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Abstract 

Cannabinoid receptors (CB1 and CB2) are signalling proteins which belong to the 

largest family of transmembrane proteins called G protein-coupled receptors (GPCRs). 

Since their discovery, they have been widely studied for the notable pharmacological 

influences exerted by their interaction with cannabinoids and are hence viewed as 

druggable targets for a number of diseases. Along with their endogenous ligands and the 

metabolic enzymes that affect the bioavailability of endogenous cannabinoids, they form 

the endocannabinoid system. The discovery of crystal structures of CB1 and CB2 in recent 

years has relayed critical information regarding the conformation of the receptors in active 

and inactive states, and their binding pocket interactions. Though being invaluable sources 

of information, rigid crystal structures cannot completely rationalise structure-activity 

relationship for all classes of ligands that interact with the receptors. The work reported 

herein describes the exploration of the structures of  CB1 and CB2 receptors via 

computational tools such as molecular modelling, docking, and molecular dynamics 

simulation. Accordingly, significant variations in the conformations of CB1 and CB2 in 

different states of activation were studied. It was observed that transmembrane helices 1,3,6 

and 7 influence the structural features of both receptors at different states. In recent years, 

many ligands that are not classified as cannabinoids have been shown to influence the 

endocannabinoid system. In this regard, the work presented here also analyses the 

interaction of non-cannabinoid ligands at CB1 and CB2.  In this regard, a select group of 

commonly used drugs were tested against CB1 and CB2 using [35S]GTPγS binding assay 

for agonist activity. Furthermore, non-cannabinoids that have been reported to show 

activity at  CB1 and CB2 were docked to models of the receptors to decipher their binding 
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mode. It was found that the binding mode depends on the binding pocket surface area and 

is stereoisomer specific. In general, the work documented herein provides an insight into 

the structural complexities of these receptors for the cannabinoid research community.  
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1 Introduction 

1.1 G protein-Coupled Receptors  

1.1.1 Structure, Function and Classification 

G protein-coupled receptors (GPCRs) are a family of transmembrane receptor 

proteins that are involved in signal transduction1. They are the largest family of membrane 

proteins constituting about 3% of genes in the human genome and with nearly 800 

receptors being found in humans1,2. GPCRs are the target for a majority of drugs produced 

and are hence dubbed the most successful pharmaceutical targets3. As their name suggests, 

they transmit cell signals by interacting with G proteins which bind to the guanosine 

nucleotides, guanosine-5’-diphosphate (GDP) and guanosine-5’-triphosphate (GTP).  

Structurally, GPCRs are characterised by an extracellular amino-terminus (N-terminus), 

seven largely hydrophobic α-helical transmembrane (TM) domains linked by three 

intracellular (ICL) and three extracellular loops (ECL), and an intracellular carboxyl-

terminus (C-terminus).  An eighth α-helix may also be present in certain proteins in the 

intracellular portion preceding the C-terminus. Figure 1.1 shows a general representation 

of a GPCR. These receptors show the highest homology in the transmembrane helices and 

the most variations in the termini and ICL3 loop.  

An early classification of GPCRs based on protein sequence homology led to six 

different classes; class A comprised of rhodopsin-like receptors, class B - secretin receptor 

family, class C - metabotropic glutamate receptors, class D - fungal mating pheromones, 

class E - cyclic AMP receptors, and class F - smoothened or frizzled receptors4. An 
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alternative classification scheme introduced later classifies the GPCRs found in only 

vertebrates into five families based on sequence similarity: Glutamate family (class C) – 

22 members, Rhodopsin family (class A) – 719 members, Adhesion family (related to class 

B) – 33 members, Frizzled family (class F) - 11 members and Secretin family (class B) – 

15 members. This scheme, known by the acronym GRAFS, does not include Class D and 

E receptors as they are not found in vertebrates2,5. The length of the N-terminus varies 

according to the class of the ligand that binds to the receptor– it is generally short for 

monoamine and peptide receptors (10-50 amino acids) and longer for glycoprotein 

hormone receptors and the glutamate family receptors. Adhesion receptors possess the 

longest N-terminus6. 

Around half of the GPCR proteins found in humans are involved in sensory 

functions such as taste, olfaction, light perception and pheromone signalling and about 350 

of the non-sensory receptors are involved in intermediary signalling2. As of March 2019, 

for 62 unique GPCRs there exist a total of 321 crystal structures in the Protein Data Bank 

(PDB) database7; of these 7 are complexed with a G protein. Class A GPCRs constitute 

88% of the total available structures out of which 24% are present in their active state8. 87 

receptors of class A, 8 receptors of class C and 26 of adhesion GPCRs are classified as 

orphan i.e. those receptors for which the endogenous ligands are not known2. A study in 

20139 reported that only 7%  of drugs found in the DrugBank10 database had a GPCR as 

the underlying target (109 targets were GPCRs out of 1479 underlying targets for 1663 

drugs) while 26% of the 1663 drugs approved till 2013 were found to be linked with GPCR 

activity. This implies that the drugs exert their pharmacological effects via a small fraction 
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of the potential target receptors. Yet, this fraction is dominated solely by the aminergic 

receptors thus leaving a bigger population of potential targets untapped9. 

1.1.2 Numbering Systems for GPCRs 

Special numbering systems are used to index residues in GPCRs for the purpose of 

comparing mutations, conserved residues and (or) or ligand interactions across proteins11. 

GPCR protein residues discussed herein are numbered according to the Ballesteros-

Weinstein numbering scheme which is specific to class A GPCRs12. According to this 

system, a residue is marked by its TM helix number followed by a locant. The locants are 

conferred depending on their location with respect to the most conserved residue in the TM 

helix. The most conserved residue within each TM helix, across all class A GPCRs, is 

assigned the locant 50; those residues succeeding it (in the direction of the C-terminus) are 

assigned locants greater than 50 while those preceding it (in the direction of the N-

terminus) are assigned locants lesser than 50, in a linear order. E.g. 6.48 denotes a residue 

in TM6 two residues before the most conserved in that helix: Pro6.50. The most conserved 

residues in each helix along with their degree of conservation across class A is: Asn1.50: 

98%, Asp2.50: 90%, Arg3.50: 95%, Trp4.50: 97%, Pro5.50: 78%, Pro6.50: 99%, 

Pro7.50: 88% 8. Residues located within the ECL and ICL are numbered using their global 

position within the protein amino acid sequence. 

Alternative numbering schemes for class A GPCRs include those by Oliveira13 and 

Baldwin-Schwartz14,15 where the residue positions are numbered from helix extracellular 

ends. The objective is to assign the same numbers to the residues located at the same depth 

in the membrane. E.g. 6.13, 5.13 (Oliveira) or V-13, V1-13 (Baldwin-Schwartz). Class B 
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(both Adhesion and Secretin), Class C, and Class F use Wootten16, Pin17, and Wang18 

systems respectively.  

 

Figure 1.1 General representation of GPCRs. Conserved residues Asn1.50, Asp2.50, 

Arg3.50, Trp4.50, Pro5.50, Pro6.50, Pro7.50  are given in their one-letter code form in 

each transmembrane helix. Cysteine disulphide bridge commonly found in class A GPCRs 

is shown in orange, connecting TM3 and ECL2. Motifs shown: TM3 – DRY, TM6 – CWGP, 

and TM7-NPXXY(only NPY shown) 

 

1.1.3 Residues and Motifs Involved in Activation of Class A GPCRs 

Interaction with a ligand provokes a structural rearrangement in GPCRs – agonists, 

in particular, trigger changes that enable the binding of the G protein heterotrimeric 

complex to the cytosolic side of a receptor. Almost all class A GPCRs have a similar 

activation mechanism19. One of the common conformational changes observed during 

activation is the outward swing of the lower half of TM6 in tandem with changes in TM5. 

The swing has been likened to that of a vertical seesaw with the lower half of TM6 moving 

away from the orthosteric binding pocket to accommodate the G protein and upper half 

moving towards the binding pocket. Pro6.50 creates a kink in TM6  around which this 

swing is centred – thus functioning as a ‘hinge’19. This residue forms a part of the highly 
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conserved CWXP motif in class A GPCRs. TM7 experiences a rearrangement primarily in 

the intracellular part. These rearrangements observed in the TM helices create or break 

inter-helical bonds which function as ‘microswitches’. A switch can be considered as a 

rotamer change in the side chain of a conserved residue20. Some of the well-known GPCR 

microswitches are shown in Figure 1.2 for chemokine receptor 4, rhodopsin, the β2-

adrenoreceptor (β2AR) and Adenosine 2A receptor (A2AR).   

 

Figure 1.2 Major molecular switches commonly found in GPCRs that are involved in 

receptor activation. Source: Trzaskowski et al.19. The images in circles show the 

superposition of inactive vs active state of the labelled proteins. Their PDB IDs are given 

below the superpositions (active/inactive). The agonists of the active state structure for 

each protein is given at the bottom of the image. 
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1. Ionic lock of TM3: Arg3.50 forms an interhelical salt bridge interaction with 

Asp/Glu6.30 and Asp3.49 in the inactive state21,22. This was first studied in the 

inactive state crystal structure of bovine rhodopsin and gonadotropin-releasing 

hormone receptors (GnRH) respectively23. Upon activation, the swing of the 

lower half of TM6 away from the orthosteric binding pocket breaks the salt 

bridge interaction between Arg3.50 and Asp6.30 in TM3 and TM6. This 

breakage has been suggested to be a trigger for activation in certain GPCRs 19. 

Similarly, the weakening of the Arg3.50-Asp3.49 bond has been proven to 

favour activation in GnRH21. However, an acidic residue at position 6.30 is only 

30% conserved which means that many receptors do not exhibit this salt bridge. 

In these cases other interactions may occur; for example, the histamine H1 

receptor exhibits a hydrogen bond between Tyr3.60 and His6.3119. Regardless 

of whether the salt bridge is formed or not, in GPCRs, the residues around 

Arg3.50 are said to form an ‘arginine cage’ whereby the rotameric state of the 

residue is constrained24.  

2. NPXXYX(5,6)F motif: This is a highly conserved motif located at the 

intracellular end of TM7. Like Pro6.50 in TM6, Pro7.50 creates a kink around 

the motif in TM7. In the inactive conformers of rhodopsin and serotonin 2C 

receptors, Tyr7.53 interacts with the Phe7.60 residue on H8 as if to ‘lockdown’ 

on H825,26; in an active receptor, state Tyr7.53 participates in a hydrophobic 

cluster between TM6 and TM7. In an intermediate state, as seen in β2AR and 

A2AR, the tyrosine side chain changes its rotamer conformation and points 

upwards, towards the centre of the receptor. In this rotamer state, it is involved 
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in a hydrogen bond network with structural water molecules25. The Tyr7.53-

Phe7.60 interaction is not observed in β2AR and A2AR in both their active and 

inactive state crystal structures19.  

3. Rotamer Toggle Switch: This switch involves a shift in the rotamer of Trp6.48 

of the CWXP motif. In the crystal structure of muscarinic M2 and M3 receptors, 

it was found that the rotamer state of Trp6.48 did not influence the functional 

state of the receptor27,28.  However, in rhodopsin and the A2AR receptor, a shift 

in the rotamer state was observed29 on comparing active and inactive states. 

Here, the rotamer shift and the TM6 swing were observed to be stabilised by 

the cognate ligand through steric interactions24,30,31. In serotonin 2A receptor, 

the aromatic interaction between serotonin and Phe6.52 serves as a trigger for 

the conformational shift in Trp6.48. In β1 adrenergic receptor (β1AR) and 

β2AR, the ligand does not directly interact with Trp6.48; the TM6 swing is 

instead mediated through the movement of TM5. Thus, the role of Trp6.48 in 

receptor activation is quite case-specific and nearly 30% of GPCRs have a 

different residue at 6.4820.  The switch has hence been renamed as a 

‘transmission switch’32. 

Rhodopsin also contains 3-7 lock switch (as seen in Figure 1.2) between TM3 and 

TM7. Further information regarding this switch can be found in the review by Trzaskowski 

et al.19. 

1.1.4 Signal Transduction by GPCRs 

Guanine nucleotide-binding proteins or G proteins are heterotrimeric proteins with 

three subunits: α, β and γ. Gα and Gγ are attached to the plasma membrane by lipid anchors. 
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In an inactive G protein, the Gα subunit is bound to GDP. The binding of an agonist to a 

GPCR induces a structural re-arrangement in the inactive receptor. This is followed by the 

intracellular G protein preferentially coupling to the active receptor and forming a GPCR-

G protein dimer. Among class A GPCRs, residues in cytoplasmic ends of TM2, TM3, TM5, 

TM6 and TM7, and also ICL2, ICL3 and H8 are in contact with Gα, and residues in the 

cytoplasmic ends of TM1, ICL1 and H8 are in contact with Gβ
33. The coupling leads the α-

subunit to undergo a conformational change; GDP is subsequently released due to the 

disruption of its binding site and is replaced by GTP. Gα dissociates from the trimeric 

complex and the subunits go on to activate their respective effector proteins and secondary 

messengers. For instance, Gαs can activate adenylyl cyclase (AC), resulting in increased 

cyclic adenosine monophosphate (cAMP) levels. This, in turn, can induce protein kinase 

A (PKA) activation. PKA is a serine-threonine kinase that phosphorylates transcription 

factors, other kinases, and GPCRs34. Activation terminates when GTP hydrolyses to GDP 

and the G protein trimer is re-formed (Figure 1.3).  

Broadly classifying, there are 4 types of Gα subunits with different roles in signal 

transduction :  

1. Gαs is involved in the stimulation of AC 

2. Gαi/o functions in the inhibition of AC, activation of extracellular signal-regulated 

kinase-mitogen-activated protein kinase (ERK/MAPK), downregulation of Ca2+ 

channels, and the activation of GIRK (G protein-coupled inwardly rectifying 

potassium) channels. 

3. Gαq/11 is responsible for activating phospholipase Cβ (PLCβ) and upregulating K+ 

channels.  
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4. Gα12/13 activates phospholipase Cε, phospholipase D, the Rho guanidine nucleotide 

exchange factors,  and upregulates E-cadherin mediated cell adhesion35. 

Gβ and Gγ activate PLCβs, phosphatidyl inositol-3 kinases, c-Jun N-terminal 

kinase, and GIRK channels and also downregulate Ca2+ channels. With the aid of genomic 

analysis currently, 16 Gα, 5 Gβ and 12 Gγ subunits have been cloned and sequenced36.  

 

 

Figure 1.3 Working mechanism of GPCRs. Source: Rasmussen et al.37. Agonist molecule 

binding to a receptor at its basal state (R) transforms it into the active state (R*). This 

leads to the heterotrimeric (αβγ) GDP-bound G protein complex to couple to the active 

receptor. Upon coupling, GDP, is released and GTP takes its place, and the GTP bound 

Gα subunit dissociates from the trimer.  The GTP-Gα and Gβγ subunits regulate the 

adenylyl cyclase (AC) and calcium channels (Ca2+)  respectively. Post-hydrolysis of GTP, 

the heterotrimeric unit reassembles. 

 

When β-arrestin binds to a GPCR, it leads to desensitisation and inhibits interaction 

with G proteins. There are four known arrestins: visual arrestin and cone arrestin which are 

present in the retina, β-arrestin-1,  and β-arrestin-238. These proteins are thought to reduce 

G protein signalling by creating a steric hindrance and thus preventing the G protein’s 
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interaction with the respective GPCR at ICL2 and ICL339,40. This uncouples GPCRs from 

the signal transduction leading to desensitisation of the secondary messenger pathway41. 

This manner of desensitisation requires a co-ordinated response by G protein receptor 

couples kinases (GRK) and β-arrestins42. Apart from these kinases and arrestins, 

desensitisation can also occur via protein kinase C or PKA mediated phosphorylation of 

the GPCR, receptor degradation (in lysosomes) and regulation of gene transcription or 

translation34. 

1.1.5 Biased Agonism and Allosterism in GPCRs 

GPCRs are known to exhibit biased signalling and pleiotropy43. Certain GPCRs can 

bind to more than one kind of G protein or β-arrestin to activate heterogeneous signalling 

pathways that elicit different functional responses in a cell. For example, when angiotensin 

binds to the Angiotensin II type 1A (AT1AR) receptor, Gαq proteins are recruited leading 

to inositol triphosphate production which results in vasoconstriction and fluid retention. 

The activation process also recruits β-arrestins leading to a G protein independent 

signalling which gives out a positive ionotropic and cardioprotective response44. This is an 

example of unbiased or canonical signalling. On the contrary, when the angiotensin II 

analogue SII binds to AT1AR, only β-arrestin dependent MAPK pathway is activated 

without any G protein coupling. This is an example of biased signalling or in this case 

biased agonism45(Figure 1.4). Biased signalling can be highly useful to develop drugs with 

high specificity. Carvedilol, a β-adrenergic agonist, has been shown to stimulate β-arrestin 

mediated cell survival signalling pathways and inhibit the G protein-mediated toxic effect 

of catecholamines. It is suggested that carvedilol might significantly improve survival in 

patients with heart failure compared with other unbiased beta blockers46. Sometimes biased 
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ligands can also help counteract the adverse effects caused by activation of a receptor. 

Nicotinic acid, the agonist of niacin receptor GPR109A, decreases serum-free fatty acids 

through the G protein-signalling but causes cutaneous flushing due to activation of the β-

arrestin pathway. The biased ligand MK-0354 being G protein biased does not invoke the 

flushing, thus posing as an ideal candidate for hyperlipidaemia47.  

 

Figure 1.4 Biased agonism in GPCRs. An unbiased ligand potentially recruits both G 

protein and β-arrestin for downstream signalling. Contrarily, a biased ligand 

preferentially activates either G protein signalling or β-arrestin signalling over the other. 

 

Allosterism is a commonly observed feature in GPCRs. An allosteric site on a 

receptor is a binding site other than the designated orthosteric binding site48. An allosteric 

ligand (or a modulator) upon binding to the allosteric site causes a conformational change 

in the protein such that the receptor’s interaction with other molecules (such as ligands) or 

proteins is altered. Generally, modulators are of two types: a positive allosteric modulator 

(PAM) promotes binding of an orthosteric ligand by increasing receptor’s affinity towards 
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the ligand, while a negative allosteric modulator (NAM) decreases the affinity and inhibits 

binding of an orthosteric ligand49. Alternatively, allosteric modulators can either increase 

or inhibit the receptor signalling. The NAM or PAM activity shown by an allosteric ligand 

may sometimes be probe dependent, i.e. the activity could vary according to the bound 

orthosteric ligand. Some of the GPCRs that are reported to show allosterism include 

muscarinic, dopaminergic, α-adrenergic, chemokine, serotonin, adenosine and cannabinoid 

receptors with gallamine, zinc, amiloride, I-TAC, oleamide, PD 81,723 and ORG27569 ( 

Section 1.2.3.2, Figure 1.13, Ligand (16)) respectively acting as modulators50–52.  Indeed 

the binding of a G protein to the GPCR itself is seen as an example for allosterism50. Some 

of the common allosteric locations for GPCRs include the crevices or channels between 

TM helices, the extracellular loops and N-terminus, the GPCR-G protein interface, the 

intracellular region near the G protein coupling site,  extracellular sites on the outer sides 

of the TM bundle or ion modulation (at various locations, including inter-membrane TM 

regions)50,53. 

1.1.6 Challenges Faced in GPCR Drug Discovery 

Despite the varied functionality of GPCRs and their prolific potential as targets, 

drug discovery for pathophysiological conditions mediated by these receptors still proves 

to be quite challenging. This is due to the inherently complex nature of GPCRs, which in 

turn can be attributed to their plasticity and ability to exhibit biased signalling. As biased 

signalling demonstrates, ligands of diverse chemical classes have the potential to activate 

relatively hidden pathways that the corresponding receptor initiates. In this direction, 

Kobilka and Granier suggest the crystallisation of receptors at different states of activation 

and de-sensitisation – bound to different G proteins, β-arrestins and GRKs, (as GRKs 
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phosphorylate the intracellular loop and C-terminus in a ligand-dependent manner like the 

former two) can reveal the finer details as to how the bound ligand or ligands initiate 

activation or stabilise the inactive state54. Indeed, a time-resolved mass spectrometry study 

and a crystal structure of a GPCR-G protein assembly of β2AR showed that the amino 

acids involved in the initial interaction between the GPCRs and their G proteins might be 

different from the ones seen in their nucleotide-free GPCR-G protein models55,56.  

Similarly, GPCR dimer crystal structures can help us understand the physical aspects of 

the crosstalk between two GPCRs and provide insights into signalling and allosteric 

modulation57,58. 

 Given the importance of high-quality GPCR structures to furthering our 

understanding, the dearth of structural information available for many GPCRs is a 

significant reason as to why drug discovery in this area is still a formidable challenge. 

Initial studies on GPCR structure mainly relied on 2D crystals, with bacteriorhodopsin 

being the earliest one to be crystallised59. Although the rhodopsin protein had been 

discovered in frogs as early as 197760, it was only in the year 2000 that the 3D crystal 

structure of ground state bovine rhodopsin was released through X-ray diffraction (XRD)23. 

Low-level expression of receptors, instability in detergent, proteolysis of loop membranes 

and/or low yield of the functional protein during purification, poor thermodynamic stability 

and difficulty in obtaining crystals of size and quality apt for XRD analysis are some factors 

that contribute to the hurdles faced in GPCR crystallisation 61–63. To counteract this, GPCRs 

are often engineered to promote stability by:  

1. co-crystallising with high-affinity ligands, 

2. introducing thermostabilising mutations, 
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3. truncating disordered regions, termini and (or) or lengthy extracellular domains,  

4. fusing receptors with soluble proteins such as T4- lysozyme or cytochrome, b562RIL 

(BRIL) in place of intracellular loops or N-terminal regions, 

5. complexing the receptor with mini-G proteins to study the active state of the 

receptor, as well as receptor antibody Fab fragment complex formation37,62,64–66. 

These modifications are made either independently or in combination with other 

techniques such as usage of a synchrotron microfocus beam suitable for the protein crystal 

size,  lipidic cubic phase for crystallization, novel detergents for protein extraction and 

purification, and high-level recombinant expression systems for better protein 

expression61. Nuclear Magnetic Resonance (NMR) spectroscopy is also used to determine 

protein structure in a liquid phase. Indeed the amount of GPCRs deposited per year is on 

the rise; in 2018 alone, 72 new GPCR crystal structures were deposited (Figure 1.5). 

However, artefacts due to crystal packing and crystal structure imperfections, and costs 

involved in structure elucidation are yet to be overcome. That said, experimental methods 

are not the only means by which protein structures can be studied: computational or in 

silico studies can provide a fast, cost-effective alternative means to predict, refine and 

analyse GPCRs. Indeed, computational methods specific to GPCRs study are being 

continually developed and assessed66–70. More about some of these computational methods 

will be discussed in the forthcoming sections and chapters.  
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Figure 1.5 Number of GPCR crystal structures found in the PDB database per year (until 

March 2019) Source: GPCRdb8. 

 

1.2 The Endocannabinoid System and Cannabinoid Receptors 

Lu and Mackie describe the endocannabinoid system (ECS) as a widespread 

neuromodulatory system that influences the development of the central nervous system and 

its responses to endogenous and environmental stimuli. It comprises the cannabinoid 

receptors, CB1 and CB2, the endogenous cannabinoids (endocannabinoids), and the 

enzymes responsible for the synthesis and degradation of the endocannabinoids71.  

The cannabinoid receptors, Cannabinoid Receptor 1 (CB1) and Cannabinoid 

Receptor 2 (CB2) belong to the α-subgroup of class A of GPCRs. Frederiksson et al. 

classified them under the MECA receptor cluster of the α-subgroup which also consists of 

melanocortin receptors, endothelial differentiation G coupled receptors (lysophosphatidic 
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and sphingosine-1 phosphate receptors), adenosine binding receptors, and three orphan 

GPCRs (GPR-3, -6, and -12)5.  

1.2.1 Cannabinoid Receptor 1  

Prior to the discovery of CB1, cannabinoids were thought to exert their effects by 

interacting with the plasma membrane as these compounds are lipophilic in nature72. The 

discovery and structure elucidation of ∆9-tetrahydrocannabinol (∆9-THC) (3) (Section 

1.2.3.1.1, Figure 1.8, Ligand (3)), the primary component of the cannabis plant, by Raphael 

Mechoulam and Yechiel Gaoni in 1964 led to speculation that a distinct receptor must exist 

on which the compound would act73,74. This receptor was subsequently discovered when 

Devane et al. studied the binding of [3H]CP55940 (6) (Section 1.2.3.1.1, Figure 1.9, Ligand 

(6)) in the brains of mice. It was reported that the bound protein has a high affinity for 

cannabinoids, is stereoselective, and pharmacologically distinct75; this receptor was 

designated as CB1. The human CB1 gene is present on chromosome 6q14-q15 and encoded 

by the gene CNR1. Interestingly, the coding region of CNR1 has no introns but just a single 

exon sequence which is touted to accelerate the protein expression process76,77. 

CB1 receptors are present in abundance in the brain cortex of humans, specifically 

within the association and limbic cortices, and in lower levels in the motor and primary 

sensory regions78. They have also been found to be located presynaptically in γ-

aminobutyric acid-nergic neurons and also in the hippocampus. CB1 has been shown to 

form both homo- and heterodimers (with dopamine D2 receptor and opioid receptors)79. 

Generally found in mammals and a few other vertebrates, the human CB1 is 472 amino 

acid residues in length while that found in other mammals has 473 residues. It also shows 

high conservation across species. The human CB1 has 97% sequence identity with rat and 
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mouse CB1, while rat CB1 has 100% amino acid sequence identity and 95% nucleic acid 

sequence identity with mouse77. The receptor possesses a long N-terminus of 

approximately 112 residues and a C-terminus of about 57 residues.  

CB1 possesses almost all of the most conserved residues of class A GPCRs 

(Asn134(1.50), Asp163(2.50), Arg214(3.50), Trp241(4.50), Pro358(6.50) and 

Pro394(7.50)) except in TM5 where Leu286(5.50) is present in place of the most conserved 

proline. The lack of proline makes TM5 in CB1 more rigid compared to that of other 

receptors where Pro5.50 creates a bulge and promotes unwinding of residues from 5.45 to 

5.48 to relieve geometric clashes and aid in orienting ligand interactions80. Pro5.50 is also 

touted to be essential for activating in other class A receptors while in CB1, a Leu5.50Pro 

mutation disrupted signalling81,82. Due to the absence of a conserved residue,  for sequence 

comparison studies or alignment with other class A GPCRs, Tyr294(5.58) in TM5 of CB1 

is aligned with the second most conserved residue (Tyr5.58 for class A) of the other 

receptor to maintain the end-to-end alignment of helix sequences83. CB1 also has other 

standard motifs of class A such as DRY in TM3, CWXP (present as CWGP) in TM6 and 

NPXXY (present as NPIIY). However, instead of the characteristic disulphide bridge 

between TM3 and ECL2 of class A GPCRs, CB1 receptor has a disulphide bridge within 

ECL2 formed between Cys256 and Cys264 (amino acid sequence of CB1 is given in 

Appendix 1, Figure I.1). 

1.2.1.1 Signalling in CB1 

CB1 signals primarily via Gαi and Gαo
84 and exhibits high affinity for both G protein 

subtypes85. CB1 also favours Gαs dependent-signalling in specific cell types, under certain 

conditions, such as when Gαi activation is limited, on simultaneous activation with other 
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Gαi linked GPCRs, or based on the type of agonist bound to it86,87. Cannabinoid agonists 

WIN55,212-2 (8) (Section 1.2.3.1.1, Figure 1.10, Ligand (8)) and N-arachidonoyl 

dopamine have also been shown to activate Gαq signalling when bound to CB188,89. The 

functional selectivity of cannabinoids also allows certain ligands to function as agonists in 

some pathways and antagonists in others. A 2005 study compared the influence of 

structurally distinct cannabinoid ligands on Gαi protein coupling and found that 

desacetyllevonantradol acted as an agonist for Gαi1 and Gαi2 but acted as an inverse agonist 

for Gαi3. (R)-methanandamide, on the contrary, acted as an inverse agonist for Gαi1 and Gαi2 

and as an agonist for Gαi3
90. 

1.2.1.2 History of CB1 Structure Prediction 

In 1995, Bramblett et al. published a putative model of CB1 using a variety of 

methods to determine helix length; hydrophobic and variability moment vectors were used 

to identify the transmembrane helix ends and delineate the orientation of each helix within 

the lipid membrane. This work also described a tentative helical bundle based on a possible 

helical arrangement of the rhodopsin molecule83. Later, a CB1 model with the 

transmembrane helices based on the electron density map of bacteriorhodopsin was 

constructed and possible binding sites for ∆9-THC (3) were analysed91. After the 

publication of the crystal structure of bovine rhodopsin in 2000, Shim et al. studied the 

binding of non-classical cannabinoid agonists on a homology model built with a bovine 

rhodopsin template using a combination of Monte Carlo and Molecular Dynamics (MD) 

simulations92. Since then there have been many reports of CB1 receptor homology models 

constructed using different templates, namely rhodopsin, the β2AR and A2AR; these 

models (in conjunction with mutation studies) have shed light on structural information 
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such as the identification of residues that form the orthosteric binding pocket, the toggle 

switches that activate the receptor, the role of loops in respect to ligand binding and 

maintaining structural stability, to mention a few92–101. In the year 2016, the very first 

crystal structure of inactive human CB1 receptor bound to the antagonist AM6538 (18) 

(Section 1.3, Figure 1.14 and Table 1.2), was released102. This was followed by the release 

of another inactive crystal and three active crystal structures, one of which is complexed 

with a Gαi protein103–105. The crystal structures will be discussed in detail in forthcoming 

sections of this report (see Section 1.3 and Table 1.2).  

1.2.2 Cannabinoid Receptor 2 

In 1993, a peripheral cannabinoid receptor was discovered in a study that attempted 

to explain certain pharmacological properties of ∆9-THC (3) such as immunosuppression, 

anticonvulsive effects and attenuation of vomiting; this was designated the CB2 

receptor106. Human CB1 and CB2 receptors have a sequence identity of 44% overall, and 

68% between their TM helices. In contrast to the high homology observed in CB1 across 

vertebrates, cloned mouse CB2 receptor shows only 82% and 93% sequence identity with 

the human and rat CB2 receptors respectively. The human CB2 gene is present on the 

chromosome 1p36.11 and encoded by the gene CNR277.  

CB2 receptors are localised in sites of immune regulation (the spleen, tonsils and 

thymus) and expressed in all the haematopoietic stem cells such as lymphocytes, natural 

killer cells, macrophages, mast cells and neutrophils107. Initially thought to be expressed 

only in the peripheral tissues, they were later found in the microglia108 and very small 

amounts in the brainstem109. They also protect the brain microglia from neurotoxicity by 

modulating the release of anti- or pro-inflammatory cytokines110. CB2 has also been 
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suggested to form homo- and heterodimers like CB1, but CB2 dimerization has not yet 

been explored in depth111. 

The human CB2 receptor consists of 360 amino acid residues. In addition to the 

DRY motif characteristic of class A, the CWXP motif is present as CWFP and the NPXXY 

motif is present as NPVIY. The presence of glycine in CWXP of CB1 (Section 1.2.1) 

renders TM6 of CB1 more flexible than that of CB2112. Similar to CB1, CB2 also has a 

disulphide bond formed within ECL2 between Cys174 and Cys179, thus deviating from 

the characteristic of class A. It also lacks a proline at position 5.50 and has a leucine instead. 

Hence, for sequence comparison studies or alignment with other GPCRs the residue 

Tyr210(5.58) of CB2 is aligned with Tyr5.58 of most other GPCRs112 (amino acid 

sequence of CB2 is given in Appendix 1, Figure I.1).  

1.2.2.1 Signalling in CB2 

Similar to CB1, CB2 signals mainly via Gαi and Gαo
84 proteins; however, CB2 

shows notably lower affinity for Gαo in comparison to Gαi
85. CB2 binds poorly with Gαs 

owing to the rigidity of its TM6. It has been postulated that even for CB1 (with its 

comparative flexibility of TM6) to bind to Gαs, the TM6 should move further away than 

that seen in its crystal complex with Gαi
104.  As established earlier, the CWFP motif restricts 

the movement of TM6 and impedes the complexing with Gαs. Cannabinoid ligands also 

exhibit functional bias at CB2. Screening cannabinoid ligands at AC inhibition and ERK-

MAPK activation pathway assays revealed the variations in ligand concentration required 

for each cannabinoid to successfully inhibit or stimulate the respective pathways113. Studies 

have also shown the bias exhibited by prominent cannabinoid agonists with respect to 

receptor internalisation, trafficking and signalling114–116.  



  Chapter 1 - Introduction 

 

21 

 

1.2.2.2 History of CB2 structure prediction 

The very first 3D model of CB2 in its inactive form was built by Song et al.97. In 

order to determine the helical ends, the periodicity in hydrophobicity and variability of the 

sequence were analysed through Fourier-transform analysis. Cysteine scanning 

accessibility mutagenesis was used to test the receptor bundle, and relative helix heights 

were adjusted to data from GPCR mutation studies. The aim of developing the CB2 model 

was to provide a structural explanation for the selectivity of CB2 or CB1 by WIN-55,212-

2 (8)97. Following this, Gouldson et al. generated a CB2 model based on rat β2AR to study 

the binding of cannabinoid antagonist SR144528 (11) (Section 1.2.3.1.2, Figure 1.11, 

Ligand (11))117. Following the release of the crystal structure for bovine rhodopsin, Xie et 

al.  published a homology model for CB2 using rhodopsin as the template for 

transmembrane regions118. 10 protein sequences were utilised to identify helical regions 

via multiple sequence alignment and loops were built using protein backbones identified 

from the PDB.  Helix tilt and packing properties, inter-helix hydrogen bonding interactions, 

potential disulphide bridges and conserved residues were some of the aspects analysed in 

the study. Many studies followed suit using rhodopsin proteins, human sphingosine-1 

phosphate receptor 1 (S1P1), human β1AR and β2AR, and human A2AR as templates for 

modelling to study potential binding sites and motifs on CB2, CB1 or CB2 selectivity 

among cannabinoid ligands and virtual screening for rational drug design97,119–126. In the 

year 2019, a crystal structure for the inactive form of CB2 co-crystallised with the 

antagonist AM10257 (23) (Section 1.3, Figure 1.14 and Table 1.2) was released127. Details 

regarding the crystal structure will be discussed in detail in the forthcoming sections 

(Section 1.3 and Table 1.2). 
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1.2.3 Cannabinoid Ligands 

Generally, the ligands of GPCRs can be classified into full agonists, partial 

agonists, neutral antagonists (antagonists) and inverse agonists depending on their activity 

(Figure 1.6).  

 

Figure 1.6 Pharmacological activity of different ligands. Source: Tate, 2012128  

 

An agonist is a drug molecule which, upon binding to the receptor, pushes it 

towards an active state. Those agonists with an intermediate efficacy, which even when 

bound to all available receptors elicit only a submaximal tissue response, are called partial 

agonists. Full agonists, on the contrary, can produce the maximal response at a sufficient 

efficacy. An antagonist upon binding does not activate the receptor nor inhibits the basal 

activity.  Inverse agonists bind to constitutively active receptors and suppress the basal 

signalling i.e. they have a negative efficacy48,128. The activity of a ligand at a GPCR can be 

identified using several different biological assays, of which [35S]GTPγS binding assay is 

one129. This assay measures the level of G protein activation following agonist occupation 



  Chapter 1 - Introduction 

 

23 

 

of a GPCR. The assay is suggested to suit Gαi/o coupled receptors due to their higher rate 

of nucleotide exchange129. 

Δ9-THC (3) was the first cannabinoid to be discovered when Gaoni and Mechoulam 

isolated it as an oily, viscous liquid from Cannabis sativa preparation73. The discovery of 

cannabinoid receptors led on to the discovery of endogenous cannabinoids or 

‘endo’cannabinoids. In 1992, Devane et al. isolated and characterised N-

arachidonoylethanolamine, commonly called anandamide (1), from porcine brain130. 

Anandamide (1) is the first known endocannabinoid and derives its name from Sanskrit 

whereby “Ananda” means pure bliss. Since then many more phytocannabinoids and 

endocannabinoids have been discovered consequently paving the way for a whole new 

generation of synthetic cannabinoids. Irrespective of the chemical class, whether a 

cannabinoid favourably binds to CB1 or CB2 depends on its selectivity towards that 

particular receptor. This section of the chapter briefly looks at the significant classes of 

cannabinoids known today. 

1.2.3.1 Orthosteric Ligands 

1.2.3.1.1 Agonists 

(a) Endocannabinoids 

Endocannabinoids are eicosanoids that are 20:4,n-6 series of fatty acid amides. The 

other endocannabinoids that were discovered following anandamide (1), are homo-г-

linolenoylethanolamide, docosatetraenoylethanolamide, 2-arachidonyl glycerol (2-AG) 

(2), and noladine ether131,132.  However, anandamide (1) and 2-AG (2) are the most studied 

endocannabinoids to date (Figure 1.7). Anandamide (1) is an ethanolamide and acts as a 

partial agonist at CB1 and CB2. 2-AG (2) was first isolated from canine intestine133 and is 
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a  monoglyceride. Unlike anandamide (1), it acts as a full agonist at CB184. In terms of 

their selectivity, however, both the endocannabinoids are slightly selective towards CB1 

over CB2. As they belong to different chemical classes, both ligands follow different 

biosynthetic and biodegradative pathways134,135. Based on anandamide (1), first-generation 

CB1 selective agonists have also been developed; these include R-(+)-methanandamide, 

arachidonyl-2`-chloroethylamide, arachidonylcyclopropylamide and O-181284. 

    

 (1) Anandamide                   (2)  2-AG 

Figure 1.7 Endocannabinoids anandamide and  2-AG 

 

(b) Classical Cannabinoids 

The classical cannabinoid ligands are characterised by an ABC-tricyclic 

benzopyran ring. They include the phytocannabinoids Δ9-THC (3) and cannabinol, as well 

their synthetic analogues HU-210 (4) and JWH-133 (5) (Figure 1.8). Δ9-THC (3), the 

popular psychoactive component of C. sativa, is a partial agonist at CB1. Certain studies 

have also reported Δ9-THC (3) to exhibit antagonistic activity towards CB1 and CB284. Δ8-

THC, another constituent of C. sativa and an isomer of Δ9-THC (3), also shows partial 

agonist activity at CB1. In contrast, the synthetic analogue of this compound, HU-210 (4) 

is a full agonist at CB1136. JWH-133 (5), JWH-139, and HU-308 are first-generation CB2 

selective agonists derived from the THC molecule137,138.  
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(3) Δ9-THC     (4) HU-210        

 (5) JWH-133        

Figure 1.8 Classical cannabinoids Δ9-THC, HU-210, and JWH-133 

 

 (c) Non-classical Cannabinoids 

These compounds were first synthesised by Pfizer in 1984 as analogues of classical 

cannabinoids but excluding the dihydropyran ring of ∆8-THC139. This family consists of 

AC-bicyclic and ACD-tricyclic analogues. CP55940 (6) is one of the most important 

ligands in this series (Figure 1.9); as a radiolabelled ligand [3H]CP55940 (6) has made 

possible the characterisation of CB1 and is still widely used in ligand binding studies75. It 

acts as a full agonist at both CB1 and CB2 and is 10-50 times more potent than ∆9-THC 

(3) in mouse models125–127; however, it has the same selectivity towards CB1 and CB2. 

CP55244 (7) (Figure 1. 9) is an example of ACD tricyclic analogue; it is suggested to have 

a higher affinity and relative intrinsic activity at CB1 than CP55940 (6)126,. 
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(6) CP55940     (7) CP55244 

Figure 1.9 Non-classical cannabinoids CP55940 and CP55244 

 

(d) Aminoalkylindoles 

In the 1900s, researchers from Sterling Winthrop reported a new family of 

cannabimimetic compounds, derived from pravadoline143. These aminoalkylindoles 

(AAIs) have reduced ability to behave as non-steroidal anti-inflammatory drugs but show 

increased affinity towards cannabinoid receptors144. R-(+)-WIN55212, also known as 

WIN55,212-2 (8), is the most studied compound of this series (Figure 1.10). It is an AAI 

with a slightly higher selectivity for CB2, though shows high affinity for both CB1 and 

CB2145. The tritiated form of this compound has been used to characterize and map 

cannabinoid receptors in rat brain146,147.  

    

 (8) WIN-55,212-2    (9) JWH-015 

Figure 1.10 Aminoalkylindoles WIN-55,212-2 and JWH-015 
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The S-(-)-enantiomer named WIN55,212-3, however, lacks any activity at the 

cannabinoid receptors both in vivo and in vitro84. A later study, however, reported that at 

low micromolar concentrations in in vitro tests this enantiomer behaved as a partial inverse 

agonist at CB1 and as a neutral antagonist at CB2148. Newer AAIs have since been 

developed whereby the indole nucleus of WIN55,212-2 (8) has been replaced with a 

pyrrole ring or an indene ring, or where the aminoalkyl substituent is replaced with a simple 

alkane. JWH-015 (9), a CB2 selective agonist, is one such example of a new AAI149 (Figure 

1.10). 

(e) Novel agonists 

In addition to the above-mentioned classes of agonists, a few novel agonists have 

also been developed. Bayer synthesised an agonist, BAY38-7271 that has CB1 selective 

properties and was shown to exhibit neuroprotective properties in rat trauma models150. 

Similarly, Abbot laboratories developed a CB2 selective agonist A-796260 which showed 

analgesic and anti-inflammatory activities in vivo in rodent pain models151.  

1.2.3.1.2 Antagonists  or  Inverse Agonists 

(a) Dialkylpyridoles  

 

The prototypical members of this series include the Sanofi-developed compounds 

SR141716 (10), a potent CB1-selective ligand, and SR144528 (11) (Figure 1.11), a potent 

CB2-selective ligand152,153. It has been reported that both the compounds exhibit inverse 

agonist activity153–155 at CB1 and CB2 receptors respectively. SR141716 (10) was 

marketed as an anti-obesity drug under the generic name rimonabant (brand names 

Acomplia, Zimuli) but was banned later by the U.S. Food and Drug Administration due to 

the psychiatric adverse events observed in clinical trials156.  Two analogues, AM251 and 



  Chapter 1 - Introduction 

 

28 

 

AM281 (12) (Figure 1.11), were then developed based on SR141716 (10)157. AM281 (12) 

has nearly 350 times greater affinity for the CB1 receptor than its parent compound. Indeed, 

many antagonists co-crystallised with CB1 and CB2 in the inactive crystal structures are 

either derivatives or analogues of SR141716 (10). 

  

            (10) SR141716                               (11)  SR144528                        (12) AM281 

Figure 1.11 Arylpyrazoles SR141716, SR144528, and AM281 

 

 (b) Other Chemical Classes 

In addition to diarylpyrazoles, antagonists or inverse agonists of other chemical 

classes that show high selectivity for either CB1 or  CB2 have been developed. For 

example, LY320135 (13) (Figure 1.12) is an antagonist developed by Eli Lily and has more 

than 70 fold selectivity for CB1 over CB2. However, its affinity for the receptor is much 

lower than that of SR141716 (10)158.  AM630 (14) (Figure 1.12), a pravadoline derivative, 

is a CB2 selective antagonist or inverse agonist159. Several studies have shown that AM630 

(14) has mixed agonist and antagonist properties towards CB1 in that it is a low-affinity 

partial CB1 agonist154,160,161. JTE907 (15) (Figure 1.12) is also an example of a novel CB2 
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receptor inverse agonist; it has been shown to produce anti-inflammatory effects in in vivo 

studies162.    

     

    

 

Figure 1.12 Cannabinoid ligands from other chemical classes 

 

1.2.3.2 Allosteric Ligands 

The first allosteric site on CB1 was reported in 2005 by a pharmacological study 

on three novel compounds from Organon: ORG27569 (16), ORG27759, and ORG29647163 

(Figure 1.13). ORG27569 (16) acts as a PAM to CP55940 (6) but as a NAM to SR141716 

(10). Some of the other popular allosteric ligands of CB1 include PSNCBAM-1, GAT100 

(17), and the endogenous pepcans and lipoxin A4. Pepcan-12 acts as a PAM at CB2 but as 

a NAM at CB1164. The first synthetic allosteric modulator for CB2 was designed by the 

structural modification of 2-oxopyridine-3-carboxamide derivatives that have been shown 

to be orthosteric cannabinoid ligands. It acts as a PAM at CB2 and exhibited anti-

nociceptive activity in an in vivo rat neuropathic pain model165.  

(13) LY320135 (14) AM630 

(15) JTE907 
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(16) ORG27569                                 (17) GAT100   

Figure 1.13 Allosteric modulators of cannabinoid receptors 

   

1.2.4 Other Members of the ECS 

As seen earlier, the ECS is also composed of enzymes that metabolise endogenous 

ligands of CB1 and CB2.  These enzymes, fatty acid amide hydrolase (FAAH) and 

monoacylglycerol lipase (MAGL), regulate the level of endocannabinoids, thereby 

influencing their bioavailability at CB1 and CB2166,167. FAAH is a membrane protein 

belonging to the amidase family168. The primary function of FAAH is the catalysis of 

anandamide (1) resulting in its degradation to ethanolamine and arachidonic acid, and 

oleamide to oleic acid. MAGL is a serine hydrolase168. MAGL catalyses the degradation 

of 2-AG (2) to arachidonic acid and glycerol. In the amygdala, it co-localises with FAAH 

and the CB1 receptor167. Cannabinoid ligands were also found to bind with certain GPCRs 

which are not canonical cannabinoid receptors. These are called the non-cannabinoid or 

novel cannabinoid receptors and include GPR18, GPR55, and GPR119. Though these 

receptors interact with cannabinoids, they do not necessarily share many structural features 

with CB1 or CB2. Further information regarding these receptors can be found in Pertwee 

et al.169. 
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1.2.5 Pathophysiology Associated with Cannabinoid Receptors  

 Several studies in recent years have shown that the ECS, the cannabinoid receptors in 

particular, potentially mediate a number of physiological and psychological 

conditions170,171. This versatility with respect to pharmacology has garnered an interest 

around CB1 and CB2 being potential targets to develop drugs for various conditions. 

Cannabinoids have already been or are used in the traditional medicine practice of many 

cultures. Usage of cannabinoids to relieve pain has been documented in ancient China, 

India, Greece and Israel170. Jamaican fishermen use cannabis to increase their ability to see 

during night fishing excursions to enabling them to catch more fish172. The drugs which 

are already in the market of various countries can be found in Table 1.1. The following 

section briefly looks at some of the conditions where cannabinoid receptors are seen as 

promising targets. 

Analgesia and motor function: The ECS is autoprotective by nature and exhibits anti-

nociceptive properties via activation of CB1 or inhibiting FAAH through drugs such as 

OL-135, URB597, and N-arachidonoylglycine167,173. CB1 receptors are highly expressed 

in the areas that correlate with pain in the central nervous system and peripheral afferent 

neurons, and areas of motor control such as substantia nigrum and the cerebellum174. 

Endocannabinoids are also abundant in these regions. Phytocannabinoids have been shown 

to exhibit inhibitory activity on motor effects, and accordingly Δ9-THC (3) or Cannabidiol 

(CBD)-containing formulations have shown to provide analgesia171. The CB2 receptor, 

too, has been implicated in modulating acute pain, chronic inflammatory pain, post-

surgical pain, cancer pain, and pain associated with nerve injury107. CB2 selective agonists 
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such as HU308, GW405833, and AM1241 have shown antinociceptive activity in various 

pain models167. 

 

Table 1.1 List of cannabinoid drugs approved in various countries. Source: Fraguas-

Sanchéz and Torres-Suaréz171. 

 

S. No Brand Name 
Active 

Component 
Indications 

Marketed 

Countries 

1 
Sativex® 

 

Nabiximols 

(Cannabis 

sativa extracts 

including mainly 

Δ9-THC (3) and 

CBD at a ratio of 

1:1) 

MS spasticity, 

symptomatic relief of 

neuropathic pain in MS 

Canada, Mexico 

and several 

European 

countries 

2 Cesamet® 
Nabilone (Δ9-THC 

(3) analogue) 

Nausea and vomiting 

induced by chemotherapy 

UK, Ireland, 

USA, Canada 

3 Canemes® Nabilone 
Nausea and vomiting 

induced by chemotherapy 

Germany, 

Austria 

4 Marinol® 
Dronabinol ((-)-

trans-Δ9-THC) 

Nausea and vomiting 

induced by 

chemotherapy. Anorexia 

related to weight loss in 

patients with AIDS 

UK, Ireland, 

USA, Canada 

5 Syndros® Dronabinol 

Nausea and vomiting 

induced by 

chemotherapy. Anorexia 

related to weight loss in 

patients with AIDS 

USA 

6 Epidiolex® 
Pure plant-derived 

CBD 

Dravet syndrome and 

Lennox–Gastaut 

syndrome 

USA 

7 

Cannabis 

extracts (e.g. 

Tilray) 

Δ9-THC (3) and 

CBD at different 

ratios 

Various conditions 

Canada, South 

America, 

Australia, New 

Zealand and 

Europe 

8 
Dried flowers 

(Bedrocan®) 

Δ9-THC (3) and 

CBD at different 

ratios 

Various conditions Europe 
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Cancer: Both CB1 and CB2 are found to be overexpressed in glioblastomas, prostate 

cancer and hepatocarcinomas171, and high expression is actually associated with better 

disease-free survival rate. About 90% of  HER-2 positive tumours overexpress CB2; while 

some consider this a sign of poor prognosis, other studies associate the CB2 receptor 

overexpression with major recurrence-free survival in patients with both estrogen-receptor-

positive and negative mammary tumours175. Both CBD and Δ9-THC (3), administered 

alone or in combination, have displayed an anti-proliferative effect on several glioma cell 

lines by inducing apoptosis, with the participation of CB2 receptor176,177. Δ9-THC (3), 

JWH-015 (9), and WIN-55,21-2 (8) show cytotoxic activity towards hepatocarcinoma via 

CB2 mediation178. Δ9-THC (3), JWH-015 (9), and WIN-55,21-2 (8), CBD and anandamide 

(1) exhibit antiproliferative activity on breast cancer cells in a cannabinoid receptor-

dependent manner179–181; a newly proposed treatment strategy for breast cancer involves 

combining cannabinoids with existing anti-tumour drugs such as cisplatin or tamoxifen182.   

Brain and breast cancers are the most studied carcinomas for treatment with 

cannabinoids and show promising results. However, much clarity is required in terms of 

usage of cannabinoids for chemotherapy and it depends on the type of carcinoma to be 

treated. As of present, Δ9-THC (3) and CBD appear to be likely treatment strategies for 

hepatic, glial and breast carcinomas171.  

Energy metabolism:  Evidence from many scientific studies suggest that the ECS, in 

particular, the activation of CB1 receptors, favours weight gain by promoting food intake, 

controlling GI motility, and inflammation, and also by tuning down processes such as 

energy expenditure, brown adipose tissue thermogenesis, white adipose tissue lipolysis, 

and increasing lipogenesis in the liver183–185. Piazza et al. suggest that an increased level of 
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endocannabinoids and the over-expression of CB1 is a hallmark of obesity – two things 

that help in the development as well as the maintenance of the condition184. This makes 

CB1 antagonists a potential instrument to tackle obesity186. However, some drugs have the 

ability to cross the blood-brain barrier and cause psychiatric side effects as seen in the case 

of SR141716 (Section 1.2.3.1.2(a)). Hence, it is important to design pharmacophores that 

exclusively target peripheral CB1 receptors. Alternatively, this exostatic nature of CB1 

receptors can be harnessed for better use such as in the treatment of anorexia and cachexia. 

Indeed, treatment with  Δ9-THC (3) has been shown to stimulate appetite and weight gain 

in patients with cancer and AIDS extensively187,188.   

Neurological disorders: The level of cannabinoid receptor expression in the central 

nervous system varies with the associated neurological disorder. With regards to multiple 

sclerosis (MS), the expression of cannabinoid receptors is speculated to vary with disease 

progression. Studies on post-mortem brain tissue samples revealed that both CB1 and CB2 

were over-expressed189 in MS. However, another study on plasma samples from patients 

with different subtypes of MS showed an increased CB1 and CB2 mRNA levels in only 

primary-progressive type171. Several clinical studies have been conducted to test the 

efficiency of cannabinoids in treating MS but with contradictory results171. However, the 

∆9-THC or CBD oromucosal spray has proven to be beneficial with no severe adverse 

effects; in fact, it has been approved in many countries for treatment (Table 1.1). 

In the case of epilepsy, the ECS (specifically CB1) has shown to exhibit 

neuroprotective effects against excitotoxic events190–192. Several clinical studies of 

administering CBD rich extracts without ∆9-THC have shown positive results in treating 

epilepsy, especially amongst children171. Dravet and Lennox-Gastaut syndromes, in 
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particular, show high response rates with CBD administration, and a drug Epidolex has 

been approved for treatment (Table 1.1)171. 

The effects of the ECS on Parkinson’s disease, however, are detrimental. The 

activation of the ECS in basal ganglia has a negative impact by impairing motor 

movement193. The expression of CB1 was found to be uneven in post-mortem brain 

samples; the expression was low in certain parts of basal ganglia but unchanged at other 

areas194. Cannabinoid antagonists were suggested to exhibit anti-parkinsonian activity in 

rat models but failed to be effective in clinical trials171.   

Other conditions: Apart from the above-stated conditions, cannabinoid receptors are 

alluded to intervene in other disorders - such as those related to the cardiovascular system, 

type II diabetes mellitus, renal disorders, retinal problems (specifically glaucoma), emesis, 

alcohol and opioid addiction, reproductive, and psychiatric disorders - either in an 

autoprotective or a pathological manner. They are also suggested to be involved in 

Alzheimer’s and Huntington’s in an autoprotective manner171. Detailed information 

regarding the influence of the ECS on human physiology and psychology can be found in 

the works of Pacher (2006)170,  Pertwee (2008)167,  Piazza et al., (2017)184, Fraguas-

Sánchez and Torres-Suárez (2018)171, and Gonçalves and Dutra (2019)195.  Clinical studies 

show that ∆9-THC (3) and CBD appear to be beneficial to treat a host of conditions. 

Cannabis extract in various forms is popularly used by the general public to treat post-

traumatic stress disorder, Tourette syndrome and anxiety. However, more research is 

required in this area as conflicting evidence exists regarding the impact by ∆9-THC (3) and 

other CB1 agonists on cognition and memory196,197.  
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1.3 Crystal Structures 

As mentioned in Sections 1.2.1.2 and 1.2.2.2, there are currently five crystal 

structures for human CB1 and one for human CB2 available in PDB102–105,127. The crystal 

cognate ligands are shown in Figure 1.14. The general aspects of the six crystal structures 

(excepting thermostabilising mutations) are summarised in Table 1.2. Due to the nature of 

ligands they interact with, CB1 and CB2 are often categorised as lipid-binding receptors 

along with lysophosphatidic receptor 1 (LPA1), S1P1 (both are in the MECA subgroup), 

free fatty acid, leukotriene, prostanoid, platelet-activating factor receptors and three orphan 

receptors (GPR18, GPR119, and GPR55)198. This section compares the existing crystal 

structures of cannabinoid receptors and the similarities they share with LPA1 and S1P1. 

Both receptors have higher sequence identity to CB1 and CB2 in comparison to other lipid-

binding receptors (Appendix 1) as well as compared to members of the α-subgroup.  

LPA1 and S1P1, are available as crystal structures with PDB IDs 4Z34 and 3V2Y 

respectively200,201. 4Z34 is co-crystallised with the antagonist ONO9780307 and 3V2Y 

with its antagonist ML056. The corresponding crystal structure papers were used as sources 

for comparing crystal structures unless specified.  
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(18) AM6538                                               (19) MK0364                                     

                 

          (20) AM11542                                                        (21) AM841                                                                           

                      

     (22) MDMB-Fubinaca                                       (23) AM10257 

                                                           

Figure 1.14 Cognate ligands of CB1 and CB2  crystal structures
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Protein PDB ID State Ligand bound Resolution 

Type of 

construct 

replacing 

ICL3 

Truncation of 

N and C 

terminals 

Binding 

Pocket 

Volume 

(Å3) 

CB1 5TGZ Inactive 
AM6538 (AM251 

derivative) 
2.8Å 

Flavodoxin 

(Val306 to 

Pro332) 

1-98 and 434-

472 
 833 

CB1 5U09 Inactive MK0364 (Taranabant) 2.6Å 

PGS domain 

(His302 to 

Pro332) 

1-89 and 421-

472 
564a

 

CB1 5XRA Active 
AM11542 

(tetrahydrocannabinol) 
2.8Å 

Flavodoxin 

(Arg307-

Arg331) 

1-98 and 415-

472 
384 

CB1 5XR8 Active 
AM841 

(hexahydrocannabinol) 
2.95Å 

Flavodoxin 

(Arg307-

Arg331) 

1-98 and 415-

472 
387a 

CB1 6N4B 

Active  

(Coupled to 

Gαi) 

MDMB-Fubinaca 

(MDMB-Fub) 
3.0Å 

Complexed to 

Gαi-Gβ-Gγ 

heterotrimer. 

Also 

complexed to 

scFv16 (Gln 

314 – Gln 334) 

1-108 and 412-

472 
NA 

CB2 5ZTY Inactive 
AM10257 (SR141716 

derivative) 
2.8Å 

T4-lysozyme 

(Ser 222 – Ala 

235) 

1-20 and 326-

360 
447 

 

Table 1.2 Summary of the cannabinoid crystal structures released to date. Calculated using SiteMap199. NA-Not available
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Transmembrane bundle:  

1. A stark contrast between the active and inactive structures is the arrangement of TM 

helices. In 5TGZ and 5U09, the helices are arranged such that the orthosteric binding 

pocket and the extracellular region spans a greater surface area as compared to the 

intracellular area. This has been attributed to the movement of TM1 and TM2 away 

from the orthosteric binding pocket. TM1 and TM2 of 5TGZ have been reported to 

show a 7 Å and 2 Å shift respectively when superposed with the helix bundle of LPA1 

or S1P1.  

2. In 5XRA, 5XR8 and 6N4B, the helix arrangement is inverse to that of inactive 

structures. The orthosteric pocket volume shrinks in size while intracellular side 

expands, for G protein binding. The reduction in pocket volume for 5XRA and 5XR8 

was calculated to be 53% of that of 5TGZ. The inward movement of residues 

Phe170(2.57) and Phe174(2.64) influenced the conformational re-arrangement TM1 

and TM2, pulling them closer to the pocket. Al-Zoubi et al. suggested that due to crystal 

packing in 5XRA and 5XR8, the TM2 hinges at Gly166(2.53) and Ser167(2.54), 

causing the helix to intrude into the binding pocket202.  

3. 5ZTY shows a unique helix arrangement; the intracellular portion adopts a 

conformation similar to that of inactive CB1 structures, while the extracellular portion 

is similar to that of 5XR8. This is quite evident from the binding pocket volume, which 

is much closer to 5XR8 than to 5TGZ or 5U09, and the conformation of TM1 and TM2. 
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N-terminus:  

1. The N-termini in 5TGZ and 5U09  are V-shaped loops which interact with 

the bound antagonists, and they act like a plug to the orthosteric binding pocket  (Figure 

1.15). This intrusion of the N-terminus is a likely factor for TM1 moving away from 

the binding pocket. It has also been suggested that the top-to-top crystallisation in 

5TGZ  and the contact of adjacent bundles in 5U09 has created crystal artefacts by 

affecting the arrangement of the extracellular loops and the N-terminus packing202.  

2. 5XRA, 5XR8 and 6N4B have their N-terminus residing over the binding pocket 

without any direct involvement in ligand binding. In all three structures, the N-terminus 

has a single helix turn. It is suggested that the N-terminal displacement is necessary to 

accommodate the agonist due to possible steric clashes with the tert-butyl moiety in 

FUB or the benzopyran scaffold in AM11542 (20) and AM841 (21) if the N-terminus 

was present inside the binding pocket. Such steric clashes are not observed with the N-

terminus loop and the cognate ligand in 5TGZ or 5U09 (Figure1.15).  
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Figure 1.15 Comparison of binding pockets and toggle-switch residues - Superposition 

of inactive CB1 (5TGZ: pink) and active CB1 (5XRA: yellow) crystal structures. The 

extended binding conformation of AM6538 (18) in inactive structure pushes TM1 away; 

this gives the N-terminus space to intrude into the binding pocket and expand it further. If 

the N-terminus were to enter the binding pocket in the active structure in a similar way, 

steric interactions with Phe102 would have been observed. In the inactive structure, 

Phe200(3.36) and Trp356(6.48) are engaged in a face-face aromatic stacking interaction 

with no ligand intervention. In the active structure, the twisting of TM6 has led to 

Trp356(6.48) moving away from the binding pocket. This allows Phe200(3.36) to be free 

and change its rotameric state in the direction of the binding pocket. The ligands are 

represented as sticks and residues as thin tubes. TM6 has been fully truncated and TM7 is 

half truncated for image clarity. The encircled area represents the long channel described 

in the main text. 

 

3. 5ZTY also has an N-terminal loop similar to the active structures of CB1 with a single 

turn above the orthosteric binding pocket. Similarly,  the cognate ligand within the 
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binding pocket is positioned such that if the N-terminus loop resided in the pocket, 

steric clashes would have been observed (Figure1.16). 

 

Figure 1.16 Comparison of binding pockets and toggle-switch residues - Superposition 

of inactive CB1 (5TGZ: pink) and inactive CB2 (5ZTY: cyan) crystal structures. N-

terminus of CB2 stays above the binding pocket unlike that of inactive CB1. If the N-

terminus were to intrude the binding pocket in inactive CB2, steric clashes with Phe102 

would have been observed. The aromatic interaction between toggle switch residues is 

interrupted by the phenyl moiety of the cognate ligand. Phe200(3.36) flips into the binding 

pocket and Trp356(6.48) bends by almost 90° to interact with the ligand. The ligands are 

represented as sticks and residues as thin tubes. TM6 has been fully truncated and TM7 

has been half truncated for image clarity. The encircled area represents the long channel. 

 

4. Crystal structures of LPA1 and S1P1 have a much more pronounced helical loop in 

their N terminus, compared to the ones observed in CB1 or CB2. Similar to active CB1 

structures and CB2, they do not intrude into the binding pocket.  
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It must be highlighted that the wildtype N-terminus is truncated in all the crystal 

structures and is of the order of a few amino acid residues. Hence, the influence of crystal 

structure packing on N-terminal packing cannot be ruled out.  There also exists the 

possibility that the full-length N-terminus might assume an entirely different conformation 

from that seen in the currently available crystal structures. 

Orientation of the cognate ligand:  

1. Cognate ligands of both inactive structures bind deep in the orthosteric pocket in a 

perpendicular manner. AM6538 (18) binds deeper into the pocket of 5TGZ than the 

antagonists of S1P1 and LPA1. The cyclohexane arm of AM6538 (18) pushes TM1 

and TM2 away from the binding pocket; this provides more space for the re-entrant N-

terminus and further expands the pocket. MK0364 (19) binds to CB1 in a quite unusual 

position between TM1 and TM7 in comparison to inhibitors of other class A GPCRs; 

the trifluoromethylpyridine projects out of the gap between TM1 and TM7, and the 

cyanophenyl moiety buries deep into the binding pocket.  

2. In active structures, all three agonists (AM11542 (20), AM841 (21), and MDMB-Fub 

(22)) adopt a folded conformation and fold into a V-shape. AM11542 (20) and AM841 

(21) bind in the region between TM3, ECL2, TM5, TM6, and TM7; their aliphatic tails 

occupy the region between TM3, TM5, and TM6 and their aromatic head groups face 

TM1 (Figure 1.15).  MDMB-Fub (22), despite being structurally dissimilar from 

AM11542 (20) and AM841 (21), has an overlapping binding pocket with other agonist 

structures (Figure 1.17). The p-fluorobenzyl moiety of Fub occupies the region between 

TM3, TM5, and TM6, similar to the alkyl chains of the AM-derivatives. 
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3. The binding pocket of inactive CB2 crystal structure overlaps that of CB1 agonist 

crystal structures, S1P1 and LPA1. The cognate ligand assumes a folded V-shape as 

seen in active CB1 structure cognate ligands. This is unlike the extended conformation 

seen in the inactive CB1 structures (Figures 1.15 and 1.17).  

 

a     b 

Figure 1.17 Overlay of cognate ligand binding modes of all lipid-binding receptors. (a) 

Side view (b) Top view. Cognate ligands of inactive CB1 structures are rendered 

transparent [AM6538 (18) (5TGZ) – pink; MK0364 (19)(5U09) – green]. Other ligands 

included are : AM11542 (20)  (5XRA:yellow), AM841 (21) (5XR8:brown), MDMB-Fub 

(22) (6N4B:deep green), AM10257 (23)(5ZTY:cyan), ML065 (3V2Y:orange), and 

ONO9780307 (4Z34:violet). Cognate ligands of inactive structure bind in an extended 

conformation. Other cognate ligands show a folded conformation and their binding sites 

of ligands coincide with each other. ONO9780307, however, doesn’t exhibit the C-shape 

fold commonly seen in that binding pocket. 

 

Long channel: In all three types of crystal structures discussed in this section, the region 

of binding pocket between TM 3, 5 and 6 has been dubbed the ‘long channel’. This region 

is occupied by alkyl chains in almost all receptors (Figures 1.15 and 1.16), viz 

1. Nitroalkyl chain of AM6538 (18) – 5TGZ  

2. Aliphatic tails of AM-derivatives. 

3. Alkyl chain of AM10257 (23)– 5ZTY 
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MDMB-Fub (22) does not have an alkyl chain, but its chlorophenyl group sits in 

the equivalent area of the binding pocket. MK0364 (19) in 5U09, does not have an alkyl 

chain and also binds far from this pocket. The alkyl chain of ML056 in S1P1 receptor also 

occupies the long channel region.  This has led to speculation that the long channel could 

be a conserved binding region for alkyl chains in the lipid-binding receptors.   

Lipid access channel:  

1. The gap between TM1 and TM7 has been considered to be an alternative ligand access 

pathway in both S1P1 and LPA1 structures to receive ligands via the plasma 

membrane. As mentioned previously, the wide opening between TM1 and TM7 of 

5TGZ implies that a possible pathway could exist in CB1. This channel was also 

proposed in the resolution of  5U09, where a ‘lipid access channel’ was identified lined 

by the residues Asp104, Ser123(1.39), and Ser383(7.39) (Figure1.18).  

2. Although no channels were detected in the active structures due to the inward 

movement of TM1 and TM2 towards the pocket, MD simulations of 6N4B hinted at a 

possible pathway. In four of six simulations run by the authors, TM1 was found to 

move outward creating a gap between TM1 and TM7. The authors also found that the 

event coincided with the binding of a 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) molecule and stabilization of the position of the N terminus in 

relation to the extracellular surface of the receptor104. 

3. As 5ZTY has an extracellular portion similar to agonist bound CB1 structures, no 

channel pathway is seen in the crystal structure. 
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Figure 1.18 Potential lipid access channels found between TM1 and TM7 in inactive 

structures - 5TGZ (pink) and 5U09 (green), LPA1 (violet) and S1P1 (light orange). The 

entry path is highlighted in white. 

 

 Twin toggle switch:  

1. In 5TGZ and 5U09, the residues Phe200(3.36) and Trp356(6.48) exhibit aromatic 

stacking with each other, consistent with previous data (Section 1.1.3) (Figure 1.15).  

2. In 5XRA and 5XR8, a synergistic conformational change of the residues has been 

observed127. Li et al. reported that the rotation of TM3 and side-chain flip of 

Phe200(3.36) towards the ligand occurred simultaneously with the rotation of TM6 and 

side-chain movement of Trp356(6.48) away from TM3 (Figure 1.15). This movement 
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broke the aromatic stacking interaction observed in the inactive state crystal structures. 

The authors also speculate that this ‘twin toggle switch', plays a role in the activation 

of the receptor as a previous study has already shown93.  

3. In 64NB, Phe200(3.36) repositions itself and interacts with the indazole ring of FUB 

in a manner similar to that seen in other agonist structures. The repositioning allows 

Trp356(6.48) to be free and rotate inward, thus relaxing the kink in TM6 and it 

straightens up. Consequently, the intracellular end moves outward in a ‘seesaw’ manner 

to create space for G protein coupling. The twin toggle switch hence appears to be a 

critical part of CB1 activation, although having an ambiguous role in other class A 

GPCRs (Section 1.1.3).  

4. In 5ZTY, the cognate ligand forms a stacking interaction with Trp258(6.48) and 

restrains its rotamer state, unlike inactive CB1 structures where Phe117(3.36) interacts 

with Trp258(6.48) to latch its conformation (Figure 1.16).   

 

Ionic Lock : 

1. In 5TGZ and 5U09, Arg214(3.50) forms salt bridge interactions with both 

Asp213(3.49) and Asp338(6.30) – thereby creating the ‘ionic lock’ described in Section 

1.1.3 (Figure 1.19). In contrast, both LPA1 and S1P1 inactive structures do not possess 

the above-mentioned salt bridge interactions due to (a) the DRY motif present as ERH 

for both the LAP1 and S1P1 receptors, (b) Asp6.30 facing away from the binding 

pocket in LPA1, and (c) the lack of Asp residue at the position 6.30 in S1P1. 
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Figure 1.19 Comparison of Ionic Lock and Tyr7.53 rotamer state between inactive 

CB1(5TGZ: pink) and active CB1(5XRA: yellow) crystal structures. In the inactive state, 

Arg214(3.50) is in close contact with Asp338(6.30) (pink dashed lines). Asp338(6.30) of 

the active structure moves away from the binding pocket due to the seesaw movement of 

TM6; this breaks the ionic interaction with Arg214(3.50), which points downwards. 

Tyr397(7.53) of inactive CB1 points up towards the centre of the receptor while that of the 

active structure is turned towards TM6. Interacting atoms are connected by dashed lines. 

The distance of separation (in Angstroms) between interacting atoms given near dashed 

lines. 

 

2. The active structures 5XRA and 5XR8 do not show any salt bridge interactions for 

Arg214(3.50) as the residue turns away from Asp213(3.49) and points downward. In 

6N4B, Arg214(3.50) points in towards TM7 (Figure 1.20).  

3. In 5ZTY, Arg131(3.50) forms salt bridge interactions with both Asp130(3.49) and 

Asp241(6.30) in similar to inactive structures of CB1 (Figure 1.20). 



  Chapter 1 - Introduction 

 

49 

 

 

Figure 1.20 Comparison of Ionic Lock and Tyr7.53 rotamer state between of active CB1 

(5XRA: yellow), active CB1 complexed with Gi (6N4B: dark green), and inactive CB2 

(5ZTY: cyan) crystal structures. Similar to inactive CB1, inactive CB2 exhibits ionic 

interaction between TM3 and 6. Asp6.30 of both active structures assume a similar 

conformation. Arg131(3.50) of active CB1 in 5XRA, while it points towards TM7 in 6N4B. 

Compared to 5XRA, Tyr397(7.53) of 6N4B is tilted by 45° and points towards the long 

channel. Tyr299(7.53) of 5ZTY also points towards the long channel differing from CB1 

inactive structure. In both images, TM7 is hidden from view by TM6  and TM5 has been 

removed for image clarity.  Residues are shown as thin tubes. Interacting atoms connected 

by dashed lines. The distance of separation (in Angstroms) between interacting atoms given 

near dashed lines. 

 

NPXXY motif: 

1. Similar to the rotamer conformation seen in other inactive structures, namely β2AR 

and A2AR (Section 1.1.3), the Tyr397(7.53) residue in 5TGZ and 5U09 points upward 

towards the centre of the receptor. Inactive LPA1 and S1P1 also exhibit a similar 

rotamer state for Tyr397(7.53) (Figure 1.19).  

2. Tyr397(7.53) of 5XRA and 5XR8 points upwards in the direction of TM6 and forms a 

π-π edge-face interaction with Phe2.42. In 64NB, however, Tyr397(7.53) points 
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sideways towards the proposed ‘long channel’ region; no π-π interactions are seen with 

Phe2.42 here (Figures 1.19 and 1.20). 

3. Tyr299(7.53) of 5ZTY also assumes a conformation quite similar to the one seen in 

6N4B and points sideways in the direction of the ‘long channel’ region (Figure 1.20).  

1.4 Non-cannabinoid Ligands That Act on Cannabinoid Receptors 

In Section 1.2.4, it was seen that cannabinoid ligands act on receptors that are not 

canonical cannabinoid receptors. Likewise, many studies have found that certain drugs, 

apart from those designated as cannabinoid receptor agonists and antagonists or FAAH and 

MAGL inhibitors, influence the ECS on an observable if not equal measure. Some 

examples include propofol, a popular anaesthetic and flurbiprofen that increase the level 

of anandamide (1) by inhibiting FAAH203–205. Ethanol, too, was shown to influence 

emotion and cognition by indirectly influencing the endocannabinoid system (Section 

1.2.5)206. 

In this regard, selective estrogen receptor modulators (SERMs) have been 

identified to act on both CB1 and CB2. SERMs act on estrogen receptors by mimicking 

estrogen in some tissues and by blocking estrogen activity at others. In breast tissues, 

SERMS have an anti-estrogenic effect and inhibit the proliferative effects of estrogen-

mediated through the estrogen receptor207. Hence, SERMS are generally used to reduce the 

risk of breast cancer in high-risk and average-risk women. The most popular in present-

day clinical usage SERM is tamoxifen. Though being effective in treating breast 

carcinomas, SERMs are often accompanied with the risk of causing ovarian cancer and 

produce cytotoxicity in cancers which are devoid of estrogen receptors208. By chemical 

class, SERMs can be divided as triphenylethylenes (which comprise tamoxifen, its 
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derivatives, and its metabolites), benzothiaphenes, indoles, tetrahydronaphthalenes, and 

benzopyran.  

At CB1 and CB2, they show selectivity and with a moderate to high affinity in an 

isostereomer dependent manner; they mostly act as inverse agonists at the receptor but also 

show insurmountable or surmountable antagonism in an isostereomer dependent 

manner209. Therefore, it is speculated that SERM action on cannabinoid receptor may 

represent an estrogen receptor-independent pathway by which these drugs exhibit 

cytotoxicity. As cannabinoids and SERMS exhibit overlapping anti-proliferative, anti-

angiogenic and pro-apoptotic actions, developing novel cannabinoid scaffolds based on 

tamoxifen has been suggested for future drug development purposes208.  

1.5 Computational Techniques 

As discussed in Section 1.1.6, drug discovery in GPCRs is largely impeded by the 

challenges in obtaining high-quality experimental structures.  In silico methods provide a 

faster and more cost-effective alternative to explore targets for which structural information 

is not available, or to utilise and improve the structures solved by crystallisation.  

1.5.1 Molecular Modelling  

In the phraseology of computational modelling, the protein whose structure is to be 

predicted is often called the query protein. Modelling methodologies can be generally 

classified into three branches: ab initio, fold recognition (also known as threading), and 

comparative modelling (better known as homology modelling)210. In ab initio, the native 

structure of the query protein is predicted using only its amino acid sequence211. Fold 

recognition techniques find a relationship between sequence and fold similarity210. 

Homology modelling is the method of constructing in silico protein models using the 
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structural and conformational information obtained from the protein whose sequence is 

homologous to that of the protein whose structure is to be built, for accurate prediction of 

the target structure. Homology models can be built either using a single template or 

multiple templates. It is generally considered that to generate models of good quality, the 

sequence identity between the query and the template sequence should be more than 

30%212. Evolutionary relationships between protein molecules, advances in structural 

genomics, and the increasing number of protein structures being solved make homology 

modelling a  reliable method for structure prediction212.  

The general steps involved in homology modelling are210:  

1. Template recognition and initial alignment 

2. Alignment correction 

3. Backbone generation 

4. Loop modelling 

5. Side-chain modelling 

6. Model optimization  

7. Model validation.  
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Figure 1.21 Sample Ramachandran plot of bovine rhodopsin (PDB ID 1F8823) 

generated using PROCHECK213. The red denotes most favoured regions, yellow denotes 

additionally allowed regions, ivory denotes generously allowed regions, and white denotes 

disallowed regions. Residues with steric clashes are named and represented as red 

squares, glycine residues as black triangles and other residues as black squares. Regions 

representing residues of specific secondary structures are marked in the figure.    

 

For the qualitative evaluation of protein models, a Ramachandran plot is often used. 

It is a plot of φ versus ψ dihedral angles that map the conformational space of a polypeptide 

(protein). It was developed on the basis of sterically allowed dihedral angles and hence can 

be used to identify ‘allowed’ or ‘disallowed’ regions in a protein214. A sample plot is shown 

in Figure 1.21. 

Prime from the Schrodinger Software Suite is one of the many homology modelling 

tools available in the present day215.  Prime incorporates both homology modelling and 
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fold recognition in a single program for accurate structure prediction215. In a comparative 

study of modelling software in predicting the secondary structure for a range of proteins, 

it was observed that Prime performed better when target-template sequence identity was as 

low as 19 %216. Model building in Prime has two modes : (1) ‘Knowledge-based modelling’ 

which builds insertions and closes gaps using segments from known structures, and (2) 

‘Energy-based modelling’ which builds a physically reasonable loop for missing residues 

from scratch on the basis of energy, not based on a template. 

1.5.2 Computational Molecular Docking  

Computational docking in drug design, in general, involves two molecules: a 

ligand, which is a molecule that binds to or interacts with another molecule through non-

covalent interactions without any chemical bond formation, and a receptor (or a target 

protein) which is generally the larger of the two species. The ligand is flexible to change 

its conformation while the protein may be rendered rigid or some parts of it allowed to be 

flexible. The three main functions of any computational docking program are (a) 

characterising the binding site on the target, (b) positioning the ligand into the binding site 

(sampling) and (c) evaluating the strength of interaction for that specific ligand-receptor 

pose (scoring)217. Stochastic methods are one type of sampling algorithm known. 

Stochastic methods search the conformational space by modifying the ligand conformation 

in a random manner218. Genetic algorithm and Monte Carlo are two well-known stochastic 

methods. Genetic algorithm is based on Darwin’s theory of evolution whereby the program 

carries over the high-scoring conformational features from the current to the next 

generation of ligand conformers. Subsets of conformation can be exchanged via crossovers 

as well new conformers be introduced by random mutations217. In Monte Carlo searches, 
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the ligand conformations are generated by randomly rotating or translating it about a bond. 

The energy of that random conformation is then calculated and compared against a standard 

Metropolis criterion, based on which the conformation may be either accepted or 

rejected217. 

According to Meng et al., the purpose of a scoring function is to demarcate the 

correct poses form the incorrect poses, or rather the binding compounds from inactive ones 

within a reasonable computation time218. The empirical function, a type of scoring function, 

decomposes the binding energy into different components such as hydrogen bonds, 

lipophilicity, ionic interactions and entropy penalties; each component is then multiplied 

with a co-efficient obtained from regression analysis of ligand-protein complexes with 

known binding affinities and then finally summed up to give a final score 218,219. 

Glide220 from Schrodinger Inc. is one of the popular tools used for docking 

experiments. The operation mechanism of Glide can be best described as a funnel with a 

series of hierarchical filters that select for the best ligand pose at each stage (Figure 1.22). 

Glide has been suggested to provide accurate docking results in a number of studies 

comparing docking results221–223. Ligand poses are first selected by initial screens over the 

entire phase space of the ligand. Selected poses are then minimised in the field of the 

receptor using an OPLS-AA force field in conjunction with a distance-dependent dielectric 

model. The lowest energy poses hence obtained are then examined for the nearest torsion 

minima by Monte Carlo220.  
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Figure 1.22 The operation mechanism of Glide. Source: Friesner et al.220 

 

Glide uses GlideScore220, a modified version of the empirical ChemScore, and is 

calculated as: 

GlideScore = (0.05 * van der Waals energy) + (0.15 * coulombic energy) + rewards 

for favourable lipophilic bonds + rewards for hydrogen bond + rewards for metal binding 

interactions + rewards and penalties for additional terms such as amide twists, buried polar 

groups etc. + penalty for freezing rotatable bonds + rewards for polar interactions. 

Glide has two docking modes: Standard Precision (SP) and Extra Precision (XP)220. 

While SP mode acts as a softer version allowing ligands with a reasonable propensity to 

bind, XP exerts severe penalties on poses that contravene established laws of physical 

chemistry. Both modes offer an expanded sampling setting that allows more poses to pass 

through the pose filters in Glide. Schrodinger also offers an induced fit docking (IFD)224 

tool, whereby the protein residues can additionally be defined as flexible. It operates by 
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first generating an ensemble of poses for each ligand using Glide. For each pose, the 

receptor side chains near the ligand are re-oriented using Prime. After energy minimisation 

of those re-oriented receptors, each ligand is then re-docked into the low energy receptors 

and the complex is assigned a GlideScore224. 

1.5.3 Molecular Dynamics (MD) Simulations 

Proteins, though being structurally stable machinery, are at often times quite 

flexible even at their native state. Signalling proteins like GPCRs are required to exhibit 

this flexibility when shifting from inactive to active state and returning to the basal state. 

A structure obtained via NMR, XRD, or homology modelling gives only a snapshot of the 

state of the protein at a particular instant of activation or basal state225. While computational 

docking predicts the energetically favourable pose for a ligand in a protein, it does not 

provide information as to how that pose affects that protein’s conformation - as the protein 

is not fully flexible. In this regard, MD simulations can predict the movement of individual 

components of a system with respect to time in an environment where the interatomic 

interactions are governed by the general laws of physics 226.  

A classical MD simulation uses Newton’s equations of motions to predict the 

spatial position of each atom as a function of time. First, the force on each atom is 

calculated which is then used to predict the position and velocity of an atom at a particular 

time. This process is then repeated on a successive number of timesteps225, the repetition 

being large enough to capture structural changes of biological importance. The timestep in 

most cases in maintained in the order of a few femtoseconds to ensure numerical stability 

226. The resulting trajectory is hence like a three-dimensional movie of a few nano or 
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microseconds with each frame representing the position and velocity of the system at each 

timestep. 

The forces in an MD simulation are calculated with the help of a force field. A force 

field can be defined as a mathematical expression that comprises the functional form of 

potential energy, including the bonded and non-bonded interaction terms between the 

atoms in the system227 as in Figure 1.23. 

 

Figure 1.23 The molecular mechanics potential energy function (U) comprising the non-

bonded(van der Waals and coulombic interactions) and bonded interaction terms (bond 

length, angle bending, and dihedral energy). Source: Anwar and Zahn228 

 

Bonds stretches and angles in a force field are expressed as harmonic functions and 

dihedral angles as a cosine function; indeed, in a classic MD simulation, the atoms can be 

likened to spheres and the bonds that connect them as springs226,227. Hence, the atoms are 
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allowed to move only within a certain distance of each other, in a spring-like manner. The 

non-bonded terms such as electrostatic and van der Waal interactions are modelled using 

Coulomb’s law and Lennard-Jones potential respectively. For long-range electrostatic 

interactions, particle mesh Ewald method under periodic boundary conditions is normally 

used. Some of the common force fields used presently are AMBER, GROMOS, and 

CHARMM229–231.  

1.5.3.1 Principal Component Analysis 

One of the analysis techniques used in the work reported to study the major motions 

of a protein in the simulation trajectories is called Principal Component Analysis (PCA). 

PCA is a multivariate statistical analysis technique that reduces the number of dimensions 

required to describe the protein dynamics232. In general mathematics, it is used to identify 

correlation in large data sets.  

According to Amedei et al., dividing configurational space in a dynamics trajectory 

can be into two types: (1) essential subspace – that contains very few degrees of freedom 

and comprises most of the positional motions (2) remaining space – where the motions are 

constrained. They discovered that a simple linear transformation of the Cartesian co-

ordinate deviation allows to differentiate the two subspaces in a trajectory233. Hence, the 

application of PCA to MD trajectories is also called ‘essential dynamics’. 

In an MD context, a PCA calculation involves setting up a covariance matrix (or 

variance-covariance matrix) of the atomic coordinates of the protein that make up the 

system trajectory. Eigenvalue decomposition of this matrix gives eigenvectors and their 

associated eigenvalues. The eigenvectors represent a correlated displacement of groups of 

atoms in the system (i.e. their direction) while the eigenvalues describe the magnitude of 
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displacement (or the variance of motions). The higher eigenvalues represent the motions 

on a larger scale i.e. the essential motions. The corresponding eigenvalue-eigenvector pair 

is called the principal component of a trajectory. Displacement along a principal 

component can be visualised by projecting the trajectory i.e. the original co-ordinate data 

onto the respective eigenvector232.   

 

1.6 Aims and Objectives  

As seen in sections 1.2.1.2, 1.2.2.2, and 1.3, there are already 5 crystal structures 

solved for CB1 and one crystal structure solved for CB2. Crystal structures, however, do 

not represent the proteins in their native state due to addition of thermostabilising 

mutations, constructs, and truncation of residues for structure stabilisation (Section 1.1.6), 

aside from artefacts such as missing residues and atoms. In addition, PDB structures do not 

contain hydrogen atoms as they are not well detected in x-ray crystallography experiments. 

As mentioned in Section 1.5.3, crystal structures are rigid and cannot convey all the 

structural features of a protein. Especially for GPCRs, where structural plasticity is often 

exhibited, crystal structures are not enough to understand the conformational landscape of 

a receptor. Studying the conformational landscape, in turn, can aid in understanding 

complex characteristics such as biased signalling and allosterism that GPCRs exhibit. 

GPCRs at their resting state will be in an apo form i.e. without any ligand bound. Apo form 

is regarded as an intermediate state between active and inactive states. This is because the 

apo receptors can exhibit active-conformation like features through which they emit a 

minimal degree of signalling (basal activity)234. It must be noted that none of the available 

CB1 or CB2 crystal structures is in an apo state, thus making structural studies of the 
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receptors the primary aim of the work reported herein. Given that MD simulations offer an 

easy way to study molecular motions, the work reported herein will predominantly use 

unbiased MD. 

1. The first step involves re-engineering the receptors to remove crystal 

structure imperfections. Due to efficiency and precedence of use in re-

engineering, homology modelling will be used to refine existing crystal 

structures235–238. Using the inactive state model of CB2 hence generated, the 

binding mode of novel cannabinoid ligands shall also be predicted.  

2. To investigate the possible conformation that an apo CB1 receptor might 

assume, MD simulations will be performed on a re-engineered inactive state 

CB1 receptor model. In addition, two holo CB1 models will be subject to 

simulations as well (i) an agonist bound CB1 model - to investigate if a 

chosen position of agonist is favourable for activation of CB1. (ii) an 

antagonist bound CB1 model - to serve as control and to analyse the 

variations in the response of the receptor towards an agonist and antagonist.   

3. In a separate study, the transition of an inactive CB1 model to an active state 

and vice versa will be analysed. This will be investigated via a cross-

docking study of CB1 active and inactive structures wherein the cognate 

ligand of their template crystal structure is docked into their opposing state 

model. These two cross-docked models will then be subject to MD 

simulations. In both CB1 studies, the direction of the conformational change 

observed in the protein molecule of each system will be analysed using 

common structural analysis methods such as root mean square fluctuation 
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(RMSF), root mean square deviation (RMSD), and PCA to assess whether 

ligand bias can be reversed and important conformational changes that 

makeup activation and inactivation can be observed and further quantified. 

4. Similar to CB1, CB2 lacks a crystal structure in the apo form. As of yet, 

CB2 also does not have a solved active state crystal structure as well. To 

investigate the potential conformations that the apo state and an agonist 

bound state of CB2 might assume, MD simulations will be performed on a 

generated model of inactive CB2 in both the apo state as well an agonist 

docked holo state. Similar to the simulations of CB1, the direction of the 

conformational change observed in the protein molecule will be observed 

using tools such as RMSD, RMSF, and PCA. 

As already described in Section 1.4, certain non-cannabinoid ligands also interact 

with CB1 and CB2. These ligands are potentially reusable to treat a different condition 

other than the one they are intended for. With the aim of drug repurposing, the interaction 

of non-cannabinoid ligands at CB1 and CB2 will also be studied. This work will utilise two 

different approaches. Firstly, a set of drugs currently used for known indications will be 

tested against CB1 and CB2 for agonist activity using [35S]GTPγS binding assay, a 

commonly used method to compare agonist potency and efficacy of ligands at GPCRs 

(Section 1.2.3). Secondly, non-cannabinoid ligands that have been reported to show 

activity at CB1 and CB2 will be docked to the receptor models generate; the binding mode 

and ligand-receptor interactions will be analysed. Through the analysis, the study hopes to 

gain data required for further scaffold designs.  
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It is to be noted that the CB1 and CB2 receptor models generated and studied, and 

all the protein sequences and structures used for those studies pertain to the human species 

only, unless otherwise stated. 
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2 Modelling  Cannabinoid Receptors 

2.1 Introduction 

Though CB1 has been studied since 1988, it was only in October of 2016 that its 

first crystal structure was released (Section 1.2.2.1)102. Hence, to predict the structure of 

CB1 before this period, different modelling techniques were used,  of which homology 

modelling was the most preferred due to its reliability (Section 1.5.1). Accordingly, 

different class A GPCRs such as rhodopsin, A2AR and β2AR for which crystal structures 

were already available were used as templates to build homology models for CB1 (Section 

1.2.2.1). Even for proteins with a known crystal structure, homology modelling is still 

applicable in the form of re-modelling or re-engineering the protein with the crystal 

structure as a template (re-engineering here refers to the creation of a model of a receptor 

using its crystal structure as the template and its wild type amino acid sequence as the 

query). This is because the crystal structures contain artefacts and additional modifications 

that aid in crystallisation (Section 1.1.6). CB1 models re-engineered from the original 

structure are being used in the present for structural studies such as docking, as well as for 

virtual screening and MD simulations (Section 1.4.1)235,236,239,240.  

The study presented herein was started in early 2016 when the crystal structure for 

CB1 was not available. Therefore, the initial aim was to predict the structure of CB1 and 

validate the resulting model. However, after the release of crystal structures, CB1 and CB2 

were re-engineered using the available crystal co-ordinates as templates. Hence, the first 

section of this chapter details the homology modelling and validation of CB1 models 

generated before the release of the first inactive crystal structure. The second section of the 

chapter includes the re-engineering of crystal structures of CB1 and CB2.  The differences 
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in the binding mode of CB1 homology models versus CB1 re-engineered models are then 

compared and contrasted.   

The third section deals with identifying the binding mode of two novel CB2 

selective ligands. COR167 (SER601) (24) and COR170 (25) are 6-substituted 4-quinolone-

3-carboxylic acid-based CB2 selective ligands. Though structurally analogous to each 

other (Figure 2.1), the ligands show varying functional profiles at the CB2 receptor. While 

COR167 (24) shows agonist properties at CB2241,242, COR170 (25) shows inverse agonist 

properties at the same241,243. This part of the chapter aims at predicting the binding mode 

by which the ligands effect this opposing functional profile on CB2 using molecular 

docking.  

            

  (24) COR167                    (25) COR170 

Figure 2.1 Structure of COR167 and COR170 

 

2.2 Aims 

1. To generate and re-engineer models of CB1 and CB2 using homology 

modelling 

2. To validate the models and compare them 

3. To identify the binding mode of two novel cannabinoid ligands  
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2.3 Structure Prediction of CB1  (Pre Crystal Structure) 

2.3.1 Template Selection 

The amino acid sequence of the human CB1 receptor was retrieved from the 

UniProt Knowledgebase244 (accession number P21554). A BLAST search was performed 

against PDB using default parameters on the NCBI BLAST server245 to identify the GPCRs 

with known structures that are homologous to CB1. The top four results from the BLAST 

search (Table 2.1) were taken forward for local alignment to select a suitable template. The 

amino acid sequences of the potential templates were also retrieved from the UniProt 

Knowledgebase. Human A2AR, which was used as a template in previous cannabinoid 

receptor modelling work within this research group, was also considered for local 

alignment. The alignment was done using the EMBOSS Water tool hosted by the European 

Bioinformatics Institute server246. The default parameters (BLOSUM62 matrix, gap 

penalty 10.0 and extension penalty 0.5) were maintained. Sequence alignment was done 

over the entire protein sequence, as extracellular loops too play an important role in ligand 

binding98,99,247.  The alignment file was checked for proper alignment of the conserved 

residues, motifs (mentioned in Section 1.1.2 and 1.1.3) and TM sequences, as well as 

sequence identity and gaps, to allow selection of the most suitable template. The results of 

the local alignment using the WATER tool are as given in Table 2.1. 
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GPCRs with known crystal 

structures (UniProt accession 

numbers given in brackets) 

% identity with CB1 

receptor protein 

sequence 

% gaps found in 

alignment 

Human LPA1 (Q92633) 27.9 11.2 

Human S1P1   (P21453) 27.6 21.8 

Turkey β1AR  (P07700) 25.1 29.1 

        Squid rhodopsin (P31356) 23.5 12.5 

Human A2AR (P29274) 28.0 21.7 

 

Table 2.1 Percentage of sequence identity and gaps found in the local alignment of 

potential template sequences with CB1 sequence.  

 

As per Table 2.1, the percentage of sequence identity falls below 30% for all 

receptors considered, making them apparently unqualified to be used as templates for 

homology modelling (Section 1.5.1). However, it is to be noted that in the case of GPCRs, 

the overall sequence identity is often compensated with a high level of conserved residues 

and motifs within the TM regions, as the loops tend to show most variation between 

different classes and families of receptors248 (Section 1.1.1). Human A2AR appears to be 

the best candidate as a template in terms of the sequence identity. However, the percentage 

of gaps is higher than seen in other candidates.  

Human LPA1 appears to be the next best option in terms of both percentage 

sequence identity and percentage of gaps. As seen before, LPA1 and CB1 are both lipid 

binding receptors with comparable structural features and ligand binding modes (Sections 

1.2 and 1.3). Furthermore, a tryptophan residue at position 5.43 is unique to only the 

cannabinoid and lysophosphatidic acid receptors. A metabolite of 2-AG (2), 2-arachidonic 
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phosphatidic acid, and phosphorylated anandamide (1) have been shown to bind to LPA1 

with relative ease. All these factors make human LPA1 a suitable template to model 

CB1200. The local alignment of human CB1 sequence with human LPA1 sequence using 

WATER is depicted in Figure 2.2. 

 

Figure 2.2 Local alignment of human CB1 receptor sequence with human LPA1 

receptor sequence. The red dashed boxes represent the TM regions. Residues in blue 

rectangles represent the most conserved residues in the TM helix (refer to Section 1.1.2 

and 1.2.1). CNR1 represents human CB1 receptor sequence and LPAR1 represents human 

LPA1 receptor sequence. 

 

2.3.2 Homology Modelling 

2.3.2.1 Method 

PDB repository has three inactive crystal structures for LPA1. For modelling 

purposes, the crystal structure with the least number of missing residues and mutations 
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(PDB ID: 4Z34) was chosen as the template200. The crystal structure is of 3.0 Å resolution; 

it starts from Asn20 at the N-terminal and ends at Gly327 in the C-terminal. It contains a 

non-native BRIL construct inserted within ICL3 from Arg233 and Arg247. The construct, 

cognate ligand, and water molecules were removed prior to homology modelling. 

Molecular modelling was performed with the structure prediction wizard of Prime 

tool of the Schrödinger, Inc. 2015 Suite215. The alignment between the two sequences was 

modified to minimise the gaps and ensure that the conserved residues and motifs common 

to both template and query proteins (Sections 1.1.2 and 1.2.1), and TM helix ends were 

accordingly aligned. Models were built using both ‘knowledge-based’ and ‘energy-based’ 

method settings that Prime offers (Section 1.5.2). 40 models were built using the 

knowledge-based method, and only one was built using the energy-based method since 

‘one’ is the maximum output for this setting (this model is henceforth referred to as EB). 

The N-terminus, ICL3, and C-terminus were truncated in the construction of the models to 

reduce computational cost since the focus is on the ligand-binding pocket (ICL3 of CB1 is 

36 residues long and is lengthier compared to ICL1 and ICL2). A disulphide bridge was 

set to be built between Cys257-Cys264 using proximity constraints option. The best model 

among the knowledge-based homology structures was chosen on the basis of their 

Ramachandran plots, which were generated using the PROCHECK tool of PDBsum 

server213. The best model was named as KB_best.  

2.3.2.2 Qualitative Validation 

The models start from Gln115 in the N-terminus up until Pro298 in the C-terminus, 

with a gap for ICL3 that starts from Glu309 to Leu341. The best models obtained using 

each method and their Ramachandran plots are as shown in Figure 2.3. The KB_best model 
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has 91.8% of residues in the most favoured regions while 0.6% of the total residues are in 

the disallowed regions. For the EB model, 91.0% of the total residues are in the favoured 

regions while 1.6% of the total residues are in the disallowed regions. 

   

             

Figure 2.3 Homology models and their Ramachandran plots. (a) The best homology 

model built using the Prime-knowledge-based method (KB_best) and (b) its 

Ramachandran plot. (c) Homology model built using Prime-energy based method (EB) and 

(d) its Ramachandran plot. The plot notations are given in Section 1.5.1. In (a) and (c), 

TM4 is hidden behind TM6. 
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The KB_best and EB model have an RMSD of 3.5 Å between their backbone 

atoms. The helical bundle in both models are similar to each other since the same template 

was used to build both. The TM helices 2, 3, 5, 6 and 7 form the binding core in the models. 

Helix length of TM4 is longer in both than predicted by Bramblett et al.83. ECL2 is toward 

the binding pocket in KB_best and away in the EB model as if to suggest a ‘closed’ and 

‘open’ state respectively (Figure 2.4). Both models were then taken forward for 

quantitative validation. 

   

Figure 2.4 Superposed CB1 models generated with LPA1 template – KB_best (blue) and 

EB (red) using Knowledge-based and Energy-based methods in Prime. (a) Top view (b) 

Side view 

 

2.3.2.3 Quantitative Validation - Computational Docking Evaluation 

2.3.2.3.1 Method 

The software Glide from Schrodinger Inc.,220 was used for ligand docking purposes. 

Protein files were prepared using the Protein Preparation Wizard249. Existing hydrogen 
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atoms were deleted, and new hydrogen atoms were added. The termini were capped with 

ACE and NMA groups, and the hydrogens atoms were subject to restrained minimisation. 

The pKa and other parameters were maintained at default. A test set of agonists and 

antagonists (given in Appendix 2, Table II.1 and Table II.2) of CB1 with established Ki 

values, compiled in a previous cannabinoid receptor modelling work within this research 

group, was used for validation. The ligands were retrieved from PubChem database250 and 

those that were unavailable in PubChem were drawn using Maestro251 from Schrödinger, 

Inc. The ligands were finally prepared using the LigPrep tool252. Possible protonation states 

at pH 7.0+/-2.0 were generated. The grid generated for docking was a 34 Å box, containing 

an internal 10 Å box, through which the centre of each docked ligand would be required to 

pass. Glide docking was done in two modes – SP and XP. 10 conformations per ligand 

were generated in each docking combination.  

2.3.2.3.2 Results 

 

Figure 2.5 Plot of GlideScore versus experimental pKi values of energy-based model 

docked with agonists and antagonists. The trendline is shown as an orange dashed line in 

both graphs.  
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The GlideScore, an approximation of binding affinity, was considered as a criterion 

for selection of the best-docked structure. The top GlideScore that best reflected realistic 

binding was then plotted against the experimental Ki values, and the Spearman’s rank 

correlation coefficient (ρ) and coefficient of determination (R2) were calculated. The R2 

and ρ values calculated from the plot of GlideScore vs experimental pKi (Figure 2.5) for 

agonist and antagonist docking were not statistically significant and do not show any 

correlation; however, the correlation scores for the EB model were better in comparison to 

the same obtained for the KB_best model. The protocol that yielded the best values for the 

EB model was SP with expanded sampling option. For agonists the R2 = 0.0028 and ρ = -

0.0531, and for antagonists R2 = 0.0007, ρ = -0.0264  (Figure 2.5). 

2.4 Re-engineering CB1 and CB2 Models 

2.4.1 Method 

Similar to the method explained in Section 2.3.2.1, CB1 and CB2 crystals were 

remodelled using Prime. Models were generated for crystal structures 5TGZ (CB1 

inactive), 5U09 (CB1 inactive), 5XR8 (CB1 active), and 5ZTY (CB2 inactive). The 

complete ICL3 was generated for models based on 5U09 (35 residues long) and 5ZTY (17 

residues long), as they were later used for MD simulation studies (Chapter 3 and Chapter 

5). On the contrary, ICL3 was truncated for models based on 5TGZ and 5XR8 to minimise 

computational expenditure as these models were used predominantly in docking-based 

studies (Chapter 6). To re-engineer models with a complete ICL3,  

1. An energy-based model including the ICL3 with the crystal co-ordinates as 

template was first built. This was done to get an energetically favourable 

conformation of ICL3 (Section 1.5.2). 
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2. Then, using the energy-based model as the template for ICL3 and crystal 

structure coordinates as the template for the rest of the receptor, the 

knowledge-based method was employed to build the required receptor 

models.  

3. The resulting model was then subjected to loop refinement on residues that 

were marked as residing in unfavourable regions on their Ramachandran 

plots (Appendix 2, Figure II.1). The plots were generated using 

PROCHECK213. The loop refinement wizard of Prime under default settings 

was used for this purpose.  

For models with truncated ICL3, the knowledge-based method was used to build a 

model with crystal structure template (Step 2). A short pseudo loop was generated as a 

replacement for ICL3.  The omitted residues are given in Table  2.2. In the case of CB1-

5TGZ, loop refinement was not considered to be necessary, as the outlier residues are 

located on the pseudo-loop and C-terminus. Docking studies reported herein pertain only 

to the canonical binding pocket seen in class A GPCRs; hence CB1-5TGZ was not 

subjected to refinement. CB1-5XR8 model did not have any outliers and hence was also 

not refined. The details of each model generated are given in Table 2.2 
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Model 

PDB ID 

of 

template 

N- and C- 

terminal 

residues 

omitted 

ICL3 

residues 

omitted 

Residues with 

missing atoms 

corrected 

Mutations 

re-built 

 

Inactive 

CB1 
5TGZ 

Met1-Cys98 

and Pro413-

Leu472 

Arg307-

Arg331 

Met109,Gln115, 

Leu117,Gln261, 

Lys370 

Thr210Ala, 

Glu273Lys, 

Thr283Val, 

Arg340Glu 

Inactive 

CB1 
5U09 

Met1-Gly99 

and Pro413-

Leu472 

None 

Arg145,Arg182, 

Gln261,Lys370, 

Phe412 

Thr210Ala 

Active 

CB1 
5XR8 

Met1-Met103 

and Cys414-

Leu472 

Arg307-

Arg336 

Lys183,Lys232, 

Met337,Arg400 

Thr210Ala, 

Glu273Lys, 

Thr283Val 

Inactive 

CB2 
5ZTY 

Met1Asp18 

and Cys320-

Cys360 

None 
Lys33,Arg66,Leu144, 

Leu145 

Thr127Ala, 

Thr153Leu, 

Arg242Glu, 

Gly304Glu 

 

Table 2.2 Changes made in re-engineered models in comparison to their corresponding 

crystal structure templates.  

 

2.4.2 Qualitative Validation  

The generated models with full ICL3 and pseudo ICL3 are given in Figures 2.6 and 

2.7 respectively.  
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Figure 2.6  Models with a complete ICL3 (a) CB1 based on 5U09; TM4 is hidden behind 

TM6. (b) CB2 based on 5ZTY. The segments of N-terminus and C-terminus omitted are 

given in Table 2.2 

 

Figure 2.7 Models with a pseudo ICL3 (a) CB1 based on 5TGZ (b) CB1 based on 5XR8. 

The segments of N-terminus and C-terminus omitted are given in Table 2.2 

 

CB1 has a larger ICL3 loop than CB2. Accordingly, ICL3 of CB1-5U09 (Figure 

2.6(a)) has a rather expanded ICL3 as compared to CB2-5ZTY. However, the loops in both 

models are well contained in the region of the protein which is near the intracellular face 
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of the lipid bilayer. RMSD value of the generated models against their respective template 

crystal structures was measured without fitting (for all regions except the full or pseudo 

ICL3).  The backbone Cα, C and N atoms were used for calculations. CB1-5U09 has an 

RMSD value of 0.249 Å against its crystal structure, and CB2-5ZTY  has a value of 0.973 

Å against its crystal structure. CB1-5TGZ shows the highest RMSD value of 1.363 Å while 

CB1-5XR8 shows a very low value of 0.01 Å. 

2.4.2.1 Re-docking cognate crystal ligand 

As a means of validating the correctness of the binding pocket, the crystal cognate 

ligands were re-drawn and re-docked into the binding site. A grid of an appropriate size 

(24 Å, internal box 10Å) was constructed for each model with the cognate ligand of its 

template crystal structure as its centre. SP mode in Glide was used for docking cognate 

ligands.   

Models with complete ICL3 

As seen in Figure 2.8, the cyanophenyl and dichlorophenyl groups in MK0364 (19) 

are aligned well with the crystal cognate ligand in 5U09 (in green). However, the 

trifluoromethylpyridine ring is faced upward in the redocked ligand (in grey) rather than 

pointing at TM1, as in the crystal structure. In CB2-5ZTY, the redocked AM10257 (23) 

(in grey) occupies the same position as the cognate ligand in the crystal structure (in cyan). 

Minimal changes are seen with respect to the orientation of the aliphatic chain and the 

rotamer angle of the benzene facing down into the binding pocket. RMSD value (for 

common atoms) between the crystal and re-docked ligand for 5U09 is 4.426 Å and for 

5ZTY is 0.764 Å. 
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Figure 2.8 Redocking cognate ligands into their respective template-based models.                                           

(a) MK0364 (19) in CB1-5U09. TM6 and 7 are in the foreground, and TM4 is hidden 

behind TM5. (b) AM10257 (23) in CB2-5ZTY. In both images TM6 and 7 are in the 

foreground; the redrawn-redocked ligand is shown in grey. N-term refers to N-terminus 

loop. 

 

Models with truncated ICL3 

From Figure 2.9, it can be seen that the re-docked ligand (in grey) occupies the 

same position as the cognate ligand in the crystal structure in both the inactive (in pink) 

and active (in brown) CB1 models with truncated loops. There are slight variations between 

the pose of the crystal cognate ligand and redrawn cognate ligand. In 5TGZ, the aminoalkyl 

group of AM6538 (18) was not fully resolved during crystallisation process102. The 

redrawn (and redocked) AM6538 (18) containing the nitro group shows a possible 

orientation of the same group. It extends towards TM5 and forms a π-cation interaction 

with Trp279(5.43) and a hydrogen bond with Thr197(3.33).  Apart from that, only minimal 

variation with respect to the ligand substituent group position is seen. RMSD value 

between the crystal and re-docked ligand (for the common atoms) is 0.421 Å.  
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Figure 2.9 Redocking cognate ligands into their respective template-based models. (a) 

AM6538 (18) in CB1-5TGZ (both ligand and receptor in pink). TM6 and 7 are in the 

foreground, and TM4 is hidden behind TM5. (b) AM841 (21) in CB1- 5XR8 (both ligand 

and receptor in brown). TM5 is in the foreground. TM1 is hidden behind TM7. In both 

images, the redrawn-redocked ligand is shown in grey. N-term refers to N-terminus loop.  

 

In the case of CB1-5XR8, the aromatic head group of crystal cognate ligand and 

re-docked ligand coincide well with one another in the binding pocket. Similar to AM6538 

(18) in 5TGZ, AM841 (21) in 5XR8 is missing the thiocyanate group at the end of its 

aliphatic tail. The redrawn (and redocked) ligand shows a possible orientation of the same 

group in the active structure. The group extends in the direction of TM3 and TM4, and 

away from TM5. RMSD value between the crystal and re-docked ligand is 0.825 Å (for 

the common atoms). 

2.5 Difference Between the Binding Modes in Pre-Crystal Structure and 

Post-Crystal Structure Models 

To illustrate how the ligand binding mode varies with change in the template, the 

antagonist SR141716 (10) was docked to the EB model (generated from LPA1 template) 
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and CB1-5U09. For the EB model, SP with expanded sampling was used, as that particular 

setting of docking gave better correlation scores than the rest (Section 2.3.2.3.2) in 

quantitative evaluation. The ligand, here, shows an extended conformation whereby, the 

dichlorophenyl arm points towards TM1 and piperidine arm points in the direction of TM5. 

The chlorophenyl arm points down into the binding pocket (Figure 2.10). A chlorine atom 

of the dichlorophenyl arm interacts with Lys192(3.28) via a halogen bond with a hydrogen 

attached to the side chain nitrogen atom. The central pyridazine ring interacts forms a 

stacking interaction with Phe379(7.35).  It does not interact with the toggle switch residues 

– instead Phe200(3.36) and Trp356(6.48) are facing each other and are engaged in a face-

face stacking interaction. Even after subjecting the ligand to IFD, the same orientation was 

obtained.  

 

Figure 2.10 Docked pose of SR141716 in EB model of CB1 via SP – expanded sampling 

protocol. Phe7.35 is in the foreground. TM6 and 7 have been removed for picture clarity.  
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In the case of  CB1-5U09, SP docking was used to identify the binding mode of 

SR141716 (10) (Figure 2.11). As observed, the ligand displays an extended conformation 

in CB1-5U09 as well. However, the dichlorophenyl arm and piperidine arm have switched 

places. Furthermore, the piperidine arm is pointing upward. Subjecting the same complex 

to XP docking results in a conformation quite similar to the one described in the docking 

of  SR141716 (10) to 5TGZ102 and 5U09105. It also assumes an extended conformation, but 

the piperidine arm is pointing towards TM1 as seen in the studies mentioned afore. 

 

 

Figure 2.11 Docked pose of SR141716 in CB1-5U09 model of CB1 via (a) SP and (b) XP 

protocol. In (a) Ser7.39 is in the foreground. TM6 and 7 have been removed for picture 

clarity. 

 

2.5.1 Discussion 

As mentioned in Section 2.1, the initial aim of the study was to identify a protocol 

that is best suited to model the CB1 receptor from a known template and validate such a 

model. After amino acid sequence analysis, LPA1 was found to be a suitable template to 
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model CB1, due to the reasons mentioned in Section 2.3.1. Duly, crystal structure with 

PDB ID 4Z34, an inactive structure of LPA1, was chosen as the template. Upon validating 

the models hence generated, it was found that the correlation scores (for a plot of 

experimental pKi vs Glide Score)  were very low. 

By the end of 2016, the first inactive crystal structure of CB1 was released followed 

by many more structures (Section 1.3), relaying critical information regarding the nature 

of CB1 binding pocket. Prior to the release of cannabinoid crystal structures, it was 

suggested that Lys3.28 played an important role in the binding of endogenous, classical 

and non-classical cannabinoids. Mutagenesis experiments have demonstrated the 

importance of this residue in the binding of SR141716 (10) and deem it to be responsible 

for the inverse agonistic activity of biarylpyrazoles112. SR141716 (10) was speculated to 

bind in the 3-4-5-6 TM region of CB1. Its carboxamide oxygen was said to interact with 

the inactive receptor via a hydrogen bond with Lys3.28. It was also suggested that when 

SR141716 (10) binds to the inactive receptor, the dichlorophenyl ring forms an aromatic 

stacking interaction with Phe3.36, which in turn stacks with Trp6.48. In this docking 

position, SR141716 would block any movement of the Phe3.36 or Trp6.48 toggle 

switch93,95.  

An analysis of the CB1 crystal structures reveals that Lys192(3.28) does not interact 

with the cognate ligand in the inactive as well as the active states. This is true for the CB2 

crystal structure as well127. The side chain of Lys3.28 is oriented parallel to the binding 

pocket pointing towards TM2. The side-chain nitrogen atom of the Lys forms a hydrogen 

bond with Asp184(ECL1). Hence, it is possible that Lys3.28 is involved in maintaining 

structural stability for cannabinoid receptors.  
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At this juncture, the aim of the study was diverted towards understanding the 

structural facets of cannabinoid receptors not conveyed by crystal structures; for this, 

models of CB1 and CB2 were re-engineered from the available crystal structures (Section 

2.4). From the ‘open’ ECL2 conformation in EB model (Figure 2.3), it appears that energy-

based method may not be suitable for re-engineering; neither the active nor inactive crystal 

structures of CB1 or CB2 released till date have such an ECL2 orientation. Hence, the 

knowledge-based method was used to obtain a good replicate of the template (Section 

1.5.1). Save alone CB1-5TGZ model, other models generated  (CB1-5U09,  CB1-5XR8, 

and CB2-5ZTY) show RMSD less than 1 Å against the backbone atoms of their respective 

crystal structures (excluding ICL3 loops). Due to their closeness with their templates, the 

binding pocket of the models was validated by their ability to dock the crystal cognate 

ligands in the orientation seen in the crystal structures. Except for the docking of MK-0364 

in CB1-5U09, all other redocked cognate ligands have RMSD less than 1 Å – indicative of 

a good redocked pose. 

To understand how the binding pockets of LPA1-based and CB1 crystal structure-

based inactive models vary, the antagonist SR141716 (10) was docked to EB model (LPA1 

based model which had slightly better correlation value over KB_best model). The binding 

mode of SR141716 at CB1-5U09 is similar to that observed in the docking of the same to 

the crystal structures of 5U09105 (as reported by Shao et al.; image not shown here). As 

reported in Section 2.5, the dichlorophenyl arm and cyclohexane arm of SR141716 occupy 

opposing positions when docked to the EB model. Even after the application of IFD, which 

is rather sophisticated than SP docking224 (Section 1.5.2), the EB model did not change its 

binding conformation. Furthermore, in the CB1 models generated with LPA1 as the 
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template, the Lys192(3.28) was indeed facing into the binding pocket and interacting with 

the ligand. As to whether that conformation of Lys192(3.28) solely influenced the binding 

conformation however requires an in-depth study of the binding pockets of LPA1 and CB1. 

Though XP docking shows a better binding mode for SR141716 (10) (in CB1-

5U09) from crystal redocking experiments (Section 2.4.2.1), it can be seen that SP docking 

too produces acceptable results. Furthermore, it has been reported in certain docking 

software comparison studies that SP gave better results than XP docking223,253,254. Hence, 

as in the case of Section 2.4, future docking experiments will use SP docking to avoid any 

bias in results. 

2.6 Identifying Binding Modes of Novel Cannabinoid Ligands with Opposing 

Functional Profiles at CB2 

2.6.1 Method 

The CB2-5ZTY model was used for this study. A grid of an appropriate size to 

encompass the orthosteric binding pocket was generated using Schrodinger’s Grid 

Generation tool (version 2019.1). Ligands were docked onto CB2-5ZTY using Glide 

(version 2019.1) in SP mode255 with default values. 20 poses per ligand were produced and 

the top-scoring pose in terms of GlideScore was selected for analysis. 

2.6.2 Results 

COR167 (24) and COR170 (25) adopt a conformation resembling AM10257 (23) 

(Figure 2.12). The adamantyl group points towards the extracellular pocket mouth and the 

propyl group is oriented towards TM4. The substituent groups point into the pocket. 

COR167 (24) forms an edge-face 𝜋-𝜋 stacking interaction with Phe183(ECL2) and a face-

face stacking interaction with Phe117(3.36). COR170 (25) forms a π-π stacking interaction 
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with and Trp258(6.48). In both cases, Phe87(2.57) (hydrogen bond donor (HBD)) forms 

an aromatic hydrogen bond with the oxygen atom (acceptor (HBA)) of the heterocyclic 

ring core of the ligands.  

 

Figure 2.12 Docking COR167 (24) (pink) and  COR170 (25) (purple) into CB2-5ZTY. 

The cognate ligand, AM10257 (23), of the 5ZTY is depicted in black tracing. Residues are 

depicted as thin sticks. TM6 and 7 have been truncated for purposes of picture clarity. Blue 

and black dotted lines represent π-π and aromatic hydrogen bonds respectively.  

 

A full list of the contact residues that COR167 (24) and COR170 (25) interact with 

the inactive CB2 model (within a cut-off radius of 4 Å) and the predominant interaction 

type observed is given in Appendix 2 (Table II.3). 

2.6.3 Discussion 

Docking of COR167 (24) and COR170 (25) in CB2 showed that both ligands 

coincide well with the binding mode of AM10257 (23). One potential reason is that the 

presence of the adamantyl moiety in AM10257 (23) as well as COR167 (24) and COR170  
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(25) helps in orienting the latter two in the binding pocket. Hence, it can be suggested that 

the adamantyl moiety potentially influences the orientation of a ligand in both CB1 and 

CB2.  

Another feature observed is the aromatic stacking between toggle switch residues  

Phe117(3.36) and Trp258(6.48) and the ligands phenyl group in the docking of COR170 

(25). This is also seen in the interaction of the cognate ligand AM10257 (23) with CB2 in 

5ZTY. When MRI2594 and MRI2687, two novel ligands that differ by a phenyl group,  

were tested on CB2 via β-arrestin2 recruitment assay, it was found that they act as an 

agonist and inverse agonist respectively127. Subsequent docking studies revealed that much 

similar to COR170 (25), MRI2687 interacted with Trp258(6.48) via its phenyl group. 

MRI2594, though occupying the same binding pocket, did not interact with Trp258(6.48). 

As mentioned earlier (Section 1.3), change in the rotamer position of Trp6.48 is a key 

component in the activation of CB193,94,103. From the above results and studies, it can be 

suggested that Trp6.48 interaction is responsible for imparting COR170 (25) its inverse 

agonist properties at CB2, though it is an analogue of a CB2 agonist (COR167(24)).  

2.7 Conclusion 

In this chapter, the homology modelling and re-engineering of CB1 and CB2 models were 

reported. Pre-crystal structure release, an inactive state LPA1 was used as the template for 

homology modelling.  For re-engineering, the respective crystal structures were used to 

develop inactive state CB1 and CB2 and inactive state CB2. Subsequent validation and 

binding mode comparison indicated that the re-engineered models offer reliable binding 

modes compared to LPA1 based models. Furthermore, standard precision (SP) in Glide 

was identified as a suitable option for further docking experiments. This chapter also 
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reports the identification of the binding mode of two novel analogous novel cannabinoids, 

COR167 (24) and COR 170 (25) that show opposing functional responses at CB2. Both 

ligands assumed an orientation overlapping that of AM10257 (23), the cognate ligand of 

5ZTY. It was also proposed that stacking interaction of COR170 (25) with Trp6.48 residue 

and the lack of one in the case of COR167 (24) could be responsible for imparting COR170 

(25) its inverse agonist properties at CB2. 
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3 Molecular Dynamics Simulations of Cannabinoid Receptor 

1 

3.1 Introduction 

As mentioned in Section 1.3, five crystal structures of CB1 are available at present: 

two inactive structures and three active structures, with one active structure complexed 

with Gαi protein. Though crystal structures provide indispensable information regarding 

the conformation of active and inactive states of a receptor, they represent the conformation 

of the receptor at only one instant of time. Proteins, specifically membrane proteins, are 

highly flexible and upon ligand binding go through several conformational changes before 

arriving at the state seen in the crystal structure. If the ultimate aim of studying protein 

structures is to aid structure-based drug design, then the knowledge of how the protein 

responds to a ligand (and vice versa) is essential. As explained in Section 1.5.3, molecular 

dynamics simulations offer an effective way to study such a response by predicting the 

motions of a protein.  

In this chapter, molecular dynamics simulations carried out on an inactive CB1 

model are reported. Three systems were simulated using inactive CB1 as the starting 

structure: CB1-Apo,  CB1 bound to an agonist, and CB1 bound to an antagonist. The 

inactive model generated using crystal structure with PDB ID 5U09 as the template 

(Section 2.4.1) was used for the study, owing to its high resolution105. As mentioned in 

Section 1.6, apo states can function as an intermediate state between antagonist-bound 

inactive and agonist-bound active states. 234. Despite the availability of several inactive and 

active crystal structures (Section 1.3), CB1 does not have an apo crystal structure solved 
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yet. Therefore, to identify the architectural changes in the transition of an antagonist-bound 

inactive CB1 to an apo form,  the CB1-Apo system was simulated. In other words, the aim 

was to observe how the absence of a ligand affects an inactive CB1 structure. The CB1-

agonist simulation was done to observe if the presence of an agonist in a particular binding 

mode directs an inactive model towards an active state. AM841 (21), the cognate ligand of 

an active CB1 crystal structure (Section 1.3), was the agonist chosen for the study. It is a 

hexahydrocannabinol. Under in vitro conditions, AM841 (21) has been shown to reduce 

gastrointestinal motility by acting on intestinal CB1 receptors in normal and stressed 

mice256. CB1-antagonist simulations were performed to serve as control and to analyse the 

variations in the response of the receptor towards an agonist and an antagonist. The 

antagonist chosen was AM6538 (18), the cognate ligand for inactive crystal structure 5TGZ 

(Section 1.3). It is a derivative of AM251, which in turn is an analogue of SR141716 (10).  

AM6538 (18) has a higher affinity for  CB1 than MK0364 (19), the cognate ligand of 

5U09102. 

3.2 Aims 

1. To run molecular dynamics simulation on three CB1 systems namely, CB1-

Apo, CB1-AM841, and CB1-AM6538 with an inactive CB1 model as the 

starting structure.  

2. To identify the direction of the conformational change observed in the 

receptor of each system using RMSF, RMSD, and PCA. 

3. To investigate if the chosen initial position of the agonist is favourable for 

activation of CB1. 
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3.3 Methods 

3.3.1 Preparation of CB1 Complexes 

The inactive CB1 model for simulation using crystal structure 5U09 was generated 

as described in Section 2.4.1.  Preparation of ligands, AM841 (21) and  AM6538 (18), and 

its docking into the CB1 model was done using SP mode in Glide257 as described in Section 

2.4.2.1. The chirality of the ligands was retained; no ionised states were generated. All 

other parameters were set to default.  

3.3.2 Embedding the Protein and Assembling the System 

The processed protein was embedded into an all-atom POPC bilayer using the 

webserver CHARMM-GUI258. CHARMM-GUI uses data from the Orientation of Proteins 

in Membranes (OPM) database to aid in embedding the model259. A rectangular box type 

was chosen. The system was built using the replacement method where the protein is first 

surrounded by lipid-like spheres whose positions are subsequently used to place lipid 

molecules from the library of CHARMM-GUI. The bilayer consisted of 240 POPC 

molecules. The protein-membrane system was solvated with TIP3P260 water and 11 

chloride ions were added for neutralisation. The initial positions of the ions were obtained 

after 2000 steps of Monte Carlo simulations performed by the server outside the membrane 

region. The box sizes for CB1-Apo, CB1-AM841 and CB1-AM6538 systems were 97.59 

x 97.59  x 103.57 Å, 97.65 x 97.65  x 103.57 Å  and 97.65 x 97.65  x 103.57 Å  respectively. 

The centre of the system was set to Z = 0.  The lipid molecules were distributed equally on 

both sides of the membrane. The system was checked for penetration of lipid tail into 

protein surfaces and no such interferences were found. The force field parameters for 

ligands were generated using the CGenFF program built-into the same server261.  
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3.3.3 Running MD Simulations 

The CHARMM 36 force field was used in GROMACS 2016.4 to perform MD 

simulations230. The system was energy minimised using the steepest descent algorithm. 

NVT equilibration was run for 100 ps. NPT equilibration was run in four steps: 10 ns of 

restrained dynamics, 5 ns with only backbone atoms restrained, 5 ns with only sidechain 

atoms restrained and 50 ns of unrestrained simulations. Restraint force used was 1000 

kJ/mol. For production runs, the Nose-Hoover thermostat262 and Parrinello-Rahman 

barostat263 were used for temperature and pressure coupling respectively; velocity 

rescale264 was used for temperature coupling in equilibration runs. A temperature of 310 K 

was maintained throughout the simulation. 2 fs was used as the time step. All bonds 

involving hydrogen atoms were constrained using the LINCS algorithm265. The production 

simulations were run in triplicate for 250 ns each for CB1-Apo simulations and ligand- 

CB1 complexes. Cut-offs of 12 Å were applied for short-range van der Waals and 

electrostatic interactions, while long-range electrostatic interactions were calculated using 

particle mesh Ewald266. Each replicate had a different initial velocity; a random generator 

was used to generate velocities.  

3.3.4 Analysis 

RMSF and RMSD calculations were performed using GROMACS tools. PCA was 

performed using pyPcazip267 and GROMACS tools. Trajectories were visualised using 

VMD 1.9.2  software268. Gnuplot 4.6 was used for plotting all graphs269. 
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3.4 Results 

3.4.1 Docking and Preparation of the Complex 

The inactive CB1 protein docked with agonist AM841 (21) and antagonist AM6538 

(18) is shown in Figure 3.1. The orientation of the agonist partly coincides with the binding 

position of the cognate ligand (shown in green in Figure3.1(a)). The agonist ligand here 

binds near the proposed lipid access channel area between TM7 and TM1 (discussed in 

Section 1.3), at a position far removed from its binding site in the active crystal structure103.  

As shown by the 2D interaction plot generated using LigPlot270  (Figure 3.1(c)), the 

A, B, and C rings (as designated in Section 1.2.3.1.1 for classical cannabinoids) form the 

aromatic head group. AM841 (21) shows predominantly hydrophobic interactions with 

residues in the N-terminus, TM1, and TM7. With the sulphur atom of Met384(7.40) 

(acceptor), the phenol in the A ring of the aromatic head group of the ligand (donor) forms 

a hydrogen bond.  

This binding site is also different from that proposed by Picone et al.271 AM841 

(21) was predicted to bind vertically, with the aromatic headgroups occupying the region 

between TM2, TM3, and TM7 and the N=C=S moiety forming a thiocarbamate interaction 

with Cys386(7.42). It has, however, been postulated that classical and endocannabinoids 

enter CB1 and CB2 through the lipid membrane rather than passing through the aqueous 

layer272. AM841 (21), in particular, has been proposed to prefer the lipid route121 in 

interacting with CB2.  Furthermore, it has been suggested that classical cannabinoids 

preferentially adopt an orientation where the aliphatic tails are parallel to the phospholipid 

components of the membrane bilayer, while the tricyclic ring orients perpendicular to the 

membrane surface and the phenolic hydroxyl near the bilayer interface273.  
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Figure 3.1 Ligands docked into inactive CB1 model (a) AM841 (21) (brown) and 

(b)AM6538 (18) (pink). In (a) and (b) the grey surface shows the binding pocket of the 

cognate ligand. Cognate ligand MK0364 (19) is shown in green. (c) 2D ligand interaction 

diagram of AM841 (21) with CB1. (d) 2D ligand interaction diagram of  AM6538 (18) 

with CB1. The ligand atoms are coloured as per ASL rules. Red curves represent 

hydrophobic residues. The green dotted line represents a hydrogen bond. In (a) and (b) 

only polar hydrogen are shown; in (c) and (d) no hydrogens are shown. 2D ligand 

diagrams generated using LigPlot270. 

 

As the docked orientation of AM841 (21) in CB1 bears resemblance to the above 

description, the complex seen in Figures 3.1 (a) and (c) was taken forward for MD 

simulations to investigate the further course of the ligand. 
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The orientation of the antagonist coincides well with the binding position of the 

cognate ligand (shown in green in Figure 3.1 (b)). AM6538 (18) docks to the same binding 

site as in its crystal structure, 5TGZ (Figure 3.1 (b) and (d)). The dichlorophenol moiety of 

the ligand form an edge-face π-π interaction with Phe170(2.57) and an aromatic hydrogen 

bond with the backbone oxygen atom of Ser383(7.39) (acceptor) (not shown in the figure). 

The nitrate group also forms aromatic hydrogen bonds with Trp279(5.43) (donor) and 

Tyr275(5.39) (not shown in the figure). Post embedding into the membrane bilayer, the 

CB1-Apo system looks as shown in Figure 3.2. 

 

Figure 3.2 CB1-Apo protein (in green) post embedding into the system. Water molecules 

are not displayed in the image. Chlorine atoms are shown as spheres (in purple) and 

phospholipid molecules are shown as sticks (yellow). 

 

3.4.1.1 Post Equilibration Structural Changes 

Following the unrestrained NPT equilibration, the position and orientation of the 

ligands in CB1-AM841 and CB1-AM6538 systems changed by the order of 1 – 1.5 Å 

RMSD. Upon viewing the complexes, it was observed that the changes are not significant. 
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Similarly, the conformation of the rotamers certain residues – most notably the toggle 

switch residues Phe200(3.36) and Trp356(6.48) – was also observed to have changed from 

their crystal structure conformations in all three systems. The change, however, is rather 

insignificant and the shift in angle magnitude is too small to be quantified. This post 

equilibration state before productions runs is referred to as the initial conformation or initial 

state in the current chapter.  

3.4.2 RMSF Analysis 

Figures 3.3 and 3.4 show the RMSF calculation for backbone atoms in all three 

systems. The loop regions fluctuate more than the transmembrane regions (indicated by the 

curly braces in Figures 3.3 and 3.4).  ICL3, in particular, fluctuates the most. Among all 

three systems, CB1-AM6538 exhibits the least fluctuation for ICL3. The C-terminus 

(including H8) shows the second-highest fluctuation, with CB1-Apo showing the most and 

CB1-AM6538 the least. Other loops show considerable stability in all systems.          
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Figure 3.3 RMSF plots of CB1-Apo and  CB1-AM841 systems. Replicates 1, 2, and 3 of 

each system are represented by colours orange, green, and blue. Curly braces represent 

the TM regions. ECL and ICL regions are marked under the respective plot areas. 
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Figure 3.4 RMSF plot of the CB1-AM6538 system. Replicates 1, 2, and 3 of each system 

are represented by colours orange, green, and blue. Curly braces represent the TM 

regions. ECL and ICL regions are marked under the respective plot areas. 

 

3.4.3 RMSD of Protein Structures 

RMSD for the protein transmembrane backbone (TM-BB) atoms was calculated 

for all the systems against crystal structures 5U09 and 5XR8. As seen in the case of RMSF 

results (Section 3.4.2), loop regions show highly fluctuating movement, which would 

increase the  RMSD value and mask the value of TM helix movement. Crystal structures, 

as mentioned earlier, have missing atoms in the sidechains. Hence, loops and side chains 

were eliminated from RMSD calculation and only TM-BB atoms were considered. 
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Figure 3.5 RMSD values of the CB1-Apo system against 5U09 and 5XR8 crystal 

structures. Replicates 1, 2, and 3 are represented by colours orange, green, and blue. 

 

The RMSD for the replicates of the CB1-Apo system against the crystal structure 

5U09 (Figure 3.5) is slightly lower than 2 Å at the start of the simulation. With time, the 

deviation increases in all three replicates. Replicates 1 and 2 show an increase in the value 

by approximately 1 Å at 25 ns and 50 ns respectively while replicate 3 shows a gradual 
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increase of about 0.4 Å. For the same system against active crystal structure i.e. PDB ID: 

5XR8, a steady rise in RMSD is seen across all three replicates (Figure 3.5).  

 

   

 

Figure 3.6 RMSD values of CB1-AM841 system against 5U09 and 5XR8 crystal 

structures. Replicates 1, 2, and 3 are represented by colours orange, green, and blue. 

 

The RMSD for the replicates of the CB1-AM841 system calculated against 5U09 

(Figure 3.6) remains stable through the entire trajectory within an order of  1-2 Å in all 

three replicates. Against 5XR8 (Figure 3.6), the system shows  RMSD in the range of 2-3 

Å. These values too remain stable in all three replicates.  
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Figure 3.7 RMSD values of CB1-AM6538 system against 5U09 and 5XR8 crystal 

structures. Replicates 1, 2, and 3 are represented by colours orange, green, and blue. 

 

Considering the CB1-AM6538 system, RMSD against both inactive and active 

crystal structures (Figure 3.7) remains within a narrow range (1-1.9 Å against 5U09; 2.5-

3.0 Å against 5XR8), thus indicating a very stable protein-ligand complex. 
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3.4.4 Ligand RMSD 

 

 

Figure 3.8  RMSD of ligand against its initial conformation in CB1-AM841 and CB1-

AM6538 systems. Replicates 1, 2, and 3 are represented by colours orange, green, and 

blue. 

 

The RMSD of the ligand molecules in the CB1-AM841 and CB1-AM6538 system 

was calculated with the initial state of the ligand as the reference structure (Figure 3.8). 
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RMSD of AM841 (21) in replicate 1 of CB1-AM841 system does not show much change 

throughout the run. However, in replicates 2 and 3 the RMSD value fluctuates between the 

range of 1.5-3.7 Å. At about 50 ns, the RMSD value drops in replicate 2, but then shows 

an increase from 60ns. The value stabilises at around 100ns and shows minor fluctuations 

beyond that. Figure 3.9 shows the various position of the ligand through the run. At 83 ns 

(ligand in green) when the RMSD steadily rises, the ligand is entering into the TM bundle. 

At 95 ns (ligand in blue), it goes in further into the binding pocket – however, at 100ns 

(ligand in yellow), it shifts from its position. At 154 ns (ligand in pink), it again goes back 

into the pocket. At 200ns (cyan) and 250 ns (orange), the ligand appears to have only 

slightly shifted from its position seen at 154 ns. In replicate 3, an increase in value is 

observed at about 20ns into the simulation (Figure 3.8). The RMSD fluctuates after that 

but stays well above 2 Å. Between 165-190 ns, a steady increase in RMSD is observed 

which then remains stable until the end of the run. Upon investigating the corresponding 

ligand positions (Figure 3.10), it was observed that at 20 ns,  the aliphatic tail of  AM841 

(21) has entered fully into the orthosteric binding pocket and the aromatic head group is 

entering deep into the binding pocket (ligand in green). At 170 ns the tail moves closer to 

TM1 (ligand in yellow). At 180 ns the tail moves further into the binding pocket and the 

head group is pushed furthermore into the binding pocket (in pink). At 220 ns,  a similar 

conformation is seen (in light pink), which sustains all through the trajectory. In both 

replicates, hydrogen bonds are being formed and broken with the binding pocket residues 

(predominantly serine residues)  shown in Figure 3.1 (c) and Gly166(2.53).  

The RMSD of the replicate 1 of CB1-AM6538 (Figure 3.8) system ranges within 

0.5-2.3 Å, with random fluctuations. The most stable time interval lasts from 25-90 ns. The 
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ligand RMSD value for AM6538 (18) in replicate 2 is between 1.6 – 2 Å  up until 110 ns, 

after which a slight decline in values is seen. However, post-175 ns the RMSD climbs up 

with heavy fluctuations. From about 140 ns, replicate 3 shows a steady decline in RMSD 

value which stops at about 190 ns beyond which only minor fluctuations are observed. On 

investigating the ligand position for replicate 3, no overall change was observed in the 

position of the ligand. Rather, slight changes in the position of cyclohexane and nitro alkyl 

groups were observed.  

 

Figure 3.9 Positions of the ligand in CB1-AM841 in replicate 2. The initial position is 

given in red. The positions at 83 ns, 95 ns, 100 ns,  154 ns, 200 ns and 250 ns are 

represented in colours green, blue, yellow, pink, cyan and orange respectively.  
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Figure 3.10 Positions of the ligand in CB1-AM841 in replicate 3. The initial position is 

given in red. The positions at 20 ns, 170 ns, 180 ns, and 250 ns are represented in colours 

green, yellow, pink, and light pink respectively.  

 

3.4.5 Principal Component Analysis (PCA) 

As mentioned in Section 1.5.3.1, PCA reduces the number of dimensions required 

to describe the dynamics of a protein. The trajectory that has undergone PCA describes 

these ‘essential’ motions in the essential subspace of the protein which show the most 

variation. In this section, PCA performed on TM-BB atoms of the protein molecule for 

every replicate in each system are reported. As the primary aim of the PCA in this study is 

to identify the TM helix motion, loop regions and side chains have been eliminated from 

the analysis. Furthermore, only principal components 1 and 2 were considered as they have 

the eigenvalues higher than the rest and hence represent the majority of intermolecular 

movement (scree plot not shown here; as mentioned in Section 1.5.3.1 the highest 

eigenvalues represent the essential motions)274. The projection of eigenvector 1 on 
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eigenvector 2 for all three replicates of a system plotted onto a common subspace is shown 

in Figure 3.11. 

 

 

Figure 3.11 PCA plots of principal component 1 and 2 for transmembrane backbone 

atoms of CB1-Apo, CB1-AM841 and CB1-AM6538 systems. The replicates 1, 2, and 3 

are represented by colours orange, green, and blue respectively. Black diamond denotes 

the initial position of the protein. The yellow, green, and cyan dots represent the final 

position of the proteins in replicates 1, 2, and 3 respectively. 

 

In the 2D plots, each point represents a structure; the closer two points are to each 

other, the more similar are the structures represented by the points. Points far off from each 

other represent structures that are dissimilar to each other275. From the area spanned by 
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each replicate in the plots (Figure 3.11), it can be observed that the helices of the CB1-Apo 

system explore more conformations than those complexed with a ligand. Though an 

overlap is seen in the helical movement of CB1-Apo system trajectories, from the final 

position (indicated by the dots) it can be seen that the motions are quite distinct from one 

another. In contrast, in the CB1-AM6538 system (Figure 3.11) the final position of 

replicate 2 is much closer to the initial position. Replicate 3 overlaps with replicate 2 but 

has its final position far from the initial position unlike replicate 3. Replicate 1 occupies a 

different area of the subspace indicating its opposing motions to that seen in replicates 2 

and 3.  The replicates of CB1-AM841 system (Figure 3.11) overlap one another and span 

a much lesser area compared to CB1-Apo and CB1-AM6538 systems. But similar to CB1-

AM6538 system, the final position indicated by the PC is closer to the initial position.  

The PCA plots provide an insight into the extent of conformational sampling by the 

receptor in a replicate. In order to identify which part of TM-BB shows the most movement 

and the direction of that movement, porcupine plots for PC1 were generated using 

PyMol276. The plots for each system along PC1 are given in Figures 3.13 – 3.16. A guide 

for the terms used to describe the motions is given in Figure 3.12. 
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Figure 3.12 Motions observed in PC1 of  CB1 simulation systems.  Anticlockwise and 

clockwise twists were defined as such when observing the protein from the extracellular 

side (top-down viewpoint). 

 

3.4.5.1 CB1-Apo System 

For the CB1-Apo system, TM4 shows the least movement of all helices in all three 

replicates. Its movement mainly consists of the helix tilting sideways. The upper half (EC) 

(i.e. that half of the helix near the extracellular region) of TM1 moves laterally away from 

the binding pocket in all three replicates, albeit in different directions (Figure 3.13 and 

3.14).  The EC end of TM3 in replicate 1, bends towards TM5. In replicates 2 and 3, it 

bends slightly away from the binding pocket and towards the direction of TM4. The lower 

portion (IC) (i.e. the half of the helix near the intracellular region) remains fairly stable, 

with a mild rotatory movement in clockwise and anticlockwise directions respectively. The 

motions seen in TM2 and TM5 are described in Appendix 3.  
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Figure 3.13 Porcupine plot for PC1 of CB1-Apo system; Replicates 1 and 2. The 

transmembrane regions are coloured in the direction of blue to red from TM1 to TM7. 

Black arrows denote the direction of movement. 

 

In TM6, the proline kink separates the EC and IC halves of the helix. IC half in 

replicate 1 moves into the binding pocket, while the EC end rotates upward in an 

anticlockwise direction. In replicate 2, EC end bends down towards TM7 while IC end 

bends away from TM7 and in the direction of  TM5. The IC half in replicate 3 also moves 

away from TM7, but the EC end rotates down in a clockwise fashion. TM7 shows the most 
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flexibility of all the helices. In replicate 1, the IC half bends into the binding pocket while 

the EC end bends up straightening the proline kink. Conversely, in replicate 2 the EC end 

bends downwards in a direction away from the binding pocket and the IC half shows a 

downward clockwise rotation. In replicate 3, downward clockwise rotation of the helix 

rotation is seen with the N-terminus of the helix (near ICL3) bending towards TM6. 

 

 

Figure 3.14 Porcupine plot for PC1  of CB1-Apo system – Replicate 3. The 

transmembrane regions are coloured in the direction of blue to red from TM1 to TM7. 

Black arrows denote the direction of movement. 

 

3.4.5.2 CB1-AM841 System 

Figure 3.15 shows the movement of helices for CB1-AM841 system along PC1 for 

all replicates. TM1 in replicate 1 shows a lateral tilting of its EC and IC halves in opposing 

directions. In replicates 2 and 3 the IC half bends towards TM2. The EC end, however, 

shows rotatory motion in anticlockwise and clockwise directions respectively. The IC of 

TM3 shows more movement than the EC end. In replicate 1, it bends away from TM5 
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while in replicates 2 and 3 it bends towards TM5 and the binding pocket. In replicate 3, the 

EC end shows considerable movement by bending away from the binding pocket.  

 

 

Figure 3.15 Porcupine plot for PC1 of CB1-AM841 system replicates. The 

transmembrane regions are coloured in the direction of blue to red from TM1 to TM7. 

Black arrows denote the direction of movement. 

 

TM6 in replicate 1 shows the EC end bending away from TM5 while the IC rotates 

downward in an anticlockwise manner. In replicate 2, EC end bends towards TM5, and IC 

shows rotation in the clockwise direction.  In replicate 3, however, EC end tries to 
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straighten the kink while IC bends towards TM7. EC end of TM7 bends towards TM1 in 

replicate 1, while IC bends out the binding pocket. In replicates 2 and 3, the IC end moves 

into the binding pocket while EC end shows varied motions such as bending towards TM6 

and rotating downwards in the clockwise direction. The motions seen in TM2, TM4 and 

TM5 are described in Appendix 3.  

3.4.5.3 CB1-AM6538 System 

Figure 3.16 shows the movement of helices for CB1-AM6538 system along PC1 

for all replicates. IC of TM3 bends towards TM5 in replicate 1 while EC end bends out of 

binding pocket.  In replicate 2, the inverse is observed with the IC bending away from the 

pocket. In replicate 3, the helix tilts away from the binding pocket.  

In the case of TM6, the EC end shows a bend towards TM5 (replicate 1) or 

straightening of the helix bending away from TM5 (replicates 2 and 3). IC tilts down in the 

direction of TM7 in replicate 1, tilts toward TM5 in replicate 2, and move in a direction 

opposite to the binding pocket in replicate 3. The EC region of TM7 bends towards TM6 

in replicate 1, while bending away from it in replicates 2 and 3. The IC portion does not 

show much motion in replicate 1 but rotates upward and downwards in replicates 2 and 3. 

The motions seen in TM1, TM2, TM4 and TM5 are described in Appendix 3. 
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Figure 3.16 Porcupine plot for PC1  of CB1-AM6538  system. The transmembrane 

regions are coloured in the direction of blue to red from TM1 to TM7. Black arrows denote 

the direction of movement. 
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3.4.6 Conformation of Conserved Residues 

3.4.6.1 Twin Toggle Switch  

As seen in Sections 1.1.3 and 1.3, the rotameric change and a break in the 

interaction between Phe200(3.36) and Trp6.48(356) is essential in the transition from 

inactive to active structures of cannabinoid receptors. In 5U09 (the template crystal 

structure) both residues are in a face-face π-π stacking interaction with each other. To 

identify how different conditions (such as apo or ligand-bound) affect this interaction, the 

distance between Phe200(3.36) and Trp6.48(356) was monitored through each trajectory. 

As only the side chain rings are involved in the stacking, the distance between the centre 

of mass (COM) of the carbon atoms comprising the aromatic rings of both residues was 

considered.  

 

Figure 3.17 Distance between the COM of carbon atoms comprising the aromatic rings 

of Phe200(3.36) and Trp6.48(356) of the CB1-Apo system. Replicates 1, 2, and 3 are 

represented by colours orange, green, and blue. 
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In the CB1-Apo system (Figure 3.17), replicates 1 and 3 show almost no change in 

the distance. In replicate 2, however,  an increase in the distance between the residues is 

observed until about 180 ns, beyond which it decreases and shows minor fluctuations. 

Upon viewing trajectories, it was confirmed that the largest difference in distance occurs 

at about 168 ns (Figure 3.18 shown in green) when Trp356(6.48) turns away from 

Phe200(3.36) and away from the binding pocket. Phe200(3.36), on the other hand, turns 

away from TM6 and looks into the binding pocket. The figure also shows the positions of 

the two residues (in blue) at 175 ns whereby Phe200(3.36) resets back to its position at 125 

ns (in red). Trp6.48(356), though not back at its original position, is still nearer to 

Phe200(3.36) than its position at 168 ns.   

 

Figure 3.18 Conformations of Phe200(3.36) and Trp6.48(356) in replicate 2 of CB1-Apo 

system. Red, green, and blue represent conformations at 125 ns, 168.20 ns and 175 ns 

respectively. 

 

In both CB1-ligand complex systems, the distance between the increased or 

decreased by only 0.5-1 Å (graphs not shown). Upon visualisation, it was observed that 

these changes did not cause any significant change in the interaction. 
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3.4.6.2 Arginine Cage Ionic Lock 

As seen in Sections 1.1.3 and 1.3, the breakage in the ionic lock between 

Arg131(3.50)-Asp130(3.49) and Arg131(3.50)-Asp240(6.30) is a hallmark of GPCR 

activation. In this regard, the distance between side chains of residue pairs of 

Arg131(3.50)-Asp130(3.49) and Arg131(3.50)-Asp240(6.30) was monitored throughout 

the trajectory. Aspartic acid has a carboxylic side chain capable of switching the extra pair 

of electrons via resonance. Hence, instead of measuring the distance between basic 

nitrogen to acidic OH the distance between the immediately preceding carbon atoms of 

either residue in both pairs was calculated. In Arg131(3.50), this corresponds to the Cζ 

atom and in both aspartic acid residues, this corresponds to the Cγ atom. 

In all three systems considered, the distance between the side chains of  

Arg214(3.50)-Asp338(6.30) (Figure 3.19) fluctuates within a range of 4 – 10 Å. Replicate 

1 of the CB1-Apo systems exhibit the highest distance of sidechain separation between 

Arg214(3.50)-Asp338(6.30). In replicates 2 and 3 of CB1-Apo system, the fluctuation 

subsides at certain intervals where a minimum distance between the two side chains is 

reached. In contrast, both ligand complexed systems of CB1 show the same level of 

fluctuation across their replicates.  

In the case of CB1-Apo and CB1-AM6538 systems, the distance between 

Arg214(3.50)-Asp213(3.49) remains fairly constant (Figure 3.20), with random spikes in 

values. CB1-AM841 system, however, shows almost the same level of fluctuation in the 

sidechain distance between Arg214(3.50)-Asp213(3.49) as that observed between 

Arg214(3.50)-Asp338(6.30). This implies that while distance fluctuations between 

Arg214(3.50)-Asp338(6.30) in CB1-Apo and CB1-AM6538 systems were influenced 
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predominantly by the helical movement, the same in CB1-AM841 system was additionally 

affected by the conformational changes in Arg214(3.50) as well. This was further 

confirmed upon visualising trajectories.  

 

Figure 3.19 Distance between Cζ and Cγ atoms in the residue pairs of Arg214(3.50)-

Asp338(6.30) in all three systems considered in the study. Replicates 1, 2, and 3 are 

represented by colours orange, green, and blue. 
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Figure 3.20 Distance between Cζ and Cγ atoms in the residue pairs of Arg214(3.50)-

Asp(3.49) in all three systems considered in the study. Replicates 1, 2, and 3 are 

represented by colours orange, green, and blue. 

 

3.4.7 Lipid Access Channel 

It has been mentioned in Section 1.3 that LPA1, S1P1, and CB1 inactive crystal 

structures all possess an access channel between TM1 and TM7 that could function as an 

entry point for both lipids and ligands104,277,278. In that regard, the access channel between 

TM1 and TM7 was monitored for the receptor in the CB1-Apo system. As observed in the 

analysis of PC1 for CB1-Apo systems, TM1 shows movement in a direction lateral to the 

binding pocket. This movement disrupts the potential entry pathway in CB1-Apo 
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conformation. The channel in 5U09 is surrounded by the residues Ile119(1.35), 

Phe381(7.37), and Met384(7.40)105. In the CB1-Apo simulation, the position and the 

conformation of the residues change as per the movement of their respective TM helices 

and the pocket closes. The closing of the channel occurs between 35-40 ns in replicates 1 

and  3, and between 70-75 ns in replicate 2. In Figure 3.21, the changes in the channel in 

replicate 3 between 35-40 ns is shown. In all replicates, the pathway between the 

orthosteric pocket and the opening constricts with time until it is reduced to a minimum. 

Within the next 5 ns, the pathway closes, and the opening is rendered as an outer surface 

pocket.   

 

Figure 3.21 State of the lipid access channel found between TM1 and TM7 in replicate 

3 of the CB1-Apo system at 35 ns and 40 ns. Residues flanking the channel are represented 

as sticks (in white). Voids and pockets are represented as surfaces (in grey). The entrance 

of the channel is marked by the black arrow. Blue dashed lines indicate the connection 

between the orthosteric pocket and channel opening.  
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3.5 Discussion 

From the RMSF calculations, the most fluctuating regions of the receptor constructs 

were identified. As expected, the ICL3 loops showed the most fluctuation in all three 

systems as it is often the longest loop in class A GPCRs (barring the termini loops). From 

the subsequent RMSD calculations on the TM-BB atoms, a general direction of the 

transmembrane bundle conformation was identified. The CB1-Apo system showed an 

increase in values when RMSD was calculated against 5U09 (inactive crystal structure) 

and 5XR8 (active crystal structure), implying that the receptor is progressing towards a 

conformation unlike that seen in 5U09 or 5XR8. For CB1-AM841 and CB1-AM6538 

systems, however, the RMSD values showed very small deviations, indicating stable 

protein backbones.   

Analysis of PC1 showed that a majority of helix motions are shared across all 

systems. It must be noted here that the starting structure in all the systems was the same,   

hence, it can be asserted that the ligands (or lack of ligand) are responsible for precipitating 

any changes. The PCA of TM-BB of all replicates in each system in a common subspace 

revealed the variation in motions exhibited by the protein helices. From the visual analysis 

as well as porcupine plots generated of PC1, it was observed that TM4 shows the least 

motion in all three systems. In comparison to other TMs, TM4 also has very few residues 

participating in the binding pocket as observed from crystal structures as well as the 

docking studies conducted in the present work (Sections 2.4.2, 2.5, 2.6, and 3.4.1). TM4 is 

suggested to be involved in dimerization in certain class A GPCRs279 and hence might be 

required to be structurally stable. The study of CB1 dimerization, however, goes beyond 

the scope of this study. From the porcupine plots, it can be seen that TM1 predominantly 



                                                                          Chapter 3 – MD Simulations of CB1 

 

120 

 

shows a tilt towards TM7 or away from TM7. This may be critical in shaping the 

conformation of the helical bundle, as evidenced in inactive and active CB1 crystal 

structures (Section 1.3). Notwithstanding the general conformation, the movement of TM1 

could also be important in instances of ligand entry via the access channel. Observing the 

access channel in CB1-Apo simulations, it was realised that the outward movement of TM1 

reshapes the channel which completely disappears within 100 ns of the run. In the CB1-

AM841 complex, PC1 of TM1 shows a tilt towards TM7 in replicates 2 and 3, thus 

allowing the ligand to further into the binding pocket.*  

The most variation in movement, however, is shown by TM6 and TM7. From the 

analysis of PC1 of TM6 in the three systems, it can be concluded that TM6 predominantly 

exhibits bending, centred around the Pro kink. Indeed, it has been recently reported that 

TM6 of CB1 shows the largest helix bending among all agonist-bound GPCRs, irrespective 

of the presence or absence of G protein mimics103. The presence of Gly355(6.49) in the 

CWGP motif allows for such flexibility (Section 1.2.2) and less steric clashes. TM7, too, 

exhibits helical bending predominantly in the EC end where a synergistic motion with TM6 

is observed in all replicates due to the linkage via ECL3. From the porcupine plots of PC1, 

it can be seen that the IC of TM7 is comparatively more flexible than that of other helices 

in CB1-Apo and CB1-AM841 systems. It has also been reported that in the agonist crystal 

structure the TM7 hinge region exhibits a partial unwinding centred on the residue 

Tyr397(7.53) of the NPXXY motif103. In the CB1-AM6538 system, TM7 exhibits fewer 

variations in motion (Section 3.4.5.3), as compared to the apo and agonist bound systems. 

This apparent lack of flexibility is rather expected as AM6538 (18) is an antagonist. 
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In the crystal structures 5U09 and 5XR8, the distance between the carbons(Cζ and 

Cε)  which are the closest to the atoms involved in the salt bridge between Arg 214(3.50) 

– Asp338(6.30) is 4.5 Å and 12.4 Å, respectively; similarly, that between Cε and Cζ of 

Asp213(3.49) - Arg 214(3.50) is 4.3 Å (5U09) and 7.3 Å (5XR8). In the three CB1 systems 

simulated herein, the distance between the same carbon atoms of Arg 214(3.50) – 

Asp338(6.30)  and Asp213(3.49) - Arg 214(3.50) salt bridges range closer to the values 

mentioned above (4 – 10 Å, as seen in Section 3.4.6.2). It has already been mentioned in 

Section 3.4.6.2 that the separation between Arg 214(3.50) – Asp338(6.30) in CB1-Apo 

system is primarily influenced by the movement of helices as Arg214(3.50) is in close 

contact with Arg213(3.49). Observing Figure 3.11, it can also be seen that the ionic lock 

breaks and reforms at different intervals for different replicates. This ‘arginine cage’ region 

adopts a conformation that is unlike of active or inactive crystal structures and this can be 

attributed to the flexibility of the apo state. MD simulations of apo M2 receptor and apo 

β2AR have reported breakage and reformation of the ionic lock leading to three different 

types of Arg3.50-Asp6.30 interactions: closed, semi-open, and fully open280,281. The 

authors credit these variations to the ability of apo state receptor to sample different 

conformations. In a study involving apo CB1 simulations (starting from an inactive state), 

Diaz et al. too have suggested flexibility to be the causative factor in the separation of the 

ionic lock235.  

In CB1-AM841, both helical movements and conformational changes in 

Arg214(3.50) influence the separation between residues in the arginine cage region 

(Section 3.4.6.2). From the plots of CB1-AM841 system in Figures 3.19 and Figure 3.20, 

it can be seen that Arg214(3.50) is away from Asp213(3.49) as much as it is removed from 
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Asp338(6.30). In an active receptor, both salt bridge interactions involving Arg214(3.50) 

are broken and the arginine extends out into the G protein binding region. While a fully 

open state has not been achieved in the reported simulations (due to rigidity of the docked 

complex), the findings do imply that Arg214(3.50) has started its separation away from 

Asp213(3.49). Considering the CB1-AM6538 system, much like CB1-Apo, the distance 

between the side chains of Asp213(3.49) and Arg 214(3.50) is below 5 Å with few sporadic 

increases. Yet, unlike CB1-Apo, the fluctuation in distance is equal across all replicates. 

The distance between Arg214(3.50) and Asp338(6.30), however, is the same as that of the 

agonist (CB1-AM841) system. It must be noted that Asp338(6.50) is proximal to ICL3 – 

the most flexible loop in CB1; therefore, the IC terminal of TM6 may be affected by the 

loop’s fluctuations. There exists a possibility of water network maintaining these 

interactions transforming the closed state to a semi-open one280. However, analysis of water 

networks is out of scope for the work reported herein. 

Despite the high variations in motions of TM3 and TM6, the interaction between 

toggle switch residues is stable in all three systems (Section 3.4.6.1), except for replicate 2 

of the CB1-Apo system where a temporary break in the interaction was observed. Diaz et 

al. in their simulation of apo CB1, observed such a breakage of the interaction leading to 

an intermediate conformation (without progressing to an active state conformation)235. Li 

et al. also observed three different conformations of Trp6.48 for active, inactive, and apo 

states of in their simulations of A2AR282. Indeed, the flexibility seen in the ‘ionic lock’ 

residues also applies to Trp6.48 in apo simulations. Simulations involving M2 and S1P1 

receptors have revealed that Trp6.48 assumes a variety of conformations in the apo state in 

comparison to the ligand bound one277,280. Hence, from the analysis of conserved residues 
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in all three systems, it can be deciphered that CB1-Apo is progressing towards an 

intermediate conformation that resembles neither active nor inactive state completely.  

This chapter also investigated if a head group first entry of a classic cannabinoid 

would be favourable to activate the receptor. A change in the ligand orientation was seen 

in replicates 1 and 2; however, the ligand did not progress towards the conformation seen 

in 5XR8. After 250 ns of simulation, no evidence regarding the transformation of the 

receptor into an active state was found. A head group-first entry into the receptor via access 

channel, hence, may take time to orient itself in the binding pocket and trigger activation. 

In 2016, a steered MD study to identify the potential pathways for entry of ∆9-THC into 

CB1 was conducted on a CB1 model generated using the LPA1 receptor as template278. It 

was recognised that to pull ∆9-THC (3) into the binding pocket, the path that required the 

least application of force was through the gap between TM7-TM1 or TM2 gateway, with 

the ligand entering aliphatic tail-first into the receptor. Upon carrying out triplicates of 

supervised MD on the fully entered ligand, it was observed that ∆9-THC (3) did not venture 

any further into the binding pocket but rather remained in the region between TM7, TM1, 

and TM2. Activation of the receptor, however, was observed in one MD replicate278. In 

replicates 1 and 2 of the simulations reported herein, the agonist AM841 (21) remained in 

the binding pocket region between TM7, TM1 and TM2, resembling the position of ∆9-

THC (3) in the above-mentioned study. In a study by Picone et al.,271 the N=C=S tail of 

AM841 was suggested to interact with Cys355(6.47) of CB1; their mutagenesis 

experiments also revealed Cys355(6.47) to be important in the binding of AM841. and 

subsequent activation of the receptor. The formation of a thiocarbamate was not observed 

in the crystal structure103 but could be an important factor in the activation of the receptor 
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upon initial binding. This interaction between Cys335(6.47) and AM841 (21) was also not 

observed in the study reported here; with a headfirst entry, such an interaction might take 

a longer time than a tail-first entry. Given that biological functions occur in the timescale 

of milliseconds, it can be said that the length of simulations is not sufficient enough to 

observe the agonist entry into the receptor and subsequent activation. A longer simulation 

time, specifically for the CB1-Apo and CB1-Agonist complexes will help explore the 

further conformations that the receptor would assume. 

3.6 Conclusion 

In this chapter, the molecular dynamics simulations of inactive CB1 in three 

different modes namely CB1-Apo, CB1-agonist complex, and CB1-antagonist complex 

have been described, and the findings reported. Through RMSD analysis and PCA, it was 

found that the CB1-Apo structure was moving neither towards an active or an inactive 

conformation as seen in the crystal structures. It was also observed that in the CB1-Apo 

structure, the proposed ligand access channel gets closed due to changes in the TM helical 

bundle. The CB1-antagonist complex was observed to maintain the inactive state of the 

receptor, throughout the trajectory in the majority of replicates. The CB1-agonist complex 

exhibited conformational changes indicative of breaking away from an inactive state, with 

regards to the ionic lock. Scrutinizing the molecular motions to the level of inter-atomic 

distances between key residue-residue interactions of agonist complex revealed that the 

receptor had not yet completely transformed to an active state. This implies that the chosen 

initial position of headfirst entry of the ligand into the binding pocket may either delay 

activation or not be favourable for activation at all. It was hence concluded that longer 

simulation times would be required to confirm the speculations.
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4 Molecular Dynamics Simulations of Cross Docked 

Cannabinoid Receptor 1 Activation States 

4.1 Introduction 

In chapter 3, the changes in the architecture of an inactive state CB1 receptor under 

different conditions were investigated and compared via unbiased MD simulations. The 

ability of a chosen ligand pose to trigger receptor activation was also studied. This chapter 

aims to understand and compare the transitions in an inactive state receptor when 

approaching an active state and vice versa. To study such transitions, unbiased simulations 

of an inactive state model and an active state model cross-docked with the cognate ligand 

of the opposing functional state crystal structure were run. In other words, CB1, based on 

PDB ID 5U09, was complexed with AM11542 (20) (cognate ligand of PDB ID 5XRA) 

whilst CB1*, based on 5XRA, was complexed with MK0364 (19) (cognate ligand of 

5U09). This helps to observe if CB1 activation and inactivation process exhibit directly 

opposing structural motions in the receptor. Furthermore, it was noted in Chapter 3 that the 

length of the simulation to be a limitation (Section 3.6). In that regard, these cross-docked 

motions were conducted for a microsecond. The trajectories of the systems analysed herein 

were taken from the unbiased MD simulation studies described in the study reported by 

Loo et al240. Certain aspects of the analyses reported in this chapter have been published in 

the same study.  
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4.2 Aims 

1. To analyse the conformational changes of the receptor in an unbiased 

molecular dynamics simulations of an inactive state CB1 docked to an 

agonist and an active state CB1 docked to an antagonist. 

2. To identify the course of the receptor conformational changes using PCA, 

monitoring conserved motifs involved in CB1 activation, and monitoring 

the pocket volume. 

3. To identify the positional changes of the docked agonist and antagonist after 

the simulation. 

4.3 Methods 

The cross-docking of ligands, MD simulations of the cross-docked complexes and 

subsequent RMSD analysis on protein and ligand structures were supplied by the lead 

investigator, Dr Jason Loo Siau Ee, as mentioned in Loo et al.240. Simulations were 

conducted using GROMACS 2018283 using the Amber ff99SB-ILDN* force field, 

supplemented with Slipids parameters for lipids and the General Amber Force Field for 

ligand parameters284–286. Ligand topologies were generated using Acpype and partial 

charges were calculated using AM1-BCC method287. The complexes were embedded into 

a pre-equilibrated POPC membrane bilayer and were aligned as per the OPM database259. 

TIP3P260 water was used to solvate the system and 0.15 M NaCl was added to neutralise 

the system. 100 ns equilibration was conducted using NPT ensemble. The temperature was 

maintained at 300 K using Berendsen thermostat288 and pressure at 1 atm using semi-

isotropic Parinello–Rahman barostat263. Position restraints were applied to the complexes 

with a force constant of 1000 kJ/(mol nm2). Cut-offs of 10 Å were applied for short-range 
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van der Waals and electrostatic interactions, while long-range electrostatic interactions 

were calculated using particle mesh Ewald266. All bonds involving hydrogen atoms were 

constrained using the LINCS algorithm265. Unrestrained production simulations were then 

run at 300 K and 1 atm with the Nose Hoover thermostat262 and Parinello–Rahman barostat 

for 1000 ns (1 μs). A time step of 2 fs was used. 

Residue-residue distance measurements in conserved motifs (such as twin toggle 

switch and arginine cage ionic lock seen earlier in Sections 3.4.6) were performed using 

GROMACS 2018283. PCA analysis was performed using pyPcazip and PyMol. The volume 

of the binding pocket was calculated for every 25 ns of the trajectory using SiteMap289. 

Trajectories were visualized using VMD268. The conformation of the protein and ligand at 

the start of the production simulation (i.e. post-equilibrium structure) is referred to as initial 

state or initial conformation in this chapter. 

4.4 Results 

4.4.1  Changes in Ligand Position 

The RMSD of the ligands against their conformations in their respective crystal 

structures (i.e. 5U09 for MK0364 (19) and 5XRA for AM11542 (20)) calculated by Loo et 

al. revealed that the ligand conformation is relatively stable throughout the simulation for 

both the ligands240 with fluctuations in the range of 2 Å. However, comparing positions of 

ligand at the start of the simulation and after 1 μs shows certain significant changes in the 

orientation of ligands in both CB1-AM11542 and CB1*-MK0364 systems. AM11542 (20) 

adopts an orientation in the inactive model quite similar to that observed in 5XRA. The V-

shape of AM11542 (20) is much more pronounced after 1 μs in comparison to its initial 

state (Figure 4.1), due to the aliphatic tail being almost perpendicular to the aromatic head 
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group (the A, B and C rings, as designated in Figure 1.8, Section 1.2.3.1.1, form the 

aromatic head group for AM11542 (20)). Loo et al. reported that the lowest RMSD 

between cross-docked AM11542 (20) and cognate AM11542 (20) of 5XRA was 1.44 Å, 

whereby the cross-docked ligand almost replicated the cognate ligand orientation240. The 

RMSDs of initial vs final position of AM11542 (20) in replicates 1, 2, and 3 are 2.56 Å, 

3.18 Å, and 2.69 Å respectively. 

 

Figure 4.1 Changes in ligand position in replicates 1 and 2 of CB1-AM11542 system. 

The initial position is shown in yellow and final position is shown in pink). The cartoon 

representation depicts the initial state of the receptor. 

 

Such replication of the cognate conformation by the cross-docked ligand, however, 

was not observed in the case of CB1*-MK0364 complex240. The lowest RMSD value 

achieved against crystallographic MK0364 (19) was 5.76 Å. Yet, comparing the pre- and 

post-MD orientations it can be seen that MK0364 (19) has gone from a folded to a slightly 

extended conformation, observed specifically in the trifluoromethylpyridine arm in 

replicate 3. In replicates 1 and 3, the ligand binds much deeper than the initial orientation. 



                                   Chapter 4 – MD Simulations of Cross-Docked CB1 Activation States 

 

129 

 

Replicate 2 also shows a deeper binding but not to the extent observed in other replicates 

(Figure 4.2). The RMSDs of initial versus final position of MK0364 (19) in replicates 1, 2, 

and 3 are 3.22, 2.45, and 2.76 Å respectively. 

 

Figure 4.2 Changes in ligand position in replicates 1 and 2 of CB1*-MK0364 system. 

The initial position is shown in green and final position is shown in pink. 

 

4.4.2 Principal Component Analysis (PCA) 

As mentioned in Section 1.5.3.1, PCA reduces the number of dimensions required 

to describe the dynamics of a protein and helps identify essential motions in a trajectory. 

In this regard, PCA on TM-BB atoms of the proteins in both systems was performed in the 

same manner as mentioned in Section 3.4.5 for CB1 models. In CB1*-MK0364 system 

(Figure 4.3), from the projection of PC1 on PC2, it can be seen that the replicates diverge 

from their starting point and occupy different regions on the subspace. Replicate 2 shows 

more variance than replicates 1 and 3. CB1-AM11542 is rather similar to the 5XRA system 

in terms of the replicates. The replicates diverge in distinct directions from their starting 

point and occupy different regions on the subspace. 
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Figure 4.3 PCA plots of principal component 1 and 2 for transmembrane backbone 

atoms of CB1-AM11542 and CB1*-MK0364 systems. The replicates 1, 2, and 3 are 

represented by colours orange, green, and blue respectively. The black dot denotes the 

initial position of the protein. The yellow, green, and cyan dots represent the final position 

of the proteins in replicates 1, 2, and 3 respectively. 

 

To identify which part of each helix shows the most movement and the direction of 

that movement, porcupine plots for PC1 of the TM-BB atoms of each replicate in each 

system were generated using PyMol276. The plots for each system along PC1 are given in 

Figures 4.4 and 4.5. A guide for the terms used to describe the motions has already been 

provided in Figure 3.8. 

4.4.2.1 CB1-AM11542 system 

The motions observed in TM3 can be best described by dividing the helix into two 

halves as seen in PCA analysis in Section 3.4.– the helix which is nearer to the extracellular 

surface (EC) and lower half (IC) which is nearer to the intracellular surface. Though 

exhibiting minimal displacement, the EC and IC ends of TM3 show distinguishable motion 

in all three replicates. In replicate 1, the EC end bends towards TM2 while the IC end bends 

towards the binding pocket. In replicate 2, EC end bends away from the binding pocket 
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while the IC end bends towards TM6. Finally, in replicate 3, EC end bends away towards 

TM4 and away from TM2; the IC end bends away from TM5 and towards TM2. 

 

Figure 4.4 Porcupine plots for PC1 of CB1-AM11542 system. The transmembrane 

regions are coloured in the direction of blue to red from TM1 to TM7. Black arrows denote 

the direction of movement. 

 

The motions in TM5, similar to that in TM3, can be best described by dividing the 

helix into two halves. In replicate 1, the EC end tilts towards TM3, and the IC end bends 

away from the binding pocket. In replicate 2, the EC end bends in a direction out of the 
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binding pocket and the IC end moves towards the binding pocket. In replicate 3, minimal 

movement is seen with the EC end bending away from TM3 and the IC end bending 

towards TM3.  

In TM6, the proline kink is used to distinguish the EC and IC halves of the helix. 

In replicate 1, the EC end elongates, and the IC end bends towards TM7. In replicate 2, 

both halves bend towards TM7 – straightening the proline kink. In replicate 3, both halves 

bend away from TM7 and the binding pocket.  

Considering TM7, replicate 1 shows noticeable helix unwinding near the NPXXY 

motif, causing the C-terminus connected to H8 to move into the binding pocket. The rest 

of the helix moves upward causing helix elongation in the mid-portion. Motions in replicate 

2 are threefold: N-terminus of the helix connected to ECL3 bends away from the binding 

pocket, the mid-portion of the helix moves closer to that of TM6 (and moves into the 

binding pocket as well), and the C-terminus bends away from TM6. TM7 of replicate 3 

shows minimal motion compared to replicate 1 and 2. EC end bends away from the binding 

pocket in a downward direction, while the IC end bends towards TM1 (and the binding 

pocket).  

The motions observed in TM1, TM2, and TM4 are given in Appendix 4.  

4.4.2.2 CB1*-MK0364 system 

TM1 shows different types of motions in all three replicates. In replicate 1, the 

middle portion of the helix bends towards the binding pocket, while that near to ICL1 

shows bending in a direction lateral to the binding pocket. In replicate 2, TM1 again shows 

tilting movement (in its IC end) in a direction lateral to the binding pocket. In replicate 3 
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however, the EC end of TM1 bends away from the binding pocket, causing a slight 

expansion in the mid part of the helix.  

 

 

Figure 4.5 Porcupine plots for PC1 of CB1*-MK0364 system. The transmembrane 

regions are coloured in the direction of blue to red from TM1 to TM7. Black arrows denote 

the direction of movement. 
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For TM5, the C-terminus connected to ICL3 in all three replicates shows movement 

towards the binding pocket. The rest of the helix shows an outward movement with varying 

magnitudes of displacement across the replicates. 

In the case of TM6, very faint bending motions towards TM7 are observed in the 

EC end of replicates 1 and 2, while in replicate 3 a very notable tilt out of the binding 

pocket is observed. The IC end of replicate 1 bends outward to the binding pocket, whereas 

in replicates 2 and 3 it moves towards the binding pocket, as seen for TM5. 

TM7, too, exhibits different types of motions in all three replicates. In replicate 1, 

the N-terminus of TM7 near ECL3 shows an outward bend away from the binding pocket 

while the rest of the helix bends into the binding pocket. TM7 in replicate 2, however, 

shows very faint motions with the bending of the N-terminus away from TM6 being the 

only notable movement. In replicate 3, TM7 shows an upward movement causing the mid-

portion of the helix to elongate. C-terminus near H8, however, shows bending in a direction 

away from the binding pocket.  

The motions observed in TM2, TM3, and TM4 are given in Appendix 4.  

4.4.3  Conformations of Conserved Residues 

4.4.3.1 Twin Toggle Switch 

Owing to the role of the aromatic toggle switch residues in CB1 activation (Section 

1.1.3 and 1.3), the conformation of and the distance between the residues Phe200(3.36) 

and Trp356(6.48) was monitored throughout the trajectory for each system (Figure 4.6), 

similar to that seen in CB1 and CB2 simulations (Sections 3.4.6.1).  
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Figure 4.6 Distance between the COM of carbon atoms comprising the aromatic rings 

of Phe200(3.36) and Trp356(6.48) in CB1-AM11542 and CB1*-MK0364 systems. 

Replicates 1,2, and 3 of each system are represented by colours orange, green, and blue 

respectively.  

 

In both CB1-AM11542 and CB1*-MK0364 systems, the distance between residues 

constituting the aromatic toggle switch – Phe200(3.36) and Trp356(6.48) – is almost 

constant throughout the entire trajectory in all replicates. Inspecting the trajectories, it was 

observed that in replicates 1 and 2 of the CB1-AM11542 system, the rings of both residues 
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are almost parallel to each other for a period of time. Between 775-800 ns and 175-200 ns 

of replicates 1 and 2 (Figure 4.7), the plane of the ring of Phe200(3.36) becomes 

perpendicular to that of Trp356(6.48). In replicate 3 of the same system, the ring planes of 

both residues are parallel to each other for most of the trajectory. However, on two separate 

time intervals, the rings of Phe200(3.36) and Trp356(6.48) flips such that the rotamer 

angles of the rings change, but the residues are still parallel to each other. In the case of 

CB1*-MK0364 system, the rotamer angles of both residues do not show a significant 

change and are almost consistent throughout the run.  

 

 

Figure 4.7 Changes in rotameric states of Phe200(3.36) and Trp356(6.48) in the 

replicate 2 of the CB1-AM11542 system. The colours representing the time points are: 

Red – initial position; Green – 175 ns; Blue – 200 ns; Yellow – 1000 ns. 
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4.4.3.2  Arginine Cage Ionic Lock 

As discussed previously (in Sections 1.1.3, 1.3, and 3.4.6.2), that the breakage in 

the ionic lock between Arg214(3.50)-Asp213(3.49) and Arg214(3.50)-Asp338(6.30) is a 

key event in the activation of GPCRs. Therefore, as seen in Section 3.4.6.2, to monitor the 

side chains that form an ionic lock between TM3 and TM6 in CB1, the distances between 

the Cζ carbon of Arg214(3.50) and Cγ of Asp213(3.49) and Cγ of Asp338(6.30) atoms 

were calculated. The distances are given in Figures 4.8 and 4.10.  

In the CB1-AM11542 system, the distance between the side chains of Arg214(3.50) 

and Asp338(6.30) is almost constant around the value of 5 Å in replicates 1 and 2 (Figure 

4.8). In replicate 3, however, the distance of separation increases from about 600 ns 

onwards. It reaches a maximum around 762 ns, after which the value remains in the range 

of 10 Å until the end of the run. The distance between the side chains of Arg214(3.50) and 

Asp213(3.49) is well below 5 ns for the entire trajectory in all three replicates (Figure 4.8). 

From the trend in the distance between the side chains, it can be suggested that in the CB1-

AM11542 system the conformation of Arg214(3.50) remains the same. The increase in 

distance between Arg214(3.50) and Asp338(6.30) is due to the movement of TM6 away 

from TM3, and not solely due to a conformation change in Arg214(3.50). This was 

confirmed upon visualising the trajectories (Figure 4.9). 
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Figure 4.8 Distances between the Cζ carbon of Arg214(3.50) and (a) Cγ of Asp338(6.30) 

and (b) Cγ of Asp213(3.49) in CB1-AM11542 system. Orange, blue and green represent 

replicates 1, 2, and 3 respectively.  
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Figure 4.9 Initial (green) and final (pink) conformations of residues involved in the 

arginine cage ‘ionic lock’ in the CB1-AM11542 system. (a) Replicate 1 (b) Replicate 2 

(c) Replicate 3. Dotted lines link the carbon atoms of residues between which the distances 

were measured (green – initial state; orange – final state). The cartoon representation 

depicts the initial state of the receptor. 
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In replicate 1 of the CB1*-MK0364 system, the distance between the side chains 

of Arg214(3.50) and Asp338(6.30) ranges from 10-15 Å, throughout the trajectory (Figure 

4.10). Visualising the trajectories and comparing the initial and final state (Figure 4.11 

(a))s, it could be seen that the difference in the distance between the two residues is rather 

small. In replicate 2, the separation reaches a maximum at around 600 ns, after which the 

distance steadily drops and reaches a minimum around 800ns. The distance again starts 

increasing after 850 ns but is still under the initial value. This was confirmed upon 

visualising the trajectories and comparing the initial and final position states of the two 

residues (Figure 4.11 (b)).  

In replicate 3, the separation increases with fluctuation. After 400 ns, the residues 

come closer, but the separation increases again around 600 ns. Post 800 ns, the distance 

between is rather stable and ranges between 10-15 Å, as in replicate 1 (Figure 4.11 (c)). 

The distance between the side chains of Arg214(3.50) and Asp213(3.49) is below 5 Å for 

most of the simulation in all replicates. However, sporadic fluctuations are seen all along 

the trajectory at various intervals. The separation between side chains ranges from 5-10 Å 

during such fluctuations (Figure 4.10). 

  



                                   Chapter 4 – MD Simulations of Cross-Docked CB1 Activation States 

 

141 

 

 

 

Figure 4.10 Distances between the Cζ carbon of Arg214(3.50) and (a) Cγ of 

Asp338(6.30) and (b) Cγ of Asp213(3.49) in CB1*-MK0364 system. Orange, blue and 

green represent replicates 1, 2, and 3 respectively. 
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Figure 4.11 Initial (green) and final (pink) conformations of residues involved 

in the arginine cage ‘ionic lock’ in the CB1*-MK0364 system. (a) Replicate 1 (b) 

Replicate 2 (c) Replicate 3. Dotted lines link the carbon atoms of residues between 

which the distances were measured (green – initial state; orange – final state). The 

cartoon representation depicts the initial state of the receptor. 
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4.4.3.3 Conformation of Tyr7.53 Residue 

 

Figure 4.12 Changes conformation of Tyr7.35 in replicate 1 of CB1-AM11542 system. 

The colours representing the time points are: Red – initial position; Green – 325 ns; Blue 

– 800 ns; Yellow – 850 ns; Pink – 150ns; Cyan – 975 ns; Orange – 1000ns (final position). 

Hydrogens are hidden. Red and cyan cartoons represent the initial and final conformations 

of the protein.  

 

In Section 1.1.3, the role of Tyr7.53 in the activation of GPCRs was discussed and 

in Section 1.3, the differences in the conformation of Tyr7.53 in active and inactive crystal 

structures of  CB1 were reviewed. In that regard, the conformation of Tyr397(7.53) was 

monitored through the trajectory. Tyr397(7.53) shows very few changes in almost all 

replicates of both systems and the conformation maintained as seen in the crystal structure 

template of the respective systems. However, in replicate 1 of CB1-AM11542 system, 

Tyr397(7.53) adopts differential conformations due to the extensive helix unwinding of the 

NPXXY motif (Figure 4.5). As shown in Figure 4.12, around 325 ns (in green), a minor 

change in ring conformation as compared to the initial structure (in red) is seen. At 800 ns, 
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the residue faces downward parallel to the binding pocket (in blue) but at 850 ns (in 

yellow), it adopts a conformation similar to that of the active structure – pointing towards 

TM6. By about 975 ns, however, the residue has flipped its rotamer and points outside of 

the 7TM helical bundle, in the direction of H8 (in pink). By the end of the run, the tyrosine 

is fully pointing out of the protein (in cyan).  

4.4.4  Pocket Volume 

One of the notable differences between active and inactive state CB1 is their 

binding pocket volume (Section 1.3, Table 1.2). CB1 (i.e. 5U09) measures a volume of 564 

Å3 while CB1* (i.e. 5XRA) has a pocket volume of 384 Å3. In this regard, to observe the 

influence of cross-docking on the binding pocket shape, the volume of the pocket was 

monitored through the trajectories and recorded for every 50 ns. The position of the ligand 

in each frame was used to define the pocket. The default value of 6 Å was used to set a 

margin around the ligand within which volume was to be calculated. In both cases, the 

pocket volume is within a range of 300-800 Å3. From the graphs in Figure 4.13, it can be 

seen that the volumes are rather fluctuating and no explicit trend in volume change is seen. 

For the CB1-AM11542 system, the volume in replicate 1 and 3 shows a decreasing 

trendline. Replicate 2, on the other hand, follows a slightly increasing trendline. In the case 

of CB1*-MK0364 complexes, the trendline is increasing for replicate 1, almost constant 

for replicate 2 and decreasing for replicate 3; however, the changes are very minimal.  
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Figure 4.13 Binding pocket volume calculated per 50 ns for CB1-AM11542 and CB1*-

MK0364 systems. The linear trendlines are represented as dashed arrows. The points 

represent the binding pocket volume per 25 ns of the trajectory. The colours that represent 

each replicate is as given in the legend below the plots.  
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4.5 Discussion 

From the analysis of the trajectories, it is evident that the receptor in both CB1-

AM11542 and CB1*-MK0364 systems show a minimal conformational change in 

transitioning towards the opposite activation state. In the PCA of CB1-AM11542 system, 

a few notable motions resembling the active state structure were observed i.e. the 

intracellular ends of TM5 and TM6 moving out of the binding pocket in replicate 1 and 

replicate 3, respectively. Indeed, in replicate 3, Arg214(3.50) and Asp338(6.30) are 

progressively separated from one another (Figure 4.9(c)). The bending of intracellular end 

of TM3 moving away from TM5 (as seen in PCA of CB1-AM11542 system) though not 

observed in the 5XRA crystal structure could have in addition affected the proximity of 

Arg214(3.50) and Asp338(6.30). However, Arg214(3.50) does not extend into the G 

protein binding area as seen in 5XRA (or other CB1 active structures seen in Section 1.3); 

it still points towards Asp213(3.49).  

In the case of toggle switch residues in the aromatic network, the swing of 

Phe200(3.36) towards and Trp356(6.48) away from the binding pocket (which is 

considered to trigger activation in cannabinoid receptors, as seen in Section 1.3) were not 

observed. At the end of the simulation, the ring plane of both residues become 

perpendicular to each other in replicates 1 and 2. It can be said that face-face π-π interaction 

has been disturbed from the change in the conformation of Trp356(6.48). Thus, any 

stacking interaction, if formed, may be edge-faced. This conformation is unlike that seen 

in either CB1 active or inactive systems (Section 1.3, Figure 1.15). The residues are parallel 

to each other in the inactive CB2 structure (Section 1.3, Figure 1.16), but it is Trp258(6.48) 

which assumes a horizontal position not Phe200(3.36) as observed in CB1-AM11542. 
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According to the RMSD analysis of CB1-AM11542 system described in Loo et al., it was 

found that the RMSD value of the protein in CB1-AM11542 system against both crystal 

structure templates (5XRA and 5U09) steadily increased with time. It was hence implied 

that the protein could be exploring conformations unlike either of the activation states240. 

In this regard, it could be suggested that the toggle switch conformation could be due to or 

causing such a conformational deviation.  

Considering the conserved residue Tyr7.53, the changes in its conformation in 

replicate 1 of CB1-AM11542 (as observed in Section 4.4.3.3), can be attributed to the 

extensive unwinding of the NPXXY motif. At 975 ns, Tyr7.53 points in the direction of 

H8 and in its final conformation Tyr397(7.53) faces completely out of the helical bundle 

(Figure 4.12), breaking the hydrophobic interaction with residues of TM6. This 

conformation has not been observed in any of the CB1 crystal structures released till date. 

In the 5U09 crystal structure, the tyrosine points upward into the binding pocket while in 

5XRA crystal structure it points in the direction of TM6 and forms a π-π edge-face 

interaction with Phe155(2.42) (Section1.3). Changes in the conformation of this conserved 

tyrosine residue support the idea that the protein could be exploring conformations unlike 

either of the activation states, as seen earlier in the discussion. However, further studies are 

required to determine if the changes in the conformation of Tyr397(7.53) is associated with 

the activation state of CB1 or solely a result of the flexibility of the NPXXY motif.  

In replicates 2 and 3 of CB1*-MK0364 system, the RMSD against 5XRA was 

found to steadily increase while the values against 5U09 correspondingly decreased240. Loo 

et al. attributed this trend in RMSD to the inward movement (with respect to the binding 

pocket) of the intracellular end of TM6 in replicate 2 and outward movement (with respect 
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to the binding pocket) of extracellular end of TM1240 – two notable helical changes 

observed in inactive structures (Section 1.3). These changes were also observed in the PC1 

analysis (Section 4.4.2.2). Accordingly, in replicate 2, the inward movement of TM6 brings 

Asp338(6.30) closer to TM3. It was also seen in the PC1 analysis that the TM5 in all 

replicates showed the inward movement of its intracellular ends and outward movements 

of its extracellular ends, with respect to the binding pocket. Observing the conformation of 

the twin toggle switch residues, no significant changes were observed with respect to the 

CB1*-MK0364 system (Section 4.4.3.1).  

Though significant changes in RMSD were observed in both systems240, the volume 

of the binding pocket does not show explicit changes. Analysing the trendline of the change 

in volume, replicates 1 and 3 of CB1-AM11542 system show a decreasing trend. This is in 

agreement with the observed literature, as 5XRA (for which AM11542 is the cognate 

ligand) has a smaller pocket volume than that of 5U09 (on which CB1 is based) (Section 

1.3, Table 1.2). The changes in the trendline for the binding pocket volume of CB1*-

MK0364 system, are very minimal.  

4.6 Conclusion 

Thus, the positional changes of ligands and the conformational changes of receptors 

in the unbiased simulation of an inactive and an active state CB1 cross-docked with the 

cognate ligand of their template-crystal structure were analysed. Comparing the position 

of ligands before and after simulation, the docked agonist (AM11542 in CB1) and 

antagonist (MK0364 in CB1*) were found to bind deeper in the binding pockets than their 

initial position. PCA, conserved residue conformation analysis, and calculation of binding 

pocket volume show that the receptors in neither of the systems analysed have fully 
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attained its opposing activation state within the considered 1 μs. Either a different receptor 

conformation was being explored (in the case of CB1-AM11542) or partial changes 

towards the intended state were observed (in the case of CB1*-MK0364). It has been 

suggested that the partial change could be due to system finding itself in a local 

minimum240. Hence, the active state structures could be subjected to an apo state simulation 

and ligands of different chemical classes could be used to explore possible conformations 

in their transition to an inactive or resting state. 
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5 Molecular Dynamics Simulations of Cannabinoid Receptor 

2 

5.1 Introduction 

As seen in Section 1.3, the crystal structure of inactive CB2 has a conformation 

unlike that seen in inactive CB1 structures, but rather it is much closer to active CB1 

structures. This leaves much room to speculate about the conformation of an active CB2 

crystal structure. At the time of writing this study, no active or agonist bound crystal 

structure for CB2 is available. Much like CB1, there is no crystal structure available for 

the apo state of CB2 either. As mentioned for CB1 in Section 3.1, to investigate the 

potential conformations that the apo state and an agonist bound state CB2 might assume, 

molecular dynamics simulations were performed on a model generated from the existing 

inactive crystal structure for CB2 (PDB ID 5ZTY) in both the apo state as well as docked 

to the CB2 agonist CP55940 (6). Given the absence of any other CB2 crystal ligand, the 

non-selective CP55940 (6) was chosen to be docked to CB2. CP55940 (6) is a well-

established cannabinoid ligand which has played a critical role in the characterisation of 

CB1 and CB2 (as described in Section 1.2.3.1.1).  

5.2 Aims 

1. To run molecular dynamics simulations on two CB2 systems namely, CB2-

Apo and CB2-CP55940 with an inactive CB2 model as the starting 

structure. 

2. To identify the direction of the conformational change observed in the 

protein molecule of each system using RMSF, RMSD, and PCA. 
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3. To identify conformational changes in the ligand. 

5.3 Methods 

5.3.1 Preparation of CB2 Complexes 

The inactive CB2 model for simulation using crystal structure 5ZTY was generated 

as described in Section 2.4.1. Preparation of the ligand CP55940 (6) and its docking into 

the CB2 model was carried out as per the methods described in Section 2.4.2.1. The 

chirality of the ligand was retained; no ionised states were generated. All other parameters 

were set to default. 

5.3.2 Assembling the System 

Both the CB2-Apo model and the CB2-CP55940 docked complex were embedded 

into two separate POPC bilayer systems using CHARMM-GUI web server258 as mentioned 

in Section 3.3.2. The bilayer consists of 242 POPC molecules and 13 Chlorine ions were 

added for neutralisation; the ions were added using Monte Carlo simulations performed by 

the server. The system was solvated with TIP3P260 water. The centre of the system was set 

to Z = 0. The box sizes for apo and ligand-bound systems are 97.28 x 97.28 x 112.4 Å and 

97.31 x 97.31 x 112.4 Å respectively. The parameters for ligands were generated using the 

CGenFF program built into the CHARMM-GUI server. 

5.3.3 Running MD Simulations 

The CHARMM 36 force field230 was used in GROMACS 2019.2 to perform MD 

simulations290. The system was energy minimised using the steepest descent algorithm. 

NVT equilibration was run for 100 ps. NPT equilibration was run in four steps: 10 ns of 

restrained dynamics, 5 ns with only backbone atoms restrained, 5 ns with only sidechain 
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atoms restrained and 50 ns of unrestrained simulations. Restraint force used was 1000 

kJ/mol. In production runs, the Nose-Hoover thermostat262 and Parrinello-Rahman 

barostat263 were used for temperature and pressure coupling respectively; velocity rescale 

was used for temperature coupling in equilibration runs. The simulations were conducted 

at a temperature of 310 K. The time step used was 2 fs. All bonds involving hydrogen 

atoms were constrained using the LINCS algorithm265. Cut-offs of 12 Å were applied for 

short-range van der Waals and electrostatic interactions, while long-range electrostatic 

interactions were calculated using particle mesh Ewald266. The production runs were run 

in triplicate for 500 ns each for both CB2-Apo and CB2-CP55940 systems. Each replicate 

had a different initial velocity; a random generator was used to generate velocities. 

5.3.4 Analysis 

PCA analysis was performed using pyPcazip tools267. The individual PCs were 

analysed using PyMol276. RMSF, RMSD and other residue-residue distance calculations 

were performed using GROMACS tools. RMSF values were calculated using the initial 

structure as the reference. The RMSDs for transmembrane backbone atoms were calculated 

for both apo and ligand complexed model using the co-ordinates of 5ZTY as the reference 

structure. Gnuplot 4.6 was used for plotting all graphs269. Trajectories were visualised using 

VMD 1.9.2268.  
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5.4 Results 

5.4.1 Docking and Preparation of the Complex 

 

Figure 5.1 (a) Docked pose of CP55940 (6) into CB2. CP55940 (6) is shown in grey and 

the cognate ligand AM10257 (23) is shown in cyan as sticks. Residues are shown as thin 

tubes in grey. The binding pocket of the cognate ligand is shown as a grey surface. Blue 

dotted lines indicate π-π interactions. Only polar hydrogens are shown for both ligands. 

TM6 and TM7 were removed for purposes of image clarity. (b) 2D Ligand interaction 

diagram of CP55940 (6) with CB2 –residues within 3.9 Å displayed. Image generated 

using LigPlot270. 

 

 Figure 5.1 (a) shows the pose of the ligand CP55940 (6) docked into the generated 

CB2 model. As seen in the figure, the docked ligand overlaps well with the binding pocket 

of the cognate ligand of 5ZTY (AM10257 (23)). The central phenyl ring (A ring, as 

designated in Section 1.2.3.1.1) forms edge-face π-π interactions with Phe87(2.57) and 

Phe183(ECL2). The aliphatic tail points down into the pocket and forms hydrophobic 

interactions with surrounding residues (Figure 5.1 (b)) including the toggle switch residues, 

Phe117(3.36) and Trp258(6.48). The cyclohexanol ring (C ring, as designated in Section 

1.2.3.1.1) is inclined towards TM2 and TM3. The ligand is aligned along the aromatic 

portions of the cognate ligand and assumes an almost linear conformation. This pose is 
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different from that seen in the docking studies of CP55940 (6) with 5ZTY crystal structure 

conducted by Li et al. in the crystal structure study127. In their study, CP55940 (6) assumed 

a bent V-shape as in the case of CB1 crystal structure agonists103 (Section 1.3). The 

aliphatic tail of CP55940 (6) coincided with the aliphatic portion of the AM10257 (23) and 

no hydrophobic contacts with the toggle switch residues was observed.   

The embedded complex is shown in Figure 5.2  

5.4.1.1 Post Equilibration Structure  

 

Figure 5.2 Apo CB2 protein (in cyan) post embedding into the system. Water molecules 

are not displayed in the image. Chlorine atoms are shown as spheres (in purple) and 

phospholipid molecules are shown as sticks (yellow). 

 

It was observed that following the unrestrained NPT equilibration, the position of 

the ligand CP55940 (6) changed in the system, as shown in Figure 5.3. Unlike the 

orientation seen in Figure 5.1, CP55940 (6) forms hydrogen bonds with backbone oxygen 
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of Tyr25(N-term) and sidechain oxygen of Ser90(2.60). However, it still retains the slanted 

geometry of the docked ligand.  

 

Figure 5.3 (a)Position of ligand post equilibration of CB2-CP55940 system. CP55940 

(6) is shown in grey. Residues are shown as thin tubes in grey. Red dotted lines indicate 

hydrogen bond interactions. TM6 and TM7 were removed for purposes of image clarity. 

(b) 2D Ligand interaction diagram of CP55940 (6) with CB2 – residues within 3.9 Å 

displayed. Image generated using LigPlot270. The green line indicates a hydrogen bond. 

Hydrogen bond with backbone oxygen of Tyr25 not displayed by LigPlot.  

 

The conformation of  the toggle switch residue Trp258(6.48) also changed from its 

crystal structure orientation. In the CB2-Apo system, Trp6.48 shows a change in χ1 angle 

of about -20° from that observed in the crystal structure. This shifts the residue orientation 

from being horizontal to the binding pocket (and perpendicular to TM6) to face the binding 

pocket, similar to that seen in CB1 active structures (Figures 1.15 and 1.16). In the CB2-

CP55940 system, though there is no change in χ1 angle, the aromatic rings vertically rise 

by about 45°; this results in the tryptophan to assume a conformation vertical to the binding 
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pocket along the axis of TM6. This post equilibration state before productions runs is 

referred to as the initial conformation or initial state in the current chapter.  

5.4.2 RMSF Analysis 

 

Figure 5.4 RMSF plots of CB2-Apo and CB2-CP55940 systems. Replicates 1, 2, and 3 

of each system are represented by colours orange, green, and blue. Curly braces 

represent the TM regions. ECL and ICL regions are marked under the respective plot 

areas. 
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The RMSF value for both CB2-Apo and CB2-CP55940 systems was calculated as 

explained in Section 3.4.2 using the initial conformation (i.e. the conformation at the start 

of the simulation post-NPT equilibration) as reference.  

As in the case of the CB1 systems, loop regions show more fluctuations compared 

to transmembrane regions. From the plots shown in Figure 5.4, it can be seen that the ICL3 

of CB2-Apo exhibits more flexibility as compared to that of the agonist bound system. 

Replicate 3 of CB2-Apo system shows more fluctuations in loop regions in general, though 

replicate 2 shows the highest fluctuation of ICL3. In the CB2-CP55940 system, all three 

replicates show a comparable level of flexibility with no dominance in RMSF values. ICL2 

shows the second-highest fluctuation among loops in the CB2-Apo system; the CB2-

CP55940 system has ECL1, ICL2, and ECL2 showing an almost equal magnitude of 

fluctuation. 

5.4.3 RMSD of the Protein Structures 

The plot of RMSD of CB2 TM-BB atoms against that of the crystal structure 

(5ZTY) for both CB2-Apo and CB2-CP55940 systems is given in Figure 5.5. From the 

RMSD plots, it is evident that the protein in both CB2-Apo and CB2-CP55940 systems 

show minimal deviation from the initial structure from the range of 1 – 2 Å. A faint rise in 

RMSD is seen in the replicates 1 and 2 of the CB2-Apo system; however, the extent of 

change in RMSD is far less compared to the change in the CB1-Apo system seen in Chapter 

3 (Figure 3.4). 
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Figure 5.5 RMSD values of CB2-Apo and CB2-CP55940 systems against the crystal 

structure 5ZTY. Replicates 1, 2, and 3 are represented by colours orange, green, and blue. 

 

5.4.4 Ligand RMSD 

The RMSD for ligand molecule against its initial position (i.e. orientation post 

equilibration) is shown in Figure 5.6.  
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Figure 5.6 RMSD values of CP55940 (6) against its initial position throughout the 

trajectory of CB2-CP55940 system. Replicates 1, 2, and 3 are represented by colours 

orange, green, and blue. 

 

It can be seen from the plot that the RMSD of ligand for replicate 3 stays well under 

2 Å throughout the trajectory. For replicate 1, however, the RMSD shows sharp changes 

at two junctures. Firstly, there is a rise in RMSD between 50 – 100 ns to 2 Å, beyond which 

it subsides. Another sharp change in ligand RMSD is seen close to 300 ns, whereby the 

value rises to 2.6 Å from its observed range. The value then remains in the range of 2.4 – 

2.6 Å till the end of the run. Inspecting the trajectories at the mentioned time intervals 

(Figure 5.7), it was found that around 45 ns the ligand slowly changes its orientation with 

the A ring facing ECL2 as in the docked model (Figure 5.1) and the aliphatic tail bending 

(green and blue). At about 77.54 ns the ligand assumes an orientation seen initially (in 

yellow), thus explaining the drop in RMSD. At about 150 ns, the conformation remains 

almost the same with the exception that the A ring is facing the ECL2 once again. At 287.19 
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ns, the aliphatic tail of the ligand bends upwards, almost perpendicular to the aromatic 

groups. This conformation is observed until the end of the trajectory, with a low 

unquantifiable variation as seen in Figure 5.7 (in orange ). It is similar to that observed by 

Li et al127 in their study with crystal CB2, as well as the agonist conformation seen in CB1 

crystal structures103.  

 

Figure 5.7 Changes in ligand position through replicate 1 of CB2-CP55940 system. The 

colours representing the time points are: Red – initial position; Green – 45.39ns; Blue – 

45.42ns; Yellow – 77.54 ns; Pink – 150ns; Cyan -287.19ns; Orange – 500ns (final 

position). Only polar hydrogens are shown in the ligands.  

 

In the case of replicate 2, the ligand RMSD value appears to remain under 2 Å for 

the majority of the run. However, in the intervals between 250-300 ns, 350-390 ns, and the 

final 20 ns of the run, fluctuations in the RMSD are observed. Looking at the changes in 

the ligand positions in those time intervals (Figure 5.8), at 200 ns, the ligand tail moves 

downward from its original position; at 255 ns (in blue), the tail bends behind the A ring 

changing the conformation of the ligand completely. At 295 ns (in yellow), the aliphatic 
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chain extends once again; however, the ligand is much more linear compared to the initial 

position (in red). At 318.10 ns (in pink), the ligand once again resembles its initial position. 

At the end of the simulation, the orientation of the ligand is quite similar to the one seen at 

200 ns. Through the trajectory, the A ring is faced towards TM7 and moves to and from in 

proximity to the helix. No significant change is observed in the position of the C ring.  

 

Figure 5.8 Changes in ligand position through replicate 2 of CB2-CP55940 system. The 

colours representing the time points are: Red – initial position; Green – 200ns; Blue – 

255ns; Yellow – 295 ns; Pink – 318.10ns; Cyan - 500ns (final position). Only polar 

hydrogens are shown in the ligands. 

 

5.4.5 Principal Component Analysis (PCA) 

As mentioned in Section 1.5.3.1, PCA reduces the number of dimensions required 

to describe the dynamics of a protein and helps identify essential motions in a trajectory. 

In this regard, PCA on TM-BB atoms of the CB2 model in both systems was performed in 

the same manner as mentioned in Section 3.4.5 for CB1 models. The projection of 
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eigenvector 1 on eigenvector 2 for all three replicates of a system plotted onto a common 

subspace is shown in Figure 5.9. Comparing the area spanned by each replicate in the plots 

in Figure 5.9, it can be said that helices of the CB2-Apo system explore more 

conformations than those of the agonist bound system, as expected. In the CB2-Apo 

system, the final positions of all three replicates are far off from each other as well as the 

initial position. While each replicate also occupies a unique area of the subspace, it also 

shows considerable overlap with the other replicates. In the case of the CB2-CP55940 

system, replicate 1 overlaps with replicate 3, while replicate 2 occupies a different area of 

the subspace, indicating differential motions. The final position of replicates 1 and 2 also 

coincide with each other. 

 

Figure 5.9 PCA plots of principal component 1 and 2 for transmembrane backbone 

atoms of CB2-Apo and CB2-CP55940 systems. The replicates 1, 2, and 3 are represented 

by colours orange, green, and blue respectively. Black diamond denotes the initial position 

of the protein. The yellow, green, and cyan dots represent the final position of the proteins 

in replicates 1, 2, and 3 respectively. 

 

To identify which part of helix shows the most movement and the direction of that 

movement, porcupine plots for PC1 of the TM-BB atoms of each replicate in each system 

were generated using PyMol276. The plots for each system along PC1 are given in Figures 
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5.10 and 5.11. A guide for the terms used to describe the motions has already been provided 

in Figure 3.8. 

5.4.5.1 CB2-Apo System 

In replicate 1, the lower portion (IC) (i.e. that half of the helix near the intracellular 

region) of TM1 bends towards TM7, while the upper portion (EC) (i.e. that half of the helix 

near the extracellular region) rotates downward in an anticlockwise direction. In replicate2, 

both EC and IC ends of TM1 bend away from the binding pocket, though in different 

directions. In replicate 3, the EC end tilts towards the pocket while the IC end tilts away 

from it.  

In the case of TM2, replicate 1 shows the bending of the EC end towards TM1 

while replicate 2 shows rotation (anticlockwise) of the EC end towards the same helix. In 

contrast, the IC end of replicate 1 bends towards the pocket and in replicate 2, it bends 

away from the pocket. In replicate 3, the EC end bends away from the pocket in an upward 

direction resembling helix elongation while the IC end bends slightly away from the 

pocket.  

In replicate 1, the EC end of TM3 bends away from the pocket while the IC end 

bends towards TM5. In contrast, replicate 2 shows the EC end tilting towards the binding 

pocket while the IC end tilts away from the binding pocket. In replicate 3, the EC end 

rotates downwards in the anticlockwise direction and IC end tilts away from the binding 

pocket. 

The descriptions of PC1 motions for TM4 and TM5 are given in Appendix 5. 
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Figure 5.10 Porcupine plots for PC1 of CB2-Apo system. The transmembrane regions 

are coloured in the direction of blue to red from TM1 to TM7. Black arrows denote the 

direction of movement. 

 

High flexibility with respect to TM movement is exhibited by TM6 and 7. For TM6, 

the Pro kink serves as a divide between EC and IC of the helix TM. In replicate 1, the EC 

end of TM6 bends towards TM5 while the IC end tilts towards TM7. In replicate 2, the EC 

end shows minimal movement in an upward direction; the IC end shows bending in a 

direction away from the binding pocket. In replicate 3, the EC end bends away from the 
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binding pocket towards TM7 and the IC end bends towards TM5. The extent of movement, 

however, is lesser than that seen in replicate 1.  

TM7, in replicate 1 shows a movement of the entire helix in an upward direction 

with its N-terminus near ECL3 bending in the direction of TM1. A similar kind of upward 

movement is also observed in replicate 2. However, in the NPXXY region, helix unwinding 

in an anticlockwise direction is observed. In replicate 3, by contrast, the helix moves 

downward, while the N-terminus region bends away from TM6 in an upward direction 

resembling helix straightening.  

5.4.5.2 CB2-CP55940 System 

In all three replicates, the IC end of TM3 shows a movement in the direction of the 

binding pocket either by bending (Replicate 1 and 3) or by tilting (Replicate 2). The EC 

end, however, shows differential motions - in replicate 1 it bends towards TM4, in replicate 

2 it bends in the direction of the binding pocket away from TM4, and in TM3 bends away 

from the binding pocket.  

TM6 in replicate 1 shows a downward movement of the helix with the N-terminal 

near ICL3 bending towards TM7. In replicate 2, an upward movement of the whole helix 

is observed. In replicate 3, the EC end of TM6 bends towards TM7 and IC bends towards 

TM5.  
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Figure 5.11 Porcupine plots for PC1 of CB2-CP55940 system. The transmembrane 

regions are coloured in the direction of blue to red from TM1 to TM7. Black arrows denote 

the direction of movement. 

 

The motions seen in replicate 1 for TM7 can be described by dividing the helix into 

three parts – N-terminus near the ECL3 shows clockwise rotation away from the binding 

pocket, the mid-portion of the helix bends into the binding pocket and the C-terminus near 

H8 bends away from the binding pocket. TM7 in replicate 2 also shows such differential 

motions along the helix. The N-terminus bends in the direction of the binding pocket. The 

mid-portion, however, shows a downward movement which is countered by the C-terminus 

whereby the helix unwinds around the NPXXY motif. Replicate 3 also exhibits complex 
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motions – the N terminus bends towards TM1 and the three-helix turns that immediately 

follow the N-terminus rotate in an anticlockwise fashion. This rotation is counteracted by 

the remainder of the helix which shows a clockwise rotation. The C-terminus binds into 

the binding pocket. The descriptions of PC1 motions for TM1. TM2, TM4 and TM5 are 

given in Appendix 5. 

5.4.6 Conformation of Conserved Residues 

5.4.6.1 Twin Toggle Switch 

As seen in Sections 1.1.3 and 1.3, the rotameric change and a break in the 

interaction between Phe200(3.36) and Trp6.48(356) is essential in the transition from 

inactive to active structures of cannabinoid receptors. Similar to CB1 simulations (Section 

3.4.6.1), the distance between the centre of mass (COM) of the carbon atoms comprising 

the aromatic rings of Phe117(3.36) and Trp258(6.48) was calculated (Figure 5.12) as a 

means of analysing the proximity between the two residues.  

In all the three replicates of the CB2-Apo system, an increase in the distance 

between Phe117(3.36) and Trp258(6.48) is observed within the first 20ns. After 20ns, the 

value drops and shows minor fluctuations for the rest of the simulation. In the crystal 

structure of 5ZTY, the aromatic stacking interaction between Phe117(3.36) and 

Trp258(6.48) is interjected by the cognate ligand, AM10257 (23) and their rotamers are 

constrained. In the absence of a ligand, the rotamers of both residues undergo a swift 

change. 
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Figure 5.12 Distance between the COM of carbon atoms comprising the aromatic rings 

of Phe117(3.36) and Trp258(6.48) in CB2-Apo and CB2-CP55940 system. Replicates 

1,2, and 3 of each system are represented by colours orange, green, and blue respectively. 

 

Conformational change starts with Trp5.48 changing its orientation from pointing 

into the binding pocket to pointing away from it and towards TM5. Following this, Phe3.36 

which initially pointed in the direction of the ligand undergoes a change in its rotamer and 
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bends down into the pocket. At this stage, the Phe117(3.36) residue is under the 

Trp258(6.48) residue. The stacking interaction either re-forms or breaks depending on the 

rotamer of the residues as, beyond 20 ns, the rotamer angles fluctuate. The changes in the 

conformation of the toggle switch residues in replicate 3 have been shown in Figure 5.13 

for example. The conformation of Trp258(6.48) changes from its initial position at 4 ns (in 

green) by about 30°. At 5 ns, another change in angle by 66.5° occurs (in blue). The 

conformation of Phe3.36 remains the same in this time. At 20.62 ns, the conformation of 

Phe3.36 changes from its initial position (in yellow) by 69.3°. During this period the 

conformation of Trp258(6.48) stays the same. Post 100 ns time, fluctuations in the residue 

conformers are seen (as shown in Figure 5.13(b)) which influences the distance between 

the COM of residues as calculated in Figure 5.12.  

   

Figure 5.13 Changes in rotameric states of Phe117(3.36) and Trp258(6.48) in the 

replicate 3 of the CB2-Apo system. Residues are represented as sticks – initial position is 

in red and the final position is in grey in both images. (a) Residue conformations within 

first 100ns of the trajectory. Green – 4ns; Blue – 5ns; Yellow – 20.62 ns. (b) Residue 

conformations beyond 100ns of the trajectory. Magenta – 167.43 ns; Cyan – 301.70ns; 

Orange – 316.09ns.  
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In the case of the CB2-CP55940 system, the distance between COM of both 

residues is stable throughout the trajectory. The χ1 angle of both residues range from -40° 

to -120° throughout the trajectory and no significant change in rotamer angle or distance 

between the residues is observed. 

5.4.6.2 Arginine Cage Ionic Lock 

As in the case of CB1 simulations (Section 3.4.6.2), the distance between side 

chains of residue pairs of Arg131(3.50)-Asp130(3.49) and Arg131(3.50)-Asp240(6.30) 

was monitored throughout the trajectory, as breakage in the ionic lock between these two 

residue pairs is indicative of transition into an active state (Section 1.1.3 and 1.3). As 

aspartic acid has a carboxylic side chain capable of switching the extra pair of electrons via 

resonance (as explained in Section 3.4.6.2), instead of measuring the distance between 

basic nitrogen to acidic OH the distance between the immediately preceding carbon atoms 

in either residue was calculated. In Arg131(3.50) this corresponds to the Cζ atom and in 

both aspartic acid residues, this corresponds to the Cγ atom. The distances are shown in 

Figures 5.14 and 5.16.  

The distance between side chains Arg131(3.50)-Asp240(6.30) in replicate 1 of the 

CB2-Apo system shows high fluctuation (Figure 5.14). The same replicate shows a stable 

value for the distance between the side chains of Arg131(3.50)-Asp130(3.49) implying that 

the fluctuation in distance between Arg131(3.50)-Asp240(6.30) could be due the increase 

in separation between TM6 and TM3 than any conformational change in Arg131(3.50). 

This was confirmed upon visualising the trajectories (Figure 5.15(a)).  
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Figure 5.14 Distance between Cζ and Cγ atoms of Arg131(3.50)-Asp240(6.30) and 

Arg131(3.50)-Asp130(3.49) of the CB2-Apo system. Replicates 1,2, and 3 of each system 

are represented by colours orange, green, and blue respectively. 
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Figure 5.15 Initial (green) and final (pink) conformations of residues involved in the 

‘ionic lock’ in the CB2-Apo system. (a) Replicate 1 (b) Replicate 2 (c) Replicate 3. Dotted 

lines link the carbon atoms of residues between which the distances were measured (green 

– initial state; orange - final state). The cartoon representation depicts the initial state of 

the receptor. 

 

In the case of replicate 2, distance between Arg131(3.50)-Asp240(6.30) side chain 

shows fluctuations as seen in replicate 1. However, unlike replicate 1, the distance between 

side chains of Arg131(3.50)-Asp130(3.49) shows a minor fluctuation around 200 ns and a 

sharp increase after 220 ns. This value then stays stable through the rest of the trajectory. 

This implies that the conformation of Arg131(3.50) also changes after 220 ns aside from 

the movement of TM6 separating Arg131(3.50) from Asp240(6.30). This was also 
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confirmed upon visualising the trajectories (Figure 5.15(b)). In replicate 3, both distances 

between side chains of Arg131(3.50)-Asp240(6.30) and Arg131(3.50)-Asp130(3.49) stay 

stable throughout the run (Figure 5.15(c)).  

 

 

Figure 5.16 Distance between Cζ and Cγ atoms of Arg131(3.50)-Asp240(6.30) and 

Arg131(3.50)-Asp130(3.49) of the CB2-CP55940 system. Replicates 1,2, and 3 of each 

system are represented by colours orange, green, and blue respectively. 
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In the case of the CB2-CP55940 system, the distance between either pair of residues 

is stable until 90 ns in all three replicates (Figure 5.16). Beyond 100 ns varying levels of 

fluctuation in residue-residue proximity is seen. In replicate 1, the Arg131(3.50)-

Asp240(6.30) side chain distance reaches its high around 150 ns after which it subsides to 

its initial value, but with sporadic fluctuations. In contrast, the distance between side chains 

of Arg131(3.50)-Asp130(3.49), instantly increases from 4 Å to about 8 Å around 120 ns 

and is maintained between a 6-8 Å range till the end of the trajectory (Figure 5.17). 

Replicate 2 shows an increase in distance between Arg131(3.50)-Asp240(6.30) to about 8 

Å around 100 ns which gradually decreases as the simulation progresses. However, the 

increase in the distance between the side chains of Arg131(3.50)-Asp130(3.49) at 120 ns 

is maintained through the rest of the simulation as in the case of replicate 1. Replicate 3 

shows high fluctuation in the side chain distance of Arg131(3.50)-Asp240(6.30), which 

reaches its maximum towards the end of the trajectory. The distance between side chains 

of Arg131(3.50)-Asp130(3.49) increases sharply at the same instance as that seen in 

replicate 1 and replicate 2 and stays stable until 350 ns. After 350 ns, a drop to the initial 

value is observed. An increase in value is seen around 400 ns – the same time interval 

around which a drop in the distance between Arg131(3.50)-Asp240(6.30) is seen. The drop 

and increase in value are seen again towards the close of the simulation, the inverse of 

which is seen in the distance between Arg131(3.50)-Asp240(6.30). In replicates 1 and 3, 

an approximately inverse relationship is seen with respect to the proximity of Arg131(3.50) 

side chain to that of the either Asp residues. This indicates that in both replicates, the 

conformation of Arg131(3.50) along with the movement of TM6 both play a role in 

maintaining salt bridge interaction if any is formed. 



  Chapter 5-MD Simulations of CB2 

 

175 

 

 

Figure 5.17 Initial (green) and final (pink) conformations of residues involved in the 

‘ionic lock’ in the CB2-CP55940 system. (a) Replicate 1 (b) Replicate 2 (c) Replicate 3. 

Dotted lines link the carbon atoms of residues between which the distances were measured 

(green – initial state; orange - final state). The cartoon representation depicts the initial 

state of the receptor. 

 

5.4.7 Formation of Potential Lipid Access Channels 

In the CB2-Apo system, two very small circular openings of the order of a few 

angstroms radius were discovered between TM2 and TM3 after unrestricted equilibration 

(Figure 5.18). These ‘gaps’ lead into the orthosteric binding pocket. These openings are 

not as wide as the access channels seen in the crystal structures of lipid binding receptors 

(Section 1.3), hence the term ‘gaps’ has been used to label them. During production 

simulations, it was noted that transient gaps of a similar size form and disappear 

predominantly between the EC of TM2-3 and TM1-7. In replicate 2, such a gap was found 

between TM6-7 midway of their helix length which quickly disappeared in the next 5 ns. 
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The opening observed between TM1-7 at the end of the simulation in replicate 3 (Figure 

5.19), however, slightly resembles an access channel (as seen in crystal structures) – in this 

conformation, entry via the aqueous layer appears to be blocked. 

 

Figure 5.18 CB2-Apo model post equilibration - the 'gap' is marked by the arrow. TM 

helices are represented by colours blue through red. Gaps detected using PyMol276 surface 

view with 1.4 Å as probe radius. TM2 has been partially removed to show the binding 

pocket 

 

Figure 5.19 CB2-Apo model of replicate 3 after 500 ns simulation - the 'gap' is marked 

by the arrow. TM helices are represented by colours blue through red. Gaps detected using 

PyMol276 surface view with 1.4 Å as probe radius. TM6 and TM7 have been partially 

removed to show the binding pocket. 
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5.5 Discussion 

From the RMSF calculations, the most fluctuating regions were identified. Quite 

similar to the MD simulations of CB1, the ICL3 loops showed the most fluctuation in both 

the CB2-Apo and ligand-bound. However, the fluctuation shown by the ICL3 of CB2-Apo 

system is almost twice as that of the one in the agonist system in replicates 2 and 3 (Figure 

5.4). From the subsequent RMSD calculations on the TM-BB atoms, it was identified that 

the helix arrangement did not vary to a significant extent from that observed in the crystal 

structure.  

Considering the essential motions analysed using PC1, it could be observed that 

TM4 does not exhibit much movement as in the case of CB1 simulations. It is possible that 

similar to CB1, the TM4 of CB2 aids in forming dimers (Section 3.5); that line of 

investigation, however, is beyond the scope of the present study. TM1, in the apo system, 

shows movement towards and away from the binding pocket; however, it is not as far off 

the helical bundle as seen in CB1 (this could be attributed to the helical arrangement in the 

crystal structures). This movement seems to be quite important in opening up pathways 

between transmembrane helices in CB2-Apo structures (Section 5.4.7). In the case of  

TM2, C-terminal shows much flexibility in movements compared to the rest of the helix; 

in CB2-Apo the EC end of TM2 moves towards TM1, a movement which also influences 

potential openings to the orthosteric binding pocket. In the ligand complex structure, it 

changes its direction of movement towards TM3. The TM6 of CB2 is much less flexible 

than that of CB1. As seen earlier (Section 1.2.2), the presence of two aromatic residues 

next to each other in the CWFP motif largely restricts the bending of TM6. Instead, the 

upward or downward movement of the helix is observed, predominantly. TM7 is the most 
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flexible helix amongst all, similar to that of CB1. PC1 analysis revealed that TM7 shows 

significant helix unwinding around the NPXXY motif. In the CB2-Apo system, TM6 and 

TM7 show synergy in their PC1 motions; in the ligand-bound structure, however, TM7 

shows differential motions along its helix length.  

Upon inspecting the aromatic toggle switches, it can be seen that the residues in the 

CB2-Apo system assume conformations that vary greatly compared to that of the ligand-

bound system. In the ligand-bound system, the conformation of the two residues after 

unrestricted equilibration (as observed in Section 5.4.1.1) remains stable throughout the 

production simulation. Aromatic interaction, if any formed, between the rings of 

Phe117(3.36) and Trp258(6.48) would be edge-face due to their perpendicular 

arrangement. In CB2-Apo system, despite the apparent rigidity of TM6 backbone, 

unrestrained equilibration led Trp258(6.48) side chain to assume a conformation similar to 

that observed in active CB1 structures (Section 5.4.1.1 and Figure 5.13). Owing to the 

flexible nature of the system, the rotameric angles were observed to change rapidly after 

the first few changes (as detailed in Section 5.4.6.1). Phe200(3.36) does not exhibit a 

significant change in conformation after bending down into the binding pocket. 

Interestingly, this conformation of Phe3.36 is quite similar to the one seen in inactive CB1 

crystal structures. On the contrary, the inactive CB2 crystal structure has the Phe117(3.36) 

facing towards the ligand akin to that seen in the active CB1 crystal structure (Section 1.3). 

In the case of CB2-CP55940, much like CB1-AM841 simulations, no significant changes 

in the conformation of toggle switch residues were observed.  

 Considering the residues involved in the ‘ionic lock’ between TM3 and TM6, the 

change in conformation of Arg131(3.50) is a differentiating factor between the CB2-Apo 



  Chapter 5-MD Simulations of CB2 

 

179 

 

and CB2-CP55940 systems. In the former, Arg131(3.50) remains in close contact with 

Asp130(3.49) throughout the trajectory in 2 out of 3 replicates; the fluctuations in the 

distance between Arg131(3.50) and Asp240(6.30) is due to the increase in distance 

between the IC regions of TM3 and TM6 (as seen in PC1 motions). In the agonist bound 

system, Arg131(3.50) elongates from the folded conformation in 2 out of 3 replicates, as 

evident from the increase in distance between Arg131(3.50) and Asp130(3.49). In addition, 

the distance between the IC of TM3 and TM6 also increases accompanied by fluctuations 

as evident from Figure 5.15 (a) – leading to a separation of Arg131(3.50) and 

Asp240(6.30). The conformational change in Arg131(3.50) is comparable, if not exactly 

akin to, the one seen in active CB1 crystal structures. In all three active CB1 structures 

known till date, Arg214(3.50) extends out into the binding pocket and is proximal to neither 

Asp213(3.49) or Asp338(6.50) (Section 1.3). In 6N4B, where the active CB1 is co-

crystallised with Gαi protein, Arg214(3.50) extends into the G protein binding region and 

is proximal to the C-terminal of α5 helix of the Gαi
104. Though an exact replication of such 

a conformation is not seen in the results reported, it can be suggested from the changes in 

distance between the residue side chains that Arg131(3.50) might be heading towards such 

a conformation. 

Analysing the ionic lock and twin toggle residues for the CB2-Apo model, trends 

similar to that seen in CB1-Apo simulations emerge. While the distance between 

Arg131(3.50)-Asp240(6.30) shows fluctuations reaching a maximum of 10 Å, the distance 

between Arg131(3.50)-Asp130(3.49) stays constant except in replicate 2 where an 

increment of 2 Å was observed. Recalling Section 3.4.6.2, CB1-Apo showed similar trends 

with separation of Arg131(3.50)-Asp240(6.30) and retaining the proximity between 
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Arg131(3.50)-Asp130(3.49). β2AR and M2 have also been reported to show fluctuations 

breaking and reforming the ionic lock280,281. Furthermore, CB2-Apo simulations also 

exhibit diversity in the conformation of toggle switch residues similar to apo simulations 

of M2, A2AR, and S1P1277,280,282. Despite, the fact that protein backbone shows a minimal 

change from crystal structure through the trajectory, changes in the side chain 

conformations of conserved residues imply that CB2 might also assume a conformation 

unlike an inactive or an active one, much like CB1 and other receptors mentioned herein. 

However, an active CB2 structure is necessary to confirm the hypothesis. 

The orientation of Tyr299(7.53) was also monitored by visualising the trajectories. 

The residue assumes two major conformations : (a) pointing up into the binding pocket and 

(b) pointing towards TM5. The inactive crystal structure had the tyrosine pointing towards 

TM5, yet another feature that was seen in active CB1 crystal structures (Section 1.3). As 

seen in Section 1.1.3, (a) represents an intermediate conformation, and is also seen in CB1 

inactive crystal structures. However, in both conformations, Tyr299(7.53) was fully 

engaged in a hydrophobic residue network as mentioned in the same section in Chapter 1. 

Given the seemingly inverse relationship between CB1 and CB2 inactive structures, more 

analysis and further study is required on the conformation of Tyr7.53 in a fully active CB2 

structure (or model).  

Concerning the changes in ligand conformation, three different kinds were 

observed in the course of the production run. The initial binding conformation, as stated 

earlier is close to that seen in the docking of CP55940 (6) by Li et al. into the crystal 

5ZTY127. The major difference is that the aliphatic tail in the initial docking reported here 

is rather perpendicular to the pocket down into the pocket. Li et al. observed a V-shaped 
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docking orientation which is much closer to the agonist conformations seen in the active 

CB1 crystal structures. The authors also reported after 200 ns of MD simulation, the 

observed ligand conformation was stable. Such a conformation was also observed by Diaz 

et al. in an MD study of CP55940 (6) bound to inactive CB1 model in a POPC bilayer and 

a 1,2-dioleoyl-sn-glycero-3-phosphoglycerol bilayer235. The CB1 model in the complex 

exhibited features of activation such as the separation of the ionic lock and the turn of the 

of TM6 helix away from the binding pocket thus breaking the aromatic stacking between 

toggle switch residues. From the findings reported in this chapter, replicate 1 exhibited 

such a conformation about halfway through the trajectory (Figure 5.7), which did not 

change through the rest of the trajectory. This conformation was also suggested by NMR 

experiments to be stable and most energetically favoured291. In replicate 2, the ligand 

assumed a different folded conformation whereby the aliphatic tail faced down vertically 

between TM3 and TM6 with the A and C rings still being perpendicular to the pocket 

(Figure 5.8). The ligand, however, returned back to its original conformation after about 

50 ns. A similar conformation was also observed in the MD study with CB1 by Diaz et 

al.235; the authors, however, suggested that such a conformation may not be necessary to 

trigger activation and could be a “consequence of inherent system flexibility”. In replicate 

3, the ligand remained in the vertical position (observed in the initial docking (Figure 5.1)), 

occupying the pocket between TM2-3-6-7 for the entire simulation period. No significant 

positional changes of the ligand were seen in the trajectory either. This conformation of 

the ligand was observed by Feng et al. in a 50 ns MD simulation study of CP55940 (6) 

docked to CB2 model generated using β1AR crystal structure (PDB ID 2Y00) as 

template126. In the study by Feng et al., CP55940 (6) docked perpendicular to the binding 
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pocket in the region between TM3-6-7; at the end of 50 ns, it had moved to the region 

between TM5-6-7 adopting a rather slanted conformation as seen in the docking 

conformation reported in the current study.  

Throughout the trajectory, the ligand in both replicates 1 and 2 forms hydrogen 

bonds with Ser90(2.60), Tyr25(N-term), His95(2.65), and residues from ECL2 such as 

Leu182 and Phe183. It also forms hydrophobic interactions with Phe87(2.57), 

Phe91(2.61), Phe94(2.64), Ile110(3.30), Val113(3.32), Thr114(3.33), Phe117(3.36), 

Tyr190(5.56), Trp194(5.43), Trp258(6.48), Val261(6.51), and Cys288(7.42). Most of the 

ligand-protein hydrophobic contacts and hydrogen bonds observed in the work reported 

here agree with previous modelling studies by Diaz et al. and Feng et al.126,235. However, 

a hydrogen bond with Ser285(7.39), suggested to be important for CP55940 (6) binding 

with CB2126, was not observed. In the current study, the oxygen atom-containing groups in 

A and C rings of the ligand interact with residues of ECL2, N-terminus and TM2 but are 

not in the vicinity of Ser285(7.39) in all three replicates.  

5.6 Conclusion 

In this chapter, the possible conformations of both CB2-Apo and CB2-CP5540 

systems were explored. While an overall change in RMSD with respect to transmembrane 

helix backbone was not observed in either model, significant changes were observed in 

conserved residue motifs. CB2-Apo models in all three replicates developed transient gap-

like openings into the orthosteric binding pocket between TM2-3 and TM1-7 at varying 

times. The effect of lipids on the protein structure could be an influencing factor for the 

formation of such ‘channels’104; that is, however, warrants further exploration. Three 

different types of ligand orientations – two folded and one linear - were observed in the 
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simulation of the CB2-CP55940 complex. While the conformation of the ligand is in 

accordance with the available literature, a hydrogen bond with Ser7.39 was not seen in any 

replicates. It could be suggested that the absence of such a hydrogen bond hindered the 

protein from transforming into a fully active state. However, the inactive CB2 sharing 

structural commonalities with active CB1 structures opens up questions regarding the 

active conformation of CB2. Longer simulation times of inactive CB2 bound to different 

agonists might hence help in identifying a potentially active state for CB2. 
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6 Repurposing Non-Cannabinoid Ligands for Use at 

Cannabinoid Receptors 

6.1 Introduction 

Aside from endo-, phyto- and synthetic cannabinoids, ligands of other chemical 

classes have been reported to act on cannabinoid receptors (as seen in Section 1.5). These 

ligands, hence, possess the potential to be repurposed to treat physiological conditions 

mediated by CB1 and CB2 (Section 1.2.5). Repurposing is the process of identifying novel 

usages for existing drugs outside the scope of their original medical indication292. Drug 

repurposing has two major benefits - (a) the risk of failure is low for repurposed drugs as 

they have already passed the necessary clinical tests and have been proven to be functional 

at a certain dosage in humans, and (b) the time taken to repurpose a drug would be shorter 

than to develop a drug de novo. In this regard, the interaction of selected non-cannabinoid 

ligands at CB1 and CB2 will be investigated. This chapter has two parts: the first part 

reports the testing of a selection of non-cannabinoid drugs against human CB1 and CB2 

receptors for agonist activity using [35S]GTPγS binding assay. The tested compounds 

currently used for various indications were selected from the World Health Organisation 

(WHO) Essential Medicines database 293.  

Aside from experimental techniques, in silico docking has also been suggested to 

be one of the approaches in drug repurposing294. Indeed, it was via high-throughput 

screening that the anti-parasitic drug mebendazole was found to structurally inhibit 

vascular endothelial growth factor 2, which is an angiogenesis mediator; experimental data 

later confirmed the inhibitory activity295. In a similar direction, a set of non-cannabinoid 
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ligands that have been reported to show activity at CB1 and CB2 were docked to models 

of the same to identify their binding mode. This forms the second part of the chapter. Some 

of these ligands, such as the SERMs, were described in Section 1.4. Four of five classes of 

SERMs seen in Section 1.4 with varying affinities at CB1 and CB2 receptors and one novel 

SERM (Ridaifen-B (41)) were chosen for the study. In addition to the SERMs, AM404 

(33) and fenofibrate (38) (Table 6.2) were also considered for docking studies. AM404 

(33), a metabolite of acetaminophen, acts as an agonist at CB1 and CB2296. Post 

deacetylation, acetaminophen forms 4-aminophenol that conjugates with arachidonic acid 

in the central nervous system to form AM404 (33)296. Similarly, fenofibrate (38)- a 

peroxisome proliferator-activated receptor-α agonist has been reported to act as an agonist 

at CB2 and as a NAM at CB1297. Molecular docking was performed on three models – 

inactive CB1 (CB1), active CB1 (CB1*), and inactive CB2 (CB2). The variations in the 

interaction of each set of ligands with CB1 and CB2 were identified and compared across 

the receptors. As explained in Section 1.4, the overlapping properties of SERMs and 

cannabinoids have led to the proposal to develop novel cannabinoids based on 

tamoxifen208. In that direction, the screening (or) docking work reported here can 

potentially lead to the development of new scaffolds in the area of cannabinoid drug design. 

6.2 Aims 

1. To screen for agonist activity of selected drugs against CB1 and CB2. 

2. To perform docking studies on non-cannabinoid ligands that show activity 

at CB1 and CB2 and analyse interactions. 
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6.3 Testing non-cannabinoid ligands at cannabinoid receptors 

6.3.1 Selection of ligands to test 

Table 6.1 gives a list of the ligands from the WHO essential medicines drug database. 

Further details regarding the ligands and their usage are given in Table VI-1, Appendix 6. 

Ligands Structure 

Carbenoxolone (26) 

 

 

Dexamethasone (27) 

 

 

Haloperidol (28) 

 
 

Metoclopramide (29) 

 

 

Prednisolone (30) 

 

Prednisolone hemisuccinate (31) 

 

Pregnenolone acetate (32) 

 
 

Table 6.1 Ligands tested against cannabinoid receptors 

 

 



                                                 Chapter 6 – Repurposing Non-Cannabinoid Ligands   

 

187 

 

The criteria for selecting the ligands to be screened were that they should be  

1. Primarily exhibiting activity at a receptor/enzyme other than those in the 

ECS :  

2. Possessing structural similarity with cholesterol (or) reported to indirectly 

influence the ECS. 

As seen in Section 1.2.1, cannabinoids are lipophilic in nature. Cholesterol helps in 

the membrane insertion of anandamide, and its transport to other receptors298. Cholesterol 

also regulates the activity of those receptors such as serotonin 5HT-3 receptor, vanilloid 

receptor subtype 1, and L-type Ca2+ channels298. Thus, a structural similarity with 

cholesterol was considered as a criterion. In Section 1.4, it was mentioned that there are 

drugs which influence the ECS in an indirect manner; such compounds were also tested for 

activity at CB1 and CB2 as the pharmacological effects of such an interaction (if present) 

are already known.  

6.3.2 Working Mechanism of [35S]GTPγS assay 

The [35S]GTPγS binding assay is commonly used to compare agonist potency and 

efficacy of ligands at GPCRs. It was first employed with a purified receptor and G protein 

systems in phospholipid vesicles using β-adrenergic receptors299. The working principle of 

the assay can be best described using Figure 6.1. 
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Figure 6.1 Principle of [35S]GTPγS Assay. In the presence of [35S]GTPγS, exchange of 

[35S]GTPγS for GDP occurs, but the GTPase activity on the Ga subunit is unable to 

hydrolyse Ga-bound [35S]GTPγS, which accumulates during the assay period. 

 

This assay measures the level of G protein activation following agonist occupation 

of a GPCR. As described in Section 1.1.4, during G protein activation, GDP is released 

from the Gα subunit and is replaced by GTP. The Gα-GTP complex then separates from 

Gβγ and initiates a cascade of downstream signalling. Signalling is terminated by GTPase 

action that hydrolyses GTP to GDP, thus reforming the G protein heterotrimer complex. In 

this assay, [35S]GTPγS replaces the endogenous GTP to form [35S]GTPγS-Gα species. The 

γ-thiophosphate bond is resistant to hydrolysis by GTPase and hence prohibits the 

restoration of the heterotrimer. This accumulated [35S]GTPγS-Gα can be measured by 

counting the amount of [35S]-label incorporated. These data can be converted to an amount 

of [35S]GTPγS bound/mg membrane protein, or as fold/percentage increase over basal 

binding or a percentage of the effect produced by a known high efficacy agonist129. The 

assay is suggested to suit Gαi/o coupled receptors as Gαi/o has a higher rate of nucleotide 

exchange and is more abundant compared to other G proteins; this registers a higher signal 
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to noise ratio129. Hence, this assay is suited to test for agonist activity at CB1 and CB2, 

since both signal predominantly via Gαi/o receptors (Sections 1.2.2 and 1.2.3).  

6.3.3 Materials and Methods 

6.3.3.1 Ligand preparation 

All the ligands used in the study were purchased from Sigma Aldrich (St. Louis, 

MO, USA) (Carbenoxolone (26): C4790, Dexamethasone (27): BP811, Haloperidol (28): 

H1512, Metoclopramide (29): M0763, Prednisolone (30): P6004, Prednisolone 

hemisuccinate.sodium salt (31): P4153, Pregnenolone acetate (32): P49902). A stock 

solution of 10 mM of each was prepared using 100% ethanol. Bovine Serum Albumin 

(BSA), Tris-HCl, GTPγS tetralithium salt, and GDP sodium salt were also purchased from 

Sigma Aldrich. NaCl and MgCl2.6H2O were purchased from Fisher Scientific 

(Loughborough, Leicester, UK). CP55940 (6) purchased from Tocris Bioscience (Bristol, 

UK) was used as the control drug. [35S]GTPγS (250 µCi) and UltimaGoldTM XR aqueous 

scintillation cocktail were purchased from PerkinElmer (Boston, USA).  

6.3.3.2 Binding Assay 

Ligand stock solutions were diluted using drug buffer to get a concentration of      

10-4 M; the drug buffer was made up of 2.5 mg/ml BSA in Tris-NaCl buffer at pH 7.4 at 

30 ℃. Aliquots of [35S]GTPγS initially prepared by diluting stock [35S]GTPγS 100-fold 

with an aliquoting buffer (10 mM Tricine and 10 mM dithiothreitol at pH 7.6) were 

provided by Dr Wafa Hourani from the School of Pharmacy, University of Nottingham, 

United Kingdom. The [35S]GTPγS solution was diluted to ~0.2 nM using assay buffer. The 

assay buffer was made of 50 mM Tris, 10 mM MgCl2.6H2O, 100 mM NaCl, and 0.2 mg/ml 

BSA at pH 7.4 at 30 ℃. Membrane fractions of Chinese Hamster Ovary (CHO) cells stably 



                                                 Chapter 6 – Repurposing Non-Cannabinoid Ligands   

 

190 

 

expressing CB1 (CHO-CB1) and CB2 (CHO-CB2) used in the assay were also prepared 

by Dr Hourani. The membrane fractions were diluted to a concentration of 250 μg/ml in 

assay buffer. The membrane fraction was incubated with 500 μM GDP at 30℃ for 20 min 

(with gentle shaking) to allow pre-coupling of GDP with Gα. Meanwhile, a reaction 

mixture was set up with 700 μl of assay buffer, 100 μl of the ligand dilution, and 100 μl of 

[35S]GTPγS solution. Non-specific binding was determined using 10-5 M unlabelled 

GTPγS (diluted with drug buffer). The total (basal) binding was determined using 100 μl 

drug buffer only. To both tubes measuring total and non-specific binding, 700 μl assay 

buffer and 100 μl [35S]GTPγS solution were also added. After 20 min incubation at 30 ℃, 

100 μl of the membrane fraction was added to all the samples; this brought the final volume 

of the reaction mixture to 1 ml. The final concentration of the membrane was 25 μg/ml and 

that of the ligands was 10-5 M. All test tubes were vortexed and again incubated at 30℃ 

for 120 min. The reaction was terminated by rapid filtration through a Whatman GF/B filter 

paper under vacuum (using a Brandel M24R Cell Harvester) and washed three times with 

cold distilled water. The radioactivity of the filters was detected in UltimaGoldTM XR 

aqueous scintillation cocktail with Packard Tricarb 2100TR liquid scintillation counter. A 

5 min counting period was applied and values in counts per minute (CPM) were obtained. 

The binding assays were performed in triplicate and repeated at least five times per ligand.  

6.3.4 Data Analysis 

GraphPad Prism version 8.2.0 for Windows was used to analyse the results from 

binding assay300. The CPM values hence obtained for each ligand (i.e. control and test 

ligands) were normalised against that of the total binding. A one way ANOVA test was 

then performed with a 95% confidence interval. Dunnett’s multiple comparison test was 
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used to identify those ligands that show a significant activity from the results of the 

ANOVA.  

6.3.5 Results 

From the results obtained after the one way ANOVA test (Figure 6.2), it can be 

seen that none of the test ligands showed significant activity at both CB1 and CB2, in 

comparison to the positive control (as indicated by the **** symbol).  

 

 

Figure 6.2 Effect of selected ligands (Table 6.1) on [35S]GTPγS binding in CHO-CB1 

and CHO-CB2 membranes. Data are mean ± SEM of five to eight individual experiments 

performed in triplicates expressed as a percentage of binding stimulation over GDP levels. 

****P≤0.0001 compared to the corresponding basal binding using one-way ANOVA 

followed by Dunnett’s multiple comparisons test with a confidence level of 95%. Plot 

generated using GraphPad Prism300. 
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6.3.6 Discussion 

The results of the [35S]GTPγS assay reveal that none of the chosen ligands shows 

significant agonist activity at either CB1 or CB2 receptors. Carbenoxolone (26), 

prednisolone (30) and prednisolone hemisuccinate (31) have not been reported for any 

interaction, either directly or indirectly, with the cannabinoid receptors; they were chosen 

for their structural similarity with cholesterol. Hence, it can be said that for a ligand to 

show agonist activity at cannabinoid receptors structural analogy with cholesterol is not a 

critical factor. Other ligands have been reported to have an indirect influence on the ECS. 

Dexamethasone (27), a corticosteroid, helps treat motion sickness by acting on 

glucocorticoid receptors. These receptors regulate the transcription and translational 

process for CB1, which in turn regulates emesis (Section 1.2.5)301. Haloperidol (28), too, 

influences the ECS indirectly. Subchronic administration of haloperidol (28) was shown to 

increase CB1 density in rat brains302. In the case of dexamethasone (27) and haloperidol 

(28), it is now clear that an alternative pathway is responsible for their influence on ECS. 

Metoclopramide (29) (acts mainly at dopamine D2 receptors), which have been 

demonstrated to form heterodimers with CB1303. Whether metoclopramide (29) interaction 

with the D2 receptor influences the formation of the heterodimer goes beyond the scope of 

this study. But it’s inactivity at CB1 eliminates the possibility of metoclopramide (29) 

acting on two different receptors at the same instance. Pregnenolone (32) has been shown 

to act as a NAM in a probe-dependent manner at CB1304; accordingly, no agonist activity 

was found for pregnenolone acetate (32) at CB1. Absence of agonist activity of 

pregnenolone acetate (32) at CB2 suggests the possibility of it acting as an endogenous 
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antagonist or as an allosteric modulator. This, however, has to be confirmed via further 

detailed experimentation.  

6.4 In silico docking studies of ligands that interact with CB1 and CB2  

6.4.1 Materials and Methods 

Ligands used for docking studies were selected after a literature search for non-

cannabinoid compounds that show activity at CB1 and CB2. They are given in Table 6.2. 

The nature of activity and Ki values of the ligands at CB1 and CB2 receptors are given in 

Appendix 6 (Table VI.2). The selected ligands were downloaded from the PubChem 

database250 and subjected to preparation using LigPrep305 as explained in Section 2.4.2.1. 

Possible protonation states and tautomeric states at pH 7.0+/-2.0 were generated using 

Epik306. The state with the least ionisation penalty was used for docking.  

The protein models generated from 5TGZ (CB1), 5XR8 (CB1*), and 5ZTY(CB2) 

(as seen in Section 2.4.1) were used for docking. Grid generation and ligand docking were 

performed as mentioned in Section 2.4.2.1. The tools used for docking were from the 

Schrodinger Suite (version 2018.2 for CB1 and version 2019.1 for CB2). Ligands were 

docked onto the prepared models in Standard Precision mode. 20 poses per ligand were 

produced and the top-scoring pose in terms of GlideScore was selected for analysis. As 

fenofibrate (38) acts as a NAM at CB1 receptors at higher concentrations, it was docked 

only to CB2 model297.  
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Ligands Structure Ligands Structure 

AM404 (33) 

 

 

Lasofoxifene 

(39) c 

 

Bazedoxifene 

(34) a 

 

Raloxifene 

(40) d 

 

E-4-OH-

tamoxifen 

(35) b 

 

Ridaifen- 

B (41) 

 

E-endoxifen 

(36)b 

 

Z-4-OH-

tamoxifen 

(42) b 

 

E-tamoxifen 

(37) b 

 

Z-endoxifen 

(43) b 

 

Fenofibrate 

(38) 

 

Z-tamoxifen  

(44) b 

 
 

Table 6.2 Compounds with reported ability to bind to CB1 and CB2. Selected classes of 

SERM include: aindole, btriphenylethylene, ctetrahydronaphthalene, and dbenzothiaphene. 
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6.4.2 Results 

The criteria and cut-off distances for interactions reported herein are based on the 

visualisation tool Maestro (version 2019.2) from Schrodinger Suite307. As discussed 

previously (Section 1.3), cannabinoid receptors are lipid-binding receptors and commonly 

form hydrophobic interactions and van der Waals interaction with their ligands. Since van 

der Waals interactions are often transient and comparatively weak, those interactions other 

than van der Waals were analysed and have been reported in the forthcoming sections. The 

terms HBA and HBD have been used to represent hydrogen bond acceptors and hydrogen-

bond donors, respectively. For ease of analysis, SERMs have been split into three groups: 

E-tamoxifen (E-Tam) (37) and metabolites [E-4-OH-tamoxifen (35) (E-4-OH-Tam) and 

E-endoxifen (36) (E-End)], Z-tamoxifen (Z-Tam) (44) and metabolites [Z-4-OH-

tamoxifen (Z-4-OH) (42) and Z-endoxifen (Z-End) (43)], and bulky SERMs (i.e. those 

with a molecular weight greater than tamoxifen).  

6.4.2.1 Binding modes of non-cannabinoid ligands docked into CB1 and CB2 

receptors 

6.4.2.1.1 CB1 model 

1. SERMs  

In the inactive model, most of the bulky SERMS (bazedoxifene (34), lasofoxifene 

(39), raloxifene (40), and ridaifen-B (41)) exhibited a horizontal binding pose (Figure 

6.3(a)). The aromatic groups face TM1 and are arranged in a vertical fashion with the 

piperidine group facing TM5. All the four ligands do not interfere with the stacking 

between the toggle switch residues Phe200(3.36) and Trp356(6.48) but form an aromatic 

hydrogen bond with Trp356(6.48) (HBD). Bazedoxifene (34), lasofoxifene (39), and 
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raloxifene (40) also form an aromatic hydrogen bond with backbone oxygen of 

Ser383(7.39) (HBA) and Gly166(2.53) (HBA). Bazedoxifene (34), lasofoxifene (39), and 

ridaifen-B (41) form a π-cation interaction with Trp279(5.43) with the nitrogen atom of 

their piperidine moiety.  

Considering the E-isomer of tamoxifen (E-Tam) (37) and its metabolites, a vertical 

orientation is observed with the aromatic benzene pointing down into the binding pocket 

(Figure 6.3(b)). All three ligands form edge-face π-π stacking interactions with Phe102(N-

terminus (N-term)) and Phe170(2.57), and an aromatic hydrogen bond with backbone 

oxygen of Ser383(7.39) (HBA). The protonated nitrogen at the piperidine moiety forms 

hydrogen bonds and (or) or ionic interactions with Ile267 (E-4-OH-Tam (35) and E-Tam 

(37)) or Asp104 (E-End (36)). The OH of the phenyl group in E-4-OH-Tam (35) and E-

End (36) (HBA) form aromatic hydrogen bonds with Trp356(6.48). The aminoalkyl group 

of E-4-OH-Tam (35) and E-Tam (37) form a hydrogen bond with backbone oxygen of 

Ile267(ECL2)(HBA).  
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Figure 6.3 Binding modes of ligands docked to an inactive CB1 model. (a) Bulky 

SERMs: Red - Bazedoxifene (34), Brown – Lasofoxifene (39), Lime - Ridaifen-B (41), and 

Dark green - Raloxifene (40) (b) E-tamoxifen and isomers: Light blue – E-4-OH-

tamoxifen (35), Blue – E-endoxifen (36), and Deep blue – E-tamoxifen (37) (c) Z-

Tamoxifen and metabolites: Yellow – Z-4-OH-tamoxifen (42), Gold – Z-endoxifen (43), 

and Orange – Z-tamoxifen (44) (d) AM404 (33). In each figure, the cognate ligand 

AM6538 (18) is depicted in black tracing. Residues are depicted as thin sticks. TM 6 and 

7 have been truncated for purposes of picture clarity. Blue, green, red, and black dotted 

lines represent π-π, π-cation, hydrogen bond and aromatic hydrogen bonds, respectively. 

 

The Z-isomer of tamoxifen (Z-Tam) (44) and its metabolites show a horizontal 

orientation upon docking as opposed to their E-counterparts (Figure 6.3(c)). Similar to the 

bulky SERMs, the aromatic groups arranged in a vertical fashion facing TM1 while the 
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aminoalkyl group points to TM5. All three ligands show almost the same binding 

interactions: edge-face π-π stacking with Phe102(N-term) and Phe170(2.57), π-cation 

interaction with Trp356(6.48), hydrogen bond with the side-chain oxygen atom of 

Thr197(3.33) (HBA) via its protonated nitrogen at the aminoalkyl moiety and aromatic 

hydrogen bond with the backbone oxygen atom of Ser383(7.39)(HBA) via hydrogen atom 

of its phenol group. Z-Tam (42) and Z-End (43) also form aromatic hydrogen bonds with 

Trp356(6.48). The phenol group of E-4-OH-Tam (35) faces down into the pocket and the 

benzene is pointed towards the N-terminus while their positions are inversed in the docking 

of Z-End (43). 

2. AM404 

As depicted in Figure 6.3(d), AM404 (33) adopts an L-shaped pose with the 

aromatic portion of the ligand facing TM1 and the aliphatic chain orientated towards the 

gap between TM4 and TM5. The oxygen atom in the aromatic portion of the molecule 

forms a hydrogen bond with backbone nitrogen of Met103(N-term) (HBD).  

6.4.2.1.2 CB1* model 

1. SERMs 

The bulky SERMs all exhibit a folded conformation in the CB1* model (Figure 

6.4(a)) as opposed to the horizontally extended conformation seen in the CB1 model poses 

(Figure 6.3(a)). Bazedoxifene (34), raloxifene (40) and ridaifen-B (41) all show edge-face 

π-π stacking interaction with Phe268(ECL2) via the central benzene group and π-cation 

interaction with Trp279(5.43) via the nitrogen atom of piperidine group. They also form 

edge-face π-π interactions with aromatic residues from TM2 such as Phe170(2.57), 

Phe174(2.61), and His178(2.65). Although interacting with different groups on different 
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bulky SERMs, the backbone oxygen of Phe108(N-term) (HBA) forms a hydrogen bond 

with bazedoxifene (34) and ridaifen-B (41) (HBD). Lasofoxifene (39) adopts a binding 

orientation quite different from the other bulky SERMS. It forms predominantly edge-face 

π-π interactions Phe177(2.64), His178(2.65), Phe189(3.25), and Phe379(7.34), and a π-

cation interaction with Phe200(3.36).  

As seen in the CB1 model, the E-isomers of tamoxifen and metabolites dock 

vertically, albeit in a slightly folded manner (Figure 6.4(b)). All three ligands form an edge-

face π-π stacking interaction with Phe200(3.36) and an aromatic hydrogen bond interaction 

with Ile267(ECL2) (HBA). E-4-OH-Tam (35) and E-End (36) form an aromatic hydrogen 

bond with backbone oxygen of Val196(3.32)(HBA) with the phenyl that forms stacking 

with Phe200(3.36); E-Tam (37), however, forms an aromatic hydrogen bond with 

Thr197(3.33) (HBA) with the same phenyl group due to slight variations in docking 

orientation. E-4-OH-Tam (35) and E-End (36) also form a hydrogen bond with backbone 

oxygen of Phe108(N-term)(HBA) via their aminoalkyl arm (HBD).  

The Z-isomers of tamoxifen and metabolites are docked in an orientation inverse 

to the E-isomers (Figure 6.4(c)). The aromatic groups face TM1 and the aminoalkyl arm 

point towards the orthosteric binding pocket. All three ligands form an edge-face π-π 

interaction with His178(2.65) and an aromatic hydrogen bond with the sidechain oxygen 

atom of Ser383(7.39) (HBA). The oxygen atom of the phenol group in Z-4-OH-Tam (42) 

and Z-End (43) form hydrogen bonds with Phe103(N-term)(HBA). While Phe268(ECL2) 

forms an edge-face stacking interaction with Z-End (43) and Z-Tam (44), a slight change 

in docking orientation causes the phenyl group of Z-4-OH-Tam (42) to form an edge-face 

π-π interaction with Phe170(2.57) instead.  
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Figure 6.4 Binding modes of ligands docked to CB1* model (a) Bulky SERMS : Red - 

Bazedoxifene (34), Brown – Lasofoxifene (39), Lime - Ridaifen-B (41), and Dark green – 

Raloxifene (40) (b) E-tamoxifen and metabolites: Light blue – E-4-OH-tamoxifen (35), 

Blue – E-endoxifen (36), and Deep blue – E-tamoxifen (37) (c) Z-tamoxifen and 

metabolites: Yellow – Z-4-OH-tamoxifen (42), Gold – Z-endoxifen (43), and Orange – Z-

tamoxifen (44) (d) AM404 (33). In each figure, the cognate ligand AM841(21) is depicted 

in black tracing. Residues are depicted as thin sticks. TM6 and 7 have been truncated for 

purposes of picture clarity. Blue, green, red, and black dotted lines represent π-π, π-cation, 

hydrogen bond and aromatic hydrogen bonds respectively. 
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2. AM404 

AM404 (33) binds in a U-shape to the active structure with the aromatic head 

groups facing TM1 and TM2 (Figure 6.4(d)). It forms aromatic hydrogen bonds with 

His178(2.65) (two bonds: one as a donor and other as acceptor) and Ile267(ECL2) (HBA). 

It also forms a hydrogen bond with backbone oxygen of Ile267(ECL2) (HBA) via nitrogen 

atom (HBD) in the aromatic portion of the ligand. 

6.4.2.1.3 CB2 model 

1. SERMs 

The bulky SERMs (Figure 6.5(a)) all exhibited a folded conformation in a manner 

similar to that seen in the CB1* model (Figure 6.4(a)). Bazedoxifene (34) and raloxifene 

(40) form π-cation interaction with Phe117(3.36) and Trp258(6.48) via the piperidine 

nitrogen atom. Ridaifen-B (41) forms an edge-face π-π stacking interaction with the toggle 

switch residues via the central benzene moiety. All three ligands formed edge-face π-π 

interactions with Phe87(2.57) and Phe183(ECL2), with different groups on different bulky 

SERMs. Bazedoxifene (34) and raloxifene (40) also show edge-face π-π interactions at 

His95(2.65). Lasofoxifene (39) showed an edge-face π-π interaction with Phe94(2.64) and 

a π-cation interaction with Trp194(5.43); it did not show any stacking interaction with 

Phe117(3.36) and Trp258(6.48). The backbone oxygen atom of Ser90(2.60) (HBA) formed 

aromatic hydrogen bond interactions with these ligands; Thr114(3.33), Leu182(ECL2), 

Lys278(7.32), and Phe174(2.61) formed either hydrogen bonds or aromatic hydrogen 

bonds with these ligands. 

The E-isomers of tamoxifen and metabolites docked at an angle to the binding 

pocket (about 45°) (Figure 6.5(b)). The alkyl group points towards TM2 and the benzene 
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group points down into the pocket. All three ligands form edge-face π-π interactions with 

Phe183(ECL2) and Trp258(6.48). Phe117(3.36) forms π-π interactions with E-4-OH-Tam 

(35) and Phe87(2.57) forms edge-faced π-π interactions with E-End (36) and E-Tam (37). 

E-4-OH-Tam (35) also forms an edge-face π-π interaction with Trp194(5.43). 

Z-End (43) and Z-Tam (44) show binding orientations similar to that seen in the 

CB1 model, albeit slanted by about 30° (Figure 6.5(c)). Both ligands form edge face π-π 

interactions with Phe87(2.57), Phe183(ECL2), Phe117(3.36), and Trp258(6.48) and π-

cation interaction with Trp194(5.43). Z-End (43), in addition, forms a hydrogen bond via 

the amino group (HBD) with the hydroxyl group of Thr114(3.33) (HBA). Z-4-OH-Tam 

(42), on the other hand, shows slanted docking similar to the Z-tamoxifen metabolites in 

active CB1* model. It forms edge-face π-π interactions with Phe117(3.36), and 

Trp258(6.48), π-cation interactions with Phe87(2.57), His95(2.65), Phe183 (ECL2), and 

Phe281(7.35), hydrogen bond via phenolic OH (HBD) with backbone oxygen of 

Lys278(7.32) (HBA) and aromatic hydrogen bonds with sidechain oxygen of Ser90(2.60) 

(HBA) and backbone oxygen of Leu182(ECL2) (HBA).  

2. AM404 

AM404 (33) adopted a slightly U-shaped confirmation with the head group facing 

TM2 and the aliphatic chain in the direction of TM5 (Figure 6.5(d)). The ligand forms a 

hydrogen bond with the backbone oxygen of Ser90(2.60) (HBA) via phenolic OH (HBD). 

It also forms aromatic hydrogen bonds with the backbone oxygen Ser90(2.60) (HBA) and 

sidechain of His2.65 (HBD) via its phenol group and the adjacent oxygen atom 

respectively. 
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Figure 6.5 Binding modes of ligands docked to CB2 model (a) Bulky SERMS : Red - 

Bazedoxifene (34), Brown – Lasofoxifene (39), Lime - Ridaifen-B (41), and Dark green – 

Raloxifene (40) (b) E-tamoxifen and metabolites: Light blue – E-4-OH-tamoxifen (35), 

Blue – E-endoxifen (36), and Deep blue – E-tamoxifen (37) (c) Z-tamoxifen and 

metabolites: Yellow – Z-4-OH-tamoxifen (42), Gold – Z-endoxifen (43), and Orange – Z-

tamoxifen (44) (d) AM404 (33). In each figure, the cognate ligand AM10257 (23) is 

depicted in black tracing. Residues are depicted as thin sticks. TM6 and 7 have been 

truncated for purposes of picture clarity. Blue, green, red, and black dotted lines represent 

π-π, π-cation, hydrogen bond and aromatic hydrogen bonds respectively 
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3. Fenofibrate 

Fenofibrate (38) docked in a horizontal manner with the chlorophenyl group 

towards TM5 and the tail group in the TM7-TM2 region (Figure 6.6). It formed edge-face 

π-π interaction with Trp194(5.43) and aromatic hydrogen bonds with Phe87(2.57) (HBA). 

 

Figure 6.6 Binding modes of fenofibrate (38) docked to the CB2 model. The cognate 

ligand AM10257 (23) is depicted in black tracing. Residues are depicted as thin sticks. 

TM6 and 7 have been truncated for purposes of picture clarity. Blue, green, red, and black 

dotted lines represent π-π, π-cation, hydrogen bond and aromatic hydrogen bonds 

respectively. 

 

6.4.3 Discussion 

With the exception of E-4-OH-Tam (35), raloxifene (40), and ridaifen-B (41) at 

CB1, and lasofoxifene (39) at both CB1 and CB2, the chosen SERMs show inverse agonist 

activity at both CB1 and CB2 (Table VI.2, Appendix 6)209,308,309. By analysing binding 

modes of the chosen non-cannabinoid ligands into CB1, CB1* and CB2 model, it can be 

observed that most ligands choose a preferential orientation based on (a) the binding 
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surface area available, and (b) the shape of the pocket (influenced by the orientation of the 

cognate ligand in the respective crystal structure template) (Section1.3). In the case of 

SERMs, the binding mode also appears to be stereomer dependent. 

E-Tam (37) and metabolites show a vertical docking irrespective of the type of 

model they are docked into. CB1 generally allows for an extended docking conformation, 

while CB1* model predominantly exhibits folded conformation. Tamoxifen and its 

metabolites show particularly interesting binding in the case of inactive CB1 and CB2. The 

CB1* model shows a rather folded binding for E-isomers and an almost inverse orientation 

for Z-isomers in comparison to the binding seen in inactive CB1. The E-isomers and Z-

isomers of docked to inactive CB2 model appear to be slanted versions of the orientations 

of the same ligands seen in inactive CB1. The orientation of AM404 (33) correlates with 

the preferred U-shaped conformation of anandamide (1), the endocannabinoid with which 

it shares a structural similarity105,310,311. This conformation is observed uniformly across all 

receptors. Apart from a weak interaction with the toggle switch residues, AM404 (33) does 

not interfere with the π-π interaction between Phe3.36 and Trp6.48. Fenofibrate (38), which 

too shows agonist activity at CB2, does not interfere in the stacking. However, unlike the 

cognate ligand, it assumes a horizontal binding orientation.  

6.4.3.1 Interaction with toggle switch residues 

The docking results for non-cannabinoid ligands show that most inverse agonists 

docked to inactive CB2 model form more π-π stacking interaction (or a π-cation interaction, 

depending on the ligand) with toggle switch residues compared to inactive CB1 model, 

with the exception of both E and Z-endoxifen. In case of the CB1* model, almost all ligands 

show π-π stacking interaction with Phe3.36, but only in certain cases with Trp6.48.  
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The variation in interaction with toggle switch residues observed in the study can 

be explained on the basis of the arrangement of Phe3.36 and Trp6.48 in the three crystal 

structures used as templates. As already noted in Section 1.3 (and Figures 1.14 and 1.15), 

Phe3.36 restrains the rotamer state of Trp6.48 via stacking interactions in 5TGZ(CB1), and 

neither interact with the cognate ligand; in 5ZTY(CB2) both residues are oriented towards 

the binding pocket are arranged such that they can interact with the cognate ligand. In an 

active state crystal structure (CB1*), Trp6.48 moves away from the binding pocket post-

activation while Phe3.36 turns towards the binding pocket. Thus, Phe3.36 is available to 

engage in ligand interaction.  

Trp6.48 is a distinctive feature of cannabinoid receptors. The influence of the 

residue in receptor activation has already been highlighted upon in other chapters. As seen 

in Sections 2.1 and 2.6.3, the novel ligands MRI2687 and COR170 (25) exhibit inverse 

agonist activity at CB2; upon docking to CB2 it was observed that both interact with 

Trp258(6.48) by stacking interactions (docking was performed by Li et al. for MRI2687127; 

refer to Figure 2.12, Section 2.6.2 for docking of COR170 (25)). Their analogues 

(MRI2594 and COR167 (24)), which have an alkyl group instead of the phenyl group that 

MRI2687 and COR170 (25) possess, did not interact with Trp258(6.48) in docking studies 

(docking was performed by Li et al. for MRI2594127; refer to Figure 2.12, Section 2.6.2 for 

docking of COR167 (24)).  

In the case of inactive CB1, no interference by the docked ligands between the 

toggle switch residues is seen – despite the fact that most of them are inverse agonists at 

CB1. This is also true for the inactive crystal structures, as seen earlier (Figures 1.15 and 

1.16, Section 1.3). It is arguable that a larger binding surface area and close contact between 
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toggle switch residues lowers the probability of ligand interaction with Trp6.48 in an 

inactive CB1 model. But it is also to be noted that certain CB2 antagonist (or) inverse 

agonists have an opposing functional profile at CB1. AM10257 (23), whilst acting as an 

antagonist (or) inverse agonist at CB2, showed partial agonist activity at CB1127. MRI2687 

also exhibited partial agonist activity at CB1. 3’-functionalised adamantyl cannabinoid 

ligands that act as potent agonists at CB1 show either antagonistic or inverse agonist 

activity at CB2312. Examples also include CB2 selective agonists URB447 (peripheral CB1 

antagonist), GW405833 (a non-competitive CB1 antagonist) and AM1710 (competitive 

CB1 antagonist (or) CB1 inverse agonist)313,314. Given these examples of opposing 

functional relations between CB1 and CB2 selective ligands, there is a possibility that 

compounds that act as inverse agonists at both may exert their activity through varying 

binding modes. 

6.5 Conclusion 

In this chapter, the interaction of non-cannabinoid ligands at cannabinoid receptors 

was studied as a first step towards repurposing them as scaffolds for cannabinoid drug 

design. In this regard, a set of clinical compounds currently used for the treatment of 

various indications as mentioned in the WHO essential medicines database were tested for 

agonist activity against CB1 and CB2 using [35S]GTPγS binding assay. Drugs were 

selected on the basis they should have either structural analogy with cholesterol, (or) had 

been reported to indirectly influence the ECS. It was found that none of the selected drugs 

exhibited agonist activity against either CB1 or CB2. Hence, it can be suggested that 

structural similarity with cholesterol alone is not a sufficient criterion for a ligand to be a 

cannabinoid agonist. The ligands which indirectly affect the ECS were also identified not 
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to have any direct G protein activating agonist activity at the cannabinoid receptors. 

However, the possibility of the selected ligands acting on CB1 and CB2 receptors either as 

antagonists or allosteric modulators yet remains.  

The binding modes of certain non-cannabinoid receptor ligands that were 

previously reported to show activity at CB1 and CB2 were also studied. Upon analysing 

the ligand orientations, significant differences in the binding modes of those ligands were 

found. Both the binding pocket area and shape were seen to influence the interaction of the 

selected non-cannabinoids with the receptor. In the case of the SERMs, it can be said that 

their binding modes at CB1 and CB2 also depend on the ligand stereoisomer. The analysis 

of interactions of inverse agonist SERMS at the receptors also suggests that a stacking 

interaction with Trp6.48 could be a critical factor in determining inverse agonist activity 

of a ligand at CB2.  
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7 Conclusions and Future Work 

7.1 Conclusions 

Cannabinoid receptors (CB1 and CB2) are pharmacologically versatile members of 

GPCRs that have been studied extensively since their discovery. Though the existence of 

a unique receptor through which cannabinoids act (CB1) was discovered in 1988, it was 

not until October 2016 that the first inactive structure of CB1 was solved. This was 

subsequently followed by another inactive and three active structures for CB1 (with one 

complexed to Gαi), and one inactive structure for CB2. More recently, another structure of 

CB1 bound to an agonist (CP55940 (6)) and an allosteric modulator (ORG27569 (16)) has 

been released (PDB ID 6KQI) (Figure 7.1)52.  

The work reported herein, which was started in early 2016 before the release of the 

crystal structures, was initially aimed towards modelling cannabinoid receptors. With the 

release of crystal structures, the need for exploring the structural conformations of CB1 

and CB2 was recognised. This is because crystal structures, while providing irrefutable 

structural information, represent the conformation of a receptor at only one instant of time 

and under certain thermodynamic conditions. Given the plastic nature of GPCRs, crystal 

structures relay valuable but incomplete structural information. Hence with crystal 

structures as the starting point, the aim of work shifted towards exploring conformations 

of CB1 and CB2 through computational techniques such as molecular docking and 

molecular dynamics (MD) simulation. 
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Figure 7.1 Crystal Structure of 6KQI. (a) Side view (b) Top view. Ligands are shown as 

sticks. Orthosteric agonist CP55940 (6) (purple) occupies the canonical binding pocket 

and the allosteric ligand ORG27569 (16) (pink) occupies the extrahelical region between 

TM2, TM3, and TM4.  

 

As the first step in this direction, cannabinoid crystal structures were first 

remodelled so that the analysed receptors are devoid of crystallographic imperfections. MD 

simulation for CB1 and CB2 were performed under both apo and holo states (Chapter 3 

and 5). Through collaborative work with Dr Jason Loo, trajectories of cross-docked active 

and inactive CB1 receptors, simulated in unbiased conditions were also analysed. From the 

apo simulations, a marked difference in the flexibility of CB1 and CB2 can be identified 

from RMSD analysis. While CB1-Apo progressively deviated from an active and an 

inactive conformation, CB2-Apo did not vary much from its crystal structure state though 

its simulation time is twice as that of CB1. Since the starting structure is itself a low energy 

inactive structure, it is possible that CB2 may require more time to break free of its 
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conformation. Furthermore, the TM6 of CB2 does not exhibit the same level of flexibility 

as it does in CB1 (Section 5.5), due to the CWFP motif (Sections 1.2.2 and 5.5). Hence, it 

is possible that even in an apo state, the apparent rigidity of the TM6 of CB2 impedes it 

from attaining the conformational plasticity that could be seen in an apo CB1 form. While 

this is true for the protein backbone, conserved residues (such as ionic lock and toggle 

switch residues) in the apo simulations break from their conformations observed in inactive 

crystal structures. These residues explore a variety of conformations in both CB1-Apo and 

CB2-Apo simulations, much like other apo GPCRs simulated (Sections 3.5 and 5.5). As 

apo structures are regarded as intermediary states234, this leads to further questions 

regarding the structural nature of a CB1 (or) CB2 resting state. 

An interesting structural feature that was analysed in the apo simulations of CB1 

and CB2 is ‘lipid access channels’. Both CB1-Apo and CB2-Apo systems simulations 

showed that TM1 could have a significant role in either forming or maintaining potential 

access channels. In CB1-Apo, the access pathway between TM1 and TM7 was closed down 

by the sideways movement of TM1, whereas a pathway to the orthosteric pocket (other 

than one through the extracellular side) was found towards the end of the simulation in 

replicate 3 of CB2-Apo. The other entry sites found in Apo-CB2 were not as wide as the 

access channels seen in the other lipid-binding inactive crystal structures (Section 1.3), yet 

the possibility of CB2 having an alternate pathway for ligand entry cannot be dismissed.  

The common denominator observed in all the ligand-bound simulations analysed 

herein is that, with an inactive state conformation as the starting structure that is bound to 

an agonist, the receptor exhibited minimal changes in the structure (as in CB1-AM841 and 

CB2-CP55940, Chapters 3 and 5) or it explored a different area of the conformational 
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landscape (as in CB1-AM11542 simulations, Chapter 4). However, with an active starting 

structure bound to an antagonist, a partial change in receptor towards the intended 

conformation was seen (as in CB1*-MK0364 simulations, Chapter 4). The study hence 

demonstrates the influence of the starting structure on conformational exploration by a 

receptor in an unbiased MD simulation. Another common finding was that TM1, TM6 and 

TM7 influence the conformational states and structural features of the cannabinoid 

receptors to a higher extent than other TM helices. Specifically, the results of CB1-AM841 

simulations in (Chapter 3) also illustrated that an aromatic headgroup (A, B, C rings (Figure 

1.8)) -first entry via the proposed access channel between TM1 and TM7 by a classical 

cannabinoid, may not be favourable for receptor activation.  

It must be noted that in all the unbiased MD simulation studies reported herein, a 

complete transformation from an observed functional state to the intended state (e.g. 

inactive state to active state conformation) was not observed, even in the case of 

microsecond long simulations (Chapter 4). This, however, does not diminish the utility of 

MD in studying the transition of GPCR functional states. To observe the activation of 

GPCRs, unbiased simulations of tens of microseconds may be required315,316. As an 

alternative to avoid long timescales, accelerated molecular dynamics and metadynamics 

(which use a modified energy landscape) have been suggested to enhance the sampling of 

protein confirmations in MD316. Both methods have faster calculation time as opposed to 

conventional methods. These methods, however, are outside the scope of the reported work 

and hence have not been discussed. Hamelberg et al. 317and Valsson et al.318 provide further 

information regarding the usage of accelerated dynamics and metadynamics in the study 

of protein structures.  
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In addition to the structural studies of CB1 and CB2 via MD, the interaction of non-

cannabinoid ligands at cannabinoid receptors were also studied as a step towards 

repurposing them as scaffolds for cannabinoid drug design (Chapter 6). In this direction, a 

set of clinically used compounds that are not classified as cannabinoids were tested on CB1 

and CB2 for agonist activity. While the tested compounds returned negative for agonistic 

action, the study has shown that structural analogy with cholesterol is not a crucial criterion 

for a ligand to exert activity at the cannabinoid receptors (Section 6.3.6).  

Aside from biological assays, in silico docking has also been suggested to be a valid 

approach for drug repurposing studies. Hence, with the aim of deciphering their binding 

modes, a set of non-cannabinoid ligands which have been proven to show activity at CB1 

and CB2 were docked to active and inactive CB1, and inactive CB2 models. The study 

demonstrated that the area and the shape of the receptor-binding pocket, and the 

stereoisomer of the ligand (i.e. E and Z forms), influence the binding mode of a ligand and 

hence, its interaction with cannabinoid receptors.  

The docking studies reported for novel quinolone-3-carboxylic acid cannabinoids 

(Section 2.6) and SERMs (Section 6.4.2) have illustrated that for an inverse agonistic 

activity at CB2, a stacking interaction between the ligand and the Trp6.48 residue is 

necessary. Such an interaction was also observed in the inactive CB2 crystal structure 

(PDB ID 5ZTY) and docking studies by Li et al. on a different set of novel cannabinoids127. 

Given that different classes of ligands which act as inverse agonists at CB2 interact with 

Trp6.48, this aspect of the binding pocket could be acknowledged in the design of future 

cannabinoids.  
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7.2 Future Work 

In the work presented herein, most of the structural exploration concerning MD 

simulations as well as molecular docking concentrated more on the inactive structures than 

the active forms of CB1. The unbiased MD simulations performed and (or) analysed in this 

work have collectively demonstrated the effect of the starting conformation on the receptor 

structural exploration. This effect was noticeable in the difference in flexibility of an apo 

CB1 and apo CB2 simulation, whereby the starting conformation was inactive. In a resting 

state, receptors are often in an apo condition. In this regard, unbiased apo CB1 simulations 

with an active structure as the starting conformation would provide vital information as to 

how an active receptor would approach an apo state upon the dissociation of the agonist. 

The study would reveal intermediate transitional states of the receptor, which could be used 

for virtual screening studies as seen in Loo et al240. Subjecting apo models to MD 

simulation has helped to identify critical structural information regarding allosteric binding 

sites, G protein coupling sites, cholesterol-binding regions, and activation pathways in 

A2AR and muscarinic receptors280,319–321. As observed from the MD simulations of 

inactive apo systems reported here (Sections 3.4.7 and 5.4.7), simulating active structures 

in an apo state may also provide further information regarding access channels. 

In the study for re-purposing non-cannabinoid ligands for activity at cannabinoid 

receptors, though none of the ligands tested returned positive for agonist action, the 

possibility of them acting as antagonists or allosteric modulators still exists. Hence, the 

selected ligands are required to be tested for antagonistic activity and allosterism at CB1 

and CB2. [35S]GTPγS binding assay can be used for testing the antagonist activity of a 

ligand in the presence of an agonist129. A decrease in the G protein activation can mean 
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that the tested ligand is an antagonist. [35S]GTPγS assay can also be used to detect allosteric 

activity, as allosteric modulators increase or decrease G protein activity according to their 

nature (Section 1.15). Indeed, [35S]GTPγS has been used to assess the effect of alcuronium 

at M2 and amilorides at  α-adrenergic receptor129. 

Another interesting future direction for the work presented here is the study of 

SERM interaction at cannabinoid receptors. As mentioned earlier (Section 1.5.3), docking 

helps to identify the ligand interactions at the active site of a receptor for only one particular 

conformation of the receptor. To study how the ligand affects the receptor conformation, 

MD simulations are essential. Subjecting the docked SERM-cannabinoid receptor 

complexes to MD simulations can help to understand the exact nature of ligand-receptor 

interaction. Through the results obtained, new arenas in cannabinoid drug design via drug 

repurposing could be explored.  
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I Appendix 1 

Figure I.1 Sequences of CB1 and CB2 Receptors 

Cannabinoid Receptor 1 

 

Cannabinoid Receptor 2 
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Table I.1 Percentage identity and similarity of lipid binding GPCRs against CB1  

Receptor %Identity %Similarity 

S1P1 receptor 30 53 

LPA1 receptor 30 51 

Prostanoid EP4 receptor 17 40 

Leukotriene BLT1 receptor 18 35 

Prostanoid EP3 receptor 18 35 

Platelet-activating factor receptor 14 33 

Leukotriene TP receptor 16 33 

GPR55 11 27 

 

 

Table I.2 Percentage identity and similarity of lipid binding GPCRs against CB1 

Receptor %Identity %Similarity 

LPA1 receptor 26 47 

S1P1 receptor 28 47 

Prostanoid EP4 receptor 14 35 

Leukotriene BLT1 receptor 17 33 

Platelet-activating factor receptor 15 32 

Prostanoid EP3 receptor 16 32 

LeukotrieneTP receptor 15 31 

GPR55 13 29 
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II Appendix 2 

Figure II.1 Ramachandran plots for re-engineered CB1 and CB2 models. Complete 

models of (a) 5U09 based CB1 (b) 5ZTY based CB2. Truncated models of (c) 5TGZ based 

CB1 (d) 5XR8 based CB1 
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Table II.1 Agonists used in docking evaluation of CB1 receptor homology model 

S.No. Compound Experimental pKi 

 

Reference 

 

1 2-AG (2) 6.3 133 

2 A796260 6.1 322 

3 AM1714 6.4 323 

4 AM411 8.2 324 

5 Anandamide (1) 6.6 130 

6 BAY387271 8.7 150 

7 Cannabinol 6.5 325 

8 CP55940 (6) 9.2 326 

9 HU210 (4) 10.2 136 

10 JWH-015 (9) 6.4 149 

11 JWH-133 (5) 6.2 327 

12 O-2545 8.9 328 

13 ∆9-THC (3) 7.3 73 

14 WIN55,212-2 (8) 8.7 325 
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Table II.2 Antagonists used in docking evaluation of CB1 receptor homology model 

S.No. Compound Experimental pKi 

 

Reference 

 

1 AM281 (12) 7.9 329 

2 AM630 (14) 5.3 159 

3 CP27281 8.5 330 

4 DML23 7.0 331 

5 JTE907 (15) 5.6 162 

6 LY320135 (13) 6.9 158 

7 MK0364 (19) 9.5 332 

8 NESS0327 12.5 333 

9 NIDA41020 8.4 334 

10 NIDA41109 8.9 334 

11 O-1270 7.3 335 

12 O-2050 8.6 169 

13 SLV319 8.1 336 

14 SR141716 (10) 9.1 152 

15 SR147778 8.5 337 
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Table II.3 Binding pocket contact residues interacting with COR167 (24) and COR170 

(25) docked to the inactive CB2 model and the predominant interaction type observed. 

Residues 
Predominant interaction type observed 

in inactive CB2 

Phe87(2.57) Aromatic hydrogen bond 

Phe91(2.61) van der Waals 

Ile110(3.29) van der Waals 

Val113(3.32) van der Waals 

Thr114(3.33) van der Waals 

Phe117(3.36) Aromatic stacking (COR170 (25)) 

Leu182(ECL2) van der Waals 

Phe183(ECL2) Aromatic stacking 

Trp258(6.48) Aromatic stacking (COR170 (25)) 

Val261(6.51) van der Waals 

Ser285(7.39) van der Waals 

Cys288(7.41) van der Waals 
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III Appendix 3 

Table III.1 Motions of individual helices observed in PC1 analysis of CB1-Apo, CB1-

AM841 and CB1-AM6538 systems. 

TM 

Helix 
CB1-Apo System CB1-AM841 System CB1-AM6538 System 

1 
Refer to the main text 

in Section 3.4.5.1 

Refer to the main text 

in Section 3.4.5.2 

In replicates 1 and 3 EC 

end tilts towards TM7. 

In replicate 2 bends 

away from TM7. 

2 

The EC end of TM2 in 

replicate 1 moves into 

the binding pocket by 

an anticlockwise 

rotation. In replicates 2 

and 3 it moves out of 

the pocket by tilting. 

The IC end exhibits 

minimal bending 

motions towards the 

binding pocket, away 

from binding pocket 

and towards TM1 in 

replicates 1, 2, and 3 

respectively. 

Minimal movement. 

Replicates 1 and - 

clockwise upward 

rotation. Replicate 2 – 

EC end bends toward 

the binding pocket. 

3 
Refer to the main text 

in Section 3.4.5.1 

Refer to the main text 

in Section 3.4.5.2 

Refer to the main text 

in Section 3.4.5.3 

4 

In all replicates, 

primary motion is helix 

tilting sideways (with 

respect to the binding 

pocket). 

In all replicates, 

primary motion is the 

lateral tilting (with 

respect to the binding 

pocket). 

No significant 

movement in replicates 

1 and 2. In replicate 3 

an anticlockwise 

rotation is observed. 

5 

Replicate 1 - the EC 

end bends towards 

TM3 while the IC end 

bends towards TM6. 

Replicate 2, IC end 

bends away from TM6 

and the EC end rotates 

in upward in an 

anticlockwise 

direction. Replicate 3, 

the EC end bends 

towards TM6 while IC 

end moves away from 

it. 

The movement of the 

IC end is converse to 

that of TM3. Replicate 

1 - IC end bends 

towards TM3. 

Replicates 2 and 3 - 

IC end bends away 

from TM3 The EC 

end bends in a 

direction opposed to 

that of IC end in all 

three replicates. 

Replicate 1 - EC end 

bends towards TM3 and 

IC end tilts away from 

it. Replicate 2 - EC end 

slightly bends away 

from TM3 and IC end 

moves away from TM6.  

Replicate 3 - IC end 

bends towards TM6. 

6 
Refer to the main text 

in Section 3.4.5.1 

Refer to the main text 

in Section 3.4.5.2 

Refer to the main text 

in Section 3.4.5.3 

7 
Refer to the main text 

in Section 3.4.5.1 

Refer to the main text 

in Section 3.4.5.2 

Refer to the main text 

in Section 3.4.5.3 
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IV Appendix 4 

Table IV.1 Motions of individual helices observed in PC1 analysis of CB1-AM11542 and 

CB1*-MK0364 systems 

TM 

Helix 
CB1-AM11542 System CB1*-MK0364 System 

1 

Replicate 1 - tilting motion lateral to 

the binding pocket. Replicate 2 - 

tilting motion towards TM7. Replicate 

3 - minimal motion with a slight 

bending motion towards TM7 

(refer to the main text in Section 

4.4.2.2) 

2 

Shows minimal movement in all three 

replicates; in all three replicates, the 

N-terminal connected to ICL1 bends 

towards TM3. Replicate 1 shows 

downward helix movement 

Replicate 1 - a downward 

movement of the helix. Replicate 

2 - minimal movement, slight 

tilting motion towards TM3. 

Replicate 3 - C-terminal near 

ECL1 bends towards TM1, while 

the rest of the helix bends 

towards the binding pocket. 

3 
(refer to the main text in Section 

4.4.2.1) 

Replicate 1 – upward movement 

of the helix. Replicate 2 - the N-

terminus near ECL1 bending 

away from TM4 and the IC end 

tilting toward TM5. Replicate 3 - 

EC end bends in the direction of 

the binding pocket and the IC end 

bends away from TM5 

4 

Replicate 1-tilting towards TM5 in the 

IC end region. Replicates 2 and 3 - 

moves away from the helical bundle 

by rotation and tilting respectively 

Replicate1 - upward movement 

of the helix; no significant 

motion in replicates 2 and 3 

5 
(refer to the main text in Section 

4.4.2.1) 

(refer to the main text in Section 

4.4.2.2) 

6 
(refer to the main text in Section 

4.4.2.1) 

(refer to the main text in Section 

4.4.2.2) 

7 
(refer to the main text in Section 

4.4.2.1) 

(refer to the main text in Section 

4.4.2.2) 
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V Appendix 5 

Table V.1 Motions of individual helices observed in PC1 analysis of CB2-Apo Systems 

and CB2-CP55940 systems. 

TM 

Helix 
CB2-Apo System CB2-CP55940 System 

1 
Refer to the main text in Section 

5.4.5.1 

Replicate 1 – minimal movement. 

Replicate 2 – EC end and IC end 

bend in opposite directions, lateral 

to the binding pocket. Replicate 3 -  

EC end tilts towards the TM7, IC 

end bends in the opposite direction. 

2 
Refer to the main text in Section 

5.4.5.1 

Minimal movement in all three 

replicates. Notable motions are: 

Replicates 1 and 3 - C-terminus near 

ECL1 bends towards TM3. 

Replicate 2 - the C-terminus bends 

away from TM3. 

3 
Refer to the main text in Section 

5.4.5.1 

Refer to the main text in Section 

5.4.5.2 

4 

Only IC end shows notable bending 

movements: replicate 1 – towards 

TM5, replicate 2 – towards the 

binding pocket, replicate 3 – away 

from TM5 

Replicate 1 – minimal movement.  

Replicates 2 and 3 - Slight tilting of 

EC end towards TM5 in all 

replicates. 

5 

Replicate 1 – upward clockwise by 

EC end; IC end bends towards TM6. 

Replicate 2 - EC end tilting away 

from TM6. Replicate 3 - EC end 

rotates away from TM4 towards 

TM6; IC end bends away from TM6 

Replicate 1 – EC end tilts slightly 

towards TM6 and the binding 

pocket, IC end bends away from the 

binding pocket. Replicate 2 - EC 

end tilts away from the pocket while 

the IC end shows a clockwise 

rotation. Replicate 3 - can be 

described by dividing the helix into 

three parts - N-terminus near the 

ECL2 shows a mild rotation in an 

anticlockwise fashion; the mid-

portion of the helix bends in a 

direction away from TM4 and the C-

terminus near ICL3 moves towards 

TM3. 

6 
Refer to the main text in Section 

5.4.5.1 

Refer to the main text in Section 

5.4.5.2 

7 
Refer to the main text in Section 

5.4.5.1 

Refer to the main text in Section 

5.4.5.2 
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VI Appendix 6 

Table VI.1 Details of ligands tested on CB1 and CB2 using [35S]GTPγS 

 

 

 

 

 

 

 

 

 

Ligands 
Receptor where it shows 

activity 

Currently used as (or) 

for 

Carbenoxolone (26) 

 
Connexins 

Peptic, oesophageal and 

oral ulceration and 

inflammation 

Dexamethasone (27) 

 
Glucocorticoid receptors Anti-inflammatory action 

Haloperidol (28) 

 

Serotonin and dopamine 

receptors 
Anti-psychotic 

Metoclopramide (29) 

 

Primarily dopamine D2 

receptor 
Anti-emetic 

Prednisolone (30) Glucocorticoid receptors 
Anti-inflammatory (or) 

immunosuppressive agent 

Prednisolone 

hemisuccinate (31) 
Glucocorticoid receptors 

Anti-inflammatory (or) 

immunosuppressive agent 

Pregnenolone acetate (32)  Precursor of sterols 
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Table VI.2 Details of ligands selected for binding mode analysis by molecular docking 

Compound Ki  at CB1 
 

Type of Ligand Ki  at CB2 
 

Type of 

Ligand 
Source 

 

AM404  

 
 

1.5+/-0.09 

μM  
Agonist 1.3+/-0.08 μM  Agonist 

 

296 

Bazedoxifene  826nM  
Full inverse 

agonist. 
254nM  

Full inverse 

agonist. 
308 

E-4-OH-

Tamoxifen  
1242nM  

Neutral 

antagonist 
957nM  

Full inverse 

agonist 
209 

E-Endoxifen  1393nM  
Full inverse 

agonist 
2355nM 

Full inverse 

agonist 
209 

E-Tamoxifen  1510nM  
Full inverse 

agonist 
847nM  

Full inverse 

agonist 
209 

Fenofibrate   501nM 

Partial agonist. 

NAM at high 

concentrations. 

 19nM Full agonist 297 

Lasofoxifene NA Weak binding NA 

Partial 

inverse 

agonist 

308 

Raloxifene  210nM  
Partial inverse 

agonist 
240nM  

Full inverse 

agonist 
308  

Ridaifen - B  
732+/-

168nM  
Weak binding 43.7+/-14.6nM  

Inverse 

agonist 
309 

Z-4-OH-

Tamoxifen  
681nM  

Full inverse 

agonist 
495nM  

Full inverse 

agonist 
209 

Z-Endoxifen  1161nM  
Full inverse 

agonist 
2393nM  

Full inverse 

agonist 
209  

Z-Tamoxifen  1574nM  
Full inverse 

agonist 
798nM  

Full inverse 

agonist 
209 
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Table VI.3 Binding pocket contact residues interacting with non-cannabinoids docked 

to the inactive CB1 model and the predominant interaction type observed. 

Residues Predominant interaction type observed 

 SERMs AM404 (33) 

Asn101(N-term)  Aromatic hydrogen bond 

Phe102(N-term) Aromatic stacking  

Met103(N-term)  Hydrogen bond 

Ile105(N-term) van der Waals van der Waals 

Gly 166(2.53) Aromatic hydrogen bond  

Phe 170 (2.57) Aromatic stacking van der Waals 

Phe 174 (2.61)   

His 178 (2.65)   

Phe 189 (3.25) van der Waals van der Waals 

Val 196 (3.32) van der Waals van der Waals 

Thr 197 (3.33) Hydrogen bond/ Van der Waals van der Waals 

Ile 267 (ECL2) van der Waals van der Waals 

Phe 268 (ECL2) Aromatic stacking van der Waals 

Pro 269 (ECL2)  van der Waals 

Trp 279 (5.43) π-cation van der Waals 

Trp 356 (6.48) Aromatic hydrogen bond van der Waals 

Phe 379 (7.34) van der Waals van der Waals 

Ala 380 (7.35) van der Waals  

Ser 383 (7.39) Aromatic hydrogen bond van der Waals 

Cys 386 (7.41)  van der Waals 
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Table VI.4 Binding pocket contact residues interacting with non-cannabinoids docked 

to the active CB1 model and the predominant interaction type observed. 

Residues 
Predominant interaction type observed 

SERMs AM404 (33) 

Phe 108 (N-

term) 
Hydrogen bond  

Phe 170 (2.57) Aromatic stacking van der Waals 

Phe 174 (2.61) van der Waals van der Waals 

Phe 177 (2.64) Aromatic stacking  

His 178 (2.65) Aromatic stacking Aromatic hydrogen bond 

Phe 189 (3.25) Hydrogen bond  

Phe 191 (3.27) van der Waals  

Val 196 (3.32) van der Waals van der Waals 

Thr 197 (3.33) 
van der Waals/Hydrogen 

bonds 
 

Phe 200 (3.36) Aromatic stacking/ π -cation van der Waals 

Ile 267 (ECL2) van der Waals 
Hydrogen bond/ Aromatic hydrogen 

bond 

Phe 268 (ECL2) Aromatic stacking van der Waals 

Trp 279 (5.43) van der Waals van der Waals 

Trp 356 (6.48)  van der Waals 

Leu 359 (6.51) van der Waals  

Met 363 (6.55) van der Waals  

Phe 379 (7.34) van der Waals van der Waals 

Ser 383 (7.39) Aromatic hydrogen bond van der Waals 

Cys 386 (7.41) van der Waals van der Waals 
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Table VI.5 Binding pocket contact residues interacting with non-cannabinoids docked 

to the inactive CB2 model and the predominant interaction type observed. 

Residues 
Predominant interaction type observed 

SERMs AM404 (33) Fenofibrate (38) 

Phe 87 (2.57) Aromatic stacking van der Waals 
Aromatic 

hydrogen bond 

Ser 90 (2.60) 
Aromatic hydrogen 

bond 

Hydrogen bond/Aromatic 

hydrogen bond 

van der Waals 

Phe 91 (2.61) Aromatic stacking van der Waals van der Waals 

Phe 94 (2.64) Aromatic stacking van der Waals van der Waals 

His 95 (2.65) Aromatic stacking Aromatic hydrogen bond van der Waals 

Ile 110 (3.29) van der Waals van der Waals van der Waals 

Val 113 (3.32) van der Waals van der Waals van der Waals 

Thr 114 (3.33) Hydrogen bonding van der Waals van der Waals 

Phe 117 (3.36) 
Aromatic stacking/ 

π -cation interaction 

van der Waals van der Waals 

Leu182 

(ECL2) 
 

van der Waals van der Waals 

Phe 183 

(ECL2) 
Aromatic stacking 

van der Waals 
 

Leu 191 (5.40) van der Waals van der Waals  

Trp 194 (5.43) 
Aromatic stacking/ 

π -cation interaction 

van der Waals Aromatic 

stacking 

Trp 258 (6.48) 
Aromatic stacking/ 

π -cation interaction 
  

Val 261 (6.51) van der Waals van der Waals  

Met 265 (6.55)  van der Waals  

Lys 279 (7.32) Hydrogen bond   

Ser 285 (7.39) van der Waals van der Waals  

Cys 288 (7.41) van der Waals van der Waals  
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