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Zusammenfassung

ZUSAMMENFASSUNG

TGRS 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 Uberexpression
des Rezeptors in Gallengangzellen kommt es jedoch zur Bildung des
Cholangiozytenkarzinoms. Derzeit ist keine spezielle Therapie dieser Krebskrankheit
mdglich, da keine TGRS5-Antagonisten bekannt sind, die das UbermaB an antiapoptotischen
und proliferativen Signale blockieren konnten. Die Entwicklung von TGRS5-Antagonisten
ist nicht trivial, jedoch konnte die Kenntnis des Bindemodus von TGR5-Agonisten den
Entwurf von Antagonisten lenken und so deren Entwicklung vereinfachen. In Publikation
IIT habe ich in Kooperation mit der Arbeitsgruppe von Prof. Dr. V. Keitel ein
Bindemodenmodell von TGRS5-Agonisten vorhergesagt. Dieser Bindemodus ist in Einklang
mit neun Mutationen, die sowohl die Aktivitdt von TGRS als auch die Affinitit der Liganden

beeinflussen.

Damit TGRS seine Effekte ausiiben 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 hierfiir
gewoOhnlich ein Sortiermotiv in ihrem C-Terminus, welches TGRS nicht besitzt. In
Publikation I konnte ich mit der Arbeitsgruppe von Prof. Dr. V. Keitel zeigen, dass die
Bildung einer a-Helix im C-Terminus verantwortlich fiir den Membrantransport ist. TGRS
Varianten, die keine a-Helix im C-Terminus aufwiesen, verblieben im endoplasmatischen
Retikulum. Wir haben Andeutungen gefunden, dass dies in allen GPCRs der Grund fiir den
Membrantransport sein konnte und Sortiermotive die Aufgaben haben, die Bildung der a-

Helix im C-Terminus zu forcieren.

Homodimerisierung von TGRS konnte ein Grund fiir die Bedeutung dieser
Sekundirstruktur fiir die Membranlokalisierung sein. Fiir GPCRs wurde gezeigt, dass
Dimerisierung im endoplasmatischen Retikulum der auslésende Faktor fiir deren
Membrantransport ist. Mit den Arbeitsgruppen von Prof. Dr. V. Keitel und Prof. Dr. C.
Seidel konnte ich in Publikation II zeigen, dass TGRS in der Tat den C-Terminus als
Dimerisierungsschnittstelle benutzt. Dariiber hinaus konnten wir zeigen, dass TGRS

Oligomere bildet und hierfiir zwei weitere potentielle Interaktionsfldchen identifizieren.

X1



Abstract

ABSTRACT

TGRS is the first known bile acid-sensing G-protein coupled receptor. TGRS is activated
by bile acids and neurosteroids. The physiological roles of TGRS include the regulation of
blood glucose levels and the protection of bile duct cells via anti-apoptotic and proliferative
effects. An overexpression of TGRS in bile duct cells, however, leads to the formation of the
cholangiocarcinoma. Currently, no specialized therapy of the cholangiocarcinoma is
available as no TGRS antagonists, inhibiting the abundancy of proliferative and
anti-apoptotic effects, are known. The design of TGRS antagonists is not trivial, but
knowledge of the binding mode of TGRS agonists could guide the design of antagonists,
which could simplify their development. In publication III I discovered a binding mode
model of TGRS 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 TGRS as well as agonist affinity.

In order to exert its effects, TGRS 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 TGRS does not. In publication I, I could show in collaboration with the
working group of Prof. Dr. V. Keitel that a-helix formation in the TGRS C-terminus is
responsible for its membrane trafficking. TGRS variants, which did not show a-helix
formation, remained in the endoplasmic reticulum. We discovered hints, that this a-helix
formation could be the determining factor for membrane localization in all GPCRs, while

the sorting motifs facilitate a-helix formation.

Homodimerization of TGRS 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 TGRS utilizes its C-terminus in a dimerization interface. Furthermore, we could show

that TGRS forms oligomers, for which we identified two possible interfaces.

Xii



Introduction

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 body' 2. They can be found in brain tissues>®, the retina’ %,
the lung” '°, the heart!!": 12, the kidney'® %, and the intestine!>!'’, 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 vision'® . Thus,
GPCRs offer a wide range of possibilities to alter processes in the body, which makes them
valuable drug targets'®%°. In fact, GPCRs are among the most targeted gene families on the

t2!. Accordingly, 27% of all present drugs influence the activity of

current drug marke
GPCRs?!, although biologicals, especially monoclonal antibodies not targeting GPCRs, are
on a steady rise?>?*. Yet, with 40% of all prescriptions being GPCR modulating substances,
the importance of GPCRs among drug targets is undisputed’ 2> 2°. Hence, drugs targeting

more than 50 different GPCRs, among them novel targets, are currently in the pipeline'® 7.

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 receptors'- 2”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)?°=3. 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 neglected'- "> 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 heart!!, found to

34 or inhibit the proliferation of prostate cancer cells®.

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

targets for the treatment of metabolic diseases'®. 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)** 37 (chapter 2.1.1).

TGRS, a class A receptor and the subject of this thesis, is the first known bile acid-sensing
GPCR and is expressed throughout the body***?. Locations with high expression levels of
TGRS are the liver, the bile duct, gallbladder, intestine, immunocompetent cells, and the
brain****°. In the brain, bile acids cannot be the natural agonists of TGRS as they are actively

excreted through the blood-brain barrier, and thus cannot reach the brain®® !

. Here,
neurosteroids act as the natural ligands*® (chapter 2.1.2). The effects mediated by TGRS are
highly interesting to exploit from a drug developmental perspective. For instance, upon
activation TGRS has the ability to reduce inflammation (chapter 2.1.5) and thus attenuate
atherosclerosis, which has been shown in mice®>->°. Additionally, the activation of TGRS has
beneficial effects on metabolism and energy expenditure (chapter 2.1.4) what could be
utilized in the treatment of diabetes and other metabolic diseases*® **-°23¢. For the latter, the
popularity of TGRS agonists has had a setback, as they also lead to gallbladder filling which
can be quite unpleasant in patients®’. However, not only substances activating TGRS are of
high pharmacological interest, as it has been found to be overexpressed in esophagus, gastric,
and gallbladder cancers®®®’ (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 cancer*® 3% !,
Furthermore, TGRS is responsible for mediating bile acid-induced pruritus®> 6% ¢, Thus,
substances inhibiting the activation of TGRS are very promising drugs for the treatment of
TGRS mediated forms of cancer, and pruritus in cholestatic diseases. Unsurprisingly, a lot
of effort has been put into the identification of new TGRS ligands®’>. However, no
inhibitors of TGRS 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
TGRS and thereby a binding mode of agonists in TGRS complicates the endeavor to identify
TGRS 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 drugs’®.

The application of such methods requires knowledge about the target structure but the
absence of a crystal structure of TGRS 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

2
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(chapter 2.3.2) utilizes the fact that protein structure is more conserved than sequence’’.
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 o-
helices (TMs) and differ mainly in the structure of their extra- or intracellular parts'® 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 likely's: 7889,

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 potentials®'-*. 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 poses’ -8,
Moreover, these predicted binding modes were so accurate that on their basis new ligands
could be identified for several GPCRs via virtual screening®-°2. Molecular docking often
does not incorporate target flexibility, which can be achieved by the use of molecular
dynamics simulations (MD simulations), however®*> **. 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 TGRS
were elusive as the C-terminus of TGRS does not contain a known sorting motif in the C-
terminus. A factor for the membrane localization of TGRS could also be its dimer formation
in the endoplasmic reticulum, leading to a membrane trafficking (chapter 2.2.3). Here, the
C-terminus of TGRS may play a role, as it is utilized in a known dimer interface of GPCRs.
TGRS had been identified to form dimers and higher-order oligomers®, but the orientation
of TGRS upon dimer- and oligomerization was also unknown as was the binding mode of
TGRS 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 TGRS.
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2 BACKGROUND

First, I will review the knowledge about the structure and ligand recognition spectrum of
TGRS and its functions in health and disease in order to demonstrate the value of TGRS 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 TGRS

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

refs.49’ 52,54,59, 96—99.

2.1.1 The GPCR TGRS

TGRS, 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 neurosteroids>® 40 46: 65, 68,70, 72,73,
100 Tt was first discovered by T. Maruyama et al. in the year 2002 and can thus be considered
a relatively young GPCR¥. 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
TGRS, 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)!%!- 192 Although no X-ray
crystal structure of TGRS 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 TGRS. This was the structural information available about TGRS at the beginning of this
thesis!®-1%, While in many X-ray crystal structures of GPCRs the C-terminus adopts an -
helix, not all GPCRs show such secondary structure formation. The C-terminus of the
CXCR4 receptor for example shows loop formation in the crystal structure!°®. The C-
terminus of TGRS does not contain a known sorting motif for the trafficking from the

endoplasmic reticulum to the membrane*?. 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

28,107

they are quite diverse

intra

Figure 1 Snake-plot of the sequence of TGRS. This plot shows the sequence of TGRS in an arrangement
indicating the TMs. The boundaries of the TMs were predicted by information available from the GPCRDB!%
at the beginning of this thesis. Similarly, the IL3 is long while the C-terminus of TGRS 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 endocytosis!%.
However, none of those sorting motifs are present in the C-terminus of TGRS, which poses
the question what the determining factors of the membrane trafficking of TGRS are. As the
membrane trafficking of TGRS is crucial for its activity, this question has been addressed in

publication I.
2.1.2 TGRS ligand recognition spectrum

The factor influencing the activity of TGRS is its activation by ligands. As stated before,
the natural ligands of TGRS are bile acids and neurosteroids. The latter has only been
determined recently*® %, 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 amounts®®>"%%, The discovery of neurosteroids such as

estradiol as the natural ligands in the brain solved this issue although they are not as potent

5
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agonists as bile acids*® ®. The potency of bile acids to activate TGRS 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 TGRS. 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).

CA 0 CDCA 0
ECsp: 6.71 M

DCA 0 UDCA 0

N //O

7¢Me-LCA §
ECs: 0.08 UM ¢*

Figure 2 Bile acid agonists alongside their ECso values towards TGRS as reported in ref.®® Primary bile acids:
CA, CDCA, and UDCA. Secondary bile acids: DCA, LCA, GLC, and TLC. The primary bile acids are
generally less effective TGRS 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 TGRS 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) 7. In CDCA the hydroxyl group is

oriented in the a-position while in UDCA it is oriented in the B-position. This small change
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leads to a six-fold reduction in ECso with CDCA being the more potent epimer of the two
(Figure 2). The reason for this epimeric selectivity of TGRS was unknown, however the
residue in TGRS 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
TGRS. 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 TGRS 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)%. Whether the reason for this is the change of the acid moiety resulting in more
favorable contacts to TGRS, 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 ef al. was utilized in order to elucidate a binding mode model
of TGRS agonists®. Sato et al. were able to increase the efficacy of bile acid agonists towards
TGRS via addition of hydrophobic substituents in position seven of the cholane scaffold with
their most potent ligand being 7&-Me-LCA (Figure 2)%. Recently, more potent and selective
TGRS agonists have been reported, which used a similar approach to increase the efficacy'®.

Upon activation by its ligands, TGRS mediates signals through several pathways.
2.1.3 TGRS signaling pathways

With the discovery of TGRS it could be shown that TGRS is most commonly interacting
with the Gs-protein. Most TGRS signaling pathways are mediated via this interaction. It was
discovered that TGRS is additionally able to couple to Gq- and Giz-proteins>®. This variety
of G-proteins utilized for TGRS downstream signaling enables a wide spectrum of different
effects, which TGRS 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 TGRS. The TGRS dependent activation of a G4-protein leads to a
protein kinase C (PKC) mediated increase in the NADPH oxidase 5-S (NOXS5-S) expression which induces
proliferation via prostaglandin E> (PGE,)*> !0 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) activity'!'!. This
sheddase releases the soluble ectodomain of the EGFR ligand (EGFR-L), which is in return able to activate
EGFR itself, leading to proliferative effects''!. 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
homeostasis''2. Again in cholangiocytes it increases the activation of ATP dependent potassium channels
(K atp) resulting in a relaxation of the adjacent smooth muscle cells and therefore of the gallbladder''3. The
phosphorylation and inactivation of the death receptor cluster of differentiation 95 (CD-95) in cholangiocytes
also mediates anti-apoptotic effects®® "4, 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 metabolism®. On the other hand, CREB increases the expression of the endothelial
nitric oxide synthase (eNOS) increasing the production of nitric oxide (NO)°® !'5. Consequentially, NO
increases the intestinal motility, turns into reactive NO species (RNOS) and could also be shown to decrease
oxidative stress on cells by NFkB inhibition. In various cell types, such as endothelial cells and macrophages,
NF«B inhibition decreases the expression of cytokines®> . Gi3-protein coupling of TGRS could be shown but
no signaling pathways are identified to date™-''°,

After the discovery of TGRS, scientists were interested in the cells and tissues TGRS is
expressed in. Considering the spectrum of agonists TGRS recognizes, which are most
prevalent in the gastro-intestinal tract and the brain, it is unsurprising that TGRS is found in

high expression levels in astrocytes of the brain and gut, in sinusoidal epithelial cells,
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gallbladder epithelium, and Kupffer cells in the liver*> **46- 48 Furthermore, the mRNA of
TGRS 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 muscles®® 1% 116117 The expression of TGRS
in such a variety of tissues opens many opportunities to influence body functions in which

TGRS is involved.
2.1.4 TGRS in metabolism

One of the major physiological roles of TGRS is the regulation of blood glucose
homeostasis and metabolism. For the former, TGRS regulates the blood glucose levels in the
body via the release of glucagon-like peptide-1 (GLP-1) in enteroendocrine cells®® 3% 5255
118122 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 TGR5!%36:3%: 55118 ‘Moreover, TGRS 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 tissue>® %% 112,

2.1.5 TGRS in the immune response

TGRS 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 cells** > 539697 The latter two cell types are
antigen-presenting cells, which differentiate from monocytes upon stimulation with
granulocyte-colony stimulation factor (G-CSF) and interleukin-4°% '23. However, if TGR5
expressing monocytes are treated with a TGRS specific agonist, they differentiate into less
functional cells, producing lower amounts of cytokines as IL-12. Macrophages, which have
been exposed to TGRS specific agonists, showed lower expression of TNF-a, and a higher
inhibition of NF-xB rendering them less active** 333 %, This TGRS dependent increase in
NF-«B inhibition is also present in endothelial cells, which in return express less adhesion

molecules necessary for macrophage adhesion and subsequent infiltration®: %6 115, 124,125

This reduces the number of macrophages present at the focus of inflammation>? 96 115 124,125,
Also in hepatic encephalopathy, TGRS has been shown to tone down the response of

microglia and thus alleviate neurological damages’® 126,

With its impact on metabolism via GLP-1 and T4 signaling, TGRS could be a valuable
target for the treatment of metabolic diseases’ %, 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 disease®® % 127-128 Yet, the regulation of metabolism and inflammation are not the

only important physiological roles TGRS orchestrates.
2.1.6 TGRS in the liver

One of the physiological functions of TGRS in the liver is the relaxation of smooth muscle
cells in the gallbladder*>>"- '3, Thus, it promotes the filling of the gallbladder with bile*>"
113 This is the reason why TGRS agonists might not be used in the treatment of metabolic
diseases, as mice fed with TGRS specific agonists showed extensive swelling of the
gallbladder*> 37 113, Additionally, the stimulation of TGRS 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 channels®? %, This gallbladder swelling and the itch could
be very unpleasant in patients treated for metabolic or inflammatory diseases. Another very

important physiological task of TGRS 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 death®® '?°_ It has been shown that hydrophobic bile
acids are able to unspecifically trigger the activation of the death receptor CD-95 and cause
apoptosis'?® 1*!. 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 TGRS signaling pathways.

The activation of TGRS in cholangiocytes enhances the expression of the multidrug
resistance protein 3 (MDR3), an ATPase important for the transport of phospholipids into
the bile-ducts'?’. Those form mixed micelles with bile acids, which reduces the amount of
free bile acids able to activate CD-95. TGRS induces secretion of HCO3™ and CI via the
anion exchanger 3 and the cystic fibrosis transmembrane conductance regulator,
respectively*® 12°. This prevents the protonation of the acid moieties of bile salts, which
hampers their membrane diffusion into cells. Upon activation, the TGRS induced production
of cAMP leads to the phosphorylation and thus inactivation of the death receptor CD-95°%
114 TGRS has also been shown to transactivate the endothelial growth factor receptor
(EGFR), which promotes cell survival®® 3% % 132 Consequently, the bile acid-induced
activation of the CD-95 receptor is counterbalanced by the bile acid-induced activation of

TGRS via anti-apoptotic and proliferative effects.
2.1.7 TGRS in malignancies

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

important physiological role of TGRS, 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 TGRS is not exempted>®°* !4, Cholangiocarcinoma cells
have been found to overexpress TGR5®. This cholangiocarcinoma is a malignancy that
exploits the TGRS induced inactivation of CD-95 to overcome programmed cell death. A
reason for this could be the CD-95 suppression of TGR5%% 133, TGRS exerts the same
influence in the gastric as well as the esophageal adenocarcinoma’” %% 134136 Unfortunately,
the chances of surviving a cholangiocarcinoma are very low, with a five-year survival rate
of only 2% at later stages'*”- 18, Currently, the therapy of the cholangiocarcinoma is difficult
and usually involves partial hepatectomy and radiotherapy. Here, blocking the signaling of
the overexpressed TGRS, 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 TGRS. Yet, no TGRS 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 TGRS
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 TGRS 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 a and the By subunits, leading to further downstream signaling'*®. 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, '8 78, 140, 141

2.2.1 The ligand recognition of GPCRs

GPCRs are a family with more than 900 different members' % '*: 78, They can be divided

into five subfamilies based on their sequence similarity and ligand recognition spectrum'> %
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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 TGRS belongs! > 1% 78142 However, we
know from X-ray crystal structures that, despite their low sequence identity, GPCRs exhibit
a very similar fold'® 2% 4% 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) ! 2%
33,140,143 Those membrane spanning a-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 opening'® 28 140, 144,145 ‘The EL2 partially covers the opening and may directly
interact with the ligands in some of the GPCRs!® 140 144146 Tpy the S1P; receptor it even
blocks the ligand entry from the top so that SIP: ligands diffuse in between TMs 1 and 7'%
140. 147 "Generally, the binding site of class A GPCRs consists of the seven TMs which form
a small cavity, open towards the extracellular side!® 2% 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 pocket!®: 28 140 144. 145 'Thig 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 spectra!® 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 similar'® 4% 148 This
circumstance substantiates that the activation of GPCRs always follows the same
mechanism'® 14%- 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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extracellular

binding site
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intracellular L

Figure 4 General structure of a class A GPCR. The inactive structure of the B,-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, TMS5, 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 (HS8) 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 residue'>*. 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 position!>*. 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 6,558 303133, 140, 141, 144,
145, 148-153, 155, 156 For example, in the B2-adrenergic receptor agonists form hydrogen bonds

with N293%% and hydrophobic contacts with F289%3! and F290%%? (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

18, 141

receptors

Figure 5 Ligand binding example with residues often involved in agonist binding. The active structure of the
B2-adrenergic receptor (PDB-ID: 3SN6!%) 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, N293%% is forming a hydrogen bond to an oxygen of the co-
crystallized agonist. The same oxygen forms a hydrogen bond to S207°4¢ in TM35, which stabilizes the agonist
in the binding pocket. A third hydrogen bond is formed between the most commonly addressed residue position
in TM3 D113%*%? 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 structures!® 30 31, 33, 140 141, 144, 145, 148-133 ' 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 (D113332 in the B2-AR in Figure 5)'% 4!, 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 GPCRs!#* 158-163_Other TMs partake in the binding of an agonist by stabilizing it
in the binding pocket. Especially TMS plays a pivotal role to increase the binding affinity of

agonists and antagonists alike!** 158163 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
conformation'®1#!, e.g. S207°¢ in the B2-AR in Figure 5. Unsurprisingly, mutating binding
pocket residues in TMS reduces the affinity of the agonists, which leads to a right shift of
the dose-response curve!>> 16 161163 Tn addition, in TM7 residues in transmembrane

positions 7.39 and 7.43 stabilize the binding of an agonist in a similar fashion to TM5'%: 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 I1I. A crystal structure which is extremely valuable
in the derivation of a binding mode model for TGRS is the sphingosine-1-phosphate 1 (S1P1)
receptor'*’. Its close homologue, the S1P> receptor, is known to be activated by bile acids
like TGRS, and the physical chemical properties and size of the S1P:1 agonists imitate those
of TGR576147:164 Therefore, it is highly likely that the agonists’ binding mode in TGRS and
S1P: are very similar. Indeed, as was shown in publication III, the binding mode model of

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

confirming this hypothesis.

TMZ 28y M1

Figure 6 Comparison of the binding mode model of TLC (cyan) in TGRS (gray) and the binding mode of a
sphingolipid mimic (orange) found in the crystal structure of the S1P; receptor (magenta) (PDB-ID:3V2Y'#7),
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 activation'®. Especially the crystallization of both the
active and inactive state of rhodopsin, the A2a-adenosin (A24-AR), and the B2-adrenergic
receptor, the latter even co-crystallized with a Gs-protein, was a major discovery!® 137 158,
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 TM6'®’. The most
prominent structural change arising from this is an outward movement of the intracellular
end of TM6 by about 14 A in a rotating, tilting movement while the extracellular end remains
mainly unchanged!$: 145 157, 138, 165, 168-170 " This movement is of utmost importance as this

allows the binding of a G-protein and its subsequent activation'® '*!. 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 B>-AR. The active state
(navy) and the G-protein (green) have been co-crystallized (PDB-ID: 3SN6'"), the inactive state (orange;
PDB-ID: 3D4S'¥7) has been aligned to the active structure. A TM6 in its inactive conformation (TM6;) clearly
clashes with helix 5 (HS) of the G-protein’s a-subunit and thus prevents the G-protein from binding to the
GPCR. In contrast, TM6 in the active conformation (TM6,) allows for G-protein binding. B The G-protein
binds to the active conformation of the GPCR interacting with TM3, TM5, and TM6'"". The C-terminal end of
HS5 (cyan) interfaces with the GPCR while the N-terminal end (gray) activates the G-protein upon binding to
the GPCR'Y7.
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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 TM6'® 41, 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 bound!® 41 133 167. 171, 172 'Op 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 receptor!%®: 158 163. 167

The binding of the G-protein to the GPCR in its active state is mediated by helix 5 (HS)
of the G-protein’s Go-subunit, which binds to conserved residues in TM3, TMS5, and TM6'4!:
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)!4! 173 174 176
Considering that there are ~900 GPCRs and only 21 G-protein isoforms, the G-proteins bind
quite promiscuously'”’. 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
arrestins'® 178180 Upon binding of GRKs, the kinases phosphorylate serine or threonine
residues of the GPCRs making them susceptible to subsequent binding of B-arrestins!®: 80
181 The binding of B-arrestins inhibits further G-protein signaling by inhibiting the binding
of a G-protein and targets GPCRs for internalization'® 8% 133 GPCRs which have been
internalized as a result of B-arrestins’ binding are subsequently trafficked to clathrin coated
pits, where they are degraded'®* '*3. Yet, it has also been demonstrated that GPCR bound B-
arrestins can alternatively activate signaling cascades independent of G-protein activation'8>-
185 TGRS, however, is not a target of B-arrestins, and signaling from vesicles after

internalization of the receptor has been shown!32..

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)!08- 186, 187 " A fter 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 membrane!'® 186189 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
TM6!%8- 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 acids'?” 1°1%3. 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)sLL motif being the most prominent motif among
GPCRs!?7 190-193  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 TGRS do not contain any of the
known sorting motifs'®. 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 o-helix formation in their C-terminus'®.
Therefore, Rab-GTPases could recognize the o-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 a-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 a-helices 3.6 residues
are needed for one turn, which would place the hydrophobic residues of the sorting motifs
on one side of the helix'®°. The hydrophobic residues could then act as membrane anchors
of the C-terminus, which interacts with the membrane (Figure 4). This would facilitate o-
helix formation of the C-terminus. The determinants of membrane localization in TGRS 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
arrays'® 196204 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 receptor!® 20>-
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 heterodimer!®: %29 Thuys,

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 GPCRs'®
210213~ 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 mechanism'® 2!4. 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 other'® 24216 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 homodimer'® 214216 However, even after the activation of GPCRs homo- and
heterodimerization still impacts their fate. Some GPCRs such as the P2Y 11 receptor have
shown a requirement of heterodimerization for receptor internalization'® 272, As TGRS
internalization has been shown to be independent of B-arrestin binding'*?, homo- or
heterodimerization may play a role, too. Hitherto, the dimerization interfaces of TGRS 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 TGRS from those. Until now, three different interfaces have been

identified in GPCR crystals.

In the crystal structure of the k-Opioid receptor, the protomers interface via TM1 and
helix 8 (the 1-8 interface, Figure 8A)*2! 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 A2 per protomer quite low as only helices 8 and the

222

extracellular ends of TM1 are interacting with one another~=“. Hence, dimerization involving

this interface is expected to be less stable?!> 223,

In the crystal structure of the CXCR4 receptor, the protomers interface via TM4 and TMS5
(the 4-5 interface, Figure 8B) ??2. Also in this interface, TM6 can move unobstructed, not
impairing the activation of GPCRs. Compared to the 1-8 interface the contact surface

222

between the protomers is with 784 A? about 30% larger®*>. However, as has been shown in

the P2-adrenergic and p-opioid receptor, TM4 and TM5 form a shallow recess to which

196, 224-226  The cholesterol can act as a facilitator for

cholesterol preferably binds
dimerization, rendering this dimerization interface stronger than judging from the protein-
protein interaction alone®** 22, 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 k-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:
30DU). 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 p-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 p-
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 u-Opioid receptor???, the protomers interface via TMS5 and
TM6 (the 5-6 interface, Figure 8C) *2. As the inactive state of the u-Opioid receptor was
crystallized in this dimer interface, it is unclear whether the protomers are able to be activated
in this orientation??. 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 interface?”?. With 1492 A2 contact area per protomer it
possesses around twice the contact area of other interfaces®*2. 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 cells?!®- 222223,

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 chaperones®®!> 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 oligomers?®! 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 Forster resonance energy transfer (FRET) spectroscopy®*?. 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 IT).

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. 2.

In integrative modeling, experimental alongside theoretical information is used to build
and improve structural models of macromolecules®*®. 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 reasons®**2*¢, Often, experimental or theoretical
information is used to select the structural model that adheres to most of this data?**2%¢, X-
ray crystallography is part of the integrative modeling process as models of a protein with a
known sequence are modeled into electron density maps?**. 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 macromolecule?*®. In addition, integrative modeling comprises the use
of many other experimental methods in order to refine or gain insight into different aspects
of the structure?**237:23% For example, hydrogen-deuterium exchange with subsequent mass
spectrometry can be used to detect the solvent accessible surface area of a protein®** 3% 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 consequences?* 2#!:242_ This information can be used to gain atomistic insight
233, 241, 242

into the binding of a ligand to its receptor via homology modeling and docking

Physical proximity between several (macro-)molecules can be determined via co-
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precipitation®*® 24> 24 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 data**?. Thus, changes over time can be

studied to investigate complex processes in cells®*

. Dynamic processes of molecules can
also be assessed with MD simulations, which can be used to interpret the data gained from

FRET spectroscopy*®.
2.3.1 Forster 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 light**> 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 light**>- 246, The acceptor fluorophore is chosen such that the
emission spectrum of the donor corresponds to the excitation spectrum of the acceptor?*> 24,
Thus, the acceptor absorbs the light emitted by the donor and emits at an even higher
wavelength>*> 2% The more donor emissions are absorbed by the acceptor fluorophore, the
less donor and the more acceptor emissions can be detected?*>2*8, Hence, the FRET
efficiency is defined as the ratio of the donor-to-acceptor emission intensity?*>*, The FRET
efficiency depends on the distance between the donor and the acceptor, with a smaller
distance resulting in a higher efficiency®*2*%. The lifetime of the donor fluorescence &(z)
also depends on the FRET efficiency and can be used to calculate apparent distances
Rpaapp>*”> 2. This can be exploited to determine the distance within one or between several
molecules by strategic attachment of fluorophores**-2#®, 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 hours?!> 232,
Here, fluorescent labeled ligands can be used for competition assays and to determine
oligomerization of proteins®}!. 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 ensemble?*>2%
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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 approximation®*, and, as the fluorophore is located inside the B-barrel
in eGFP, the distance from the fluorophore to the edges of the B-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 dyes®*>*7. As the
dyes are moving, many donor-acceptor pairs in different states are measured simultaneously
yielding a distribution of efficiencies®**2*’. This hampers the accurate prediction of the
correct distance between the dye anchor points>*->*’. However, the positioning of the dyes

can be simulated from which a theoretical FRET efficiency distribution can be calculated?*>-

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 fluorophores®**2*’. 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
calculated®*?*’. 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 identified**” 2°°. 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 TGRS. 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 TGRS when combined with TGRS 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 sequences®!2%?,

Homology modeling exploits the fact that structure is higher conserved than sequence?!-2%,
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%2°1-2>, This is why homology
modeling is able to create rather accurate models of proteins as long as crystal structures of
homologues proteins are available?>!2>3, 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 residues®!2°*. 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 models®®!?3, 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) 23233, The side chains are

251-233, 256 and the model is

subsequently added to the backbone from a rotamer library
subjected to refinement including relaxation via MD simulation®!2%3, 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 models®®’. 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 process®’.
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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. 2.

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 GPCRs!'®: 7% 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 immensely'® 7% 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 GPCRs!® 104105,
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 TGR5'® 104
105 This absence made the modeling of TGRS 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 TM6'® 194 105 The other TMs
contain more or less conserved residues instead of motifs'®. In TM1 an asparagine'~’ is

conserved among all GPCRs, in TM2 reside a conserved aspartic acid**° and glycine®>*, in

4.50 5.50 18, 104, 105

TM4 a conserved tryptophane*>”, and TMS5 a conserved proline
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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 A root mean square deviation
(RMSD), which is well within the experimental error of a crystal structure” 8% %’ 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 predicted’ 8% %", Thus,
an objective determination of the best performing strategies and attainable accuracy could
be achieved” 3%, With a high modeling accuracy of the TMs, only the structurally diverse
loops remain a difficult target in modeling GPCRs"® 3% 37 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 GPCRs™ 8% The exact binding pocket
conformation of all residues remains elusive despite high modeling accuracy of the TM
regions’® 387 This can be overcome by conducting binding mode prediction in a variety of
homology models covering a range of different binding pocket conformations’ 80 87- 25,

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

ligand and receptor could be predicted®.
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 pocket?**-2°2. However, this poses a challenge of
global optimization, as several local minima can be present, which do not represent the

binding mode**°

. Here, it is problematic to identify the global minimum among the local
minima, and to actually sample the global minimum?®*-2%2, The solution to the latter problem
is to cover the energy landscape as thoroughly and rapidly as possible?®’. 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
landscape?®®-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 algorithm?®!: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
poses?®!: 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 2292, This is done until a local energy minimum is reached, then

the process is restarted, eventually finding another or the same energy minimum?¢!:2%2, 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 structures®!:8% 263-265 Molecular docking approaches have proven to be

valuable tools for the binding mode prediction of ligands among a variety of target systems’®
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

233

information as possible”””. 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 competition’®: 8-
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 assays®*’!"*’*. 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 agonists'®. 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 residue?’”>. 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. 276278 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 pocket?’*28, These maps can be
interpreted to guide the development of more potent ligands®”?%!. 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 set?’®. 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)?7%2"8, For incorporating the information about the structural
environment of the ligands, DrugScore pair-potentials are used to calculate the potential
fields®’*2"8, 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 fields?’6?’®. The quality of the AFMoC analysis is heavily dependent on the
structural alignment of the ligands in the binding pocket?’®2"8, This quality can be measured

from the predictivity of the AFMoC model?’®?’®, Here each ligand of the dataset is left out

276-278, 282, 283

once and a QSAR model is generated using the remaining ligands

Figure 12 Example for the calculation of AFMoC interaction fields. The DrugScore potential fields (red) inside
the binding pocket for the favorable presence of sp*-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 g?-value, a cross-validated »?, which is an estimate for
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the predictivity of the QSAR model?76-278 282.283 The 42 can be also seen as an estimate of
how well the ligand interactions with the receptor reflect their biological activity?’6-278: 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 g?-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 TGRS 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. TGRS 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 TGRS 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 TGRS agonists might also explain the epimeric selectivity of TGRS towards
bile acid agonists with a 7-hydroxyl group in a-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 TGRS prefers upon di- or oligomerization.
This poses the following questions:

e What are the determinants of TGRS membrane localization if no known sorting
motif is present in its C-terminus?
e Which dimerization interfaces does TGRS accommodate?
e What is the binding mode of TGRS 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 a-
Helix Is Required for Plasma Membrane Localization and

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

Lina Spomer®, Christoph G.W. Gertzen®, Birte Schmitz, Dieter Hiussinger, 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)sLL,
F(X)3F(X)3F, and F(X)sLL 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 TGRS 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 TGRS 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 a-helical fold, as seen in the
majority of GPCR crystal structures, opposed to the variants retained in the ER.
Additionally, we analyzed chimeras of TGRS with the C-termini of other GPCRs for which

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

4.2 Determinants of the membrane localization of TGRS

The naturally occurring truncation variant Q296X of the C-terminus identified in the lab
of Prof. Dr. V. Keitel leads to a retention of TGRS 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
receptor’®, the vasopressin 2 receptor (V2R)?®, and the Al adenosine receptor’®®. 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 TGRS 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
TGRS with the membrane-proximal C-terminus of the B2-AR, the S1P1, or the kappa-type
opioid receptor (k-OR), respectively, we demonstrate that the formation of a membrane-
proximal a-helix (helix 8) is essential for anterograde trafficking of TGRS 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 uM TLC (Figure 13B). While the Q300X variant showed a
similar TLC responsiveness as the WT at concentrations above 2.5 pM, no significant rise
in luciferase activity was detected after stimulation with 0.1 uM TLC. The loss of the last
20 amino acids in the TGRS 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 TGRS 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 TGRS truncation variants in HEK293 cells determined by
immunofluorescence microscopy. A Localization of the FLAG-TGRS5-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 1.

In order to identify similarities and differences in the secondary structure of the TGRS
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 TGRS and, thus, its function emerged.
Variants with a high membrane localization and TLC responsiveness predominantly appear
in clusters with a high a-helix content (clusters 1 and 5; Table 1, Figure 14), while variants
showing ER retention appear in clusters with high amounts of loop or B-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 a-helix. In contrast, the 285-290A
variant, which was retained in the ER, showed an exclusive B-sheet formation within the
first 120 ns of the simulation. This finding was unexpected because alanine has a high helix
propensity. However, the 3-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 -sheet content in

the membrane-proximal C-terminus prevents ER to PM trafficking of TGRS.

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

Cluster Membrane
Variant Function” | ocalization®
TGR5SWT 10007 9090
285-290A 13.3+1 52.8+3
285-290G 3033 69.7 4
285-290P 144 £1 5503
A285-290 3662 7083
291-297A 174.1 £ 23 8034
291-297G 119+1 481 +4
291-297P 10.5+1 40.7 £ 4
NA291-297 107.5+6 703 +2

"Percentage of the cluster distribution for each variant.
2Function at 10 uM 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 a-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 TGRS containing the membrane-proximal amino
acids of the B2-AR, the S1Pi, and the k-OR were generated. The respective amino acid
sequence of the receptors form a-helices as shown in high resolution crystal structures. MD
simulations of the membrane-proximal 18 amino acids of the C-terminus of the TGR532AR
chimera, which contains 13 amino acids of the membrane-proximal C-terminus of f2AR,
reproduced this a-helix character, which demonstrates the quality of the setup of my
simulations. Unsurprisingly, the TGRS chimeras were correctly sorted to the PM and showed
similar functional activity in response to 10 uM TLC as WT TGRS. However, the
membrane-proximal part of the f2AR contains an F(X)sLL motif, which has previously been
identified as an important GPCR ER export motif. To assess the mechanism of the F(X)sLL

motif promoting membrane trafficking of the TGR5B2AR 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 a-helical content but
pronounced B-sheet formation. As in the case of the TGRS variants, this chimera variant
showed marked retention in the ER. In the MD simulations, I could pinpoint the B-sheet
formation to a hydrophobic interaction between the mutated residues and F291. In order to
test whether a disruption of this interaction restores a-helicality, I subjected the
F291A//LL294/5AA variant to MD simulation. Indeed, this variant had a lower -sheet and
a higher o-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 uM TLC indistinguishable from the TGR5B2AR chimera. This suggests, that
the F(X)sLL motif might facilitate a-helix formation to promote PM localization of GPCRs.

In summary, these results demonstrate that PM trafficking and, thus, function of TGRS
are determined by the a-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 TGRS 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 TGRS chimeras.
One of those C-termini contained a sorting motif, which was subsequently substituted with
alanine residues. I detected -sheet formation in an ER retained alanine variant in which I

could restore a-helicality, as shown in MD simulations.
The principal results of this study are:

o 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.

e Variants of TGRS with high PM localization and function were found in clusters
with high a-helical content, while variants with low membrane localization were

found in clusters with B-sheet or loop formation.
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e Asaproofof principle, three TGRS chimeras with the a-helical C-termini of other
GPCRs were correctly sorted to the PM.

e One of those chimeras contained a sorting motif, which, when mutated to alanine,
led to B-sheet formation and ER retention of this variant. However, the PM
localization could be rescued by introduction of an additional mutation, which
restored a-helicality in MD simulations.

e This is the first evidence that sorting motifs might promote PM localization by

facilitating a-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 TGRS have been investigated in publication II with

the expectations to identify the 1-8 interface as one of the dimerization sites of TGRS.
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5 Publication II - Structural assemblies of the di- and oligomeric
G-protein coupled receptor TGRS 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 Wohler, Dieter Haussinger, 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 TGRS C-
terminus has a profound impact on the membrane localization of the receptor. For several
GPCRes, 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 TGRS
variants with B-sheet or loop formation in their C-termini. Hence, the 1-8 interface is

expected to be a dimerization site of TGRS.

As the dimerization of TGRS could not only influence the membrane localization of the
receptor but also affect its activation, we investigated possible di- and oligomerization
interfaces of TGRS. 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 TGRS. Particularly, a naturally occurring Y111A
mutant was investigated, as it showed 60% less dimerization in co-immunoprecipitation

assays than the TGRS WT.

5.2 Structural assembly of TGRS di- and oligomers

FRET between TGRS molecules C-terminally fused to enhanced GFP as a donor or
mCherry as an acceptor was measured for three different TGRS variants: TGRS WT, Y111A
and Y111F. Stimulation of the WT, YI111A, 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 TGRS variants, indicating at least
homodimerization. Interestingly, the TGRS 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 Rp4,qpp. For all TGRS variants,
this krrer fit resulted in a short apparent distance Rp4.app-1 With a small fraction and a long
apparent distance Rp4,qpp-2 With a large fraction. As shown in Figure 15, in the WT and Y111F
both apparent distances Rp4app-1 and Rp4,app-2 became shorter (Rp4,app-1 = 40-20 A; Rpaapp-2 =
75-50 A) 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.
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Figure 15 FRET-decays from sub-ensemble analysis at different donor-to-acceptor ratios were fitted with a
two-krrer fit to obtain two apparent distances Rp4; and Rp4 . (upper row) with their corresponding FRET
fractions (lower row) and to calculate the mean transfer energy efficiency Eean. Emean increased in an acceptor-
dependent manner in TGRS wt and TGRS Y111F, whereas £ .can changed only slightly in TGRS Y111A. These
changes in Eue.n correlate with a reduction of both apparent distances Rp4; and Rp4 > in TGRS wt and TGRS
Y111F: In the lower row, the Rp,; fractions increase, whereas the Rp,» fractions decrease in an acceptor-
dependent manner. Orange: Rp4 ; and Rp,; fraction, pink: Rp, > and Rp,  fraction, green: non-FRET fraction,
the gray bar in E . represents average Eeqa, for TGRS Y111A | Figure adapted from publication I1.
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These results were used to determine the di- and oligomerization interfaces of TGRS. For
this, the Rp4app was correlated to the theoretical Rp4qpp calculated from dimer models of
TGRS. The Rpaapp 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 TGRS
based on the interfaces structures known from the CXCR4, the u-OR, and the k-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 A less than in AV simulations, which are considered to be less accurate.
The Rpaappy for the 1-8 interface of TGRS calculated from this distribution showed a
remarkable similarity with the Rp4.qapp of the Y111A variant. Thus, the primary site for TGRS

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).
TGRS 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 TGRS homo-oligomer formation, which involves the ERY motif. We suggest that the
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TGRS 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
TMS 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 TGRS 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 rhodopsin®®”- 2% and (1-8):5-6:(1-8) oligomers for the
p-opioid receptor’?2. However, due to a high similarity of the expected Rp4,qapp 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 TGRS
monomer. B Blow-up of the region around residue Y111 to show possible interactions between Y111 from one
TGRS molecule with residues in TM4 (green) and TMS (yellow) in a second TGRS molecule. Figure adapted
from publication II.

5.3 Conclusion and significance

In this study, I built dimer models of TGRS 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 TGRS, as suggested by C-terminus variants in publication I.

Furthermore, I identified binding partners for Y111 in TMS5 and TM6 on the basis of my TGRS
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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 TGRS, as the YI111A variant disrupts its

oligomerization.
The principle results of this study are:

e Combined molecular biology, fluorescence microscopy approaches, as well as
bioinformatics modeling and simulations identified the 1-8 interface as the primary
TGRS dimerization site.

e TGRS was shown to form higher-order oligomers.

e The YI111A variant, a mutation in the conserved ERY motif, abolished
oligomerization of TGRS.

e 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 TGRS could also be used to develop
bivalent TGRS ligands, targeting both protomers of a dimer. Hence, we generated a binding

mode model of TGRS agonists in publication III.
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6 Publication III - Mutational Mapping of the Transmembrane
Binding Site of the G-Protein Coupled Receptor TGRS and
Binding Mode Prediction of TGRS Agonists

Christoph G.W. Gertzen’, Lina Spomer’, Sander H.J. Smits, Dieter Hiussinger,
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 TGRS 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, TGRS 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). TGRS antagonists are currently
unknown but could be derived from TGRS agonists by introduction of small chemical
modifications in specific positions. A binding mode of TGRS 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 TGRS ligand responsiveness and membrane
localization to elucidate a binding mode model of TGRS agonists. 68 TGRS 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 TGRS Agonists

We considered two alternatives for TM7 of TGRS 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.z 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 TGRS.
TLC is shown with cyan sticks, all other TGRS agonists with cyan lines, and TGRS 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 E1693# and the sulfonic acid moiety of TLC forms a hydrogen bond with S270743,
whereas TLC does not interact with S21!3?, Furthermore, TLC makes hydrophobic interactions with Y2406!
and L.244%%%, Figure adapted from publication I11.

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 (¢ = 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 E169°#* using its 3-hydroxyl
group and hydrophobic interactions with Y240%°! and 1L244%% 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 S27074* in TM7 (Figure 18). The interacting residues were mutated to
alanine and experimentally investigated regarding their response to TLC stimulation and

11.39

membrane localization to validate the binding mode model. Additionally, S2 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 S21'-*

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 E169°** in
TMS5 was predicted to influence ligand binding (see chapter 2.2.1) while the mutations of
Y2405 and 1.24453% in TM6 were predicted to prevent the activation of TGRS.

As expected, the TLC-dependent luciferase activity of S21A'3? was comparable to that
of wildtype TGR5 (Figure 19). In contrast, E169A>* showed a significantly reduced
activity at TLC concentrations between 0.1 and 2.5 uM, but not 10 uM indicating an
influence on TLC binding, as predicted. In L244A%> the dose-response was significantly
reduced at all concentrations compared to the WT, while the Y240%°! 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 S27074 and the sulfonic acid moiety of TLC, which reoriented towards
R79%2 to form a salt bridge with this residue. Furthermore, TLC showed a tendency to form

06.51

a hydrogen bond with its 3-hydroxyl group to the hydroxyl group of Y240°°", in addition to

a hydrogen bond with E169°44,
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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 TGRS. Forskolin (F, 10 pM) was used as TGRS
independent positive control. Dimethyl sulfoxide (D) was used as a negative control. The variant S21A!3° did
not affect receptor responsiveness. E169A%>** and L.244A% showed reduced luciferase activity at lower TLC
concentrations (0.1 — 2.5 uM), while retaining activity like the WT at 10 uM TLC. The variant Y240A%3!
almost abolished TLC-dependent luciferase activity at all concentrations tested and also significantly reduced
forskolin-mediated rise in cAMP. Results (WT n =21; S21A"¥, E169A%* n = §; L244A%% Y240A%! n=7)
are expressed as mean + SEM. *, # = significantly different (p < 0.01) from DMSO and TGRS WT,
respectively. Figure adapted from publication III.

An AFMoC model based on this refined binding mode showed an even higher predictivity

(¢* = 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 A towards helix 3 compared to TLC. For agonists with a 7-hydroxyl group in a-position,
such as TCDC, this occurred due to hydrogen bond formation with Y89*%° in TM3 (Figure

20). Agonists such as TUDC with a 7-hydroxyl group in B-position formed a hydrogen bond
with N933-? instead.

Figure 20 Binding mode of TLC after refinement of the TLC/TGRS complex by MD simulations (A),
corresponding alignment of TGRS 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 TGRS agonists with cyan
lines, and TGRS 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 E169°4 and Y240%°! with its 3-hydroxyl
group. Hydrophobic interactions are formed between TLC and Y89%%° and 1.244%%, Binding mode of TCDC
(sticks representation, yellow) with its 7-a-hydroxyl group forming a hydrogen bond to Y893, moved towards
TM3 relative to TLC (C), and binding mode of TUDC (sticks representation, yellow) with its 7-B-hydroxyl
group forming a hydrogen bond to N93%**3 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: R79AF! and Y240F%!, as TLC forms hydrogen bonds with these residues; S270A74
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as a negative control, as TLC does not form hydrogen bonds with this residue; Y89A3?° and
N93A33, as these residues are predicted to have an influence on the activation of TGRS by
TCDC and TUDC, respectively, but not TLC (Figure 20).

As only 33.0+2.2% of N93A3-? 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“® was not significantly different to that of WT
TGRS at high concentrations of TLC, while R79AM! showed a dose-dependent increase in
TLC-dependent luciferase activity, which was significantly reduced compared to WT TGRS.
The effects of the S270A7“* and the R79AFL! variant reflect the instability of the interaction
of the TLC sulfonic acid moiety with S270A74* which is given up in favor of a salt bridge
with R79AFM as seen in MD simulations. Y240F%!, effectively removing the hydroxyl
group binding to TLC in the refined binding mode, almost completely abolished TLC
induced luciferase activity. Finally, Y89A32° showed the highest impact on TCDC activity,
with which it was predicted to form a hydrogen bond to its 7a-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 B-configuration of its 7-hydroxyl group, showed a less pronounced
reduction in TGRS stimulation in the Y89A>? variant. The hydrogen bond formation of
Y89%% with TCDC (ECso = 2.3 uM) rather than with TUDC (ECs0 = 50.5 pM) (chapter
2.1.2), as seen in our refined model, explains the epimeric selectivity of TGRS towards
agonists with a 7-hydroxyl group in a-position.

All in all, we could validate our binding mode model of 68 TGRS agonists by predicting
the effects of nine mutations to either influence agonist binding or TGRS 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 Y240%%! hydroxyl group for TGRS

activation but also identified the epimeric selectivity determining residue Y892

6.3 Conclusion and significance

In this publication, I created an initial binding mode model of 68 TGRS 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 TGRS variants

corroborated the model. I then subjected TLC in the initial binding mode with TGRS 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 Y240%°! hydroxyl group and the epimeric selectivity being mediated by Y89%.

The principle results of this study are:

e This is the first binding mode model of TGRS agonists which is in line with nine
mutations to TGRS.

e Furthermore, it explains the structure-activity relationships of 68 TGRS agonists
and is the first binding mode model including neurosteroid agonists of TGRS.

e The sulfonic acid moiety of TLC binds to R79%2 while its 3-hydroxyl group forms
hydrogen bonds to E169>%* and Y240%!,

e The binding mode model is highly accurate to a degree that it explains the
epimeric selectivity of 7a-hydroxyl groups, which is mediated by Y8932’

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 TGRS dimerization
models identified in publication II bivalent ligands of TGRS 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

SUMMARY

In the present work, I first computationally investigated the secondary structure formation
of the membrane-proximal C-terminal helix 8 of TGRS with the aim of correlating secondary
structure formation to membrane localization (publication I). This should show whether a-
helicality of the C-terminus as observed in crystal structures of GPCRs induces membrane
localization. I conducted MD simulations of the TGRS 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 a-helices while B-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 a-helices could promote TGRS dimerization. Hence, I investigated
possible dimerization interfaces of TGRS (publication II). For this I built homology models
of TGRS 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 TGRS.

Finally, I predicted a binding mode model of 68 TGRS 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 TGRS and docked
the most potent natural agonist TLC into the TGRS 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 Y240°%%! 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 TGRS towards
bile acids with a 7-hydroxyl group in a-position (e.g. TCDC) rather than in B-position (e.g.
TUDC) mediated by Y89°2°. All in all, this binding mode model is precise accurate enough

to further the development of specific TGRS agonists as well as antagonists.
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PERSPECTIVES

TGRS 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 TGRS 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 TGRS,

9EL2 can be maintained while no inward force is exerted to

especially the salt bridge to R7
TM6, which could lead to the activation of TGRS. With this pharmacophore model 48
potential antagonists of TGRS 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 TGRS 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 TGRS
downstream signaling without having to compete with high concentrations of bile salt
agonists. For investigating the binding energetics of the TGRS5/G-protein complex, I first
built a homology model of the TGRS5/Gs-protein complex based on our TGRS homology
model (publication III) and the B:-adrenergic receptor/Gs-protein complex!?’. I then

performed 160 ns of MD simulations of the complex in a POPC membrane (Figure 22).

50



Perspectives
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pS .

Figure 22 Identification of important residues mediating the TGR5/G,-protein complex formation via MM-
PBSA calculations. A Starting structure of the TGRS (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 environment®® 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 (HS) of the Gas-protein subunit were
identified to contribute most (~5 kcal-mol™'); these residues form salt bridge interactions with
corresponding residues in TGRS (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 P2-adrenergic receptor (chapter 2.2.2)!7*. The residues
identified to mediate the TGRS5/G-protein complex formation could be used to screen for
antagonists similar to a rational, structure-based approach to inhibit protein-protein

)290

interactions (PPI)~" based on recent advances in the understanding of the energetics and

dynamics of protein binding interfaces®*! and methodological developments in our working

group292-295.

Furthermore, it would be very interesting to uncover the exact mechanism of the influence
of TGRS C-terminus a-helix formation on TGRS membrane localization (publication I). As
it has been shown that Rab-GTPases are involved in the membrane trafficking of GPRCs'%
186-189 (chapter 2.2.3), studying the interaction between H8 of TGRS 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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Received for publication, July 15,2013, and in revised form, November 26,2013 Published, JBC Papers in Press, December 13,2013, DOl 10.1074/jbcM113.502344
Lina Spomer*', Christoph G. W. Gertzen®', Birte Schmitz®, Dieter Haussinger”, Holger Gohlke®?,

and Verena Keitel*>?

From the *Clinic for Gastroenterology, Hepatology, and Infectious Diseases and ®institute for Pharmaceutical and Medicinal
Chemistry, Heinrich-Heine-University, D-40225 Dusseldorf, Germany

and liver regeneration.

formation.

metabolic diseases.

(Background: TGR5 is a G protein-coupled bile acid receptor that modulates the immune response, glucose homeostasis,

Results: Secondary structure of the receptor C terminus determines plasma membrane trafficking.
Conclusion: TGR5 plasma membrane content and responsiveness to extracellular ligands depends on C-terminal a-helix

Significance: This provides insights into the structure-function relationship of TGR5, which is a potential drug target for

J/

The C terminus of G protein-coupled receptors (GPCRs) is
important for G protein-coupling and activation; in addition,
sorting motifs have been identified in the C termini of several
GPCRs that facilitate correct trafficking from the endoplasmic
reticulum to the plasma membrane. The C terminus of the
GPCR TGR5 lacks any known sorting motif such that other fac-
tors must determine its trafficking. Here, we investigate dele-
tion and substitution variants of the membrane-proximal C ter-
minus of TGR5 with respect to plasma membrane localization
and function using immunofluorescence staining, flow cyto-
metry, and luciferase assays. Peptides of the membrane-proxi-
mal C-terminal variants are subjected to molecular dynamics
simulations and analyzed with respect to their secondary struc-
ture. Our results reveal that TGR5 plasma membrane localiza-
tion and responsiveness to extracellular ligands is fostered by a
long (= 9 residues) a-helical stretch at the C terminus, whereas
the presence of B-strands or only a short a-helical stretch leads
to retention in the endoplasmic reticulum and aloss of function.
As a proof-of-principle, chimeras of TGR5 containing the mem-
brane-proximal amino acids of the B, adrenmergic receptor
(B2AR), the sphingosine 1-phosphate receptor-1 (S1P1), or
the k-type opioid receptor (kOR) were generated. These
TGR50,AR, TGR5S1P1, or TGR5xOR chimeras were correctly
sorted to the plasma membrane. As the exchanged amino acids
of the B,AR, the S1P1, or the kOR form a-helices in crystal
structures but lack significant sequence identity to the respec-
tive TGR5 sequence, we conclude that the secondary structure
of the TGR5 membrane-proximal C terminus is the determining

*This work was supported by the Deutsche Forschungsgemeinschaft
through Sonderforschungsbereich 974 Diisseldorf “Kommunikation und
Systemrelevanz bei Leberschddigung und Regeneration.”
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8115106; E-mail: verena keitel@med.uni-duesseldorf.de.
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factor for plasma membrane localization and responsiveness
towards extracellular ligands.

TGR5 (Gpbar-1, M-Bar) is a G protein-coupled receptor
(GPCR)* that is expressed almost ubiquitously in humans and
rodents (1—4). The receptor is coupled to a stimulatory G pro-
tein. Both unconjugated and conjugated bile acids as well as
various steroid hormones have been identified as potent TGR5
agonists (5, 6). In the liver, TGR5 is localized in sinusoidal endo-
thelial cells, Kupffer cells, cholangiocytes, gallbladder epithelial
cells, and gallbladder smooth muscle cells (7—13). Here, TGR5
modulates hepatic microcirculation, exerts anti-inflammatory,
anti-apoptotic and choleretic effects, and promotes gallbladder
filling (7, 12-15). In the intestine, TGR5 is expressed in
enteroendocrine L-cells, in immune cells as well as in neurons
and astrocytes of the enteric nervous system (16 —18), Although
the latter suggests a role for TGR5 in intestinal motility, activa-
tion of TGR5 in L-cells has been linked to increased glucagon-
like peptide-1 secretion and the regulation of glucose homeo-
stasis (18). In animal models administration of TGR5 agonists
improved glucose tolerance and reduced liver inflammation
and steatosis as well as atherosclerotic plaque formation (14, 18,
19). Thus, TGR5 is a promising drug target for the treatment of
metabolic disorders, such as type II diabetes, obesity, athero-
sclerosis, and non-alcoholic steatohepatitis (7, 19).

Although TGR5 functions in different organs are progres-
sively elucidated, the regulation of the receptor expression,
localization, and function has not been studied so far. We pre-
viously identified a naturally occurring TGR5 mutation
(Q296X) that leads to the truncation of the 35 C-terminal

“The abbreviations used are: GPCR, G protein-coupled receptor; aa, amino
acids; AR, adrenergic receptor; MD, molecular dynamics; PM, plasma mem-
brane; TLC, taurolithocholic acid; WT, TGR5 wild type; ER, endoplasmic
reticulum; S1P1, sphingosine 1-phosphate receptor-1; kOR, k-type opioid
receptor; B,AR, B,-adrenergic receptor.
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amino acids (20). In comparison to the wild type protein the
Q296X variant failed to activate adenylate cyclase after stimu-
lation with the agonistic bile acid taurolithocholic acid (TLC).
Immunofluorescence staining revealed that the truncated pro-
tein was retained in the endoplasmic reticulum (ER) of trans-
fected HEK293 and Madin-Darby canine kidney cells (20). Sim-
ilar 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 receptor (21), the
vasopression 2 receptor (22), and the Al adenosine receptor
(23). This indicates that the cellular signaling response is deter-
mined by the amount of functionally active receptor in the
plasma membrane (PM) (24). However, the underlying molec-
ular mechanisms for ER retention varied for different GPCRs.
Although the C terminus of some receptors contained an ER
export signal composed of specific amino acid residues (25, 26),
the C terminus of other receptors required a sequence of hydro-
phobic amino acids to form a putative helix 8 as a prerequisite
for proper folding and anterograde trafficking to the PM (27,
28) (for a recent review, see Ref. 24).

Based on the naturally occurring TGRS truncation mutation
Q296X and guided by secondary structure predictions from
molecular dynamics (MD) simulations, we generated further
deletion and substitution variants within the membrane-prox-
imal C terminus to identify the amino acid motifs/structural
determinants that facilitate PM localization of this bile acid
receptor. Using these variants and three chimeras of TGR5 with
the membrane proximal C terminus of the 3, adrenergic recep-
tor (8,AR), the sphingosine 1-phosphate receptor-1 (S1P1), or
the k-type opioid receptor (kOR), we demonstrate that the for-
mation of a membrane-proximal a-helix (helix 8) is essential
for anterograde trafficking of TGR5 from the ER to the PM and
thus for receptor function.

EXPERIMENTAL PROCEDURES

Cell culture reagents were from PAA (Coelbe, Germany).
Fetal calf serum (FCS) was from Biochrom (Berlin, Germany).
TLC and forskolin (Forsk) were from Sigma and Calbiochem,
respectively.

Cloning of TGR5 Variants and TGRS Chimera—Human
TGR5 was cloned as described (10, 20). TGR5 mutations were
introduced into two different human TGR5 cDNA constructs.
One construct contained part of the 5’-UTR and the complete
coding sequence of human TGR5 including the stop codon and
was cloned into the pcDNA3.1+ vector (Clontech, Palo Alto,
CA) (20). The second construct, FLAG-TGR5-YFP, was cloned
into the pEYFP-N1 vector (Clontech, Palo Alto, CA) (10) and con-
tained the coding sequence with an N-terminal FLAG tag and a
C-terminal yellow fluorescent protein (YFP) tag as described (20).
Mutations were generated using the QuikChange Site-Directed
Mutagenesis kit (Agilent Technologies, Santa Clara, CA). Dele-
tion variants as well as the substitution variants 285—-297A and
291-297P were generated using PCR-based cloning strategies.
The receptor chimera TGR58,AR was cloned with primers, in
which amino acids 285-297 (QRYTAPWRAAAQR) of the
TGR5 C terminus were replaced with amino acids 330-342
(PDFRIAFQELLCL) of the B,AR. The first PCR was carried
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out using the forward primer of the respective TGR5
pcDNA3.1+/pEYFP constructs (10, 20) and a reverse primer
containing part of the sequence of the 8,AR. The second PCR
was performed with a forward primer containing the B,AR
sequence fragment as well as the respective reverse primers of
the TGR5 pcDNA3.1+/pEYFP constructs (10, 20). The third
PCR used the PCR products of the first two PCRs as template
and contained the forward and reverse cloning primers of the
TGR5 pcDNA3.1+/pEYFP constructs (10, 20). The receptor
chimera TGR5S1P1 was cloned accordingly with primers in
which amino acids 285-294 (QRYTAPWRAA) of the TGR5 C
terminus were replaced with amino acids 316 -325 (KEMRRA-
FIRI) of the S1P1. The receptor chimera TGR5xOR was cloned
with primers in which amino acids 285-296 (QRYTAP-
WRAAAQ) of the TGR5 C terminus were replaced with amino
acids 335—346 (ENFKRCFRDFCF) of the kKOR. All mutagenesis
primer sequences and cloning strategies can be obtained upon
request. Successful cloning and mutagenesis was verified by
sequencing (GenBank™ accession numbers: TGR5, NM_
001077191.1; B,AR, NM_000024.5; S1P1, NM_001400.4; xOR,
NM_000912.3).

Cell Culture and Transfection—Human embryonic kidney
293 (HEK293) cells were cultured in DMEM with 10% FCS and
were kept at 37 °C and 5% CO,,. Cells were transiently trans-
fected with cDNA plasmids using Lipofectamine2000 (Invitro-
gen) according to the manufacturer’s instructions. Cells were
used for immunofluorescence staining, FACS, or luciferase
assays 48 h after transfection.

Immunofluorescence and Confocal Laser Scanning Micro-
scopy—HEK293 cells, grown on glass coverslips, were trans-
fected with the different TGR5 cDNA constructs. After 48 h
cells were fixed in 100% methanol (—20 °C) for 30 s and incu-
bated with the following antibody dilutions (2% FCS in PBS
without calcium chloride and magnesium chloride (PBS™7):
anti-TGR5 amino acids 298-318 (RVLR2) (10), 1:500; anti-
FLAG-M2 (Sigma), 1:250; sodium/potassium (Na*/K™)
ATPase (Sigma), 1:100; protein disulfide isomerase (Thermo
Fisher Scientific Inc., Rockford, IL), 1:150. Fluorescent-labeled
secondary antibodies (fluorescein, 1:100; cyanine-3, 1:500),
were purchased from Dianova (Hamburg, Germany). Nuclei were
stained with Hoechst 34580 (1:20,000; Invitrogen). Images were
analyzed on a Zeiss LSM510META confocal microscope using a
multitracking modus. A 63X objective and a scanning resolution
of 1024 X 1024 pixels was used for all samples.

Flow Cytometry—To quantify PM localization, flow cyto-
metry was performed as described (20). In brief, transiently
transfected HEK293 cells were washed in PBS™/~, detached
with FACS buffer (PBS~/~, 0.5 mM EDTA, 2% FCS) and centri-
fuged (2000 X g, 3 min, 4 °C). Cells were resuspended in FACS
buffer and washed once by centrifugation and resuspension in
FACS buffer (2000 X g, 3 min, 4°C). The FLAG tag was
detected with the anti-FLAG M2-antibody using the Zenon
PacificBlue Label-Kit (Invitrogen) for 30 min (4 °C; dilution
1:250). Subsequently, cells were washed in FACS buffer and
measured for forward scatter (FCS), side scatter (SCS), YFP,
and PacificBlue fluorescence using a FACS-CANTO-II (BD
Biosciences). TGR5 PM localization was determined by the
amount of FLAG tag-positive cells divided by the total amount
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of TGRS5 positive cells as detected by YFP fluorescence. Control
experiments were carried out using unlabeled non-transfected
(no fluorescence) cells, unlabeled FLAG-TGR5-YFP trans-
fected (only YFP fluorescence) cells, and permeabilized cells
(20).

Measurement of TGRS Activity Using a cAMP-responsive
Luciferase Assay—HEK293 cells, grown on 6-wells, were co-
transfected with a cAMP-sensitive reporter gene construct
(Bayer AG; Leverkusen, Germany; 1.6 pug), a Renilla expression
vector (Promega; Madison, WI; 0.1 ug), and human TGR5 vari-
ants in pcDNA3.1+ (0.5 pg diluted with 1.1 ug of pEYFP-N1
vector). The cAMP reporter construct contains five cAMP-re-
sponsive elements (CREs) in front of the luciferase gene. Luci-
ferase activity was normalized to transfection efficacy. Cell lysis
and luciferase assays were performed using the dual-luciferase
kit (Promega) according to the manufacturer’s instructions,
Control experiments were performed with the pcDNA3.1+
vector (20). Luciferase activity after stimulation with DMSO
(vehicle) served as control and was set to 1.0, and forskolin and
TLC-dependent luciferase activity is represented as multiple
thereof.

Molecular Dynamics Simulations of Peptidic Variants of the
C Terminus—Peptidic deletion and substitution variants of the
Cterminus of TGR5 as well as of the TGR5B,AR chimeras were
subjected to MD simulations. Starting structures of all peptides
were built using the legp program from the Amber 11 suite of
molecular simulation programs (29). Each structure was
generated in an extended conformation to reduce any bias by
the starting structure on the subsequent MD simulations.

MD simulations were performed with Amber 11 (29) using
the force field by Cornell et al. (30) with modifications sug-
gested by Simmerling et al. (31). Each peptide was placed into
an octahedral periodic box of TIP3P water molecules (32) and,
if required, neutralized by Cl~ ions. The distance between the
edges of the water box and the closest atom of the peptide was at
least 11 A, resulting in system sizes of ~16,000 atoms for the
smallest A291-297 and ~41,000 atoms for the largest system
285—290A. The particle mesh Ewald method (33) was used to
treatlong-range electrostatic interactions. Bond lengths involv-
ing bonds to hydrogen atoms were constrained using SHAKE
(34). The time-step for all MD simulations was 2 fs, with a
direct-space, non-bonded cutoff of 8 A. The starting structures
were initially minimized by 2500 steps of steepest decent and
conjugate gradient minimization applying harmonic restraints
with force constants of 5 kcal mol~* A=2 to all solute atoms.
Then NVT-MD, i.e. MD simulation with a constant number of
particles, volume, and temperature, was carried out for 50 ps
during which the system was heated from 100 K to 300 K. Sub-
sequent NPT-MD, i.e. MD simulation with a constant number
of particles, pressure, and temperature, was used for 50 ps to
adjust the solvent density. As the last step of the thermalization
procedure, we performed NVT-MD for 200 ps. Of the following
600 ns of NVT-MD at 300 K, the last 500 ns were used for
analysis with conformations extracted every 40 ps.

Two additional MD simulations were performed for the wild
type (WT), the 285-290A, and the 291-297A and -G variants,
When pooled alongside the original simulations, a similar dis-
tribution across clusters of secondary structure sequence (see
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below) was found (data not shown), thus indicating the conver-
gence of the simulations.

Clustering According to Secondary Structure Sequence—For
each conformation the secondary structure was assigned to
each amino acid using the “continuous extension version” of
the DSSP algorithm (35). This resulted in a string consisting
of theletters B, E, G, H, T, and “~”. To overcome the problem of
sparse secondary structure types, we assigned all helical-like
secondary structure elements (letter G (3—10-helix), letter T
(Turn)) the letter H (a-helix). We also assigned the secondary
structure element B-bridge (letter B) the letter E (B-sheet).
Amino acids with unassigned secondary structure are marked
by —. Based on these assignments, a similarity matrix of all con-
formations was computed considering only those assignments
that occur at least 20 times per amino acid in each mutant.
Missing amino acids in deletion variants were substituted with
the letter X. The elements of the similarity matrix were com-
puted by summing one for each exact letter match between
respective string positions and zero otherwise. A hierarchical
clustering was then performed on the similarity matrix apply-
ing Ward’s method as implemented in the program R (36).

Statistical Analysis—Experiments were performed inde-
pendently at least three times. Results are expressed as the
means * S.E. and analyzed using the two-sided student £ test. A
p < 0.01 was considered statistically significant.

RESULTS

PM Localization and Function of Membrane-proximal
Deletion and Alanine Substitution Variants of the TGR5 C
Terminus—A previous study had demonstrated that the dele-
tion of the 35 C-terminal amino acids (aa) of human TGR5
(Gpbar-1) results in a retention of the mutated protein in the ER
and a complete loss of function (20), To determine the role of
the TGR5 C terminus for receptor localization and function,
several C-terminal truncation variants were generated. Using
the TMHMM program, Asp-284 was identified as the first
amino acid of the intracellular C terminus (37, 38). Thus, pre-
mature stop codons were introduced into the TGR5 cDNA
constructs (TGR5 pcDNA3.1+, FLAG-TGR5-YFP) by site-di-
rected mutagenesis at the following residues: Asp-284, Pro-290,
Arg-297, GIn-300, and Ser-310 (Fig. 1). Localization of the
mutated proteins was studied in transiently transfected
HEK?293 cells by immunofluorescence staining with an anti-
FLAG antibody and confocal laser scanning microscopy as
described (20). Immunofluorescence staining of the truncation
variants D284X, P290X, and R297X showed a reticular, intra-
cellular fluorescence pattern (Fig. 24) that was identified as the
ER by double-labeling with an antibody against the ER marker
protein disulfide isomerase (data not shown). The mutated pro-
tein Q300X was detected both in the ER and in the PM, whereas
the $310X variant was mainly localized in the PM (Fig. 24).
Subsequently, TGR5 responsiveness was analyzed in HEK293
cells co-transfected with the respective TGRS constructs and a
cAMP-responsive luciferase reporter plasmid as described (8,
20). Luciferase activity served as a measure for the rise in intra-
cellular cAMP after TGR5 activation by TLC, which is the most
potent endogenous agonist for this receptor (1, 2, 6). Forskolin
elevates cAMP levels independently of TGR5 and was used as a
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284 290 300 310 320 330
TGR5 WT DQRYTAPWRAAAQR CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
D284X X
P290X DQRYTAX
R297X DQRYTAPWRAAAQX
Q300X DQRYTAPWRAAAQR CLX
S310X DQRYTAPWRAAAQR CLQGLWGRASRDX
A285-290 D WRAAAQR CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
A285-297 D CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
A291-297 DQRYTAP CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
285-290A D WRAAAQR CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
285-290G D WRAAAQRCLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
285-290P D WRAAAQR CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
291-297A DQRYTAP CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
291-297G DQRYTAP CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
291-297P DQRYTAP CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
TGR5B,AR D L. CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
TGR5kOR D KRC R CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN
TGR5S1P1 D ‘éi RRAF RI AQR CLQGLWGRASRDSPGPSOAYHPSSQSSVDLDLN

FIGURE 1. TGR5 cDNA constructs used to characterize the role of the C terminus for receptor localization and function. A two dimensional model of
human TGR5 was created with TOPO2 software (Johns S. J., TOPO2, Transmembrane protein display software). Using the TMHMM program (37, 38) to predict
transmembrane helices, aspartic acid 284 was identified as the first intracellular amino acid of the C terminus. To elucidate the role of the proximal TGR5 C
terminus for receptor localization and function and to determine the potential secondary structure of this part, TGRS truncation variants (D284X, P290X, R297X,
Q300X, S310X), deletion variants (A), and alanine (A), glycine (G), or proline (P) substitutions were generated as shown. Furthermore, a receptor chimera
(TGR5B,AR) was generated in which aa 285-297 of TGR5 were replaced by 13 aa of the C-terminal a-helix from the B,AR. For the receptor chimera TGR5S1P1,
aa 285-294 of the TGR5 C terminus were replaced with amino acids 316-325 of the S1P1. In the TGR5«OR chimera, aa 285-296 of the TGR5 C terminus were

replaced with amino acids 335-346 of the k-type opioid receptor isoform-1 (kOR). X, premature stop codon.

positive control. As described previously, stimulation of TGR5
WT with TLC showed a dose-dependent increase in luciferase
activity (8, 20) (Fig. 2B). The truncation of the TGR5 C terminus
at amino acids 284 and 290 completely abolished the respon-
siveness of the receptor towards TLC, whereas the forskolin-
induced luciferase activity was unaffected (Fig. 2B). Truncation
at amino acid 297 led to a significant reduction in TLC-depen-
dent luciferase activity with a remaining increase of 2.6 *+ 0.2-
fold (» = 10) at 10 um TLC (Fig. 2C). Although the Q300X
variant showed a similar TLC responsiveness as the WT at con-
centrations >2.5 pM, no significant rise in luciferase activity
was detected after stimulation with 0.1 uM TLC., The loss of the
last 20 amino acids in the TGR5 variant S310X had no effect on

3692 JOURNAL OF BIOLOGICAL CHEMISTRY

receptor responsiveness towards TLC (Fig. 2C). These findings
are in line with previous studies demonstrating that the intra-
cellular signaling response of a GPCR is determined by the
amount of functionally active receptor in the PM (24). Further-
more, these results suggest that amino acids 284-297 are
essential for lacalization of TGR5 in the PM. To elucidate the
role of these residues in more detail, additional cDNA con-
structs were generated: deletion of amino acids 285-290, 285—
297, and 291-297 and alanine substitution of amino acids 285—
290 and 291-297 (Figs. 1, 3, and 4).

The deletion variants A285-290 and A285-297 were local-
ized in the ER but also reached the PM, as demonstrated by the
colocalization of the TGR5 fluorescence pattern with the stain-
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FIGURE 2, Analysis of TGR5 truncated variants in HEK293 cells. A, HEK293
cells were transiently transfected with the different FLAG-TGR5-YFP trunca-
tion variants. The FLAG tag was made visible using an anti-FLAG-M2 antibody
(red). In contrast to the WT, the truncation variants D284X, P290X, and R297X
were not detected in the PM but were localized intracellularly within the ER.
The truncated proteins Q300X and $310X were localized both in the PM and
the ER. Nuclei were stained with Hoechst (blue). Bars = 10 um. B and C,
HEK293 cells were co-transfected with TGRS (pcDNA3.1+), a cAMP-respon-
sive luciferase reporter construct, and a Renilla expression vector (8). Lucifer-
ase activity served as a measure of the rise in intracellular cAMP after activa-
tion of TGRS5. Forskolin (Forsk, 10 um) was used as a TGR5-independent
positive control. The truncation variants D284X and P290X completely lost
responsiveness to stimulation with the TGR5 agonistic bile acid TLC (n = 9
each; B). The R297X variant showed a 2.6-fold increase after incubation with
10 um TLC, whereas the Q300X mutation was equally responsive to 10 um TLC
as the WT (n = 10 each; C). The variant S310X did not affect receptor respon-
siveness to TLC (n = 12; C). Results are expressed asthemean = SE. *and # =
significantly different (p < 0.01) from DMSO (Control) and TGR5 WT,
respectively.

ing of the PM marker protein sodium-potassium ATPase
(Na*/K* ATPase). In contrast, the A291-297 variant was pre-
dominately detected in the PM (Fig. 34). The variants A285—
290 and A285-297 showed a significant reduction in luciferase
activity in response to TLC compared with the WT protein,
However, stimulation of A285-290 and A285-297 with 10 um
TLC induced a significant rise in luciferase activity by 3.3 = 0.2-
(n = 8) and 5.5 = 0.7-fold (n = 10), respectively (Fig. 3B).
Although deletion of amino acids 291-297 (A291-297)
resulted in a significantly reduced responsiveness towards low
TLC concentrations (0.1 and 0.5 um) compared with the WT,
incubation with higher TLC concentrations (2.5 and 10 um) led

FEBRUARY 7, 2014+ VOLUME 289+NUMBER 6

A TGR5-WT

A285-290

A285-297

A291-297
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FIGURE 3. Analysis of TGR5 deletion variants in HEK293 cells. HEK293 cells
were transiently transfected with TGR5 WT and the deletion TGRS
(pcDNA3.1+) variants. A, the TGR5 protein was made visible using an anti-
TGRS antibody (RVLR2, red). WT TGR5 was almost completely targeted to the
PM as demonstrated by the yellow coloring in the overlay image with the PM
marker protein sodium/potassium (Na*/K*) ATPase (green). Although the
deletion variant A285-290 was mainly retained in the ER, the variant A285-
297 was present both in the ER and the PM, and the A291-297 variant was
located predominately in the PM. Nuclei were stained with Hoechst (blue).
Bars = 10 um. B, receptor responsiveness towards TLC was measured using a
cAMP-responsive luciferase construct. The deletion variants A285-290 and
A285-297 showed a significantly reduced responsiveness towards TLC stim-
ulation as compared with the TGR5 WT. The A291-297 variant showed nor-
mal receptor activity after stimulation with 2.5 and 10 um TLC and reduced
activity in response to lower TLC concentrations (0.1 um, 0.5 um). Results
(A285-290, A291-297 n = 8; A285-297 n = 10, WT n = 23) are expressed as
themean * S.E. * and # = significantly different (p < 0.01) from DMSO (Con-
trol) and TGR5 WT, respectively.

to a similar rise in luciferase activity as observed with WT
(Fig. 3B).

The substitution of amino acids 285-290 with alanine (285—
290A) led to an accumulation of the mutated protein in the ER,
whereas the 291-297A variant had no effect on receptor local-
ization as demonstrated by the colocalization of the mutant
protein with the PM marker Na*/K* ATPase (Fig, 44). In line
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FIGURE 4. Analysis of TGR5 alanine substitution variants. HEK293 cells
were transiently transfected with the TGR5 (pcDNA3.1 +) alanine substitution
variants at aa 285-290 and 291-297. A, the TGR5 protein was detected with
the anti-TGR5 antibody (RVLR2, red). The variant 285-290A accumulated in
the ER, whereas the 291-297 variant was mainly present in the PM as demon-
strated by the yellow coloring in the overlay image with the PM marker pro-
tein Na*/K* ATPase (green). Nuclei were stained with Hoechst (blue). Bars =
10 wm. B, receptor responsiveness towards TLC was measured using a cAMP-
responsive luciferase assay. Alanine substitutions from 285-290 completely
abolished receptor activity towards TLC stimulation. Although the 291-297A
variant showed similar luciferase activity as the WT protein after stimulation
with 0.5 and 2.5 um TLC, incubation with 0.1 um led to a significant reduction.
Interestingly, stimulation of the 291-297A variant with 10 um TLC caused a
significant increase in luciferase activity as compared with the TGR5 WT.
Results (285-290A n = 9; 291-297A n = 13, WT n = 43) are expressed as the
mean * S.E.*and #, significantly different (p < 0.01) from DMSO (Control) and
TGRS WT, respectively. C and D, secondary structure content (SSC) of confor-
mations extracted from molecular dynamics trajectories, expressed as the
percentage of amino acids of the simulated peptides showing an a-helix
(red), 3,¢-helix (@ right-handed helix where C=0-"H-N hydrogen bonds occur
between residues i —i + 3) (green), or B-sheet (blue). The secondary structure
was assigned using the continuous extension version of the DSSP algorithm
(35). For reasons of clarity, the curves were smoothed with a Bezier function.
The TGR5 wild type (C) shows, on average, 10.2 + 2.1% (mean = S.E) and up
to 37.8% a-helical content; the 285-290A variant (D) shows, on average, 3.6 =
0.5% a-helical content and up to 51% B-sheet formation within the first
120 ns.

100 200 300 400 500
Time [ns]

with the intracellular localization, 285-290A almost com-
pletely lost the responsiveness towards TLC. Only when stim-
ulated with 10 M TLC was an increase in luciferase activity by
1.4 = 0.1-fold (n = 9) observed for this variant. In contrast, after
stimulation with TLC, 291-297A showed a similar dose-depen-

3694 JOURNAL OF BIOLOGICAL CHEMISTRY

dent increase in luciferase activity as WT. At a concentration of
10 um TLC the rise in luciferase activity measured for 291-
297A (18.7 £ 2.4; n = 13) was even significantly higher than the
luciferase activity obtained with the WT (10.1 = 0.7; n = 43)
(Fig. 4B).

Secondary Structure Content of Membrane-proximal C-
terminal Peptides Predicted from Molecular Dynamics
Simulations—Because the membrane-proximal part of the
TGR5 C terminus does not contain a known ER exit signal
(di-acidic motif, FX,LL or EX,LL motifs) (24—26, 39) and
because the deletion variants as well as the 291-297A variant
were able to reach the PM, we hypothesized that it is the
secondary structure of the membrane-proximal C terminus
rather than a specific amino acid sequence that determines the
localization and function of the receptor. To investigate the
secondary structure content of the membrane-proximal C ter-
minus of the WT and the variants, peptides excised from the C
termini were subjected to MD simulations in explicit solvent
over 600 ns of simulation time, of which the last 500 ns were
used for analysis. The WT and the mutant peptides had alength
of 18 aa, whereas the A285-290 and A291-297 variants had a
length of 12 and 11 aa, respectively. As a starting structure, a
straight peptide conformation was used, in that way avoiding
any structural bias in the setup of the simulations, Fig. 4, C and
D, show the secondary structure content over the course of the
MD simulations for WT and 285-290A, respectively, which
was retained in the ER. For the WT, an a-helix content of, on
average, 10.2 *+ 2.1% (mean = S.E.; n = 3) with a maximum of
37.8% was observed, with only a low tendency (0.5 = 0.2%;
mean * S.E; n = 3) to form antiparallel B-sheets (Fig. 4C). In
contrast, for 285-2904, a predominant B-sheet formation dur-
ing 120 ns of the MD simulation (maximum content of 51.0%)
was observed, with only an overall low tendency to form a-hel-
ices (3.6 = 0.5%; n = 3) (Fig. 4D). These results suggest that
trafficking of TGR5 from the ER to the PM requires the forma-
tion of a membrane-proximal a-helix.

PM Localization and Function of Membrane-proximal C
Termini with Glycine and Proline Substitution—To further
investigate the influence of the secondary structure content of
the membrane-proximal TGR5 C terminus on PM localization
and function of the receptor, substitution variants were gene-
rated where amino acids 285-290 and 291-297 were replaced
by glycine, which has a low helix propensity (40), and proline,
which is a potent helix breaker (41, 42), respectively. The 285—
290P variant accumulated in the ER, whereas the 285-290G
variant was present in the ER and the PM (Fig. 54). Similar to
285-290A, the 285-290P and 285-290G variants almost com-
pletely lost responsiveness towards TLC as measured by luci-
ferase activity (Fig. 5B). Only when stimulated with 10 um TLC
did the 285-290P and 285-290G variants show a small but
significant increase in luciferase activity by 1.5 * 0.1-(n = 8)
and 3.3 * 0.3-fold (n = 8), respectively (Fig. 5B). Thus, the
exchange of amino acids 291-297 to glycine (291-297G) and
proline (291-297P) resulted in retention of the mutated pro-
teins in the ER and abolished their responsiveness towards TLC
stimulation (Fig. 5B).
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FIGURE 5. Analysis of TGR5 glycine and proline substitution variants in
HEK293 cells. HEK293 cells were transiently transfected with the different
TGR5 (pcDNA3.1+) glycine and proline substitution variants at aa 285-290
and 291-297. A, the TGR5 protein was detected with the anti-TGR5 antibody
(RVLR2, red). An antibody against Na*/K* ATPase (green) was used to stain
the plasma membrane. The variants 291-297G, 285-290P, and 291-297P
were mainly localized in the ER, whereas the 285-290G variant was also pres-
entin the PM as demonstrated by the yellow coloring in the overlay image with
the PM marker protein Na*/K* ATPase. Nuclei were stained with Hoechst
(blue). Bars = 10 um. B, receptor responsiveness towards TLC was measured
using a cAMP-responsive luciferase assay. All four substitution variants
showed a significantly reduced responsiveness towards TLC. Although stim-
ulation with 10 um TLC resulted in a 3.3 = 0.3-fold increase in luciferase activ-
ity by the 285-290G variant, the variants 285-290P, 291-297G, and 291-297P
caused an almost complete loss of receptor function. Results (285-290G,
285-290P, 291-297P n = 8;291-297G n = 9, WT n = 43) are expressed as the
mean = S.E. * and # = significantly different (p < 0.01) from DMSO (Control)
and TGR5 WT, respectively.

Control

Clustering of MD-generated Conformations According to the
Secondary Structure Sequence—To identify similarities and dif-
ferences in the secondary structure of the TGR5 WT and the
variants (Fig. 1) on a per-residue level, conformations of the last
500 ns of all trajectories were pooled and then hierarchically
clustered according to their secondary structure sequence (Fig.
6A), Five main clusters were identified: conformations in clus-

FEBRUARY 7, 2014+VOLUME 289+NUMBER 6

ter 1 mostly show an a-helical content at the beginning and the
end of the peptides with a B-bend in between (Fig. 6B); confor-
mations in cluster 2 show a short B-sheet at the beginning and
the end of the peptides with a short a-helical stretch in between
(Fig. 6C); conformations of clusters 3 and 4 show almost no
defined secondary structure except for an c-helical turn of
three amino acids length at the C-terminal end (cluster 4);
finally, in cluster 5, most of the conformations are dominated by
an a-helix formation over nine amino acids in the C-terminal
region along with a turn at the N terminus (Fig, 6D), Forming a
subcluster, conformations of variant 291-297P share the turn
at the N terminus with the other members of cluster 5 but are
unstructured in the C-terminal region (Fig. 6E).

Regarding the composition of the clusters in terms of confor-
mations of the TGR5 variants, a distinct pattern is obvious that
correlates with receptor PM localization and function (Table 1).
The WT and 291-297A variants appear predominantly in clus-
ters 1 and 5 (~60 and 20%, respectively); both variants also
show the highest PM localization as determined by flow cyto-
metry and the highest responsiveness towards TLC as mea-
sured by luciferase activity. Intermediate levels of PM localiza-
tion and responsiveness towards TLC are found for the variants
285-290G, A285-290, and A291-297; these variants constitute
predominantly cluster 3 (=38%), with conformations of 285—
290G and A291-297 also found in clusters 1 and 5. In contrast,
conformations of the 285-290A and 291-297G variants occur
predominantly in cluster 2 (=76%); both variants show low PM
localizations and an almost complete loss of responsiveness
towards TLC. Variants 285-290P and 291-297P were similarly
retained in the ER and were non-functional; they constitute
predominantly cluster 4 (=30%), with conformations also
found in cluster 1 and 5.

PM Localization and Function of TGR5B,AR, TGR5S1PI,
and TGR5kOR Chimeras—To investigate whether indeed
mere secondary structure content rather than a specific amino
acid sequence determines PM localization and function, a chi-
meric receptor was constructed with the 13 membrane-proxi-
mal amino acids of the C terminus of the 8,AR (aa 330-342)
replacing the respective amino acids in TGR5 (aa 285-297).
These B,AR residues were chosen because (i) they form an
a-helix in the B,AR crystal structure (PDB code 3D4S) (43, 44)
and (ii) the sequence identity between the exchanged amino
acids from TGR5 and B,AR is 0%, whereas the sequence simi-
larity is 33%.

In transiently transfected HEK293 cells the TGR58,AR chi-
mera was localized in the PM, as demonstrated by the colocal-
ization with the PM marker protein Na™ /K™ ATPase as well as
in the ER, as shown by the colocalization with the ER marker
protein disulfide isomerase (Fig. 7, A and B). Using flow cyto-
metry analysis, the percentage of transfected HEK293 cells with
the chimeric receptor in the PM was calculated to be 87.4 +
1.2% (n = 21), which is similar to the WT (91.3 * 0.8%; n = 30)
(Fig. 7C). MD simulations of the membrane-proximal 18 amino
acids of the C terminus of the TGR5B,AR chimera revealed an
a-helix content of, on average, 24.2% (Table 2) with a maximum
of 77.7%, which is higher than what has been found for the
respective amino acids of the TGR5 WT. Hence, the most fre-
quently occurring conformation of the TGR55,AR chimera is
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FIGURE 6. Clustering of conformations from MD simulations according to secondary structure. A, dendrogram obtained by hierarchical clustering of
MD-generated conformations of the TGR5 WT and all substitution and deletion variants according to the secondary structure sequence. The most frequently
occurring secondary structure sequence is shown beneath each cluster (E, extended B-strand; H, a-helix; S, bend; T, a-helical turn). Clusters 1 and 5 contain
conformations with a-helix formation predominantly at the C terminus; cluster 2 contains conformations that predominantly form a B-sheet; clusters 3 and 4
contain conformations that largely lack secondary structure. A subcluster of cluster 5 containing mostly conformations of the 291-297P variant is indicated by
an orange rectangle. B, conformation with the most frequently occurring secondary structure sequence in cluster 1. C, conformation with the most frequently
occurring secondary structure sequence in cluster 2. D, conformation with the most frequently occurring secondary structure sequence belonging to the
291-297A variant in cluster 5. This conformation shows a pronounced a-helix formation at the C terminus. E, conformation with the most frequently occurring
secondary structure sequence in the subcluster of cluster 5. Except for a turn at the N terminus, this conformation is unstructured otherwise. B-E, the coloring
indicates the sequence from the N terminus (blue) to the C terminus (red).

an a-helix (Fig. 8D). Functional analysis with 10 um TLC Because the exchanged region of B,AR contains an FX,LL
showed a receptor function of the TGR5B,AR chimera thatis motif, previously identified as a sorting motif essential for the
similar to the one of WT, However, when TGR5B8,AR was stim-  trafficking of the B,AR from the ER to the PM (45), chimera
ulated with lower TLC concentrations, the rise in luciferase  variants containing mutations in this motif were evaluated (Fig.
activity was significantly lower than in the case of W'T (Fig. 7D), 8A). Mutation of the phenylalanine 287 to tyrosine (F287Y)
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TABLE1

Results of clustering according to secondary structure sequence, func-
tion, and protein localization of the TGR5 membrane-proximal C
terminus

Cluster’ Membrane
Variant 1| 2| 3] 4] 5| Function® | ocalization®
TGREWT B T000£7] 909%0
285-290A 133:1| 528%3
285-290G 303+3| 69.7:4
285-290P 144%1  550%3
A285-290 3662 70813
291-297A 1741+23|  803:4
201-297G 11.9+1| 48124
291-297P 10541  407:4
A291-297 107546  703:2

1 Percentage of the cluster distribution for each variant.
2 Function at 10 pum TLC as percent of wildtype =+ S.E.
3 Percentage of cell membrane localization determined by FACS analysis + SE.
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FIGURE 7. Analysis of TGR58,AR chimera in HEK293 cells. HEK293 cells
were transiently transfected with the TGR53,AR pcDNA3.1+ (A, B, and D)
and FLAG-TGR5B,AR-YFP (C) chimera. A and B, TGR5 was stained with the
anti-TGR5 (RVLR2, red) antibody. The TGR58,AR chimera was localized in
the PM as demonstrated by the colocalization with the PM marker Na*/K*
ATPase (A, green) as well as in the ER, as shown by the colocalization with
the ER marker protein disulfide isomerase (PDI) (B, green). Nuclei were
stained with Hoechst (blue). Bars = 10 um. C, quantification of PM local-
ization of WT and TGR5B.AR chimera proteins as determined by flow
cytometry of unpermeabilized HEK293 cells. The amount of FLAG-TGR5-
YFP within the PM corresponds to the amount of FLAG tag-positive label-
ing (extracellular labeling) divided by the total amount of YFP fluores-
cence. 91.3% of the WT and 87.4% of the TGR5B,AR chimera were
detected in the PM, Results (WT, n = 30; TGR53,AR, n = 21) are expressed
as mean = S.E. D, TGR5 receptor activity was determined by the cAMP-
responsive luciferase assay. The TGR5B,AR chimera showed a similar rise
in luciferase activity in response to 10 um TLC as the WT. However, atlower
TLC concentrations (0.1, 0.5, 2.5 um) the luciferase activity was signifi-
cantly reduced compared with the WT, Results (WT n = 29; TGR58,ARRn =
21) are expressed as mean = S.E. * and # = significantly different (p < 0.01)
from DMSO (Co) and WT, respectively.
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TABLE 2

a-Helicality, B-sheet content, function, and protein localization of the
TGR5B,AR mutant membrane-proximal C terminus

Membrane
Chimera variant a-Helix' B-Sheet1 Function?| localization®
hTGR5B2AR 100.0 £ 13 874 +1
F287Y 945+15 86.8 £ 1
L294Vv 1255+ 25 88.0 1
L295V 86.1+15 88.1+1
L294V/L295V 83.5+15 84.2+1
F287Y/L294V/L295V 123.9 £ 15 89.2+3
L294A/L295A
F287A/L294A/L295A
F291A/L294A/L295A 9169 85.1+3
1 Secondary structure content ged over all residues throughout the MD sim-
ulations; in %.

2 Function at 10 uM TLC as percent of TGR5B,AR + SE.
3 Percentage of cell membrane localization determined by FACS analysis + S.E.
* Significantly different from TGR583,AR p < 0.01.

resulted in a PM localization of 86.8 * 1.1% (n = 19), which was
significantly less than the membrane content of TGR5 WT
(91.3 = 0.8%; n = 30) but was indistinguishable to the cell sur-
face levels of the TGR53,AR chimera (87.4 + 1.2%; n = 21) (Fig.
8B; Table 2). This is supported by the MD simulation of the
F287Y variant showing a-helix (23.0%) and B-sheet (0.5%) con-
tents almost identical to the ones of TGR58,AR. Mutation of
either leucine 294 or 295 to valine (L294V or 1.295V) did not
affect PM localization or luciferase activity after stimulation
with 10 um TLC, Mutation of the FX.LL motif to YX,VV
resulted in a TGR58,AR(F287Y/L294V/L295V) chimera that
showed PM localization levels and functional responsiveness
towards 10 umM TLC indistinguishable from the TGR5 WT and
the TGR5B,AR chimera (Table 2). MD simulations demon-
strate a-helix contents between 4.5 and 11.2% for the F287Y/
L294V/1L295V, 1294V, and L1295V variants but a low B-sheet
content (< 0.6%) as well.

Exchange of both leucines to valine (L294V/L295V) or ala-
nine (L294A/L295A) reduced plasma membrane localization to
84.2 £ 1.1% (n = 23) and 79.7 * 2.0% (n = 16), respectively (Fig.
8C; Table 2). Mutation of the phenylalanine and the leucine
residues in the FX,LL motif to alanine (AX AA, F287A/L294A/
L295A) markedly compromised ER to PM trafficking (74.2 +
3.9% PM localization, » = 10) as well as function. For these
variants MD simulations revealed a high B-sheet content of 4.6 —
8,0% (Table 2). Also, the most frequently occurring conformation
of L294A/L295A shows a B-sheet formation (Fig. 8E).

Visual inspection of the conformations of the L294A/1.295A
variant with high B-sheet content revealed that the B-sheet is
stabilized by a hydrophobic contact between phenylalanine 291
and alanine 295. This suggested the replacement of phenylala-
nine 291 with alanine to break this contact. Accordingly, MD
simulations predicted a low B-sheet content (1.6%) but an
increased a-helix content (3.9%) for the variant where phenyl-
alanine 291 and leucines 294 and 295 are mutated to alanine
(F291A/L294A/L295A). Its most frequently occurring confor-
mation also shows an a-helical stretch (Fig. 8F). Thus, we
expected that with this variant PM localization and functional
activity will be restored. Indeed, the F291A/1.294A /L295A var-
iant showed a PM localization level and luciferase activity in
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A B

F287Y

284 290 298
TGRS WT D QRYTAPWRAAAQR CLQGL

329 )
B:AR S PDFRIAF QELLCL RRSSL
TGR5B,AR(330-342) D PDFR I AF QELLCLCLQGL
F287Y D PDYRIAF QELLCLCLQGL
L294V D PDFR I A F QEVLCLCLQGL
1295V D PDFR | A F QELVCLCLQGL L294V/L295V F287Y/L294V/L295V

L294V/L295V D PDFR | A F QEVVCLCLQGL
F287Y/L294V/L295V D PDYR | A F QEVVCLCLQGL
L294A/L295A D PDFR | AF QEAACLCLQGL
F287A/L294A/L295A D PDAR | A F QEAACLCLQGL
F291A/L294A/L295A D PDFR | A AQEAACLCLQGL

C L294A/L295A F287A/L294A/L295A | F291A/L294A/L295A

TGR5B,AR

L294A/L295A F291A/L294A/L295A

FIGURE 8. Effect of mutations in the FX,LL motif on the localization, function, and structure of TGR58,AR chimera. A, sequence alignment of the
membrane-proximal C terminus regions of TGR5 WT, B,AR, and TGR5,AR chimera. Mutations of the FXLL motif within the TGR5,AR chimera are marked in
red. B and C, localization of the mutated TGR53,AR chimeras in transiently transfected HEK293 cells was revealed by detecting TGR5 with the RVLR2 antibody
(red). Conservative amino acid mutations (Phe to Tyrand Leu to Val) have only minor effects on receptor plasma membrane localization. However, substitution
of Leu to Ala in L294A/L295A and Phe to Ala as well as Leu to Ala in F287A/1294A/L295A impaired trafficking of the mutated proteins, which can be detected
in both the ER as well as the plasma membrane of transfected cells. Nuclei were stained with Hoechst (blue). Bars = 10 pm. D, most frequently occurring
conformation of the TGR5B,AR chimera C terminus as found by MD simulations. E, most frequently occurring conformation of the C terminus of the L294A/
L295A variant as found by MD simulations. F, most frequently occurring conformation of the C terminus of the F291A/L294A/L295A mutant. D-F, the coloring

indicates the sequence from the N terminus (blue) to the C terminus (red).

response to 10 uM TLC indistinguishable from the TGR58,AR
chimera (Table 2).

To further support the hypothesis that the secondary struc-
ture formation of the membrane-proximal C terminus is essen-
tial for TGR5 ER to PM trafficking, we generated two additional
receptor chimeras in which 12 or 10 amino acids of TGR5 (aa
285-296, aa 285-294) were replaced by membrane-proximal
amino acids of the kOR isoform-1 (aa 335—-346) or the S1P1 (aa
316-325), respectively. These kOR and S1P1 residues were
chosen because (i) they form an @-helix in the crystal structures
(PDB codes 4DJH and 3V2Y, respectively) (46, 47), (ii) the
sequence identity (similarity) between the exchanged amino
acids from TGR5 and those from kOR is 8% (33%) and those
from S1P1 is 0% (30%), and (iii) they lack the FX,LL sorting
motif.

In transiently transfected HEK293 cells the TGR5kOR and
TGR5S1P1 chimeras were sorted to the PM as shown by the
colocalization with the PM marker protein Na*/K* ATPase
(Fig. 9, A and B). Using flow cytometry analysis, the percentage
of transfected HEK293 cells with chimeric TGR5kOR and

3698 JOURNAL OF BIOLOGICAL CHEMISTRY

TGR5S1P1 receptors in the PM were 91.1 + 1.5% (# = 15) and
86.3 = 1.7% (n = 10), respectively (Fig. 9C). Functional analysis
with 10 pM TLC showed a receptor function of the TGR5«OR
and TGR5S1P1 chimeras that was similar to the one of TGR5
WT. However, when TGR5kOR was stimulated with lower
TLC concentrations, the rise in luciferase activity was signifi-
cantly lower than in the case of TGR5 WT (Fig. 9D). In contrast,
luciferase activity of the TGR551P1 chimera was indistinguish-
able from the WT when stimulated with 0.1-10 um of TLC (Fig.
9E). Taken together, these results confirm the hypothesis that
an a-helical structure in the proximal part of the C terminus is
required for TGR5 PM localization and responsiveness toward
extracellular ligands.

DISCUSSION

The molecular mechanisms involved in the trafficking of
GPCRs from the ER to the PM are incompletely understood
(24). Furthermore, the determinants required for ER exit seem
to vary between different GPCRs (24). A naturally occurring
truncation variant in the TGR5 C terminus (Q296X) led to ER
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FIGURE 9. Analysis of TGR5xOR and TGR551P1 chimeras in HEK293 cells.
HEK293 cells were transiently transfected with the TGR5xOR pcDNA3.1+ and
TGR5S1P1 pcDNA3.1+ chimeras (A, B, D, E) or with the FLAG-TGR5kxOR-YFP
and FLAG-TGR5S1P1-YFP chimeras (C). A and B, the TGR5 chimeric proteins
were detected with the anti-TGR5 antibody (RVLR2, red). An antibody against
Na*/K* ATPase (green) was used to stain the PM. Both chimeras TGR5«OR (A)
and TGR5S1P1 (B) were localized in the PM as demonstrated by the yellow
coloring in the overlay image with the PM marker protein Na*/K* ATPase. C,
the PM localization of WT and TGR5 chimeras was quantified as described
under “Experimental Procedures” using flow cytometry. TGR5«OR and
TGR5S1P1 were detected on the cell surface in 91.1 and 86.3% of the trans-
fected cells, which was similar to the TGR5 WT with 91.3% (WT, n = 30;
TGR5«OR, n = 15; TGR551P1, n = 10). D and E, receptor responsiveness
towards TLC was measured using a cAMP-responsive luciferase assay.
Although the TGR5kOR chimera showed a significantly reduced responsive-
ness toward lowerTLC concentrations (0.1, 0.5, 2.5 uM) and no difference at 10
uM TLC compared with the WT (D, WT n = 8; TGR5kOR n = 7), the TGR5S1P1
chimera showed luciferase activity indistinguishable from the WT (E, WT n =
6; TGR5S1P1 n = 8). Results are expressed as mean * S.E. ¥, #, = significantly
different (p < 0.01) from DMSO (Co) and TGR5 WT, respectively.

retention and abolished ligand responsiveness (20), indicating
that the C terminus of TGR5 is required for PM localization and
function of this bile acid receptor. Using different substitution
and deletion variants within the TGR5 C terminus, the present
study demonstrates that the secondary structure of the mem-
brane-proximal amino acids 285-297 has a strong influence on
ER to PM trafficking of the TGR5 receptor.

Employing MD simulations that are 3-fold longer than the
time required for a-helix formation as determined from exper-
iments (48 —50), we showed that the wild type peptide encom-
passing residues 285-297 preferentially forms an a-helix. In
contrast, the 285-290A variant, which was retained in the ER,
showed an exclusive B-sheet formation within the first 120 ns of
the simulation, This finding was unexpected because alanine
has a high helix propensity (40). However, the B-sheet forma-
tion seemed to be favored in this case by interactions between
the alanine residues in positions 285-290 with naturally occur-
ring hydrophobic alanines in positions 294 —296. These initial
analyses suggested that a high B-sheet content in the mem-
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brane-proximal C terminus prevents ER to PM trafficking of
TGRS5. In contrast, formation of an a-helix, located in TGR5 at
a position equivalent to helix 8 in crystallographically deter-
mined GPCR structures (44, 51, 52), facilitates it.

To further support our findings, the localization, functional,
and MD simulation analyses were extended to additional muta-
tion and deletion variants in the C terminus of TGR5. As the
most outstanding result, a clear correlation between the sec-
ondary structure sequence of the respective peptide and the
localization of TGR5 and, thus, its function emerged. As such,
the variant 291-297A most strongly resembles the WT with
respect to the secondary structure sequence, as determined by
cluster analysis of all MD-generated conformations; both pref-
erentially occur in clusters 1 and 5 (Table 1). 291-297A is also
correctly sorted to the PM and shows a functional activity that
is even larger than that of the WT when stimulated with 10 pm
TLC. As a possible explanation for the increased activity, ~% of
the conformations of 291-297A occur in cluster 5, which
largely contains conformations of other highly active variants,
too. This suggests that the 291-297A variant has a particularly
high probability to form a favorable conformation. Likewise,
about % of all generated conformations of the A291-297 vari-
ant, which shows a similarly high PM localization and func-
tional activity as 291-297A, are found in cluster 5. The confor-
mations in clusters 1 and 5 are dominated by long a-helical
stretches at the C termini of the peptides.

A second major fraction of the A291-297 conformations is
found in cluster 3; conformations in cluster 3 are largely
unstructured. Likewise, major fractions of the conformations of
the A285-290 and 285—290G variants are found in this cluster,
with other major fractions found in cluster 1. This reduced
conformational preference to form an a-helix of the A285-290
and 285-290G variants goes along with experimental findings
of a reduced PM localization and functional activity.

Finally, of the least functional variants that also showed the
highest retention in the ER, 291-297G mostly strongly resem-
bles the variant 285-290A in terms of the formation of a
B-sheet (appearance of the major fraction of the conformations
in cluster 2). In contrast, a major fraction of the conformations
of the variant 291-297P show a short stretch of a-helix in the
C-terminal region (cluster 4), which is apparently not sufficient
to lead to ER to PM trafficking. To our surprise, the largest
fraction of the conformations of the 291-297P variant was
found in cluster 5. Yet these conformations form a subcluster
there and are characterized by an N-terminal TTTS motif but
lack the long a-helical stretch at the C terminus, in agreement
with experimental findings that the 291-297P variant is largely
retained in the ER. As to the last variant, most of the conforma-
tions of 285—-290P are found in cluster 4, too, again in agree-
ment with the findings that this variant is retained in the ER.
However, another major fraction is found in cluster 1, which
would lead to the false prediction that the 285—-290P variant will
be sorted to the PM. In that respect, 285—-290P is the sole vari-
ant investigated that does not fit to the relationship between the
secondary structure sequence of a respective peptide and the
localization of TGR5.

Taken together, these results reveal that PM localization and,
thus, function of the receptor is fostered by a long (=9 residues)
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a-helical stretch at the C terminus of the variants, whereas the
presence of B-strands or only a short a-helical stretch leads to
ER retention and a loss of function.

As a proof-of-principle, a chimera of TGR5 containing the
membrane-proximal amino acids of the B,AR was generated.
The respective amino acid sequence of B,AR forms an a-helix
as shown in high resolution crystal structures (43, 44). MD sim-
ulations of the membrane-proximal 18 amino acids of the C
terminus of the TGR5B,AR chimera, which contains 13 amino
acids of the membrane-proximal C terminus of B,AR, repro-
duced this a-helix character (Fig. 8D), which demonstrates the
quality of the setup of our simulations. We presumed that the
TGR5PB,AR chimera would be mainly localized in the PM due
to the a-helical structure of its C terminus. The TGR58,AR
chimera was indeed correctly sorted to the PM and showed
similar functional activity in response to 10 um TLC as WT
TGR5.

However, the membrane-proximal part of the 3,AR contains
an FX,LL motif that has previously been identified as an impor-
tant GPCR ER export motif facilitating interaction of the 8,AR
with the GTPase Rabl, that way promoting ER to PM traffick-
ing (45, 53). To assess whether the EX,LL motif promotes mem-
brane trafficking of the TGR58,AR chimeric receptor, too, 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. First, the conservative replacement of phenylala-
nine by tyrosine in the F287Y variant does not change the a-he-
lix content with respect to the WT; in agreement, this variant
also showed a high level of membrane localization and retained
functional activity. Second, variants with conservative muta-
tions at positions 294 and 295 revealed a reduced a-helical con-
tent compared with the WT and negligible B-sheet content
(F287Y/L294V/L295V, L294V, and L295V) and showed inter-
mediate levels of membrane localization and functional activ-
ity. Third, the alanine mutants F287A/L294A/L295A and
L294A/L295A and the valine double mutant L294V/L295V
revealed the lowest a-helical contents but pronounced B-sheet
formation. As in the case of the TGR5 variants, these chimera
variants showed marked retention in the ER. Finally, we created
the F291A/L294A/L295A variant guided by insights from
structural analysis and MD simulations that this variant has a
lower B-sheet and a higher «-helical content. The variant
indeed showed PM localization level and luciferase activity in
response to 10 um TLC indistinguishable from the TGR58,AR
chimera.

Two additional chimeras in which 12 or 10 amino acids of
TGR5 were replaced by membrane-proximal amino acids of
KOR or S1P1, respectively, showed PM localization and func-
tional activity very similar to the TGR5 WT and the TGR58,AR
chimera. Although there is only a very low or even no sequence
identity between the exchanged residues, respectively, the kOR
or S1P1 residues do form an a-helix in the respective crystal
structures (46, 47).

In summary, these results demonstrate that PM trafficking
and, thus, function of the TGR5 chimera are determined by the
secondary structure of the membrane-proximal C terminus. As
found for variants of TGRS itself, a high a-helix content of this
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region fosters PM localization, whereas a high B-sheet content
affects PM localization adversely. Furthermore, the modifica-
tions of the FX,LL motif in the TGR5B,AR chimera demon-
strated that trafficking to the PM occurs as along as the modi-
fications retain a high a-helix content in the membrane-
proximal C terminus. Using the PDBeMotif webservice (54) the
frequency of occurrence of the FX LL motif in secondary struc-
tures was analyzed in all non-redundant proteins within the
Protein Data Bank. This revealed that the EX,LL motif occurs in
helices in 71% of the cases, whereas it is found in sheets and
loops in 5 and 24% of cases, respectively. Taken together our
results suggest that the FX,LL motif itself has an important role
for a-helix formation but not as a sequence-specific sorting
motif in the TGR5B,AR chimera.

Similar findings have been described for the human canna-
binoid receptor 1 (27, 55, 56). Using overexpression, purifica-
tion, and circular dichroism spectroscopy analysis of the full-
length CB1 C terminus as well as different substitution variants,
it was demonstrated that it is the level of hydrophobicity rather
than specific amino acids that is critical for helix formation and,
thus, targeting to the PM of this GPCR (27, 55, 56). Another
example that hydrophobic amino acid residues in the mem-
brane-proximal C terminus allowing o-helix formation are
essential for ER exit and PM localization has been described for
the human vasopressin II receptor (28). However, in contrast to
our finding with the TGR5B,AR chimera, replacement of the
C-terminal tail of the vasopressin II receptor with amino acids
327-413 of the human $,AR resulted in a chimera that failed to
reach the PM (22). It is unclear whether this discrepancy is
dependent on special amino acid residues in the membrane
proximal C terminus or on the different cloning strategies for
the chimera. In the TGR58,AR chimera, 13 amino acids (aa
330-342) of the cytoplasmic C-tail of the B,AR replaced the
respective 13 amino acids of TGR5 C terminus (aa 285-297). In
contrast, in the vasopression 2 receptor B,AR chimera, the
complete C-terminal tail of the B,AR (aa 327—413) was fused to
alanine 325 of the human vasopressin II receptor, which is pre-
dicted to be part of transmembrane domain 7 (22).

Although an important role of the C terminus anterograde
trafficking from the ER to the PM has been described for many
different GPCRs, it remained unclear whether specific amino
acid signals or, rather, a certain conformation are essential for
successful ER export (24). Most likely the structural or amino
acid sequence determinants required for correct sorting to the
PM vary for different GPCRs. For TGR5, which lacks any of the
previously described ER exit motifs (di-acidic motif, FX,LL or
EX,LL motifs) (2426, 39), our study demonstrates that the
secondary structure of the membrane-proximal C terminus,
which forms an a-helix according to the MD simulations, is
essential for PM localization and, thus, function of this bile acid
receptor.
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Structural assemblies of the di-

and oligomeric G-protein coupled
receptorTGR5 in live cells: an MFIS-
FRET and integrative modelling
study

Annemarie Greife?, Suren Felekyan?, Qijun Ma?, Christoph G. W. Gertzen?, Lina Spomer?,
Mykola Dimura?, Thomas O. Peulen?, Christina Wohler?, Dieter Haussinger?, Holger Gohlke?,
Verena Keitel® & Claus A. M. Seidel*

TGRS is the first identified bile acid-sensing G-protein coupled receptor, which has emerged asa
potential therapeutic target for metabolic disorders. So far, structural and multimerization properties
are largely unknown for TGR5. We used a combined strategy applying cellular biclogy, Multiparameter
Image Fluorescence Spectroscopy (MFIS) for quantitative FRET analysis, and integrative modelling to
obtain structural information about dimerization and higher-order cligomerization assemblies of TGR5
wildtype (wt) and Y111 variants fused to fluorescent proteins. Residue 111 is located in transmembrane
helix 3 within the highly conserved ERY motif. Co-immunoprecipitation and MFIS-FRET measurements
with gradually increasing acceptor to donor concentrations showed that TGR5 wt forms higher-order
oligomers, a process disrupted in TGR5Y111A variants. From the concentration dependence of the
MFIS-FRET data we conclude that higher-order cligomers — likely with a tetramer organization - are
formed from dimers, the smallest unit suggested for TGR5 Y111A variants. Higher-order oligomers likely
have a linear arrangement with interaction sites involving transmembrane helix 1 and helix 8 as well

as transmembrane helix 5. The latter interaction is suggested to be disrupted by the Y111A mutation.
The proposed model of TGR5 oligomer assembly broadens our view of possible ocligomer patterns and
affinities of class A GPCRs.

TGR5 (GPBAR-1, M-BAR) is the first identified G-protein coupled bile acid receptor' and is widely expressed
in tissues, including liver, intestine, and the central and enteric nervous system>®. Animal studies suggest that
TGRS activation leads to anti-inflammatory effects and influences energy homeostasis and glucose metabolism,
thereby playing a role in the pathogenesis of obesity and diabetes®. Therefore, TGRS has emerged as a potential
therapeutic target to treat metabolic disorders. The most potent TGRS bile acid agonist is taurolithocholic acid
(TLCA/TLC)!. In model cell lines it was shown that TGR5 couples to Go, leading to stimulation of adenylate
cyclase (AC) and formation of cyclic AMP (cAMP)".

To date, no high-resolution crystal structure of TGRS is available, and knowledge on TGR5 regulation and
oligomerization is scarce. Homology models of TGR5 have been presented based on template structures of other
seven transmembrane (7TM) domain receptors®~®. We previously reported that the amino acids 285-294 at the
TGR5 C-terminus form an alpha-helical stretch important for plasma membrane localization and thus respon-
siveness to extracellular ligands®.

It is now well established that class C GPCRs form homo- and hetero-cligomers'®. Oligomer formation of
GPCRs affects a broad range of biological functions ranging from intracellular trafficking, protein turnover,

tChair for Molecular Physical Chemistry, Heinrich Heine University DUsseldorf, 40225 Disseldorf, Germany. ?Institute
for Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Disseldorf, 40225 Disseldorf, Germany.
*Clinic for Gastroenterology, Hepatology and Infectious Diseases, Heinrich Heine University DUsseldorf, 40225
Dusseldorf, Germany. Correspondence and requests for materials should be addressed to H.G. {email: gohlke@hhu.
de) or V.K. femail: verena.keitel@med.uni-duesseldorf.de) or CAM.S. {email: cseidel@hhu.de)

|6:36792 | DOI: 10.1038/srep36792

71



Publication I1

receptor function, signal enhancement or blockage upon ligand binding, G-protein independent signaling to
internalization and receptor desensitization (for an overview see refs 11 and 12). However, for class A GPCRs
such as TGRS, there are controversial data about the functional significance of homo- and hetero-oligomer for-
mation'’. Studies with rhodopsin'®!, p-opioid'® and fi,-adrenergic receptors trapped as either monomers or
dimers in nanodiscs demonstrated that monomers are functional and activate G-proteins; sometimes monomers
are even more efficient than homo-dimers'’. The same GPCRs were also shown to be stable as dimers or tetram-
ers in living cells'*~'*. Many researchers proved at least dimerization by using biophysical approaches such as
bioluminescence and Forster Resonance Energy Transfer techniques (BRET and FRET), as well as single mole-
cule analysis'® and atomic force microscopy in native disc membranes'”. FRET describes the distance dependent
energy transfer from an excited donor (D) to an acceptor (A) fluorophore and is used to study biomolecules in
living cells which are fused to genetically encoded fluorescent proteins (FP) for convenience, although other
molecular tags are also being used.

Several oligomer models exist for GPCRs, based on predictions of relative stabilities of dimer interfaces by
molecular simulations and bioinformatics studies as well as wet-lab techniques. Extended biased molecular
dynamics simulations suggested a model in which homo-dimers characterized by stable interactions involv-
ing transmembrane helix 1 (TM1) transiently interact with the other protomer via other helices such as TM4'%.
Bioinformatics studies predicted a role for transmembrane helices TM1 and TM4 to TM6 in dimerization; muta-
tion of residues in this region disrupted dimerization!*?". AFM, crystallography and FRET studies of the - and
f,-adrenergic receptors?t, muscarinic receptor M;%, rhodopsin'”?? and the ji-opioid receptor? suggested that
oligomerization interfaces are most probably formed by TM1-TM2-helix(H)8 and TM4-TM5 or TM5-TM6.
So far, several spatial arrangements of tetrameric GPCRs are discussed. For muscarinic receptor M; a rhombic
arrangement of tetramers seems to be preferred rather than linear or squared ones”, whereas for thodopsin either
a more linear or squared arrangement are discussed'*'7%2. We will discuss our data in respect to these findings to
suggest TGRS oligomerization models.

To perform protein-protein interaction studies in living cells without disturbance and with high spatial reso-
lution, we applied Multiparameter Image Fluorescence Spectroscopy (MFIS). It combines fluorescence lifetime
imaging and fluorescence anisotropy microscopy allowing a comprehensive analysis of the biophysical proper-
ties of homo- and heteromeric molecular complexes by FRET. MFIS is based on Multiparameter Fluorescence
Detection (MFD), which has been established as a standard tool to investigate biomolecules in iz vitro experi-
ments™*~’, Similar to MFD, MFIS-FRET records photons one by one, which allows for parallel recording of all
fluorescence parameters (fundamental anisotropy, fluorescence lifetime, fluorescence intensity, time, excitation
spectrum, fluorescence spectrum, fluorescence quantum yield, and distance between fluorophores) and addition-
ally pixel/image information over time periods of hours with picosecond accuracy. The multidimensional analysis
of correlated changes of several parameters measured by FRET, fluorescence fluctuation, flucrescence lifetime and
anisotropy increases the robustness of the analysis significantly. The economic use of photon information even
allows detection of fluorescent fusion proteins that are expressed at very low levels. We already showed the relia-
bility of this technique for molecular interaction studies in different environments in human and plant cells?2°.

The main focus of this study is to use a combined strategy applying cellular biology, co-immunoprecipitation
experiments, MFIS-FRET, molecular modelling and simulations to obtain information about oligomerization of
TGR5 and the influence of a mutation in the TGR5 ERY domain on oligomerization.

Results

TGRS5 forms homo-complexes but the complex affinity differs between TGR5 variants. To
characterize the complex formation of TGR5, we used three TGR5 variants, TGR5 wt, TGR5 Y1114, and TGR5
Y111F. The tyrosine residue at position 111 is part of the highly conserved ERY motif, which is important for
GPCR function®® and also predicted to be phosphorylated by EGFR using NetPhos®..

Immunofluorescence staining in MDCK and HEK293 cells as well as FACS analysis of transfected HEK293
cells demonstrated that all TGRS variants were correctly localized at the plasma membrane in about 92% of
the transfected cells (Fig. la,b). Furthermore, TGR5 responsiveness towards TLC was investigated using a
cAMP-responsive luciferase assay’, where luciferase activity served as a measure for the second messenger cAMP
following TGR5 activation. Forskolin (F) elevates cAMP independent of TGR5 and was used as positive control.
Stimulation of TGR5 wt, TGR5 Y111A, or TGR5 Y111F with TLC led to a significant dose-dependent increase in
luciferase activity in all three cases (Fig. 1¢).

To analyze the interaction between TGR5 wt proteins or TGR5 wt with TGR5 Y111A, we performed
Co-immunoprecipitation experiments (Co-IP). His-tagged TGR5 wt and either TGR5 wt-YFP or TGR5
Y111A-YFP proteins were expressed in HEK293 cells. Immunoprecipitation of His-tagged TGR5 wt was carried
out with an anti-His antibody. The interaction of TGR5 proteins was visualized using an anti-GFP antibody, which
recognized the TGR5 C-terminal YFP (Fig. 2alane 3). Co-IP clearly showed that TGR5 forms homo-complexes.
Compared to the interaction between TGR5 wt proteins, the interaction between TGR5 wt and TGR5 Y111A is
significantly reduced by about 40% as measured by densitometry (Fig. 2b).

Pixel-wise MFIS-FRET analysis demonstrates remarkable differences in FRET properties
between TGRS variants. To further analyze differences in the complex formation found by Co-IP we used
the genetically encoded fluorescent proteins GFP and mCherry attached to the C-terminus of TGR5 to measure
FRET by MFIS-FRET in live cells. GFP and mCherry are commonly used as a FRET pair with a Forster radius
R, =52 A% As shown in Fig. 3a and SI Fig. 1a, all TGR5-GFP and TGR5-mCherry variants (wt, Y111A and
Y111F) are strongly co-localized at the cell membrane of HEK293 cells. To visualize the heterogeneity within
and between cells, the MFIS-FRE'T images were accurately analyzed in a pixel-wise manner to compute all rel-
evant fluorescence parameters. During this procedure, photons are pixel-wise selected, grouped according to
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Figure 1. Localization and functional analysis of TGR5 wt and Y111 variants. (a) Localization of TGR5 by
confocal laser scanning microscopy. MDCK cells (upper panels) were transiently transfected with FLAG-TGR5-
YFP constructs. The YFP-fluorescence was detected in the plasma membrane for TGR5 wt as well as for the
TGR5 Y111A and TGR5 Y111F variants. HEK293 cells (lower panels) were transiently transfected with TGR5-
pcDNA constructs. TGR5 was stained using the RVLR2 antibody (in red). TGR5 as well as the TGR5 Y111A
and TGR5 Y111F variants were present in the plasma membrane. Nuclei were stained with Hoechst (blue).
Bars= 10 pm. (b) Relative quantification of TGR5 plasma membrane localization using flow cytometry. The
amount of FLAG-TGR5-YFP within the plasma membrane corresponds to the amount of positive FLAG-tag
labelling (=extracellular labelling) divided by the total amount of YFP-fluorescence. TGR5 Y111A and TGR5
Y111F were detected on the cell surface in 92.7% and 91.5% of the transfected cells, which was similar to the
TGR5 wt with 91.2% (n=3 independent transfection experiments). (c) TGR5 receptor activity was determined
using a cAMP responsive luciferase assay. HEK293 cells were co-transfected with TGR5 (pcDNA3.1+), a
cAMP responsive luciferase reporter construct, and a Renilla expression vector. Luciferase activity served as

a measure of the rise in intracellular cAMP following activation of TGR5. Forskolin (F, 10 M) was used as
TGR5-independent positive control. TGR5 Y111A and TGR5 Y111F did not affect receptor responsiveness to
the bile acid taurolithocholate (TLC). Results (wT n=8; TGR5 Y111A n=9; TGR5 Y111F n=6) are expressed
as mean + SEM. *Significantly different (p < 0.01) from DMSO (co = control).

their properties, and selectively integrated to reduce noise (see SI methods). For a direct proof of FRET, it is nec-
essary to show that the observed signal changes are due to differences in FRET efficiency E and not due to local
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Figure 2. Detection of TGR5 multimerization by co-immunoprecipitation. (a) HEK293 cells were
transiently transfected with pcDNA3.1 and TGR5-YFP, TGR5-His and pEYFP, TGR5-His and TGR5-YFP, or
TGR5-His and TGR5 Y111A-YFP. Immunoprecipitation (IP) was carried out using an anti-His antibody. Equal
volumes of the precipitate were deglycosylated with N-glycosidase-F, separated by SDS-PAGE, and blotted onto
PVDF membranes. For Western blotting (WB) horseradish-peroxidase-coupled primary antibodies against
His and GFP were used. TGR5-YFP was co-precipitated with TGR5-His. Mutation of tyrosine 111 to alanine

in TGR5-YFP reduced the amount of co-precipitated variant receptor. Cell lysates (50 pg total protein lysates
served as input controls and were separated by SDS-PAGE and proteins were blotted onto PVDF membranes.
WB was carried out with horseradish-peroxidase-coupled primary antibodies against His and GFP or an
antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (b) Densitometric analysis of the anti-
GFP and anti-His Western blots. Relative TGR5-TGR5 interaction was determined as relative GFP to His levels.
Results are expressed as mean 4 SEM (n =4), *Significantly different from wt-His/wt-YFP interaction, p < 0.05.

changes of fluorophore properties or transfection artifacts. Thus, it is mandatory to analyze both FRET indicators:
(i) FRET-induced donor quenching due to the presence of acceptor and (ii) the occurrence of FRET-sensitized
acceptor fluorescence®.

A selection of these relevant FRET indicators is displayed in images of the TGR5 wt donor-only reference sam-
ple (Fig. 3b) and the FRET sample (Fig. 3¢, first row): Signal intensity S of the donor GFP in the green detection
channel by donor excitation (S,,,, .. = S5 6 A = 488 nm), signal intensity of the directly excited acceptor mCherry
in the yellow detection channel Syy (A, = 559 nm), and as a result of FRET the FRET-sensitized mCherry signal
Sy- Moreover, the quenching of the donor by FRET is judged by comparing the fluorescence-weighted average
lifetimes of the donor in absence (7)), and presence of acceptor {7p ) respectively. If no FRET occurs, we
only expect signals in the green channel. This is indeed observed for the reference measurement TGR5-GFP
(Fig. 3b). Furthermore, (7)), does not change, as expected.

Compared to cells transfected with the donor-only reference TGR5-GFP (Fig. 3b), the MFIS-FRET measure-
ments of the FRET sample suggest the presence of FRET, as the FRET-sensitized acceptor signal was detectable
(Fig. 3¢, Sy image), and (7p4)); (Fig. 3¢, lifetime image) is clearly reduced compared to (7;y); The same obser-
vations were made also for TGR5 variants Y111A and Y111F (Fig. 3c and SI Fig. 1b).

The correlated FRET-specific change of both FRET-indicators is best visualized in a 2D-histogram plot-
ting the ratio of the corrected fluorescence intensities of donor and acceptor (Fp/F,) (SI Table S1) versus donor
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Figure 3. Detection of TGR5 multimerization by pixel-wise MFIS-FRET analysis. (a) HEK293 cells,
transiently transfected with TGR5-GFP and TGR5-mCherry (transfection ratio 1:10), were imaged for co-
localization of GFP and mCherry using sequential scanning and a scanning resolution of 1024 x 1024 pixels.
Each TGR5-GFP and TGR5-mCherry picture is shown in a false color saturation mode and then overlaid by
using green and yellow intensity colors. TGR5 wt-GFP and TGR5 wt-mCherry are clearly co-localized at the
cell membrane. Scale bar 10jum. The TGR5 Y111 variants are shown in SI Fig. 1. (b) MFIS analysis of TGR5
wt-GEP transfected HEK293 cells by comparing (from left to right) the signal intensity of the donor GFP
(S6,)> signal intensity of the acceptor mCherry (Sy;y), the detection of yellow mCherry photons after excitation
of GFP (Sy;, S: signal, Y: yellow emission, G: green excitation) as a result of FRET, and changes in the donor
fluorescence lifetime (7)) For TGR5 wt-GFP only the donor signal but no acceptor signal is detected. The
MEFIS analysis of TGR5 Y111 variants is shown in ST Fig. 1. (c) The same parameters were used for TGR5 GFP/
mCherry samples. The MFIS measurements show FRET (Sy, and changes in (7p4)),) in all TGRS variants,
which indicates at least homo-dimerization.
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fluorescence lifetime ({7p}), where the color scale corresponds to the pixel frequency with black being highest
(Fig. 4a). The correlated shift of both indicators proves the molecular proximity of TGR5 wt and TGR5 Y111A/F
monomers suggesting the presence of at least homo-dimers. To study whether also higher order cligomers form,
we performed acceptor titration experiments with varying donor to acceptor transfection levels resulting in an
anticipated 40-fold higher acceptor concentration in the last titration step. Here, the FRET-indicators (F/F,) and
{Tp(u)yallow for a qualitative interpretation of the measurements without applying a specific model. FRET senses
the local proximity of binding partners within ~80 A. Hence, if small oligomers exist {7p )sthe fluorescence
intensity ratio (Fp/F,) will decrease with increasing acceptor concentration, whereas they do not change if only
dimers exist. For TGR5 wtand TGRS Y111E {7y 4); reduced significantly by 17% and 14%, respectively, whereas
for TGR5 Y111A (74} reduced only by 7%. This behavior is also found in the fluorescence intensity ratios Fr/F,.
Here, significant transfection-level dependent FRET-changes are found for TGRS wt and TGR5 Y111F, while only
minor changes are found for TGR5 Y111A (Fig. 4a). The correlated shift of both FRET-indicators confirms that
changes in FRET are indeed due to different concentrations. This suggests a significant formation of TGR5 wit
and TGRS Y111F oligomers but no or only few oligomers for TGR5 Y111A. We observed the distinct properties
of TGR5 Y111A also via the fluorescence properties of the fused GFF, which was measured always as donor-only
reference sample in the FRET experiments. While GFP fused to TGR5 wt and TGR5 Y111F had a fluorescence
lifetime {7y );=2.41s, {7}y increased to 2.8 ns in the Y111A variant (SI Fig. 1b). In addition to the lifetime
shift, we found a spectral red shift of 13 nm in the emission spectrum of TGR5 Y111A excited at 488 nm as com-
pared to TGR5 wt (ST Fig. 1¢).

TGR5 wt and TGRS Y111F form higher-order oligomers, whereas TGR5 Y111A forms primarily
dimers. The pixel-wise analysis of the fluorescence data by the fluorescence-averaged lifetime (7p),and the
fluorescence intensity ratios (Fp/F,) does not allow us to resolve multiple species because the information con-
tained in the recorded fluorescence decays is reduced to two numbers. Hence, sample heterogeneities that nat-
urally arise in imaging cannot be resolved. To overcome this limitation, the fluorescence decays are analyzed
directly by pixel-integrated analysis with high precision. Here, two fluorescence decay curves f{£) are compared:
the decay of a FRET sample fp,(£) and that of the donor-only reference fr,(f) (Fig. 4b). This comparison is
conveniently done by computing the time-resolved FRET-induced donor decay =(f), which is defined by the
ratio of the two decays fry 4, (D)/fi () as described in eq. (1). The supporting Figure 2 shows how (&) plots can be
interpreted. The FRET-induced donor decay =(¥) allows visually identifying the population of all donor species.
For instance, species with no-FRET give rise to a constant offset, while FRET-species cause decay. The slope of
this decay in a semi-logarithmic plot as shown in Fig. 4b provides a measure of the rate constant of FRET, which
increases with decreasing donor acceptor distance. A non-exponential decay indicates a mixture of distinct FRET
species in which the donor and the acceptor are separated by different distances. The donor is quenched by all
acceptors in its vicinity.

In Fig. 4b, the experimental fluorescence decays of all variants are displayed as £(f) curves. Differences in
the constant offset and the slope of the decays are clearly visible. For a better comparison of the slopes only the
fraction of the FRET species was determined in a fit (equation (1), results see SI Table S2 and SI Figure 2) and
displayed in Fig. 4b (gpger(f) curves). At a low donor to acceptor transfection level (DA 1:40), the decay has two
distinct regions: a steep slope and a shallow slope region. The steep slope corresponds to a high rate constant of
FRET, while the shallow slope corresponds to a low rate constant of FRET. For TGR5 wt and TGR5 Y111F, the
slope depends on the transfection ratio, while no such dependency is observed for TGR5 Y111A.

To quantify these changes we formally describe the fluorescence decays by two FRET-rate constants, which are
for convenience given in units of apparent distances Ry 4, (equation (5) and SI Table 82, SI Fig. 3). For all TGR5
variants, this kpggr fit resulted in a short apparent distance Rp, 4, with a small fraction and a long apparent dis-
tance Ry, 40 with alarge fraction. As shown in Fig. 4c, in TGR5 wt and TGR5 Y111F both apparent distances
R ap-1 ani Rp s, gpp-2 became shorter (Rpy 5y ;= 40-20 A; Rp g app2=75-50 A) with increasing acceptor concen-
tration. 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%. We quantified this change by computing the mean energy transfer efficiency E,,,,, (equation (7)) of
the FRET active species, which markedly increased for TGR5 wt and TGR5 Y111F in contrast to TGR5 Y111A.
Considering TGR5 wt and TGR5 Y111E the FRET efficiency changes significantly with the acceptor concentra-
tion (Fig. 4¢), while this is not the case for TGR5 Y111A. Hence, the concentration of oligomers is very low for
TGR5 Y111A, sothat these data are best suited to study the structural features of the dimer.

Of note, to rule out any overexpression artifacts, we additionally considered proximity FRET using the titra-
tion experiments. Due to the single-molecule sensitivity of our confocal microscope, we could perform FRET
experiments with acceptor concentrations of ~1 pM, which corresponds to a molecule density of < ~0.002 accep-
tor molecules/nm? (see SI Notes). At these concentrations proximity FRET is negligible (E < 0.1)*,

The TGR5 ligand TC has no influence on the oligomerization state of TGR5. It has been shown
that activation by ligands can influence GPCR oligomerization'’. To determine the ligand effect on TGR5, we
tested whether taurocholate (TC) stimulation, a bile acid less cytotoxic than TLC inlive cells, affects oligomeri-
zation of TGRS wt, TGR5 Y111A,and TGR5 Y111F. A time series analysis was designed, where MFIS-FRET was
measured in three cells before, directly after as well as 10 and 20 min after addition of 10 pM water scluble TC. We
monitored FRET via the species-averaged donor fluorescence lifetime {7p4)) .~ As shown in Fig. 5, {7ps), was
neither changed in donor samples (TGR5 GFP) nor in FRET samples (TGR5 GFP/mCherry). A more detailed
FRET analysis of the time series experiments showed that neither the distances nor the species fractions changed
markedly due to addition of TC (SI Fig. 4). These results indicate that TC does not influence the oligomerization
state of TGRS variants.
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Figure 4. Pixel-integrated analyses of TGR5 FRET properties. (a) The MFIS-FRET 2D plots are generated
with Origin 8.6 and show an overlay of two histograms of the (background, crosstalk and spectral shift)
corrected fluorescence intensity ratio (Fp/F4) vs. (7p.4 ) TGR5 wtand TGR5 Y111F donors (in green)

showed a (7 };= 2.4 ns and a high green to yellow signal. With increasing amounts of the acceptor mCherry
(orange and red islands) both parameters were strongly reduced in TGR5 wt and TGR Y111E but not in TGR5
Y111A. All samples were corrected for relative brightness, relative direct mCherry excitation in the green
detection channel, spectral shift of the Y111A variant, and background in the green and yellow channels (see
methods 5.10 egs 2 and 3). (b) FRET-induced donor quenching =(#) derived from sub-ensemble fluorescence
measurements on TGR5 variants at different donor-to-acceptor ratios. The time-axis measures the time
between excitation and detection of donor photons. The upper row shows the experimental data. Inthe bottom
row the offset (Non-FRET fraction) is subtracted and the result is termed gppp(£). In TGR5 wt and TGR5
Y111F, FRET dlearly increased in a mCherry-dependent manner, whereas in TGR5 Y111A all egper(f) curves
behaved similar. (¢) FRET-decays from sub-ensemble analysis at different donor-to-acceptor (D/A) ratios were
fitted with a two-kgpgrfit to obtain two apparent distances Rp, ; and Ry, , (upper row) with their corresponding
FRET fractions (lower row) and to calculate the mean efficiency E,,,.. E, .., increased in an acceptor-dependent
manner in TGR5 wt and TGR5 Y111F, whereas E,,,, changed only slightly in TGR5 Y111A. These changes in

E o correlate with a reduction of both apparent distances Ry, ; and Ry, o in TGR5 wt and TGR5 Y111F: In the
lower row, the Ry, ; fractions increase, whereas the Ry, , fractions decrease in an acceptor-dependent manner.
Orange: Ry, ;and Rp, ; fraction, pink: Ry, and Ry, ; fraction, green: non-FRET fraction, the grey barin E,,,.,,
represents average E,,,,, for TGR5 Y111A.
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Figure 5. Influence on FRET after treatment with TGRS ligand TC. HEK293 cells were transiently
transfected with TGR5-GFP alone (Donly, green) or with TGR5-GFP and TGR5-mCherry at a ratio D/A

1:10 (DA, red). For time-series analysis three cells were selected using the Olympus time laps function, and
MFIS-FRET measurements were taken before addition of 10pM TC (without), immediately after addition of
TC (+=0), and after 10 min and 20 min, respectively. The species-averaged donor fluorescence lifetime {73},
was determined and plotted against time, as well as the mean efficiency E,,,,,,, which was calculated from data
shown in SI Fig. 4. Each point represents the average of nine cells. No lifetime changes were observed for Donly
samples and DA samples in the presence of the agonist TC.

Structural arrangement of homo-di- and cligomeric TGR5.  Next, we analysed which structural fea-
tures of the TGR5 complexes can be extracted from the observed FRET parameters. Previous studies by Sindbert
et al.* and Kalinin ef /. have shown that the extent of FRET between two flexibly linked fluorescent probes
can be accurately predicted by calculating the distance distribution between all fluorophore positions that are
sterically accessible (accessible volume, AV) for a given structural model. As both fused fluorescent proteins have
flexible connecting amino acid residues (SI Table 3) creating a large, widely distributed structural ensemble”,
computer simulations generating probe distributions can be readily applied to study TGR5 assemblies by FRET.

Simulation of the expected FRET properties. The structural model of the TGR5 monomer required
for FRET modelling was generated by performing multi-template homology modelling based on seven template
structures of related class A GPCRs (see SI methods “structural models of TGR5 dimers and tetramers” and
ref. 38). As shown in Fig. 6a, we generated three possible homo-dimerization models with interfaces involving
TM1-TM2-H3 (for convenience abbreviated as 1/8 dimer), TM4-TMS5 (4/5 dimer), or TM5-TM6 (5/6 dimer). To
assure accuracy, we compared two procedures for calculating the distance distributions between fluorophore posi-
tions for the TGR5 models: (i) Explicit linker simulations based on explicit peptide linker/GFP-MD-simulations
followed by calculations of conformational free energies to weight each linker-GFP configuration in the pres-
ence of a TGR5 dimer and an implicit membrane bilayer (SI Fig. 5, see also SI methods). This thermodynamic
ensemble (TE)-approach is expected to be more accurate than the following procedure but the computations are
time consuming. (ii) Implicit linker simulations by AV-calculations weighted by a Gaussian chain distribution,
so that entropic effects and geometric factors in terms of steric exclusion effects by the TGR5 oligomer and the
membrane are taken into account (SI methods). The AV approach has to be calibrated to be accurate but it has the
advantage that the computation is very fast.

The TE-approach results in a hemispherical arrangement of GFP on the cytoplasmic side, which is centred
onthe attachment point at helix 8 of TGR5 (SI Fig. 5) and each linker/GFP configuration is Boltzmann weighted
according to the conformational free energy (SI Fig. 5). Configurations of lower probability are found when GFP
approaches TGRS due to energetically unfavourable contacts. The Boltzmann-weighted distribution of distances
between the linker N-terminus and the GFP fluorophore shows a peak distance of about 45 A, while the minimal
distance is about 35 A. This is due to the fact that the fluorophore is located 20 A away from the linker C-terminus
inside the (3-barrel structure of GFP and thus is inaccessible to the linker’s N-terminus. The peak linker length
(without considering GFP) is about 25 A. This is about 5 A longer than the average radius of gyration of a Gaussian
chain polypeptide of the same number of residues (33 amino acids yielding 3.5 A * 3375 =20 A*). The deviation
shows that the linker with GFP does not exactly behave like a ‘perfect’ Gaussian chain. The Boltzmann-weighted
fluorophore position map (Fig. 6¢, SI Fig. 5) was used for inter-dye distance distribution calculations.

The implicit model (Fig. 6¢) was tested as an alternative to account for dye-linker diffusion. The accessible
volume (AV) approach was used to estimate all possible dye positions within the linker length from the attach-
ment point without steric clashes with the macromolecular surfaces. The fluorophores are approximated by a
sphere with a defined radius, which is estimated from the physical dimensions of the molecules (left panel). The
connecting linker is modelled as a flexible cylinder. To take entropic effects into account, the linker was assumed
to obey Gaussian chain behaviour. Thus, the fluorophore distribution density gradually drops as the distance from
the attachment point increases. For the implicit model, the 55 amino acid residues (SI methods and SI Table §3)
between the structured parts of the TGR5 C-terminus and GFP were considered as a flexible sequence with
unknown structure with a length of ~203.5 A at maximal extension.

Both methods for linker simulations gave very similar results. The (1/8) dimerization model shows a distance
distribution between fluorophore positions between 25-150 A with the highest probability at 55 A and 60 A for
the explicit and implicit linker models, respectively. The distances between fluorophores in models (4/5) and (5/6)
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Figure 6. Homo-dimerization models and their distance distributions. (a) Homo-dimerization models with
the following interfaces from left to right: (1/8), (4/5) and (5/6). TGR5 monomer helices are rainbow-coloured
starting with TM1 in blue to H8 in red. Top row: membrane view of the interface models in cartoon and
schematic representation (circles representing TMs). Bottom row: cytoplasmic view of the interface models. The
fluorescent proteins, which are attached to the cytoplasmic H8, are presented as stars glowing in green for donor
(eGFP) and red for acceptor (mCherry). Abbreviation: CP = cytoplasm. (b) Distance probability distributions
calculated with an explicit (dotted line) and implicit linker (solid line) for the homo-dimerization models

(1/8) (red), (4/5) (green), and (5/6) (blue). The non-FRET area is shaded in grey. (c) Positional distributions

of the fluorescent probes for the TGR5 (1/8) interface. The implicit linker simulations yield weighted AVs

for both fluorophores which overlap and create one huge sphere (top panel). The probability of the allowed
fluorophore positions decrease from red, yellow over green, blue to pink. The explicit linker simulations yield a
thermodynamic ensemble (bottom panel) depicted as an orange-blue and purple volume map, respectively. The
ensembles also overlap to a high degree. Higher saturation represents higher fluorophore position occupancy.
Both methods gave very similar results.
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Figure 7. TGR5 oligomerization models. (a) Fit of the FRET-induced donor quenching curve () on

TGR5 Y111A with two species normalized to unity: (i) Dimer (fraction Xp;me;) With the complete distance
distribution (FRET and Non-FRET) of the corresponding dimer models (Fig. 6b) and (ii) donor only/ FRET
inactive molecules. Only the distance distribution of the 1/8 dimer model gives a satisfactory fit as judged by
the weighted residuals and the reduced chi squared > Fit results of TGR5 Y111A for Xp,.,: 1/8 dimer: 0.27;
4/5 dimer: 0.59; 5/6 dimer: 0.73. (b) The schematic presentation shows the two individual apparent distances
from the interfaces (1/8) and (4/5). Both Ry, can be converted into FRET rates. In an oligomer the two FRET
rates add up and have to be convolved to calculate the new apparent distance R(gigomer)- The resulting distance
distribution is similar to the dimer (1/8). (¢) Dependence of the TGR5 oligomerization monitored by the FRET
efficiency (experiment (black) and modeled (red)) on the donor acceptor ratio ¢,/cp. In the cells the donor,
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acceptor and total TGR5 concentration (including inactive mCherry (30%))) varied between 0.25-6.3 pM,
0.1-5.0puM and 0.5-13 M, respectively. The dimer is composed of a donor acceptor distance of 45 A, and the
tetramer is composed out of two dimers separated by 100 A. The modeled dissociation constant of the dimer
Kp, was fixed to 10nM for all TGRS5 variants. The values for the modeled dissociation constants of the oligomer
(Tetramer) were: Ky (TGR5 wt) = 70 nM, K (TGRS Y111F) =200 nM, K (TGR5 Y111A) =2000 nM).

(d) Two possible oligomers are reasonable I. ((1/8)-4:5-(1/8) and II. (1/8)-5:6-(1/8): TGR5 monomers form

a dimer with the contact sites in TM1 (blue circle) and H8 (red circle). H8 is attached to fluorescent fusion
proteins (GFP and mCherry). In a tetramer contact sites in TM4 (green circle) and TM5 (yellow) (I) or TM5
(yellow) and TM6 (orange) (II) create a second interface promoting a linear oligomer organization.

are similarly distributed with the highest probability at around 95-110 A; i.e. the distance of most conformers is
toolarge forsignificant FRET. Implicit and explicit linker models thus show very similarinter-dye distance distri-
butions for all dimer models: The implicit model shows a 5 A shift towards the higher length for the (1/8) dimer
and a 15 A shift towards the shorter length for the (4/5) dimer model.

Finally we can conclude that both linker simulation techniques predicted FRET and should distinguish a 1/8
dimer from 4/5 dimer and 5/6 dimer, respectively, because the FRET probe distance distributions have a char-
acteristic peak at short distances (Fig. 6b). However, the FRET probe distance distributions of the two dimers
involving TM5 are expected to be not distinguishable in our FRET experiments (Fig. 6b).

In the first step of oligomerization contact sites in TM1 and helix 8 are involved.  The shape of
the distance distribution (determined by ourlinker simulation) and the concentration-dependent change in E,,,
(using MFIS-FRET titration experiments) should allow us to distinguish (i) oligomerization interfaces and (ii)
oligomerization pattern.

The concentration-independent FRET efficiency (Fig. 4) of the TGR5 Y111A variant suggests the preferen-
tial presence of homo-dimers. Therefore, it is a perfect variant to test which of our distance probe distributions
describes the FRET-induced donor quenching curve (f) best. Figure 7a shows the fits using a model with the com-
plete distance distribution (FRET and Non-FRET) of the corresponding dimer models (Fig. 6b, SI Table 4). Only
the distance distribution of the 1/8 dimer model gives a statistically satisfactory fit as judged by the weighted resid-
uals (w. res.) and the smallest ,>. Hence, TM1 and helix 8 most likely form the primary oligomerization interface.

From the same titration experiments, we conclude that TGR5 wt and TGR5 Y111F are able to form
higher-order oligomers because of the concentration-dependent increase in FRET efficiency (Fig. 4c). This
finding implies that at least a second interface should exist for TGR5 homo-oligomer formation. As shown in
Fig. 6b, the average apparent distances between fluorescent proteins attached to TGR5 helix 8 (without a cou-
pled G-protein) were 120 A for the (4/5) dimer model and 103 A for (5/6) model, respectively, and the effective
apparent oligomer distance for both patterns is approximately 49 A (brown curve in Fig. 7b) due to the presence
of multiple acceptors. We applied a dimer/tetramer simulation to our MFIS data to estimate the two correspond-
ing association constants (Fig. 7¢, SI Fig. 6) by analysing the dependence of the mean FRET efficiency E,,,,,, on
the ratio of donor to acceptor concentration (cp/c,). Moreover, the spread in the FRET efficiencies observed in
Fig. 7cis also caused by the distinct protein concentrations in the cell and is taken into account in the simulations
(SI Fig. 6a—c). For TGR5 wt and Y111F (K in 100 nM range), the simulations indicate that almost all dimers form
tetramers, whereas TGR5 Y111A forms predominantly dimers (K in pM range).

Discussion

We pursued a combined strategy applying cellular biology, MFIS-FRET, molecular modelling and simula-
tions with a focus on dimerization and higher-order oligomerization of TGR5. We studied the influence of a
mutation in the TGR5 ERY motif (TGR5 Y111A and Y111F) located in the transmembrane helix 3 (TM3) on
oligomerization.

For our oligomerization studies we replaced the tyrosine residue in the highly conserved “D/ERY” motif
in TM 3 and belongs to one of two clusters important for structural stability in GPCRs*. Mutation studies in
Rhodopsin showed that the tyrosine (Y) mutation alone did not or only marginally affect receptor function®!
regarding receptor expression, G-protein binding and ligand affinity in contrast to the residues D/ER. Consistent
with literature results*, the TGR5 Y111 variants, Y111A and Y111F, were normally localized at the plasma mem-
brane and activated by both bile acid agonists TLC and TC to a level comparable to TGR5 wt. These findings
implicated no obvious impaired ligand binding affinities or G-protein coupling. However, we observed signifi-
cant differences in oligomer formation between Y111A and Y111F as assessed by Co-IP experiments and FRET
measurements in live cells.

As the overall protein concentrations are very low (1-7uM), we can rule out any overexpression artifacts
due to proximity FRET (see SI notes). Therefore our MFIS-FRET titration data are best described with models
assuming formation of the 1/8 dimer as the first step in oligomerization (Fig. 7a). In the second step, we suggest
that TM5 (Fig. 7d) is involved as known from other oligomerization models of class A GPCRs'»'*%°, According
structural models were as templates for predicting the distance distributions in Fig. 7b. As shown in Fig. 7d and
SI Fig. 7, oligomer array configurations'>*% either could have a row or a rhomboid tetramer organization. One
might assume that TGR5 oligomers most likely resemble in a one-dimensional row-like array mediated by a sin-
gle oligomerization interface, because a single mutation in the ERY motif, Y111A in TM3, affects the association
significantly (factor 10).

As shown in Fig. 8, the Y111 residue can interact with TM4-TM5 or TM5-TM6 dependent on the oligomer-
ization. In both cases, the potential interaction sites involving TM5 can be affected during oligomerization. This
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a. Dimer (4/5): membrane view  b. Detailed view from cytoplasm

Figure 8. Influence of the Y111 residue on oligomerization. (a,c) The dimerization models of the (4/5) and
(5/6) interface are displayed as a grey colored cartoon viewed from the membrane. Residue Y111 located in
TM3 is depicted as a green sphere in each TGR5 monomer. (b,d) Blow-up of the region around residue Y111 to
show possible interactions between Y111 from one TGR5 molecule with residues in TM4 (green), TM5 (yellow)
and TM6 (orange) in a second TGR5 molecule.

observation is supported by two crystal structures: In the (4/5) model, as shown in CXCR4 (PDB ID: 30DU), a
charge-assisted interaction between Y111 and R146 (TM4) is possible; likewise an interaction is possible in the
(5/6) model between Y111 and R280 (helix 8), as shown in the j-opioid receptor (PDB ID: 4DK2).

It was reported that GPCR oligomerization could be affected by ligand binding!’, therefore we addressed this
question in a time-series FRET analysis by ligand stimulation with TC. From simulation experiments, we expect
that after G-protein binding the average apparent distances between TGR5-GFP and TGR5-mCherry get longer.
Effective oligomers distributions with and without G-protein are indistinguishable, because a distance distribu-
tion difference of less than 8 A is smaller than the anticipated accuracy of the models (see SI Table 5). In fact, the
MFIS-FRET measurements showed no change in FRET properties after TC treatment, an observation that is
also supported by literature?>. As an indicator of G-protein binding, we successfully proved cAMP increase after
ligand treatment in all TGRS variants, which has also been shown recently®*>**. We have no evidence that TGR5
oligomerization is affected by ligand treatment and subsequent G-protein coupling.

Itisnot too surprising that G protein activation does not change when reducing TGRS5 higher oligomer forma-
tion, because rhodopsin and 3-AR receptors in a monomeric, dimeric and oligomeric state, respectively, are capa-
ble to activate the respective G-protein'**4>, Moreover, as described by Scarselli et al.*®, PALM experiments
using a class A GPCR suggested that oligomerization remains unchanged by the addition of the agonist. This is in
line with our findings for our class A receptor TGR5 and the bile acid ligands. While the function of higher-order
oligomers for most GPCRs is still unknown, identification of dimer/oligomer interfaces will allow for targeted
disruption of dimer/oligomer formation and thus elucidation of the biological relevance of these complexes. This
has just been demonstrated for rhodopsin where disruption of dimerization with small peptides decreased recep-
tor stability*!. We recently showed that the loss of a-helicality in the TGR5 C-terminus, which constitutes the
major interaction surface in the 1/8 interface, severely impairs TGR5 membrane localization and activity®. One
can thus speculate that this influence on membrane localization and activity results from a distorted TGR5 dimer-
ization in the ER. Additionally, the design of bivalent ligands targeting a homodimer can reduce off-target effects
caused by the transactivation or inhibition of GPCRs in heterodimers*’. Knowledge of the primary dimerization
interface of a GPCR can guide the development of such bivalent ligands. The discovery that TGR5 forms higher
order oligomers and that Y111 is important for this process thus is the first step for deciphering and modulating
the functional relevance of TGR5 oligomerization.

To conclude, TGR5 wt forms homo-oligomers. Dimerization involves interaction contact sites in TM1 and
helix 8, while its oligomerisation additionally involves TM5. Both modelled patterns, (1/8)-5:6-(1/8) and (1/8)-
4:5-(1/8), are currently possible with Y111 forming charge-assisted and/or polar interactions with residues within
the mentioned interfaces.
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Methods

Multiparameter Fluorescence imaging spectroscopy (MFIS).  All measurements in live cells were
performed on an inverted confocal laser scanning microscope (FV1000 Olympus, Hamburg, Germany) addi-
tionally equipped with a single photon counting device with picosecond time-resolution (Hydra Harp 400,
PicoQuant, Berlin, Germany) with home built extensions for MFD as described in?®. Using a 60x water immer-
sion objective (Olympus UPlanSApo NA 1.2) the sample was excited with selected wavelengths (GFP at 488 nm
with 400 W, mCherry at 559 nm with 650 nW) of a NCH white light laser with a pulse-repetition rate of 40 MHz.
The emitted light was collected and separated into its parallel and perpendicular polarization and into its green
and red component (beam splitter 595DCLX, AHF, Germany). GFP fluorescence was then detected by single
photon avalanche detectors (PDM50-CTC, Micro Photon Devices, Bolzano, Italy) in a narrow range of its emis-
sion spectrum (bandpass filter: BS 520/35, AHF, Tiibingen, Germany). mCherry fluorescence was detected by
cooled hybrid detectors (HPMC-100-40, Becker&Hickl, Berlin, Germany, with custom designed cooling), of
which the detection wavelength range was set by the bandpass filters HC 607/70 (AHF). MFIS images were gen-
erated via raster-scanning the sample in a continuously moving beam manner. Images were taken with 20 s pixel
dwell time and a resolution of 103 nm per pixel. With 488 nm excitation, series of 40 frames were merged into
one image; with 559 nm excitation, series of 20 frames were merged together. Images were further analyzed using
custom-designed scoftware avallable from our homepage (http://www.mpc.hhu.de/software.html). Description of
sample preparation and microscope calibration can be found in the SI methods 1 and 2.

Pixel-integrated, time-resolved =(t) illustration. To identify appropriate pixel in the cells for fur-
ther pixel-integrated analysis, we computed all fluorescence parameters for each pixel and selected the pixels
in 2D-histograms of several FRET indicators (see SI methods 2 pixel-wise analysis). A pixel population with
homogeneous properties was selected and then integrated for subsequent pixel-integrated sub-ensemble analysis.
The time-dependent FRET parameter £(¢) contains information on the underlying FRET-rate distribution and is
proportional to the probability that FRET occurs at a certain time. After pixel selection, £(f) was plotted for direct
visualization of molecular species with different FRET efficiencies in sub-ensemble data. £(f) is calculated as the
ratio of normalized fluorescence decays of the FRET sample fr,)(£) and donor-only sample, fr,(f) (see eqs 3-4).

£ = fD(A) ®)
Fpew @ m
With f, 0 (0 =2(8) - f 0, (B @)

() is the probability density function of the occurring FRET governed by FRET rate constant(s), kgppr. The
decaying part of £(f) represents the features of FRET: high- or low-FRET can be directly read out from the decay
slope. The amplitude of the decaying part indicates the FRET-active species fraction, xppp Accordingly, the offset
of £(f) is the FRET-inactive fraction, (1 — xpggyp).

Pixel-integrated MFIS-FRET analysis using keper models.  To determine FRET parameters from
pixel-integrated, sub-ensemble data the reference samples were fitted by a multi-exponential relaxation model
accounting for a multi-exponential fluorescence decay of the donor in the absence of FRET:

Fo O = 3457 - expl—£- kg™) (3)

in which m = 3 considers that FPs in living cells usually show at least a bi-exponential characteristic™. Fit param-

eters in donor decay include three normalized pre-exponential factors xDm) (Ex(Dm) = 1) and three decay rate
constants kgﬂ), which are the reciprocals of fluorescence lifetimes. The quenched donor decay fr ;,(£) is given by:

Fo @ = ngm’~ expl(—f - (k57 + kgppr)) "

and kpgpyis the FRET rate constant. The fitted parameters in the 1 — kppprmodel are xpgppand kpgpr.

From the =(f) diagrams it’s clear that our data have to be fitted with s = 2, then we say it’s a two-state model,
from which we obtain two FRET rate constants and therefore two apparent distances. The quenched donor decay
o (®) ineq. 4 is now extended:

Fogsy O = 257 Gt o= 7+ k) + iy op 0 7))
&)

kl%?iET’ k)%ET are the FRET rate constants and FRET species fractions, XI(T}Q)ET’ xgrpr- 10 the FRET-samples mole-
cules not performing FRET are considered as No-FRET fraction. Each FRET rate constant is converted to an

apparent distance Rélli)ﬁpp

R(l) —R . (k(i) Cr )*%
DA,app — &0 ERET * 70 (6)

in which the unquenched GFP fluorescence lifetime is 7,= 2.4 ns and the Forster radius between GFP and
mCherry is R,= 52 A (including static k* = 0.476).
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Mean energy transfer efficiency. The mean (steady-state) transfer efficiency E,,,,, is obtained using the
FRET fractions and the apparent distances (Rp, 4,) obtained from eq. 6.

x) n %,
1+ (RDA,app—1/R0)6 1+ (RDA,app—2/R0)6 (7)

Emean =

Effective energies of linker/GFP conformations in the presence of TGR5 dimers and an implicit
membrane. Molecular dynamics simulations of GFP bound to a linker have been performed as detailed in
the SI methods. Snapshots of the MD simulations of the linker/GFP construct extracted in intervals of 50 ps were
stripped of water molecules and ions, and the principle axis with the lowest moment of inertia of the first residue
of the linker was aligned along the z-axis. The snapshots were then rotated in steps of 90° around the z-axis to
increase the sampling density and subsequently placed in proximity to residue 295 of either TGR5 monomer for
any of the TGR5 dimers (1/8 interface; 4/5 interface) (SI Fig. 4). For each snapshot, the effective conformational
energy E.gecive conf (1.€., the sum of gas phase energy and solvation free energy) was computed using the FEW™™
program®%, with the TGR5 dimers embedded in an implicit membrane of 34 A width and using dielectric con-
stants of 34, 4, and 1 for the outer to inner membrane slabs with a width of 5, 6, and 6 A, respectively (SI Fig. 4)°%%;
for water and protein, dielectric constants of 80 and 1 were used, respectively. The counter ion concentration for
the APBS calculation® was set to 0.15 mM. For all other parameters, default values as set in FEW™™ were used.
All snapshots in which GFP penetrated the membrane, or in which GFP or the linker clashed with the TGR5
dimer, were omitted, leaving ~10.000 snapshots for the analysis. The distribution of the C-alpha atom of the cen-
tral residue of the fluorophore from these snapshots shows that GFP essentially moves within a hemisphere on the
cytosolic side of the membrane beneath the dimer (SI Fig. 4).

Thermodynamic Ensemble (TE) using explicit linker/GFP configurations.  Fromthe explicitlinker/GFP
configurations, the thermodynamic ensemble (TE)-distribution is computed as a weighted average of the linker
distance. The weights were determined according to a Boltzmann distribution

—AG
PBoltzman =€ RT (8)

R isthe gas constant, T'is 300K, and AG is the difference between the Gibbs energy of the current snapshot and

the energetically most favorable one. G is determined as the difference between E, g e cons (s€€ section above)
and the contribution from the configurational entropy S

G= Eeﬁ”ec[we,tmf. - 715 (9)

We assumed that S is dominated by the configurations of the linker, whereas configurations of GFP are assumed
to provide no contribution. This seems justified given that GFP is structurally much more stable than the linker:
the linker largely consists of the TGR5 C-terminus, a part of GPCRs that has either been not fully resolved in any
GPCR structure due to its high flexibility**-*° or, when resolved in small parts, shows random coil formation®.
Thus, we considered the linker a random hetero-polymer for which low energy conformations can structurally
vary largely. Therefore, a random energy model®” was used to describe its energy landscape. According to the
random energy model, the entropy of a configuration with a given Ey,orire, cont 5%

§$=RIn 0P (10)

with (2 being the overall number of conformational states. The probability of occurrence P for each energy state
is obtained from

B (Eeﬁective,mnf. - M)Z
207

P= ! exp
Yoo’

an

with 1 being the mean and o the standard deviation of the frequency distribution of Eg,cive cone. The assumption
underlying eq. 11 is that the energy is Gaussian distributed®, which is approximately fulfilled in our case (data
not shown).

MM-PBSA calculations show a range of By, ctiye, cont Of several hundred kcal mol~! for proteins of sizes similar
to that used in the present study*®*®. In agreement with this, E.z, e cons computed for the linker/GFP configu-
rations attached to the TGR5 dimer spans a range of ~1.000 kcal mol~!. However, such an energy range would
lead to unrealistically low probabilities for the higher energy configurations. We thus linearly scaled E, . ciive cont
such that the linker/GFP configuration with the highest energy has a probability of occurrence in a Boltzmann
distribution of 1/Q) (SI Fig. 4). Finally with the scaled energies, P (eq. 11), S (eq. 10), and G (eq. 9) were calcu-
lated, and from these the weights according to eq. § for the weighted average of distances between 35 and 90 A
(SI Fig. 4).

To conclude, the TEs were constructed by explicit peptide linker/GFP MD simulations followed by calcula-
tions of conformational free energies (eqs 8-11) to weight each linker-GFP configuration. In the TE approach, the
weights of the points obtained from the explicit linker model were used to assign the weights of the inter-probe
distances.
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Supporting Tables

Supporting Table 1: Parameters for determination of the corrected green to yellow fluorescence
intensity ratio Fp/F4 necessary for the 2D histograms. The background B was determined from
untransfected cells. The green to yellow fluorescence intensity ratio (Fp/F4) was corrected for
crosstalk (characterized by the crosstalk factor a), background {B), detection efficiencies of D
(ge) and A (gy). The acceptor fluorescence used for 2D-FRET must also be corrected for
additional direct acceptor excitation DF and relative concentration dependent brightness [2F,.;.
All samples were corrected for distinct fluorescence quantum yields @ and a spectral shift factor

v (especially for TGR5 Y111A) which is considered in the corrected green detection efficiency

(gc™).
« {Bg) [kHz] (By [kHz] 7 o DE,q [kHz]

wt 0.09 0.3 1 1 1 DA1:10= +0.76
DA1:40= +3.78

Y111A | 0.28 0.3 2 0.61 1.125 DA1:10= +4.28
DA1:40= +0

Y111F | 0.1 0.3 1 1 1 DA1:10= +1.76
DA1:40= +3.02
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Supporting Table 2: Parameters for &) diagram in Fig. 4 for each TGRS variant. The

X X

parameters b0-b4 are obtained from the fit equation /' =h,+h e ” +b,-e * . by determines the

Non-FRET fraction (Donly fraction), b; and bs are the two FRET fractions and b, and by are the

corresponding decay times. Supporting Figure 2 shows how to generate and interprete (1)

diagrams.

TGRS Fit DA1:3 DA1:5 DA1:10 DA1:20 DA1:40

wi b,: 0.90 0.84 0.89 0.81 0.82
b, : 0.01 0.04 0.03 0.04 0.04
b,: 0.30 0.18 0.23 033 0.46
b,: 0.09 0.13 0.08 0.10 0.15
b,: 5.70 8.04 1.89 3.80 5.12

Y111A by : 0.42 0.42 0.45 0.43 0.43
b, : 0.02 0.01 0.1% 0.03 0.03
b, : 0.73 0.63 5.28 0.56 0.72
b: 0.55 0.56 0.36 0.55 0.55
b,: 6.09 5.02 5.26 4.48 4.90

Y111F b,: 0.73 0.74 0.69 0.68 0.77
b, : 0.11 0.06 0.18 0.09 0.02
b,: 5.73 2.7 3.88 2.30 0.43
b: 0.15 0.19 0.13 0.23 0.21
b,: 771.45 90.75 765.84 24.83 2.80
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Supporting Table 3: Sequence Information for AV-simulation. Untranslated region, TGRS

coding sequence, linker and GFP (4EUL) or mCherry (2H5Q) sequence of the analyzed TGRS

variants are summarized and used for TGRS dimer and oligomer simulations. The position of the

Y111 residue in the ERY motif for mutagenesis is highlighted. Sequences with unknown

secondary or tertiary structures are underlined and are kept flexible in AV simulations.

TGRS wt-I'P

S'UTR

none

TGRS

MTPNSTGEVPSPIPKGALGLSLALASLIITANLLLALGIAWDRRLRSPPAGCFFL
SLLLAGLLTGLALPTLPGLWNQSRRGYWSCLLVYLAPNFSFLSLLANLILVH
GERYMAVLRPLQPPGSIRLALLL TWAGPLLFASLPAL GWNHWTPGANCSSQA
IFPAPYLYLEVYGLLLPAVGAAAFLSVRVLATAHRQLQDICRLERAVCRDEPS
ALARALTWRQARAQAGAMetLLFGLCWGPYVATLLLSVLAYEQRPPLGPGTL
LSLLSLGSASAAAVPVAMetGLGDQRY TAPWRAAAQRCL QGIL WGRASRDSP
GPSTAYHPSSQSSVDLDLNY

Cloning Linker

GSTGRH

GFP (4EUL)
= donor (D)

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY GKLTLKFICTTG
KLPVPWPTLVTTFGYGLQCFARYPDHMKQHDFFKSAMPEGY VQERTIFFKDD
GNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD
KOQKNGIKVNFKIRHINIEDGSVQLADHY QQNTPIGDGPVLLPDNHYLSYQSALS
KDPNEKRDHMVLLEFVTAAGITLGMDELYK*

mCherry

(2H5Q)
= acceptor (A)

MVSKGEEDNMANKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLK
VIKGGPLPFAWDILSPQIFMYGSKAY VKHPADIPDYLKLSFPEGFKWERVMNF
EDGGVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPVMOQKKTMGWEASSERM
YPEDGALKGEIKQRLKIKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDIT
SHNEDYTIVEQYERAEGRHSTGGMDELY *

92




Publication II — Supporting Information

Supporting Table 4: Comparison of results from different fit models. Donor fluorescence

lifetime decay histograms in presence of acceptor in TGRS variants are fitted based on 2k-FRET

and AV simulated distance distributions for different dimer (1/8), (4/5) and oligomer (1/8)-4:5-

(1/8) interfaces with only one fit parameter — Donly fraction. Interface dimer (4/5) yields very

low Donly fractions compared to all other models: it is known that ~30 % of mCherry aceceptor

dyes are not active in cells; hence at least ~30 % Donly fractions are expected. Based on this we

concluded that interface dimer (4/5) as the primary dimer interface in TGRS variants are less

likely. wt' is DA1:3, all other DA ratios are 1:20.

wt' wt Y111A Y111F
Donly X Donly X Donly X° Donly X
fraction fraction fraction fraction
Two krzr 0.74 1.61 0.64 1.59 0.69 1.39 0.62 161
dimer (4/5) 043 1.65 0.00 1.83 0.00 4.94 0.14 1.54
dimer (1/8) 0.82 1.91 0.67 2.68 0.58 2.61 0.74 1.83
oligomer n.d nd 0.74 2.82 0.65 2.86 0.78 1.588
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Supporting Table S: Overview of the mean distances (Rp,) calculated for the possible

tetramer models with or without G-Protein. The primary interfaces for dimerization are in

brackets (x/x) and secondary interfaces for oligomerization are abbreviated —x:x-. The numbers

are the corresponding (transmembrane) helices involved in binding interactions. The apparent

mean distances (Rpa)app of each label pair involved in dimerization are bold. A schematic

presentation of the tetramer models is shown in Supporting Figure 4. For example in the model

(1/8)-4:5-(1/8) (with G-Protein always determined as label C, even when it is absent) label pairs

A-E and B-D with the primary interfaces (1/8) show a distance 59-66 A measured between the

fluorescent proteins attached to helix 8, and the label pair A-B with the secondary interface -4:5-

shows a mean distance of 133 A. Further calculated distances in this oligomer are measured from

label pairs A-D, B-E, B-D and are comparable to the distances obtained from A-B.

(R, [A]
with G-Protein without G-Protein
Label pair | (1/8)-4:5-(1/8)  (1/8)-5:6-(1/8) (5/6)-4:5-(5/6)] (1/8)-4:5-(1/8)  (1/8)-5:6-(1/8) (5/6)-4:5-(5/6)
A-B 133 119 128 98 94 103
A-D 134 63 128 97 64 120
A-E 66 129 65 58 93 72
B-D 59 108 64 57 91 69
B-E 131 80 116 99 71 106
D-E 136 123 104 101 94 103
7
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Supporting Figures

Supporting Figure 1
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Supporting Figure 1: Live cell imaging and MFTS analysis of TGRS donors

(a) HEK293 cells, transiently transfected with TGR5-GFP and TGR5-mCherry (transfection
ratio 1:10), were imaged for co-localization of GFP and mCherry using sequential scanning and
a scanning resolution of 1024 x 1024 pixels. Each TGRS5-GFP and TGR5-mCherry picture is
shown in a false color saturation mode and then overlaid by using green and vellow intensity
colours. TGR5-GFP and TGRS5-mCherry wt, Y111A and Y111F (from top to bottom) are clearly
co-localized at the cell membrane. Scale bar 10 pm. (b) MFIS analysis of TGRS transfected

8
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HEK293 cells by comparing (from left to right and top to bottom row) the GFP fluorescence
intensity, mCherry fluorescence intensity, the donor fluorescence lifetime (7pp ) and mCherry
photons after excitation of GFP (Sya). The fluorescence-averaged donor lifetime in the absence
of an acceptor (Tpm,y in the Y111A variant is 2.8 ns compared to 2.4 ns for Y111T. The
presence of green photons in the yellow channel is due to a higher crosstalk, background and red
shift in the Y111A variant. (¢) GFP was excited at 488 nm and emission spectrum was measured
from 495 nm to 700 nm in a 2 nm step size and a 2 nm spectral band width at Olympus
FluoView1000 microscope. TGRS wt-GFP shows the typical emission maximum at 510 nm,
whereas TGRS Y111A-GFP shows a 13 nm red shift towards 523 nm. Three cells for each curve
were measured, the background was subtracted and the average intensity normalized to the

maximum. The Y111A MFIS data were corrected for the spectral shift.
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Supporting Figure 2

Raw fluorescence signal to
generate fluorescence
decays fit) from reference
measurement /;,,({) and
FRET measurement f,,., (1)

tin]
&)= frouw® / Fpolt
v

Tpy = 0.03
Ton = 0.46 ns

0.18

FDA, dofal

£(1)

g = 0.15

Thas ™ 512ns || x, =082

0 5 10
time [ns]

Supporting Figure 2. Guideline for presentation and interpretation of £@) diagrams: In the
first step, the raw fluorescence signal decays f{#) from the reference measurement frp(t) (green)
and from the FRET measurement fpu)(t) (red) are selected and corrected with the instrument
response function curve (/RF, blue) for a time shift. In the second step, the fpu(?) decay is divide
through fnm(?) decay (eqation (1) in main text). The resulting decay g(#) is normalized to 1 and
plotted versus time in ns. As example the TGRS wt DA1:40 experiment is used. In this case the
non-FRET fraction xp (b0 in Table §2) is 0.82. The corresponding total FRET fraction xpy sosar 18
0.18. As the decay is clearly bi-exponential, two FRET fractions xp4 j, xp42 (b1, b3) and the
corresponding fluorescence lifetimes Tpq s, Tpaz (b2, b4) are resolvable by the equation used in

Table S2.

10

97



Publication Il — Supporting Information

Supporting Figure 3
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Supporting Figure 3: Fit fluorescence decays with different models for TGRS variants.

Fitting the sub-ensemble fluorescence decays of the FRET samples (DA1:10) with kprpr models
showed that two FRET rates are necessary to fit these data accurately. The decays of Donly
(TGR5-GFP) and FRET samples are in olive and red, respectively. The fitted decay with the 2-

krrer model and the fitting residuals are plotted in black. The fitting residuals with 1-kgrgr model

are plotted in grey.

11

98



Publication Il — Supporting Information

Supporting Figure 4
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Supporting Figure 4: Time-series analysis after TC ligand stimulation.

HEK?293 cells were transiently transfected with TGR5-GFP alone (Donly) or with TGR5-GFP
and TGR5-mCherry with the D/A ratio of 1:10. To study changes in FRET after ligand addition,
three cells were selected using the Olympus Time laps function and measured at different time
points, including before adding 10 uM TC (without), immediately after TC addition (t=0), 10
min after and 20 min after. The apparent distances Rp, species fractions were fitted using self-
made software. (a) The apparent distances are plotted versus time. Each peint represents the
average of nine cells (three measurements with three cells). (b) The species fractions X(R1),
X(R2) and the Non-FRET fraction X{Donly) at four time points (representing without TC, t=0,
t=10 min and t=20 min) are plotted, but no substantial change due to ligand addition could be

detected. Orange=R 1=high FRET distance, red= R2=1low FRET distance, green=Donly fraction.
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Supporting Figure 5
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Supporting Figure 5: Explicit linker/GFP simulation and probability distribution of

linker/GFP configurations.

(a) Starting structure of the TGRS 4/5 dimer (grey) and of the linker and GFP after the initial
minimization (green). The linker and GFP were simulated separately from the TGRS dimer; the

structure shown here illustrates one of the composite models used for the MM-PBSA
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calculations. At the ‘wad’ in the middle of the linker, several proline residues are present. The
positioning of the implicit membrane slabs is shown in colored bars next to the TGRS dimer. The
bars on the left show the thickness of each membrane layer used in the FEW™™ calculations,
while the bars on the right show the respective electric permittivity. (b) Frequency distribution of
Gibbs energies (equation (9) in the main text) relative to the energetically most favorable
snapshot after linear scaling (see main text). (¢) Probability distribution of the Boltzmann-
weighted distance between the fluorophore and the N-terminus of the linker. (d) + (e). Ensemble
of linker/GFP configurations represented in terms of the C-alpha atom of the central residue of
the fluorophore generated by MD simulations with added rotations in relation to the TGRS 4/5
dimer (grey) in side (d) and exoplasmic view (e). The coloring of the C-alpha atoms corresponds
to their probability ranging from lowest (blue) to highest (red). Conformations with a low

probability are more frequently found in close contact to the dimer.
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Supporting Figure 6
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Supporting Figure 6: Characterization and estimation of the association constants with a

dimer/tetramer fit model.

HEK?293 cells were transiently transfected with TGRS wt (left plots) or Y111A (right plot) donor
to acceptor ratios varying from 1:3 to 1:40. (a) The total protein concentration [D]s+[A]s (eq.(4-
6) and the FRET species fractions xprpr Were obtained from MFIS measurements and plotted to
calculate the dissociation constant Kp. The FRET species fractions calculated from different D/A
ratios were distributed equally in a concentration range of 1-7 uM. From these data Kp cannot be
directly determined. The upper limit for Kp should be less than 1 uM. (b) The real donor [D]o
and acceptor [A]o concentrations from the D/A transfection experiments were plotted for wt and
Y111A to estimate differences in experimental and real concentration ratios between donor and
acceptor. (¢) Emean increases in an [A]o dependent manner in wt but not in Y111A transfected
cells. (d) Overview on the concentration ranges of donor and acceptor and its influence on Emean,
whose size i1s depicted in color. Variant specific interaction patterns are readily visible. (e)
Description of our data by a minimal dimer/tetramer model to. In this model we assume that a
tetramer is constituted of a dimer of dimers. In a tetramer the sum of donor, acceptor and
unlabeled molecules is constant (eqs. (7-9)). Six tetramer configurations for a case of two
acceptor (red) and two donor molecules (green) are possible. (f) Composition of a simplified
rectangular tetramer molecule with random arrangement of two donors and two acceptors
according to a linear organization of the GPCR. The positions of the green and red circles in the
pentagram represent the fluorescent proteins attached to helix 8. (g) Probabilities of all tetramer
species composed of a certain number of donor and acceptors (1D1A, 3DI1A, 1D3A, 1D2A,
2D2A) in dependence of the acceptor to donor ratio. In our case the most probable scenario is the

2D2A case which describes our data best.
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Supporting Figure 7

A. (1/8)-4:5-(1/8)

Supporting Figure 7: GPCR tetramer organization and AV simulations.

(a)-(c) Cartoon presentation made with the fiee software PyMol * from the membrane view
(right) and cytoplasmic view (left) for three possible tetramer organizations. The labels A, B, D
and E refer to the TGRS5 monomers and are used for distance distribution calculations

(Supporting Table 5). The corresponding dimers are colored in light grey or dark grey.
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Supporting Notes

Proximity FRET

Pixel-wise analysis of the fluorescence data in TGRS Y111A compared to wt and Y111F showed
strong differences in the FRET properties, which were only detectable in an acceptor
concentration-dependent manner (Figure 4, main text). Thus, we tested whether the observed
FRET could simply be caused by a very high local concentration of acceptor proteins in the
membrane, so that donor and acceptor are in proximity even though they do not interact. This

phenomenon is called “proximity FRET.

Due to the single-molecule sensitivity of our confocal microscope, we could perform FRET
experiments with acceptor concentrations of ~1-6 uM in 1.23 fl, which corresponds to a
molecule density of less than ~0.02 acceptor molecules/nm’. According to King et al?,

proximity FRET is negligible (E < 0.1) at these concentrations.

The pixel-integrated, time-resolved FRET analysis () supported the pixel-wise analysis and
clearly demonstrated the presence of different FRET species in TGRS wt and Y111F and

therefore the formation of higher-order oligomers as compared to Y111A.
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Supporting Methods

1. Molecular biology
Cell culture reagents

Cell culture media were from PAA (Coelbe, Germany). Foetal calf serum (FCS) was from
Biochrom (Berlin, Germany). Taurolithocholic acid (TL.C), Taurocholic acid (TC) and Forskolin
(F) were purchased from Sigma-Aldrich (Taufkirchen, Germany) and Calbiochem (San Diego,

CA, USA), respectively.
Cloning of TGRS

Human TGRS was cloned as previously described *, Constructs were cloned into the pcDNA3. 1+
(TGRS5-pcDNA: complete CDS; TGR5-His: stop codon in complete CDS replaced by C-terminal
8xHis-tag), pGFP-N1, and pmcherry-N1 (stop codon in the complete CDS replaced by a
restriction site) vectors. The FLAG-TGRS-YFP construct with an N-terminal FLAG-tag and a C-
terminal YFP-tag was cloned into the pEYFP-N1 vector. All vectors were from Clontech, Palo
Alto, CA. The Y111A and Y111F mutations were introduced into different TGRS ¢DNA
constructs using the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, USA) *. All cloning strategies and mutagenesis primer sequences can be obtained upon
request. Successful cloning and mutagenesis was verified by sequencing (GenBank accession

numbers: TGR3:NM_001077191.1).
Immunofluorescence and confocal laser scanning microscopy

Human embryonic kidney 293 (HEK293) cells and Madin Darbin canine kidney cells (MDCK),
grown on glass coverslips or transparent filter wells, were transiently transfected with TGRS wt,

YI111A or Y111F in pcDNA3.1+ and pEYFP-N1 vectors using Lipofectamine2000 (Invitrogen)
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for 48 h according to the manufacturer's recommendations. After fixation with -20°C cold
methanol for 30 sec, cells were incubated with RVLR2 ® antibody against TGRS and Cyanine-3
(1:500) conjugated secondary antibodies, which were purchased from Dianova (Hamburg,
Germany). Nuclei were stained with Hoechst 34580 (1:20000; Invitrogen). Images were
analysed on a Zeiss LSM310META confocal microscope using a multi-tracking modus. A 63 x

objective and a scanning resolution of 1024 x 1024 pixels was used for all samples.

Flow cytometry

TGRS plasma membrane protein amount was quantified by flow cyvtometry (FACS) using a
FACS-CANTO-II (BD Biosciences; Heidelberg, Germany) as previously described *+6. HEK293
cells were transiently transfected with the FLAG-TGR5-YFP constructs using
Lipofectamine2000. The N-terminal FLLAG-tag was detected with the anti-FLLAG M2-antibody
(Sigma-Aldrich) using the Zenon PacificBlue Label-Kit (Invitrogen) according to manufacturer's
instructions. TGRS plasma membrane expression was calculated by the amount of FLAG-tag
positive cells divided by the total amount of TGRS positive cells as determined by YFP-

fluorescence.
Reporter gene assay

HEK293 cells were transiently transfected with TGRS wt and TGRS Y111A and TGRS Y111F
variants in the pcDNA3.1+ construct (0.5 ug), pEYFP-N1-empty vector (1.1 ug)., reporter
PlasmLuc (1.6 ug; Bayer AG; Leverkusen, Germany), and Renilla expression vector (0.1 pg;
Promega;, Madison, WI, USA) using Lipofectamine2000. The PlasmLuc-reporter gene construct
contains 5 cAMP-responsive elements (CREs) upstream of the luciferase gene. Luciferase
activity was normalized to transfection efficacy, which was monitored by cotransfection with the
Renilla expression vector, and served as measure for the rise in intracellular cAMP. Luciferase
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activity was determined 16 hours after stimulation with DMSOQ, TLC or Forskolin 6 The
increase in TLC- and Forskolin-dependent luciferase activity is relative to the DMSO

stimulation, which was set equal to 1.0.
Co-immunoprecipitation

HEK293 cells were cotransfected with TGRS-YFP and TGRS-His. Cells transfected with the
empty vector (pcDNA or pEYFP-N1) and only one of the TGRS ¢DNAs (TGRS5-His or TGRS5-
YFP) served as controls. Cells were lysed with a buffer containing 50 mM Tris-HCI pH 8.0, 1%
Nonidet® P40 (AppliChem) and complete protease inhibitor cocktail tablets (Roche). Protein
concentration was determined by Bradford assay, and 0.05 mg protein from each sample was set
aside as input control. 1.6 mg protein from each sample was used for immunoprecipitation with
the uMACS His-tagged protein isolation kit (Miltenyi Biotec, Bergisch-Gladbach, Germany).
His-tagged TGRS5 was labelled with the anti-His microbeads and loaded onto the MACS
columns. His-tagged proteins were eluted from the columns with 60 pl elution buffer and divided
into two equal samples of 25 ul each. These as well as the input control samples were subjected
to deglycosylation using the N-glycosidase-F Kit (Roche Diagnostics, Mannheim, Germany) for
10 min at 37°C. The deglycosylation reaction was stopped with 10% Laemmli buffer, heated to
95°C for 3 min. IP samples and input controls were separated by SDS page and proteins were
transferred to PVDF membranes. His-tagged proteins were detected with the HRP-coupled anti-
His antibody (dilution 1:5000, Miltenyi Biotec). YFP-coupled proteins were detected using the
HRP-coupled anti-GFP antibody (dilution 1:53000, Miltenyi Biotec). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was detected with an antibody from GeneTex (dilution
1:10000) and a secondary HRP-coupled anti-mouse antibody (dilution 1:10000, Dako).

Densitometry was performed using the Totallab-100 software (Nonlinear Dynamics, Durham,
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NC). The relative amount of TGRS oligomerization was calculated by dividing the amount of
TGR3-YFP protein through the amount of TGR35-His protein. Wildtype TGR3-YFP/TGRS3-His

was set to 1.0.

2. MFIS-FRET: microscopy and analysis

Sample preparation for MFIS-FRET experiments

For live cell experiments HEK293 were seeded on 8 well chambered glass slides (Labtek,
Nune, USA) one day before transfection. Cells were transiently transfected with 0.5 pg DNA at
a density of about 80% using FuGene6 (Promega) according to the manufacturer’s protocol 24
to 48 h before analysis. Cell vitality and successful transfection was visually inspected before

MFIS measurements.

Microscope calibration

Calibration measurements with Rhodamine 110 delivered the G-factor & = Sg,/Sg for the GFP
emission wavelength range (green channels). The G-factor accounts for the detection efficiency
difference between detectors of both polarizations (g, and g). The instrument response function
(IRF) was measured with the back-reflection of the laser beam using a mirror and was used for
iterative re-convolution in the fitting process. Furthermore, untransfected cells and water were

measured at 488 nm and 559 nm for background determination.

Time series experiments of TGRS stimulation by Taurocholic acid (TC)

To study the effect of bile acid agonists on the FRET parameters we used the water-soluble
ligand TC, because addition of DMSO (necessary to dissolve TLC) affects the fluorescence
signal significantly. For the time series experiments the time laps viewer function supplied by

Olympus LSM was used. The motorized table was calibrated, and three cells were selected and

22

109



Publication II — Supporting Information

monitored over a 40 minutes time period. FRET measurements were taken every 10 minutes:
before the addition of TC immediately after addition (+ = 0 min), and after ten and twenty
minutes (f = 10 min; r = 20 min). Cells were excited with 488 nm and 559 nm laser light as

described above. Where necessary, changes in focus and system drift were corrected.
Pixel-wise analysis

To determine fluorescence-weighted lifetimes in a pixel-wise analysis, the histograms presenting
the decay of fluorescence intensity after the excitation pulse were built for each pixel with 128 ps
per bin. We used a maximum likelihood estimator (MLE) to determine the fluorescence-

weighted averaged lifetime of donor molecules (7pu))r in a single pixel using a model function

containing only two variables, (7p.y)s and the scatter contribution fraction.
MFIS-FRET 2D histograms

For oligomerization analysis, we plotted the 2D histograms of donor lifetime {zp.4))r vs the green
to yellow fluorescence intensity ratio (Fp/Fy) (see equations (2) and (3)) corrected for crosstalk
(characterized by the crosstalk factor a ), background (B), detection efficiencies of D (g¢) and A
(2y). The acceptor fluorescence used for 2D-FRET must also be corrected for additional direct
acceptor excitation DFE and relative concentration dependent brightness DFE,.;. Furthermore all
samples were corrected for distinct fluorescence quantum yields @ and a spectral shift factor y

(especially for TGRS Y111A) which is considered in the corrected green detection efficiency

(86%).

S.—(B.) (1)
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_ S, (B )+DE,)-a(S; —(B,)) (2)
&y

F

A

The crosstalk factor a is determined as the ratio between donor photons detected in the yellow
channels and those detected in the green channels for the Donor only (Donly) labeled sample.
The corrected detection efficiency gg* is determined as the ratio of the spectral shift influenced
by green detection (0.69) and expected green detection (1.12) multiplied with the quantum vield
Dy1114 obtained from a self-made detection efficiency software. The Fp/Fa parameters for each

variant are provided in Supporting Table 1

The simultaneous reduction in both FRET indicators {zp.y)r and (F'p/ly) indicate FRET due to
proteins interaction. For a given sub-population selection of the donor fluorescence decay
histogram with 32 ps time resolution was constructed for further pixel-integrated sub-ensemble

analysis, and the species-averaged fluorescence lifetime of the donor (zpu)). was calculated

based on fit results (species fractions x; and lifetimes 7p.))

(TD(A)>I = Zn:xf T o ®
i=1

# is the number of exponents used in donor fluorescence lifetime fitting.
Determination of acceptor and donor concentration from MFIS experiments

TGRS5 monomers were either labelled with donor or acceptor fluorescent proteins and transiently
transfected mto cells with different donor-to-acceptor concentration ratios. The fractions of
active donor (denoted as D) and active acceptor (denoted as 4) is fp and f respectively. The rest
are inactive FPs, which we considered as dark (i.e. no fluorescence emission) and dysfunctional
(i.e. FRET-negative). To calculate the protein concentrations from fluorescence intensity, the

detection volume of our microscope and GFP and mCherry brightness are required. The
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detection volume was determined as 1.23%*10™° | from FCS measurements of Cyanine 3B
(Cy3B). The fitting model applied to the obtained FCS curve assumes a 3-dimensional Gaussian-
shaped volume, and a single diffusing species including transitions to a triplet state as described
in ’. The brightness of enhanced GFP and mCherry in vivo were individually characterized from
FCS measurements of freely diffusing FPs in cytoplasm. We found that with 0.6 uW of 559 nm
laser excitation at the objective, mCherry brightness is 0.68 kepm in cytoplasm. With 0.4 pW of

485 nm laser excitation at the objective, GFP brightness is 0.56 kepm in cytoplasm.

The average mCherry fluorescence intensity of an image with mCherry excitation (Svv) was first
corrected for detector dead time, and then used to calculate the total concentration of mCherry,
[4]o, with the determined detection volume and the mCherry brightness:

_ SEy )
brightness [kcpm] = confocal volume [fI]

[Alo

n
SY,Y

~ 0.68 kepm + 0.8 [l

The average GFP fluorescence intensity of an image with GFP excitation was also corrected for

detector dead time, and then the obtained intensity (S7 ) was further corrected for the

quenching effect due to FRET:

Sm
Soo= oL (5)
o (1_ xFRET)+xFRET '(I_E)

S 18 the unquenched GFP fluorescence intensity in the absence of FRET, the energy transfer
efficiency E and fraction of FRET-active population, xrrgr, were calculated as described in the
main method sections. Sg ¢ was then used to calculate the total concentration of GFP, [D]o. The

wavelength dependent confocal volume is 0.5 fl.
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Assuming the concentration of the FPs reflects the concentration of their host proteins, the TGRS

concentration (without non-fluorescent molecules) in uM was determined as:

protein concentration = [A]U + [D]O =cytcp (6)

Estimation of the association constants for oligomerization

The total protein concentration and the protein association constants have to be considered to
determine the oligomerization state or the chemical speciation. To calculate the transfer-
efficiency for a given oligomerization the spatial organization of the molecules within the
oligomers and the concentration of donor, acceptor and non-fluorescent molecules has to be
considered. The total protein concentration (equation (6)) is given by the sum of the acceptor,

the donor and the unlabeled protein concentration:

¢ =c,+cy+¢; (7)
Here the unlabeled protein concentration ¢, equals the concentration of immature mCherry. The
protein concentrations were calculated using the brightness of free GFP and free mCherry as
reference Even though higher-order oligomerization is anticipated we used a simple
dimer/tetramer model to describe our data as this allows for a quantitative description. In this
model we assume that a tetramer is constituted of a dimer of dimers (Supporting Fig. 6). Hence,

starting from a monomer two equilibriums have to be treated:

oto = oo K = [oo] ®)
[e][e]
cotoo —> (oo)eo) K, _ [(0oXoo)]
[oo][o0]
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Here o is a monomer, oo a dimer and (00)(00) is a tetramer. We use the monomer o as a master

species. Then the total protein concentration is given by:

¢ =[o]+2-[oo]+ 4-[{0o)0o)] )
Now, the concentrations of the three species o, oo and (00)(00) for any given the total protein

concentration is obtained by solving the three equations above.

To calculate the transfer efficiency we assume that donor, acceptor and unlabeled molecules
behave biochemically identical. Hence, the probability of an oligomer composition is given by
the probability of finding a donor, acceptor or unlabeled molecule and the counting statistics.
The probabilities of finding a donor, acceptor or unlabeled molecule depend on their respective
concentrations. For instance the probability of an acceptor molecule is given by the respective

species and total protein concentration:

c, (10)

In a tetramer the sum of donor, acceptor and unlabeled molecules is constant. The probability of

a certain tetramer composition is obtained by the multinomial distribution:

P(”p:”Asnu)ZN'P;DPZIAPSU (11)
(n,+n,+nY . . .
=%. pDD pAA pUU
nln, tn,!

N is the number of combinations for a given composition. Each combination might have a
different FRET-rate distribution. Hence, in case of two donors and two acceptors 6 combinations
as shown in Supporting Fig. 6 contribute to the signal. If only species with at least one donor
and one acceptor are considered the FRET-rate constants of overall 38 distinct species and their

respective probabilities and FRET-rate constant distributions have to be calculated. The species
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probabilities summarized by their donor and acceptor composition in dependence of the acceptor

to donor ratio c4/cp are illustrated in Supporting Fig. 6.

FRET-rate constants are additive. Therefore in case of multiple acceptors the total FRET-rate
constant experienced by a donor (i) is given by the sum of all FRET-rate constants of all

acceptors (j):

i\ 12
k§§r=L-Z Ry (12
T, TR

0

Here jol) is the donor acceptor distance between the donor (i) and the acceptor (j) which is
determined by the spatial arrangement of the oligomer. For instance, in the case as illustrated in
Supporting Fig. 6 the two FRET-rates experienced by the donor at position 1 and the donor at

position 4 are given by:

138 (12) \° (13)
- (L) 4 A2
T

0 0

[
(42) (43)
po L [Ri (R_
T

RET
0 }%0

These FRET-rates result in first approximation in bi-exponential fluorescence decay, if the

coupling between the two donors is not considered.

For a given structural arrangement all FRET-rate constants for all possible compositions (one
donor one acceptor, two donors one acceptor, etc.) were calculated (Supporting Fig. 6). Later
the average transfer-efficiencies of the tetramer compositions containing at least one donor and

one acceptor were calculated.
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It has to be considered that the contribution to the fluorescence signal depends on the number of
donor molecules. For instance a tetramer constituted out of three donors and one acceptor
molecule contributes three times more to the total signal as compared to a tetramer only

constituted out of one donor, one acceptor and two unlabeled molecules.

The predicted transfer efficiency for each data point depends now only on the equilibrium
association constants K, K and the spatial arrangement of the fluorophores in the dimer and the
tetramer. To reduce the number of free parameters we assumed that the tetramer can be described
by a rectangular geometry where one edge is approximately 100 A long while the second edge is
between 40-50 A long (Supporting Fig. 6). This assumption is in line with the homology
models (Supporting Table S and Supporting Fig. 7). Furthermore, only FRET molecules have
been selected. Therefore, the first equilibrium from monomer to dimer is not monitored and only
the equilibrium constant of the tetramer formation is probed. Thus, only K; and the dimer
distance in the range of 40-60 A is reflected in the data. For the measurements we find that a
short distance of approximately 45 A describes the data best. For the TGRS wt and Y111F
variant we find predominately a tetrameric or higher-order oligomer configuration while in case

of the Y111A mutant the molecules are predominately in a dimeric configuration.

Statistical analysis

Experiments were performed independently at least three times. For MFIS-FRET at least nine
cells per series in three independent experiments were measured. Results are expressed as mean
+ standard error of the mean (SEM) and analysed using the two-sided student t-test. A p < 0.01

was considered statistically significant.
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3. Molecular modelling and simulation

Structural models of TGRS dimers and tetramers

Dimer models with the interface TM1 and H8 (1/8) were generated by structurally aligning two
homology models of TGRS % onto the dimeric crystal structure of the human «-opioid receptor
(PDB ID: 4DJH °) via the ‘cealign’ command in Pymol *. For dimer models with the 4/5
interface and the 5/6 interface the same procedure was applied using the human CXCR4 receptor
(PDB ID: 30DU 10) and the murine p-opioid receptor (PDB ID: 4DKL 11) as alignment

templates, respectively.

Tetramer models were built in a similar fashion. Here, two TGRS dimers with the same dimer
interface, e.g. (1/8), were aligned on another TGRS dimer with a different interface, e.g. (4/5).
With this procedure six tetramers were generated: (1/8) and (5/6) dimers with an oligomeric
interface of (4/5); (1/8) and (4/5) dimers with an oligomeric interface of (5/6); (4/5) and (5/6)
dimers with an oligomeric interface of (1/8). Subsequently, the interface residues of the
respective dimer and tetramer models were energy minimized in Maestro '*" using the VSGB
2.0 solvation model **. Finally, either dimer and tetramer model were submitted to the OPM

server ' to compute its orientation in a membrane.
Explicit linker simulations: Molecular dynamics simulations of GFP bound to a linker

For computing a thermodynamic ensemble (TE) of GFP positions with an explicit linker/GFP
construct, initially, the structure of the TGRS C-terminal residues 296-330, for which no
experimental structural information is available, and the nine residues that comnect the C-
terminus to GFP (total sequence: QRCLQGLWGRASRDS PGPSIAYHPSSQSSVDLDLN
YGSTGRHVS) was generated with the ‘Protein building’ approach in Maestro. Phi and psi

angles of zero were chosen, resulting in a straight peptide conformation and, hence, a structurally
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unbiased starting structure for the molecular dynamics (MD) simulations. This linker was
subsequently fused to enhanced GFP (PDB ID: 4EUL '), and the resulting structure was capped
with acetyl and N-methyl amide groups at the N- and C-termini, respectively, and protonated
with PROPKA'” according to pH 7.4. We assumed the thermodynamic ensemble (TE) of

mCherry to be identical to that of GFP.

Then, the linker/GFP construct was neutralized by adding counter ions and solvated in an
octahedral box of TIP3P water '® with a minimal water shell of 12 A around the solute. The
Amberl4 package of molecular simulation software '>*° and the ff14SB and GAFF *' force
fields were used to perform an all-atom MD simulations. To cope with long-range interactions,
the “Particle Mesh Ewald” method ** was used, and the SHAKE algorithm * was applied to
bonds involving hydrogen atoms. The time step for all MD simulations was 2 fs with a direct-
space, non-bonded cut-off of 8 A. The first linker residue was fixed with positional harmonic
restraints with a force constant of 100 keal mol? A throughout the simulations to emulate that
this residue would be bound to TGRS embedded in a membrane. At the beginning, 17500 steps
of steepest decent and conjugate gradient minimization were performed; during 2500, 10000, and
5000 steps positional harmonic restraints with force constants of 235 kecal mol™ A%, 5 kcal mol™
A and zero, respectively, were applied to the solute atoms. Thereafter, 50 ps of NVT-MD (MD
simulations with a constant number of particles, volume, and temperature) were conducted to
heat up the system to 100 K, followed by 300 ps of NPT-MD (MD simulations with a constant
number of particles, pressure, and temperature) to adjust the density of the simulation box to a
pressure of 1 atm and to heat the system to 300 K. During these steps, a harmonic potential with
a force constant of 10 kcal mol? A? was applied to the solute atoms. As the final step in
thermalization, 300 ps of NVT-MD simulations were performed while gradually reducing the

restraint forces on the solute atoms to zero within the first 100 ps of this step. Afterwards, six
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independent production runs of NVT-MD simulations with 150 ns length each were performed.
For this, the starting temperatures of the simulations at the beginning of the thermalization were
varied by a fraction of a Kelvin. The conformations obtained in these simulations were pooled

for further analyses.
Implicit linker simulations

Inter-dye distance distributions for all TGRS dimer and tetramer models were calculated using an
modified Accessible Volume (AV) approach 2*. Firstly, the different protein models (see 5.14)
were embedded in an explicit membrane via the CHARMM-GUI membrane builder **. Here, a
membrane with 5500 lipids of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) per layer was
created employing default settings of the CHARMM-GUI. This resulted in a membrane bilayer
of about 1.5 million atoms and a side length of about 620 A to prevent the linker/GFP construct
(which has an extended length of about ~229 A) from wrapping around the edge of the
membrane. As neither ions nor water were needed for AV calculations, the steps of ion and water

addition were omitted during the creation of the membrane.

For the AV simulations the fluorescent probe was attached to the C-terminal amino acid of the
TGRS via a flexible linker of 203.5 A corresponding to 55 amino acids (36 amino acids of the
TGRS C-terminus, a 6 amino acid cloning linker, and the first 13 amino acids of the GFP’s (PDB
ID: 4EUL) N-terminus, see Supporting Table 2) with a length of 3.7 A each *°. A dye radius of
25 A was used as an approximation for the GFP size, resulting in a total length of ~229 A for the
linker/GFP construct. The distance between linker attachment points in most of the screened
oligomer models was shorter than the effective size of the AVs resulting in AV overlap. The
AVs were constructed considering geometric factors in terms of steric exclusion effects caused

by the TGRS oligomer and the membrane. To account for clashes between the dyes, which are
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not addressed in the AV simulations, the inter-dye distance probability was set to zero for all
distances below 25 A. To account also for entropic effects, we introduced position weights for
the implicitly modelled linker according to the Gaussian chain model, so that the non-uniform
dye position probability distribution in the AV was scaled (Supporting Fig. 7) ¥ In the
Gaussian chain model a segment length of 7.4 A was used, as obtained from the calibration
aimed to reproduce the accurate end-to-end distance probability distribution from coarse-grained
Monte-Carlo simulations of the peptide linker, similar to previously published results for the
flexibly linked GFP dimer **. The obtained AV positional distributions were used to determine
the inter-probe distance distribution by measuring all distances from positions in one AV
distribution with respect to all positions in the second AV distribution. Considering
oligomerization (tetramer) where two acceptors may be present in the vicinity of one donor, we
computed the apparent distance distribution shifts towards shorter distances by convolution of

the two inter-probe distance distributions ((1/8) and (4/3)) (Supporting Fig. 5).
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Glossary

Fr/F, fluorescence intensity ratio

B background

a crosstalk factor

g detection efficiencies

DE direct acceptor excitation

DE, relative concentration dependent brightness

D distinct fluorescence quantum yields

¥ spectral shift factor

2" corrected green detection efficiency

&(t) pixel-integrated, time-resolved FRET analysis

DA donor acceptor FRET pair

St flucrescence signal decay

D(0) unquenched donor

D(A) Donor quenched by acceptor

IRF mstrument response function

x species fraction

xD donor (Donly) or Non-FRET fraction

x4 acceptor fraction

AV Accessible Volume

R app Apparent mean distance between Donor and Acceptor
(Tory Fluorescence-averaged unquenched donor fluorescence lifetime
Semex S1gnalenission, excitation

Saa Signal of green photons emitted after excitation of GFP
Sya Signal of mCherry photons emitted after excitation of GFP
¢ Concentration

Do [A]s Real donor and acceptor concentration
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E oan Mean Transfer efficiency
wt wildtype
MFIS-FRET Multiparameter ~ Fluorescence ~ Imaging  Spectroscopy-Forster

Resonance Energy Transfer
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TGR5 (Gpbar-1, M-Bar) is a class A G-protein coupled bile acid-sensing receptor predominately expressed
in brain, liver and gastrointestinal tract, and a promising drug target for the treatment of metabolic
disorders. Due to the lack of a crystal structure of TGR5, the development of TGR5 agonists has been
guided by ligand-based approaches so far. Three binding mode models of bile acid derivatives have been
presented recently. However, they differ from one another in terms of overall orientation or with respect
to the location and interactions of the cholane scaffold, or cannot explain all results from mutagenesis
experiments, Here, we present an extended binding mode model based on an iterative and integrated
computational and biological approach. An alignment of 68 TGR5 agonists based on this binding mode
leads to a significant and good structure-based 3D QSAR model, which constitutes the most compre-
hensive structure-based 3D-QSAR study of TGR5 agonists undertaken so far and suggests that the
binding mode model is a close representation of the “true” binding mode. The binding mode model is
further substantiated in that effects predicted for eight mutations in the binding site agree with
experimental analyses on the impact of these TGR5 variants on receptor activity. In the binding mode,
the hydrophobic cholane scaffold of taurolithocholate orients towards the interior of the orthosteric
binding site such that rings A and B are in contact with TM5 and TM6, the taurine side chain orients
towards the extracellular opening of the binding site and forms a salt bridge with R79%, and the 3-
hydroxyl group forms hydrogen bonds with E169°#* and Y24065! The binding made thus differs in
important aspects from the ones recently presented. These results are highly relevant for the develop-
ment of novel, more potent agonists of TGR5 and should be a valuable starting point for the development
of TGR5 antagonists, which could show antiproliferative effects in tumor cells.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

in humans and rodents; organs with high amounts of TGR5 mRNA
expression include the brain, the liver, and the gastrointestinal tract

TGR5 (Gpbar-1, M-Bar) is a class A G-protein coupled receptor
(GPCR) signaling via a stimulatory G protein and is activated by
both unconjugated and conjugated bile acids and various steroid
hormones including neurosteroids [ 1—3]. TGR5 is widely expressed

* Corresponding author.
** Corresponding author.
E-mail addresses: verenakeitel@med.uni-duesseldorf.de (V. Keitel), gohlke@
uni-duesseldorf.de (H. Gohlke).
1 These authors contributed equally.

http://dx.doi.org/10.1016/j.ejmech.2015.09.024
0223-5234/© 2015 Elsevier Masson SAS. All rights reserved.

[1,2,4,5]. In liver, TGR5 modulates hepatic microcirculation, exerts
anti-inflammatory, anti-apoptotic and choleretic effects, and pro-
motes gallbladder filling [6—9]; in the intestine, TGR5 activation in
L-cells has been linked to increased secretion of the insulin
response-modulating glucagon-like peptide-1. Administration of
TGR5 agonists reduced liver inflammation and steatosis and
improved glucose tolerance in animal models [10]; furthermore, a
reduction of atherosclerotic plaque formation was observed [11].
This makes TGR5 a promising drug target for the treatment of
metabolic disorders, such as non-alcoholic steatohepatitis, type II

126



Publication 111

58 C.G.W. Gertzen et al. / European Journal of Medicinal Chemistry 104 (2015) 57-72

diabetes, obesity, and atherosclerosis [11—13]. Accordingly, much
effort has been devoted to the development of potent and selective
agonists of TGR5 [14—18]. Due to the lack of a crystal structure of
TGR5, the development has been guided by ligand-based ap-
proaches [3,14—24] so far.

Only very recently, an integrated computational, biological, and
chemical approach was presented by Macchiarulo et al. with the
aim to probe the transmembrane binding site of TGR5 by muta-
tional analysis and to predict the binding mode of agonistic bile
acids and derivatives [19]. The computational part was based on a
homology model of human TGR5 derived from a template structure
of rhodopsin in the inactive state, with refinement of some of the
binding site residues by energy minimization [19]. This resulted in
the identification of “binding mode 3” [ 19] compliant to most of the
mutagenesis data. In “binding mode 3” [19], bile acids are oriented
in a head-to-tail fashion with respect to transmembrane helix (TM)
3, with the 3-hydroxyl group being involved in hydrogen-bonding
interactions with N93 (position 3.33, Ballesteros—Weinstein
nomenclature [25] according to the GPCR database [26], hereafter
abbreviated as N93333) and Y893°, However, this binding mode
does not explain why E169°44 (note that in the work of Macchiarulo
et al. this residue is referred to as E169°>%) [19], implicated to be a
key residue from the degree of conservation in a TGR5 sequence
alignment [19], led to a reduced TGR5 activation upon Glu169Ala
mutation. Agonists in “binding mode 3” are more than 12 A away
from E169>#4 so that it is difficult to envisage how an agonist would
sense this mutation. Comparison of an active state of an agonist-
bound B; -adrenergic receptor (B2AR) with an inactive,
antagonist-bound f,AR state may provide an explanation for this: It
revealed an inward bulge of TM5 centered around position 5.46 as
the greatest structural difference in the binding pocket of the active
state with a position shift of the C, atom by 2.1 A [27]. In addition,
smaller inward movements of TM6 and TM7 were observed [27].
Such movements may influence the success of docking to a rigid
TGR5 model as used by Macchiarulo et al. for agonist placement
[28—30]. Furthermore, a homology model of TGR5 generated by us
(see below) showed that N93333 favors a conformation pointing
away from the binding site such that hydrogen bond formation
with the 3-hydroxyl group of bile acid derivatives, as postulated by
Macchiarulo et al. [19], appears less likely. Finally, “binding mode 3”
does not interact with TM6 [19]. However, interactions between
agonists and TM6 are considered essential for GPCR activation
[31-35]. Another two binding mode models of bile acid derivatives
in a structural model of TGR5 have been presented by D'Amore
et al. [36] and Yu et al. [37], both being based on combinations of
molecular docking and molecular dynamics (MD) simulations
applying a priori restraints to guide the ligand placement. Both
binding modes differ from the one proposed by Macchiarulo et al.,
either with respect to the overall orientation of the bile acid de-
rivative [37] or with respect to the location and interactions of the
cholane scaffold [36]. In contrast to the study by Macchiarulo et al.
[19] and the present study, no mutagenesis studies were performed
by D'Amore et al. [36] and Yu et al. [37] to confirm the proposed
binding modes.

These circumstances prompted us to predict a binding mode for
natural and synthetic bile acids and neurosteroids starting from a
structural model of TGR5 generated from multiple GPCR template
structures and to perform mutational mapping of the trans-
membrane binding site of TGR5 to validate these predictions. In this
process, we relaxed the TGR5 model in the presence of an agonist
by all-atom MD simulations in an explicit membrane environment.
Finally, we derived a protein-based 3D-QSAR model for 68 TGR5
agonists, including both bile acids and neurosteroids, with good
predictive power based on the binding mode. With respect to the
studies of Macchiarulo et al. [19], D'Amore et al. [36], and Yu et al.

[37] our binding mode model differs in one or more of the following
five aspects: I) The ligands in our binding mode are oriented par-
allel to the membrane, rather than perpendicular to it as in the
binding mode of Yu et al. [37]; II) the cholane scaffold of bile acids
binds in the vicinity of TM5 and TM6 and is rotated by 180° around
the long axis compared to Macchiarulo’s “binding mode 3" [19]; III)
the 3-hydroxyl group of bile acids interacts with the conserved
E169°44[19], but neither with N93332 nor with W237%48, which is
in contrast to “binding mode 3” and the binding mode by Yu et al.
[371; V) through this, our binding mode provides an explanation
for the observed selectivity towards epimers for bile acids with a 7-
hydroxyl group; V) the side chains of bile acids orient towards EL1
and, hence, are distant from S270”43, in contrast to “binding mode
3” [19] and the binding mode of D'Amore et al. [36].

2, Results

We pursued an iterative and integrated computational and
biological approach to elucidate the binding mode of agonistic
TGR5 bile acids and neurosteroids (Scheme 1); similar approaches
have been successfully applied to other GPCRs [38—41]. After
generating multiple structural models of TGR5 by homology
modeling (step 1), initial binding modes of these models were
predicted by molecular docking (step 2). The binding modes were
evaluated using the predictive power of structure-based 3D-QSAR
analyses as a quality criterion (step 3). Based on the best binding
mode, potentially interacting residues were predicted (step 4). For
experimental validation, variants of TGR5 with single-point muta-
tions of these residues were generated, and the influence of the
mutations was investigated with respect to plasma membrane
localization and function using immunofluorescence staining, flow
cytometry, and a cAMP responsive luciferase assay (step 5). To
further improve the binding mode, the TGR5/agonist complex was
relaxed by MD simulations (step 6), whereupon steps 2 to 5 were
repeated to reach the final binding mode. These steps will be
described in detail in the following.

Step 1 — Homology modeling of TGR5. In order to generate a
structural model of TGR5, we applied a multi-template homology
modeling approach. All antagonist-bound class A GPCR crystal
structures with a resolution <3 A available at the beginning of this
study and identified by a PSI-BLAST [42] search with the TGR5
sequence as a query served as templates. If more than one structure
matched these criteria for a GPCR, the structure with the best
resolution was chosen. This resulted in seven templates, the turkey
Bi-adrenergic receptor (PDB code 2VT4), the human B,-adrenergic
receptor (3D4S), the human adenosine-Aza receptor (3EML), the
human CXCR4 receptor (30DU), the human dopamine-D3 receptor
(3PBL), the human muscarinic-M; receptor (3UON), and the human

1. Homology modeling
2. Binding mode prediction

3. Validation via 3D-QSAR

6. Improvement
via

4. Suggestion of interacting residues MD simulations
5. Experimental validation

Binding mode

Scheme 1. Integrated computational and biological workflow for the prediction of a
binding mode of TGR5 agonists.
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sphingosine 1-phosphate receptor 1 (3V2Y) with overall sequence
identities with respect to the human TGR5 sequence ranging from
11% to 18%. The sequence identities and similarities of the trans-
membrane regions are ~20% and ~50%, respectively.

We considered two alternatives for TM7 of TGR5 when gener-
ating 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) (see Fig. 51 in the Sup-
plemental Material (SM)); in the second alternative, conserved Pro
residues in TM7 are preferentially aligned (Fig. S2 in the SM). Pre-
liminary models of TGR5 generated by Modeller [43] from either
alternative revealed that TM7 has the same length in both cases but
that residues at position 7.n in the first alternative are located at
position 7.(n + 2) in the second one. As GPCRs possess multiple
conserved Pro residues in their TMs [44], the second alternative
should be more reliable than the first one. Still, favoring the second
alternative based on this one criterion only seemed insufficient.
Thus, we generated 50 homology models (i.e., 10 base models for
which 5 loop models each were generated) for each alignment to
approximately account for conformational variability of the binding
site [45] and/or reduce the influence of potential modeling errors
on the outcome of subsequent steps [46]. All seven templates were
used for generating the homology models in a multi-template
approach. Assessment of the stereochemical quality of the models
by PROCHECK [47] showed that at least 85.5% of the residues are in
the core region (Tables S1 and S2 in the SM). This number compares
favorably to the stereochemical quality of crystal structures with a
resolution <2.4 A [48]. Using our homology modeling software
Topmodel [49] to evaluate the models, normalized DOPE scores
[43] also indicated a good structural quality of the models, with the
second alignment alternative resulting in more favorable scores
(mean score: 0.73) than the first alignment alternative (mean score
0.93). This may reflect more unfavorable intramolecular in-
teractions caused by the altered positioning of side chains in TM7 as
explained above. Ten models with the largest variations in the
conformations of the transmembrane binding site were selected by
visual inspection from each alignment. Their binding sites differ by
a Cyqatom RMSD of 0.5 + 0.2 A (mean + standard error of the mean).
Thereby, we ensured that the conformational space of the binding
site region is spanned similarly as by the full ensembles of 50
models; yet, the number of models to deal with in the subsequent
steps 2 and 3 is kept at a manageable value.

Step 2 — Prediction of an initial binding mode for TLC. In each
homology model, taurolithocholate (TLC), the most active natural
TGR5 agonist currently known [3], was docked using AutoDock/
DrugScore. This combination of docking engine and scoring func-
tion has proven reliable in a “re-docking” evaluation [50] and when
docking ligands to difficult protein binding epitopes [51]. A
converged docking solution with at least 20% of all TLC configura-
tions in the biggest cluster was found in each case (Table S3 in the
SM). Next, of the TLC configurations with the lowest energy in the
biggest clusters those were selected by visual inspection that
“approached” E169544in TM5 and/or a residue of TM6. E169544 has
been implicated to be a key residue from the degree of conservation
in a TGR5 sequence alignment [19], and interactions to TM6 are
essential for GPCR activation [31—35]. As we aimed at the predic-
tion of an initial binding mode in this step, for which a subsequent
refinement was planned, “approached” was defined rather loosely
as a distance between any pair of atoms of TLC and E169°# or TM6
<8 A. If several similar TLC configurations (i.e., with an all-atom
RMSD <5 A) met these criteria, the configuration with the lowest
energy was chosen. This resulted in the selection of the docking
solution from model 42 for the first ((D/E)X(K/R) motif-centered)
alignment alternative (Fig. S3A in the SM) and the docking solu-
tion from model 19 for the second (proline-centered) alignment

alternative (Fig. 1A). Both docking solutions have in common that
TLC forms a hydrogen bond with E169%4 using its 3-hydroxyl
group and hydrophobic interactions with Y240%5! and 1244855 in
TMB6. Furthermore, TLC in both configurations binds with its sul-
fonic acid moieties in the vicinity of TMs 1 and 7 deep inside the
pocket. In model 42, however, TLC binds to $2139 in TM1 (Fig. 53 in
the SM) while in model 19 TLC binds to 5270743 in TM7 (Fig. 1A).
This difference results from the shift of two residues in TM7 be-
tween the two alignment alternatives, which places $270743 at the
interface between TMs 6 and 7 in models of the first alignment;
thus, 5270743 becomes unavailable as a binding partner.

Step 3 — Evaluation by structure-based 3D-QSAR analysis.
Next, we tested if the two initial binding modes allow for the
establishment of a quantitative structure—activity relationship for
68 TGR5 agonists (Tables 5S4 and S5 in the SM). We applied the
structure-based 3D-QSAR approach AFMoC [52] for this. 3D-QSAR
analyses have been successfully used previously in the context of
binding mode exploration [53—55]. In addition, as a negative con-
trol, AFMoC analyses were performed starting from two docked TLC
configurations that did not meet the “approach” criteria from Step 2
(model 26 of the second alignment alternative, in which E169°4
does not point into the binding pocket (Fig. S3B in the SM), and
model 34 of the second alignment alternative, in which TLC does
not approach TM5 at all (Fig. S3C in the SM)). Finally, to exclude that
the TLC conformation alone (i.e., without considering its position
and orientation in the transmembrane binding site of TGR5) can
give rise to a predictive AFMoC model, the TLC configuration in
model 19 was placed in the TGR5 model 42 and vice versa, after
superpositioning the two model structures. In each case, 68 TGR5
agonists (Tables 54 and S5 in the SM) were then structurally aligned
onto TLC as described in the Experimental Section.

Of all six AFMoC analyses, only the one based on the docked TLC
configuration in TGR5 model 19 of the second alignment alternative
(Fig. 1B) produced a significant QSAR model [56] with g% = 0.37 for
six components (Table 1). Seven runs of leave-multiple-out AFMoC
analysis (LMO analysis), in each of which ten agonists from the data
set were randomly left out, resulted in an average q* = 0.44 for six
components, showing a robust performance of the AFMoC analyses.
Recently, Kramer et al. | 57] showed to what extent the goodness of
a QSAR model, measured in terms of the R? in the Kramer et al.
study, depends on the uncertainty in the dependent variables (in
our case, the pECsp values) and the range (standard deviation) of
these variables. In particular, Kramer et al. derived an equation to
calculate the highest achievable R? (R%.x) given these two pa-
rameters. The pECsq values of our dataset have a standard deviation
of 0.81 (Tables S4 and S5 in the SM). Determining the uncertainty in
the experimental pECsg values is not straightforward, however, as
to the best of our knowledge no standard deviations or standard
errors in the mean have been reported by Sato et al. [2] from which
our dataset was taken. Estimating standard deviations of pECsg
from confidence intervals reported by Pelliciari et al. [3] yields a
value of 0.20. According to the equation by Kramer et al., this yields
R2,2x. = 0.94. We consider this a favorable estimate as only exper-
imental uncertainties of five compounds overlapping with our
dataset have been reported by Pelliciari et al. Likely, a more realistic
estimate is obtained if the experimental error determined by
Kramer et al. over 7667 entries in the ChEMBL database is used
(0.54). The equation by Kramer et al. then yields R%p.x = 0.56,
which compares favorably to R2 = 0.81 obtained for our model
(Table 1). Random scrambling of the biological data and recalcu-
lation of the QSAR model resulted in qZ = —0.01, indicating that,
with the original biological data, no chance correlation is given. In
contrast, all other combinations of TLC configurations in TGR5
models resulted in QSAR models with g2 < 0.03 (Table S6 in the SM).
In all, these results reveal a strong sensitivity of the predictive
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Fig. 1. Binding mode of TLC predicted by molecular docking into the initial homology model of TGR5 (A) and corresponding alignment of TGR5 agonists used in the initial AFMoC
analysis (B). 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 (panel A), the 3-hydroxyl group of TLC forms a hydrogen bond with E16934* and the sulfonic acid moiety of TLC forms a hydrogen bond with
$270743, whereas TLC does not interact with $21*3°, Furthermore, TLC makes hydrophobic interactions with Y240%5! and 1244855, (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Table 1
Results of the AFMoC analyses of the initial and the final binding mode models.
Initial binding mode Final binding mode
Spacing® 1.0 1.0
b 0.55 0.85
e 0.37 (0.37) 0.50 (0.50)
Spress™ 037 053
> 0.81 (0.81) 0.60 (0.60)
soh 0.35 0.52
Fo 44,36 (44.36) 95.31 (95.31)
Components’ 6 1
Fractions™'
c3 057 0.79
c2 0.16 0.02
Car 0.01 0.01
03 0.16 0.15
02 0.01 0.00
0.co2 0.08 0.02
N.am 0.03 0.00
S3 0.01 0.00
F 0.00 0.00
2 A,

b Half-width of the convolution of the receptor potential fields with the Gaussian
function representing the ligand atoms.

€ Values are given considering only the part of pECso used in the PLS analysis
(pECES®) or considering the total pECsq (values in parentheses).

4 ¢ = 1 — PRESS/SSD as obtained by “leave-one-out” cross-validation. PRESS
equals the sum of squared differences between predicted and experimentally
determined binding affinities, SSD is the sum of the squared differences between
experimentally determined binding affinities and the mean of the training set
binding affinities.

¢ In logarithmic units.

! Spress = /(PRESS/(m — ki — 1)) as obtained by “leave-one-out” cross-validation. n
equals the number of data points, h is the number of components.

& Correlation coefficient.

b s— /(RSS/(n—h—1)). RSS equals the sum of squared differences between
fitted and experimentally determined binding affinities.

! Fisher's F-value.

J Interaction energy components correlated to the binding affinities via PLS
analysis.

¥ Fraction of the importance of the positions of the respective atom type.

! Sybyl atom types: C.3: sp>-hybridized carbon; C2: sp?-hybridized carbon: Car:
aromatic carbon; 0.3: sp®-hybridized oxygen; 0.2: sp>-hybridized oxygen; 0.co2:
oxygen on carboxylate or phosphate groups; N.am: nitrogen amide; S.3: sp>-hy-
bridized sulfur; F: fluorine.

power of an AFMoC model with respect to the TLC binding mode
and suggest the TLC binding mode found in TGR5 model 19 to be
the most plausible one. In turn, these results disfavor TGR5 model
42, which is based on the first alignment alternative,

Finally, we tested the influence of using either the a- or f-Me-
LCA diastereomer in the alignments for all TLC configurations in
TGR5 models. This was done as the configuration of the methyl
group in position seven of §-Me-LCA is not known [3]. In all cases, a-
Me-LCA resulted in QSAR models with g2 < 0 (data not shown). This
is in line with findings that synthetic derivatives of bile acids in our
data set that possess alkyl chains in the 7B-position have a higher
activity than their natural counterparts [3]. Because of this, further
analyses only considered the 7p-diastereomer of §-Me-LCA.

Step 4 — Prediction of potentially interacting residues. In
order to consolidate the docked TLC configuration in TGR5 model
19 (Fig. 1A), residues interacting with TLC were identified by visual
inspection for subsequent mutation analysis. First, the E169A>44
mutation was suggested for two reasons: (I) Agonist-receptor in-
teractions in GPCR crystal structures often feature hydrogen bonds
with amino acids in the same or nearby transmembrane positions
[58—60]; (11) the 3-hydroxyl group of TLC also forms a hydrogen
bond with E169 in this binding mode. Second, the Y240A55! and
1244A5%° mutations were suggested because they form hydro-
phobic contacts with TLC's cholane scaffold (Fig. 1A) and are located
in TM6, which is considered important for receptor activation
[31—35]. Finally, the $21A™3° mutation was suggested as a negative
control in order to exclude the binding mode found in model 42, in
which TLC would form a hydrogen bond to $21'3° with its sulfonic
acid moiety.

Step 5 — Influence of mutations on plasma membrane
localization and function of TGR5. The impact of the suggested
TGRS variants S21A%, E169A>44, Y240A%Y, and 1244A%% on re-
ceptor activity and subcellular localization were analyzed after
introduction of the respective mutations into the TGR5 cDNA
plasmids and transient transfection into HEK293 cells [61,62].
Responsiveness of the mutated TGR5 proteins towards TLC was
analyzed using a cAMP responsive luciferase assay as described
[61,62]. Thus, luciferase activity served as a measure for the rise in
intracellular cAMP concentration following either activation of
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TGRS by TLC or stimulation of the cells with forskolin, which ele-  S21A™® was comparable to that of wildtype TGR5 (Fig. 2A). In
vates cAMP independent of TGR5 and was used as positive control contrast, E169A>** showed a significantly reduced activity at TLC
[61,62]. As expected, the TLC-dependent luciferase activity of concentrations between 0.1 and 2.5 pM, while activation by 10 pM

A B WT 0O S21A Bl E169A 0O L244A @ Y240A

16
14
12
10

rel. luciferase activity

o N A~ oo

B

WT

S21A

E169A

L244A

Y240A

Fig. 2. Analysis of TGRS variants in transfected HEK293 cells. HEK293 cells were transiently transfected with TGR5 wildtype (WT) and the S21A%°, E169A>44, 1244A5%%, and
Y240A% variants in the pcDNA3.1+ vector. A: 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 TGRS, Forskolin (F, 10 pM) was used as TGRS independent positive control. Dimethylsulfoxide (D) was
used as a negative control. The variant 521A™° did not affect receptor responsiveness, E169A%* and L244A%55 showed reduced luciferase activity at lower TLC concentrations
(0.1—2.5 uM), while retaining activity similar to the WT at 10 uM TLC. The variant Y240A%5! almost abolished TLC-dependent luciferase activity at all concentrations tested and also
significantly reduced forskolin-mediated rise in cCAMP. Results (WT n = 21; $21A13%, E169A%4 n — 8; 1244A5%, Y240A5! n — 7) are expressed as mean + SEM. *, # = significantly
different (p < 0.01) from DMSO and TGR5 WT, respectively. B: Receptor localization was investigated by confocal laser scanning microscopy. The TGR5 protein was made visible
using an anti-TGR5 antibody (RVLR2, red). WT TGR5 was almost completely targeted to the plasma membrane (PM) as demonstrated by the yellow coloring in the overlay image
with the PM marker protein sodium/potassium (Na*/K*+) ATPase (green). The variants S21A'3%, E169A>44, 1244A%%%, and Y240A%*' were also predominantly detected in the PM,
where the mutant TGRS proteins colocalized with the PM marker protein. Nuclei were stained with Hoechst (blue). Bars = 10 um. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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TLC and forskolin were increased to comparable levels as found for
wildtype TGR5 (Fig. 2A). Activation of [244A5%° by TIC led to a
dose-dependent increase in luciferase activity; however, the rise in
cAMP for each TLC concentration was significantly reduced as
compared to wildtype (WT) TGR5 (Fig. 2A). In contrast to the
E169A%#4 variant, the L244A55% variant is not fully rescuable at the
highest TLC concentration tested (10 pM). This fact may reflect that
the former mutation predominantly impacts the function of TGR5
whereas the latter predominantly influences TLC binding.
Furthermore, the forskolin induced luciferase activity was also
significantly lower than for the wildtype. The Y240A%3! variant
showed only a slight increase in luciferase activity in response to
TLC (by a factor of 2.2 + 0.3 at 10 pM TLC) and also reduced
forskolin-dependent luciferase activity (Fig. 2A).

We have previously shown that TGR5 responsiveness towards
its ligand TLC is dependent on the amount of functionally active
receptor protein in the plasma membrane [62]. Therefore, we
investigated the localization of the TGR5 variants in transfected
HEK293 cells by confocal laser scanning microscopy as well as by
flow cytometry (FACS). As shown in Fig. 2B, S21A™39, E169A°44,
L244A555 and Y240A%" reached the plasma membrane, where the
mutant TGR5 proteins colocalized with the plasma membrane
marker protein Nat/K* ATPase. Since E169A>*4 1244A535 and
Y240A5! were also detected in intracellular vesicular structures,
the amount of mutant receptor in the plasma membrane was
quantified by FACS as described in the experimental section [61,62].
In transfected HEK293 cells 92.7 + 0.8% of WT TGR5 was present in
the plasma membrane (n = 8) (Table 2). In comparison, 88.7 + 1.5%
of S21A™3®, 80.9 + 2.6% of E169A%44, 92.1 + 2.1% of L244A%5%, and
82.0 + 2.9% of Y240A%3! were detected in the plasma membrane,
which was not significantly different from WT TGR5. Therefore,
reduced membrane localization may not account for the impaired
functional activity of E169A%*4, L244A535, and Y240A551 (Table 2).

Step 6 — Relaxation of the TGR5/TLC complex structure by MD
simulations. In order to relax the complex structure of the docked
TLC configuration in the TGR5 model 19 and to test the structural
stability of the binding mode, MD simulations of the complex
structure in an explicit membrane environment of 1,2-dioleoyl-sn-
glycero-3-phosphocholine lipids were performed. For this, the
Amber suite of molecular simulation programs [63] was applied
together with the ff12SB, GAFF [64], and lipid14 [65] force fields for
TLC, TGR5, and the lipids, respectively. Nine independent MD
simulations of 100 ns length each were performed, of which the last
80 ns were evaluated. In all simulations, the TGR5 model structures

Table 2

remained stable, as indicated by RMSD values <6.2 A (<34 A)
considering all C, atoms (only C, atoms of the TMs) (Fig. 54 in the
SM); as expected the largest movements were observed in IL3. In
general, also the TLC configuration remained stable with respect to
the TGR5 model as indicated by RMSD values <3.2 A, However, two
local but important structural changes were observed. First,
throughout the MD simulations, TLC showed a tendency to form an
H-bond with its 3-hydroxyl group to the hydroxyl group of Y2405-1,
in addition to a hydrogen bond with E169°# (Fig. S4 in the SM).
Second, the hydrogen bond between TLC's sulfonic acid moiety and
$27073 broke apart after at most 12 ns in each MD simulation
(Fig. 54 in the SM). Instead, the taurine tail reoriented towards the
extracellular opening of the binding site and started to interact with
R79F of the EL1 (Fig. 54 in the SM).

Second round of steps 2 to 5 — Derivation of the final binding
maoade. The MD trajectories were clustered with respect to the
RMSD of the TLC configurations after superimposing the TGR5
structures. Using an RMSD cutoff of 1 A, nine clusters were iden-
tified. From these, three binding modes were chosen by visual in-
spection, in which TLC forms hydrogen bonds with two of the three
amino acids R79E, E169°44, and Y240%5", respectively. A fourth
binding mode was identified in which TLC addresses all three of the
aforementioned residues. AFMoC analyses on the 68 TGR5 agonists
superimposed onto the respective TLC configurations of the first
three binding modes yielded QSAR models that were insignificant
(g% < 0.20) [56]. In contrast, the QSAR model based on the fourth
binding mode was significant and good [56] (g = 0.50 with one
component; Table 1, Fig. S5 in the SM). Seven runs of LMO analysis,
in each of which ten agonists were randomly left out from the data
set, resulted in an average q* = 0.54 for one component, showing a
robust performance of the AFMoC analyses. Random scrambling of
the biological data and recalculation of the QSAR model resulted in
¢*> = —0.05, indicating that with the original biological data no
chance correlation is given. Thus, the MD simulations-derived
binding mode (Fig. 3A) results in an AFMoC model that shows a
markedly better predictive power than the AFMoC model derived
from the initial, docked binding mode (Fig. 1), as judged from an
increase of ¢ by 0.13 in connection with a reduction of the number
of components from six to one (Table 1).

During the alignment of the TGR5 agonists onto the MD
simulations-derived binding mode (Fig. 3B), we observed that ag-
onists with a 7-hydroxyl group preferred a configuration shifted by
about 3 A towards helix 3 compared to TLC. For agonists such as
TCDC with a 7-hydroxyl group in a-position, this occurred due to

Potential interaction partner and type, mutation and its predicted effect, function and protein localization of TGR5 variants for the initial and final binding mode models.

Ligand Potential interaction partner Predicted interaction type Mutation Predicted effect upon mutation Influence on function Function®

Membrane localization”

Initial binding mode

TIC  S21'3° No interaction S21A No effect
TIC  E169°% Hydrogen bond E169A  Binding
TLC  Y24055! Hydrophobic Y240A  Activation
TLC 124455 Hydrophobic 1244A  Activation
Final binding mode

TLIC  R79%! Salt bridge R79A Binding
TIC  Y893% Hydrophobic Y89A Binding
TCDC  Y89>%° Hydrogen bond Y89A  Binding
TUDC Y8932 Hydrophobic Y89A Binding
TLC  Ne3>® No interaction N93A  No effect
TLC  Y24085! Hydrogen bond Y240F  Activation
TLC  S27074 No interaction S270A  No effect

No loss 104+8 89+2
Rescuable 119+16 81+3
Not rescuable 18+2* 82x3
Not rescuable 57+7" 9212
Rescuable 65+7* 91x1
Rescuable 117£17 94%1
Rescuable 92+8 941
Rescuable 39+7% 9411
Not rescuable 12+1* 3342
Not rescuable 17+1* 86x2
No loss 81+8 91x1

*Significantly different (p < 0.01) from TGR5 wildtype.
2 Function at 10 pM TLC as percent of wildtype + SEM.
b percentage of cell membrane localization determined by FACS analysis = SEM,
¢ Function at 50 pM TCDC as percent of wildtype + SEM.
4 Function at 100 pM TUDC as percent of wildtype + SEM.
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Fig. 3. 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 in panel B with cyan lines, and TGRS in gray cartoon rep-
resentation. 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 effect of the N93A%*3 mutation (navy) could not be determined as the mutant was mainly retained
intracellularly (see Fig. 4). 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
E169%44 and Y240%5" with its 3-hydroxyl group. Hydrophobic interactions are formed between TLC and Y89>2° and 1244%5°. Binding mode of TCDC (sticks representation, yellow)
with its 7a-hydroxyl group forming a hydrogen bond to Y89°2°, moved towards TM3 relative to TLC (C), and binding mode of TUDC (sticks representation, yellow) with its 7p-
hydroxyl group forming a hydrogen bond to N93333, moved towards TM3 relative to TLC (D). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

hydrogen bond formation with Y8939 in TM3 (Fig. 3C). Agonists
such as TUDC with a 7-hydroxyl group in p-position formed a
hydrogen bond with N9333? instead (Fig. 3D). In addition, TCDC and
TUDC form hydrophobic interactions to Y89 with the D-ring of the
cholane scaffold, as does TLC.

Consequently, mutations of the following residues should yield
experimental support to the MD simulations-derived binding
maode, including the shifted configurations for agonists with a 7-
hydroxyl group: R79AF"! and Y240F%5!, as TLC forms hydrogen
bonds with these residues; S270A™3 as a negative control, as TLC
does not form hydrogen bonds with this residue; Y89A32° and
N93A333, 35 these residues are predicted to have an influence on
the activation of TGR5 by TCDC and TUDC, respectively, but not TLC.

Introduction of N93A333 completely abolished TLC induced
luciferase activity, while the forskolin-mediated rise in cAMP was
unaffected (Fig. 4A). Immunolocalization of N93A333 transfected
HEK293 and CHO cells revealed that the mutated receptor was
mainly retained intracellularly (Fig. 4C, see also Fig. S4 in the SM):
only 33.0 + 2.2% of N93A** reached the plasma membrane of
transfected HEK293 cells as measured by FACS analysis (Table 2),
thus explaining the complete loss of functional activity of this
mutant (Fig. 4A). The activity of 5270A7*3 was not significantly

different to that of wildtype TGR5 at high concentrations of TLC
(Fig. 4A). Even though R79AF! showed a dose-dependent increase
in TLC-dependent luciferase activity, it was significantly reduced
compared to wildtype TGR5 (Fig. 4A). Furthermore, R79A™! also
affected the forskolin-mediated rise in cAMP. Y240F%5! almost
completely abolished TLC induced luciferase activity and signifi-
cantly diminished the effect of forskolin (Fig. 4A). Y89A32® reduced
luciferase activity at TLC concentrations of 0.1 and 0.5 pM (Fig. 4B)
and resulted in an ECsg value of 8.90 uM compared to 0.68 pM for
TGR5 WT (Table 3) as obtained from dose/response curves (Fig. 54
in the SM). Y89A3?° significantly decreased TCDC-dependent cCAMP
production at 2.5 and 10 pM (Fig. 4B), paralleled by an increase in
the ECsp (WT: 2.30 uM; Y89A32%; 29,57 uM; Table 3, Fig. 54 in the
SM). Stimulation of Y89A3?° with TUDC resulted in a dose-
dependent increase in luciferase activity; however, compared to
WT TGRS, this rise in cAMP was significantly reduced for all con-
centrations tested (10—500 pM, n = 3—10, Fig. 4B), paralleled by an
increase in the ECsg (WT: 50.50 pM; Y89A3-2: 105.15 uM; Table 3,
Fig. S4 in the SM). The ECsg values determined for TGR5 WT in our
study are in agreement with previously reported values [3] (see
also Table S2 in the SM) (Table 3).

Apart from N93A333 (Fig. 4C, Fig. S4 in the SM), variants
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Fig. 4. Mutational analysis of residues involved in TGR5 ligand binding. HEK293 cells were transiently transfected with TGR5 WT and the TGR5 variants N93A>%, $270A74,
R79AY, Y240F%, and Y89A>°. A: Receptor responsiveness towards TLC was measured using a cAMP responsive luciferase construct. The variant N93A>3? completely abolished
receptor activity towards TLC stimulation, however, it did not affect the forskolin-mediated rise in cAMP. The variants S270A7*® and R79AE! showed a dose-dependent rise in
luciferase activity following incubation with TLC; however, compared to the WT the increase in cAMP was significantly lower for $270A™*3 at lower TLC concentrations (0.1 and
0.5 uM) and for R79AE! at all TLC doses used. Y240F5>! completely abolished TLC-induced luciferase activity and alse significantly diminished the effect of farskolin (WT n = 21;
N93A333, §270A4 n = 8; R79AFM, Y240F%*! n = 9). B: Stimulation of TGR5 WT and the variant Y89A>2° with TLC, taurochenodeoxycholate (TCDC), and tauroursodeoxycholate
(TUDC). Introduction of Y89A32* significantly reduced luciferase activity after stimulation with 0.1 and 0.5 M TLC (n = 8). When tested for TCDC, the mutation Y89A32° significantly
affected the induced luciferase activity at 2.5 and 10 uM of TCDC (n = 7—15). Incubation with TUDC (10—500 pM, n = 3—10) resulted in a significantly reduced rise in CAMP as
measured by luciferase activity for the Y89A32? variant as compared to WT. Results are expressed as mean + SEM. *, # = significantly different (p < 0.01) from DMSO (D) and TGRS
WT, respectively. C: Receptor localization was investigated by confocal laser scanning microscopy. The TGR5 protein was made visible using an anti-TGR5 antibody (RVLR2, red). WT
TGR5 was almost completely targeted to the plasma membrane (PM) as demonstrated by the yellow coloring in the overlay image with the PM marker protein sodium/potassium
(Na*/K*) ATPase (green). The variants Y89A®2®, S270A742, R79A", and Y240F%*! reached predominantly the PM, while the mutant N93A>** was mainly retained intracellularly.
Nuclei were stained with Hoechst (blue). Bars = 10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Y89A329, 5270A743, R79AF", and Y240F%5! were detected in the 3. Discussion

plasma membrane of transfected HEK293 cells by immunofluo-

rescence staining and confocal laser scanning microscopy (Fig. 4C).
FACS analysis demonstrated that 94.2 + 0.9%, 910 + 1.0%,
912 + 0.5% and 85.5 + 1.8% of Y89A32°, 5270A74%, R79AFL, and
Y240F%5", respectively, were sorted to the plasma membrane of
transfected cells (Table 2), indicating that the observed changes in
functional activity were independent of receptor plasma mem-
brane localization.

TGRS is a promising drug target for the treatment of metabolic
disorders [5,6,15]. So far, the development of agonists of TGR5 has
been guided by ligand-based approaches [14—18] due to the lack of
a crystal structure of TGR5. Related to the first structural model of
TGR5, Hov et al. |61] described two clinically relevant mutations,
W83R3% and V178M°*2, that decrease the activity of TGR5 upon
TLC stimulation. In the TGR5 model by Hov et al. [61] and the one
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Table 3
ECso values of TLC, TCDC, and TUDC with respect to TGRS WT and the Y89A32°
variant.”

Ligand ECs”

TGR5 WT TGR5 Y89A32°
TLC 0.68 + 0.23 (029) 8.90 + 020
TCDC 230 + 0,84 (1.91) 29,57 +920
TUDC 50.50 + 16.20 (30.20) 105.15 £ 17.10

2 Receptor responsiveness towards the different ligands was measured using a
cAMP responsive luciferase assay. The values were calculated using the Prism
software. See Fig. S7 in the SM for dose/response curves.

b In pM, Values in parentheses for TGR5 WT were computed from pECsq values
reported in Ref. [3] (see also Table 54 in the SM).

presented here, these residues point to the outside of the GPCR into
possible dimerization interfaces [66,67]. Hence, they may impact
TGR5 function by interfering with TGR5 di-/multimerisation
[68—70]. Macchiarulo et al. recently presented “binding mode 3” of
agonist bile acids and derivatives in TGR5 [ 19]. However, this model
could not explain all data from mutagenesis experiments, and li-
gands did not show any interaction with TM6 in this model (see
below) [19]. Two further binding mode models presented by Yu
et al. [37] and D'Amore et al, [36] differ in important aspects from
the one of Macchiarulo et al. By pursuing an integrated computa-
tional and biological approach, here, we present an alternative and
extended binding mode model of TGR5 agonists, including bile
acids and neurosteroids, which is in agreement with experimental
findings from eight mutagenesis experiments and in which the
agonists interact with the conserved [19] residue E169°4* and
residues in TM6 that are essential for GPCR activation.

Integrated approaches similar to ours have been successfully
applied for deducing binding site characteristics and/or generating
models of binding modes for other GPCRs [38—41]. However, the
lack of an experimental high-resolution structure of TGR5 can lead
to uncertainty in the structure-based prediction of the binding
mode of TGR5 agonists, despite promising progress in molecular
modeling and ligand docking for GPCRs [29]. We met this concern
in four ways in our integrated approach.

1) We pursued the strategy to generate multiple homology
models of TGR5 as well as multiple binding mode models
within the TGR5 structures, and used those to screen for the
one(s) that are consistent with knowledge on agonist in-
teractions important for GPCR activation [31-35] and
exhaustive experimental data on agonist potency (see III)
below). This reduces the risk to commit to an inappropriate
model early in the process. As such, we employed multi-
template homology modeling on seven templates to foster
the generation of structural models of TGR5 in which the
structural uncertainty due to less well conserved regions in
any single template is minimized [71] (step 1). Furthermore,
we considered two alternatives for TM7 of TGR5 when
generating the multiple sequence alignment with the tem-
plates (step 1) to account for the fact that — despite sequence
identities and similarities of the TM regions of ~20% and ~50%
— both the alignment of the (D/E)X(K/R) motif, frequently
occurring in the template structures, or conserved Pro resi-
dues [72] could be meaningful. This resulted in 50 homology
models generated for each alignment, respectively.

1) We accommodated structural uncertainties in the binding
site region of these homology models when placing the
agonist TLC by molecular docking (step 2). These un-
certainties arise from the homology modeling procedure per
se [29] as well as from using only antagonist-bound template

structures for generating these models (see IV) below) [73].
We did so, first, by performing ensemble docking into sub-
sets of ten homology models each. Docking into multiple
fixed receptor conformations is a practical means to incor-
porate conformational rearrangements of a receptor binding
pocket [74]. Second, we used DrugScore [75] as objective
function, that way benefitting from the reduced steepness
(i.e., increased softness) of the knowledge-based potentials,
which has been recognized as an advantage [76] as such
potentials are more robust to small changes in a receptor
conformation.

III) For identifying a TLC binding mode (step 2), we exploited

knowledge on the importance of residue E169>** in TM5
derived from evolutionary information [19] and, more
generally, of TM6 for GPCR activation [31-35] in the
screening for docking solutions that “approach” these TGR5
regions. We did this in addition to evaluating the standard
criteria of converged docking runs and energetically favor-
able docking solutions [77,78] so as to compensate for that
the AutoDock/DrugScore combination shows success rates of
generating “good” docking solutions in about 70—80% of the
cases only in evaluation studies [79,80]. This resulted in two
initial binding modes of TLC, one in a TGR5 model derived
from the (D/E)X(K/R) motif-centered alignment and one in a
TGR5 model derived from the proline-centered alignment. To
further differentiate between the two, structure-based 3D-
QSAR models based on the AFMoC approach [52] and 68
TGR5 agonists were generated. We expected that only an
agonist alignment based on an appropriate initial binding
mode will result in an AFMoC model with predictive power.
Note that four negative controls were considered in this
process, too, in that AFMoC models were also derived for two
TLC configurations that did not meet the above “approach”
criteria, as were AFMoC models for the two “approaching”
TLC conformations that had been exchanged between the
TGR5 models. Only the initial TLC binding mode in the
proline-centered TGR5 model resulted in a good AFMoC
model (g% = 0.37), whereas the four negative controls as well
as the TLC binding mode in the (D/E)X(K/R) motif-centered
TGR5 model resulted in AFMoC models without any predic-
tive power.

[V) Predicting activated states and long loops of GPCRs is one of

the remaining challenges when modeling GPCR structures
[29]. We thus relaxed the initial binding mode of the agonist
TLC in the proline-centered TGR5 model by exhaustive all-
atom MD simulations in an explicit membrane environ-
ment of 0.9 us length in total. We did so, first, to account for
possible subtle changes [73] in the binding site of our TGR5
model, which was generated from antagonist-bound tem-
plate structures, and, second, to enable a conformational
sampling of the extracellular loop EL1 in the presence of the
agonist. The overall TLC configuration remained stable;
however, two important local changes were observed, lead-
ing to the involvement of Y2408 in hydrogen bonding with
the 3-hydroxyl group of TLC, in addition to E169°44 and to a
reorientation (interaction) of the taurine tail of TLC towards
(with) R79 of EL1. While interactions to TM6 have long been
considered essential for GPCR activation [31—35], compelling
evidence has also emerged in recent years revealing a critical
role for ELs in many fundamental aspects of GPCR function,
including ligand binding and activation [81]. Again, multiple
relaxed binding modes of TLC were identified from the
conformational ensemble based on them interacting with
E169°%, Y240°5! and R79%! which were subsequently
evaluated by generating AFMoC models for the 68 TGR5
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agonists superimposed onto them. Only the binding mode in
which TLC interacts with all three of these residues resulted
in a significant and good AFMoC model (g2 = 0.50), the
predictive power of which was also markedly improved
compared to the AFMoC model for the initial binding mode.
This suggests that the relaxed, final binding mode model is a
better representation of the “true” binding mode.

In the final binding mode (Figs. 3A and 5), the TLC configuration
resembles the location and orientation of an antagonist sphingo-
lipid mimic co-crystallized with the human sphingosine 1-
phosphate receptor 1 (S1P1) (PDB code: 3V2Y) [82] (Fig. 54 in the
SM). TGR5 is phylogenetically related to members of the lipid
activated family of GPCRs that include S1P receptors [1,83]; the
human sphingosine 1-phosphate receptor 2 (S1P2) was shown to
be activated by bile acids [84]. The hydrophobic cholane scaffold of
TLC orients towards the interior of the orthosteric binding site such
that rings C and D are rather parallel to TM3; this interaction is
mimicked by the phenyl ring of the sphingolipid mimic in S1P1.
Rings A and B of TLC are in contact with the hydrophobic side
chains of TM5 and TM6; similar interactions occur between the
aliphatic chain of the sphingolipid mimic and TM6 of S1P1. The
taurine side chain is oriented towards the extracellular opening of
the binding site, as is the phosphonic acid moiety of the
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Fig. 5. 2D diagram of interactions between TLC and TGR5 in the final binding mode
model. Identifiers for rings A—D of the cholane scaffold of TLC are shown. Interacting
residues are shown in circles; hydrogen bonds and salt bridges are shown as purple
arrows. The residues are colored according to having a negative effect (green) on re-
ceptor activity upon stimulation with TLC when mutated to alanine. The effect of the
N93A** mutation (navy) could not be determined as the mutant was mainly retained
intracellularly (see Fig. 4). Residues showing no effect on receptor activity upon
stimulation with TLC, shown in orange in Fig. 1 and 2, are not interacting. Groups of
residues in a TM are indicated by gray arcs. Position 7 of the cholane scaffold, which is
hydroxylated in TCDC or TUDC, is indicated by a black arrow. In TCDC, the 7-hydroxyl
group interacts with Y89>?° in the final binding mode model. The diagram was made
with Maestro [120]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

sphingolipid mimic bound to S1P1. As to specific interactions of
TLC, the 3-hydroxyl group forms hydrogen bonds with E169°44 and
Y240°%51, and the sulfonic acid moiety forms a salt bridge with
R79ELL Neurosteroids, e.g., pregnandiol, adopt a similar binding
mode as TLC (Fig. S8 in the SM), with rings A and B also interacting
with TM5 and TM6, and rings C and D being slightly shifted towards
the interior of the binding site.

To further substantiate our binding mode model, we performed
mutagenesis experiments of residues lining the binding site and
compared predicted effects due to these mutations with the impact
of the TGR5 variants on receptor activity (Figs. 2 and 4, Table 2). In
particular, we distinguished between an effect on binding and one
on activation. For the former, we expect that receptor function can
be rescued by increasing the agonist concentration in the activity
assay (i.e., by a right-shift in the dose response curve), whereas no
such rescue is possible for the latter. Initially, we probed for in-
teractions between the cholane scaffold and residues in TM5 and
TMS (upper part of Table 2). We expected that the E169A544 mu-
tation will influence the binding of TLC due to the loss of the
hydrogen bond interaction with the 3-hydroxyl group. This pre-
diction was confirmed by a right-shift in the dose—response curve
in the E169A°*4 variant (Fig. 2A, Table 2) and is in line with findings
of other GPCR agonists interacting with the residue at position 5.44,
too [59]. Macchiarulo et al. also reported an up to 70-fold increase
in ECsq values of bile acid derivatives compared to wild type TGR5
for this mutation, but could not explain this finding by a loss of
interactions to the bile acid derivatives as these are located ~12 A
away from this residue in their binding mode [19]. The binding
mode of Yu et al. does not interact with E169°** either [37],
whereas the one of D'Amore does via the 3-hydroxyl group [36].
Macchiarulo et al. also discussed an alternative binding mode in
their study in which the side chain of a bile acid points to the
interior of the orthosteric binding site (referred to as “tail to head
pose” in Ref. [19]). Such a binding mode is highly unlikely for TLC as
it would bring two negatively charged moieties (E169>44 and the
sulfonic acid group of TLC) in close proximity. Accordingly, the
pPECs0 value of TLC-3-sulfate is more than two log units smaller than
that of TLC (Table S4 in the SM), likely a result of the repulsion
between the sulfate group at position 3 of the cholane scaffold and
E169°# as suggested by our binding mode model (Fig. 3A).

For mutation [244A%5, we predicted a negative impact on
activation of TGR5 as this mutation should abolish hydrophobic
interactions to the A ring of the cholane scaffold. Residue 6.55 is
often addressed by agonists binding to other GPCRs [31—35], and
interactions with residues on TM6 are important for GPCR activa-
tion [31-35]. In agreement with this prediction, activation of
L244A%55 by TLC showed a rise in luciferase activity for each TLC
concentration that was significantly reduced compared to wildtype
TGR5 (Fig. 2A). Regarding Y2408, this residue was initially
mutated to alanine, and we expected a negative impact on TGR5
activation for the same reasons as for [244%5, This prediction was
confirmed in that the Y240A5! variant showed only a slight in-
crease in luciferase activity in response to TLC (Fig. 2A). As TLC
forms a hydrogen bond with its 3-hydroxyl group with Y2406 in
the final binding mode model (Fig. 3A), we also investigated the
Y240F%3! variant (lower part of Table 2); the loss of the hydrogen
bond was expected to lead to a negative effect on TGR5 activation.
Y240F%>! indeed almost completely abolished TLC induced lucif-
erase activity (Fig. 4A). In none of the binding modes of Mac-
chiarulo et al. | 19], Yu et al. [37], and D'Amore et al. [36] did the bile
acid derivative form a direct hydrogen bond between the 3-
hydroxyl group and Y2406, Note, that in both the Y240A%>! and
Y240F%*! variants significantly diminished forskolin effects were
found (Figs. 2A and 4A) suggesting an increased constitutive ac-
tivity [61], which may be caused by the loss of intra-TGR5
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interactions in the Y240A[F variants and, thus, a destabilization of
the inactive state of TGR5.

Abolishing the salt bridge interaction predicted to exist between
the sulfonate moiety of TLC and R79E in the final binding mode
model should have a negative impact on TLC binding. This predic-
tion was confirmed by a R79AE! variant, which showed a signifi-
cantly reduced and right-shifted luciferase activity compared to
wildtype TGR5 (Fig. 4A). A similar salt bridge interaction has been
observed between the phosphonic acid moiety of the sphingolipid
mimic and a lysine of S1P1 [82]. In the binding mode of Yu et al. [37]
the negatively charged side chain of the bile acid derivative in-
teracts with R8OEL!: however, this interaction was enforced by re-
straint docking and did not develop in the course of unbiased MD
simulations as in our case, Considering that TLC needs to adopt an
extended conformation in order to interact simultaneously with
E169°44 1244555 ¥2405%°1 and R79% can explain why taurine-
conjugated bile acid derivatives show in general higher pECsq
values than glyco-conjugated or non-conjugated derivatives
(Table S4 in the SM): In the latter cases, the shorter side chains can
lead to weakened interactions to R79%! andjor conformational
strain in EL1 to reach the side chain.

In contrast, no effect on TLC binding was expected for the
$21A"3° mutation because this mutation served as negative control
in order to exclude the possibility of a (D/E)X(K/R) motif-centered
TGR5 model (Fig. S3A in the SM). As predicted, the TLC-
dependent luciferase activity of S21A'3® was comparable to that
of wildtype TGR5 (Fig. 4A). Thus, combining the results of the
R79AF! mutation as a positive control as well as of the S$21A*° and
5270A7*3 mutations as two negative controls leads to the rejection
of the binding mode found in the (D/E)X(K/R) motif-centered TGR5
model 42, in which the sulfonic acid moiety binds to $21'%%. In the
binding mode of D'Amore et al. the sulfate moiety of the bile acid
derivative forms a water-mediated hydrogen bond with $2113,
Another mutation for which no effect on TLC binding was predicted
is S270A743; While 5270”43 was involved in hydrogen bonding
interactions with the sulfonate moiety of TLC in the initial binding
mode (Fig. 1A), these interactions were not stable in any of the MD
simulations used for refinement (Fig. S4E in the SM). This predic-
tion was confirmed in that the activity of the $270A’43 variant was
similar to that of wildtype TGR5 (Fig. 4A). This result differs from
findings from Macchiarulo et al. according to which the $270A743
variant resulted in a complete loss of activity [19]; Macchiarulo
et al. did not quantify the plasma membrane localization of this
variant [19]. In “binding mode 3” of Macchiarulo et al. the side chain
of the bile acid derivative forms a hydrogen bond with $270743.
Finally, we did not expect an effect on TLC induced TGR5 activation
by the N93A333 mutation, as N93 does not interact with the 3-
hydroxyl group in our final binding mode (Fig. 3). Introduction of
N93A333 Jed to a complete loss of TLC induced luciferase activity
(Fig. 4A); however, immunolocalization of N93A333 transfected
HEK293 and CHO cells revealed that the mutated receptor was
mainly retained intracellularly (Fig. S6 in the SM), and only 33% of
the mutated protein reached the plasma membrane of transfected
HEK293 cells, thus explaining the complete loss of functional ac-
tivity of this mutant (Fig. 4C). Note that a complete loss of activity of
a N93A333 variant was also reported by Macchiarulo et al. [19].
However, while membrane localization in that study was assessed
by immunofluorescence staining of the transfected CHO cells, no
quantification of plasma membrane localization was performed.
The authors thus interpreted the complete loss of activity as a
confirmation of the non-existent hydrogen bonding with the 3-
hydroxyl group of bile acid derivatives in their “binding mode 3”
[19]. This data by Macchiarulo et al. [ 19] was also used by D'Amore
et al. [36] and Yu et al. [37] to substantiate their binding modes.

Finally, we validated the prediction that Y89%2 is involved in

hydrogen bond formation with the 7a-hydroxyl group of TCDC,
which should result in a negative effect on the binding of that bile
acid (Fig. 3C). Indeed, the Y89A32° mutation significantly affected
TCDC-dependent cAMP production at 2.5 and 10 uM (Fig. 4B) and
leads to a ~13-fold increase in the ECs5¢ value compared to WT
(Table 3). Macchiarulo et al. also investigated the activity of a
Y89A32° variant with respect to wild type TGR5 [19]; they did this
in the context of hydrogen bond formation with the 3-hydroxyl
group of bile acids in their “binding mode 3”. However, while all
six bile acid derivatives tested by these authors carried a 3-
hydroxyl group, pronounced increases in ECsp values were only
found for those five derivatives that additionally carried a 7a-hy-
droxyl group [19]; this finding suggests that their results also
reflect a loss of hydrogen bonding to the 7a- rather than the 3-
hydroxyl group. The involvement of N93%>33 in hydrogen bond
formation with TUDC (Fig. 3D) could not be validated because the
N93A323 variant was mainly retained intracellularly (see above;
Fig. 4C). However, the Y89A32° variant only weakly (~2-fold)
affected the ECsp value of TUDC (Table 3), likely because the loss of
hydrophobic interactions between the phenyl ring and ring D of
the cholane scaffold (Fig. 3D) is compensated by the hydrogen
bond formation with N93333, Such a compensation is missing in
the case of TLC, which can explain why a ~13-fold increase in the
ECsp value is found for the Y89A32° variant compared to WT
(Table 3). Taken together, our binding mode model provides an
explanation for the observed epimeric selectivity for bile acids
with a 7-hydroxyl group.

4. Conclusion

We presented a binding mode model of agonist bile acids and
neurosteroids in TGRS (Figs. 3A, B and 5), elucidated by an itera-
tive and integrated computational and biological approach. An
alignment of 68 TGR5 agonists based on this binding mode leads
to a significant and good structure-based 3D-QSAR model, which
constitutes the most comprehensive structure-based 3D-QSAR
study undertaken so far for TGR5 agonists and suggests that our
binding mode model is a close representation of the “true” binding
mode. Our binding mode is further substantiated in that effects
predicted for mutations in the binding site agree with experi-
mental analyses on the impact of these TGR5 variants on receptor
activity in all eight cases where the variants were trafficked to the
plasma membrane. Our binding mode model differs in one or
more of five aspects from binding mode models described
recently: I} Our binding mode is oriented parallel to the mem-
brane, rather than perpendicular to it as the binding mode of Yu
et al. [37]; II) the cholane scaffold of bile acids binds in the vicinity
of TM5 and TM6 and is rotated by 180° around the long axis
compared to “binding mode 3” of Macchiarulo et al. [19]; III) the 3-
hydroxyl group of bile acids interacts with the conserved [19]
E169>44 but neither with N93%33 nor with W237548, which is in
contrast to both “binding mode 3” and the binding mode of Yu
et al. [37]; IV) through this, our binding mode provides an
explanation for the observed epimeric selectivity for bile acids
with a 7-hydroxyl group; V) the side chains of bile acids orient
towards EL1 and, hence, are distant to 52707'43, in contrast to
“binding mode 3” [19] and the binding mode of D'Amore et al. [36]
These results are highly relevant for the development of novel,
more potent agonists of TGR5. Furthermore, as only subtle changes
in the binding site of active and inactive state GPCRs have been
found [73], these results should also be a valuable starting point
for the development of TGR5 antagonists, which could show
antiproliferative effects in various gastrointestinal tumors
[9,85—87] and also alleviate cholestatic pruritus [9,88,89].
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5. Materials and methods

Homology modeling of the TGR5 structure. Templates for the
homology modeling of TGR5 were identified by a PSI-BLAST [42]
search on the Protein Data Bank [90] using an E-value cutoff of 5
to account for the low sequence identity among GPCRs. Of each
class A GPCR type available with resolution <3 A, the crystal
structure with the lowest resolution was included into the set of
templates (PDB codes: 2VT4 [91], 3D4S [92], 3EML [93], 30DU [66],
3PBL [94], 3UON [95], and 3V2Y [96]). Subsequent alignment of the
first 295 amino acids of the target sequence (UniProt accession
number: Q8TDUG6) and the template sequences was carried out
with TCoffee [97]. The resulting multiple sequence alighment was
manually corrected with the help of the program Jalview [98]
considering secondary structure information. Due to two possibil-
ities of aligning TM7 (see Results section for details), models for
both alignments were generated, and both models were subjected
to further analyses. The model generation was carried out with the
program Modeller [99] (v9.9) in a multi-template approach
employing the dope-loopmodel algorithm, owing to the length of
EL2 of TGR5 (~18 amino acids). The disulfide bridge between resi-
dues 85 (position 3.25) and 155 (EL2) was explicitly specified in the
modeling script. 50 models, generated from ten base models with
five loop models each, were created for each of the two alignments.
The resulting models were checked with Procheck [47] for their
stereochemical properties, and models with errors, e.g. chain
breaks, knots, and residues in disallowed regions in the Ram-
achandran plot, in the transmembrane regions were discarded. For
each of the two alignments, ten models with structural variations in
the binding pocket conformations were visually selected for further
analyses. These models were aligned in Pymol [100] with the
‘cealign’ command onto the respective first homology model to
allow easier comparison between the subsequent results.

Docking of TLC. For the molecular docking, TLC was drawn with
ChemDraw Ultra [101], converted into a 3D structure, and energy
minimized with Moloc using the MAB forcefield [102]. According to
physiological pH, the sulfonate moiety was modeled in the
deprotonated form. TLC was then docked into each of the 2x 10
TGR5 models using AutoDock3 [103] as a docking engine and the
DrugScore [ 104] distance-dependent pair-potentials as an objective
function as described in Ref. [50]. Because of the flexible taurine
moiety, a clustering RMSD cutoff of 2.0 A, a maximum number of
3*10° energy evaluations, and a maximum number of 5*10% gen-
erations were chosen; for all other docking parameters default
values were used. Docking solutions with more than 20% of all
configurations in the largest cluster were considered sufficiently
converged, and the configuration with the lowest docking energy of
that cluster was used for further evaluation.

Initial AFMoC analysis. For the AFMoC analysis, all TGR5 agonists
were considered for which ECsg values were provided by Sato et al.
[3]. This ensures that EC5p values are comparable as they were
determined with the same assay [105]. The pECsp values encom-
pass a range of 3.62 log units and are approximately uniformly
distributed. Agonist structures were drawn with ChemDraw Ultra
[101], converted into a 3D structure, and energy minimized with
Moloc using the MAB forcefield [102]. Subsequently, all ligands
were aligned with Moloc via a pair- and atom-wise alignment onto
the selected docking solutions of TLC using the cholane scaffold as a
template for the orientation of the ligands. Finally, each ligand was
minimized in the presence of the respective homology model,
which was kept frozen. The AFMoC analysis was conducted with
DrugScore potential fields, which encompass all ligands by at least
8 A, and standard settings [52]. The influence of the ¢ value, which
determines the “local smearing” of atomic protein-to-ligand in-
teractions over neighboring points of a grid in the binding site, was

tested by modifying ¢ from 0.55 to 1.15 A in increments of 0.15 A.
For §&-Me-LCA, for which the configuration at position 7 is unknown,
the respective diastereomers a-Me-LCA and -Me-LCA were tested
in separate AFMoC analyses. For all AFMoC analyses leave-one-out
(LOO) and leave-multiple-out analyses (LMO) were performed.
Additionally, LOO-analyses after random scrambling of the bio-
logical data (“y-scrambling”) were performed.

MD simulations of TGR5 with bound TLC in an explicit membrane.
For generating the starting structure, the TGR5 orientation in the
membrane was first determined by performing calculations with
the Orientations of Proteins in Membranes (OPM) server [106] on
the TGR5 homology model that has resulted in a valid AFMoC
model. This includes the complete model containing loops except
the last 35 residues of the C-terminus. The oriented TGR5 structure
was then used for setting up the membrane for the MD simulations
with the CHARMM-GUI [107]. The TGR5 termini were capped with
ACE and NME groups for the N- and C-terminus, respectively. One
hundred 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids
were selected for each layer of the membrane, and the system was
hydrated with 15 A of TIP3P [108] water on each side of the
membrane, resulting in a rectangular box. The shortest distance
between the edges of the box and the closest atom of the receptor
was at least 10 A. 15 mM KCl was included in the water as per
default CHARMM-GUI settings. The resulting system size was
~85.000 atoms. Partial charges for TLC were determined according
to the RESP procedure [109] applying gaussian09 [110] for the
calculation of electrostatic potential maps and antechamber [63];
torsion angle parameters for TLC were determined following the
FEW™™ approach [111,112]. MD simulations were performed with
Amber14 [113] using the ff12SB, GAFF [64], and lipid14 [65] force
fields. The equilibration of the system was carried out using pmemd
[114,115] followed by production runs using the GPU-accelerated
pmemd.cuda version [116].

The Particle Mesh Ewald [114] method was used to treat long-
range electrostatic interactions. Bond lengths involving bonds to
hydrogen atoms were constrained using SHAKE [117]. The time step
for all MD simulations was 2 fs with a direct-space, non-bonded
cutoff of 8 A. Initially, 12,000 steps of steepest descent and conju-
gate gradient minimization were performed. Harmonic restraints
with a force constant of 500 kcal mol~! A~2 were applied to all
solute atoms; the force constant was reduced to 10 kcal mol—1 A-2
after 2000 steps. Then, NVI-MD (MD simulations with a constant
number of particles, volume, and temperature) was carried cut for
50 ps during which the system was heated from 100 K to 300 K.
Subsequent NPT-MD (MD simulations with a constant number of
particles, pressure, and temperature) was used for 100 ps to adjust
the solvent density. In both steps, harmonic restraints with a force
constant of 10 kcal mol~! A~2 were applied to all solute atoms. A
final unrestrained NPT-MD was performed for 200 ps. In the
following 100 ns of unrestrained NPT-MD, conformations were
extracted every 40 ps for analysis. In addition, eight independent
MD simulations were performed to assess the statistical signifi-
cance of the results, each started from a slightly different end
temperature after the equilibration step.

Afterwards, the trajectories were clustered with TLC as a refer-
ence. A hierarchical agglomerative clustering algorithm was
applied as implemented in cpptraj [ 118], with a minimum distance
of 1 A between the clusters in combination with a symmetry-
corrected root mean-square deviation (RMSD) between the struc-
tures as a distance measure. Subsequently, the cluster representa-
tives were visually inspected for interactions between TLC and
TGR5 residues known to influence the binding affinity.

Second AFMoC analyses. Cluster representatives of the nine
simulations addressing at least two of the residues R79E1, E169°44,
and Y24055! were used as templates for another round of AFMoC
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analyses. For this, the TLC configuration was energy minimized in
the presence of the TGR5 conformation using Moloc. All receptor
atoms were kept fixed except for side chains of Y89°2° and Y2406°1,
The AFMoC analyses were then carried out as described above. The
AFMoC model with the highest g? was chosen as the final binding
mode model.

Materials, Cell culture media was from PAA (Coelbe, Germany).
Foetal calf serum (FCS) was from Biochrom (Berlin, Germany).
Taurolithocholic acid (TLC), taurochenodeoxycholic acid (TCDC),
tauroursodeoxycholic acid (TUDC) and forskolin (Forsk) were ob-
tained from Sigma—Aldrich (Taufkirchen, Germany) and Calbio-
chem (San Diego, CA, USA), respectively.

Cloning of TGR5 variants. Human TGR5 was cloned as previously
described [7,61]. Using the QuikChange Multi Site-Directed Muta-
genesis Kit (Agilent Technologies, Santa Clara, USA) mutations were
introduced in two different TGR5 cDNA constructs [61,62]: One
construct, containing the part of the 5'UTR as well as the complete
human TGR5 sequence including the stop codon, was cloned into
the pcDNA3.1+ vector (Clontech, Palo Alto, CA) and used for
immunofluorescence staining and luciferase assays. The second
construct, FLAG-TGR5-YFP comprised the TGR5 CDS with an N-
terminal FLAG-tag and was cloned into the pEYFP-N1 vector,
generating a C-terminal YFP-Tag (Clontech, Palo Alto, CA). This
construct was used for FACS-analysis. All mutagenesis primer se-
quences and cloning strategies can be obtained upon request.
Successful cloning and mutagenesis was verified by sequencing and
comparison to the TGR5 reference sequence (GenBank accession
numbers: TGR5: NM_001077191.1).

Immunofluorescence and confocal laser scanning microscopy.
Human embryonic kidney 293 (HEK293) cells were cultured in
DMEM with 10% FCS and were kept at 37 °C and 5% CO,. Cells
(grown on glass coverslips) were transiently transfected with
different TGR5-pcDNA3.1+ mutation constructs using Lipofect-
amine2000 (Invitrogen) for 48 h according to the manufacturer's
recommendations. Fixed cells (methanol, —20 °C, 30 s) were
incubated with the anti-TGR5 (RVLR2) antibody (directed against
amino acids 298—318 of human TGR5; 1:500) [7] and sodium/po-
tassium (Na+/K+; 1:100) ATPase (Sigma—Aldrich) diluted in 2% FCS
in PBS (/). Diluted fluoresceine (1:100) and Cyanine-3 (1:500)
conjugated secondary antibodies were purchased from Dianova
(Hamburg, Germany). Nuclei were stained with Hoechst 34580
(1:20,000; Invitrogen). Images were analyzed on a Zeiss
LSM510META confocal microscope using a multitracking modus. A
63x objective and a scanning resolution of 1024 x 1024 pixels was
used for all samples.

Flow cytometry. Plasma membrane localization of TGR5 was
determined by flow cytometry (FACS) using a FACS-CANTO-II (BD
Biosciences; Heidelberg, Germany) as described |[61,62].
HEK293 cells were transiently transfected with the FLAG-TGR5-YFP
constructs using Lipofectamine2000. The N-terminal FLAG-tag was
detected with the anti-FLAG M2-antibody (Sigma—Aldrich) using
the Zenon PacificBlue Label-Kit (Invitrogen) according to manu-
facturer's instructions. TGR5 PM expression was quantified by the
amount of FLAG-tag positive cells divided by the total amount of
TGR5 positive cells as determined by YFP-fluorescence [61,62].

Reporter gene assay. HEK293 cells grown on 6-wells were tran-
siently co-transfected with human TGR5 variants in pcDNA3.1+
(0.5 pg diluted with 1.1 pg pEYFP-N1 vector), a reporter construct
containing 5 cAMP responsive elements in front of the luciferase
gene (Bayer AG; Leverkusen, Germany; 16 pug), and Renilla
expression vector (Promega; Madison, W1, USA; 0.1 ug) using the
transfection reagent Polyethylenimin (PEI, Sigma—Aldrich) [119].
The transfection approach was performed in Optimem medium in a
3:1 ratio of transfection reagent to DNA. After 48 h cells were lysed
and luciferase assay was carried out with the dual-luciferase kit

(Promega). Luciferase activity, normalized to transfection efficacy,
served as measure for the rise in intracellular cAMP following for-
skolin stimulation (positive control) and TGR5 activation by TLC or
TCDC and TUDC. Incubation with the respective substances was
carried out over 16 h [61,62]. The increase in bile acid and forskolin-
dependent luciferase activity is expressed relative to the DMSO
stimulation (negative control), which was set to 1.0 for each
experiment. The relative luciferase activity was plotted against the
logarithm of the concentration of TLC, TCDC, and TUDC, respec-
tively, in order to calculate the ECso, and the data was evaluated
using the Prism program.

Statistical analysis. Experiments were performed independently
at least three times. Results are expressed as mean + standard error
of the mean (SEM) and analyzed using the two-sided student t-test.
A p < 0.01 was considered statistically significant.
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Supplemental Tables

Table S1. Stereochemical quality of the homology models generated from the (D/E)X(K/R)
motif-centered aignment as analyzed by Procheck[ 1].

Residuesin Residuesin Residuesin Residuesin

core allowed generous  disallowed
Model regions® regions® regions® regions?

1 90.6 71 2.0 04
2 86.3 8.2 3.9 1.6
3 89.8 6.3 27 1.2
4 85.9 10.6 20 1.6
5 87.5 6.7 4.7 1.2
6 89.0 8.6 1.2 24
7 88.2 8.2 1.2 24
8 894 7.8 1.2 1.6
9 89.0 9.0 1.2 0.8
10 87.8 9.0 20 1.2
11 87.8 10.6 04 1.2
12 875 8.2 24 20
13 89.8 5.9 3.9 0.4
14 85.5 10.6 2.0 20
15 871 6.7 5.1 1.2
16 89.0 7.5 1.6 20
17 89.0 8.6 0.8 1.6
18 89.8 75 1.6 1.2
19 91.0 7.8 0.8 0.4
20 86.7 9.0 31 1.2
21 871 10.2 20 0.8
22 86.7 9.0 31 1.2
23 89.0 9.0 1.2 0.8
24 85.1 114 27 0.8
25 89.0 55 4.3 1.2
26 894 8.2 1.8 0.8
27 89.8 8.2 0.8 1.2
28 894 75 1.2 20
29 90.2 8.2 1.2 0.4
30 86.7 94 24 1.6
31 88.2 10.2 04 1.2
32 85.9 8.2 31 27
33 87.5 6.3 4.3 20
34 85.5 10.6 20 20
35 87.8 5.9 4.7 1.6
36 88.6 75 20 20
37 90.2 8.2 0.8 0.8
38 87.5 8.6 24 1.6
39 89.8 8.2 1.6 0.4

145



Publication I1I — Supporting Information

SM for Transmembrane Binding Site of TGRS and Binding Mode Prediction A4

Table S1 continued

40 87.8 9.4 20 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
44 855 11.0 20 1.6
45 88.2 6.3 4.7 0.8
46 88.2 8.6 24 0.8
47 88.6 9.0 1.2 1.2
48 89.0 7.8 1.2 20
49 90.2 8.6 0.8 0.4
50 87.5 9.4 2.0 1.2

@ The percentage of residues is given that lie within core, alowed, generous, or disdlowed

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 aignment as analyzed by Procheck[1].

Residuesin Residuesin Residuesin Residuesin

core allowed generous  disallowed
Model regions® regions® regions regions?

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 27

4 87.9 9.7 1.9 04

5 87.9 9.3 23 04

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 74 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 04
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 04 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 04
25 87.9 8.9 23 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 04 1.6
29 88.7 9.3 1.6 04
30 86.8 8.2 3.1 1.9
31 88.3 74 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 04
35 87.5 9.7 23 04
36 87.9 8.9 1.6 1.6
37 88.3 8.6 1.6 1.6
38 89.9 8.2 04 1.6
39 88.3 9.7 1.2 0.8
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Table S2 continued

40 87.2 8.9 23 1.6
41 89.1 74 1.9 16
42 88.7 8.9 1.2 1.2
43 88.7 7.8 0.8 27
44 88.3 9.3 1.9 0.4
45 87.2 101 23 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 04 16
49 88.3 10.1 1.2 0.4
50 86.4 8.9 3.1 1.6

@ The percentage of residues is given that lie within core, alowed, generous, or disalowed

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.

Posesinthe  Energy of the best
largest pose in the largest

Alignment Model®  cluster® cluster®

(DFEIXRK) 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

@The model number refers to the number assigned in the modelling process.

b Percentage of poses in the largest cluster.

¢Inkca mol™.
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Tabhle S4. TGRS agonists with a cholane scaffold used for the AFMoC analyses. Adapted from

ref [2].
Triple substituted TGR5 agonists
Ligand R R, | Ry [1] S 0P Structure
Acid-form
CDCA —H aOH  [—H 5.17 COoH
CA —H aOH  |a-OH 4.87
LCA —H —H —H 6.24
DCA —H —H «-OH 5.90
lago-DCA —H —H B-OH 5.36
UDCA —H B-oH |—H 4,44
HDCA aDH [+ |-H 4.50
muro-CA B-OH —H —H 5.31
Taure-form ., o
TCDC —H «OH |—H 572 Ty 7 -
TCA —H a-OH o-0OH 5.31
TLC —H —H —H 6.54 S
TDC —H —H |a-OH 6.10 Ho' T R, HOsS
TUDC —H B-OH —H 4,52 R4
THDC o-0OH —H —H 4.62
Glyco-form I o
GCDC —H a-OH —H 541 2 /
GCA —H _ |eOH |«OH 4.87 d:S\:u@’\’« G
GLC —H —H  |—H 6.27 CO2H
GDC —H —H a-OH 5.93 HO" 7k T Ra
GUDC —H B-oH |—H 4.47 !
GHDC a-OH |—H —H 4.44
Double substituted TGRS agonists
Ligand R, | R; PECs, Structure
Acid-form
5B-chelanic-acid —H —H 5.22
LCA-S ¢-050,H—H <4.00
COoH
LCA-Ac a-QCOC|—H <3.99
dehydro-L CA =0 —H 6.57
iso-LCA B-OH —H 5.90
7-6-Me-LCA @-OH | —CH, 7.12 Ri H R
To-F-LCA o-OH o-F 6.60
7B-F-LCA a-OH  [B-F 5.64
3-dehydro-CDCA =0 o-0OH 5.40
3-deoxy-CDCA —H o-0OH 4.84
7R-Me-CDCA aOH |a-OH, B-CH, 521
7B-Et-CDCA @OH  |a-OH, B-CH,-CH, 5.58 - o
7B-Pr-CDCA a-OH  [a-OH B-(CHL-CH| .11 NH
Taurg-form
TLC-S a-050,;H—H 4,32 R; Rs HO,S
7R-Me-TCDC aOH |a-OH, B-CH, 5.63 H
7B-Et-TCDC @OH  |a-OH, B-CH,-CH, 6.14
7B-Pr-TCDC o-OH o-OH, B-{CH;}:-CHy 6.44
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Table S4 contimed
Sidechain substituted TGRS agonists
Ligand Ry R; R pECso Structure
LCA Me-Ester —H —H _~~-CO:CH; 6.23
Ner-LCA —H —H “CogH 6.11
CDCA Me-FEster - OH —H o ACOCH; 5.36
Nor-CDCA @-OH |—H ~ScoH 4.98
Dinor-CDCA a-OH  [—H _COpH <400
CDC-OH a-OH |[—H o 6.92
CDC-Sul o-0H —H <505 6.36 %,
- R —Rs
225,235-CCDCA «OH |—H COH 5.88
/l\'\'——cozH
225,23R-CCOCA  [a-OH | —H 5.54 _
HO R4
22R,23R-CCDCA  |aOH  |—H COoH 4.12
22R,235-CCDCA  |aOH  |—H COzH <4.00
C-OH a-OH  |eoH | ~ou 6.06
C-Sul o-0H a-0H N50H 6.00
Nor-UDCA B-oH |—H “CoH 4.33
Dinor-UDCA g-oH |[—H _COH <3.50
UDE-OH g-oH [—H o 5.66
uDc-sul g-oH |[—H <500 5.30
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S10

Table 85. TGRS agonists with different scaffolds used for the AFMoC analyses. Adapted from

HO'

ref. [2].
Ligand Structure pEC:; Ligand Structure pEC.,
MO, [¢]
Dehyd i-
Pregnandiol Ctg:tg 6.07 ehydroepi 548
androsterone
HOY [ HO
o, 0
Dehyd i-
So-Pregnandione 6.54 enydroep 3.90
androsterone-5ul
) HOS50 =
Q OH
Progestercne JS:BV 5.56 Etiocholandiol d:g:tﬁ 5.61
o HGY [
0 OH
Etiocholanolone d:j/:b 542 Androstandiol ’5 5.15
HO™ ) HOY i
o OH
Epieticholanolone ’Cﬁj 5.58 Androstanolone ﬁ 5.35
HO' T o 5
o OH
Androsterone d:g:tﬁ 5.21 Testosterone ﬂ[;é:'é 4.74
HO" o
0 OH
Epiandrosterone 549 17p-Estradiol : f i: :\’ 4.42

%

HO
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Table S6. ¢° values of AFMoC analyses for model/ligand combinations of different docking

solutions.
Template
Model®  Alignment® ligand® g2¢
19 Proline 19 0.37(0.37)
19 Proline 42 -0.09 (-0.09)
26 Proline 26 0.03 (0.03)
34 Proline 34 -0.1 (-0.1)
42 (D/E)X(K/R) 19 -0.01 (-0.01)
42 (D/E)X(K/R) 42 -0.13 (-0.13)

2 The model number refers to the number assigned in the modelling process.
b The center the sequence alignment of the homology models is based on.
¢ The template ligand numbers refers to the number of the homology model it was found in.

4 4% = 1 - PRESS/SSD as obtained by “leave-one-out” cross-validation. PRESS equals the sum of
squared differences between predicted and experimentally determined binding affinities, SSD is
the sum of the squared differences between experimentally determined binding affinities and the
mean of the training set binding affinities. Values are given considering only the part of the
binding affinity (pECs0"™) used in the PLS analysis or considering the total binding affinity
(values in parentheses).
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Supplemental Figures
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Figure S1. Sequence alignment for the homology modelling for the first alignment alternative

(D/EYX(K/R)-centered).
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Figure S2. Sequence alignment for the homology modelling for the second alignment alternative

(conserved proline-centered).

155



Publication III — Supporting Information

SM for Transmembrane Binding Site of TGRS and Binding Mode Prediction S14

Figure S3. Alignment templates of AFMoC models resulting in ¢ < 0.03 (see Table S4), using
the docking pose of TLC in A: model 42 of the (D/E)X(K/R)-centered alignment, B: model 26 of

the conserved proline-centered alignment, and C: model 34 of the conserved proline-centered

alignment.
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Figure S4. Analysis of the MD simulation of TLC in model 19 of the proline-centered alignment.
A: All-atom root mean square deviation (RMSD) of TGR5. B: RMSD of all Catoms of the
transmembrane regions. C: All-atom symmetry corrected RMSD of TLC after
superimpositioning all protein atoms of TGRS5. D: 2D-RMSD of TLC after superimpositioning
all protein atoms of TGRS. E: Shortest distance between any of the oxygen atoms of the sulfonic
acid group of TL.C and the hydroxyl oxygen of $2707# (blue) or any of the guanidine nitrogen
atoms of R79! (green). F: Shortest distance between the 3-hydroxyl oxygen of TLC and any of
the carboxyl oxygen atoms of E169%4* ss
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LOO analysis

pEC,, exp.

Figure S5, Scatterplot of the predicted versus experimentally determined pECso values taken
from the leave-one-out analysis of the final AFMoC model. The red line indicates a perfect

correlation, while the orange lines indicate a deviation by one log-unit.
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A

TGR5 PDI Merge

N93A

B ER

TGRS Tracker Merge

N93A

Figure 86. Localization of TGRS by confocal laser scanning microscopy. HEK293 cells (A) and
CHO cells (B) were transiently transfected with TGRS wildtype (W) and the N93A variant in
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the pcDNA3.1+ vector. The TGRS protein was made visible using an anti-TGRS antibody
(RVLR2, red). Compared to the WT protein, which was mainly located in the plasma membrane,
the N93A variant was predominately retained intracellularly. Using an antiboedy against protein
disulfide isomerase (PDL in A) or the ER-Tracker (Invitrogen, in B) N93A fluorescence was
colocalized with these markers, indicating that the mutant receptor is retained in the endoplasmic

reticulum of both transfected cell lines. Nuclei were stained with Hoechst (in blue). Bars =

10 pm.
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Figure S7. The receptor responsiveness of TGRS WT (dotted line) and the Y89A®? variant
(straight line) towards TLC (A), TCDC (B), and TUDC (C) was measured using a cAMP
responsive luciferase assay. The normalized signal was plotted against the log of the compound
concentration. The corresponding ECso values were calculated using the Prism software. Each

data point was averaged over 3 to 10 independent measurements.
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Figure S8. A: Comparison of the binding mode of TL.C (eyan) and pregnandiol (limegreen) in
TGRS (grey). B: Comparison of the binding mode of TLC (cyan) in TGRS (grey) and the
sphingolipid mimic (orange) in human sphingosine 1-phosphate receptor 1 (S1P1) (magenta)
(PDB code: 3V2Y). 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.
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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.
	/
	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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