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1
Introduction

This chapter is devoted to introducing the biological and physical background for the thesis.
Firstly, we introduce the biological aspects of signal transduction and allosteric communi-
cation, exemplified by two classes of membrane receptor proteins, bacterial chemoreceptors
and G-protein-coupled receptors (GPCRs). The subsequent section retrieves the historical
understanding of allostery via two classic models. We then introduce the study on allostery
in the contemporary context of protein dynamics, including a short description of the ex-
perimental techniques and the necessity of molecular simulations. The final section outlines
this thesis.
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Figure 1.1: Schematics of the process of signaling transduction. Step (I) Ligand binding: a primary
messenger (yellow square) is caught by a receptor (red) embedded in the lipid membrane (gray).
This binding introduces a change in the receptor that causes the release of a secondary messenger
(purple). Through the secondary messenger(s), the transmitted signal either (III) directly arouses
a short term cell response or (IV) causes a change in the gene expression that leads to a long term
response.

1.1 Signal transduction

The interaction of a cell with its environment occurs at its boundary, the cell membrane.
Typically, a protein receptor spanning the cell membrane binds a primary messenger in
the environment (a signal molecule e.g. a nutrient chemical), see FIG. 1.1. This ligand
binding event then introduces a change in the receptor that propagates to the cytoplasm
via the binding or unbinding of a secondary messenger (another small molecule or soluble
protein). The secondary messenger passes on the information further to various downstream
cytoplasmic molecules. The transmitted signal either reaches the genetic material (DNA) of
the cell and causes a change in the gene expression that leads to a long term cell response,
or directly changes the properties of the biomolecules other than the DNA, introducing a
short term cell response.

As the primary interface between the cellular responses and the initial extracellular stim-
ulus, membrane receptors have been extensively studied for decades[11]. Based on structural
and functional similarities, membrane receptors are mainly divided into 3 classes: (I) the ion
channel-linked receptors (II) the enzyme-linked receptors and (III) G protein-coupled recep-
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tors. Ion channel-linked receptors are receptors that control the flux of ions penetrating the
membrane[18]. Regulated by neurotransmitters, ion channel receptors are able to open or
close their channel for ions. An enzyme-linked receptor also known as a catalytic receptor is
a receptor where the binding of an extracellular ligand triggers enzymatic activity on the in-
tracellular side[7]. The majority of enzyme-linked receptors are protein kinases, or associate
with protein kinases. G protein-coupled receptors are integral membrane proteins that pos-
sess 7 membrane-spanning helices and found only in eukaryotes[33]. They are responsive to
various types of stimulus and activate the intracellular G protein as the secondary messenger.
In this thesis, we will explore the signaling mechanism of two types of receptors: (I) bacterial
chemoreceptors, a common enzyme-linked bacterial receptor and (II) the G-protein-coupled
receptors.

1.1.1 Bacterial chemoreceptors

Bacterial cells have to detect the chemicals around them so that they can avoid toxins or
direct themselves towards the nutrients. Such self-navigation of the bacteria is referred to
as bacterial chemotaxis[12]. The current model system of bacterial chemotaxis is the one of
Escherichia coli because this system is relatively simple, involving only a small number of
types of proteins: (I) the flagella motors on the cell surface; (II) the chemoreceptors spanning
the inner membrane and (III) several other cytoplasmic proteins[13].

Typically, one E. coli cell has 4-10 flagella (lash-like appendages) that protrude from the
cell body(FIG. 1.2). The two directions of the rotation of these flagella (counter-clockwise
or clockwise) correspond respectively to two alternate phases of movement of E. coli - swim
and tumble, see FIG. 1.2-A. Counter-clock-wise rotation (CCW) aligns the flagella into a
single rotating bundle, causing the bacterium to swim in a straight line. Clockwise rotation
(CW) breaks the flagella bundle apart through torque reversal so that each flagellum points
in a different direction, causing the bacterium to tumble in place. Tumbling enables the
bacterium to attempt for new randomly determined swimming directions. In an isotropic
environment (FIG. 1.2-A), the bacterium constantly switch between these two phases and
performs a random walk. In a gradient of attractants (FIG. 1.2-B), sensory information
suppresses tumbling whenever the cell happens to head in a favorable direction.

How then is the sensory information gathered and regulates the flagella motors? By
default, the flagella rotates CCW, producing forward swimming of the bacterium. This
default CCW rotation can be switched to CW rotation when a phospho-CheY kinase (CheY
with a phosphate group PO−3

4 ) binds to the flagellum (FIG. 1.2-C). Thus the concentration of
phospho-CheY regulates the rotation of the flagellar. This concentration is further regulated
by two processes: (I) hydrolyzation (PO−3

4 removed) of phospho-CheY to CheY by another
protein CheZ, suppressing the CW rotation; (II) addition of PO−3

4 to CheY, encouraging the
CW rotation, contributed by the autophosphorylated CheA, a histidine autokinase protein
bound at the C-terminal end of the chemoreceptors. Note that here the regulating network
involves only cytoplasmic proteins and not the inheritance materials. Thus chemotaxis is an
example of direct cell responses to the environment (process (1)(2)(3) in FIG. 1.1).

A chemoreceptor is a homodimer consisting of three operational modules: (I) the trans-
membrane sensing module, containing the binding sites for the signal ligand (attractant)
and the transmembrane helices; (II) the signal conversion module - the HAMP domain; (III)
the cytoplasmic kinase control module, containing 4-6 methylation sites[37]. Three chemore-
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Figure 1.2: Phenotype and structural basis of chemotaxis of Escherichia coli. (A) Random walk in
isotropic environments. Left and right are the two phases of movement of E. coli in chemotaxis: swim
or tumble. Counter clockwise (CCW) rotation of the flagellar motors causes the flagellar filaments
(green) to form a trailing bundle that pushes the cell swim forward. Clockwise (CW) rotation of the
motors imposes a shape change of filament disrupting the bundle. Accordingly the filaments behave
independently to push and pull the cell in a chaotic tumbling motion. (B) Biased walk in a gradient
of attractant. Sensory information suppresses tumbling when the cell happens to head in a favorable
direction. (C) The chemoreceptor signaling pathway in E. coli. Methylation sites before and after
methylation are empty and filled black circles respectively. Solid lines are enzymatic reactions; Dash
lines indicate binding interaction. blue Reactions and components that augment CW rotation. green
Reactions and components that augment CCW rotation. Figure adapted from Ref.[12]. See main
text for detailed explanation.
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ceptors form a trimer cluster as a functional unit of a large arrays of chemoreceptors[21].
The trimer cluster is stabilized via non-covalent binding of the membrane-distal signaling
tip of the receptor to CheA and CheW (a protein that couples CheA activity to receptor
control)[17].

feedback mechanisms. The first is that CheB is only activated by CheA-mediated phos-
phorylation. The second is the opposite tendency for methylation and demethylation in the
two states of the receptors: receptors in the ’kinase-off’ state has high attractant affinity, high
propensity for methylation while receptors in the ’kinase-on’ state has low attractant affinity
and high tendency for demethylation. Because the rates of methylation/demethylation are
slow compared with the timescale of attractant binding, the extent of receptor methylation
encodes the recent chemical past, enabling a comparison with the current chemical conditions
reflected in the degree of receptor ligand occupancy.

Despite the clear map of these relevant molecules of bacterial chemotaxis, the key step of
the initial chemical stimulus remains elusive. How does the attractant binding shifts the state
of the receptor dimer so that CheA can be activated by ATP? Various studies characterized
the motions of transmembrane sensory module induced by the attractant binding and the
kinase control module of chemoreceptors[26, 37]. In this thesis, we draw attention to the
HAMP domain of the chemoreceptor dimer, because it is the key module that converts the
signal motions from the transmembrane sensory module to the kinase control module[19].

1.1.2 G-Protein-Coupled Receptors

Like chemoreceptors in bacterial cells, G-protein-coupled receptors (GPCRs) are essential cell
surface receptors for all eukaryotes. GPCRs are versatile sensing machines able to detect a
plethora of primary messengers, including peptide hormones, odors, small molecules, ions,
and light[33]. The GPCR superfamily comprises five distinct classes, among which very
little sequence homology exists. But all GPCRs possess a common topology: the seven
transmembrane (7TM) α-helices linked by three extracellular loops and three intracellular
loops. Binding of the primary messenger to the extracellular site of the receptor alters the
activity of the G-protein trimer bound to the receptor on the intracellular side. G-proteins
consist of three components, Gα, Gβ and Gγ . The activation by ligand binding enables
replacement of GDP on Gα by a GTP molecule. Such replacement causes the trimer to
dissociate so that Gα and the Gβγ complex can both function as secondary messengers.
GPCRs are also known to exist in oligomeric forms[41]. Signaling can occur across dimers of
GPCRs: the primary messenger binds to the extracellular side of one monomer and transfer
the signal to the intracellular side of the other monomer. In this thesis, we restrict ourselves
to the signaling mechanism of a monomer receptor.

GPCR signaling is of special interests to the pharmaceutical industry. Firstly, GPCRs
typically possess highly specific binding pocket for the corresponding signal ligand. Secondly,
many drugs are only effective if they can reach the cytoplasm. Proper delivery of these drugs
into the cytoplasm faces many technical challenges. On the other hand, the therapeutic
ligands (the man-made primary messengers) designed to interact with GPCRs do not have
to penetrate the cell membrane, since the signal is transmitted to intracellular G-protein.

FIG. 1.3 illustrates the signaling cycle of GPCRs[40]. Initially a receptor is pre-coupled
with a GDP-liganded G-protein; Step (I) a signal (photon or molecule) binds to the extra-
cellular binding pocket of the receptor, changes the receptor and correspondingly catalyzes



6 Introduction

Figure 1.3: The signaling cycle of GPCRs: Initial state, the receptor is pre-coupled with GTP-
liganded G-protein; (I) an extracellular signal is caught by the receptor which enables the replacement
of GTP to GDP on the G-protein; (II) the binding of GTP triggers G-protein to dissemble into two
diffusive parts, Gα and Gβγ that interact with the downstream signaling effectors, such as enzymes;
(III) The signal caught by the receptor escapes while the process of GTP-hydrolysis turns GTP back
to GDP; (IV) Gβγ and the GDP-liganded Gα reassemble with each other and the bold receptor.
The cycle completes. Signal ligand (the primary messenger) is rendered as yellow square. Seven
transmembrane helices of GPCRs are represented by red rods. The subunits of the G-protein, Gα
and Gβγ are plotted as pink and gray spheres respectively. GDP on the subunit Gα is highlighted
in blue.

the replacement of GDP by GTP on the G-protein; Step (II) the GTP-liganded G-protein
dissociates into two parts (Gα and Gβγ) that catalyze distinct downstream reactions; Step
(III) the extracellular ligand stays bound to the receptor while the GTP-hydrolysis (GTP
to GDP) happening on Gα; Step (IV) another diffusive GDP-liganded G-protein close by
or the GDP-liganded G-protein reassembled by the original Gβγ and the GDP-liganded Gα
after GTP-hydrolysis assemble with the receptor, the signal escapes the receptor; the system
returns to the initial state. In this thesis, we study the mechanism of the first step: how does
the binding of the signal ligand influence the G-protein on the other side of the membrane?
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Figure 1.4: Schemes showing different classic models of allostery. (A) and (B) represent the
sequential model for one and two binding sites, respectively. (C) and (D) are the concerted MWC
models for one and two binding sites, respectively. Kd are equilibrium dissociation constants for
ligand binding. E0, E1 and E2 are equilibrium constants for receptor isomerization. Figure adapted
from Ref.[5].

1.2 Allostery and classic models

In the two examples of receptors discussed in the previous section, the binding site for
the primary messenger and the one for the secondary messenger are separated by the cell
membrane and thus at least 30Å from each other. This means that they have no direct
interactions and can only communicate via the receptor protein. Such interaction between
two distant sites of a protein is often referred to as allosteric regulation[5]. Before we discuss
allostery in signaling proteins in the contemporary context, it is useful to briefly review the
classic models of allostery - the sequential model and the concerted model. Both classic
models describe the allostery observed in a homodimeric receptor with one binding site for
the signal ligand on each monomer.

1.2.1 Sequential (KNF) model

The term allostery, derived from the Greek word for "other", was first coined in 1961 by
Jacques Monod and Francois Jacob to characterize the experiments of Jean-Pierre Changeux
on the end-product inhibition of the enzyme, L-threonine deaminase[24]. Yet the charac-
terization of allostery in proteins already started 26 years before the term itself arrived. In
1935, Pauling proposed a model for the intramolecular control in hemoglobin to explain the
positive cooperativity observed in the binding of oxygen molecules (binding of a first oxygen
to hemoglobin enhances the binding of a second oxygen)[29]. The Pauling model, also known
as KNF model[20], states that allostery is a linear scheme: activation of the monomer of
receptor happens immediately after the binding site on this monomer is occupied by a signal
ligand.

To illustrate this scheme clearly, we start with the simplest case - a one-site monomer
receptor, illustrated in FIG. 1.4A. Ligand A binds to the receptor in its inactive state R.
the equilibrium constant of this binding reaction is Kd1. Only after the association of A
and R, can the receptor AR become active AR∗. The equilibrium constant of this reaction
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of the receptor from the inactive form to the active form is E0. In a homodimer receptor
with two identical ligand binding sites in each monomer, see FIG. 1.4B, a second ligand
binds, after the binding of the first ligand A and the receptor activation from AR to AR∗,
to the one-liganded complex AR∗ in which one of monomers is already activated. This first
receptor-activation following the first binding event also causes a change in the affinity of the
second binding, reflected by the fact that the dissociation constantKd2 for the second binding
event is different from the one for the first bindingKd1. The second binding also immediately
activates the second monomer, resulting in a two-liganded active receptor complex AAR∗∗.
The sequential model is named so because it interprets allostery as sequential bindings and
receptor-activation.

1.2.2 Concerted (MWC) model

In 1965, the view of allostery was revolutionized by Monod, Wyman, and Changeux (MWC)
in their landmark paper explaining the mechanism of cooperative enzymes[25]. Unlike the
sequential model, the MWC model states that the entire receptor can undergo a confor-
mational transition even spontaneously and when only partially liganded. Here binding of
a ligand and the activation of the monomer are distinguished, though the binding affinity
depends on the state of the receptor. For a monomer receptor, illustrated in FIG. 1.4C, the
resting state of the receptor R can transit to its active form R∗ even without binding of
the ligand A. This reaction from R to R∗ has an equilibrium constant E0. The liganded
resting receptor AR can also isomerize into the active state AR∗, featured by the equilibrium
constant E1. Ligand A can bind to both R and R∗ with different dissociation constant Kd

and K∗d respectively. One binding event shifts the equilibrium between the resting form R
and activated form R∗ towards the activated form. For a homodimer receptor, the MWC
model sets a symmetry rule: (I) the identical monomers should sit in a symmetric arrange-
ment; (II) the allosteric effect is produced by binding of a ligand leading to a change in
the quaternary structure of the subunits so that the quaternary symmetry of the dimer is
preserved. When one ligand binds to one monomer, this symmetry rule on the quaternary
structures of the dimer drives a conformational change of the other monomer resulting in an
increased binding affinity of the second ligand. In FIG. 1.4D presenting the concerted MWC
scheme for a dimer, a two-site receptor can have six states in total, three inactive R, AR,
AAR and three active R∗, AR∗, AAR∗∗. It is the change in the equilibrium between the
conformers on ligand binding, regulated by the symmetry rule, that leads to the allosteric
effect. The MWC model has found widespread applications in biology[2], from the classic
case of hemoglobin[8] to membrane receptors[2].

1.2.3 Limitations of classic models

The sequential model and the concerted model elegantly describe allostery in sensor proteins,
but do have their limitations. Many experiments have indicated that many monomeric pro-
teins exhibit allostery[39, 36, 32]. Also, these models do not include negative cooperativity,
i.e. the effect that the binding of one ligand disfavors the binding of a second ligand. More-
over, the models cannot describe in atomic detail what happens upon ligand binding.

The most extreme example of allosteric proteins beyond the two classic models is perhaps
the DNA binding protein CAP[31]. The CAP protein is a homodimer exhibiting negative co-
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(A) (B) (C)

Figure 1.5: Free energy landscapes for different models of allostery as function of a general confor-
mational coordinate. (A) the sequential model (B) the concerted MWC model. (C) the "fluctuation-
driven" model. Solid lines are the free energy curves for the unliganded receptor. Dashed ones
represent the liganded receptor.

operativity between the two identical binding sites for the signal molecules cAMP[31]. NMR
experiments (relaxation and amide exchange) revealed that all three forms of the CAP dimer
(no-cAMP bound, one-cAMP bound and two-cAMP bound) approximately share the same
symmetric structures[31]. What makes this finding extraordinary is that it challenges one
of the basic elements of the currently dominant “static” view of allostery - a conformational
change of the protein. This finding instead suggests another mechanism of allostery: al-
lostery can happen not through a conformational change of the protein but purely via a
change in the scale of fluctuations around the same conformational state of the protein.

This “dynamic” view of allostery can be at least dated back to Cooper and Dryden in
1984[4]: a change in the average structure (or "population") is not required for allostery;
rather, it is the distribution around the average structure that changes and affect the subse-
quent binding affinity at other distant sites. Here the origin of communication between the
binding sites is explained purely in terms of the vibrational contribution to the entropy of
the protein. In FIG. 1.5, we compare this "fluctuation-driven" model of allostery with the
two classic models using the free energy landscape of a general conformational coordinate
of the protein. Two free energy curves are plotted representing the protein before and after
the binding of the first ligand. The three models differ in the type of the change introduced
by the ligand binding. For the sequential model, this change is from one conformation (one
free energy minimum) to another conformational state. For the concerted MWC model, this
change is not a conformational change, but a shift in the relative populations of multiple
pre-existing conformational states. In the case of "fluctuation-driven" allostery, this change
is none of the above, but merely a narrower (or wider) free energy well with the same minimal
value around the same conformation.

The historical under-appreciation of the role of protein motions in allostery is under-
standable. The classic models were proposed during 1960s, an era in which only a limited
number of protein structures were accessible experimentally. The lack of resolved structures
and technical challenges in experiments characterizing protein motions naturally restricted
one’s attention to a “static” interpretation of allostery. Nowadays, advances in experimental
and computational methods have enabled scientists to probe the motions of proteins in much
longer timescale with much more atomistic details than 50 years ago.
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1.3 Proteins in motion

In the perspective of physics, proteins are flexible molecules that sample ensembles of con-
formations around a number of average structures as a result of thermal energy. A complete
description of proteins requests a multidimensional energy landscape as shown in FIG. 1.6A.
The functional dynamics of proteins can be classified into slow and fast motions. The slow
motions define fluctuations between kinetically distinct conformational states that are sep-
arated by free energy barriers of several kBT (product of the Boltzmann constant kB and
the absolute temperature T , 1kBT=2.494 kJ/mol), corresponding to timescales of microsec-
onds or slower at physiological temperature. Typically these are larger-amplitude collective
motions between relatively small numbers of macro states, e.g. relative motions between
two domains of the same protein. Transitions between these states are rare owing to the low
probability of the conformation that allows the transition. The slow motions are particularly
interesting since many biological processes - including enzyme catalysis, signal transduction
and protein-protein interactions - occur on this timescale. Fast motions, however, define the
fluctuations within one of the macro states described for the slow motions. They are small
amplitude fluctuations on a picosecond-to-nanosecond timescale among many micro states
separated by very small energy barriers ∼ 1kBT . Examples of these fast motions include the
methyl rotation, loop motion or side-chain rotation.

FIG. 1.6A illustrates the free energy landscape as function of a general conformational
coordinate. The macro states A and B are separated by a large energy barrier that cor-
responds to a rate of interconversion between on the scale of microseconds to milliseconds.
Within each macro state, many microstates exist, separated by smaller energy barriers. For
example, in macro state A, nine microstates exist, with one barrier at the scale of nanosec-
onds, seven barriers at the scale of picoseconds among them. At the top of FIG. 1.6B, we
list a number of modes of motions of proteins and the corresponding time scales.

1.3.1 Experimental techniques

To understand the mechanism of allostery of a specific protein, one would like as much
knowledge of all aspects of its energy landscape as possible: (I) the essential conformation
coordinates distinguishing the states, (II) the relative population of each state (the thermo-
dynamics) and (III) the height of barriers determining the rate of interconversion among the
states (the kinetics). A "complete" understanding requires various methods, because each
method is good at measuring a different set of these aspects.

Experimental methods can be classified into two categories (I) atomic-resolution meth-
ods (II) low resolution and local sites methods[14]. X-ray crystallography and nuclear
magnetic resonance (NMR) are most well-known examples of the first category. X-ray
crystallography[10, 6] provides resolution of atomic details of proteins at about 1Å. But
the price is that it requires well-ordered proteins "frozen" in arrays, or in other words, pro-
tein crystals. This requirement naturally prevents this technique from offering sufficient
information of the natural motions of atoms of the protein in solution. The crystal structure
itself is merely a snapshot of many possible conformations of the protein. Nuclear magnetic
resonance[1], on the other hand, delivers both atomic details and the timescale of transitions
among the states. Dynamical information can be extracted from relaxation of the nuclei
after excitation, using a variety of NMR techniques to span dynamics on timescales from pi-
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(A)
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Figure 1.6: The energy landscape defines the amplitude and timescale of protein motions. (A)
One-dimensional cross-section through the high-dimensional energy landscape of a protein showing
the hierarchy of protein dynamics and the free energy barriers. A state is defined as a minimum in
the energy surface, whereas a transition state is the maximum between the wells. The populations of
the macro-state A and B (pA, pB) are defined as Boltzmann distributions based on their difference in
free energy (∆GAB). The barrier between these states (∆G∗) determines the rate of interconversion
(kA→B , kB→A). (B) Timescale of dynamical processes in proteins and the experimental methods
that can detect the fluctuations on each timescale. Figure adapted from Ref.[14].
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coseconds to second[27, 16, 23]. But NMR experiments are typically limited to small soluble
proteins, although bigger proteins are gradually becoming accessible[30, 34, 28, 38, 35, 15, 3].
The low-resolution and local-site methods, such as circular dichroism, infrared spectroscopy,
Raman spectroscopy and fluorescence resonance energy transfer (FRET), detect either global
motions with lower resolution or only local motions of a protein[14]. But they complement
the high-resolution methods: they offer kinetic information on a larger range of timescales,
not provided by X-ray crystallography, or when the protein is too large to study via NMR
spectroscopy.

1.3.2 Molecular simulations

Although in 1963, Richard Feynman already pointed out in his famous Lectures in Physics
that “...everything that living things do can be understood in terms of the jigglings and
wigglings of atoms”[9], the first molecular dynamics simulation of a protein, quantitatively
measuring these “jigglings and wigglings” of atoms was not feasible until 1977[22]. The clear
advantage of molecular dynamics simulations is that they can predict protein dynamics com-
pletely: the precise position of each atom at any instant in time for a single protein can be
followed, along with the corresponding energies, provided that at least one high-resolution
structure from X-ray crystallography or NMR is known as a starting point. Molecular sim-
ulations are particularly powerful for catching high-energy conformations close to the top
of the energy barriers separating the states. These high energy states have extremely low
probability to occur and very short lifetime and thus mostly out of reach for experimental
methods. Currently, molecular dynamics can be performed up to a few micro-seconds, as
shown in FIG. 1.6B summarizing the timescales of protein dynamics accessible via molec-
ular dynamics and a number of experimental methods. Ideally, molecular dynamics and
experimental techniques should be applied in conjunction to make progress.

In spite of the atomic descriptions provided by molecular dynamics, scientists sometimes
are interested in simple coarse grained models of proteins. For proteins with the same family
that have highly conserved geometrical feature, e.g. GPCRs, simple models are particularly
useful to study the possible physical meaning of such conserved geometrical setup. For that,
one ignores a range of atomic details and hope to answer generic questions that might be
buried in the atomistic simulations of a specific protein because of the sequence-specific
details. These simple models can serve as initial steps of understanding to enlighten further
atomistic simulations and experimental studies on the same class of proteins.

1.4 Outline of this thesis

In this thesis we focus on several aspects of allosteric signal transduction using molecular
simulations. In the first part of the thesis (Chapter 3-5) we present detailed molecular
dynamics simulation studies on an important part of bacterial chemotaxis receptors, the
HAMP domain. HAMP domains consist of a four helical bundle and provide the communi-
cation channel between the input sensor domain and the output (kinase control) domain in
many chemotaxis receptors. The precise mode of signal transduction is poorly understood,
and could involve a static mechanism, or a dynamic one. In chapter 3 we study the proto-
type HAMP domain from the organism A. fulgidus using molecular dynamics and enhanced
sampling methods. For other HAMP domains the mechanism is even less understood. In
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Chapter 4 we investigate the stability and relaxation dynamics of a polyHAMP domain.
Chapter 5 focuses on the structure and dynamics of a HAMP domain of a serine receptor
from E coli. All of these studies are based on atomistic models, and provide very detailed
structure and mechanisms. However, using such a detailed approach we can not hope to
answer questions about the generic questions involving communication of receptor proteins.
As discussed in the previous section, for that one needs to resort to coarse gained models. In
the second part of the thesis we focus on one such generic question about signal transduction
mechanisms for G-protein coupled receptors. In Chapter 6 we try to answer whether it is
possible that a GPCR system communicates signals through a fluctuation-driven allostery
mechanism rather than a static mechanism such described by the classical models. In this
chapter we employ coarse grained models that considers only the general geometrical fea-
ture of GPCRs and the vibrational fluctuations around a single equilibrium structure to
investigate the effect of fluctuations, as well as the number of transmembrane helices in the
receptor. The thesis ends with a summary of the research.
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