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Abstract 

Cannabinoid receptor 1 (CB1R) and oxytocin receptor (OTR) are class A G-protein coupled 

receptors that play an important role in a wide range of physiological and pathological pro-

cesses. Since they are essential for numerous overlapping functions in the brain, they are 

considered attractive drug targets. 

The structures of the receptors are available individually, each of the receptors is known to 

form both homodimers and heterodimers, however little is known about interaction, inter-

face, and stability of the OTR-CB1 complex. Therefore, this work aims to gain knowledge 

about the CB1R-OTR complex by creating and examining a model of the receptor dimer 

using different computational tools. 

First, the heterodimeric protein complex was generated by protein-protein docking. After-

wards, twelve heterobivalent ligands were created and docked to the protein complex and 

these protein complexes with their related heterobivalent ligands were then solvated and 

inserted in a membrane bilayer. Molecular dynamics simulations were performed for each 

complex and the results were analyzed regarding their stability and behaviour in the mem-

brane. Analysis of key residues involved in the complex formation was performed through 

site-specific mutations. We were able to show high stability for nine out of the twelve recep-

tor complexes with their related heterobivalent ligands. The core domain is located between 

TMH4 of the CB1R and TMH7 of the OTR and further interactions at the interfaces were 

shown between TMH2 and TMH1 of the CB1R and TMH1 of the OTR, TMH3 of the CB1R, 

and TMH7 of the OTR as well as TMH4 of the CB1R and TMH6/7 of the OTR. Outside the 

interface at the TMHs, interactions of residues at ECL1, ECL2, ICL1, ICL2, ICL3, and H8 of 

the CB1R and residues at the N-terminus, ICL3, ECL3, H8, and C-terminus of the OTR 

were identified. The number of involved amino acids varied among the twelve investigated 

interfaces. Moreover, hydrogen bonds were found to be located mainly at the extracellular 

and intracellular sides of the receptor complexes, and only a few hydrogen bonds are lo-

cated at the transmembrane region of the receptor complexes. 
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Kurzfassung 

 
Cannabinoid Rezeptor 1 (CB1R) und Oxytocin Rezeptor (OTR) sind G-Protein gekoppelte 

Rezeptoren der Klasse A, welche eine wichtige Rolle bei einer Vielzahl an physiologischen 

und pathophysiologischen Prozessen spielen. Da sie für verschiedenste Funktionen im Ge-

hirn essenziell sind, gelten sie als wertvolle Zielstrukturen für Arzneimittel. 

Die Strukturen der einzelnen Rezeptoren sind zwar vorhanden und es konnte nachgewie-

sen werden, dass sowohl CB1R als auch OTR hetero- und homodimere bilden können, 

jedoch ist nur sehr wenig über deren Interaktionen, das Interface zwischen den Rezeptoren 

und die Stabilität der dimeren Komplexe bekannt. Aus diesem Grund ist es das Ziel dieser 

Arbeit, mittels verschiedener computerbasierter Techniken, mehr Wissen über den CB1R-

OTR-Komplex zu gewinnen, indem das Modell des Rezeptordimers erstellt und erforscht 

wird. 

Zuerst wurde das Modell des heterodimeren Proteinkomplexes durch Protein-Protein-Do-

cking erstellt. Weiters, wurden zwölf heterobivalente Liganden kreiert, durch molekulares 

Docking an den Proteinkomplex gebunden und danach wurden diese Proteinkomplexe mit 

ihren zugehörigen heterobivalenten Liganden in eine Lipidmembran integriert. Im nächsten 

Schritt wurde für jeden Komplex eine Moleküldynamik-Simulation durchgeführt und die Er-

gebnisse wurden hinsichtlich ihrer Stabilität und des Verhaltens in der Membran untersucht 

und Mutationsanalysen unterzogen. Für neun der zwölf Rezeptorkomplexe mit ihren zuge-

hörigen heterobivalenten Liganden konnte eine hohe Stabilität nachgewiesen werden und 

drei Rezeptorkomplexen erwiesen sich als instabil. Es konnte ein asymmetrisches Interface 

des Rezeptorkomplexes nachgewiesen werden, dessen Core-Domäne zwischen TMH4 

des CB1R und TMH7 des OTR lokalisiert ist. Weiters wurden am Interface Interaktionen 

zwischen TMH2 und TMH1 des CB1R und TMH1 des OTR, TMH3 des CB1R und TMH7 

des OTR sowie zwischen TMH4 des CB1R und TMH6/7 des OTR festgestellt. Außerhalb 

des Interfaces zwischen den TMHs wurden Interaktionen zwischen Aminosäuren an ECL1, 

ECL2, ICL1, ICL2, ICL3 und H8 des CB1R und Aminosäuren am N-terminus, ECL3, ICL3, 

H8 und C-terminus des OTR entdeckt. Die Anzahl der involvierten Aminosäuren variierte 

zwischen den zwölf untersuchten Interfaces. Bei der Untersuchung der Rezeptorkomplexe 

bezüglich Wasserstoffbrückenbindungen, wurden diese hauptsächlich am extrazellulären 

und intrazellulären Bereich des Rezeptorkomplexes gefunden und nur sehr wenige waren 

in der transmembranären Region des Rezeptorkomplexes lokalisiert.
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1 Introduction 

In this master’s thesis, the G-protein coupled receptors oxytocin (OTR) and cannabinoid re-

ceptor 1 (CB1R) and the dimers that they potentially form are investigated. In the following 

chapters, they are introduced in detail. Further molecular docking and ranking methods are 

presented in the theory. 

1.1 G-protein coupled receptors 

G-protein coupled receptors (GPCR) make up the largest families of transmembrane proteins 

and regulate a wide range of intracellular signalling by transducing signals from the extracel-

lular to the intracellular side (Kooistra et al., 2021). They regulate different physiological and 

pathological processes in the body and therefore, they play an important role as therapeutic 

targets, as they affect a variety of disease-related signalling processes (Venkatakrishnan et 

al., 2013). 

1.1.1 Common structural features 

Specific structural features are shared for almost every representative throughout the class of 

GPCRs (Hilger et al., 2018; Oldham and Hamm, 2008). There is a central transmembrane 

region comprising seven α-helices (TMH1-7), an extracellular region consisting of three extra-

cellular loops (ECL), the N-terminus, and an intracellular region consisting of three intracellular 

loops (ICL), an intracellular amphiphilic helix (H8), and the C-terminus (Jacoby et al., 2006). 

Driven by conformational changes, an extracellular bound ligand transduces its information to 

the intracellular region of the receptor where interaction with intracellular proteins takes place, 

which leads to the modulation of different intracellular signalling pathways (Venkatakrishnan 

et al., 2013). 

To visualize the structure of GPCRs the most common methods are X-ray crystallography and 

cryogenic electron microscopy (cryo-EM) (Liang et al., 2017; Salon et al., 2011). 

1.1.2 Diversity of GPCR 

Different classification systems are used to categorise G-protein coupled receptors (GPCR). 

The most common one is the classification in six classes A-F depending according to their 

structural relation, despite classes D and E are not found in humans. The largest class A is 

also called “rhodopsin-like” and the oxytocin receptor (OTR), as well as the cannabinoid 1 

receptor (CB1R), are allocated to this receptor class. Class B consists of two subfamilies, the 

secretin receptors and the adhesion receptors and class C are the metabotropic glutamate 

receptors. Class F receptors are also divided into two subclasses, the frizzed and smoothened 

receptors (Congreve et al., 2020; Horn et al., 2003). 
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1.1.3 Signalling pathways of GPCR 

The GPCR-signalling can be mediated through the activation of different intracellular proteins. 

The most important signalling pathways are the G-proteins dependent pathways. Thereby, 

GPCRs interact with heterotrimeric guanine nucleotide-binding proteins (G-proteins) which 

leads to activation or inactivation of signalling pathways (Oldham and Hamm, 2008). G-pro-

teins consist of Gα-subunit, Gβ-subunit and Gγ-subunit (McCudden et al., 2005; Smrcka, 

2008). When an extracellular signal is transduced to the intracellular side of the receptor by 

conformational changes of the receptor, the Gα undergoes conformational changes, dissoci-

ates from the Gβγ heterodimer and signalling pathways are triggered (Figure 1) (McCudden 

et al., 2005; Smrcka, 2008; Neves et al., 2002). 

G-proteins are generally classified into four families: Gs, Gi/o, Gq/11 and G12/13 depending on 

differences in their Gα-subunit. (McCudden et al., 2005; Neves et al., 2002) 

 

Figure 1. G-protein mediated pathways upon agonist binding to the GPCR. Adapted 

from Ritter and Hall, 2009.  

Gαs-proteins stimulate the adenylyl cyclase (AC) which modulates the conversion of aden-

osine triphosphate (ATP) to 3',5'-cyclic adenosine monophosphate (cAMP) and pyrophos-

phate. The second messenger cAMP is responsible for different intracellular effects such as 

the activation of protein kinases and cyclic nucleotide–gated channels (Hurley 1999; Neves 

et al., 2002; Ritter and Hall, 2009). The Gαi-proteins are responsible for the inhibition of the 

AC and some representatives are known to activate the phosphodiesterase (PDE) (Hurley 

1999; Margolskee, 2002). The Gαq-proteins activate the phosphoinositide phospholipase C-
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β (PI-PLC), which hydrolyses the phosphatidylinositol-4,5-bisphosphate (PIP2) into the sec-

ond messenger inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 regulates the 

level of calcium, whereas DAG activates protein kinase C (McCudden et al., 2005; Neves et 

al., 2002). The Gα12/13-proteins activate RhoGEFs which regulate small GTPases in the Rho-

family. Cell functions such as embryonic development and immune response are regulated 

by this pathway (Ritter and Hall, 2009; Suzuki et al., 2009; Terrillon and Bouvier, 2004). 

The Gβγ-heterodimer leads to a large number of signalling processes such as an increase 

of IP3, activation of K+-channels and inhibition of N- and P/Q-type calcium currents (Cantı, 

1999; Cooper, 2003; Hurley 1999; Margolskee, 2002). 

1.1.4 Modes of GPCR activation 

Lately, five novel modes of GPCR activation were established: biased activation, intracellular 

activation, dimerization activation, transactivation, biphasic activation. These modes can either 

occur individually or simultaneously (Wang et al., 2018). 

1.1.4.1 Biased activation 

Biased activation describes a phenomenon, where certain substance classes lead to signalling 

pathway selectivity at the receptor (Smith et al., 2018). Thus, only certain intracellular signalling 

pathways related to this receptor are activated by these specific ligands and others, are not 

affected (Basith et al., 2018; Wacker et al., 2017). Therefore, it is possible to activate either 

the G-protein or β-arrestin pathway. The advantage of signalling pathway selectivity can be 

the prevention of drug-induced side effects, while a certain desired action of the drug is pre-

served (Wouters et al., 2019). 

1.1.4.2 Intracellular activation 

Since GPCRs are transmembrane proteins, they span across the membrane from the extra-

cellular space to the intracellular space. However, intracellular activation is observed, which 

can be explained by two concepts. First, the GPCR in its complex with the ligand is internalized 

and continues signalling from the intracellular side and the second reason is the localization of 

GPCR at the membrane of different cell organelles, such as mitochondria, and are therefore 

intracellular ligand binding leads to intracellular signalling (Wang et al., 2018). 

1.1.4.3 Transactivation 

Since 1996 it is known that not only do GPCRs interact with each other, but also that they can 

interact with other membrane receptors, such as the epidermal growth factor receptor (EGFR). 

This leads to a wide range of receptor activation, mediated by different ligands binding to the 

same GPCR (Daub et al., 1996; Wang et al., 2018). 
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1.1.4.4 Biphasic activation 

Biphasic activation describes the activation of the GPCR at different times, so the receptor is 

activated shortly after ligand binding and again a short time later when the ligand is still binding. 

The exact mechanism of this biphasic activation remains unclear till now (Katsidoni et al., 2013; 

Wang et al., 2018). 

The biphasic activation is divided into three different modes. The first mode describes a G-

protein mediated down streaming effect in the first phase and a β-arrestin mediated down 

streaming effect in the second phase (Gesty-Palmer et al., 2006; Wang et al., 2018). The sec-

ond mode is defined as the exact opposite and the third mode mentions an activation of differ-

ent G-protein mediated down streaming effects in the first phase and second phase (Gong et 

al., 2008; Hadi et al., 2013; Wang et al., 2018). 

1.1.4.5 Dimerization activation 

There are three categories of dimerization activation to differ. The first category comprises 

receptors that can mediate signalling only if they dimerize as homodimeric or heterodimeric 

complexes but not as monomers (Wang et al., 2018). 

The second category is characterized by different receptor signalling, depending on whether 

they exist as dimers or monomers. So is receptor A responsible for signalling pathway A and 

receptor B responsible for signalling pathway B but the receptor dimer AB results in signalling 

pathway C (Marc Parmentier, 2015). 

The third category describes receptors that can change from signalling via G-protein to signal-

ling via β-arrestin and vice versa, depending on whether they exist in their monomeric or di-

meric conformation (Wang et al., 2018). 

1.2 Cannabinoid receptors 

There is a long history behind the therapeutic use of cannabinoids addressing the cannabinoid 

receptors since the cultivated plant Cannabis sativa, which contains cannabinoids as active 

ingredients is used for therapeutical and spiritual issues for several millennia (Sarfaraz et al., 

2005, Al-Zoubi et al., 2019). Cannabinoid receptors are known to play an important role in 

neuronal development and neuromodulatory processes and in the recent past, cannabinoid 

receptors have drawn great attention, due to their extensive potential in therapeutic value. 

More and more pathophysiological conditions involving cannabinoid receptors have been 

found, such as cancer, neurodegenerative disorders, and metabolic syndromes (Al-Zoubi et 

al., 2019; Bosier et al., 2010). A negative aspect of cannabinoids in clinical usage and therefore 

still a huge challenge to be overcome is the psychoactive effect, which is responsible for the 

limited therapeutic use (Zou and Kumar, 2018). 



 

5 

1.2.1 Classification of cannabinoid receptors 

The endocannabinoid system comprises of two cannabinoid receptors, cannabinoid receptor 

1 (CB1R) and cannabinoid receptor 2 (CB2R) that are identical in 44% of the total sequence 

and show 68% sequence similarity in their transmembrane region (Figure 2) (Hua et al., 2020). 

Due to their sequence and structural similarities, the major challenge concerning drug targeting 

of cannabinoids is ensuring receptor selectivity of the ligand. Besides their structural similarity, 

they differ in function, tissue distribution, and signalling (Hua et al., 2020; Zou and Kumar, 

2018).  

 

Figure 2. Comparison of active CB1, orange; and CB2, green. Adapted from Hua et al., 

2020. 

1.2.2 Signalling pathways 

CB1R couples primarily to Gi/o but also to Gs, Gq/11-proteins opening a wide range of physio-

logical responses, whereas CB2R only couples Gi/o-protein (Glass and Felder, 1997; Lauckner 

et al., 2005). Moreover, ß-arrestins interactions and other signalling pathways are assumed to 

be affected due to CB1R or CB2R activation, and not all signalling mechanisms are sufficiently 

explained so far (Bosier et al., 2010; Hua et al., 2020).  

1.2.3 Tissue distribution 

The CB1R is one of the most common GPCRs in the brain and its high density in the central 

nervous system is responsible for the control of motor function, cognition, memory, and anal-

gesia (Herkenham et al., 1990; Hua et al., 2016). The function is to inhibit neurotransmitter 
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release in the central and peripheral neurons. Further, CB1R is also expressed in the periph-

ery, but not at this high density compared to the central nervous system (Hua et al., 2016, Hua 

et al., 2020). 

The CB2R can be found particularly in peripheral organs with an immune function such as 

tonsils, thymus, and lungs and a higher expression of CB2R at the central nervous system is 

found to play an important role in diseases including Alzheimer’s disease and multiple sclerosis 

(Hua et al., 2020). 

1.2.4 Endogenous and exogenous cannabinoids 

Cannabinoids are lipophilic ligands binding to CB1R and/or CB2R. A distinction is made be-

tween endogenous and exogenous ligands and it has to be pointed out that cannabinoids can 

interact with different receptors or proteins besides CB1R and CB2R such as the transient 

receptor potential (TRP) channels or orphan GPCRs GPR3, GPR6, and GPR12 (Haspula and 

Clark, 2020; Muller et al., 1019; Morales and Reggio 2017). 

Typical representatives of endogenous cannabinoids are the eicosanoids 2-arachidonoylglyc-

erol (1) and anandamide (2) (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 

1995). They are orthosteric ligands and 2-arachidonoylglycerol is a full agonist while anan-

damide is a partial agonist for both CB1R and CB2R (Zou and Cumar, 2018). Besides, there 

are fewer known orthosteric ligands such as virodhamine (3), a full agonist at the CB2R and 

an antagonist at the CB1R (Haspula and Clark, 2020; Porter et al., 2002). Lipoxin A4 (9) is a 

representative of potent endogenous allosteric modulators functioning as a positive allosteric 

modulator of CB1R and CB2R (Bauer et al., 2012; Haspula and Clark, 2020; Pamplona et al., 

2012). Moreover, cholesterol (10) is an allosteric modulator of CB1R. (Haspula and Clark, 

2020; Hua et al., 2020). 

Exogenous cannabinoids are divided into natural and synthetic ligands. The best known natu-

ral phytocannabinoid is Δ-9-tetrahydrocannabinol (4) with a high affinity to CB1R and CB2R. 

Representatives of the synthetical cannabinoids are HU-210 (5), R-(+)-WIN55212 (6), and 

CP55940 (7), also binding CB1R and CB2R (Haspula and Clark, 2020). Another important 

synthetic ligand for the CB1R is rimonabant (8) which is used as a starting point for the design 

of a variety of selective inverse agonists (Figure 3) (Grant et al., 2019). 

Other important ligands at the CB1R and the CB2R are so called high-affinity ligands that are 

used to stabilize the receptor during sampling techniques such as cryo-EM and crystallisation. 

At the CB1R there are the high-affinity ligands AM6538 (11) and AM841 (12) (Hua et al., 2016; 

Hua et al., 2020) and at the CB2R there are the high-affinity ligands AM10257 (13), AM12003 

(14) (Figure 4) (Hua et al., 2020; Li et al., 2019). The respective binding affinities are given in 

Table 1. 
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Anandamide (1) 2-Arachidonoylglycerol (2) Virodhamin (3) 

 
    

Δ-9-Tetrahydrocannabinol (4) HU-210 (5) R-(+)-WIN552121 (6) 

 
 

 

CP55940 (7) Rimonabant (8) Lipoxin A4 (9) 

 

 

 

 Cholesterol (10)  

Figure 3. Molecular structure of OTR ligands (1-8) and the allosteric modulators (9-10) 
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AM6538 (11) AM841 (12) 

 
 

AM10257 (13) AM12003 (14) 

Figure 4. Molecular structure of high-affinity ligands for the CB1R (11-12) and CB2R (13-

14) 

 

Table 1. Binding affinity of the high-affinity ligands 11 and 12 towards CB1R and 13 and 

14 toward CB2R. These ligands are used to stabilize the receptors during crystallization. 

Receptor Ligand Binding affinity (Ki ± SEM nM) Ref  

CB1R AM6538 5.1 ± 0.9  Hua et al., 2016 

 AM841 3,12 ± 0,27 Hua et al., 2020 

CB2R AM10257 5.1 ± 0.9  Li et al., 2019 

 AM12003 0,37 ± 0,03 Hua et al., 2020 

 

1.2.5 Structure of cannabinoid receptors 

Cannabinoid receptors CB1R and CB2R have the same fundamental structure. They belong 

to the class A GPCR subfamily with seven transmembrane helixes, three extracellular and 

three intracellular loops, an extracellular N-terminal, an intracellular C-terminus, and an am-

phiphilic helix 8 (Al-Zoubi et al. 2019). 

Some conformational and structural differences between CB1R and CB2R are found to be 

responsible for their differences in function and signalling (Hua et al., 2016; Li et al., 2019). 

First of all, the extracellular and intracellular domains of CB1R undergo large conformational 

changes when changing from inactive to an active state, whereas it is shown for the CB2R that 

the extracellular domain only changes minimal while activation and a single residue difference 
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in ICL2 can be held responsible for the difference in G-protein coupling (Hua et al., 2020; Shao 

et al., 2016). 

The orthosteric binding pocket has a very interesting conformation. The non-truncated N-ter-

minus of the CB1R functions as a V-shaped plug, which can restrict access to the orthosteric 

binding pocket from the extracellular side. Moreover, the N-terminus is shown to be in an or-

dered form, which is important for the function of CB1R (Hua et al., 2016; Li et al., 2019; Shao 

et al., 2016). The ELC2 folds into a structure that projects four residues into the binding pocket 

that are very important for the interaction of certain ligands and there is evidence that two 

cysteines in ECL2, forming an intraloop disulfide bond (Cys257 and Cys264), are important for 

the function of CB1R too. What is quite different from other receptors of the class A GPCR, is 

a missing disulfide bond between ECL2 and TMH3 (Hua et al., 2016; Mallipeddi et al., 2017).  

1.2.5.1 Available structure of inactive cannabinoid receptor 1 

The PDB-ID of the inactive cannabinoid receptor 1, found at the Protein Data Bank, is 5TGZ. 

To get this representation of the CB1R’s structure, the wild-type sequence of the receptor is 

co-crystallized with AM6538 to enable crystallization of the CB1R, and further adaptions had 

to be done. Therefore, Flavodoxin was inserted into the ICL3 at Val 306 and Pro 332 to gain 

higher receptor stability. Moreover, the N- and C-termini were truncated by 98 and 58 residues, 

and mutations were introduced due to improvement of the expression and thermostability of 

the receptor. The following mutations were done: Thr2103.46Ala, Glu2735.37Lys, 

Thr2835.47Val, and Arg3406.32Glu (Hua et al., 2016). 

1.2.5.2 Available structure of active cannabinoid receptor 1 

The structure of the active cannabinoid receptor 1, obtained from the Protein Data Bank, is 

6KPG and it is based on a cryogenic electron microscopy (cryo-EM) sample with the agonist 

AM841 in the binding pocket. When the sample was prepared, cryo-EM images were taken 

via direct electron camera, and movies were made. To process the images and reconstruct a 

3D representation, 5577 movies were collected and contrast transfer function parameters were 

valued. Further, particle selection and 2D and 3D classification were done. The best 3D rep-

resentation was then used for further steps, such as final 3D classification and refinement to 

finally generate a 3,0Å map of the receptor (Hua et al., 2020). 

For model generation, the cryo-EM structure of the CB1-FUB-Gi complex was used as a tem-

plate for comparison against the electron density map. In a further step, the model was docked 

into the EM-density map, adjustments, as well as rebuilding, were performed and the final 

statistic parameters were evaluated (Hua et al., 2020). 
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1.3 Oxytocin receptor 

The oxytocin receptor (OTR) is assigned to the class A GPCRs and it is an attractive drug 

target since it is involved in several disorders such as cancer, pain, and autism (Busnelli et al., 

2018; Liu et al., 2020). The endogen ligand oxytocin plays an important role in various physi-

ological functions as a central neurotransmitter and in the periphery reaching from cognitive 

effects and bonding behaviour to the control of lactation and parturition. (Busnelli et al., 2016; 

Walterspühl et al., 2020). 

The oxytocin receptor is part of the oxytocin/vasopressin receptor system which is important 

for the modulation of complex social behaviour and bonding (Donaldson et al., 2008; Veenema 

and Neumann, 2008). The three vasopressin (VP) receptors V1aR, V1bR, and V2R share high 

structural similarity with the oxytocin receptor as they are also part of the class A GPCRs. 

(Gimpl et al., 2008; Veenema and Neumann, 2008). 

1.3.1 Signalling pathways 

A lot of signalling pathways are mediated by the oxytocin receptor whereby the most important 

pathways are mediated by the G-proteins Gαi, Gαq, and Gβγ whereby Gαq plays an essential role 

in the upregulation of the Ca2+ level. Further, oxytocin receptor plays an important role in the 

activation of MAP kinases ERK1, ERK2 and ERK5 as well as β-arrestins. (Devost et al., 2008; 

Gimpl et al., 2008). 

1.3.2 Tissue distribution 

The OTR is expressed throughout different tissues in different concentrations. For example, 

tissues such as the kidney, heart, thymus, pancreas, adipocytes, uterus, and brain are found 

to express the OTR in different levels. In the brain, certain areas are claimed to have higher 

levels of the receptor such as the nucleus accumbens, and prelimbic cortex of prairie voles. 

(Mitre et al., 2018). 

1.3.3 Oxytocin and exogenous ligands 

The neurohypophysial hormone oxytocin is the only endogenous agonist of the OTR. Its hall-

mark is the presence of a disulfide bridge between cysteines on position one and six leading 

to the typical structure of a nonapeptide with a cyclic part of six residues and an aminated C-

terminal tail comprising three residues. (Gimpl and Fahrenholz, 2001; Richard et al., 1991, 

Waltenspühl et al., 2020). Oxytocin itself is administrated in terms to induce labour (Gimpl et 

al., 2008; Waltenspühl et al., 2020). 
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 Antagonists are essential in the treatment of preterm labour and for the reduction of myome-

trial contractions. The representatives atosiban (15), barusiban (16) (peptide ligands) and re-

tosiban (17) (non-peptide ligand) are used clinically for the prevention of preterm labour since 

they have a high affinity to the OTR (Figure 5) (Gimpl et al., 2008; Åkerlund et al, 1999; Nilsson 

et al., 2003; Pierzynski et al., 2004). 

Additionally, cholesterol (10) is predicted to be an allosteric modulator for many GPCRs and 

so it is found to play an important role concerning the function and thermostability of the OTR, 

with the ability to create a higher affinity for ligands. Moreover, divalent cations are found to be 

important allosteric modulators, due to their ability to increase the affinity of oxytocin for the 

OTR (Waltenspühl et al., 2020). 

 

                   Atosiban (15)                                                               Barusiban (16) 

                             

                    

 

 

                  Retosiban (17)                                                            

Figure 5. Molecular structure of OTR antagonists Atosiban (15), Barusiban (16) and Retosi-

ban (17). 

1.3.4 Relationship to vasopressin 

Caused by the high structural similarity between the OTR and the VP receptors, their endogen 

ligands oxytocin (18) and vasopressin (19) are structurally closely related (Figure 6). They 

differ in two of the eight amino acids: residue 3 (Ile/Phe) and residue 8 (Leu/Arg) which are 

responsible for the similar but yet different affinity to the OTR and VP receptor (Frantz et al., 



 

12 

2010). Therefore, ligands with peptide structures comparable to oxytocin and vasopressin ad-

dress both OTR and VP receptor with similar affinity and the goal of receptor selectivity is often 

challenging (Dekan et al., 2021; Goodson et al., 2013; Hammock et al., 2015). 

 

 

Oxytocin (18) 

 

Vasopressin (19) 

Figure 6. Molecular structure of A: oxytocin in comparison to B: vasopressin. Different 

residues at positions 3 and 8 are coloured red. 

1.3.5 Structure of oxytocin receptor 

The Oxytocin receptor is characterized by seven transmembrane helices (TMH 1-7), three in-

tracellular loops (ICL), three extracellular loops (ECL), and an amphiphilic helix 8 at the C-

terminus. It has to be highlighted that similar to other receptors in the class A GPCRs the ECL2 

is typically formed to an extended ß-harpin, locally anchored to TMH3 due to a disulfide bridge 

(Hilger et al., 2018; Oldham and Hamm, 2008; Waltenspühl et al., 2020). 

The orthosteric binding pocket contains a polar hemisphere located at TMH2 and TMH4 and 

a larger hydrophobic hemisphere at TMH5 to TMH6. A notable difference to other class A 

GPCRs is given as the extracellular ends of helices 2, 3, 5, 6, and 7 are moved away from the 

central axes of the receptor which results in an enlargement of the extracellular binding pocket 

when compared with other receptors of the class A GPCRs (Waltenspühl et al., 2020). 

1.3.5.1 Available structure of inactive oxytocin receptor 

The PDB-ID regarding the inactive oxytocin receptor, found at the Protein Data Bank, is 6TPK. 

The modifications of this receptor structure are diverse. To get adequate purification of the 

receptor, directed evolution in saccharomyces cerevisiae was performed on the wild-type OTR 

in two rounds achieving eight mutations. Moreover, the wildtype had to undergo three further 

changes to enable crystallization in the lipidic cubic phase. All these mutations lead to no 

change in the binding affinity of the co-crystallized antagonist retosiban. First, it was necessary 
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to replace a total of 34 residues with the thermostable Pyrococcus abyssi glycogen synthase 

domain, secondly, 30 residues of the flexible C-terminus were truncated, and thirdly two resi-

dues were substituted with alanine (Waltenspühl et al., 2020). 

1.3.5.2 Available structure of active oxytocin receptor 

The structure of the active oxytocin receptor was not available at the Protein Data Bank but in 

the study of Busnelli et al., 2016. There it is described that the β-adrenergic 2 receptor crystal 

structure presented in an active conformation and interaction with Gs was used as a template 

for the OTR. The receptors show great similarity in the amino acid sequence (Busnelli et al. 

2016). 

Modifications for protein preparation had to be done. Therefore, the G-protein, the extracellular 

fused T4 Isozyme, and the ligand were removed. Moreover, the loop length was reduced and 

the ECL2 was completely deleted because the amino acid sequence and length were too dif-

ferent compared to the OTR. Only the C-terminal part of the ECL2 was retained. However, the 

ECL2 of the opsin receptor is assumed to be more identical to the OTR, thus the crystal struc-

ture of this loop was merged into the modified β-adrenergic 2 receptor (Busnelli et al. 2016). 

1.4 GPCR dimerization 

GPCRs were first postulated to form dimers by Agnati et al. in 1982 but not little attention was 

paid to this. Only decades later interest in GPCR dimers arose due to the better insight into 

receptor cross-talk and many studies focused on this topic (Agnati et al., 1982; Angers et al., 

2000; George et al., 2000). 

Together with new insight of GPCR dimerization, it was predicted that not only the receptors 

dimerize but also the downstream processes of the dimers are different from their monomeric 

states (Gurevich and Gurevich, 2008; Wang et al., 2018). Nowadays the importance of recep-

tor dimerization in certain tissues and the novel signalling mechanisms and functions are 

widely known and many research teams have the goal of further understanding and revealing 

new insight concerning this topic (Terrillon and Bouvier, 2004). As mentioned in chapter 

1.1.4.5, there are three different categories of dimerization-induced activation of GPCRs 

(Wang et al., 2018). 

1.4.1 Methods to study dimerization 

Important experimental methods used to reveal the existence of GPCR dimers in cells are 

cross-linking, immunoprecipitation, and bioluminescence resonance energy transfer (BRET) 

or fluorescence resonance energy transfer (FRET) (Rios et al., 2001). 
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Cross-linking methods use a variety of different linkers to connect the two receptors of interest 

which are assumed to form dimers and to detect these complexes subsequently (Guo et al., 

2005; Shah et al., 2020). Immunoprecipitation makes use of antigens that bind antibodies at-

tached to a protein or a dimeric receptor of interest so these molecules can be isolated by 

methods such as gel filtration or density gradient sedimentation (Bonifacino et al., 1999; Rios 

et al., 2001; Waldhoer et al., 2005). FRET and BRET studies are the methods of choice for 

evaluating receptor dimerization. They are based on fluorescence and luminescence emission 

respectively caused by high proximity of energy donors and acceptors for detection of dimers 

(Carriba et al., 2008; Cotte et al., 2012; Masuho et al., 2015). 

Further computational studies are important to gain further insight into the interaction mode 

between the receptors forming a dimer and the characteristics of the receptors as they exist 

as dimers. Therefore, docking approaches together with mutational analyses are the key meth-

ods used (Filizola et al., 2005; Gouldson et al., 2000; Meng et al., 2014). 

1.4.2 Cannabinoid receptor 1 and Oxytocin receptor dimerization 

Due to the increasing interest in GPCR oligomerization, different research teams published 

their findings regarding receptor dimerization of OTR or CB1R. Literature research was carried 

out concerning the homodimerization and heterodimerization of OTR and CB1R and the re-

sults are presented in subchapters below. Unfortunately, hardly any detailed information con-

cerning involved residues in protein-protein interaction were published, since research was 

mostly concentrated on proving dimerization in cell studies (Rios et al., 2001), but no compu-

tational experiments to research specific protein-protein interactions between the human 

CB1R and the human OTR were performed. 

1.4.2.1 Cannabinoid receptor 1 dimerization 

CB1 receptors are known to form both homodimers and heterodimers. Examples of receptors 

known to build heterodimers with CB1R are cannabinoid receptor 2 (CB2R), dopamine 2 (D2) 

receptor, adenosine receptor, angiotensin (AT1) receptor, orexin (OX1) receptor, and opioid 

μ1 receptor (Callen et al., 2012). Further, opioid δ receptor is proven to form heterodimers with 

CB1R (Rozenfeld et al., 2012). 

1.4.2.2 Oxytocin receptor dimerization 

Regarding homodimerization of OTRs, the interactions between TMH1-TMH2-helix8 or TMH5-

TMH6 were taken for further investigations since these interactions are assumed to be possi-

ble. When docking bivalent ligands, the TMH1-TMH2-helix8 interface is seen as the better one 

because a channel-like passage between TMH1 and TMH2 makes enough place for the linker 

of the bivalent ligand and enables both moieties to bind at the orthosteric binding pockets of 
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the two OTRs (Figure 7). TMH5-TMH6 interface would require the usage of a larger linker 

(Busnelli et al., 2016). 

 

Figure 7. Molecular structure of OTR-OTR homodimer. PDB-ID obtained from Busnelli 

et al., 2016. Interface formed between TMH1-TMH2-helix8 of both OTRs. 

Further investigations revealed the existence of dopamine (D2) receptor-oxytocin receptor het-

erodimerization (Romero-Fernandez et al., 2013) and dimerization of the OTR with the vaso-

pressin receptors V1a and V2 (Busnelli et al.,2016), but no suggestions of interacting residues 

are made.  

1.5 Bivalent ligands 

Due to increasing interest in homodimeric and heterodimeric receptors, the development of 

bivalent ligands is essential to simultaneously stimulate dimeric receptors (Grant et al., 2019). 

Bivalent ligands can be defined as “molecules that contain two discrete recognition units linked 

through a spacer”. The two ligand moieties can either interact with two components of a re-

ceptor dimer or with two binding sites at the same receptor (Zhang et al., 2010). 

Two types of bivalent ligands exist. Heterobivalent ligands, where both ligands are different 

from each other, and homobivalent ligands, where the ligands are the same (Busnelli et al., 

2016). 

Bivalent ligands for many receptor dimers, such as opioid receptors, adrenergic receptors, 

dopamine receptors, serotonin receptors, and muscarine receptors are already developed and 

there is high interest in developing further bivalent ligands for other receptor dimers too (Grant 

et al., 2019). 
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The development of bivalent ligands comprises four general steps. At first, a ligand has to be 

chosen, which binds selectively to the receptor and has attachment sites for the linker. Then, 

in the second step, a linker is chosen which can link the two ligands and in the third step, the 

linker has to be proven to not disturb the receptor-ligand interaction. In the fourth and last step, 

the linker has to be adapted in length, so an optimal ligand-receptor interaction is guaranteed 

(Shonberg et al., 2011; Zhang et al., 2007). 

There is a wide range of different linkers that can be used for the synthesis of bivalent ligands. 

The decision, which linker is taken, can be quite challenging and depends on the properties of 

the ligands and receptors. Two common types of linkers are mainly used for the synthesis of 

bivalent ligands. The first class are polyethylene glycol (PEG) linkers and the second class are 

small peptides (Bonger et al., 2007; Grant et al., 2013; Portoghese et al., 2001; Rajeswaran 

et al., 2001). An example for other, more complex linkers, is a linker, consisting of a series of 

triamines and a protonable nitrogen atom, which is used for bivalent ligands at the CB1R 

(Zhang et al. 2010). 

1.6 Molecular docking and ranking methods in the theory 

In this chapter, the protein-protein docking and protein-ligand docking, as well as ranking meth-

ods are described in detail. 

1.6.1 Protein-protein docking 

Protein-protein docking is an essential computational tool for identifying possible binding inter-

faces for receptor dimers and estimating possible interactions between them (Kaczor et al., 

2018; Lyskov et al., 2008). Due to growing interest in these interactions and the resulting bio-

logical processes, many sampling algorithms and scoring functions were developed over the 

last decade and it can be challenging to compare the results and to choose the right method 

for a certain structure (Huang, 2015; Porter et al., 2019). 

Protein-protein docking typically consists of two consecutive stages, the docking stage, and 

the ranking stage (Huang, 2015). 

1.6.1.1 Docking stage 

The docking stage is also called sampling stage and is done using different search algorithms. 

Two different proteins called A and B or receptor and ligand are docked in two steps, first the 

rigid docking and then the refinement step (Zhang et al., 2016). At the rigid docking stage, the 

proteins are treated as rigid bodies with no flexibility, and protein B or ligand is translated and 

rotated on three translational and three rotational axes in search for relative orientation to pro-
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tein A or receptor. Further, a refinement step with energy minimization takes place where spe-

cific residues, side-chains, and the backbone are free to move to incorporate small conforma-

tional changes (Huang, 2015; Vakser et al., 2014; Zhang et al., 2016). 

The search algorithms used in this docking stage are challenging and have high computational 

cost. Direct docking algorithms can be divided into three broad categories: (i) global systematic 

rigid body docking, (ii) medium-range docking methods, and (iii) restraint-based docking 

(Kozakov et al., 2017; Vajda et al., 2009; Zhang et al., 2016). 

The global systematic rigid body docking methods can be used without prior information of the 

complex since the whole translational and rotational conformational space has to be sampled. 

Only minimal conformational changes are allowed since the rigid complexes are modelled. 

(Zhang et al., 2016; Kozakov et al., 2017). 

The medium range method samples only specific regions of the complexes thus requiring fur-

ther information about the modelled proteins in advance, and it is especially helpful for homol-

ogy models, where certain parts of the receptor are known to identify the regions of interest 

(Zhang et al., 2016). The Monte Carlo search algorithms are examples of the medium-range 

docking methods and they are based on the Monte Carlo method (Read et al., 1995). This is 

a statistical concept that uses individual random events that have no order and don’t follow a 

pattern to draw conclusions for deterministic systems. Thereby random sampling is conducted 

repeatedly to obtain numerical results for investigated parameters (Kroese and Rubinstein, 

2012). In the case of protein-protein docking, the translational and rotational orientations of 

one of the proteins are the variables that are changed randomly to obtain different interaction 

modes (Harrison, 2010; Zhang et al., 2016). Further, the Acceptance-Rejection Method can 

be used to identify whether the random binding conformations are possible and therefore ac-

cepted or rejected (Kroese and Rubinstein, 2012). The Monte Carlo method is also used for 

Monte Carlo minimization. Here the method is applied to refine the docking partners poses is 

a refinement step used for example by the Memdock server (Gray et al., 2012; Hurwitz et al., 

2016). Thereby a certain level of flexibility, especially at the side-chains is considered. (Gray 

et al., 2012). 

The restrain based docking methods uses interactions restraints to achieve a search, which is 

limited to specific conformational space. To achieve good results, sufficient restraints have to 

be available (Kozakov et al., 2017). 

Notable docking algorithms which are quite important for the refinement step are the genetic 

algorithms which are classified as non-deterministic search algorithms. Two genetic operations 

are the basis of the algorithms, first, the crossover and mutation, and second, a fitness function 

(Zhang et al., 2016). 
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1.6.1.2 Ranking stage 

Following the sampling stages ranking and scoring takes place. Typically, the results are al-

ready ranked in the docking stage, but to get better results a re-scoring and re-ranking is done. 

All in all, two widely used scoring functions can be distinguished. First, there are force field-

based scoring functions and secondly, there are knowledge-based scoring functions. Further 

description can be found in chapter 3.3 (Zhang et al., 2016; Gromiha et al. 2017). 

1.6.1.3 Benchmarks of protein-protein docking methods 

Due to the fact that so many different search algorithms and scoring functions are available, 

comparison and evaluation are necessary to select the best method suited for a specific task. 

Benchmarks are essential for the comparison of different docking methods. Protein-protein 

docking benchmarks are collections of protein dimers shown in different binding modes. There 

is a wide range of benchmarks available containing different sets of complexes and they are 

used for comparing docking algorithms systematically (Hwang et al., 2010; Porter et al., 2019). 

One benchmark has to fulfil two important criteria: First, to reduce bias, unnecessary infor-

mation has to be eliminated and the interactions of the protein dimers have to be diverse to 

show a wide range of interactions. Second, it has to be guaranteed that the resolution is high 

enough so the results show reliable data (Zhang et al., 2016). 

Two essential criteria for ranking the different kinds of scoring functions are root mean square 

deviation (RMSD) and f_nat (Zhang et al., 2016; Janin et al., 2003). Two modes of application 

of the RMSD are the absolute RMSD and the relative RMSD. The absolute RMSD is used to 

measure the average distance between atoms of the two aligned proteins without taking coor-

dinate translation and rotation into account, and the relative RMSD includes an alignment step 

before the actual calculation of the RMSD so all coordinates of the protein complex are aligned 

(Kirchmair et al., 2008). f_nat defines the fraction of native protein-protein contacts that are 

correctly predicted in the docking model (Zhang et al., 2016). 

1.6.2 Protein-ligand docking 

Protein-ligand docking methods are used for identifying the binding mode of ligands within the 

binding pocket of macromolecular targets. They play a major role in structure-based drug de-

sign and the identification of structure-activity relationships (SAR) (Ferreira et al., 2015). 

It is important to have ligands in a stereochemically defined geometry and the correct protona-

tion state and a higher overall size of the ligands and therefore a higher number of rotatable 

bonds leads to a higher number of degrees of freedom, causing increased computational cost 

and less docking accuracy (Brooijmans and Kuntz, 2003; Torres et al., 2019). Often, the loca-

tion of the binding pocket at the target is known, but if not, it is possible to predict the most 
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probably binding pocket by different softwares or a “blind docking” simulation is done (Torres 

et al., 2019). 

The main applications of protein-ligand docking are target fishing and profiling to predict certain 

targets on basis of complementarity, the prediction of adverse drug reactions, the identification 

of simultaneous modulations of a broad range of receptors called polypharmacy, drug reposi-

tioning, identification of the essential structural properties for ligand-receptor binding and virtual 

screening for identification and optimization of certain compounds (Pinzi and Rastelli, 2019). 

To identify the best docking pose, search algorithms are used for conformational search and 

docking while scoring functions are used for evaluation of binding energies and ranking them 

(Ferreira et al., 2015; Torres et al., 2019). 

1.6.2.1 Conformational search and docking 

In the stage of the conformational search, the structural features of the ligand, such as tor-

sional, translational, and rational degrees of freedom are modified to evaluate different ligand-

receptor conformations (Ferreira et al., 2015; Torres et al., 2019). 

Different search algorithms pursue different strategies that can be divided into three classes: 

systematic strategy, stochastic strategy, deterministic strategy (Guedes et al., 2014; Morris et 

al., 2008; Torres et al., 2019). Systematic search algorithms examine each degree of freedom 

of the ligand incrementally, which means a high number of calculations are found. They can 

be shown as conformational ensembles or incremental constructions based on ligand frag-

mentation (Morris et al., 2008; Torres et al., 2019). Stochastic search algorithms make the 

ligand undergo random changes in the degrees of freedom. Thus, it cannot be guaranteed to 

receive the overall best docking result (Torres et al., 2019). For deterministic search algo-

rithms, the conformation of the ligand in each step depends on the conformation in the previous 

step and the new conformational state has either the same or lower energy values. These 

algorithms are widely used for energy minimization and molecular dynamics simulations 

(Guedes et al., 2014). 

1.6.2.2 Evolution of binding energies and ranking  

In the step of evaluating the binding energies, scoring functions are used for estimating the 

binding energy of the previously found conformations for ligand-receptor complexes (Guedes 

et al., 2014). Mostly, the scoring functions rely on a consensus scoring scheme and re-scoring 

approaches and the results are ranked from best to worst concerning their binding free energy 

(Torres et al., 2019). The major types of scoring functions are empirical scoring, force field-

based functions, and knowledge-based functions (Guedes et al., 2014, Eldridge et al., 1997; 

Kitchen et al., 2004). They are described in detail in chapter 3.3. 
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1.6.2.3 Benchmarks of protein-ligand docking methods 

Benchmarking sets are as important for protein-ligand docking as for protein-protein docking. 

They are used to compare experimental data to assess the performance and accuracy of the 

programs and they help in choosing the right program for certain tasks (Torres et al., 2019). 

There are many different benchmark datasets of targets and ligands available at databases 

that also provide further information such as true binding affinity or active/inactive distinction 

(Huang et al., 2006). The goal of the benchmarking datasets is to group as much high-quality 

data as possible. Benchmarks are different for pose prediction, binding affinity calculations, 

and virtual screening (Irwin, 2008; Torres et al., 2019; Wang et al., 2004).  

For pose prediction, the comparison of RMSD calculations are used and to compare binding 

affinity, root mean square residual correlations (RMSC) calculations and the Pason correlation 

coefficient can be taken. (Janin et al., 2003; Torres et al., 2019). 

1.6.3 Ranking 

Scoring functions are used to rank the results of the docking step so the near-native structures 

are the highest results. This is very challenging and important to guarantee the reliability of the 

docking results because it is worth nothing having an excellent docking run when the results 

are not appropriately represented at the end. Due to intensive research over the years, four 

scoring functions were developed. The three classical force field-based scoring functions, 

knowledge-based scoring functions, empirical scoring functions and advanced machine learn-

ing-based scoring functions (Li et al., 2019). 

1.6.3.1 Force field-based scoring functions  

These scoring functions can calculate interactions between atoms of the protein-protein com-

plex or protein-ligand complex directly. A set of parameters such as van der Waals interactions, 

electrostatic interactions, the standard bond angles, and many more are used to calculate var-

ious potential terms. By summing them up, the energy of each conformation can be calculated. 

To improve the accuracy, torsion, entropy, solvation and desolvation effects, and solvent 

modes are incorporated. There are many different force fields based on different parameter 

sets and energy formulas. To improve physics-based scoring functions, quantum mechanics 

can be used (Zhang et al., 2016; Li et al., 2019). 

1.6.3.2 Knowledge-based scoring functions  

Knowledge-based scoring functions are not only part of the ranking but also part of the docking 

stage, so more native-like conformations can be generated. They are characterized by taking 

the best weights of each scoring term into account and they are based on training sets for 

comparison (Zhang et al., 2016; Liu et al., 2011). Underlying inverse Boltzmann approaches, 
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desired pairwise potentials between two atoms of a 3D structure of a large set of protein-protein 

complexes or ligand-protein complexes are defined. They can be used to predict the interaction 

of the paired atoms by taking the frequency of the atoms into account (Chuang et al., 2008). 

Further, they are used to improve the f_nat, which means the interaction of ligand and protein 

is more relatable to the interaction of the native structures (Zhang et al., 2016). 

1.6.3.3 Empirical scoring functions 

Empirical scoring functions refer to structure-activity relationships and previously known bind-

ing affinity parameters are used for the prediction of accurate binding affinities. Therefore, a 

training set with given binding affinities is used to get better weights of the energetic factors. 

Empirical scoring functions usually employ simple energy terms that are used for the prediction 

of binding affinities, ligand poses, and virtual screening (Torres et al., 2019; Li et al., 2019). 

1.6.3.4 Machine learning-based scoring functions 

These scoring functions are not classical like the previous ones since they make use of differ-

ent machine-learning algorithms. Usually, they are not used as common scoring functions but 

for re-scoring, so the accuracy of the results can be further improved. The workflow comprises 

data selection, data representation, and feature selection to predict the best binding modes 

and evaluation of the performance (Li et al., 2019). 
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2 Aims and significance 

So far, little is known about the structural characteristics and interactions of this CB1R-OTR 

receptor complex, since the crystal structure of the CB1R-OTR complex has not been investi-

gated yet. Our in-house data (collaboration with Center of Brain Research, Medical University 

of Vienna, Austria) however demonstrate presence of the mRNA for both receptors on the 

same cells within distinct brain regions, as determined by the FISH (Fluorescent in situ hybrid-

isation) method. Fundamental for investigations are the individual structures of the oxytocin 

receptor (Waltenspühl et al., 2020; Busnelli et al., 2016) and cannabinoid receptor 1 (Hua et 

al., 2016; Hua et al., 2020) 

To further improve the understanding of the CB1R-OTR dimeric complex this thesis focuses 

on creating a molecular model of this receptor complex, investigating the stability and structure 

of the complex and examining the interface built by the two receptors. Further heterobivalent 

ligands with different linker lengths are designed and the stability of the ligands at the receptor 

complex is analyzed computationally. This aim was addressed step-wise in the following five 

stages consecutively: 

I. Generating a model of the CB1R-OTR heterodimeric complex by molecular docking of 

the CB1R and OTR. 

II. Docking selective ligands to the receptors’ orthosteric binding pockets and linking them 

with linkers of different length to design heterobivalent ligands.  

III. Embedding the complexes comprising of a dimeric protein complex and the respective 

heterobivalent ligand into a lipid bilayer. 

IV. Evaluating the lipid-bilayer consistent behaviour of the complexes in the membrane 

during molecular dynamic simulation. 

V. Investigating the protein complex by alanine scan and the evaluation of stabilizing hy-

drogen bonds between the receptors. 
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3 Methods: Databases Software and Programs 

In this chapter, the different databases, software, and programs used in this work are listed. 

3.1 RCSB-Protein Data Bank 

The Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB-PDB) (ac-

cessible at www.rcsb.org) is a website providing PDB files defining coordinates for specific 

molecules and further information about the molecules are given. The structure of receptors 

as well as their ligands, but also nucleic acids, and complex assemblies are available and can 

be downloaded and uploaded to other programs for further investigations (Website accessed 

at www.rcsb.org; 08-09-2021). 

3.2 CHARMM-GUI 

CHARMM (Chemistry at HARvard Macromolecular Mechanics; accessible at 

www.charmm.org) is a molecular simulation program using all-atom classical potential energy 

functions, quantum mechanical energy functions, and mixed quantum mechanical-molecular 

mechanical force fields for the simulation of different molecules (Brooks et al., 1983; Brooks et 

al., 2009). 

Primarily biomolecules such as proteins, peptides, lipids, nucleotide acids, carbohydrates, and 

small molecular ligands are used in this program (Brooks et al., 2009; Guvench et al., 2009). 

The wide range of available tools includes conformational and path sampling methods, free 

energy estimators, molecular minimization, molecular dynamics, various analysis techniques, 

and model-building options. Thus, this program is widely used and extremely versatile (Brooks 

et al., 2009; Zhu et al., 2012). 

CHARMM-GUI (accessible at www.charmm-gui.org) is a web-based graphical user interface 

to generate different molecular systems and standardized input files, usable in CHARMM. The 

Input Generator of CHARMM-GUI is used to generate input files that can be modified, read, 

and downloaded (Lee et al., 2016). When the input files are generated, calculations are done, 

ensuring that the inputs and systems are properly functional. If they are not, the calculations 

are stopped (Jo et al. 2008). 

The PDB-reader is a basic module of CHARMM-GUI, used for converting a PDB file into input 

files for CHARMM (Jo et al., 2014). The PDB file can be saved from previous research or 

downloaded from the Protein Data Bank and uploaded to the PDB reader subsequently. As 

described in Jo et al., 2007 and 2008 the following options are available after the upload: (1) 

partial selection of protein chains as well as model selection in the case of NMR structures, (2) 

modification of engineered residues, (3) terminal group selection, (4) protonation selection, (5) 
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disulfide bond selection, (6) phosphorylation selection, (7) generation of a biological functional 

unit, and (8) generation of a crystal packing (Jo et al. 2008). 

The Membrane Builder is a module of CHARMM-GUI, used to generate a protein-membrane 

complex (Lee et al., 2018; Wu et al., 2014). The building process of the complex is automatized 

and consists of six steps. At first, the protein structure is uploaded and read, then the protein 

is orientated in the membrane, and in case the protein has a pore, the pore water is generated. 

In the following step, the system size is defined and components such as ions, bulk water, and 

the lipid bilayer are generated. In the last two steps, assembly and equilibration are done. (Jo 

et al. 2008). 

Lipid molecules supported by Membrane Builder that are important to build a human-like mem-

brane, are POPC, POPE POPS, POPI, and PSM (Wu et al., 2014). The system shapes avail-

able are hexagonal are rectangular and the lipid bilayer can be generated either by the inser-

tion method or the replacement method. For the insertion method, a hole of a certain size is 

given and the protein is inserted into the membrane. The replacement method uses lipid-like 

pseudo atoms that are replaced by lipid proteins one by one so a membrane is built around 

the protein (Jo et al. 2008, Jo et al., 2017). 

3.3 PPM Server 

The PPM-Server (accessible at https://opm.phar.umich.edu/ppm_server) can be used to get 

the arrangement of membrane proteins in the lipid bilayer of membranes. It is a web server in 

which the atomic coordinates of a protein are uploaded as a PDB file and the output are orien-

tational parameters of the membrane proteins, given as a new PDB file. Further, the positions 

of hydrophobic core boundaries can be shown by dummy atoms in the new PDB file (Lomize 

et al., 2011). 

3.4 Memdock Server 

Memdock (at http://bioinfo3d.cs.tau.ac.il/Memdock/) is a computational tool for docking α-hel-

ical membrane proteins whilst taking the lipid bilayer environment into account (Hurwitz et al., 

2016). The Docking algorithms usually include a rigid docking, conformational refinement, and 

ranking by an energy score stage. Memdock is characterized by additionally including the lipid 

bilayer environment (Halperin et al., 2002). 

3.4.1 Docking 

The algorithm for rigid docking is based on the PatchDock algorithm, using the geometric hash-

ing method (Schneidman-Duhovny et al., 2005). The movement of the proteins was restricted 

inside the lipid bilayer. Therefore, the proteins have to be orientated so that the z-axis is parallel 

to the membrane plane normal and the centroid of the proteins is at zero. This can be achieved 
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during the patch matching stage, where the translations along the z-axis are limited to a thresh-

old of 8Å and the rotational tile angle from the x-axis is limited to a threshold of 0,4 radians 

(Hurwitz et al., 2016). 

A refinement algorithm is used to perform flexible refinement on the docking candidates. The 

algorithm is based on the FiberDock algorithm and both, side-chain and backbone flexibility, 

are modelled and the orientation of the rigid protein is optimized (Hurwitz et al.2016). Monte 

Carlo minimization of the binding score function was used to refine the relative position of the 

binding proteins (Gray et al., 2012). To get the proteins membrane consistent orientation once 

again the translation along the z-axis and the rotational tilt angle from the x-axis of the original 

structure were limited to 12Å and 0,8 radians (Hurwitz et al.2016).  

3.4.2 Ranking 

In the last step, the Memscore energy function, based on knowledge concerning the 3D struc-

ture and α-helical membrane proteins is used to re-rank and re-score. The energy functions 

include atomic softened van der Waals interactions energy, partial electrostatics, estimations 

of the binding free energy, and further, environment energy of the membrane were also taken 

into account (Hurwitz et al., 2016; Yarov-Yarovoy,V. et al., 2006). 

3.5 Pymol 

“Pymol Molecular Graphics System” (Schrödinger LLC .“The PyMOL Molecular Graphics Sys-

tem, Version 4.6.” 2021) is a cross-platform molecular graphics tool written in Python (Yuan et 

al., 2017). It is widely used for 3D visualization of different molecules such as proteins, nucle-

otide acids, and small molecules in different representations such as ribbons, sticks, and sur-

faces. Moreover, electron density and surfaces can be shown. Pymol is further capable of 

making movies, editing molecules, and ray tracing (Yuan et al., 2017). Due to the Python pro-

gramming language, many Python plugin tools are available and it can easily be used for drug 

design, protein-ligand modelling, molecular simulations, and virtual screening. (Yuan et al., 

2017; Seeliger and Groot, 2010). 

3.6 ChemDraw 

ChemDraw is a chemical drawing package, which allows drawing molecules and chemical 

interactions. These can be saved as different file types and used in different display programs 

or docking programs (Nancy Mills, 2006). 

3.7 Protein-ligand docking with LigandScout via AutoDock Vina 

LigandScout is a molecular modelling and design software site published in 2005 and improved 

since then, so many different features are available (Wolber and Langer, 2004). These features 
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range from virtual screening and 3D conformer generation to pharmacophore modelling, mo-

lecular docking, ligand binding affinity estimation, and much more. Further, it is important for 

in-silico screening of a large database in the early stage of drug discovery (LigandScout Ver-

sion 4.3, 2018). 

Ligands and known X-ray or NMR structures of receptors as BDP files and can be uploaded 

to LigandScout. After different possible adjustments and ligand docking, the interactions 

modes between ligand and receptor can be inspected as a 3D model (Wolber and Langer, 

2005). 

Ligand-based and structure-based pharmacophore models are constructed by defining spe-

cific chemical features and volume limitations. Pharmacophore models are based on hydrogen 

bonds, charge transfers, electrostatic and hydrophobic interactions since these interactions 

are mainly observed in drug-receptor interactions. They are used to identify certain binding 

modes (LigandScout Version 4.3, 2018; Wolber and Langer, 2005). 

AutoDock Vina is a docking program used for protein-ligand docking and virtual screening and 

is among others implemented to LigandScout (Wolber and Langer, 2005; Jaghoori et al., 

2016). A search algorithm for generating possible binding modes, stochastic global optimiza-

tion approaches, and a scoring function for predicting the protein-ligand affinity are essential 

tools for showing the different interaction modes of receptor and ligand. From the resulting 

binding modes, certain ones can be selected and used for further investigations (Trott et al., 

2009; Wolber and Langer, 2005). 

3.8 Maestro 

Maestro is part of the physics-based computational platform Schrödinger and provides access 

to all Schrödinger’s computational technologies. It can be used for a broad range of features 

such as model generation, flexible visualization, data management and organization, quanti-

tative structural analysis, and much more. Especially the modification and adaption of mole-

cules for different purposes is very practicable (Website accessed at 

https://www.schrodinger.com/products/maestro; 17-10-2021). 

3.9 OpenMM molecular dynamics toolkit 

OpenMM (accessible at: http://openmm.org) is an open-source, high-performance, molecular 

dynamics simulation toolkit with high flexibility in adding new features such as new simulation 

protocols and integrated algorithms. OpenMM is set up as a layered architecture and it is ca-

pable of different tools. It can be used as a library for calculations concerning molecular mod-

elling, and simulation, for implementing new algorithms for molecular modelling, and for run-

ning a molecular dynamics simulation (Eastman et al., 2017; website accessed at 

http://openmm.org; 17-10-2021). 

https://www.schrodinger.com/products/maestro
http://openmm.org/
http://openmm.org/
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3.10 Visual molecular dynamics (VMD) 

VMD is a program used for analyzation and visualization of biomolecules, such as proteins, 

lipid bilayers, and nucleic acids (Hsin et al., 2008). Besides many other useful functions, it is 

mainly used for 3D visualizations of different representations and colouring styles of molecules, 

the analysis of trajectories of MD simulations as well animation and movie making of MD sim-

ulations (Hsin et al., 2008; Humphrey et al., 1996). 

The RMSD Trajectory Tool is an important tool used for measuring the RMSD in Angstrom (Å) 

and therefore the stability of molecules during the MD-simulation. The result is shown in a plot 

and the average RMSD of the protein together with the standard deviation and the minimum 

and maximum of RMSD are shown in a Table (Hsin et al., 2008; Humphrey et al., 1996). 

3.11 PyRosetta - Alanine scan 

PyRosetta (accessible at www.pyrosetta.org) is Python-based and part of the Rosetta molec-

ular modelling package.  At the PyRosetta website, scripts for alanine scanning, protein and 

small-molecule docking, protein design and all-atom relaxation, and many more are available 

(Chaudhury et al., 2010). 

Alanine scan is a molecular-biological analysis method used for the characterisation of the 

interface between two proteins. Important amino acids at the interface are systematically mu-

tated to alanine and the effect on binding free energy is estimated. Thus, the importance of 

certain protein residues to the binding free energy of two receptors can be identified. During 

this process, the backbone is static and the side-chains of the amino acid mutants are re-

packed. As a result, the changes in the residues’ binding free energy can be measured (Kor-

temme and Baker, 2002). 
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4 Results and discussion 

In this chapter, the results of the computational experiments are described in detail in the order 

in which they were performed. 

4.1 Protein preparation and protein-protein docking via Memdock 

Receptors used for the protein-protein docking are selected and prepared in this chapter. The 

proteins are orientated in a membrane, and protein-protein docking was performed using 

Memdock. Further, the results were visually inspected using Pymol. 

4.1.1 Structures of the receptors 

The crystal structure of inactive CB1R (Hua et al., 2016), the cryo-EM structure of active CB1R 

(Hua et al, 2020), and the crystal structure of inactive OTR (Waltenspuehl et al., 2020) were 

available at “The Research Collaboratory for Structural Bioinformatics Protein Data Bank”. The 

crystal structure of the active OTR was not available there, so it was taken from the paper 

Busnelli et al., 2016.  

The following PDB-IDs were found and are listed in Table 2. 

Table 2. Receptor structures and corresponding PDB codes used for generation of models in 

this study. 

Receptor type and activation state PDB-ID 

Inactive CB1R 5TGZ 

Active CB1R 6KPG 

Inactive OTR 6TPK 

The final selection of the receptors relied on the fact that primarily receptors in their active 

conformations tend to form dimers, so the active receptors were taken for modelling instead of 

the inactive receptors. Modelling the combination of active OTR/inactive CB1R, inactive 

OTR/active CB1R, and inactive OTR/inactive CB1R would additionally be very interesting but 

it would go beyond the scope of this master’s thesis. 

4.1.2 Selection and restoring missing amino acids of the receptor 

The PDB file of the CB1R had to be modified for the needs of further experimental steps. The 

PDB file of the OTR had to undergo no such modifications since it already fulfils the require-

ments. Different amino acids missing in the CB1R’s PDB file, downloaded from the database, 

had to be reinserted and the structures of the G-protein, ligand AM841, and scFv16 antibody 

had to be removed. This was done using the CHARMM-GUI PDB reader.  
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The PDB file (6KPG) was obtained from the RCSB and the chain “D” was extracted (containing 

only residues with ID 106 – 411) In the following step, missing amino acid residues with the 

residue ID 314 – 334 were added. 

4.1.3 PPM Server 

PPM web-server was used to calculate the orientation of the proteins in the membrane. The 

prepared PDB files of CB1R and OTR were uploaded. The number of membranes was se-

lected to be 1 and the type of the membrane was selected to “undefined membrane”. The 

allowed curvature was “non” and the topology of the N-terminus was selected to point towards 

the extracellular side. As a result, the modified PDB file could be downloaded and the orienta-

tion of the proteins in the membrane is described for each receptor as shown in Table 3 and 

Table 4. The membrane-embedded residues are described in Table 5 and Table 6. 

Table 3. Parameters concerning the orientation of the CB1R in the membrane 

Table 4. Parameters concerning the orientation of the OTR in the membrane 

Table 5. The membrane embedded residues with allocation to the TMHs of the CB1R 

 

  

Depth/Hydrophobic Thickness ΔGtransfer Tilt Angle 

28,2 ± 2,0Å -52,7 kcal/mol 5 ± 1° 

   

Depth/Hydrophobic Thickness ΔGtransfer Tilt Angle 

30,0 ± 2,5Å -51,2 kcal/mol 15 ± 1° 

   

Subunits  Tilt Segments 

P 10 Embedded residues:  

118-142, 152-153, 155-172, 174, 191-212, 233-251, 253, 255, 

268, 274-295, 345-365, 367-368, 378-400, 404, 408  

P 5 Transmenbrane secondary structure segments: 

1(119-142), 2(155-172), 3(191-212), 4(233-251), 5(274-295), 

6(345-365), 7(378-400) 
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Table 6. The membrane embedded residues with allocation to the TMHs of the OTR 

 

4.1.4 Memdock Server 

Memdock was used for docking CB1R and OTR while taking the lipid bilayer environment into 

account. The prepared PDB files of CB1R and OTR were uploaded to the server, docking was 

performed and the 20 best docking results were obtained. Docking positions were ranked by 

Memscore, as shown in Table 7 Res0 was the best docking pose and res19 the worst. The 

results were then visually inspected in Pymol. 

Table 7. Representation of the Memscores regarding each docking position 

Docking position Memscore Docking position Memscore 

res0 -628,62190128 res13 -268,561740283 

res1 -432,024959178 res14 -261,713098606 

res2 -417,474060123 res15 -257,110361241 

res3 -368,314832148 res16 -245,019826337 

res4 -324,114497125 res17 -235,259050359 

res5 -323,193414909 res18 -232,861114302 

res6 -322,401392262 res19 -230,372255909 

res7 -309,80194985   

res8 -303,780702814   

res9 -298,634399389   

res10 -289,830128116   

res11 -270,586545027   

res12 -269,976389164   

 

Subunits  Tilt Segments 

C 35 Embedded residues:  

38-59, 61, 79, 81-101, 105-132, 134-135, 156-172, 174-177, 187, 

195-221, 225, 271, 274-300, 309-329, 344 

C 15 Transmenbrane secondary structure segments: 

1(38-61), 2(81-101), 3(109-132), 4(157-172), 5(195-221), 6(274-

297), 7(310-329) 
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4.1.5 Pymol visualization of the Memdock results 

To visualize and interpret the docking results, Pymol software was applied. The OTR is col-

oured yellow and its presumed interacting TMH are shown in dark yellow; the CB1R is coloured 

green and its interacting TMHs are shown in dark green. The best docking result is res0 and it 

is shown in Figure 8 and Figure 9. The four best results were further investigated with focus 

on the TMHs of the CB1R and OTR. 

 

 

 

Figure 8. The front view of the best docking 

pose res0. 

Figure 9. The top-down view of the best 

dicking pose res0. 

 

The best docking result res0 showed interactions between CB1R THM1/2/3/4 and OTR 

TMH1/6/7. Docking result res1 showed interactions between CB1R TMH1/2/3/4 and OTR 

TMH3/4/5, docking result res2 showed interactions between OTR CB1R TMH1 and TMH1/6/7 

and docking result res3 showed interactions between CB1R TMH6/7and OTR TMH1/6/7. Fig-

ure 10 and Figure 11 show the aligned structures of the four docking poses.  

Summing up, the results were similar. Res0, res2, and res3 showed the same docking position 

of OTR, but res1 displayed a completely different docking position. For the CB1R, res0 and 

res1 showed the same docking position and res2 also displayed interaction with TMH1 

whereas res3 seemed to be completely different from the others. 

The overlay of the four best docking positions showed how diverse the interactions are. For 

further investigations, the best docking position res0 was selected. 

 



 

32 

 
 

Figure 10. The front view of the four best 

docking poses res0-res3 

Figure 11. The top-down view of the four best 

docking poses res0-res3 

 

4.2 Protein-ligand docking and design of bivalent ligands 

In this chapter, ligands for the CB1R and OTR are chosen and the procedure of protein-ligand 

docking is shown. Further, linkers are selected for generating bivalent ligands. 

4.2.1 Ligand selection 

To perform protein-ligand docking, five ligands were chosen. Two inverse agonists and one 

agonist of CB1R and one antagonist and one agonist for OTR.  

The two inverse agonists of CB1R selected for this thesis were first described by Grant et al., 

2019. For both, the selective inverse agonist rimonabant (SR141716A) was taken as a starting 

point and two attachment sites were identified for them: the C3 and C5 position of the central 

pyrazole ring. 

The carboxylic acid derivate of rimonabant has the attachment site at position 3 (rimonabant 

derivate 3’) of the pyrazole ring and in the following, it is called compound 20 and the derivate 

of rimonabant with the attachment site, at the biphenyl at position 5 (rimonabant derivate 5’) of 

the pyrazole ring is called compound 21 in the following (Figure 12) (Grant et al., 2019).  

The selective endogenous agonist oleamide (Cis-9,10-octadecanoamide) was taken as a 

CB1R agonist for modelling and in the following, it is called compound 22 (Figure 12) (Leggett 

et al., 2004). 
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   Oleamide (22) 

 

Rimonabant derivate 3’ (20)     Rimonabant derivate 5’ (21)   

Figure 12. Molecular structures of selective CB1R ligands from literature (20 - 22). Possible 

attachment positions are labeled with number and prime. 

For OTR the ligand dOTK, described by Busnelli et al., 2016, was selected as agonist. It is 

similar to oxytocin and only a few modifications were made. First, it was deaminated at position 

1 (dCys) and a lysine (K) was added at position 8 instead of leucine. In the following it is called 

compound 23 (Figure 13). 

The OTR antagonist was taken from the study Manning et al., 1995, where it is described as 

component 5 “desGly-NH2,d(CH2)5[D-Tyr2,Thrr4]OVT”. In the following, this compound is called 

compound 24 (Figure 13). 

 

                                 
 
             

 
  
                    dOTK (23)                                     desGly-NH2,d(CH2)5[D-Tyr2,Thr4]OVT (24) 
 

Figure 13. Molecular structures of selective OTR ligands from literature (23-24) 
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4.2.3 Protein-ligand docking via LigandScout and AutoDock Vina   

After generating the ligands using ChemDraw, I used LigandScout (LS) to perform protein-

ligand docking. To perform protein-ligand docking with LS the first step was to generate a 

binding pocket using the standard parameters (buriedness of 0,50 and threshold of 0,30) for 

binding pocket create in LS. In the next step, the ligand structures were minimized using the 

MMFF94 force field. The binding pocket of the receptor was selected and the ligand was in-

serted into the binding pocket. Docking was performed using AutoDock Vina. For the docking 

run, standard parameters were used with an exhaustiveness level of 8, the maximum number 

of modes was set to 9 and the maximum energy difference was set to 3 kcal/mol. 

The docking results were ranked using their binding affinity. To identify the best docking result, 

in addition to the binding affinity the orientation of the ligands played an important role since 

the residue for linker attachment had to be accessible without steric clashes.  

This procedure was repeated for all five ligands. Each of them was visually inspected to the 

best docking pose of the ligands using Pymol. The best poses are illustrated in Figure 7 to 

Figure 12.  

Ligands of the CB1R (shown in green) are coloured as followed: Compound 20 is coloured 

light blue, compound 21 is coloured magenta and the oleic acid as an initial substance for 

oleamide (22) is coloured yellow. Regarding the OTR (shown in yellow), compound 23 is col-

oured violet and the compound 24 is coloured blue. 

 

Figure 14. Front view of the receptor complex and the five ligands at CB1R and OTR. 
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Figure 15. Top-down view of compound 20 

bound to CB1R 

Figure 16. Top-down view of compound 21 

bound to CB1R 

  

Figure 17. Top-down view of oleic acid bound 

to CB1R 

Figure 18. Top-down view of compound 

23 bound to OTR 

 

Figure 19. Top-down view of compound 24 bound to CB1R 
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4.2.4 Linker design 

To design heterobivalent ligands, the individual ligands of OTR and CB1R were linked with 

linkers of different lengths. For this purpose, the linkers COOH-PEG5-NH-Fmoc (Figure 20), 

COOH-PEG10-NH-Fmoc (Figure 21), and COOH-PEG15-NH-Fmoc (Figure 22) were cho-

sen, because they are the promising linkers concerning CB1R ligands mentioned in Grant et 

al., 2019. 

 
Figure 20. Linker COOH-PEG5-NH-Fmoc 

 

 
Figure 21. Linker COOH-PEG10-NH-Fmoc 

 

 
Figure 22. Linker COOH-PEG15-NH-Fmoc 

 

The length of the linker depends on the distance between the ligands bound to their receptor 

inside the binding pocket. Therefore, the distance between the ligands, in their best scored 

docking pose res0, was measured via Pymol and a spacer-length between 40Å and 60 Å was 

suggested. Thus, the COOH-PEG5-NH-Fmoc linker with an average length of 20Å was dis-

carded and the linkers COOH-PEG10-NH-Fmoc with ~40Å and COOH-PEG15-NH-Fmoc with 

~60Å were taken to design twelve heterobivalent ligands with the previously chosen ligands. 

They were then considered for further inspection. 
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By connecting the ligands with a linker in lab, the carboxyl group of the CB1R ligands interact 

with the amino group of the linker building an amide bond formation between the linker and the 

ligands. For oleamide (22), the oleic acid was taken as an initial substance so by linking the 

carboxyl group of the oleic acid and the amine group of the linker, the amide of the oleamide 

results. The OTR’s ligands are attached to the linker by an amide bond formation between the 

amine group of the ligand and the carboxyl group of the linker. The fluorenylmethoxycarbonyl 

(Fmoc) is used as a protecting group at the amine of the linker and it can be cleaved off with 

piperidine in dimethylformamide so the CB1R’s ligands can interact with the linker’s amino 

group (Chan et al., 1999). 

Here, the Maestro software was used for building the linkers between the docked ligands and 

subsequently energy minimization. 

4.3 Membrane building via CHARMM-GUI 

To embed the receptor dimer into an authentic lipid-bilayer CHARMM-GUI’s Membrane Builder 

was used. Membrane composition was chosen as described in Van Meer et al., 2008 and 

shown in Table 8. The water box was generated with 60Å on both sides to bury the whole 

receptors in water. The protein was added using replacement and the physiological salt con-

centration was represented by potassium and chloride ions in a concentration of 0.15M KCl. 

Table 8. Components of the human membrane and their concentration in the upper and lower 

leaflet. 

Molecules in the membrane Upper Leaflet Lower Leaflet 

Cholesterol 106 105 

POPC (Phosphatidylcholine) 45 42 

POPE (Phosphatidylethanolamine) 25 24 

POPS (Phosphatidylserine) 10 10 

POPI (Phosphatidylinositol) 4 4 

PSM (Sphingolipids) 26 25 

 

The results were visually inspected in Pymol (Figure 23 to Figure 34). The CB1R is shown in 

green and the OTR is shown in yellow. The membrane is shown in green and the heterobiva-

lent ligands are shown in blue. 
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Figure 23. Receptor complex with ligand 

“compound 20 - PEG10 - compound 23“ 

(complex 1) in the membrane. 

Figure 24. Receptor complex with ligand 

”compound 20 - PEG15 – compound 23” 

(complex 2) in the membrane. 

 

 

 
Figure 25. Receptor complex with ligand 

“compound 20 - PEG10 - compound 24” 

(complex 3) in the membrane. 

 

Figure 26. Receptor complex with ligand 

“compound 20 - PEG15 - compound 24” 

(complex 4) in the membrane. 
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Figure 27. Receptor complex with ligand 

“compound 21 - PEG10 - compound 23” 

(complex 5) in the membrane. 

Figure 28. Receptor complex with ligand 

“compound 21 - PEG15 - compound 23” 

(complex 6) in the membrane. 

 
 

Figure 29. Receptor complex with ligand 

“compound 21 - PEG10 - compound 24” 

(complex 7) in the membrane. 

Figure 30. Receptor complex with ligand 

“compound 21 - PEG15 - compound 24” 

(complex 8) in the membrane. 

  
Figure 31. Receptor complex with ligand 

“compound 22 - PEG10 - compound 23” 

(complex 9) in the membrane. 

Figure 32. Receptor complex with ligand 

“compound 22 - PEG15 - compound 23” 

(complex 10) in the membrane. 
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Figure 33. Receptor complex with ligand 

“compound 22 - PEG10 - compound 24” 

(complex 11) in the membrane. 

Figure 34. Receptor complex with ligand 

“compound 22 - PEG10 - compound 24” 

(complex 12) in the membrane. 

4.4 Molecular dynamics simulation 

Molecular dynamics (MD) simulations are used to investigate the behaviour of biomolecules, 

especially proteins, in full atomic detail and fine resolution. Since atoms are in constant motion 

molecular functions and intermolecular interactions depend on the dynamics of a molecule. 

The basis of MD simulation is calculating the force exerted on the atoms of a molecule when 

it is given in a biomolecular system such as a lipid bilayer. The result is a trajectory, which 

describes the conformation of the molecule along the simulation (Hollingsworth and Dror, 

2018). 

MD simulations are used for elucidating the function of biomolecules besides conformational 

changes, ligand binding, and the mechanisms of protein aggregation. Therefore, they play an 

important role in discovering causes for diseases and further creating new drugs in this regard 

(Hollingsworth and Dror, 2018). 

In this master’s thesis, the results of the MD simulation were used for gaining additional infor-

mation about the stability of each receptor complex with its respective ligand and about the 

receptor complexes’ interfaces.  

To perform MD simulation, the openMM MD simulation toolkit was used and the MD simu-

lation was performed in the CHARMM force field. The 10 ns simulation was done in 5 

million steps and after every 5.000 steps, coordinates were saved. 
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4.4.1 Root mean square deviation 

The calculation of the root mean square deviation (RMSD) of the protein backbones is im-

portant for the analyses of the MD simulation since the conformational stability of the protein 

complex can be predicted.  

In this thesis, the relative RMSD was measured, so all coordinates of the protein complex are 

aligned to the first frame. Therefore, only the internal structural changes of the protein’s back-

bone are considered and the movement of the protein complex in the membrane is excluded 

from the calculations.  

After measuring the RMSD of the proteins backbone for all frames in relation to the first frame, 

for each complex results are shown in Table 9 and Table 10 and Chart 1 - Chart 12. Then the 

results were additionally visually inspected (Figure 35 - Figure 46) All these tasks were per-

formed using VMD.  

The results of the RMDS analysis regarding all interfaces are summarized below. 

The average RMSD scores suggest high stability of the complexes. This could be confirmed 

by visually inspecting the MD simulation of each complex, with three exceptions. 

The first unstable complex was protein complex 3 with heterobivalent ligand “compound 20 - 

PEG10 - compound 24”. Here the MD simulation was terminated very early at frame 32 of 

1000. By visually inspecting the protein complex, it is seen that the compound 24 moiety of the 

bivalent ligand is no longer bound to the OTR. This might be caused by the too-small linker 

lengths of PEG10 because the same complex was shown to be stable when the enlengthened 

linker PEG15 was used in the next complex 4 (Figure 37 B). 

The second unstable complex was protein complex 10 with heterobivalent ligand “compound 

22- PEG15 - compound 23”. Here, the MD-simulation was determinate at frame 189 of 1000 

because of insufficient stability. This was shown best by the high fluctuation at the RMSD plots 

(Chart 10) 

The third unstable complex was protein complex 12 with heterobivalent ligand “compound 22- 

PEG10 - compound 24”. The MD simulation was terminated at frame 636 of 1000 because the 

compound 24 moiety of the bivalent ligand popped out of the OTR’s binding pocket (Figure 46 

C). 

The RMSD plots showed a high fluctuation at the beginning of each MD simulation caused by 

the adaption of the proteins to the force field since the proteins undergo an energy minimiza-

tion.  Then, the RMSD values reached a plateau out and the system was quite stable. Regard-

ing the OTR it could be seen that a higher fluctuation took place compared to the CB1R. This 

could lead to the assumption that the CB1R is more stable compared to the OTR. Major vari-

ations in the RMSD values were caused by intracellular and extracellular loops that resulted in  
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a shift of the RMSD values to a higher level. Especially ICL3 and H8 of the OTR caused higher 

fluctuation because of their movement. ICL3 is quite long and therefore it has high flexibility to 

move towards or away from the protein complex or to twist around itself, causing high jumps 

in the RMSD values. At the CB1R, ICL3 showed extremely high flexibility during the MD sim-

ulation comparable to ICL3 of the OTR, due to its length causing changes in the RMSD values. 

The transmembrane regions showed less change in their conformation due to the high con-

servation of these regions. The following small structural changes at the TMH were noticeable: 

Complexes 2, 4, 5, 6, 8, 9, and 10 showed a small lateral drift of the receptors, complex 12 

showed a small inward drift of the receptors, and complex 7 showed a small outward drift of 

the receptors. What has to be mentioned is that the simulation time of 10ns might not be long 

enough to reach the global minimum.  

For each receptor complex (Complex 1 to 12), the average RMSD was measured. In Table 9 

the results concerning the CB1R are shown, and in Table 10, the results concerning the OTR 

are shown. 

 

Table 9. The average RMSD scores of the backbones in relation to frame 0 (avg), standard 

deviations (sd), minimal (min) RMSD scores, and maximal (max) RMSD scores of each protein 

complex and the respective ligand were calculated for the CB1Rs. 

Complexes 
RMSD CB1R 

avg. sd. min. max. 

Complex 1 5,043 0,761 1,220 6,230 

Complex 2 3,478 0,321 1,191 4,033 

Complex 3 1,760 0,425 0,872 2,383 

Complex 4 3,478 0,321 1,191 4,033 

Complex 5 3,368 0,629 0,837 4,153 

Complex 6 3,066 0,453 1,168 4,255 

Complex 7 4,429 0,599 1,401 5,626 

Complex 8 3,283 0,412 0,915 3,885 

Complex 9 3,993 0,386 1,121 4,526 

Complex 10 3,079 0,455 1,122 4,154 

Complex 11 3,959 0,892 0,914 4,904 

Complex 12 2,578 0,527 1,263 3,682 
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Table 10. The average RMSD scores of the backbones in relation to frame 0 (avg), standard 

deviations (sd), minimal (min) RMSD scores, and maximal (max) RMSD scores of each protein 

complex and the respective ligand were calculated for the OTRs. 

Complexes 
RMSD CB1R 

avg. sd. min. max. 

Complex 1 3,956 0,664 1,418 6,026 

Complex 2 4,703 0,862 1,242 6,859 

Complex 3 2,803 0,855 1,247 3,893 

Complex 4 4,703 0,862 1,242 6,859 

Complex 5 5,336 0,664 1,314 6,434 

Complex 6 4,425 0,456 1,184 5,083 

Complex 7 5,780 0,624 1,433 6,990 

Complex 8 5,820 1,138 1,452 7,939 

Complex 9 6,071 1,729 1,149 8,825 

Complex 10 4,132 0,802 1,172 5,999 

Complex 11 4,572 0,633 1,181 5,476 

Complex 12 4,028 0,749 1,141 5,346 

 

In the following sections, the results of each complex’s RMDS plot, regarding CB1R and OTR, 

as well as the last frame in complex with the respective ligand and the representation of the 

alignment of the first and last frame are demonstrated. For complex 3 and complex 12, the 

visual representations of the unstable complexes are given. These results are listed from com-

plex 1 to complex 12. 
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Complex 1: 

A 

 

B 

 

Chart 1.: RMSD plots of the protein complex with ligand “compound 20 - PEG10 - compound 

23” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 

 

B 

 

 

 

 

 

 

 

 

 

Figure 35. A: Last frame of MD simulation with bivalent ligand “compound 20 - PEG10 - 

compound 23”; B: Alignment of the first frame and last frame of the MD simulation.  
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Complex 2: 

A 

 

B 

 

Chart 2. RMSD plots of the protein complex with ligand “compound 20 - PEG15 - compound 

23” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

B 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Figure 36. A: Last frame of MD simulation with bivalent ligand “compound 20 - PEG15 – 

compound 23”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 3: 

A 

 

B 

 

Chart 3. RMSD plots of the protein complex with ligand “compound 20 - PEG10 - compound 

24” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

B 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37. A: Last frame of MD simulation with bivalent ligand “compound 20 - PEG10 - 

compound 24”; B: Unstable frame of MD-simulation with bivalent ligand “compound 20 - 

PEG10 - compound 24”. 
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Complex 4: 

A 

 

B 

 

Chart 4. RMSD plots of the protein complex with ligand “compound 20- PEG15 - compound 

24” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 

 

B 

 

 

 

 

 

 

 

 

Figure 38. A: Last frame of MD simulation with bivalent ligand “compound 20 - PEG15 - 

compound 24”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 5: 

A 

 

B 

 

Chart 5. RMSD plots of the protein complex with ligand “compound 21- PEG10 - compound 

23” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 39. A: Last frame of MD simulation with bivalent ligand “compound 21- PEG10 - 

compound 23“; B: Alignment of the first frame and last frame of the MD simulation.  
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Complex 6: 

A 

 

B 

 

Chart 6. RMSD plots of the protein complex with ligand “compound 21- PEG15 - compound 

23” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 40. A: Last frame of MD simulation with bivalent ligand “compound 21- PEG15 - 

compound 23”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 7: 

A 

 

B 

 

Chart 7. RMSD plots of the protein complex with ligand “compound 21- PEG10 - compound 

24” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 

 

B 

 

 

 

 

 

 

 

 

 

Figure 41. A: Last frame of MD simulation with bivalent ligand “compound 21- PEG10 - 

compound 24”; B: Alignment of the first frame and last frame of the MD simulation.  

 

  



 

51 

Complex 8: 

A 

 

B 

 

Chart 8. RMSD plots of the protein complex with ligand “compound 21  - PEG15 - compound 

24” A: RMSD plot of CB1R  B: RMSD plot of OTR. 

 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42. A: Last frame of MD simulation with bivalent ligand “compound 21 - PEG15 - 

compound 24”; B: Alignment of the first frame and last frame of the MD simulation.  
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Complex 9: 

A 

 

B 

 

Chart 9. RMSD plots of the protein complex with ligand “compound 22- PEG10 - compound 

23”. A: RMSD plot of CB1R B: RMSD plot of OTR 

 

A 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 43. A: Last frame of MD simulation with bivalent ligand “compound 22- PEG10 - 

compound 23”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 10: 

A 

 

B 

 

Chart 10. RMSD plots of the protein complex with ligand “compound 22- PEG15 - compound 

23”A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 44. A: Last frame of MD simulation with bivalent ligand “compound 22- PEG15 -  

”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 11: 

A 

 

B 

 

Chart 11. RMSD plots of the protein complex with ligand “compound 22- PEG10 – com-

pound 24” A: RMSD plot of CB1R B: RMSD plot of OTR. 

 

A 
 

 
 
 
 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 45. A: Last frame of MD simulation with bivalent ligand “compound 22- PEG10 - 

compound 24”; B: Alignment of the first frame and last frame of the MD simulation. 
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Complex 12: 
 
A 

 

B 

 

Chart 12. RMSD plots of the protein complex with ligand “compound 22- PEG15 - compound 

24” A: RMSD plot of CB1R B: RMSD plot of OTR. 
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Figure 46. A: Last frame of MD simulation with bivalent ligand “compound 22- PEG15 - 

compound 24”; B: Alignment of the first frame and last frame of the MD simulation C: Un-

stable frame of MD simulation with bivalent ligand “compound 22- PEG15 - compound 24”. 
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4.4.2 Surface area assessment 

Pymol was used for measuring the surface area of the Memdock results before MD simulation 

and the MD simulations’ results of complex 1 to complex 12 via “get surface area”.  

The accessible surface area (ASA) was calculated for each protein and the complex. Then the 

ASA of the unbound proteins was calculated for each receptor and the complex by separating 

the receptors by 100Å along the x-axis. The surface of the interfaces (also called buried surface 

area (BSA)) was calculated as the difference between the accessible surface area of the bound 

complex (ASAbound) and the accessible surface area of the unbound complex (ASAunbound). The 

variation in the ASA provides information about changes in the hydrophobic free energy when 

the complex is transferred from a polar solvent to a hydrophobic environment (Chothia and 

Janin, 1975). 

BSA = all ASA of bound proteins – all ASA of unbound proteins 

Further, the differences between the BSAs (ΔBSA) and the ASAs of the bound complex 

(ΔASAbound) before and after the MD simulation were calculated to demonstrate the impact of 

the MD simulation on BSA and ASAbound of the dimeric complexes could be demonstrated.  

The results are rounded and shown in Table 11. It could be seen that changes in the interfaces’ 

surface areas (% ΔBSA) from before MD simulation to after were quite diverse along the dif-

ferent receptor complexes. Some interfaces seem to increase while others showed a loss of 

their initial size. Especially interface 1 at receptor complex 1 stood out with a massive surplus 

of 43% of the BSA after MD simulation. 

The pictures are different for the accessible surface area. Only marginal differences between 

the accessible surface area (% ΔASAbound) before and after the MD simulations could be ob-

served. 

The differences of BSA and ASAbound between complex 1 to complex 12 could be explained by 

the relatively short simulation time of 10 ns. It is assumed that a simulation time longer than 

that would result in an adaption of the values to one another and they would level off to a 

certain value of the BSA and ASAbound before and after MD simulation.  

To give an overview of the results, the mean and standard deviation were calculated. The 

average BSA of complexes 1 to 12 before MD simulation is 3819 ±355 Å² and after MD simu-

lation it is 3712 ±426 Å² and the average ASA of the bound complexes 1 to 12 is 33506 ±195 

Å² before MD simulation and 34625 ±783 Å² after MD simulation. 
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Table 11. Overview of the surfaces of the receptor complexes 1 to 12 before and after the MD 

simulation and the calculation of the BSA, ΔBSA, ΔASAbound as well as the percentual 

change of BSA and ASAbound before and after MD simulation. 

 

ASA before 
MD (Å²) BSA 

(Å²) 

ASA after MD 
(Å²) BSA 

(Å²) 
ΔBSA 
(Å²) 

ΔASA 
bound 

(Å²) 

% 
ΔBSA 
(Å²) 

% 
ΔASA 
bound 

(Å²) 
bound 

un-
bound 

bound 
un-

bound 

Complex 1 

OTR 18355 19949  19153 21143      

CB1R 15679 16858  15778 17822      

All 34134 37116 2979 35001 38986 3984 +1005 +241 +34% +0,7% 

Complex 2 

OTR 18275 19996  18509 20006      

CB1R 15015 16855  15194 16722      

All 33411 37234 3824 33764 36834 3069 -755 +354 -19% +1% 

Complex 3 

OTR 18316 20097  19834 21459      

CB1R 14919 16757  16026 17813      

All 33554 37859 4304 35957 39475 3518 -786 +2403 -18% +7% 

Complex 4 

OTR 18320 20060  18125 19874      

CB1R 14974 16817  15581 17312      

All 33476 37960 4485 33775 37251 3476 -1009 +299 -22% +0,8% 

Complex 5 

OTR 18276 20023  18309 19917      

CB1R 15005 16838  15535 17245      

All 33408 37157 3750 33950 37337 3387 -363 +542 -9% +1,6% 

Complex 6 

OTR 18311 20041  18765 20530      

CB1R 15001 16845  15650 17485      

All 33441 37431 3989 34517 38177 3660 -329 +1075 -8% +3,2% 

Complex 7 

OTR 18331 20072  17687 19866      

CB1R 15010 16851  15479 17698      

All 33481 37204 3723 33272 37752 4481 +757 -209 +20% -0,6% 

Complex 8 

OTR 18334 20055  19797 1260      

CB1R 14969 16811  15022 16515      

All 33425 37371 3946 34893 37948 3055 -891 +1468 -23% +4,4% 
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Complex 9 

OTR 18336 20072  19177 21111      

CB1R 14982 16829  16251 18077      

All 33445 37224 3779 35500 39300 3800 +21 +2054 +1% +6,1% 

Complex 10 

OTR 18376 20105  18353 20442      

Cb1R 15002 16842  15924 18024      

All 33519 37297 3777 34375 38659 4284 +506 +856 +13% +2,6% 

Complex 11 

OTR 18321 20043  18206 20016      

Cb1R 14951 16792  16898 18809      

All 33390 37028 3638 35209 38979 3770 +132 +1818 +4% +5,4% 

Complex 12 

OTR 18321 20042  18886 20874      

Cb1R 14951 16792  16329 18358      

All 33390 37028 3638 35286 39351 4065 +427 +1896 +12% +5,6% 

 

4.4.3 PyRosetta Alanine scan 

Alanine scan was used to identify important protein-protein interactions at the interface of the 

CB1R and OTR. 

The alanine scan identified these interactions by mutating residues to alanine and calculating 

the impact of this mutation on the binding free energy. It was performed with the protein struc-

ture of the MD simulations’ last configuration for all complexes 1 to 12. The results showed 

each mutated amino acid at the interfaces and the respective energy score. 

The protein complexes’ interfaces 1 to 12 are accordingly named ”interface 1” to ”interface 12” 

in the following text. 

 

4.4.3.1 Pymol visual inspection 

The interfaces of the CB1R and OTR dimeric complexes after MD simulation were visually 

inspected using Pymol. Residues found to impact the binding free energy significantly were 

coloured based on their impact. The residues at the CB1R coloured blue show a positive shift 

in the binding free energy as well as the residue coloured cyan at the OTR and red shows 

residues with a negative shift in the binding free energy for OTR and CB1R. 

The results of the alanine scan revealed also residues that are not at the interface between 

the TMH of the two receptors but at the ECLs, N-termini, ICL, and C-termini. These interactions 
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were also included in the evaluations because they are assumed to play an important role in 

the receptor complexes’ interface.  

A few general statements about the interfaces could be made. 

The core domain of the interface was shown to be between TMH4 of the CB1R and TMH7 of 

the OTR. The interface is built between TMH2 of the CB1R and TMH1 of the OTR, TMH3 of 

the CB1R and TMH7 of the OTR, and TMH4 of the CB1R and TMH6 of the OTR. In some 

cases, as it was seen at interface 1 and interface 8, interactions between TMH1 of the CB1R 

and TMH1 of the OTR were noticed.  Important residues at the ECL, ICL, N-terminus, and C-

terminus of each receptor were shown at ECL1, ECL2, ICL1, ICL2, ICL3, and H8 of the CB1R 

and the N-terminus, ECL3, ICL3, H8, and C-terminus of the OTR. Interactions between these 

structures are quite diverse and therefore explained in detail at each interface individually. 

Further, some interfaces showed special interactions or residues. Interface 4 and interface 7 

displayed interactions between residues at the ICL3 of the OTR and ICL2 or ICL3 of the CB1R. 

These interactions are caused by the high flexibility of the intracellular loops.  Especially ICL3 

of the OTR is quite long and therefore a high movement in every direction is possible.  So, 

when ICL3 of the OTR moves towards the CB1R, additional interactions between the receptors 

are enabled. Moreover, at interface 7, it was shown that H8 of the CB1R might also be involved 

in interactions at the intracellular side of the receptor complex although this is the only interface 

showing this interaction. At interface 1, interface 9, and interface 11 it was noticeable that 

residues at ECL1 of the CB1R are important for interactions with the OTR in contrast to any 

other interface. 

Hydrogen bonds between the CB1R and OTR tend to stabilize the extracellular and intracellu-

lar side of the receptors. Only at interface 1, interface 7, interface 8, interface 10, and interface 

11 hydrogen bonds between residues at the transmembrane region of the interface were seen. 

This is explained by the fact that more residues with hydrophobic side-chains are located at 

the transmembrane region of the interface. 

In the following text, interfaces 1 to 12 are inspected in detail and described separately. 

Interface 1: 

The alanine scan identified 73 to be of importance. 34 residues at TMH1/2/3/4 and ECL1/2 of 

CB1R, and 39 important residues at TMH1/6/7, N-terminus, ECL3, C-terminus, and H8 of the 

OTR.  

Important residues at the extracellular loops and intracellular loops of each receptor and the 

N-terminus, C-terminus und H8 of the OTR were found. At the CB1R only extracellular loops 

showed important residues. These residues are R73, D75, N78 and V79 located at ECL1 and 

residues N146, E148, and K149 located at ECL2. Regarding important residues at the OTR, 

important residues P1 and R4 at the N-terminus and residues D268, A269, A271, P272, and 
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E274 at ECL3 are located extracellularly and residues located intracellularly are residues 

R308, F309 and L310 at H8 and residue L298 at the C-terminus.  

Interactions between TMHs in this interface are generally located between TMH1/2 of the 

CB1R and TMH1 of the OTR, TMH3 of the CB1R and TMH7 of the OTR and between TMH4 

of the CB1R and TMH6/7 of the OTR.  

In Table 12, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 

Table 12. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R TMH1 L37 

TMH2 V54, L57, L58, V61, I62, Y65 

ECL1 R73, D75, N78, V79 

TMH3 F82, G86 

TMH4 K115, R116, T119, R120, P121, V124, V125, C128, L129, 
W131, T132, I133, I135, V136, A138, V139, L142, L143 

ECL2 N146, E148, K149 

OTR N-terminus P1, R4 

TMH1 L8, V11, E12, V15, L18, L21 

TMH6 I246, L249, A250, V253, C254, T256, P257, F260, V261, 
W264 

ECL3 D268, A269, A271, P272, E274 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295 

C-terminus L298 

H8 R308, F309, L310 
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Figure 47. The view of the interface between CB1R (green) and OTR (yellow) after MD 

simulation. 

 

 

 

 

 

Figure 48. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Figure 49. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

B 
B 
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A total of nine hydrogen bonds were found between CB1R and OTR. Six of them are located 

at the extracellular side of the receptor complex, two at the transmembrane region, and one at 

the intracellular side of the receptor complex.  

At the extracellular side, two hydrogen bonds are located between residue K149 at ECL2 of 

the CB1R and residue D268 at ECL3 of the OTR, one between residue N146 at ECL2 of the 

CB1R and residue P271 at ECL3 of the OTR, and one hydrogen bond is located between 

residue N78 at ECL1 of the CB1R and residue E274 at ECL3 of the OTR. Two more hydrogen 

bonds were found between residues D75 at ECL1 of the CB1R, and N4 at the N-terminus of 

the OTR (Figure 50). The two hydrogen bonds located towards the transmembrane region of 

the interface were found between residue K83 at TMH3 of the CB1R and residues E11 at 

TMH1 of the OTR (Figure 51). Further, the hydrogen bond located at the intracellular side of 

the receptor complex is built between residue T119 at TMH4 of the CB1R and residue L310 at 

the C-terminus of the OTR (Figure 52). 

 

 

Figure 50. Hydrogen bonds between residue K149 at ECL2 of the CB1R and residue D268 

at ECL3 of the OTR, between residue N146 at ECL2 of the CB1R and residue P271 at ECL3 

of the OTR, between residue N78 at ECL1 of the CB1R and residue E274 at ECL3 of the 

OTR and between residues D75 at ECL1 of the CB1R, and N4 at the N-terminus of the OTR. 
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Figure 51. Hydrogen bond between residue 

K83 at TMH3 of the CB1R and residues E11 

at TMH1 of the OTR. 

Figure 52. Hydrogen bond between residue 

T119 at TMH4 of the CB1R and residue L310 

at the C-terminus of the OTR. 

 

Interface 2: 

At this interface, 60 residues were found to be important for interactions: 28 important residues 

at TMH2/3/4, ICL1, ICL2, and ECL2 of the CB1R, and 32 important residues at TMH1/6/7, N-

terminus, ECL3, H8, and C-terminus of OTR were spread over the interface.  

Important residues were found at the extracellular loops and intracellular loops of each recep-

tor and the N-terminus, C-terminus und H8 of the OTR. At the extracellular loops of the CB1R 

only residue G144 at ECL2 and at the extracellular loops of the OTR, residues R3 and N5 at 

the N-terminus and S276 at ECL3 were found to be important. Intracellularly, important resi-

dues T119, R120, P121, and R42 were found at ICL2 of the CB1R. At the intracellular side of 

the OTR, residues M297, L298, F309, and L310 at the C-terminus and residue L305 at H8 

were found to be important by the alanine scan. 

Important interactions between TMHs of the receptors were found between TMH2 of the CB1R 

and TMH1 of the OTR, TMH3 of the CB1R and TMH7 of the OTR and between TMH4 of the 

CB1R and TMH6/7 of the OTR. 

In Table 13, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 
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Table 13. Residues identified by the alanine scan. 

Receptor Position Residues 

CB1R ICL1 R42 

TMH2 L58, V61, I62, Y65, S66, D69 

TMH3 V79, F82, K83 

ICL2 T119, R120, P121 

TMH4 K122, V124, V125, C128, L129, W131, T132, I133, I135, 
V136, A138, V139, L142, L143 

ECL2 G144 

OTR N-terminus R3, N5 

TMH1 A7, L8, V11, V15 

TMH6 I246, L249, A250, V253, C254, P257, F260, V261 

ECL3 E274 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295 

C-terminus M297, L298, F309, L310 

H8 L305 

 

 

Figure 53. The view of the interface between CB1R (green) and OTR (yellow) after MD 

simulation. 
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Figure 54. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) af-

ter MD simulation. A: Interface with 

highlighted residues B: Overview of the 

TMHs at the interface. 

Figure 55. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

A total of five hydrogen bonds were found between five residues, all located at extracellular or 

intracellular loops. At the extracellular side of the dimeric complex, two hydrogen bonds are 

located between residue R73 at TMH2 of the CB1R and residue E6 at the N-terminus of the 

OTR (Figure 56). Two intracellularly located hydrogen bonds are built between residue L310 

at the C-terminus of the OTR and residue R39 at ICL1 of the CB2R and one more intracellular 

hydrogen bond is located between residue L310 at the C-terminus of the OTR and R120 at 

ICL2 of the CB1R (Figure 57). 

 

 

Figure 56. Hydrogen bonds between resi-

due R73 at TMH2 of the CB1R and residue 

E6 at the N-terminus. 

 

B B 

A A 
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Figure 57. Hydrogen bonds be-

tween residue L310 at the C-ter-

minus of the OTR and residue 

R39 at ICL1 of the CB1R and be-

tween residue L310 at the C-ter-

minus of the OTR and residue 

R120 at ICL2 of the CB1R. 

 

Interface 3:  

68 residues were found to be important for interactions by the alanine scan. 29 important res-

idues were found at TMH2/3/4 and ECL2 of the CB1R, and 39 important residues were found 

at TMH1/6/7, N-terminus, H8, and C-terminus of OTR. 

The following important residues at the extracellular loops and intracellular loops of both re-

ceptors and the N-terminus, C-terminus, and H8 of the OTR were found.  Seven residues, 

found to be important by the alanine scan, are located at the extracellular loops of the CB1R 

and OTR. Three of them, residues N146, E148, and K149, are located at ECL2 of the CB1R, 

three residues D268, N270, and P272 are located at ECL3 of the OTR and one residue N5 is 

located at the N-terminal of the OTR. At the intracellular loops, residues T119 and R120, lo-

cated at ICL2 of the CB1R and residues M297, L298, and F303, located at the C-terminus of 

the OTR and residue L305, located at H8 of the OTR, were shown to be important. 

Interactions between TMHs of the receptors were found to be mainly between TMH2 of the 

CB1R and TMH1 of the OTR, TMH3 of the CB1R and TMH7 of the OTR and between TMH4 

of the CB1R and TMH6/7 of the OTR. 

In Table 14, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex.  
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Table 14. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R TMH2 V54, L58, G59, V61, I62, Y65, D69 

TMH3 F82, K83    

ICL2 T119, R120 

TMH4 P121, K122, V124, V125, C128, L129, W131, T132, I133, 
I135, V136, A138, V139, L142, L143 

ECL2 N146, E148, K149 

OTR N-terminus N5 

TMH1 A7, L8, R10, V11, A14, V15, L18    

TMH6 F245, I246, L249, A250, V253, C254, T256, P257, F260, 
V261, W264 

ECL3 D268, N270, A271, P272 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295 

C-terminus M297, L298, F303 

H8 L305 

 

 

 

Figure 58. The view of the interface between CB1R (green) and OTR (yellow) after MD 

simulation. 
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Figure 59. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Figure 60. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Five hydrogen bonds were found, all located at the extracellular side of the receptor dimer.  

There was one hydrogen bond located between residue R72 at ECL2 of the CB1R and residue 

N5 at the N-terminus of the OTR, one nearby between residue K83 at TMH3 of the CB1R and 

residue E12 at TMH2 of the OTR (Figure 61). Two hydrogen bonds were found between res-

idue K149 at ECL2 and residue D268 at ECL3 of the OTR and one hydrogen bond is between 

residue L42 at TMH4 of the CB1R and residue W264 at TMH6 of the OTR (Figure 62).  

 

Figure 61. Hydrogen bonds between residue R72 at ECL2 of the CB1R and residue N5 at 

the N-terminus of the OTR and between residue K83 at TMH3 of the CB1R and residue E12 

at TMH2 of the OTR. 

A A 

B B 
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Figure 62. Hydrogen bonds between residue K149 at ECL2 and residue D268 at ECL3 of 

the OTR and between residue L42 at TMH4 of the CB1R and residue W264 at TMH6 of the 

OTR. 

 

Interface 4:  

At interface 4, 63 residues were found to be important for interactions, by the alanine scan: 29 

important residues at TMH2/3/4, ICL1, ICL2 and ECL2 of the CB1R, and 34 important residues 

at TMH1/6/7, N-terminus, ECL3, ICL3, H8, and C-terminus of OTR. 

The following important residues at the extracellular loops and intracellular loops of both re-

ceptors and the N-terminus and H8 of the OTR were found. A total of four important residues 

are located at the extracellular loops of the receptors. Residue G144 is located at ECL2 of the 

CB1R and concerning the OTR residue N5 is located at the N-terminus and residues E274 

and S276 at ECL3. Intracellularly, three residues of the CB1R and four residues of the OTR 

were found to be important for the binding free energy between the receptors. These three 

residues found to be important at the CB1R are residues R39 and R42, located at ICL1, and 

residue R116 at ICL2. Residues A216 and G217 at ICL3, and residues F309 and L310 at the 

C-terminus are the four residues found at the OTR.  

A noticeable characteristic of this interface is the interaction between residue R116 at the ICL2 

of the CB1R and residue G217 at ICL3 of the OTR. It is enabled by the high flexibility of the 

ICLs, especially ICL3 of the OTR is very long causing a high level of flexibility.  

The interactions between TMHs of the receptors were as usually found to be between TMH2 

of the CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between 

TMH4 of the CB1R and TMH6/7 of the OTR. 

In Table 15, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 
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Table 15. Residues identified by the alanine scan at the receptor. 

Receptor Position Residue  

CB1R ICL1 R39, R42 

TMH2 L58, V61, I62, Y65 

TMH3 V79, F82, K83, G86 

ICL2 R116 

TMH4 T119, R120, P121, K122, V124, V125, C128, L129, W131, 
T132, I133, I135, V136, A138, V139, L142, L143 

ECL2 G144 

OTR N-terminus N5 

TMH1 A7, L8, V11, V15, I19 

ICL3 A216, G217 

TMH6 I246, L249, A250, V253, C254, P257, F260, V261, W264 

ECL3 E274, S276 

TMH7 
A277, I280, V281, L283, L284, L287, N288, C290, C291, 
W294, I295, M297, L298 

C-terminus F309, L310 

 

 

Figure 63. The view of the interface between CB1R (green) and OTR (yellow) after 

MD simulation. 
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Figure 64. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface.  

Figure 65. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

 

Eleven hydrogen bonds were found, all located at the extracellular and intracellular side of the 

receptor complex. Six hydrogen bonds form between residue L310 at the C-terminus of the 

OTR forms and three different residues at the CB1R. Further, two hydrogen bonds formed with 

residue L42 at ICL1, three with residue R120 at TMH4, and one with residue R39 at ICL1 of 

the CB1R (Figure 66). Further, there are two hydrogen bonds between residue I117 at ICL2 

of the CB1R and residue R239 at TMH6 of the OTR and one neighbouring between residues 

R116 at ICL2 of the CB1R and D218 at ICL3 of the OTR (Figure 67). At the extracellular side 

of the receptor complex, two hydrogen bonds were found between residue K149 at ECL2 of 

the CB1R and residue D268 at ELC3 of the OTR (Figure 68).  

 

A A 

B B 
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Figure 66. Hydrogen bonds be-

tween residue L310 at the C-ter-

minus of the OTR and between 

residue L42 at ICL1 of the OTR, 

residue R120 at TMH4, and res-

idue R39 at ICL1 of the CB1R. 

 

 

Figure 67. Hydrogen bonds between 

residue I117 at ICL2 of the CB1R and 

residue R239 at TMH6 of the OTR and 

between R116 at ICL2 of the CB1R 

and D218 at ICL3 of the OTR. 

 

Figure 68. Hydrogen bonds between 

residue K149 at ECL2 of the CB1R 

and residue D268 at ELC3 of the OTR. 

 

Interface 5: 

At interface 5, 59 residues were found to be important for interactions between the receptor 

complex. 27 important residues were found to be located at TMH2/3/4 and ICL2 of the CB1R, 

and 32 important residues at TMH1/6/7, ECL3, and C-terminus of the OTR. 

The following important residues at the extracellular loops and intracellular loops of both re-

ceptors and the C-terminus of the OTR were found. Concerning the intracellular loops, four 

residues were found to be important at the interface. Residues T119 and R120 at ICL2 of the 
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CB1R and residues F309 and L310 at the C-terminus of the OTR. At the intracellular loops, 

the three important residues W264, P272, and E274 were found at ECL3 of the OTR.  

The interactions between TMHs of the receptors were as usually found to be between TMH2 

of the CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between 

TMH4 of the CB1R and TMH6/7 of the OTR. 

In Table 16, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 

 

Table 16. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues  

CB1R TMH2 V54, L58, V61, I62, Y65 

TMH3 R77, N78, F82, K83, G85 

ICL2 T119, R120 

TMH4 P121, K122, V124, V125, C128, L129, W131, T132, I133, 
I135, V136, V139, L142, L143, G144 

OTR TMH1 A7, L8, V11, A14, V15, L18, L22 

TMH6 I246, L249, A250, C254, P257, F260, V261 

ECL3 W264, P272, E274 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295, L298 

C-terminus F309, L310 

 

 

Figure 69. The view of the interface of CB1R (green) and OTR (yellow) after MD simulation. 
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Figure 70. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface.  

Figure 71. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Five hydrogen bonds were found, at the extracellular and intracellular side of the receptor di-

mer. At the extracellular side, one hydrogen bond was found between residue N78 at TMH3 

of the CB1R and P272 at ECL3 of the OTR.  Another one was found between K83 at TMH3 of 

the CB1R and E12 at TMH1 of the OTR and one was found to be between R72 at ECL1 of the 

CB1R, and N4 at the N-terminus of the OTR (Figure 72). The two hydrogen bonds found 

intracellularly are between the two residues R120 at ICL2 of the CB1R and L310 at the C-

terminus of the OTR (Figure 73). 

 

A 

A 

B B 
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Figure 72. Hydrogen bonds between residue N78 at TMH3 of the CB1R and P272 at ECL3 

of the OTR, K83 at TMH3 of the CB1R and E12 at TMH1 of the OTR, R72 at ECL1 of the 

CB1R, and N4 at the N-terminus of the OTR. 

 

 

Figure 73. Hydrogen bonds be-

tween residue R120 at ICL2 of the 

CB1R and residue L310 at the C-

terminus of the OTR. 

 

Interface 6: 

A total of 70 residues were identified to be important for interactions. 30 important residues at 

TMH2/3/4, ICL1, ICL2 and ECL2 of the CB1R, and 40 important residues at TMH1/6/7, ECL3, 

C-terminus, and H8 of the OTR. 

The following important residues at the extracellular loops and intracellular loops of both re-

ceptors and the C-terminus, and H8 of the OTR were found. Regarding the extracellular side, 

two residues at the CB1R and five residues at the OTR were found to be important. Of these 

residues, E148 and K149 are located at ECL2 of the CB1R and the five residues W264, N270, 

A271, P272, and E274 are located at ECL3 of the OTR. At the intracellular side of the receptor 

complex, residues R42 and C43 are located at ICL1, and residues T119 and R120 are located 



 

76 

at ICL2 of the CB1R. At the OTR, residues L305 and V306 were found at H8, and residues 

G301, L302, F309, and L310 are located at the C-terminus.  

The interactions between TMHs of the receptors were as usually found to be between TMH2 

of the CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between 

TMH4 of the CB1R and TMH6/7 of the OTR.  

In Table 17, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex.  

 

Table 17. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R ICL1 R42, C43 

TMH2 L58, V61, I62, Y65 

TMH3 N78, F82 

ICL2 T119, R120 

TMH4 P121, K122, V124, V125, A126, C128, L129, W131, T132, 
I133, I135, V136, A138, V139, L140, L142, L143, G144 

ECL2 E148, K149 

OTR TMH1 A7, L8, V11, V15 

TMH6 M243, I246, L249, A250, V253, C254, T256, P257, F260, 
V261, W264 

ECL3 N270, A271, P272, E274 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295, M297, L298, T300 

C-terminus G301, L302, F309, L310 

H8 L305, V306 
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Figure 74. The view of the interface of CB1R (green) and OTR (yellow) after MD simula-

tion. 

 

 

 

 

Figure 75. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface.  

Figure 76. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

A A 

B B 
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Five hydrogen bonds were found at the extracellular and intracellular side of the receptor di-

mer: Two at the extracellular side, one between residues Y65 at TMH2 of the CB1R and N5 at 

the N-terminus of the OTR (Figure 77) and one between residue K149 at ECL2 of the CB1R 

and residue D268 at ECL3 of the OTR (Figure 78). Intracellularly, three hydrogen bonds were 

found. Two between residues R39 at ICL1 of CB1R and L310 at the C-terminus of OTR and 

one between residues Y106 at TMH3 of the CB1R and K235 at TMH6 of the OTR (Figure 79). 

 

 

Figure 77. Hydrogen bond be-

tween residues Y65 at TMH2 of 

the CB1R and N5 at the N-termi-

nus of the OTR. 

 

 

Figure 78. Hydrogen bond be-

tween residues K149 at ECL2 of 

the CB1R and residue D268 at 

ECL3 of the OTR. 
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Figure 79. Hydrogen bond between 

residue R39 at ICL1 of CB1R and 

residue L310 at the C-terminus of 

OTR and between residue Y106 at 

TMH3 of the CB1R and residue 

K235 at TMH6 of the OTR. 

 

Interface 7: 

A total of 81 residues were found to be important for interactions. 38 important residues were 

identified at TMH2/3/4, ICL1, ICL2, ECL2, ICL3, and H8 of the CB1R, and 43 important resi-

dues at TMH1/6/7, N-terminus, ECL3, ICL3, ECL3, C-terminus, and H8 of the OTR. 

The following important residues at the extracellular loops and intracellular loops and H8 of 

both receptors and at the N-terminus and the C-terminus of the OTR were found. At the intra-

cellular side of the receptor complex, nine important residues at the CB1R and eight important 

residues at the OTR were found by the alanine scan. The residues found at the CB1R are 

residues R39, R42, and C43 at ICL1, residues A113, I117, and T119 at ILC2, residue S191 at 

ICL3, and residues V193 and R194 at H8. The residues found at the OTR are residues D218, 

G219, and G220 at ICL3, residues G301 and L310 at the C-terminus, and residues L305, 

V306, and F309 at H8. It has to be pointed out that residue S191 at ICL3, and residues V193 

and R194 at H8 of the CB1R were seen to be important only at this interface. The interaction 

of residue S191 at ICL3 of the CB1R and residues D218, G219, and G220 at ICL3 of the OTR 

seemed to be caused by the high flexibility of ICL3 at the OTR which leads to their proximity. 

At the extracellular side of the receptor complex, the three residues N146, E148, and K149 

were found at ECL2 of the CB1R and at the extracellular side of the OTR, residue N5 was 

found at the N-terminus and residues A271, P272, K273, E274, and S276 were found at ECL3. 
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The interactions between TMHs of the receptors were found to be between TMH2 of the CB1R 

and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between TMH4 of the 

CB1R and TMH6/7 of the OTR.  

In Table 18, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex.  

 

Table 18. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R ICL1 R39, R42, C43 

TMH2 L58, V61, I62, Y65 

TMH3 N78, V79, F82, K83 

ICL2 A113, I117, T119 

TMH4 R120, P121, K122, V124, V125, A126, C128, L129, T132, 
I133, I135, V136, A138, V139, L140, L142, L143, G144 

ECL2 N146, E148, K149 

ICL3 S191 

H8 V193, R194 

OTR N-terminus N5 

TMH1 A7, L8, V11, V15, G26 

ICL3 D218, G219, G220  

TMH6 L232, K235, R239, M243, I246, I247, L249, A250, V253, 
C254, P257, V261 

ECL3 A271, P272, K273, E274, S276 

TMH7 A277, I280, V281, L283, L284, L287, C290, C291, W294, 
I295, M297, L298 

C-terminus G301, L310 

H8 L305, V306, F309 
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Figure 80. The view of the interface of CB1R (green) and OTR (yellow) after MD simulation.  

 

 

 

Figure 81. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) af-

ter MD simulation. A: Interface with 

highlighted residues B: Overview of the 

TMHs at the interface.  

Figure 82. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

A A 

B 
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Seven hydrogen bonds were found between the CB1R and OTR, four at the extracellular side, 

one at the transmembrane region of the interface, and three at the intracellular side of the 

dimeric receptor complex. At the extracellular side of the dimeric receptor complex, two hydro-

gen bonds are located between residue D75 at ECL1 of the CB1R and residue R6 at the N-

terminus of the OTR (Figure 83), and two hydrogen bonds are located between residue K149 

at ECL2 of the CB1R and residues A269 and A271 at ECL2 of the OTR (Figure 84). One more 

hydrogen bond between residue K83 at TMH3 of the CB1R and residue E12 at TMH1 of the 

OTR was found to be located a little more towards the transmembrane region of the interface 

(Figure 85). At the intracellular side, residue R116 at the ICL2 of the CB1R and residue R239 

at TMH6 of the OTR (Figure 86) form one hydrogen bond, and two more hydrogen bonds 

could be found between residue R194 at ICL3 of the CB1R and residue D218 at ICL3 of the 

OTR (Figure 87). 

  

Figure 83. Hydrogen bonds between D75 at 

ECL1 of the CB1R and residue R6 at the N-ter-

minus of the OTR. 

Figure 84. Hydrogen bonds between res-

idues K149 at ECL2 of the CB1R and 

A269 and A271 at ECL2 of the OTR. 

 

 

Figure 85. Hydrogen bond be-

tween residue K83 at TMH3 of the 

CB1R and residue E12 at TMH1 of 

the OTR. 
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Figure 86. Hydrogen bond between residue 

R116 at ICL2 of the CB1R and residue R239 

at TMH6 of the OTR. 

Figure 87. Hydrogen bond between residue 

R194 at ICL3 of the CB1R and residue D218 

at ICL3 of the OTR. 

 

Interface 8: 

At interface 8 a total of 61 residues were found to be important for interactions. 29 important 

residues at TMH1/2/3/4 and ICL2 of the CB1R, and 32 important residues at TMH1/6/7, N-

terminus, C-terminus, and H8 of the OTR were found. 

Regarding the extracellular loops only N5 at the N-terminus of the OTR was found to be im-

portant. At the intracellular loops of both receptors and the C-terminus, and H8 of the OTR 

important residues were found. At the intracellular loops, four important residues were found 

by the alanine scan. These residues are residue T119 at ICL2 of the CB1R, residues G301 

and F309 at the C-terminus of the OTR, and residue V306 at H8 of the OTR.  

The interactions between TMHs of the receptors were found to be between TMH2 of the CB1R 

and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between TMH4 of the 

CB1R and TMH6/7 of the OTR. A characteristic of this interface is that residue C43 at TMH1 

of the CB1R in part of the interface as it was shown to interact with TMH1 of the OTR. 

In Table 19, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 
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Table 19. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R TMH1 C43 

TMH2 V54, L58, V61, I62, Y65, S66 

TMH3 N78, V79, F82, K83, G86 

ICL2 T119 

TMH4 R120, P121, K122, V124, V125, C128, L129, W131, T132, 
I133, I135, V136, V139, L140, L142, L143 

OTR N-terminus N5 

TMH1 A7, L8, V11, E12, V15, L18,  

TMH6 246, L249, A250, V253, C254, P257, F260, V261 

TMH7 S276, A277, I280, V281, L283, L284, L287, N288, C290, 
C291, W294, I295, M297, L298 

C-terminus G301, F309 

H8 V306 

 

 

 

Figure 88. The view of the interface of CB1R (green) and OTR (yellow) after MD simulation. 
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Figure 89. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface.  

Figure 90. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation.  A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

 

Only two hydrogen bonds were found between the CB1R and OTR. One at the extracellular 

side of the dimeric complex and one at the interface between TMHs. The first one was found 

to be more towards the extracellular side of the receptor complex, between residue K74 at 

ECL1 of the CB1R and residue L8 at the N-terminus of the OTR receptor (Figure 91). The 

second one is located at the transmembrane region of the dimeric complex, between residue 

T132 at TMH4 of the CB1R and residue L249 at TMH6 of the OTR (Figure 92). 

A A 

B B 



 

86 

 

 

Figure 91. Hydrogen bond between residue 

K74 at ECL1 of the CB1R and residue L8 at 

the N-terminus of the OTR. 

 

 

Figure 92. Hydrogen bond be-

tween residue T132 at TMH4 of the 

CB1R and residue L249 at TMH6 

of the OTR. 

 

Interface 9: 

At this interface, 73 residues were found to be important for interactions. 35 of them were 

located at TMH2/3/4, ICL1, ICL2, ECL1, and ECL2 of the CB1R, and 38 residues were located 

at TMH1/6/7, N-terminus, ECL3, C-terminus, and H8 of the OTR. 

Important residues at the extracellular loops and intracellular loops of both receptors and at 

the N-terminus, C-terminus, and H8 of the OTR were found. Regarding the extracellular loops 

of the CB1R receptor, residues F72 and S76 at ECL1, and E148 at ECL2 were shown to be 

important and at the extracellular loops of the OTR residues P1, P2, A7, and L8 at the N-

terminus and residues P272 and E274 at ECL3 were found to be important. At the intracellular 

loops, residues R39 and C43 at ICL1, as well as residues T119 and R120 at ICL2 of the CB1R 

were identified to be important by the alanine scan and at the OTR’s intracellular part, residues 

G301 and L310 at the C-terminus, and residues L305 and V306 at H8 are important for inter-

actions. 
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The interactions between TMHs of the receptors were found to be as usually between TMH2 

of the CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between 

TMH4 of the CB1R and TMH6/7 of the OTR. 

In Table 20, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex. 

 

Table 20. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R ICL1 R39, C43 

TMH2 V54, L58, V61, I62, Y65, I68, D69 

ECL1 F72, S76 

TMH3 R77, N78, L81, F82, K83 

ICL2 T119, R120 

TMH4 P121, K122, V124, V125, C128, L129, W131, T132, I133, 
I135, V136, V139, L140, L142, L143, G144 

ECL2 E148 

OTR N-terminus P1, P2, A7, L8 

TMH1 V11, V15, L18, L22 

TMH6 I246, L249, A250, V253, C254, P257, F260, V261, W264 

ECL3 P272, E274 

TMH7 A275, S276, A277, I280, V281, L283, L284, L287, N288, 
C290, C291, W294, I295, M297, L298 

C-terminus G301, L310 

H8 L305, V306 
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Figure 93. The view of the interface of CB1R (green) and OTR (yellow) after MD simulation.  

 

 

 

Figure 94. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) af-

ter MD simulation. A: Interface with 

highlighted residues B: Overview of the 

TMHs at the interface.  

Figure 95. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

A 

B B 

A 
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All in all, eleven hydrogen bonds were found between the CB1R and OTR. Nine of them are 

at the extracellular side and two are at the intracellular side of the dimeric complex. By inspect-

ing the extracellular side, two hydrogen bonds between residue R77 at TMH3 of the CB1R and 

residue E274 at ECL3 of the OTR, one hydrogen bond between the neighboured residue S76 

at ECL2 of the CB1R and the same residue E274 at ECL3 of the OTR, and two hydrogen 

bonds between residue N78 at TMH3 of the CB1R and residue S276 at TMH7 of the OTR 

were found (Figure 96). Further, two hydrogen bonds were found at the extracellular side be-

tween residue D69 at TMH2 of the CB1R and residue P1 at the N-terminus of the OTR and 

two more hydrogen bonds were found extracellularly between K83 at TMH3 of the CB1R and 

E12 at TMH1 of the OTR (Figure 97).  

The two hydrogen bonds located at the intracellular side of the dimeric complex formed be-

tween residue R41 at ICL1 of the CB1R and residue L310 at the C-terminus of the OTR. (Fig-

ure 98). 

 

 

Figure 96. Hydrogen bonds 

between residue R77 at TMH3 of 

the CB1R and residue E274 at 

ECL3 of the OTR, between 

residue S76 at ECL2 of the CB1R, 

residue E274 at ECL3 of the OTR 

and between residue N78 at 

TMH3 of the CB1R and residue 

S276 at TMH7 of the OTR. 

 

 

Figure 97. Hydrogen bonds 

between residue D69 at TMH2 of 

the CB1R and residue P1 at the N-

terminus of the OTR and between 

residue K83 at TMH3 of the CB1R 

and residue E12 at TMH1 of the 

OTR. 
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Figure 98. Hydrogen bonds 

between residue R41 at ICL1 of 

the CB1R and residue L310 at the 

C-terminus of the OTR. 

Interface 10: 

At interface 10, 78 residues were found to be important for interactions. 39 of them are located 

at TMH2/3/4 and ICL1, ICL2, ECL1, and ECL2 of the CB1R, and 39 residues are located at 

TMH1/6/7, N-terminus, ECL3, C-terminus, and H8 of the OTR. 

Important residues at the extracellular loops and intracellular loops of both receptors and at 

the N-terminus, C-terminus, and H8 of the OTR were found. At the CB1R, twelve residues and 

at the OTR ten residues were found to be important. By elucidating the extracellular loops first, 

regarding the CB1R, residues R73 and F82 at ECL1 and residues L143, G144, N146, C147, 

E148, and K149 at ECL2 are marked as important and regarding the OTR, residues P2, R3, 

and N5 at the N-terminus as well as residues N270, A271, P272, and S276 at ECL3 are im-

portant. At the intracellular loops, residues R42 and C43 at ICL1, residues L112 and T119 at 

ICL2 are important residues at the CB1R and by examining the OTR receptor, residues F303 

and Q307 at H8 and L310 at the C-terminus are important.  

Interactions between TMHs of the receptors were found to be as usually between TMH2 of the 

CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between TMH4 

of the CB1R and TMH6/7 of the OTR.  

In the following Table 21, the residues are allocated to their localization at the receptors by 

visually inspecting the dimeric receptor complex.  
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Table 21. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R ICL1 R42, C43 

TMH2 L58, V61, I62, Y65, S66, I68, D69, F72 

ECL1 R73, F82 

TMH3 K83, G85, G86, A89 

ICL2 L112, T119 

TMH4 P121, K122, V124, V125, A126, C128, L129, W131, T132, 
I133, I135, V136, A138, V139, L142 

ECL2 L143, G144, N146, C147, E148, K149 

OTR N-terminus P2, R3, N5 

TMH1 A7, L8, V11, E12, V15 

TMH6 K235, K242, M243, I246, I247, A250, V253, C254, P257, 
V261, D268 

ECL3 N270, A271, P272, S276 

TMH7 A277, I280, V281, L283, L284, L287, N288, C290, C291, 
W294, I295, M297, L298 

C-terminus L310 

H8 F303, Q307 

 

 

Figure 99. The view of the interface of CB1R (green) and OTR (yellow) after MD simulation.  
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Figure 100. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface.  

Figure 101. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

 

A total of nine hydrogen bonds were found between the CB1R and OTR. Seven of them are 

located exclusively at the intracellular side of the dimeric complex and two hydrogen bonds 

are located more towards the transmembrane region of the receptor.  

Interestingly, the five hydrogen bonds depicted in Figure 102 formed between four residues 

locate at ECL2 of the CB1R and ECL3/TMH6 at the OTR. One hydrogen bond between resi-

dues K149 at ECL2 of the CB1R and A269 at ECL3 of the OTR and two between the residues 

K149 at ECL2 of the CB1R and D268 at TMH6 of the OTR. Further, one between residues 

N146 at ECL2 of the CB1R and D268 at TMH6 of the OTR and one between N146 at ECL2 of 

the CB1R and A271 at ECL3 of the OTR. One more hydrogen bond at the intercellular side 

was found between residue R73 at the ECL1 of the CB1R and residue N6 at the N-terminus 

of the OTR and one between the neighbouring residue D69 at ECL1 and again residue N6 at 

the N-terminus of the OTR. More towards the transmembrane region of the interface, two hy-

drogen bonds between residue K83 at TMH3 of the CB1R and residue E12 at TMH1 of the 

OTR were observed (Figure 103). 

 

A A 

B B 
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Figure 102. Hydrogen bonds between residue K149 at ECL2 of the CB1R and residue A269 

at ECL3 of the OTR, residue K149  at ECL2 of the CB1R and residue D268 at TMH6 of the 

OTR, residue N146 at ECL2 of the CB1R and residue D268 at TMH6 of the OTR and 

between residue N146 at ECL2 of the CB1R and residue A271 at ECL3 of the OTR. 

 

 

Figure 103. Hydrogen bonds between residue R73 at ECL1 of the CB1R and residue N6 at 

the N-terminus of the OTR and residue D69 at ECL1 and residue N6 at the N-terminus of 

the OTR and between residue K83 at TMH3 of the CB1R and residue E12 at TMH1 of the 

OTR. 
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Interface 11: 

At this interface, 64 residues were found to be important by the alanine scan. 29 of them are 

located at TMH2/3/4, ICL1, ECL1, and ECL2 of the CB1R, and 35 residues are located at 

TMH1/6/7, N-terminus, C-terminus, and H8 of the OTR. 

Important residues at the extracellular loops and intracellular loops of both receptors and at 

the N-terminus, C-terminus, and H8 of the OTR were found. Of those, five important residues 

at the CB1R and three important residues at the OTR were found to be located at extracellular 

loops and two important residues of the CB1R and five important residues at the OTR are 

located at intracellular loops. The eight residues located at the extracellular loops are residues 

R73, K74, N78, and V79 at ECL1 of the CB1R and G144 at ECL2 of the CB1R as well as 

residues P2, R3, and N5 at the N-terminus of the OTR. The seven important residues at the 

intracellular loops are residues C43 and S46 at ICL1 of the CB1R and residues G301, F309, 

and L310 at C-terminus, and residues L305 and V306 at H8 of the OTR.  

Interactions between TMHs of the receptors were found to be between TMH2 of the CB1R and 

TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between TMH4 of the CB1R 

and TMH6/7 of the OTR.  

In Table 22, the residues are allocated to their localization at the receptors by visually inspect-

ing the dimeric receptor complex.  

 

Table 22. Residues identified by the alanine scan allocated at the receptor. 

Receptor Position Residues 

CB1R ICL1 C43, S46 

TMH2 L58, V61, I62, Y65, D69 

ECL1 R73, K74, N78, V79 

TMH3 F82, K83 

TMH4 R120, P121, K122, V124, V125, C128, L129, W131, T132, 
I133, I135, V136, V139, L142, L143 

ECL2 G144 

OTR N-terminus P2, R3, N5 

TMH1 A7, L8, V11, E12, V15 

TMH6 I246, L249, A250, V253, C254, P257, F260, V261, W264 

TMH7 S276, A277, I280, L283, L284, L287, N288, C290, C291, 
W294, I295, M297, L298 

C-terminus G301, F309, L310 

H8 L305, V306 
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Figure 104. The view of the interface of CB1R (green) and OTR (yellow) after MD simula-

tion.  

  

 

 

 

 

Figure 105. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Figure 106. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

A 

B B 

A 
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Five hydrogen bonds were found between the CB1R and OTR. Three of them are located at 

the extracellular side and one hydrogen bond is located at the intracellular side of the protein 

complex. Further, one hydrogen bond is located more towards the transmembrane region of 

the dimeric complex.  

Regarding the hydrogen bonds located at the extracellular side of the complex, one is located 

between residue R73 at ECL1 of the CB1R and residue R3 at the N-terminus of the OTR and 

one between R73 at ECL1 of the CB1R and R1 at the N-terminus of the OTR (Figure 107). 

The hydrogen bond located more towards the transmembrane region of the interface is be-

tween residue V79 at ECL1 of the CB1R and residue E12 at TMH1 of the OTR (Figure 108) 

and the hydrogen bond located at the intracellular side formed between residue R42 at ICL1 

of the CB1R and residue L310 at the C-terminus of the OTR (Figure 109). 

 

 

 

 

Figure 107. Hydrogen bonds between residue N78 at 

ECL1 of the CB1R and E274 at TMH3 of the OTR, 

residue R73 at ECL1 of the CB1R and residue R3 at 

the N-terminus of the OTR and residue R73 at ECL1 

of the CB1R and residue R1 at the N-terminus of the 

OTR. 

Figure 108. Hydrogen bond be-

tween residue V79 at ECL1 of the 

CB1R and residue E12 at TMH1 

of the OTR. 
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Figure 109. Hydrogen bond be-

tween residue R42 at ICL1 of the 

CB1R and residue L310 at the C-

terminus of the OTR. 

 

Interface 12: 

At interface 12, 78 residues were found to be important for interactions. 38 of them are located 

at TMH2/3/4, ICL1, ICL2 and ECL2 of the CB1R, and 40 residues are located at TMH1/6/7, N-

terminus, ECL3, C-terminus, and H8 of the OTR. 

Important residues at the extracellular loops and intracellular loops of both receptors and at 

the N-terminus, C-terminus, and H8 of the OTR were found. Seven of them were found at the 

CB1R and eleven at the OTR. At the extracellular side, the four residues W145, N146, E148, 

and K149 were found to be located at ECL2 of the CB1R and the eight residues at the extra-

cellular loops and N-terminus of the OTR are residues R4 and N5 at the N-terminus and resi-

dues N270, A271, P272, K273, E274, and S276 at ECL3. Regarding the intracellular loops of 

the CB1R, two residues R39 and C43 are located at ICL1 and residue T119 at ICL2 and at the 

intracellular loops of the OTR, residue V306 is located at H8 and residues F309 and L310 are 

located at the C-terminus.  

Interactions between TMHs of the receptors were found to be as usually between TMH2 of the 

CB1R and TMH1 of the OTR, TMH3 of the CB1R, and TMH7 of the OTR and between TMH4 

of the CB1R and TMH6/7 of the OTR.  

In the following Table 23, the residues are allocated to their localization at the receptors by 

visually inspecting the dimeric receptor complex.  
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Table 23. Residues identified by the alanine scan at the receptor. 

Receptor Position Residues 

CB1R ICL1 R39, C43 

TMH2 V54, L57, L58, V61, I62, V64, Y65, D69, R73 

TMH3 F82, K83, G85 

ICL2 T119 

TMH4 R120, P121, K122, V124, V125, C128, L129, W131, T132, 
I133, I135, V136, A138, V139, L140, P141, L142, L143, 
G144 

ECL2 W145, N146, E148, K149 

OTR N-terminus R4, N5 

TMH1 A7, L8, V11, E12, V15, L18, I19, L22 

TMH6 I246, L249, A250, V253, C254, P257, V261, W264 

ECL3 N270, A271, P272, K273, E274, S276 

TMH7 A277, F278, I280, V281, L283, L284, L287, C290, C291, 
W294, I295, M297, L298 

C-terminus F309, L310 

H8 V306 

 

 

Figure 110. The view of the interface of CB1R (green) and OTR (yellow) after MD simula-

tion. 
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Figure 111. The top-down view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

Figure 112. The bottom-up view of the inter-

face of CB1R (green) and OTR (yellow) after 

MD simulation. A: Interface with highlighted 

residues B: Overview of the TMHs at the in-

terface. 

 

Seven hydrogen bonds were found between the CB1R and OTR. Four of them are located at 

the extracellular side of the dimeric receptor complex and three hydrogen bonds are located 

at the intracellular side.  

At the extracellular side, one hydrogen bond is located between residue D69 at TMH2 of the 

CB1R and residue R4 at the C-terminus of the OTR, one between nearby residues Y65 at 

TMH2 of the CB1R and N5 at the C-terminus of the OTR and one hydrogen bond is located 

between residue K83 at TMH3 of the CB1R and residue E12 at TMH1 of the OTR (Figure 

113). One more hydrogen bond at the extracellular side was found between residue K149 at 

ECL2 of the CB1R and residue D269 at ECL3 of the OTR (Figure 114).  

At the intracellular side, one hydrogen bond was found between residue R120 at TMH4 of the 

CB1R and residue F309 at the C-terminus of the OTR, and two hydrogen bonds are located 

between residue R42 at ICL1 of the CB1R and residue L310 at the C-terminus of the OTR 

(Figure 115). 

A A 

B B 
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Figure 113. Hydrogen bond between 

residue D69 at TMH2 of the CB1R and 

residue R4 at the C-terminus of the OTR, 

residues Y65 at TMH2 of the CB1R and 

residue N5 at the C-terminus of the OTR, 

and between residue K83 at TMH3 of the 

CB1R and residue E12 at TMH1 of the 

OTR. 

 

 

Figure 114. Hydrogen bond between 

K149 at ECL2 of the CB1R and residue 

D269 at ECL3 of the OTR. 

 

Figure 115. Hydrogen bond between res-

idue R120 at TMH4 of the CB1R and res-

idue F309 at the C-terminus of the OTR 

and between residue R42 at ICL1 of the 

CB1R and residue L310 at the C-terminus 

of the OTR. 
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4.4.3.2 Energy scores 

The result of each alanine scan shows the important amino acid for interactions at the receptor 

complexes’ interfaces (interface 1 to interface 12) and the respective energy scores (Chart 13 

– Chart 24). 

The energy scores demonstrate the shift of the binding free energy due to the mutation of the 

wildtype amino acids to alanine. A shift of the energy levels of the amino acids towards a higher 

value led to a higher binding free energy of the receptor complexes resulting in a destabilization 

of the complex. A shift to lower energy levels, therefore lead to higher stability of the complex. 

In the charts, blue and cyan bars show a shift to a higher binding free energy, whereas red 

shows a shift to a lower binding free energy upon mutation to alanine. The detailed position of 

each residue at the receptor is shown in the previous chapter 4.4.3.1 in Tables 12 to 23. 

First, residues with a negative shift of the binding free energy, leading to higher stability of the 

receptor complex, are located mainly at the upper or lower part of the TMHs and at the ECL, 

ICL, N-terminus, and C-terminus of each receptor. Only a few of these residues are located 

inside the core region of the interfaces, where dominantly residues with a positive shift of the 

binding free energy leading to less stability of the receptor complex, are located. Residues with 

shifts dominantly to a lower energy level are located at the TMH3, intracellular side of TMH4 

and ECL2 of the CB1R and at TMH6, the extracellular side of TMH7 and ECL3 of the OTR.  

The energy scores shown in chart 5.4.3.2a to chart 5.4.3.2l identified residues at TMH4 of the 

CB1R and TMH7 of the OTR with the highest changes in their energy value. This underlines 

the fact that TMH4 and MH7 are, as part of the interfaces’ core domain, very important for the 

interactions between CB1R and OTR. 

Further, at the core of the interfaces, between TMH4 of the CB1R and TMH7 of the OTR, it 

could be seen that predominantly residues with a shift to a higher energy value are located 

there, leading to less stability of the receptor complex. This leads to the assumption that a high 

shape complementarity regarding the wildtype residues is given between the CB1R and OTR. 
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Interface 1:  

 

 

Chart 13. At this interface residue V61 at TMH2 of the CB1R and residue V11 at TMH1 of 

the OTR showed a high shift of the energy score to a lower value upon mutation to alanine. 

The other residues were inconspicuous by comparison. 
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Interface 2:  

  

Chart 14. Here it is shown that the mutation of the two residues R120 at ICL2 and V124 at 

TMH4 of the CB1R and the two residues W294 at TMH7 and L210 at the C-terminus of the 

OTR resulted in a lower binding free energy. A remarkable shift of any residue towards a 

higher level was not obvious.  
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Interface 3: 

 

 

Chart 15. Residues D69 at TMH2 and L143 at TMH4 of the CB1R, as well as residue N5 at 

the N-terminus of the OTR showed a noteworthy energy shift to a lower energy level, even 

though the shifts were not too high.  

 
  

0,8

3,1

-0,7

0,7

1,2

-1,7

-5,5

0,2

-1,9

-0,6

-0,6

-0,2

-1,0

-1,6

3,2

0,4

4,4

3,2

-1,4

0,4

2,1

-0,3

0,0

0,9

2,1

2,3

-0,1

-0,2

-1,9

0,7

-4,9

0,2

-0,75

-2,6

-10,0 -5,0 0,0 5,0

V54

L58

G59

V61

I62

Y65

D69

F82

K83

T119

R120

P121

K122

V124

V125

C128

L129

W131

T132

I133

I135

V136

A138

V139

L142

L143

N146

E148

K149

L142

L143

N146

E148

K149

Interface 3 CB1R

-5,6

0,0

1,3

0,1

2,5

0,0

0,4

1,6

1,4

1,3

0,4

0,3

-2,2

-0,2

0,9

-0,2

0,9

0,2

-1,0

-3,6

0,1

0,0

-0,1

-0,1

0,0

1,8

0,8

-0,2

2,2

0,8

-0,1

0,0

-0,3

-0,4

2,7

-0,1

0,6

1,1

0,1

-8,0 -6,0 -4,0 -2,0 0,0 2,0 4,0

N5

A7

L8

R10

V11

A14

V15

L18

F245

I246

L249

A250

V253

C254

T256

P257

F260

V261

W264

D268

N270

A271

P272

S276

A277

I280

V281

L283

L284

L287

N288

C290

C291

W294

I295

M297

L298

F303

L305

Interface 3 OTR



 

105 

Interface 4: 

 

 

Chart 16. At this interface, no outstanding shifts of energy levels were noticed. The residues 

with the highest energy shifts in this interface were residue C128 at TMH4 of the CB1R, with 

a shift to a lower energy value, and concerning the OTR, a shift of the energy level to a lower 

value was identified concerning residue I246 at TMH6. 
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Interface 5: 

 

 

Chart 17. At this interface, residues N78 – P121 at the extracellularly part of TMH3/TMH4 

and at LCI2 of the CB1R show a typical shift to a lower level. This is representative for all 

interfaces and here it is demonstrated well.  

The energy shifts of the residues at this interface were not very high. The highest energy 

shifts were towards a higher level and took place at residue L129 at TMH4 of the CB1R and 

at residue L284 at TMH7 of the OTR.  
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Interface 6: 

 

 

Chart 18. At interface 6, the only notable residue with a high shift of the energy score towards 

a lower energy value was residue K149 at ECL2 of the CB1R. All the other energy shifts were 

very small. The highest energy shift at the OTR was noticed at residue L298 at TMH7 with a 

shift to a higher energy value. 
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Interface 7: 

 

 

Chart 19. At interface 7, residue C128 at TMH4 of the CB1R marked the highest energy 

shift to a higher value. At the OTR, residue L284 at TMH7 was the one with the highest 

energy shift, also towards a higher value. 
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Interface 8: 

 

 

Chart 20. At interface 8, the energy shifts were marginal with a leader at the CB1R, residue 

L129 at TMH4. At the OTR, residue F260 at TMH6 showed the highest energy shift and both 

energy shifts were towards a higher value. 
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Interface 9: 

 

 

Chart 21. Here, no residues showed markable changes in their energy level. The highest 

changes at the CB1R were concerning residue V125 and residue L143 at TMH4, each 

characterized by a shift towards a higher level. At the OTR, the highest change in the binding 

free energy was at residue S276 at TMH7. 
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Interface 10: 

  

Chart 22. At this interface, the changes of the binding free energy concerning to alanine 

scan were not too high. Noticeable were the highest energy shift towards a lower value of 

residue N146 at ECL2 of the CB1R and residue D268 at TMH6 of the OTR. 
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Interface 11: 

 

 

Chart 23. Interface 11 was also characterized by no notable energy changes of the residues. 

Residue V125 at TMH4 of the CB1R and residue I280 at TMH7 of the OTR showed the 

highest energy shift towards a higher energy level. 
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Interface 12: 

  

Chart 24. At interface 12,  higher energy shifts were noticed. At residue I135 at TMH4 of the 

CB1R and at L284 at TMH7 of the OTR, these higher shifts towards a lower binding free 

energy level were detected. 
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5 Conclusion and outlook 

The Memdock server, used for docking the CB1R and OTR, revealed one preferred docking 

pose with an asymmetrical interface involving TMH1/2/3/4 of the CB1R and TMH1/6/7of the 

OTR. 

When the five chosen ligands (compound 20-24) were docked to the respective orthosteric 

binding pockets of the OTR or CB1R the ligands’ attachment sites pointed toward the outside 

of the binding pocket so the attachment of linkers to design heterobivalent ligands is possible 

without steric collision in the next steps. When examining the polyethylene glycol linkers 

COOH-PEG5-NH-Fmoc, COOH-PEG10-NH-Fmoc, and COOH-PEG15-NH-Fmoc, the short-

est linker COOH-PEG5-NH-Fmoc was discarded since its average length of 20Å was too short 

for linking the ligands in their respective binding pocket with an average distance of 40Å and 

60Å. Therefore, the linkers COOH-PEG10-NH-Fmoc with a length of 40Å and COOH-PEG15-

NH-Fmoc with a length of 60Å were considered to be suitable for the design of heterobivalent 

ligands for the CB1R-OTR protein complex. Hence, they were chosen as starting point for 

twelve heterobivalent ligands at the CB1R-OTR complex. 

After integrating the resulting complexes into a membrane, molecular dynamics simulations 

were carried out. Apart from the similarities between complexes 1 to 12, the analyses of the 

MD simulations’ results identified differences. The average RMSDs of the protein backbones 

revealed high stability of the receptor complexes as well as their heterobivalent ligands at the 

binding pockets. Nevertheless, three complexes showed less stability. At complexes 3 and 12, 

the instability was caused, by the compound 24 moiety of the heterobivalent ligand because it 

did bind insufficiently to the binding pocket of the OTR. Regarding complex 10, the instability 

was assumed to be caused by high structural changes of the receptor complex that could be 

seen by the high fluctuation of the RMSD values. The higher variability of the RMSD values of 

the OTR compared to the CB1R lead to the assumption that the OTR might not be as stable 

as the CB1R. For further investigations of the stability of the protein complexes a simulation 

time longer than 10 ns would be recommended. 

When investigating the changes of the BSA and ASAbound of all twelve complexes during MD 

simulation, increased and reduced surface areas were discovered. Further, the changes of the 

average BSA and ASAbound of complex 1 to 12 upon MD simulation revealed slightly reduced 

BSAs and slightly increased ASAsbound. The high standard deviations especially after the MD 

simulation were caused by the short simulation time of 10ns. It was assumed that a simulation 

time longer than 10ns would lead to a smaller deviation from the mean value. 

Performing the alanine scan on complex 1 to complex 12 the corresponding interfaces showed 

a maximum of 81 residues (interface 7) and a minimum of 59 residues (interface 5) to be 
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important for the protein interactions. Further, the interfaces showed interactions between 

TMH2 of the CB1R and TMH1 of the OTR, TMH3 of the CB1R and TMH7 of the OTR as well 

as TMH4 of the CB1R and TMH6 of the OTR. In two of the examined interfaces, interface 1 

and interface 8, TMH1 of the CB1R showed interactions with TMH1 of the OTR. Further, resi-

dues at ECL1/2, ICL1/2/3, and H8 of the CB1R and the N-terminus, ICL3, ECL3, H8, and C-

terminus of the OTR were noticed to be important for the complex’s stability. Here primarily 

shifts toward lower values of the binding free energy upon mutation of the wildtype residues 

were seen, resulting in a stabilization of the complex. However, a majority of the residues 

showed shifts toward higher energy values upon mutation to alanine especially at the core 

domain of the interface between TMH4 and TMH7. This suggests a destabilization of the re-

ceptor complexes when the residues are mutated to alanine and underlines the high shape 

complementarity of the wildtype residues at the core domain. Moreover, high changes of the 

binding free energy regarding amino acids at this core domain are highlighting the importance 

of this domain for the complexes’ stability. 

Hydrogen bonds found at the interfaces between the OTR and CB1R are primarily located at 

the extracellular and intracellular sides of the receptor complexes. At the transmembrane re-

gion of the interfaces, only a few hydrogen bonds were located, since fewer amino acids with 

hydrophobic side-chains are placed there, compared to the extracellular and intracellular do-

mains of the receptors. 

The outcomes are meant to ease further research in the field of in vitro studies concerning 

bivalent ligands of the CB1R-OTR complex. Further, in vitro mutational experiments would be 

interesting to prove the real-life impact of mutating certain residues, identified to be important 

by the alanine scan, in cells or tissues. As shown in the study by Busnelli et al., 2016, BRET 

assays with OTR, CB1R, and fragments of the helices that are meant to be at the interface, 

would be interesting to show, whether the fragments disturb the complex formation of the re-

ceptors. If they do so, their importance at the formation of the interface is given. Moreover, 

computational experiments regarding the CB1R-OTR complex, using other protein-protein 

docking programs such as Rosetta MPDock, would be interesting, thus the results could be 

compared to the Memdock results to gain more information about the interface and stability of 

the receptor complex. One fundamental question, which remains unanswered, is whether OTR 

and CB1R form dimeric complexes. Therefore, FRET or BRET assays would be the methods 

of choice for in vitro experiments on cells that are expressing these heterodimers. 
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