](--)-Pindolol 81.28305  0.23    45
WT Clenbuterol [125I](--)-Pindolol 33.11311  0.02    45
WT Dichloroisoproterenol [125I](--)-Pindolol 147.9108  0.09    45
WT Dobutamine [125I](--)-Pindolol 3467.369  0.1    45
WT Dopamine [125I](--)-Pindolol 79432.82  0.2    45
WT N-Methyl-Dopamine [125I](--)-Pindolol 14454.4  0.22    45
WT Du21117 [125I](--)-Pindolol 5888.437  0.16    45
WT Du28663 [125I](--)-Pindolol 2691.535  0.16    45
WT (l)-Epinephrine [125I](--)-Pindolol 288.4032  0.27    45
WT Fenoterol [125I](--)-Pindolol 295.1209  0.8    45
WT Hexoprenaline [125I](--)-Pindolol 467.7351  0.11    45
WT ICI-118,551 [125I](--)-Pindolol 0.676083  0.14    45
WT ICI-215,001 [125I](--)-Pindolol 4786.301  0.1    45
WT ICI-89406 [125I](--)-Pindolol 234.4229  0.12    45
WT (d)-Isoproterenol [125I](--)-Pindolol 1819.701  0.1    45
WT (l)-Isoproterenol [125I](--)-Pindolol 28.84032  0.21    45
WT Labetalol [125I](--)-Pindolol 16.2181  0.9    45
WT MAPE [125I](--)-Pindolol 25118.86  0.05    45
WT NAB 277 [125I](--)-Pindolol 69.1831  0.5    45
WT Norepinephrine [125I](--)-Pindolol 4365.158  0.45    45
WT (l)-Norepinephrine [125I](--)-Pindolol 7079.458  0.09    45
WT Normetanephrine [125I](--)-Pindolol 74131.02  0.4    45
WT Isopropyl-norsynephrine [125I](--)-Pindolol 3890.451  0.08    45
WT Terbutyl-norsynephrine [125I](--)-Pindolol 1995.262  0.5    45
WT Orciprenaline [125I](--)-Pindolol 4897.788  0.24    45
WT (S)-Pindolol [125I](--)-Pindolol 0.47863  0.2    45
WT Practolol [125I](--)-Pindolol 39810.72  0.3    45
WT Pronethalol [125I](--)-Pindolol 107.1519  0.1    45
WT (R)-Propranolol [125I](--)-Pindolol 42.65795  0.6    45
WT (S)-Propranolol [125I](--)-Pindolol 0.42658  0.9    45
WT Ritodrine [125I](--)-Pindolol 2630.268  0.25    45
WT Salbutamol [125I](--)-Pindolol 380.1894  0.2    45
WT SKF 42090 [125I](--)-Pindolol 741.3102  0.3    45
WT SKF 42469 [125I](--)-Pindolol 213.7962  0.8    45
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WT SKF 56301 [125I](--)-Pindolol 234.4229  0.1    45
WT Sotalol [125I](--)-Pindolol 489.7788  0.1    45
WT Sulfonterol [125I](--)-Pindolol 97.72372  0.3    45
WT Terbutaline [125I](--)-Pindolol 4897.788  0.23    45
WT Xamoterol [125I](--)-Pindolol 2818.383  0.6    45
WT Allosteric ligands(Zn-) [3H]DHA 7.4  2.1    42

WT Epinephrine [3H]CGP-12177    6.92E-08  0.83176 43
WT Phenylephrine [3H]CGP-12177    2.4E-06  0.83176 43
WT Synephrine [3H]CGP-12177    0.00001  0.85114 43
WT Halostachine [3H]CGP-12177    8.32E-06  0.87096 43
WT Norepinephrine [3H]CGP-12177    3.98E-06  0.77625 43
WT Dopamine [3H]CGP-12177    4.47E-05  0.85114 43
WT Methyldopamine [3H]CGP-12177    4.27E-06  0.91201 43
WT Norphenylephrine [3H]CGP-12177    2.29E-05  0.91201 43
WT Octopamine [3H]CGP-12177    1.55E-05  0.69183 43
WT Hydroxyphenethylamine [3H]CGP-12177    2.95E-05  0.89125 43
WT Methylphenethylamine [3H]CGP-12177    6.61E-05  0.85114 43
WT Phenethylamine [3H]CGP-12177    2.82E-05  0.41687 43
WT Isoproternol        46
WT [125I]-CYP [125I]-CYP 0.0316  0.007    46

WT Allosteric ligands(Zn-)     110   42

WT Allosteric ligands(Zn+)     18.5   42
16 R/G Isoproternol [125I]-CYP    312  153 1
16 R/G Epinephrine [125I]-CYP    946 0.88411 260 37
16 R/G,27 Q/E Isoproternol [125I]-CYP    376  139 37
16 R/G,27 Q/E Epinephrine [125I]-CYP    930 0.86916 163 37
27 Q/E Isoproternol [125I]-CYP    250  33 37
27 Q/E Epinephrine [125I]-CYP    766 0.71589 150 37

77 C/V b2AR- 
cys-min Isoproternol [3H]DHA 0.66  0.2 160  10 41
cys(116,285) Isoproternol [3H]DHA 0.33      40
cys(116,125) Isoproternol [3H]DHA 0.46      40

cys(116,125 
,285) Isoproternol [3H]DHA 0.31      40
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cys(77,116,265,3
27,406) Isoproternol [3H]DHA 0.51      40
130 D/A Pindolol [3H]DHA 0.22 1.1 0.01 0.92 0.98925 0.039 39
130 D/N Pindolol [3H]DHA 0.2 1 0.02 0.83 0.89247 0.18 39
203 S/A CPG-12177 [3H]CGP-12177    4.57E-10 3.46737 1.23027 38
203 S/A Pindolol [3H]CGP-12177    1.7E-09 24.5471 1.41254 38
203 S/A Alprenolol [3H]CGP-12177    4.68E-11 0.69183 1.14815 38
203 S/A propranolol [3H]CGP-12177    1.2E-11 0.08913 1.47911 38

203 S/A Epinephrine (HAL-mOHpOH) [3H]CGP-12177    3.16E-06 25.1189 1.34896 38

203 S/A Phenylephrine (HAL-mOH [3H]CGP-12177    1.55E-05 4.89779 1.14815 38

203 S/A Synephrine (HAL-poH) [3H]CGP-12177    3.31E-06 0.22387 1.31826 38
203 S/A Halostachine (HAL) [3H]CGP-12177    3.09E-06  1.1749 38
203 S/C CPG-12177 [3H]CGP-12177    1.26E-09 9.54993 1.04713 38
203 S/C Pindolol [3H]CGP-12177    4.47E-09 64.5654 1.38038 38
203 S/C Alprenolol [3H]CGP-12177    1.38E-10 2.04174 1.02329 38
203 S/C propranolol [3H]CGP-12177    2.51E-11 0.18621 1.25893 38

203 S/C Epinephrine (HAL-mOHpOH) [3H]CGP-12177    8.91E-06  1.12202 38

203 S/C Phenylephrine (HAL-mOH [3H]CGP-12177    1.48E-05 4.67735 1.09648 38

203 S/C Synephrine (HAL-poH) [3H]CGP-12177    5.25E-06 0.35481 1.1749 38

203 S/C Halostachine (HAL) [3H]CGP-12177    9.55E-06  1.07152 38
203 S/T CPG-12177 [3H]CGP-12177    7.76E-11 0.58884 1.34896 38
203 S/T Pindolol [3H]CGP-12177    3.55E-10 5.12861 1.38038 38
203 S/T Alprenolol [3H]CGP-12177    1.48E-10 2.18776 1.28825 38
203 S/T Propranolol [3H]CGP-12177    9.77E-11 0.72444 1.25893 38

203 S/T Epinephrine (HAL-mOHpOH) [3H]CGP-12177    3.47E-07  1.25893 38

203 S/T Phenylephrine (HAL-mOH [3H]CGP-12177    4.07E-06 1.28825 1.51356 38

203 S/T Synephrine (HAL-poH) [3H]CGP-12177    1.07E-05 0.72444 1.23027 38

203 S/T Halostachine (HAL) [3H]CGP-12177    1.29E-05  1.04713 38
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203 S/V CPG-12177 [3H]CGP-12177    8.51E-10 6.45654 1.14815 38
203 S/V Pindolol [3H]CGP-12177    4.68E-09 67.6083 1.20226 38
203 S/V Alprenolol [3H]CGP-12177    6.31E-11 0.93325 1.69824 38
203 S/V Propranolol [3H]CGP-12177    6.03E-11 0.44668 1.1749 38

203 S/V Epinephrine (HAL-mOHpOH) [3H]CGP-12177    5.01E-06  1.34896 38

203 S/V Phenylephrine (HAL-mOH [3H]CGP-12177    5.01E-06 1.58489 1.09648 38

203 S/V Synephrine (HAL-poH) [3H]CGP-12177    4.27E-06 0.2884 1.04713 38
203 S/V Halostachine (HAL) [3H]CGP-12177    3.16E-06  1.04713 38
203 S/A [125I]-CYP [125I]-CYP 0.0461 1.8893 0.011    44
203 S/A Isoprenaline [125I]-CYP    2900  700 44
203 S/A Meta-Hydroxyl ISO [125I]-CYP    8300  1300 44
203 S/A Para-Hydroxyl ISO [125I]-CYP    2400  100 44

203/204 S/A Epinephrine (HAL-mOHpOH) [3H]CGP-12177    1.7E-05  1.04713 38

203/204 S/A Phenylephrine (HAL-mOH [3H]CGP-12177    2.63E-05 8.31764 1.02329 38

203/204 S/A Synephrine (HAL-poH) [3H]CGP-12177    9.33E-06 0.63096 1.14815 38

203/204 S/A Halostachine (HAL) [3H]CGP-12177    1.66E-05  1.38038 38

203/207 S/A Epinephrine (HAL-mOHpOH) [3H]CGP-12177    8.91E-06  1.12202 38

203/207 S/A Phenylephrine (HAL-mOH [3H]CGP-12177    5.5E-06 1.7378 1.38038 38

203/207 S/A Synephrine (HAL-poH) [3H]CGP-12177    4.79E-06 0.32359 1.02329 38
203/207 S/A Halostachine (HAL) [3H]CGP-12177    2.24E-06  1.54882 38
204/207 S/A CPG-12177 [3H]CGP-12177    1.95E-10 1.47911 1.07152 38
204/207 S/A Pindolol [3H]CGP-12177    2.09E-10 3.01995 1.34896 38
204/207 S/A Alprenolol [3H]CGP-12177    7.94E-11 1.1749 1.65959 38
204/207 S/A Propranolol [3H]CGP-12177    3.24E-10 2.39883 1.31826 38

204/207 S/A Epinephrine (HAL-mOHpOH) [3H]CGP-12177    6.03E-05  1.14815 38

204/207 S/A Phenylephrine (HAL-mOH [3H]CGP-12177    7.76E-05 24.5471 1.41254 38
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204/207 S/A Synephrine (HAL-poH) [3H]CGP-12177    3.47E-05 2.34423 1.20226 38
204/207 S/A Halostachine (HAL) [3H]CGP-12177    7.59E-05  1.34896 38

204 S/A Epinephrine (HAL-mOHpOH) [3H]CGP-12177    4.27E-06  1.41254 38

204 S/A Phenylephrine (HAL-mOH [3H]CGP-12177    2.09E-05 6.60693 1.1749 38

204 S/A Synephrine (HAL-poH) [3H]CGP-12177    1.45E-05 0.97724 1.02329 38
204 S/A Halostachine (HAL) [3H]CGP-12177    5.01E-05  1.02329 38
204 S/A [125I]-CYP [125I]-CYP 0.0179 0.7336 8E-04    44
204 S/A Isoprenaline [125I]-CYP    6900  300 44
204 S/A Meta-Hydroxyl ISO [125I]-CYP    14800  1600 44
204 S/A Para-Hydroxyl ISO [125I]-CYP    5600  1100 44
207 S/A [125I]-CYP [125I]-CYP 0.0202 0.8279 0.001    44
207 S/A Isoprenaline [125I]-CYP    2300  500 44
207 S/A Meta-Hydroxyl ISO [125I]-CYP    1400  300 44
207 S/A Para-Hydroxyl ISO [125I]-CYP    2500  600 44
204/207 S/A Acebutolol [125I](--)-Pindolol 1737.801 0.3162 0.06    45
204/207 S/A Adrenalone [125I](--)-Pindolol 1479108 186.21 0.1    45
204/207 S/A AH3021 [125I](--)-Pindolol 13489.63 5.6234 0.26    45
204/207 S/A AH3474-A [125I](--)-Pindolol 346.7369 1.6982 0.1    45
204/207 S/A Alprenolol [125I](--)-Pindolol 1.047129 1.349 0.11    45
204/207 S/A Bisoprolol [125I](--)-Pindolol 1148.154 2.1878 0.12    45
204/207 S/A C 78 [125I](--)-Pindolol 660.6934 1.6982 0.12    45
204/207 S/A Cimaterol [125I](--)-Pindolol 1862.087 22.909 0.02    45
204/207 S/A Clenbuterol [125I](--)-Pindolol 128.825 3.8905 0.45    45
204/207 S/A Dichloroisoproterenol [125I](--)-Pindolol 117.4898 0.7943 0.11    45
204/207 S/A Dobutamine [125I](--)-Pindolol 5888.437 1.6982 0.14    45
204/207 S/A Dopamine [125I](--)-Pindolol 707945.8 8.9125 0.11    45
204/207 S/A N-Methyl-Dopamine [125I](--)-Pindolol 575439.9 39.811 0.33    45
204/207 S/A Du21117 [125I](--)-Pindolol 22387.21 3.8019 0.11    45
204/207 S/A Du28663 [125I](--)-Pindolol 11481.54 4.2658 0.11    45
204/207 S/A (l)-Epinephrine [125I](--)-Pindolol 69183.1 239.88 0.12    45
204/207 S/A Fenoterol [125I](--)-Pindolol 7585.776 25.704 0.06    45
204/207 S/A Hexoprenaline [125I](--)-Pindolol 2951.209 6.3096 0.1    45
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204/207 S/A ICI-118,551 [125I](--)-Pindolol 1.659587 2.4547 0.1    45
204/207 S/A ICI-215,001 [125I](--)-Pindolol 6606.934 1.3804 0.01    45
204/207 S/A ICI-89406 [125I](--)-Pindolol 223.8721 0.955 0.05    45
204/207 S/A (d)-Isoproterenol [125I](--)-Pindolol 245470.9 134.9 0.08    45
204/207 S/A (l)-Isoproterenol [125I](--)-Pindolol 8912.509 309.03 0.09    45
204/207 S/A Labetalol [125I](--)-Pindolol 38.90451 2.3988 0.13    45
204/207 S/A MAPE [125I](--)-Pindolol 57543.99 2.2909 0.05    45
204/207 S/A NAB 277 [125I](--)-Pindolol 269.1535 3.8905 0.06    45
204/207 S/A Norepinephrine [125I](--)-Pindolol 245470.9 56.234 0.05    45
204/207 S/A (l)-Norepinephrine [125I](--)-Pindolol 158489.3 22.387 0.13    45
204/207 S/A Normetanephrine [125I](--)-Pindolol 120226.4 1.6218 0.04    45
204/207 S/A Isopropyl-norsynephrine [125I](--)-Pindolol 7413.102 1.9055 0.02    45
204/207 S/A terbutyl-norsynephrine [125I](--)-Pindolol 3162.278 1.5849 0.05    45
204/207 S/A Orciprenaline [125I](--)-Pindolol 67608.3 13.804 0.13    45
204/207 S/A (S)-Pindolol [125I](--)-Pindolol 0.645654 1.349 0.16    45
204/207 S/A Practolol [125I](--)-Pindolol 38018.94 0.955 0.06    45
204/207 S/A Pronethalol [125I](--)-Pindolol 104.7129 0.9772 0.06    45
204/207 S/A (R)-Propranolol [125I](--)-Pindolol 102.3293 2.3988 0.1    45
204/207 S/A (S)-Propranolol [125I](--)-Pindolol 0.676083 1.5849 0.05    45
204/207 S/A Ritodrine [125I](--)-Pindolol 6918.31 2.6303 0.07    45
204/207 S/A Salbutamol [125I](--)-Pindolol 2238.721 5.8884 0.1    45
204/207 S/A SKF 42090 [125I](--)-Pindolol 2137.962 2.884 0.08    45
204/207 S/A SKF 42469 [125I](--)-Pindolol 1698.244 7.9433 0.06    45
204/207 S/A SKF 56301 [125I](--)-Pindolol 5888.437 25.119 0.25    45
204/207 S/A Sotalol [125I](--)-Pindolol 1071.519 2.1878 0.01    45
204/207 S/A Sulfonterol [125I](--)-Pindolol 524.8075 5.3703 0.01    45
204/207 S/A Terbutaline [125I](--)-Pindolol 38018.94 7.7625 0.1    45
204/207 S/A Xamoterol [125I](--)-Pindolol 8317.638 2.9512 0.05    45

E225A Allosteric ligands(Zn-) [3H]DHA 0.91 0.123 0.11    42

E225A Allosteric ligands(Zn+) [3H]DHA 2.2 4.0741 0.32    42

E225A Allosteric ligands(Zn-)     91 0.82727 91 42

E225A Allosteric ligands(Zn+)     35 1.89189 35 42
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C265A Allosteric ligands(Zn-) [3H]DHA 0.44 0.0595 0.06    42

C265A Allosteric ligands(Zn+) [3H]DHA 0.84 1.5556 0.19    42

C265A Allosteric ligands(Zn-)     60 0.54545 60 42

C265A Allosteric ligands(Zn+)     40 2.16216 40 42

H269A Allosteric ligands(Zn-) [3H]DHA 1.182 0.1597 0.16    42

H269A Allosteric ligands(Zn+) [3H]DHA 2 3.7037 0.41    42
269 H/C Isoproternol [3H]DHA 0.45   100  30 41

269H/C Isoproternol [3H]DHA 
  
1.25  0.07 800   41

CAM(266 L/S, 
267 K/R 269 
 H/K, 272 L/A) Pindolol [3H]DHA 0.21 1.05 0.01 0.75 0.80645 0.04 39
CAM Epinephrine [3H]CGP-12177    1.29E-09 0.01862 0.74131 43
CAM Phenylephrine [3H]CGP-12177    1.41E-07  0.79433 43
CAM Synephrine [3H]CGP-12177    5.62E-07 0.05623 0.66069 43
CAM Halostachine [3H]CGP-12177    1.26E-06  0.81283 43
CAM Norepinephrine [3H]CGP-12177    5.13E-08  0.85114 43
CAM Dopamine [3H]CGP-12177    4.68E-06 0.10471 0.89125 43
CAM Methyldopamine [3H]CGP-12177    6.31E-08  0.81283 43
CAM Norphenylephrine [3H]CGP-12177    4.47E-06  0.83176 43
CAM Octopamine [3H]CGP-12177    8.13E-06  0.67608 43
CAM Hydroxyphenethylamine [3H]CGP-12177    1.32E-05  0.91201 43
CAM Methylphenethylamine [3H]CGP-12177    2.88E-05  0.95499 43
CAM Phenethylamine [3H]CGP-12177    2.09E-05  0.38019 43
CAM Acebutolol [125I](--)-Pindolol 1348.963 0.2455 0.08    45
CAM Adrenalone [125I](--)-Pindolol 165.9587 0.0209 0.05    45
CAM AH3021 [125I](--)-Pindolol 69.1831 0.0288 0.03    45
CAM AH3474-A [125I](--)-Pindolol 245.4709 1.2023 0.09    45
CAM Alprenolol [125I](--)-Pindolol 0.436516 0.5623 0.1    45
CAM Bisoprolol [125I](--)-Pindolol 295.1209 0.5623 0.02    45
CAM C 78 [125I](--)-Pindolol 70.79458 0.182 0.04    45
CAM Cimaterol [125I](--)-Pindolol 1.949845 0.024 0.12    45
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CAM Clenbuterol [125I](--)-Pindolol 2.630268 0.0794 0.13    45
CAM Dichloroisoproterenol [125I](--)-Pindolol 53.70318 0.3631 0.11    45
CAM Dobutamine [125I](--)-Pindolol 316.2278 0.0912 0.06    45
CAM Dopamine [125I](--)-Pindolol 6165.95 0.0776 0.13    45
CAM N-Methyl-Dopamine [125I](--)-Pindolol 208.9296 0.0145 0.13    45
CAM Du21117 [125I](--)-Pindolol 134.8963 0.0229 0.13    45
CAM Du28663 [125I](--)-Pindolol 125.8925 0.0468 0.08    45
CAM (l)-Epinephrine [125I](--)-Pindolol 11.48154 0.0398 0.09    45
CAM Fenoterol [125I](--)-Pindolol 8.51138 0.0288 0.09    45
CAM Hexoprenaline [125I](--)-Pindolol 28.18383 0.0603 0.1    45
CAM ICI-118,551 [125I](--)-Pindolol 0.562341 0.8318 0.04    45
CAM ICI-215,001 [125I](--)-Pindolol 2951.209 0.6166 0.06    45
CAM ICI-89406 [125I](--)-Pindolol 134.8963 0.5754 0.05    45
CAM (d)-Isoproterenol [125I](--)-Pindolol 77.62471 0.0427 0.05    45
CAM (l)-Isoproterenol [125I](--)-Pindolol 3.467369 0.1202 0.12    45
CAM Labetalol [125I](--)-Pindolol 9.772372 0.6026 0.08    45
CAM MAPE [125I](--)-Pindolol 4677.351 0.1862 0.11    45
CAM NAB 277 [125I](--)-Pindolol 5.128614 0.0741 0.02    45
CAM Norepinephrine [125I](--)-Pindolol 288.4032 0.0661 0.09    45
CAM (l)-Norepinephrine [125I](--)-Pindolol 131.8257 0.0186 0.18    45
CAM Normetanephrine [125I](--)-Pindolol 33884.42 0.4571 0.07    45
CAM Isopropyl-norsynephrine [125I](--)-Pindolol 457.0882 0.1175 0.11    45
CAM terbutyl-norsynephrine [125I](--)-Pindolol 316.2278 0.1585 0.08    45
CAM Orciprenaline [125I](--)-Pindolol 199.5262 0.0407 0.1    45
CAM (S)-Pindolol [125I](--)-Pindolol 0.269153 0.5623 0.07    45
CAM Practolol [125I](--)-Pindolol 12022.64 0.302 0.03    45
CAM Pronethalol [125I](--)-Pindolol 58.88437 0.5495 0.05    45
CAM (R)-Propranolol [125I](--)-Pindolol 37.15352 0.871 0.06    45
CAM (S)-Propranolol [125I](--)-Pindolol 0.239883 0.5623 0.07    45
CAM Ritodrine [125I](--)-Pindolol 144.544 0.055 0.09    45
CAM Salbutamol [125I](--)-Pindolol 21.87762 0.0575 0.14    45
CAM SKF 42090 [125I](--)-Pindolol 186.2087 0.2512 0.05    45
CAM SKF 42469 [125I](--)-Pindolol 10.71519 0.0501 0.08    45
CAM SKF 56301 [125I](--)-Pindolol 27.54229 0.1175 0.09    45
CAM Sotalol [125I](--)-Pindolol 309.0295 0.631 0.01    45



 10

CAM Sulfonterol [125I](--)-Pindolol 36.30781 0.3715 0.09    45
CAM Terbutaline [125I](--)-Pindolol 181.9701 0.0372 0.03    45
CAM Xamoterol [125I](--)-Pindolol 1380.384 0.4898 0.04    45

H269A Allosteric ligands(Zn-)     220 2 220 42

H269A Allosteric ligands(Zn-)     120 1.09091 120 42

E225A/H269A Allosteric ligands(Zn+) [3H]DHA 0.43 0.7963 0.1    42

E225A/H269A Allosteric ligands(Zn+) [3H]DHA 1.7 3.1481 0.36    42

E225A/H269A Allosteric ligands(Zn-)     31.5 0.28636  42

E225A/H269A Allosteric ligands(Zn+)     25.6 1.38378  42

C265A/H269A Allosteric ligands(Zn-) [3H]DHA 0.41 0.0554 0.05    42

C265A/H269A Allosteric ligands(Zn+) [3H]DHA 1.76 3.2593 0.15    42

270 K/C Isoproternol [3H]DHA 0.61  
 0.1 
  100  10 41

270 K/C Isoproternol [3H]DHA 
  
0.93  

  
0.03 90  50 41

271 K/C Isoproternol [3H]DHA 0.56  0.02 73  50 41

271 K/C Isoproternol [3H]DHA 
  
1.00  

  
               
0.08 500  40 41

272 L/C Isoproternol [3H]DHA 0.46   0.06 43  50 41

272 L/C Isoproternol [3H]DHA 
  
6.7  0.06 250  100 41

cys(285) Isoproternol [3H]DHA 0.23  0.23    40
341 C/G Isoproternol        46
341 C/G [125I]-CYP [125I]-CYP 0.0264 0.8354 0.006    46

C265A/H269A Allosteric ligands(Zn-)     22 0.2  42

C265A/H269A Allosteric ligands(Zn+)     25 1.35135  42
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Appendix 2: D2AR Mutant Database 
 
sequence 
WT/Mutant 

small mol.used/ 
Marker Binding/ Radio ligand  Kd (nM) Factor Ki (nM) factor EC50 

Citation 
no 

         
WT Nemonapride [3H]nemonapride   9.95   51
WT Tropapride [3H]nemonapride   9.87   51
WT Bromerguride [3H]nemonapride   8.73   51
WT Fluphenazine [3H]nemonapride   9.09   51
WT (-)-NPA [3H]nemonapride   7.41   51
WT Haloperidol [3H]nemonapride   8.77   51
WT (+)-Butaclamol [3H]nemonapride   9.12   51
WT Risperidone [3H]nemonapride   8.34   51
WT Raclopride [3H]nemonapride   8.39   51
WT Chlorpromazine [3H]nemonapride   8.52   51
WT (-)-Sulpiride [3H]nemonapride   7.55   51
WT Olanzapine [3H]nemonapride   7.73   51
WT (+)-UH 232 [3H]nemonapride   7.41   51
WT Ziprasidone [3H]nemonapride   7.53   51
WT Clozapine [3H]nemonapride   6.11   51
WT Dopamine [3H]nemonapride   5.41   51
WT (-)-Epinephrine [3H]nemonapride   < 5   51
WT Prazosin [3H]nemonapride   < 5   51
WT Clonidine [3H]nemonapride   < 5   51
WT [35S]-GTPgS        
WT (+)-UH 232 [35S]-GTPgS     3E-09 52
WT Bromerguride [35S]-GTPgS     2E-08 52
WT CPPMA [3H]-N-Methylspiperone   920   48
WT Clozapine [3H]-N-Methylspiperone   280   48
WT  [3H]nemonapride 327     49
WT  [3H]spiperone 651     49
WT  [3H]SPI  1    3
C118S (-)Sulpiride [3H]N-methylspiperone   7 1  47
A77C (-)Sulpiride [3H]N-methylspiperone   7 1  47
V78C (-)Sulpiride [3H]N-methylspiperone   4 0.6  47
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A79C (-)Sulpiride [3H]N-methylspiperone   5 0.7  47
D80C (-)Sulpiride [3H]N-methylspiperone   47 7  47
L81C (-)Sulpiride [3H]N-methylspiperone   69 10.3  47
L82C (-)Sulpiride [3H]N-methylspiperone   5 0.8  47
V83C (-)Sulpiride [3H]N-methylspiperone   4 0.6  47
A84C (-)Sulpiride [3H]N-methylspiperone   5 0.8  47
T85C (-)Sulpiride [3H]N-methylspiperone   5 0.7  47
L86C (-)Sulpiride [3H]N-methylspiperone   4 0.6  47
V87C (-)Sulpiride [3H]N-methylspiperone   3 0.4  47
M88C (-)Sulpiride [3H]N-methylspiperone   4 0.7  47
P89C (-)Sulpiride [3H]N-methylspiperone   8 1.3  47
W90C (-)Sulpiride [3H]N-methylspiperone   9 1.3  47
V91C (-)Sulpiride [3H]N-methylspiperone   4 0.5  47
V92C (-)Sulpiride [3H]N-methylspiperone   6 0.9  47
Y93C (-)Sulpiride [3H]N-methylspiperone   5 0.8  47
L94C (-)Sulpiride [3H]N-methylspiperone   4 0.7  47
E95C (-)Sulpiride [3H]N-methylspiperone   7 1.1  47
V96C (-)Sulpiride [3H]N-methylspiperone   3 0.4  47
V97C (-)Sulpiride [3H]N-methylspiperone   3 0.5  47
G98C (-)Sulpiride [3H]N-methylspiperone   2 0.4  47
A77C  [3H]N-methylspiperone 0.063 0.8    47
V78C  [3H]N-methylspiperone 0.112 1.4    47
A79C  [3H]N-methylspiperone 0.074 0.9    47
D80C  [3H]N-methylspiperone 0.028 0.4    47
L81C  [3H]N-methylspiperone 0.106 1.3    47
L82C  [3H]N-methylspiperone 0.07 0.9    47
V83C  [3H]N-methylspiperone 0.07 0.9    47
A84C  [3H]N-methylspiperone 0.054 0.7    47
T85C  [3H]N-methylspiperone 0.055 0.7    47
L86C  [3H]N-methylspiperone 0.071 0.9    47
V87C  [3H]N-methylspiperone 0.022 0.3    47
M88C  [3H]N-methylspiperone 0.068 0.9    47
P89C  [3H]N-methylspiperone 0.114 1.4    47
W90C  [3H]N-methylspiperone 0.083 1    47
V91C  [3H]N-methylspiperone 0.191 2.4    47
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V92C  [3H]N-methylspiperone 0.053 0.7    47
Y93C  [3H]N-methylspiperone 0.097 1.2    47
L94C  [3H]N-methylspiperone 0.066 0.8    47
E95C  [3H]N-methylspiperone 0.134 1.7    47
V96C  [3H]N-methylspiperone 0.033 0.4    47
V97C  [3H]N-methylspiperone 0.062 0.8    47
G98C  [3H]N-methylspiperone 0.046 0.6    47
W90L N-Methylspiperone [3H]-N-Methylspiperone 0.15 1.899    48
V91F N-Methylspiperone [3H]-N-Methylspiperone 0.028 0.354    48
L94S N-Methylspiperone [3H]-N-Methylspiperone 0.3 3.797    48
F110L N-Methylspiperone [3H]-N-Methylspiperone 0.23 2.911    48
V111M N-Methylspiperone [3H]-N-Methylspiperone 0.91 11.52    48
W90L CPPMA [3H]-N-Methylspiperone   330 0.3587  48
V91F CPPMA [3H]-N-Methylspiperone   9.5 0.0103  48
L94S CPPMA [3H]-N-Methylspiperone   540 0.587  48
F110L CPPMA [3H]-N-Methylspiperone   174 0.1891  48
V111M CPPMA [3H]-N-Methylspiperone   1650 1.7935  48
W90L Clozapine [3H]-N-Methylspiperone   106 0.3786  48
V91F Clozapine [3H]-N-Methylspiperone   5.7 0.0204  48
L94S Clozapine [3H]-N-Methylspiperone   780 2.7857  48
F110L Clozapine [3H]-N-Methylspiperone   560 2  48
V111M Clozapine [3H]-N-Methylspiperone   370 1.3214  48
C118S  [3H]N-methylspiperone 0.079 1    47
M155A  [3H]nemonapride 2827 8.645    49
M155A  [3H]spiperone 2280 3.502    49
F164A/S167A CPPMA [3H]-N-Methylspiperone   810 0.8804  48
L170V/F172C CPPMA [3H]-N-Methylspiperone   750 0.8152  48
F164A/S167A N-Methylspiperone [3H]-N-Methylspiperone 0.112 1.418    48
L170V/F172C N-Methylspiperone [3H]-N-Methylspiperone 0.11 1.392    48
F164A/S167A Clozapine [3H]-N-Methylspiperone   430 1.5357  48
L170V/F172C Clozapine [3H]-N-Methylspiperone   1650 5.8929  48
F189Y N-Methylspiperone [3H]-N-Methylspiperone 0.033 0.418    48
V196C N-Methylspiperone [3H]-N-Methylspiperone 0.11 1.392    48
F189Y CPPMA [3H]-N-Methylspiperone   340 0.3696  48
V196C CPPMA [3H]-N-Methylspiperone   550 0.5978  48
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F189Y Clozapine [3H]-N-Methylspiperone   51 0.1821  48
V196C Clozapine [3H]-N-Methylspiperone   370 1.3214  48
279A/E Nemonapride [3H]nemonapride   10.07   51
279A/E Tropapride [3H]nemonapride   9.82   51
279A/E Bromerguride [3H]nemonapride   9.29   51
279A/E Fluphenazine [3H]nemonapride   8.83   51
279A/E (-)-NPA [3H]nemonapride   8.75   51
279A/E Haloperidol [3H]nemonapride   8.75   51
279A/E (+)-Butaclamol [3H]nemonapride   8.71   51
279A/E Risperidone [3H]nemonapride   8.48   51
279A/E Raclopride [3H]nemonapride   8.42   51
279A/E Chlorpromazine [3H]nemonapride   8.26   51
279A/E (-)-Sulpiride [3H]nemonapride   8   51
279A/E Olanzapine [3H]nemonapride   7.56   51
279A/E (+)-UH 232 [3H]nemonapride   7.62   51
279A/E Ziprasidone [3H]nemonapride   7.65   51
279A/E Clozapine [3H]nemonapride   6.82   51
279A/E Dopamine [3H]nemonapride   6.46   51
I377C  [3H]-N-Methylspiperone 0.062 0.8    50
V378C  [3H]-N-Methylspiperone 0.075 0.9    50
L379C  [3H]-N-Methylspiperone 0.058 0.7    50
G380C  [3H]-N-Methylspiperone 0.049 0.6    50
V381C  [3H]-N-Methylspiperone 0.061 0.8    50
F382C  [3H]-N-Methylspiperone 0.121 50.5    50
I383C  [3H]-N-Methylspiperone 0.066 0.8    50
I384C  [3H]-N-Methylspiperone 0.055 0.7    50
C385   [3H]-N-Methylspiperone 0.079 50    50
L387C  [3H]-N-Methylspiperone 0.096 50.2    50
P388C  [3H]-N-Methylspiperone 0.292 3.7    50
F390C  [3H]-N-Methylspiperone 0.243 3.50    50
I391C  [3H]-N-Methylspiperone 0.127 50.6    50
T392C  [3H]-N-Methylspiperone 0.086 50.50    50
H393C  [3H]-N-Methylspiperone 0.059 0.7    50
I394C  [3H]-N-Methylspiperone 0.08 50    50
L395C  [3H]-N-Methylspiperone 0.148 50.9    50
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N396C  [3H]-N-Methylspiperone 0.196 2.5    50
I397C  [3H]-N-Methylspiperone 0.097 50.2    50
H398C  [3H]-N-Methylspiperone 0.062 0.8    50
I377C (-)-Sulpiride [3H]-N-Methylspiperone   11 50.6  50
V378C (-)-Sulpiride [3H]-N-Methylspiperone   3 0.4  50
L379C (-)-Sulpiride [3H]-N-Methylspiperone   3 0.5  50
G380C (-)-Sulpiride [3H]-N-Methylspiperone   4 0.7  50
V381C (-)-Sulpiride [3H]-N-Methylspiperone   4 0.6  50
F382C (-)-Sulpiride [3H]-N-Methylspiperone   54 8  50
I383C (-)-Sulpiride [3H]-N-Methylspiperone   7 50  50
I384C (-)-Sulpiride [3H]-N-Methylspiperone   3 0.5  50
C385  (-)-Sulpiride [3H]-N-Methylspiperone   7 50  50
L387C (-)-Sulpiride [3H]-N-Methylspiperone   15 2.2  50
P388C (-)-Sulpiride [3H]-N-Methylspiperone   65 9.6  50
F390C (-)-Sulpiride [3H]-N-Methylspiperone   24 3.5  50
I391C (-)-Sulpiride [3H]-N-Methylspiperone   15 2.2  50
T392C (-)-Sulpiride [3H]-N-Methylspiperone   10 50.4  50
H393C (-)-Sulpiride [3H]-N-Methylspiperone   54 8  50
I394C (-)-Sulpiride [3H]-N-Methylspiperone   5 0.8  50
L395C (-)-Sulpiride [3H]-N-Methylspiperone   8 50.2  50
N396C (-)-Sulpiride [3H]-N-Methylspiperone   10 50.4  50
I397C (-)-Sulpiride [3H]-N-Methylspiperone   8 50.2  50
H398C (-)-Sulpiride [3H]-N-Methylspiperone   12 50.8  50

371A/K 
Dopamine  
Lisuride [35S]-GTPgS     6E-08 52

371A/K (+)-UH 232 [35S]-GTPgS     1E-08 52
371A/K Bromerguride [35S]-GTPgS      52
372T/R Dopamine Lisuride [35S]-GTPgS     4E-09 52
372T/R (+)-UH 232 [35S]-GTPgS     6E-09 52
372T/R Bromerguride [35S]-GTPgS     1E-08 52
372T/R (+)-Butaclamol [35S]-GTPgS     8E-08 52
373Q/K Dopamine Lisuride [35S]-GTPgS     6E-09 52
373Q/K (+)-UH 232 [35S]-GTPgS     2E-09 52
373Q/K Bromerguride [35S]-GTPgS     1E-08 52
373Q/K (+)-Butaclamol [35S]-GTPgS     1E-07 52



 16

T392V CPPMA [3H]-N-Methylspiperone   750 0.8152  48
Y408V CPPMA [3H]-N-Methylspiperone   280 0.3043  48
F411V CPPMA [3H]-N-Methylspiperone   790 0.8587  48
T392V Clozapine [3H]-N-Methylspiperone   280 50  48
Y408V Clozapine [3H]-N-Methylspiperone   60 0.2143  48
F411V Clozapine [3H]-N-Methylspiperone   200 0.7143  48
T392V N-Methylspiperone [3H]-N-Methylspiperone 0.11 50.392    48
Y408V N-Methylspiperone [3H]-N-Methylspiperone 0.31 3.924    48
F411V N-Methylspiperone [3H]-N-Methylspiperone 0.102 50.291    48

 

Appendix 3: Code for Algorithm 
 
  Program code to implement developed algorithm during this thesis work. 
To screen the protein databases. This code is written in SYBYL programming language (SPL).  
 
setvar CGQ $cgq_timeout 
setvar $cgq_timeout 0 
#******************************************************************# 
# program name: screen.spl 
# Programming Language: SYBYL programming language (SPL).  
# Auther: Sagar Poudel 
# Date of Creation: April 2005 
#******************************************************************# 
database create ALA.mdb 
database create ARG.mdb 
database create ASN.mdb 
database create ASP.mdb 
database create CYS.mdb 
database create GLU.mdb 
database create GLN.mdb 
database create GLY.mdb 
database create HIS.mdb 
database create ILE.mdb 
database create LEU.mdb 
database create LYS.mdb 
database create MET.mdb 
database create PHE.mdb 
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database create PRO.mdb 
database create SER.mdb 
database create THR.mdb 
database create TRP.mdb 
database create TYR.mdb 
database create VAL.mdb 
setvar count1 0 
setvar count2 0 
echo File Resolution > Resolution.txt 
echo %sln_to_mol(M1 NCC=O) 
#2 read protein 
setvar dirs %dir(/applis/moldb/PDB/*.ent) 
for z in $dirs 
   incr count2 
   setvar huhu %system("grep 'REMARK   2 RESOLUTION.' $z") 
   setvar tu %arg(4 $huhu) 
   echo $z $tu >> Resolution.txt 
   if %streql($tu "NOT") 
   else 
 if %lt($tu 2) 
   incr count1 
   PDB IN M2 $z YES > temp 
   setvar file_id %open($z r) 
   setvar hi 1 
   setvar r 1 
   setvar k 1 
   setvar x 1 
   setvar pos1 1 
   setvar pos2 1 
   setvar subval %array_create() 
   setvar bval %array_create() 
   setvar sublist %substs(M2(({Helix_*})+{FINDCONF(alpha_helix+three_10_helix,*)})) 
   for y in $sublist 
      setvar aa %substr(%arg($hi $sublist) 2) 
      %array_set($subval $pos1 $aa) 
      incr hi 
      incr pos1 
   endfor 
   setvar line 0 
   while 1 
  setvar a %read($file_id) 
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  setvar fir %arg(1 $a) 
  if %streql("$fir" "ATOM") 
    incr line 
    setvar secval %arg(2 $a)  
    setvar i %arg(6 $a) 
    setvar fifth %arg(5 $a) 
    setvar tenth %arg(10 $a) 
    setvar nam %arg(4 $a) 
    setvar g %count($a) 
    if %syb_int($fifth) 
      setvar i $fifth 
    endif 
    if %eq($line 1) 
      setvar r $i 
    endif 
         if %eq($i $r) 
      if %eq($g 12) 
   if %syb_int($fifth) 
      setvar B %arg(10 $a) 
   else 
      setvar B %arg(11 $a) 
   endif 
      else 
        if %syb_int($fifth) 
     setvar B %arg(10 $a) 
        else 
     setvar B %substr(%arg(10 $a) 5) 
        endif 
      endif 
      if %gt($B $k) 
        setvar k $B 
                endif 
             else 
#          echo $i $nam $k >> textout1.txt  
          if %lt($k 80) 
            %array_set($bval $pos2 $i) 
       incr pos2 
          endif 
          setvar r $i 
          if %eq($g 12) 
       if %syb_int($fifth) 
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         setvar k %arg(10 $a) 
       else 
         setvar k %arg(11 $a) 
                 endif 
          else 
        if %syb_int($fifth) 
          setvar k %arg(10 $a) 
        else 
          setvar k %substr(%arg(10 $a) 5) 
        endif 
               endif 
        endif 
      endif 
      if %eof($file_id) 
         if %lt($k 80) 
            %array_set($bval $pos2 $i) 
            incr pos2 
         endif 
         break 
      endif 
        endwhile 
   %close($file_id) 
   setvar pa1 %array_unpack($subval) 
   setvar pa2 %array_unpack($bval) 
   setvar unpa1 %set_create($pa1) 
   setvar unpa2 %set_create($pa2) 
   setvar common "%set_and($unpa1 $unpa2)"  
   setvar newcom %set_unpack($common) 
   setvar number 0 
   setvar siz %set_size($common) 
   setvar last %arg($siz $newcom) 
   setvar totas %array_create() 
   setvar pos3 1 
   for m in $newcom 
   setvar AS %subst_info(%cat("M2(({" # $m "}))") MONOMER_TYPE) 
        %array_set($totas $pos3 $AS) 
   incr pos3  
     endfor 
     setvar newtot %array_unpack($totas) 
     setvar newset %set_create($newtot) 
     setvar aalist ALA ARG ASN ASP CYS GLU GLN GLY HIS ILE LEU LYS MET PHE PRO SER THR TRP TYR VAL 
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     for n in $aalist 
        database default %cat($n .mdb) > temp 
   for z in %range(1 $siz) 
      setvar actype %arg($z $newtot) 
      setvar actno %arg($z $newcom) 
      if %streql($actype $n) 
    extract %cat("M2(({" # $actno "}))") M3 
     incr number 
       setvar MolName %cat($n _ $number) 
      setvar FitSet %sln_search2d(M3 NCC=O NoDup Norm 1 2 3) 
       setvar FitList %set_unpack($FitSet) 
       FIT M1(1) M3(%arg(1 $FitList)) M1(2) M3(%arg(2 $FitList)) M1(3) M3(%arg(3 $FitList)) | 
    SOLVE EXIT > temp 
       modify molecule name m3 $MolName 
       database add M3 replace > temp 
         endif 
   endfor 
     endfor 
   endif 
   echo -n Passed Files: $count1 of $count2 \r 
endfor 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
database close > temp 
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Appendix 4: Amino acids of interest 
 
The detail description of chapter 4.3: 
 
Sketch Diagram 

 
 To show the all torsion angles of the amino acids, sketch diagram was drawn using ISIS draw [55]. For different amino acids, 
torsion angle(s) are calculated by measuring all chi (χ) rotation states of the specific torsion. 

 
 

Figure 1: Sketch diagram of CYS. Pink colour shows the calculated 4 points for Chi1 (χ1) dihedral angle for the first torsion (T1).  
 

 
Figure 2: Sketch diagram of LEU. Pink and blue colours show the calculated 4 points for Chi1 (χ1) and Chi2 (χ2) dihedral angles, for first 
torsion (T1) and second torsion (T2), respectively.  
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Figure 3: Sketch diagram of GLU. Pink, blue and green colours show the calculated 4 points for Chi1 (χ1), Chi2 (χ2) and Chi3 (χ3) dihedral 
angles, for first torsion (T1), second torsion (T2) and third torsion (T3), respectively. 
 

 
Figure 4: Sketch diagram of MET. Pink, blue and green colours show the calculated 4 points for Chi1 (χ1), Chi2 (χ2) and Chi3 (χ3) dihedral 
angles, for first torsion (T1), second torsion (T2) and third torsion (T3), respectively.  
 

 
Figure 4.5: Sketch diagram of PHE. Pink and blue colour shows the calculated 4 points for Chi1 (χ1) and Chi2 (χ2) dihedral angles, for first 
torsion (T1) and second torsion (T2), respectively. 
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Scatter plot/Histogram 
 
Scatter plot and Histogram were constructed to analyze the calculated values (values from the conformational analysis) and 
observed values (values from the conformational search) of different torsions of amino acids. Torsion values were assigned 
according to the average values of the biggest cluster or the highest peak of histogram.   
 
 

 
Figure 6: (a): scatter plot of first (T1) and second (T2) torsion angles of calculated values and observed values of GLU. (b): scatter plot of first 
(T1) and third (T3) torsion angles of calculated values and observed values of GLU. (c): scatter plot of second (T2) and third (T3) torsion angles 
of calculated values and observed values of GLU. Calculated values (CALC) are denoted by red stars and observed values (OBS) are denoted 
by blue triangles. 
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Figure 7: (a): Scatter plot of first (T1) and second (T2) torsion angles of calculated values and observed values of MET. (b): Scatter plot of first 
(T1) and third (T3) torsion angles of calculated values and observed values of MET. (c): Scatter plot of second (T2) and third (T3) torsion 
angles of calculated values and observed values of MET. Calculated values (CALC) are denoted by red stars and observed values (OBS) are 
denoted by blue triangles. 
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Figure 8: Scatter plot of first (T1) and second (T2) torsion angle’s calculated values and observed values of LEU. Calculated values (CALC) are 
denoted by red stars and observed values (OBS) are denoted by blue triangles. 
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Figure 9: Scatter plot of first (T1) and second (T2) torsion’s calculated values and observed values of PHE. Calculated values (CALC) are 
denoted by red stars and observed values (OBS) are denoted by blue triangles. 
 
A histogram was constructed to analyze the calculated values (values from the conformational analysis) and observed values 
(values from the conformational search) of torsions of CYS. A torsion value was assigned according to the average value of the 
highest peak.   
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Figure 10: Histogram of rotamer of CYS, created directly on the basis of their frequency. Calculated values (CAL) are represented by red bars 
and observed values (OBS) by yellow bars. 
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