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TGRS, a membrane-bound receptor for bile acids act as a potential pharmacological
target in the treatment of type II diabetes. In the computational study, structural modeling and
binding site prediction of TGRS receptor was performed. Two well-known agonists of TGRS

used to investigate the mode and mechanism of binding.
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Abstract

TGRS, G-protein coupled receptor acts as a promising target for the treatment of diabetes,
obesity and metabolic syndromes. Understanding the activation of TGRS, structural
conformation and the mode of mechanism upon binding with agonists is crucial for the
development of new drugs. In the absence of experimental data, homology modeling was
performed to predict the structure of TGRS. Molecular dynamics simulation of 100 ns was
performed to investigate the stability of the constructed model embedded in lipid bilayer. A
combined method consisting of molecular docking and binding free energy calculations was
performed to understand the binding mechanism of two experimentally proved selective TGRS
agonists. Additionally, 30 ns of protein-ligand complex dynamics were performed to reproduce
the mechanism of interaction. Both agonists shared similar binding mode and showed four
common hydrogen bonding interactions with TGRS. Thus, the results could provide more
knowledge on the activation of TGRS by agonists and helpful in the development of novel potent

agonists.
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1. Introduction

Diabetes mellitus, as one of the most prevalent and multifactorial metabolic disorders
with abnormalities of carbohydrate, lipid, protein, triglycerides and closely associated with many
other complications. It is characterized by the imperfection of insulin secretion in the pancreas
and/or insulin action.' The prevalence of diabetes rapidly increasing and considered to be one
of the major and growing public health problems worldwide. According to International Diabetic
Federation, approximately 246 million people are affected by diabetes and anticipated 380
million in 2025.* Takeda G-protein coupled receptor 5 (TGR5), a member of G-protein coupled
receptor family that composed of seven transmembrane helices. It is also known as membrane-
type receptor for bile acids (M-BAR) and G-protein coupled bile acid receptor 1 (GPBAR1).?
TGRS receptor is expressed predominantly in various tissues including intestine, spleen, gall
bladder, placenta, ovary, lung, brown adipose tissue, macrophages and monocytes.’

Two categories of agonists (natural and synthetic) have been used for the activation of
TGRS receptor. Bile acids (BA) such as cholic acid (CA) and lithocholic acid (LCA) are
considered as naturally occurring TGRS agonists. BAs act as potent signal molecules that can
activate TGRS receptor.® Regulation of gene expression and activation of adenylyl cyclase cAMP
signaling pathways can be achieved through the bile acid binding TGR5.” Previous reports
suggest that activated TGRS by BAs improved insulin sensitivity and glucose tolerance.'
Synthetically derived small molecules are another category of TGRS agonists that acts more
potent than natural agonists. Apart from these two categories of agonists, semi synthetic agonists
were also used to activate TGRS receptor.

Recently, two potent semi synthetic derivatives were identified as agonists of TGRS
including 60-ethyl-23(S)-methyl- 3a,7a,120-trihydroxy-5B-cholan-24-oic acid (INT-777), a
specific TGRS agonist and 6a- ethyl-3a ,7a ,23-trihydroxy-24-nor-5p-cholan-23-sulfate sodium
salt (INT-767), dual FXR/TGRS5 agonist.'"" ' Among the two potent agonists of TGRS, INT-777
exhibited excellent agonistic properties in vivo and in vitro were considered as a potent drug
candidate for the treatment of type II diabetes.” The activation of TGR5 by INT-777 results in the
regulation of insulin secretion from pancreas, stimulation of glucagon-like peptide-1 (GLP-1)
release in intestine enteroendocrine cells, inhibition of glucagon release and reduction of
appetite.'” The dual agonist INT-767 has been reported to be a potential drug in the treatment of

non-alcoholic fatty liver disease in obese diabetic mice."
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The present work mainly focused on the analysis of the structure and function of TGRS
membrane protein. Crystal structure of human TGRS has not been solved in the experiment till
now. Hence, the mechanistic study was initiated with the development of a homology model of
human TGRS. Molecular dynamics (MD) simulation was carried out in order to investigate the
structural conformation and stability of the protein embedded in the POPC lipid bilayer. The
molecular mechanism of the binding characteristics of TGRS remains unknown. Thus, the
determination of interaction characteristics of TGRS with agonists is essential. In the present
study, two potent agonists such as INT-777 and INT-767 were used to investigate the mode and
mechanism of binding using combined molecular docking, molecular dynamics and binding free
energy calculations.

2. Results and Discussion
Homology model construction and validation

A total of 5 models were generated using I-Tasser server that combines the methods of
threading, ab initio modeling and structural refinement. Among the five similar models, model 1
suggested as a good model based on the C-score generated in [-Tasser. However, all 5 models
were validated using Procheck server in order to evaluate the stability and reliability of the
generated models. Ramachandran plot was created in Procheck to check whether the constructed
model was folded correctly relative to the solved crystal structure of proteins available in protein
data bank."> A model having more than 80% residues in the most favoured region is considered
to be a good quality model.'® From the Procheck results, only model 4 was found to have highest
residues (88.3%) in the favoured region of Ramachandran plot. Ramachandran plot obtained for
model 4 represented in Supplementary figure 1 (S1) shows that psi/phi angle of a majority of the
residues are present in most favoured region. A total of 241 residues (88.3%) were distributed in
the most favored region, 9.2% including 25 residues in the allowed region, 1.8% including 5
residues in the generously allowed region, 0.7% including two residues such as Pro69 and Asn4
present in the disallowed region, suggesting that the predicted structure of TGRS (model 4) is
satisfactory. The percentage was calculated only for 273 non-glycine and non-proline residues
distributed in the different four regions of the Ramachandran plot. Side chain of Glycine has only
one hydrogen atom and therefore can adopt phi and psi angles in four quadrants of the
Ramachandran plot. Proline has 5-membered-ring side chain connecting ca to backbone N and

thereby shows a limited combination of phi and psi angles. Due to these reasons, Glycine (27)
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and Proline (28) residues and end residues (2) are not included for calculating the percentage. All
GPCR family proteins shares common structural features of seven hydrophobic transmembrane
helices with an extracellular amino (N) terminus and an intracellular carboxyl (C) terminus.'’
The predicted three dimensional structure of TGRS based on Procheck results displayed in
Figure 1, reveals that the model consisting of seven transmembrane o- helices and disulphide
bridges.

The Z-score generated using ProSA analysis is standardized statistically-derived structure
quality assessment scales that include chi-1/chi-2 rotamer normality, packing quality, backbone
conformation and ramachandran plot appearance.'® ProSA analysis in S2 showed Z-score of -5.6
kcal/mol, suggesting that the overall quality of the model is good and it is near to that of
experimental protein structures that solved by Xray and NMR. The calculated interaction energy
using ProSA shows that the maximum number of residues has negative interaction energy,
whereas very few residues have positive interaction energy that confirms the reliability of the
model. Overall, the Procheck and ProSA analysis suggest the model 4 as stable and suitable
conformation for further work. Furthermore, the detailed quality of the model 4 was analyzed
using exhaustive docking studies.

MD simulation analysis-Phase I
Stability profile analysis by Root mean square deviation

Membrane protein accounts for 70% of drug targets to treat various diseases. About only
2% of crystal structure of membrane proteins have been solved and deposited in Protein Data
Bank. Due to the limited high resolution crystal structure information, application of MD
simulations among membrane proteins plays an important role in finding stability and flexibility
of the modeled structure embedded in lipid bilayer."” In the present study, MD simulation of 100
ns was carried out to explore the most recent homology model of TGRS within the hydrated lipid
environment using POPC bilayer. Conformational and geometrical properties obtained from the
MD trajectories were examined to understand the dynamic changes and structural stability of
TGRS5,p0. Furthermore, MD simulation of modeled TGRS5,p,, was carried out in order to obtain a
refined structure with least potential energy. The POPC membrane is typically divided into two
general regions including hydrocarbon core region and interfacial region. The hydrocarbon core
in the center is dominated by the aliphatic side chain and the interfacial region comprises lipid

head groups. The interfacial region of lipid bilayer is considered to be exposing to solvents.”
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Two snapshots of protein depicted in Figure 2, clearly explain the structural changes observed in
TGRS,p, during the simulation time of 0 ns and 100 ns. From the figure 2, it was observed that
the C-terminal and N-terminal end of the protein was buried into the interfacial region of the

bilayer whereas the centre part of TGRS was buried into the hydrocarbon core of the membrane.

Dynamic stability of TGRS,,, over the simulation of 100 ns was analyzed using backbone
root mean square deviation (RMSD) of ca atoms. The plot, describing the backbone RMSD of
the TGRS, state during the simulation time of 100 ns is shown in Figure 3. From this figure, it
can be seen that the protein RMSD became stable after initial deviation. Further, it maintained
stable conformation throughout the simulation time of 100 ns. An initial rise of RMSD over the
first 2 ns was due to the relaxation of TGRS, in the lipid bilayer membrane environment. The
RMSD of backbone co atoms of TGRS,,, was observed from 0.2 nm to 0.46 nm that indicates
the stability and equilibration of protein. The exhibited average (mean), RMSD of backbone ca
atoms of TGRS,p, was 0.41 nm with calculated means of standard deviation (SD) of 0.03 nm.
The less RMSD of backbone atoms strongly suggests the stable dynamic behavior of TGRS
model and can be used for docking studies. Furthermore, Gromacs inbuilt tool g _energy was
used to calculate the potential energy of protein at all frames and the protein conformation with
least potential energy was taken for protein-ligand interaction studies.

Root mean square fluctuation

About 330 residues of TGRS,,, were calculated by means of root mean square fluctuation
(RMSF) to explore the flexibility of each residue. RMSF values calculate the magnitudes of each
residual fluctuation. The magnitudes of the fluctuation of each residue in a protein are
represented by the heights of peaks in Figure 4. Few amino acids of TGR5 showed minor
fluctuations, including Asn4 (0.47 nm), Ser5 (0.41 nm), Thr6 (0.42 nm), Leu202 (0.50 nm),
Glu203 (0.41 nm), Arg204 (0.59 nm), Ala205 (0.43 nm), Val206 (0.44 nm) and Cys208 (0.46
nm). Among these amino acids, Arg204 showed increased flexibility than other residues of
TGRS. From the results of RMSF, it was concluded that all the large fluctuations of the residues
were more pronounced in loop regions and relatively very small fluctuations were occurred in
the a-helical regions of TGRS.

Solvent accessible surface area (SASA)
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Biomolecular surface area that assessable to solvent molecules was calculated using
g sas and plotted in Figure Sa. Non-polar solvation free energy was estimated by means of
SASA. The free energy of the non-polar solvation of each atom in a molecule is proportional to
the SASA. The term non polar accounts for the rearrangement of solvent molecules around the
solute and interaction of van der Waals contact between the solute and solvent molecules.”’
Conformational changes of modeled TGRS over the simulation period can be estimated using
SASA calculations. The calculated average SASA value for TGR5,p, was 802 nm. SASA values
obtained for TGRS5,p, during the simulation of 100 ns were relatively stable, indicating that no
significant changes in the structure of TGRS. From the SASA graph, it was observed that the
accessibility was retained at around 10 ns. The results confirmed that the residues of TGRS were
well exposed and accessible to the solvent.
Radiation of gyration

Radiation of gyration (Rg) is another probe to identify structural stability. Rg was
calculated to measure the compactness of modeled structure. The plot illustrated in Figure Sb
shows that Rg values were stabilized at 30 ns, indicating the equilibration of protein. The average
Rg value of TGRS at 100 ns was found to be 2.23 nm with the SD of 0.01 nm. The average value
of Rg was calculated from the trajectory file generated from MD simulations. Relatively steady
Rg value was maintained over the course of 100 ns indicating the stable folding of modeled
protein TGRS. Rg of protein were well correlated with the backbone RMSD of ca atoms.
Further, Dictionary of secondary structure of proteins (DSSP) analysis was compared and
discussed below with two agonists of TGRS.
Binding mode analysis of INT-777

Molecular docking studies were carried out using the TGRS structure with least potential
energy (average structure) obtained from MD simulation. The conformation with least potential
energy was observed at 8.2 ns of MD simulation as shown in Figure 6. Induced fit docking
studies were performed to analyze the binding mode of two agonists of TGRS. Glide and IFD
score was generated based on the binding affinity of each complex. According to the docking
results, the first pose corresponds to the lowest docked energy was taken for analysis and further
studies. Docking analysis of INT-777 with TGRS showed the docking score of -16.689 kcal/mol
and glide energy of -71.414 kcal/mol. The highest docking score obtained from IFD indicates the
better interaction of INT-777 agonist with the active site of TGRS. Binding mode analysis of

Page 8 of 39



Page 9 of 39

RSC Advances

INT-777 showed hydrogen bond interactions with active site residues of TGRS such as Ser21,
Asn76, Tyr89, Asn93, Serl157, Tyr240 and Ser270, forming a total of six hydrogen bonds.
Docking results revealed that hydroxyl groups present in INT-777 formed hydrogen bonding
interactions with Ser21 (HOOH, bond length=1.73A), Asn76 (NH,"OH, bond length=1.77A),
Ser157 (C=0"HO, bond length=1.82A) and Ser270 (OH."OH, bond length=2.02A). Further, the
carboxyl group of INT-777 formed hydrogen bond interaction with the amine group of Asn93
(NH,O=C, bond length=1.80A) whereas a hydroxyl group of active site residues including
Tyr89 (OH"O-C, bond length=1.97A) and Tyr240 (OH"O-C, bond length=2.02A) interacted
with the oxygen atom of agonist. In addition, active site residues including Alal7, Leul8, Leu24,
Leu68, Pro69, Pro72, Trp75, Pro92, Phe96, Leu97, Leu263 and Leu266 were involved in
hydrophobic contact with INT-777. The IFD score of the compound INT-777 was -599.485.
From the analysis, it was observed that only polar amino acids (Ser21, Ser157, Ser270, Asn76,
Asn93, Tyr89 and Tyr240) play a crucial role in the formation of hydrogen bonds with INT-777.
Hydrogen bonding and hydrophobic interactions between INT-777 and active site residues of
TGRS play an important role in the stabilization of ligand conformation at the binding pocket.
Binding mode analysis of INT-767

Docking score of INT-767 was -12.207 kcal/mol whereas, the glide energy and IFD score
was -64.534 kcal/mol and -599.685 kcal/mol, respectively. Binding mode analysis of INT-767
showed hydrogen bonding interactions with five active site residues of TGRS such as Ser21
(HOHO, bond length =2.03A), Tyr89 (OH"0O-S-O, bond length=1.78A), Trp237 (NH"O=S,
bond length=2.45A), Tyr240 (OH"O-S-O, bond length=1.76A) and Ser270 (HOHO, bond
length=2.06A). From the interaction pattern, it was observed that sulfate ion present in INT-767
established hydrogen bonds with Tyr89, Trp237 and Tyr240. The hydroxyl group of INT-767 was
interacting with Ser21 and Ser270, forming hydrogen bonds. The compound INT-767 was also
adjacent to some hydrophobic residues of binding site, including Alal7, Leul8, Leu24, Ala25,
Leu68, Pro69, Pro72, Pro92, Phe96, Leu97, Trp75, Leu263 and Leu266. Formation of hydrogen
bonds between TGRS and INT-767 was associated with only polar amino acids. The interactions
of INT-777 and INT-767 with active site residues of TGRS are shown in Figure 6a and 6b,
respectively.

Docking procedures are usually used to predict the affinity between the ligand and

protein through the identification of correct conformation of ligands in the binding pocket of a
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protein.”” In the present study, the correct conformation of two agonists into the binding site of
TGRS was predicted. The affinity between the two agonists and TGRS was identified using the
interaction pattern and docking scores. The highest docking score obtained for both agonists
suggests that the ligands strongly bound with the TGRS receptor. The binding site predicted for
TGRS was compared with other GPCR family proteins. From the comparison results, it was
observed that the binding site of TGRS share great similarity with other GPCR family proteins
including p2-Adrenergic receptor'’, 8-opioid receptor™ and human A, adenosine receptor.”* The
results evident that the computational methods used in the study correctly predicted the agonist
binding site of TGRS5. The binding mode analysis of two agonists was compared with the
experimentally observed results. From the comparative observation, it was found that both
compounds produced almost similar results and well correlating with each other. Overall, the
interaction pattern and docking scores obtained for both the complexes suggests that INT-777
was well interacted with TGRS than INT-767. Cross comparison of interacting residues among
two agonists revealed that Ser21, Tyr89, Tyr240 and Ser270 were formed interactions with both
the compounds. The comparison results concluded that the explicit agonists play an important
role in the orientation of four common amino acids such as Ser21, Tyr89, Tyr240 and Ser270 and
maintaining the stability of TGRS. The interaction pattern of the two complexes indicates that
these common residues involved in the formation of hydrogen bonding interactions possess high
affinity towards the ligands. The binding site of TGRS can accommodate different potential drug
molecules.
Binding free energy calculations

The two agonists complexed with TGRS were rescored using Prime/MM-GBSA. The
predicted binding energy (AGying) of the complexes TGRS 1777 and TGRS w1767 Was -163.766
kcal/mol and -152.319 kcal/mol, respectively. Binding free energy of the TGRS5nr1.777 system was
much higher than that of TGRS5NT767 system. The van der Waals interactions were significant
contributions to the binding of ligands. Protein-ligand interactions were associated with the
favourable polar contributions. The predicted van der Waals (-63.283 kcal/mol) and GB/SA
solvation energy (102.362 kcal/mol) of TGRS5n1.777 was much stronger than the TGRSn1767
complex van der Waals (-57.506 kcal/mol) and GB/SA solvation energy (76.927 kcal/mol).
According to the energy components of the binding free energies, van der Waals and non-polar

solvation terms are the major favorable contributors to ligand binding. High values of these
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energy components are associated with strong binding of ligands. Thus, due to the high values of
binding free energy (-163.766 kcal/mol), van der Waals interactions (-63.283 kcal/mol) and
solvation energy (102.362 kcal/mol), the binding of INT-777 was slightly stronger than INT-767.

Overall, the binding free energies correlated well with the experimental activity.

Molecular dynamics-phase 11
Stability analysis of TGRS n1777 and TGRS nt-767

Most of the drugs required cell membrane permeation to reach their biological target and
the process is crucial for rational drug discovery and development.”” Drugs may cross through
the phospholipid bilayer and through proteinaceous pores or transporters. Only these two main
routes are possible for drugs to transport across biological membrane.”® To understand this
mechanism, protein-ligand complex dynamics was performed in lipid bilayer environment. In
previous report, it was suggested that the small hydrophobic molecules are easily transported into

27-28 The agonists used in the study were hydrophobic in nature.'> Based on the

the lipid bilayer.
hydrophobic nature of the molecules, they enter easily into plasma membrane and binds with the
active site of TGRS receptors. After docking and MD simulations, the stability of two complexes
was verified using backbone RMSD of ca atoms. The calculated RMSD of ca atoms of two
complexes are shown in Figure 7a, indicates that both the complexes have a similar deviation
throughout the simulation of their starting structure to 30 ns. The calculated RMSD reveals that
the stability of both the complexes reached maximum equilibrium within 1 ns of MD simulation.
The complexes did not show much deviation after the initial deviation before 1 ns. The RMSD
curves show the minimum deviation between two complexes indicating their equilibration and
stability. The calculated average of these complexes confirmed the above said statement. The
average RMSD of TGRS5n1.777 was 0.21 nm whereas the average RMSD of TGRS n1.767 complex
was 0.21 nm.

From the generated RMSF plot using backbone co atoms of TGR5nr.777 and TGRS Nt
767, 1t was suggested that only very less flexibility observed for the residues which are responsible
for the formation of a-helices. None of the fluctuations occurred beyond 0.8 nm but only one

fluctuation (Arg204) was exceeded 0.6 nm over the MD simulation. It was observed that Arg204

11
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has 0.36 nm and 0.76 nm fluctuations in TGRS5r777 and TGRSNt767, respectively. The
increased fluctuations observed in Arg204 are attributed to the unstructured loops. RMSF
analysis of interacting residues provides an importance of these residues on protein stability. The
residues involved in the formation of hydrogen bonding interactions between TGRS and INT-777
showed very small fluctuations, including Ser21 (0.08 nm), Asn76 (0.18 nm), Tyr89 (0.07 nm),
Asn93 (0.07 nm), Serl57 (0.08 nm), Tyr240 (0.07 nm) and Ser270 (0.07 nm). Interacting
residues of TGRS with INT-767 also showed very small residual fluctuations such as Ser21 (0.17
nm), Tyr89 (0.08 nm), Trp237 (0.12 nm), Tyr240 (0.10 nm) and Ser270 (0.10 nm). The active
site residues such as Ser21, Tyr89, Tyr240 and Ser270 were found to be conserved in both the
complexes. From Figure 7b, it was observed that very small residual fluctuations of these
conserved residues indicating their stable interactions.
Secondary structure profile analysis of complexed and uncomplexed systems

The secondary structural profile of the investigated two complexes and TGRS,,, of the
protein over the course of simulation were carried out using the DSSP analysis. Structural
changes that contribute to stability differences were analyzed through visualization of plots. The
generated plots in Figure 8 represent the a-helix, turns, coils and other secondary structural
elements of TGRS, (a), TGRSn1777 (b) and TGRS5nt767 (C). The major secondary structural
modification was observed in the loop region comprised of 300 to 330 residues. Initially, turns
are formed in the loop region and subsequently it formed bends at the end of the simulation. In
particular, the amino acids from Val303 to Ser307 and Val325 to Asn330 formed bends. Further,
the secondary structural analysis was carried out for two complexed systems. Figure 8b
represents the significant structural changes in the region of residues from 150 to 170 of TGRS.
These residues were located in the loop region underwent p-sheet conformation due to binding of
agonist INT-777. The degradation of loops into B-sheet during the simulation period of 30 ns was
observed through visual inspection. Likewise, in Figure 8c, the complexed system TGRS5n1.767
also shows significant structural changes between the residual positions of 150 to 190. A small
region comprising residues from 328 to 330 was unstable over the simulation.

Apart from these loop regions, other a-helical conformations were found to be conserved
and stable during the simulation period. The comparative results confirmed the stability of TGRS
in both bound and unbound states over the simulation period and the secondary structure

calculations were correlated with the fluctuations of residues. Overall, secondary structure
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profile results revealed that the conformational changes to turns, bends and p-sheets were
occurred in the unstructured loop regions. Large fluctuations and changes in the loop regions
were associated with the binding of agonists, thereby affecting the secondary structure elements
of TGRS. Hence, the a-helical regions of TGRS were mostly rigid and no major changes were
observed. Undoubtfully, it was demonstrated that all three simulated systems, including TGRSy,
TGRS5NT.777 and TGRSnt.767 were more stable and only small amount of lose in secondary
structure. Modifications of the protein conformation of three simulated systems were confirmed
with the Rg and RMSD.
SASA

SASA was calculated for two complexed systems to measure the interaction between the
protein-ligand complexes and solvents. Conformational changes of the protein upon binding of
agonists were predicted using SASA. Binding affinity of ligand with a protein is associated with
the solvation effects, including the desolvation of protein cavity, ligand and solvent molecules
rearrangement.”’ The calculated average SASA value of the complex TGR5nt.777 was 779 nm
and complex TGRS5nr1.767 was 825 nm. The comparison plot of SASA for two complexes is
shown in Figure 9a. Relative SASA can predict the conformational changes of protein upon
binding of ligands.*® According to the results of SASA; it was observed that binding of agonists
induced small conformational changes of protein.
Radiation of gyration

Structural changes and compactness of two protein-ligand complexes were evaluated
using calculated Rg value and represented in Figure 9b. The Rg measures the mass of atoms that
relative to the center of mass of the complex. TGRSnt.767 complex exhibited wider fluctuation
from 0 to 5 ns than TGRS5r.777 complex and significantly decreased at the end of the simulation.
The average Rg value of TGRS5nt.767 over the simulation period of 30 ns was 2.25 nm whereas
for TGR5nt.777, it was 2.20 nm. The structural changes and compactness of protein after binding
of the two compounds were similar. Also, it was reported that movement of agonists within the
binding site was associated with the compactness of protein.’' The differences between the Rg
values of two complexes were less than 0.04 nm. For both the complexes, the Rg values were
stabilized around 5 ns.

H-bonding at the TGRS active site

13
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The existing hydrogen bonding interactions with TGRS binding site residues with two
agonists were evaluated throughout the simulation of 30 ns and plotted in Figure 10. The plot
shows that the agonists formed stable hydrogen bonding interactions with the active site residues.
The residues present in binding site such as Ser21, Asn76, Tyr89, Asn93, Serl157, Trp237, Tyr240
and Ser270 were found to be conserved after MD simulations of 30 ns. The predicted
hydrophobic interactions in molecular docking study such as Alal7, Leul8, Leu24, Ala25,
Leu68, Pro69, Pro72, Trp75, Pro92, Phe96, Leu97, Leu263 and Leu266 were also found to be
conserved and stable throughout the simulations. Both the complexes were stabilized by 4-5
hydrogen bonding interactions. Further, there was no additional hydrogen bonding interactions
formed over the simulation of 30 ns. The predicted stable hydrogen bonding and hydrophobic
interactions are evident for the binding affinity of the protein and strengthen of the two agonists.
Essential dynamics

PCA was performed using g covar to extract the large-scale concerted motions that are
essential for the activity of the protein. ED was performed to generate a covariance matrix of 990
backbone ca atoms present in TGRS.,0, TGRS5nt767 and TGRS5nt777. About 3N-6 modes of
possible internal fluctuations in a system of N atoms (six degrees of freedom) are required to
determine the translation and external rotation of the system. PCA was performed for unbound
and two bound complexes such as TGRS5,p,, TGRS5nt767 and TGRS5nt777 with the covariance
matrix of 20.36 nm?®, 16.18 nm” and 11.19 nm?, respectively. Covariance matrix was constructed
from the trajectories after removing translational and rotational movements. Figure S3 illustrates
the correlation map generated using gromacs inbuilt tool g covar. The covariance matrix plot
describes the correlation between all pairs of backbone ca atoms of protein. The plot represents
the correlated (positive) and anticorrelated (negative) motions of backbone atoms as they move
around their average position.

The covariance matrix of backbone ca atoms of protein was diagonalized to get the
eigenvectors and eigenvalues. The calculated eigenvectors displayed as bars in Figure 11 shows
that first two eigenvectors of TGRS5n1777 and TGRSN1767 accounts more than 80% of the
collective motions of the protein backbone coa atoms. Eigenvector analysis was performed to
determine the modes of fluctuation that contribute significantly to the overall motion of the
protein. The dynamic behavior of the protein was confined with first two eigenvectors and

fluctuation of protein was indicated by eigenvectors. The eigenvector with the highest eigenvalue
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is considered the first principal component, whereas the eigenvector with the second highest
eigenvalue is considered the second principal component. The direction of motion is represented
by the eigenvectors and the amount of motion along with the eigenvectors is represented by
eigenvalues.32 The 2D plot of the first two eigenvectors (PC1 and PC2) of both the complexes
and TGRS,,, is represented in Figure 11. The amplitude of eigenvector along the
multidimensional space is represented by the eigenvalues. Distribution of more dots in the plot
represents the conformational changes of protein in unbound as well as bound state.
Biological implications

To the best of our knowledge, MD simulations of TGR5y1.777 and TGRS nt.767 complexes
in the lipid environment have not been performed. Therefore, the study was performed to
understand the underlying mechanism of the interaction between TGRS receptor and its agonists
in a lipid environment. The aim of the present study was to (1) develop the 3D-structure of
human TGRS using multiple threading method (2) predict the stability of modeled TGRS,
using MD simulation of 100 ns (3) identify active site of TGRS through docking studies using
experimentally proved agonists and (4) perform MD simulations of TGR5ny1.777 and TGRS N1-767
complexes to identify the important residues responsible for hydrogen bonding, hydrophobic and
n-n stacking interactions. The results obtained from this study concluded that both TGRS5,,, and
TGRS NT.777, TGRSINT.767 cOmplexes were stable throughout the MD simulation period. Also, the
results indicate that both INT-777 and INT-767 were strongly interacted with human TGRS.
Binding energy calculations also suggested that the residues involved in binding possess high
affinity towards both agonists.
3. Materials and methods
Homology model development and validation

The amino acid sequence of human TGRS protein, also known as G-protein coupled bile
acid receptor 1 (GPBAR1) was downloaded from UniProtKB (Accession number: Q8TDUG6).
The employed sequence is composed of 330 amino acids. In order to find suitable templates for
TGRS, BlastP search was performed against Protein Data Bank (PDB). From searching results, it
was inspected that no suitable template was found to share more than 35% of sequence identity
and they were not able to satisfy query coverage of 100%. Previous studies on GPCR have been
reported that the improved quality and reliability of homology models can be achieved using

33, 34

multiple templates. Hence, I-Tasser’>, a multiple threading program was used to build the
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model of TGRS using multiple templates. Four variants of PPA methods, including PSI-BLAST
profiles, hidden Markov model, Smith-Waterman and Needleman-Wunsch alignment algorithms
were used by I-Tasser to search the possible folds through target threading against PDB structure
library. Full-length model was produced by reassembling the threading templates (aligned
regions) whereas the threading unaligned regions are built by ab initio modeling. Replica-
exchange Monte-Carlo simulations algorithm were used for the refinement of predicted model.
The quality and stereo-chemical property of the model was assessed by validation programs
including ProCheck™, Verify3D?” and Errat®. Seven transmembrane helices, intracellular (ICLs)
and extracellular loops (ECLs) were predicted using transmembrane prediction server
TMHMM?. The quality of consistency between the native fold and sequence and the energy of
residue-residue interactions were calculated using ProSA*” server. The energy is transformed to a

Z-score by using the formula:

Zsc=(Esc— Esc)/ o5

Where Egc and Egc are residue-residue interaction energy and average residue-residue
interaction energy of sequence S in conformation space C, respectively. os is the associated
standard deviation. Based on the various analyses, the best potential model suitable for further
work was selected.

MD simulation-Phase I
System preparation

The constructed model was refined through molecular dynamics (MD) using Gromacs
v4.6.3*" package with GROMOS96 53A6 force field.*” The POPC (l-palmitoyl-2oleoyl-sn-
glycero-3-phosphatidylchlorine) bilayer with 512 molecules were generated by replication of the
pre-equilibrated 128 POPC bilayer and corresponding force field parameters were obtained from
the ABT site at http://compbio.biosci.ug.edu.au/atb/. Orientation of protein and membrane
alignment was done using LAMBADA, available at http://code.google.com/p/lambada-align/. In
LAMBADA, the protein was oriented with its hydrophobic belt (HB) parallel to the XY plane
and translating the membrane in Z direction. The modeled protein of TGRS was carefully
embedded into a fully hydrated POPC lipid bilayer using InflateGRO2, available at
http://code.google.com/p/inflategro2/.** In this process, the lipid bilayer was inflated and about

20 shrinking steps were performed to reach the experimental area per lipid value for pure POPC.
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Simple point charge (SPC) model for water molecules and CI” counter ions were used throughout
the simulations. The dimension box with the size of 12.973 X 12.973 X 10.770 nm was used to
place up to 96636 water molecules in order to solvate the entire system. About 9 chloride counter
ions were added to replace the water molecules and to neutralize the electrical charges of the
system. The total number of atoms in the whole system consisting of TGRS, POPC, SOL and CL
ions became 1, 24,914. A round of energy minimization using steepest descent with maximal
force of 100 kJ/mol™" nm™ was executed to relax lipid molecules and to interact each molecule
with another molecule in the system. The position of protein backbone atoms was restrained
harmonically with an isotropic force constant of 100000 kJ/mol”" nm™ in order to avoid changes
in the position of protein atoms during energy minimization.
MD simulation details

After energy minimization, the whole system was equilibrated with isothermal-isochoric

(NVT) for 1 ns by applying the reference temperature of 300 K*> ** %

that gradually increased
from 100 K by stepwise reassignment of velocities at every 2 ps. Additional 2 ns simulation of
isothermal-isobaric (NPT) was carried out with the reference pressure of 1 bar and coupling
constant of 0.1 ps. Electrostatic interactions were calculated using Particle Mesh-Ewald
summation scheme for long-range electrostatics. The LINCS constrain algorithm®® was used to
constrain all bond lengths and SETTLE algorithm®’ was used to constrain the geometry of all
covalent bonds containing water molecules. After equilibration, 100 ns of MD simulation were
carried out to obtain a relatively stable structure of TGRS embedded in the membrane.
Preparation of protein

The modeled structure of TGRS was subjected to Protein preparation wizard workflow
implemented in Schrodinger, LLC, New York, NY, USA, 2014. Hydrogen atoms were added and
water molecules that present SA away from the ligand were removed. The side chains that are
not involved in the formation of salt bridges were neutralized. Bond orders, charges and atom
types were assigned. Optimized Potentials for Liquid Simulations (OPLS)-2005 force field with
an implicit solvation model was used for the energy minimization of modeled protein. Further,
positions of hydroxyl, thiol hydrogen atoms, protonation state and tautomers of the His, Asn and
GIn residues were selected using protein assignment script provided by Schrodinger. Restrained
minimization was performed until the average root mean square deviation (RMSD) of heavy

atoms reached 0.3A.
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Identification of potential binding sites

Stable structure of TGRS obtained from MD simulation of 100 ns was used for molecular
docking analysis. Before docking, SiteMap v3.0*® module of Schrédinger was used to investigate
the active site of the modeled TGRS. Identification of one or more possible binding site regions
on the protein surface those are suitable for binding ligands were generated using SiteMap.
Potential binding sites were identified using Site score, an important property generated by
SiteMap. Among the five generated potential binding sites, a site with good SiteMap score was
considered as the best binding site for docking studies.
Induced fit docking

The Induced Fit Docking (IFD)* protocol from Schrédinger suite was applied for
molecular docking studies. Molecular docking was performed with two well-known agonists of
TGRS5 such as INT-777 and INT-767.%° Two dimensional structures of two reported agonists were
sketched using a chemical drawing interface ChemSketch v12.01 from ACD/Labs. Conversion
of three dimensional structure and minimization was performed using LigPrep v2.9 module of
Maestro (Schrédinger, LLC, New York, NY, 2014). The OPLS 2005 force field was used for the
optimization of ligands. Initial glide docking was performed using a softened potential with van
der Waals radii scaling of 0.7A. Maximum of 20 poses per ligand were retained and used to
sample the protein plasticity using Prime program in the Schrédinger suite. Residues with at least
one atom located within 5.0A of each corresponding 20 ligand poses were subjected to a
conformational search and minimization. After minimization, the retained 20 ligand poses was
redocked by Glide XP (extra precision) using default parameters. The Glide XP scoring function
is calculated based on the ChemScore. Protein-ligand hydrogen bond quality based on geometric
criteria can be evaluated using ChemScore. The Glide XP scoring function is presented in the

following equation’":

XP GlideScore = Ecou + Evaw + Ebing Epenalty (1)
Ebind = Ehyd_enclosure + Ehb_nn_motif + Ehb_cc_motif + EPI + Ehb _pair + Ephobic . pair (2)
Epenalty =E desolv T Eligand_strain (3)

Where, Enyd enclosure 18 an improved model of hydrophobic interactions. Ehp nn motir and

Enb cc motif are special neutral-neutral hydrogen bond motifs and charged-charged hydrogen bond
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motifs, respectively. Ehnp pair and Epnobic pair are ChemScore-like hydrogen bond and lipophilic
pair terms. FEgesoly 1S @ Water scoring model that can be used to evaluate the basic physics of
solvation within the confines of the protein-ligand complex active-site region. Ejigand strain 1S
penalizing strain energy in rigid-receptor docking considered to be a single most difficult
component of an empirical scoring function. The IFD score used for final ranking of compounds
is based on the following equation®”: GlideScore + 0.05 x PrimeEnergy. The ligand interaction
energy is calculated using GlideScore, whereas the total energy of the system was calculated
using Prime energy. The predicted protein structures with large energy gaps can be eliminated
using Prime energy.
Binding free energy calculations

Prime/MM-GBSA™ module of Schrodinger suite was employed to calculate the binding
free energy for a top ranked poses of two ligands. The OPLS 2005 force field and generalized-
born/surface area (GBSA) continuum solvation model was used for calculating the energies of
the complexes. The binding energy (AGying) Was calculated using the following equation:

AGpind = AEmm + AGsory + AGsa
AE = Ecomplex — Eprotein - Eligand

Where, Emwy 1s the difference in energy between protein-ligand complex and the sum of
the energies of apo protein and ligand. Ecomplexs Eprotein, and Ejigang are the minimized energies of
the protein—ligand complex, protein, and ligand, respectively. Gsov is the difference between
GBSA solvation energy of protein-ligand complex and the sum of the corresponding energies for
the protein and ligand. AGg, is the difference between the surface area energy of protein-ligand
complex and the sum of the corresponding energies for the protein and ligand.
MD simulation-Phase 11

Total of two different protein-ligand complex systems, including TGR5nr777 and
TGR5NT.767 Obtained from molecular docking analysis, were built for explicit MD simulation to
confirm the stability and binding mode. The topology files and force field parameters for two
ligands (INT-777 and INT-767) were generated using PRODRG web server.’* After topology
determination for two complexes, LAMBADA was used for the orientation and protein-
membrane alignment. Each complex (protein and ligand) was inserted into the membrane
carefully using Gromacs inbuilt tool g membed.* After insertion of complex into the membrane,

the same protocol mentioned under the section of molecular dynamics-phase I was followed for
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the remaining steps. Each complex was fully equilibrated with NVT and NPT were further used
for the MD simulation of 30 ns.
Essential dynamics

All the trajectories obtained after MD simulations of 100 ns (TGRS5,p,) and 30 ns
(TGRS5n1777 and TGRSn1767) Were further analyzed by Essential dynamics (ED). In ED, the
eigenvectors, eigenvalues and their projection along with the first two principal components
were calculated. Principal Component Analysis (PCA) was performed with g covar and
g anaeig. The generation of non-mass weighted covariance matrix is the first step in ED. For an
N atom of system, 3N x 3N covariance matrix is denoted as 4. N is the number of atoms in the
system. The covariance matrix of A, denoted as C is defined using the following equation:

C=4"4 (1)

Where, T is the transpose of the covariance matrix that obtained by exchanging the rows
and columns of the matrix. The eigenvectors of the covariance matrix represent the principle
components. It appears into a simple eigenvalue problem:

Cx =x (2)

Where, 4 is the eigenvalue associated with the eigenvector x. About 3N eigenvectors and
associated eigenvalues are present in an N atom of system. This equation is simplified using the
following:

(C-ADx=0 3)
D=U'CU (4)

Where, / is the identity matrix and D is the diagonal matrix of the covariance matrix. The
equation (3) can be obtained by diagonalizing the covariance matrix (D). In equation (4), the
matrix U contains the eigenvectors and D is the matrix of the corresponding eigenvalues.
Analysis

Atomic interactions and protein trajectories were analyzed using Gromacs inbulit tools
such as g rms, g rmsf, g hbond, g gyrate, g energy, g sas and do_dssp. All the trajectories
were analyzed graphically using OriginPro software.

4. Conclusion

In the present study, TGRS model has been developed to understand the stable

conformation of protein due to the absence of crystal structure. Validation results revealed that

the constructed model was much more reliable and suitable to calculate the structural
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conformation and conformational changes upon binding of ligands. Binding mode of two well-
known agonists was carried out to understand the binding properties and mechanism of action of
interactions. From the combined results of docking and free energy calculations, it was found
that the active site residues of TGRS strongly interacted with two potent agonists. Further,
conformational properties of three models including TGRS,p,, TGRSin1-767 and TGRS y1-777 were
analyzed by employing MD simulation. The prediction of binding site of TGRS could help in the
discovery and designing of different novel potent agonists. The present study may provide
valuable benchmark in structural modeling and binding site prediction of TGRS receptor.
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Figure captions

Figure 1: Cartoon representation of modeled structure of TGRS with seven transmembrane
helices.

Figure 2: Structural modification of TGR5,,, embedded in POPC bilayer during the simulation
time of 0 ns (a) and 100 ns (b). Changes in the loop regions are highlighted in magenta dashed
circles.

Figure 3: RMSD of backbone atoms of TGRS, over the MD simulation period of 100 ns.
Figure 4: The RMSF analysis of TGRS residues during the MD simulation period of 100 ns.
Figure 5: Time evolution of calculated solvent accessible area (a) and Radius of gyration (b) of
TGRS during the whole simulation of 100 ns.

Figure 6: Binding modes and docking interactions of INT-777 (a) and INT-767 (b) with TGRS.
Hydrogen bond interactions formed between agonists and active site residues of TGRS are
shown in purple dashed lines.

Figure 7: RMSD from starting structure evaluated for the backbone ca atoms (a) and Residual
fluctuations of each residue (b) during the MD simulation of 30 ns for TGR5yr.777 (Orange) and
TGRS NnT.767 (Purple) complexes.

Figure 8: Secondary structural changes of TGRS.,, (a), TGRS5r777 (b) and TGRSt767 (€)
observed using DSSP during the MD simulations.

Figure 9: The calculated solvent accessible surface area (a) and Radius of gyration (b) for
TGRS Nt1777 and TGRS NT.767 depicted for entire simulation of 30 ns.

Figure 10: Time evolution of the number of intermolecular hydrogen bonds formed between
active site residues of TGRS with INT-777 (dark cyan) and INT-767 (purple).

Figure 11: Eigenvector index versus eigenvalues for the first ten eigenvectors of two protein-
ligand complexes (a) and projection of the motion of the TGRSy, (b), TGRSt777 (¢) and
TGR5nT.767 (d) in phase space along with first two (PC1 and PC2) principal eigenvectors.
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Supplementary figures

S1: Residue profile of the generated model TGRS in Ramachandran plot.

S2: Energy plot (a) and Quality index (b) of the TGRS model generated by ProSA server. Z-
score represents the index value.

S3: Correlation maps of TGR5nr777 (a) and TGRS 1767 (b) and TGRS, (¢) generated using

g covar. Positive (red) and negative (blue) motions between atom pairs are depicted.
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