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Abstract 

Currently, there is a need for improved drugs to treat diseases such as diabetes and cancer. 

This study used different computational methods to investigate a range of scientific problems 

that require rapid solutions to improve health and wellbeing. Ligand docking, in silico 

ADMET, protein-ligand binding affinity, density functional theory (DFT), and analytical 

techniques were applied to study the allosteric binding pocket of the GLP-1 receptor, the 

interactions between flavonoids and cytochrome P450s, the binding of phorbol diesters to 

the CYP19A1 enzyme and nuclear magnetic resonance (NMR) shielding. Findings from the 

study on ligand binding to the glucagon-like peptide-1 receptor GLP1-R) showed that the 

allosteric binding pocket of the GLP-1R is located near the transmembrane (TM) domain 6 

of the receptor. This finding would enable the development of new allosteric modulators 

which can target the allosteric binding pocket of GLP-1R identified from this study. The 

next study which explored the binding of different ligands into cytochrome P450s showed 

that specific amino acid residues in the cytochrome P450s (CYP1A1 and CYP1B1) interact 

with different EROD flavonoids (Asp 313 and Phe 224 upon docking into CYP1A1 and Ala 

330 upon docking into CYP1B1). The flavonoids isorhamnetin and pedalitin had the lowest 

binding energy upon docking into the crystal structures of 6DWM and 6IQ5. The results 

suggest the flavonoids isorhamnetin and pedalitin as potential precursors for natural product-

derived therapeutics. Additionally, the study also explored the interactions between phorbol 

diesters and CYP19A1. The results showed that the phorbol diesters had higher binding 

energy than commercial aromatase inhibitors. This suggests that phorbol diesters have the 

potential to modify the activity of the aromatase enzyme. A study investigating the lack of 

rotational invariance of some density functional theory (DFT) grids on DFT computed NMR 

spectra of a low vibrational frequency reaction showed that the lack of rotational invariance 

in some DFT grids does not impact DFT-calculated NMR spectra of low vibrational 

frequency reactions.  
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1. Introduction 
 

The use of advanced computational techniques play an important role in the 

progression of science. Therefore, the concept of modelling a molecule, enzyme or receptor 

as well as  mechanisms of these models and their limitations need to be understood.1 An 

understanding of the underlying principles of computational methods would significantly 

improve the outcomes achieved by combining those and experimental techniques.  

Methods such as molecular dynamics (MD), the hybrid quantum 

mechanics/molecular mechanics (QM/MM) approach, the quantum mechanics approach, 

and molecular docking are usually employed in understanding reactions that occur within 

enzyme catalysed reactions and receptor binding sites.2, 3 

1.2 Need for the research  

Computational techniques provide a fast, reliable, easier, and cost-effective way of 

solving chemical, biological or mathematical problems with the aid of computers. The 

application of computational techniques such as ligand docking, in silico ADME/Tox 

prediction, and QSAR in the drug discovery has been proven to be an effective strategy in 

accelerating and reducing the costs associated with drug discovery and development 

processes.4 Although, there are drugs available to treat ailments, there is the need to discover 

new drug targets as well as novel compounds which would target known binding sites and 

metabolic pathways. Another challenge considered in this research is the chronic cyanide 

exposure and lack of vitamin A leads to several dysfunctions in the body which led to the 

biofortification of cassava root. Therefore, the current research explores fundamentally 

different computational and experimental tools to provide insight into several areas of 

interest such as the allosteric binding site of GLP1R, cytochrome P450 and levels of residual 

cyanide and beta-carotene in cassava root that can also improve health and well-being 

through findings of the thesis.  

1.3 Project aim, hypothesis, and objectives 

The overall aim of this research is to use different experimental and computational 

techniques to provide insight into selected biological and chemical problems.  
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1.3.1 Hypothesis  

The current study explores if the computational and experimental methods used in 

this research can be applied to answer selected chemical and biological questions. 

1.3.2 Objectives of the research  

The overall aim will be achieved via following objectives: 

1. By using structure-based drug design techniques, allosteric binding pocket of 

glucagon-like peptide-1 receptor will be characterised. Subsequently residues 

interacting in a binding site would be identified. The characterisation of the binding 

pocket of selected cytochrome P450s (CYP1A1, CYP1B1, CYP19A1) and 

identification of the residues which interact in the binding site will be performed by 

using structure-based drug design tools. 

2. The quantification of the physicochemical and toxicological parameters of selected 

molecules will be achieved by using in silico ADMET prediction software. 

3. In order to understand the lack of rotational invariance on NMR spectra of selected 

reactions, DFT will be applied in the prediction of NMR shielding. 

1.4 Thesis Outline  

This thesis consists of 7 chapters. The first chapter introduces the research. The 

second chapter provides an overview of the methods used in the research. The next two 

chapters are focused on GPCRs starting with a review of literature on GPCRs including an 

overview of family A-C GPCRs, their structural differences, GPCR signalling, allosteric 

binding and cooperativity. The dielectric constant (relative permittivity) of proteins is also 

explored in the context of site-specific environmental effects. Furthermore, the second 

chapter of the thesis was published in RSC Advances (2020 10(60):36337-36348). Besides 

a literature review on GPCRs in chapter 3, Chapter 4 explores the allosteric binding site of 

the glucagon-like peptide-1 receptor (GLP-1R) (a family B GPCR) using structure-based 

drug design techniques such as ligand docking, in silico ADMET, protein-ligand binding 

affinity and allosteric modulators of GLP-1R. In addition, A part of Chapter 4 was published 

in MDPI Applied Bioscience (2022 1(2):143-162). 

Using computational methods described in Chapter 2 (molecular docking and in 

silico ADME/Tox prediction), Chapter 5 provides information on interactions of selected 
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cytochrome P450s and 22 ligands. It elaborates on the interactions of selected 

ethoxyresorufin O-deethylase activity (EROD) flavonoids and the cytochrome P450s - 

CYP1A1 and CYP1B1. These two cytochromes play a role in xenobiotics and steroid 

hormone biosynthesis. Additionally, chapter 5 also explores the interactions between 

phorbols bearing different chains at C-12, C-13 and C-20 and known aromatase inhibitors 

anastrozole, exemestane and letrozole and the human placental aromatase cytochrome P450 

(CYP19A1). Chapter 5 has been published Current Pharmaceutical Design, 2022 28(45), 

3637-3648 and MDPI Applied Biosciences, 2022, 1(3), 279-288) 

Chapters 6 of this thesis is focused on NMR. This chapter explores the effects of the 

lack of rotational invariance of some DFT integration grids on DFT computed NMR 

shielding. The last chapter of the thesis concludes the residues and provides suggestions for 

future work. 
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2. Methods 

This chapter provides an introductory overview to the different methods used in this project. 

2.1 Density Functional Theory (DFT) 

In recent years, density functional theory (DFT) has become a standard tool in the 

computation of electronic structure in materials science, physics, and chemistry.5 DFT is 

also used to characterise biologically relevant molecular systems accurately.6 However, the 

application of DFT in biological systems is hindered primarily due to the unfavourable 

scaling of the computational effort with system size.5 DFT was birthed in an exceptional 

paper published in 1964 by Hohenberg & Kohn7, 8 and the principal implementation of their 

method was later published by the same authors in 1965.7, 9 DFT excels greatly in 

computational cost/performance ratio in comparison to the electron-correlated wave 

function-based methods such as Møller–Plesset perturbation theory (MPPT) or coupled 

cluster.10 The speed of DFT is also being utilised to perform various energy and gradient 

calculations for a system to study its evolution over a period of time; thus, making the DFT-

based MD method called ab initio molecular dynamics (AIMD) gain increasing popularity 

and being applied in areas such as biomolecular, physical, chemical and material sciences.10  

Research into the development of novel and accurate DFT functionals is active 

because some calculations require more specific and non-general functionals such as B97D11 

(Grimme’s functional including dispersion), VSXC12 (van Voorhis and Scuseria’s τ-

dependent gradient-corrected correlation functional) and HCTH/*13-15 (Handy’s family of 

functionals including gradient-corrected correlation).10 However, the development of 

‘general-use’ functionals is ongoing.10 In the last 30 years, many semi-empirical DFT 

functionals (B3LYP,16 B9717 etc.) and non-empirical (PBE,18, 19 TPSS20 etc.) DFT 

functionals have been developed by chemists and physicists.21 This has been influenced 

heavily by the efforts of John Perdew and Axel Becke in the development of non-empirical 

and semi-empirical density functionals.21  

2.1.1 Basis sets  

Basis sets mathematically describes the orbitals of a system being investigated; it is used 

for an approximate theoretical calculation or modelling.22 Basis sets are used in electronic 

structure calculations to specify the degrees of freedom allowed for the one-particle states.23 

A good basis set should strike a balance between accuracy, computational efficiency, and 
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flexibility. It should provide reliable and accurate results for a wide range of molecular 

systems and properties, while being computationally feasible for practical applications. 

Majority of the all electron quantum chemical calculations currently reported in literature 

utilise basis sets created from atomic orbitals (AOs) through the linear combination of 

atomic orbitals (LCAO) approach.23 There are three types of LCAO basis sets often used, 

namely, Slater-type orbitals (STOs),24-26 also known as Exponential type orbitals,23 

Gaussian-type orbitals (GTOs)23 and Numerical atomic orbitals (NAOs).23 Polarisation and 

diffusion functions are additional basis functions that are included to improve the accuracy 

of calculations, particularly for systems involving atoms with diffuse electron densities or 

those with significant polarization effects.27-29 Diffuse functions are basis functions that are 

designed to capture the behaviour of electrons that are spread out over a large region, away 

from the atomic nucleus.28  Polarization functions, also known as polarization or higher 

angular momentum functions, are basis functions that describe the electron distribution in 

response to an electric field or in regions with high electron density gradients. The inclusion 

of polarisation and diffusion functions helps to better describe the electron density 

distribution and improves the accuracy of computed properties such as energies, molecular 

structures, and charge distributions for systems with diffuse electron densities or strong 

polarization effects. Basis sets have been broadly classified into the following:   

1. Minimal basis sets: STO-3G,30, 31 STO-4G, STO-6G, STO-3G*.These basis sets are 

derived from a minimal Slater-type orbital basis set.23  

2. Pople basis sets: 3-21G,32-37 3-21G*. 3-21+G, 3-21+G*, 6-31G, 6-31G*, 6-31+G*, 

6-31G (3df, 3pd),6-311G, 6-311G*, 6-311+G*.22 (* = polarisation function, + = 

diffusion function). 

3. Correlation consistent basis sets: the basis sets in this group were developed by 

Dunning.38 They were specifically designed for post-Hartree-Fock (HF) 

calculations.22 These basis sets comprise shells of polarisation (correlating) functions 

(d, f, g, etc.) which can lead to the convergence of the electronic energy to complete 

the basis set limit.22 Examples of these are cc-pVDZ (Double-zeta), cc-pVTZ 

(Triple-zeta), cc-pVQZ (Quadruple-zeta), cc-pV5Z (Quintuple-zeta) cc-pV6Z 

(Sextuple-zeta), aug-cc-pVDZ (Augmented versions of cc-pVDZ etc).38-42 

4. Other split valence basis sets: these basis sets were initially developed by Ahlrichs 

and co-workers; these basis sets include SV, SVP, TZV, TZVP.43, 44 These basis sets, 

however, have been redefined by Weigend and Ahlrichs.45, 46 The redefined basis 
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sets include Def2SV, Def2SVP, Def2SVPP, Def2TZV, Def2TZVP, Def2TZVPP, 

Def2QZV, Def2QZVP, Def2QZVPP, and QZVP.  

5. Plane-wave basis sets: plane-wave basis sets are used in quantum chemical 

simulations in addition to localised basis sets. A specified number of plane-wave 

functions are used for the calculation. This is usually below a set cut-off energy 

chosen for the calculation of interest.22 

2.2 Molecular Docking  

Molecular docking is essential in computer-aided drug design and structural 

molecular biology.47 The technique explores the behaviour of a small molecule/ligand in a 

binding site of the target protein.48, 49 The advances in determining protein structures using 

X-ray crystallography or NMR spectroscopy have made molecular docking an essential tool 

in drug discovery.48 Docking software can perform a thorough search evaluating the 

conformation of the small molecule/ligand repeatedly until the minimum energy structure is 

reached. A scoring function (ΔG kcal/mol) is used to rank the docking poses as the sum of 

the electrostatic and van der Waals energies.47-49  

Molecular docking has several applications in the process of drug discovery. Its 

applications include providing binding hypotheses to facilitate predictions for mutagenesis 

studies, virtual screening to identify potential leads, combinatorial library design, structure-

activity relationship lead optimisation and chemical mechanism studies.47, 50 Molecular 

docking is currently applied in the food industry to understand food safety issues on 

biotoxins, drug residues and foodborne pathogens.51 The major protein of interest in the food 

industry is human serum albumin (HAS) and protease.51 Over 60 molecular docking tools 

have been reported in literature.51 However, the most commonly used software includes 

GOLD,52 FlexX,53 DOCK/UCSF Dock,54 AutoDock,55 Affinity,56 Surflex,57 AutoDock 

Vina,58 Cresset Flare,59 Rosetta,60-63 rDock,64 MOE-Dock,65 etc. 

There are three different types of molecular docking according to the degree of 

simplification, namely, flexible docking, semi-flexible docking and rigid docking.51 The 

rigid docking, as the name implies, means that the conformation of the protein of interest 

and ligand does not change.51 This type of docking does not require multiple calculations; 

hence being the most straightforward method.51 This type of molecular docking is best suited 

for large systems such as protein-protein,51, 66 and a protein-nucleic acid.51, 67 In the semi-

flexible approach, the conformation of the receptor/protein of interest is fixed while the 
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ligand or small molecular conformation can be altered.48, 51 This method considers the 

influence of changes to a ligand structure.51 Semi-flexible docking is suitable for docking 

small molecules and macromolecules like nucleic acids or proteins and ligands.51, 68 The 

flexible docking approach allows the conformation of the ligand and receptor to be readily 

modified.51 Flexible docking approach is used in the accurate evaluation of molecular 

interactions.51, 69 The theory underlying molecular docking generally encompasses the 

following stages: target protein preparation, ligand preparation, scoring function 

implementation, search algorithm utilization (examples include Monte Carlo, genetic 

algorithm, simulated annealing, or Lamarckian genetic algorithm), scoring and ranking of 

poses, and subsequent validation and refinement steps.47 

2.3 In silico ADMET  

The drug development and discovery processes are a complex and capital-intensive 

venture. These processes include disease selection, target identification and validation, lead 

discovery and optimisation, as well as preclinical and clinical trials.70, 71 The advances in in 

silico methods have led to several new drugs in the market.70 Two of the major pitfalls in 

the drug discovery process are the lack of efficacy and safety.70 This implies that the 

absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of 

chemicals play vital roles in the individual stages of drug discovery and development.70 An 

effective and safe drug should demonstrate an optimised combination of pharmacodynamics 

(PD) and pharmacokinetics (PK) parameters. This includes affinity, high potency, and 

selectivity against the molecular target, as well as an adequate ADMET profile.72 A variety 

of tools are available for the in silico ADMET assessment of compounds.  These include 

QuikProp,73 MetaSite,74 DataWarrior,75 StarDrop,76 and MetaTox.72, 77 Furthermore, there 

are web resources used in the in silico ADMET prediction of compounds, namely, 

ADMETlab,78 CypReact,79 FAF-Drugs,80, 81 MetStabOn,82 SwissADME,83 and vNN web 

server.84  
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3. G-protein coupled receptors: structure and function in 
drug discovery 

This chapter provides an introductory review detailing the computational advances 

in GPCR pharmacology and drug discovery. It provides an overview on family A-C GPCRs; 

their structural differences, GPCR signalling, allosteric binding and cooperativity. The 

dielectric constant (relative permittivity) of proteins is also discussed in the context of site-

specific environmental effects.  This chapter was published in RSC Advances 2020 

10(60):36337-36348.  

3.1 Background 

The G-protein coupled receptor (GPCR) superfamily consists of structurally similar 

proteins arranged into families (classes), and is one of the most abundant protein classes in 

the mammalian genome.85-89 GPCRs undertake a plethora of essential physiological 

functions and are targets for numerous novel drugs.88, 89 Their ligands are structurally 

heterogenous, including natural odorants, nucleotides, amines, peptides, proteins, and 

lipids.88 The conserved structure of GPCRs consists of seven TMD of approximately 25–35 

successive amino acid residues that express moderately high levels of hydrophobicity88 and 

are characterised by α-helices which span the plasma membrane.88 The primary function of 

GPCRs is the transduction of extracellular stimuli into intracellular signals.86 Currently, 

approximately thirty to forty percent of marketed pharmaceuticals target GPCRs.85, 90-94 

Hence, there is enormous potential for the development of new drugs targeting these 

receptors.87 Examples of drugs targeting GPCRs include histamine receptor blockers, opioid 

agonists, β-blockers and angiotensin receptor blockers.89 Computational biology methods 

are currently being employed to understand GPCRs as such drug targets.90, 95, 96 

Breakthroughs in GPCR crystallography has facilitated novel discovery through virtual 

screening as well as better off-target rationalisation.90 Recently, the Tikhonova group 

developed a computational protocol which combines concepts from statistical mechanics 

and cheminformatics to explore the flexibility of the bioamine receptors as well as to identify 

the geometrical and physicochemical properties which characterise the conformational space 

of the bioamine family.97 Multiple-microsecond timescale molecular dynamics (MD) 

simulations have been used in capturing the process of several drugs binding to β1- and β2-

adrenergic receptors.98 Molecular docking is one of the most commonly used methods in 

GPCR structure-based drug design (SBDD).98 Esguerra et al. developed GPCR-ModSim, a 
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web-based portal designed specifically for the homology modelling and MD simulation of 

GPCRs.99 

It was historically assumed that GPCRs exist in two conformations: active and 

inactive.100-102 The long-established extended ternary-complex model of GPCR-driven 

signalling was based on this concept.100, 103, 104 This model suggested that the active GPCR 

conformation opted for by G-protein-coupled receptor kinases (GRKs), arrestins and G 

proteins is uniform.100 Nevertheless, biophysical investigations with a refined fluorescent-

labelled β2-adrenergic receptor (β2AR) demonstrated that a receptor can exist in numerous 

conformations and that the conformational equilibrium is influenced both by the bound 

ligand and the proximity to the related G protein.100 

The human genome alone contains approximately 800 GPCRs, making it the largest 

family of membrane proteins.89, 105 GPCRs have been classified based on structural and 

physiological features.88 Some systems of classification have grouped these based on 

location of the ligand binding pocket, while some have utilised both the structural and 

physiological properties.88, 106 The A-F classification system was the first system of 

classification to be introduced.107 This was first introduced in 1994 as A-F, and O for the 

(now obsolete) GCRDb database by Kolakowski.107 The defunct GCRDb system was further 

developed, leading to the GPCRDB108, 109 database by Horn et al. with the rhodopsin family 

(Class A) being the largest and consisting of four main groups: α, β, γ, and δ, and 13 sub-

branches.88, 107, 108 All GPCRs comprise of seven TMD helices (Figure 3.1), alongside an 

eight helix and a palmitoylated cysteine at the C terminal tail.110  

 
Figure 3.1. A schematic representation of a GPCR showing the transmembrane domains, 

N–terminus, C–terminus, the intracellular and extracellular loops (generated 

using GPCRDB Tools, https://gpcrdb.org/).111 
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The diversity of GPCRs has resulted in a perceived difficulty in developing a comprehensive 

classification system.89 The A-F system orders the GPCRs into six classifications on the 

basis of their sequence homology and functional similarity, namely: family A (Rhodopsin-

like receptors), family B (Secretin receptor family), family C (Metabotropic glutamate 

receptors), family D (Parasitic mating pheromone receptors), family E (Cyclic AMP 

receptors) and family F (Frizzled and smoothened receptors).89 Based on phylogenetic 

studies, human GPCRs have been classified under a system called “GRAFS”, and this 

system comprises of five main families namely; Glutamate (G), Rhodopsin (R), Adhesion 

(A), Frizzled/Taste2 (F), and Secretin (S).88, 105, 110 The major difference between the two 

systems concerns the additional division of family B into the Adhesion and Secretin families 

within GRAFS.110 This division was based on early findings describing a distinctive 

evolutionary history between both families.110 The review focused on Family A-C, 

emphasising their importance in drug discovery.90 These families were chosen specifically 

because certain receptors within them can be found in mammals.112 

3.2 Family A (rhodopsin-like receptors) 

The Rhodopsin receptor family (RRF) is the largest of the GPCR families, 

comprising of approximately 680 members, and accounts for 80% of receptors in humans.88, 

113 The RRF is classified into four groups (α, β, γ, δ) and 13 main subdivisions,88, 114 and it 

has numerous characteristics which indicate a common ancestry.88, 114 These characteristics 

include the DRY motif situated at the border between TM3 and intracellular loop (IL) 2 and 

NSxxNPxxY motif in TM7 (Figure 3.2).88, 114 The N–terminal region of the family A GPCR 

receptors  are situated extracellularly,114, 115 while the C–terminal is located within the 

cytoplasm (Figure 3.3).114, 115 The ligand binding site is located within the extracellular 

region of the TMD bundle.114  
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Figure 3.2. Schematic diagram showing the structure of family A GPCRs generated 

using ClustalW.116 Reprinted with permission from Springer Nature: 

Springer Nature, Nature Reviews Drug Discovery, Structural diversity of G 

protein-coupled receptors and significance for drug discovery, M. C. 

Lagerström and H. B. Schiöth, Copyright (2008). The upper section of Figure 

2 shows the differences in the secondary structure of the N termini of the 

family A receptors.116 The scissor image indicates the cleavage site of the 

protease activated receptors whilst in the lower part of the image, the 

schematic TMD regions show the consensus of an alignment generated using 

ClustalW 1.82.116 In addition, the area circled in red describes the elliptical 

orientation.116 Residues conserved in all eight sequences are displayed as 

circles in which conserved aromatic residues are shown in purple, polar in 

orange, aliphatic residues are shown in beige, positively charged in red and 

negatively charged in blue.116 
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According to Palczewski, the arrangement of the seven TMD helices which vary in 

length from 20 to 30 residues is responsible for the overall elliptic, cylindrical shape of 

rhodopsin (Figure 3.3).115 The family A GPCRs vary greatly when their ligand preference 

and primary structure are considered.116 However, there is homogeneity in the N–termini of 

family A GPCRs, but heterogeneity within the TMD regions.116 However, some of the 

family A GPCRs share specific sequence motifs within the TMD region.116  

 

 
Figure 3.3. Illustration showing the modification of rhodopsin and its orientation in 

membranes.115 Reprinted with permission from Annual Reviews: Annual 
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Reviews, Annual review of biochemistry, G protein–coupled receptor 

rhodopsin, K. Palczewski, Copyright (2006). (a) Two-dimensional 

illustration of rhodopsin. The polypeptide of rhodopsin is seen to cross the 

membrane seven times with C-I, C-II, C-III comparable to the cytoplasmic 

loops and E-I, E-II, E-III to the extracellular loops. The yellow cylinders 

represent the transmembrane region (b) Depicts the location of the 

chromophore and the charges on the extracellular and cytoplasmic surface of 

rhodopsin. Red and blue colours represent negative and positive charged 

residues respectively, while the location of the chromophore is revealed by 

deleting fragments of the transmembrane helices.115 

 

Palczewski reported the dimensions of rhodopsin as an ellipsoid of approximately 

35x48x75 Å, with the long axis perpendicular to the membrane in the standard view.115 The 

surface area of the section protruding from the membrane is approximately 1200 Å2, with 

cytoplasmic projection being larger in surface area and volume than the extracellular surface 

(Figure 3.3b).115 The TMD helices of rhodopsin are irregularly shaped due to the 

conformational changes associated with the Gly-Pro residues; they also incline at several 

angles in correspondence to the anticipated membrane surface.117 Teller et al. reported that 

helix 1 tilted from the membrane plane at 25° and contains a 12° kink within it as a result of 

Pro53 residues being present.117 Helix 2 kinked at an angle of 30° around Gly89 and Gly90 

and the most significant bend being at Helix 6 at angle of 36° due to the presence of 

Pro267.117 

3.3 Family B (secretin receptor family) 

The family B GPCRs form a small group, and with an extracellular hormone-binding 

site, and they bind to large peptides.116 The family name “secretin” derives from the secretin 

receptor, which was the first to be cloned in this family.87 In 1975, Sasaki et al.118 solved the 

first X-ray crystal structure of glucagon, a family B GPCR.119 The family corresponds to 

group B of the A-F system of classification,87 and comprises 15 members including: 

vasoactive intestinal peptide receptors (vIPR1, vIPR2), glucagon-like peptide receptors 

(GLP1R, GLP2R), adenylate cyclase activating polypeptide receptor 

(PAC1/ADCYAP1R1), growth-hormone-releasing hormone receptor (GHRHR), calcitonin 

and calcitonin-like receptors (CALCR, CALCRL), gastric inhibitory polypeptide receptor 
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(GIPR), secretin receptor (SCTR), corticotropin-releasing hormone receptors (CRHR1, 

CRHR2), glucagon receptor (GCGR), and parathyroid hormone receptors (PTHR1, 

PTHR2).87, 116 These 15 receptors share between 21 and 67% sequence identity, and a large 

portion of the dissimilarity is identified in the N-terminal sequence.116, 120 These receptors 

contain conserved cysteine residues in the first and second extracellular loops of the TMD 

regions (Figure 3.4).116 However, the majority of the receptors within this family contain 

conserved cysteine residues that make up a cluster of cysteine bridges in the N-terminus116 

The binding profile of the secretin receptors is outlined by three binding domains comprising 

of the proximal region and the juxta membrane region of the N-terminus, as well as the 

extracellular loops, together with TM6 (Figure 3.4).116 The ligand is thought to activate the 

receptor by spanning the N-terminal and the TMD extracellular loops, this way mediating 

the active conformation of the receptor, which increases the probability of activation of the 

signalling units.121  

 

 
Figure 3.4. Schematic diagram showing the structure of family B GPCRs generated 

using ClustalW.116 Reprinted with permission from Springer Nature: 
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Springer Nature, Nature Reviews Drug Discovery, Structural diversity of G 

protein-coupled receptors and significance for drug discovery, M. C. 

Lagerström and H. B. Schiöth, Copyright (2008). The residues conserved in 

all 15 sequences are displayed as circles, the conserved polar residues are 

shown in orange, the aromatic residues in purple, the aliphatic residues in 

beige, the positively and negatively charged residues are shown in red and 

blue respectively.116 The uppercase letters show the completely conversed 

positions, the lowercase letters show the well-conserved positions (>50%) 

while the letter “x” show the variable positions. The conserved sequence 

motifs which are found in the TMD of the family B GPCRs are surrounded 

by red boxes.116 The conserved cysteine residues are depicted as yellow 

circles, the cysteine bridges between EL1 and EL2 are shown as two straight 

lines while the N-terminal cysteine bridges are drawn as lines.116 

 

In addition to the presence of an extracellular N-terminal domain (ECD) of 120-160 

residues, three  intracellular (IL) and extracellular (EL) loops interconnect seven TMD 

(TM1-TM7) of 310-420 residues that are structurally similar and are thus members of the 

Family B GPCR.122, 123 According to Parthier et al. hormonal recognition in family B GPCRs 

is believed to follow the ‘two-domain’ binding mode, the N- and C-terminal regions of the 

peptides interact with the J- and N-domains of the receptors respectively, i.e. the C terminus 

of the peptide initiates a peptide recognition with the ECD, thus allowing the peptide N 

terminus to bind the TMD ligand-binding pocket activating the receptor and prompting a 

downstream signalling cascade.119, 123-125 The presence of a conserved ECD structure and the 

‘two-domain’ binding mode across the family B GPCRs suggest a similar receptor activation 

across the GPCR family.123  

The secretin receptors have immense potential in drug discovery due to their 

importance in fundamental homeostatic functions.116, 123 To date, three of these hormones 

(glucagon, parathyroid hormone and calcitonin) are used clinically for the treatment of 

hypoglycaemia, osteoporosis and hypercalcaemia individually.116 Glucagon-like peptide-1 

receptor (GLP1-R) and Glucagon-like peptide-2 receptor (GLP2-R) are particularly relevant 

targets, as a result of their part in appetite control and the treatment of type 2 diabetes.116 
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3.4 Family C (Metabotropic glutamate receptors) 

The family C GPCRs comprise of the two γ-aminobutyric acidB receptors (GABAB 

receptors), odorant receptors in fish, eight metabotropic glutamate receptors (mGlu receptors 

or GRM), pheromone receptors, Ca2+-sensing receptors (CaS receptors or CASR), sweet and 

umami taste receptors (TAS1R1-3), GPCR Class C Group 6 Member A (GPRC6A) and 

seven orphan receptors.87, 88, 116, 126 The taste receptors in this GPCR family are targeted by 

the taste additives used in the food industry.126 The CaS, mGlu and GABAB receptors belong 

to a novel category of drug targets that are essential for considering conditions which affect 

the central nervous system and calcium homeostasis.127 Currently, family C GPCRs are 

targeted by two therapeutic drugs in the market. One is Cinacalcet,126-130 the first GPCR 

allosteric modulator to be marketed, which targets the CaS receptor. The other is Baclofen, 

(now sold under the brand names Lioresal, Liofen, Gablofen, etc.) which is a GABAB agonist 

used in the treatment of muscle spasticity.126, 127, 129-131  

The family C GPCRs differ from others by possessing a large extracellular domain, 

distal to the TMD receptors, and containing the orthosteric sites; they also form constitutive 

dimers with unique activation systems in comparison with other GPCR families.126 

Similarly, to their related families, family C GPCRs exhibit a typical motif of seven TMD 

helices however differ structurally from other GPCR families in their possession of an 

unusually large extracellular domain, an intracellular carboxyl-terminal (C-terminal) domain 

and a hepta-helical TMD (Figure 3.5a).126 The family C GPCRs are structurally distinct from 

other GPCR families as a result of their extracellular domain including a cysteine rich 

domain (CRD, with the exception of GABAB receptor) and Venus flytrap module (VFT).116, 

126 The TM domain of family C GPCRs contain only the allosteric binding sites differing 

from other families with their TM domains conserved while the orthosteric sites are situated 

in the VFT module.126, 129 Domains present in the family C GPCRs provide numerous ligand 

sites of action, bar the intracellular C-terminal domain; this is highly variable and plays an 

essential role in signalling protein coupling and scaffolding.126 The family C GPCRs are 

unique due to their compulsory dimerization, either as heterodimers (GABAB receptor and 

TIRs) or homodimers (mGlu and CaS receptors) (Figure 3.5b).126, 132, 133 
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Figure 3.5. Graphical Illustration of family C GPCR structure.126 Reprinted with 

permission from Springer Nature: Springer Nature, Acta Pharmacologica 

Sinica, Structure and ligand recognition of class C GPCRs, L. Chun, W.-h. 

Zhang and J.-f. Liu (2012).  (a) Represents the structural organisation of 

family C GPCRs. Family C GPCRs have a peculiar structure which 

comprises of VFT with two lobes separated by an orthosteric binding pocket, 

a CRD and a TMD except for GABAB receptor. (b) Graphical illustration of 

two members family C GPCRs; GABAB receptor (heterodimer) and mGlu 

receptor (homodimer). There is a direct link between VFT and TMD in the 

GABAB receptors and the two subunits, GABAB1 and GABAB2 make an 

obligatory heterodimer while the VFT connects to TMD using CRD in the 
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mGlu receptors. The mGlu receptors form homodimers which can potentially 

offer two other orthosteric binding pocket per dimer.126   

3.5 Structural Differences 

GPCRs share a common structural characteristic, the TMD region, with its 

intracellular C-terminus and extracellular N-terminus, which exhibits the greatest 

homology.105, 113, 134, 135 The intracellular loops which span TM5 and 6, the amino terminus 

and the carboxyl terminus are among the most irregular structures in GPCRs with a 

substantial variation observed in the amino terminus (N-terminus).105, 136 The sequence is 

relatively short for peptide and monoamine receptors comprising of about 10-50 amino 

acids,105, 136 and larger for glutamate family receptors and glycoprotein hormone receptors 

(350-600 amino acids).105, 136 The largest amino terminal domains were observed in the 

adhesion family receptors.105, 136  

Bortolato et al. compared crystal structures of family B and family A GPCRs using 

receptors in the various classes (Glucagon receptors, Corticotropin-releasing factor receptor 

1 (CRF1) and Dopamine D3 receptor).137 The comparison of the CRF1 and Glucagon receptor 

crystal structure to Dopamine D3 receptor, a family A GPCR, showed that their cytoplasmic 

regions superimposed well.137 However, the TM6 regions of both Glucagon receptors and 

CRF1 extend outwardly while the cytoplasmic moieties are situated in proximity to the TM3 

regions in sites similar to the dopamine, as well as other class A receptors.137 The family B 

GPCRs lack the direct connectivity between TM3 and TM6 which is regarded as the classical 

‘ionic lock’, playing an important role in family A GPCR activation.137, 138 The family C 

GPCRs structurally differ from family A and B due to their remarkably large extracellular 

domain which comprises of a cysteine-rich domain and VFT; an intracellular carboxyl-

terminal (C-terminal) domain. The TMD regions in family A and B GPCRs are conserved 

however family C GPCRs have the allosteric binding site within the TMD region.126  Table 

3.1 shows some of the characteristics of the GPCR families discussed in this review.  
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Table 3.1. Table showing some characteristics of family A – C GPCRs.  

Feature Family A Family B Family C Reference 

Transmembrane 

domains 

All families possess seven transmembrane domains 116, 139, 140 

Orthosteric binding 

site  

TM region Extracellular 

loops, 

Extracellular 

N-terminus, 

TM6 

Extracellular N-

terminus (VFTM, 

SUSHI) 

96, 126, 140, 

141 

Number of approved 

and marketed drugs 

33 16 22 142 

Motifs All GPCRs share the D/E-R-Y/W motifs 115, 134, 139 

Number of conserved 

residues in TMD 

regions 

25 33 94 140 

Type of ligand  Small 

molecules, 

proteins, 

peptides  

Proteins, 

peptides 

Small molecules, 

cations, amino 

acids 

116 

Suitable as drug 

targets? 

Yes, except 

the sensory 

receptors 

Yes Yes, except the 

sensory receptors 

116 

 
TM: Transmembrane, GPCR(s): G-protein coupled receptor(s), VFTM: Venus Fly trap 
module, SUSHI: short consensus repeats. 
 
3.6 Allosteric Binding and Cooperativity 

Allostery is a widespread biological process, which is defined as the ability of 

interactions occurring at a particular site on a molecule to modulate actions on a different 

binding site on the same molecule.143, 144 For example, the binding of an allosteric modulator 

on a molecule allosterically changes the conformation of its binding pocket as shown in 

Figure 3.6.  Currently, there are two types of marketed pharmaceuticals: allosteric 

modulators, which bind at the allosteric binding site on the receptor and allosterically change 

the structural conformation of the receptor binding site, and orthosteric modulators, which 
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bind at the active site of the receptor.145 Orthosterically-binding drugs must overcome a 

major challenge in mediating the potential side effects arising from binding to homologous 

proteins sharing similar binding sites.145 Hence an orthosterically-binding drug must have a 

very high affinity for its target, in order for a small dose to selectively achieve the goal of 

target-only binding.145 The binding of transcription factors (TFs) to DNA regulatory 

elements (REs) provides a good example illustrating the specificity in orthosteric drugs.145   

The process of GPCR signalling initiates when an endogenous extracellular signal 

interacts with the orthosteric binding site of a GPCR, resulting in a conformational change 

which passes on the signal through the plasma membrane traversing the TMD region, and 

eventually activating intracellular signalling cascades through heterotrimeric G proteins and 

other adjunct proteins.143, 146, 147 A different approach, demonstrated for ligand-gated particle 

channels, is the advancement of allosteric modulators of the receptor subtypes, these small 

molecules do not bind to the traditional orthosteric binding site, instead interacting with the 

allosteric binding site to either enhance or inhibit receptor activation.148  

 

 
Figure 3.6. Mechanism of action of Allosteric Modulators.148 Reprinted with permission 

from Springer Nature: Springer Nature, Nature Reviews Drug Discovery, 
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Allosteric modulators of GPCRs: a novel approach for the treatment of CNS 

disorders, P. J. Conn, A. Christopoulos and C. W. Lindsley, Copyright 

(2009). (a) Allosteric ligands bind to an alternative binding site on a receptor 

to modulate the activities of an orthosteric ligand efficacy (blue) and/or 

affinity (red). A number of allosteric ligands can also directly disrupt 

signalling in their own right (green) (b) Results from simulation show the 

effects on the function (right) or binding (left) of an orthosteric agonist 

mediated by three allosteric potentiators depicted in red, blue and green; red 

enhanced orthosteric agonist affinity only, blue enhanced only the efficacy, 

green was observed to modestly enhance both efficacy and affinity, as well 

as showing allosteric agonism.148 

 

Allosteric GPCR modulators show at least one of the outlined pharmacological 

properties (Figure 2.6). Agonism/reverse agonism: the allosteric modulator disrupts receptor 

signalling in either a positive (agonism) or negative (antagonism) manner, notwithstanding 

the presence or absence of an orthosteric ligand.148 Efficacy modulation: the effect of 

allosterism causes changes in intracellular responses, leading to alterations in the inherent 

efficacy of an orthosteric ligand.148 Affinity modulation: conformational change influences 

the orthosteric binding pocket, resulting in dissociation or association rate (or sometimes 

both) of the ligand being modified (Figure 2.6).148 Some known allosteric modulators of 

family B GPCRs include Novo Nordisk compounds 1–6148: T-0632, which blocks the GLP-

1 induced cAMP production148, 149 (GLP 1 Receptor); DMP696, which blocks the CRF-

stimulated adenylyl cyclase activity in cell line expressing CRF1 receptor;148, 150 NBI 27914, 

which blocks the CRF1 receptor;148, 151 NBI 35965;148 Antarlamin148 (CRF 1 Receptor).148 

Cooperativity is a thermodynamic term which has varying meanings in different 

biochemical contexts.152, 153 It is used to explain the complex interactions of identical ligands 

with a receptor at multiple binding sites.152 Cooperativity also describes the thermodynamics 

of macromolecular conformational transitions, which include nucleic acid helix-coil 

transitions and protein folding.152 Positive cooperativity is defined as the increase of binding 

affinity at one site of a receptor when a ligand is bound elsewhere.154 A classic example of 

positive cooperativity is the binding of oxygen to haemoglobin; the binding of one oxygen 

molecule to the ferrous iron of the heme molecule increases the affinity of 

deoxyhaemoglobin for oxygen.154 Negative cooperativity is observed when 2,3 
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bisphosphoglycerate binds to an allosteric binding site of haemoglobin and the affinity for 

oxygen is reduced.152, 154  

3.7 GPCR signalling via G-Proteins 

G-proteins consist of several families of varied cellular proteins which perform 

several cellular functions, such as contractility and angiogenesis, learning and memory.155, 

156 These proteins bind to the guanine nucleotides (guanine diphosphate (GDP) and guanine 

triphosphate (GTP) and also have inherent GTPase activity.156 They play a principal role in 

a many cellular processes, including protein synthesis and cell development, vesicular 

transport, and cytoskeleton assembly, in addition to signal transduction.156 G-proteins are 

trimers comprising of two functional components: a β -gamma dimer (35 and 8 kDa) which 

closely relates with the alpha subunit upon binding with GDP, and an alpha subunit (39 - 52 

kDa) which is a catalyst for GTPase activity.157 Human G proteins are classified into two 

classes, namely small (monomeric), and heterotrimeric G proteins.156, 157  

GPCRs are the largest superfamily of cell-surface receptors involved in TMD 

signalling, usually transmitting signals into cells via their response to a range of extracellular 

stimuli, such as glycoproteins, polypeptides and ions, and hence regulating a wide variety of 

physiological and developmental functions.158 The intracellular-signalling cascades 

activated by GPCRs have been proven to be remarkably complex.158, 159 The binding of a 

ligand to the GPCR binding site leads to a conformational change in the receptor, in turn 

promoting the binding of the heterotrimeric G proteins, consisting of Gɑ-GDP and Gβɣ-

subunits, within the intracellular moiety of the receptor.159 The exchange of GTP for GDP 

on the Gɑ-subunit results in the reversible dissociation of the G protein subunits, initiating a 

downstream signalling via Gɑ-GTP and Gβɣ.158, 159 

3.8 Dielectric constant 

The most effective way of correlating the structure and function of macromolecules 

is through the examination of their electrostatic energies.160 The intermolecular interactions 

present are affected by the effective dielectric constant (relative permittivity, er),161 which 

differs according to the size and composition of the protein.162 The accuracy of the method 

of determination is important in understanding various biochemical interactions such as 

protein-ligand and protein-protein interactions, charge separation, ion channel selectivity 

and electron and proton transfer, signal transduction and macromolecular assembly;162, 163 
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these interactions are influenced by the electrostatic potential of the protein surface.162-164 

The dielectric constant of dry proteins ranges from 2.5 to 3.5 obtained from direct 

measurement.163 The theoretical calculation of local dielectric constant of lone proteins 

based on their amino acid composition yielded an average of 2.7.165 The polarity of the 

residues which make up the structural motifs within a protein have been shown to affect its 

dielectric constant values, and these findings were based on computational studies based on 

continuum electrostatics and molecular dynamics simulations.162, 163 

According to Warshel and Åqvist, the value of the dielectric constant of proteins is 

dependent on the property used to define it. They highlighted several possible ways of 

defining the dielectric constant in proteins, as outlined in Table 3.2,166 where Q1 and Q2 are 

charges on ionisable groups separated by distance r, µ is a group dipole moment (in units of 

electron Ångström), ΔG is the electrostatic Gibbs free energy, a# is the  effective radius of 

charge, and ε! is the effective dielectric constant associated with a given interaction. 

Table 3.2. Some rules for the definition of dielectric constants in proteins.  

Definition  Value Comments 

Polar = ε large  

Nonpolar = ε small 

ε = large Protein sites are always 

polar near small radii ions.  

ε(r) = 332
Q"Q#
rΔG  ε(r) > 10 often ε(r) ≥ 40 The value of ε is large for 

charge-charge interactions. 

1	 −	
1
ε!
	= 	−	

a#ΔG
166Q# εB > 10 Proteins can provide as 

much solvation as water for 

ionised groups with small 

radii.  

ε(r) 	= 	−332
Q"µ# $%& '
r#ΔG  ε ≥ 4 For functionally important 

charge-dipole interactions, 

the value of ε could be as 

small as 4. Such a low value, 

however, requires relatively 

fixed dipoles with little 

energy for reorganisation. 

 

Li et al. reported that the average dielectric constant inside a protein is relatively low, 

about 6-7, but this figure reaches about 20 – 30 on the surface of the protein.167 The high 
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average local dielectric constant values are often linked to the charged residues while the 

low values are assigned automatically to the regions comprised of mostly hydrophobic 

residues.167 

According to Wilson et al. solvent effects on mechanisms of reactions have been 

established, but its effect on kinetic isotope effects (KIEs) are rather well less 

comprehended.3 A change in solvent can alter the KIE indirectly by changing the transition-

state (TS) structure. It can also affect KIE by affecting isotopically sensitive vibrational 

frequencies directly, notwithstanding the TS structure or identity of the rate-determining 

step.3 Wilson et al. investigated the medium effects on KIE for SN2 methyl transfer using 

UFF or UAO cavity method within the polarized continuum model (PCM) and a hybrid 

quantum mechanical/molecular mechanical (QM/MM) method.3 Their findings showed that 

the majority of variation in the equilibrium isotope effects (EIE) occur within the same range 

of dielectric constants (1 ≤ ε ≤ 10) as is considered to occur with enzyme active sites and 

proteins.3 There is a possibility that any reaction which involves separation, neutralisation 

or charge distribution within an enzyme active site could indicate variations in KIEs, 

between a wildtype and mutant form of an enzyme, which originates as a result of changes 

in the local dielectric response within the diverse protein environment.3 The use of UFF or 

UAO cavity method within the polarized continuum model (PCM) and a hybrid QM/MM 

method to characterise ligand binding in GPCRs would further assist in understanding the 

interactions which occur in the both the active and inactive states of GPCRs, as well the 

changes which occur during the transition from inactive state to active state upon ligand 

activation.   

3.9 Computational biology techniques in GPCR research  

The first major breakthrough in human GPCR structural biology took place in 2007 

as the solving of the β2-adrenergic receptor (β2AR with a diffusible ligand) using a modified 

lipidic cubic phase (LCP) produce to produce β2AR-TCL crystals which diffracted to a 

resolution of 2.2 Å, the structure was further refined at a 2.4 Å resolution.96 Presently 64 

structures of unique GPCRs with varying resolutions have been solved using spectroscopic 

methods such as fluorescence, electron paramagnetic resonance (EPR) and nuclear magnetic 

resonance (NMR) spectroscopy and structural techniques such as cryogenic electron 

microscopy (cryo-EM). This provides opportunities in employing computational biology 

techniques such as molecular modelling, and molecular docking in drug discovery 
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research.168, 169 The milestones achieved in GPCR structural studies have provided insights 

on the arrangements of the transmembrane domains,85-89, 95, 96 the location of the 

orthosteric,96, 116, 126 allosteric,96, 116, 126 bitopic,96 as well as biased ligand binding sites96, the 

homo- or hetero-oligomerization of receptors96 and the structural rearrangements associated 

with conformational changes upon GPCR activation and inactivation.96 This base of 

structural information on GPCRs is vital for SBDD,96, 170 ligand-based drug design 

(LBDD),96 and integrated models which complement drug discovery efforts.96  

In 2012, Sosei Heptares published a detailed account on the use of A2AR structure in 

identifying series of agents as potential antagonists, this became the first published GPCR 

SBDD discovery.171 In this drug discovery program, in silico screening of compound 

libraries was employed to identify diverse chemical scaffolds. Subsequently, structure-based 

drug design (SBDD) utilizing multiple X-ray structures of ligand-receptor complexes was 

employed to refine the clinical compound.171 The X-ray structures provided insights into an 

unexplored region within the orthosteric binding site, enabling the expansion of lead 

compounds into this binding site, and resulting in a more compact and efficient chemical 

series.171 Furthermore, optimization of selectivity for A2AR over A1R was achieved by 

targeting the same region.171 In a research carried out by de Graaf et al. using structure based 

virtual screening (SBVS), they identified allosteric modulators of two family B receptors 

namely; glucagon receptor and glucagon-like peptide receptor.172 SBDD approaches have 

also lead to the development of new agonists of the A3 adenosine receptor (A3AR).173 

Ballante et al., (2020) investigated the possibility of identifying ligands for 

therapeutically relevant G-protein-coupled receptors through structure-based virtual 

screening of novel chemical compounds. They performed molecular docking screens using 

crystal structures of the A2A adenosine and D4 dopamine receptors and evaluated 53 

molecules that ranked highest. Subsequently, experimental assessments were conducted, 

discovering two ligands for each receptor, with the most potent ligands demonstrating 

affinities in the sub-micromolar range. The analysis of the bioactivity data revealed that these 

ligands exhibited no significant activity at numerous off-targets, including several associated 

with adverse effects. Their findings showcase the efficacy of virtual screening as a valuable 

method for tapping into uncharted chemical territory, potentially contributing to the 

development of safer drug options.174  

Bassani et al. (2022) assessed the impact of sodium ions on the precision of pose 

prediction in docking GPCR antagonists. They investigated the effectiveness of three distinct 

docking programs in self-docking GPCR antagonists to address their research question. The 
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study's findings revealed that when the crystal structure used as the target includes resolved 

sodium ions, these ions must also be considered in the docking calculations. Nevertheless, 

if the crystallographic studies failed to resolve the sodium ion, manually inserting it into the 

virtual target would not provide any advantages.175 

Jaiteh et al. (2020) in their study aimed to improve rational drug design for G protein-

coupled receptors (GPCRs) by utilising homology modelling and virtual screening 

techniques. Homology models of the D2 dopamine and serotonin 5-HT2A receptors were 

generated based on crystal structures of various GPCRs. The accuracy of these models was 

assessed by comparing them to the crystal structures of the D2 dopamine and 5-HT2A 

receptors. Their research findings showed that accurate predictions could be achieved, 

although not always with the most closely related template. Virtual screening performance 

was evaluated through molecular docking, indicating that multiple models based on different 

templates should be considered to identify the optimal binding site structure. Models based 

on aminergic GPCRs exhibited significant ligand enrichment and improved virtual screening 

performance. These findings provide valuable guidelines for successful structure-based 

ligand discovery using GPCR homology models.168 

3.10 Conclusion and prospects 

GPCRs are multifaceted proteins which exist in varying conformations, and that the 

conformational equilibrium of this group of receptors is influenced both by the bound ligand 

and the proximity to the related G protein. Their structure is highly conserved comprising of 

seven TMD. These receptors possess different binding domains, namely, allosteric and 

orthosteric binding domains. The progress in GPCR structural biology has substantially 

accelerated our understanding of GPCRs as potential drug targets using SBDD and LBDD 

approaches. Further computational studies assessing nuclear quantum effects on ligand 

receptor binding, as well as hybrid QM/MM and empirical valence bond theory in the 

mechanistic studies of GPCRs would allow for further insight into the interactions which 

occur in both the active and inactive states of GPCRs, as well the changes which occur during 

the transition from these states upon ligand activation. This chapter has aimed to provide an 

accessible and introductory perspective on advances in GPCR-based drug discovery 

approaches; many reviews on the topic highlighted herein are indeed highly detailed and 

authoritative but may not provide as accessible an account for a less specialised or more 

general audience in the chemical sciences. 
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4. Exploring Protein-Ligand Binding of the Glucagon-Like 
Peptide 1 Receptor. 

Following a preliminary review of literature exploring GPCR structure and function 

in drug discovery. This chapter explores the allosteric binding site of the glucagon-like 

peptide-1 receptor (GLP-1R) (a family B GPCR) using structure-based drug design 

techniques such as ligand docking, in silico ADMET, protein-ligand binding affinity (which 

were introduced in chapter 1 of this thesis) and allosteric modulators of GLP-1R. Some parts 

of chapter 4 has been published by MDPI Applied Bioscience 2022 1(2):143-162. 

4.1 Introduction 

Glucagon-like peptide1 receptor (GLP-1R) is of particular interest due to its role in 

the treatment of type 2 diabetes mellitus (T2D) and appetite regulation.116 This receptor 

belongs to the small family (or class) B of G-protein-coupled receptors (GPCRs), which 

consist structurally of seven transmembrane (TM) domains of 310-420 residues, 

interconnected by three intracellular (IL) and extracellular (EL) loops, and an extracellular 

N–terminal domain (NTD) of 120-160 residues (Figure 4.1).122, 123 

 
Figure 4.1. A schematic representation of GLP-1R showing the transmembrane domains, 

the N– and C–termini, and the intracellular and extracellular loops generated using G-

protein-coupled receptor (GPCR) database tools.111 
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Glucagon-like peptide 1 (GLP-1) is the endogenous ligand of GLP-1R. In response 

to food intake, it is produced from the gastrointestinal tract and has vital roles in regulating 

insulin secretion, appetite control, and carbohydrate metabolism.176 As a result of the 

distinctive processing of its precursor glucagon, GLP-1 occurs in two active forms: GLP-1 

(7 – 37 amide) and GLP-1 (7 – 36 amide). GLP-1 (7 – 36 amide) is the primary circulatory 

form, which exerts insulinotropic and glucoregulatory functions. However, within 1 to 4 

minutes of secretion, both active forms are degraded by dipeptidyl peptidase 4 (DPP-IV) 

through cleavage of NH2-terminal amino acids to their respective principal metabolites; 9 – 

37 amide and 9 – 36 amide (Figure 4.2), of which each remains in circulation for about 30 

minutes.177 Contrary to the antecedent belief that GLP-1 (9 – 36 amide) is pharmacologically 

inactive as a result of its weak or no insulinotropic activity, recent findings have 

demonstrated that GLP-1 (9 – 36 amide) possess distinctive extra-pancreatic insulin-like 

actions in the heart, liver and vasculature, which are autonomously mediated irrespective of 

the GLP-1R.178-181 GLP-1 (7-36 amide) is a 30-amino-acid peptide hormone released from 

intestinal L-cells following supplement ingestion.182 The peptide GLP-1 has numerous 

functions, including potentiation of the glucose-actuated release of insulin from pancreatic 

beta cells, heightening insulin articulations, obstruction of beta-cell apoptosis, progression 

of beta-cell neogenesis, diminishing glucagon emission, conceding gastric discharging, 

supporting satiety, and intensifying peripheral glucose disposal. It is also a physiological 

regulator of appetite and food intake.183 

  
Figure 4.2. Illustration showing the breakdown of three forms of GLP-1 (1 – 36 amide) 

by DPP – IV at different time intervals. DPP – IV is depicted in Orange and GLP-1 in blue. 

j
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The green ovals show the forms of GLP-1 and their characteristic when degraded by DPP-

IV. (It shows if that form is an agonist/antagonist to the GLP-1R). 

 

Fasting blood concentration of GLP-1 (9 – 36 amide) in humans usually ranges from 

5 to 15 pmol/L, and there is usually a two- to four-fold increase after ingesting food. There 

is an increase in blood GLP-1 concentration 15 minutes after food ingestion, and peak 

concentration is reached after 60 minutes. The blood GLP-1 concentration decreases 

gradually in the second hour until the next time food is ingested.177 It is clear from these 

varied activities that GLP-1 plays a central role in controlling postprandial glucose levels 

and, in that capacity, drugs that stimulate the GLP-1 receptor, such as dipeptidyl peptidase 

4 inhibitors or GLP-1 analogues, have been manufactured for use in the treatment of type 2 

diabetes mellitus (T2D).184, 185 The excessive secretion of GLP-1 has been hypothesised to 

be responsible for postprandial reactive hypoglycaemia, while diminished secretion might 

lead to obesity.182 T2D treatment needs the positive allosteric modulation of GLP-1R to 

inhibit glucagon secretion, thus stimulating insulin secretion in a glucose-dependent 

routine.186 Findings from previous studies have proposed a two-step, two-domain 

mechanism of receptor activation.123, 186, 187 According to this ligand-binding mechanism, 

the C terminus of the peptide ligand forges a complex with the NTD (1); thus, allowing the 

N terminus of the peptide ligand to interact with the 7TM domain and activate the family B 

GPCR to couple G proteins and other effectors to mediate intracellular signalling processes 

(2).186-189 According to Zhang et al.187, the mechanism by which the ligand interacts with the 

7TM domain and subsequently activates the receptor is unknown.  

A structural study carried out by Song et al.186 showed similarity in the 

transmembrane domain (TMD) architecture of GLP-1R and Glucagon receptor (GCGR), 

which was also consistent with the overlap in their primary sequences (45% similar in their 

TMDs). The human GLP-1R TMD was crystallised with two negative allosteric modulators, 

NNC0640 and PF-06372222, respectively, at 3.0 and 2.7Å resolution. The crystallised 

structures of GLP-1R and GCGR showed a common binding pocket for the negative 

allosteric modulators, which is located outside helices V–VII, close to the receptor's 

intracellular domain.186 A molecular-modelling and mutagenesis study has shown that 

agonist positive allosteric modulators also target the same region but in a clear-cut sub-

pocket at the interface between helices V and VI, which may aid the formation of an 

intracellular binding site that enhances G-protein coupling.186 The secretin receptors have 

immense potential in drug discovery due to their importance in fundamental homeostatic 
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functions. To date, three of these hormones are used clinically: glucagon, parathyroid 

hormone and calcitonin, for the treatment of hypoglycaemia, osteoporosis, and 

hypercalcaemia, respectively.88 This chapter determines the allosteric binding site and 

molecular mechanism of allosteric binding to GLP1-R, using allosteric modulators identified 

through a literature survey. In silico evaluation of the ADME/Tox properties of the allosteric 

modulators was also performed. 

4.2 Computational Methods 

4.2.1 Selection of ligands and receptors 

Seven known positive allosteric modulators of GLP-1R and an electrophilic 

compound respectively were selected for this study because of their GLP-1R activating 

activity, as reported by Bueno et al.190, these are 2,6,7-trichloro-3-

(trifluoromethyl)quinoxaline (1, Figure 4.4), 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-

yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one (2, Figure 

4.4), 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline (3, Figure 4.4), 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate (4, Figure 4.4), 

2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole (1, 

Figure 4.3), 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-yl) thio) 

quinoxalin-2-yl) thiazol-2-ol (2, Figure 4.3), 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one (3, Figure 4.3) and 5-chloro-3-

phenyl- [1,2,3] triazolo[1,5-a] quinazoline (4, Figure 4.3). These structures were drawn 

using ChemDraw version 18.0 (PerkinElmer Informatics, Inc). The crystallographic 

coordinates of the active and inactive GLP-1R structures were obtained from the protein data 

bank with the following PDB IDs: 5VAI (resolution: 4.1 Å)187 (active), 5VEW (resolution: 

2.7 Å)186 (inactive) and 6B3J (resolution: 3.3 Å)191 (active). Newer structures of the GLP-

1R (PDB IDs: 6KJV (resolution: 2.8 Å)192, 6VCB (resolution: 3.3 Å)193, 6XOX (resolution: 

3.1 Å)194) have been crystallised using methods such as electron microscopy and X-ray 

diffraction. These recent structures differ from the crystal structures used in this study and 

from each other in terms of the ligand bound for the crystallisation, method of crystallisation, 

and resolution (Appendix 1 [Table S1]). 
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Figure 4.3. Chemical structures of known Glucagon-like peptide 1 receptor allosteric 

modulators. Adopted from Bueno et al.190. The groups which leave in a nucleophilic attack 

in compounds 1 and 2 are shaded in red. 1: 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline 

(Compound, EC50 Wildtype (WT) (S.D., n) 4700 (1000,4) nm)190, 2: 1-(5-(4-(tert-

butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one (Compound, EC50 Wildtype (WT) (S.D., n) 1500 

(1000,4) nm)190, 3: 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline (Compound, 

EC50 Wildtype (WT) (S.D., n) >30000 (NA,4) nm)190, 4: 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate (Compound, 

EC50 Wildtype (WT) (S.D., n) >30000 (NA,4) nm).190 

1 3

2 4
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Figure 4.4. Chemical structures of known Glucagon-like peptide 1 receptor allosteric 

modulators and an electrophilic compound (Adopted from Bueno et al.190). The groups 

which leave in a nucleophilic attack are circled. Key; 1: 2-((6,7-dichloro-3-(trifluoromethyl) 

quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole. 2: 5-(6,7-dichloro-3-((1-(1-(1-

methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-2-ol. 3: 1-

([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one and 4: 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] 

quinazoline 

 

4.2.2 Ligand and Receptor Preparation, Molecular docking, and Binding affinity 

analysis 

Ligand docking into the active (PDB IDs: 5VAI187, 6B3J191 – Chain R) and the 

inactive (PDB ID: 5VEW186 – Chain A) structures of the GLP-1R crystal structures was 

performed using Flare, version 5.0 (Cresset Software, Litlington, Cambridgeshire). The 

protein and ligand structures were prepared using the Flare software default settings. (The 

full preparation of the protein and ligand at a pH of 7.0 and active site size of 6.00 Å adds 

missing hydrogens to proteins and cofactors and assigns optimal ionization states to the 

protein residues. It optimises the spatial positions of polar hydrogen atoms to maximise 

1 2

3 4
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hydrogen bonding and minimise steric clashes. The side chain orientation of His, Asn and 

Gln are optimized, then the residues with unsolved side chains are detected and 

reconstructed). The protein and ligands were minimized using the eXtended Electron 

Distribution (XED) accurate method on Flare. The very accurate but slow option for the 

docking calculation was selected. The grid box was set by picking amino acid residues 

present in the protein's TM5, TM6 and TM7. The poses with the highest binding energy 

were selected and visualised using BIOVIA Discovery Studio Visualiser, version 19.1 

(Dassault Systemes, San Diego, United States).  

The binding affinity of the protein-ligand complexes was analysed using the 

PRODIGY web server.195, 196 

4.2.3 In silico ADME/Tox prediction 

In silico ADMET studies were performed using the ADMET predictor v.9.5 

(Simulations Plus, Inc., Lancaster, CA, USA), webservers ADMETLab, and SwissADME 

developed by Dong et al.78 and Daina et al.83, respectively. The SMILES code for each the 

compounds was uploaded into the software for evaluations. The ADMET properties were 

calculated at pH 7.4, evaluating the compounds' physicochemical, metabolic, and toxicity 

properties. 

4.3. In silico ligand docking approaches to characterise the binding of known 

allosteric modulators to the glucagon – like peptide 1 receptor and prediction 

of ADME/Tox properties. 

4.3.1 Results 

Interaction of 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline with the GLP–1 
Receptor 

The findings of the in silico allosteric modulators docking studies showed 2,6,7-

trichloro-3-(trifluoromethyl) quinoxaline being juxtaposed to TM6 of the active structure 

with PDB ID: 5VAI187 (binding energy -6.46 Kcal/mol) (Figure 4.5A), TM7 of the inactive 

structure with PDB ID: 5VEW186 (binding energy -8.50 Kcal/mol) (Figure 4.5B), and both 

TM6 of the active structure with PDB ID: 6B3J 191 (binding energy -6.70 Kcal/mol) (Figure 

4.5C). In poses 2 and 3 of the 5VAI-2,6,7-trichloro-3-(trifluoromethyl) quinoxaline 

complex, the ligand docked at the TM6 of the receptor with binding energies of 6.34 
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Kcal/mol and 6.25 Kcal/mol respectively. In the pose 2 of the 5VEW-2,6,7-trichloro-3-

(trifluoromethyl) quinoxaline complex (binding energy -8.18 Kcal/mol) the ligand docked 

at the TM6 of the allosteric binding site. In the third pose, the ligand juxtaposed at TM7 of 

the receptor (binding energy -6.26 Kcal/mol). In the 6B3J-2,6,7-trichloro-3-

(trifluoromethyl) quinoxaline complex, the ligand was bound to the TM6 of the receptor 

with bindings energies of -6.59 Kcal/mol and -6.43 Kcal/mol for poses 2 and three 

respectively. A 2D schematic of the allosteric modulators’ protein-ligand interaction and 

respective receptors is presented (Figure 4.6). A summary of the amino acids interacting 

with the ligand at the allosteric binding site is presented in Table 4.1, Appendix 2 [Table S3] 

and Appendix 3 [Table S4].  

 



 
Figure 4.5. Schematic showing ligand (2,6,7-trichloro-3-(trifluoromethyl) quinoxaline) – GLP-1R complexes. (A) 1:5VAI, (B) 1:5VEW, (C) 

1:6B3J.  

 

 

A B C
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Figure 4.6. The protein-ligand interaction between 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline and the GLP 1 receptor generated using 

BIOVIA Discovery Studio Visualiser. (A) 1:5VAI, (B) 1:5VEW, and (C) 1:6B3J.  

A B C



 

Table 4.1. Table showing amino acids interacting with 2,6,7-trichloro-3-

(trifluoromethyl)quinoxaline in the GLP-1R structure. 

S/N 5VAI 5VEW 6B3J 

1 LEU 354 ARG 348 LEU 354 

2 THR 355 TYR 402 ILE 357 

3 PRO 358 VAL 405 GLN 394 

4 ILE 357 LYS 351 HIS 363 

5 PHE 390 LEU 349 PHE 393 

6 MET 397 HIS 180 MET 397 

7 LEU 401  PRO 358 

8 LYS 351  PHE 390 

 
Interaction of 1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-
(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one with the GLP–1 receptor 

Ligand docking studies were performed to understand the binding of 1-(5-(4-(tert-

butyl) phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one to the active (PDB IDs: 5VAI and 6B3J) and inactive 

(5VEW) of GLP-1R structures. The results also showed 1-(5-(4-(tert-butyl) phenyl)-1,3,4-

oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one 

being juxtaposed to TM6 of 5VAI 187 (binding energy -7.55 Kcal/mol) (Figure 4.7A), to 

TM6 of 5VEW 186 (binding energy -7.189 Kcal/mol) (Figure 4.7B), and TM6 of 6B3J 

(binding energy -7.67Kcal/mol) (Figure 4.7C). In the other poses analysed the ligand docked 

at the TM6 of all the GLP1R structure used for this study (5VAI, pose 2 binding energy (-

7.45 Kcal/mol) and pose 3 binding energy (-7.37 Kcal/mol); 6B3J, pose 2 binding energy (-

7.59 Kcal/mol) and pose 3 binding energy (-7.45 Kcal/mol); 5VEW, pose 2 binding energy 

(-7.066 Kcal/mol) and pose 3 binding energy (-6.873 Kcal/mol). A 2D schematic of the 

protein-ligand interaction of the allosteric modulators and respective receptors are presented 

in Figures 4.8A-C. The amino acid residues interacting with the ligand in the binding site of 

1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one can be observed in Tables 3.2, S5 (Appendix 4) and S6 

(Appendix 5).  

 



 
Figure 4.7. Schematic showing ligand (1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one) - GLP-1R complexes. (A) 2:5VAI, (B) 2:5VEW, (C) 2:6B3J.  

A B C
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Figure 4.8. The protein-ligand interaction between 1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one and the GLP 1 receptor generated using BIOVIA Discovery Studio Visualiser. (A) 2:5VAI, (B) 2:5VEW, 

and (C) 2:6B3J.  

A B C



 

Table 4.2. Amino acids which interact in the binding sites with 1-(5-(4-(tert-butyl) 

phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one. 

 

 

Interaction of 2-((4-chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline with the 
GLP-1 Receptor 

Docking studies carried out for the GLP–1R crystal structures showed 2-((4-

chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline being juxtaposed to a pocket behind 

TM6 in 5VAI (binding energy 6.44 Kcal/mol) (Figure 4.9A), in the inactive structure 

(5VEW), it juxtaposed to TM6 of the receptor (binding energy 7.877 Kcal/mol) (Figure 

4.9B). In the other active structure (6B3J), 2-((4-chlorophenyl) thio)-3-(trifluoromethyl) 

quinoxaline juxtaposed at TM6 (binding energy -7.27Kcal/mol) (Figure 4.9C). A 2D 

schematic of the ligands’ protein-ligand interaction and respective receptors is presented 

(Figures 4.10). In poses 2 and 3 of the 5VAI-2-((4-chlorophenyl) thio)-3-(trifluoromethyl) 

quinoxaline complex, the ligand docked at the TM6 of the receptor with binding energies of 

6.31 Kcal/mol and 6.28 Kcal/mol, respectively. In the pose 2 of the 5VEW-2-((4-

chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline complex (binding energy -6.86 

Kcal/mol) the ligand docked at the TM6 of the allosteric binding site. In the third pose, the 

ligand juxtaposed at TM6 of the receptor (binding energy -6.82 Kcal/mol). In the 6B3J-2-

((4-chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline complex, the ligand was bound 

between TM6 and TM7 (pose 2) of the receptor with binding energy of -7.12 Kcal/mol. In 

pose 3, the ligand bound to TM7 of the receptor (binding energy -6.92 Kcal/mol). Table 4.3 

S/N 5VAI 5VEW 6B3J 

1 MET 397 LEU 359 ASN 407 

2 PHE 390 PHE 324 ASN 406 

3 THR 355 PHE 321 TYR 402 

4 LEU 354 PHE 347 LEU 401 

5 ILE 357 LEU 354 ARG 176 

6  ILE 328 LEU 251 

7  PRO 358 HIS 180 

8   TYR 250 
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below shows the amino acid residues interacting in the binding sites with 2-((4-

chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline. Tables S7 (Appendix 6) and S8 

(Appendix 7) shows amino acid residues interacting with 2-((4-chlorophenyl) thio)-3-

(trifluoromethyl) quinoxaline in poses 2 and 3. 

 



 
Figure 4.9. Schematic showing ligand (2-((4-chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline) - GLP-1R complexes. (A) 3:5VAI, (B) 

3:5VEW, (C) 3:6B3J.  

A B C
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Figure 4.10. The protein-ligand interaction between 2-((4-chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline and the GLP 1 receptor generated 

using BIOVIA Discovery Studio Visualiser. (A) 3:5VAI, (B) 3:5VEW, and (C) 3:6B3J.  

A B C



 

Table 4.3. Amino acids present in the binding site of GLP-1R interacting with 2-((4-

chlorophenyl) thio)-3-(trifluoromethyl) quinoxaline. 

S/N 5VAI 5VEW 6B3J 

1 VAL 331 HIS 180 PHE 393 

2 LEU 251 TYR 402 MET 397 

3 VAL 327 ARG 348 ILE 357 

4 LEU 255 LEU 401 GLN 394 

5 LEU 356 LYS 351 PRO 358 

6 SER 352 ASN 407 HIS 363 

7 LEU 349 VAL 405 PHE 390 

8 THR 353   

 
Interaction of 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-2-yl) phenyl 
cyclohexanecarboxylate with the GLP–1 Receptor 

Ligand docking studies were performed to understand how 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate binds to active 

(5VAI187 and 6B3J191) and inactive (5VEW186) GLP-1R structures. The findings showed 3-

(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-2-yl) phenyl cyclohexanecarboxylate 

being juxtaposed to TM6 in 5VAI (binding energy -7.25 Kcal/mol) (Figure 4.11A), to TM6 

in 5VEW (binding energy -9.48 Kcal/mol) (Figure 4.11B) and TM6 and TM7 in 6B3J 

(binding energy -7.95 Kcal/mol) (Figure 4.11C). In the other poses analysed the ligand 

docked at the TM6 of the active GLP1R structure used for this study (5VAI, pose 2 binding 

energy (-7.159 Kcal/mol) and pose 3 binding energy (-7.157 Kcal/mol); 6B3J, pose 2 

binding energy (-7.77 Kcal/mol) and pose 3 binding energy (-7.73 Kcal/mol)). In the inactive 

structure 5VEW, the ligand docked at TM6 in the second pose (binding energy -9.27 

Kcal/mol) and in pose 3, 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-2-yl) 

phenyl cyclohexanecarboxylate juxtaposed between TM6 and TM7 (binding energy -8.22 

Kcal/mol). A 2D schematic of the protein-ligand interaction of the ligands and respective 

receptors are presented in Figures 4.12A-C. Table 4.4 below shows the amino acid residues 

interacting in the binding sites with 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-

2-yl) phenyl cyclohexanecarboxylate. Tables S9 (Appendix 8) and S10 (Appendix 9) shows 
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amino acid residues interacting with 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-

2-yl) phenyl cyclohexanecarboxylate in poses 2 and 3. 

 

 

 



 
Figure 4.11. Schematic showing 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-2-yl) phenyl cyclohexanecarboxylate bound to the 

crystal structures of GLP-1R and the residues present in the active site. (A) 4:5VAI, (B) 4:5VEW, (C) 4:6B3J.  

A B C
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Figure 4.12. The protein-ligand interaction between 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] pyridin-2-yl) phenyl 

cyclohexanecarboxylate and the GLP 1 receptor generated using Schrodinger Maestro. (A) 4:5VAI (B) 4:5VEW and (C) 4:6B3J.  

A B C



 

Table 4.4. Amino acids interacting with 3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] 

pyridin-2-yl) phenyl cyclohexanecarboxylate in the GLP-1R binding pocket. 

S/N 5VAI 5VEW 6B3J 

1 THR 355 PHE 393 ILE 366 

2 LEU 401 PHE 390 ILE 357 

3 PRO 358 LEU 360 PRO 358 

4 PHE 390 MET 397 MET 397 

5 MET 397 LEU 359 LEU 401 

6 LEU 354 GLN 394 ILE 400 

7 ILE 357 HIS 363 LEU 354 

 
Binding Affinity Analysis 

Binding affinity analysis is used to measure the strength of biomolecular interactions. 

The binding affinity of any complex in thermodynamic terms is crucial in determining the 

feasibility of an interaction occurring in a cell or not at specified conditions 195, 197. The 

findings of the binding affinity analysis of the protein-ligand complexes analysed using 

PRODIGY-LIG webserver are shown in the table below (Table 4.5). 

 

Table 4.5. Binding affinities of the docked complexes of GLP-1R and the ligands. 

Complexes Binding Affinity ΔGnoelec (Kcal/mol) 

5VAI-2,6,7-trichloro-3-(trifluoromethyl) quinoxaline -6.8 

5VEW-2,6,7-trichloro-3-(trifluoromethyl) quinoxaline -7.2 

6B3J-2,6,7-trichloro-3-(trifluoromethyl) quinoxaline -7.2 

5VAI-1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-

6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one 

-8.5 

5VEW-1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-

yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one 

-8.1 

6B3J-1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-

6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one 

-8.8 
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5VAI-2-((4-chlorophenyl) thio)-3-(trifluoromethyl) 

quinoxaline  
-7.5 

5VEW-2-((4-chlorophenyl) thio)-3-(trifluoromethyl) 

quinoxaline 
-7.9 

6B3J-2-((4-chlorophenyl) thio)-3-(trifluoromethyl) 

quinoxaline 
-7.9 

5VAI-3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] 

pyridin-2-yl) phenyl cyclohexanecarboxylate 
-8.5 

5VEW-3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] 

pyridin-2-yl) phenyl cyclohexanecarboxylate 
-8.6 

6B3J-3-(8-chloro-6-(trifluoromethyl) imidazo[1,2-a] 

pyridin-2-yl) phenyl cyclohexanecarboxylate 
-9.2 

 
In silico ADME/Tox Prediction 

The findings of the in silico ADME/Tox evaluation of the allosteric modulators of 

GLP–1R are shown in the tables below. Table 4.6 shows the physicochemical properties of 

the selected allosteric modulators used for the study, including the following parameters: the 

octanol-water partition coefficient based on Moriguchi’s model (MlogP), the octanol-water 

partition coefficient based on Simulation plus’s model (SlogP), the octanol-water partition 

coefficient as a function of pH (LogD), the predicted human jejunal permeability (Peff), the 

blood-brain barrier filter (BBB filter), aqueous solubility in pure water (Sw), volume of 

distribution (VD), Lipinski’s rule of 5 (Ro5), topological polar surface area (TPSA), 

hydrogen bond acceptors (HBA), hydrogen bond donors (HBD) and molecular weight 

(MW). 

The results of the effects of the allosteric modulators on transport proteins predicted 

in silico are presented in Table 4.7. Table 4.8 shows the results of the activity of the allosteric 

modulators on the various isoforms of hepatic CYP450. Table 4.9 shows the toxicity 

parameters predicted using ADMET Predictor 9.5.  
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Table 4.6. Physicochemical properties of the selected allosteric modulators generated using ADMET Predictor 9.5. 

 

Lig. MW MlogP SlogP logD Peff cm/s x 104 BBB Filter Sw mg/mL VD L/Kg % Unbound Ro5 TPSA HBA HBD 

1 301.48 3.15 4.25 4.25 8.86 High 0.001 4.75 8.00 0 25.78 Å² 5 0 

2 458.59 3.39 4.42 4.42 1.75 High 0.0002 0.86 7.03 0 126.75 Å² 6 0 

3 340.75 3.37 5.08 5.08 8.15 High 0.0002 2.99 3.34 0 51.08 Å² 5 0 

4 422.83 4.34 6.43 6.43 4.27 High 4.5E-05 3.48 2.79 1 43.60 Å² 6 0 

 

Table 4.7. Effect of the selected allosteric modulators generated using ADMET Predictor 9.5 on transport proteins. 

 

Lig. Pgp Substrate Pgp Inhibitor OATP1B1 Inhibitor OCT2 Inhibitor BSEP Inhibitor BCRP substrate  

1 No No No Yes No Yes 

2 No Yes No Yes Yes No 

3 No No No Yes Yes Yes 

4 No Yes No Yes Yes Yes 

 

1: 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, 2: 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 3: 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline, 4: 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-

a]pyridin-2-yl)phenyl cyclohexanecarboxylate 

 

 



 67 

Table 4.8. Predicted metabolism of the selected allosteric modulators via cytochrome P450 isoforms. 

 

Lig. CYP1A2 CYP2A6 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP2E1 CYP3A4 

1 +/- + + NS NI/+ NI/+ NI/NS + NI/+ 

2 -/NS NS NS + -/NS NI/NS -/NS NS +/- 

3 +/- + + NS NI/+ NI/+ NI/+ NS NI/+ 

4 -/NS NS NS NS -/NS -/NS NI/NS NS NI/+ 

Key; Inhibition of CYP isoform: (-), substrate of CYP isoform: (+), NS = Non-substrate, NI = non-inhibitor. 

 

Table 4.9. Toxicity parameters predicted using ADMET Predictor 9.5. 

 

Lig. AMES Toxicity Skin Sens hERG Filter Repro Tox Ser AlkPhos Ser GGT Ser AST Ser ALT 

1 Negative + No Non-Toxic Elevated Elevated Elevated Elevated 

2 Negative - No Toxic Elevated Normal Normal Normal  

3 Negative + No Toxic Elevated Elevated Elevated Elevated 

4 Negative + No Toxic Normal Normal Elevated Elevated 

Key; Sensitizer: (+), non-sensitizer: (-). 

1: 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, 2: 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 3: 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline, 4: 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-

a]pyridin-2-yl)phenyl cyclohexanecarboxylate 
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4.3.2 Discussion 

A recent study has shown that T2D treatment needs the positive allosteric modulation 

of GLP–1R to inhibit glucagon secretion, thus stimulating insulin secretion.186 It has also 

been suggested that the novel agonist human monoclonal antibody IRAB-A binds 

allosterically to the insulin receptor and thereby activates and enhances the signalling of 

insulin.198 Molecular docking is a virtual screening method used to discover new ligands for 

GPCRs. It ranks active molecules high and produce poses which will inform chemists which 

compounds to purchase for further screening.141 

Molecular docking has been used extensively in GPCR drug discovery to identify 

compounds (hit and lead generation) that target different receptors in the GPCR family.171  

Jenkins et al., utilised Flare to study 2-mercaptoacetamide (2MA) a structural analogue of 

urea, their findings showed that 2-MA is a competitive inhibitor and flare is a robust software 

for performing docking simulations.199 Egorov et al., in their in silico docking study 

performed using flare showed that the synthesised compounds would play a significant role 

in the treatment of ailments such as breast cancer, neurodegenerative diseases etc.200 

Carlsson et al., applied molecular docking to perform a screening of over six million 

commercially available compounds against the active like conformations of A2AAR. Their 

findings showed that nine of the 20 predicted agonists were confirmed to be A2AAR 

ligands.201 Docking based programs can generate 3D conformations of binding structures 

that is very useful for function and drug-based analysis.202 Hou et al., used techniques such 

as homology, molecular dynamics, and molecular docking to access prediction accuracy of 

ligand-binding poses and screening power of docking-based virtual screening. Their findings 

showed that the crystal structures outperformed the homology models before any refinement 

through molecular dynamics. However, the optimised homology models show a similar 

performance to the crystal structures following a docking assessment.203 Shoichet et al., 

applied ligand docking to screen a large library of compounds to identify compounds with 

joint activity against on-targets and selectivity versus anti-targets using selected GPCRs 

(dopamine D2, serotonin 5-HT2A, histamine H1, κ-opioid and μ-opioid receptors).204 Their 

findings showed a hit range of 40% to 65% for the on-targets with very reliable calculated 

binding affinities.204 Docking into a crystal structure produces an accurate ligand binding 

pose prediction without any refinement.205 The widescale application of molecular docking 

in drug development makes it a preferred method for this study; this has been paired with 

binding affinity predictions to determine the feasibility of the complexes. 
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The conformational transitions observed from the inactive to the active structures 

were similar to the findings of Liang et al.,191 who reported that the movement of TM 6 in 

the inactive state upon signalling created a binding pocket. The docking of the ligands to the 

inactive structure (PDB ID: 5VEW) is corroborated by Song et al. 186; they reported that 

positive allosteric modulators (PAM) of the GLP-1R bind outside helices 5-7 near the 

intracellular part of the receptor, but in a distinct sub-pocket between helices 5 and 6. 

The docking result of 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline showed several 

residues present in the binding sites of the different GLP–1R crystal structures; in the 

structure 5VAI, the following residues were identified (Table 4.1); Leu354, Lys351, Leu401, 

Thr355, Met397, Pro355, Phe390, Ile357 and Pro358 (Figure 4.6A). Most of these residues 

were hydrophobic amino acids except for Thr355 and Lys351; both are polar and positively 

charged. In the inactive structure 5VEW, the following residues were present in the binding 

site (Table 4.1), Arg348, Tyr402, Val405, Lys351, Leu349 and His180 (Figure 4.6B, Table 

4.1). All the residues present in the binding site were polar. Upon examination of the 

structure 6B3J, the following residues interacted in the binding site (Table 4.1); Leu354, 

Ile357, Gln394, His363, Phe393, Met397, Pro358 and Phe390 (Figure 4.6C, Table 4.1). 

His363 and Gln394 were polar, while the remaining residues were hydrophobic. An analysis 

of the ligand's second and third top poses and the protein structures showed the residues 

Thr355 and Leu401 were present in the first three poses of the 5VAI-2,6,7-trichloro-3-

(trifluoromethyl) quinoxaline complex (Table 4.1, Appendix 2 [Table S3] and Appendix 3 

[Table S4]). The other protein structures used in the study did not have any similar 

interacting residues across the three poses analysed. 

The presence of polar residues in the binding sites of the three structures examined 

suggests that these polar residues play a vital role in ligand binding.191 The presence of these 

polar residues in the crystal structures of the receptor indicates the presence of a significant 

polar binding network around the peptide bindings site.191 Bueno et al.190 reported the 

capability of 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline to potentiate GLP-1(9–36)- 

NH2-mediated cAMP accumulation in GLP-1R-expressing cells. The study results showed 

that 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline potentiated the activity of GLP-1(9–36)-

NH2 on the wild-type receptor but failed to exert the same effect in cells expressing the 

mutant GLP-1R, which lacks the cysteine-347 residue.190 A comparative molecular 

dynamics simulation showed that the cysteine-3476.36bF (C3476.36bF) mutant maximises 

van der Waals interactions with all the three negative allosteric modulators (NAMs) PF-

06372222, NNC0640 and MK-0893 through the stabilisation of the aliphatic side chain of 
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Lysine-3516.40b (K3516.40b) in an optimal conformation for hydrophobic interactions with 

NAMs.186, 192 An analysis of the findings from this study showed the residue Lys351(K351) 

forming hydrogen bonds and pi-cation interactions (Figure 4.6A, Figure 4.8, Figure 4.10B). 

The mutation S352→A terminates the inhibition of GLP-1R by NAMs while the T355→A 

eliminates the inhibition by NAMs, NNC0640 and PF-06372222 but does not inhibit the 

activity of MK-0893.186 The findings from previous research stated that positions 352-355 

play a crucial role in binding an allosteric inhibitor to GLP-1R.186 

The examination of the docking results of 1-(5-(4-(tert-butyl)phenyl)-1,3,4-

oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one 

and the GLP-1R structures demonstrated several residues present in the active site of the 

crystal structures. In the active structure 5VAI, the following hydrophobic residues were 

present in the active site; Met397, Ile357, Leu354, Phe390. Thr355 was identified as the 

polar residues (Table 4.2, Figure 4.8A). All the residues interacting with the ligand in the 

binding site of the inactive crystal structure 5VEW were hydrophobic (Table 4.2, Figure 

4.8B). Three of the residues, namely: Tyr402, His180 and Arg176 identified in the binding 

site of 6B3J, were polar, whilst the other residues were hydrophobic (Table 4.2, Figure 

4.8C). The amino acid residue Phe390 interacted with compound 2, and the structure 5VAI 

in the top three poses was analysed (Table 4.2, Appendix 4 [Table S5] and Appendix 5 

[Table S6]). The analysis of the top three poses of the 1-(5-(4-(tert-butyl)phenyl)-1,3,4-

oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one -

5VEW complex showed the amino acid residues Phe324, Leu354 and Pro 358 present in all 

the poses analysed (Table 4.2, Appendix 4 [Table S5] and Appendix 5 [Table S6]). 

The presence of polar residues in the binding site of the GLP-1R crystal structures 

suggests critical hydrogen bond interactions which maintain receptor integrity and apo 

state.191 A previous study has demonstrated the capacity of 1-(5-(4-(tert-butyl) phenyl)-

1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-

4(5H)-one to potentiate GLP-1(9–36)- NH2-mediated cAMP accumulation in GLP-1R-

expressing cells. The study showed that 1-(5-(4-(tert-butyl) phenyl)-1,3,4-oxadiazol-2-yl)-

6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one potentiated the 

activity of GLP-1(9–36)-NH2 on the wild-type receptor but failed to exert the same effect 

in cells expressing the mutant GLP-1R, which lacks the Cysteine-347 residue.190 

In the active structure (PDB ID: 5VAI187-2-((4-chlorophenyl)thio)-3-

(trifluoromethyl)quinoxaline complex), eight residues were identified in the active site, most 

of which were hydrophobic residues. The active site consists of hydrophobic residues 
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Val327, Val331, Leu251, Leu255, Leu356, and Leu349. Thr353 and Ser352 are the residues 

responsible for the polar region of the binding site (Table 4.3, Figure 4.10A). Upon 

examination of the inactive structure (PDB ID: 5VEW186), there was an uneven distribution 

of polar (Tyr402, Asn407, His180, Arg348 and Lys351) and hydrophobic (Leu401 and 

Val405) amino acid residues (Table 4.3, Figure 4.10B). The active site of the other structure 

(PDB ID: 6B3J 191) examined had the majority of hydrophobic residues present (Ile357, 

Phe393, Ile356, Pro358, Phe390, Met397) while the remaining residues (His363, Gln394) 

were polar (Table 4.3, Figure 4.10C). The presence of polar residues in the active sites of 

the structures examined implies a critical hydrogen bonding between the ligand and the 

residues.191 

An earlier study carried out by Gong et al.206 reported that compounds which possess 

a 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridine2-yl)phenyl acetate moiety, 

including 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridine-2-yl) phenylcyclo propane 

carboxylate, are selective GLP-1R agonists, and have potential as anti-diabetic treatment 

agents. 

In the active structure (PDB ID: 5VAI187), seven residues were found in the 3-(8-

chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate 

binding site; the majority of the residues were hydrophobic except Thr355 (Figure 4.12A). 

The docking result of the inactive structure (PDB ID: 5VEW186) showed the majority of the 

residues found in the active site being hydrophobic (Table  4.4, Figure 4.12B), His363 and 

Gln394 were the only polar residues identified in the binding site. Examination of the 

docking results with the crystal structure 6B3J (PDB ID: 6B3J 191) showed that the residues 

interacting with the ligand were hydrophobic (Table 4.4, Figure 4.12C). 

A study carried out by Gong et al. 206 which screened heterocyclic small molecules, 

they discovered a novel skeleton of 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridine2-

yl)phenyl acetate derivative (3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-

yl)phenyl cyclohexanecarboxylate), which on further characterisation proved to be selective 

GLP-1R agonists which potentially had a therapeutic effect on diabetes. In a later study, 

performed by Bueno et al.190, their findings inferred that 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate failed to 

activate GLP-1R through a covalent mechanism as it remained unaltered after 2 hours and 

thus was considered non-reactive. An analysis of the top three binding poses of the all the 

protein-ligand complexes showed that the residues interacting with the ligands were slightly 

different albeit docking at TM6 for most of the poses (Tables 4.1-4.4, Appendix 2-9 [Tables 
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S3-S10]). This would suggest a flexibility of the ligand within the binding pocket of the 

receptor. 

The binding affinity of any complex in thermodynamic terms is crucial in 

determining the feasibility of an interaction occurring in a cell or not at specified 

conditions.195, 197 Hence, the binding affinity of the docked complexes was analysed using 

the PRODIGY webserver. The binding affinity (ΔGnoelec) values for the 5VAI-2,6,7-

trichloro-3-(trifluoromethyl)quinoxaline, 5VEW-2,6,7-trichloro-3-

(trifluoromethyl)quinoxaline, 6B3J-2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, 5VAI-

1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 5VEW-1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-

yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one, 6B3J-1-(5-

(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 5VAI-2-((4-chlorophenyl)thio)-3-

(trifluoromethyl)quinoxaline, 5VEW-2-((4-chlorophenyl)thio)-3-

(trifluoromethyl)quinoxaline, 6B3J-2-((4-chlorophenyl)thio)-3-

(trifluoromethyl)quinoxaline, 5VAI-3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-

2-yl)phenyl cyclohexanecarboxylate, 5VEW-3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-

a]pyridin-2-yl)phenyl cyclohexanecarboxylate, 6B3J-3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate were revealed 

to be -6.8 Kcal/mol, -7.2 Kcal/mol, -7.2 Kcal/mol, -8.5 Kcal/mol, -8.1 Kcal/mol, -8.8 

Kcal/mol, -7.5 Kcal/mol, -7.9 Kcal/mol, -7.9 Kcal/mol, -8.5 Kcal/mol, -8.6 Kcal/mol and -

9.2 Kcal/mol, respectively (Table 4.5). The results showed that the dockings were feasible 

energetically; this was demonstrated by the negative Gibbs free energy (ΔG) values (Table 

4.5). The findings showed that 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-

yl)phenyl cyclohexanecarboxylate-protein structure (PDB IDs: 5VAI187, 6B3J191, 5VEW186) 

complexes had the highest predicted binding affinities. This suggests that 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate would be 

bound tightly to the allosteric binding site of the receptor. The findings in Table 4.5, also 

show that 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one and 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate would be 

bound strongly to the allosteric binding site of the GLP-1R. 

The in silico prediction of ADME/Tox properties of any new drug candidate is 

essential in drug development; thus allowing scientists to investigate its properties to 
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optimise the drug candidates to acceptable ADME/Tox standards.207 The findings in Table 

4.6 showed that the allosteric modulators complied with Lipinski’s rule of five except 3-(8-

chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate. 

According to the ADMET Predictor software, 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-

a]pyridin-2-yl)phenyl cyclohexanecarboxylate violated the rule because of a high logP value 

of over 5.6. This translates to 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-

yl)phenyl cyclohexanecarboxylate not being a likely drug candidate according to the 

traditional method of evaluating drug-likeness; Lipinski’s rule of 5. The molecular 

descriptors HBA and HBD were found to comply with the cut off limits of Ro5 (Table 4.6). 

The ligands evaluated in this study complied with the Veber drug-likeness filter (rotatable 

bonds ≤ 10, TPSA ≤ 140).208 Based on the rule of three for fragment-based drug discovery 

(molecular weight < 300, ClogP < 3, the number of hydrogen bond donors and acceptors < 

3 and the number of rotatable bonds < 3), the ligands violated all the rules.209 Lipophilicity 

is often expressed as the distribution coefficient in water/octanol (logD); this parameter 

influences some processes like plasma protein binding, oral absorption and VD.210 

Nevertheless, higher logD values translate to higher vulnerability to P450 metabolism 

leading to higher clearance 210. The predicted logD values presented in Table 4.5 showed 3-

(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate 

with the highest logD value while 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline had the 

least. However, all the ligands also possessed high logD values of over 3.5 which leads to 

low aqueous solubility. This makes these ligands potentially promiscuous as high 

lipophilicity often leads to low metabolic clearance and toxicity. The predicted human 

jejunal permeability (Peff) values (Table 4.6) shows that the allosteric modulators had values 

of over 1.5 cm/s x 104. This indicates that the allosteric modulators would be absorbed 

entirely. This finding is corroborated by previous research, which reports that drug 

candidates with a Peff value of >1.5 would be wholly absorbed irrespective of transport 

mechanism(s) being utilised.211 

The volume of distribution (VD) is essential in ADME studies 212. It relates to the 

amount of a drug in the body to the measured concentration in a suitable biological fluid.212 

The findings for the VD parameter (Table 4.6) showed 1-(5-(4-(tert-butyl)phenyl)-1,3,4-

oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one 

having the lowest value (0.86 L/kg) while 2,6,7-trichloro-3-(trifluoromethyl) quinoxaline 

had the highest. Hassan et al. reported that VD values of <5.5 L/kg guaranteed decreased 

deep tissue penetration.213 Nonetheless, compounds that enter tissues and bind extensively 
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will show VD above the total body water (i.e. any value greater than 1 L/kg).214 The allosteric 

modulators would remain in the bloodstream for an extended period, thus exerting their 

effects over a longer period due to their predicted high plasma protein binding (% unbound) 

of over 90% (Table 4.6). The ADME/Tox software predicted high BBB penetration for all 

the allosteric modulators investigated. This implies that the allosteric modulators 

investigated may potentially treat ailments affecting the brain (Table 4.6). The predicted 

TPSA values (Table 4.6) shows 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, 2-((4-

chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline, and 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate with TPSA 

values of less than 60 Å², while the compound 2 TPSA value was above 60 Å² but less than 

140 Å². In 2009, Fernandes and Gattass215 reported that molecules with PSA values greater 

than 140 Å² are believed to have low cell membrane penetrating capacity, while those with 

PSA ≤ 60 Å² are easily absorbed. 

All the allosteric modulators investigated were not substrates of P-glycoprotein (P-

gp); 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline and 3-(8-chloro-6-

(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate were identified 

as inhibitors of P-gp (Table 4.7). Even though most compounds do not inhibit P-gp, there is 

a possibility that the allosteric modulators can be transported out of the cell by it.216 The 

allosteric modulators were not inhibitors of organic anion transporting polypeptide 1B1 

(OATP1B1), but the prediction showed that the allosteric modulators were inhibitors of 

organic cation transporter 2 (OCT2) (Table 4.7). All the ligands inhibited bile salt export 

pump (BSEP) except 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, while the rest were 

substrates of breast cancer resistance protein (BCRP) except the allosteric modulator 2-((4-

chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline. Cytochrome P450 (CYP450) are the 

enzymes that catalyse the oxidation of organic substances.213 The evaluation of the allosteric 

modulators on the various isoforms of hepatic CYP450 was also predicted; the findings are 

shown in Table 4.8. Table 4.8 demonstrates that all the allosteric modulators were substrates 

of CYP3A4, albeit 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline was an isoform 

inhibitor. Allosteric modulators showed inhibitory tendencies and substrate specificities for 

the various isoforms investigated (Table 4.8). The ADMET predictor software inferred that 

the clearance pathway for the allosteric modulators studied is via metabolism. Drug toxicity 

has resulted in the failure of drug candidates in clinical trials, hence, the use of in silico 

models to predict the potential toxicity of new drug candidates.212 
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The main aim of a toxicology study in drug discovery is to evaluate the safety of 

potential drug candidates.217 Preclinical toxicity testing is carried out to determine a drug 

candidate's organ, dose and species-specific toxic effects.218, 219 The predicted toxicity 

parameters were shown in Table 4.9; all allosteric modulators evaluated reported negative 

for AMES toxicity. The hERG filter parameter returned negative, implying that the allosteric 

modulators do not have an affinity for the hERG potassium channel in humans. All the 

allosteric modulators studied could cause potential reproductive/developmental toxicity 

except 2,6,7-trichloro-3-(trifluoromethyl)quinoxaline (Table 4.9). The allosteric modulators 

were all skin sensitisers except 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline 

(Table 4.9). The liver function parameters (Table 4.9) showed some of the allosteric 

modulators causing elevations in levels of liver enzymes studied. 2,6,7-trichloro-3-

(trifluoromethyl)quinoxaline and 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-

dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one elevated the levels of 

the liver functions studied (Table 4.9), resulting in them being classed as hepatotoxic by the 

prediction software. 

4.4 Evaluation of the allosteric binding site of the glucagon-like peptide 
receptor: ligand docking and ADMET prediction studies. 

4.4.1 Results and Discussion 

Presently, there is an extensive treatment option for T2D ranging from biguanides 

(metformin), meglitinides, alpha-glucosidase inhibitors, and the current therapeutic options 

mimic GLP-1R agonists. For instance, exenatide, albiglutide, liraglutide, lixisenatide. The 

major challenge faced by these therapeutic options is the degradation of GLP-1 by DPP-IV. 

GLP-1R agonists and other drugs which target GPCRs bind on the orthosteric binding 

site.220, 221 Molecular docking is a virtual screening method used to discover new ligands for 

receptors (e.g., GPCRs). It ranks the active molecules higher and produces poses which 

informs on the decisions to be taken in the process of drug discovery.222, 223 Previous studies 

have shown the application of molecular docking on a large scale in the drug development 

process.168, 199, 200, 203, 204, 222 In the current study, the interaction of three known GLP-1R 

allosteric modulators and an electrophilic compound was shown to modulate GLP-1R 

activity to three different GLP1-1R crystal structures to understand the allosteric binding site 

better. In addition, the findings of an in silico ADME/Tox evaluation of the ligands used in 

the study was also presented.  
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Interaction of 2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-2-yl) thio)-5-methyl-
1,3,4-thiadiazole with GLP – 1 receptor 

A molecular docking research was carried out to understand the allosteric binding site of 

GLP-1R using known allosteric modulators and an electrophilic compound that is known to 

modulate the activity of the receptor. The results showed that the ligand 2-((6,7-dichloro-3-

(trifluoromethyl) quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole was bound behind TM6 

(-7.979 Kcal/mol) in the active structure with PDB ID: 5VAI187. The non-polar residues 

Leu251, Leu359, Val331 formed alkyl/pi-alkyl interactions with 2-((6,7-dichloro-3-

(trifluoromethyl) quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole. The residue Leu356 

formed a hydrogen bond with 2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-2-yl) thio)-5-

methyl-1,3,4-thiadiazole. The polar residues interacting with the ligand, formed hydrogen 

bonds (Figure 4.13A). In the other active structure (PDB ID: 6B3J191), the ligand was 

juxtaposed at TM6 and TM7 (-7.7 Kcal/mol). 2-((6,7-dichloro-3-(trifluoromethyl) 

quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole formed a halogen bond interaction with 

Leu354. The other amino acid residues interacting with the ligand were non-polar, they 

formed hydrogen, pi-sulphur, p-pi stacked, alkyl and pi-alkyl interactions (Figure 4.13C). 

While in the inactive structure (PDB ID: 5VEW186), the ligand was juxtaposed at TM6 and 

TM7 of the receptor (-9.843 Kcal/mol), the residues Val405 and Asn407 formed a halogen 

bond interaction with the fluorine atom on 2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-

2-yl) thio)-5-methyl-1,3,4-thiadiazole (Figure 4.13B). A summary table of all residues 

interacting with the ligand can be found below (Table 4.10). 
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Figure 4.13. Schematic image of the protein-2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-2-yl) thio)-5-methyl-1,3,4-thiadiazole interactions 

occurring at the GLP-1R binding site. (A) 1:5VAI, (B) 1:5VEW, (C) 1:6B3J.

A B C
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Table 4.10. Amino acids present in the 2-((6,7-dichloro-3-(trifluoromethyl) quinoxalin-

2-yl) thio)-5-methyl-1,3,4-thiadiazole (Compound 1) binding site. 

5VAI 5VEW 6B3J 

VAL 331 VAL 405 ILE 366 

SER 352 ASN 407 PHE 393 

LEU 356 ARG 348 MET 397 

THR 355 ASN 406 PHE 390 

ARG 176 HIS 180 ILE 357 

HIS 180 TYR 402 PRO 358 

TYR 402 LEU 349 LEU 364 

LEU 359 LEU 401  

LEU 251 LYS 351  

 
Interaction of 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-
yl) thio) quinoxalin-2-yl) thiazol-2-ol with GLP – 1 receptor 

The findings of the docking study showed 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) 

ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-2-ol juxtaposed at TM6 (-8.739 

Kcal/mol) in the active structure with PDB ID: 5VAI187. Hydrogen bond interaction was 

observed with Leu354 (Figure 4.14A). The residue Phe390 had a pi-pi t-shaped interaction 

with 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-yl) thio) 

quinoxalin-2-yl) thiazol-2-ol (Figure 4.13A). In the other active structure (PDB ID: 6B3J 
191) (-9.979 Kcal/mol) investigated, 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) 

ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-2-ol was docked at TM6 and TM7; 

the ligand formed a hydrogen bonds with Ser352, Val405, and Arg176 (Figure 4.14C). In 

the inactive structure (PDB ID: 5VEW186) (-8.946 Kcal/mol), 5-(6,7-dichloro-3-((1-(1-(1-

methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-2-ol was 

juxtaposed at TM6; 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-

yl) thio) quinoxalin-2-yl) thiazol-2-ol formed hydrogen bond interactions with the following 

residues; Asn406, Arg348, Val405 and Lys351 (Figure 4.14B). Table 4.11 summarises all 

residues interacting with the ligand.  
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Figure 4.14. Schematic image protein-5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-

2-ol interactions occurring at the GLP-1R binding site. (A) 2:5VAI, (B) 2:5VEW, (C) 2:6B3J.

A B C
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Table 4.11. Amino acids present in the 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl) 

ethyl)-1H-tetrazol-5-yl) thio) quinoxalin-2-yl) thiazol-2-ol binding site. 

5VAI 5VEW 6B3J 
ILE 366 HIS 180 HIS 180 
LEU 354 TYR 402 TYR 402 
PRO 358 LEU 349 LEU 401 
MET 397 LEU 401 LEU 359 
PHE 390 LYS 351 VAL 405 
ILE 357 ASN 406 SER 352 
THR 362 ARG 348 VAL 331 
 VAL 405 VAL 327 
  LEU 356 
  LEU 251 
  GLU 247 
  ARG 176 

 
Interaction of 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-
dihydrobenzo[c]thiophen-4(5H)-one with GLP – 1 receptor 

The results of the docking study showed 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one juxtaposed at TM6 and TM7 in 

the active structure with PDB ID: 5VAI187 (-7.474 Kcal/mol). The residue Lys351 formed a 

hydrogen bond, pi-cation, and an amide-pi cation interaction with 1-([1,1'-biphenyl]-4-

carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one. The 

residues Pro358, Leu354, and Leu401 formed alkyl and pi-alkyl interactions with the ligand 

(Figure 4.15A). In the inactive structure (PDB ID: 5VEW186), 1-([1,1'-biphenyl]-4-

carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one is 

juxtaposed at TM6 (-7.88 Kcal/mol). The residue Gln394, formed a hydrogen bond with 1-

([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one. 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one also formed pi-alkyl interactions 

with His363 and Pro358 (Figure 4.15B).  In the other active structure (PDB ID: 6B3J191) (-

8.882 Kcal/mol) investigated, 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one juxtaposed at TM6 and TM7; 

carbon-hydrogen bonds were formed with Gln394 and Phe390. Phe390 also formed a pi-

sulphur interaction 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-
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dihydrobenzo[c]thiophen-4(5H)-one (Figure 4.15C). Table 4.12 shows a summary of all 

residues interacting with the ligand.  
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Figure 4.15. Schematic showing representation of protein-1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one interactions occurring at the GLP-1R binding site. (A) 3:5VAI, (B) 3:5VEW, (C) 3:6B3J.

A B C
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Table 4.12. Amino acids present in the 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one binding site. 

5VAI 5VEW 6B3J 

LEU 401 HIS 363 LEU 401 

SER 352 PRO 358 LEU 354 

LYS 351 PHE 390 GLN 394 

LEU 354 GLN 394 PRO 358 

PRO 358  MET 397 

  PHE 390 

  PHE 393 

 
Interaction of 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline with GLP – 1 
receptor 

The findings of the docking study showed that 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] 

quinazoline docked behind TM6 (-5.802 Kcal/mol) in the active structure with PDB ID: 

5VAI187. The residue Ser352 formed a halogen bond with the chlorine atom on 5-chloro-3-

phenyl- [1,2,3] triazolo[1,5-a] quinazoline. An amide-pi stacked interaction was formed with 

the residue Thr355, whilst the other residues interacting with the ligand formed alkyl and pi-

alkyl interactions with the ligand (Figure 4.16A). In the other active structure (PDB ID: 

6B3J191) investigated (-6.475 Kcal/mol), 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] 

quinazoline docked at TM6 and TM7. The residue Met397 formed a halogen bond 

interaction with the chlorine atom on 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline. 

Alkyl and pi-alkyl interactions were also formed with the residue Met397 and 5-chloro-3-

phenyl- [1,2,3] triazolo[1,5-a] quinazoline. A pi-sigma interaction was formed with the 

Pro358 and compound 4 (Figure 4.16C). In the inactive structure (PDB ID: 5VEW186) (-

6.171 Kcal/mol), compound 4 is juxtaposed at TM6 and TM7. The residue Asn407 formed 

a hydrogen bond with 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline. A pi-cation 

interaction was formed with the residue Lys351 (Figure 4.16B). Table 4.13 shows a 

summary of all residues interacting with the ligand.  
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Figure 4.16. Schematic image protein-5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline interactions occurring at the GLP-1R binding site. 

(A) 4:5VAI, (B) 4:5VEW, (C) 4:6B3J.

A B C
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Table 4.13. Amino acids present in the 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] 

quinazoline binding site. 

5VAI 5VEW 6B3J 

SER 352 ASN 407 LEU 354 

LEU 251 LYS 351 PRO 358 

VAL 331 VAL 405 HIS 363 

LEU 255 ARG 348 LEU 401 

VAL 327 LEU 401 MET 397 

LEU 356 LEU 349  

THR 355   

 Bueno et al.190 reported that 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-

yl)thio)-5-methyl-1,3,4-thiadiazole, compound 2, and compound 3 potentiated the activity 

of GLP-1(9–36)-NH2 on the wild-type receptor but failed to exert the same effect in cells 

that expressed the mutant GLP-1R, which lacks the cysteine-347 residue. Knudsen et al.224 

reported that 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-

thiadiazole does not activate closely related receptors within family (class) B GPCRs 

(Glucagon-like peptide-2 (GLP-2), glucagon, and Glucose‐dependent insulinotropic 

polypeptide (GIP) receptors.  

The presence of polar residues in the binding sites of the three structures examined 

suggests that these polar residues play a vital role in ligand binding.191 The presence of these 

polar residues in the crystal structures of the receptor indicates the presence of a significant 

polar binding network around the peptide bindings site.191 A study carried out by Song et 

al.186 and Xu et al.192 showed that the cysteine-3476.36bF (C3476.36bF) mutant maximises van 

der Waals interactions with all the three negative allosteric modulators (NAMs) PF-

06372222, NNC0640 and MK-0893 through the stabilisation of the aliphatic side chain of 

Lysine-3516.40b (K3516.40b) in an optimal conformation for hydrophobic interactions with 

NAMs.186, 192 The findings from a research carried out by Song et al, showed that positions 

352-355 play a crucial role in binding an allosteric inhibitor to GLP-1R.186 The residue Thr 

355 was also observed to interact with 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-

yl)thio)-5-methyl-1,3,4-thiadiazole and 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] 
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quinazoline upon docking into the active structure 5VAI. This residue (Thr 355) was also 

observed to interact with allosteric modulators in a previous study forming hydrogen bond 

interactions with the ligands.222 

In silico ADME/Tox prediction 

The webservers ADMETLab and SwissADME developed by Dong et al.78 and Daina 

et al.83 used in this study are online web resources that predict ADME/Tox properties of 

potential drug candidates. Poor ADME/Tox parameters account for the failure of new drug 

candidates in clinical trials; therefore, it is of utmost importance to evaluate these parameters 

to decrease the potential risks.225  The results of the in silico ADME/Tox evaluation of the 

ligands used in the study are reported in the tables (4.14, 4.15 and 4.16). Table 4.14 

highlights the following parameters: octanol-water partition coefficient based on 

Moriguchi’s model (logP), octanol-water partition coefficient as a function of pH (logD), 

intrinsic aqueous solubility (logS), Lipinski’s rule of 5 (Ro5), topological polar surface area 

(TPSA), hydrogen bond acceptors (HBA), hydrogen bond donors (HBD), and molecular 

weight (MW). 

The allosteric modulators investigated in this study satisfied Lipinski’s rules of 5. 

This includes log P-value lower than 5, less than 10 HBAs, less than 5 HBDs, molecular 

weight lower than 500 g/mol, and the number of rotatable bonds less than ten except for the 

allosteric modulator 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-

yl)thio)quinoxalin-2-yl)thiazol-2-ol, which has a molecular weight of over 500 g/mol 

(523.46 g/mol). At the same time, the other ligands studied met the drug-likeness criteria 

(Table 4.14). The allosteric modulators 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-

yl)thio)-5-methyl-1,3,4-thiadiazole and 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one have higher molecular weight 

values than 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline, potentially affecting the 

overall absorption of the allosteric modulators in the body.225, 226 TPSA has been widely 

accepted as a good index of drug absorption in the small intestine (less than 140 Å²) and 

blood-brain barrier penetration (less than 60 Å²).227 The computational TPSA values 

predicted for the allosteric modulators were less than 140 Å² which means they have good 

intestinal absorption except compound 2 (159.28 Å²) (Table 4.14). However, 5-chloro-3-

phenyl- [1,2,3] triazolo[1,5-a] quinazoline showed adequate blood-brain barrier penetration, 

as its TPSA value (43.08 Å²) is less than 60 Å² (Table 4.14). 
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Table 4.14. Physicochemical properties of the selected allosteric modulators.  

Lig. LogP LogD LogS HBA HBD MW TPSA Ro5 

1 3.20 2.802 -6.91 7 0 397.23 g/mol 105.10 Å² 0 

2 2.95 1.56 -7.74 8 1 523.46 g/mol 159.28 Å² 1 

3 3.20 2.742 -7.37 4 4 438.56 g/mol 104.90 Å² 0 

4 3.55 2.809 -4.34 3 0 280.71 g/mol 43.08 Å² 0 

Key: 1: 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-

thiadiazole, 2: 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-

yl)thio)quinoxalin-2-yl)thiazol-2-ol, 3: 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-

(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one, 4: 5-chloro-3-phenyl-

[1,2,3]triazolo[1,5-a]quinazoline. 

Lipophilicity is an essential parameter in the process of drug development.228 In drug 

development, high lipophilicity has been shown to contribute to attrition.228-231 The 

determination of partition coefficient (LogP) and its pH-dependent variant, distribution 

(LogD), is a critical aspect of drug development. These measurements hold substantial 

importance in the quest for enhanced and optimized drug formulations.228 The LogP values 

of the compounds were between 2.95 and 3.55 (Table 4.14) with 5-chloro-3-phenyl- [1,2,3] 

triazolo[1,5-a] quinazoline having the highest LogP value. This is an indication that the 

ligands used in this study would likely have optimal physicochemical and ADME properties 

if they were to be oral drugs because their predicted LogP value is greater than 1 but less 

than 4.232 According to Landry and Crawford (2020), the optimal lipophilicity of drugs is 

within the range of LogP = 1-3.228 LogD values of over 3.5 often leads to low aqueous 

solubility, thus making the potential drug candidate promiscuous.210 However, this was not 

the case for the ligands studied in this research. The predicted LogD values for the ligands 

showed that 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline has the highest LogD 

value at 2.809 while compound 2 had the lowest (Table 4.15).  

The findings of the pharmacokinetic parameters such as gastrointestinal absorption (GI Abs), 

blood-brain barrier permeation (BBB), P-glycoprotein substrate (Pgp), isoforms of 

cytochrome P450, and skin permeation (Log Kp) predicted using swissADME are presented 

in Tables 4.15 and 4.16. The allosteric modulators studied had low gastrointestinal 

absorption and no blood-brain barrier permeation (BBB) except 5-chloro-3-phenyl- [1,2,3] 
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triazolo[1,5-a] quinazoline. The allosteric modulators were not substrates of P-glycoprotein, 

as shown in Table 4.15.  The prediction results showed 2-((6,7-dichloro-3-

(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-thiadiazole and 5-(6,7-dichloro-3-

((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol as 

inhibitors of the CYP isoforms; CYP1A2, CYP2C19, CYP2C9, and non-inhibitors of the 

isoforms CYP2D6 and CYP3A4. The allosteric modulator 1-([1,1'-biphenyl]-4-carbonyl)-

6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one inhibits 

CYP2C19, CYP2C9, and CYP3A4. Furthermore, the prediction results suggested that 1-

([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one is a non-inhibitor of CYP1A2 and CYP2D6. 5-chloro-

3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline inhibits CYP1A2 and CYP2C19, while the 

prediction results identified it as non-inhibitors of CYP2C9, CYP2D6, and CYP3A4.  

Table 4.15. In silico prediction of the pharmacokinetic properties of the ligands.   

Lig. GI Abs BBB Pgp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 Log Kp 

1 Low No No + + + - - -5.20 cm/s 

2 Low No No + + + - - -6.18 cm/s 

3 Low  No No - + + - + -5.13 cm/s 

4 High Yes No + + - - - -5.36 cm/s 

Key: Inhibitor of CYP isoform: (+), non – inhibitor of CYP isoform: (-), 1: 2-((6,7-dichloro-

3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-thiadiazole, 2: 5-(6,7-dichloro-3-

((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol, 3: 

1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 4: 5-chloro-3-phenyl-[1,2,3]triazolo[1,5-

a]quinazoline. 

The findings of the excretion and toxicology parameters evaluated are presented in 

Table 4.16. The parameters investigated include half-life (T1/2), clearance (CL), hERG 

blocker, Ames mutagenicity (AMES), skin sensitisation (Skin Sen), LD50 of acute toxicity 

(LD50), and drug-induced liver injury (DILI). The findings showed that the half-life and 

clearance values of the allosteric modulators were below 3h and 5 mL/min/kg, respectively, 

according to Dong et al.78. The result for hERG blocking showed the allosteric modulators 

2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-thiadiazole and 5-
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chloro-3-phenyl- [1,2,3] triazolo[1,5-a] quinazoline as non – blockers of hERG while other 

allosteric modulators were blockers of hERG. All the allosteric modulators studied were 

AMES negative except for the allosteric modulators 5-chloro-3-phenyl- [1,2,3] triazolo[1,5-

a] quinazoline. The allosteric modulators studied are non – skin sensitisers. The LD50 

figures show that the allosteric modulators are highly toxic as the values fall below 50g/kg, 

leading to drug-induced liver injury (Table 4.16). 

Table 4.16. Excretion and Toxicology parameters  

Lig. T1/2 (h) CL (mL/min/kg) hERG AMES SkinSen LD50 (log mol/kg) DILI 

1 2.026 0.664 - - - 4.449 + 

2 1.508 1.301 + - - 2.866 + 

3 1.862 0.989 + - - 3.309 + 

4 2.188 0.601 - + - 2.449 + 

Key; HERG Non - blocker: (-), blocker: (+), AMES negative: (-), AMES positive: (+), non 

-skin sensitizer: (-), skin sensitizer: (+), DILI negative (-), DILI positive (+), 1: 2-((6,7-

dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-methyl-1,3,4-thiadiazole, 2: 5-(6,7-

dichloro-3-((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-yl)thio)quinoxalin-2-

yl)thiazol-2-ol, 3: 1-([1,1'-biphenyl]-4-carbonyl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 4: 5-chloro-3-phenyl-[1,2,3]triazolo[1,5-

a]quinazoline. 

4.5 Conclusions and future directions 

The glucagon-like peptide 1 receptor (GLP-1R) is a member of the family (or class) 

B G-protein-coupled receptor (GPCR). The receptor is a regulator of insulin and a key target 

in treating Type 2 diabetes mellitus. In this chapter, computational chemistry techniques 

such as molecular docking were combined with in silico ADME/Tox predictions to 

determine the position and structure of the allosteric binding site, as well as to examine how 

the allosteric modulators bind to the binding site. In silico evaluation was used to evaluate 

the ADME/Tox properties of the allosteric modulators. 

The allosteric modulators (2,6,7-trichloro-3-(trifluoromethyl)quinoxaline, 1-(5-(4-

(tert-butyl)phenyl)-1,3,4-oxadiazol-2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-

dihydrobenzo[c]thiophen-4(5H)-one, 2-((4-chlorophenyl)thio)-3-

(trifluoromethyl)quinoxaline, 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-
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yl)phenyl cyclohexanecarboxylate, 2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-

yl)thio)-5-methyl-1,3,4-thiadiazole, 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-

yl)ethyl)-1H-tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol, 1-([1,1'-biphenyl]-4-carbonyl)-

6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one, and 5-chloro-3-

phenyl-[1,2,3]triazolo[1,5-a]quinazoline) used in the study docked at various positions 

across TM5, TM6 and TM7 in both the active and inactive structures. Based on these 

findings, it can be inferred that the allosteric binding site is situated around TM6 of the 

receptor. Analysis of the top three binding poses of the all the protein-ligand complexes 

showed that the residues interacting with the ligands were slightly different even though the 

ligands docked at TM6 for most of the poses (Tables 4.1-4.4, 4.10-4.13, Appendix 2-9 

[Tables S3-S10]). This however would suggest a flexibility of the ligand within the binding 

pocket of the receptor. The results of the research are in line with the findings of a previous 

study. It was reported that positive and negative allosteric modulators of GLP-1R bind to the 

same region just outside TM5-TM7 near the intracellular section of the receptor.186 

However, the PAMs bind in a well-defined sub-pocket at the interface between TM5 and 

TM6, thus facilitating the formation of an intracellular binding site that enhances G-protein 

coupling.186 Further mutagenesis studies to understand which residues play a significant role 

in ligand binding. 

The binding analysis showed that the dockings were feasible energetically; this was 

demonstrated by the negative Gibbs free energy (ΔG) values (Table 4.5). The findings 

showed that 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl 

cyclohexanecarboxylate-protein structure (PDB IDs: 5VAI187, 6B3J191, 5VEW186) 

complexes had the highest predicted binding affinities. The binding affinity results suggest 

that 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl 

cyclohexanecarboxylate may be an agonist of the receptor, a biased agonist or perhaps an 

antagonist of the receptor because of its high in silico predicted binding affinity. This needs 

to be further characterised experimentally using assays such as radioligand binding assay or 

fluorescent ligand binding assay. 

The ADMET predictions of the allosteric modulators studied showed the compounds 

possessing drug-like properties, except for 3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-

a]pyridin-2-yl)phenyl cyclohexanecarboxylate due to its high LogP value 5-(6,7-dichloro-3-

((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol, 

which has a molecular weight of 523.46 g/mol which is over 500 g/mol. The predicted 

human jejunal permeability (Peff) values (Table 4.6) show that the allosteric modulators had 
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over 1.5 cm/s x 104. This indicates that the allosteric modulators would be absorbed entirely. 

The predicted TPSA values (Table 4.6) shows 2,6,7-trichloro-3-

(trifluoromethyl)quinoxaline, 2-((4-chlorophenyl)thio)-3-(trifluoromethyl)quinoxaline and 

3-(8-chloro-6-(trifluoromethyl)imidazo[1,2-a]pyridin-2-yl)phenyl cyclohexanecarboxylate  

with TPSA values of less than 60 Å², while the 1-(5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazol-

2-yl)-6,6-dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one TPSA 

value was above 60 Å² but less than 140 Å². These findings were corroborated by research 

carried out by Fernandes and Gattass in 2009.215 and Wang et al. in 2014.211 Additionally, 

the LogP values of some ligands (2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-

5-methyl-1,3,4-thiadiazole, 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-

tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol, 1-([1,1'-biphenyl]-4-carbonyl)-6,6-

dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one, 5-chloro-3-phenyl-

[1,2,3]triazolo[1,5-a]quinazoline) evaluated were between 2.95 and 3.55 (Table 4.14). This 

falls into the optimal lipophilicity of oral drugs (LogP = 1-3 239, LogP = >1 and <4 243). 

The LogD values of some (2-((6,7-dichloro-3-(trifluoromethyl)quinoxalin-2-yl)thio)-5-

methyl-1,3,4-thiadiazole, 5-(6,7-dichloro-3-((1-(1-(1-methylpiperidin-4-yl)ethyl)-1H-

tetrazol-5-yl)thio)quinoxalin-2-yl)thiazol-2-ol, 1-([1,1'-biphenyl]-4-carbonyl)-6,6-

dimethyl-3-(methylsulfonyl)-6,7-dihydrobenzo[c]thiophen-4(5H)-one, 5-chloro-3-phenyl-

[1,2,3]triazolo[1,5-a]quinazoline) ligands were below 3.5, this is an indication that the 

ligands would be soluble in aqueous solution (Table 4.14). However, the ADME predictions 

of the other set compounds presented showed that they have high LogD (Table 4.6) values 

and low aqueous solubility. High lipophilicity often leads low metabolic clearance and 

toxicity. 

Conclusively, docking simulations provide insights into potential allosteric binding 

sites and possible interactions. The results of an in silico ADME/Tox study are essential in 

developing a potential drug candidate. Further studies could be carried out using known 

allosteric modulators sourced from a literature search to characterise the allosteric binding 

pocket of GLP-1R further using molecular dynamics (MD) simulations,233-236 and multiscale 

quantum mechanics (QM)/molecular mechanics (MM) molecular simulations.170   
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5. Cytochrome P450 protein-ligand binding study. 

This chapter utilized molecular docking, a technique described in Chapter 2 of this thesis, to 

investigate the interactions between phorbols with different chains at C-12, C-13, and C-20, 

known aromatase inhibitors (anastrozole, exemestane, and letrozole), and the human 

placental aromatase cytochrome P450 (CYP19A1). The findings of this chapter have been 

published in Applied Biosciences 2022 1(3), 279-288. 

 

Furthermore, employing computational methods outlined in Chapter 2 of this thesis, this 

chapter delves into the interactions between selected cytochrome P450s (CYP1A1 and 

CYP1B1) and specific ligands. These cytochromes play crucial roles in xenobiotics and 

steroid hormone biosynthesis. The results of this chapter have been published in Current 

Pharmaceutical Design 2022 28(45), 3637-3648. 

5.1 Introduction 

The cytochrome P450 (CYP) enzymes, crucial haemoproteins localised in the cell 

membrane, play a significant role in regulating diverse cellular and physiological processes, 

activating endogenous compounds, and participating in detoxification reactions.237, 238 

Inhibition of CYP enzymes is a key mechanism in metabolism-based drug-drug 

interactions,237 with CYP1A1 and CYP1B1 classified into xenobiotics and sterols, 

respectively, and implicated in steroid hormone biosynthesis and the metabolism of various 

compounds.238 Flavonoids, dietary phytochemicals, have been reported to inhibit CYP 

enzymes and are potential agents for cancer prevention.239 This study investigates the 

inhibitory effects of specific flavonoids on CYP1A1 and CYP1B1 enzymes, assessing their 

ADME-Tox properties. Understanding the interactions between flavonoids and CYP 

enzymes can contribute to the development of novel strategies for cancer prevention and 

treatment, addressing the significant global health challenge posed by breast cancer, its 

prevalence, mortality rates, and the urgent need for effective prevention and treatment 

strategies. Early detection, through diagnostic methods such as mammography and MRI, 

along with molecular markers like oestrogen receptor alpha (ER), progesterone receptor 

(PR), and human epidermal growth factor 2 (HER2), plays a crucial role in improving patient 

outcomes.240-242 Aromatase inhibitors, targeting the enzyme encoded by the CYP19 gene, 

have shown promising results as hormonal therapies for ER+ breast cancer, preventing 

oestrogen biosynthesis and demonstrating improved clinical outcomes.243, 244 By 
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investigating the interaction between phorbols and aromatase inhibitors, this research aims 

to enhance our understanding of breast cancer pathogenesis and develop novel compounds 

for treatment strategies. 

5.2 Computational Methods 

In this chapter, protein-ligand docking was performed to identify interactions between 

different cytochrome P450 structures (CYP19A1, CYP1A1, CYP1B1) and phorbols diesters 

and dietary flavonoids (Figure 5.1, Figure 5.4) obtained from literature due to their known 

inhibitory activities. The Flare software was used to prepare the protein and ligand structures 

(version 2.0, Cresset Software, Litlington, UK). The full preparation of the protein and 

ligand at a pH of 7.0 and active site size of 6.00 Å adds missing hydrogens to the protein(s) 

and cofactor(s), it also assigns the best ionization states to the protein residues. It maximizes 

hydrogen bonding and reduces steric interference by optimizing the spatial locations of polar 

hydrogen atoms. His, Asn, and Gln side chains are optimized for side chain orientation, and 

then residues with unresolved side chains are found and reconstructed. During the 

preparation step, the endogenous ligand(s) and heme were extracted from the protein 

structure. The XED accurate approach on Flare was then used to minimize the protein and 

ligands. The docking calculation was set to the "very accurate but slow" option (this option 

in the software is based on the genetic algorithm, it performs three independent docking runs 

to achieve the lowest possible calculated binding energy for the protein-ligand complex). 

The grid box was set by selecting all the amino acid residues present in the protein. The 

docking was validated by redocking the endogenous ligand testosterone and the heme into 

the binding pocket. The BIOVIA Discovery Studio Visualizer, version 19.1 was used to 

visualize the poses with the lowest binding energy (Dassault Systemes, San Diego, United 

States). The PRODIGY web server was used to analyse the protein-ligand complexes' 

binding affinities.195, 196 The study also employed various tools and software, including 

ADMETLab, SwissADME, ChemDraw 18.0 and BIOVIA Discovery Studio Visualiser. 
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5.3 Computational investigation of ligand binding of flavonoids in 
cytochrome p450 receptors 
 

 
 

Figure 5.1. Chemical structure of the dietary flavonoids used for the study.  

5.3.1 Results and Discussion  

5.3.1.1 Docking Study 

Human cytochrome (CYP) P450 are predominant enzymes that play essential roles 

in the biotransformation of a wide variety of drugs and other chemical compounds.245  The 

CYP 1 family comprises CYP1A1, CYP1A2 and CYP1B1.246 CYP1A1 and CYP1B1 are 

essential enzymes that are intricate in xenobiotic metabolism, but they do not partake much 
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in drug metabolism.246 These enzymes are significantly inhibited by ligands, which bind to 

the Aryl Hydrocarbon receptor while acting as metabolic enzymes for many substrates.246, 

247 Molecular docking has been regarded as an essential and powerful tool in drug 

development as it is capable to predict the intermolecular framework formed between two 

proteins or a protein and a small molecule(s) and to indicate binding modes that elicit 

action.248 

Table 5.1 shows the binding energies along with the dG score, rank score and virtual 

screening score of the ligands upon docking onto the crystal structure CYP1A1. The Flare 

lead finder ranking score/rank score is used in the ranking of ligand poses obtained during a 

docking run.59, 249, 250 The dG-scoring function, or dG score estimates an accurate free energy 

value of protein-ligand binding for a given protein-ligand complex, the coefficients for this 

function have been derived by fitting computed binding energies to the experimental values 

for a set of 100 protein-ligand complex with known 3D structures and binding constants 

measured experimentally.59, 249, 250 The vs-score or virtual scoring function is used to rank 

ligand poses generated during a docking run.59, 249, 250 Rof5 represents Lipinski’s rule of five. 

Three compounds with the highest dG scores were selected and named the lead compounds 

for further in silico ADME-Tox screening. The ligand Isorhamnetin had the lowest binding 

free energy of -10.152 KCal/Mol (Table 5.1). Isorhamnetin upon docking into the crystal 

structure of CYP1A1 formed a π-stacked interaction with the benzene ring on the amino acid 

residue Phe 224 (Figure 5.2C). The carbon atom on Gly 316 also had a π-stacked interaction 

with the CD-ring of the ligand isorhamnetin. The methyl group on Ala 317 had a π-alkyl 

interaction with the D-ring of the ligand. Hydrogen bond interaction was observed between 

the oxygen atoms on Asp 313, 320 and Leu 217 and hydrogen atoms on isorhamnetin. 

Unfavourable donor-donor interaction was observed between a hydrogen atom on the 

residue Asn 222. The residues Phe 224 and Gly 316 interacted just at the centre of the CD 

ring (Figure 5.2C).   
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Table 5.1. The dG, rank score and virtual screening score of the ligands upon docking 

onto CYP1A1.                         

Compound 
dG 

(Kcal/mol) 
Rank score (Kcal/mol) VS score (Kcal/mol) Rof5 

Chrysosplenetin  -9.818 -9.755 -10.972 0 

Casticin -10.101 -10.686 -11.131 0 

Cirsiliol -9.471 -10.367 -10.941 0 

Eupatorin -9.540 -9.968 -10.716 0 

Hesperetin -9.740 -9.693 -10.385 0 

Homoeriodictyol -10.107 -9.848 -10.485 0 

Isorhamnetin -10.152 -9.331 -10.546 0 

Kaempferol -9.880 -9.646 -10.714 0 

Nobiletin -9.162 -8.945 -10.000 0 

Pedalitin -10.150 -9.234 -10.660 0 

Quercetin -9.834 -8.909 -10.797 0 

Tamarixetin -10.065 -9.697 -10.628 0 

Tangeretin -8.454 -7.807 -9.319 0 

 

The schematic representation of the protein-ligand interaction occurring at the 

binding site of CYP1A1 generated using DS visualiser are presented in Figures 5.2A-E.                      
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Figure 5.2A. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1A1 (6DWM) binding site. 

Casticin Chrysosplenetin Cirsiliol
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Figure 5.2B. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1A1 (6DWM) binding site. 

Eupatorin Hesperetin Homoeriodictyol
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Figure 5.2C. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1A1 (6DWM) binding site. 

Isorhamnetin Kaempferol Nobiletin
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Figure 5.2D. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1A1 (6DWM) binding site. 

Pedalitin Quercetin
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Figure 5.2E. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1A1 (6DWM) binding site. 

Tamarixetin Tangeretin
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Table 5.2 shows the binding energies along with the dG score, rank score and virtual 

screening score of the ligands upon docking onto the crystal structure CYP1B1. Three 

compounds with the highest dG scores were selected and named the lead compounds for 

further in silico ADME-Tox screening. The ligand Pedalitin had the lowest binding free 

energy of -10.823 Kcal/Mol (Table 5.2). As shown in Figure 6.3D, the sulphur atom on Met 

152 had π-sulphur with the benzene ring on the ligand pedalitin. The methyl groups on the 

following residues (Met 152, Ile 327 and Ala 330) had π-alkyl interactions with the CD-ring 

of the ligand. In contrast, another π-alkyl interaction was also observed between Cys 470 

and the C-ring of the ligand. Hydrogen bond interactions between oxygen atoms in the ligand 

and hydrogen atoms on the following residues (Arg 145, Ser 331, Gln 479) were observed. 

Moreover, the sulphur atom on the residue Cys 470 formed a hydrogen bond interaction with 

a hydrogen atom on the ligand pedalitin (Figure 5.2D). The methyl groups on the residues 

(Leu 475, Met 205, Val 208) formed π-alkyl interactions with the benzene ring on the ligand. 

As shown in Figure 6.3D, the following residues (Leu 475, Met 205, Val 208, Met 152) 

interacted in the centre of the benzene ring while Ile 327, Ala 330, Met 152 in the centre of 

the CD ring.  

 

Table 5.2. The dG, rank score and virtual screening score of the ligands upon docking 

onto CYP1B1.   
Compound  dG (Kcal/mol) Rank score (Kcal/mol) VS score (Kcal/mol) Rof5 

Chrysosplenetin  -10.216 -10.243 -11.157 0 

Casticin -10.404 -10.054 -11.442 0 

Cirsiliol -9.260 -8.100 -9.579 0 

Eupatorin -9.191 -8.158 -9.793 0 

Hesperetin -9.360 -8.458 -9.828 0 

Homoeriodictyol -8.951 -8.371 -9.628 0 

Isorhamnetin -10.177 -9.680 -11.172 0 

Kaempferol -10.059 -9.386 -10.730 0 

Nobiletin -9.496 -9.213 -10.496 0 

Pedalitin -10.823 -8.222 -11.150 0 

Quercetin -10.434 -10.199 -10.947 0 

Tamarixetin -9.776 -8.682 -10.173 0 

Tangeretin -8.440 -7.725 -9.490 0 
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The schematic representation of the protein-ligand interaction occurring at the 

binding site of CYP1A1 generated using DS visualiser are presented in Figures 5.3A-E.   
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Figure 5.3A. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1B1 (6IQ5) binding site. 

 

 

Casticin Chrysosplenetin Cirsiliol
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Figure 5.3B. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1B1 (6IQ5) binding site. 

Eupatorin Hesperetin Homoeriodictyol
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Figure 5.3C. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1B1 (6IQ5) binding site. 

Isorhamnetin Kaempferol Nobiletin
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Figure 5.3D. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1B1 (6IQ5) binding site. 

Pedalitin Quercetin
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Figure 5.3E. Schematic representation generated using Discovery studio visualiser showing the protein-ligand interactions occurring at the 

CYP1B1 (6IQ5) binding site. 

Tamarixetin Tangeretin
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The findings of this study showed that the residue Phe 224 interacted with all the 

ligands forming a π-π stacked interaction when it was docked onto CYP1A1 (6DWM) 

(Figures 5.2A-E). Most of the ligands studied upon docking into CYP1B1, formed a π-π 

stacked interaction with Phe 231 (Figures 5.3A-E) except for pedalitin and tangeretin, which 

did not interact with any phenylalanine residue. These phenylalanine residues present in the 

binding site of CYP1A1 and CYP1B1 are conversed and interacted with the flavonoid α-

naphthoflavone (ANF) upon docking into the same binding pocket.251 In another study 

carried out by Kubo, Yamamoto, and Itoh252, the residue Phe 231 had a π-π stacked 

interaction with ANF in the CD-ring. Walsh, Szklarz, and Scott245 also confirmed the 

presence of a π-π stacked interaction with Phe 224 in their study. The residues Phe 224 and 

Phe 231 almost converge identically on the binding site of CYP1A1 and CYP1B1, 

respectively.245, 246 

The findings on figures 5.2A-E showed that some ligands: chrysosplenetin, casticin, 

hesperetin, tamarixetin and tangeretin had a hydrogen bond interaction with the amino acid 

residue Leu 254. The ligand pedalitin, had a π-alkyl interaction with the residue Leu 254. In 

the other crystal structure (CYP1B1) studied the residue Leu 264 formed a hydrogen bond 

interaction with the ligands except for the following eupatorin, hesperetin, pedalitin, 

tamarixetin, tangeretin (Figure 5.3A-E). The ligand kaempferol interacted with Leu 264 

differently forming an π-alkyl interaction. In a study carried out by Walsh, Szklarz, and 

Scott245, it was reported that the residue Leu 254 forms part of the side chains lining the 

active site of CYP1A1. Their findings showed that the CYP1A1 and 1B1 cavity is similar 

even though the 1A1 cavity is slightly larger than 1B1 due to Leu 254/Leu 264 side-chain 

orientation on the G-Helix. 

The docking result of CYP1A1 and the ligands investigated presented in figures 

5.2A-E shows the residue Ala 317 interacting with some of the ligands, namely, 

chrysosplenetin, hesperetin, isorhamnetin, nobiletin, tamarixetin and tangeretin. These 

ligands had π-alkyl interactions with the residue Ala 317 except for nobiletin which had a 

carbon hydrogen bond interaction (Figure 6.2C). Santes-Palacios et al.253 demonstrated the 

importance of some amino acid residues, including Ala 317, after a site-directed mutagenesis 

study that showed altered kinetic parameters. In a review  written by Scotti et al.254, it was 

asserted that Ala 133 is crucial for the inhibitory activity of methoxy flavonoids, i.e. it is 

essential for the binding of methoxy flavonoids such as isorhamnetin and chrysoeriol. In 

addition, Sehgal et al.251, in their study also identified Ala 317 in two binding pockets of the 
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enzyme CYP1A1. Based on the result shown in figures 5.1A-E, the ligands formed a π-alkyl 

interaction with Ala 330. However, eupatorin and kaempferol formed an π-alkyl with Ala 

133 (Figure 5.3B and Figure 5.3C). The residue Ala 133 is one of the non-conserved residues 

in the active site of CYP1B1 with ANF bound to the active site.246 

The residue Asp 333 had hydrogen bond interactions with the following ligands 

chrysosplenetin, casticin, homoeriodictyol and isorhamnetin (Figures 5.3A-E). The residue 

Asp 326 also had hydrogen bond interaction with the ligands chrysosplenetin, casticin, 

hesperetin, isorhamnetin, kaempferol, nobiletin, quercetin and tamarixetin (Figures 5.3A-

E), while Van der Waals bonds were observed with eupatorin (Figures 5.3A-E). These 

residues were found in the active site of CYP1B1 in a previous study.245 The docking results 

of CYP1A1 showed the ligands having a hydrogen bond interaction with the residue Asp 

313. Another residue, Asp 320, also interacted with some of the ligands namely, 

chrysosplenetin, casticin, cirsiliol, eupatorine, hesperetin, isorhamnetin, nobiletin, tangeretin 

and tamarixetin (Figures 5.2A-C and E). Dutkiewicz and Mikstacka246 in their research also 

confirmed Asp 313 and Asp 320 as potential hydrogen bond donors in the binding site of 

CYP1A1. Santes-Palacios et al.253, also confirmed that the residue Asp 313 is of importance 

in the CYP1A1 binding site. The following ligands: chrysosplenetin, cirsiliol, eupatorin, 

hesperetin, kaempferol formed hydrogen bonds with the residue Asn 265 upon docking with 

the crystal structure of CYP1B1 (6IQ5) (Figures 5.3A-C) The residue Asn 228 had hydrogen 

bond interactions with the ligands cirsiliol, hesperetin and nobiletin (Figures 5.3A-C). The 

residue Asn 255 had hydrogen bond interactions with chrysosplenetin, casticin, cirsiliol, 

eupatorin, homoeriodictyol, kaempferol, quercetin (Figures 5.2A-D), Asn 222 had an 

unfavourable donor-donor interaction with isorhamnetin and hydrogen bond interaction with 

pedalitin (Figures 5.2C-D). These residues were also identified in the active site of CYP1B1 

in a different study carried out by Walsh, Szklarz and Scott.245 The amino acid residues Asn 

222 and 255 constitute the polar residues found in the active site of CYP1A1; both residues 

tend to play structural roles instead of direct interactions with ANF.245 

The ligands kaempferol, pedalitin and tangeretin formed π-alkyl interactions with the 

following residues Val 126, Val 208, Val 395, respectively, upon docking into CYP1B1 

(Figures 5.3C-E). The residue Val 397 formed a hydrogen bond with the ligand tangeretin 

(Figure 5.3E). Walsh et al. in their research findings reported that Val 126 and 395 were in 

the active site of CYP1B1.245 The amino acid residue Gly 329 formed π-stacked interacted 

interactions with the following ligands: chrysosplenetin, cirsiliol, homoeriodictyol, 

isorhamnetin, nobiletin and quercetin (Figures 5.3A-D). The docking result of CYP1A1 
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showed the residue Gly 316 interacting with most of the ligands. Gly 316 had amide π-

stacked interactions with the ligands such as chrysosplenetin, hesperetin, isorhamnetin, 

nobiletin, tamarixetin and tangeretin. Furthermore, Gly 316 had a hydrogen bond interaction 

quercetin (Figure 5.2D). Analysis of the binding sites of CYP1A1 and CYP1B1 revealed 

that the residues Gly 316 and Gly 329 were present in both active sites and could be potential 

hydrogen bond donors.246 The residue Thr 334 had hydrogen bond interactions with four 

ligands, namely, cirsiliol, eupatorin, homoeriodictyol, tamarixetin (Figures 5.3A, B and E). 

Thr 325 interaction was also observed. It had an amide π-stacked interaction with eupatorin 

and a hydrogen bond interaction with tamarixetin (Figure 5.3B, Figure 6.3E). According to 

Kubo et al. Thr 334 and two other residues, Val 395 and Thr 510 formed a small hydrophobic 

site.252 This was subsequently confirmed using three different docking models of human 

CYP1B1.252  

The ligands eupatorin, pedalitin and tangeretin formed hydrogen bonds with the 

following serine residues: 131, 331 and 464, respectively, on the structure of CYP1B1 

(Figures 5.3B, D & E). Examination of the docking result of CYP1A1 showed Ser 116 

interacting with just homoeriodictyol and quercetin (Figure 5.2B, Figure 5.2D). CYP1A1 

formed hydrogen bond interactions with both ligands. Based on the interactions observed 

with the serine residues, it can also be inferred that homoeriodictyol and quercetin also 

donated hydrogen bonds just like Ser 122, which was found in the active site of CYP1A1 

upon docking with ANF.246 The residue Gln 332 and 479 formed hydrogen bonds with 

nobiletin and pedalitin, respectively (Figure 5.2C, Figure 5.2D) upon docking with CYP1B1. 

In a study carried out by Dutkiewicz and Mikstacka246, their docking results show that Gln 

332 formed an active site hydrogen bond with the ligands. Amino acid residues such as Ile 

386, Lys 250, Lys 253, Ile 115, Ser 116, and Met 121 were found in the binding site of 

CYP1A1 and CYP1A2, respectively, due to their structural similarities mirror structures of 

the aforementioned residues can also be found in CYP1B1.245, 246  

5.3.1.2 Pilot ADMET studies 

The webserver ADMETLab and SwissADME developed by Dong et al.78 and Daina 

et al.83 respectively were used in the in silico ADME-Tox screening of the selected 

compounds (casticin, homoeriodictyol, isorhamnetin, pedalition, quercetin, and 

chrysosplenetin) identified from the docking study. The findings of this study are shown in 

Tables 5.3 and 5.4. The lead-likeness parameter on SwissADME is calculated based on the 
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research findings of Teague et al255 which defined lead-like leads as low-affinity compounds 

which have low molecular weight (< 350) and LogP (< 3) values
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Table 5.3. Physicochemical parameters of the lead compounds. 

Parameters Chrysosplenetin Casticin Homoeriodictyol Isorhamnetin Pedalitin Quercetin 

Molecular weight 

(MW) 

374.34 g/mol 374.34 g/mol 302.28 g/mol 316.26 g/mol 316.26 

g/mol 

302.24 

g/mol 

No. of hydrogen bond 

acceptors 

8 8 6 7 7 7 

No. of hydrogen bond 

donors 

2 2 3 4 4 5 

TPSA  

 

107.59 Å2 

 

107.59 Å2 

 

96.22 Å2 120.36 Å2 120.36 Å2 131.36 Å2 

Lipophilicity, Log P 

(Consensus) 

2.49 2.51 1.91 1.65 1.56 1.23 

Log S (ESOL) -4.24 -4.24 3.62 -3.36 -3.76 -3.16 

Drug-likeness  Yes Yes Yes Yes Yes Yes 

Lead-likeness   No; MW > 350 No; MW > 350 Yes Yes Yes Yes 

TPSA: Topological polar surface area, Log S (ESOL): Water solubility.
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 The values for absorption, distribution, metabolism, excretion and toxicity 

(ADMET) play a significant role in developing a new drug.70 A drug candidate of much high 

quality should not just possess adequate efficacy against the drug target, but it needs to show 

good ADMET properties at its therapeutic dose.70  

The examination of the physicochemical properties of the lead compounds showed 

four of the leads; namely, homoeriodictyol, isorhamnetin, pedalitin and quercetin, have 

soluble properties (Table 5.3). Moreover, chrysosplenetin and casticin were moderately 

soluble. The ligand quercetin had the highest total polar surface area (TPSA) due to the 

presence of extra polar carbonyl oxygen.256 The ligands did not violate any drug-likeness 

parameters. However, chrysosplenetin and casticin would not be considered as potential 

leads because their molecular weights were greater than 350 g/mol.83



 115 

 

Table 5.4. Pharmacokinetics of the lead compounds. 

 

Compound  HIA F 20% F 30% P-gp PPB 

(%) 

BBB hERG 

Blockage 

H-HT Ames 

Chrysosplenetin Positive Positive Positive Non-inhibitor/non-

substrate 

78.302 Negative Positive Positive Negative 

Casticin Positive Positive Positive Non-inhibitor/non-

substrate 

78.585 Negative Positive Positive Negative 

Homoeriodictyol Negative Positive Negative Non-inhibitor/non-

substrate 

87.996 Positive Negative Negative Negative 

Isorhamnetin Negative Positive Negative Inhibitor/non-substrate 90.707 Negative Negative Positive Negative 

Pedalitin Positive Positive Negative Inhibitor/non-substrate 89.844 Positive Negative Positive Positive 

Quercetin Negative Positive Negative Non-inhibitor/non-

substrate 

94.987 Negative Negative Positive Positive 
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Table 5.4. Pharmacokinetics of the lead compounds. (Continued) 

Compound CYP1A2 CYP3A4 CYP2C9 CYP2C19 CYP2D6 

Chrysosplenetin Inhibitor/non-

substrate 

Non-inhibitor 

/substrate 

Non-inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/substrate 

Casticin Inhibitor/substrate Non-

inhibitor/substrate 

Non-inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/non-

substrate 

Homoeriodictyol Inhibitor/substrate Inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/substrate 

Isorhamnetin Inhibitor/non-

substrate 

Inhibitor/non-

substrate 

Non-inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/non-

substrate 

Pedalitin Inhibitor/substrate Inhibitor/non-

substrate 

Non-inhibitor/substrate Non-inhibitor/substrate Non-inhibitor/substrate 

Quercetin Inhibitor/non-

substrate 

Inhibitor/non-

substrate 

Non-inhibitor/non-

substrate 

Non-inhibitor/non-

substrate 

Non-inhibitor/non-

substrate 

 

HIA: Human intestinal absorption, F: Bioavailability, P-gp: p-glycoprotein, PPB: Plasma protein binding, BBB: Blood brain barrier, hERG: 

human Ether-à-go-go-Related Gene (Potassium ion channel), H-HT: Human hepatotoxicity, Ames: Ames Mutagenicity  



As seen in Table 5.4, the pharmacokinetic predictions carried out using ADMETLab 

showed that three of the leads namely, chrysosplenetin, casticin and pedalitin were positive 

for HIA. Furthermore, the model predicts that over 30% of the compounds are absorbed in 

the intestines. In contrast, the other compound, which was negative, translates to less than 

30% of them absorbed intestinally. According to the prediction model, the ligands tested 

positive for 20% bioavailability. Based on the same model, chrysosplenetin and casticin 

tested positive for F30%, which translates to over 20% and 30% being bioavailable, 

respectively (Table 5.4). The findings of the ADMETLab predictions shows that none of the 

ligands was P-gp substrates. According to the prediction model, chrysosplenetin, casticin, 

homoeriodictyol and quercetin were non-inhibitors of P-gp while isoharmnetin and pedalitin 

are inhibitors of P-gp (Table 5.4).  

The predictions for the PPB showed the ligands isorhamnetin and quercetin being at 

an optimum of over 90% (Table 5.4), whilst pedalitin had a prediction value of about 

89.844%, which is also close to the optimum figures. Most of the ligands (chrysosplenetin, 

casticin, isorhamnetin and quercetin) tested negative for blood-brain barrier permeability 

(Table 5.4). The toxicity prediction showed four of the ligands (homoeriodictyol, 

isorhamnetin, pedalitin and quercetin) tested negative for the hERG channel blockage, as 

shown in Table 5.4. Moreover, chrysosplenetin, casticin, isorhamnetin, pedalitin and 

quercetin tested positive for H-HT (Table 5.4). Four of the ligands (chrysosplenetin, casticin, 

homoeriodicytol and isorhamnetin) tested negative for Ames mutagenicity. In addition, all 

the tested leads were found to be negative for skin sensitisation, and all the lead compounds 

tested were positive for DILI (Table 5.4).  

The predictions showed that all the ligands inhibited the enzyme CYP1A2, while 

casticin, homoeriodictyol and pedalitin were found to be substrates of the enzyme inhibiting 

it. As shown in Table 5.4, both casticin and homoeriodictyol are inhibitors and substrates of 

CYP3A4, whereas chrysosplenetin is a non-inhibitor and non-substrate of CYP3A4. As seen 

in Table 5.4, isorhamnetin, pedalitin and quercetin inhibit CYP3A4, but they are not 

substrates of the enzyme CYP3A4. All the ligands, except quercetin, were found to be 

neither non-inhibitors nor substrate of CYP2C9. However, quercetin, which is not a 

substance of the enzyme, did not inhibit CYP2C9 (Table 5.4). Therefore, quercetin is a non-

inhibitor and non-substrate of the enzyme CYP2C19. Regarding other ligands, 

chrysosplenetin, casticin, homoeriodictyol, isorhamnetin and pedalitin are non-inhibitors but 

substrates of CYP2C19 (Table 5.4). According to the prediction results, the ligands such as 

casticin, isorhamnetin and quercetin are non-inhibitors and non-substrate of the enzyme 
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CYP2D6. In contrast, the other ligands were non-inhibitors and substrates of the enzyme 

CYP2D6 (Table 5.4).  

5.4 The role of phorbol-diesters in mediating human placental aromatase 
cytochrome p450 activity. 

 

 
Figure 5.4. Schematic image the chemical structures of the phorbol diesters used in the 

study. 1. P-12,13-diAcPh: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-9-(2-(cyclohexa-1,4-

dien-1-yl)acetoxy)-4a,7b-dihydroxy-3-(hydroxymethyl)-1,1,6,8-tetramethyl-5-oxo-

1,1a,1b,4,4a,5,7a,7b,8,9-decahydro-9aH-cyclopropa[3,4]benzo[1,2-e]azulen-9a-yl 2-

cyclohexylacetate. 2. P-12,13-diiBu: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-4a,7b-dihydroxy-

3-(hydroxymethyl)-1,1,6,8-tetramethyl-5-oxo-1,1a,1b,4,4a,5,7a,7b,8,9-decahydro-9aH-

cyclopropa [3,4] benzo[1,2-e] azulene-9,9a-diyl bis(2-methylpropanoate). 3. P-

12AcPh-13iBu: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-9-(2-cyclohexylacetoxy)-4a,7b-

dihydroxy-3-(hydroxymethyl)-1,1,6,8-tetramethyl-5-oxo-1,1a,1b,4,4a,5,7a,7b,8,9-

decahydro-9aH-cyclopropa [3,4] benzo[1,2-e] azulen-9a-yl isobutyrate. 4. P-12Ang-

13iBu: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-4a,7b-dihydroxy-3-(hydroxymethyl)-9a-

(isobutyryloxy)-1,1,6,8-tetramethyl-5-oxo-1a,1b,4,4a,5,7a,7b,8,9,9a-decahydro-1H-

cyclopropa [3,4] benzo[1,2-e] azulen-9-yl (Z)-2-methylbut-2-enoate. 5. P-20Ac-

12AcPh-13iBu: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-3-(acetoxymethyl)-9-(2-(cyclohexa-

1 2 3

4 5 6

7 8 9
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2,5-dien-1-yl)acetoxy)-4a,7b-dihydroxy-1,1,6,8-tetramethyl-5-oxo-

1,1a,1b,4,4a,5,7a,7b,8,9-decahydro-9aH-cyclopropa[3,4]benzo[1,2-e]azulen-9a-yl iso-

butyrate. 6. P-20Ac-12Ang-13iBu: (1aR,1bS,4aR,7aS,7bS,8R,9R,9aS)-3-

(acetoxymethyl)-4a,7b-dihydroxy-9a-(isobutyryloxy)-1,1,6,8-tetramethyl-5-oxo-

1a,1b,4,4a,5,7a,7b,8,9,9a-decahydro-1H-cyclopropa [3,4] benzo[1,2-e] azulen-9-yl (Z)-2-

methylbut-2-enoate. 7. Anastrozole. 8. Letrozole. 9. Exemestane. 

5.4.1 Results and Discussion  

Table 5.5 shows the ligand binding energy upon docking into CYP19A1. Flare lead 

finder module ranked the ligand poses produced during the docking run.249, 250 The dG-score 

provides a free energy value of protein-ligand binding for any protein-ligand complex being 

investigated.249, 250 Presented in Table 5.5 is the results of the binding affinity analysis.  

Table 5.5.  Table showing the binding energy of the compounds and binding affinities of 

the docked complexes. 

Compound  dG (Kcal/mol) Binding affinity ΔGnoelec (Kcal/mol) 

P-12,13-diAcPh -13.993  -13.7 

P-12,13-diiBu -12.114  -11.5 

P-12AcPh-13iBu -12.944  -12.9 

P-12Ang-13iBu -12.172  -11.8 

P-20Ac-12AcPh-13iBu -13.379  -13.0 

P-20Ac-12Ang-13iBu -12.686  -12.3 

Anastrozole -7.301  -8.4 

Letrozole -7.909  -8.2 

Exemestane -8.338  -10.3 

 

The result in the Table 5.5. showed that the phorbol diesters had higher binding 

energies than the commercially available aromatase inhibitors. The diester P-12,13-diAcPh 

had the highest binding energy value (-13.993 Kcal/mol) in comparison to the aromatase 

inhibitor Anastrozole with binding energy of -7.301 Kcal/mol. The phorbol diesters having 

higher binding energies implies a more stable protein-ligand complex than the commercially 

available aromatase inhibitors. This was in line with the findings of Rampogu et al., where 

their results showed that the 81 compounds they looked at had interaction energies that were 

higher than those of known drug candidates.257 The ligands evaluated in this study docked 

in the same binding pocket interacting with similar amino acid residues. This pose was 

validated by redocking the endogenous ligand testosterone. The binding pocket identified in 
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this is also consistent with the binding pocket identified in previous studies.257, 258 A previous 

study also showed that amino acid residues like A307, V370, T310, F134, F221, W224, 

A306, S478, M374, D309, L372 and L477 play significant roles in interaction of aromatase 

inhibitors and the aromatase enzyme.258  

 An important pharmacodynamic endpoint in the drug discovery process is protein-

ligand binding affinity.259 In molecular docking and rational drug discovery, predicting 

protein-ligand binding affinity is crucial.260 Binding affinity is a measure of the strength of 

between binding drug molecule(s) and protein(s).261 In thermodynamic terms, the binding 

affinity of any complex is essential in determining whether or not a reaction will take place 

within a cell under certain conditions.222 The PRODIGY-LIG webserver determines a 

complex's binding affinity in Kcal/mol by utilizing atomic contacts between the protein and 

the ligand within a distance of 10.5 Å.195 The findings of the binding affinity analysis showed 

that the phorbol diesters (P-12,13-diAcPh, -13.7 Kcal/mol; P-12,13-diiBu, -11.5 Kcal/mol; 

P-12AcPh-13iBu, -12.9 Kcal/mol; P-12Ang-13iBu, -11.8 Kcal/mol; P-20Ac-12AcPh-

13iBu, -13.0 Kcal/mol and P-20Ac-12Ang-13iBu, -12.3 Kcal/mol) had higher binding 

affinities than the commercial inhibitors (Letrozole, -8.2 Kcal/mol; Anastrozole, -8.4 

Kcal/mol and Exemestane, -10.3 Kcal/mol) studied. The binding affinity results shown in 

Table 5.5 demonstrates the thermodynamic feasibility of the docked complexes. The results 

in Table 5.5, suggests that P-12,13-diAcPh would bind strongly to the binding pocket of the 

human aromatase enzyme. 

Most of the interactions observed in the P-12,13-diAcPh-5JKW complex were alkyl 

and pi-alkyl. The residues Arg 145, Ala 438 and Glu 302 formed hydrogen bonds with the 

ligand (Figure 5.5A). Most of the residues present in the binding site were non-polar (Trp 

141, Ile132, Ala 438, Ala 306, Val 370, and Phe 430). The residues Arg 435 and Arg 145 

are polar and positively charged. The residue Arg 435 plays a significant role in heme 

binding in the active site of CYP19A1.262 The residues Glu 302 and Cys 437 are negatively 

charged and polar respectively (Figure 6.2A). The residue Glu 302 is a highly conserved 

residue in the active site of CYP19A1, it plays a significant role in the inhibition of 

aromatase.263, 264 P-12,13-diiBu interacted with mostly non-polar residues except the residue 

Cys 437 (Figure 5.5B). Hydrogen bonds were formed between Cys 437, Ala 438, Ala 307, 

Gly 439, Ala 306 and Met 303, the rest of the residues formed alkyl and pi-alkyl interactions. 

The ligand P-12AcPh-13iBu interacted with many non-polar residues. The residues His 480, 

Arg 115 and Cys 437 were the only polar residues interacting with this ligand (Figure 5.5C). 

Alkyl and pi-alkyl interactions were observed with most of the residues except Ala 438, Arg 

115 and Phe 430 which formed hydrogen bonds with the ligand P-12AcPh-13iBu.  



 
Figure 5.5. Schematic showing the protein ligand interactions (A) P-12,13-diAcPh (B) P-12,13-diiBu (C) P-12AcPh-13iBu. 

A B C



 

 The ligands P-12Ang-13iBu, P-20Ac-12AcPh-13iBu and P-20Ac-12Ang-13iBu 

interacted with non-polar residues except the residue Cys 437 which is a polar residue 

(Figure 6.3). The ligand P-12Ang-13iBu formed a carbon-hydrogen interaction with the 

residues Ala 307 and Gly 439 (Figure 5.6A). Hydrogen bonds were also formed with Cys 

437, Ala 438, Ala 306 and Met 303 (Figure 5.6A). Hydrogen bonds were formed with Ala 

438, Cys 437 and Ala 306 and the phorbol diester P-20Ac-12AcPh-13iBu (Figure 5.6B). Ala 

307 and Gly 439 formed carbon hydrogen interactions with the ligand, the rest of the 

interacting residues formed alkyl and pi-alkyl interactions (Figure 5.6B). Ala 307 and Gly 

439 formed carbon hydrogen bonds with the ligand, Ala 438, Cys 437 and Ala 306 formed 

hydrogen bonds with the phorbol diester P-20Ac-12Ang-13iBu (Figure 5.6C). 



 
Figure 5.6. Schematic showing the protein ligand interactions (A) P-12Ang-13iBu (B) P-20Ac-12AcPh-13iBu (C) P-20Ac-12Ang-13iBu. 

A B C



 
Figure 5.7. Schematic showing the protein ligand interactions (A) Anastrozole (B) Letrozole (C) Exemestane. 

A B C



 
 
 
 
 
 

125 

 

The aromatase inhibitor anastrozole interacted with mostly non-polar residues except 

for Tyr 220, Ser 478 and His 480 which were the only polar residues interacting with the 

ligand (Figure 5.7A). A carbon-hydrogen bond and pi-anion interaction was observed 

between the benzene ring of the ligand anastrozole and the amino acid residue Asp 309 

(Figure 5.7A). Hydrogen bonds were formed between His 480 and Ser 478 and the residues 

Trp 224 and Tyr 220 formed a pi-pi t-shaped interaction with the anastrozole (Figure 5.7A).  

Letrozole interacted with non-polar residues apart from Ser 314 (Figure 5.7B). Carbon-

hydrogen bonds were formed with Thr 310 (a pi-pi t-shaped interaction was also formed) 

and Ser 314 and a Pi-sulphur interaction was formed with the ligand Letrozole (Figure 5.7B). 

Phe 430 formed an amide-pi stacked interaction with the ligand (Figure 6.4B). The ligand 

exemestane interacted with only five residues: Ile 133, Ala 438, Arg 145, Cys 437 and Ile 

132 (Figure 5.7C). The residue Arg 145 formed a hydrogen bond with the ligand exemestane, 

the other interacting residues formed alkyl interactions with the ligands. The findings of this 

study are in line with those of a previous study regarding the residues that were identified.258 

The endogenous ligand testosterone interacted with the following residues: Met 374, 

Arg 115, Val 373, Val 370, Asp 309, Ala 306, Trp 224, Leu 477 and the heme molecule. 

The phorbol diesters also interacted with some of the same amino acid residues (Ala 306, 

Val 370, Leu 477, Trp 224, Arg 115, Asp 309) the endogenous ligand testosterone (TST) 

interacted within the CYP19A1 binding site. This confirmed that a number of the previously 

described binding residues of TST (the endogenous ligand), interacted with the phorbol 

diesters and commercially available drugs (Letrozole, Exemestane, and Anastrozole) upon 

docking to the aromatase enzyme binding site.265 Hydrophobic side chains Trp 224, Phe 221, 

Phe 134, Ile 133, Val 370, and Met 374 sur-rounded the ligand binding site, shaping the 

active site cleft to precisely match the TST structure.265 In addition to the heme group 

cofactor, these residues are important for ligand binding.265, 266 

 
5.5 Conclusion  

This study was focused on the interactions between CYP1A1 and CYP1B1 and some 

flavones. The ADMET properties of some of the ligands were also investigated in silico. 

The binding energies generated from the docking showed that the ligands Isorhamnetin and 
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Pedalitin had the lowest binding energies in the crystal structures 6DWM and 6IQ5 with 

energies -10.152 and -10.823, respectively. The amino acid residues Asp 313 and Phe 224 

present in 6DWM interacted with all the ligands investigated. However, in the crystal 

structure 6IQ5, only the amino acid residue Ala 330 interacted with all the ligands 

investigated. This would suggest that these residues may play a crucial role in the activation 

of these enzymes. The ligands did not violate any drug-likeness parameters. However, 

chrysosplenetin and casticin would not be considered potential leads because their molecular 

weights were greater than 350 g/mol. 

The physicochemical properties of the lead compounds showed that the lead 

compounds (homoeriodictyol, isorhamnetin, pedalitin and quercetin) were soluble (Table 

5.3). The ligand quercetin had the highest total polar surface area (TPSA) due to the presence 

of polar carbonyl oxygen.256 The result of pharmacokinetic predictions carried out using 

ADMETLab showed that three of the leads (chrysosplenetin, casticin and pedalitin) were 

positive for HIA (human intestinal absorption) (Table 5.4).  Furthermore, the model predicts 

that over 30% of the compounds are absorbed in the intestines (Table 5.4). The ADMET 

results showed that the ligands inhibited the enzyme CYP1A2, while casticin, 

homoeriodictyol and pedalitin were also substrates of the enzyme. The ligands (casticin, 

isorhamnetin and quercetin) are non-inhibitors and non-substrate of the enzyme CYP2D6 

(Table 5.4). Therefore, the ligands isorhamnetin and pedaltin would need to be further 

characterised to understand their mechanism of action. To understand further which of the 

residues play vital role in the substrate-binding site, additional structural studies of the active 

sites of CYP1A1 and CYP1B1 would be carried out. 

The aromatic C18 oestrogens (estrone and oestradiol) are produced by the enzyme 

aromatase in the steroid biosynthesis pathway from C19 androgens. The inhibition of 

CYP19A1 activity would potentially lead to high androgen levels which is usually linked to 

some disorders such as ovarian cancer, infertility, and prostate cancer. Previous research has 

described the functions of protein kinase C (PKC) and phorbol diesters. Cytotoxic 4-phorbol 

esters were used to target cancerous tissues. The findings demonstrated that the phorbol 

prodrug effectively eliminated peptidase-positive and -negative cells and activated PKC.267 

Tsai et al., studied the activation of PKC by phorbol esters using platelet aggregation as a 
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model. The results of the study by Tsai and group, showed that platelets are a useful model 

to study natural PKC activators.268 The interactions between the aromatase and phorbol 

diesters have been investigated herein using molecular docking as a coarse-grained 

computational analytical technique. The findings of this computational study suggest that 

phorbol-CYP19A1 complexes can display higher binding energies than currently available 

drugs.  

The residue Ala 438 formed hydrogen bond interactions with the phorbol diesters. 

However, no interaction with the commercially available treatment options except for the 

ligand exemestane which formed an alkyl interaction with the residue. The phorbol diesters 

in this study formed alkyl interactions with the residue Phe 430 except P-12AcPh-13iBu 

which formed a hydrogen bond interaction with the residue. A pi-pi T-shaped interaction 

was however, observed with P-12,13-diAcPh and Letrozole. The reoccurrence of these 

residues would suggest that they play a role in binding of the phorbol diesters to CYP19A1. 

The results of the binding affinity analysis showed the ligand P-12,13-diAcPh had the 

highest binding affinity value (-13.7 Kcal/mol). This suggests a very strong binding between 

P-12,13-diAcPh and the human aromatase enzyme. The ligand P-12,13-diAcPh, also showed 

a high binding energy (-13.993 Kcal/mol) from the docking calculation. 

Analysis of the ligand binding pocket showed that majority of the residues interacting 

with the ligands were all hydrophobic. This is because the highest region of conversation in 

cytochrome P450 enzymes is the binding pocket, and this binding pocket contains the heme 

moiety and hydrophobic residues which accommodate the heme group.269 Anam et al. 

reported that the binding pocket of the aromatase enzyme needs to comprise of primarily 

non-polar residues to facilitate the conversion of hydrophobic androstenedione to estrone.270 

In conclusion, our findings show that using a coarse-grained technique, the phorbol diesters 

were bound to the accurate binding pocket and may be able to potentially mediate the activity 

of CYP19A1. This is subject to further characterisation using advanced methods such as 

molecular dynamics simulations, ligand binding assays and breast cancer cell lines to 

determine the mechanism of action of these phorbol diesters.  
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6. On the calculation of NMR chemical shifts using density 
functional theory. 

This chapter explores the effects of the lack of rotational invariance of some DFT integration 

grids on DFT computed NMR shielding. Based on the work of Bootsma and Wheeler, the 

lack of rotational invariance of a number of popular integration grids could affect the relative 

free energies of molecules with low vibrational frequencies. 

6.1 Introduction 

Nuclear magnetic resonance (NMR) spectroscopy in condensed matter was 

independently discovered by Nobel Laureates Edward Purcell and Felix Bloch in 1946.271, 

272 They observed that magnetic nuclei such as 1H and 31P can absorb energy in a radio-

frequency band upon exposure to magnetic energy of a known strength.272 Prior to Purcell 

and Blochs discovery, Wolfgang Pauli hypothesised the existence of nuclear spin in 1924 

with the additional concept of electron spin theorised by Uhlenbeck and Goudsmit a year 

later.273 Subsequently, in 1937, Rabi built upon the Stern-Gerlach experiment to measure a 

nuclear magnetic moment at Columbia university.273 These concepts developed the 

foundation of chemical analysis through NMR used today.272 

NMR spectroscopy has become an essential tool with diverse applicability in the 

structural characterisation and determination of a chemicals structure based upon the 

magnetic properties of their atomic nuclei.274-277 NMR spectroscopy is focused on the exact 

nuclei which demonstrate magnetic dipoles as a result of the juxtaposition of mechanical 

spin and electric charge.272 NMR-active nuclei are those whose spin quantum number (I) > 

0; thus, yielding NMR spectra.272 The exact spin quantum number of any given nucleus is 

dependent on the atomic number and mass (Z) number.274 If the atomic and mass numbers 

of an element are even, I = 0,272, 274 when Z is odd and the atomic numbers are even, (I = (
#
; 

where n denotes an integer), and 272, 274 when Z is even, and the atomic number is odd 

(I=n).272, 274  

NMR chemical shifts contain an abundance of information required for structural 

determination, including calculated magnetic shielding constants.278 The comparison of 

calculated and experimental chemical shifts for a molecule can be utilised in the 
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determination and understanding of its specific geometry, as well as its interactions with 

neighbouring nuclei.278 

Ab initio techniques and density functional theory are utilised in the calculation of 

NMR chemical shifts and can provide insight into the factors that may impact an NMR 

chemical shift value.276, 278-280 In line with the IUPAC convention, the chemical shift is 

defined as the following: 

𝛅𝐗 =
*𝐯𝐗
𝐒,𝐯𝐗

𝐑-
𝐯𝐗
𝐑 = *𝛔𝐗

𝐑,𝛔𝐗
𝐒-

*𝟏,	𝛔𝐗
𝐑-
	≈ 	 4𝛔𝐗𝐑 − 𝛔𝐗𝐒6281 (1) 

The NMR chemical shift is highly responsive to the electronic environment which surrounds 

the nucleus being investigated. It is influenced by the intramolecular and intermolecular 

effects, including hydrogen bond distance and molecular geometry.276, 278 As chemical shifts 

are sensitive to chemical geometry, a shielding space needs to be determined prior to the 

calculation of average chemical shifts. This space represents the plot of a chemical shift as 

a function of the geometric parameter.282 

 When determining all the possible conformations that are present at a given time in 

each geometrical arrangement in solution, two distinct methodologies can be utilised. The 

first method calculates the energy of all possible conformations and determines the 

subsequent prevalence of each species according to the Boltzmann distribution.278 

Alternatively, the second method bases itself in the determination of the distribution of 

molecules among the various conformations through molecular dynamics (MD) 

simulation.278 Thus, a mean of all possible conformations through the Boltzmann 

distribution corresponds to an ensemble average of molecular conformations, whereas a 

mean of snapshots obtained from an MD simulation represents a time average.278  

In the evaluation of chemical shifts and coupling constants, molecular conformers 

are weighted to scale their contributions to the magnetic properties being calculated 

commonly done by employing a Boltzmann analysis based on the relative free energies of 

these molecular conformers.283 

In 2019, Bootsma and Wheeler, reported concerns with respect to the evaluation of 

computed free energies for stereoselective and regioselective reactions using variable DFT 

integration grids.283, 284 Bootsma and Wheeler evaluating a small sample size, sampled a 

selection of grid points in DFT calculation of torsions (electronic energies of 2‐butyne 
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relative to 1,3‐butadiene),  diastereomers  (human  immunodeficiency virus integrase 

inhibitor), and transition structures (torsion of 4,4’‐dimethyl‐1,1’‐biphenyl), and selective 

reactions requiring the estimation of relative free energies.284 The findings of their study 

showed that the qualitative change in predictions of DFT-computed free energies for systems 

featuring low-frequency vibrational modes can be influenced by the molecular orientation.284 

They identified differences in relative free energies up to 5 Kcal mol-1; a number which 

exceeds what is often described as discriminatory for theoretical property determination and 

barriers in catalytic cycles.283, 284 These discrepancies in the computed free energies can pose 

a crucial impact on the outcome of calculations which determine reactivity property 

relationships.283 A 1 Kcal mol-1 ΔG in free energy barriers for regioselective and 

stereoselective reactions can potentially arbitrate selectivity.283, 284   

 The potential issues of solely employing DFT methods have been highlighted in the 

past without an extensive assessment of the errors.283, 285, 286 However, Bootsma and Wheeler 

provided a robust insight into the precision and accuracy of computed free energies using 

different grids.283, 284 Bootsma and Wheeler reported that these errors were as a result of how 

DFT handles molecules with low vibrational frequencies and can be mitigated by using 

denser integration grids such as 99,590 as a minimum.284, 287  

This chapter investigates the lack of rotational invariance of some DFT integration 

grids on DFT computed NMR shielding. This is based on a research carried out by Bootsma 

and Wheeler which reported that the lack of rotational invariance of popular DFT integration 

grids shows large unreliability in computed free energies for some isomerisation, regio- and 

stereoselective and torsional barrier reactions.284 

6.2 Computational Details 

Geometry optimisation to a minimum and transition state of 4,4′-dimethyl-1,1′-

biphenyl (Cartesian coordinates were obtained from the supplementary information of this 

paper by Bootsma and Wheeler.284) (Figure 6.1) were performed on Gaussian 16288 using 

four integration grids: (50,194), (75,302), (99,590), and (175,974) assessable in Gaussian 

using the following grid keywords ‘SG1grid’, ‘Fine’, ‘Ultrafine’ and ‘Superfine’. 

All the DFT calculations were carried out using water as solvent using B97D-

Becke’s exchange functional17 with Grimme’s D2 dispersion11 and the basis set 
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Def2TZVP.45, 46 The NMR shielding was calculated using the gauge  independent  atomic  

orbitals method (GIAO) and spin-spin coupling enabled. 

 
Figure 6.1. Schematic showing 4,4′-dimethyl-1,1′-biphenyl rotated at different angles on 

the X cartesian axis. (A). 0 degrees (B). 20 degrees (C). 40 degrees (D). 70 degrees. 

6.3 Results and Discussions 

The energy of a molecule ideally should not be dependent on its orientation relative 

to the lab-fixed cartesian coordinate system in the absence of an external field.284 DFT 

computed energies quintessentially lack rotational invariance.284 This is because the atom 

centred integration grids used in most quantum chemistry software are anchored to the 

cartesian axis.284 Bootsma and Wheeler reported that the lack of rotational invariance can be 

negligible in the relative electronic energy of some small systems and DFT functionals.284 

Bootsma and Wheeler showed that variation of relative energy in the B97-D/def2-TZVP 

electronic energy (E) of 2-butyne relative to 1,3-butadiene as a function of the rotation of 2-

butyne around an axis perpendicular to the molecule using a pruned (75,302) grid is 0.01kcal 

mol–1.284 

 Bootsma and Wheeler, quantifying the rate of reaction of 2-butyne relative to 1,3-

butadiene, which requires the torsional free energy barrier (ΔG‡) of 4,4′-dimethyl-1,1′-

biphenyl.284 Their findings showed that using the (75,302) grid, the computed torsional free 
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energy barrier can be anywhere from 0.8 kcal mol–1 to 3.5 kcal mol–1.284 The same 

calculation using (50,194) or SG1grid showed that the computed torsional free energy barrier 

can be between 1.0 kcal mol–1 to 3.3 kcal mol–1.284 

 

Table 6.1. Minimum and maximum relative NMR shielding values (ppm) of optimised 

4,4′-dimethyl-1,1′-biphenyl for four pruned integration grids across different orientations (x 

axis rotations) 

NMR 50,194 75,302 99,590 175,974 

 Min Max Min Max Min Max Min Max 
1H 0.9901 1.0093 0.9999 1.0000 0.9999 1.0000 0.9999 1.0000 
13C 0.9984 1.0024 0.9468 1.0000 0.9999 1.0000 0.9999 1.0000 

 

Table 6.1 shows the minimum and maximum values for DFT calculated NMR 

shielding which was obtained by varying the molecular orientation of 4,4′-dimethyl-1,1′-

biphenyl in increments of 10 degrees on the x axis using four popular integration grids. The 

findings of this study showed that using the (50,194) grid, the relative DFT calculated 1H 

NMR shielding for 4,4′-dimethyl-1,1′-biphenyl across different orientations can range from 

0.990109566 ppm to 1.00936252 ppm (Table 6.1, Table S11). The DFT calculated 13C NMR 

shielding for 4,4′-dimethyl-1,1′-biphenyl across different orientations can range from 

0.998432039 ppm to 1.002434307 ppm using the (50,194) grid (Table 6.1, Table S11). Using 

the (75,302) grid, the relative shielding value for DFT calculated 1H for 4,4′-dimethyl-1,1′-

biphenyl across different orientations ranged from 0.99997622 ppm to 1.0000668 ppm 

(Table 6.1, Table S12). 13C NMR shielding for 4′-dimethyl-1,1′-biphenyl across different 

orientations ranged from 0.9468023 ppm to 1.00003293 ppm (Table 6.1, Table S12).  

In this study, the result also showed that using the (99,590) grid the relative DFT 

calculated 1H NMR shielding for 4,4′-dimethyl-1,1′-biphenyl across different orientations 

can range from 0.999972738 ppm to 1.000023866 ppm (Table 6.1, Table S13). The DFT 

calculated 13C NMR shielding for 4,4′-dimethyl-1,1′-biphenyl across different orientations 

can range from 0.999976579 ppm to 1.00000706 ppm using the (99,590) grid (Table 6.1, 

Table S13). Using the (175,974) grid, the relative shielding value for DFT calculated 1H for 

4,4′-dimethyl-1,1′-biphenyl across different orientations ranged from 0.999979553 ppm to 
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1.000017047 ppm (Table 6.1, Table S14). 13C NMR shielding for 4′-dimethyl-1,1′-biphenyl 

across different orientations ranged from 0.999985942 ppm to 1.000005627 ppm using the 

(175,974) grid (Table 6.1, Table S14).  

The findings on Table S11 (50,194) and Table S12 (75,302) showed a difference in 

shielding values for the different atoms across the different orientations albeit not being 

significant. Using the (99,590) and (175,974) grid, the shielding constants for the different 

atoms remained consistent across the different orientations (Table S13 and Table S14). No 

increment in value was observed after rotating 4,4′-dimethyl-1,1′-biphenyl in increments of 

10 degrees on the x axis (Table S13).  

 

Table 6.2. Minimum and maximum relative NMR shielding values (ppm) of transition 

state 4,4′-dimethyl-1,1′-biphenyl for four pruned integration grids across different 

orientations (x axis rotations). 

NMR 50,194 75,302 99,590 175,974 

 Min Max Min Max Min Max Min Max 
1H 0.9908 1.0128 0.9910 1.0092 0.9911 1.0097 0.9911 1.0090 
13C 0.9984 1.0013 0.9993 1.0004 0.9997 1.0002 0.9998 1.0001 

  

The findings in table 6.2 shows the minimum and maximum relative NMR shielding 

values (ppm) of transition state 4,4′-dimethyl-1,1′-biphenyl for four pruned integration grids 

across different orientations (x axis rotations). These rotations were performed in increments 

of 10 degrees. Using the (50,194) grid, the relative shielding value for DFT calculated 1H 

for 4,4′-dimethyl-1,1′-biphenyl across different orientations ranged from 0.990838998 ppm 

to 1.012884074 ppm (Table 6.2, Table S15). 13C NMR shielding for 4′-dimethyl-1,1′-

biphenyl across different orientations ranged from 0.998418085 ppm to 1.001335414 ppm 

using the (50,194) grid (Table 6.2, Table S15). The findings of this study showed that using 

the (75,302) grid, the relative DFT calculated 1H NMR shielding for 4,4′-dimethyl-1,1′-

biphenyl across different orientations can range from 0.991015935 ppm to 1.00923651 ppm 

(Table 6.2, Table S16). The DFT calculated 13C NMR shielding for 4,4′-dimethyl-1,1′-

biphenyl across different orientations can range from 0.999372477 ppm to 1.000444354 ppm 

using the (75,302) grid (Table 6.2, Table S16).  
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Using the (99,590) grid, the relative shielding value for DFT calculated 1H for 4,4′-

dimethyl-1,1′-biphenyl across different orientations ranged from 0.991108008 ppm to 

1.009782732 ppm (Table 6.2, Table S17). 13C NMR shielding for 4′-dimethyl-1,1′-biphenyl 

across different orientations ranged from 0.999732885 ppm to 1.000201448 ppm using the 

(99,590) grid (Table 6.2, Table S17). In this study, the findings also showed that using the 

(175,974) grid the relative DFT calculated 1H NMR shielding for 4,4′-dimethyl-1,1′-

biphenyl across different orientations can range from 0.991104633 ppm to 1.00907832 ppm 

(Table 6.2, Table S18). The DFT calculated 13C NMR shielding for 4,4′-dimethyl-1,1′-

biphenyl across different orientations can range from 0.999833529 ppm to 1.000131789 ppm 

using the (175,974) grid (Table 6.2, Table S18).  

The results in tables 6.2, S15, S16, S17 and S18 showed a difference in the relative 

shielding values for the different atoms across the different orientations. The relative 

shielding, though being different across the different orientations for the different atoms, the 

difference between them is not statistically significant (p value > 0.5). The relative shielding 

values were not consistent with rotations in increments of 10 degrees on the x axis. 

 The results also showed that the relative NMR shielding of optimised 4,4′-dimethyl-

1,1′-biphenyl did not vary by a large number when the (99,590 and 175,974) grid was used. 

This was also observed when 4,4′-dimethyl-1,1′-biphenyl was optimised to a transition state 

using the (99,590 and 175,974) grid. The findings of Bootsma and Wheeler showed that the 

variations in free energies are larger and gradually converge in relation to the grid size.284  

6.4 Conclusions  

The calculation of chemical shifts provides a plethora of information regarding the 

characterisation of molecules and complex compounds present in a sample. However, prior 

to these calculations there are several factors that must be considered and accommodated 

for.278, 289  

The lack of rotational invariance in DFT calculations has been recognised.284 Even 

though quantum chemistry software documentation outlines the limitations of different 

integration grids on calculations involving molecules with low vibrational frequencies.284, 

287 However, this advice is not heeded by the users.284, 287 Accurate relative free energy 

values are crucial for the application of quantum chemistry to (bio)organic and 
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organometallic systems.284 The findings of Bootsma and Wheeler showed that the lack of 

rotational invariance in popular integration grids can lead to large variations in relative free 

energies of some systems.284 The findings of Bootsma and Wheeler also showed that these 

errors were reduced by using a (99,590) grid in many cases.  

Wilson, Grootveld and Kamerlin,283 expressed their concerns on the potential impact 

of the findings of Bootsma and Wheeler on computational NMR predictions because the 

estimation of NMR shielding tensors and magnetic susceptibilities which is based on 

averaging the weights from a Boltzmann analysis of molecular conformers. Wilson, 

Grootveld and Kamerlin,283 also emphasized that if the errors identified by Bootsma and 

Wheeler are not linked to just integration grids, but also to the molecular orientation 

contributing to free energy changes altering the relative distribution of conformers, then DFT 

predicted spectra properties can be subject to scrutiny.  

The findings of this study showed a difference in the relative shielding values for the 

different atoms across the different orientations. The relative shielding though being 

different across the different orientations for the different atoms, the difference between 

them is not significant (p value > 0.5). It was also observed that using the (99,590) and 

(175,974) grid, the shielding constants for the different atoms remained consistent across the 

different orientations (Tables S13 and S14). The relative shielding value of the hydrogen 

atom with number 13 on the DFT calculated 1H NMR pruned using (99,590) grid just 

increased from 1 ppm to 1.000004174 ppm. No increment in value was observed after 

rotating 4,4′-dimethyl-1,1′-biphenyl in increments of 10 degrees on the x axis (Table S13). 

The findings of this study addresses the concerns of Wilson, Grootveld and Kamerlin.283 

Herein, it is highlighted that the lack rotational invariance of some DFT integration grids 

does not have an impact on the DFT computed spectra of a molecule with low vibrational 

frequency. 
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7. Overall Conclusions and future work 

7.1 Conclusions   

The research presented in this thesis utilises both computational and experimental 

techniques to advance understanding of selected biological and chemical problems. The 

work provided an insight into the residues which are key in protein ligand interactions, the 

effects of cartesian axis rotations on NMR shielding. 

 In conclusion, the characterisation of the allosteric binding pocket of GLP-1R 

inferred that the allosteric binding pocket of the receptor is in the TM6 of the receptor. The 

in silico ADME/Tox results in chapter 3 showed that some of the ligands exhibited high 

LogD values and low aqueous solubility. This implies that the ligands would undergo 

modifications to improve its oral solubility. However, some ligands used for the study in 

chapter 4 possessed optimum LogP and LogD values of LogP = 1-3 228, LogP = >1 and <4 
232 and less 3.5, respectively. The results from the study involving selected EROD flavonoids 

showed that the ligands isorhamnetin and pedalitin had the lowest binding energies in the 

enzyme structures 6DWM and 6IQ5, respectively. The results also showed the amino acid 

residues Asp 313, Phe 224 and Ala 330 interacted with the EROD flavonoids.  

 Investigating the interactions between phorbol diesters with different chains at C-12, 

C-13, and C-20, known aromatase inhibitors anastrozole, exemestane, and letrozole, and the 

human placental aromatase cytochrome P450, the findings indicated that the phorbols (P-

12,13-diAcPh, P-12,13-diiBu, P-12AcPh-13iBu, P-12Ang-13iBu, P-20Ac-12AcPh-13iBu, 

P-20Ac-12Ang-13iBu) exhibited higher binding energies than commercially available 

drugs.  

 Furthermore, this study assessed the impact of rotational invariance on DFT 

computed NMR spectra of low vibrational frequency reactions. The results showed 

differences in relative shielding values. However, it can be concluded that the lack of 

rotational invariance does not significantly affect DFT computed NMR spectra. 

7.2 Future Work  

Based on the findings of this study, the following recommendations for future research 

are discussed below.  
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In light of the results presented in Chapter 5, further characterization of the ligands 

isorhamnetin and pedalitin is warranted to gain a better understanding of their mechanism 

of action. Additionally, conducting additional structural studies on the active sites of 

CYP1A1 and CYP1B1 is essential to elucidate the specific residues that play vital roles in 

the substrate-binding site. 

The findings in Chapter 5 also demonstrate that phorbol diesters can bind to the 

enzyme CYP19A1 and influence its activity. However, further characterization of these 

ligands is required to enhance our understanding of their impact on CYP19A1. 

To further explore the allosteric binding pocket of GLP-1R, future studies could 

incorporate molecular dynamics (MD) simulations233-236, and multiscale quantum mechanics 

(QM)/molecular mechanics (MM) molecular simulations,170 using known allosteric 

modulators obtained from a literature search. Additionally, mutagenesis studies can be 

conducted to identify the specific residues that significantly contribute to ligand binding. 

Additionally, mutagenesis studies can be conducted to identify the specific residues that 

significantly contribute to ligand binding. 

 However, it should be noted that large-scale molecular dynamics simulations, meta-

dynamics, and QM/MM simulations involving enzymes and receptors often encounter 

limitations due to insufficient computing resources. Therefore, there is a need to develop 

new methods that can simulate these systems on a larger scale and for longer periods of 

time to accurately characterize them. 
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Appendix  

Chapter 4 - Supplementary Information  

Appendix 1 

Table S1: Table showing the GPCR crystal structures resolved between 2017 and 2021 

 

PDB 

ID 

Date Ligand Bound Crystallisation 

Method 

Resolution Reference  

5NX2 2017 Peptide 1 X-ray diffraction 3.7 Å 290 

6KJV 2019 PF-0637222 X-ray diffraction 2.8 Å 192 

6KK1 2019 PF-0637222 X-ray diffraction 2.8 Å 192 

6GB1 2018 Peptide 11 X-ray diffraction 2.73 Å 291 

6KK7 2019 PF-0637222 X-ray diffraction 3.1 Å 192 

6LN2 2020 FAB7F38, PF-

06372222 

X-ray diffraction 3.2 Å 124 

6ORV 2020 TT-OAD2 Electron microscopy 3.0 Å 292 

6VCB 2020 LSN3160440 Electron microscopy 3.3 Å 193 

6X18 2020 Glp-1 Electron microscopy 2.1 Å 293 

6X19 2020 CHU-128 Electron microscopy 2.1 Å 293 

6X1A 2020 PF-06882961   Electron microscopy 2.5 Å 293 

6XOX 2020 LY3502970 Electron microscopy 3.1 Å 194 

7C2E 2020 RGT1383 Electron microscopy 4.2 Å 294 

7DUQ 2021 Compound 2 Electron microscopy 2.5 Å 295 

7DUR 2021 Compound 2 Electron microscopy 3.3 Å 295 
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7E14 2021 Compound 2 Electron microscopy 2.9 Å 295 

7EVM 2021 Compound 2 Electron microscopy 2.5 Å 295 

7KI0 2021 Semaglutide Electron microscopy 2.5 Å 296 

7KI1 2021 Taspoglutide Electron microscopy 2.5 Å 296 

7LCI 2021 Pf-06882961 Electron microscopy 2.9 Å 297 

7LCJ 2021 Pf-06882961 Electron microscopy 2.82 Å 297 

7LCK 2021 Pf-06882961 Electron microscopy 3.24 Å 297 

7RTB 2021 Peptide 19 Electron microscopy 2.14 Å 298 

 

Appendix 2 

Table S2. The binding energy of the ligands upon docking onto the crystal structures 

studied 

Pose Ligand Structure Binding Energy (Kcal/mol) 

1 1 5VAI -6.46 

2 1 5VAI -6.34 

3 1 5VAI -6.25 

1 2 5VAI -7.55 

2 2 5VAI -7.45 

3 2 5VAI -7.37 

1 3 5VAI -6.44 

2 3 5VAI -6.31 

3 3 5VAI -6.28 

1 4 5VAI -7.20 

2 4 5VAI -7.159 

3 4 5VAI -7.157 

1 1 6B3J -6.70 

2 1 6B3J -6.59 

3 1 6B3J -6.43 

1 2 6B3J -7.67 

2 2 6B3J -7.59 
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3 2 6B3J -7.45 

1 3 6B3J -7.27 

2 3 6B3J -7.12 

3 3 6B3J -6.92 

1 4 6B3J -7.95 

2 4 6B3J -7.77 

3 4 6B3J -7.73 

1 1 5VEW  -8.50 

2 1 5VEW -8.18 

3 1 5VEW -6.26 

1 2 5VEW -7.189 

2 2 5VEW -7.066 

3 2 5VEW -6.873 

1 3 5VEW -7.877 

2 3 5VEW -6.866 

3 3 5VEW -6.827 

1 4 5VEW -9.48 

2 4 5VEW -9.27 

3 4 5VEW -8.22 

 

Appendix 3 

Table S3. Table showing amino acids present in the binding sites for compound 1 Pose 

2 

S/N 5VAI 5VEW 6B3J 

1 VAL 331 TYR 402 LEU 354 

2 THR 355 SER 352 PHE 390 

3 LEU 401 ASN 406 HIS 363 

4 TYR 402 LEU 401 PHE 393 

5 LEU 356 VAL 405 PRO 358 

6 SER 352 LYS 351 MET 397 
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7 THR 353 ASN 407  

8 LEU 349 ARG 348  

9  LEU 349  

10  ILE 345  

11  GLU 408  

12  HIS 180  

13  ARG 176  

 

Appendix 4 

Table S4. Table showing amino acids present in the binding sites for compound 1 Pose 

3 

S/N 5VAI 5VEW 6B3J 

1 LEU 401 SER 389 LEU 359 

2 PHE 393 PHE 390 LEU 401 

3 GLN 394 GLN 394 ASN 406 

4 PHE 390 MET 397 TYR 402 

5 MET 397 LEU 396 LEU 356 

6 PRO 358 LEU 359  

7 ILE 357 PHE 393  

8 THR 355   

9 LEU 354   

10 LYS 351   

 

Appendix 5 

Table S5. Table showing amino acids present in the binding sites for compound 2 Pose 

2 

S/N 5VAI 5VEW 6B3J 

1 PHE 324 THR 355 LEU 354 

2 PHE 321 PRO 358 ILE 357 

3 VAL 365 PHE 324 ILE 366 
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4 ILE 357 LEU 354 PRO 358 

5 PHE 390 ILE 328 PHE 390 

6 HIS 363 VAL 331  

7 GLU 387   

8 ILE 366   

9 ILE 325   

 

Appendix 6 

Table S6. Table showing amino acids present in the binding sites for compound 2 Pose 

3 

S/N 5VAI 5VEW 6B3J 

1 LEU 401 LEU 359 MET 397 

2 LEU 354 THR 355 HIS 363 

3 HIS 363 LEU 354 PHE 390 

4 PHE 390 VAL 331 PRO 358 

5  PHE 347 VAL 405 

6  PHE 324 LEU 401 

7  PRO 358 ILE 357 

8   LEU 354 

 

Appendix 7 

Table S7. Table showing amino acids present in the binding sites for compound 3 Pose 

2 

S/N 5VAI 5VEW 6B3J 

1 SER 352 ARG 348 LEU 356 

2 VAL 331 LEU 349 LEU 359 

3 LEU 356 LYS 351 GLU 408 

4  LEU 401 VAL 405 

5  VAL 405 LEU 401 

6   TYR 402 
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Appendix 8 

Table S8. Table showing amino acids present in the binding sites for compound 3 Pose 

3 

S/N 5VAI 5VEW 6B3J 

1 ARG 176 ILE 345 MET 397 

2 HIS 180 VAL 405 PRO 358 

3 TYR 402 LYS 351 PHE 390 

4 SER 352 LEU 401 PHE 393 

5 THR 353 SER 352 PHE 385 

6  ARG 348  

7  ASN 406  

Appendix 9 

Table S9. Table showing amino acids present in the binding sites for compound 4 Pose 

2 

S/N 5VAI 5VEW 6B3J 

1 PHE 324 HIS 363 LYS 351 

2 PHE 321 LEU 359 ILE 357 

3 VAL 365 THR 391 VAL 405 

4 ILE 357 GLN 394 THR 355 

5 PHE 390 LEU 360 MET 397 

6 ILE 325 MET 397 LEU 401 

7  LEU 396 PRO 358 

8  PHE 393 HIS 363 

9  ILE 400 PHE 390 

 

Appendix 10 

Table S10. Table showing amino acids present in the binding sites for compound 4 Pose 

3 

S/N 5VAI 5VEW 6B3J 
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1 LEU 251 LYS 351 ILE 357 

2 LEU 356 LEU 401 LYS 351 

3 THR 355 VAL 405 THR 355 

4 LYS 351 ARG 348 LEU 354 

5  LEU 349 LEU 401 

6   MET 397 

7   PRO 358 

8   HIS 363 

   PHE 390 

Chapter 9 - Supplementary Information  

Table S11 Relative DFT computed NMR shielding of optimised 4,4′-dimethyl-1,1′-

biphenyl pruned using (50,194) grid with rotations on the x axis 

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H        1 

0.9999

708 

0.9999

7497 

1.0011

6369 

0.9999

5412 

1.0011

6786 

0.9999

5412 

0.9999

708 

0.9999

7497 

20-

H              1 

0.9999

708 

0.9999

708 

0.9999

5412 

1.0011

6786 

0.9999

5412 

1.0011

6369 

0.9999

7497 

0.9999

7497 

13-

H        1 

0.9999

7085 

0.9999

6669 

0.9986

4662 

0.9998

1261 

0.9986

4246 

0.9998

1261 

0.9999

7085 

0.9999

7085 

17-

H          1 

0.9999

7085 

0.9999

7085 

0.9998

1261 

0.9986

4246 

0.9998

1261 

0.9986

4246 

0.9999

6669 

0.9999

7085 

15-

H        1 

0.9999

9174 

0.9999

9174 

0.9976

6291 

1.0000

3718 

1.0024

2916 

1.0000

3718 

0.9999

9174 

0.9999

9587 

19-

H       1 

0.9999

9174 

0.9999

9174 

1.0000

3718 

1.0024

2503 

1.0000

3718 

1.0024

2503 

0.9999

9174 

0.9999

9174 

14-

H              1 

1.0000

0412 

1.0000

0412 

0.9976

6291 

0.9999

5878 

0.9976

6291 

0.9999

5878 

1.0000

0824 

1.0000

0412 



 
 
 
 
 
 

158 

18-

H        1 

1.0000

0412 

1.0000

0824 

0.9999

5878 

0.9976

6291 

0.9999

5878 

0.9976

6291 

1.0000

0412 

1.0000

0412 

22-

H           1 1 1 

1.0006

2999 

0.9999

8967 

1.0006

2999 

0.9999

9311 1 1 

28-

H            1 

0.9999

7262 1 

0.9999

8967 

1.0006

2654 

0.9999

8967 

1.0006

2999 1 1 

23-

H      1 

0.9999

7947 

0.9999

7947 

1.0093

4883 

1.0000

3422 

1.0093

6252 

1.0000

3764 

0.9999

692 

0.9999

8289 

26-

H            1 

1.0000

2037 

0.9999

692 

1.0000

3764 

1.0093

5568 

1.0000

3422 

1.0093

5225 

0.9999

7947 

0.9999

7947 

24-

H           1 

1.0000

2037 

1.0000

2037 

0.9901

2315 

0.9999

7963 

0.9901

0957 

0.9999

7623 

1.0000

3056 

1.0000

2037 

27-

H           1 

1.0000

2716 

1.0000

3056 

0.9999

7623 

0.9901

1636 

0.9999

7963 

0.9901

2315 

1.0000

2037 

1.0000

2037 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 1-

C              1 

1.0002

0322 

1.0002

0559 

1.0006

4512 

1.0007

231 

1.0006

5457 

1.0007

231 

1.0002

0086 

1.0001

9613 

 7-

C        1 

1.0002

0086 

1.0002

0086 

1.0007

231 

1.0006

4275 

1.0007

3019 

1.0006

4748 

1.0002

0559 

1.0001

9141 

 4-

C           1 

0.9999

8354 

0.9999

5298 

1.0004

3959 

0.9998

6366 

1.0004

584 

0.9998

7541 

0.9999

5769 

0.9999

5534 

10-

C       1 

0.9999

5769 

0.9999

5769 

0.9998

7306 

1.0004

4665 

0.9998

8246 

1.0004

3724 

0.9999

5298 

0.9999

6709 

 3-

C        1 

0.9999

0049 

0.9999

2302 

0.9997

7283 

1.0000

6383 

0.9997

6907 

1.0000

4881 

0.9999

1927 

0.9999

2866 

 9-

C       1 

0.9999

2866 

0.9999

1927 

1.0000

4694 

0.9997

916 

1.0000

5445 

0.9997

7283 

0.9999

2302 

0.9999

2115 

 5-

C       1 

0.9999

5498 

0.9999

5873 

0.9997

9366 

0.9997

5614 

0.9997

9178 

0.9997

5239 

0.9999

5873 

0.9999

5873 
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11-

C            1 

0.9999

6061 

0.9999

5686 

0.9997

5051 

0.9997

8428 

0.9997

5426 

0.9997

9366 

0.9999

5873 

0.9999

5498 

 6-

C        1 

1.0000

9431 

1.0000

8897 

1.0024

3431 

0.9998

4519 

1.0024

432 

0.9998

4519 

1.0000

9431 

1.0000

8719 

12-

C      1 

1.0000

9431 

1.0000

9431 

0.9998

4519 

1.0024

3253 

0.9998

523 

1.0024

3609 

1.0000

8897 

1.0000

8541 

 2-

C        1 

1.0000

6755 

1.0000

64 

0.9984

3204 

1.0007

8398 

0.9984

3915 

1.0007

7865 

1.0000

6044 

1.0000

5867 

 8-

C        1 

1.0000

5689 

1.0000

5867 

1.0007

7687 

0.9984

4271 

1.0007

8398 

0.9984

3204 

1.0000

6578 

1.0000

5867 

21-

C      1 

1.0000

0879 

1.0000

0314 

1.0000

5086 

1.0000

0377 

1.0000

5149 

1.0000

0565 

1.0000

0377 

1.0000

0314 

25-

C      1 

1.0000

0377 

1.0000

0377 

1.0000

0565 

1.0000

5024 

1.0000

044 

1.0000

5024 

1.0000

0314 

1.0000

0377 

 

Table S12 Relative DFT computed NMR shielding of optimised 4,4′-dimethyl-1,1′-

biphenyl pruned using (75,302) grid with rotations on the x axis 

 

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 1 

1.0000

1253 

0.9999

9582 1 1 1 

1.0000

2088 1 

20-

H       1 1 

1.0000

2088 1 1 1 

0.9999

9582 

1.0000

1253 1 

13-

H          1 

0.9999

9583 

1.0000

668 

0.9999

9166 

0.9999

9583 

0.9999

9583 

0.9999

9166 

1.0000

0834 

0.9999

9583 

17-

H            1 

0.9999

9583 

1.0000

0834 

0.9999

9166 1 1 

0.9999

9166 

1.0000

1668 

0.9999

9583 

15-

H          1 

1.0000

0413 

0.9999

9587 

1.0000

0413 1 1 

1.0000

0826 

1.0000

0826 

1.0000

0413 
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19-

H         1 

1.0000

0413 

1.0000

0826 

1.0000

0826 1 1 

1.0000

0413 

0.9999

9587 

1.0000

0413 

14-

H             1 1 

1.0000

0412 

0.9999

9588 1 1 

0.9999

9176 

0.9999

9588 

0.9999

9588 

18-

H         1 

0.9999

9588 

0.9999

9176 

0.9999

9176 1 1 

0.9999

9588 

1.0000

0412 

0.9999

9588 

22-

H              1 

1.0000

0688 1 

1.0000

0344 1 1 

1.0000

0344 

1.0000

0344 

1.0000

0344 

28-

H              1 

1.0000

0344 

1.0000

0344 

1.0000

0344 

1.0000

0344 1 

1.0000

0344 1 

1.0000

0688 

23-

H             1 

1.0000

1026 

0.9999

7948 

1.0000

1368 1 1 

1.0000

2394 

1.0000

2394 

1.0000

1026 

26-

H        1 

1.0000

1026 

1.0000

2394 

1.0000

2394 1 1 

1.0000

1368 

0.9999

7948 

1.0000

1026 

24-

H       1 

0.9999

966 

1.0000

2378 

0.9999

8981 

1.0000

0679 

1.0000

034 

0.9999

7962 

0.9999

7622 

0.9999

9321 

27-

H           1 

0.9999

9321 

0.9999

7622 

0.9999

7622 

1.0000

034 

1.0000

0679 

0.9999

8981 

1.0000

2378 

0.9999

966 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

1.0000

1882 

1.0000

3058 

0.9999

9765 

1.0000

1411 

1.0000

0941 1 

1.0000

3293 

1.0000

1647 

10-

C        1 

1.0000

1647 

1.0000

3293 1 

1.0000

1176 

1.0000

1411 1 

1.0000

2823 

1.0000

2117 

 1-

C      1 

1.0000

2112 

0.9999

249 

1.0000

2816 

1.0000

1643 

1.0000

1877 

1.0000

2816 

0.9999

2021 

1.0000

2347 

 7-

C                1 

1.0000

1877 

0.9999

2021 

1.0000

2816 

1.0000

1643 

1.0000

1643 

1.0000

2816 

0.9999

249 

1.0000

2112 

 3-

C        1 

0.9999

9437 

1.0000

2441 

0.9999

8686 

0.9999

9061 

0.9999

9061 

0.9999

8686 

1.0000

2066 

0.9999

9624 



 
 
 
 
 
 

161 

 9-

C        1 

0.9999

9624 

1.0000

2066 

0.9999

8686 

0.9999

9061 

0.9999

9249 

0.9999

8686 

1.0000

2253 

0.9999

9249 

 5-

C         1 

1.0000

0375 

1.0000

1689 

0.9999

9625 

1.0000

0563 

1.0000

0375 1 

1.0000

2815 

1.0000

0188 

11-

C             1 

1.0000

0375 

1.0000

2815 1 

1.0000

0375 

1.0000

0563 

0.9999

9437 

1.0000

1501 

1.0000

0375 

 6-

C      1 

1.0000

2838 

0.9999

7694 

1.0000

2661 

0.9468

023 

1.0000

2306 

0.9999

8226 

0.9999

8226 

1.0000

2483 

12-

C      1 

1.0000

2483 

0.9999

8226 

1.0000

2661 

1.0000

2306 

1.0000

1774 

0.9999

8226 

0.9999

7871 

1.0000

2661 

 2-

C        1 

0.9999

9646 

0.9999

6102 

0.9999

9469 

0.9999

9823 

0.9999

9291 

0.9999

9291 

0.9999

5394 

0.9999

9469 

 8-

C       1 

0.9999

9469 

0.9999

5394 

0.9999

9114 

0.9999

9291 

0.9999

9823 

0.9999

9469 

0.9999

6102 

0.9999

9469 

21-

C         1 

1.0000

0565 

0.9999

9937 

1.0000

0188 

1.0000

0188 

1.0000

0126 

1.0000

0126 

0.9999

9937 

1.0000

0251 

25-

C       1 

1.0000

0188 

0.9999

9937 

0.9999

9498 

1.0000

0126 

1.0000

0126 

1.0000

0188 

0.9999

9937 

1.0000

0565 

 

Table S13 Relative DFT computed NMR shielding of optimised 4,4′-dimethyl-1,1′-

biphenyl pruned using (99,590) grid with rotations on the x axis 

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

1.0000

042 1 

1.0000

042 1 

1.0000

042 

1.0000

042 1 1 

20-

H       1 1 1 

1.0000

042 

1.0000

042 1 

1.0000

042 1 

1.0000

042 

13-

H          1 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 
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17-

H            1 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

15-

H          1 

1.0000

083 

1.0000

041 

1.0000

041 

1.0000

041 

1.0000

041 

1.0000

041 1 1 

19-

H         1 1 1 

1.0000

041 

1.0000

041 

1.0000

041 

1.0000

041 

1.0000

041 

1.0000

083 

14-

H             1 

0.9999

917 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

18-

H         1 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

917 

22-

H              1 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

28-

H              1 1 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

1.0000

034 

23-

H             1 

1.0000

239 

1.0000

102 

1.0000

17 

1.0000

102 

1.0000

17 

1.0000

17 

1.0000

068 

1.0000

102 

26-

H        1 

1.0000

102 

1.0000

068 

1.0000

17 

1.0000

17 

1.0000

102 

1.0000

17 

1.0000

102 

1.0000

239 

24-

H       1 

0.9999

727 

0.9999

898 

0.9999

83 

0.9999

898 

0.9999

83 

0.9999

796 

0.9999

898 

0.9999

898 

27-

H           1 

0.9999

898 

0.9999

898 

0.9999

796 

0.9999

796 

0.9999

864 

0.9999

83 

0.9999

898 

0.9999

727 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

1.0000

024 1 

1.0000

047 

1.0000

071 

1.0000

024 

1.0000

047 

1.0000

047 

1.0000

024 

10-

C        1 

1.0000

024 

1.0000

047 

1.0000

047 

1.0000

024 

1.0000

071 

1.0000

047 1 

1.0000

024 

 1-

C      1 

0.9999

789 

0.9999

789 

0.9999

789 

0.9999

789 

0.9999

766 

0.9999

766 

0.9999

789 

0.9999

813 
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 7-

C                1 

0.9999

813 

0.9999

789 

0.9999

766 

0.9999

766 

0.9999

789 

0.9999

766 

0.9999

789 

0.9999

789 

 3-

C        1 

0.9999

981 

1.0000

019 

1.0000

038 

1.0000

019 

1.0000

056 

1.0000

056 

1.0000

019 1 

 9-

C        1 1 

1.0000

019 

1.0000

056 

1.0000

056 

1.0000

019 

1.0000

038 

1.0000

019 

0.9999

981 

 5-

C         1 

0.9999

944 

0.9999

981 1 

0.9999

925 

1.0000

019 

1.0000

038 

0.9999

925 

0.9999

887 

11-

C             1 

0.9999

887 

0.9999

925 

1.0000

019 

1.0000

019 

0.9999

925 1 

0.9999

981 

0.9999

944 

 6-

C      1 

0.9999

894 

0.9999

858 

0.9999

841 

0.9999

858 

0.9999

858 

0.9999

841 

0.9999

841 

0.9999

858 

12-

C      1 

0.9999

858 

0.9999

982 

0.9999

823 

0.9999

858 

0.9999

858 

0.9999

841 

0.9999

858 

0.9999

894 

 2-

C        1 

0.9999

858 

0.9999

947 

0.9999

947 

0.9999

929 

0.9999

929 

0.9999

929 

0.9999

947 

0.9999

929 

 8-

C       1 

0.9999

929 

0.9999

947 

0.9999

965 

0.9999

929 

0.9999

929 

0.9999

947 

0.9999

947 

0.9999

911 

21-

C         1 

1.0000

006 1 1 

1.0000

013 

0.9999

994 

0.9999

994 

1.0000

013 

1.0000

019 

25-

C       1 

1.0000

013 

1.0000

013 

0.9999

994 

0.9999

994 

1.0000

006 

0.9999

994 1 

1.0000

006 

 

Table S14 Relative DFT computed NMR shielding of optimised 4,4′-dimethyl-1,1′-

biphenyl pruned using (175,974) grid with rotations on the x axis 

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 
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20-

H       1 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

1.0000

042 

13-

H          1 1 1 1 1 1 1 1 1 

17-

H            1 1 1 1 1 1 1 1 1 

15-

H          1 

1.0000

041 1 

1.0000

041 1 1 1 1 1 

19-

H         1 1 1 1 1 1 1 1 

1.0000

041 

14-

H             1 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

18-

H         1 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

0.9999

959 

22-

H              1 1 1 1 1 1 1 1 1 

28-

H              1 1 1 1 1 1 1 1 1 

23-

H             1 

1.0000

17 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

26-

H        1 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

136 

1.0000

17 

24-

H       1 

0.9999

796 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

83 

27-

H           1 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

864 

0.9999

83 

0.9999

83 

0.9999

83 

0.9999

796 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

1.0000

024 

1.0000

024 1 

1.0000

024 

1.0000

024 

1.0000

024 

1.0000

024 1 
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10-

C        1 1 

1.0000

024 

1.0000

047 

1.0000

047 

0.9999

976 

1.0000

024 

1.0000

024 

1.0000

024 

 1-

C      1 

0.9999

883 

0.9999

883 

0.9999

859 

0.9999

859 

0.9999

859 

0.9999

859 

0.9999

859 

0.9999

859 

 7-

C                1 

0.9999

859 

0.9999

859 

0.9999

883 

0.9999

977 

0.9999

859 

0.9999

883 

0.9999

883 

0.9999

883 

 3-

C        1 

1.0000

038 1 

1.0000

019 1 

1.0000

038 

1.0000

019 

1.0000

019 

1.0000

019 

 9-

C        1 

1.0000

019 

1.0000

019 

1.0000

038 1 

1.0000

019 1 1 

1.0000

019 

 5-

C         1 1 

1.0000

019 

1.0000

019 

1.0000

038 1 1 

1.0000

019 

0.9999

981 

11-

C             1 

0.9999

981 

1.0000

019 1 

0.9999

981 

1.0000

056 

1.0000

038 

1.0000

019 1 

 6-

C      1 

0.9999

965 

0.9999

982 

0.9999

965 

1.0000

018 

0.9999

965 

0.9999

947 

0.9999

965 

0.9999

965 

12-

C      1 

0.9999

965 

0.9999

965 

0.9999

947 

1.0000

018 

0.9999

982 

0.9999

965 

0.9999

982 

0.9999

965 

 2-

C        1 

0.9999

894 

0.9999

876 

0.9999

894 

1.0000

018 

0.9999

894 

0.9999

911 

0.9999

894 

0.9999

911 

 8-

C       1 

0.9999

894 

0.9999

894 

0.9999

894 1 

0.9999

894 

0.9999

894 

0.9999

876 

0.9999

894 

21-

C         1 

1.0000

006 

1.0000

006 

1.0000

006 1 1 

1.0000

006 

1.0000

006 

1.0000

006 

25-

C       1 

1.0000

006 

1.0000

006 

1.0000

006 1 1 1 

1.0000

006 

1.0000

006 

 

Table S15 Relative DFT computed NMR shielding of transition state 4,4′-dimethyl-1,1′-

biphenyl pruned using (50,194) grid with rotations on the x axis  
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Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

0.9996

305 

0.9994

819 

0.9995

286 

0.9991

676 

1.0007

899 1 

1.0004

035 

1.0001

317 

20-

H       1 

1.0001

317 

1.0004

035 

1.0004

459 

1.0007

899 

0.9991

676 1 

0.9994

819 

0.9996

305 

13-

H          1 

1.0001

317 

1.0004

035 

1.0004

459 

1.0007

899 

0.9991

676 1 

0.9994

819 

0.9996

305 

17-

H            1 

0.9996

305 

0.9994

819 

0.9995

286 

0.9991

676 

1.0007

899 1 

1.0004

035 

1.0001

317 

15-

H          1 

0.9993

735 

0.9994

27 

0.9990

313 

0.9985

202 

1.0018

302 

0.9999

918 

1.0007

172 

1.0008

904 

19-

H         1 

1.0008

904 

1.0007

172 

1.0012

531 

1.0018

302 

0.9985

202 

0.9999

918 

0.9994

27 

0.9993

735 

14-

H             1 

1.0008

904 

1.0007

172 

1.0012

531 

1.0018

302 

0.9985

202 

0.9999

918 

0.9994

27 

0.9993

735 

18-

H         1 

0.9993

735 

0.9994

27 

0.9990

313 

0.9985

202 

1.0018

302 

0.9999

918 

1.0007

172 

1.0008

904 

22-

H              1 

0.9997

629 

0.9998

488 

1.0128

841 

0.9998

866 

0.9998

866 

1.0088

608 

0.9998

488 

0.9997

629 

28-

H              1 

0.9997

629 

0.9998

488 

1.0047

104 

0.9998

866 

0.9998

866 

1.0088

608 

0.9998

488 

0.9997

629 

23-

H             1 

0.9967

749 

0.9970

712 

0.9958

861 

0.9928

823 

1.0068

043 

0.9912

102 

1.0026

802 

1.0030

412 

26-

H        1 

1.0030

412 

1.0026

802 

1.0039

879 

1.0068

043 

0.9928

823 1 

0.9970

712 

0.9967

749 

24-

H       1 

1.0030

412 

1.0026

802 

0.9908

39 

1.0068

043 

0.9928

823 1 

0.9970

712 

0.9967

749 

27-

H           1 

0.9967

749 

0.9970

712 

0.9908

39 

0.9928

823 

1.0068

043 

0.9912

102 

1.0026

802 

1.0030

412 
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Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

0.9996

216 

1.0006

52 

1.0005

354 

1.0000

262 

1.0000

262 

1.0000

381 

1.0006

52 

0.9996

216 

10-

C        1 

0.9996

216 

1.0006

52 

1.0005

354 

1.0000

262 

1.0000

262 

1.0000

381 

1.0006

52 

0.9996

216 

 1-

C      1 

0.9999

937 

1.0000

897 

1.0013

354 

0.9999

124 

0.9999

124 

1.0000

23 

1.0000

897 

0.9999

937 

 7-

C                1 

0.9999

937 

1.0000

897 

1.0013

354 

0.9999

124 

0.9999

124 

1.0000

23 

1.0000

897 

0.9999

937 

 3-

C        1 

1.0007

062 

0.9996

893 

0.9987

853 

1.0006

045 

0.9984

181 

0.9999

812 

1.0003

352 

1.0000

264 

 9-

C        1 

1.0000

264 

1.0003

371 

0.9999

906 

0.9984

181 

1.0006

045 

0.9999

793 

0.9996

893 

1.0007

062 

 5-

C         1 

1.0000

264 

1.0003

371 

0.9999

906 

0.9984

181 

1.0006

045 

0.9999

793 

0.9996

893 

1.0007

062 

11-

C             1 

1.0007

062 

0.9996

893 

0.9987

853 

1.0006

045 

0.9984

181 

0.9999

831 

1.0003

352 

1.0000

264 

 6-

C      1 

1.0008

575 

0.9997

985 

0.9993

407 

1.0006

527 

1.0012

388 

1.0000

05 

1.0009

158 

1.0003

73 

12-

C      1 

1.0003

73 

1.0009

158 

1.0009

89 

1.0012

388 

1.0006

527 

1.0000

067 

0.9997

985 

1.0008

575 

 2-

C        1 

1.0003

73 

1.0009

158 

1.0009

89 

1.0012

388 

1.0006

527 

1.0000

067 

0.9997

985 

1.0008

575 

 8-

C       1 

1.0008

575 

0.9997

985 

0.9993

407 

1.0006

527 

1.0012

388 

1.0000

05 

1.0009

158 

1.0003

73 

21-

C         1 

1.0001

958 

1.0003

383 

1.0002

008 

1.0002

736 

1.0002

736 

1.0000

27 

1.0003

383 

1.0001

958 

25-

C       1 

1.0001

958 

1.0003

383 

1.0002

008 

1.0002

736 

1.0002

736 

1.0000

264 

1.0003

383 

1.0001

958 
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Table S16 Relative DFT computed NMR shielding of transition state 4,4′-dimethyl-1,1′-

biphenyl pruned using (75,302) grid with rotations on the x axis  

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

0.9999

405 

0.9999

066 

0.9999

915 

0.9999

958 

0.9997

07 

1.0000

042 

0.9994

352 

0.9999

873 

20-

H       1 

0.9998

769 

0.9998

132 

1.0000

042 

0.9999

958 

1.0000

425 

0.9999

915 

1.0003

822 

1.0000

085 

13-

H          1 

0.9998

769 

0.9998

132 

1.0000

042 

0.9999

958 

1.0000

425 

0.9999

915 

1.0003

822 

1.0000

042 

17-

H            1 

0.9999

405 

0.9999

066 

0.9999

915 

0.9999

958 

0.9997

07 

1.0000

042 

0.9994

352 

0.9999

873 

15-

H          1 

1.0000

618 

1.0000

453 

0.9999

876 

0.9999

959 

0.9996

95 

1.0000

124 

0.9991

098 

0.9999

753 

19-

H         1 

0.9999

382 

0.9999

712 

1.0000

124 1 

1.0002

967 

0.9999

876 

1.0008

985 

1.0000

082 

14-

H             1 

0.9999

382 

0.9999

712 

1.0000

124 1 

1.0002

967 

0.9999

876 

1.0008

985 

1.0000

041 

18-

H         1 

1.0000

618 

1.0000

453 

0.9999

876 

0.9999

959 

0.9996

95 

1.0000

124 

0.9991

098 

0.9999

67 

22-

H              1 

1.0087

898 

1.0092

365 1 

1.0000

034 

1.0077

486 1 

1.0053

742 

0.9999

588 

28-

H              1 

1.0087

898 

1.0000

103 1 1 

1.0077

486 1 

1.0053

742 

1.0089

066 

23-

H             1 

1.0002

146 

0.9911

147 

0.9999

455 

0.9999

898 

1.0012

09 

1.0000

477 

1.0035

725 

1.0000

749 

26-

H        1 

0.9910

909 

1.0002

588 

1.0000

477 

1.0000

034 

0.9911

351 

0.9999

455 

0.9910

159 

0.9910

636 

24-

H       1 

0.9910

909 

0.9997

514 

1.0000

477 

1.0000

068 

0.9911

351 

0.9999

455 

0.9910

159 

0.9999

523 
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27-

H           1 

1.0002

146 

1.0002

588 

0.9999

455 

1.0000

034 

1.0012

09 

1.0000

477 

1.0035

725 

1.0000

954 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

1.0001

333 

1.0002

071 

0.9999

548 

0.9999

691 

1.0000

5 

0.9999

548 

0.9998

762 

0.9999

691 

10-

C        1 

1.0001

333 

1.0002

071 

0.9999

548 

0.9999

691 

1.0000

5 

0.9999

548 

0.9998

762 

0.9999

714 

 1-

C      1 

0.9997

016 

1.0001

127 

0.9999

666 

0.9999

75 

0.9996

035 

0.9999

666 

0.9995

806 

1.0000

605 

 7-

C                1 

0.9997

016 

1.0001

127 

0.9999

666 

0.9999

75 

0.9996

035 

0.9999

666 

0.9995

806 

1.0000

605 

 3-

C        1 

1.0000

264 

1.0001

186 

0.9999

831 

0.9999

831 

0.9999

925 

0.9999

868 

0.9994

803 

0.9999

548 

 9-

C        1 

0.9999

812 

1.0000

546 

0.9999

868 

0.9999

944 

1.0004

444 

0.9999

831 

0.9998

87 

0.9999

605 

 5-

C         1 

0.9999

812 

1.0000

546 

0.9999

868 

0.9999

944 

1.0004

444 

0.9999

831 

0.9998

87 

0.9999

642 

11-

C             1 

1.0000

264 

1.0001

186 

0.9999

831 

0.9999

831 

0.9999

925 

0.9999

868 

0.9994

803 

0.9999

567 

 6-

C      1 

0.9999

051 

0.9998

951 

0.9999

75 

0.9999

85 

0.9996

971 

0.9999

834 

0.9993

725 

0.9999

767 

12-

C      1 

0.9997

553 

0.9996

588 

0.9999

834 

0.9999

85 

0.9999

334 

0.9999

75 

1.0004

145 

0.9999

95 

 2-

C        1 

0.9997

553 

0.9996

588 

0.9999

834 

0.9999

85 

0.9999

334 

0.9999

75 

1.0004

145 

0.9999

917 

 8-

C       1 

0.9999

051 

0.9998

951 

0.9999

75 

0.9999

834 

0.9996

971 

0.9999

834 

0.9993

725 

0.9999

75 

21-

C         1 

1.0001

242 

1.0001

017 

0.9999

969 

0.9999

994 

1.0000

446 

0.9999

969 

1.0001

136 

1.0000

195 
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25-

C       1 

1.0001

242 

1.0001

017 

0.9999

969 

0.9999

994 

1.0000

446 

0.9999

969 

1.0001

136 

1.0000

195 

 

Table S17 Relative DFT computed NMR shielding of transition state 4,4′-dimethyl-1,1′-

biphenyl pruned using (99,590) grid with rotations on the x axis  

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

0.9999

703 

0.9997

877 1 

0.9998

853 

0.9998

132 

0.9999

915 

0.9999

958 

0.9997

41 

20-

H       1 

0.9999

703 

0.9998

811 

0.9999

958 

0.9998

132 

0.9998

853 

1.0000

085 

1.0000

042 

0.9999

49 

13-

H          1 

0.9999

618 

0.9998

811 

0.9999

958 

0.9998

132 

0.9998

853 

1.0000

085 1 

0.9999

49 

17-

H            1 

0.9999

618 

0.9997

877 1 

0.9998

853 

0.9998

132 

0.9999

915 

0.9999

958 

0.9997

41 

15-

H          1 

0.9999

876 

0.9999

011 

1.0000

041 

1.0000

33 

0.9999

423 

0.9999

876 

0.9999

959 

0.9997

774 

19-

H         1 

0.9999

876 

1.0000

824 

0.9999

959 

0.9999

423 

1.0000

33 

1.0000

124 

1.0000

082 

1.0001

855 

14-

H             1 

0.9999

67 

1.0000

824 

0.9999

959 

0.9999

423 

1.0000

33 

1.0000

124 

1.0000

082 

1.0001

855 

18-

H         1 

0.9999

67 

0.9999

011 

1.0000

041 

1.0000

33 

0.9999

423 

0.9999

876 

0.9999

959 

0.9997

774 

22-

H              1 

0.9999

45 

1.0086

11 

1.0000

034 

1.0000

206 

1.0000

206 

1.0000

034 

1.0089

512 

1.0097

827 

28-

H              1 

1.0090

199 

1.0086

11 

1.0000

034 

1.0000

206 

1.0000

206 

1.0089

203 

1.0000

034 

1.0000

069 

23-

H             1 

1.0000

477 

1.0003

372 

1.0000

136 

1.0001

873 

0.9998

059 

0.9999

455 

1.0000

17 

0.9911

114 



 
 
 
 
 
 

171 

26-

H        1 

0.9910

501 

0.9911

318 

0.9999

83 

0.9998

059 

1.0001

873 

0.9911

08 

1.0000

204 

1.0008

003 

24-

H       1 

0.9999

591 

0.9911

318 

0.9999

796 

0.9998

059 

1.0001

873 

1.0000

511 

0.9911

08 

0.9991

827 

27-

H           1 

0.9999

591 

1.0003

372 

1.0000

136 

1.0001

873 

0.9998

059 

1.0000

511 

0.9999

762 

0.9991

827 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

1.0000

095 

0.9999

714 

0.9999

905 

1.0000

452 

1.0000

452 

0.9999

929 

0.9999

905 

0.9999

334 

10-

C        1 

1.0000

071 

0.9999

714 

0.9999

905 

1.0000

452 

1.0000

452 

0.9999

929 

0.9999

929 

0.9999

334 

 1-

C      1 

1.0001

857 

0.9997

83 

0.9999

896 

0.9997

329 

0.9997

35 

0.9999

896 

0.9999

896 

0.9997

913 

 7-

C                1 

1.0001

878 

0.9997

83 

0.9999

896 

0.9997

329 

0.9997

35 

0.9999

896 

0.9999

896 

0.9997

913 

 3-

C        1 

0.9998

889 

1.0000

734 

1.0000

038 

1.0001

694 

0.9999

887 1 

1.0000

038 

0.9999

322 

 9-

C        1 

0.9998

87 

1.0002

014 

1.0000

019 

0.9999

887 

1.0001

694 

1.0000

056 

1.0000

019 

1.0000

64 

 5-

C         1 

0.9998

757 

1.0002

014 

1.0000

019 

0.9999

887 

1.0001

694 

1.0000

056 

1.0000

019 

1.0000

64 

11-

C             1 

0.9998

739 

1.0000

734 

1.0000

038 

1.0001

694 

0.9999

887 1 

1.0000

038 

0.9999

322 

 6-

C      1 

1.0000

899 

0.9998

602 

1.0000

017 

0.9999

617 

0.9998

052 

0.9999

933 

0.9999

967 

0.9998

335 

12-

C      1 

1.0000

916 

0.9999

917 

0.9999

983 

0.9998

069 

0.9999

617 

1.0000

05 

1.0000

017 

1.0000

083 

 2-

C        1 

1.0000

849 

0.9999

917 

0.9999

983 

0.9998

069 

0.9999

617 

1.0000

05 

1.0000

017 

1.0000

083 



 
 
 
 
 
 

172 

 8-

C       1 

1.0000

849 

0.9998

602 

1.0000

017 

0.9999

617 

0.9998

052 

0.9999

933 

0.9999

95 

0.9998

335 

21-

C         1 

0.9999

504 

1.0000

176 

0.9999

962 

1.0000

157 

1.0000

151 

0.9999

962 

0.9999

962 

1.0000

125 

25-

C       1 

0.9999

504 

1.0000

176 

0.9999

969 

1.0000

157 

1.0000

151 

0.9999

962 

0.9999

969 

1.0000

125 

 

Table S18 Relative DFT computed NMR shielding of transition state 4,4′-dimethyl-1,1′-

biphenyl pruned using (175,974) grid with rotations on the x axis  

Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

16-

H       1 

0.9999

788 

0.9998

344 

1.0000

042 

0.9998

981 

0.9999

958 1 1 

0.9997

919 

20-

H       1 

0.9997

919 

0.9998

811 1 

0.9998

599 

1.0000

042 

1.0000

042 1 

0.9999

788 

13-

H          1 

0.9997

919 

0.9998

811 1 

0.9998

599 

1.0000

042 

1.0000

042 1 

0.9999

788 

17-

H            1 

0.9999

788 

0.9998

344 

1.0000

042 

0.9998

981 

0.9999

958 1 1 

0.9997

919 

15-

H          1 

1.0001

896 

0.9999

505 

1.0000

041 

1.0000

165 

0.9999

794 

0.9999

959 1 

0.9997

898 

19-

H         1 

0.9997

898 

1.0000

247 

0.9999

959 

0.9999

629 

1.0000

041 

1.0000

041 1 

1.0001

896 

14-

H             1 

0.9997

898 

1.0000

247 

0.9999

959 

0.9999

629 

1.0000

041 

1.0000

041 1 

1.0001

896 

18-

H         1 

1.0001

896 

0.9999

505 

1.0000

041 

1.0000

165 

0.9999

959 

0.9999

959 1 

0.9997

898 

22-

H              1 

1.0000

206 

1.0000

137 1 

1.0088

687 

1.0000

034 1 1 

1.0000

206 



 
 
 
 
 
 

173 

28-

H              1 

1.0000

206 

1.0000

137 1 

1.0090

783 

1.0089

924 1 

1.0000

034 

1.0000

206 

23-

H             1 

1.0007

731 

0.9998

331 

1.0000

102 

1.0000

988 

1.0000

136 

0.9999

83 1 

0.9992

133 

26-

H        1 

0.9992

133 

1.0001

396 

0.9999

83 

0.9998

91 

0.9911

046 

1.0000

102 

0.9999

966 

1.0007

731 

24-

H       1 

0.9992

133 

1.0001

396 

0.9999

83 

0.9911

251 

0.9999

796 

1.0000

102 

0.9999

932 

1.0007

731 

27-

H           1 

1.0007

731 

0.9998

331 

1.0000

102 

0.9911

251 

0.9999

796 

0.9999

83 1 

0.9992

133 

          
Ato

m 0 

10 

degrees 

20 

degrees 

30 

degrees 

40 

degrees 

50 

degrees 

60 

degrees 

70 

degrees 

80 

degrees 

 4-

C        1 

0.9999

453 

0.9999

5 

0.9999

952 

1.0001

047 

0.9999

952 

0.9999

952 

0.9999

976 

0.9999

453 

10-

C        1 

0.9999

453 

0.9999

5 

0.9999

952 

1.0001

047 

0.9999

952 

0.9999

952 

0.9999

976 

0.9999

453 

 1-

C      1 

0.9998

748 

0.9999

729 

0.9999

875 

0.9999

207 

0.9999

875 

0.9999

875 

0.9999

875 

0.9998

748 

 7-

C                1 

0.9998

748 

0.9999

729 

0.9999

875 

0.9999

207 

0.9999

875 

0.9999

875 

0.9999

875 

0.9998

748 

 3-

C        1 

1.0000

772 

0.9998

946 

1.0000

075 

1.0001

205 

1.0000

075 

1.0000

094 

1.0000

094 

1.0000

038 

 9-

C        1 

1.0000

038 

1.0001

318 

1.0000

094 

0.9999

925 

1.0000

075 

1.0000

075 

1.0000

056 

1.0000

772 

 5-

C         1 

1.0000

038 

1.0001

318 

1.0000

094 

0.9999

925 

1.0000

075 

1.0000

075 

1.0000

056 

1.0000

772 

11-

C             1 

1.0000

772 

0.9998

946 

1.0000

075 

1.0001

205 

1.0000

075 

1.0000

094 

1.0000

094 

1.0000

038 

 6-

C      1 

1.0000

583 

0.9999

018 

1.0000

033 

0.9999

367 

0.9999

983 

0.9999

983 1 

0.9998

835 



 
 
 
 
 
 

174 

12-

C      1 

0.9998

835 

1.0000

366 

0.9999

983 

0.9998

335 

1.0000

017 

1.0000

033 

1.0000

017 

1.0000

583 

 2-

C        1 

0.9998

835 

1.0000

366 

0.9999

983 

0.9998

335 

1.0000

017 

1.0000

033 

1.0000

017 

1.0000

583 

 8-

C       1 

1.0000

583 

0.9999

018 

1.0000

033 

0.9999

367 

0.9999

983 

0.9999

983 

0.9999

983 

0.9998

835 

21-

C         1 

1.0000

307 

1.0000

213 

0.9999

962 

1.0000

238 

0.9999

969 

0.9999

956 

0.9999

962 

1.0000

307 

25-

C       1 

1.0000

307 

1.0000

213 

0.9999

962 

1.0000

238 

0.9999

969 

0.9999

956 

0.9999

962 

1.0000

307 

 


