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TGRS is a bile acid- and neurosteroid-sensing G-protein coupled receptor (GPCR), which is
almost ubiquitously expressed throughout the human body. Its physiological functions com-
prise the regulation of blood glucose homeostasis, metabolism, and inflammation. Addition-
ally, recent studies show an involvement of TGRS in the formation of gastric, esophageal, and
cholangiocyte cancers as well as in bile acid-induced itch. Hence, TGRS has been identified as
an important drug target. To reduce side effects of drugs targeting GPCRs, the development of
bivalent ligands specifically targeting dimers was shown to be promising. To do so, the knowl-
edge of the dimerisation interfaces of these GPCRs is paramount. However, the dimerisation
interfaces of TGRS are not known. Here, we present the identification of the primary dimerisa-
tion interface of TGRS and possible oligomerisation interfaces. We used Multiparameter Image
Fluorescence Spectroscopy (MFIS) Forster Resonance Energy Transfer (FRET) measurements
of fluorescently labelled TGRS in live cells to measure apparent distances between two TGRS
protomers and compared them to distances computed for putative TGRS dimer models. As
the linker between TGRS and the fluorophores contained more than 30 residues, we used all-
atom molecular dynamics (MD) simulations to sample the conformational space of the linker
and fluorophore in relation to TGRS. The sampled configurations were reweighted by free en-
ergy calculations using the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
method to account for the presence of solvent and a membrane, and a random energy model to
estimate the configurational entropy. This allowed us to identify the 1-8 interface of TGRS as
the primary dimerisation interface, with the 4-5 and 5-6 interfaces as possible oligomerisation
sites. This information might be used to develop novel TGRS ligands with a reduced side-effect
profile.

1 Introduction

The Tanaka G-protein coupled receptor 5 (TGRS) is the first identified bile acid sensing
GPCR!2. While nearly ubiquitously expressed throughout the body, TGRS5 is found in high
expression levels in the intestine, the bile duct, the brain, and immunocompetent cells?.
Being activated by hydrophobic bile acids and neurosteroids such as estradiol, TGRS reg-
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ulates blood glucose homeostasis, metabolism, and inflammatory response*. While acti-
vated TGRS leads to proliferative and anti-apoptotic effects, overexpression of TGRS can
lead to the formation of bile duct cancer’ or gastric and esophageal cancers®. Hence, the
development of TGRS antagonists with a narrow side effect spectrum is critical to devise
a specific cure for these cancers. Recently, the development of bivalent GPCR ligands has
been shown to be particularly promising with respect to reduced side effect’; such ligands
target GPCR dimers. However, for TGRS, no structural information regarding dimerisa-
tion or higher oligomerisation has become available. Co-immunoprecipitation experiments
performed by us showed that TGRS wild type (WT) forms at least dimers'. Notably, a nat-
urally occurring Y111A mutant showed 60% less dimerisation in co-immunoprecipitation
assays than TGRS WT. Here, we thus set out to construct structural models of the di-
and oligomeric TGRS by combining Multiparameter Image Fluorescence Spectroscopy
(MFIS) for quantitative Forster resonance energy transfer (FRET) analysis in live cells and
integrative modelling!.

2 Methods

Dimer models of TGRS based on known dimerisation interfaces from GPCR X-ray crystal
structures were the starting point for the integrative modelling. These interfaces utilise
transmembrane helix (TM) 1 and helix 8 (1-8 interface), TM 4 and 5 (4-5 interface), and
TM 5 and 6 (5-6 interface) (Fig. 1).

To discriminate between the models, the fluorescent probes GFP and mCherry were
fused to the C-terminus of TGRS via a linker of 42 residues length. Then, MFIS FRET
was used to measure the distribution of the apparent distances between the fluorophores in
live cells. The apparent distances strongly depend on the distance between the C-termini
of TGRS and, thus, the respective TGRS dimer model (see Fig. 1). Hence, one can dis-
criminate between the TGRS dimer models by computing distance distributions of the flu-
orescent probes attached to TGRS and comparing those to the measured apparent distance
distributions.

w

1-8 interface 4-5 interface 5-6 interface

Figure 1. TGRS dimer models based on X-ray crystal structures of GPCR dimers with different interfaces: A 1-8
interface as found in the x-opioid receptor; B 4-5 interface as found in the CXCR4 receptor; C 5-6 interface as
found in the p-opioid receptor. TGRS monomer chains are rainbow-coloured starting with TM1 in blue to HS in
red. The C-terminus is indicated by an olive ellipse.
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To perform the computation of the distance distributions of the fluorescent probes in
an efficient manner, we pursued a step-wise strategy. Initially, for computing a thermody-
namic ensemble (TE) of GFP positions with an explicit linker/GFP construct, the structure
of the TGRS C-terminal residues 296-330, for which no experimental structural informa-
tion is available, and the nine residues that connect the C-terminus to GFP (total sequence:
QRCLQGLWGRASRDSPGPSIAYHPSSQSSVDLDLNYGSTGRHVS) was generated in
a straight peptide conformation, such that a structurally unbiased starting structure for the
subsequent molecular dynamics (MD) simulations was obtained. This linker was subse-
quently fused to 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 accord-
ing to pH 7.4. We assumed the thermodynamic ensemble (TE) of mCherry to be identical
to that of GFP.

Next, the linker/GFP construct was neutralised 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 Amber14 package of molecular simulation software!®!! and the ff14SB and GAFF'?
force fields were used to perform all-atom MD simulations. The first linker residue was
fixed with positional harmonic restraints throughout the simulations to emulate that this
residue would be bound to TGRS embedded in a membrane. After energy minimisation
and thermalisation to a pressure of 1 atm and a temperature of 300 K, six independent
production runs of NVT-MD simulations with 150 ns length each were performed on JU-
RECA. The conformations obtained in these simulations were pooled for further analyses.

Finally, we combined the snapshots of the simulations with the TGRS dimer models

Explicit MD simulations

1. MM-PBSA with
implicit membrane

o 2. Boltzmann
distribution

Position of the fluorophore

Likely [ B Uniikely

Figure 2. Schematic of the procedure to generate a TE of the linker/GFP construct. First, explicit all-atom
MD simulations of the linker and fluorophore were conducted. Then, the conformations were combined with
dimer models of TGRS (Fig. 1) to calculate the conformational free energy via implicit membrane MM-PBSA
calculations. Subsequently, these energies were corrected for the configurational entropy, and the result used to
Boltzmann-weight the linker/GFP configurations with respect to the likelihood of the location of the fluorophore
(dots on the right).
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and calculated, first, effective energies of linker/GFP conformations in the presence of
TGRS dimers and an implicit membrane using the MM-PBSA approach'3; for the mem-
brane, a three-layer model with dielectric constants of 34, 4, and 1 for the outer to inner
membrane slabs with a width of 5, 6, and 6 A, respectively, was used. Those snapshots
in which GFP penetrated the membrane, or in which GFP or the linker clashed with the
TGRS dimer, were omitted. The remaining snapshots showed that GFP essentially moves
within a hemisphere on the cytosolic side of the membrane beneath the dimer (Fig. 2). For
weighting the snapshots according to a Boltzmann distribution, second, the configurational
entropy of the linker/GFP configurations needs to be considered. Here, we assumed that
the entropy is dominated by the configurations of the linker, whereas configurations of
GFP were assumed to provide no contribution. 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 and to compute its con-
figurational entropy'#. From the effective energy and configurational entropy, the weights
of the locations of the GFP fluorophore were computed, and these weights were used to
assign weights of the distances between the donor and acceptor fluorophores (Fig. 2).

3 Results

FRET between TGR5 molecules C-terminally fused to enhanced GFP as a donor or
mCherry as an acceptor was measured for two different TGRS variants: TGRS WT and
the Y111A variant. Both variants were shown to be fully functional by a cell-based assay.

FRET was detected in all TGRS variants, indicating at least homodimerisation. Inter-
estingly, 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 con-
trast to the WT. 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 WT suggest that higher-order oligomers, at least tetramers, are present.

To quantify this, we formally described the fluorescence decays by two FRET rate
constants, which are for convenience given in units of apparent distances Rp A qpp. For
all TGRS variants, this rate constant fit resulted in a short apparent distance Rp 4 qpp—1
(high FRET) with a small fraction and a long apparent distance Rp 4,qpp—2 (low FRET)
with a large fraction. In TGRS WT, both apparent distances Rp A app—1 and Rpa,app—2
became shorter (Rpa app—1 = 40-20 A; Rpa app—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 if TGRS WT exists as oligomers, because FRET cannot occur between distant,
i.e., not oligomerised, dimers. While FRET is present in the Y111A variant, showing the
formation of dimers, no concentration-dependence of the FRET fractions was found for
the Y111A variant, showing that the Y111A variant only forms dimers but not higher-
order oligomers.

These results were used to determine the di- and oligomerisation interfaces of TGRS.
For this, the experimental Rp 4,4y Was correlated to the computed Rp 4, qpp (Fig. 3A) for
dimer models of TGRS (Fig. 1) and the respective TE of the fluorophore probes (Fig. 2).
The experimental Rp 4 qpp Of the YI11A variant was used, as the titration experiments
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Figure 3. A Computed Rp A, qpp for dimer models of TGRS. The distributions show that FRET can only occur
if the 1-8 interface is formed, without influence from other interfaces. B Influence of the Y111A mutation on
oligomerisation. The TGRS dimer model of the 4-5 interface is displayed as a cartoon viewed from the cytoplasm
with one protomer coloured in green and one in navy. Residue Y111 located in TM3 is depicted in orange stick
representation in each TGRS monomer. C Possible oligomerisation states with 1-8 as the primary dimerisation
interface, forming higher order dimers of dimers via either the 4-5 or the 5-6 interface. Figure was adapted from
Ref. 15, published under a Creative Commons CC BY license.

suggested predominant homodimer formation of this variant. The computed Rp A, qpp for
the 1-8 interface of TGRS showed a remarkable similarity with the experimental Rp 4, app
of the Y111A variant Fig. 3A. Thus, the primary site for TGRS homodimerisation is the
1-8 interface (Fig. 1A).

For the TGRS WT, the titration experiments strongly suggested formation of dimers
and higher-order oligomers, with the latter formed as oligomers of dimers. This finding
implies the presence of at least a second interface for TGRS oligomer formation, which in-
volves Y111 (as the Y111A mutation abrogated oligomer formation). As shown in Fig. 3B,
the Y111 residue located in TM3 can interact with TMS5 or/and TM6 of another TGRS
molecule depending on its structural environment, which could be either helical or a flex-
ible loop. Hence, both the 4-5 and 5-6 interfaces (Fig. 1B, C) could be potential inter-
action sites for oligomerisation. This leads to the suggestion that the TGRS oligomers
must resemble a one-dimensional array, with alternating 1-8 dimerisation and 4-5, or 5-6,
oligomerisation interfaces (Fig. 3C).
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4 Conclusion

We showed that TGR5 WT forms homo-oligomers. Thereby, dimerisation involves an
interface formed by TM1 and helix 8, and oligomerisation additionally involves TM5. Ob-
taining these results was only possible by tightly integrating advanced MFIS-FRET exper-
iments in live cells with comprehensive computations of the TE of fluorophore locations.
Our results might aid in the development of novel TGRS ligands with reduced side-effects.
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