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ZUSAMMENFASSUNG 

TGR5 ist der zuerst entdeckte gallensalzaktivierte G-Protein gekoppelte Rezeptor. Er 

wird von Gallensalzen und Neurosteroiden aktiviert. Seine physiologischen Funktionen 

bestehen sowohl in der Regulation des Blutzuckerspiegels als auch dem Schutz der Zellen 

des Gallengangs durch antiapoptotische und proliferative Signale. Bei einer Überexpression 

des Rezeptors in Gallengangzellen kommt es jedoch zur Bildung des 

Cholangiozytenkarzinoms. Derzeit ist keine spezielle Therapie dieser Krebskrankheit 

möglich, da keine TGR5-Antagonisten bekannt sind, die das Übermaß an antiapoptotischen 

und proliferativen Signale blockieren könnten. Die Entwicklung von TGR5-Antagonisten 

ist nicht trivial, jedoch könnte die Kenntnis des Bindemodus von TGR5-Agonisten den 

Entwurf von Antagonisten lenken und so deren Entwicklung vereinfachen. In Publikation 

III habe ich in Kooperation mit der Arbeitsgruppe von Prof. Dr. V. Keitel ein 

Bindemodenmodell von TGR5-Agonisten vorhergesagt. Dieser Bindemodus ist in Einklang 

mit neun Mutationen, die sowohl die Aktivität von TGR5 als auch die Affinität der Liganden 

beeinflussen.  

Damit TGR5 seine Effekte ausüben kann, muss dieser nach Synthese im 

endoplasmatischen Retikulum zur Plasmamembran transportiert werden. Allerdings ist nicht 

bekannt, welche Faktoren diesen Transport bedingen. Die meisten GPCRs enthalten hierfür 

gewöhnlich ein Sortiermotiv in ihrem C-Terminus, welches TGR5 nicht besitzt. In 

Publikation I konnte ich mit der Arbeitsgruppe von Prof. Dr. V. Keitel zeigen, dass die 

Bildung einer α-Helix im C-Terminus verantwortlich für den Membrantransport ist. TGR5 

Varianten, die keine α-Helix im C-Terminus aufwiesen, verblieben im endoplasmatischen 

Retikulum. Wir haben Andeutungen gefunden, dass dies in allen GPCRs der Grund für den 

Membrantransport sein könnte und Sortiermotive die Aufgaben haben, die Bildung der α-

Helix im C-Terminus zu forcieren. 

Homodimerisierung von TGR5 könnte ein Grund für die Bedeutung dieser 

Sekundärstruktur für die Membranlokalisierung sein. Für GPCRs wurde gezeigt, dass 

Dimerisierung im endoplasmatischen Retikulum der auslösende Faktor für deren 

Membrantransport ist. Mit den Arbeitsgruppen von Prof. Dr. V. Keitel und Prof. Dr. C. 

Seidel konnte ich in Publikation II zeigen, dass TGR5 in der Tat den C-Terminus als 

Dimerisierungsschnittstelle benutzt. Darüber hinaus konnten wir zeigen, dass TGR5 

Oligomere bildet und hierfür zwei weitere potentielle Interaktionsflächen identifizieren. 
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ABSTRACT 

TGR5 is the first known bile acid-sensing G-protein coupled receptor. TGR5 is activated 

by bile acids and neurosteroids. The physiological roles of TGR5 include the regulation of 

blood glucose levels and the protection of bile duct cells via anti-apoptotic and proliferative 

effects. An overexpression of TGR5 in bile duct cells, however, leads to the formation of the 

cholangiocarcinoma. Currently, no specialized therapy of the cholangiocarcinoma is 

available as no TGR5 antagonists, inhibiting the abundancy of proliferative and 

anti-apoptotic effects, are known. The design of TGR5 antagonists is not trivial, but 

knowledge of the binding mode of TGR5 agonists could guide the design of antagonists, 

which could simplify their development. In publication III I discovered a binding mode 

model of TGR5 agonists in cooperation with the working group of Prof. Dr. V. Keitel using 

integrative modeling. This binding mode is in agreement with nine mutations, including 

negative controls influencing the activation of TGR5 as well as agonist affinity. 

In order to exert its effects, TGR5 needs to be transported to the plasma membrane after 

its synthesis in the endoplasmic reticulum. However, the determinants for its membrane 

trafficking are unknown. For this trafficking, most of the GPCRs bear sorting motifs in their 

C-termini, which TGR5 does not. In publication I, I could show in collaboration with the 

working group of Prof. Dr. V. Keitel that α-helix formation in the TGR5 C-terminus is 

responsible for its membrane trafficking. TGR5 variants, which did not show α-helix 

formation, remained in the endoplasmic reticulum. We discovered hints, that this α-helix 

formation could be the determining factor for membrane localization in all GPCRs, while 

the sorting motifs facilitate α-helix formation. 

Homodimerization of TGR5 could be the reason for the importance of this secondary 

structure for its membrane localization. For other GPCRs it could be shown that dimerization 

in the endoplasmic reticulum triggers their membrane trafficking. In cooperation with the 

working groups of Prof. Dr. V. Keitel and Prof. Dr. C. Seidel, I could show in publication 

II that TGR5 utilizes its C-terminus in a dimerization interface. Furthermore, we could show 

that TGR5 forms oligomers, for which we identified two possible interfaces. 
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1 INTRODUCTION 

G-protein coupled receptors (GPCRs) are cell-surface receptors which constitute a very 

important gene family of receptors as they are present in virtually every type of tissue in 

mammals, and thus the human body1, 2. They can be found in brain tissues3-6, the retina7, 8, 

the lung9, 10, the heart11, 12, the kidney13, 14, and the intestine15-17, only to name a few. Their 

prominence throughout the body allows them to take part in a variety of regulatory 

mechanisms. These mechanisms include neurological, cardiovascular, endocrine, and 

reproductive functions and encompass the senses of taste, smell and vision18, 19. Thus, 

GPCRs offer a wide range of possibilities to alter processes in the body, which makes them 

valuable drug targets18-20. In fact, GPCRs are among the most targeted gene families on the 

current drug market21. Accordingly, 27% of all present drugs influence the activity of 

GPCRs21, although biologicals, especially monoclonal antibodies not targeting GPCRs, are 

on a steady rise22-24. Yet, with 40% of all prescriptions being GPCR modulating substances, 

the importance of GPCRs among drug targets is undisputed1, 25, 26. Hence, drugs targeting 

more than 50 different GPCRs, among them novel targets, are currently in the pipeline18, 27.  

In order to participate in such diverse mechanisms, multiple different GPCRs are 

necessary. To date, about 900 different human GPCRs are known of which 400 are 

nonolfactory receptors1, 27, 28. These 900 receptors can be divided into five classes depending 

on their phylogeny: The family of rhodopsin-like receptors (class A) including 

catecholamine, olfactory, and many peptide receptors; the family of glucagon-like receptors 

(class B) including peptide and secretin receptors; the family of metabotropic glutamate 

receptors (class C) including GABA, pheromone, and taste receptors; and the families of 

frizzled and smoothened receptors (class D, and E, respectively)29-33. In drug discovery, the 

group of nonolfactory receptors, especially class A receptors, have been subject to extensive 

investigation while the olfactory and taste receptors, only being involved in smell and taste, 

have been widely neglected1, 27, 28. Recent studies however, show an occurrence of olfactory 

and taste GPCRs in tissues, which are not associated with those senses, effectively increasing 

the number of possibly targetable GPCRs by about 500. Such olfactory and taste receptors 

have been hypothesized to be responsible for nutrient sensing in the heart11, found to 

influence the chemotaxis of sperms34 or inhibit the proliferation of prostate cancer cells35. 

Moreover, some of them regulate glucose absorption in the intestine and may thus be future 

targets for the treatment of metabolic diseases15. An intestinal target for metabolic diseases, 
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though a nonolfactory GPCR regulating blood glucose homeostasis, is the Tanaka G-protein 

coupled receptor 5 (TGR5)36, 37 (chapter 2.1.1). 

TGR5, a class A receptor and the subject of this thesis, is the first known bile acid-sensing 

GPCR and is expressed throughout the body38-42. Locations with high expression levels of 

TGR5 are the liver, the bile duct, gallbladder, intestine, immunocompetent cells, and the 

brain43-49. In the brain, bile acids cannot be the natural agonists of TGR5 as they are actively 

excreted through the blood-brain barrier, and thus cannot reach the brain50, 51. Here, 

neurosteroids act as the natural ligands46 (chapter 2.1.2). The effects mediated by TGR5 are 

highly interesting to exploit from a drug developmental perspective. For instance, upon 

activation TGR5 has the ability to reduce inflammation (chapter 2.1.5) and thus attenuate 

atherosclerosis, which has been shown in mice52-55. Additionally, the activation of TGR5 has 

beneficial effects on metabolism and energy expenditure (chapter 2.1.4) what could be 

utilized in the treatment of diabetes and other metabolic diseases36, 49, 52, 56. For the latter, the 

popularity of TGR5 agonists has had a setback, as they also lead to gallbladder filling which 

can be quite unpleasant in patients57. However, not only substances activating TGR5 are of 

high pharmacological interest, as it has been found to be overexpressed in esophagus, gastric, 

and gallbladder cancers58-60 (chapter 2.1.7). Upon activation, TGR5 has been shown to 

increase proliferation and reduce apoptosis in cells, so the enhancement of these effects due 

to overexpression may be a cause for the development of these types of cancer49, 56, 61. 

Furthermore, TGR5 is responsible for mediating bile acid-induced pruritus55, 62, 63. Thus, 

substances inhibiting the activation of TGR5 are very promising drugs for the treatment of 

TGR5 mediated forms of cancer, and pruritus in cholestatic diseases. Unsurprisingly, a lot 

of effort has been put into the identification of new TGR5 ligands64-75. However, no 

inhibitors of TGR5 are currently known, and despite extensive research on the field of 

GPCRs, the design of antagonists is not trivial. The absence of an X-ray crystal structure of 

TGR5 and thereby a binding mode of agonists in TGR5 complicates the endeavor to identify 

TGR5 antagonists or more potent agonists. Here, computational structure-based methods 

(chapter 2.3) can help to predict the binding pose of ligands and, thus, guide the design of 

new and more potent drugs76. 

The application of such methods requires knowledge about the target structure but the 

absence of a crystal structure of TGR5 seems to contradict their use. However, if a crystal 

structure is unavailable, a prediction of the structure can be made by homology modeling. In 

homology modeling, the crystal structures of one or several evolutionarily related proteins 

are used to build a structural model of the target protein. For this, homology modeling 



 Introduction 

3 

(chapter 2.3.2) utilizes the fact that protein structure is more conserved than sequence77. 

This means that two related proteins, e.g. from the same class of GPCRs, adopt a very similar 

structure despite their sequences showing a very low identity to each other. As a matter of 

fact, all GPCRs, which have been crystallized to date, exhibit seven transmembrane α-

helices (TMs) and differ mainly in the structure of their extra- or intracellular parts18, 78 

(chapter 2.2.1). The general shape of the TMs, which also constitute the binding site, is 

highly conserved among GPCRs, which renders the subsequent prediction of an accurate 

binding mode more likely18, 78-80. 

In order to predict a binding mode, the method of molecular docking (chapter 2.3.3) is 

usually used. Here, conformations of a known ligand inside the binding pocket of the target 

are generated and subsequently evaluated energetically. This evaluation can be done 

according to various methodologies ranging from the application of force fields to the use of 

knowledge-based potentials81-86. The methods predict the energetically most favorable 

conformation (binding mode) of the ligand in the binding pocket and thus the most populated 

one. In the field of GPCRs the combination of homology modeling and molecular docking 

was applied with great success leading to the prediction of near native binding poses79, 87, 88. 

Moreover, these predicted binding modes were so accurate that on their basis new ligands 

could be identified for several GPCRs via virtual screening89-92. Molecular docking often 

does not incorporate target flexibility, which can be achieved by the use of molecular 

dynamics simulations (MD simulations), however93, 94. Here, the molecular motions e.g. of 

the GPCR with a ligand embedded into a cell membrane are predicted on a femtosecond to 

microsecond scale. 

At the beginning of this thesis, the membrane localization determining factors of TGR5 

were elusive as the C-terminus of TGR5 does not contain a known sorting motif in the C-

terminus. A factor for the membrane localization of TGR5 could also be its dimer formation 

in the endoplasmic reticulum, leading to a membrane trafficking (chapter 2.2.3). Here, the 

C-terminus of TGR5 may play a role, as it is utilized in a known dimer interface of GPCRs. 

TGR5 had been identified to form dimers and higher-order oligomers95, but the orientation 

of TGR5 upon dimer- and oligomerization was also unknown as was the binding mode of 

TGR5 agonists. Hence, I applied the aforementioned computational methods in an 

interdisciplinary integrative modeling approach to investigate the determinants of the 

membrane localization, the dimerization interfaces, and the ligand recognition of TGR5. 
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2 BACKGROUND 

First, I will review the knowledge about the structure and ligand recognition spectrum of 

TGR5 and its functions in health and disease in order to demonstrate the value of TGR5 as 

a potential drug target. Then I will provide an overview of the structural properties and 

modes of activation of GPCRs in general. After this, I will highlight known factors that 

influence the activation and membrane localization of GPCRs. This knowledge is crucial in 

order to understand the decision-making process and the results of this thesis and was 

extensively used to bolster the modeling process with experimental data. Finally, I will 

provide an introduction to FRET, and structure-based methods with a focus on integrative 

modeling and docking, which form the basis of my thesis. 

2.1 TGR5 

Comprehensive information about TGR5 and its physiological roles can be found in 

refs.49, 52, 54, 59, 96-99.  

2.1.1 The GPCR TGR5 

TGR5, also known as the G-protein coupled bile acid receptor-1 (GPBAR-1) or 

Membrane-type bile acid receptor 1 (M-BAR 1), is the first known bile acid-sensing G-

protein coupled receptor and is activated by bile acids and neurosteroids39, 40, 46, 65, 68, 70, 72, 73, 

100. It was first discovered by T. Maruyama et al. in the year 2002 and can thus be considered 

a relatively young GPCR39. Its first detection in the laboratory of K. Tanaka with 

T. Maruyama as a coworker lead to the propagation of the most commonly used abbreviation 

TGR5, the Tanaka G-protein coupled receptor 5. It is a member of the family of class A 

GPCRs with a length of 330 amino acids (UniProt ID: Q8TDU6)101, 102. Although no X-ray 

crystal structure of TGR5 is known, we can infer from its membership in class A GPCRs 

that its structure resembles seven TMs with a schematic representation shown in Figure 1. 

The intracellular loop 3 (IL3) is 42 amino acids long and unstructured, as is the C-terminus 

of TGR5. This was the structural information available about TGR5 at the beginning of this 

thesis103-105. While in many X-ray crystal structures of GPCRs the C-terminus adopts an α-

helix, not all GPCRs show such secondary structure formation. The C-terminus of the 

CXCR4 receptor for example shows loop formation in the crystal structure106. The C-

terminus of TGR5 does not contain a known sorting motif for the trafficking from the 

endoplasmic reticulum to the membrane42. While several sorting motifs have been identified 
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in the C-termini of GPCRs (chapter 2.2.3), their exact mode of action remains elusive as 

they are quite diverse28, 107. 

 
Figure 1 Snake-plot of the sequence of TGR5. This plot shows the sequence of TGR5 in an arrangement 
indicating the TMs. The boundaries of the TMs were predicted by information available from the GPCRDB105 
at the beginning of this thesis. Similarly, the IL3 is long while the C-terminus of TGR5 is unstructured. The 
roman numbers indicate the seven TMs typical for GPCRs connected by the extracellular (EL) and intracellular 
loops (IL). Figure adapted from publication I. 

Generally, it is assumed that these motifs are recognized by Rab-GTPases (Ras-related in 

brain-GTPases), which traffic the receptors to the membrane and lead to endocytosis108. 

However, none of those sorting motifs are present in the C-terminus of TGR5, which poses 

the question what the determining factors of the membrane trafficking of TGR5 are. As the 

membrane trafficking of TGR5 is crucial for its activity, this question has been addressed in 

publication I. 

2.1.2 TGR5 ligand recognition spectrum 

The factor influencing the activity of TGR5 is its activation by ligands. As stated before, 

the natural ligands of TGR5 are bile acids and neurosteroids. The latter has only been 

determined recently46, 65. Previously, scientists were interested in the identity of the natural 

ligands in the brain, as bile acids cannot penetrate the blood-brain barrier and are also not 

synthesized in the brain in relevant amounts50, 51, 96. The discovery of neurosteroids such as 

estradiol as the natural ligands in the brain solved this issue although they are not as potent 
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agonists as bile acids46, 65. The potency of bile acids to activate TGR5 correlates with the 

hydrophobicity of their cholane scaffold. Essentially, the more hydrophobic the cholane 

scaffold of the respective bile acid, the lower the concentration of the bile acid is needed to 

activate TGR5. Thus, primary bile acids such as cholic acid (CA) or chenodeoxycholic acid 

(CDCA) bearing more hydroxyl groups are less potent than secondary bile acids such as 

deoxycholic acid (DCA) or lithocholic acid (LCA), which are more hydrophobic (Figure 2). 

Not only the number of hydroxyl groups on the cholane scaffold is important for the 

effectiveness of the respective bile acids, but also their stereochemical configuration is 

relevant. The configuration of the hydroxyl group in position seven of the cholane scaffold 

has the highest impact on the activity of bile acids if present. This is most prominent when 

comparing CDCA to ursodeoxycholic acid (UDCA). 

 
Figure 2 Bile acid agonists alongside their EC50 values towards TGR5 as reported in ref.65 Primary bile acids: 
CA, CDCA, and UDCA. Secondary bile acids: DCA, LCA, GLC, and TLC. The primary bile acids are 
generally less effective TGR5 agonists than the secondary bile acids. Among the primary bile acids, the 
configuration of the hydroxyl group in position seven strongly influences the activity, if comparing CDCA to 
UDCA. Conjugation of the acid moiety with glycine increases the activity towards TGR5 only slightly, while 
taurine conjugation increases the activity markedly. 

The two bile acids CDCA and UDCA are epimers, as they only differ in the configuration 

of their hydroxyl group in position seven (Figure 2) 65, 76. In CDCA the hydroxyl group is 

oriented in the α-position while in UDCA it is oriented in the β-position. This small change 
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leads to a six-fold reduction in EC50 with CDCA being the more potent epimer of the two 

(Figure 2). The reason for this epimeric selectivity of TGR5 was unknown, however the 

residue in TGR5 causing this epimeric selectivity was discovered in publication III. Yet, 

not only the decoration of the cholane scaffold influences the activity of bile acids towards 

TGR5. The acid moiety of bile acids can be conjugated with taurine or glycine resulting in 

a longer and more flexible linker between the cholane scaffold and the acidic moiety. In the 

case of taurine conjugates the acid moiety is changed to sulfonic acid (Figure 2). Conjugated 

bile acids are more potent TGR5 activators than unconjugated bile acids. Here, taurine 

conjugates such as taurolithocholic acid (TLC) are more active than glycine conjugated 

analogs such as glycolithocholic acid (GLC) which is only slightly more active than LCA 

(Figure 2)65. Whether the reason for this is the change of the acid moiety resulting in more 

favorable contacts to TGR5, the elongation of the linker by one methylene unit, or a 

combination of both was unknown and has been discovered in publication III. For this, the 

ligand dataset devised by Sato et al. was utilized in order to elucidate a binding mode model 

of TGR5 agonists65. Sato et al. were able to increase the efficacy of bile acid agonists towards 

TGR5 via addition of hydrophobic substituents in position seven of the cholane scaffold with 

their most potent ligand being 7ξ-Me-LCA (Figure 2)65. Recently, more potent and selective 

TGR5 agonists have been reported, which used a similar approach to increase the efficacy109. 

Upon activation by its ligands, TGR5 mediates signals through several pathways. 

2.1.3 TGR5 signaling pathways 

With the discovery of TGR5 it could be shown that TGR5 is most commonly interacting 

with the Gs-protein. Most TGR5 signaling pathways are mediated via this interaction. It was 

discovered that TGR5 is additionally able to couple to Gq- and Gi3-proteins59. This variety 

of G-proteins utilized for TGR5 downstream signaling enables a wide spectrum of different 

effects, which TGR5 can exert in different tissues. An overview is given in Figure 3, and 

the effects will be discussed in the following chapters in detail. 
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Figure 3 Signal transduction pathways of TGR5. The TGR5 dependent activation of a Gq-protein leads to a 
protein kinase C (PKC) mediated increase in the NADPH oxidase 5-S (NOX5-S) expression which induces 
proliferation via prostaglandin E2 (PGE2)59, 110. Furthermore, TGR5 dependent Gs-protein coupling with 
subsequent cAMP production and protein kinase A (PKA) activation has a myriad of effects in different tissues: 
In cholangiocytes it can activate the cystic fibrosis transmembrane conductance regulator (CFTR) facilitating 
chloride secretion into the bile. It stimulates a disintegrin and metalloproteinase 17 (ADAM17) activity111. This 
sheddase releases the soluble ectodomain of the EGFR ligand (EGFR-L), which is in return able to activate 
EGFR itself, leading to proliferative effects111. In enteroendocrine L-cells, it furthers the release of glucagon-
like peptide 1 (GLP-1), which enhances the effect of insulin on cells thus positively influencing glucose 
homeostasis112. Again in cholangiocytes it increases the activation of ATP dependent potassium channels 
(KATP) resulting in a relaxation of the adjacent smooth muscle cells and therefore of the gallbladder113. The 
phosphorylation and inactivation of the death receptor cluster of differentiation 95 (CD-95) in cholangiocytes 
also mediates anti-apoptotic effects56, 114. If cAMP binds to the cAMP responsive element binding factor 
(CREB) this can on the one hand increase the expression of deiodinase 2, which produces thyroxin and thus 
has a positive impact on metabolism99. On the other hand, CREB increases the expression of the endothelial 
nitric oxide synthase (eNOS) increasing the production of nitric oxide (NO)96, 115. Consequentially, NO 
increases the intestinal motility, turns into reactive NO species (RNOS) and could also be shown to decrease 
oxidative stress on cells by NFκB inhibition. In various cell types, such as endothelial cells and macrophages, 
NFκB inhibition decreases the expression of cytokines52, 96. Gi3-protein coupling of TGR5 could be shown but 
no signaling pathways are identified to date59, 110. 

After the discovery of TGR5, scientists were interested in the cells and tissues TGR5 is 

expressed in. Considering the spectrum of agonists TGR5 recognizes, which are most 

prevalent in the gastro-intestinal tract and the brain, it is unsurprising that TGR5 is found in 

high expression levels in astrocytes of the brain and gut, in sinusoidal epithelial cells, 



 Background 

9 

gallbladder epithelium, and Kupffer cells in the liver43, 44, 46, 48. Furthermore, the mRNA of 

TGR5 has been found in various cell types as enteroendocrine L-cells of the intestine, 

CD14-positive alveolar macrophages of the lung, the thyroid gland, subcutaneous adipose 

tissue, and brown adipose tissue and skeletal muscles38, 112, 116, 117. The expression of TGR5 

in such a variety of tissues opens many opportunities to influence body functions in which 

TGR5 is involved.  

2.1.4 TGR5 in metabolism 

One of the major physiological roles of TGR5 is the regulation of blood glucose 

homeostasis and metabolism. For the former, TGR5 regulates the blood glucose levels in the 

body via the release of glucagon-like peptide-1 (GLP-1) in enteroendocrine cells36, 39, 52, 55, 

118-122. GLP-1 enhances the effect of insulin on cells and thus increases their glucose uptake. 

The release of GLP-1 is controlled by the farnesoid X receptor (FXR), the fibroblast growth 

factor 15/19 receptor (FGF15/19), and TGR515, 36, 39, 55, 118. Moreover, TGR5 has been shown 

to increase energy expenditure and oxygen consumption by increasing the amount of active 

thyroxine (T4) in thyroid, skeletal muscle, and brown adipose tissue56, 99, 112.  

2.1.5 TGR5 in the immune response 

TGR5 is expressed in a variety of cells partaking in the immune response. Those cells 

encompass macrophages, including alveolar macrophages and Kupffer cells, monocytes, 

sinusoidal endothelial cells, and dendritic cells43, 52, 53, 96, 97. The latter two cell types are 

antigen-presenting cells, which differentiate from monocytes upon stimulation with 

granulocyte-colony stimulation factor (G-CSF) and interleukin-496, 123. However, if TGR5 

expressing monocytes are treated with a TGR5 specific agonist, they differentiate into less 

functional cells, producing lower amounts of cytokines as IL-12. Macrophages, which have 

been exposed to TGR5 specific agonists, showed lower expression of TNF-α, and a higher 

inhibition of NF-κB rendering them less active43, 52, 53, 96. This TGR5 dependent increase in 

NF-κB inhibition is also present in endothelial cells, which in return express less adhesion 

molecules necessary for macrophage adhesion and subsequent infiltration53, 96, 115, 124, 125. 

This reduces the number of macrophages present at the focus of inflammation53, 96, 115, 124, 125. 

Also in hepatic encephalopathy, TGR5 has been shown to tone down the response of 

microglia and thus alleviate neurological damages96, 126. 

With its impact on metabolism via GLP-1 and T4 signaling, TGR5 could be a valuable 

target for the treatment of metabolic diseases98, 99. Its ability to reduce the immune response 

in inflammatory processes could also be harnessed in inflammatory bowel diseases like 
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Crohn’s disease56, 96, 127, 128. Yet, the regulation of metabolism and inflammation are not the 

only important physiological roles TGR5 orchestrates. 

2.1.6 TGR5 in the liver 

One of the physiological functions of TGR5 in the liver is the relaxation of smooth muscle 

cells in the gallbladder45, 57, 113. Thus, it promotes the filling of the gallbladder with bile45, 57, 

113. This is the reason why TGR5 agonists might not be used in the treatment of metabolic 

diseases, as mice fed with TGR5 specific agonists showed extensive swelling of the 

gallbladder45, 57, 113. Additionally, the stimulation of TGR5 was shown to induce itch and 

analgesia in mice, so the former being mediated by the activation of transient receptor 

potential ankyrin 1 (TRPA1) ion channels62, 63. This gallbladder swelling and the itch could 

be very unpleasant in patients treated for metabolic or inflammatory diseases. Another very 

important physiological task of TGR5 is the protection of bile duct and gallbladder cells. 

Bile acids exert surfactant properties which can damage the cell membrane and thus 

induce stress in cells and lead to cell death98, 129. It has been shown that hydrophobic bile 

acids are able to unspecifically trigger the activation of the death receptor CD-95 and cause 

apoptosis130, 131. Consequently, the sinusoidal and gallbladder endothelial cells need to 

possess ways to protect themselves from the cytotoxic effect of bile acids to avoid apoptosis. 

These are provided by several TGR5 signaling pathways. 

The activation of TGR5 in cholangiocytes enhances the expression of the multidrug 

resistance protein 3 (MDR3), an ATPase important for the transport of phospholipids into 

the bile-ducts129. Those form mixed micelles with bile acids, which reduces the amount of 

free bile acids able to activate CD-95. TGR5 induces secretion of HCO3- and Cl- via the 

anion exchanger 3 and the cystic fibrosis transmembrane conductance regulator, 

respectively48, 129. This prevents the protonation of the acid moieties of bile salts, which 

hampers their membrane diffusion into cells. Upon activation, the TGR5 induced production 

of cAMP leads to the phosphorylation and thus inactivation of the death receptor CD-9556, 

114. TGR5 has also been shown to transactivate the endothelial growth factor receptor 

(EGFR), which promotes cell survival52, 56, 96, 132. Consequently, the bile acid-induced 

activation of the CD-95 receptor is counterbalanced by the bile acid-induced activation of 

TGR5 via anti-apoptotic and proliferative effects.  

2.1.7 TGR5 in malignancies 

 While the protection of the sinusoidal endothelial cells and cholangiocytes is an 

important physiological role of TGR5, this can come with a downside. If extensive signaling 
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targeting the proliferative and anti-apoptotic pathways is present, this can lead to the 

formation of cancer from which TGR5 is not exempted58-60, 114. Cholangiocarcinoma cells 

have been found to overexpress TGR558. This cholangiocarcinoma is a malignancy that 

exploits the TGR5 induced inactivation of CD-95 to overcome programmed cell death. A 

reason for this could be the CD-95 suppression of TGR558, 133. TGR5 exerts the same 

influence in the gastric as well as the esophageal adenocarcinoma59, 98, 134-136. Unfortunately, 

the chances of surviving a cholangiocarcinoma are very low, with a five-year survival rate 

of only 2% at later stages137, 138. Currently, the therapy of the cholangiocarcinoma is difficult 

and usually involves partial hepatectomy and radiotherapy. Here, blocking the signaling of 

the overexpressed TGR5, which leads to an indefinite prolongation of the 

cholangiocarcinoma lifecycle, via an antagonist could present a new treatment option. This 

would also increase the rate of macrophage infiltration of the cancerous tissue by inhibition 

of the anti-inflammatory effect of TGR5. Yet, no TGR5 antagonists are known, and their 

design is not trivial. Small changes to the structure of an agonist can often lead to the 

discovery of an antagonist. But without knowing which part of the agonist is important for 

the activation of the receptor and which part is responsible for the affinity of the ligand, a 

period of tedious trial and error is required. The knowledge of a binding mode of TGR5 

agonists could guide the rational design of antagonists, considerably reducing the time and 

resources needed for the accomplishment of this task. For the discovery of a TGR5 binding 

mode via integrative modeling, the in-depth knowledge of the ligand recognition of other 

GPCRs is required. This knowledge is important to evaluate probable binding modes and 

anticipate the impact of mutations on GPCR activity. Therefore, the structure and ligand 

binding of GPCRs in general will be discussed in the following chapters. 

2.2 Structural determinants and the function of GPCRs 

Upon binding of their ligand GPCRs undergo structural changes which allow the G-

protein to bind, subsequently exchange GDP by GTP, which triggers the dissociation of the 

G-protein into the α and the βγ subunits, leading to further downstream signaling139. The 

mechanism of the ligand binding to its binding site in the GPCR, the exact structural changes, 

and its implications are reviewed in the following chapter. Comprehensive information about 

this can be found in refs. 18, 78, 140, 141. 

2.2.1 The ligand recognition of GPCRs 

GPCRs are a family with more than 900 different members1, 2, 18, 78. They can be divided 

into five subfamilies based on their sequence similarity and ligand recognition spectrum1, 2, 
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18, 78. Despite this, the sequence identity within one group can be as low as 14% between 

different members, e.g. in class A GPCRs to which TGR5 belongs1, 2, 18, 78, 142. However, we 

know from X-ray crystal structures that, despite their low sequence identity, GPCRs exhibit 

a very similar fold18, 28, 140. Although there are structural differences between the subfamilies 

like big extracellular domains in class C GPCRs, all possess seven TMs and most of them a 

short (~10 residues) membrane-proximal intracellular helix at the C-terminus (helix 8) 18, 28, 

33, 140, 143. Those membrane spanning α-helices form a group resulting in a bundle as can be 

seen in Figure 4. The binding site is located in the upper third of the GPCR in an 

extracellular opening18, 28, 140, 144, 145. The EL2 partially covers the opening and may directly 

interact with the ligands in some of the GPCRs18, 140, 144-146. In the S1P1 receptor it even 

blocks the ligand entry from the top so that S1P1 ligands diffuse in between TMs 1 and 718, 

140, 147. Generally, the binding site of class A GPCRs consists of the seven TMs which form 

a small cavity, open towards the extracellular side18, 28, 140, 144, 145. The most prominent 

differences between the subfamilies are the kinks, bulges, and other variations of the TMs 

allowing for different shapes of the binding pocket18, 28, 140, 144, 145. This, together with the 

varying residues lining the binding pocket resulting in different shapes and electrostatic 

potentials, allows for a huge variety in the ligand recognition spectra18, 28, 140, 144, 145. The high 

structural similarity between GPCRs indicates an underlying conserved mechanism of 

activation between GPCRs. 

Knowledge of the common ligand recognition of GPCRs considerably increases the 

likelihood of the identification of a binding mode model for other GPCRs via integrative 

modeling. During this process, several more or less likely binding modes can occur 

whereupon the most probable binding mode has to be selected for further validation. Here, 

the knowledge of common interaction patterns can be exploited to increase the success rate 

by discarding binding mode models that show unusual interactions between agonist and 

receptor. 

Despite the huge varieties of ligands which are recognized by individual GPCRs, the 

binding poses of agonists in all GPCRs crystallized to date are very similar18, 140, 148. This 

circumstance substantiates that the activation of GPCRs always follows the same 

mechanism18, 140, 148. Hence, agonists must address certain residues within the TMs in order 

to activate a GPCR. If the binding of an agonist always follows a similar pattern, this can be 

exploited in the discovery of binding mode models as done in publication III. Interestingly, 

in all of the GPCRs, which have been crystallized so far, agonists always address residues 

in TM618, 30, 31, 33, 140, 141, 144, 145, 148-153. 
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Figure 4 General structure of a class A GPCR. The inactive structure of the β2-adrenergic receptor (PDB-ID: 
3D4S) is shown in cartoon representation with rainbow coloring. The seven TMs are forming a helix bundle 
while their extracellular ends forming the ligand binding site. Residues of EL2 in proximity to the binding 
pocket can interact with bound ligands. Several helices, especially TM3, TM5, TM6, and TM7 show prominent 
kinks in their TMs. These kinks are conserved among the crystallized GPCRs and are a result of conserved 
proline residues in the positions of the kinks. Helix 8 (H8) is present in nearly all GPCR crystal structures and 
resides below the membrane embedding some of its residues within it. The binding site (magenta) is located at 
the extracellular side and is formed by the TM bundle. 

For a better comparison between different GPCRs Ballesteros and Weinstein have 

devised a system which assigns a number to each TM residue154. This B&W number 

describes the helix and the position within this helix based on the highest conserved residue 

in the format X.YY where X is the helix and YY the position154. Thus, even though the 

sequence identity between GPCRs is very low and the number of residues within the loop 

regions can differ substantially, residues in the same position interacting with agonists can 

be easily identified. This is important since similar residue positions should be addressed by 

agonists in order to mechanically activate a GPCR provided that the underlying mechanism 

for activation is conserved. Indeed, all agonists which have been co-crystallized with their 

GPCRs so far, always address position 6.51 and very often 6.52 and 6.5518, 30, 31, 33, 140, 141, 144, 

145, 148-153, 155, 156. For example, in the β2-adrenergic receptor agonists form hydrogen bonds 

with N2936.55 and hydrophobic contacts with F2896.51 and F2906.52 (Figure 5). These 

interactions have been shown to be important for the activation of the receptor by mutational 
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analysis as mutating these residues results in a severe functional impairment of the 

receptors18, 141. 

 
Figure 5 Ligand binding example with residues often involved in agonist binding. The active structure of the 
β2-adrenergic receptor (PDB-ID: 3SN6157) is shown in the cartoon representation in rainbow coloring. 
Residues often involved in agonist binding are shown in the stick representation and labeled with their residue 
number as well as their B&W number, and hydrogen bonds are shown in yellow dotted lines. One of the most 
commonly addressed residue positions in TM6, N2936.55, is forming a hydrogen bond to an oxygen of the co-
crystallized agonist. The same oxygen forms a hydrogen bond to S2075.46 in TM5, which stabilizes the agonist 
in the binding pocket. A third hydrogen bond is formed between the most commonly addressed residue position 
in TM3 D1133.32 and a nitrogen in the agonist. Furthermore, phenylalanines in positions 6.51 and 6.52 form 
hydrophobic interactions with the agonist. 

TM3 is another transmembrane helix which is always addressed by agonists in GPCR 

crystal structures18, 30, 31, 33, 140, 141, 144, 145, 148-153. The most commonly addressed residue 

positions inside TM3 are 3.32 to 3.37, with the most commonly addressed position in this 

helix being 3.36 (D1133.32 in the β2-AR in Figure 5)18, 141. As agonists simultaneously bind 

to TM3 and TM6, they essentially bridge those TMs across the binding pocket. Similar to 

residues in TM6, the mutation of interacting residues in TM3 hampers the ability of agonists 

to activate GPCRs144, 158-163. Other TMs partake in the binding of an agonist by stabilizing it 

in the binding pocket. Especially TM5 plays a pivotal role to increase the binding affinity of 

agonists and antagonists alike144, 158-163. Because of their close proximity to the vital residues 
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in TM6, transmembrane positions 5.42 to 5.46 can stabilize agonists in their binding 

conformation18, 141, e.g. S2075.46 in the β2-AR in Figure 5. Unsurprisingly, mutating binding 

pocket residues in TM5 reduces the affinity of the agonists, which leads to a right shift of 

the dose-response curve155, 156, 161-163. In addition, in TM7 residues in transmembrane 

positions 7.39 and 7.43 stabilize the binding of an agonist in a similar fashion to TM518, 141. 

The knowledge of the TMs and residues therein usually addressed by agonists in crystal 

structures is crucial for the discovery of a binding mode model via integrative modeling and 

has been extensively used in publication III. A crystal structure which is extremely valuable 

in the derivation of a binding mode model for TGR5 is the sphingosine-1-phosphate 1 (S1P1) 

receptor147. Its close homologue, the S1P2 receptor, is known to be activated by bile acids 

like TGR5, and the physical chemical properties and size of the S1P1 agonists imitate those 

of TGR576, 147, 164. Therefore, it is highly likely that the agonists’ binding mode in TGR5 and 

S1P1 are very similar. Indeed, as was shown in publication III, the binding mode model of 

TGR5 is nearly identical to the binding mode found in the S1P1 crystal structure (Figure 6), 

confirming this hypothesis. 

 
Figure 6 Comparison of the binding mode model of TLC (cyan) in TGR5 (gray) and the binding mode of a 
sphingolipid mimic (orange) found in the crystal structure of the S1P1 receptor (magenta) (PDB-ID:3V2Y147). 
The sulfonic acid and phosphonate moieties of TLC and the sphingolipid mimic, respectively, occupy the same 
region, and the hydrophobic scaffolds also exhibit a high positional overlap. Text and picture adapted from 
publication III. 
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2.2.2 GPCR G-protein complex formation 

The interactions between agonists with the commonly addressed residues mentioned in 

the previous paragraphs lead to characteristic structural changes in GPCRs in order to 

activate the G-protein. 

The recent advances in crystallography and spectroscopy allow for deeper structural 

insight into the mechanism of GPCR activation18. Especially the crystallization of both the 

active and inactive state of rhodopsin, the A2A-adenosin (A2A-AR), and the β2-adrenergic 

receptor, the latter even co-crystallized with a Gs-protein, was a major discovery18, 157, 158, 

165, 166. From the differences between the active and inactive structures the reason for the 

importance of TM3 and TM6 can be explained (chapter 2.2.1). The binding of agonist to 

TM3 and TM6 exerts a small inwards force to the extracellular end of TM6167. The most 

prominent structural change arising from this is an outward movement of the intracellular 

end of TM6 by about 14 Å in a rotating, tilting movement while the extracellular end remains 

mainly unchanged18, 145, 157, 158, 165, 168-170. This movement is of utmost importance as this 

allows the binding of a G-protein and its subsequent activation18, 151. Without this movement, 

the binding of the G-protein is impossible, as in the inactive state TM6 occupies the binding 

pocket of the G-protein (Figure 7A).  

 
Figure 7 Overlay of the bound G-protein with the active and inactive state of the β2-AR. The active state 
(navy) and the G-protein (green) have been co-crystallized (PDB-ID: 3SN6157), the inactive state (orange; 
PDB-ID: 3D4S147) has been aligned to the active structure. A TM6 in its inactive conformation (TM6i) clearly 
clashes with helix 5 (H5) of the G-protein’s α-subunit and thus prevents the G-protein from binding to the 
GPCR. In contrast, TM6 in the active conformation (TM6a) allows for G-protein binding. B The G-protein 
binds to the active conformation of the GPCR interacting with TM3, TM5, and TM6157. The C-terminal end of 
H5 (cyan) interfaces with the GPCR while the N-terminal end (gray) activates the G-protein upon binding to 
the GPCR157. 
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Antagonists exploit this by preventing the exertion of the force onto the intracellular end 

of TM6 via two mechanisms. For one, they bind into the binding pocket, while only making 

contact to TM3 but not TM618, 141. This way, the binding pocket is occupied, such that no 

agonist can bind, while no force is exerted on TM6 so that no activation takes place despite 

a ligand being bound18, 141, 153, 167, 171, 172. On the other hand, antagonists bind to both TM3 

and TM6 but increase the distance between those two helices, effectively acting as a strut 

inside the binding pocket, which also prevents the inward force onto TM6 and thus the 

activation of the receptor106, 158, 163, 167. 

The binding of the G-protein to the GPCR in its active state is mediated by helix 5 (H5) 

of the G-protein’s Gα-subunit, which binds to conserved residues in TM3, TM5, and TM6141, 

157, 173-175. H5 of the G-protein can be divided into two different sections: The C-terminal end 

with the task to interface with the GPCR and the N-terminal end with the task to activate the 

G-protein by reorganization of intra-G-protein residues (Figure 7B)141, 173, 174, 176. 

Considering that there are ~900 GPCRs and only 21 G-protein isoforms, the G-proteins bind 

quite promiscuously177. The residues on the side of the GPCRs, however, are diverse with 

the exception of a few conserved residues specific for each GPCR. This could be exploited 

to discover new antagonists specifically binding to the G-protein binding site of a GPCR, 

preventing its G-protein complex formation and activation. 

In addition to interacting with G-proteins, GPCRs can bind to GPCR kinases (GRKs) and 

arrestins18, 178-180. Upon binding of GRKs, the kinases phosphorylate serine or threonine 

residues of the GPCRs making them susceptible to subsequent binding of β-arrestins18, 180, 

181. The binding of β-arrestins inhibits further G-protein signaling by inhibiting the binding 

of a G-protein and targets GPCRs for internalization18, 182, 183. GPCRs which have been 

internalized as a result of β-arrestins’ binding are subsequently trafficked to clathrin coated 

pits, where they are degraded182, 183. Yet, it has also been demonstrated that GPCR bound β-

arrestins can alternatively activate signaling cascades independent of G-protein activation183-

185. TGR5, however, is not a target of β-arrestins, and signaling from vesicles after 

internalization of the receptor has been shown132.. 

2.2.3 GPCR membrane trafficking 

The binding of effector G-proteins is not the only important G-protein interaction of 

GPCRs. It is also crucial for their membrane trafficking from the endoplasmic reticulum 

(ER)108, 186, 187. After GPCRs have been expressed via the ribosome they await their plasma 

membrane trafficking in the membrane of the ER. Upon binding of specialized Rab-
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GTPases, which are monomeric G-proteins belonging to the Ras superfamily, GPCRs are 

transported to the cell membrane108, 186-189. Interestingly, unlike the hetero-trimeric G-

proteins, which are the GPCR downstream effectors, Rab-GTPases apparently do not rely 

on the movement of TM6 and also do not bind to the conserved residues in TM3, TM5, and 

TM6108, 186-189. Rather, GPCRs bear sorting motifs inside their C-termini, which are thought 

to be recognized by those Rab-GTPases enabling the GPCR membrane trafficking. They 

range from two to ten amino acids107, 190-193. The known sorting motifs can be either more 

hydrophilic, e.g. the DXE and the E(X)3LL motif, or hydrophobic, e.g. the LL and the 

F(X)3F(X)3F motif, with the F(X)6LL motif being the most prominent motif among 

GPCRs107, 190-193. The diversity of the sorting motifs and the high number of unspecified 

residues (X) indicate a structure, rather than a sequence dependent mechanism for GPCR 

membrane localization. Additionally, many GPCRs such as TGR5 do not contain any of the 

known sorting motifs194. This raises the question what the determinant of the membrane 

localization of those receptors is. Intriguingly, nearly all crystallized GPCRs with the 

exception of the CXCR4 receptor show an α-helix formation in their C-terminus106. 

Therefore, Rab-GTPases could recognize the α-helix in the C-terminus of GPCRs and 

subsequently traffic them to the plasma membrane. In this case, it is possible that the sorting 

motifs facilitate α-helix formation of the C-terminus rather than being directly recognized 

by the Rab-GTPases. An indicator for this is that the longer motifs contain hydrophobic 

residues in n+4 positions, most prominently the F(X)3F(X)3F motif. In α-helices 3.6 residues 

are needed for one turn, which would place the hydrophobic residues of the sorting motifs 

on one side of the helix195. The hydrophobic residues could then act as membrane anchors 

of the C-terminus, which interacts with the membrane (Figure 4). This would facilitate α-

helix formation of the C-terminus. The determinants of membrane localization in TGR5 have 

been uncovered in publication I.  

2.2.4 GPCR dimer and oligomer formation 

GPCRs have been found to form homo- and heterodimers up to higher-order oligomeric 

arrays18, 196-204. The dimerization of GPCRs can have a strong influence on their activity in 

several ways. For several receptors, it has been shown that in the ER homo- or 

heterodimerization is necessary for the plasma membrane trafficking of the receptor18, 205-

208. In the cell membrane, GPCR dimerization can have a profound impact on their activity. 

For several GPCR heterodimers it was shown that the inhibition of one of the receptors with 

an antagonist led to the inhibition of the other receptor of the heterodimer18, 160, 209. Thus, 

both receptors of a heterodimer were hampered in their function upon the inactivation of 
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one. Similar effects have also been observed for the propagation of agonistic effects across 

heterodimers, which was shown to expand the downstream signaling repertoire of GPCRs18, 

210-213. Astonishingly, some receptors such as the dopamine D2 receptor only function in 

homodimers. It was shown that the activation of only one D2 receptor protomer with an 

agonist activated both receptors of the dimer via an allosteric mechanism18, 214. The 

protomers of GPCR homo- and heterodimers have recently been targeted simultaneously by 

bivalent ligands reaching from the binding site of one protomer to the other18, 214-216. The 

advantage of this is the possibility to shape the response by targeting several different 

receptors simultaneously with one ligand, or potentially increasing the affinity of a ligand 

towards a homodimer18, 214-216. However, even after the activation of GPCRs homo- and 

heterodimerization still impacts their fate. Some GPCRs such as the P2Y11 receptor have 

shown a requirement of heterodimerization for receptor internalization18, 217-220. As TGR5 

internalization has been shown to be independent of β-arrestin binding132, homo- or 

heterodimerization may play a role, too. Hitherto, the dimerization interfaces of TGR5 are 

unknown, the knowledge of which could help to understand its function and internalization. 

As crystal structures of GPCR dimers are already known, it is possible to infer likely 

dimerization interfaces of TGR5 from those. Until now, three different interfaces have been 

identified in GPCR crystals. 

In the crystal structure of the κ-Opioid receptor, the protomers interface via TM1 and 

helix 8 (the 1-8 interface, Figure 8A)221, 222. In this interface TM6 can move unobstructed as 

it is not part of the interface, leaving the activation of a GPCR unimpaired. The contact area 

between the protomers is with 615 Å² per protomer quite low as only helices 8 and the 

extracellular ends of TM1 are interacting with one another222. Hence, dimerization involving 

this interface is expected to be less stable215, 223. 

In the crystal structure of the CXCR4 receptor, the protomers interface via TM4 and TM5 

(the 4-5 interface, Figure 8B) 222. Also in this interface, TM6 can move unobstructed, not 

impairing the activation of GPCRs. Compared to the 1-8 interface the contact surface 

between the protomers is with 784 Å² about 30% larger222. However, as has been shown in 

the β2-adrenergic and µ-opioid receptor, TM4 and TM5 form a shallow recess to which 

cholesterol preferably binds196, 224-226. The cholesterol can act as a facilitator for 

dimerization, rendering this dimerization interface stronger than judging from the protein-

protein interaction alone224, 225. Interestingly, in this interface the tyrosine residue of the 

conserved (D/E)RY motif in TM3 could mediate the dimerization due to its proximity to the 

interface. 
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Figure 8 Structures of known GPCR dimers. Shown are two protomers in cartoon representation with rainbow 
coloring. On the right are schematics indicating the orientation of the protomers and the dimerization interface. 
A The 1-8 interface as found in the κ-Opioid receptor (PDB-ID: 4DJH). The contact areas are mainly between 
the extracellular ends of TM1 and helix 8. B The 4-5 interface as found in the CXCR4 receptor (PDB-ID: 
3ODU). The CXCR4 receptor is one of the few GPCR crystal structures in which helix 8 shows loop formation. 
The gap between the protomers is much wider than in the µ-Opioid receptor. However, the contact could be 
mediated by cholesterol when embedded in a biological membrane. C The 5-6 interface as found in the µ-
Opioid receptor (PDB-ID: 4DKL). The contact area in the 5-6 interface is about twice as big as in the other 
interfaces. Yet, as TM6 directly interacts with TM5 of the other protomer, the outward movement of TM6, 
which is necessary for the activation of the receptor, is blocked. Figure adapted from publication II.  

Until now, no reason for the conservation of this tyrosine among nearly all GPCRs is 

known, as it points into the membrane and plays no obvious role in the activation mechanism 

of a single GPCR. Yet, promoting the dimerization of GPCRs, which could facilitate cross-

activation of homodimers, could be an explanation for the presence of this tyrosine in TM3. 
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In the crystal structure of the µ-Opioid receptor222, the protomers interface via TM5 and 

TM6 (the 5-6 interface, Figure 8C) 222. As the inactive state of the µ-Opioid receptor was 

crystallized in this dimer interface, it is unclear whether the protomers are able to be activated 

in this orientation222. The reason for this is that as an outward movement of TM6 is blocked 

by the other protomer, the authors conclude. Hence, it is unclear whether dimers adopting 

this interface could be activated without rearrangement of their mutual positions. However, 

the 5-6 interface has the highest contact area between the protomers found so far which 

indicates a high stability of this interface222. With 1492 Å² contact area per protomer it 

possesses around twice the contact area of other interfaces222. Despite the possible hindrance 

of the activation mechanism in the 5-6 interface, the high contact area indicates that the 5-6 

interface could be the most abundant interface found in cells215, 222, 223. 

In this context, it has to be taken into account, that an antagonist has been co-crystallized 

with the crystal structure of this GPCR dimer. As mentioned earlier, antagonists can 

propagate their inhibitory effect across GPCR dimers via an allosteric effect. However, the 

exact mechanism of the allosteric inhibition is unknown. Possibly, the binding of antagonists 

induces a rearrangement of the protomers, forcing them to adopt the 5-6 interface. In this 

arrangement, both protomers would be unable to be activated, as the outward movement of 

TM6 is impossible due to steric hindrance. Thus, the second protomer would be inhibited 

despite no antagonist presence in its binding pocket. This is only a hypothesis and has to be 

investigated more thoroughly. 

Rhodopsin has been shown to form higher-order oligomers, and other GPCRs are also 

expected to show oligomerization, which could be mediated by chaperones201, 202, 227-231. 

While the exact orientation of the GPCRs in oligomers remains elusive, it is thought that 

oligomers are composed of higher-order dimers of dimers, resulting in oligomers201, 202, 227-

230. Whether GPCRs are always organized in oligomers or whether the oligomerization only 

plays a role in some GPCRs is not known, so far. For the formation of oligomers from dimers 

several interface combinations are possible. Combining interfaces 4-5 and 5-6 would be 

impossible due to their proximity. Yet, combining either of those interfaces with the 1-8 

interface results in tetramers, which could be extended (Figure 9). Identifying the 

dimerization interfaces of a receptor may help uncover possible oligomerization states of 

this receptor. For this, the distances between the C-termini of the protomers could be 

measured e.g. via Förster resonance energy transfer (FRET) spectroscopy232. The 

experimentally measured distance can then be used to discern between several computational 

dimerization models. Here, an accurate model is required to discriminate dimer interfaces 
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where the expected distance between the C-termini is similar, e.g. the 4-5 and 5-6 interface 

(see publication II).  

 
Figure 9 Schematic view of possible GPCR oligomers. A Extracellular view on GPCR oligomers using the 
interfaces 1-8 and 4-5 to form oligomeric arrays. B Extracellular view on GPCR oligomers using the interfaces 
1-8 and 5-6 to form oligomeric arrays. Figure adapted from publication III. 

2.3 Integrative modeling 

Comprehensive information on integrative modeling can be found in ref. 233. 

In integrative modeling, experimental alongside theoretical information is used to build 

and improve structural models of macromolecules233. The advantage of this approach is that 

the structure of proteins or other polymers can be elucidated that are hard to crystallize 

because of their size, solubility or other reasons233-236. Often, experimental or theoretical 

information is used to select the structural model that adheres to most of this data233-236. X-

ray crystallography is part of the integrative modeling process as models of a protein with a 

known sequence are modeled into electron density maps233. Thus, structural models are built 

with the help of a high amount of experimental data in the tens of experimental observations 

per heavy atom of the macromolecule233. In addition, integrative modeling comprises the use 

of many other experimental methods in order to refine or gain insight into different aspects 

of the structure233, 237, 238. For example, hydrogen-deuterium exchange with subsequent mass 

spectrometry can be used to detect the solvent accessible surface area of a protein233, 239, 240. 

The binding site of a protein can be mapped with NMR spectroscopy, FRET, and, as 

extensively done in publication III, by mutating residues and subsequently characterizing 

the functional consequences233, 241, 242. This information can be used to gain atomistic insight 

into the binding of a ligand to its receptor via homology modeling and docking233, 241, 242. 

Physical proximity between several (macro-)molecules can be determined via co-
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precipitation233, 243, 244. A more sophisticated method for determining interactions is FRET. 

Here, not only an apparent distance can be inferred from several fluorescence parameters, 

but FRET is also capable of obtaining time resolved data233. Thus, changes over time can be 

studied to investigate complex processes in cells233. Dynamic processes of molecules can 

also be assessed with MD simulations, which can be used to interpret the data gained from 

FRET spectroscopy233. 

2.3.1 Förster resonance energy transfer 

FRET spectroscopy is a physical method which makes use of the energy transfer from 

one fluorophore to another via the emission and absorption of light245, 246. The donor 

fluorophore is excited with a laser using the excitation wavelength of the donor, which upon 

falling back into the ground state emits light with a lower energy and thus a higher 

wavelength than the excitation light245, 246. The acceptor fluorophore is chosen such that the 

emission spectrum of the donor corresponds to the excitation spectrum of the acceptor245, 246. 

Thus, the acceptor absorbs the light emitted by the donor and emits at an even higher 

wavelength245, 246. The more donor emissions are absorbed by the acceptor fluorophore, the 

less donor and the more acceptor emissions can be detected245-248. Hence, the FRET 

efficiency is defined as the ratio of the donor-to-acceptor emission intensity245-248. The FRET 

efficiency depends on the distance between the donor and the acceptor, with a smaller 

distance resulting in a higher efficiency245-248. The lifetime of the donor fluorescence ε(t) 

also depends on the FRET efficiency and can be used to calculate apparent distances 

RDA,app247, 248. This can be exploited to determine the distance within one or between several 

molecules by strategic attachment of fluorophores245-248. This approach can be applied in a 

variety of different scenarios in order to answer biological questions. In its most rudimentary 

form, FRET spectroscopy can determine whether two (macro-)molecules are interacting 

measuring the presence or absence of FRET. In its more sophisticated forms, FRET 

spectroscopy is able to accurately track distances over timescales from ns to hours231, 233. 

Here, fluorescent labeled ligands can be used for competition assays and to determine 

oligomerization of proteins231. Thus, FRET spectroscopy is a valuable tool in integrative 

modeling as it is able to provide distance restraints for structural modeling or to guide 

conformational selection in a large structural ensemble245-247. 
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Figure 10 Schematic view of the accessible volume (AV) of a fluorescent dye (eGFP). eGFP (dark green), 
which is attached to the C-terminus of a GPCR (rainbow) by a linker (dark gray), can move inside a limited 
area, the AV (light green). The size of the AV is restricted by the shape of the protein, the average length of 
the linker determined by Gaussian chain approximation249, and, as the fluorophore is located inside the β-barrel 
in eGFP, the distance from the fluorophore to the edges of the β-barrel. Because of this, the fluorophore cannot 
occupy the space close to the membrane or the receptor. 

The FRET efficiency depends on the orientation and distance of the dyes245-247. As the 

dyes are moving, many donor-acceptor pairs in different states are measured simultaneously 

yielding a distribution of efficiencies245-247. This hampers the accurate prediction of the 

correct distance between the dye anchor points245-247. However, the positioning of the dyes 

can be simulated from which a theoretical FRET efficiency distribution can be calculated245-

247. The comparison of the experimentally measured efficiency distribution and the 

theoretical distribution then allows the accurate measurement of the distance between the 

attachment points of the fluorophores245-247. Here, the accessible volume (AV) of the dyes is 

calculated via a Monte Carlo approach, which provides a probability of the dye position in 

space at any given point of time (Figure 10), from which the efficiency distribution is then 

calculated245-247. This is a very fast method and is therefore ideally used on a large structural 

ensemble generated by MD simulations. Thus, the structures with a theoretical efficiency 

distribution consistent with the experimental distribution can be identified247, 250. The 

downside of the use of AV simulations is that in those simulations the complete AV of the 

dye is simulated regardless of possible dye-surface interactions and preferred linker 

conformations. To compensate this, a Gaussian chain model approximation can be 

employed. Yet, especially with long peptide linkers, as used in publication II, this can lead 

to discrepancies, which hamper an accurate prediction. 

To counteract this, the behavior of the dye and the linker can be simulated with all-atom 

explicit solvent MD simulations. This method excels at predicting the secondary structure 

formation of the linker. The high accuracy of this method was successfully used in 
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publication I to predict the secondary structure formation of the membrane-proximal C-

terminus of TGR5. Therefore, I applied this method to determine the preferred 

conformations of the peptide linker and fluorescent dye in publication II. The mean length 

of the linker could be determined more accurately by all-atom MD simulations compared to 

AV simulations. However, MD simulations were computationally much more expensive 

than the AV simulations. MD simulations allowed the identification of a dimerization 

interface of TGR5 when combined with TGR5 dimer models based on the interfaces 

reviewed in chapter 2.2.4. 

2.3.2 Homology modeling 

In homology modeling structural models of proteins are created based on the X-ray crystal 

structures of homologues proteins according to an alignment of their sequences251-253. 

Homology modeling exploits the fact that structure is higher conserved than sequence251-255. 

Because of this, two proteins from the same family usually exhibit a very similar fold 

although the identity of their sequences might be as low as 20%251-255. This is why homology 

modeling is able to create rather accurate models of proteins as long as crystal structures of 

homologues proteins are available251-255. The sequence of the target protein, which is to be 

modeled, and the template protein, on which the target is modeled, are aligned according to 

the similarity of their residues251-253. The higher the exact match, i.e. the identity, between 

the corresponding residues, the easier is the correct alignment of the residues resulting in 

accurate models251-253. Hence, the alignment of the sequences is the most crucial step in 

homology modeling as an incorrect alignment leads to an incorrectly modeled structure. The 

sequence alignment is then used as positional restraints in the modeling process so that the 

backbone of the residues of the target are modeled in the same position of the corresponding 

template residues as determined by the alignment (Figure 11) 251-253. The side chains are 

subsequently added to the backbone from a rotamer library251-253, 256, and the model is 

subjected to refinement including relaxation via MD simulation251-253. Modeling the target 

based on multiple templates at once instead of a single template, i.e. a multi-template 

modeling approach, usually results in more accurate homology models257. In multi-template 

modeling, the structural diversity of the templates can be taken into account, and the use of 

many constraints per residue increases the amount of experimental data included in the 

modeling process257. 
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Figure 11 Steps of homology modeling using a single template. 1. Sequence alignment of the template and 
target protein, residues of similar physicochemical properties are color coded in the alignment. The sequence 
alignment is used for positional restraints for the residues in step two. 2. Based on the structure of the template 
(green) and the information obtained from the sequence alignment the backbone of the target (red) is modeled. 
3. The side chains of the target are added to the backbone, according to a rotamer-library, in an energetically 
favorable position. Figure adapted from ref. 258. 

All class A GPCRs, which have been crystallized so far, exhibit a very similar fold 

(chapter 2.2.1) with the biggest variations in the EL2 although their sequence identity is as 

low as 20%, which makes it possible to model other class A GPCRs18, 79, 87, 88, 104, 105. The 

low sequence identity between the GPCRs hypothetically makes GPCRs hard targets, 

especially because the length of the loops in between the TMs can differ immensely18, 79, 87, 

88, 104, 105. However, GPCRs possess conserved motifs within their TMs that can guide the 

alignment of the sequences to overcome this limitation.  

In TM3, for example, the (D/E)RY motif is conserved among nearly all GPCRs18, 104, 105. 

Another microswitch in the GPCR superfamily is the tyrosine in the conserved NPXXY 

motif at the end of TM7, which is, except for the proline residue, not present in TGR518, 104, 

105. This absence made the modeling of TGR5 more difficult as it gave several possible 

alignments of TM7, which had to be tested in publication III. 

An additional conserved motif is the CWXP motif in TM618, 104, 105. The other TMs 

contain more or less conserved residues instead of motifs18. In TM1 an asparagine1.50 is 

conserved among all GPCRs, in TM2 reside a conserved aspartic acid2.50 and glycine2.54, in 

TM4 a conserved tryptophane4.50, and TM5 a conserved proline5.50 18, 104, 105. 
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The presence of conserved residues or even motifs in every TM in GPCRs simplifies a 

correct alignment of the TMs. Unsurprisingly, in recent modeling competitions (GPCR 

Dock) the structure of TMs was correctly predicted within 1 Å root mean square deviation 

(RMSD), which is well within the experimental error of a crystal structure79, 80, 87. For these 

competitions, novel crystal structures of GPCRs were temporarily withheld so that the 

structure and the binding mode of a co-crystallized ligand could be predicted79, 80, 87. Thus, 

an objective determination of the best performing strategies and attainable accuracy could 

be achieved79, 80, 87. With a high modeling accuracy of the TMs, only the structurally diverse 

loops remain a difficult target in modeling GPCRs79, 80, 87. The TMs constitute the majority 

of the binding pocket (chapter 2.2.1) so the loops pose a minor problem when predicting 

binding modes of ligands in homology models of GPCRs79, 80, 87. The exact binding pocket 

conformation of all residues remains elusive despite high modeling accuracy of the TM 

regions79, 80, 87. This can be overcome by conducting binding mode prediction in a variety of 

homology models covering a range of different binding pocket conformations79, 80, 87, 259. 

Consequently, the binding mode of a ligand with up to 82% correct interactions between 

ligand and receptor could be predicted80. 

2.3.3 Molecular docking 

The prediction of unknown binding modes is usually done with molecular docking 

approaches. The aim of molecular docking is to identify the energetically most favorable 

ligand conformation inside the binding pocket260-262. However, this poses a challenge of 

global optimization, as several local minima can be present, which do not represent the 

binding mode260. Here, it is problematic to identify the global minimum among the local 

minima, and to actually sample the global minimum260-262. The solution to the latter problem 

is to cover the energy landscape as thoroughly and rapidly as possible260. For this, many 

different algorithms can be employed. For example, genetic algorithms capable of rapidly 

identifying local minima can be used from different starting points on the energy 

landscape260-262. As many energy minima throughout the energy landscape are identified, the 

global minimum is found with a high chance. One of those algorithms is the Lamarckian 

genetic algorithm261, 262. Here, the ligand is translated and rotated inside the proposed binding 

pocket while conformers of the ligand are generated to create a set of possible binding 

poses261, 262. These are then evaluated with a scoring function, and the energetically best 

combinations of translation, rotation, and conformation found are used to generate a new set 

of possible binding poses 261, 262. This is done until a local energy minimum is reached, then 

the process is restarted, eventually finding another or the same energy minimum261, 262. After 
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multiple repetitions the most populated binding pose with at least 20% of all conformations 

is usually considered to be a valid solution. The energy evaluation of the binding poses can 

be achieved in three main ways. Force fields, as used in MD simulations, empirical scoring 

functions, often taking into account the solvent accessible surface area, and knowledge-

based scoring functions, deriving an energy term from a statistical assessment of interactions 

found in crystal structures81-86, 263-265. Molecular docking approaches have proven to be 

valuable tools for the binding mode prediction of ligands among a variety of target systems79, 

80, 87, 94, 266-270. 

Although the scoring functions are often able to predict the correct binding mode of a 

ligand, an energetically favorable binding pose does not necessarily resemble the true 

binding mode. One of the reasons is the influence of the binding pocket conformation, where 

small differences can highly impact the outcome of the docking. Following the integrative 

modeling approach, the binding mode identification should be bolstered with as much 

information as possible233. Viable binding poses interact with residues identified to be crucial 

for receptor activation (see chapter 2.2.1). Unsurprisingly, groups utilizing as much of this 

information as possible generally outperformed others in the GPCR Dock competition79, 80, 

87. Another way to imbue the binding mode prediction with information is the mutation of 

residues and subsequent experimental characterization. This can be accomplished with 

methods such as cAMP reporter gene assays in the case of GPCRs and other proteins that 

lead to the production of cAMP, or radioligand assays271-274. The disadvantage of the 

radioligand assay is that it is costly and requires special laboratories, but it is able to 

accurately capture influences on ligand binding. The disadvantage of the cAMP reporter 

gene assay is that a reduction in activity upon mutation does not necessarily occur due to a 

worse binding of the ligand, as it can identify residues that are important for receptor 

activation independent of ligand binding. 

The importance of the correct interpretation and thorough acquisition of information 

becomes apparent if looking at mutations in the aforementioned CWXP motif in TM6 

(chapter 2.3.2). The tryptophan residue in this motif lines the bottom of the binding pocket 

and is considered to be an essential switch for the activation of GPCRs but mostly does not 

interact with agonists18. However, upon mutating this residue resulting in severe impairment 

of the receptor, and subsequent functional readout it is often misinterpreted to be an essential 

interacting residue275. Yet, careful consideration of the available theoretical and 

experimental data and its incorporation into the modeling process can lead to highly accurate 

binding mode models. 
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2.3.4 AFMoC analysis 

Another way to implement experimental data into binding mode prediction is the use of 

structure-based 3D-QSAR approaches such as Adaptation of fields for molecular 

comparison (AFMoC). A detailed overview of the AFMoC methodology can be found in 

refs. 276-278. AFMoC is usually used to calculate the structure-activity relationships of a set 

of ligands resulting in Stdev*Coeff maps, which show the favorability of the presence of a 

specific ligand atom type at positions inside a binding pocket276-278. These maps can be 

interpreted to guide the development of more potent ligands279-281. In the AFMoC approach, 

the individual interactions between a receptor and a set of ligands are correlated to the 

experimental bioactivity of each ligand to derive a structure-activity relationship model for 

this ligand set276. The atom type specific interaction fields are calculated by multiplying 

knowledge-based potential fields, distance-dependent functions to evaluate the positioning 

of a given ligand atom within a binding pocket, with ligand atom probes represented as a 

Gaussian function (Figure 12)276-278. For incorporating the information about the structural 

environment of the ligands, DrugScore pair-potentials are used to calculate the potential 

fields276-278. AFMoC requires the ligands to be structurally aligned with respect to a bioactive 

conformation and energetically relaxed inside a binding pocket for the calculation of the 

interaction fields276-278. The quality of the AFMoC analysis is heavily dependent on the 

structural alignment of the ligands in the binding pocket276-278. This quality can be measured 

from the predictivity of the AFMoC model276-278. Here each ligand of the dataset is left out 

once and a QSAR model is generated using the remaining ligands276-278, 282, 283.  

 
Figure 12 Example for the calculation of AFMoC interaction fields. The DrugScore potential fields (red) inside 
the binding pocket for the favorable presence of sp³-hybridized oxygen are convoluted with the ligand atom 
probe (blue) to result in interaction fields (violet) for this atom type. Figure adapted from ref. 277 with 
permission (see REPRINT PERMISSIONS). 

The bioactivity of the left-out ligand is then predicted and compared to the experimentally 

determined data. This results in the q²-value, a cross-validated r², which is an estimate for 
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the predictivity of the QSAR model276-278, 282, 283. The q² can be also seen as an estimate of 

how well the ligand interactions with the receptor reflect their biological activity276-278, 282, 

283. In combination with a high sensitivity towards the correct structural alignment of the 

ligands, as mentioned in the previous paragraph, this can be used to evaluate binding mode 

models. Only models in which the presence or absence of an interaction is reflected in a 

higher or lower potency of the ligand will result in a significant binding mode model. Thus, 

the validity of a binding mode model can be judged by its q²-value, as employed in 

publication III. 
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3 SCOPE OF THE THESIS 

GPCRs are a diverse protein family with about 900 different members and are among the 

most important targets on the current drug market. Despite their importance, little is known 

about their di- and oligomerization, and membrane trafficking. For the latter, several sorting 

motifs in the C-terminal helix 8 of GPCRs are known but their recognition and function is 

not well understood. Some GPCRs as TGR5 do not even possess any known sorting motifs 

in their C-terminus (chapter 2.2.3), which raises the question what are the determining 

factors for their membrane localization. TGR5 is the first known bile acid-sensing GPCR 

and is involved in many mechanisms controlling energy homeostasis and inflammation in 

the body (chapters 2.1.4, 2.1.5). It is therefore considered a significant factor in the 

formation of the cholangiocarcinoma, and the gastric and esophageal adenocarcinoma 

(chapter 2.1.7). Hence, it is an attractive target for the development of antagonists for cancer 

therapy and for the development of agonists for metabolic and inflammatory control. An 

accurate binding mode model of TGR5 agonists, which is unknown at present, could direct 

the development of more potent and selective agonists as well as antagonists. A binding 

mode model of TGR5 agonists might also explain the epimeric selectivity of TGR5 towards 

bile acid agonists with a 7-hydroxyl group in α-position (chapter 2.1.2). Furthermore, many 

GPCRs are known to dimerize through which agonistic and antagonistic effects can be 

transmitted across protomers. However, it is currently unknown which dimerization 

interfaces TGR5 prefers upon di- or oligomerization. 

This poses the following questions: 

• What are the determinants of TGR5 membrane localization if no known sorting 

motif is present in its C-terminus? 

• Which dimerization interfaces does TGR5 accommodate? 

• What is the binding mode of TGR5 agonists and how is the epimeric selectivity 

mediated? 

Those questions have been addressed in this thesis, which led to the following 

publications. 
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4 PUBLICATION I - A Membrane-proximal, C-terminal α-

Helix Is Required for Plasma Membrane Localization and 

Function of the G Protein-coupled Receptor (GPCR) TGR5 

Lina Spomer§, Christoph G.W. Gertzen§, Birte Schmitz, Dieter Häussinger, Holger Gohlke, 

and Verena Keitel 
§ Both authors contributed equally to this work. 

J. Biol. Chem. (2014), 289, 3689-3702. 

Original publication, see pages 54-69; contribution: 30% 

4.1 Background 

In order to exert their function, GPCRs have to be trafficked from the ER, where they are 

synthetized, to the membrane of the cell. Many GPCRs display sorting motifs in their C-

termini, which are recognized by Rab-GTPases transporting the GPCRs to the cell 

membrane (chapter 2.2.3). These sorting motifs range from the DXE motif to the E(X)3LL, 

F(X)3F(X)3F, and F(X)6LL motif, which are quite diverse. The way those sorting motifs are 

recognized by the limited number of Rab-GTPases is currently unknown. What is more, 

several GPCRs such as TGR5 do not possess known sorting motifs. This leaves two 

possibilities: Either the number of sorting motifs is far greater than previously assumed, or 

the known sorting motifs merely facilitate the adoption of a specific secondary structure, 

which does not necessarily require their presence. Discovering the determinants of the 

membrane localization of a GPCR without a known sorting motif as TGR5 could help to 

understand how GPCRs are recognized by Rab-GTPases. 

Here we set out to determine whether variants of the TGR5 C-terminus, which lead to 

membrane localization of the receptor, specifically adopt an α-helical fold, as seen in the 

majority of GPCR crystal structures, opposed to the variants retained in the ER. 

Additionally, we analyzed chimeras of TGR5 with the C-termini of other GPCRs for which 

an α-helical fold has been confirmed in crystal structures. 

4.2 Determinants of the membrane localization of TGR5 

The naturally occurring truncation variant Q296X of the C-terminus identified in the lab 

of Prof. Dr. V. Keitel leads to a retention of TGR5 in the ER. In comparison to the wildtype 

protein this Q296X variant failed to activate adenylate cyclase after stimulation with the 
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agonistic bile acid TLC. Similar findings, i.e. a reduced functionality and retention in the 

ER, have been demonstrated for other GPCRs with a truncated membrane-proximal, 

intracellular C-terminus, such as the luteinizing hormone/chorionic gonadotropin 

receptor284, the vasopressin 2 receptor (V2R)285, and the A1 adenosine receptor286. This 

indicates that the cellular signaling response is determined by the amount of functionally 

active receptors in the plasma membrane. Based on the naturally occurring TGR5 truncation 

mutation Q296X and guided by my secondary structure predictions from MD simulations, 

we generated nine deletion and substitution variants within the membrane-proximal C-

terminus to identify the amino acid motifs/structural determinants that facilitate plasma 

membrane localization of this bile acid receptor. Using these variants and three chimeras of 

TGR5 with the membrane-proximal C-terminus of the β2-AR, the S1P1, or the kappa-type 

opioid receptor (κ-OR), respectively, we demonstrate that the formation of a membrane-

proximal α-helix (helix 8) is essential for anterograde trafficking of TGR5 from the ER to 

the PM and thus for receptor function. 

Immunofluorescence staining of the truncation variants D284X and R297X showed a 

reticular, intracellular fluorescence pattern (Figure 13A), which was identified as the ER by 

double-labeling with an antibody against the ER marker protein disulfide isomerase. The 

S310X variant was mainly localized in the PM (Figure 13A). Truncation at amino acid 297 

led to a significant reduction in TLC-dependent luciferase activity with a remaining increase 

of 2.6 ± 0.2-fold (n = 10) at 10 µM TLC (Figure 13B). While the Q300X variant showed a 

similar TLC responsiveness as the WT at concentrations above 2.5 µM, no significant rise 

in luciferase activity was detected after stimulation with 0.1 µM TLC. The loss of the last 

20 amino acids in the TGR5 variant S310X had no effect on receptor responsiveness towards 

TLC (Figure 13B). These results suggest that amino acids 284-297 are essential for 

localization of TGR5 in the PM. To elucidate the role of these residues in more detail, 

additional variants were generated: deletion of amino acids 285-290, 285-297, and 291-297, 

and alanine, proline and glycine substitution of amino acids 285-290 and 291-297. 
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Figure 13 Localization and function of TGR5 truncation variants in HEK293 cells determined by 
immunofluorescence microscopy. A Localization of the FLAG-TGR5-YFP truncation variants. While the WT 
and the S310X variant are present in the PM, the R297X variant is retained in the ER. B TLC responsiveness 
measured by a fluorescence increase using a cAMP reporter gene assay. While the S310X variant shows no 
impairment compared to the WT and the Q300X variant is rescuable at high concentrations of TLC, the R297X 
variant shows a significantly decreased TLC response at all tested concentrations. Figure adapted from 
publication I. 

In order to identify similarities and differences in the secondary structure of the TGR5 

WT and the aforementioned substitution and deletion variants on a per-residue level, I 

performed MD simulations of the 18 membrane-proximal amino acid of their C-termini. I 

then pooled all conformations of the last 500 ns of all MD trajectories of the WT and all 

variants and hierarchically clustered them according to their secondary structure sequence. 

As the most outstanding result, a clear correlation between the secondary structure sequence 

of the respective peptide and the localization of TGR5 and, thus, its function emerged. 

Variants with a high membrane localization and TLC responsiveness predominantly appear 

in clusters with a high α-helix content (clusters 1 and 5; Table 1, Figure 14), while variants 

showing ER retention appear in clusters with high amounts of loop or β-sheet formation 

(clusters 2-4; Table 1, Figure 14). For example, we could show that the WT peptide 

encompassing residues 285-297 preferentially forms an α-helix. In contrast, the 285-290A 

variant, which was retained in the ER, showed an exclusive β-sheet formation within the 

first 120 ns of the simulation. This finding was unexpected because alanine has a high helix 

propensity. However, the β-sheet formation seemed to be favored in this case by interactions 

between the alanine residues in positions 285-290 with naturally occurring hydrophobic 
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alanines in positions 294-296. These initial analyses suggested that a high β-sheet content in 

the membrane-proximal C-terminus prevents ER to PM trafficking of TGR5.  
Table 1 Results of clustering according to secondary structure sequence, function, and protein localization of 
the TGR5 membrane-proximal C-terminus. Table adapted from publication I. 

 
1Percentage of the cluster distribution for each variant. 
2Function at 10 µM TLC as percent of wildtype ± SEM. 
3Percentage of cell membrane localization determined by FACS analysis ± SEM. 

 
Figure 14 Clustering of conformations from MD simulations according to secondary structure. A 
Conformation with the most frequently occurring secondary structure sequence of the WT in cluster 1. B 
Conformation with the most frequently occurring secondary structure sequence of the 285-290A variant in 
cluster 2. C Conformation with the most frequently occurring secondary structure sequence of the 291-297P 
variant in cluster 5, which except for an α-helical turn at the N-terminus is unstructured in contrast to other 
variants in cluster 5. The coloring indicates the sequence from the N-terminus (blue) to the C-terminus (red). 
Figure adapted from publication I. 

As a proof of principle, chimeras of TGR5 containing the membrane-proximal amino 

acids of the β2-AR, the S1P1, and the κ-OR were generated. The respective amino acid 

sequence of the receptors form α-helices as shown in high resolution crystal structures. MD 

simulations of the membrane-proximal 18 amino acids of the C-terminus of the TGR5β2AR 

chimera, which contains 13 amino acids of the membrane-proximal C-terminus of β2AR, 

reproduced this α-helix character, which demonstrates the quality of the setup of my 

simulations. Unsurprisingly, the TGR5 chimeras were correctly sorted to the PM and showed 

similar functional activity in response to 10 µM TLC as WT TGR5. However, the 

membrane-proximal part of the β2AR contains an F(X)6LL motif, which has previously been 

identified as an important GPCR ER export motif. To assess the mechanism of the F(X)6LL 

motif promoting membrane trafficking of the TGR5β2AR chimeric receptor, we evaluated 
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chimera variants containing mutations in this motif. This again revealed a strong correlation 

between the secondary structure content of the respective variant and its localization and 

function. 

The double alanine mutant LL294/5AA revealed the lowest α-helical content but 

pronounced β-sheet formation. As in the case of the TGR5 variants, this chimera variant 

showed marked retention in the ER. In the MD simulations, I could pinpoint the β-sheet 

formation to a hydrophobic interaction between the mutated residues and F291. In order to 

test whether a disruption of this interaction restores α-helicality, I subjected the 

F291A//LL294/5AA variant to MD simulation. Indeed, this variant had a lower β-sheet and 

a higher α-helical content. In experimental validations of these findings, the 

F291A//LL294/5AA variant showed a PM localization level and luciferase activity in 

response to 10 µM TLC indistinguishable from the TGR5β2AR chimera. This suggests, that 

the F(X)6LL motif might facilitate α-helix formation to promote PM localization of GPCRs. 

In summary, these results demonstrate that PM trafficking and, thus, function of TGR5 

are determined by the α-helical structure of the membrane-proximal C-terminus rather than 

a sorting motif. 

4.3 Conclusion and significance 

In this study, I clustered MD simulations of TGR5 C-terminus variants according to their 

secondary structure formation. The combination with an experimental characterization by 

immunofluorescence, FACS sorting and cAMP reporter gene assay revealed a strong 

correlation between secondary structure and PM localization and function. For a proof of 

principle, I selected the C-termini of the three GPCRs for the generation of TGR5 chimeras. 

One of those C-termini contained a sorting motif, which was subsequently substituted with 

alanine residues. I detected β-sheet formation in an ER retained alanine variant in which I 

could restore α-helicality, as shown in MD simulations. 

The principal results of this study are: 

• In this study, it was shown for the first time, that the secondary structure of the C-

terminus determines the PM localization of a GPCR, rather than a sorting motif.  

• Variants of TGR5 with high PM localization and function were found in clusters 

with high α-helical content, while variants with low membrane localization were 

found in clusters with β-sheet or loop formation. 
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• As a proof of principle, three TGR5 chimeras with the α-helical C-termini of other 

GPCRs were correctly sorted to the PM.  

• One of those chimeras contained a sorting motif, which, when mutated to alanine, 

led to β-sheet formation and ER retention of this variant. However, the PM 

localization could be rescued by introduction of an additional mutation, which 

restored α-helicality in MD simulations. 

• This is the first evidence that sorting motifs might promote PM localization by 

facilitating α-helix formation in the C-terminus. 

The membrane localization of a GPCR can be dependent on homodimerization in the ER. 

As the 1-8 interface, utilizing the membrane-proximal C-terminus, has been identified in a 

GPCR (chapter 2.2.4), its secondary structure formation may influence dimerization. 

Hence, the dimerization interfaces of TGR5 have been investigated in publication II with 

the expectations to identify the 1-8 interface as one of the dimerization sites of TGR5. 



 Publication II 

38 

5 Publication II - Structural assemblies of the di- and oligomeric 

G-protein coupled receptor TGR5 in live cells: an MFIS-

FRET and integrative modeling study 

Annemarie Greife, Suren Felekyan, Qijun Ma, Christoph G.W. Gertzen, Lina Spomer, 

Mykola Dimura, Thomas O. Peulen, Christina Wöhler, Dieter Häussinger, Holger Gohlke, 

Verena Keitel, Claus A.M. Seidel 

Sci. Rep. (2016), 6, 36792 

Original publication, see pages 70-124; contribution: 10% 

5.1 Background 

I could show in the previous publication I that the secondary structure of the TGR5 C-

terminus has a profound impact on the membrane localization of the receptor. For several 

GPCRs, it has been discovered that homodimerization in the ER is required for the correct 

sorting to the PM (chapter 2.2.4). Among the three different dimerization interfaces 

identified in X-ray crystal structures of GPCRs to date, the C-terminus is the main 

contributor of the protomer interaction in the 1-8 interface. A disruption of the secondary 

structure of the C-termini and, thus, their interaction could explain the ER retention of TGR5 

variants with β-sheet or loop formation in their C-termini. Hence, the 1-8 interface is 

expected to be a dimerization site of TGR5. 

As the dimerization of TGR5 could not only influence the membrane localization of the 

receptor but also affect its activation, we investigated possible di- and oligomerization 

interfaces of TGR5. I did integrative modeling in a combined strategy in which we applied 

cellular biology, and Multiparameter Image Fluorescence Spectroscopy (MFIS) for 

quantitative FRET analysis to obtain structural information about dimerization and higher-

order oligomerization assemblies of TGR5. Particularly, a naturally occurring Y111A 

mutant was investigated, as it showed 60% less dimerization in co-immunoprecipitation 

assays than the TGR5 WT. 

5.2 Structural assembly of TGR5 di- and oligomers 

FRET between TGR5 molecules C-terminally fused to enhanced GFP as a donor or 

mCherry as an acceptor was measured for three different TGR5 variants: TGR5 WT, Y111A 

and Y111F. Stimulation of the WT, Y111A, or Y111F with TLC led to a significant dose-
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dependent increase in luciferase activity in all three cases, which shows that the three variants 

are fully functional. FRET was detected in all TGR5 variants, indicating at least 

homodimerization. Interestingly, the TGR5 variants showed differences in their FRET 

properties: Upon titration of the acceptor, the energy transfer efficiency did not change 

significantly in Y111A in contrast to WT and Y111F. This indicates that the Y111A variant 

forms high amounts of dimers but not oligomers, as fluorescence quenching cannot occur in 

monomers, while the efficiency changes in the Y111F variant and the WT suggest that 

higher-order oligomers, at least tetramers, are present in those variants.  

To quantify this, we formally describe the fluorescence decays by two FRET-rate constants, 

which are for convenience given in units of apparent distances RDA,app. For all TGR5 variants, 

this kFRET fit resulted in a short apparent distance RDA,app-1 with a small fraction and a long 

apparent distance RDA,app-2 with a large fraction. As shown in Figure 15, in the WT and Y111F 

both apparent distances RDA,app-1 and RDA,app-2 became shorter (RDA,app-1 = 40-20 Å; RDA,app-2 = 

75-50 Å) with increasing acceptor concentration. Furthermore, the species fractions also 

changed: The short distance-fraction increased from 7% to 30% in an acceptor-dependent 

manner, leading at the same time to a strong reduction of the long distance-fraction from 39% 

to 12%. This change is only possible in oligomers, as its limited range disallows FRET 

between distant, i.e. not oligomerized, dimers. 

 
Figure 15 FRET-decays from sub-ensemble analysis at different donor-to-acceptor ratios were fitted with a 
two-kFRET fit to obtain two apparent distances RDA,1 and RDA,2 (upper row) with their corresponding FRET 
fractions (lower row) and to calculate the mean transfer energy efficiency Emean. Emean increased in an acceptor-
dependent manner in TGR5 wt and TGR5 Y111F, whereas Emean changed only slightly in TGR5 Y111A. These 
changes in Emean correlate with a reduction of both apparent distances RDA,1 and RDA,2 in TGR5 wt and TGR5 
Y111F: In the lower row, the RDA,1 fractions increase, whereas the RDA,2 fractions decrease in an acceptor-
dependent manner. Orange: RDA,1 and RDA,1 fraction, pink: RDA,2 and RDA,2 fraction, green: non-FRET fraction, 
the gray bar in Emean represents average Emean for TGR5 Y111A. Figure adapted from publication II. 
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These results were used to determine the di- and oligomerization interfaces of TGR5. For 

this, the RDA,app was correlated to the theoretical RDA,app calculated from dimer models of 

TGR5. The RDA,app of the Y111A variant was used, as the titration experiments suggest 

predominant homodimer formation of this variant, so that the absence of oligomerization 

allows the exact measurement of the dimerization interface. I built dimer models of TGR5 

based on the interfaces structures known from the CXCR4, the µ-OR, and the κ-OR (Figure 

16). Then I simulated the movement of the linker and a fluorophore by MD simulations. 

Subsequently, I calculated the conformational free energy and entropy contribution in 

combination with the dimer models. I used this to obtain a Boltzmann-weighted distribution 

of the fluorophore position in relation to the dimers. The average length of the linker in this 

approach is about 5 Å less than in AV simulations, which are considered to be less accurate. 

The RDA,app for the 1-8 interface of TGR5 calculated from this distribution showed a 

remarkable similarity with the RDA,app of the Y111A variant. Thus, the primary site for TGR5 

homodimerization is the 1-8 interface. 

 
Figure 16 Homodimerization models with the following interfaces from left to right: (1/8), (4/5) and (5/6). 
TGR5 monomer chains are rainbow colored starting with TM1 in blue to H8 in red. Top row: membrane view 
of models displayed in PyMol. Bottom row: Schematic models. The attachment point for the fluorescent 
proteins (FP) at the cytoplasmic H8 is labeled with red circles, and FP’s are presented as glowing stars in green 
for donor and red for acceptor. Abbreviation: CP = cytoplasm. Figure adapted from publication II. 

In contrast to the Y111A variant, the titration experiments strongly suggest that the WT and 

Y111F variant form dimers and higher-order oligomers. The concentration dependence 

indicates that oligomers – (with a formation of tetramers as first step) - are formed from dimers 

(dimer of dimer model). The absence of a concentration dependence in the Y111A variant, a 

mutation in the ERY motif (chapter 2.3.2), implies the presence of at least a second interface 

for TGR5 homo-oligomer formation, which involves the ERY motif. We suggest that the 
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TGR5 oligomers must resemble a one-dimensional array mediated by a single oligomerization 

interface, because one mutation in the ERY motif Y111A in intracellular loop (ICL2) affects 

the oligomerization significantly. As shown in Figure 17 the Y111 residue can interact with 

TM5 or/and TM6 dependent on its structural environment, which could be either helical or 

flexible. Hence, both the 4-5 and 5-6 interface could be potential interaction sites for 

oligomerization. We suggest that the TGR5 oligomers must resemble a one-dimensional array 

mediated by a single oligomerization interface forming either a (1-8):5-6:(1-8) or (1-8):4-5:(1-

8) pattern (see chapter 2.2.4). One-dimensional arrays forming mainly (1-8):4-5:(1-8) 

oligomers have also been found for rhodopsin287, 288 and (1-8):5-6:(1-8) oligomers for the 

µ-opioid receptor222. However, due to a high similarity of the expected RDA,app of the 4-5 and 

the 5-6 interface we cannot distinguish between those interfaces at present. 

 
Figure 17 Influence of Y111A on dimerization. A The dimerization model (4/5) is displayed as a gray colored 
cartoon viewed from the membrane. Residue Y111 located in ICL2 is depicted as a green sphere in each TGR5 
monomer. B Blow-up of the region around residue Y111 to show possible interactions between Y111 from one 
TGR5 molecule with residues in TM4 (green) and TM5 (yellow) in a second TGR5 molecule. Figure adapted 
from publication II. 

 

5.3 Conclusion and significance 

In this study, I built dimer models of TGR5 and calculated the position of the fluorophore 

relative to the protomers using an all-atom MD simulation. I enhanced the accuracy by 

calculating the probability distribution over all positions via a Boltzmann-weighing of their 

conformational free energy I obtained from MM-PBSA calculations including their entropy 

contribution. This is, to my knowledge, the first time conformational free energies in 

combination with their entropic contribution were used to enhance the sampling of fluorescent 

dye movements. My results were necessary to identify the 1-8 interface as a primary 

dimerization interface of TGR5, as suggested by C-terminus variants in publication I. 

Furthermore, I identified binding partners for Y111 in TM5 and TM6 on the basis of my TGR5 
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dimer models. Based on these interactions, I predicted the 4-5 and the 5-6 interfaces to be 

possible oligomerization interfaces of TGR5, as the Y111A variant disrupts its 

oligomerization. 

The principle results of this study are: 

• Combined molecular biology, fluorescence microscopy approaches, as well as 

bioinformatics modeling and simulations identified the 1-8 interface as the primary 

TGR5 dimerization site. 

• TGR5 was shown to form higher-order oligomers. 

• The Y111A variant, a mutation in the conserved ERY motif, abolished 

oligomerization of TGR5. 

• This is the first indication that the tyrosine residue in the (D/E)RY motif might be 

important for GPCR oligomerization. 

In GPCRs, a bound ligand can mediate effects via allosteric mechanisms to other protomers 

in a dimer. This could be dependent on the exact binding mode of the ligand in the binding 

pocket, as agonists and antagonists can both mediate their effects. Knowledge of the binding 

mode of bile acids combined with dimerization models of TGR5 could also be used to develop 

bivalent TGR5 ligands, targeting both protomers of a dimer. Hence, we generated a binding 

mode model of TGR5 agonists in publication III.
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6 Publication III - Mutational Mapping of the Transmembrane 

Binding Site of the G-Protein Coupled Receptor TGR5 and 

Binding Mode Prediction of TGR5 Agonists 

Christoph G.W. Gertzen§, Lina Spomer§, Sander H.J. Smits, Dieter Häussinger,  

Verena Keitel, Holger Gohlke 

§ Both authors contributed equally to this work. 

Eur J Med Chem (2015), 104, 57-72.  

Original publication, see pages: 125-163; contribution: 30% 

6.1 Background 

In the previous publication II, I could show that TGR5 dimerizes via the 1-8 interface. 

GPCR signaling can be influenced by dimerization with effects transmitted to other 

protomers, which may be dependent on the ligand binding mode (chapter 2.2.4). 

Additionally, TGR5 could be a target for the treatment of metabolic diseases, which requires 

potent and selective agonists (chapter 2.1.4), and specialized cancer treatment, which 

requires potent and selective antagonists (chapter 2.1.7). TGR5 antagonists are currently 

unknown but could be derived from TGR5 agonists by introduction of small chemical 

modifications in specific positions. A binding mode of TGR5 agonists can direct these 

changes to simplify antagonist discovery, and could also be used in the development of more 

potent and selective agonists. 

In this publication we used a combination of homology modeling (chapter 2.3.2), 

molecular docking (chapter 2.3.3), 3D-QSAR, MD simulations, and site directed 

mutagenesis with subsequent evaluation of TGR5 ligand responsiveness and membrane 

localization to elucidate a binding mode model of TGR5 agonists. 68 TGR5 agonists 

including natural and synthetic bile acids as well as neurosteroids were used to evaluate the 

binding mode model using the AFMoC approach (chapter 2.3.4). 

6.2 Binding Mode Prediction of TGR5 Agonists 

We considered two alternatives for TM7 of TGR5 when generating the multiple sequence 

alignment with the templates: In the first alternative, priority is given to the alignment of the 

conserved (D/E)X(K/R) motif (positions 8.48 to 8.50); in the second alternative, conserved 

Pro residues in TM7 are preferentially aligned. Both alignments cause a different orientation 
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of residues in TM7: It has the same length in both cases but residues at position 7.n in the 

first alternative are located at position 7.(n+2) in the second one. The second alignment based 

on the conserved proline residue in TM7 (chapter 2.3.2) should be more reliable than the 

first one. To confirm this hypothesis, we built models based on both alignments and predicted 

agonist binding modes in those models.  

 
Figure 18 Binding mode of TLC predicted by molecular docking into the initial homology model of TGR5. 
TLC is shown with cyan sticks, all other TGR5 agonists with cyan lines, and TGR5 in gray cartoon 
representation. Amino acids subjected to mutational analysis are shown in sticks representation; they are 
colored according to having a negative effect (green) or no effect (orange) on receptor activity upon stimulation 
with TLC when mutated to alanine. In the docked binding mode, the 3-hydroxyl group of TLC forms a 
hydrogen bond with E1695.44 and the sulfonic acid moiety of TLC forms a hydrogen bond with S2707.43, 
whereas TLC does not interact with S211.39. Furthermore, TLC makes hydrophobic interactions with Y2406.51 
and L2446.55. Figure adapted from publication III. 

Binding modes found in models of the first alignment alternative generally showed no 

significant AFMoC model. The exchange of binding positions between models of the first 

and proline-centered alignment, to check for a model-independent valid binding poses, also 

yielded no valid AFMoC model. Only a binding mode found in a model of the proline-

centered alignment resulted in a significant AFMoC model (q² = 0.37 for six components), 

which was expected because the alignment on the conserved proline residue should result in 

the correct orientation of TM7. This pose was used as our initial binding mode model. In the 

initial binding mode model TLC forms a hydrogen bond with E1695.44 using its 3-hydroxyl 

group and hydrophobic interactions with Y2406.51 and L2446.55 in TM6 (Figure 18). 

Furthermore, TLC binds with its sulfonic acid moiety in the vicinity of TMs 1 and 7 deep 

inside the pocket to S2707.43 in TM7 (Figure 18). The interacting residues were mutated to 

alanine and experimentally investigated regarding their response to TLC stimulation and 

membrane localization to validate the binding mode model. Additionally, S211.39 was 

mutated to alanine as a negative control and to invalidate binding mode models based on the 
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first alignment alternative. Here, bile acids bind to S211.39 with their sulfonic acid moiety, so 

that no response to the alanine mutation of this residue would invalidate these binding modes 

while consolidating our initial binding mode model. The alanine mutation of E1695.44 in 

TM5 was predicted to influence ligand binding (see chapter 2.2.1) while the mutations of 

Y2406.51 and L2446.55 in TM6 were predicted to prevent the activation of TGR5. 

As expected, the TLC-dependent luciferase activity of S21A1.39 was comparable to that 

of wildtype TGR5 (Figure 19). In contrast, E169A5.44 showed a significantly reduced 

activity at TLC concentrations between 0.1 and 2.5 µM, but not 10 µM indicating an 

influence on TLC binding, as predicted. In L244A6.55 the dose-response was significantly 

reduced at all concentrations compared to the WT, while the Y2406.51 variant showed nearly 

no response to TLC stimulation. These results confirmed our initial binding mode model. 

We subjected TLC in the initial binding mode model to MD simulations to incorporate 

ligand and receptor flexibility. The most notable change was the breaking of the hydrogen 

bond between S2707.43 and the sulfonic acid moiety of TLC, which reoriented towards 

R79EL2 to form a salt bridge with this residue. Furthermore, TLC showed a tendency to form 

a hydrogen bond with its 3-hydroxyl group to the hydroxyl group of Y2406.51, in addition to 

a hydrogen bond with E1695.44. 

 
Figure 19 Experimental validation of the initial binding mode. Receptor activity towards taurolithocholate 
(TLC) was measured using a cAMP responsive luciferase construct, and luciferase activity served as a measure 
of the rise in intracellular cAMP following activation of TGR5. Forskolin (F, 10 µM) was used as TGR5 
independent positive control. Dimethyl sulfoxide (D) was used as a negative control. The variant S21A1.39 did 
not affect receptor responsiveness. E169A5.44 and L244A6.55 showed reduced luciferase activity at lower TLC 
concentrations (0.1 – 2.5 µM), while retaining activity like the WT at 10 µM TLC. The variant Y240A6.51 
almost abolished TLC-dependent luciferase activity at all concentrations tested and also significantly reduced 
forskolin-mediated rise in cAMP. Results (WT n = 21; S21A1.39, E169A5.44 n = 8; L244A6.55, Y240A6.51 n = 7) 
are expressed as mean ± SEM. *, # = significantly different (p ≤ 0.01) from DMSO and TGR5 WT, 
respectively. Figure adapted from publication III. 

An AFMoC model based on this refined binding mode showed an even higher predictivity 

(q² = 0.50 with one component) than our initial binding mode. In the refined binding mode, 
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we observed that agonists with a 7-hydroxyl group preferred a configuration shifted by about 

3 Å towards helix 3 compared to TLC. For agonists with a 7-hydroxyl group in α-position, 

such as TCDC, this occurred due to hydrogen bond formation with Y893.29 in TM3 (Figure 

20). Agonists such as TUDC with a 7-hydroxyl group in β-position formed a hydrogen bond 

with N933.33 instead.  

 

Figure 20 Binding mode of TLC after refinement of the TLC/TGR5 complex by MD simulations (A), 
corresponding alignment of TGR5 agonists used for the second AFMoC analysis (B), binding mode of TCDC 
(C) and TUDC (D) as compared to TLC. TLC is shown with cyan sticks, all other TGR5 agonists with cyan 
lines, and TGR5 in gray cartoon representation. Amino acids subjected to mutational analysis are shown in 
sticks representation; they are colored according to having a negative effect (green) or no effect (orange) on 
receptor activity upon stimulation with TLC when mutated to alanine. The N93A3.33 variant (navy) was mainly 
retained intracellularly. In the refined binding mode (panel A), TLC forms a salt bridge to R79 in the EL1 with 
its sulfonic acid moiety. Furthermore, it forms hydrogen bonds with E1695.44 and Y2406.51 with its 3-hydroxyl 
group. Hydrophobic interactions are formed between TLC and Y893.29 and L2446.55. Binding mode of TCDC 
(sticks representation, yellow) with its 7-α-hydroxyl group forming a hydrogen bond to Y893.29, moved towards 
TM3 relative to TLC (C), and binding mode of TUDC (sticks representation, yellow) with its 7-β-hydroxyl 
group forming a hydrogen bond to N933.33, moved towards TM3 relative to TLC (D). Figure adapted from 
publication III. 

Consequently, mutations of the following residues should yield experimental support to 

the refined binding mode, including the shifted configurations for agonists with a 7-hydroxyl 

group: R79AEL1 and Y240F6.51, as TLC forms hydrogen bonds with these residues; S270A7.43 
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as a negative control, as TLC does not form hydrogen bonds with this residue; Y89A3.29 and 

N93A3.33, as these residues are predicted to have an influence on the activation of TGR5 by 

TCDC and TUDC, respectively, but not TLC (Figure 20). 

As only 33.0±2.2% of N93A3.33 reached the PM of transfected HEK293 cells as measured 

by FACS analysis, its impact on TUDC binding cannot be measured. In contrast, other 

variants reached the PM in sufficient amount to test their influence on ligand binding and 

receptor activation. The activity of S270A7.43 was not significantly different to that of WT 

TGR5 at high concentrations of TLC, while R79AEL1 showed a dose-dependent increase in 

TLC-dependent luciferase activity, which was significantly reduced compared to WT TGR5. 

The effects of the S270A7.43 and the R79AEL1 variant reflect the instability of the interaction 

of the TLC sulfonic acid moiety with S270A7.43 which is given up in favor of a salt bridge 

with R79AEL1, as seen in MD simulations. Y240F6.51, effectively removing the hydroxyl 

group binding to TLC in the refined binding mode, almost completely abolished TLC 

induced luciferase activity. Finally, Y89A3.29 showed the highest impact on TCDC activity, 

with which it was predicted to form a hydrogen bond to its 7α-hydroxyl group. TLC with no 

7-hydroxyl group and TUDC, which does not form a hydrogen bond in the refined binding 

mode due to the β-configuration of its 7-hydroxyl group, showed a less pronounced 

reduction in TGR5 stimulation in the Y89A3.29 variant. The hydrogen bond formation of 

Y893.29 with TCDC (EC50 = 2.3 µM) rather than with TUDC (EC50 = 50.5 µM) (chapter 

2.1.2), as seen in our refined model, explains the epimeric selectivity of TGR5 towards 

agonists with a 7-hydroxyl group in α-position. 

All in all, we could validate our binding mode model of 68 TGR5 agonists by predicting 

the effects of nine mutations to either influence agonist binding or TGR5 function including 

negative controls. The predicted effects were verified by mutagenesis studies with 

subsequent localization and functional assays. Our binding mode model is highly accurate 

as it could not only predict the importance of the Y2406.51 hydroxyl group for TGR5 

activation but also identified the epimeric selectivity determining residue Y893.29.  

6.3 Conclusion and significance 

In this publication, I created an initial binding mode model of 68 TGR5 agonists using 

homology modeling, molecular docking, and AFMoC analysis. From this initial model, I 

predicted the influence of four mutations on TLC response, including a negative control, to 

validate this binding mode model. Experimental examination of the TGR5 variants 

corroborated the model. I then subjected TLC in the initial binding mode with TGR5 to MD 
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simulations. This led to an improved binding conformation with which I could create an even 

more predictive AFMoC model. For this refined binding mode model, I suggested five 

additional mutations for which I correctly predicted their influence, including the importance 

of the Y2406.51 hydroxyl group and the epimeric selectivity being mediated by Y893.29. 

The principle results of this study are: 

• This is the first binding mode model of TGR5 agonists which is in line with nine 

mutations to TGR5. 

• Furthermore, it explains the structure-activity relationships of 68 TGR5 agonists 

and is the first binding mode model including neurosteroid agonists of TGR5. 

• The sulfonic acid moiety of TLC binds to R79EL2 while its 3-hydroxyl group forms 

hydrogen bonds to E1695.44 and Y2406.51. 

• The binding mode model is highly accurate to a degree that it explains the 

epimeric selectivity of 7α-hydroxyl groups, which is mediated by Y893.29. 

This binding mode model could be used for the development of more potent and selective 

agonists, and the identification of antagonists. In combination with the TGR5 dimerization 

models identified in publication II bivalent ligands of TGR5 could be developed, which 

target both protomers of a dimer. Furthermore, this binding mode model might be used to 

explain possible receptor crosstalk in combination with those dimer models.
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SUMMARY 

In the present work, I first computationally investigated the secondary structure formation 

of the membrane-proximal C-terminal helix 8 of TGR5 with the aim of correlating secondary 

structure formation to membrane localization (publication I). This should show whether α-

helicality of the C-terminus as observed in crystal structures of GPCRs induces membrane 

localization. I conducted MD simulations of the TGR5 C-terminus and mutants thereof and 

clustered the structures into groups of similar secondary structure. The results for each 

mutant were correlated with a characterization of their function and localization done in the 

lab of Prof. Dr. V. Keitel. This revealed that the C-termini of all membrane localized mutants 

indeed adopted α-helices while β-sheet or loop formation led to ER retention.  

As homodimerization can be another reason for the membrane trafficking of GPCRs, and 

helix 8 lies within a prominent interface for GPCR dimerization, (chapters 2.2.3 and 2.2.4) 

the contact between these α-helices could promote TGR5 dimerization. Hence, I investigated 

possible dimerization interfaces of TGR5 (publication II). For this I built homology models 

of TGR5 based on known GPCR dimer interfaces which were used to determine the 

theoretical FRET efficiency for comparison to FRET measurements done in the lab of Prof. 

Dr. C. Seidel and Prof. Dr. V. Keitel. This allowed the identification of the 1-8 interface, 

which was suspected on the results based on publication I, as a dimerization site of TGR5. 

Finally, I predicted a binding mode model of 68 TGR5 agonists including natural and 

synthetic bile acids, and neurosteroids, which was experimentally validated in the lab of 

Prof. Dr. V. Keitel (publication III). Here, I created homology models of TGR5 and docked 

the most potent natural agonist TLC into the TGR5 binding site (chapter 2.3.2). Subsequent 

improvement of the initial binding mode by incorporating ligand and receptor flexibility via 

MD simulations of the complex showed a reorientation of the sulfonic acid moiety of TLC. 

Remarkably, the effects of nine mutations suggested based on the model were in perfect 

agreement with the binding mode model. In combination with the experiments the binding 

mode model shows an astonishing level of detail. Based on a hydrogen bonding of the 

hydroxyl group of Y2406.51 to TLC, I could correctly predict an abolishment of receptor 

activation in the Y240F variant, which effectively removes the Y240 hydroxyl group. 

Furthermore, the binding mode model explains the epimeric selectivity of TGR5 towards 

bile acids with a 7-hydroxyl group in α-position (e.g. TCDC) rather than in β-position (e.g. 

TUDC) mediated by Y893.29. All in all, this binding mode model is precise accurate enough 

to further the development of specific TGR5 agonists as well as antagonists.
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PERSPECTIVES 

TGR5 is involved in the formation of the cholangiocyte carcinoma, and the gastral and 

esophageal adenocarcinoma by the mediation of proliferative and anti-apoptotic effects 

(chapter 2.1.7). Antagonists inhibiting those signaling pathways (chapter 2.1.3) could pose 

a new therapy for these types of cancer. However, no antagonists of TGR5 are known to 

date. Based on the binding mode of agonists identified in publication III, I built a 

pharmacophore model (Figure 21) aiming at abolishing the interactions to TM6, which are 

vital for receptor activation (chapter 2.2.2). Thus, most of the interactions with TGR5, 

especially the salt bridge to R79EL2, can be maintained while no inward force is exerted to 

TM6, which could lead to the activation of TGR5. With this pharmacophore model 48 

potential antagonists of TGR5 were identified by a virtual screening, which will be tested in 

the lab of Prof. Dr. V. Keitel towards their inhibitory potential. 

 
Figure 21 Pharmacophore model for the identification of potential TGR5 antagonists targeting the orthosteric 
pocket. The pharmacophore model was chosen from the binding pose of TLC (line representation) and includes 
the presence of anionic groups (red), hydrophobic groups (green), hydrogen bond donors (blue) and excluded 
volumes (orange). 

Similarly, I aim at disrupting the TGR5/G-protein interaction in order to inhibit TGR5 

downstream signaling without having to compete with high concentrations of bile salt 

agonists. For investigating the binding energetics of the TGR5/G-protein complex, I first 

built a homology model of the TGR5/Gs-protein complex based on our TGR5 homology 

model (publication III) and the β2-adrenergic receptor/Gs-protein complex157. I then 

performed 160 ns of MD simulations of the complex in a POPC membrane (Figure 22). 
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Figure 22 Identification of important residues mediating the TGR5/Gs-protein complex formation via MM-
PBSA calculations. A Starting structure of the TGR5 (green) / G-protein (orange) complex model in a POPC 
membrane (navy). B Residues in the interface of TGR5/Gs-protein that contribute most to the binding affinity 
(“hot spots”) (red) of the complex. E378 is at the C-terminal end of helix 5, and D367 and D364 at the N-
terminal end. 

Conformations of the complex were extracted from the MD trajectory and subsequently 

subjected to MM-PBSA calculations in an implicit membrane environment289 to compute 

per-residue contributions to the effective energy of complex formation. Here, three residues 

in the N-terminal and C-terminal ends of helix 5 (H5) of the Gαs-protein subunit were 

identified to contribute most (~5 kcal∙mol-1); these residues form salt bridge interactions with 

corresponding residues in TGR5 (Figure 22). This is in line with recent findings, which 

show that residues in the C-terminal end of H5 are important for the complex formation of 

the heterotrimeric Gs-protein and the β2-adrenergic receptor (chapter 2.2.2)174. The residues 

identified to mediate the TGR5/G-protein complex formation could be used to screen for 

antagonists similar to a rational, structure-based approach to inhibit protein-protein 

interactions (PPI)290 based on recent advances in the understanding of the energetics and 

dynamics of protein binding interfaces291 and methodological developments in our working 

group292-295. 

Furthermore, it would be very interesting to uncover the exact mechanism of the influence 

of TGR5 C-terminus α-helix formation on TGR5 membrane localization (publication I). As 

it has been shown that Rab-GTPases are involved in the membrane trafficking of GPRCs108, 

186-189 (chapter 2.2.3), studying the interaction between H8 of TGR5 and Rab-GTPases 

could lead to success. Here, an approach similar to the one described in the previous 

paragraph can be used. 
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Supplemental Tables
Table S1. Stereochemical quality of the homology models generated from the (D/E)X(K/R)

motif-centered alignment as analyzed by Procheck[1].

Model 

Residues in 
core 
regionsa 

Residues in 
allowed 
regionsa 

Residues in 
generous 
regionsa 

Residues in 
disallowed 
regionsa 

1 90.6 7.1 2.0 0.4 
2 86.3 8.2 3.9 1.6 
3 89.8 6.3 2.7 1.2 
4 85.9 10.6 2.0 1.6 
5 87.5 6.7 4.7 1.2 
6 89.0 8.6 1.2 2.4 
7 88.2 8.2 1.2 2.4 
8 89.4 7.8 1.2 1.6 
9 89.0 9.0 1.2 0.8 

10 87.8 9.0 2.0 1.2 
11 87.8 10.6 0.4 1.2 
12 87.5 8.2 2.4 2.0 
13 89.8 5.9 3.9 0.4 
14 85.5 10.6 2.0 2.0 
15 87.1 6.7 5.1 1.2 
16 89.0 7.5 1.6 2.0 
17 89.0 8.6 0.8 1.6 
18 89.8 7.5 1.6 1.2 
19 91.0 7.8 0.8 0.4 
20 86.7 9.0 3.1 1.2 
21 87.1 10.2 2.0 0.8 
22 86.7 9.0 3.1 1.2 
23 89.0 9.0 1.2 0.8 
24 85.1 11.4 2.7 0.8 
25 89.0 5.5 4.3 1.2 
26 89.4 8.2 1.8 0.8 
27 89.8 8.2 0.8 1.2 
28 89.4 7.5 1.2 2.0 
29 90.2 8.2 1.2 0.4 
30 86.7 9.4 2.4 1.6 
31 88.2 10.2 0.4 1.2 
32 85.9 8.2 3.1 2.7 
33 87.5 6.3 4.3 2.0 
34 85.5 10.6 2.0 2.0 
35 87.8 5.9 4.7 1.6 
36 88.6 7.5 2.0 2.0 
37 90.2 8.2 0.8 0.8 
38 87.5 8.6 2.4 1.6 
39 89.8 8.2 1.6 0.4 
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Table S1 continued

40 87.8 9.4 2.0 0.8 
41 87.1 11.0 0.4 1.6 
42 86.3 8.2 3.9 1.6 
43 89.8 5.9 3.5 0.8 
44 85.5 11.0 2.0 1.6 
45 88.2 6.3 4.7 0.8 
46 88.2 8.6 2.4 0.8 
47 88.6 9.0 1.2 1.2 
48 89.0 7.8 1.2 2.0 
49 90.2 8.6 0.8 0.4 
50 87.5 9.4 2.0 1.2 

a The percentage of residues is given that lie within core, allowed, generous, or disallowed 

regions of the Ramachandran plot according to the definitions used by Procheck[1].
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Table S2. Stereochemical quality of the homology models generated from the conserved proline-

centered alignment as analyzed by Procheck[1].

Model 

Residues in 
core 
regionsa 

Residues in 
allowed 
regionsa 

Residues in 
generous 
regionsa 

Residues in 
disallowed 
regionsa 

1 87.9 8.2 2.3 1.6 
2 89.1 8.9 1.2 0.8 
3 89.1 6.6 1.6 2.7 
4 87.9 9.7 1.9 0.4 
5 87.9 9.3 2.3 0.4 
6 87.5 8.9 1.6 1.9 
7 88.3 8.9 1.9 0.8 
8 90.7 8.2 0.0 1.2 
9 88.3 10.1 0.8 0.8 

10 86.4 8.6 2.7 2.3 
11 88.7 7.4 1.9 1.9 
12 89.5 8.9 0.8 0.8 
13 90.7 6.2 1.2 1.9 
14 87.9 10.1 1.6 0.4 
15 87.5 9.3 1.9 1.2 
16 87.2 8.2 1.6 3.1 
17 88.3 8.2 1.9 1.6 
18 89.9 8.6 0.4 1.2 
19 88.3 9.7 1.2 0.8 
20 87.5 8.6 2.3 1.6 
21 87.9 8.2 1.9 1.9 
22 89.1 8.9 1.2 0.8 
23 90.3 6.2 1.6 1.9 
24 88.7 8.9 1.9 0.4 
25 87.9 8.9 2.3 0.8 
26 87.5 8.6 1.9 1.9 
27 88.7 8.9 1.6 0.8 
28 89.5 8.6 0.4 1.6 
29 88.7 9.3 1.6 0.4 
30 86.8 8.2 3.1 1.9 
31 88.3 7.4 1.9 2.3 
32 89.9 8.6 0.8 0.8 
33 89.5 7.0 1.6 1.9 
34 87.9 10.1 1.6 0.4 
35 87.5 9.7 2.3 0.4 
36 87.9 8.9 1.6 1.6 
37 88.3 8.6 1.6 1.6 
38 89.9 8.2 0.4 1.6 
39 88.3 9.7 1.2 0.8 
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Table S2 continued

40 87.2 8.9 2.3 1.6 
41 89.1 7.4 1.9 1.6 
42 88.7 8.9 1.2 1.2 
43 88.7 7.8 0.8 2.7 
44 88.3 9.3 1.9 0.4 
45 87.2 10.1 2.3 0.4 
46 87.5 8.9 1.6 1.9 
47 88.3 8.9 1.9 0.8 
48 89.9 8.2 0.4 1.6 
49 88.3 10.1 1.2 0.4 
50 86.4 8.9 3.1 1.6 

a The percentage of residues is given that lie within core, allowed, generous, or disallowed 

regions of the Ramachandran plot according to the definitions used by Procheck[1].
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Table S3. Results of the molecular docking of TLC into selected homology models.

Alignment Modela

Poses in the 
largest 
clusterb

Energy of the best 
pose in the largest 
clusterc

(D/E)X(R/K) 7 20 -11.92
22 80 -12.75
23 50 -13.37
24 46 -13.70
26 42 -13.10
36 35 -14.25
42 83 -12.75
48 28 -12.56
49 51 -12.82
50 36 -13.12

Proline 9 50 -13.83
11 76 -13.10
12 34 -11.65
17 64 -14.65
18 60 -12.43
19 22 -14.92
22 34 -11.58
25 40 -12.88
26 31 -11.67
34 32 -14.07

a The model number refers to the number assigned in the modelling process.
b Percentage of poses in the largest cluster.
c In kcal mol-1.
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	TRPA1   Transient receptor potential ankyrin 1
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	ZUSAMMENFASSUNG
	TGR5 ist der zuerst entdeckte gallensalzaktivierte G-Protein gekoppelte Rezeptor. Er wird von Gallensalzen und Neurosteroiden aktiviert. Seine physiologischen Funktionen bestehen sowohl in der Regulation des Blutzuckerspiegels als auch dem Schutz der Zellen des Gallengangs durch antiapoptotische und proliferative Signale. Bei einer Überexpression des Rezeptors in Gallengangzellen kommt es jedoch zur Bildung des Cholangiozytenkarzinoms. Derzeit ist keine spezielle Therapie dieser Krebskrankheit möglich, da keine TGR5-Antagonisten bekannt sind, die das Übermaß an antiapoptotischen und proliferativen Signale blockieren könnten. Die Entwicklung von TGR5-Antagonisten ist nicht trivial, jedoch könnte die Kenntnis des Bindemodus von TGR5-Agonisten den Entwurf von Antagonisten lenken und so deren Entwicklung vereinfachen. In Publikation III habe ich in Kooperation mit der Arbeitsgruppe von Prof. Dr. V. Keitel ein Bindemodenmodell von TGR5-Agonisten vorhergesagt. Dieser Bindemodus ist in Einklang mit neun Mutationen, die sowohl die Aktivität von TGR5 als auch die Affinität der Liganden beeinflussen. 
	Damit TGR5 seine Effekte ausüben kann, muss dieser nach Synthese im endoplasmatischen Retikulum zur Plasmamembran transportiert werden. Allerdings ist nicht bekannt, welche Faktoren diesen Transport bedingen. Die meisten GPCRs enthalten hierfür gewöhnlich ein Sortiermotiv in ihrem C-Terminus, welches TGR5 nicht besitzt. In Publikation I konnte ich mit der Arbeitsgruppe von Prof. Dr. V. Keitel zeigen, dass die Bildung einer α-Helix im C-Terminus verantwortlich für den Membrantransport ist. TGR5 Varianten, die keine α-Helix im C-Terminus aufwiesen, verblieben im endoplasmatischen Retikulum. Wir haben Andeutungen gefunden, dass dies in allen GPCRs der Grund für den Membrantransport sein könnte und Sortiermotive die Aufgaben haben, die Bildung der α-Helix im C-Terminus zu forcieren.
	Homodimerisierung von TGR5 könnte ein Grund für die Bedeutung dieser Sekundärstruktur für die Membranlokalisierung sein. Für GPCRs wurde gezeigt, dass Dimerisierung im endoplasmatischen Retikulum der auslösende Faktor für deren Membrantransport ist. Mit den Arbeitsgruppen von Prof. Dr. V. Keitel und Prof. Dr. C. Seidel konnte ich in Publikation II zeigen, dass TGR5 in der Tat den C-Terminus als Dimerisierungsschnittstelle benutzt. Darüber hinaus konnten wir zeigen, dass TGR5 Oligomere bildet und hierfür zwei weitere potentielle Interaktionsflächen identifizieren.
	ABSTRACT
	TGR5 is the first known bile acid-sensing G-protein coupled receptor. TGR5 is activated by bile acids and neurosteroids. The physiological roles of TGR5 include the regulation of blood glucose levels and the protection of bile duct cells via anti-apoptotic and proliferative effects. An overexpression of TGR5 in bile duct cells, however, leads to the formation of the cholangiocarcinoma. Currently, no specialized therapy of the cholangiocarcinoma is available as no TGR5 antagonists, inhibiting the abundancy of proliferative and antiapoptotic effects, are known. The design of TGR5 antagonists is not trivial, but knowledge of the binding mode of TGR5 agonists could guide the design of antagonists, which could simplify their development. In publication III I discovered a binding mode model of TGR5 agonists in cooperation with the working group of Prof. Dr. V. Keitel using integrative modeling. This binding mode is in agreement with nine mutations, including negative controls influencing the activation of TGR5 as well as agonist affinity.
	In order to exert its effects, TGR5 needs to be transported to the plasma membrane after its synthesis in the endoplasmic reticulum. However, the determinants for its membrane trafficking are unknown. For this trafficking, most of the GPCRs bear sorting motifs in their C-termini, which TGR5 does not. In publication I, I could show in collaboration with the working group of Prof. Dr. V. Keitel that α-helix formation in the TGR5 C-terminus is responsible for its membrane trafficking. TGR5 variants, which did not show α-helix formation, remained in the endoplasmic reticulum. We discovered hints, that this α-helix formation could be the determining factor for membrane localization in all GPCRs, while the sorting motifs facilitate α-helix formation.
	Homodimerization of TGR5 could be the reason for the importance of this secondary structure for its membrane localization. For other GPCRs it could be shown that dimerization in the endoplasmic reticulum triggers their membrane trafficking. In cooperation with the working groups of Prof. Dr. V. Keitel and Prof. Dr. C. Seidel, I could show in publication II that TGR5 utilizes its C-terminus in a dimerization interface. Furthermore, we could show that TGR5 forms oligomers, for which we identified two possible interfaces.
	1 INTRODUCTION
	G-protein coupled receptors (GPCRs) are cell-surface receptors which constitute a very important gene family of receptors as they are present in virtually every type of tissue in mammals, and thus the human body1, 2. They can be found in brain tissues3-6, the retina7, 8, the lung9, 10, the heart11, 12, the kidney13, 14, and the intestine15-17, only to name a few. Their prominence throughout the body allows them to take part in a variety of regulatory mechanisms. These mechanisms include neurological, cardiovascular, endocrine, and reproductive functions and encompass the senses of taste, smell and vision18, 19. Thus, GPCRs offer a wide range of possibilities to alter processes in the body, which makes them valuable drug targets18-20. In fact, GPCRs are among the most targeted gene families on the current drug market21. Accordingly, 27% of all present drugs influence the activity of GPCRs21, although biologicals, especially monoclonal antibodies not targeting GPCRs, are on a steady rise22-24. Yet, with 40% of all prescriptions being GPCR modulating substances, the importance of GPCRs among drug targets is undisputed1, 25, 26. Hence, drugs targeting more than 50 different GPCRs, among them novel targets, are currently in the pipeline18, 27. 
	In order to participate in such diverse mechanisms, multiple different GPCRs are necessary. To date, about 900 different human GPCRs are known of which 400 are nonolfactory receptors1, 27, 28. These 900 receptors can be divided into five classes depending on their phylogeny: The family of rhodopsin-like receptors (class A) including catecholamine, olfactory, and many peptide receptors; the family of glucagon-like receptors (class B) including peptide and secretin receptors; the family of metabotropic glutamate receptors (class C) including GABA, pheromone, and taste receptors; and the families of frizzled and smoothened receptors (class D, and E, respectively)29-33. In drug discovery, the group of nonolfactory receptors, especially class A receptors, have been subject to extensive investigation while the olfactory and taste receptors, only being involved in smell and taste, have been widely neglected1, 27, 28. Recent studies however, show an occurrence of olfactory and taste GPCRs in tissues, which are not associated with those senses, effectively increasing the number of possibly targetable GPCRs by about 500. Such olfactory and taste receptors have been hypothesized to be responsible for nutrient sensing in the heart11, found to influence the chemotaxis of sperms34 or inhibit the proliferation of prostate cancer cells35. Moreover, some of them regulate glucose absorption in the intestine and may thus be future targets for the treatment of metabolic diseases15. An intestinal target for metabolic diseases, though a nonolfactory GPCR regulating blood glucose homeostasis, is the Tanaka G-protein coupled receptor 5 (TGR5)36, 37 (chapter 2.1.1).
	TGR5, a class A receptor and the subject of this thesis, is the first known bile acid-sensing GPCR and is expressed throughout the body38-42. Locations with high expression levels of TGR5 are the liver, the bile duct, gallbladder, intestine, immunocompetent cells, and the brain43-49. In the brain, bile acids cannot be the natural agonists of TGR5 as they are actively excreted through the blood-brain barrier, and thus cannot reach the brain50, 51. Here, neurosteroids act as the natural ligands46 (chapter 2.1.2). The effects mediated by TGR5 are highly interesting to exploit from a drug developmental perspective. For instance, upon activation TGR5 has the ability to reduce inflammation (chapter 2.1.5) and thus attenuate atherosclerosis, which has been shown in mice52-55. Additionally, the activation of TGR5 has beneficial effects on metabolism and energy expenditure (chapter 2.1.4) what could be utilized in the treatment of diabetes and other metabolic diseases36, 49, 52, 56. For the latter, the popularity of TGR5 agonists has had a setback, as they also lead to gallbladder filling which can be quite unpleasant in patients57. However, not only substances activating TGR5 are of high pharmacological interest, as it has been found to be overexpressed in esophagus, gastric, and gallbladder cancers58-60 (chapter 2.1.7). Upon activation, TGR5 has been shown to increase proliferation and reduce apoptosis in cells, so the enhancement of these effects due to overexpression may be a cause for the development of these types of cancer49, 56, 61. Furthermore, TGR5 is responsible for mediating bile acid-induced pruritus55, 62, 63. Thus, substances inhibiting the activation of TGR5 are very promising drugs for the treatment of TGR5 mediated forms of cancer, and pruritus in cholestatic diseases. Unsurprisingly, a lot of effort has been put into the identification of new TGR5 ligands64-75. However, no inhibitors of TGR5 are currently known, and despite extensive research on the field of GPCRs, the design of antagonists is not trivial. The absence of an X-ray crystal structure of TGR5 and thereby a binding mode of agonists in TGR5 complicates the endeavor to identify TGR5 antagonists or more potent agonists. Here, computational structure-based methods (chapter 2.3) can help to predict the binding pose of ligands and, thus, guide the design of new and more potent drugs76.
	The application of such methods requires knowledge about the target structure but the absence of a crystal structure of TGR5 seems to contradict their use. However, if a crystal structure is unavailable, a prediction of the structure can be made by homology modeling. In homology modeling, the crystal structures of one or several evolutionarily related proteins are used to build a structural model of the target protein. For this, homology modeling (chapter 2.3.2) utilizes the fact that protein structure is more conserved than sequence77. This means that two related proteins, e.g. from the same class of GPCRs, adopt a very similar structure despite their sequences showing a very low identity to each other. As a matter of fact, all GPCRs, which have been crystallized to date, exhibit seven transmembrane α-helices (TMs) and differ mainly in the structure of their extra- or intracellular parts18, 78 (chapter 2.2.1). The general shape of the TMs, which also constitute the binding site, is highly conserved among GPCRs, which renders the subsequent prediction of an accurate binding mode more likely18, 78-80.
	In order to predict a binding mode, the method of molecular docking (chapter 2.3.3) is usually used. Here, conformations of a known ligand inside the binding pocket of the target are generated and subsequently evaluated energetically. This evaluation can be done according to various methodologies ranging from the application of force fields to the use of knowledge-based potentials81-86. The methods predict the energetically most favorable conformation (binding mode) of the ligand in the binding pocket and thus the most populated one. In the field of GPCRs the combination of homology modeling and molecular docking was applied with great success leading to the prediction of near native binding poses79, 87, 88. Moreover, these predicted binding modes were so accurate that on their basis new ligands could be identified for several GPCRs via virtual screening89-92. Molecular docking often does not incorporate target flexibility, which can be achieved by the use of molecular dynamics simulations (MD simulations), however93, 94. Here, the molecular motions e.g. of the GPCR with a ligand embedded into a cell membrane are predicted on a femtosecond to microsecond scale.
	At the beginning of this thesis, the membrane localization determining factors of TGR5 were elusive as the C-terminus of TGR5 does not contain a known sorting motif in the C-terminus. A factor for the membrane localization of TGR5 could also be its dimer formation in the endoplasmic reticulum, leading to a membrane trafficking (chapter 2.2.3). Here, the C-terminus of TGR5 may play a role, as it is utilized in a known dimer interface of GPCRs. TGR5 had been identified to form dimers and higher-order oligomers95, but the orientation of TGR5 upon dimer- and oligomerization was also unknown as was the binding mode of TGR5 agonists. Hence, I applied the aforementioned computational methods in an interdisciplinary integrative modeling approach to investigate the determinants of the membrane localization, the dimerization interfaces, and the ligand recognition of TGR5.
	2 BACKGROUND
	First, I will review the knowledge about the structure and ligand recognition spectrum of TGR5 and its functions in health and disease in order to demonstrate the value of TGR5 as a potential drug target. Then I will provide an overview of the structural properties and modes of activation of GPCRs in general. After this, I will highlight known factors that influence the activation and membrane localization of GPCRs. This knowledge is crucial in order to understand the decision-making process and the results of this thesis and was extensively used to bolster the modeling process with experimental data. Finally, I will provide an introduction to FRET, and structure-based methods with a focus on integrative modeling and docking, which form the basis of my thesis.
	2.1 TGR5

	Comprehensive information about TGR5 and its physiological roles can be found in refs.49, 52, 54, 59, 96-99. 
	2.1.1 The GPCR TGR5

	TGR5, also known as the G-protein coupled bile acid receptor-1 (GPBAR-1) or Membrane-type bile acid receptor 1 (M-BAR 1), is the first known bile acid-sensing G-protein coupled receptor and is activated by bile acids and neurosteroids39, 40, 46, 65, 68, 70, 72, 73, 100. It was first discovered by T. Maruyama et al. in the year 2002 and can thus be considered a relatively young GPCR39. Its first detection in the laboratory of K. Tanaka with T. Maruyama as a coworker lead to the propagation of the most commonly used abbreviation TGR5, the Tanaka Gprotein coupled receptor 5. It is a member of the family of class A GPCRs with a length of 330 amino acids (UniProt ID: Q8TDU6)101, 102. Although no X-ray crystal structure of TGR5 is known, we can infer from its membership in class A GPCRs that its structure resembles seven TMs with a schematic representation shown in Figure 1. The intracellular loop 3 (IL3) is 42 amino acids long and unstructured, as is the C-terminus of TGR5. This was the structural information available about TGR5 at the beginning of this thesis103-105. While in many X-ray crystal structures of GPCRs the C-terminus adopts an α-helix, not all GPCRs show such secondary structure formation. The C-terminus of the CXCR4 receptor for example shows loop formation in the crystal structure106. The C-terminus of TGR5 does not contain a known sorting motif for the trafficking from the endoplasmic reticulum to the membrane42. While several sorting motifs have been identified in the C-termini of GPCRs (chapter 2.2.3), their exact mode of action remains elusive as they are quite diverse28, 107.
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	Figure 1 Snake-plot of the sequence of TGR5. This plot shows the sequence of TGR5 in an arrangement indicating the TMs. The boundaries of the TMs were predicted by information available from the GPCRDB105 at the beginning of this thesis. Similarly, the IL3 is long while the C-terminus of TGR5 is unstructured. The roman numbers indicate the seven TMs typical for GPCRs connected by the extracellular (EL) and intracellular loops (IL). Figure adapted from publication I.
	Generally, it is assumed that these motifs are recognized by Rab-GTPases (Ras-related in brain-GTPases), which traffic the receptors to the membrane and lead to endocytosis108. However, none of those sorting motifs are present in the C-terminus of TGR5, which poses the question what the determining factors of the membrane trafficking of TGR5 are. As the membrane trafficking of TGR5 is crucial for its activity, this question has been addressed in publication I.
	2.1.2 TGR5 ligand recognition spectrum

	The factor influencing the activity of TGR5 is its activation by ligands. As stated before, the natural ligands of TGR5 are bile acids and neurosteroids. The latter has only been determined recently46, 65. Previously, scientists were interested in the identity of the natural ligands in the brain, as bile acids cannot penetrate the blood-brain barrier and are also not synthesized in the brain in relevant amounts50, 51, 96. The discovery of neurosteroids such as estradiol as the natural ligands in the brain solved this issue although they are not as potent agonists as bile acids46, 65. The potency of bile acids to activate TGR5 correlates with the hydrophobicity of their cholane scaffold. Essentially, the more hydrophobic the cholane scaffold of the respective bile acid, the lower the concentration of the bile acid is needed to activate TGR5. Thus, primary bile acids such as cholic acid (CA) or chenodeoxycholic acid (CDCA) bearing more hydroxyl groups are less potent than secondary bile acids such as deoxycholic acid (DCA) or lithocholic acid (LCA), which are more hydrophobic (Figure 2). Not only the number of hydroxyl groups on the cholane scaffold is important for the effectiveness of the respective bile acids, but also their stereochemical configuration is relevant. The configuration of the hydroxyl group in position seven of the cholane scaffold has the highest impact on the activity of bile acids if present. This is most prominent when comparing CDCA to ursodeoxycholic acid (UDCA).
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	Figure 2 Bile acid agonists alongside their EC50 values towards TGR5 as reported in ref.65 Primary bile acids: CA, CDCA, and UDCA. Secondary bile acids: DCA, LCA, GLC, and TLC. The primary bile acids are generally less effective TGR5 agonists than the secondary bile acids. Among the primary bile acids, the configuration of the hydroxyl group in position seven strongly influences the activity, if comparing CDCA to UDCA. Conjugation of the acid moiety with glycine increases the activity towards TGR5 only slightly, while taurine conjugation increases the activity markedly.
	The two bile acids CDCA and UDCA are epimers, as they only differ in the configuration of their hydroxyl group in position seven (Figure 2) 65, 76. In CDCA the hydroxyl group is oriented in the α-position while in UDCA it is oriented in the β-position. This small change leads to a six-fold reduction in EC50 with CDCA being the more potent epimer of the two (Figure 2). The reason for this epimeric selectivity of TGR5 was unknown, however the residue in TGR5 causing this epimeric selectivity was discovered in publication III. Yet, not only the decoration of the cholane scaffold influences the activity of bile acids towards TGR5. The acid moiety of bile acids can be conjugated with taurine or glycine resulting in a longer and more flexible linker between the cholane scaffold and the acidic moiety. In the case of taurine conjugates the acid moiety is changed to sulfonic acid (Figure 2). Conjugated bile acids are more potent TGR5 activators than unconjugated bile acids. Here, taurine conjugates such as taurolithocholic acid (TLC) are more active than glycine conjugated analogs such as glycolithocholic acid (GLC) which is only slightly more active than LCA (Figure 2)65. Whether the reason for this is the change of the acid moiety resulting in more favorable contacts to TGR5, the elongation of the linker by one methylene unit, or a combination of both was unknown and has been discovered in publication III. For this, the ligand dataset devised by Sato et al. was utilized in order to elucidate a binding mode model of TGR5 agonists65. Sato et al. were able to increase the efficacy of bile acid agonists towards TGR5 via addition of hydrophobic substituents in position seven of the cholane scaffold with their most potent ligand being 7ξ-Me-LCA (Figure 2)65. Recently, more potent and selective TGR5 agonists have been reported, which used a similar approach to increase the efficacy109. Upon activation by its ligands, TGR5 mediates signals through several pathways.
	2.1.3 TGR5 signaling pathways

	With the discovery of TGR5 it could be shown that TGR5 is most commonly interacting with the Gs-protein. Most TGR5 signaling pathways are mediated via this interaction. It was discovered that TGR5 is additionally able to couple to Gq- and Gi3-proteins59. This variety of G-proteins utilized for TGR5 downstream signaling enables a wide spectrum of different effects, which TGR5 can exert in different tissues. An overview is given in Figure 3, and the effects will be discussed in the following chapters in detail.
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	Figure 3 Signal transduction pathways of TGR5. The TGR5 dependent activation of a Gq-protein leads to a protein kinase C (PKC) mediated increase in the NADPH oxidase 5-S (NOX5-S) expression which induces proliferation via prostaglandin E2 (PGE2)59, 110. Furthermore, TGR5 dependent Gs-protein coupling with subsequent cAMP production and protein kinase A (PKA) activation has a myriad of effects in different tissues: In cholangiocytes it can activate the cystic fibrosis transmembrane conductance regulator (CFTR) facilitating chloride secretion into the bile. It stimulates a disintegrin and metalloproteinase 17 (ADAM17) activity111. This sheddase releases the soluble ectodomain of the EGFR ligand (EGFR-L), which is in return able to activate EGFR itself, leading to proliferative effects111. In enteroendocrine L-cells, it furthers the release of glucagon-like peptide 1 (GLP-1), which enhances the effect of insulin on cells thus positively influencing glucose homeostasis112. Again in cholangiocytes it increases the activation of ATP dependent potassium channels (KATP) resulting in a relaxation of the adjacent smooth muscle cells and therefore of the gallbladder113. The phosphorylation and inactivation of the death receptor cluster of differentiation 95 (CD-95) in cholangiocytes also mediates anti-apoptotic effects56, 114. If cAMP binds to the cAMP responsive element binding factor (CREB) this can on the one hand increase the expression of deiodinase 2, which produces thyroxin and thus has a positive impact on metabolism99. On the other hand, CREB increases the expression of the endothelial nitric oxide synthase (eNOS) increasing the production of nitric oxide (NO)96, 115. Consequentially, NO increases the intestinal motility, turns into reactive NO species (RNOS) and could also be shown to decrease oxidative stress on cells by NFκB inhibition. In various cell types, such as endothelial cells and macrophages, NFκB inhibition decreases the expression of cytokines52, 96. Gi3-protein coupling of TGR5 could be shown but no signaling pathways are identified to date59, 110.
	After the discovery of TGR5, scientists were interested in the cells and tissues TGR5 is expressed in. Considering the spectrum of agonists TGR5 recognizes, which are most prevalent in the gastro-intestinal tract and the brain, it is unsurprising that TGR5 is found in high expression levels in astrocytes of the brain and gut, in sinusoidal epithelial cells, gallbladder epithelium, and Kupffer cells in the liver43, 44, 46, 48. Furthermore, the mRNA of TGR5 has been found in various cell types as enteroendocrine L-cells of the intestine, CD14positive alveolar macrophages of the lung, the thyroid gland, subcutaneous adipose tissue, and brown adipose tissue and skeletal muscles38, 112, 116, 117. The expression of TGR5 in such a variety of tissues opens many opportunities to influence body functions in which TGR5 is involved. 
	2.1.4 TGR5 in metabolism

	One of the major physiological roles of TGR5 is the regulation of blood glucose homeostasis and metabolism. For the former, TGR5 regulates the blood glucose levels in the body via the release of glucagon-like peptide-1 (GLP-1) in enteroendocrine cells36, 39, 52, 55, 118-122. GLP-1 enhances the effect of insulin on cells and thus increases their glucose uptake. The release of GLP-1 is controlled by the farnesoid X receptor (FXR), the fibroblast growth factor 15/19 receptor (FGF15/19), and TGR515, 36, 39, 55, 118. Moreover, TGR5 has been shown to increase energy expenditure and oxygen consumption by increasing the amount of active thyroxine (T4) in thyroid, skeletal muscle, and brown adipose tissue56, 99, 112. 
	2.1.5 TGR5 in the immune response

	TGR5 is expressed in a variety of cells partaking in the immune response. Those cells encompass macrophages, including alveolar macrophages and Kupffer cells, monocytes, sinusoidal endothelial cells, and dendritic cells43, 52, 53, 96, 97. The latter two cell types are antigen-presenting cells, which differentiate from monocytes upon stimulation with granulocyte-colony stimulation factor (G-CSF) and interleukin496, 123. However, if TGR5 expressing monocytes are treated with a TGR5 specific agonist, they differentiate into less functional cells, producing lower amounts of cytokines as IL-12. Macrophages, which have been exposed to TGR5 specific agonists, showed lower expression of TNF-α, and a higher inhibition of NF-κB rendering them less active43, 52, 53, 96. This TGR5 dependent increase in NF-κB inhibition is also present in endothelial cells, which in return express less adhesion molecules necessary for macrophage adhesion and subsequent infiltration53, 96, 115, 124, 125. This reduces the number of macrophages present at the focus of inflammation53, 96, 115, 124, 125. Also in hepatic encephalopathy, TGR5 has been shown to tone down the response of microglia and thus alleviate neurological damages96, 126.
	With its impact on metabolism via GLP-1 and T4 signaling, TGR5 could be a valuable target for the treatment of metabolic diseases98, 99. Its ability to reduce the immune response in inflammatory processes could also be harnessed in inflammatory bowel diseases like Crohn’s disease56, 96, 127, 128. Yet, the regulation of metabolism and inflammation are not the only important physiological roles TGR5 orchestrates.
	2.1.6 TGR5 in the liver

	One of the physiological functions of TGR5 in the liver is the relaxation of smooth muscle cells in the gallbladder45, 57, 113. Thus, it promotes the filling of the gallbladder with bile45, 57, 113. This is the reason why TGR5 agonists might not be used in the treatment of metabolic diseases, as mice fed with TGR5 specific agonists showed extensive swelling of the gallbladder45, 57, 113. Additionally, the stimulation of TGR5 was shown to induce itch and analgesia in mice, so the former being mediated by the activation of transient receptor potential ankyrin 1 (TRPA1) ion channels62, 63. This gallbladder swelling and the itch could be very unpleasant in patients treated for metabolic or inflammatory diseases. Another very important physiological task of TGR5 is the protection of bile duct and gallbladder cells.
	Bile acids exert surfactant properties which can damage the cell membrane and thus induce stress in cells and lead to cell death98, 129. It has been shown that hydrophobic bile acids are able to unspecifically trigger the activation of the death receptor CD-95 and cause apoptosis130, 131. Consequently, the sinusoidal and gallbladder endothelial cells need to possess ways to protect themselves from the cytotoxic effect of bile acids to avoid apoptosis. These are provided by several TGR5 signaling pathways.
	The activation of TGR5 in cholangiocytes enhances the expression of the multidrug resistance protein 3 (MDR3), an ATPase important for the transport of phospholipids into the bile-ducts129. Those form mixed micelles with bile acids, which reduces the amount of free bile acids able to activate CD-95. TGR5 induces secretion of HCO3- and Cl- via the anion exchanger 3 and the cystic fibrosis transmembrane conductance regulator, respectively48, 129. This prevents the protonation of the acid moieties of bile salts, which hampers their membrane diffusion into cells. Upon activation, the TGR5 induced production of cAMP leads to the phosphorylation and thus inactivation of the death receptor CD-9556, 114. TGR5 has also been shown to transactivate the endothelial growth factor receptor (EGFR), which promotes cell survival52, 56, 96, 132. Consequently, the bile acid-induced activation of the CD-95 receptor is counterbalanced by the bile acid-induced activation of TGR5 via anti-apoptotic and proliferative effects. 
	2.1.7 TGR5 in malignancies

	 While the protection of the sinusoidal endothelial cells and cholangiocytes is an important physiological role of TGR5, this can come with a downside. If extensive signaling targeting the proliferative and anti-apoptotic pathways is present, this can lead to the formation of cancer from which TGR5 is not exempted58-60, 114. Cholangiocarcinoma cells have been found to overexpress TGR558. This cholangiocarcinoma is a malignancy that exploits the TGR5 induced inactivation of CD-95 to overcome programmed cell death. A reason for this could be the CD-95 suppression of TGR558, 133. TGR5 exerts the same influence in the gastric as well as the esophageal adenocarcinoma59, 98, 134-136. Unfortunately, the chances of surviving a cholangiocarcinoma are very low, with a five-year survival rate of only 2% at later stages137, 138. Currently, the therapy of the cholangiocarcinoma is difficult and usually involves partial hepatectomy and radiotherapy. Here, blocking the signaling of the overexpressed TGR5, which leads to an indefinite prolongation of the cholangiocarcinoma lifecycle, via an antagonist could present a new treatment option. This would also increase the rate of macrophage infiltration of the cancerous tissue by inhibition of the anti-inflammatory effect of TGR5. Yet, no TGR5 antagonists are known, and their design is not trivial. Small changes to the structure of an agonist can often lead to the discovery of an antagonist. But without knowing which part of the agonist is important for the activation of the receptor and which part is responsible for the affinity of the ligand, a period of tedious trial and error is required. The knowledge of a binding mode of TGR5 agonists could guide the rational design of antagonists, considerably reducing the time and resources needed for the accomplishment of this task. For the discovery of a TGR5 binding mode via integrative modeling, the in-depth knowledge of the ligand recognition of other GPCRs is required. This knowledge is important to evaluate probable binding modes and anticipate the impact of mutations on GPCR activity. Therefore, the structure and ligand binding of GPCRs in general will be discussed in the following chapters.
	2.2 Structural determinants and the function of GPCRs

	Upon binding of their ligand GPCRs undergo structural changes which allow the G-protein to bind, subsequently exchange GDP by GTP, which triggers the dissociation of the G-protein into the α and the βγ subunits, leading to further downstream signaling139. The mechanism of the ligand binding to its binding site in the GPCR, the exact structural changes, and its implications are reviewed in the following chapter. Comprehensive information about this can be found in refs. 18, 78, 140, 141.
	2.2.1 The ligand recognition of GPCRs

	GPCRs are a family with more than 900 different members1, 2, 18, 78. They can be divided into five subfamilies based on their sequence similarity and ligand recognition spectrum1, 2, 18, 78. Despite this, the sequence identity within one group can be as low as 14% between different members, e.g. in class A GPCRs to which TGR5 belongs1, 2, 18, 78, 142. However, we know from X-ray crystal structures that, despite their low sequence identity, GPCRs exhibit a very similar fold18, 28, 140. Although there are structural differences between the subfamilies like big extracellular domains in class C GPCRs, all possess seven TMs and most of them a short (~10 residues) membrane-proximal intracellular helix at the C-terminus (helix 8) 18, 28, 33, 140, 143. Those membrane spanning α-helices form a group resulting in a bundle as can be seen in Figure 4. The binding site is located in the upper third of the GPCR in an extracellular opening18, 28, 140, 144, 145. The EL2 partially covers the opening and may directly interact with the ligands in some of the GPCRs18, 140, 144-146. In the S1P1 receptor it even blocks the ligand entry from the top so that S1P1 ligands diffuse in between TMs 1 and 718, 140, 147. Generally, the binding site of class A GPCRs consists of the seven TMs which form a small cavity, open towards the extracellular side18, 28, 140, 144, 145. The most prominent differences between the subfamilies are the kinks, bulges, and other variations of the TMs allowing for different shapes of the binding pocket18, 28, 140, 144, 145. This, together with the varying residues lining the binding pocket resulting in different shapes and electrostatic potentials, allows for a huge variety in the ligand recognition spectra18, 28, 140, 144, 145. The high structural similarity between GPCRs indicates an underlying conserved mechanism of activation between GPCRs.
	Knowledge of the common ligand recognition of GPCRs considerably increases the likelihood of the identification of a binding mode model for other GPCRs via integrative modeling. During this process, several more or less likely binding modes can occur whereupon the most probable binding mode has to be selected for further validation. Here, the knowledge of common interaction patterns can be exploited to increase the success rate by discarding binding mode models that show unusual interactions between agonist and receptor.
	Despite the huge varieties of ligands which are recognized by individual GPCRs, the binding poses of agonists in all GPCRs crystallized to date are very similar18, 140, 148. This circumstance substantiates that the activation of GPCRs always follows the same mechanism18, 140, 148. Hence, agonists must address certain residues within the TMs in order to activate a GPCR. If the binding of an agonist always follows a similar pattern, this can be exploited in the discovery of binding mode models as done in publication III. Interestingly, in all of the GPCRs, which have been crystallized so far, agonists always address residues in TM618, 30, 31, 33, 140, 141, 144, 145, 148-153.
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	Figure 4 General structure of a class A GPCR. The inactive structure of the β2-adrenergic receptor (PDB-ID: 3D4S) is shown in cartoon representation with rainbow coloring. The seven TMs are forming a helix bundle while their extracellular ends forming the ligand binding site. Residues of EL2 in proximity to the binding pocket can interact with bound ligands. Several helices, especially TM3, TM5, TM6, and TM7 show prominent kinks in their TMs. These kinks are conserved among the crystallized GPCRs and are a result of conserved proline residues in the positions of the kinks. Helix 8 (H8) is present in nearly all GPCR crystal structures and resides below the membrane embedding some of its residues within it. The binding site (magenta) is located at the extracellular side and is formed by the TM bundle.
	For a better comparison between different GPCRs Ballesteros and Weinstein have devised a system which assigns a number to each TM residue154. This B&W number describes the helix and the position within this helix based on the highest conserved residue in the format X.YY where X is the helix and YY the position154. Thus, even though the sequence identity between GPCRs is very low and the number of residues within the loop regions can differ substantially, residues in the same position interacting with agonists can be easily identified. This is important since similar residue positions should be addressed by agonists in order to mechanically activate a GPCR provided that the underlying mechanism for activation is conserved. Indeed, all agonists which have been co-crystallized with their GPCRs so far, always address position 6.51 and very often 6.52 and 6.5518, 30, 31, 33, 140, 141, 144, 145, 148-153, 155, 156. For example, in the β2-adrenergic receptor agonists form hydrogen bonds with N2936.55 and hydrophobic contacts with F2896.51 and F2906.52 (Figure 5). These interactions have been shown to be important for the activation of the receptor by mutational analysis as mutating these residues results in a severe functional impairment of the receptors18, 141.
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	Figure 5 Ligand binding example with residues often involved in agonist binding. The active structure of the β2-adrenergic receptor (PDB-ID: 3SN6157) is shown in the cartoon representation in rainbow coloring. Residues often involved in agonist binding are shown in the stick representation and labeled with their residue number as well as their B&W number, and hydrogen bonds are shown in yellow dotted lines. One of the most commonly addressed residue positions in TM6, N2936.55, is forming a hydrogen bond to an oxygen of the co-crystallized agonist. The same oxygen forms a hydrogen bond to S2075.46 in TM5, which stabilizes the agonist in the binding pocket. A third hydrogen bond is formed between the most commonly addressed residue position in TM3 D1133.32 and a nitrogen in the agonist. Furthermore, phenylalanines in positions 6.51 and 6.52 form hydrophobic interactions with the agonist.
	TM3 is another transmembrane helix which is always addressed by agonists in GPCR crystal structures18, 30, 31, 33, 140, 141, 144, 145, 148-153. The most commonly addressed residue positions inside TM3 are 3.32 to 3.37, with the most commonly addressed position in this helix being 3.36 (D1133.32 in the β2-AR in Figure 5)18, 141. As agonists simultaneously bind to TM3 and TM6, they essentially bridge those TMs across the binding pocket. Similar to residues in TM6, the mutation of interacting residues in TM3 hampers the ability of agonists to activate GPCRs144, 158-163. Other TMs partake in the binding of an agonist by stabilizing it in the binding pocket. Especially TM5 plays a pivotal role to increase the binding affinity of agonists and antagonists alike144, 158-163. Because of their close proximity to the vital residues in TM6, transmembrane positions 5.42 to 5.46 can stabilize agonists in their binding conformation18, 141, e.g. S2075.46 in the β2-AR in Figure 5. Unsurprisingly, mutating binding pocket residues in TM5 reduces the affinity of the agonists, which leads to a right shift of the dose-response curve155, 156, 161-163. In addition, in TM7 residues in transmembrane positions 7.39 and 7.43 stabilize the binding of an agonist in a similar fashion to TM518, 141.
	The knowledge of the TMs and residues therein usually addressed by agonists in crystal structures is crucial for the discovery of a binding mode model via integrative modeling and has been extensively used in publication III. A crystal structure which is extremely valuable in the derivation of a binding mode model for TGR5 is the sphingosine-1-phosphate 1 (S1P1) receptor147. Its close homologue, the S1P2 receptor, is known to be activated by bile acids like TGR5, and the physical chemical properties and size of the S1P1 agonists imitate those of TGR576, 147, 164. Therefore, it is highly likely that the agonists’ binding mode in TGR5 and S1P1 are very similar. Indeed, as was shown in publication III, the binding mode model of TGR5 is nearly identical to the binding mode found in the S1P1 crystal structure (Figure 6), confirming this hypothesis.
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	Figure 6 Comparison of the binding mode model of TLC (cyan) in TGR5 (gray) and the binding mode of a sphingolipid mimic (orange) found in the crystal structure of the S1P1 receptor (magenta) (PDB-ID:3V2Y147). The sulfonic acid and phosphonate moieties of TLC and the sphingolipid mimic, respectively, occupy the same region, and the hydrophobic scaffolds also exhibit a high positional overlap. Text and picture adapted from publication III.
	2.2.2 GPCR G-protein complex formation

	The interactions between agonists with the commonly addressed residues mentioned in the previous paragraphs lead to characteristic structural changes in GPCRs in order to activate the G-protein.
	The recent advances in crystallography and spectroscopy allow for deeper structural insight into the mechanism of GPCR activation18. Especially the crystallization of both the active and inactive state of rhodopsin, the A2A-adenosin (A2A-AR), and the β2-adrenergic receptor, the latter even co-crystallized with a Gs-protein, was a major discovery18, 157, 158, 165, 166. From the differences between the active and inactive structures the reason for the importance of TM3 and TM6 can be explained (chapter 2.2.1). The binding of agonist to TM3 and TM6 exerts a small inwards force to the extracellular end of TM6167. The most prominent structural change arising from this is an outward movement of the intracellular end of TM6 by about 14 Å in a rotating, tilting movement while the extracellular end remains mainly unchanged18, 145, 157, 158, 165, 168-170. This movement is of utmost importance as this allows the binding of a G-protein and its subsequent activation18, 151. Without this movement, the binding of the G-protein is impossible, as in the inactive state TM6 occupies the binding pocket of the G-protein (Figure 7A). 
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	Figure 7 Overlay of the bound G-protein with the active and inactive state of the β2-AR. The active state (navy) and the G-protein (green) have been co-crystallized (PDB-ID: 3SN6157), the inactive state (orange; PDB-ID: 3D4S147) has been aligned to the active structure. A TM6 in its inactive conformation (TM6i) clearly clashes with helix 5 (H5) of the G-protein’s α-subunit and thus prevents the G-protein from binding to the GPCR. In contrast, TM6 in the active conformation (TM6a) allows for G-protein binding. B The G-protein binds to the active conformation of the GPCR interacting with TM3, TM5, and TM6157. The C-terminal end of H5 (cyan) interfaces with the GPCR while the N-terminal end (gray) activates the G-protein upon binding to the GPCR157.
	Antagonists exploit this by preventing the exertion of the force onto the intracellular end of TM6 via two mechanisms. For one, they bind into the binding pocket, while only making contact to TM3 but not TM618, 141. This way, the binding pocket is occupied, such that no agonist can bind, while no force is exerted on TM6 so that no activation takes place despite a ligand being bound18, 141, 153, 167, 171, 172. On the other hand, antagonists bind to both TM3 and TM6 but increase the distance between those two helices, effectively acting as a strut inside the binding pocket, which also prevents the inward force onto TM6 and thus the activation of the receptor106, 158, 163, 167.
	The binding of the G-protein to the GPCR in its active state is mediated by helix 5 (H5) of the G-protein’s Gα-subunit, which binds to conserved residues in TM3, TM5, and TM6141, 157, 173-175. H5 of the G-protein can be divided into two different sections: The C-terminal end with the task to interface with the GPCR and the N-terminal end with the task to activate the G-protein by reorganization of intra-G-protein residues (Figure 7B)141, 173, 174, 176. Considering that there are ~900 GPCRs and only 21 G-protein isoforms, the G-proteins bind quite promiscuously177. The residues on the side of the GPCRs, however, are diverse with the exception of a few conserved residues specific for each GPCR. This could be exploited to discover new antagonists specifically binding to the G-protein binding site of a GPCR, preventing its G-protein complex formation and activation.
	In addition to interacting with G-proteins, GPCRs can bind to GPCR kinases (GRKs) and arrestins18, 178-180. Upon binding of GRKs, the kinases phosphorylate serine or threonine residues of the GPCRs making them susceptible to subsequent binding of βarrestins18, 180, 181. The binding of β-arrestins inhibits further G-protein signaling by inhibiting the binding of a G-protein and targets GPCRs for internalization18, 182, 183. GPCRs which have been internalized as a result of β-arrestins’ binding are subsequently trafficked to clathrin coated pits, where they are degraded182, 183. Yet, it has also been demonstrated that GPCR bound β-arrestins can alternatively activate signaling cascades independent of G-protein activation183-185. TGR5, however, is not a target of β-arrestins, and signaling from vesicles after internalization of the receptor has been shown132..
	2.2.3 GPCR membrane trafficking

	The binding of effector G-proteins is not the only important G-protein interaction of GPCRs. It is also crucial for their membrane trafficking from the endoplasmic reticulum (ER)108, 186, 187. After GPCRs have been expressed via the ribosome they await their plasma membrane trafficking in the membrane of the ER. Upon binding of specialized Rab-GTPases, which are monomeric G-proteins belonging to the Ras superfamily, GPCRs are transported to the cell membrane108, 186-189. Interestingly, unlike the hetero-trimeric G-proteins, which are the GPCR downstream effectors, Rab-GTPases apparently do not rely on the movement of TM6 and also do not bind to the conserved residues in TM3, TM5, and TM6108, 186-189. Rather, GPCRs bear sorting motifs inside their C-termini, which are thought to be recognized by those Rab-GTPases enabling the GPCR membrane trafficking. They range from two to ten amino acids107, 190-193. The known sorting motifs can be either more hydrophilic, e.g. the DXE and the E(X)3LL motif, or hydrophobic, e.g. the LL and the F(X)3F(X)3F motif, with the F(X)6LL motif being the most prominent motif among GPCRs107, 190-193. The diversity of the sorting motifs and the high number of unspecified residues (X) indicate a structure, rather than a sequence dependent mechanism for GPCR membrane localization. Additionally, many GPCRs such as TGR5 do not contain any of the known sorting motifs194. This raises the question what the determinant of the membrane localization of those receptors is. Intriguingly, nearly all crystallized GPCRs with the exception of the CXCR4 receptor show an α-helix formation in their C-terminus106. Therefore, Rab-GTPases could recognize the α-helix in the C-terminus of GPCRs and subsequently traffic them to the plasma membrane. In this case, it is possible that the sorting motifs facilitate α-helix formation of the C-terminus rather than being directly recognized by the Rab-GTPases. An indicator for this is that the longer motifs contain hydrophobic residues in n+4 positions, most prominently the F(X)3F(X)3F motif. In α-helices 3.6 residues are needed for one turn, which would place the hydrophobic residues of the sorting motifs on one side of the helix195. The hydrophobic residues could then act as membrane anchors of the C-terminus, which interacts with the membrane (Figure 4). This would facilitate α-helix formation of the C-terminus. The determinants of membrane localization in TGR5 have been uncovered in publication I. 
	2.2.4 GPCR dimer and oligomer formation

	GPCRs have been found to form homo- and heterodimers up to higher-order oligomeric arrays18, 196-204. The dimerization of GPCRs can have a strong influence on their activity in several ways. For several receptors, it has been shown that in the ER homo- or heterodimerization is necessary for the plasma membrane trafficking of the receptor18, 205-208. In the cell membrane, GPCR dimerization can have a profound impact on their activity. For several GPCR heterodimers it was shown that the inhibition of one of the receptors with an antagonist led to the inhibition of the other receptor of the heterodimer18, 160, 209. Thus, both receptors of a heterodimer were hampered in their function upon the inactivation of one. Similar effects have also been observed for the propagation of agonistic effects across heterodimers, which was shown to expand the downstream signaling repertoire of GPCRs18, 210-213. Astonishingly, some receptors such as the dopamine D2 receptor only function in homodimers. It was shown that the activation of only one D2 receptor protomer with an agonist activated both receptors of the dimer via an allosteric mechanism18, 214. The protomers of GPCR homo- and heterodimers have recently been targeted simultaneously by bivalent ligands reaching from the binding site of one protomer to the other18, 214-216. The advantage of this is the possibility to shape the response by targeting several different receptors simultaneously with one ligand, or potentially increasing the affinity of a ligand towards a homodimer18, 214-216. However, even after the activation of GPCRs homo- and heterodimerization still impacts their fate. Some GPCRs such as the P2Y11 receptor have shown a requirement of heterodimerization for receptor internalization18, 217-220. As TGR5 internalization has been shown to be independent of β-arrestin binding132, homo- or heterodimerization may play a role, too. Hitherto, the dimerization interfaces of TGR5 are unknown, the knowledge of which could help to understand its function and internalization. As crystal structures of GPCR dimers are already known, it is possible to infer likely dimerization interfaces of TGR5 from those. Until now, three different interfaces have been identified in GPCR crystals.
	In the crystal structure of the κ-Opioid receptor, the protomers interface via TM1 and helix 8 (the 1-8 interface, Figure 8A)221, 222. In this interface TM6 can move unobstructed as it is not part of the interface, leaving the activation of a GPCR unimpaired. The contact area between the protomers is with 615 Å² per protomer quite low as only helices 8 and the extracellular ends of TM1 are interacting with one another222. Hence, dimerization involving this interface is expected to be less stable215, 223.
	In the crystal structure of the CXCR4 receptor, the protomers interface via TM4 and TM5 (the 4-5 interface, Figure 8B) 222. Also in this interface, TM6 can move unobstructed, not impairing the activation of GPCRs. Compared to the 1-8 interface the contact surface between the protomers is with 784 Å² about 30% larger222. However, as has been shown in the β2-adrenergic and µ-opioid receptor, TM4 and TM5 form a shallow recess to which cholesterol preferably binds196, 224-226. The cholesterol can act as a facilitator for dimerization, rendering this dimerization interface stronger than judging from the protein-protein interaction alone224, 225. Interestingly, in this interface the tyrosine residue of the conserved (D/E)RY motif in TM3 could mediate the dimerization due to its proximity to the interface.
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	Figure 8 Structures of known GPCR dimers. Shown are two protomers in cartoon representation with rainbow coloring. On the right are schematics indicating the orientation of the protomers and the dimerization interface. A The 1-8 interface as found in the κ-Opioid receptor (PDB-ID: 4DJH). The contact areas are mainly between the extracellular ends of TM1 and helix 8. B The 4-5 interface as found in the CXCR4 receptor (PDB-ID: 3ODU). The CXCR4 receptor is one of the few GPCR crystal structures in which helix 8 shows loop formation. The gap between the protomers is much wider than in the µ-Opioid receptor. However, the contact could be mediated by cholesterol when embedded in a biological membrane. C The 5-6 interface as found in the µ-Opioid receptor (PDB-ID: 4DKL). The contact area in the 5-6 interface is about twice as big as in the other interfaces. Yet, as TM6 directly interacts with TM5 of the other protomer, the outward movement of TM6, which is necessary for the activation of the receptor, is blocked. Figure adapted from publication II. 
	Until now, no reason for the conservation of this tyrosine among nearly all GPCRs is known, as it points into the membrane and plays no obvious role in the activation mechanism of a single GPCR. Yet, promoting the dimerization of GPCRs, which could facilitate cross-activation of homodimers, could be an explanation for the presence of this tyrosine in TM3.
	In the crystal structure of the µ-Opioid receptor222, the protomers interface via TM5 and TM6 (the 5-6 interface, Figure 8C) 222. As the inactive state of the µ-Opioid receptor was crystallized in this dimer interface, it is unclear whether the protomers are able to be activated in this orientation222. The reason for this is that as an outward movement of TM6 is blocked by the other protomer, the authors conclude. Hence, it is unclear whether dimers adopting this interface could be activated without rearrangement of their mutual positions. However, the 5-6 interface has the highest contact area between the protomers found so far which indicates a high stability of this interface222. With 1492 Å² contact area per protomer it possesses around twice the contact area of other interfaces222. Despite the possible hindrance of the activation mechanism in the 5-6 interface, the high contact area indicates that the 5-6 interface could be the most abundant interface found in cells215, 222, 223.
	In this context, it has to be taken into account, that an antagonist has been co-crystallized with the crystal structure of this GPCR dimer. As mentioned earlier, antagonists can propagate their inhibitory effect across GPCR dimers via an allosteric effect. However, the exact mechanism of the allosteric inhibition is unknown. Possibly, the binding of antagonists induces a rearrangement of the protomers, forcing them to adopt the 5-6 interface. In this arrangement, both protomers would be unable to be activated, as the outward movement of TM6 is impossible due to steric hindrance. Thus, the second protomer would be inhibited despite no antagonist presence in its binding pocket. This is only a hypothesis and has to be investigated more thoroughly.
	Rhodopsin has been shown to form higher-order oligomers, and other GPCRs are also expected to show oligomerization, which could be mediated by chaperones201, 202, 227-231. While the exact orientation of the GPCRs in oligomers remains elusive, it is thought that oligomers are composed of higher-order dimers of dimers, resulting in oligomers201, 202, 227-230. Whether GPCRs are always organized in oligomers or whether the oligomerization only plays a role in some GPCRs is not known, so far. For the formation of oligomers from dimers several interface combinations are possible. Combining interfaces 45 and 56 would be impossible due to their proximity. Yet, combining either of those interfaces with the 1-8 interface results in tetramers, which could be extended (Figure 9). Identifying the dimerization interfaces of a receptor may help uncover possible oligomerization states of this receptor. For this, the distances between the C-termini of the protomers could be measured e.g. via Förster resonance energy transfer (FRET) spectroscopy232. The experimentally measured distance can then be used to discern between several computational dimerization models. Here, an accurate model is required to discriminate dimer interfaces where the expected distance between the C-termini is similar, e.g. the 4-5 and 5-6 interface (see publication II). 
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	Figure 9 Schematic view of possible GPCR oligomers. A Extracellular view on GPCR oligomers using the interfaces 1-8 and 4-5 to form oligomeric arrays. B Extracellular view on GPCR oligomers using the interfaces 1-8 and 5-6 to form oligomeric arrays. Figure adapted from publication III.
	2.3 Integrative modeling

	Comprehensive information on integrative modeling can be found in ref. 233.
	In integrative modeling, experimental alongside theoretical information is used to build and improve structural models of macromolecules233. The advantage of this approach is that the structure of proteins or other polymers can be elucidated that are hard to crystallize because of their size, solubility or other reasons233-236. Often, experimental or theoretical information is used to select the structural model that adheres to most of this data233-236. X-ray crystallography is part of the integrative modeling process as models of a protein with a known sequence are modeled into electron density maps233. Thus, structural models are built with the help of a high amount of experimental data in the tens of experimental observations per heavy atom of the macromolecule233. In addition, integrative modeling comprises the use of many other experimental methods in order to refine or gain insight into different aspects of the structure233, 237, 238. For example, hydrogen-deuterium exchange with subsequent mass spectrometry can be used to detect the solvent accessible surface area of a protein233, 239, 240. The binding site of a protein can be mapped with NMR spectroscopy, FRET, and, as extensively done in publication III, by mutating residues and subsequently characterizing the functional consequences233, 241, 242. This information can be used to gain atomistic insight into the binding of a ligand to its receptor via homology modeling and docking233, 241, 242. Physical proximity between several (macro-)molecules can be determined via co-precipitation233, 243, 244. A more sophisticated method for determining interactions is FRET. Here, not only an apparent distance can be inferred from several fluorescence parameters, but FRET is also capable of obtaining time resolved data233. Thus, changes over time can be studied to investigate complex processes in cells233. Dynamic processes of molecules can also be assessed with MD simulations, which can be used to interpret the data gained from FRET spectroscopy233.
	2.3.1 Förster resonance energy transfer

	FRET spectroscopy is a physical method which makes use of the energy transfer from one fluorophore to another via the emission and absorption of light245, 246. The donor fluorophore is excited with a laser using the excitation wavelength of the donor, which upon falling back into the ground state emits light with a lower energy and thus a higher wavelength than the excitation light245, 246. The acceptor fluorophore is chosen such that the emission spectrum of the donor corresponds to the excitation spectrum of the acceptor245, 246. Thus, the acceptor absorbs the light emitted by the donor and emits at an even higher wavelength245, 246. The more donor emissions are absorbed by the acceptor fluorophore, the less donor and the more acceptor emissions can be detected245-248. Hence, the FRET efficiency is defined as the ratio of the donor-to-acceptor emission intensity245-248. The FRET efficiency depends on the distance between the donor and the acceptor, with a smaller distance resulting in a higher efficiency245-248. The lifetime of the donor fluorescence ε(t) also depends on the FRET efficiency and can be used to calculate apparent distances RDA,app247, 248. This can be exploited to determine the distance within one or between several molecules by strategic attachment of fluorophores245-248. This approach can be applied in a variety of different scenarios in order to answer biological questions. In its most rudimentary form, FRET spectroscopy can determine whether two (macro)molecules are interacting measuring the presence or absence of FRET. In its more sophisticated forms, FRET spectroscopy is able to accurately track distances over timescales from ns to hours231, 233. Here, fluorescent labeled ligands can be used for competition assays and to determine oligomerization of proteins231. Thus, FRET spectroscopy is a valuable tool in integrative modeling as it is able to provide distance restraints for structural modeling or to guide conformational selection in a large structural ensemble245-247.
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	Figure 10 Schematic view of the accessible volume (AV) of a fluorescent dye (eGFP). eGFP (dark green), which is attached to the C-terminus of a GPCR (rainbow) by a linker (dark gray), can move inside a limited area, the AV (light green). The size of the AV is restricted by the shape of the protein, the average length of the linker determined by Gaussian chain approximation249, and, as the fluorophore is located inside the β-barrel in eGFP, the distance from the fluorophore to the edges of the β-barrel. Because of this, the fluorophore cannot occupy the space close to the membrane or the receptor.
	The FRET efficiency depends on the orientation and distance of the dyes245-247. As the dyes are moving, many donor-acceptor pairs in different states are measured simultaneously yielding a distribution of efficiencies245-247. This hampers the accurate prediction of the correct distance between the dye anchor points245-247. However, the positioning of the dyes can be simulated from which a theoretical FRET efficiency distribution can be calculated245-247. The comparison of the experimentally measured efficiency distribution and the theoretical distribution then allows the accurate measurement of the distance between the attachment points of the fluorophores245-247. Here, the accessible volume (AV) of the dyes is calculated via a Monte Carlo approach, which provides a probability of the dye position in space at any given point of time (Figure 10), from which the efficiency distribution is then calculated245-247. This is a very fast method and is therefore ideally used on a large structural ensemble generated by MD simulations. Thus, the structures with a theoretical efficiency distribution consistent with the experimental distribution can be identified247, 250. The downside of the use of AV simulations is that in those simulations the complete AV of the dye is simulated regardless of possible dye-surface interactions and preferred linker conformations. To compensate this, a Gaussian chain model approximation can be employed. Yet, especially with long peptide linkers, as used in publication II, this can lead to discrepancies, which hamper an accurate prediction.
	To counteract this, the behavior of the dye and the linker can be simulated with all-atom explicit solvent MD simulations. This method excels at predicting the secondary structure formation of the linker. The high accuracy of this method was successfully used in publication I to predict the secondary structure formation of the membrane-proximal C-terminus of TGR5. Therefore, I applied this method to determine the preferred conformations of the peptide linker and fluorescent dye in publication II. The mean length of the linker could be determined more accurately by all-atom MD simulations compared to AV simulations. However, MD simulations were computationally much more expensive than the AV simulations. MD simulations allowed the identification of a dimerization interface of TGR5 when combined with TGR5 dimer models based on the interfaces reviewed in chapter 2.2.4.
	2.3.2 Homology modeling

	In homology modeling structural models of proteins are created based on the X-ray crystal structures of homologues proteins according to an alignment of their sequences251-253. Homology modeling exploits the fact that structure is higher conserved than sequence251-255. Because of this, two proteins from the same family usually exhibit a very similar fold although the identity of their sequences might be as low as 20%251-255. This is why homology modeling is able to create rather accurate models of proteins as long as crystal structures of homologues proteins are available251-255. The sequence of the target protein, which is to be modeled, and the template protein, on which the target is modeled, are aligned according to the similarity of their residues251-253. The higher the exact match, i.e. the identity, between the corresponding residues, the easier is the correct alignment of the residues resulting in accurate models251-253. Hence, the alignment of the sequences is the most crucial step in homology modeling as an incorrect alignment leads to an incorrectly modeled structure. The sequence alignment is then used as positional restraints in the modeling process so that the backbone of the residues of the target are modeled in the same position of the corresponding template residues as determined by the alignment (Figure 11) 251-253. The side chains are subsequently added to the backbone from a rotamer library251-253, 256, and the model is subjected to refinement including relaxation via MD simulation251-253. Modeling the target based on multiple templates at once instead of a single template, i.e. a multi-template modeling approach, usually results in more accurate homology models257. In multi-template modeling, the structural diversity of the templates can be taken into account, and the use of many constraints per residue increases the amount of experimental data included in the modeling process257.
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	Figure 11 Steps of homology modeling using a single template. 1. Sequence alignment of the template and target protein, residues of similar physicochemical properties are color coded in the alignment. The sequence alignment is used for positional restraints for the residues in step two. 2. Based on the structure of the template (green) and the information obtained from the sequence alignment the backbone of the target (red) is modeled. 3. The side chains of the target are added to the backbone, according to a rotamer-library, in an energetically favorable position. Figure adapted from ref. 258.
	All class A GPCRs, which have been crystallized so far, exhibit a very similar fold (chapter 2.2.1) with the biggest variations in the EL2 although their sequence identity is as low as 20%, which makes it possible to model other class A GPCRs18, 79, 87, 88, 104, 105. The low sequence identity between the GPCRs hypothetically makes GPCRs hard targets, especially because the length of the loops in between the TMs can differ immensely18, 79, 87, 88, 104, 105. However, GPCRs possess conserved motifs within their TMs that can guide the alignment of the sequences to overcome this limitation. 
	In TM3, for example, the (D/E)RY motif is conserved among nearly all GPCRs18, 104, 105. Another microswitch in the GPCR superfamily is the tyrosine in the conserved NPXXY motif at the end of TM7, which is, except for the proline residue, not present in TGR518, 104, 105. This absence made the modeling of TGR5 more difficult as it gave several possible alignments of TM7, which had to be tested in publication III.
	An additional conserved motif is the CWXP motif in TM618, 104, 105. The other TMs contain more or less conserved residues instead of motifs18. In TM1 an asparagine1.50 is conserved among all GPCRs, in TM2 reside a conserved aspartic acid2.50 and glycine2.54, in TM4 a conserved tryptophane4.50, and TM5 a conserved proline5.50 18, 104, 105.
	The presence of conserved residues or even motifs in every TM in GPCRs simplifies a correct alignment of the TMs. Unsurprisingly, in recent modeling competitions (GPCR Dock) the structure of TMs was correctly predicted within 1 Å root mean square deviation (RMSD), which is well within the experimental error of a crystal structure79, 80, 87. For these competitions, novel crystal structures of GPCRs were temporarily withheld so that the structure and the binding mode of a co-crystallized ligand could be predicted79, 80, 87. Thus, an objective determination of the best performing strategies and attainable accuracy could be achieved79, 80, 87. With a high modeling accuracy of the TMs, only the structurally diverse loops remain a difficult target in modeling GPCRs79, 80, 87. The TMs constitute the majority of the binding pocket (chapter 2.2.1) so the loops pose a minor problem when predicting binding modes of ligands in homology models of GPCRs79, 80, 87. The exact binding pocket conformation of all residues remains elusive despite high modeling accuracy of the TM regions79, 80, 87. This can be overcome by conducting binding mode prediction in a variety of homology models covering a range of different binding pocket conformations79, 80, 87, 259. Consequently, the binding mode of a ligand with up to 82% correct interactions between ligand and receptor could be predicted80.
	2.3.3 Molecular docking

	The prediction of unknown binding modes is usually done with molecular docking approaches. The aim of molecular docking is to identify the energetically most favorable ligand conformation inside the binding pocket260-262. However, this poses a challenge of global optimization, as several local minima can be present, which do not represent the binding mode260. Here, it is problematic to identify the global minimum among the local minima, and to actually sample the global minimum260-262. The solution to the latter problem is to cover the energy landscape as thoroughly and rapidly as possible260. For this, many different algorithms can be employed. For example, genetic algorithms capable of rapidly identifying local minima can be used from different starting points on the energy landscape260-262. As many energy minima throughout the energy landscape are identified, the global minimum is found with a high chance. One of those algorithms is the Lamarckian genetic algorithm261, 262. Here, the ligand is translated and rotated inside the proposed binding pocket while conformers of the ligand are generated to create a set of possible binding poses261, 262. These are then evaluated with a scoring function, and the energetically best combinations of translation, rotation, and conformation found are used to generate a new set of possible binding poses 261, 262. This is done until a local energy minimum is reached, then the process is restarted, eventually finding another or the same energy minimum261, 262. After multiple repetitions the most populated binding pose with at least 20% of all conformations is usually considered to be a valid solution. The energy evaluation of the binding poses can be achieved in three main ways. Force fields, as used in MD simulations, empirical scoring functions, often taking into account the solvent accessible surface area, and knowledge-based scoring functions, deriving an energy term from a statistical assessment of interactions found in crystal structures81-86, 263-265. Molecular docking approaches have proven to be valuable tools for the binding mode prediction of ligands among a variety of target systems79, 80, 87, 94, 266-270.
	Although the scoring functions are often able to predict the correct binding mode of a ligand, an energetically favorable binding pose does not necessarily resemble the true binding mode. One of the reasons is the influence of the binding pocket conformation, where small differences can highly impact the outcome of the docking. Following the integrative modeling approach, the binding mode identification should be bolstered with as much information as possible233. Viable binding poses interact with residues identified to be crucial for receptor activation (see chapter 2.2.1). Unsurprisingly, groups utilizing as much of this information as possible generally outperformed others in the GPCR Dock competition79, 80, 87. Another way to imbue the binding mode prediction with information is the mutation of residues and subsequent experimental characterization. This can be accomplished with methods such as cAMP reporter gene assays in the case of GPCRs and other proteins that lead to the production of cAMP, or radioligand assays271-274. The disadvantage of the radioligand assay is that it is costly and requires special laboratories, but it is able to accurately capture influences on ligand binding. The disadvantage of the cAMP reporter gene assay is that a reduction in activity upon mutation does not necessarily occur due to a worse binding of the ligand, as it can identify residues that are important for receptor activation independent of ligand binding.
	The importance of the correct interpretation and thorough acquisition of information becomes apparent if looking at mutations in the aforementioned CWXP motif in TM6 (chapter 2.3.2). The tryptophan residue in this motif lines the bottom of the binding pocket and is considered to be an essential switch for the activation of GPCRs but mostly does not interact with agonists18. However, upon mutating this residue resulting in severe impairment of the receptor, and subsequent functional readout it is often misinterpreted to be an essential interacting residue275. Yet, careful consideration of the available theoretical and experimental data and its incorporation into the modeling process can lead to highly accurate binding mode models.
	2.3.4 AFMoC analysis

	Another way to implement experimental data into binding mode prediction is the use of structure-based 3D-QSAR approaches such as Adaptation of fields for molecular comparison (AFMoC). A detailed overview of the AFMoC methodology can be found in refs. 276-278. AFMoC is usually used to calculate the structureactivity relationships of a set of ligands resulting in Stdev*Coeff maps, which show the favorability of the presence of a specific ligand atom type at positions inside a binding pocket276-278. These maps can be interpreted to guide the development of more potent ligands279-281. In the AFMoC approach, the individual interactions between a receptor and a set of ligands are correlated to the experimental bioactivity of each ligand to derive a structure-activity relationship model for this ligand set276. The atom type specific interaction fields are calculated by multiplying knowledge-based potential fields, distance-dependent functions to evaluate the positioning of a given ligand atom within a binding pocket, with ligand atom probes represented as a Gaussian function (Figure 12)276-278. For incorporating the information about the structural environment of the ligands, DrugScore pair-potentials are used to calculate the potential fields276-278. AFMoC requires the ligands to be structurally aligned with respect to a bioactive conformation and energetically relaxed inside a binding pocket for the calculation of the interaction fields276-278. The quality of the AFMoC analysis is heavily dependent on the structural alignment of the ligands in the binding pocket276-278. This quality can be measured from the predictivity of the AFMoC model276-278. Here each ligand of the dataset is left out once and a QSAR model is generated using the remaining ligands276-278, 282, 283. 
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	Figure 12 Example for the calculation of AFMoC interaction fields. The DrugScore potential fields (red) inside the binding pocket for the favorable presence of sp³-hybridized oxygen are convoluted with the ligand atom probe (blue) to result in interaction fields (violet) for this atom type. Figure adapted from ref. 277 with permission (see REPRINT PERMISSIONS).
	The bioactivity of the left-out ligand is then predicted and compared to the experimentally determined data. This results in the q²-value, a cross-validated r², which is an estimate for the predictivity of the QSAR model276-278, 282, 283. The q² can be also seen as an estimate of how well the ligand interactions with the receptor reflect their biological activity276-278, 282, 283. In combination with a high sensitivity towards the correct structural alignment of the ligands, as mentioned in the previous paragraph, this can be used to evaluate binding mode models. Only models in which the presence or absence of an interaction is reflected in a higher or lower potency of the ligand will result in a significant binding mode model. Thus, the validity of a binding mode model can be judged by its q²-value, as employed in publication III. 
	3 SCOPE OF THE THESIS
	GPCRs are a diverse protein family with about 900 different members and are among the most important targets on the current drug market. Despite their importance, little is known about their di- and oligomerization, and membrane trafficking. For the latter, several sorting motifs in the C-terminal helix 8 of GPCRs are known but their recognition and function is not well understood. Some GPCRs as TGR5 do not even possess any known sorting motifs in their C-terminus (chapter 2.2.3), which raises the question what are the determining factors for their membrane localization. TGR5 is the first known bile acid-sensing GPCR and is involved in many mechanisms controlling energy homeostasis and inflammation in the body (chapters 2.1.4, 2.1.5). It is therefore considered a significant factor in the formation of the cholangiocarcinoma, and the gastric and esophageal adenocarcinoma (chapter 2.1.7). Hence, it is an attractive target for the development of antagonists for cancer therapy and for the development of agonists for metabolic and inflammatory control. An accurate binding mode model of TGR5 agonists, which is unknown at present, could direct the development of more potent and selective agonists as well as antagonists. A binding mode model of TGR5 agonists might also explain the epimeric selectivity of TGR5 towards bile acid agonists with a 7-hydroxyl group in α-position (chapter 2.1.2). Furthermore, many GPCRs are known to dimerize through which agonistic and antagonistic effects can be transmitted across protomers. However, it is currently unknown which dimerization interfaces TGR5 prefers upon di- or oligomerization.
	This poses the following questions:
	 What are the determinants of TGR5 membrane localization if no known sorting motif is present in its C-terminus?
	 Which dimerization interfaces does TGR5 accommodate?
	 What is the binding mode of TGR5 agonists and how is the epimeric selectivity mediated?
	Those questions have been addressed in this thesis, which led to the following publications.
	4 PUBLICATION I - A Membrane-proximal, C-terminal α-Helix Is Required for Plasma Membrane Localization and Function of the G Protein-coupled Receptor (GPCR) TGR5
	Lina Spomer§, Christoph G.W. Gertzen§, Birte Schmitz, Dieter Häussinger, Holger Gohlke, and Verena Keitel
	§ Both authors contributed equally to this work.
	J. Biol. Chem. (2014), 289, 3689-3702.
	Original publication, see pages 54-69; contribution: 30%
	4.1 Background

	In order to exert their function, GPCRs have to be trafficked from the ER, where they are synthetized, to the membrane of the cell. Many GPCRs display sorting motifs in their C-termini, which are recognized by Rab-GTPases transporting the GPCRs to the cell membrane (chapter 2.2.3). These sorting motifs range from the DXE motif to the E(X)3LL, F(X)3F(X)3F, and F(X)6LL motif, which are quite diverse. The way those sorting motifs are recognized by the limited number of Rab-GTPases is currently unknown. What is more, several GPCRs such as TGR5 do not possess known sorting motifs. This leaves two possibilities: Either the number of sorting motifs is far greater than previously assumed, or the known sorting motifs merely facilitate the adoption of a specific secondary structure, which does not necessarily require their presence. Discovering the determinants of the membrane localization of a GPCR without a known sorting motif as TGR5 could help to understand how GPCRs are recognized by Rab-GTPases.
	Here we set out to determine whether variants of the TGR5 C-terminus, which lead to membrane localization of the receptor, specifically adopt an α-helical fold, as seen in the majority of GPCR crystal structures, opposed to the variants retained in the ER. Additionally, we analyzed chimeras of TGR5 with the C-termini of other GPCRs for which an α-helical fold has been confirmed in crystal structures.
	4.2 Determinants of the membrane localization of TGR5

	The naturally occurring truncation variant Q296X of the C-terminus identified in the lab of Prof. Dr. V. Keitel leads to a retention of TGR5 in the ER. In comparison to the wildtype protein this Q296X variant failed to activate adenylate cyclase after stimulation with the agonistic bile acid TLC. Similar findings, i.e. a reduced functionality and retention in the ER, have been demonstrated for other GPCRs with a truncated membrane-proximal, intracellular C-terminus, such as the luteinizing hormone/chorionic gonadotropin receptor284, the vasopressin 2 receptor (V2R)285, and the A1 adenosine receptor286. This indicates that the cellular signaling response is determined by the amount of functionally active receptors in the plasma membrane. Based on the naturally occurring TGR5 truncation mutation Q296X and guided by my secondary structure predictions from MD simulations, we generated nine deletion and substitution variants within the membrane-proximal C-terminus to identify the amino acid motifs/structural determinants that facilitate plasma membrane localization of this bile acid receptor. Using these variants and three chimeras of TGR5 with the membrane-proximal C-terminus of the (2-AR, the S1P1, or the kappa-type opioid receptor (κ-OR), respectively, we demonstrate that the formation of a membrane-proximal α-helix (helix 8) is essential for anterograde trafficking of TGR5 from the ER to the PM and thus for receptor function.
	Immunofluorescence staining of the truncation variants D284X and R297X showed a reticular, intracellular fluorescence pattern (Figure 13A), which was identified as the ER by double-labeling with an antibody against the ER marker protein disulfide isomerase. The S310X variant was mainly localized in the PM (Figure 13A). Truncation at amino acid 297 led to a significant reduction in TLC-dependent luciferase activity with a remaining increase of 2.6 ± 0.2-fold (n = 10) at 10 µM TLC (Figure 13B). While the Q300X variant showed a similar TLC responsiveness as the WT at concentrations above 2.5 µM, no significant rise in luciferase activity was detected after stimulation with 0.1 µM TLC. The loss of the last 20 amino acids in the TGR5 variant S310X had no effect on receptor responsiveness towards TLC (Figure 13B). These results suggest that amino acids 284-297 are essential for localization of TGR5 in the PM. To elucidate the role of these residues in more detail, additional variants were generated: deletion of amino acids 285-290, 285-297, and 291-297, and alanine, proline and glycine substitution of amino acids 285-290 and 291-297.
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	Figure 13 Localization and function of TGR5 truncation variants in HEK293 cells determined by immunofluorescence microscopy. A Localization of the FLAG-TGR5-YFP truncation variants. While the WT and the S310X variant are present in the PM, the R297X variant is retained in the ER. B TLC responsiveness measured by a fluorescence increase using a cAMP reporter gene assay. While the S310X variant shows no impairment compared to the WT and the Q300X variant is rescuable at high concentrations of TLC, the R297X variant shows a significantly decreased TLC response at all tested concentrations. Figure adapted from publication I.
	In order to identify similarities and differences in the secondary structure of the TGR5 WT and the aforementioned substitution and deletion variants on a per-residue level, I performed MD simulations of the 18 membrane-proximal amino acid of their C-termini. I then pooled all conformations of the last 500 ns of all MD trajectories of the WT and all variants and hierarchically clustered them according to their secondary structure sequence. As the most outstanding result, a clear correlation between the secondary structure sequence of the respective peptide and the localization of TGR5 and, thus, its function emerged. Variants with a high membrane localization and TLC responsiveness predominantly appear in clusters with a high α-helix content (clusters 1 and 5; Table 1, Figure 14), while variants showing ER retention appear in clusters with high amounts of loop or β-sheet formation (clusters 2-4; Table 1, Figure 14). For example, we could show that the WT peptide encompassing residues 285-297 preferentially forms an α-helix. In contrast, the 285-290A variant, which was retained in the ER, showed an exclusive β-sheet formation within the first 120 ns of the simulation. This finding was unexpected because alanine has a high helix propensity. However, the (-sheet formation seemed to be favored in this case by interactions between the alanine residues in positions 285-290 with naturally occurring hydrophobic alanines in positions 294-296. These initial analyses suggested that a high β-sheet content in the membrane-proximal C-terminus prevents ER to PM trafficking of TGR5. 
	Table 1 Results of clustering according to secondary structure sequence, function, and protein localization of the TGR5 membrane-proximal C-terminus. Table adapted from publication I.
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	1Percentage of the cluster distribution for each variant.
	2Function at 10 µM TLC as percent of wildtype ± SEM.
	3Percentage of cell membrane localization determined by FACS analysis ± SEM.
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	Figure 14 Clustering of conformations from MD simulations according to secondary structure. A Conformation with the most frequently occurring secondary structure sequence of the WT in cluster 1. B Conformation with the most frequently occurring secondary structure sequence of the 285-290A variant in cluster 2. C Conformation with the most frequently occurring secondary structure sequence of the 291-297P variant in cluster 5, which except for an α-helical turn at the N-terminus is unstructured in contrast to other variants in cluster 5. The coloring indicates the sequence from the N-terminus (blue) to the C-terminus (red). Figure adapted from publication I.
	As a proof of principle, chimeras of TGR5 containing the membrane-proximal amino acids of the β2-AR, the S1P1, and the κ-OR were generated. The respective amino acid sequence of the receptors form α-helices as shown in high resolution crystal structures. MD simulations of the membrane-proximal 18 amino acids of the C-terminus of the TGR5β2AR chimera, which contains 13 amino acids of the membrane-proximal C-terminus of β2AR, reproduced this α-helix character, which demonstrates the quality of the setup of my simulations. Unsurprisingly, the TGR5 chimeras were correctly sorted to the PM and showed similar functional activity in response to 10 µM TLC as WT TGR5. However, the membrane-proximal part of the β2AR contains an F(X)6LL motif, which has previously been identified as an important GPCR ER export motif. To assess the mechanism of the F(X)6LL motif promoting membrane trafficking of the TGR5β2AR chimeric receptor, we evaluated chimera variants containing mutations in this motif. This again revealed a strong correlation between the secondary structure content of the respective variant and its localization and function.
	The double alanine mutant LL294/5AA revealed the lowest α-helical content but pronounced β-sheet formation. As in the case of the TGR5 variants, this chimera variant showed marked retention in the ER. In the MD simulations, I could pinpoint the β-sheet formation to a hydrophobic interaction between the mutated residues and F291. In order to test whether a disruption of this interaction restores α-helicality, I subjected the F291A//LL294/5AA variant to MD simulation. Indeed, this variant had a lower (-sheet and a higher (-helical content. In experimental validations of these findings, the F291A//LL294/5AA variant showed a PM localization level and luciferase activity in response to 10 µM TLC indistinguishable from the TGR5β2AR chimera. This suggests, that the F(X)6LL motif might facilitate α-helix formation to promote PM localization of GPCRs.
	In summary, these results demonstrate that PM trafficking and, thus, function of TGR5 are determined by the α-helical structure of the membrane-proximal C-terminus rather than a sorting motif.
	4.3 Conclusion and significance

	In this study, I clustered MD simulations of TGR5 C-terminus variants according to their secondary structure formation. The combination with an experimental characterization by immunofluorescence, FACS sorting and cAMP reporter gene assay revealed a strong correlation between secondary structure and PM localization and function. For a proof of principle, I selected the C-termini of the three GPCRs for the generation of TGR5 chimeras. One of those C-termini contained a sorting motif, which was subsequently substituted with alanine residues. I detected β-sheet formation in an ER retained alanine variant in which I could restore α-helicality, as shown in MD simulations.
	The principal results of this study are:
	 In this study, it was shown for the first time, that the secondary structure of the C-terminus determines the PM localization of a GPCR, rather than a sorting motif. 
	 Variants of TGR5 with high PM localization and function were found in clusters with high α-helical content, while variants with low membrane localization were found in clusters with β-sheet or loop formation.
	 As a proof of principle, three TGR5 chimeras with the α-helical C-termini of other GPCRs were correctly sorted to the PM. 
	 One of those chimeras contained a sorting motif, which, when mutated to alanine, led to β-sheet formation and ER retention of this variant. However, the PM localization could be rescued by introduction of an additional mutation, which restored α-helicality in MD simulations.
	 This is the first evidence that sorting motifs might promote PM localization by facilitating α-helix formation in the C-terminus.
	The membrane localization of a GPCR can be dependent on homodimerization in the ER. As the 1-8 interface, utilizing the membrane-proximal C-terminus, has been identified in a GPCR (chapter 2.2.4), its secondary structure formation may influence dimerization. Hence, the dimerization interfaces of TGR5 have been investigated in publication II with the expectations to identify the 1-8 interface as one of the dimerization sites of TGR5.
	5 Publication II - Structural assemblies of the di- and oligomeric G-protein coupled receptor TGR5 in live cells: an MFIS-FRET and integrative modeling study
	Annemarie Greife, Suren Felekyan, Qijun Ma, Christoph G.W. Gertzen, Lina Spomer, Mykola Dimura, Thomas O. Peulen, Christina Wöhler, Dieter Häussinger, Holger Gohlke, Verena Keitel, Claus A.M. Seidel
	Sci. Rep. (2016), 6, 36792
	Original publication, see pages 70-124; contribution: 10%
	5.1 Background

	I could show in the previous publication I that the secondary structure of the TGR5 C-terminus has a profound impact on the membrane localization of the receptor. For several GPCRs, it has been discovered that homodimerization in the ER is required for the correct sorting to the PM (chapter 2.2.4). Among the three different dimerization interfaces identified in X-ray crystal structures of GPCRs to date, the C-terminus is the main contributor of the protomer interaction in the 1-8 interface. A disruption of the secondary structure of the C-termini and, thus, their interaction could explain the ER retention of TGR5 variants with β-sheet or loop formation in their C-termini. Hence, the 1-8 interface is expected to be a dimerization site of TGR5.
	As the dimerization of TGR5 could not only influence the membrane localization of the receptor but also affect its activation, we investigated possible di- and oligomerization interfaces of TGR5. I did integrative modeling in a combined strategy in which we applied cellular biology, and Multiparameter Image Fluorescence Spectroscopy (MFIS) for quantitative FRET analysis to obtain structural information about dimerization and higher-order oligomerization assemblies of TGR5. Particularly, a naturally occurring Y111A mutant was investigated, as it showed 60% less dimerization in co-immunoprecipitation assays than the TGR5 WT.
	5.2 Structural assembly of TGR5 di- and oligomers

	FRET between TGR5 molecules C-terminally fused to enhanced GFP as a donor or mCherry as an acceptor was measured for three different TGR5 variants: TGR5 WT, Y111A and Y111F. Stimulation of the WT, Y111A, or Y111F with TLC led to a significant dose-dependent increase in luciferase activity in all three cases, which shows that the three variants are fully functional. FRET was detected in all TGR5 variants, indicating at least homodimerization. Interestingly, the TGR5 variants showed differences in their FRET properties: Upon titration of the acceptor, the energy transfer efficiency did not change significantly in Y111A in contrast to WT and Y111F. This indicates that the Y111A variant forms high amounts of dimers but not oligomers, as fluorescence quenching cannot occur in monomers, while the efficiency changes in the Y111F variant and the WT suggest that higher-order oligomers, at least tetramers, are present in those variants. 
	To quantify this, we formally describe the fluorescence decays by two FRET-rate constants, which are for convenience given in units of apparent distances RDA,app. For all TGR5 variants, this kFRET fit resulted in a short apparent distance RDA,app-1 with a small fraction and a long apparent distance RDA,app-2 with a large fraction. As shown in Figure 15, in the WT and Y111F both apparent distances RDA,app-1 and RDA,app-2 became shorter (RDA,app-1 = 40-20 Å; RDA,app-2 = 75-50 Å) with increasing acceptor concentration. Furthermore, the species fractions also changed: The short distance-fraction increased from 7% to 30% in an acceptor-dependent manner, leading at the same time to a strong reduction of the long distance-fraction from 39% to 12%. This change is only possible in oligomers, as its limited range disallows FRET between distant, i.e. not oligomerized, dimers.
	/
	Figure 15 FRET-decays from sub-ensemble analysis at different donor-to-acceptor ratios were fitted with a two-kFRET fit to obtain two apparent distances RDA,1 and RDA,2 (upper row) with their corresponding FRET fractions (lower row) and to calculate the mean transfer energy efficiency Emean. Emean increased in an acceptor-dependent manner in TGR5 wt and TGR5 Y111F, whereas Emean changed only slightly in TGR5 Y111A. These changes in Emean correlate with a reduction of both apparent distances RDA,1 and RDA,2 in TGR5 wt and TGR5 Y111F: In the lower row, the RDA,1 fractions increase, whereas the RDA,2 fractions decrease in an acceptor-dependent manner. Orange: RDA,1 and RDA,1 fraction, pink: RDA,2 and RDA,2 fraction, green: non-FRET fraction, the gray bar in Emean represents average Emean for TGR5 Y111A. Figure adapted from publication II.
	These results were used to determine the di- and oligomerization interfaces of TGR5. For this, the RDA,app was correlated to the theoretical RDA,app calculated from dimer models of TGR5. The RDA,app of the Y111A variant was used, as the titration experiments suggest predominant homodimer formation of this variant, so that the absence of oligomerization allows the exact measurement of the dimerization interface. I built dimer models of TGR5 based on the interfaces structures known from the CXCR4, the µ-OR, and the κ-OR (Figure 16). Then I simulated the movement of the linker and a fluorophore by MD simulations. Subsequently, I calculated the conformational free energy and entropy contribution in combination with the dimer models. I used this to obtain a Boltzmann-weighted distribution of the fluorophore position in relation to the dimers. The average length of the linker in this approach is about 5 Å less than in AV simulations, which are considered to be less accurate. The RDA,app for the 1-8 interface of TGR5 calculated from this distribution showed a remarkable similarity with the RDA,app of the Y111A variant. Thus, the primary site for TGR5 homodimerization is the 1-8 interface.
	/
	Figure 16 Homodimerization models with the following interfaces from left to right: (1/8), (4/5) and (5/6). TGR5 monomer chains are rainbow colored starting with TM1 in blue to H8 in red. Top row: membrane view of models displayed in PyMol. Bottom row: Schematic models. The attachment point for the fluorescent proteins (FP) at the cytoplasmic H8 is labeled with red circles, and FP’s are presented as glowing stars in green for donor and red for acceptor. Abbreviation: CP = cytoplasm. Figure adapted from publication II.
	In contrast to the Y111A variant, the titration experiments strongly suggest that the WT and Y111F variant form dimers and higher-order oligomers. The concentration dependence indicates that oligomers – (with a formation of tetramers as first step) - are formed from dimers (dimer of dimer model). The absence of a concentration dependence in the Y111A variant, a mutation in the ERY motif (chapter 2.3.2), implies the presence of at least a second interface for TGR5 homo-oligomer formation, which involves the ERY motif. We suggest that the TGR5 oligomers must resemble a one-dimensional array mediated by a single oligomerization interface, because one mutation in the ERY motif Y111A in intracellular loop (ICL2) affects the oligomerization significantly. As shown in Figure 17 the Y111 residue can interact with TM5 or/and TM6 dependent on its structural environment, which could be either helical or flexible. Hence, both the 4-5 and 5-6 interface could be potential interaction sites for oligomerization. We suggest that the TGR5 oligomers must resemble a one-dimensional array mediated by a single oligomerization interface forming either a (1-8):5-6:(1-8) or (1-8):4-5:(1-8) pattern (see chapter 2.2.4). One-dimensional arrays forming mainly (18):45:(1-8) oligomers have also been found for rhodopsin287, 288 and (18):56:(18) oligomers for the µopioid receptor222. However, due to a high similarity of the expected RDA,app of the 4-5 and the 5-6 interface we cannot distinguish between those interfaces at present.
	/
	Figure 17 Influence of Y111A on dimerization. A The dimerization model (4/5) is displayed as a gray colored cartoon viewed from the membrane. Residue Y111 located in ICL2 is depicted as a green sphere in each TGR5 monomer. B Blow-up of the region around residue Y111 to show possible interactions between Y111 from one TGR5 molecule with residues in TM4 (green) and TM5 (yellow) in a second TGR5 molecule. Figure adapted from publication II.
	5.3 Conclusion and significance

	In this study, I built dimer models of TGR5 and calculated the position of the fluorophore relative to the protomers using an all-atom MD simulation. I enhanced the accuracy by calculating the probability distribution over all positions via a Boltzmann-weighing of their conformational free energy I obtained from MM-PBSA calculations including their entropy contribution. This is, to my knowledge, the first time conformational free energies in combination with their entropic contribution were used to enhance the sampling of fluorescent dye movements. My results were necessary to identify the 1-8 interface as a primary dimerization interface of TGR5, as suggested by C-terminus variants in publication I. Furthermore, I identified binding partners for Y111 in TM5 and TM6 on the basis of my TGR5 dimer models. Based on these interactions, I predicted the 4-5 and the 5-6 interfaces to be possible oligomerization interfaces of TGR5, as the Y111A variant disrupts its oligomerization.
	The principle results of this study are:
	 Combined molecular biology, fluorescence microscopy approaches, as well as bioinformatics modeling and simulations identified the 1-8 interface as the primary TGR5 dimerization site.
	 TGR5 was shown to form higher-order oligomers.
	 The Y111A variant, a mutation in the conserved ERY motif, abolished oligomerization of TGR5.
	 This is the first indication that the tyrosine residue in the (D/E)RY motif might be important for GPCR oligomerization.
	In GPCRs, a bound ligand can mediate effects via allosteric mechanisms to other protomers in a dimer. This could be dependent on the exact binding mode of the ligand in the binding pocket, as agonists and antagonists can both mediate their effects. Knowledge of the binding mode of bile acids combined with dimerization models of TGR5 could also be used to develop bivalent TGR5 ligands, targeting both protomers of a dimer. Hence, we generated a binding mode model of TGR5 agonists in publication III.
	6 Publication III - Mutational Mapping of the Transmembrane Binding Site of the G-Protein Coupled Receptor TGR5 and Binding Mode Prediction of TGR5 Agonists
	Christoph G.W. Gertzen§, Lina Spomer§, Sander H.J. Smits, Dieter Häussinger, Verena Keitel, Holger Gohlke
	§ Both authors contributed equally to this work.
	Eur J Med Chem (2015), 104, 57-72. 
	Original publication, see pages: 125-163; contribution: 30%
	6.1 Background

	In the previous publication II, I could show that TGR5 dimerizes via the 1-8 interface. GPCR signaling can be influenced by dimerization with effects transmitted to other protomers, which may be dependent on the ligand binding mode (chapter 2.2.4). Additionally, TGR5 could be a target for the treatment of metabolic diseases, which requires potent and selective agonists (chapter 2.1.4), and specialized cancer treatment, which requires potent and selective antagonists (chapter 2.1.7). TGR5 antagonists are currently unknown but could be derived from TGR5 agonists by introduction of small chemical modifications in specific positions. A binding mode of TGR5 agonists can direct these changes to simplify antagonist discovery, and could also be used in the development of more potent and selective agonists.
	In this publication we used a combination of homology modeling (chapter 2.3.2), molecular docking (chapter 2.3.3), 3D-QSAR, MD simulations, and site directed mutagenesis with subsequent evaluation of TGR5 ligand responsiveness and membrane localization to elucidate a binding mode model of TGR5 agonists. 68 TGR5 agonists including natural and synthetic bile acids as well as neurosteroids were used to evaluate the binding mode model using the AFMoC approach (chapter 2.3.4).
	6.2 Binding Mode Prediction of TGR5 Agonists

	We considered two alternatives for TM7 of TGR5 when generating the multiple sequence alignment with the templates: In the first alternative, priority is given to the alignment of the conserved (D/E)X(K/R) motif (positions 8.48 to 8.50); in the second alternative, conserved Pro residues in TM7 are preferentially aligned. Both alignments cause a different orientation of residues in TM7: It has the same length in both cases but residues at position 7.n in the first alternative are located at position 7.(n+2) in the second one. The second alignment based on the conserved proline residue in TM7 (chapter 2.3.2) should be more reliable than the first one. To confirm this hypothesis, we built models based on both alignments and predicted agonist binding modes in those models. 
	/
	Figure 18 Binding mode of TLC predicted by molecular docking into the initial homology model of TGR5. TLC is shown with cyan sticks, all other TGR5 agonists with cyan lines, and TGR5 in gray cartoon representation. Amino acids subjected to mutational analysis are shown in sticks representation; they are colored according to having a negative effect (green) or no effect (orange) on receptor activity upon stimulation with TLC when mutated to alanine. In the docked binding mode, the 3-hydroxyl group of TLC forms a hydrogen bond with E1695.44 and the sulfonic acid moiety of TLC forms a hydrogen bond with S2707.43, whereas TLC does not interact with S211.39. Furthermore, TLC makes hydrophobic interactions with Y2406.51 and L2446.55. Figure adapted from publication III.
	Binding modes found in models of the first alignment alternative generally showed no significant AFMoC model. The exchange of binding positions between models of the first and proline-centered alignment, to check for a model-independent valid binding poses, also yielded no valid AFMoC model. Only a binding mode found in a model of the proline-centered alignment resulted in a significant AFMoC model (q² = 0.37 for six components), which was expected because the alignment on the conserved proline residue should result in the correct orientation of TM7. This pose was used as our initial binding mode model. In the initial binding mode model TLC forms a hydrogen bond with E1695.44 using its 3-hydroxyl group and hydrophobic interactions with Y2406.51 and L2446.55 in TM6 (Figure 18). Furthermore, TLC binds with its sulfonic acid moiety in the vicinity of TMs 1 and 7 deep inside the pocket to S2707.43 in TM7 (Figure 18). The interacting residues were mutated to alanine and experimentally investigated regarding their response to TLC stimulation and membrane localization to validate the binding mode model. Additionally, S211.39 was mutated to alanine as a negative control and to invalidate binding mode models based on the first alignment alternative. Here, bile acids bind to S211.39 with their sulfonic acid moiety, so that no response to the alanine mutation of this residue would invalidate these binding modes while consolidating our initial binding mode model. The alanine mutation of E1695.44 in TM5 was predicted to influence ligand binding (see chapter 2.2.1) while the mutations of Y2406.51 and L2446.55 in TM6 were predicted to prevent the activation of TGR5.
	As expected, the TLC-dependent luciferase activity of S21A1.39 was comparable to that of wildtype TGR5 (Figure 19). In contrast, E169A5.44 showed a significantly reduced activity at TLC concentrations between 0.1 and 2.5 µM, but not 10 µM indicating an influence on TLC binding, as predicted. In L244A6.55 the dose-response was significantly reduced at all concentrations compared to the WT, while the Y2406.51 variant showed nearly no response to TLC stimulation. These results confirmed our initial binding mode model.
	We subjected TLC in the initial binding mode model to MD simulations to incorporate ligand and receptor flexibility. The most notable change was the breaking of the hydrogen bond between S2707.43 and the sulfonic acid moiety of TLC, which reoriented towards R79EL2 to form a salt bridge with this residue. Furthermore, TLC showed a tendency to form a hydrogen bond with its 3-hydroxyl group to the hydroxyl group of Y2406.51, in addition to a hydrogen bond with E1695.44.
	/
	Figure 19 Experimental validation of the initial binding mode. Receptor activity towards taurolithocholate (TLC) was measured using a cAMP responsive luciferase construct, and luciferase activity served as a measure of the rise in intracellular cAMP following activation of TGR5. Forskolin (F, 10 µM) was used as TGR5 independent positive control. Dimethyl sulfoxide (D) was used as a negative control. The variant S21A1.39 did not affect receptor responsiveness. E169A5.44 and L244A6.55 showed reduced luciferase activity at lower TLC concentrations (0.1 – 2.5 µM), while retaining activity like the WT at 10 µM TLC. The variant Y240A6.51 almost abolished TLC-dependent luciferase activity at all concentrations tested and also significantly reduced forskolin-mediated rise in cAMP. Results (WT n = 21; S21A1.39, E169A5.44 n = 8; L244A6.55, Y240A6.51 n = 7) are expressed as mean ± SEM. *, # = significantly different (p ≤ 0.01) from DMSO and TGR5 WT, respectively. Figure adapted from publication III.
	An AFMoC model based on this refined binding mode showed an even higher predictivity (q² = 0.50 with one component) than our initial binding mode. In the refined binding mode, we observed that agonists with a 7-hydroxyl group preferred a configuration shifted by about 3 Å towards helix 3 compared to TLC. For agonists with a 7-hydroxyl group in α-position, such as TCDC, this occurred due to hydrogen bond formation with Y893.29 in TM3 (Figure 20). Agonists such as TUDC with a 7-hydroxyl group in β-position formed a hydrogen bond with N933.33 instead. 
	/
	Figure 20 Binding mode of TLC after refinement of the TLC/TGR5 complex by MD simulations (A), corresponding alignment of TGR5 agonists used for the second AFMoC analysis (B), binding mode of TCDC (C) and TUDC (D) as compared to TLC. TLC is shown with cyan sticks, all other TGR5 agonists with cyan lines, and TGR5 in gray cartoon representation. Amino acids subjected to mutational analysis are shown in sticks representation; they are colored according to having a negative effect (green) or no effect (orange) on receptor activity upon stimulation with TLC when mutated to alanine. The N93A3.33 variant (navy) was mainly retained intracellularly. In the refined binding mode (panel A), TLC forms a salt bridge to R79 in the EL1 with its sulfonic acid moiety. Furthermore, it forms hydrogen bonds with E1695.44 and Y2406.51 with its 3-hydroxyl group. Hydrophobic interactions are formed between TLC and Y893.29 and L2446.55. Binding mode of TCDC (sticks representation, yellow) with its 7-α-hydroxyl group forming a hydrogen bond to Y893.29, moved towards TM3 relative to TLC (C), and binding mode of TUDC (sticks representation, yellow) with its 7-β-hydroxyl group forming a hydrogen bond to N933.33, moved towards TM3 relative to TLC (D). Figure adapted from publication III.
	Consequently, mutations of the following residues should yield experimental support to the refined binding mode, including the shifted configurations for agonists with a 7-hydroxyl group: R79AEL1 and Y240F6.51, as TLC forms hydrogen bonds with these residues; S270A7.43 as a negative control, as TLC does not form hydrogen bonds with this residue; Y89A3.29 and N93A3.33, as these residues are predicted to have an influence on the activation of TGR5 by TCDC and TUDC, respectively, but not TLC (Figure 20).
	As only 33.0±2.2% of N93A3.33 reached the PM of transfected HEK293 cells as measured by FACS analysis, its impact on TUDC binding cannot be measured. In contrast, other variants reached the PM in sufficient amount to test their influence on ligand binding and receptor activation. The activity of S270A7.43 was not significantly different to that of WT TGR5 at high concentrations of TLC, while R79AEL1 showed a dose-dependent increase in TLC-dependent luciferase activity, which was significantly reduced compared to WT TGR5. The effects of the S270A7.43 and the R79AEL1 variant reflect the instability of the interaction of the TLC sulfonic acid moiety with S270A7.43 which is given up in favor of a salt bridge with R79AEL1, as seen in MD simulations. Y240F6.51, effectively removing the hydroxyl group binding to TLC in the refined binding mode, almost completely abolished TLC induced luciferase activity. Finally, Y89A3.29 showed the highest impact on TCDC activity, with which it was predicted to form a hydrogen bond to its 7αhydroxyl group. TLC with no 7-hydroxyl group and TUDC, which does not form a hydrogen bond in the refined binding mode due to the β-configuration of its 7-hydroxyl group, showed a less pronounced reduction in TGR5 stimulation in the Y89A3.29 variant. The hydrogen bond formation of Y893.29 with TCDC (EC50 = 2.3 µM) rather than with TUDC (EC50 = 50.5 µM) (chapter 2.1.2), as seen in our refined model, explains the epimeric selectivity of TGR5 towards agonists with a 7-hydroxyl group in α-position.
	All in all, we could validate our binding mode model of 68 TGR5 agonists by predicting the effects of nine mutations to either influence agonist binding or TGR5 function including negative controls. The predicted effects were verified by mutagenesis studies with subsequent localization and functional assays. Our binding mode model is highly accurate as it could not only predict the importance of the Y2406.51 hydroxyl group for TGR5 activation but also identified the epimeric selectivity determining residue Y893.29. 
	6.3 Conclusion and significance

	In this publication, I created an initial binding mode model of 68 TGR5 agonists using homology modeling, molecular docking, and AFMoC analysis. From this initial model, I predicted the influence of four mutations on TLC response, including a negative control, to validate this binding mode model. Experimental examination of the TGR5 variants corroborated the model. I then subjected TLC in the initial binding mode with TGR5 to MD simulations. This led to an improved binding conformation with which I could create an even more predictive AFMoC model. For this refined binding mode model, I suggested five additional mutations for which I correctly predicted their influence, including the importance of the Y2406.51 hydroxyl group and the epimeric selectivity being mediated by Y893.29.
	The principle results of this study are:
	 This is the first binding mode model of TGR5 agonists which is in line with nine mutations to TGR5.
	 Furthermore, it explains the structure-activity relationships of 68 TGR5 agonists and is the first binding mode model including neurosteroid agonists of TGR5.
	 The sulfonic acid moiety of TLC binds to R79EL2 while its 3-hydroxyl group forms hydrogen bonds to E1695.44 and Y2406.51.
	 The binding mode model is highly accurate to a degree that it explains the epimeric selectivity of 7α-hydroxyl groups, which is mediated by Y893.29.
	This binding mode model could be used for the development of more potent and selective agonists, and the identification of antagonists. In combination with the TGR5 dimerization models identified in publication II bivalent ligands of TGR5 could be developed, which target both protomers of a dimer. Furthermore, this binding mode model might be used to explain possible receptor crosstalk in combination with those dimer models.
	SUMMARY
	In the present work, I first computationally investigated the secondary structure formation of the membrane-proximal C-terminal helix 8 of TGR5 with the aim of correlating secondary structure formation to membrane localization (publication I). This should show whether α-helicality of the C-terminus as observed in crystal structures of GPCRs induces membrane localization. I conducted MD simulations of the TGR5 C-terminus and mutants thereof and clustered the structures into groups of similar secondary structure. The results for each mutant were correlated with a characterization of their function and localization done in the lab of Prof. Dr. V. Keitel. This revealed that the C-termini of all membrane localized mutants indeed adopted α-helices while β-sheet or loop formation led to ER retention. 
	As homodimerization can be another reason for the membrane trafficking of GPCRs, and helix 8 lies within a prominent interface for GPCR dimerization, (chapters 2.2.3 and 2.2.4) the contact between these α-helices could promote TGR5 dimerization. Hence, I investigated possible dimerization interfaces of TGR5 (publication II). For this I built homology models of TGR5 based on known GPCR dimer interfaces which were used to determine the theoretical FRET efficiency for comparison to FRET measurements done in the lab of Prof. Dr. C. Seidel and Prof. Dr. V. Keitel. This allowed the identification of the 1-8 interface, which was suspected on the results based on publication I, as a dimerization site of TGR5.
	Finally, I predicted a binding mode model of 68 TGR5 agonists including natural and synthetic bile acids, and neurosteroids, which was experimentally validated in the lab of Prof. Dr. V. Keitel (publication III). Here, I created homology models of TGR5 and docked the most potent natural agonist TLC into the TGR5 binding site (chapter 2.3.2). Subsequent improvement of the initial binding mode by incorporating ligand and receptor flexibility via MD simulations of the complex showed a reorientation of the sulfonic acid moiety of TLC. Remarkably, the effects of nine mutations suggested based on the model were in perfect agreement with the binding mode model. In combination with the experiments the binding mode model shows an astonishing level of detail. Based on a hydrogen bonding of the hydroxyl group of Y2406.51 to TLC, I could correctly predict an abolishment of receptor activation in the Y240F variant, which effectively removes the Y240 hydroxyl group. Furthermore, the binding mode model explains the epimeric selectivity of TGR5 towards bile acids with a 7-hydroxyl group in α-position (e.g. TCDC) rather than in β-position (e.g. TUDC) mediated by Y893.29. All in all, this binding mode model is precise accurate enough to further the development of specific TGR5 agonists as well as antagonists.
	PERSPECTIVES
	TGR5 is involved in the formation of the cholangiocyte carcinoma, and the gastral and esophageal adenocarcinoma by the mediation of proliferative and anti-apoptotic effects (chapter 2.1.7). Antagonists inhibiting those signaling pathways (chapter 2.1.3) could pose a new therapy for these types of cancer. However, no antagonists of TGR5 are known to date. Based on the binding mode of agonists identified in publication III, I built a pharmacophore model (Figure 21) aiming at abolishing the interactions to TM6, which are vital for receptor activation (chapter 2.2.2). Thus, most of the interactions with TGR5, especially the salt bridge to R79EL2, can be maintained while no inward force is exerted to TM6, which could lead to the activation of TGR5. With this pharmacophore model 48 potential antagonists of TGR5 were identified by a virtual screening, which will be tested in the lab of Prof. Dr. V. Keitel towards their inhibitory potential.
	/
	Figure 21 Pharmacophore model for the identification of potential TGR5 antagonists targeting the orthosteric pocket. The pharmacophore model was chosen from the binding pose of TLC (line representation) and includes the presence of anionic groups (red), hydrophobic groups (green), hydrogen bond donors (blue) and excluded volumes (orange).
	Similarly, I aim at disrupting the TGR5/G-protein interaction in order to inhibit TGR5 downstream signaling without having to compete with high concentrations of bile salt agonists. For investigating the binding energetics of the TGR5/G-protein complex, I first built a homology model of the TGR5/Gs-protein complex based on our TGR5 homology model (publication III) and the β2-adrenergic receptor/Gs-protein complex157. I then performed 160 ns of MD simulations of the complex in a POPC membrane (Figure 22).
	/
	Figure 22 Identification of important residues mediating the TGR5/Gs-protein complex formation via MM-PBSA calculations. A Starting structure of the TGR5 (green) / G-protein (orange) complex model in a POPC membrane (navy). B Residues in the interface of TGR5/Gs-protein that contribute most to the binding affinity (“hot spots”) (red) of the complex. E378 is at the C-terminal end of helix 5, and D367 and D364 at the N-terminal end.
	Conformations of the complex were extracted from the MD trajectory and subsequently subjected to MM-PBSA calculations in an implicit membrane environment289 to compute per-residue contributions to the effective energy of complex formation. Here, three residues in the N-terminal and C-terminal ends of helix 5 (H5) of the Gαs-protein subunit were identified to contribute most (~5 kcal∙mol-1); these residues form salt bridge interactions with corresponding residues in TGR5 (Figure 22). This is in line with recent findings, which show that residues in the C-terminal end of H5 are important for the complex formation of the heterotrimeric Gs-protein and the β2-adrenergic receptor (chapter 2.2.2)174. The residues identified to mediate the TGR5/G-protein complex formation could be used to screen for antagonists similar to a rational, structure-based approach to inhibit protein-protein interactions (PPI)290 based on recent advances in the understanding of the energetics and dynamics of protein binding interfaces291 and methodological developments in our working group292-295.
	Furthermore, it would be very interesting to uncover the exact mechanism of the influence of TGR5 C-terminus α-helix formation on TGR5 membrane localization (publication I). As it has been shown that Rab-GTPases are involved in the membrane trafficking of GPRCs108, 186-189 (chapter 2.2.3), studying the interaction between H8 of TGR5 and Rab-GTPases could lead to success. Here, an approach similar to the one described in the previous paragraph can be used.
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