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projects TÜBİTAK 1001 (15M418), Boğaziçi University B.A.P. (11160/17A05M3) and

Betil Fund.

And last but not least, I am thankful to my family for always being there for me

with endless love, encouragement and support. Special thanks to my father for being

an inspiration for my study and my husband for his invaluable support and endless

love. I’m grateful to my mum being a perfect role model in my life and my sister for

being next to me whenever I needed. Special thanks to my second family for their



iv

unconditional support and amazing generosity.

I would like to dedicate my thesis to my father and husband.



v

ABSTRACT

EXPLORING FUNCTIONAL MOTIONS OF

MUSCARINIC ACETYLCHOLINE M2 RECEPTOR

G-Protein Coupled Receptors (GPCRs) are the largest family of signaling pro-

teins and a better understanding of dynamics underlying functional mechanism is es-

sential in drug design. Although many studies have been performed to date, charac-

terizing conformational changes and dynamics in-between inactive and active states

remains elusive. Here, the activation mechanism of Muscarinic acetylcholine receptor

M2, which belongs to the GPCRs family and responsible from decreasing heart rate

to normal rhythm by inhibiting cAMP (cyclic adenosine mono phosphate), has been

explored by ANM-LD computational methodology that combines anisotropic network

model (ANM) with all-atom Langevin dynamics (LD) simulations. The predicted phys-

ically plausible multiple conformational transition pathways from the inactive (3UON)

towards the active states (4MQS, 4MQT) disclosed the dynamic determinants under-

lying the M2’s activation process. It was observed that certain collective ANM modes

are essential for the activation and the hinge sites that coordinate the motion defined

by these modes of motion aligns with the known functional important sites acting as

molecular switches such as (DRY and NPxxY motifs, TM3-TM6 distance, salt bridge

between R121 and E382). Furthermore, the two hydrophobic layers in TM domains dis-

play the coupling of the conformational changes with these switches and the continuous

water pathway from extracellular side through intracellular side providing a continuous

path from the ligand binding site to the G-protein binding site in the activation.
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ÖZET

MUSKARİNİK ASETİLKOLİN M2 RESEPTÖRÜNÜN

FONKSİYONEL HAREKETLERİNİN İNCELENMESİ

G-protein bağlı reseptörler (GPRs) en büyük sinyal protein ailesidir ve bu yüzden

işleyiş mekanızmalarının altında yatan dinamik etkenlerin anlaşılması ilaç tasarımında

büyük bir öneme sahiptir. Bu güne kadar yapılan pek çok çalışma olmasına rağmen, in-

aktif ve aktif yapılar arasında gerçekleşen kolektif konformasyonel değişimlerin özellikleri

ve dinamikleri hala belirsizdir. Bu çalışmada, G-protein bağlı reseptörler ailesine

ait olan Muskarinik asetilkolin M2 reseptörünün aktivasyon mekanızması ANM-LD

metodu kullanılarak aydınlatılmaya çalışılmıştır. ANM-LDmetodu, Anizotropik ağyapı

modelinin (ANM) yavaş modlarının Langevin Dinamiği (LD) simülasyonları ile yönlen-

dirilmesiyle elde edilen hibrit bir metoddur. M2 reseptörünün aktivasyon mekanızma-

sının anlaşılması için inaktif yapı (3UON), başlangıç yapısı olarak kullanılarak aktif

yapıya (4MQS, 4MQT) ulaşılması hedeflenmiştir ve iki yapı arasında oluşturulan geçiş

patikaları proteinin iç dinamiği kullanılarak incelenmiştir. Çalışmada belirli kolektif

modların aktivasyon mekanizmasında etkin rol aldıkları ve bu modların hareketi hedef

yapı doğrultusunda yönlendirdiği; aynı zamanda bu modlara ait menteşe rezidülerinin

bilinen fonksiyonel rezidüler (DRY ve NPxxY motifleri, R121 ve E382 arasındaki tuz

köprüsü, R121 ve T386 rezidüleri arasındaki mesafe (TM3-TM6 uzaklığı)) ile örtüştüğü

sonucuna varılmıştır. Ayrıca transmembran domainlerin arasında yer alan hidrofo-

bik bölgelerin, fonksiyonel öneme sahip rezidülerin yaptığı konformasyonel geçişlerle

örtüştüğü ve su girişine izin verdiği; böylece aktivasyon için önemli olan sürekli su

patikasının oluşabildiği görülmüştür.
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1. INTRODUCTION

Proteins play a crucial role in many biological processes like molecular recogni-

tion, enzymatic activity, and allosteric regulation. They may exist in many di↵erent

conformations in order to conduct their functions in cells. Thus, it is important to

discover the conformational changes of proteins in order to understand the molecular

mechanism underlying their functions. Conformations at equilibrium near the mini-

mum energy are stable conformations and they are long-lived. Conformations between

these stable states are unstable and they are short-lived [1]. Although stable confor-

mations can be discovered by experimental techniques, transition pathway unstable

conformations are di�cult to discover by experimental techniques due to their short-

lived. However, also transition pathways are important to interfere protein dynamics

and remedy a disease. Computational methods are so important to reveal these tran-

sition pathways and their processes in order to understand the functioning mechanism

of cells.

There are many di↵erent methods to investigate the transition pathways and

sample plausible conformations. Molecular Dynamic (MD) Simulation is one of the

most realistic computational methods. They can provide very detailed simulation of

every particle motions as a function of time. Desired specific contributions can be de-

termined either removing or adding that specific contribution to the simulation, where

all parameters can be controlled by the user [2]. Although its advantages, sampling can

be limited due to computational cost of applications. Rough energy landscapes with

many local minimums separated by high-energy barriers, huge systems that contain

thousands of residues/atoms, existence of solvents and etc. are the parameters that

can a↵ect the sampling time [3]. Due to their timescales and/or large size, they are

not feasible and many hybrid methods have been developed to reach enhanced sam-

pling of the thermally accessible conformational space including computational and

experimental techniques.
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The realization of proteins undergo non-random changes had triggered coarse-

grained methods and with the realization of experimentally observed functional motions

of proteins can be predicted by coarse-grained normal mode analysis, coarse-grained

methods began to used widely in structural biology [4, 5]. These non-random changes

can usually be determined by using simple models like Elastic Network Models (ENMs).

ENMs can provide an exact solution for the unique dynamics of each structure and

these models can be applied to large biomolecular complexes and assemblies [6]. ENMs

considers cooperative nature of biomolecular dynamics and it was observed that only

a few principal modes of motion, also called soft modes, conduct intermolecular in-

teractions and these modes can be used to discover unknown conformations [5].These

modes are insensitive to structural and energetic details.

Gaussian Network Model (GNM) and Anisotropic Network Model (ANM) are

the most well-known simplified Elastic Network models. In the network ↵-carbons

are noted nodes and it is assumed that these nodes are connected with elastic springs

if ↵-carbon pairs are closer to each other than a specified cuto↵ distance. In GNM,

these nodes undergo isotropic (Gaussian) fluctuations about their equilibrium positions.

However in ANM, the residue fluctuations are considered as anisotropic that incorpo-

rate among components of the position vector independently. The main advantage of

ANM is that it can generate alternative conformations in the close neighborhood of

a given structure upon deforming the original structures along the dominant (lowest

frequency) modes [5, 7–10].

Combining Molecular Dynamic simulation protocols and computational methods,

many hybrid methods have been developed to investigate protein dynamics. ANM-LD

is a simple and e�cient hybrid method that implements the predicted intrinsic func-

tional dynamics by ANM into an all-atom LD simulation protocol. The methodology

disposes large conformational transitions and multiple transition pathways between

given protein functional states. The cooperative changes underlying the functional

transitions of proteins can be observed the generation of the alternative pathways by

the restriction of certain modes can be controlled and di↵erences in the pathways fur-

ther by GNM can be assessed. The methodology requires two structures that are initial
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and target structures. The procedure is iterative and it convergence measured with

RMSD value between target and discovered structure [11].

G protein-coupled receptors (GPCRs) are largest family of mammal membrane

proteins and also the biggest target,nearly one-third of all drugs, in the drug mar-

ket. Their versatility and ability to change their structural shape through transition

among di↵erent conformations has increased their importance [12]. It has not been

still completely understood how GPCRs change their shapes through activation over

time [13]. Motivation of this thesis is to explore activation mechanism of muscarinic

receptor M2 that belongs to GPCRs, in the light of generated transition pathways

by Anisotropic Network Model Guided Langevin Dynamics (ANM-LD) methodology

performing specificities in simulations. Dynamic behavior of structure was tried to

reveal by analyzing collective ANM modes and generated conformations in terms of

functionally known important distances.
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2. G PROTEIN COUPLED RECEPTORS (GPCRs)

G (Guanine binding) protein coupled receptors (GPCRs) are the super-family of

sensory proteins of eukaryotes. They are physiologically important membrane proteins

that responsible from transmitting signals to from exterior to the interior of the cells

and physiologic responses to neurotransmitters and hormones. GPCRs share three

common regions which are an intracellular region (the C-terminus), a middle segment

containing seven transmembrane domains and an extracellular region (the N-terminus)

given in Figure 2.1.

Figure 2.1. Cartoon representation of rhodopsin of bovine.

GPCRs are huge super-family and include five families that are Glutamate, Rho-

dopsin, Adhesion, Frizzled/Taste2, and Secretin, according to the GRAFS classification

system [14]. There are more than 800 di↵erent human seven-transmembrane proteins

and they are involved in many diseases which are related with signaling pathways

including cancer, obesity, immunological, cardiovascular, inflammatory, viral infections,
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senses disorders, cardiovascular and etc. Their versatility increases their importance

in drug market and it is estimated that they are targets of drug market about 40%, so

they have been the most popular target class for drug discovery [15–17].

Rhodopsin-like family constitutes the largest group of GPCRs, almost 85% of

G-proteins, including light receptors, hormones and neurotransmitters. Muscarinic

receptors belong to Rhodopsin-like family (Class A) that include five subtypes from

M1 to M5 responsible from regulating many vital functions of the central and periph-

eral nervous systems and regulating a variety of physiological functions like intestinal

airway, eye smooth muscle contraction, glandular secretions and heart rate [18, 19].

M2 receptor, the subtype of the muscarinic acetylcholine receptors, is widely ex-

pressed in both central and peripheral nervous systems regulating the parasympathetic

control of the heart, presynaptic inhibition of neurotransmitter release [20]. M2 recep-

tor couple to G
i/o

and leads to inhibitory-type e↵ect like inhibiting adenylyl cyclase

(AC) activity the cell [21–23]. Inhibition mechanism of adenylyl cyclase (AC) activity

is given in Figure 2.2.

Figure 2.2. Regulation process of M2 receptor coupled with Gi.
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Although many studies have been focused on muscarinic acetylcholine receptors

due to their importance in both central and peripheral nervous systems, the activation

mechanism of these receptors have not been completely understood yet as it is in

other GPCRs [24, 25]. However, it is known that conformational flexibility of GPCRs

provide diverse ability to engage in many signaling pathways, although their structural

similarity and they can be represented by an ensemble of conformations [26, 27].
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3. MATERIALS AND METHODS

3.1. Normal Mode Analysis (NMA) And Elastic Network Models (ENMs)

Native states of proteins are not rigid and proteins can undergo random fluctu-

ations at their dynamic equilibrium (global minimum) and may sample ensemble of

conformations with these fluctuations around their dynamic equilibrium. These fluc-

tuations are related with the collective/cooperative/global motions that disclose the

functions of proteins. Hence, NMA can predict the functionally important motions

by solving the topology of modes of motions at equilibrium. These collective/global

motions are generally related with the low frequency modes that are slow modes (soft

modes). Elastic Network Models (ENMs) are simplified coarse-grained normal mode

analysis, where amino acids are shown as nodes and linked with the neighbors by

springs. In ENM, one dimensional uniform harmonic motions between interacting

atoms is accepted rather than detailed atomic potential and this provides computa-

tional e�ciency and unique exact solution to describe protein conformational changes

and explore intrinsic dynamic behavior that is necessary for proteins to conduct their

functions [4, 6, 28, 29].

Gaussian Network Model (GNM) and Anisotropic Network Model (ANM) [10,30]

are most well-known EN models [4].

3.1.1. Gaussian Network Model (GNM)

Gaussian Network Model (GNM) is one-dimensional, simple EN model. In the

network ↵-carbons are noted as nodes and it is assumed that these nodes are connected

with elastic springs if ↵-carbon pairs are closer to each other than a specified cuto↵

(R
cut

) distance and these nodes undergo isotropic (Gaussian) fluctuations about their

equilibrium positions [8, 31].
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The interaction network of residues is defined by Kirchho↵ (connectivity) ma-

trix (�). Kirchho↵ matrix is symmetric and sparse, so inverse of Kirchho↵ matrix is

calculated by using linear superimposition of N � 1 nonzero eigenvectors as given in

Equation 3.1, where N is total atom number, uk is the kth eigenvector of eigenvector

matrix U. kth eigenvector direct the motion along the kth mode.

h
��1

i

ij

=
h
U⇤�1UT

i

ij

=
h
��1
k

uku
T
k

i

ij

(3.1)

The Correlation between fluctuations of residue pairs is calculated by using Equa-

tion 3.2,where �
f

is the force constant of the potential function, T is the absolute tem-

perature in Kelvin, k
B

is the Boltzmann constant, �Ri and �Rj are the fluctuations

of residue i and j.

�Ri and �Rj is given in Equation 3.1,

h�Ri.�Rji =
3k

B

T

�
f

h
��1

i

ij

(3.2)

3.1.2. Anisotropic Network Model (ANM)

Anisotropic Network Model (ANM) is three dimensional Elastic Network Model,

in which instead of isotropic fluctuations, directional preferences are taken into account

considering anisotropic fluctuations of proteins in real life [10,30,32]. These anisotropic

fluctuations can incorporate among components of the position vector independently

and that means 3N-6 modes instead of N-1 in GNM. The main advantage of ANM

is that by using fluctuation vectors it can be generated alternative conformations in

the close neighborhood of a given structure upon deforming the original structures

along the collective (lowest frequency) modes [4, 5]. Overall potential of the system

is calculated by using Equation 3.3, where R0
ij

instantaneous distance and R
ij

are the
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equilibrium distance between residues i and jand �
f

is the force constant.

V
ANM

=
1

2

X

ij

�
f,ij

(R
ij

�R0
ij

) (3.3)

The correlation between fluctuations of residue pair i and j from their equilibrium

position, h�Ri.�Rji, is calculated decomposition and reconstruction of 3N � 6 modes

of Hessian Matrix (H) as distorted by the displacement of mode k is calculated as

given in Equation 3.4 in terms of eigenvalue (�
k

) of Hessian matrix.

h�Ri.�Rji =
3k

B

T

�
f

tr
h
H�1

i
=

3k
B

T

�
f

NX

k=1

tr
h
��1
k

uku
T
k

i

ij

(3.4)

3.2. Molecular Dynamic Simulations And Langevin Dynamics

Molecular dynamic (MD) simulation is one of the most realistic computational

methods. It depends on the solution of Newton’s equation of motion as function of time

iteratively. Energy function and position vectors are the only required items of MD

Simulations. Initial positions of proteins can be obtained from NMR spectroscopy or X-

Ray Crystallography. Then dividing time into discrete time steps, acting force on each

atom is computed using a molecular force field. This causes change in atom positions

in a given time and new positions can be calculated by solving Newton’s equation of

motion. This iterative procedure proceeds until the desired state is obtained if it is

computationally possible [33, 34].

Newton’s equation of motion is given in Equation 3.5, where (Fi) is the force on

atom i, (mi) and (ai) are the mass and acceleration of atom i respectively.
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F
i

= M
i

a
i

(3.5)

Acceleration can be calculated by using second derivative of position vector

(Equation 3.6) and force acting on a particle can be written in terms of gradient

of potential energy (Equation 3.7).

d2r
i

dt2
=

F
i

M
i

(3.6)

F
i

= �gradV
i

= �rV
i

(3.7)

Newton’s equation of motion can be rearranged as a function of time in terms of

gradient of potential energy by replacing force acting on a particle with the derivative

of potential energy given in Equation 3.8.

d2r
i

dt2
= � 1

M
i

@V (r1, r2, . . . , rN)

@r
i

= a
i

(3.8)

By using Maxwell-Boltzmann distribution (Eq.3.9) to calculate initial velocities

and gradient of potential energy, acceleration distribution of initial atoms can be com-

puted by using Equation 3.10. T , is the absolute temperature in Kelvin, k
B

is the

Boltzmann constant, v
i

x is the velocity of atom i in x direction and m
i

is the mass of

atom i.
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p(v
ix

) =

 
M

i

2⇡k
B

T

!1/2

exp

"
� 1

2

M
i

v2
ix

k
B

T

#
(3.9)

p =
NX

i=1

M
i

v
i

= 0 (3.10)

The absolute temperature and kinetic energy of the system are related and it can

be calculated as given in Equation 3.11, where hv2
i

i is the square of average velocity of

atom i and N is the number of atoms.

T =
2

3Nk
B

NX

i=1

1

2
M

i

hv2
i

i (3.11)

The Langevin equation is a stochastic di↵erential equation obtained by adding

two new terms to the Newton’s second law to approximate the e↵ects of neglected

degrees of freedom (Equation 3.12). r
i

V is the friction coe�cient that is taken into

account for viscous (dissipation) terms that represents the drag force due to friction

of solvent and R
i

(t) is the random force acting on the system due collision between

solvent particles and the molecule particles with zero mean. The random force is gen-

erally accepted as uncorrelated in time. When friction coe�cient is taken as zero, the

Langevin equation equals to classical MD equation. Langevin Dynamics may improve

the simulations considering outside e↵ects on the molecule in terms of random forces

acting of particles [35, 36].
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M
i

d2r
i

dt2
= �@V

@r
i

�M
i

�
dr

i

dt
+R

i

(t) (3.12)

The motion can be written in terms of gradient of potential (r
V

) and friction

factor (⇣
i

) and assuming random force on atom i (R
i

) is independent from time; where

M
i

is mass of atom i, r is the position vector.

M
i

r̈
i

= �r
i

V � ⇣
i

ṙ
i

+R
i

(3.13)

3.3. ANM-LD Methodology

ANM Driven Langevin Dynamics (ANM-LD) simulation is a simple and e�cient

hybrid methodology that implements the ANM predicted intrinsic functional dynamics

with LD simulations to generate alternative conformations between given two func-

tional states [11]. Cooperative/global motions underlying the functional transitions

can be observed by restricting certain modes and/or changing ANM and/or simulation

parameters.

The methodology requires two functional states, which are used as initial (I = I0)

and target (T = T0) structures. The procedure is iterative and the structure is dis-

torted with the selected ANM mode in every iteration step i. Convergence to the

target structure is measured with RMSD value between target and generated struc-

ture. RMSD calculation is given in Equation 3.14, where di is the distance between

atoms i of generated conformation and target structure and N is the number of atoms

in the structure. While selecting ANM mode, overlap value (O
i,j

) between global mode

uk and di↵erence vector (Di) composed by target and instantaneous conformation is

used. Overlap value calculation is given in Equation 3.15.
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RMSD =

sP
N

i=1 d
2
i

N
(3.14)

O
i,j

=
|u

j

.D
i

|
|u

j

|.|D
i

| (3.15)

D
i

= T0 � I
i

(3.16)

Overlap value is calculated for all collective modes and then the mode with max-

imum overlap value is chosen as selected ANM mode. Utilizing selected ANM mode,

the structure is distorted in that motion at given deformation factor (D
F

) rate. The

generated conformation will be the initial structure of next iteration step. In every

iteration, the initial structure is energetically minimized and simulated with all-atom

Langevin Dynamic simulation methodology. The procedure continuous as RMSD be-

tween the generated conformation and target state converges. The procedure of ANM-

LD methodology is given in as flowchart in Figure 3.1. Simulation parameters are

predefined before starting simulations, which are cut-o↵ distance (R
cut

), maximum

number of modes (modemax), the number of modes available to choose a mode among

them, deformation factor (D
F

) to distort the structure along the chosen mode direc-

tion, energy minimization step (stepmin), absolute temperature (T ), damping constant

(�) and LD simulation step (stepsim). First three parameters R
cut

, modemax and D
F

belong to ANM part of simulation. LD simulations are conducted by using the Sander

program of Amber 11 and the force field parameter is set by Amber ↵03 and ↵10 [37,38].

Protonation states of charged residues in Initial and final structures are calculated by

PDB2PQR [39].
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Figure 3.1. The procedure of methodology of ANM-LD Simulations.
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4. RESULTS AND DISCUSSION

4.1. Activation of M2 Receptor

Muscarinic acetylcholine M2 receptor is responsible from physiologic control of

cardiovascular function, that decreases heart rate, through activation of G protein

coupled inwardly-rectifying potassium-ion membrane channels [40–42].

M2 receptor has been target for both allosteric and orthosteric ligands research

studies due to its pharmacological specialties [41]. In this thesis, ANM-LD (Anistropic

Network Model is guided with all-atom Langevin Dynamic (LD) simulations) simula-

tions have been explored in order to explore the activation mechanism of M2 receptor

through generating conformational transition pathways between inactive and active

states, and analyze the underlying dynamic behavior.

M2 receptor consists of a bundle of seven alpha helices, 3 intracellular loops (ICL)

and 3 extracellular loops (ECL) as it is in other GPCRs and contains 276 residues.

Alpha helices are located in transmembrane region and they are named TM domain

numbers, loops located at the cytoplasmic side are named as intracellular loops (ICL)

and loops located at the extracellular side are named as extracellular loops (ECL).

The structure residue numbering starts 20 and and ends up with 456, however residues

located in ICL3 loop between 216 and 377 are missing. The structure of M2 receptor

including their naming terminology that is same in all GPCR family is given in Figure

4.1 and residue numbers and their corresponding regions are summarized in Figure 4.2.
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Figure 4.1. The structure of M2 Receptor and naming terminology.

Figure 4.2. M2 Receptor domain naming and corresponding residues.
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The inactive structure that is bound to an antagonist and two active structures

were obtained from Protein Data Bank (PDB) with PDB IDs 3UON, 4MQS and 4MQT,

respectively [40, 41]. Although 4MQT is bound to the agonist iperoxo and allosteric

modulator, 4MQS is only bound to the agonist iperoxo. The structure of 4MQT is quite

similar to the structure of 4MQS except 3 missing residues in ICL3 loop and slight

changes around the allosteric binding site, which means the allosteric site could be

preformed when agonist is bound the structure without any modulator [40]. Although,

the RMSD between two active states is 0.99Å, .it has been explored here that whether

small variations at certain regions may reflect in the transition pathway given the

resolution of the present method. The aligned structures are given in Figure 4.3 in

order to demonstrate the slight di↵erence between these two active states.

During activation of M2 receptor, key outward displacement of the intracellular

side of TM6 creates a cage for G protein to bind the receptor with slight outward

displacement of TM5 and rearrangements around NPxxY (N436, P437, Y440) and DRY

(D120, R121, Y122) motifs in TM7 and TM3, respectively. TM6 outward displacement,

NPxxY and DRY motifs are highly conserved common features of G-protein-coupled

receptors’ activation mechanism [40, 43]. Displacement of transmembrane helices are

shown in Figure 4.4 In addition to the displacements of transmembrane helices, water

penetration is also required for activation of GPCRs. Water penetrated into the core

of TM domains and the binding cage during transition. The region near the residue

V105 below the orthosteric ligand binding cavity is hydrated and that may also have

a functional role in the allosteric binding. The other hydrated regions are NPxxY

motif region and the middle of TM2 near D69 residue. Water penetration may be

important for biogenic amine receptor activation with the role of D69 residue and for

highly conserved motif NPxxY in activation [13].



18

Figure 4.3. Active states of M2 Receptor.

Figure 4.4. Active (4MQS) and inactive (3UON) crystal structures of M2 receptors.

(a) Red arrows show displacement of TM6 through inward and outward on

extracellular side and intracellular sides respectively. (b) Intracellular side view of

structures.
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Where agonist iperoxo binds to M2 receptor, tyrosine lid forms among Y104, Y403

and Y426 as a result of H-bonding of Y104 with Y403 and Y426. DRY (D120, R121,

Y122) and NPxxY (N436, P437, Y440) motif regions also show structurally important

displacements. In DRY motif region; N58 forms H-bond with R121 and D120, hence

they are stabilized. Similarly, in NPxxY motif region; Y440 forms water-mediated

H-bond with Y206. Allosteric modulator is placed just above the agonist iperoxo and

interacts with W422, N410, E172, N419, Y177, Y80, Y426.

Many studies have been focused on M2 receptor due to its importance and this

study may contribute to the understanding of the activation mechanism through gen-

erating alternative transition pathways between initial and final states by utilizing

collective ANM modes. For this purpose, many di↵erent cases have been taken into

consideration like changing simulation parameters such as DF, modemax and Rcut, re-

stricting di↵erent collective mode/modes, modelling and/or modifying initial and final

structures after analyzing forward runs between 3UON and 4MQS in terms of selected

ANM modes and their mean square fluctuations as well as running with the same sim-

ulation parameters, so as to disclose main determinants of the transition. Summary of

performed simulations are given in Appendix.A and major results are represented in

Section 4.1.1 and 4.1.2.

4.1.1. ANM-LD Simulation Results from Antagonist Bound Structure to

Agonist Bound Structure

In this section of thesis, it is aimed to drive M2 receptor activation transition

between initial-inactive (3UON) and target-active (4MQS) structures by utilizing the

intrinsically accessible collective modes of 3UON by using ANM-LD simulations. For

this purpose, parallel ANM-LD simulations were performed with D
F

values 0.35, 0.4,

0.6, adaptive between 1 and 0.1; R
cut

10Å, 13Å, 18Å; modemax 30, 100, all modes;

restricting mostly selected ANM modes; modeling 3 and 23 residues from missing

residues in ICL3 and deleting 4 and 2 residues from the beginning and end of the chain

to predict conformational transition (activation) pathway(s).
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Initially, the transition pathway was generated without making any changes on

initial and target structures without modeling any missing residue in ICL3 loop. After

analyzing the pathway results in terms of mostly selected ANMmodes and mean square

fluctuations, which direct the motion, it was observed that there are some unrealistic

picks in the missing residue region, N-terminus and C-terminus of structures. Thus,

we decided to model 3 missing residues (R216, I217, K218) in ICL3 by using MOD-

LOOP server [44, 45] and delete 4 residues (K19, T20, F21, E22) from the beginning

of structures and 2 residues (L455, M456) from the end of structures due to unrealistic

picks in these regions in mostly selected ANM mode shapes and to avoid computa-

tional artifacts. Finally, by restricting envisaged most important modes individually

and together, their e↵ects on the transition pathway tried to be explored.

In order to find e�cient simulation parameters R
cut

, modemax and D
F

have been

changed systematically. After trying di↵erent R
cut

(R
cut

=10Å, 13Å, 18Å), modemax

(modemax=30, 100, all modes) and D
F

(D
F

=0.35, 0.4, 0.60, 0.1-1) values; R
cut

value

was set to 13Å and it was decided to use all modes and adoptive D
F

value between

0.1-1 according to selected mode, which give the better final RMSD convergence to

the target structure, to be able to compare results without concerning about whether

di↵erent parameters cause a di↵erence in M2 Receptor activation simulations or not.

Final RMSD between the predicted ANM-LD conformation at the end of the

transition pathway towards the target conformation, the number of ANM-LD cycles

that is the number of the predicted conformations defining the transition and the most

selected ANM modes in the transition are summarized in Table 4.1.

RMSD is one of the most prevalent features to measure the protein similarities.

RMSD di↵erence between initial and target structures is 2.6 Å. RMSD plots belong to

simulations are given in Figure 4.6 and for further analysis RMSD plots with selected

modes, overlap and degree of collectivity values are also given in Figures 4.7. In the

simulations, transition conformations are converged around 35 cycles; final RMSD val-

ues vary in the same range and near to 1.5 Å. Alignment of the predicted conformation

at the end of the transition towards the target conformation and the target conforma-
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tion are given in Figure 4.5 to demonstrate the success of simulations in terms of final

RMSD. For the representation here, simulation 7 was used with the 1.54Å final RMSD

value.

Table 4.1. ANM-LD Simulation result summaries from 3UON to 4MQS.

Simulation Number Cycle Number RMSD (Å) The Most Selected ANM Modes

7 34 1.54 5, 4

24 30 1.46 5, 2, 6

30 30 1.49 1, 6

33 35 1.60 4, 5, 2

Figure 4.5. Alignment of generated final transition conformation of simulation 7 with

the target structure, final RMSD value is 1.54Å.

Table 4.1. ANM-LD Simulation result summaries from 3UON to 4MQS
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Figure 4.6. RMSD di↵erence between generated transition conformations and target

structure in simulations of M2 receptor from 3UON to 4MQS.

RMSD and Selected Modes - Run7

RMSD and Selected Modes - Run24

RMSD and Selected Modes - Run30

Collectivity, Overlap Values and Selected Modes - Run7

Collectivity, Overlap Values and Selected Modes - Run24

Collectivity, Overlap Values and Selected Modes - Run30
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Figure 4.7. Selected mode, RMSD, overlap and collectivity values plots of simulations

from 3UON to 4MQS. RMSD and selected modes plots are given in right side.

Selected modes and corresponding collectivity and overlap values plots are given in

left side.

For the activation of M2 receptor, the major displacements take place in TM6,

TM5 and TM7 as it is mentioned in Section 4.1 Activation of M2 Receptor. The cage

formation for ligand and G protein binding is important for activation of receptor.

For this reason, major structural changes were designated by aligning inactive and

active structures and calculating distances correspond to important regions like TM6

outward tilting region, middle of TM7 rearrangement region, DRY (D120, R121, Y122)

and NPxxY (N436, P437, Y440) motifs. Beginning of TM5 (A184), ICL3 end of TM6

(T388), ECL3 end of TM6 (N410), region near the residue A438 in TM7 show big

RMSD di↵erences between initial-inactive structure (3UON) and final-target structure

(4MQS). RMSD of ICL3 loop end of TM6 (T388) residues, ECL3 end of TM6 (N410)

residues, residue A438 in TM7 and residue A184 at the beginning of TM5 are 7.5Å,

3.6Å, 3.1Å and 4.4Å respectively. Further than the structural changes, there are some

known functionally important changes that take place during activation. They are

hydrogen bond formation between Y206 located at ICL3 end of TM5 and Y440 located

in TM7, breakage of salt bridge between R121 located at ICL2 end of TM3 and E382

located at ICL3 and the distance between residue R121 in TM3 and T386 in TM6 due

to outward tilt of TM6 [41]. When the hydrogen bond is formed in active state, the

distance between Y206 and Y440 decreases from 12.6Å to 3.7Å. The distance between

TM3 and TM6 is calculated by using ↵-carbon atoms of R121 and T386, the values are

RMSD and Selected Modes - Run33
Collectivity, Overlap Values and Selected Modes - Run33
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8.4Å and 13.7Å in inactive and active states respectively. Salt bridge between R121

and E382 is broken in the active state and the distance increases from 12.8Å to 17.4Å

through activation.

In the simulations, these major distances and RMSD values were calculated and

recorded in order to discover whether these major changes take place and required

cage is formed for the ligand and G protein to bind the receptor is predicted to asses

the physical and biological relevance of the pathway or not. When functionally im-

portant distances were analyzed, it was observed that H bond cannot be formed in

the simulation. The distance between residues that form H bond decreases from

12.6Å to the minimum 7.2Å in simulation 24, which is the best result, instead of

3.7Å. Other H-bond distance results are 12.2Å, 11.6Å and 8.7Å for simulation 7, 30

and 33 respectively. The reason of unsuccessful H-bonding may be that H bond for-

mation occurs in side chains and ANM-LD method depends on back bone calcula-

tion and this may not be enough to rotate side chain good enough to form H-bond.

Other two important distances, which are breakage of salt bridge and TM3-TM6 dis-

tance, are closer to the target value in simulations. TM3-TM6 distance increases

from 8.4Å to 11.0Å, 11.9Å, 9.8Å and 12Å in simulation 7, 24, 30 and 33 respec-

tively, which the target value is 13.7Å. The distance between residues that breaks salt

bridge is 19.6Å, 18Å, 18.8Å and 17.6Å in simulation 7, 24, 30 and 33 respectively,

which the initial and target values are 12.8Å and 17.4Å. The RMSD values of selected

residues are like this: RMSD of A184 decreases from 4.4Å to 1.9Å, 2.8Å, 1.7Å and

3.2Å, RMSD of T388 decreases from 7.5Å to 2.9Å, 2.4Å, 2.9Å and 2.1Å, RMSD of

N410 decreases from 3.6Å to 1.4Å, 1.5Å, 1.7Å and 1.3Å, RMSD of A438 decreases

from 3.1Å to 0.8Å, 1.5Å, 1.6Å and 1.7Å in Simulation 7, 24, 30 and 33 respectively.

The distances and RMSD values through transition given in Figure 4.8 in detailed.
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Figure 4.8. Functionally important distances through transition pathway (Left side)

and RMSD of selected important residues between transition conformations and

target state (Right side) in simulations of M2 receptor from 3UON to 4MQS.

Functionally Important Distances - Run7

Functionally Important Distances - Run24

Functionally Important Distances - Run30

Functionally Important Distances - Run33

RMSD of Selected Important Residues - Run7

RMSD of Selected Important Residues - Run24

RMSD of Selected Important Residues - Run30

RMSD of Selected Important Residues - Run33

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

A184
T388
N410
A438

A184
T388
N410
A438

A184
T388
N410
A438

A184
T388
N410
A438
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Although overall RMSD converges around 1.5Å in the simulations, the final struc-

tures and transition pathways show di↵erences as it is recognized from the distance

graphs and RMSD graphs. These distances may also a↵ect the water penetration

through inside TM region, because it is known that functionally important sites like

NPxxY motif are hydrated in the active state. These di↵erences may be because of uti-

lizing di↵erent collective ANM modes for transition in simulations. Di↵erent collective

ANM modes direct the motion in di↵erent ways, thus a↵ect the transition pathways

and create di↵erent distances and RMSD values. The correlation between residue fluc-

tuations were also examined to explore the network of dynamic interactions and also

how this vary in the transition pathways generated. The cross-correlation maps are

given in Figure 4.22.

Selected ANM modes during the transition pathway give an insight about how

the inactive structure uses its intrinsic dynamics to undergo conformation changes

to the active state. To this, the most selected modes were identified to disclose the

dynamic determinants underlying the activation transition. ANM mode shapes (mean

square fluctuations) were determined by calculating dot product of that ANM mode

and then they were mapped to the initial structure’s dynamic modes to be able to follow

which modes of motion are repeatedly chosen and thus have the spectrum of chosen

modes of motion on a common base, although ANM modes are calculated in every

simulation step from generated conformation. During the transition pathway, with the

conformational changes, the order of modes may shift or may slightly change with the

topology. After mapping the selected modes to the initial structure’s mode, the mode

with the best overlap value was chosen as the selected mode. To be able to find the

corresponding mode with the best overlap value, overlap value between selected mode

and every mode of initial structure (among first slow 30 modes) is calculated by using

Equation 4.1; where O
i,j

is overlap value between selected mode i in the simulation step

and initial structure’s mode j and ui and uj are ANM mode vectors of selected mode i

in the simulation step and initial structure’s mode j respectively. Then the mode with
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the highest overlap value is chosen as corresponding mode in initial structure.

O
i,j

=
|u

i

.u
j

|
|u

i

|.|u
j

| (4.1)

Overlap value below 0.5 was not regarded as that initial mode while generating

selected mode distribution graphs, because the mode shapes become quite di↵erent

below this overlap value. Selected mode distribution and overlapping plots are given

in Figure 4.9. After determining the most selected modes, actual selected mode shapes

that correspond to the most selected mode shape were also drawn in Figure 4.10 to

display 0.5 is a good overlapping value and the selected modes are similar to the ini-

tial structure’s modes. As it is seen in Figure 4.10, selected modes are quite similar

to the one in the initial structure, so it is reliable to use the most selected modes

to understand the transition mechanism. Selected mode similarities were also calcu-

lated by using overlap values between each selected ANM mode vector to the other

selected ANM mode vectors. This similarity graphs give information about at which

cycle the structure shows similar transition motions. It was observed that in the

first-half of the transition, selected modes are much more similar (Figure 4.11), which

is expected, since the structure makes more global motions by using slow modes in

the first-half. In the second-half, however, the majority of the transition is mostly

completed and RMSD begins to converge where mainly small (local) motions take

the structure to the target state. Selected mode similarity graphs also give informa-

tion about whether consecutive cycles’ motions are similar and/or in the same direc-

tion or not. It was observed that the structure sometimes requires more than one

ANM-LD simulation step to complete transition motion in the corresponding region.
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Figure 4.9. (a) Selected modes distributions. (b) Overlap values of selected modes of

M2 simulations from 3UON to 4MQS according to the initial structure’s first 30

modes.

Selected Mode Frequency - Run7

Selected Mode Frequency - Run24

Selected Mode Frequency - Run30

Selected Mode Frequency - Run33

Selected Mode Mapping to the Initial Structure - Run33

Selected Mode Mapping to the Initial Structure - Run30

Selected Mode Mapping to the Initial Structure - Run24

Selected Mode Mapping to the Initial Structure - Run7
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Figure 4.10. The most selected ANM mode shapes of initial state and corresponding

pathway selected modes in M2 simulations from 3UON to 4MQS.

Similarity of Selected Modes to the Initial Structure - Run7 Similarity of Selected Modes to the Initial Structure - Run24

Similarity of Selected Modes to the Initial Structure - Run30 Similarity of Selected Modes to the Initial Structure - Run33
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Figure 4.11. Selected modes similarities with each other in M2 simulations from

3UON to 4MQS.

Slowest 2nd, 4th, 5th and 6th ANM modes are the most selected modes considering

ANM-LD simulations 7, 24, 30 and 33. Slowest 5th mode is the most selected one;

4th, 6th and 2nd modes appear interchangeably. Minimum sites in the profile of mean

square fluctuations of a given mode corresponds to the hinge residues that coordinate

the motion defined by this mode. The minimum points of 5th ANM mode are V24,

F25, I48-Y60, P90-V105, D120-R121, R135-A140, I153-W155, E172-C176, T190-F195,

V385, N404-M406, V421-Y426, I435-Y440, A445-F451. It has been known that Y406

contacts with Y440 (related with NPxxY Motif), N58 contacts with R121 and D120

Selected Mode Similarities - Run7 Selected Mode Similarities - Run24

Selected Mode Similarities - Run33Selected Mode Similarities - Run30
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(related with DRY Motif) and Y104, Y403 and Y26 form tyrosine lid [40, 41]. The

hinges of 5th ANMmode overlap with the functionally important residues, i.e., implying

that while this modes of motion is coupled with DRY and NPxxY motifs. Mean square

fluctuations of 5th ANM mode is given in Figure 4.12.a and the highlighted hinge

residues of this mode on the structure by using PyMOL [46] is given in Figure 4.12.b.

Highlighted residue regions correspond to the ligand binding site, where ligand is shown

as sphere, and functionally important residues that are located on TM5, TM6 and TM7.

When ANM 2nd, 4th and 6th modes are superimposed, their local minimum points are

almost at the same sites and this may be the reason why these three modes appear

interchangeably. Superimposition of 2nd, 4th and 6th ANM mode shapes are given in

Figure 4.13. The minimum points of these modes correspond to residues G40-M45,

Q55-Y80, L100-S110, W148-W155, S380-W400 and T420-Y440. Residues S380-W400

in TM6 and residues T420-Y440 in TM7 regions are functionally important, because

the structure shows big conformational change in ICL3 end of TM6, which corresponds

to residues S380-W400 and NPxxY motif’s residues N436, P437 and Y440 are in TM7

region. Residues Q55-M80 in TM2 may be important for formation of water pathway,

because there is a hypothesis about that residue D69 could be important for important

for biogenic amine receptor activation with the formed water pathway [47].

Mode shapes give information about the motion in 1D by calculating the dot

product of mode vector, however mode motions could be visualized in 3D by submit-

ting the initial minimized structure and selecting corresponding mode from the ANM

server [48]. Mostly selected ANMmodes’ motions, which are 2nd, 4th, 5th and 6th modes,

according to initial structure by using ANM server in 3D are given in Figures 4.14-4.17

with the corresponding ANM mode shapes in 1D. The motions shown in the figures

correspond to major/global motions of transition, where they are colored with red and

demonstrated with bigger arrows. ICL3 end of TM6 shows the biggest conformational

change during the transition. Beside than this region; ICL end of TM5, ECL end of

TM1, TM2 and TM6 show slight conformational changes. When the mostly selected

modes motions are examined, they are overlap with these changes. However, there are

some picks in the mean square fluctuations graphs and these picks could dominate the

motion in 3D and in ANM, local minimum points are much more important than the
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picks to describe the motion, because minimum points behave like hinge points and

direct the motions from these points. Due to this reason, it is also important to high-

light hinge residues of mostly selected ANM modes on the structure to understand the

transition pathway. The Figures 4.18-4.21 show the hinge residues of mostly selected

modes in Simulation 7, 24, 30 and 33 respectively.

In ANM-LD methodology, transition pathway is generated by utilizing slow ANM

modes and these modes cause global/major changes in transition as it was mentioned

just above. It is expected that the corporation of most selected collective modes direct

the transition motion from the corresponding hinge residue regions of most selected

modes. As an exemplary case, Simulation 7, in which 4th and 5th ANM modes are

selected mostly, was studied and results are presented in Figure 4.18. The minimum

points of 4th and 5th mode shape graphs were colored on initial state with red and

blue respectively and then initial state was aligned with target state. When the hinge

residues of ANM mode 4 and 5 were examined, it was observed that 4th mode probably

has e↵ect on rearrangement of TM5 and middle of TM7, whereas 5th mode has e↵ect on

extracellular site of TM3, TM6 and TM7 and intracellular site of TM7. Hinge residues

of mostly selected ANM modes in other simulations are given in Figures4.19-4.21 for

Simulation 24, 30 and 33 respectively.

When functionally important distances and RMSD values are taken into con-

sideration, Simulation 30 has not good overlap with the target state. Although the

overall RMSD converges to the target state in the same range as it is in other sim-

ulations, functionally important distances could not reach the target structure’s val-

ues (4.8). This may be due to location of hinge residues of mostly selected ANM

modes, since there isn’t any hinge residue in the middle of TM7, ECL1 end of TM1

and the middle of TM6. These regions show important conformational changes espe-

cially TM6 and TM7. Other 3 simulations (Simulation 7, 24 and 33) could approach

to the target values better than the simulation 30. The common feature of these

simulations is selecting ANM mode 5 during the transition as one of the most se-

lected modes. Mostly selected modes of Simulation 30 are 1 and 6. Although 6th

mode’s hinge residues contain the NPxxY motif and D69 residue in TM2 region,
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it may not be enough to direct the required motion during transition with the 1st

mode. Especially TM3-TM6 distance may not be obtained due to missing hinge

residue in middle of TM6 (Figure 4.20). Thus, it can be said that the driven mo-

tions from hinge points are critical for activation of M2 Receptor, where they overlap

with major displacements take place. This information is induced from ANM modes,

so ANM modes harbor intrinsic dynamic of proteins that is directly with function.

Figure 4.12. (a) 5th ANM Mode shape of the initial state. (b) Demonstration of

minimum points of 5th ANM mode on structure.



34

Figure 4.13. Superimposition of 2nd, 4th and 6th ANM modes with highlighted

minimum regions.

Figure 4.14. 2nd ANM mode motion representation from ANM server and its ANM

mode shape.
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Figure 4.15. 4th ANM mode motion representation from ANM server and its ANM

mode shape.

Figure 4.16. 5th ANM mode motion representation from ANM server and its ANM

mode shape.
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Figure 4.17. 6th ANM mode motion representation from ANM server and its ANM

mode shape.

Figure 4.18. Hinge residues of most selected ANM modes in Simulation 7.
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Figure 4.19. Hinge residues of most selected ANM modes in Simulation 24.

Figure 4.20. Hinge residues of most selected ANM modes in Simulation 30.
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Figure 4.21. Hinge residues of most selected ANM modes in Simulation 33.

The correlation between residue fluctuations are given in normalized cross- corre-

lation maps. Cross-correlations are normalized in the range [-1 1], the values below zero

means negatively correlated residue pairs, and above zero means positively correlated

residue pairs during the transition pathway. Correlation value near to the 1 means

the most positively correlated motion and these regions may be functionally impor-

tant regions. Cross-correlations maps were calculated for the full pathways and for the

first-half of the pathways, where most of the transition is completed. It is important

to note that these correlations are based on the transition pathway, and thus they are

based on where the window is taken along the transitions. There are some di↵erences

in cross-correlations maps, although all the simulations were performed with the same

parameters. Utilizing di↵erent collective ANM modes may be the reason of di↵erences

in cross-correlation maps. We focused on conserved regions in all maps to be able to

reach a conclusion. Cross-correlation maps are presented in Figure 4.22.

When the first-half pathway cross-correlations were compared with the full path-

way cross-correlations, it was observed that residues between M45 and Q55 in TM1 are
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more strongly correlated with T430-Y440 residues in TM7, where TM7 is rearranged

and become closer to the TM1 residues in the first-half. Middle of TM7 is rearranged

during transition and this rearrangement may a↵ect the correlation with the TM1

residues. Similarly, residues between W400-N410 in TM6 are more correlated with

residues between A185-F195 in TM5 and less correlated with T420-Y430 residues in

TM7 in the first-half. These correlations may be due to inward tilting of TM6 residues

between W400-N410 during transition. The correlation between residues V50-F75 and

W400-Y430 are more correlated with themselves in the first-half. The structure is quite

small, which contains 276 residues, and this may also cause highly correlated regions

in the structure.

Cross Correlation for First-half - Run24

Cross Correlation for First-half - Run7

Cross Correlation for Full Pathway - Run24

Cross Correlation for Full Pathway - Run7
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Figure 4.22. The first-half (Left) and full-pathway (Right) cross-correlation maps for

ANM-LD simulations of M2 receptor from 3UON to 4MQS.

After analyzing ANM mode motions, mean square fluctuations, hinge residues

and functionally important distances, it was decided to make some modifications on

structures, due to unrealistic picks in mostly selected modes and then restrict certain

modes; like mode 4 and 5 to reveal their e↵ect on transition pathway. Firstly, initial

and target structures were modified in two ways to hinder the unrealistic picks in ANM

mode shapes. Then after deciding the functionally important ANM modes, restricted

mode simulations were performed and results are presented here respectively.

In ANM mode shape graphs (Figure 4.14-4.17), there are some unrealistic picks

around ICL3 loop, where the residues P216-S377 are missing, and/or near the C-

terminal and/or N-terminal. These picks may e↵ect the transition hindering other

Cross Correlation for First-half - Run30

Cross Correlation for First-half - Run33 Cross Correlation for Full Pathway - Run33

Cross Correlation for Full Pathway - Run30
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motions due to their magnitude. For this reason, new ANM-LD simulations were

performed by modifying initial and target structures in two ways. In the first way, it

was excluded the residues cause pick formation which are located at the beginning and

end of the structure. The first 4 (K19, T20, F21, E22) and last 2 (L455, M456) residues

were deleted from the initial and target structures. In the second way, addition to the

deleting the terminal residues, some known residues in ICL3 loop were modeled. After

deleting residues, by using MODLOOP [44,45] server 3 residues were modeled in ICL3

loop, which are R216, I217 and K218. The modeled residues are known residues, which

are given in their PDB files, although they were not located in the experiment. A quite

small loop was modeled to avoid creating nonexistent correlations with other residues

and/or hindering transition, but also enough length to bound two ends of ICL3 loop.

The simulation results are summarized in Table 4.2.

Table 4.2. ANM-LD Simulation result summaries of modified structures.

Simulation

Number

Modification

Explanation

Cycle

Number

RMSD

(Å)

The Most Selected

ANM Modes

56 Terminals

Modified

50 1.55 6

57 Terminals

Modified

40 1.44 2

58 Terminals and

ICL3 Modified

50 1.50 2,7

59 Terminals and

ICL3 Modified

35 1.50 1,2
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Deleting first 4 residues (K19, T20, F21, E22) from the beginning and last 2

residues (L455, M456) at end of the structures reduces the unrealistic picks at the

beginning and end of the selected modes. Modeling 3 residues in ICL3 loop decreases

the pick height in ICL3 region considerably. However, when modified structures’ sim-

ulations are compared with the unmodified structures’ simulations, the most selected

modes shapes are still almost the same and RMSD convergence is not so di↵erent than

as it is in the unmodified simulations. The new simulations also converged around

1.5Å, but in slightly longer time in the two cases that are 56th and 58th simulations.

The final achievement in terms of RMSD value is not di↵erent and the final predicted

conformations at the end of the transition towards the target state resemble to each

other. RMSD graph of modified structures’ simulations are given in Figure 4.23.

Figure 4.23. RMSD di↵erence between generated transition and target conformations

by using modified structures in simulations of M2 receptor from 3UON to 4MQS.

When the only terminals modified structure’s mostly selected ANM mode shapes

and both terminals and loop modified structure’s mostly selected ANM mode shapes

were superimposed to compare their similarities, it was observed that 6th ANM mode of

only terminals modified structure overlaps with the 7th ANMmode of both terminal and

loop modified structure and their 2nd mode shapes also overlap in terms of minimum

points. Superimposed ANM mode shapes are given in Figure 4.24, the di↵erence occurs

especially in ICL3 loop region in these selected modes, the modeled structure’s ANM

mode has lower pick in ICL3 loop region as expected, but with the same shape. Then,



43

modified structures and unmodified structures’ most selected modes were superimposed

to reveal modification e↵ect on structures. 6th mode of unmodified structure is in good

agreement with 7th mode of modeled and terminal modified structure and 6th mode of

only terminal modified structure. The di↵erence occurs around residues E175-A185,

but in the 2nd mode shape there is also a minimum in this region and that may cover

the change. 2nd mode shape of unmodified structure is in perfect agreement with new

simulations’ 2nd modes shapes and also good agreement with 1st mode shape of terminal

modified structure with slight dislocations residues around L150 and F180.

Figure 4.24. Mostly selected ANM mode shapes superimposition of modified and

unmodified structures simulations. (a) 2nd modes of three initial structures. (b) 6th

mode of unmodified structure, 7th mode of only terminals modified structure, 6th

mode of modeled and terminals modified structure. (c) 2nd mode of unmodified

structure, 1st mode of only terminals modified structure.
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5th and 4th ANM modes are the other most selected modes in unmodified struc-

tures’ simulations, however these two modes do not appear in modified structures’ sim-

ulations. 4th and 6th mode appear interchangeably in unmodified simulations, maybe

due to this interchangeability of modes, 4th mode is not selected in the modified sim-

ulations. Probably instead of 5th mode, 1st mode appears as one of the most selected

modes. It seems that 1st mode substitutes with 5th mode and utilizes required motion

as collaborated with other modes, but in some cases the transition is completed in

longer time. Interestingly, this result is also consistent with simulations given with

unmodified structure and restriction of 5th mode, which is the most selected mode.

The transition without selecting 5th mode was simulated to reveal the e↵ect of 5th

mode on the transition whether the absence of 5th mode could hinder the transition or

other modes could be replaced to make the required transition. In these simulations;

1st mode appears as one of the most selected modes in all restricted simulations. 4th

and 15th ANM modes are the other most selected modes. Overall RMSD converges

around 1.3Å and that is lower than the unrestricted values. Although overall RMSD

decreases to 1.3Å and 1.21Å in simulation 22 and 28, the distance between Y440 and

Y206 that forms H-bond does not show decreasing trend in simulation 22 and the

distance between TM3 and TM6 does not approach to the target value in neither of

simulations. These results show us there are some critical motions for the activation,

and these motions can be revealed by utilizing certain ANM modes. Run parameters,

RMSD convergence graph and selected mode shapes results for 5th mode restricted

simulations are presented in Table 4.3, Figure 4.25 and 4.26 respectively.

Table 4.3. ANM-LD simulation result summaries from 3UON to 4MQS with 5th

mode restriction.

Simulation Number Restricted Mode Cycle Number RMSD (Å) The Most Selected ANM Modes

22 5 32 1.30 1

28 5 62 1.21 4, 15, 1
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Figure 4.25. RMSD di↵erence between generated transition conformations and target

conformation in simulations of M2 receptor from 3UON to 4MQS with 5th mode

restriction.

Figure 4.26. (a) Selected modes distributions (b) Overlap values of selected modes of

M2 simulations from 3UON to 4MQS with 5th ANM mode restriction according to

the initial structure’s first 30 modes.

Selected Mode Frequency - Run22
(Restricted Mode 5)

Selected Mode Frequency - Run28
(Restricted Mode 5)

Selected Mode Mapping to the Initial Structure - Run28

Selected Mode Mapping to the Initial Structure - Run22
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Functionally important distances and RMSD of superimposed residues between

transition and target conformations of 5th mode restricted runs are given in Figure

4.27. In simulation 22, neither of functionally important distances could approach

to the target values. In simulation 28, the distance between salt bridge atoms could

achieve and although H-bond could not be formed the distance between H-bonding

atoms decreases. TM3-TM6 distance increase from 8.4Å to 10Å instead of 13.7Å.

When simulation 22 and 28 are compared in terms of functionally important distances,

simulation 28 gives better results; since it could approach target values and/or show

the appropriate trends to target values. The di↵erence between simulation 22 and 28

may be due to selection of 4th mode in simulation 28. It can be said that the selection

of 4th mode in simulation 28 a↵ects the transition/activation of M2 receptor positively

in terms of functionally important distances given in Figure 4.27.

When unrestricted run results given in Figure 4.8 were compared with the re-

stricted run results given in Figure 4.27 in terms of functionally important distances

and RMSD values, it was observed that functionally important distances could not

approach as good as it is in unrestricted runs, although overall RMSD converged at

lower values in the restricted simulations than the unrestricted simulations. This shows

that 5th ANM mode’s motion may be crucial for activation of M2 Receptor, because

these distances have major e↵ect on creating a cage that is necessary for ligand binding

and/or activation.

Functionally Important Distances - Run22 RMSD of Selected Important Residues - Run22

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

 A184
T388
N410
A438
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Figure 4.27. Functionally important distances through transition pathway (Left side)

and RMSD of selected residues between transition conformations and target

conformation (Right side) in M2 simulations from 3UON to 4MQS with 5th mode

restriction.

Cross-correlations between residue pairs also examined for 5th mode restricted

simulations in Figure 4.28. When full pathway cross-correlation maps were compared

with the first-half cross-correlation maps, it was observed that residues between V50-

L70 and Y430-T450 loose correlations with themselves. Residues between L100-D120

loose correlations with residues between V50-L100 and increase correlations with Y430-

T450. These regions are functionally important regions, residues between Y430 and

T450 include NPxxY motif and between L100 and D120 include DRY motif with the

relation of N58 residue in TM2. Possibly these lost correlations a↵ect to obtain func-

tionally important distances and the convergence time, which is doubled in Run 28.

Then cross-correlation maps were compared with unrestricted simulations’ results (Fig-

ure 4.22, it was observed that correlation between L100-D120 and V50-L70 residues;

T420-Y430 and L390-W400 residues increases, whereas correlation between P90-S110

and S380-W400 residues, Y80-L100 and S380-W400 residues and correlation of T420-

Y430 residues with itself decreases. Correlation decreases in the region of Y80-L100,

S380-W400 and T420-Y430 may a↵ect the tyrosine lid formation between Y104, Y403

and Y426 and water pathway formation in the region of TM6. Outward tilting of TM6

maybe could not approach to the target due to lost correlation between S380-W400

RMSD of Selected Important Residues - Run28Functionally Important Distances - Run28

 

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

A184
T388
N410
A438
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in TM6 and P90-L100 in TM3. Further, the lost correlation of T420-Y430th residues

with itself may a↵ect the rearrangement of TM7. These cross-correlation maps show

that although the initial state converges to the target state, it may use an alternative

pathway by utilizing di↵erent slow ANM modes.

Figure 4.28. The first-half (Left) and full-pathway (Right) cross-correlation maps for

ANM-LD simulations of M2 receptor from 3UON to 4MQS with 5th mode restriction.

After analyzing 5th mode restricted simulations’ results, the importance of 4th

mode stands out and 4th mode restricted runs were simulated to investigate its e↵ect

on the activation. RMSD, selected mode, collectivity and overlap value graphs are

given in Figure 16 and selected mode distribution graph is given in Figure 4.29. RMSD

decreases to 1.2Å, but the convergence time more than double when it is compared

with the unrestricted simulations’ results. The most selected ANM modes are 1, 2

Cross Correlation for First-half - Run22

Cross Correlation for First-half - Run28

Cross Correlation for Full Pathway - Run28

Cross Correlation for Full Pathway - Run22
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and 5. Functionally important distances quite approach to the target state given

in Figure 4.31. Selection of 5th ANM mode could direct the motion in the correct

direction in terms of functionally important distances with the help of 1st and 2nd

modes, but the activation is decelerated. As further analysis, when cross-correlation

map given in Figure 4.32 was compared with cross-correlation maps of unrestricted

simulations (Figure 4.22), residues loose some correlations, like the residues between

Y80-L100 and T420-T450 loose correlation with themselves and residues between F180-

I200 loose correlation with residues between Y430-T450. As it is in the 5th mode

restricted simulations, correlation lost between Y80-L100 and T420-T450 may a↵ect

the NPxxY motif. These regions are important regions for activation of M2 receptor

and these lost correlations may also extend the simulation time. Hence, it can be said

that 4th ANM mode is important for activation of M2 Receptor especially in terms of

transition/activation time.

Figure 4.29. Selected mode, RMSD, overlap and collectivity values plots of

simulations from 3UON to 4MQS with 4th mode restriction. RMSD and selected

modes plot is given in right side. Selected modes and corresponding collectivity and

overlap values plot is given in left side.

RMSD and Selected Modes - Run27
(Restricted Mode 4)

Collectivity, Overlap Values and Selected Modes - Run27
(Restricted Mode 4)
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Figure 4.30. (a) Selected modes distribution. (b) Overlap values of selected modes of

M2 simulation from 3UON to 4MQS with 4th ANM mode restriction according to the

initial structure’s first 30 modes.

Figure 4.31. (a) Functionally important distances through transition pathway. (b)

RMSD of selected residues between transition conformations and target conformation

in M2 simulations from 3UON to 4MQS with 4th mode restriction.

Selected Mode Frequency - Run27
(Restricted Mode 4)

Selected Mode Mapping to the Initial Structure - Run27
(Restricted Mode 4)

Functionally Important Distances - Run27 RMSD of Selected Important Residues - Run27

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

A184
T388
N410
A438
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Figure 4.32. The first-half (Left) and full-pathway (Right) cross-correlation maps for

ANM-LD simulations of M2 receptor from 3UON to 4MQS with 4th mode restriction.

Internal water molecules have crucial importance for activation of receptors in all

GPCRs. It is known that intracellular end of domains and ligand binding cavity near

the extracellular side show high water occupancy (hydration) and these two regions are

disconnected because of the tight packing of hydrophobic residues in the middle of the

TM regions. These hydrophobic residue clusters hinder the continuous “water wire”

in inactive states of GPCRs [13, 47, 49]. Previous studies showed that the hydrolytic

release of water molecules from intracellular region to the retinal by light activates

the rhodopsin [50]. Hence, it may be novel to reveal this continuous water wire in

transition conformations of M2 receptor in our case. Hollow [51] is a program that

calculates the molecular surface of interior volume as dummy atoms. Thus, vestibules

in the channels and/or geometric properties of the channel opening can be visualized

and the information related to mechanism of proteins can be inferred [51]. In our case,

we analyzed the ANM-LD predicted conformations on the activation pathway by using

Hollow placing 1.3A probes in the receptor to calculate the volume of cavities, hence to

reveal the evolved channel inside the conformations through transition. For analysis,

simulation 24 that gives the best results in terms of functionally important distances

(Hydrogen bond formation between Y206 and Y440, broken of salt bridge between

R121 and E382, TM3-TM6 distance between T386 and R121) among simulations from

3UON to 4MQS is selected. Figure 4.33.a and 4.33.h show the available channel in

Cross Correlation of First-half - Run27 Cross Correlation of Full Pathway - Run27
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initial and final states and Figure 4.33.b-g shows the channel formed in M2 receptor

through the activation transition. Figure 4.34 and Figure 4.35 show the continuous

water pathway through transition by superimposing cavities of initial, final and cycle 9

and cycle 16 transition conformations respectively. Hydrophobicity of middle of the TM

regions decreases through middle of transition according to initial-inactive state, and

two hydrated sites, which are ligand binding site and intracellular end of TM domains,

have become almost connected during transition as it is seen in Figure 4.33,4.34 and

Figure 4.35 as well. In the 9th cycle conformation, channel that linked two hydrated

sites is formed closed to residues S64-C67, A109-V111, A146-L150, V199-W207, T386-

A391 and T434-Y440. When functionally important distances’ graph of Simulation

24 given in Figure 4.8 is examined, the major change in H-bond distance and TM3-

TM6 distance are seen in Cycle 9 and Cycle 16 and interestingly continuous water

pathway is formed in these cycles. Thus, it can be said that continuous water pathway

formation may be crucial for activation of M2 receptor by playing a crucial role in

functionally important changes. When functionally important residues are taken into

account, which are Y206, T386, N436, P437 and Y440, this channel may be functionally

important for activation of M2 receptor and thus the transition of ions for the inhibition

of adenylyl cyclase activity.

Figure 4.33. Calculated available channels in generated conformations, initial and

final states by using Hollow.

4MQS
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Figure 4.34. Superimposition of calculated available channels of 3UON, Cycle 9 and

4MQS to demonstrate the formed continuous water pathway. DRY and NPxxY

motifs are colored with magenta and cyan respectively.

Figure 4.35. Superimposition of calculated available channels of 3UON, Cycle 16 and

4MQS to demonstrate the formed continuous water pathway. DRY and NPxxY

motifs are colored with magenta and cyan respectively.
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4.1.2. ANM-LD Simulation Results from Antagonist Bound Structure to

Agonist and Allosteric Bound Structure

4MQT is the active state of M2 receptor that is bound to agonist iperoxo and al-

losteric modulator LY2119620. Allosteric modulators have such an importance of drug

improvements through changing the protein allostery and dynamic with small ligands,

so generating alternative pathways for the structure with the allosteric modulator may

have an outstanding importance. Allosteric modulator and agonist bound structure

show large similarity with only agonist bound structure (4MQS) except allosteric lig-

and region. Extracellular site of allosteric ligand region shows conformational change,

especially residue W422 changes its conformation through vertical position that is

shown in Figure 4.36 [41].

Figure 4.36. Conformation change of residue W422 in active structures of M2

receptor.

In this section of thesis, it is aimed to generate alternative transition pathways for

activation of M2 receptor exploring explore whether allosteric modulator a↵ects tran-

sition pathway utilizing di↵erent collaborative ANM modes or not. For this purpose,

ANM-LD simulations were performed with using agonist iperoxo and allosteric modu-

lator LY2119620 bound active state (4MQT) as a target structure; starting with the

inactive state 3UON as initial structure is simulated by using ANM-LD methodology

and results were compared with the simulations 4MQS as a target structure.
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Parameters were selected as follow in simulations: Cut-o↵ radius (R
cut

) for ANM

calculations is 13Å, all modes are taken into account for transition and deformation

factor (D
F

) is adaptive between 0.1 and 1 and as they were in other M2 receptor

activation simulations. The simulation results are summarized in Table 4.4 and detailed

RMSD, selected mode, collectivity and overlap graphs are given in Figure 4.37. RMSD

decreases from 2.4Å to around 1.5Å in 30 iterations. RMSD convergence is not so

di↵erent than the simulations given using 4MQS as a target structure except Simulation

18.

Table 4.4. ANM-LD Simulation result summaries from 3UON to 4MQT.

Simulation

Number

Cycle Number RMSD

(Å)

The Most Selected ANM

Modes

13 30 1.46 3

14 34 1.54 15, 3, 13, 17

18 55 1.01 8, 2, 10

70 20 1.51 2

RMSD and Selected Modes - Run13

RMSD and Selected Modes - Run14

Collectivity, Overlap Values  and Selected 
Modes - Run13

Collectivity, Overlap Values  and Selected 
Modes - Run14
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Figure 4.37. Selected mode, RMSD, overlap and collectivity values plots of

simulations from 3UON to 4MQS. RMSD and selected modes plots are given in right

side. Selected modes and corresponding collectivity and overlap values plots are given

in left side.

RMSD and Selected Modes - Run18

RMSD and Selected Modes - Run70

Collectivity, Overlap Values  and Selected 
Modes - Run18

Collectivity, Overlap Values  and Selected 
Modes - Run70

Selected Mode Frequency - Run13

Selected Mode Frequency - Run14

Selected Mode Mapping to the Initial Structure - Run13

Selected Mode Mapping to the Initial Structure - Run14
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Figure 4.38. (a) Selected modes distributions. (b) Overlap values of selected modes of

M2 simulations from 3UON to 4MQT according to the initial structure’s first 30

modes.

Selected mode distribution graphs, given in Figure 4.38, show that 3rd and 2nd

ANM modes are the most selected, common ANM modes in simulations from 3UON

to 4MQT. The superimposed mode shape graphs of these modes and corresponding

hinge residues are given in Figure 4.39. Hinges residues of 2nd mode are L34-I38, Q55-

N58, L70-G73, L103-V105, L115-D120, R135-A140, E175-S182, I200-S210, S380-L390,

L428-S433 and hinge residues of 3rd mode are F25-L28, T37-G40, Q55-L62, L103-

S108, V149, L150, T170-F180, P198-I200, V385-A395, C443-K448. Hinge residues

are located mostly at functionally important sites including DRY and NPxxY motifs,

rearrangement of TM5 and outward tilting of TM6. Only 3rd mode does not have a

hinge residue in the middle of TM7, where TM7 is rearranged during transition, but

other collective modes may contribute the motion in that direction.

Selected Mode Mapping to the Initial Structure - Run18

Selected Mode Mapping to the Initial Structure - Run70

Selected Mode Frequency - Run70

Selected Mode Frequency - Run18
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Figure 4.39. (a) Mostly selected ANM modes in simulations from 3UON to 4MQT.

(b) Minimum residues correspond to mostly selected ANM modes 2 (blue) and 3

(green).

The structures of 4MQT and 4MQS are quite similar except missing 3 residues

in ICL3 loop in 4MQT, there is only 0.99Å RMSD di↵erence between structures and

major di↵erences occur in N-terminus of TM1 region and ICL3 loop. Residues S215,

P377 and P378 are missing in 4MQT structure. Di↵erent from the 4MQS, allosteric

modulator in 4MQT interacts with the residues W422, N410, E172, N419, Y177, Y80,

Y426. The simulations targeted to only agonist bound structure show that ANMmodes

4 and 5 are quite important for the transition and restriction of these modes a↵ect the

transition. Due to similarity between two active states, it is expected to choose sim-

ilar modes except di↵erences in allosteric modulator binding region, N-terminus and

ICL3 loop, to be able to say that certain collective modes are important for transition

of M2 receptor. In order to find di↵erences between these two structures more pre-

ciously, di↵erence vectors between initial-inactive state (3UON) and target-active state

(4MQS and 4MQT) were compared. In order to compare di↵erence vectors, they were

reduced to 1D by calculating their dot products, hence their di↵erence vector shapes

were obtained and compared in Figure 4.40.a. Although di↵erence vector shapes are

quite similar, residues between T20-A30, L70-Y80, S380-W400 show small di↵erences.

These di↵erent motions could be directed with selecting other modes and/or having

slight di↵erences in mode shapes. When mostly selected modes of simulations are
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compared, 4th ANM mode of 4MQS overlaps with 2nd mode of 4MQT and 5th mode

of 4MQS overlaps with 3rd mode of 4MQT with very slight di↵erences given in Fig-

ure 25.b and 25.c. Mode shape graphs show that ANM modes are shifted, because of

deleting missing three residues from initial structure. 4th mode replaced with the 2nd

mode and 5th mode replaced with the 3rd mode. The similarity of selected modes in

transition verifies the importance of mostly selected modes for activation of M2 recep-

tor. The slight di↵erences in target structures a↵ected the transition in a manner of

slight changes in modes including mode shifts. Also other mostly selected modes (2,

6) in simulations from 3UON to 4MQS were not selected in simulations from 3UON

to 4MQT. Not utilizing these modes and slight changes in selected modes in transition

may cause change in cross-correlation maps and a↵ect the success of simulations in

terms of functionally important distances.

When distance between functionally important residues, which are H-bond for-

mation between between Y206 located at ICL3 end of TM5 and Y440 located in TM7,

breakage of salt bridge between R121 located at ICL2 end of TM3 and E382 located

at ICL3 and the distance between residue R121 in TM3 and T386 in TM6 due to

outward tilt of TM6, and RMSD between selected residues (A184, T388, N410, A438)

of transition and target structure (Figure 4.41) were examined, it was observed that

rather than the simulations targeted to agonist and modulator bound structure, the

simulations targeted to only agonist bound structure approach to the target structure

more successfully. This may because of only selecting 3rd or 2nd mode individually in

simulations. Di↵erent than the 4MQS structure, allosteric modulator in 4MQT struc-

ture changes the position of residue W422, where allosteric modulator is bound. W422

changes its conformation along vertical position. However, the RMSD di↵erence of this

residue between initial and target structure is quite small, it is di�cult to measure its

position through pathway.
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Figure 4.40. (a) Di↵erence vectors between initial and final states. (b)

Superimposition of 2nd ANM Mode of 4MQT to 4th ANM Mode of 4MQS. (c)

Superimposition of 3rd ANM Mode of 4MQT to 5th ANM Mode of 4MQS.

Difference Vectors Between Initial and Final States

ANM Mode Shapes Comparison ANM Mode Shapes Comparison



61

Figure 4.41. Functionally important distances through transition pathway (Left side)

and RMSD of selected residues between transition conformations and target

conformation (Right side) in M2 simulations from 3UON to 4MQS.

Functionally Important Distances - Run13 

Functionally Important Distances - Run14 

Functionally Important Distances - Run18 

Functionally Important Distances - Run70 RMSD of Selected Important Residues - Run70

RMSD of Selected Important Residues - Run18

RMSD of Selected Important Residues - Run14

RMSD of Selected Important Residues - Run13

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

TM3-TM6 Distance
NPxxY Motif
Salt Bridge

 

 

 A184
T388
N410
A438

A184
T388
N410
A438

A184
T388
N410
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A184
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5. CONCLUSION AND RECOMMENDATIONS

In this thesis, the major aim is to explore activation mechanism of muscarinic

M2 receptor in the light of generated transition pathways between initial-inactive state

(3UON) and target-active states (4MQS, 4MQT) by implementing ANM-LD method-

ology. The conformational transition pathway(s) coupled to the activation with mostly

selected intrinsic dynamic modes and the key sites that coordinate the motion(s) de-

scribed by these modes of motion with respect to the functionally known important

distances decoded as underlying the activation are the points of the focus in the anal-

ysis.

Activation of M2 receptor requires specific conformational changes trough tran-

sition. Major changes are formation of Hydrogen bond between Y206 located at ICL3

end of TM5 and Y440 located in TM7, broken of salt bridge between R121 located at

ICL 2 end of TM3 and E382 located at ICL3 and the distance between residue R121

in TM3 and T386 in TM6 due to outward tilt of TM6. Hydrogen bond formation be-

tween Y206 and Y440 is related to NPxxY (N436, P437, Y440) motif, which is highly

conserved motif in all GPCRs. Another important common motif of GPCRs is DRY

(D120, R121, Y122) motif. In DRY motif region; N58 forms H-bond with R121 and

D120, hence these residues are stabilized in active state. Formation of tyrosine lid

among Y104, Y403 and Y426 as a result of H-bonding of Y104 with Y403 and Y426

is another important change trough transition. Structurally major displacements take

place ICL3 loop end of TM6, in the middle of TM7 and TM5. [6,8].

The ANM-LD simulations of M2 receptor activation by using initial-inactive

(3UON) and target-active (4MQS) states were performed first without restricting any

certain ANM mode and modification on structures. After analyzing mostly selected

modes, hinge residues and functionally important distances, simulations were repeated

with making some modifications on structures to normalize unrealistic picks in ANM

modes and then restricting ANM 4th and/or 5th modes. Finally, The ANM-LD sim-

ulations were performed by using target-active state 4MQT (agonist and allosteric
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modulator bound) instead of 4MQS (only agonist bound). M2 receptor activation sim-

ulations show that 4th and 5th modes are important to direct the motion as target state.

Hinge residues of these modes overlap with the functionally important residues. Hinge

residues of 5th mode include DRY (D120, R121, Y122) motif and N58 residue, where

D120 form H-bond with residue N58, NPxxY (N436, P437, Y440) motif and residues

W22 and T386 and hinge residues of 4th mode include middle of TM7 rearrangement

(residues between N431 and N435) and TM5 displacement (residues between I201 and

L205). Hence, it is important to note that ANM could reveal the functionally im-

portant conformational changes successfully by using intrinsic dynamics of modes and

there is a strong relationship between hinge residues of certain (mostly selected) ANM

modes and functionally important residues. In addition to mostly selected modes over-

lapping with the functionally important switches, these switches and hinge residues

of selected modes also align with the hydrophobic layers in TM domains and the mo-

tion targeted by these selected modes could provide the formation of continuous water

pathway during the transition, which is also crucial for activation of M2 receptor.

In the analysis, some major side chain rotations and side chain bond formations

like positional change of W422 and hydrogen bond formation between side chain of

Y206 and Y440 could not reach the target value, although they show the trend in

towards target conformation. This is because ANM-LD methodology is based on the

backbone calculation and Side chains are rearranged during the all-atom Langevin

Dynamic simulation, but this may be not enough to rotate side chains preciously. In

future, ANM-LD methodology can be improved to include side chains rotations as well.

This study can be enhanced through other GPCRs, because all GPCRs have

similar structures especially in their inactive states. Mostly selected ANM modes of

other GPCRs through activation pathways can be compared with the mostly selected

ANM modes of M2 receptor activation pathway to demonstrate whether there is a

selective binding in terms of ANM modes or not.
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APPENDIX A: ANM-LD SIMULATION RESULT

SUMMARIES

Table A.1. ANM-LD Simulation result summaries of M2 Receptor activation pathway

(Simulation No:1-30).

Run No States Modification Restriction DF Modemax Rcut Cycle No RMSD

1 3uon to 4mqs 0.4 30 13 70 1.7

4 3uon to 4mqs 0.35 100 18 70 1.6

5 3uon to 4mqs 0.4 100 18 70 1.6

6 3uon to 4mqs 0.35 100 13 70 1.2

7 3uon to 4mqs 0.1-1 all modes 13 35 1.54

8 3uon to 4mqs 5 0.35 30 13 150 1.5

9 3uon to 4mqs 4 0.35 30 13 100 1.5

10 3uon to 4mqs 26 0.35 30 105 70 1.5

11 3uon to 4mqs 1 0.35 30 13 80 1.72

12 3uon to 4mqs 12 0.35 30 13 90 1.6

13 3uon to 4mqt 0.1-1 all modes 13 30 1.46

14 3uon to 4mqt 0.1-1 all modes 18 34 1.54

15 3uon to 4mqt 0.4 100 13 100 1

16 3uon to 4mqt 0.6 30 18 50 2

17 3uon to 4mqt 0.6 30 13 80 1.3

18 3uon to 4mqt 0.35 100 13 55 1.01

19 3uon to 4mqt 0.4 100 10 50 1.15

20 3uon to 4mqt 0.35 30 10 65 1.2

21 3uon to 4mqs 4 0.6 100 13 50 1.3

22 3uon to 4mqs 5 0.6 100 13 32 1.3

23 3uon to 4mqs 0.5 100 13 40 1.21

24 3uon to 4mqs 0.1-1 all modes 13 30 1.46

25 3uon to 4mqs 26 0.6 100 13 50 1.25

26 3uon to 4mqs 0.6 100 13 60 1.3

27 3uon to 4mqs 4 0.1-1 all modes 13 80 1.15

28 3uon to 4mqs 5 0.1-1 all modes 13 62 1.25

29 3uon to 4mqs 26 0.1-1 all modes 13 65 1.27

30 3uon to 4mqs 0.1-1 all modes 13 30 1.49



72

Table A.2. ANM-LD Simulation result summaries of M2 Receptor activation pathway

(Simulation No:31-70).

Run No States Modification Restriction DF Modemax Rcut Cycle No RMSD

31 3uon to 4mqs 1 0.6 100 13 70 1.28

32 3uon to 4mqs 1 0.1-1 all modes 13 45 1.5

33 3uon to 4mqs 0.1-1 all modes 13 35 1.6

34 3uon to 4mqs 19 0.6 100 13 85 1.14

35 3uon to 4mqs 19 0.35 30 13 95 1.5

36 3uon to 4mqs 19 0.1-1 all modes 13 100 1.48

37 3uon to 4mqs 19 0.6 100 13 70 1.3

38 3uon to 4mqs 2 0.35 30 13 70 1.6

39 3uon to 4mqs 2 0.1-1 all modes 13 70 1.46

40 3uon to 4mqs 2, 5 0.6 100 13 70 1.2

41 3uon to 4mqs 1, 2, 4 0.1-1 all modes 13 65 1.45

42 3uon to 4mqs 1, 2, 4 0.1-1 all modes 13 95 1.48

43 3uon to 4mqs 1, 2, 4 0.1-1 all modes 13 60 1.7

44 3uon to 4mqs 23 res. modeled 0.1-1 all modes 13 60 1.7

45 3uon to 4mqs 23 res. modeled 0.1-1 all modes 13 80 1.7

46 3uon to 4mqs 23 res. modeled 0.6 100 13 40 1.7

47 3uon to 4mqs 6 0.1-1 all modes 13 55 1.5

48 3uon to 4mqs 6 0.1-1 all modes 13 40 1.5

49 3uon to 4mqs 6 0.6 100 13 40 1.3

50 3uon to 4mqs 3 res. modeled 0.6 100 13 60 1.35

51 3uon to 4mqs 1, 2, 4, 6 0.6 100 13 40 1.5

52 3uon to 4mqs 1, 2, 4, 6 0.1-1 all modes 13 50 1.5

53 3uon to 4mqs 3 res. modeled 0.1-1 all modes 13 25 1.56

54 3uon to 4mqs 3 res. modeled 0.1-1 all modes 13 45 1.4

55 3uon to 4mqs 3 res. modeled 0.1-1 all modes 13 50 1.5

56 3uon to 4mqs Ter. deleted and 3 res. modeled 0.1-1 all modes 13 50 1.55

57 3uon to 4mqs Ter. deleted and 3 res. modeled 0.1-1 all modes 13 40 1.44

58 3uon to 4mqs Ter. deleted 0.1-1 all modes 13 50 1.5

59 3uon to 4mqs Ter. deleted 0.1-1 all modes 13 35 1.5

60 3uon to 4mqs Ter. deleted 0.1-1 all modes 13 60 1.55

61 3uon to 4mqs Ter command in ICL3 0.1-1 all modes 13 70 1.4

62 3uon to 4mqs Ter command in ICL3 0.1-1 all modes 13 60 1.52

63 3uon to 4mqs Ter command in ICL3 0.6 100 13 50 1.2

64 3uon to 4mqs 4 0.1-1 all modes 13 52 1.52

65 3uon to 4mqs 2, 5 0.1-1 all modes 13 20 1.56

66 3uon to 4mqs 0.1-0.4 all modes 13 60 1.3

67 3uon to 4mqs 4, 5 0.1-1 all modes 13 80 1.7

69 3uon to 4mqs 0.1-0.4 all modes 13 100 1.1

70 3uon to 4mqs 0.1-1 all modes 13 20 1.51




