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Abstract
G protein-coupled receptors (GPCRs) play an essential role in cell communications and
sensory functions. Consequently, they are involved in wide variety of diseases and are targets for
many drug therapies. Particularly important is the large number of orphan GPCRs, which may
play important, albeit unknown, functions in various cells. To understand their respective
physiological roles, it is important to identify their endogenous ligands, and to find small
molecule ligands that would serve as selective agonists or antagonists. The mas-related gene G
protein-coupled receptors (Mrg receptors) belong to the orphan GPCR family, which is expressed
in a specific subset of sensory neurons known to detect painful stimuli, suggesting that they could
be involved in pain sensation or modulation.
The primary focus of this thesis is to predict the 3D structure and binding site of Mrg
receptors and to identify novel ligands that would be potential agonists or antagonists. We predict
the 3D structure for the mouse MrgC11 (mMrgC11) and the binding site for five chiral FMRFNH2 ligands. We correctly predict the relative binding observed for these five ligands. We find
that Tyr110 (TM3), Asp161 (TM4), and Asp179 (TM5) are particularly important to binding the
ligands. Subsequently, we carry out mutagenesis experiments followed by intracellular calcium
release assays that demonstrate the dramatic decrease in activity for the Y110A, D161A, and
D179A mutants predicted by our model.
The all-atom molecular dynamics simulation of the mMrgC11/F-(D)M-R-F-NH2 complex
structure in explicit water and infinite lipid membrane system shows that some conformational
fluctuations are present, but no significant instability is detected, thus validating our structure
prediction method.
The virtual screening with the combination of QSPR and docking methods is carried out
for the predicted mMrgC11 receptor. The compounds showing the antagonistic effect are
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identified by competitive functional assays. These hit compounds are certainly good staring
points in designing better agonists or antagonists.
The binding site of rat MrgA receptor that shows differential binding between adenine and
guanine is also predicted. The predicted binding affinity correlates with the availability of the
hydrogen bonds to two Asn residues, which would be primary mutation candidates to validate the
structure.

vii

Table of Contents
Acknowledgments
Abstract

iii
v

Table of Contents

vii

Figures and Tables

xi

Chapter 1 Introduction
1.1 G protein-coupled receptors

2

1.2 Orphan GPCRs and deorphanization

4

1.3 The 3D structure of GPCR and molecular modeling

7

1.3.1 Hydrophobicity scale: TM prediction from the primary sequence

8

1.3.2 Force field

9

1.3.3 Molecular mechanics

11

1.3.4 Molecular dynamics

14

1.3.5 Molecular docking

16

1.4 Outlines of Thesis

22

References

23

Chapter 2 Prediction of the 3D Structure for FMRF-amide Peptides Bound to Mouse
MrgC11 Receptor with Subsequent Experimental Verification
2.1 Introduction

26

2.2 Computational methods

27

2.2.1 Structure predictions of the Mrg receptor

27

2.2.2 Docking predictions with peptide ligands

31

2.3 Experimental procedures

37

2.3.1 In vitro mutagenesis

37

2.3.2 Cell culture and transfection

37

viii

2.3.3 Biotinylation and immunoprecipitation

37

2.3.4 Intracellular calcium assay

38

2.4 Results and discussion

39

2.4.1 Characteristics of the predicted mMrgC11 receptor structure

39

2.4.2 Description of the peptide binding sites

43

2.4.3 Mutagenesis experimental results

49

2.4.4 Prediction of the structure of the mMrgA1 receptor and the binding site for ligands 54
2.4.5 Comparison of Mrg sequences

57

2.5 Summary and conclusions

58

References

60

Supporting figures and tables

63

Chapter 3 Molecular Dynamics Simulation of Mouse MrgC11 Receptor with Bound F(D)M-R-F-NH2 in Explicit Lipid/Water Environment
3.1 Introduction

75

3.2 Simulation procedure

76

3.2.1 Setup of lipid and water environment

76

3.2.2 Molecular dynamics simulations

77

3.3 Results and discussion

79

3.3.1 Comparison between initial and final structures

79

3.3.2 Dynamic behavior in receptor conformation during MD simulation

81

3.3.3 Binding mode of F-(D)M-R-F-NH2 after equilibration

83

3.3.4 Time profile of receptor-ligand interactions

87

3.3.5 Time profile of interhelical interactions

95

3.4 Summary and conclusions
References

98
100

ix

Chapter 4 Virtual Ligand Screening of Chemical Libraries for Mouse MrgC11 Receptor:
Combination of QSPR and Docking Methods
4.1 Introduction

102

4.2 Materials and methods

104

4.2.1 Prescreening of compounds in chemical libraries

104

4.2.2 Chemical libraries

109

4.2.3 Molecular docking

110

4.2.4 Selection of final hits

111

4.2.5 Intracellular calcium release assay

113

4.2.6 Virtual screening of tetra-peptide binding site

113

4.3 Results and discussion

115

4.3.1 Hit compounds from virtual screening

116

4.3.2 Experimental activity test

116

4.3.3 Refined docking of MOL282 and design of its derivatives

118

4.3.4 Virtual screening for F-(D)M-R-F-NH2 bound site

122

4.4 Summary and conclusions

125

References

126

Supporting figures

129

Chapter 5 Prediction of the 3D Structure of Rat MrgA G Protein-Coupled Receptor and
Identification of its Binding Site
5.1 Introduction

139

5.2 Materials and methods

140

5.2.1 Molecular modeling of receptor structure

140

5.2.2 QM calculation of ligand tautomers

141

5.2.3 Prediction of the adenine binding site

143

5.2.4 Refinement of the binding mode of adenine

145

x

5.2.5 Docking of other adenine derivatives
5.3 Results and discussion

145
146

5.3.1 Characteristics of receptor structure

146

5.3.2 QM results of ligand tautomers

149

5.3.3 Binding modes of adenine and other ligands

149

5.3.4 Comparison of the adenine binding site in rMrgA to the nucleotide binding sites in
adenosine receptors and purinergic receptors

159

5.3.5 Comparison to other MrgA orthologs

161

5.4 Summary and conclusions

162

References

163

Supporting figures and tables

166

Appendix A Stability of Oxidized Base and its Mispair in DNA: Quantum Mechanics
Calculation and Molecular Dynamics Simulation

xi

Figures and Tables
Figure 1.1 Various ways in which membrane proteins associate with the lipid bilayer

2

Figure 1.2 Schematic diagram of the general structure of G protein-coupled receptors

3

Figure 1.3 Classical examples of GPCR signaling

6

Table 1.1 Eisenberg hydrophobicity scale

9

Figure 1.4 Hydrophobicity profile for mouse MrgC11 sequence set

10

Figure 1.5 Schematic representations of the six key contributions of molecular mechanics force
field

12

Figure 1.6 Construction of molecular surface in 2D

17

Figure 1.7 A binding site represented as a collection of overlapping spheres

18

Figure 1.8 Matching algorithm in DOCK

20

Figure 1.9 Atom pre-organization and anchor selection

21

Figure 2.1 Predicted transmembrane (TM) regions

28

Figure 2.2 Scanning regions used to determine the binding sites for the mMrgC11 receptor

32

Figure 2.3 Comparison of the predicted 3D structure for the RFa/mMrgC11 complex with the xray crystal structure of retinal/rhodopsin

40

Figure 2.4 Interhelical hydrogen bond networks in the mMrgC11 receptor

41

Figure 2.5 Aromatic interactions in TM regions of mMrgC11 receptor

43

Figure 2.6 Predicted 5 Å binding pocket of the RFa and RF dipeptide agonists

44

Figure 2.7 Predicted 3D structure for the FMRFa/mMrgC11 complex

45

Figure 2.8 Predicted 5 Å binding site to mMrgC11 of the agonist tetra-peptides

47

Figure 2.9 Predicted 5 Å binding pocket of the non-agonist tetra-peptides

48

Figure 2.10 Expression of mMrgC11 wild type and mutant receptors in the Flp-In293 cells

50

Table 2.1 The EC50 values of various peptide ligands

51

xii

Table 2.2 Binding constants (EC50 values in nM) of mutant mMrgC11 receptors from
intracellular calcium assays

53

Figure 2.11 Comparison between mMrgC11 and mMrgA binding sites

55

Figure S2.1 Multiple sequence alignment for mMrgC11 with 27 homologous sequences

63

Figure S2.2 Hydrophobicity profile for mMrgC11 sequence set

66

Figure S2.3 Multiple alignments of 39 verified Mrg sequences

67

Table S2.1 Hit sequences from independent BLAST search of each TM

71

Table S2.2 Calculated energies of configurations generated in combinatorial rotations of TM3, 5
and 6

73

Table S2.3 Calculated binding energy and its component contribution for ligands in mMrgC11 74
Figure 3.1 Fully solvated mMrgC11/F-(D)M-R-F-NH2 complex in the membrane

78

Figure 3.2 The mMrgC11/F-(D)M-R-F-NH2 complex structure after 7 ns run

80

Figure 3.3 The RMSD fluctuation of Cα atoms with respect to the final 7 ns structure

82

Figure 3.4 The 5 Å binding site of F-(D)M-R-F-NH2 in mMrgC11 receptor

84

Figure 3.5 Water molecules in 5 Å binding pocket

85

Figure 3.6 The RMSD fluctuation for ligand heavy atoms

86

Figure 3.7 Time profile of intermolecular hydrogen bond distance

88

Figure 3.8 Time profile of centroid-to-centroid distance between two aromatic residues

93

Figure 3.9 Interhelical hydrogen bond networks in the mMrgC11 receptor

96

Figure 3.10 Time profile of the distance between residues residing in different helices

97

Table 4.1 Electron-density-derived TAE descriptors; ρ(r) represents the electron density
distribution

105

Figure 4.1 TAE local average ionization potential (PIP) surface property and its histogram
distribution

106

Figure 4.2 Delaunay tessllation of a collection of random points in 2D

107

xiii

Figure 4.3 Geometric criteria for the hydrogen bonds

111

Figure 4.4 The 5 Å binding pocket of mMrgC11 receptor optimized with the di-peptide agonist,
R-F-OH

115

Table 4.2 Inhibitory constant 50 % (IC50) of hit compounds

117

Figure 4.5 Compounds showing the inhibitory effect

117

Figure 4.6 Histograms of energy and RMSD distribution for 7,776 conformations of MOL282 in
grid search

119

Figure 4.7 The 5 Å binding pocket of MOL282 in mMrgC11 receptor

120

Figure 4.8 Suggested better binders derived from MOL282

121

Figure 4.9 The 5 Å binding pocket of mMrgC11 receptor optimized with the tetra-peptide
agonist, F-(D)M-R-F-NH2

122

Figure 4.10 The 5 Å binding sites of the best three hit compounds

123

Figure S4.1 Hit compounds from the first ligand set after docking

129

Figure S4.2 Hit compounds from the second set after docking

133

Figure S4.3 Hit compounds after virtual screening for the tetra-peptide binding site

135

Figure 5.1 Sequence alignment provided as an input for the homology modeling of rMrgA

140

Figure 5.2 Ligand compounds used in docking studies for the rMrgA receptor

142

Figure 5.3 Putative binding sites predicted from the HierDock scanning procedure

144

Figure 5.4 Predicted 3D structure of rMrgA receptor

147

Figure 5.5 Interhelical hydrogen bonds in rMrgA receptor

148

Figure 5.6 Predicted 5 Å binding pockets of adenine and guanine in the rMrgA receptor

151

Table 5.1 Decomposition of total intermolecular interaction between ligand and rMrgA receptor
153
Figure 5.7 The 5 Å binding pockets for various ligands in the rMrgA receptor

154

Figure 5.8 The 5 Å binding pockets of adenosine phosphates in the rMrgA receptor

155

xiv

Figure 5.9 Comparison of calculated binding energies with the experimental inhibition constants
for rMrgA ligands

157

Table 5.2 Computational alanine-scanning results (SCAM) for adenine/rMrgA

158

Figure 5.10 Sequence alignment of rat MrgA receptor with other receptors known to bind
adenine components of ligands

160

Figure S5.1 Multiple sequence alignment of rat MrgA with mouse MrgAs using Clustal-W

166

Table S5.1 The Gibbs free energies calculated from QM for various tautomeric forms of 1MA
and 6BAP

167

