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Abstract
The family of G-protein-coupled receptors (GPCRs) contains the largest
number of drug targets in the human body, with more than a quarter of the
clinically used drugs targeting them. Because of the important roles GPCRs
play in the human body, the mechanisms of activation of GPCRs or ligands
binding to GPCRs have captivated much research interest since the discovery
of GPCRs. A number of GPCR crystal structures determined in recent years
have provided us with unprecedented opportunities in investigating how
GPCRs function through the conformational changes regulated by their
ligands. This has motivated me to perform molecular dynamics (MD)
simulations in combination with a variety of other modeling methods to study
the activation of some GPCRs and their ligand selectivity.
This thesis consists of six chapters. In the first chapter, a brief introduction of
GPCRs and MD simulation techniques is given. Detailed MD simulation
techniques, including pressure controlling methods and temperature coupling
approaches, are described in chapter 2. The metadynamics simulation
technique, used to enhance conformational sampling, is described in chapter 3.
In chapter 4, I outline the inhomogeneous fluid theory used to calculate the
thermodynamics properties of interfacial water molecules. Using the methods
described in chapters 2-4, I carried out theoretical investigations on some
GPCRs with the results summarized in chapter 5. In chapter 6, I provide a
summary of the thesis with future work outlined in an outlook.
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Chapter 1. Introduction
G-protein-coupled receptors (GPCRs) belong to one of the most important
protein families in the human body.1-4 They can selectively bind to a wide
variety of ligands, including light-sensitive compounds, pheromones,
hormones, and neurotransmitters, and transmit the signals from the
extracellular side to the intracellular side of the cell. Through regulating the
coupling and decoupling of their effector proteins, the heterotrimeric Gprotein or arrestin, GPCRs transmit a signal to the effector proteins. This
signal is further amplified to modulate the physiological behavior of the cell.
Because of the important functions of GPCRs, it is not surprising that GPCRs
are correlated with many disorders in the human body and are the targets for
more than a quarter of the clinically used drugs.5
GPCRs have captivated researchers for more than 110 years.6 The first study
of GPCRs can be traced back to 1904, in which year the British physiologist
John Newport Langley coined the term ‘receptive substance’. He documented
that the ‘chief substance’, which is the chemical that the cell secreted, should
act on the ‘receptive substance’ to regulate the cell behavior, rather than
directly act on the body tissues.7 The concept of the ‘receptive substance’ was
further developed by his student Sir Henry Dale, who attributed the variation
of the binding affinities of adrenaline to the differences of ‘adrenaline
receptors’.8 The American pharmacologist Raymond Perry Ahlquist further
proved the assumption addressed by Sir Henry Dale and suggested the
existence of two types of the adrenaline receptor (a prototype of GPCR), the α
type and the β type.9
All the pioneering studies mentioned above provided alluring perspectives to
differentiate the GPCRs. Up to now, genes encoding about 838 GPCRs have
been identified. These GPCRs can be classified into four classes: Class A, B,
C, and F, according to the database GPCRDB.2 Class A is the largest group
among these classes with 714 members, including hormone-,
neurotransmitter-, and light receptors. Class B consists of 47 receptors,
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including those of vasoactive intestinal peptides, secretin receptors, calcitonin,
and parathyroid hormone/parathyroid hormone-related peptides. The receptors
in Class C are glutamate receptors that are activated through an indirect
metabotropic process. Class F includes 10 different types of Frizzled and one
smoothened receptor, which play pivotal roles in the Wnt signaling pathway
and in the Hedgehog signaling pathway, respectively.2 10
Despite the existence of so many different classes of GPCRs, all of them share
a common seven-transmembrane helix architecture for the transmembrane
part.10 In addition, the GPCRs in the same class always contain conserved
sequential motifs in the transmembrane part of the receptors. A highly
conserved ‘DRY’ motif can be found in transmembrane helix 3 (TM3) for
receptors in Class A. The ‘CWxP’ motif and ‘NPxxY’ motif are two other
important motifs in Class A receptors. In Class B, a conserved ‘GWGxP’
motif is present in TM4.11, 12 The conserved motifs ‘F/Y/HxPKxY’ on TM7
and ‘FxxCWxP’ on TM6 have been found for receptors in Class C. The
receptors in Class F have the conserved ‘KTxxxW’ (‘ATxxW’ in smoothened)
motif.13 These key conserved motifs undergo substantial conformational
changes upon activation of the GPCRs.
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Figure 1.1 Structure of Rhodopsin (PDB ID 1F88).
Structures of GPCRs with high resolution are essential for investigating the
conformational changes of these motifs upon receptor activation. The
crystallographic structures of GPCRs with high resolution were not available
until 2000, when Palczewski and his coworkers made a breakthrough in
determining the crystal structure of rhodopsin, a prototype Class A GPCR, at
the resolution of 2.8 Å (Figure 1.1).14 The architecture of the seven
transmembrane helices linked by three intracellular loops and three
extracellular loops has been verified by this structure. This provides pivotal
information in understanding the activation mechanism of rhodopsin. Using
the crystallographic structure of rhodopsin as template, great success has been
achieved in homology modeling studies of the other GPCRs in the same
class.15, 16 Nevertheless, the technique used to crystallize rhodopsin is not
successful for crystallizing the other GPCRs, because of the intrinsically
unstable properties of these membrane proteins.
To improve the stability of membrane proteins, several innovative techniques
have been developed and applied to the crystallization of GPCRs. One of the
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most important innovations is to substitute the flexible region of the protein
that hampers the crystallization with a structurally rigid domain to increase
the stability of the GPCR17-19. This leads to high success rates for crystallizing
GPCRs. Another innovation is to increase the thermodynamic stability of a
GPCR by selected mutations to facilitate the GPCR crystallization.20 In
addition, the use of the lipid cubic phase21 and new detergents22 also plays a
crucial role in obtaining the crystals.1
Through application of the innovative techniques, Brian Kobika and his
coworkers solved the dilemma in crystallizing GPCRs in 2007 and determined
the crystal structure of the β2 adrenergic receptor (β2AR).17 The techniques
applied to crystallize the β2AR have also been successfully applied to the
other GPCRs and have led to a flurry of GPCR structures. The β2AR complex
with its heterotrimeric Gs-protein was first crystallized in 2011 (Figure 1.2).23
The structure confirmed the outward tilting motion of TM6 upon the coupling
of the Gs-protein to the β2AR. The structure can certainly be used as a
template to investigate the coupling between the other GPCRs and G-proteins.
By now a total of 119 structures for 22 GPCRs belonging to four classes have
been determined.24 All these structures have greatly advanced the studies of
GPCRs. However, a crystal structure is a static picture corresponding to the
conformation in an energetically favorable state, whereas a GPCR is a
dynamic entity that can exist in various states.25, 26 Such dynamic behavior of
GPCRs is not provided by the crystallographic structures. As a result, little is
known about how the conformations of GPCRs can be regulated by different
ligands and how these conformational changes are associated with the
signaling of the GPCRs.
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Figure 1.2 Structure of the β2 adrenergic receptor complex with its
heterotrimeric Gs protein.
Molecular dynamics (MD) simulations provide us with a fundamental tool to
explore different conformational states of a protein and to study the dynamic
behavior of the protein.27 In an MD simulation, the classical Newton’s
equation of motion is applied to govern the temporal evolution of a manybody system. The temporal average of the system is often assumed as the
statistical ensemble average of the system for a sufficiently long simulation.
Thus, the microscopic properties of the system can be calculated from a MD
simulation.28
The first MD simulation, which described the motion of atoms in a
deterministic way, was performed on hard spheres by Alder and Wainwright
in 1957,29, 30 which was one year before the first x-ray crystallography
structure of a protein was determined.31 Since then, scientists have
successfully carried out MD simulations on various systems, such as those
involving water molecules,32 solutes33 and peptides.34
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The first MD simulation of proteins was carried out by McCammon, Gelin,
and Karplus in 1977.35 In this seminal work, the protein BPTI was simulated
in vacuum with a crude interatomic potential and lasted for only 9.2 ps.36 The
simulation provided the atomistic dynamic behavior of the protein close to its
native structure. Compared to the MD simulations performed today, the
simulation time was evidently much shorter. However, the result provided a
novel concept that proteins are dynamically equilibrated at the energetically
global minimum state, and that the X-ray crystal structure of a protein
provides the averaged structure of the protein. The concept that proteins are
dynamical soft molecules rather than rigid bodies formed the basis for MD
simulations of proteins later on.
To obtain more reliable simulation results for proteins, more sophisticated
MD simulation techniques and potentials have been developed.36 The two
most important techniques developed for MD simulations are associated with
temperature and pressure control. MD simulations are based on numerically
solving the Newton’s equation of motion where the Hamiltonian of a system
should be conserved. To keep a system around a desired temperature, several
thermostats have been developed, such as the V-scale thermostat37 and the
Nosé-Hoove thermostat.38, 39 Moreover, most experiments are carried out
under a constant pressure. To be in line with the experimental condition,
barostats to keep simulations at a constant pressure, such as the Berendsen
barostat and the Parrinello-Rahman barostat,40 have been developed. As a
result, the simulations can be carried out corresponding to a desired NVT (N:
constant particle number, V: constant volume, T: constant temperature)
ensemble by introducing the thermostat to the system, or to a desired NPT (P:
constant pressure) ensemble by introducing both a thermostat and a barostat to
the system.
Besides the development of simulation techniques, more accurate force fields
have also been developed to describe the interatomic interactions used in MD
simulations. The most widely used force fields for bimolecular simulations
are CHARMM (Chemistry at HARvard Molecular Mechanics),41, 42 OPLS
(Optimized Potentials for Liquid Simulation),43, 44 and Amber (Assisted
Model building with Energy Refinement).45 These force fields can be easily
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embedded into the commonly used MD simulation packages to calculate the
desired properties of the system.
With sophisticated MD simulation programs run on parallel supercomputers,
it is of great interest to simulate protein activation processes or processes of
ligand binding to proteins. However, these processes take milliseconds, the
time scale of which is not reachable with the computational resources
available for most researchers. To alleviate the limitation of computational
resources, several advanced sampling techniques have been developed.
Replica-Exchange Molecular Dynamics (REMD) 46 is a technique developed
to improve the sampling of unbiased MD simulations by simulating multiple
replicas of a system at different temperatures. The energy barriers between
different local minima can be overcome using this method as more
conformational spaces are explored. The string method utilizing carefully
selected collective variables provides us with an efficient sampling technique
in determining the minimum free energy transition path. Parallel MD
simulations, together with the Markov state model or accelerated MD
simulations, can also be applied to improve the sampling to provide more
insight into the dynamic modulation of protein functions.47 Metadynamics48, 49
is another accelerated sampling method, developed by Parrinello and his
coworker in 2002. In a metadynamics simulation, biased potentials are added
during the simulation to disfavor the system to revisit the historically reached
conformations. This method has been widely used in the study of
biomolecules, materials, and chemical reactions.
MD simulations have also been successfully carried out to study the dynamics
of GPCRs. 50, 51 Grossfield and his coworkers performed MD simulations to
elucidate the activation mechanism of rhodopsin. As presented in his work, a
counter-ion switch from Glu181 to Glu113 was observed in a long-time
unbiased MD simulation upon manually switching the protonation from
Glu181 to Glu131.52 An increase of hydration was observed in the simulation.
The hydration of the GPCR was further verified by the follow-up MD
simulations and X-ray crystallography structures. The interaction between
GPCRs and their ligands have also been studied using MD simulations15, 16, 53
and novel ligands with high potency have been discovered to modulate the
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coupling of the G-protein or β-arrestin to the GPCRs to regulate the
downstream proteins.54,55 Computational investigations of the interactions
between a GPCR and its G-protein have been carried out based on the
homology model.56 High flexibility of the helix domain of the Gα-protein was
observed in the simulation of the heterotrimeric G-protein, which is in line
with the explanation provided by the structure of the GPCR-Gs protein
complex.57, 58 Moreover, long MD simulations have been successfully applied
to study the activation mechanism of a GPCR,59 a ligand binding to the
GPCR,60, 61 allosteric modulation of the GPCR62 and ligand dependent
activation of the GPCR60 by the research group of D. E. Shaw.
Albeit the great success in the simulations of GPCRs, there are still a lot of
issues that need to be resolved and addressed with MD simulations in
combination with other modeling techniques. Two of the most important
issues are, i) the signaling in GPCRs and, ii) the selectivity of a ligand
towards different GPCRs with a high rate of sequence identity. In this thesis,
MD simulations were performed to study these two issues. The work on the
signaling in GPCRs is shown in Papers I, III and IV. In Paper I, I carried out
MD simulations in combination with inhomogeneous fluid theory to elucidate
the function of water molecules in the activation of rhodopsin.63 In Paper II, I
combined MD simulations and metadynamic simulations to investigate the
function of the sodium ion in the allosteric modulation of the δ-opioid
receptor. I found that the sodium ion can stabilize the key residue Trp274 at
different conformations in the presence or absence of the sodium ion.64 In
Paper III, contributions of different conformations of the Gs domain in a
GPCR-Gs protein complex were investigated to gain insight into the signaling
from the GPCR to the Gs-protein. The selectivity of an antagonist towards
CRF1R and CRF2R was investigated, as reported in paper IV.65 I found that
one hydrogen bond significantly contributes to the high selectivity of the
antagonist towards CRF1R.

