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ABSTRACT

HOW INTRINSIC DYNAMICS AND ALLOSTERY IN
G-PROTEIN COUPLED RECEPTORS (GPCRS) DEFINE
FUNCTIONAL SELECTIVITY?

G-protein Coupled Receptors (GPCRs) are the largest family of the of sensory
proteins which play an important role in many diseases related to signaling pathways.
Thus, understanding GPCR. activation mechanism is a corner stone in drug develop-
ment. However, the transition pathways between inactive/active states remains not
fully explored. In this thesis, a new approach, ANM-LD methodology, that combines
the Anisotropic Network Model (ANM) and Langevin Dynamics (LD) is performed
to decipher the transition pathways in the activation process and determine the key
dynamic factors underlying the conformational changes of GPCR family. Towards this
goal, three different receptor families (M2R, $2AR, and NTSR1) are studied. The
predicted transition pathways reveal that the intrinsic dynamic modes of the inactive
state enable the conformational changes essential for the activation. As a result, the
distances between TM3-TM6 and TM3-TMT7 helices and the path of some functionally
important motifs describe the major pathway that show commonality and differences in
all three GPCRs. The agonist binding pocket interactions differ markedly for different
subspecies, which are reflected in the selected dynamic modes of motion. When M2R
is compared with NTSR1 and $2AR, the weaker packing interactions result in more
flexible segments in the connector of NTSR1 and $2AR resulting in the TM3-TM6
distance to decay slower. Although a common agonist binding site does not exist,
the conserved DRY, and NPxxY motifs are the common drivers of the GP binding
site. The hinges of the most dominant dynamic modes coincide functionally important
residues, constitute the dynamic infrastructure of allosteric interactions and enables

the communication between the extracellular and intracellular sides of the structure.
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OZET

ICSEL DINAMIKLER VE ALLOSTERI G-PROTEIN
KENETLI RESEPTORLERDE (GPCR) FONKSIYONEL
SECICILIGI NASIL TANIMLAR?

G-protein Kenetli Reseptorler (GPCR/ler), sinyal yollariyla ilgili bir¢ok hastalikta
onemli bir rol oynayan en biiyiik sinyal proteini ailesidir.Bu nedenle, GPCR aktivasyon
mekanizmasini anlamak, ilag geligtirmede bir kilit tagidir. Ancak, inaktif /aktif durumlar
arasindaki gegis yollar1 tam olarak kegfedilmemistir.Bu tezde, aktivasyon siirecindeki
gecig yollarimi desgifre etmek ve konformasyonel degisikliklerin altinda yatan anahtar
dinamik faktorleri belirlemek igin Anisotropik Ag Modeli (ANM) ile Langevin Di-
namiklerini (LD) birlestiren yeni bir yaklagim olan ANM-LD metodolojisi uygulan-
maktadir. GPCR ailesi. Bu amag dogrultusunda, ti¢ farkli reseptor ailesi (M2R, f2AR,
NTSRI1) incelenmistir. Ongoriilen gecis yollar1, inaktif durumun igsel dinamik mod-
larmin aktivasyon icin gerekli olan konformasyonel degigiklikleri miimkiin kildigimi
ortaya koymaktadir. Sonug olarak, TM3-TM6 ve TM3-TM7 sarmallar1 arasindaki
mesafeler ve iglevsel olarak 6nemli baz1 motiflerin patikalari, ic GPCR'nin ortakligi
ve farkliliklar1 gosteren ana patikay1 tanimlar. Agonist baglama cebi etkilegimleri, farkl
alt tirler i¢in 6nemli Olciide farklilik gosterir ve bu, secilen dinamik hareket mod-
larinin farkliliklarinda yansitilir. M2R, NTSR1 ve 52AR ile kiyaslandiginda, daha zayif
paketleme etkilegsimleri NTSR1 ve 52AR konektoriinde daha esnek segmentlere sebep
olur ve bu da TM3-TM6 mesafesinin daha yavas azalmasina neden olur. Ortak bir ag-
onist baglanma sahast mevcut olmamasina ragmen, korunan DRY ve NPxxY motifleri,
GP baglama sahasiin ortak yiiriitiiciileridir.En baskin dinamik modlarin mentegeleri,
iglevsel olarak onemli rezidiiler ile gakigir, allosterik etkilesimlerin dinamik altyapisini

olugturur ve yapimin hiicre dig1 ve hiicre i¢i taraflar1 arasindaki iletigimi saglar.
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1. INTRODUCTION

Guanin-binding protein coupled receptors (GPCRs) are the largest family of sen-
sory proteins of eukaryotes, including families of glutamate, rhodopsin, Frizzled / Taste2,
Adhesion and Secretin according to the GRAFS classification system [1]. These pro-

teins are membrane proteins responsible for triggering intracellular signaling cascades.

There are more than 800 membrane proteins in humans, and they play a role in
the formation of many diseases related to signaling pathways (cancer, obesity, sensory
disorders, immunological, viral infections, cardiovascular and inflammatory diseases,
etc.). GPCR targeted drugs constitute one-third of the drugs in the pharmaceutical
market, so they have become the most popular target class for drug discovery [2].
Drug binding to GPCRs may alter the intracellular signaling profile, induce, block, or

modulate signaling effects.

The function of GPCRs depends on how they move, in other words, their ability
to act in creating different conformational and dynamic states. In this way, they
transmit signals by conformational changes in the structure [1]. Extracellular ligands
bounded to the extracellular side of GPCR allows G-protein to bind to the intracellular
side of GPCR. This allosteric mechanism is quite complex, where the ligands can
stimulate alternative intracellular signaling pathways in different ways. Many GPCRs
have multiple ligand binding sites. Different ligands can generate different dynamic
responses on the same GPCR system. These behaviors can change the target system

to which the receptor binding to G-protein and transmits the signal.

Molecular simulations complement X-ray crystallography and NMR-spectroscopy
studies, provide detailed information on the dynamic behavior of the protein [1,3]. The
crystalline structures generally represent only one stable conformational state of the
protein, and the dynamic information obtained from the NMR spectrum often includes

the most frequently observed dynamic conditions [3,4]. However, biomolecules visit a



number of conformational and dynamic states in a functional process, and a significant
proportion of these cases are not stable to determine experimentally. Therefore, in
order to solve the molecular mechanism of signal transduction, and the ligand-partner
protein selectivity observed in this process by GPCRs, it is necessary to study the
dynamic behavior from small movements (femtosecond-nanosecond) to large confor-
mational (millisecond and beyond) changes [1]. There are online platforms such as
GPCRmd [5] which allows the researchers to visualize, investigate and share the MD
simulation results of GPCRs. Highly conserved GPCR regions, ligand binding site,
toggle switch, ionic lock, PIF motif, NPxxY motif are investigated through the MD
trajectory. Additionally, hydrogen bonding network, sodium-ion interaction to orthos-
teric ligand binding site and allosteric ligand binding site are demonstrated for 26
receptor subtypes of class A [6]. The water bridge formation considered as an indi-
cator of GPCR activation is demonstrated via water mediated interactions. Chen et
al. demonstrated the allosteric signal transduction mechanism with MD simulations in
their study. They have brought to the literature that microswitches, which show sig-
nificant conformational changes during activation, form an allosteric network between

the intracellular domain and the extracellular domain [7].

Molecular dynamics (MD) simulations, especially at atomic level, have become
more powerful in recent years with the increase of computer power and simulation
algorithms and the subtle potential energy functions that better represent the basic
physics. Starting from the static experimental structure, these simulations predict the
movement of each atom in a receptor and the movement of each atom in the molecules
in which the receptor interacts. However, MD simulations are known to be inadequate
to exemplify movements involving a high number of atoms and corresponding to long-

term structural changes where classical MD simulations have limitations [1].

GPCRs are in many different conformational and dynamic states, including active
and inactive states to perform their functions. Conformations close to the minimum
energy in equilibrium can be obtained experimentally because they are stable and long

lasting. Nevertheless, the conformation between these stable states is unstable and



short-lived. The conformational transition pathways with unstable conformations are
the difficult to discover with experimental techniques. However, transition pathways
are important to quest activation mechanism and dynamics at molecular level. In this
thesis, it is aimed to study the dynamic behavior of GPCR systems using Anisotropic
Network Model Guided Langevin Dynamics (ANM-LD) methodology [8]. ANM-LD
methodology is an effective hybrid methodology which combines intrinsic dynamics
of ANM and external forces via Langevin Dynamics. In ANM-LD methodology, two
states of the structure are required, and, in each step, generated structure is perturbed
with the selected ANM mode until the RMSD converges between the iteratively created

structure and the target structure.

As mentioned above, GPCRs are divided into six classes (Class A-F) according to
the classical A-F classification system. Class A, B and C constitute the main classes,
and class A is the largest of the classes of Rhodopsin-like receptors [9]. There are
more than 800 G-protein coupled receptors in homo sapiens alone, and according to
GPCR database information, there are more than 15000 receptors known in living
organisms [10]. Although there are so many receptors, all GPCRs have similar three-
dimensional structures. All receptors have a transmembrane domain consisting of
seven a-helices connected by three extracellular and three intracellular loops, which
are necessary for the transduction of a signal across the cell membrane as seen in
Figure 1.1 [11,12]. These seven helices are named TM1-TM?7 (transmembrane helices),
extracellular loops ECL1-ECL3 (extracellular loops), and intracellular loops ICL1-ICL3

(Intracellular loops).

The regions in which GPCRs exhibit large conformational changes when acti-
vated are similar, but the binding of a ligand to GPCR may affect the dynamics of
GPCR in various ways; It can change the time spending on each of the conformational
states of the GPCR and increase or decrease the rate of transitions between different
conformational states. On the other hand, binding of an intracellular partner (eg, a G
protein or arrestin), dimerization with another GPCR, post-translational modification,

or a change in pH / lipid composition may also have similar effects [13,14].
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Figure 1.1. Schematic representation of muscarinic acetylcholine receptor (PDB ID:

3UON) found in homo sapiens.

The dynamics of the GPCR throughout its life will reflect a combination of struc-
tural changes due to the internal dynamics of the receptor and its external pertur-
bations. Global conformational changes that affect the entire structure seem to be
particularly important. It is taught that the transmembrane helices, in particular the
helices TM 5-7, play a critical role in transmitting a signal across the membrane [1].
The transmembrane helixes of the GPCR can adopt not only a single active state and a
single inactive state, but also a large number of different conformational states having
significant effects for receptor signaling. Conformational changes tend to be the most
at the intracellular side of the GPCR, while the extracellular region of the receptor also
shows conformational changes. The ligand binding region is associated with confor-
mational changes of the intracellular side, but the structure has undergone significant

changes in the extracellular side.

Conformational change in GPCR allows an extracellular signal to be transmitted
across the cell membrane to form an intracellular response. Such a conformational
change is necessary for GPCR activation in which the GPCR assumes a G protein-

binding conformational state. For example, the f2-adrenergic receptor (52AR) binding



to the G protein shows the greatest conformational changes during activation at the
intracellular side (TM5-TM7) by rearrangements in the ligand binding pocket (TM5-
TM6). An allosteric residue network between the TM3, TM5, TM6 and TM7 regions
serves as the center for detecting and responding to conformational change in the
B2AR [15,16]. Binding of an agonist to the ligand binding pocket induces binding of
the intracellular G protein. Conversely, G protein binding will also enhance agonist
binding; that is, an agonist binds with a higher interest to a GPCR in the active state
[16]. On the other hand, MD simulations show that the intracellular mapping interface
is in equilibrium between active and inactive conformation even in the absence of
agonist [15]. The presence of a bound agonist helps to stabilize the active conformation

of the binding pocket.

GPCRs in both inactive and active states appear to show similar conformational
changes between different subspecies [1]. However, the activation of different GPCRs
varies in various ways [15]. The agonist binding pocket interactions differ markedly
between GPCRs, indicating that different GPCRs have evolved to recognize very dif-
ferent ligands. The ligand-binding sites of peptide receptors such as opioid receptors are
shallower than aminergic receptors, since peptide particles are much larger molecules
than endogenous ligands [17]. Zhau et al used 45 different receptors in their study on
the activation of class A receptors [18]. As a result, rearrangement of 34 conserved
residue pairs during activation is observed via residue-residue contact score. These
determined residues overlap with the CWxP, PIF, sodium-ion pocket, NPxxY, and
DRY motif. Using six different receptors, including muscarinic acetylcholine receptor
and [2-Adrenergic receptor, a common activation pathway has been brought to the
literature. According to this proposed activation pathway, a common ligand-residue
contact is not found. This is the biggest indicator of the selective binding of subtypes of
GPCRs [19-21]. However, as a result of binding the agonist, the receptor undergoes a
similar conformational change and reaches the conformational state of active structure.
This allosteric interaction starts with the CWxP motif, continues with the sodium-ion
pocket, PIF motif and NPxxY motif, and finally, rearrangement is seen in the DRY

motif and the activation of the G-protein is accomplished.



The aim of this thesis to study the structural dynamics of homologous proteins
in sub-types of the GPCR family, the relationship between the dynamic behavior in a
given time scale and the activation mechanism the structural and dynamic foundations
of the allosteric mechanism underlying this dynamic behavior can be studied in the
context of the differences and the common characteristics between the GPCR family
members by means of functional selectivity. For this purpose, it is aimed to determine
the effect of intrinsic dynamics of GPCR systems, and how the dynamic potential of
the structure generalizes and differentiates these structural transitions between differ-
ent ligands and homologs. In this direction, it is aimed to explore the conformational
transition paths of three different receptor families (muscarinic acetylcholine receptor,
[2-adrenergic receptor, neurotensin 1 receptor) with known inactive and active struc-
tures; the activation pathways, the most dominant dynamic modes that are essential,
allosteric interactions embedded in the pathways, and the selective signal transduc-
tion mechanism and dynamic factors that determine selectivity in GPCRs between

homologous proteins of the GPCRs.



2. MATERIALS AND METHODS

2.1. Elastic Network Models and Normal Mode Analysis

Always place some text after headings before putting a graphics into a section as
seen in Proteins are not stable in their steady state and can undergo random changes
in dynamic equilibrium states (global minimums), bringing together different confor-
mational assemblages around these equilibrium states. These changes are associated
with the collective, cooperative, and global movements that bring out the functions of
proteins. Functionally important movements can be predicted by solving the topologies
of motion modes with Normal Mode Analysis (NMA). These collective, cooperative,
and global movements are often associated with slow modes. Elastic Network Models
(ENMs) are simplified normal mode analyzes in which amino acids are defined as nodes
connected to their neighbors by harmonic springs. In ENMs, detailed amino acid poten-
tials are not important, rather one-dimensional, general harmonic movements between
interacting atoms are considered. All of these; It provides computational efficiency to
ENMs and helps to discover the intrinsic dynamic behaviors of proteins that are neces-
sary for them to perform their functions by proposing a specific and realistic solution
for each protein to identify conformational changes [22-25]. Gaussian Network Model
(GNM) and Anisotropic Network Model (ANM) [26,27] are the two most important

ENMs Models [22]. These two different network approaches are used in this thesis.

2.1.1. Anisotropic Network Model

Anisotropic Network Model (ANM) is one of the three-dimensional ENM in which
directional preferences are taken into consideration by considering real-life anisotropic
changes of proteins instead of isotropic changes [26-28]. Anisotropic variations may
contain the components of the position vector independently. Therefore, GNM has
N-1 mode, while ANM has 3N-6 mode. The main gain of ANM is the ability to

create alternative conformations in the immediate neighbors of the given structure



by deformation of the initial structures along the collective modes by using difference
vectors [22,29]. The entire potential of the system is calculated by Equation 2.1 given
below. In this equation, R?j is the instantaneous distance between residues i and j, and

¢ is the force constant.

1
Vanu = 527}”,2’]’(&]'7}%%) (2.1)
ij

Changes of equilibrium positions of residue pairs i and j < R;; — R% > and
the correlation between them is calculated by decomposition of 3N-6 mode of Hessian
Matrix (H) and then reconstruction of this matrix. The Hessian Matrix is distorted by

the displacement of the mode k, and the correlation is calculated with Equation 2.2.

kpT kpT
el gy = 2L S (2.2)

< ARZAR] > =
v R

2.2. Molecular Dynamic Simulations and Langevin Dynamics

Molecular dynamic (MD) simulation is a computer aided simulation method to
study the dynamics of atoms and molecules. In this method, Newton’s equation of
motion is solved iteratively. To be able to perform MD simulations, the position vectors
and energy function are required. The position vector of protein’s initial structure can
be obtained by NMR spectroscopy or X-ray crystallography. The force field is used
to determine the applied force on each atom. Since time intervals are generated, new
positions of atoms and molecules can be determined by using Newton’s 27¢ law for
each time interval and the procedure is continues iteratively, until the target structure

is obtained [30, 31].



Newton’s 2" law is the basis for the analysis of molecular dynamic simulations

and given in Eq.2.3. In this equation, m is mass and a is the acceleration of particle i.

The acceleration can be calculated with Equation 2.4. by taking the second

derivative of the position vector. The force acting on the molecule can be written as

the gradient of the potential energy, which is given in Equation 2.5.

d27’i Fz
= 2.4
F, = —gradV; = —AV; (2.5)

Newton’s equation of motion is rearranged as a function of time. In this rear-
rangement, the gradient of potential energy is written instead of force acting on the

particle and Equation 2.6 is obtained.

d?r; _laV( T1, T2,y TN)

= = a 2,
dt2 T 87‘1‘ @i ( 6)

Maxwell-Boltzmann distribution is used to determine the acceleration profile of
the atoms in the initial position. For this purpose, Equation 2.7 and Equation 2.8 is
used. In this equation, T is absolute temperature in Kelvin; v is the velocity of the i

atom in the x direction, m is the mass of the particle i; k; is Boltzmann constant.

@ | (2.7)
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The kinetic energy of the system and the absolute temperature are related. Hence,
the absolute temperature T can be determined by Equation 2.9. In this equation, N is
the total number of atoms, < v2 > is the square of the average velocity and m is mass

of particle i.

2 X1
T = —m; < V2> 2.9
3Nk:B;2m vi (2.9)

The Langevin equation is a stochastic differential equation that describes the

dynamics of a subset of the degrees of freedom of a physical system.

The friction coefficient and the force due to the zero-mean collision between sol-
vent particles and molecule particles are considered to be independent of time. When
the friction coefficient is taken as zero, the Langevin equation becomes equal to the
equation underlying the molecular dynamics. For this reason, adding the Langevin
equation to the Molecular Dynamics equation improves the method by taking external
effects into account [32]. Molecular Dynamics equation with external effects is given
in Equation 2.10. In this equation R is random forces and m is mass of particle i, v is

the force constant, r is the position vector.

d?r; B ov dr;

i = —a — miy— + Rilt 2.10
e or, " T (2.10)

2.3. ANM Driven Langevin Dynamics

ANM driven Langevin Dynamics (ANM-LD) simulation is one of the effective hy-
brid methodologies applying LD simulations with ANM predictive intrinsic functional
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dynamics to produce conformations between two states [8]. Cooperative and global
movements that are the cause of functional transitions can be observed by restricting

certain modes and changing simulation parameters.

In order to apply the ANM-LD methodology, the initial and target structure
must be known. Since the ANM-LD procedure is iterative, in each simulation step
the generated structure is perturbed with the selected ANM mode. The convergence
to the target structure is determined by calculating the RMSD between the structure
created in each iteration and the target structure. The RMSD equation is calculated by
Equation 2.11. In this equation, N is the total number of atoms and d is the distance

between the formed structure and the target structure.

N
RMSD = ZTld (2.11)

When selecting the ANM mode, the overlap value is calculated by using the
difference vector between the target structure and the generated structure and the
global mode. The overlap value (O) is calculated by Equation 2.12 by using global
mode(u) and difference vector (D) between the generated and target structure.

| uj-D |

0;; = il (2.12)
7 Juy || Dy

ANM mode is selected as the mode with the highest overlap value. This structure
is perturbated by the selected ANM mode and the deformation factor which is one of
the simulation parameters. The structure formed as a result of this procedure is used
as the initial structure of the next step. This methodology continues until the RMSD
converges between the iteratively created structure and the target structure. The

procedure applied in the ANM-LD simulations is demonstrated in Figure 2.1.
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Figure 2.1. The procedure applied in ANM-LD simulations.

Before ANM-LD simulation is started, the protonation states of the charged
residues are calculated for initial and final structure by using PDB2PQR server [33].
In ANM-LD simulations, some parameters are determined before the simulation is
started. These parameters are deformation factor (DF), cut-off distance (Rey), max-
imum number of modes (modemax) which belong to the ANM part of the ANM-LD
methadology; absolute temperature (T), step of energy minimization(stepmin), and
step of LD simulation (stepsim). LD part of ANM-LD simulation methodology is
performed with Amber f03-ff10 [34,35].

In the unconstrained ANM-LD method, while calculating the activation path
between the initial and target structure, the difference vector between the structure
created in each cycle and the target structure is calculated. This difference vector is
compared with the slow ANM modes of the generated structure and the structure is
deformed by selecting the ANM modes with maximum overlap and a new structure is

created. After examining the unconstrained ANM-LD simulations, it will be possible to
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reveal the hidden modes during the structural transition by blocking the most selected
ANM modes in restricted ANM-LD simulations in order to examine whether there are

different transition paths.
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3. RESULTS and DISCUSSION

3.1. Muscarinic Acetylcholine Receptor

Muscarinic acetylcholine receptors belong to Class A of G protein-coupled re-
ceptors and play an important role in nervous systems. For this reason, muscarinic
acetylcholine receptors are targeted for the treatment of many central and parasym-
pathetic nervous system related diseases, such as Alzheimer’s disease, schizophrenia,
Parkinson disease [36]. Here, M2R, which one of the five subtypes (M1R-M2R-M3R-
M4R-M5R) of muscarinic receptor, is investigated [37]. Although sequence similarity

of these subtypes is very high, they connect different G-proteins to transfer signal.

Acetylcholine enables the activation of M2 receptor by G; (inhibitory G-protein)
to regulate acetylcholine-activated K channels and inhibit adenylyl cyclase activity

to decrease adenosine 3’,5’-cyclic monophosphate (¢cAMP) production [37,38].

Muscarinic acetylcholine receptors have seven transmembrane helices (TM1-TM2-
TM3-TM4-TM5-TM6-TM7), three extracellular loops (ECI1-ECL2-ECL3), and three
intercellular loops (ICL1-ICL2-ICL3) like other receptors in GPCR family. Also, M2R
ends with Helix 8 which is prevalent in Rhodopsin-like receptors [36]. The structure

and corresponding regions of M2R is given in Figure 3.1.

The residue number of M2 receptor starts with 20 and ends with 456. Since there
are 161 missing residues between 216 and 377, residue number of M2 receptor is 276.

The corresponding regions of residues is given in Figure 3.2 [39].

Inactive and active states of GPCRs seem to show correlative conformational
changes between various subspecies. Nevertheless, the activation of various GPCRs
differs in a few different ways. In this section, M2 receptor is used to investigate

the activation mechanism of GPCRs. The most important characteristic of GPCR
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Figure 3.2. The wire diagram of M2 receptor.
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activation is the formation of a cage for the accommodation of G-protein a subunit.
During activation, conformational changes happen particularly in three unique locales
that are called as ligand-binding site, connector region, and G-protein binding site.
Through the cage formation, intracellular side of TM6 moves outward, TM5 moves
slightly outward and NPxxY motif of TM7 rearranges [40]. The distance between
R12135° (DRY Motif) in TM3 and 7'386%3* in TMG6 is increases while the distance
between R12135° (DRY Motif) in TM3 and V440753 (NPxxY Motif) in TM7 decreases
(Ballesteros—Weinstein residue numbering [41]) [36,42]. The conformational change
in ligand binding site is originated from W40054® shifting towards to F195>47 and
V199551, The connector region is placed between the ligand binding site and G-protein
binding site where V111340 interacts with 2198%°°. In the G-protein binding site the
interactions between S118%47 — Y2065°® and 117346 — Y4407 enable the inward
movement of Y206%%® and Y4407%3. Additionally, the salt bridge between R12135°
and F38253Y is broken through the activation process [36,42,43].

Functionally important residues and corresponding regions of M2R are given in

Table 3.1 and Figure 3.3.

Table 3.1. Residues and corresponding regions of functionally important sites of M2

receptor.

Important Sites Residue Names Region
TM3 — TM6 Distance R121 - T386 ICL2 - ICL3
TM3 — TM7 Distance RI121 - Y440 ICL2 - TM7

Salt Bridge R121 - E382 ICL2 - ICL3
DRY Motif D120 - R121 - Y122 ICL2
NPxxY Motif N436 — P437 — Y440 ™7
Connector V111 - P198 T™M3
Ligand Binding Site W400 TM6

GP Binding Site Y206 — Y440 TM5 - TM7




Figure 3.3. Functionally important sites of M2 receptor.
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3.1.1. ANM-LD Simulations of M2 Receptor

In ANM-LD simulations of M2 receptor, one inactive and two active structures
are used, which are obtained from Protein Data Bank with PDB IDs 3UON; 4MQS and
AMQT, respectively. 3UON is the inactive state of M2 muscarinic acetylcholine receptor
bound to an antagonist [43]. Two different cases are examined to see the activation
process of M2 receptor. The structure of active human M2 muscarinic acetylcholine
receptor bound to the agonist iperoxo (PDB ID: 4MQS, [43]) and the structure of active
human M2 muscarinic acetylcholine receptor bound to the both agonist iperoxo and

allosteric modulator LY2119620 (PDB ID: 4MQT, [40]) are used as active structures

in these cases. Properties of M2 receptor structures are given in Table 3.2 [40,43].

Table 3.2. Summary of used structure in ANM-LD simulations of M2 receptor.

PDB ID Ligand & Complex Organism | Mutation Structure

3UON QNB Homo Sapiens -

Differences in allosteric sites
AMQS IXO Homo Sapiens -

(horizontal conformation of W422)

i ) Differences in allosteric sites

AMQT | IXO & Allosteric Modulator | Homo Sapiens -
(vertical conformation of W422)

To explore the activation process of the M2 receptor, two different cases (Case
1 & Case 2) are studied. These cases are from inactive structure (3UON) to active

structure (4MQS), and from inactive structure (3UON) to active structure (4MQT),

which are given in Figure 3.4.
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Figure 3.4. Investigated cases in ANM-LD simulations of M2 receptor. a) Alignment
of 4MQS to 3UON(RMSD: 2.66 A). b) Alignment of 4MQT to 3UON(RMSD: 2.44
A).
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3.1.1.1. ANM-LD Simulations from 3UON to 4M@QS. ANM-LD simulations of M2 re-

ceptor from inactive state (3UON) to active state (4MQS) are performed to examine
the transition pathway of activation mechanism. Different simulations are prepared
with different R, values of 10 A, 13 A, and 18 A; maximum mod number of 30, 100,
and all modes; DF values of 0.35 A, 0.40 A, 0.60 A, adoptive between 0.1 A and 0.4 A
-0.8 A- 1.0 A. In the preparation step of initial and final structures for the simulation,
R216-1217 and N1002-Y1161 are deleted from inactive structure; K19 and chain B are

deleted from active structure. ANM-LD result summary is given in Table 3.3.

Table 3.3. ANM-LD Result Summaries

. . The Most Selected
Simulation Name Cycle Number | RMSD (A)
ANM Modes
Dr =0.10 — 0.80A4
43 1.32 1,59
All Modes Rey = 13A
Dr =0.10 — 1.00A4
40 1.53 1,2,5,9
All Modes Reyr = 13A
Dp =0.354
70 1.06 1,11
Modemax = 100 R, = 13A
Dp = 0.40A4
r 79 1.14 1,11, 19
Modemax = 100 R.,; = 13A

The RMSD along the transition pathway generated by ANM-LD simulation from
inactive to active structure is investigated and shown in Figure 3.5. RMSD of initial
structure is calculated as 2.66 A, and RMSD of final generated structure scatter between
and 1.06 A and 2.10 A. The RMSD profile through the transition pathway with best

convergence is shown in Figure 3.6.
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Figure 3.5. RMSD difference through the simulations of M2 receptor from 3UON to
AMQS
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Although the RMSD difference is not significant, some key changes occur in the
structure during the activation pathway of M2R. These key changes are examined in
order to determine how the activation takes place; in which order the structural changes

occur.

e The TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

First, the TM3-TM6 and TM3-TM?7 distances, and salt bridge breakage of R121
and Y440 are investigated through the transition pathway in Figure 3.7, which play
an important role in activation process [36]. In the calculations of the TM3-TM6
and TM3-TM?7 distances, Ca atoms of residues R121-T386 and R121-Y440 are used,
respectively. To observe salt bridge breakage, the distance between the side chains of
R121 and E382 is considered. The TM3-TM6 distance is 8.4 A and 13.8 A respectively,
for the initial and final/target structures [36]; and the TM3-TM?7 distance is 17.6 A
and 11.5 A, respectively, for the initial and final /target structures. When the last
five snapshots of two best converged ANM-LD simulations from seventeen parallel
simulations are considered, the TM3-TM6 distance is 14.3 A, and 11.2 A; the TM3-
TM7 distance is 12.9 A and 12.2 A. Additionally, the distance between atoms forming
the salt bridge is determined as 10.8 A and 16.3 A for the initial and final structures,
respectively. In the best two simulations, the distance reaches 19.2 A and 17.3 A. As
shown in Figure 3.7, salt bridge breakage occurs in first twenty cycles within the time

window of the activation pathway of M2 receptor.
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Figure 3.7. Functionally important distances through the transition pathway by

ANM-LD simulations of 3UON to 4MQS (initial and final/target structures shown as

diamond, snapshots shown as spheres).

When the distance profile obtained by ANM-LD simulations is examined, it is

seen that the first event that occur during the activation is the salt bridge breakage.

Although the TM3-TM6 and TM3-TM7 distances are approaching the final/target

structure simultaneously, the TM3-TM7 distance decreases faster.

e DRY and

NPxxY Motifs.

The RMSD of the important motifs DRY (D120 - R121 — Y122) and NPxxY

(N436 — P437 — Y440) with respect to the initial structure is calculated by using Co
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atoms through the activation process and given in Figure 3.8. The RMSD of DRY and

NPxxY motifs of the active structure are used as reference value when analyzing the

RMSD profile of important motifs and are determined as 1.6 A and 3.2 A, respectively.

When the last five snapshots of the ANM-LD simulation with parameter DF=0.10-0.80
A All Modes R.,;=13 A are considered, the RMSD of DRY motif is calculated as 2.3
A, and 2.2 A; the RMSD of NPxxY motif is calculated as 2.1 A, and 2.4 A.
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Figure 3.8. Functionally important distances through the transition pathway by

ANM-LD simulations of 3UON to 4MQS (final/target structures are shown as

diamond, and the distances of snapshots are shown as spheres).
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e Ligand Binding Site, Connector Region, and G-protein Binding Site.

The RMSD profiles of the connector site (V111 and P198), the ligand (QNB)
binding site (W400) and the G-protein binding site (Y206) from their initial positions

are investigated by using Ca atoms through the activation process and given in Figure

3.9.
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Figure 3.9. The RMSD of important residues through the activation of M2 receptor

from 3UON to 4MQS (final/target structures are shown as diamond, and the RMSD

of snapshots are shown as circles).

The RMSD between the initial and active/target structures is 1.4 A 124,204,
and 1.3 A for V111, P198, Y206, and W400, respectively. When the last five snapshots
of two best converged ANM-LD simulations are considered, the RMSD of V111 is
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calculated as 2. A, and 1.8 A; the RMSD of P198 is calculated as 1.7 A, and 1.4 A;
the RMSD of Y206 is calculated as 1.7 A, and 1.9 A; the RMSD of W400 is calculated
as 1.6 A, and 1.8 A.

e Key Modes of Motion.

The selected ANM modes that enable the transition pathway from the inactive
to active structures provides clues about the intrinsic dynamics and mechanism of ac-
tivation. For this purpose, the most selected ANM modes are determined to disclose
the dynamic determinants during the activation process. ANM mode shapes are dis-
played as mean square fluctuations. Although ANM modes are calculated for every
generated snapshot through the transition pathway, the selected modes are mapped to
the dynamic modes of the initial structure which allows us to find out how often the
modes — the same type of motion- are selected and what the overlap values of these
modes are based on the initial structure. The overlap value is calculated between the
modes selected in each step and the slowest thirty modes of the first structure. The
mode with the highest overlap value is determined as the corresponding mode in the
initial structure. However, the modes with an overlap value of less than 0.5 are not
used in determining the corresponding modes, since mean square fluctuations of these
modes does not overlap with the corresponding modes of the initial structure. Selected

mode mapping and overlap values are given in Figure 3.10.
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Figure 3.10. Selected Mode Mapping a) DF=0.10-0.80 A All Modes R.;=13 A. b)
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The selected ANM modes are investigated according to frequency and overlap

value which are shown in Figure 3.11. According to these criteria ANM modes 1 and

5 are selected as the key modes of motion activation.
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Figure 3.11. ANM mode frequency of parallel simulations from 3UON to 4MQS

The shape of ANM modes are represented as square fluctuations. Minimum
points in the mean square fluctuation graph are taken into consideration to determine
the hinge residues that play an important role in regulating the motion. Hinge residues
of ANM mode 1 are determined as S32-L.35, S76, L100-Y104, D120-Y122, K134-R135,
1159, F181-A185, 1209, T386, V407, Y426, and Y430 as shown in Figure 3.12.

Another important selected mode is ANM mode 5 in the activation of M2 recep-
tor. The hinge residues of ANM mode 5 are V24, 148, 55, L.L100, D120-Y122, A140,
L154, D173-C176, A191, Y196, V385-T386, N404, T423, Y426, F447, and T450 as

shown in Figure 3.13.
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The hinge residues of ANM mode 1 and 5 are demonstrated on the inactive

structure of M2 receptor in Figure 3.14.

N-Terminal
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Figure 3.14. Demonstration of the minimum fluctuating residues, the hinge residues
of ANM mode 1 and 5 (dark blue and sphere) on the structure. a) Hinges of ANM
mode 1 and 5. b) Hinges of ANM mode 1. ¢) Hinges of ANM mode 5.

When the hinge residues are examined on the structure, it is observed that the
most effective regions during the activation process are intracellular loops (ICL1-ICL2),
extracellular loop (ECL2), and residues located around the ligand (QNB) binding site
(W400). During the activation process of M2 receptor, W400 shifts toward to F195
and V199. This change appears to be affected by the hinge residues of ANM mode 5
N404, Y196, Y426, and T423 in the extracellular side and the hinge residues of ANM
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mode 1 R121, Y122, and T386 in the intracellular side as stated in literature [36]. This
is an indication that these two ANM modes reflect the movement in the ligand (QNB)
binding site and G-protein binding site. Additionally, Y196 which is a hinge residue of
ANM mode 5, enables a strong communication between TM5 and TM6 by interacting
with F195 and N404 [36].

Functionally important regions (DRY Motif, NPxxY Motif, Connector, Ligand
binding site, G-protein binding site, T386, and E382) (red and sphere) and the hinge
residues of ANM mode 1 and 5 (deep blue) are demonstrated on the inactive structure

in Figure 3.15.
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Figure 3.15. Demonstration of ANM mode 1 and 5 hinges (dark blue), functionally
important regions (red and sphere), and the intersection (dark blue and sphere) on

the structure. a)ANM mode 1 and 5 b)ANM mode 1 ¢)ANM mode 5.
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e Cross-correlation Analysis.

Normalized cross-correlation analysis is used to identify the correlated residues.
The normalized correlations are in the range [-1 1]. The residues having the cross-
correlation values below zero are negatively correlated residues, and cross-correlation
values above zero are positively correlated residues. Positively correlated residues which
corresponds to the range [0 1] in normalized cross correlation analysis have a greater
significance in driving the motion. Normalized cross-correlation analysis is performed
using the intermediate conformation in the activation pathway of M2 receptor and

demonstrated in Figure 3.16.
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Figure 3.16. Cross correlation of residues in the activation pathway of M2 receptor

from 3UON to 4MQS.

The residue pairs with the correlation value below 0.4 are identified as poorly
correlated residues and with the correlation value higher than 0.6 are identified as
highly correlated residues [36]. Highly correlated residues are determined as S118 &
V125, S118 & S215, 1393 & A441-1442, and 1392 & A438. It is observed that, S118
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in TM3 helix is highly correlated with V125 in ICL2 and S215 in ICL3. Additionally,
[392 and L393 located in TM6 helix are correlated with the residues nearby NPxxY
motif (A441-1.442) in TMT.

3.1.1.2. ANM-LD Simulations from 3UON to 4MQT. ANM-LD simulations are exe-

cuted to investigate the activation mechanism of M2 receptor from the inactive struc-
ture (3UON) to the active structure (4MQT). Parallel ANM-LD simulations are pre-
pared with different maximum mod number of 30, 100, and all modes; R.,; values of
10 A, 13 A, and 18 A; DF values of 0.35 A, 0.40 A, 0.60 A, adaptive between 0.1 A
and 0.8 A - 1.0 A. In the preparation phase of initial and final structures, S215-1217,
P377-P378, and N1002-Y1161 are deleted from initial structure; K19, C457, and chain
B are deleted. The result summary of ANM-LD simulations is given in Table 3.4.

Table 3.4. ANM-LD Result Summaries.

. . The Most Selected
Simulation Name Cycle Number | RMSD (A)
ANM Modes
Dy =0.10 — 0.80A
47 1.32 2,5,6,8
All Modes R, = 13A
Dy = 0.60A
50 1.20 1,2,3,8,10
Modemax = 100 R.,; = 13A
Dy = 0.40A
55 1.15 2,8, 10
Modemax = 100 R, = 13A
Dy = 0.35A
56 1.16 2,9
Modemax = 100 R, = 13A

Root mean square deviations (RMSD) through the activation of M2 receptor is
calculated and given in Figure 3.17. RMSD of initial structure is calculated as 2.4 A.
RMSD of final generated structure scatter between 2.1 A and 1.2 A. The RMSD graph

of the simulations with best convergence is shown in Figure 3.18.
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Figure 3.18. RMSD difference of selected runs through the simulations of M2 receptor
from 3UON to 4MQT.

It was mentioned above that some important structural changes occurred during
the activation of the M2 receptor. In this case, the TM3-TM6 distance, the TM3-
TMT7 distance, salt bridge breakage, RMSD of DRY and NPxxY motif and RMSD of

functionally important residues are calculated.

e TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

The TM3-TM6 and TM3-TM?7 distances and salt bridge breakage of R121 and
Y440 are investigated through the transition pathway in Figure 3.19. In the investiga-
tion of the TM3-TM6 and TM3-TM7 distances Ca atoms of residues R121-T386 and
R121-Y440 are used, respectively. The TM3-TM6 distance is 8.4 A and 13.8 A, and
the distance between TM3-TM?7 residues is 17.6 A and 11.6 A for the inactive and
active structures, respectively. Additionally, the distance between atoms forming the

salt bridge is determined as 10.8 A and 16.3 A for initial and final /target structures,
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respectively. When the last five snapshots of the two best converged ANM-LD simula-
tions from sixteen parallel simulations are considered, the TM3-TM6 distance is 12.3
A, and 13.2 A; the TM3-TM?7 distance is 13.6 A, and 14.2 A; the distance between the
residues forming salt bridge is determined as 16.1, A and 18.2 A.
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Figure 3.19. Functionally important distances through the conformation
transition/activation pathway obtained from ANM-LD results of 3UON to 4MQT

(initial and final/target structures shown as diamond, snapshots shown as circles).

The simulation with parameters of DF=0.10-0.80 A All Modes R,; =13 A, shows
the transition during the salt bridge breakage very well. In the first twenty-five cycle,
the salt bridge is broken, and the distance is reached to 20.6 A. Then, the distance
slowly decreases to 15.5 A, which is calculated as 15.3 A for active structure. TM3-
TM6 and TM3-TMT7 distance profile though the activation show similarity with the
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simulation from 3UON to 4MQS. Around 40'h cycle, distances of TM3-TM6 and TM3-
TMT7 approach 11.0 A and 12.8 A and remain stable for few cycles. Then, they slowly

reach to the distances of the active structure.

e DRY and NPxxY Motifs.

RMSD of DRY (D120 — R121 — Y122) motif and NPxxY (N436 — P437 — Y440)

motif based on the initial structure is calculated by using Ca atoms and given in Figure

3.20.
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Figure 3.20. RMSD of important motifs through the activation of M2 receptor from
3UON to 4MQT (The RMSD of final/target structures are shown as diamond, and

the RMSD of snapshots obtained from ANM-LD simulations are shown as circles).
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The RMSD of DRY and NPxxY motifs are 1.7 A and 3.2 A for the active struc-
ture (AMQT), while they are calculated as 1.6 A and 3.2 A for the active structure
(4MQS).The RMSD of NPxxY motif is almost the same in the two cases, however
there is a difference of 0.1 A change in the RMSD value of DRY motif. When the last
five snapshots of the ANM-LD simulation with parameters DF=0.10-0.80 A All Modes
Re.u=13 A are considered, the RMSD of DRY motif is calculated as 1.8 A, and 1.9 A;
the RMSD of NPxxY motif is calculated as 3.1 A.

e Ligand Binding Site, Connector Region, and G-protein Binding Site.

The RMSD profile according to initial structure of connector site (V111 and
P198), ligand (QNB) binding site (W400) and G-protein binding site (Y206) is exam-
ined by using Ca atoms along the activation pathway and given in Figure 3.21. The
RMSD between the initial and active/target structures is 1.6 A 12A,20A, and 1.3
A for V111, P198, Y206, and W400, respectively. Although there is 0.1 A difference in
the RMSD of V111 between the active cases (4MQS and 4MQT), other RMSD values
have approximately same value, which is caused from the distinctness in the ligand
binding site. When the last five snapshots of two best converged ANM-LD simulations
are considered, the RMSD of V111 is calculated as 2. A, and 1.8 A; the RMSD of P198
is calculated as 1.7 A, and 1.4 A; the RMSD of Y206 is calculated as 1.7 A, and 1.9 A;
the RMSD of W400 is calculated as 1.6 A, and 1.8 A.
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Figure 3.21. RMSD of important residues through the activation of M2 receptor from
3UON to 4MQT (The RMSD of final/target structures are shown as diamond, and
the RMSD of snapshots obtained from ANM-LD simulations are shown as circles).
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e Key Modes of Motion.

The selected ANM modes through the transition pathway are investigated ac-
cording to frequency and overlap value, which are shown in Figure 3.22-3.23. ANM

modes 2 and 3 are selected as the key modes of motion underlying activation.
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Figure 3.22. Selected Mode Mapping a)DF=0.10-0.80 A All Modes R.,=13 A. b)
DF=0.60 A Modemax=100 R.;=13 A. ¢) DF=0.40 A Modemax=100 R.,=13 A. d)
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Figure 3.22. Selected Mode Mapping a)DF=0.10-0.80 A All Modes R.,=13 A. b)
DF=0.60 A Modemax=100 R.,,=13 A. ¢) DF=0.40 A Modemax=100 R.,=13 A. d)

DF=0.35 A Modemax=100 R..;=13 A. (cont.)
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Figure 3.23. ANM mode frequency of parallel simulations from 3UON to 4MQT.
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The most selected modes are ANM modes 2 and 3. The hinges residues are the
minimum fluctuating residues in the selected ANM modes. Hinge residues of ANM

mode 2 are determined as 138, N58, 172-G73, D103, D120-R121, R135, W148, H208,
T386, and Y430 as given in Figure 3.24.
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Figure 3.24. ANM mode 2 shape of the intactive state of M2 receptor.

ANM mode 3 is also one of the most preferred modes through the activation of
M2 receptor. Hinge residues of ANM mode 3 are determined as F25, G40, N58, 162,

Y104, V149-S151, V171, Y177, 1200, V385, T388, 1392-1397, and P437-Y440 as shown
in Figure 3.25.
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Figure 3.25. ANM mode 3 shape of the initial state of M2 receptor.

The hinge residues of ANM mode 2 and 3 are demonstrated on the inactive

structure of M2 receptor in Figure 3.26.
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Figure 3.26. Demonstration of hinge residues of ANM mode 2 and 3 (dark blue and
sphere) on the structure. a) Hinges of ANM mode 2 and 3. b) Hinges of ANM mode
2. C) Hinges of ANM mode 3.

When hinge residues are examined on the structure, it can be deduced that hinge
residues are located around the ligand (QNB) binding site, intracellular loop (ICL2),
extracellular loop (ECL2), and at the end of TM3, TM6, and TM7 helices. Unlike
the simulations using 4MQS as the active structure, in this case T430 and P437-Y440
in TMT region are determined as hinge residues, which can be the reason for closer
results in the RMSD of NPxxY motif in TM7 and TM3-TM7 distance calculations.
Additionally, hinge residues overlap with the residues in orthosteric ligand-binding site.

The aromatic modulator located between Y177 in ECL2, hinge residue of ANM mode
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3, and W422 in TM7 [40]. Other residues identified as hinge residues that undergo
conformational changes during the activation of M2 receptor are Y104 and D103 [40].

Functionally important regions (DRY Motif, NPxxY Motif, Connector, Ligand
binding site, G-protein binding site, T386, and E382) (red and sphere) and the hinge
residues of ANM mode 2 and 3 (deep blue) are demonstrated on the initial structure

in Figure 3.27.

P198
Viii

Y206

DRY
D120
R121
Yi22

C-Terminal

Figure 3.27. Demonstration of ANM mode 2 and 3 hinges (dark blue), functionally
important regions (red and sphere), and the intersection (dark blue and sphere) on

the structure. a)ANM mode 2 and 3 b)ANM mode 2 ¢)ANM mode 3.

The difference vectors of the two different cases used to examine the activation

of the M2 receptor are given in Figure 3.28. When the mean square fluctuations
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profiles are examined, it is observed that the difference vectors mostly overlap with each
other, while there are slightly differences between two profiles. W422 shows differences
between the cases, since W422 has different side chain orientation. Additionally, Y426
in TMT7 is another distinctness in mean square fluctuation profile because it interacts
with allosteric modulator in the active structure (4MQT). Moreover, T16, V23-V29,
L129, S182, S213, K383, G425, N432, A445, and H453 differ between two cases.
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Figure 3.28. Difference vector between initial (3UON) and final (4MQS — 4MQT)

structure.

When the most selected modes with highest overlap value are examined, it is
observed that different ANM modes are selected in two cases, although ANM modes
are determined based on the initial structure. However, MSF profile of ANM modes
selected in these two cases show similarities. It can be noted that ANM mode 1 selected

in the simulation from 3UON to 4MQS shows similarity with the ANM mode 2 selected
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in the simulation from 3UON to 4MQT as given in Figure 3.29. There is a difference
in residues at the end of TM6 and in ECL3, which correlates with the differences in
the difference vector profile. ANM mode 5 of the simulation from 3UON to 4MQS is
quietly different from ANM mode 3 of the simulation from 3UON to 4MQT. It can
be deduced from the mean square fluctuations profiles of two cases, that ANM mode
1 of the simulation from 3UON to 4MQS shows similar pattern with ANM mode 2 of
the simulation from 3UON to 4MQT, and ANM mode 5 of the simulation from 3UON
to 4MQS shows similar pattern with ANM mode 3 of the simulation from 3UON to
AMQT from the stand point of minimum and maximum points. The most obvious
difference in ANM mode analysis between Case 1 and Case 2 of M2 receptor in the
orthosteric ligand-binding site, which is affected by the presence of activator in 4MQT.
In simulations where the 4AMQT structure to which the activator is attached is used as
the target structure, the hinges of the selected ANM modes are observed more intense in
the core region of TM5, TM6 and TM7, which plays an important role in transmitting
signal across the membrane. It has also been observed that the evolutionarily conserved
NPxxY motif is designated as the hinge point of selected ANM modes in the simulation
from 3UON to 4MQT. This is an indication that the activator enables the changes more

efficiently in the transition pathway.

In the collective variable analysis, the distance between the residues forming the
salt bridge in the inactive structure in the simulation from 3UON to 4MQS, reaches to
22 A and then drops to 14 A, after then it fluctuates until approaching the distance
value of the target structure. However, the distance between the residues forming the
salt bridge in the inactive structure in the simulations from 3UON to 4MQT reaches
to 22 A approximately is the same cycle number as the first case, after that it remains
constant for a while and then drops to the distance value in the target structure. During
the stabilization of the distance value between the residues forming the salt bridge in the
inactive structure, the TM3-TM6 and the TM3-TMT7 distances stay also steady. This

situation may be the reason of these snapshots represented the intermediate structure.
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Figure 3.29. Comparison of selected ANM modes in two cases. a) ANM mode 1 and
ANM mode 2 b) ANM mode 1 and ANM mode 3 ¢) ANM mode 5 and ANM mode 2
b) ANM mode 5 and ANM mode 3.

e Cross-correlation Analysis.

Normalized cross-correlation analysis is done through the activation pathway of

M2 receptor and demonstrated in Figure 3.30.

According to cross correlation analysis, highly correlated residues are identified as
D39&N432 and P157&T386. Since T386 is located at the end of TM6 and opening the
gap between the end of TM3 and TMG6 is crucial for the activation of the M2 receptor,
it can be concluded that P157 plays an important role in activation. Additionally, the
strong correlation between in D39 and N432 is unique in this case. In the simulations
from 3UON to 4MQS, there is no correlation between N432 located nearby NPxxY
motif and any other residues. Moreover, in the difference vector analysis, it is seen

that there is a distinctness in N432 between two cases. This means that in the active
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Figure 3.30. Cross correlation map of the activation pathway of M2 receptor from

3UON to 4MQT.

structure (4MQT) to which the activator is attached, the G-protein binding site is

derived by TM1 helix according to cross correlation analysis.

3.1.2. Activation Pathway of M2 Receptor

The conformational change in GPCR allows transmitting an extracellular signal
across the cell membrane to generate an intracellular response. Such a conformational
change is necessary for GPCR activation where the GPCR assumes a G protein-binding
conformational state. M2 receptor shows the greatest conformational changes in this
part on the intracellular side of TM5, TM6 and TM7 during activation through re-
arrangements in the ligand binding site in TM5, TM6 and TM7. In the activation
process of M2 receptor intracellular side of TM6 moves outward, TM5 moves slightly
outward and NPxxY motif of TMT7 rearranges [40]. Additionally, ionic lock between
R1313%% and E382%30 is broken through the activation process [36,42,43]. In order

to understand the dynamic behavior underlying the activation and to determine the
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intermediate structures in the activation path from 3UON to 4MQS — 4MQT, some

snapshots obtained during the simulation are examined and given in Figure 3.31-3.32.

60t Cycle
80t Cycle

Ceo“ Rotation |

Figure 3.31. Snapshots generated by ANM-LD simulations from inactive (3UON) to
active (4MQS) structure.

45t Cycle
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CSO’ Rotation

Figure 3.32. Snapshots generated by ANM-LD simulations from inactive (3UON) to
active (4MQT) structure.
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The intermediate conformations in between inactive and active states generated
by ANM-LD simulations are examined one by one through the activation pathway.
The important residues on the snapshots obtained from the simulations from inactive
structure (3UON) to active structure (4MQS), TM3-TM6 and TM3-TM?7 distances are
demonstrated in Figure 3.33, 3.34 and 3.35. On account of the breakage of ionic lock
in the first twenty cycles, TM6 starts to move towards to the TM5 and the distance
between the residues at the end of TM3 and TMG6 is increased by 2.1 A and TM3-
TMT7 distance is decreased by 3.2. When the intermediate structures estimated via
conventional molecular dynamics (¢cMD) with microsecond-timescale in the literature
are examined [36], it is found that TM3-TM6 distance of intermediate structure is
10.0 A, TM5 is unchanged and NPxxY motif in TM7 moves slightly towards to the
TM3 [36]. Considering these conditions, the structure obtained in the 20" cycle can
be defined as one of the intermediate structures. When the snapshot in the 40th cycle
is observed, it is seen that Y206 (G-protein binding site) and T386 at the end of TM6
are located very close with each other. In the 60" and 80 cycles of the simulation,
The TM3-TM6 and TM3-TM7 distances remain approximately constant, while the
TM5 continues to move outward. In addition, an outward opening is observed in the
extracellular loop (ECL1) of TM2. The distinctness between the active structure and
generated final structure from ANM-LD simulations occurs in the NPxxY motif in

TMT7. Therefore, TM3-TM7 distance does not fully converge to the active structure.
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Figure 3.33. Important residues (DRY Motif, NPxxY Motif, Connector, Ligand
binding site, G-protein binding site, T386, and E382) (dark blue and sphere)

demonstrated on the snapshots of the simulations from 3UON to 4MQS.
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Figure 3.34. The TM3-TM6 distance between R121 (dark blue and sphere) and T386
(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3UON to 4MQS.

Figure 3.35. The TM3-TMT7 distance between R121 (dark blue and sphere) and Y440

(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3UON to 4MQS.
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The active structure of M2 receptor AMQT bounded to the agonist iperoxo and
the positive allosteric modulator, which increases the activation ability of the receptor is
used to determine alternative transition pathways of the activation process. The impor-
tant residues on the snapshots, TM3-TM6 and TM3-TM7 distances are demonstrated
in Figure 3.36, 3.37 and3.38. Intermediate structure proposed in the literature [36] is
obtained in the 30" cycle. When the snapshot of the 30" cycle is investigated, TM3-
TMG6 distance is determined as 10.3 A, ionic lock between the residues R12135° and
E38263Y is broken, and TM5 remains unchanged. The communication between Y206
(G-protein binding site) and T386 at the end of the TM6 is formed in the 75" cycle
unlike the first case in which it is observed in the 40" cycle. W422 in TM7 which

bounds to the allosteric modulator, has almost same conformation at the 75" cycle

with the active structure.

Figure 3.36. Important residues (DRY Motif, NPxxY Motif, Connector, Ligand
binding site, G-protein binding site, T386, and E382) (dark blue and sphere)
demonstrated on the snapshots of simulations from 3UON to 4MQT.
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Figure 3.37. TM3-TM6 distance between R121 (dark blue and sphere) and T386
(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3UON to 4MQT.

Figure 3.38. TM3-TM7 distance between R121 (dark blue and sphere) and Y440

(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3UON to 4MQS.
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Intermediate structures obtained from ANM-LD simulations of both cases is given
in Figure 3.39. The RMSD of intermediate structure of the simulation from 3UON to
AMQS with respect to the intermediate structure of the simulation from 3UON to
AMQT is calculated as 1.4 A. The main difference between two structures observed
in the extracellular sides (ECL1-ECL2-ECL3), extracellular side of TM1 and TM2,
and the intracellular sides (ICL2-ICL3). The distinctness in the extracellular side is
caused from the allosteric modulator bounded to the active structure (4AMQT). It can
be deduced that, the attachment of this modulator to the extracellular side of the
structure contributes to the changes in the intracellular side, although there is no

difference in the intracellular side of the active structure [40].

Figure 3.39. Alignment of intermediate structures obtained by ANM-LD simulations

of both cases.

The final structures obtained from ANM-LD simulations of both cases is given
in Figure 3.40. The RMSD of intermediate structure of the simulation from 3UON
to 4MQS with respect to the intermediate structure of the simulation from 3UON to

AMQT is calculated as 1.7 A. The main difference between two structures detected in
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the extracellular sides (ECL1-ECL2-ECL3), extracellular side of TM2, the intracellular
sides (ICL2-ICL3), NPxxY motif, and E382.

Figure 3.40. Alignment of final structures obtained by ANM-LD simulations of both

cases.

3.1.3. Allosteric Interactions in M2 Receptor

Allostery is an intricate dynamic phenomenon shown by many proteins, which is
defined as changing a property in a distant part of the protein by attaching a small
molecule to another place. While ligands usually bind to the orthosteric domain of
GPCR, there are also ligands that act as allosteric modulators or bind to another site.
These allosteric modulators can affect the structure and the dynamics of the structure.
Many allosteric modulators appear to bind to the extracellular or intracellular surface of
the receptor and affect the orthosteric binding site [44]. The allosteric agonist can affect
the receptor even in the absence of an orthosteric agonist. The effect of an allosteric
drug may directly modulate the signal in the GPCR or change the affinity, efficacy,

and selectivity of the orthosteric ligand. The knowledge of conformational dynamics
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is also important for identifying the differences of associated receptor subtypes, which
can enable the design of drugs that select for one subtype over another. Through cross-
correlation and ANM mode analysis of the transition pathways revealed from ANM-LD
simulations, residues in allosteric sites are determined through the selected ANM modes
and cross-correlation analysis for the two cases. As a result of the study conducted
in [45] to find druggable binding sites, they brought seven different allosteric regions
and important residues located in these regions to literature. They mapped the surface
of low-energy structures obtained by accelerated MD simulation using fragment-based

mapping algorithm (FTMAP) with 16 different organic solvent molecules [45].

As a result of this study, a list of important residues found in allosteric regions
of inactive, active, and intermediate structures is given. The residues in this list are
compared in Table 3.5 with the residues determined to be significant as a result of the
hinges of selected ANM modes and cross correlation analysis, and intersecting residues

are underlined.

According to the study conducted by Miao et al.; it was observed that there are
seven allosteric sites for the M2 receptor. When the simulations from 3UON to 4MQT
is analyzed by ANM mode analysis, Y177, which is determined as a hinge residue of
ANM mode 3, is coincided with the key interacting residue in the allosteric site located
in ECL2 region [45]. This site is determined as conserved allosteric site in different
subtypes of M2 receptor and targeted to design allosteric modulator. It has been ob-
served that the inactive conformation of the ECL2 region is in the form of an “open
mouth”, while the conformation of active conformation is called “closed-mouth” [45].
For this reason, this region is an important target for allosteric drug design. In the
simulations from 3UON to 4MQS and 4MQT the conformational change from open
mouth to closed mouth is observed and given in Figure 3.41. In Figure 3.41, confor-
mational change in ECL2 is demonstrated in inactive structure (cyan), intermediate
structure (green), final structure generated by ANM-LD simulation (orange), and the
active structure (red). Second allosteric side according to research conducted by Miao

et al. is located at the interface between TM5 and TM6. L393 and 1397 proposed as



Table 3.5. Key collaborating residues in allosteric sites based on ANM mode and

cross correlation analysis.

3UON-4MQS 3UON-4MQT
TM1 V24, $32-L35 F25, 138,G40
ICL1 148, Q55 N58, N59
TM2 S76 L62, F63-A68, D69, 172-G73
ECL1 L100-Y104 D103, Y104
TM3 - -
ICL2 | D120-Y122, K134-R135 D120-Y122, R135
TM4 A140, L154, 1159 V149-S151
ECL2 | D173-C176, F181-A185 V171, Y177
TM5 A191, Y196 1200, H208
ICL3 1209, V385, T386 V385, T386, T388
TM6 | 1392, L393, N404, V407 1392-1397
ECL3 - -
T™M7 T423, Y426, Y430 Y430, P437-Y440
Helix-8 F447, T450 -
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Figure 3.41. Conformational changes in ECL2 allosteric site through the transition

pathways generated by ANM-LD simulations.

interacting with probe molecules are identified as hinge residues in ANM mode anal-
ysis in the simulations from 3UON to 4MQS and 3UON to 4MQT, respectively [45].
Another proposed allosteric site contains the DRY, which is preserved in the GPCR
family. Therefore, it has been observed as an allosteric site in most of the GPCR family
members, and the DRY motif coincide with the hinge residues of mostly selected ANM
modes. It is observed that the 5 and 6" allosteric sites TM1, TM2 and TM7 are in
the intracellular and extracellular parts. The 5 allosteric site could not be detected
in this study [45]. The 6™ allosteric site affects the movement of the NPxxY motif
during activation. Because the NPxxY motif is a common feature in the GPCR family,
this site is also referred to as the common allosteric site for the GPCR family. Finally,
the region where the G-protein is bound is determined as the allosteric site. During
activation, the intracellular side of TM6 opens outward, creating a cage for G-protein
binding. During this process, the DRY motif, NPxxY motif, Y206 and T386 play an
important role. When the allosteric sites given in this article are examined, it is ob-
served that the 4" and 5" allosteric regions are not found in our analysis, which are
located between TM3 and TM4 in intermediate structure; and between TM1, TM2,

and TMT helices, respectively.
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3.2. [$2-Adrenergic Receptor

[2-Adrenergic receptor is the most studied protein which belongs to the family of
G-protein coupled receptor (GPCR). This receptor is activated by the isoprenaline and
adrenaline and [2-Adrenergic agonist are used in bronchodilator therapy, treatment
in hypertension, chronic obstructive pulmonary disease, preterm labor, and asthma

[46,47].

[B2-Adrenergic receptor has an important role in understanding the activation
of G proteins (Gas and Gai). The activation of S2AR regulates adenylate cyclase,
which leads to the formation of cyclic AMP (cAMP). Cyclic AMP takes a role in the
activation of protein kinase A (PKA) that is responsible for the regulation of various
cellular proteins such as L-type Ca*? channel and S2AR. Additionally, the activation
of S2AR causes the phosphorylation of G-protein-coupled-receptor kinase (GRK) and
activated S2AR bounds to arrestin [48].

[2-Adrenergic receptor has seven transmembrane helices, three intercellular loops
(ICL1-ICL2-ICL3) and three extracellular loops (ECL1-ECL2-ECL3) like all other re-
ceptors in GPCR family. Additionally, Helix 8 is situated in S2AR structure, which is
prevalent in Class A GPCRs [47]. The structure and corresponding regions of 52AR

is given in Figure 3.42.

The residue number of 52-Adrenergic receptor starts with 29 and ends with 341.
There are 23 missing residues between 240 and 262, which locates in ICL3. The

corresponding regions of residues is given in Figure 3.43.

GPCRs with crystal structures both in inactive and active states appear to show
similar conformational changes between different subspecies. However, the activation
of different GPCRs varies in several ways. Agonist binding pocket interactions differ
significantly between GPCRs, indicating that different GPCRs have evolved to rec-

ognize very different ligands. Additionally, although there are similar conformational
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Figure 3.42. The structure and corresponding regions of $2-Adrenergic receptor.
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Figure 3.43. The wire diagram of corresponding regions and residue numbers of

[2-Adrenergic receptor.
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changes on the intracellular surfaces during the activation and binding to intracellular
protein sets, there are differences in the interaction between the binding pocket and the
intracellular interface [1]. $2-Adrenergic receptor is used as model structure to under-
stand the GPCR activation mechanism. During the activation, conformational changes
occur especially in three different regions, which are called as ligand-binding site, Con-
nector, and G protein binding site. The most important conformational change is seen
in the intracellular parts of TM5, TM6, and TM7. The distance between R1313-°
(DRY Motif) in TM3 and Leu272%3* in TMG is increases while the distance between
R131%%° (DRY Motif) in TM3 and Y3265 (NPxxY Motif) in TM7 decreases (Balles-
teros—Weinstein residue numbering [41] [15,49]. Additionally, the salt bridge breakage
through the activation of S2AR in one of the key characteristics of GPCR family. The
residues forming salt bridge are R1313%° and E268%3° [50]. The change in the ligand-
binding site through activation of S2AR is the movement of TM5, which is caused from
the hydrogen bond between S207°4¢ and p-hydroxyl group of agonists. 112134° enables
the intracellular end of TM6 to move from TM3 by shifting toward TM6. G-protein
binding sites are determined as Y219%°® in TM5 and Y3265 in TMT7 [15]. Function-
ally important residues and corresponding regions of S2AR are given in Table 3.6 and

Figure 3.44.

Table 3.6. Residues and corresponding regions of functionally important sites of

[2-Adrenergic receptor.

Important Sites Residue Names Region
TM3 — TM6 Distance R131 - L272 TM3 — TM6
TM3 — TM7 Distance R131 - Y326 T™3 - TM7

Salt Bridge R131 — E268 TM3 - TM6
DRY Motif D130 — R131 — Y132 T™M3
NPxxY Motif N322 - P323 - Y326 ™7
Connector 1121 T™3
Ligand Binding Site 5207 TM5
GP Binding Site Y219 TM5
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N

DRY NPxxY

Figure 3.44. Functionally important sites of $2-Adrenergic receptor.
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3.2.1. ANM-LD Simulations of 2-Adrenergic Receptor

In ANM-LD simulations of #2-Adrenergic receptor, two inactive and two active
structures are used, which are obtained from Protein Data Bank with PDB IDs 3D48S,
2RH1, 3SN6, and 3P0G [47,49,51,52]. 2RH1 and 3D4S are the inactive structures
of f2-Adrenergic receptor and used as initial structures in the ANM-LD simulations.
Target structures used in the simulations are nanobody-stabilized active state of the
[2-Adrenergic receptor (3P0G) and the (2-Adrenergic receptor-Gs protein complex
(3SN6). Properties of 2-Adrenergic receptor structures are given in Table 3.7.

Table 3.7. Summary of used structure in ANM-LD simulations of §2-Adrenergic

receptor.
PDB
State | Complex | Organism | Mutation Structure
ID
Timolol Homo W122E Shortened length
3D4S | Inactive
Bound Sapiens E187N of C-terminus
Carazolol Homo Minor shift in
2RH1 | Inactive E187N
Bound Sapiens ICL2 and ECL3
T96M
. Gs-protein Homo 3 A outward movement
3SN6 | Active T98M
Complex Sapiens at the end of TM6
E187N
Nanobody Homo ARG131 has different positions,
3P0G | Active E187N
Stabilized Sapiens because it reacts with nanobody

In order to examine the activation process of the (52-Adrenergic Receptor, for
different cases are studied. These cases are from inactive structure (3D4S) to ac-
tive structures (3SN6-3P0G), and from inactive structure (2RH1) to active structures

(3SN6-3P0G), which are given in Figure 3.45.
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d. Case 1 b. Case2
High resolution crystal structure of human B2- High resolution crystal structure of human B2-
adrenergic G protein-coupled receptor (2RH1) adrenergic G protein-coupled receptor (2RH1)
Crystal structure oft{e beta2 adrenergic Structure of a nanobody-stabilized active state
receptor-Gs protein complex (3SN6) of the beta2 adrenoceptor (3P0G)

2RH1
L
CBU“ Rotation
J C-Terminal
Case3 d. Case 4
Cholesterol bound form of human beta2 Cholesterol bound form of human beta2
adrenergic receptor (3D4S) adrenergic receptor (3D4S)
Crystal structure of the beta2 adrenergic Structure of a nanobody-stabilized active state
receptor-Gs protein complex (3SN6) of the beta2 adrenoceptor (3P0G)

N-Terminal

I:

C9D° Rotation

C-Terminal

Figure 3.45. Investigated cases in ANM-LD simulations of g2-Adrenergic receptor.
a)3SN6 to 2RH1 (RMSD: 2.93 A).b)3P0G to 2RH1 (RMSD: 2.61 A).c)3SN6 to 3D4S
(RMSD: 3.22 A).d)3P0G to 3D4S (RMSD: 2.71 A).
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3.2.1.1. ANM-LD Simulations from 2RH1 to 3SN6. In the first case of the investiga-

tion B2-Adrenergic receptor activation process, simulations are performed from the
inactive structure 2RH1 to the active structure 3SN6. For the preparation of ANM-LD
simulations that use unmodified structures, D29, A176-H178, K236-F264, and L342
from the initial structure; Q231-R239 from the final/target structure are deleted. Sec-
ondly, A176-H178, K236-F264, and Q231-R239 residues located in ECL2, and ICL3
are modeled by MOD-LOOP [53]. Thirdly, mutations of the initial structure (E187N)
and final structure (T96M, T98M, and E187N) are withdrawn by PyMOL [54] and

back-mutated structures are used in the ANM-LD simulations.

Parallel ANM-LD simulations are prepared to examine the activation process of

B2-Adrenergic receptor and the result summaries are given in Table 3.8.

Table 3.8. ANM-LD Result Summaries.

Simulation Name Cycle | Initial RMSD (A) | Final RMSD (A) to | The Most Selected
Number | to Target Structure Target Structure ANM Modes
Dy = 0.604
Modemax = 30 40 3.16 1.76 7,9, 11
Rt = SA
Dy = 0.404
Modemax = 30 67 3.16 2.07 6, 5, 13
Rewt = 8A
Dr = 0.60A
Modemax = 30 52 3.16 2.03 13
R = 8A
Dp = 0.10 — 0.404
All Modes 65 3.16 2.28 5, 13, 20
Rew = 8A

Root mean square deviations (RMSD) with respect to target structure through
the transition/activation pathway in ANM-LD simulations followed and given in Fig-

ure 3.46. The RMSD of the initial structure used in the simulation with respect to
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the target structure is calculated as 3.16 A for the structure of which ICL2 and ECL3
regions are modeled, and 2.93 A for the unmodified structure. RMSD of the generated
structures from ANM-LD simulations are converged around 50 cycles and scatter be-
tween 2.28 A and 1.70 A. The RMSD results of four runs with best convergence are

given in Figure 3.47.

35
3
25
\;,S. 2
o
(7]
= 15
o=
1
0.5
0
0 10 20 30 40 50 60 70 80 90 100
#Cycle
— DF=0.35 Modemax=30 Rcut=13 — Df=0.40 Modemax=30 Rcut=13
= DF=0.60 Modemax=30 Rcut=13 Df=0.35 Modemax=100 Rcut=13
— Df=0.40 Modemax=100 Rcut=13 ——— DF=0.60 Modemax=100 Rcut=13
——DF=0.35 Modemax=30 Rcut=18 —— DF=0.40 Modemax=30 Rcut=18
= DF=0.35 Modemax=100 Rcut=18 = DF=0.40 Modemax=100 Rcut=18
— DF=0.10-0.40 All Modes Rcut=13 — (NM) DF=0.40 Modemax=100 Rcut=13
———(NMD) DF=0.40 Modemax=100 Rcut=13 ——— (MC) DF=0.10-0.50 All Modes Rcut=13

— DF=0.60 Modemax=30 Rcut=8

Figure 3.46. The RMSD of 52 adrenergic receptor from 2RH1 to 3SN6 in the
ANM-LD simulations.
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Figure 3.47. The RMSD of selected simulations of 52 adrenergic receptor from 2RH1
to 3SN6 in the ANM-LD simulations.

During the activation process, the changes of the locations of the important sites

of the receptor are examined.

e TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

Firstly, TM3-TM6 and TM3-TM?7 distances, and the distance between the residues
forming salt bridge in the inactive case are calculated to examine the movement of
residues that are important for the activation of the 52 adrenergic receptor. In the
calculation process, Ca atoms of R131 (DRY Motif) and L272 at the end of TM6 are
used to determine the distance between TM3 and TM6. TM3-TM7 distance is calcu-
lated by using Ca atoms of R131 (DRY Motif) and Y326 (NPxxY Motif). Salt bridge
breakage through the activation process is investigated by examining the distances of
side chains of the residues (R131-E268) which are formed salt bridge in the inactive
state [15,49,52]. The TM3-TM6 residue distances are 8.6 A and 15.4 A for the initial
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and final structures. The TM3-TM7 residue distances are calculated as 16.6 A and
11.6 A for initial and final structures. Additionally, the distance between atoms form-
ing the salt bridge is determined as 11.5 A and 23.0 A for initial and final structures,
respectively. The distance profile of TM3-TM6, TM3-TM7, and between the residues

formed salt bridge in the inactive structure of 52 Adrenergic receptor shown in Figure

3.48
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Figure 3.48. Functionally important distances through the transition pathway
obtained from ANM-LD results of 2RH1 to 3SN6 (initial and final/target structures

shown as diamond,snapshots shown as spheres).

When the last five snapshots of the ANM-LD simulation that most accurately
reflects the activation process from fifteen parallel simulations are considered, the TM3-

TMG6 distance is 16.4 A; the TM3-TM7 distance is 14.2 A; the distance between the



74

residues R131 and E268 is increased to 21.1 A caused by the breakage of the salt bridge.
When the distance profile of 52 Adrenergic receptor is analyzed, the simulation with
parameters with DF=0.60 A Modemax=30 R.,;=8 A shows the activation pathway
better than the other simulations. In the activation process, the first structural change
is the breakage of salt bridge between the residues R131 at the end of TM3 and E268
at the end of TM6, which affects the TM3-TM6 distance to increase. However, the
distance between TM3 and TM7 do not reach the final structure at the end of the

simulation.

e DRY and NPxxY Motifs.

The RMSD of functionally important motifs DRY (D130- R131- Y132) and
NPxxY (N322- P323- Y326) [15] with respect to the initial structure is calculated
by using Ca atoms through the activation process. The RMSD of DRY and NPxxY
motifs of the inactive structure are used as reference value when analyzing the RMSD
profile of important motifs and are determined as 1.6 A and 2.8 A, respectively. The
RMSD of functionally important motifs DRY and NPxxY given in Figure 3.49.When
the last five snapshots of two best converged ANM-LD simulations are considered, the
RMSD of DRY motif is calculated as 1.7A; the RMSD of NPxxY motif is calculated as
2.1 A. When the RMSD profile of DRY motif and NPxxY motif is analyzed, it is seen
that the RMSD of DRY motif converges to the target structure; however, the RMSD

of NPxxY motif reaches the target structure in a few cases.
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Figure 3.49. The RMSD of important motifs through the activation of M2 receptor
from 3UON to 4MQS (initial and final/target structures shown as diamond,

snapshots shown as spheres).

e Connector Region, Ligand Binding Site, and G-protein Binding Site.

The RMSD of connector (I121), ligand binding site (5S207), and G-protein binding
site (Y219) [15] according to initial structure is determined by using Car atoms through
the activation pathway. The RMSD between the initial and active/target structures
is 1.4 A, 1.7 A, and 2.6 A for the connector, the ligand binding site, and G-protein
binding site, respectively. The RMSD of connector, ligand binding site, and G-protein

binding site are shown in Figure 3.50.
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Figure 3.50. The RMSD of important residues through the activation of 52

adrenergic receptor from 2RH1 to 3SN6 (initial and final/target structures shown as

diamond, snapshots shown as spheres).

When the last five snapshots of two best converged ANM-LD simulations are
considered, the RMSD is calculated as 1.1 A, 1.9 A, and 2.6 A for the connector, the

ligand binding site, and G-protein binding site, respectively. When the RMSD profile

of residues, which played an important role during activation, is examined, the ligand

binding site and G-protein binding site show noticeable changes in the early stages of

the transition pathway. In contrast, the connector site approaches the target structure

with a uniform grade.
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e Key Modes of Motion.

The selected ANM modes through the transition pathway from inactive to ac-
tive structure give a comprehension about the utilization of intrinsic dynamics of the
structure. In order to achieve this goal, the most selected ANM modes are resolved
to unveil the dynamic determinants underlying the activation process. The analysis
of ANM modes are performed according to procedure applied in the Section 3.1.1.1.
Selected modes through the transition pathway from 2RH1 to 3SN6 are given in Figure
3.51.

The ANM modes selected in the first fifty cycles of the parallel simulations from
2RH1 to 3SN6 are examined and shown in Figure 3.52. In the parallel ANM-LD
simulation (DF = 0.60 A Modemax = 30 R, = 8 A), where the activation process
is best observed, the ANM modes with the highest overlap value are determined as
the ANM mode 7 selected four times, the ANM mode 11 selected eight times, and the

ANM mode 24 selected seven times.
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Figure 3.51. Selected Mode Mapping of f2AR simulations from 2RH1 to 3SN6 a)
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Figure 3.52. ANM mode frequency of parallel simulations from 2RH1 to 3SN6.

MSF of difference vector between the initial and final/target structure is given

in Figure 3.53. When this graph is compared with the MSF of selected ANM modes
in Figure 3.54, it is observed that MSF of ANM modes 7, 11, and 24 are similar to

this difference vector. One reason that the activation process is not fully achieved in

other simulations is that ANM mode 11 is not preferred. The main difference of this

simulation than others is using 8 A as R.,;=13 value, which indicates that this mode

is more effective in short distance between the atoms.
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Figure 3.53. Difference vector between initial (2RH1) and final (3SN6) structure.
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Figure 3.54. Mean square fluctations of selected ANM modes of f2AR simulations
from 2RH1 to 3SNG6.
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Minimum points in the mean square fluctuations profile of ANM mode are con-
sidered as the hinge residues of this mode, which presumably regulate the motion. The
hinge residues of ANM slow mode 11 are identified as S41, T66, V87, G90, W99, R131,
K147, T189, 5203, F223, K235, 1272, C285, 1303, and V317. When the hinge residues
of ANM mode 11 are investigated, it is seen that functionally important residues (R131
(DRY Motif) and L272) are coincide with the hinge residues of ANM mode 11. Addi-
tionally, V87, C285, and S203 which are the proposed as allosteric residues in literature
also overlap with the hinge residues [55,56]. The functionally important regions are
matched with the hinge residues indicates that this mode movement plays an important

role during activation of the 52 adrenergic receptor. Mean square fluctuation profile

of ANM mode 11 is given in Figure 3.55.
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Figure 3.55. ANM mode 11 shape of the initial state of 52 adrenergic receptor.

Hinge residues of ANM slow mode 7 are identified as A46-G50, A78-V81, T110,
D113, C116, 1154-W158, C184, F193, P211, K232, K235, M279-F282, N318-N322, and
A335. F193 located in the extracellular loop (ECL2) determined as the most important
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allosteric region is defined as the hinge residue [56]. Additionaly, hinge residues of ANM
mode 7 overlap with T110 in orthosteric binding site, F282 in connector region, N322
in NPxxY motif, 1154, and M279 are matched with the residues in allosteric sites in

literature [56]. Mean square fluctuation profile of ANM mode 7 is given in Figure 3.56.
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Figure 3.56. ANM mode 7 shape of the initial state of 52 adrenergic receptor.

Hinge residues of ANM mode 24 are identified as 147-F49, 164, L75, A78, A92,
T100, G102, V129, F133-1135, S143, 1153, H178, A181, C184, E188, 1201, 1214, E188,
1201, 1214, A226, 1233, E268, Y308, and F332. When the hinge residues of this mode
are examined, the most important finding is that H178, which is determined as the
residue to which the allosteric modulator can be connected, has been determined as
the hinge residue [55]. Additionally, the residues between F133-1135 which plays an
important role in the motion of DRY motif are identified as hinge residues. Y308 in
TMT7 which belongs to the allosteric site in extracellular loop is also determined as

hinge residue of this mode [56]. MSF profile of ANM mode 7 is given in Figure 3.57.
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Figure 3.57. ANM mode 24 shape of the initial state of 52 adrenergic receptor.

Hinge residues of ANM mode 7, 11, and 24 are demonstrated on the inactive

structure of 52 adrenergic receptor in Figure 3.58.

Functionally important regions (DRY Motif, NPxxY Motif, Connector, Ligand
binding site, G-protein binding site, L272, and E268) (red and sphere) and the hinge
residues of ANM mode 7, 11, and 24 (deep blue) are demonstrated on the initial

structure in Figure 3.59.
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Figure 3.58. Demonstration of hinge residues of ANM mode 7, 11, and 24 (dark blue
and sphere) on the structure a) Hinges of ANM mode 7, 11, and 24. b) Hinges of
ANM mode 7 ¢) Hinges of ANM mode 11. d) Hinges of ANM mode 24.



N-Terminal

C-Terminal

NPxxY
N436
P437
Y440

Figure 3.59. Demonstration of ANM mode 7, 11, and 24 hinges (dark blue) and

86

important regions (red and sphere), and the intersection (dark blue and spehere).

a)ANM modes 7, 11, and 24 b)ANM mode 7 ¢)ANM mode 11 d)ANM mode 24.
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e Cross-correlation Analysis.

Normalized cross-correlation analysis is used to identify the correlated residues.
The analysis of cross-correlation is performed according to procedure applied in the
Section 3.1.1.1. Normalized cross-correlation analysis is done through the activation

pathway of $2 adrenergic receptor and demonstrated in Figure 3.60.
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Figure 3.60. Cross correlation map of the activation pathway of 52 adrenergic

receptor from 2RH1 to 3SNG.

The highly correlated residues are determined as A63-L66 in ICL1 & D331-F332
in C-terminal, and P288-F289 in TM6 & L311 in TM7. Moreover, the NPxxY motif and

Y308 are correlated residues, which are given as allosteric sides in the literature [56].
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3.2.1.2. ANM-LD Simulations from 2RH1 to 3P0G. In this section, ANM-LD simu-

lations are executed to investigate the activation mechanism of §2-Adrenergic receptor
from the inactive structure (2RH1) to a different active structure (3P0G). The active
structure used in this case (3P0G) is aligned to the active structure used in first case
(3SN6) and shown in Figure 3.61. The RMSD of the active structure (3P0G) with
respect to the active structure used in the first case (3SN6) is calculated as 1.55 A.

Figure 3.61. Alignment of active structure (3POG) used in this case with the active
structure (3SN6) used in the first case (RMSD: 1.55 A).

The comparison of the two active structures is given in Table 3.7 in Section 3.2.1.
Although the organism of these two active structures is homo sapiens, there are some
differences. Crystal structure of the 42 adrenergic receptor-Gs protein complex (3SN6)
has two additional mutations (T96M & T98M) in ECL1 to increase the expression
level of T4 lysozyme which is substituted to amino terminus. Additionally, the largest

distinctness between two active structure is the outward movement of 3 A at the end
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of TM6 in the S2AR-Gs. There is also a difference in DRY motif, because R131 in
B2AR-Nb80 reacts with the nanobody [49]. Although there are some differences in two

active structures, they have same affinity for the agonist isoproterenol [52].

In the preparation step of the simulations, R228-1.230 and K263-C265 from the
inactive structure; D23-R28 and R343-R344 from the active structure are deleted for
the ANM-LD simulations with unmodified structures. Since there are missing residues
at the end of TM5 and in ICL3, R228-1.230 and K263-C265 of the final /target structure
are modeled by MOD-LOOP server to obtain more accurate results [53]. Lastly, muta-
tions (E187N) of the initial and final/target structure are withdrawn by PyMOL [54]

and used in the simulations of back-mutated structures.

Parallel ANM-LD simulations are prepared to examine the activation process of

B2-Adrenergic receptor and the result summaries are given in Table 3.9.

Table 3.9. ANM-LD Result Summaries.

Simulation Nemme Cycle | Initial RMSD (A) | Final RMSD (A) to | The Most Selected
Number | to Target Structure Target Structure ANM Modes
Dp = 0.60A
Modemax = 30 56 2.43 1.72 2,5, 7
Rew = 13A
Dy = 0.10 — 0.404
All Modes 61 2.43 1.98 2,19
Rew = 13A
Dy = 0.604
Modemax = 30 45 2.43 1.55 2,5,7,9
Rewt = 8A
Dy = 0.10 — 0.404
All Modes 42 2.43 1.52 1,7,9, 14
R = 8A
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The RMSD difference through the activation pathway obtained from ANM-LD
simulations is examined and shown in Figure 3.62. The RMSD of the initial and
final /target structures is calculated as 2.43 A for modeled structures and 2.05 A for
unmodified structures. The RMSD of generated structures from ANM-LD simulations
are converged around 50 cycles. The lowest RMSD achieved is 1.58 A, while it remains
at the most as high as 2.36 A. The RMSD results of four ANM-LD runs, which reflects
the activation process in the best way according to positions of functionally important

residues are given in Figure 3.63.
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Figure 3.62. RMSD difference through the simulations of 52 adrenergic receptor from
2RH1 to 3P0G.
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Figure 3.63. RMSD difference of selected runs through the simulations of 52
adrenergic receptor from 2RH1 to 3P0G.

e TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

Firstly, the TM3-TM6 and TM3-TM7 distances are calculated to examine the
movement of residues that are important for the activation of the 52 adrenergic re-
ceptor. In the calculation process, Ca atoms of R131-1.272 are used to determine the
distance between TM3 and TM6. The distance between TM3-TM6 is calculated as
8.3 A and 14.1 A for the initial and final /target structures, while the TM3-TM6 dis-
tance is determined as 15.4 A for the final/target structure in the simulations from
the inactive (2RH1) to active (3SN6) structures, because there is a difference of 3 A
outward movement at the end of TM6 helix [49]. The TM3-TMT7 residue distances are
calculated as 16.6 A and 11.3 A for initial and final structures. Salt bridge breakage
through the activation process is investigated by examining the distances of side chains
of the residues (R131-E268) which are formed salt bridge in the inactive state [15]. The
distance between atoms forming the salt bridge is determined as 11.9 A and 20.4 A for
initial and final structures, respectively. The TM3-TM6 and the TM3-TM?7 distances,
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and salt bridge breakage of R131 and E268 are investigated through the transition

pathway in Figure 3.64.
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Figure 3.64. Functionally important distances through the transition pathway

obtained from ANM-LD results of 2RH1 to 3P0G (initial and final/target structures

shown as diamond, snapshots shown as spheres).

When the last five snapshots of the ANM-LD simulation that most precisely

mirrors the activation procedure from fifteen parallel simulations are considered, the

TM3-TM6 distance is 13.0 A; the TM3-TM?7 distance is 14.7 A; the distance between

the residues R131 and E268 is increased to 23.3 A caused by the breakage of the salt

bridge. As with the distance profiles in the first case, it is observed that the first major

change at the start of the activation is the breaking of the salt bridge. Additionally,

the TM3-TM6 distance and salt bridge show similar profiles because the salt bridge
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breakage plays an important role in the separation of TM3 and TM6. In some of
the ANM-LD simulations, while the TM3-TM6 and TM3-TM7 do not converge the
distances to the final/target structure, it is observed that the distance between the

residues forming the salt bridge converge.

e DRY and NPxxY Motifs.

Although the distinctness between the two active structures (3POG and 3SN6)
examined here is very small for highly conserved motifs DRY (D130- R131- Y132)
and NPxxY (N322- P323- Y326), R131 of DRY motif shows differences between two
structures, because R131 interacts with Nb80 in (3P0G) and Y391 in f2AR-Gs (3SN6)
[52]. The RMSDs of these two important motifs (DRY and NPxxY) are calculated by
using Ca atoms through the activation process. The RMSD of DRY and NPxxY motifs
of the inactive structure are used as reference value when analyzing the RMSD profile
of important motifs and are determined as 2.2 A and 2.3 A, respectively. The RMSDs
of these two important motifs (DRY and NPxxY) are shown in Figure 3.65. When
the last five snapshots of two best converged ANM-LD simulations are considered, the
RMSD of DRY motif is calculated as 1.3A; the RMSD of NPxxY motif is calculated
as 1.2 A.
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Figure 3.65. RMSD of important motifs through the activation of 2 adrenergic
receptor from 2RH1 to 3P0G (initial and final/target structures shown as diamond,

snapshots shown as spheres).
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e Connector Region, Ligand Binding Site, and G-protein Binding Site.

The RMSD of connector (1121), ligand binding site (S207), and G-protein binding
site (Y219) [15] according to initial structure is determined by using Car atoms through
the activation pathway. The RMSD between the initial and active/target structures
is 1.4 A, 1.7 A, and 2.6 A for the connector, the ligand binding site, and G-protein
binding site, respectively. The RMSD of connector (I1121), ligand binding site (5207),
and G-protein binding site given in Figure 3.66. When the last five snapshots of the
best converged ANM-LD simulation are evaluated, the RMSD is calculated as 0.8 A,
1.8 A, and 2.7 A for the connector, the ligand binding site, and G-protein binding site,

respectively.
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Figure 3.66. RMSD of important residues through the activation of 52 adrenergic
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e Key Modes of Motion.

The most selected ANM modes are explored to understand the mechanism of 32-
Adrenergic receptor activation, since they have the dynamic determining role. Chosen
modes through the progression of the transition pathway from 2RH1 to 3P0G are given
in Figure 3.67.
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Figure 3.67. Selected Mode Mapping of f2AR simulations a)DF=0.60 A
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The selected ANM modes in the first fifty cycles from 2RH1 to 3P0G are in-
vestigated and appeared in Figure 3.68. The ANM-LD simulation with DF=0.60 A,
Modemax=30, R.;=8 A where the activation pathway is best observed, the most

selected mode is determined as ANM mode 9.
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Figure 3.68. ANM mode frequency of parallel simulations from 2RH1 to 3P0G.

The difference vector calculated between the initial (2RH1) and final/target
structures (3P0G-3SN6) given in Figure 3.69 to examine the distinctness between
this case and the simulations performed from inactive structure (2RH1) to a differ-
ent active structure (3SNG). It is observed that, the minimum and maximum points

of mean square fluctuation profile overlap with each other in two cases except the

residues between V52-A78 in intracellular side of TM1 and ICL1 and T177-E187 in the
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ECL2.There are nine more missing residues between Q231-R239 in the active structure
used in this case (3P0G) than in the active structure (3SN6) used in the first case in

this section.
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Figure 3.69. The difference vector between initial (2RH1) and final (3SN6 — 3P0G)

structures.

Mean square fluctuation profile of ANM mode 9 mostly overlap with the difference
vector. Hinge residues of ANM mode 9 is determined from the mean square fluctuations
profile and shown in Figure 3.70. V33, G37, M40, 147, L64, T68, A92-194, F101, D130-
A134, L144-L145, 1154, C190, S204-S207, V218-V222, A271-K273, F289-1291, Y308-
1310, N322-Y 326, and 1.339 are determined as hinge residues. When hinge residues of
ANM mode 9 are investigated, it is understood that functionally important residues
DRY motif, NPxxY motif, orthosteric ligand binding site (S207), and G-protein binding
site (Y219) overlap with the hinge residues. Additionally, Y308 in TM7 and 1154 in
TM4 which are the proposed as allosteric residues in literature [55, 56] also overlap

with the hinge residues coincide with the hinge residues of ANM 9. When hinge
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residues determined in this case are compared with the hinge residues obtained from
ANM-LD simulations from inactive structure (2RH1) to active structure (3SN6), the
residues in the proposed allosteric sites in literature such as intracellular loop (ICL3)
and connector region unable to identify [56]. The major reason for this situation is the
missing residues in the ICL3 loop of the structure. However, orthosteric ligand binding
site (S207), and G-protein binding site (Y219) are the hinge residues of ANM mode
9, while these residues are not identified as hinge residues obtained from ANM-LD

simulations from inactive structure (2RH1) to active structure (3SNG).

0.015

0.012

o

Mean Square Fluctations (A)

0.009

o
o
=]
)

0.003

0 50 100 150 200 250 300 350
Residue Number

Figure 3.70. ANM mode 9 shape of the initial state of §2 adrenergic receptor.

Hinge residues of ANM mode 9 are displayed on the inactive state of 52 adrenergic

receptor in Figure 3.71.

Functionally important regions (red and circle) and the hinge residues of ANM

mode 9 (deep blue) are demonstrated on the initial structure in Figure 3.72.
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Figure 3.71. Demonstration of hinge residues of ANM mode 9 (dark blue and sphere)

on the structure.
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N-Terminal

Figure 3.72. Demonstration of ANM mode 9 (dark blue) and functionally important
regions (DRY Motif, NPxxY Motif, Connector, Ligand binding site, G-protein
binding site, L272, and E268) (red and sphere) on the structure.

e Cross-correlation Analysis

Normalized cross-correlation analysis is done through the activation pathway of

(B2 adrenergic receptor and shown in Figure 3.73.

The highly correlated residues are determined as K60-F61 in ICL1 & E338-1L339
in C-terminal, Y141 at the end of TM4 & L305 at the beginning of TM7, V222 in
TM5 & A271-1272 in TM6, and A226 in TM5 & 1L263-1.272 in TM6. When the cross
correlation analysis performed for this case is compared with the results of the analysis
of the simulations from inactive structure (2RH1) to active structure (3SN6), it is seen
that the correlation between ICL1 loop and C-terminal is observed for both cases.
However, the correlation of 1272 the residue, which forms ionic lock, with R131 in

inactive case, is observed in this case. Additionally, DRY motif is affected by T68 at
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Figure 3.73. Cross correlation map of the activation pathway of 52 adrenergic

receptor from 2RH1 to 3P0G.

the end of TM2 and NPxxY motif is correlated with F61-1.64 in ICL2, which implies

that NPxxY motif is effective in the changes in intracellular side of the structure.

3.2.1.3. ANM-LD Simulations from 3D4S to 3SN6. ANM-LD simulations of 52 adren-

ergic receptor between the inactive state (3D4S) and active state (3SN6) are performed
to investigate the transition pathway of the activation mechanism of f2-Adrenergic re-
ceptor. The inactive structure used in this case (3D4S) is aligned to the inactive
structure used in the first two cases (2RH1) and shown in Figure 3.74. The RMSD of
the inactive structure (3D4S) with respect to the inactive structure used in the first

case (2RH1) is calculated as 0.53 A.
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Figure 3.74. Alignment of inactive structure (3D4S) used in this case with the
inactive structure (2RH1) used in the first case (RMSD: 0.53 A).

The comparison of the two inactive structures is given in Table 3.7 in Section
3.2.1. Although the organism of these two inactive structures is homo sapiens, there
are some distinctness between them. The inactive structure used in this case has one
extra mutation (W122E), which increases the fraction of receptor to fold properly and
decreases the affinity to bind the antagonist [57]. Moreover, inactive structure used
in this case (3D4S) bound partial inverse agonist timolol at the orthosteric binding

site, while inactive structure used in first two cases (2RH1) bound carazolol. For this
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reason, there are some differences in the orthosteric binding site. The partial inverse
agonist timolol forms hydrogen bond with Y308, N293, and S204. Additionally, T118 is
in communication with the thiadiazole group of the partial inverse agonist timolol [51].
Additionally, there is a minor shift in ICL2 and ECL3 in the inactive structure 2RH1,

and inactive structure 3D4S has shortened length of C-terminus [51].

Parallel ANM-LD runs are prepared according to different DF values (0.35 A,
0.40 A, 0.60 A, adaptive between 0.4 A - 0.5 A - 0.6 A and 0.1 A), R, values (8 A, 10
A, 13 A, and 18 A), maximum mode number (30, 100, all modes) and with restricted

ANM modes for modeled, unmodified, and back-mutated structures.

In the ANM-LD simulations for the unmodified structures, the structures are
prepared by deleting the residues A176-H178, K263-F264, and L342 from the initial
structure and E30-V31, and Q231-R239 from the final structure. Since there are miss-
ing residues in ECL2 and ICL3, Q231-R239 of the initial structure and A176-H178,
K263-F264 of the target structure are modeled by MOD-LOOP server to obtain more
accurate results [53]. Thirdly, the mutations of initial structure (W122E, and E187N)
and final/target structure (T96M, T98M, and E187N) are withdrawn by PyMOL [54]

and used in the parallel runs.

The result summaries of ANM-LD simulations from 3D4S to 3SN6 are given in
Table 3.10.



Table 3.10. ANM-LD Result Summaries.
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Simulation Namme Cycle | Initial RMSD (A) | Final RMSD (A) to | The Most Selected
Number | to Target Structure | Target Structure ANM Modes

Dp = 0.404

Modemax = 100 47 2.70 2.01 1,2,6,7
Rew = 13A
Dr = 0.60A

Modemax = 30 31 2.70 1.62 1,4,7,9,10
Rew = 8A
Dr = 0.354

Modemax = 30 60 3.14 2.03 2,3, 10
Rey = 8A
Dp = 0.404

odemax = 100 37 3.14 2.52 6,9, 29
Rew = 13A

The RMSD difference through the activation pathway obtained from ANM-LD

simulations is examined and shown in Figure 3.75. The RMSD of the final/target

structures according to initial structure is calculated as 3.14 A for modeled structures

and 2.70 A for unmodified structures. The RMSD of generated structures from ANM-

LD simulations are converged around 50 cycles. The lowest RMSD achieved is 1.62 A,
while it remains at the most as high as 2.52 A. The RMSD results of four ANM-LD

runs, which reflects the activation process in the best way with respect to positions of

functionally important residues are given in Figure 3.76.

In order to explain the activation process, the movements of important residues

are examined along the transition pathway.
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Figure 3.75. The RMSD difference through the simulations of 52 adrenergic receptor
from 3D4S to 3SNG.
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e The TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

First of all, the distances between TM3-TM6 and TM3-TM?7 is examined by using
Ca atoms of residues R131-1.272 and R131-Y 326, respectively [52]. Salt bridge breakage
through the activation process is investigated by examining the distances of side chains
of the residues (R131-E268) which are formed salt bridge in the inactive state [15].
The TM3-TM6 distance is calculated 8.2 A for the inactive structure and 16.0 A for
the active structure; and the TM3-TM?7 distance decreases from 16.5 A to 11.8 A
through the activation. It is observed that TM3-TM6 and TM3-TM7 distances found
approximately equal with the cases in which 2RH1 is used as the inactive structure.
The distance between atoms forming the salt bridge in the inactive case is determined
as 20.2 A and 22.2 A for initial and final structures, respectively. The TM3-TM6 and
the TM3-TMT7 distances, and salt bridge breakage of R131 and E268 are investigated

through the transition pathway in Figure 3.77.

When the last five snapshots of the ANM-LD simulation with DF=0.60 A Mode-
max=30 R.,;=8 A where the unmodified structures used are analyzed, the TM3-TM6
distance is 11.4 A; the TM3-TM?7 distance is 13.3 A; the distance between the residues
R131 and E268 is increased to 25.4 A caused by the breakage of the salt bridge. When
the distance profile is compared with the other cases, it is seen that salt bridge breakage
shows similar pathway through the activation pathway. The first event that occurs in
the activation process is the breaking of the salt bridge, which affects the TM3-TM6

distance.
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Figure 3.77. Functionally important distances through the transition pathway
obtained from ANM-LD results of 3D4S to 3SN6 (initial and final /target structures

shown as diamond, snapshots shown as spheres).

e DRY and NPxxY Motifs.

The RMSD of functionally important motifs DRY (D130- R131- Y132) and
NPxxY (N322- P323- Y326) [15] with respect to the initial structure is calculated by
using Ca atoms through the activation process and given in Figure 3.78. The RMSDs
of DRY and NPxxY motifs of the active structure with respect to inactive structure

are 1.4 A and 2.7 A, respectively.

When the last five snapshots of the ANM-LD simulation with DF=0.60 A Mode-
max=30 R.;=8 A where the unmodified structures used are analyzed, the RMSD of
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Figure 3.78. RMSD of important motifs through the activation of 2 adrenergic
receptor from 3D4S to 3SN6 (initial and final /target structures shown as diamond,

snapshots shown as spheres).

DRY motif is calculated as 2.0 A; the RMSD of NPxxY motif is calculated as 2.3 A.
When the RMSD profile of important motifs is investigated, it is seen that DRY motif

unable to converge to the target structure.

e Connector Region, Ligand Binding Site, and G-protein Binding Site.

The RMSD of connector (1121), ligand binding site (S207), and G-protein binding
site (Y219) [15] with respect to initial structure is determined by using Ca atoms
through the activation pathway. The RMSD between the initial and active/target
structures is 1.6 A, 1.5 A, and 2.3 A for the connector, the ligand binding site, and
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G-protein binding site, respectively. The RMSDs of connector, ligand binding site, and

G-protein binding site through the transition pathway are given in Figure 3.79.
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Figure 3.79. RMSD of important residues through the activation of 52 adrenergic

receptor from 3D4S to 3SN6 (initial and final/target structures shown as diamond,

snapshots shown as spheres).

When the last five snapshots of the ANM-LD simulation with DF=0.60 A Mode-

max=30 R.,=8 A where the unmodified structures used are analyzed, the RMSD is

calculated as 1.2 A, 2.1 A, and 1.5 A for the connector, the ligand binding site, and

G-protein binding site, respectively. When the RMSD profile of G-protein binding site

is investigated, it is seen that the RMSD of Y219 unable to converge to the target

structure. Although there are differences in orthosteric ligand binding site between

inactive case (3D4S) used in this case and inactive case (2RH1) used in the first two
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cases, there is a difference of 0.2 A in the RMSD of S207. Nevertheless, the RMSD of
G-protein binding site in first two cases converges to the active structure better than

this case.

e The Key Modes of Motion.

ANM modes selected in transition from the inactive structure to the active struc-
ture are investigated to understand the underlying mechanism in the activation process.
The analysis of ANM modes are performed according to procedure applied in the Sec-
tion 3.1.1.1. Selected modes through the transition pathway from 3D4S to 3SN6 are

given in Figure 3.80.

First fifty cycles of parallel ANM-LD simulations are investigated to determine
ANM mode frequency, which is shown in Figure 3.81. Considering two different ANM-
LD simulations that show the activation process in the best way with respect to confor-
mational changes through the activation, ANM mode 6 and ANM mode 1 are defined

as the most selected modes with highest overlap values.
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Figure 3.81. ANM mode frequency of parallel simulations from 3D4S to 3SN6.

MS of the difference vector calculated between the initial structures (2RH1 —
3D4S) and the final active structure (3SN6) is shown in Figure 3.82. It can be deduced
from the profiles of both cases that the minimum and maximum points overlap with

each other. There are only a few differences in MS profile between the residues H172-
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D192 in ECL2, and L302-1314 in ECL3 and extracellular side of TM7, because there
is a minor shift in ECL3 in the inactive structure 2RH1 [51].
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Figure 3.82. Difference vector between initial (2RH1 - 3D4S) and final (3SN6)

structure.

When this graph is contrasted with the ANM mode profiles in Figure 3.83, it
is observed that the minimum and maximum points of the mean square fluctuations
graphs of the selected modes are compatible with the mean square fluctuation graph
of the difference vector. In the mean square fluctuations profile of difference vector
residues between 184 and 211 show a more stable profile than selected ANM mode
shape profiles.
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Figure 3.83. Mean square fluctuations of selected ANM modes of S2AR simulations
from 3D4S to 3SN6.

The hinge residues which is responsible of the motion of the structure are iden-
tified as minimum points of the mean square fluctuations profile. Mean square fluctu-
ations of ANM mode 1 is shown in Figure 3.84. Hinge residues of ANM mode 1 are
identified as L45, T68, G83, V86, T110, V126, M156, A181, F193, 1214, T281, and
V317-S319. When the hinge residues of ANM mode 1 are investigated, it is seen that
hinge residues overlap with F193 and T110 which are proposed as allosteric residues

in ECL and orthosteric ligand binding site, respectively [56].
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Figure 3.84. ANM mode 1 shape of the initial state of §2 adrenergic receptor.

Mean square fluctuations of ANM mode 4 is shown in Figure 3.85. The hinge
residues of ANM mode 4 are 138, N51, L80-A85, E107, A119-1121, K149, C184, C191-
F193, V210, C285-W286, and 1314-Y316. Hinge residues of ANM mode 4 represent
the movement in connector region better than the other selected modes. The residues
affect the connector region 1121 and C285 overlap with the hinge residues. Moreover,
Y316 (orthosteric ligand binding site) which is observed in allosteric sites of interme-
diate structure of 2-Adrenergic receptor is identified as hinge residue [56]. It can be
concluded that thanks to the ANM modes, we can detect not only allosteric interacting
residues in inactive structures, but also allosteric residues in intermediate structures.
Additionally, F193 is determined as hinge residue as in other cases of 52-Adrenergic

receptor, which is an important residue belonging to most promising allosteric site in

EC loop [56].
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Figure 3.85. ANM mode 4 shape of the initial state of §2 adrenergic receptor.

Mean square fluctuations of ANM mode 9 is shown in Figure 3.86. The hinge
residues are G37-M40, A46, F71, A92, W105, 1121, F133, K147, W173, E188, S207,
V218, K273, V297, L311, and R333. S207 located in orthosteric ligand binding site,
[121 in connector region, and F133 located in the area of residues affecting the DRY
motif overlap with the hinge residues of ANM mode 9.
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Figure 3.86. ANM mode 9 shape of the initial state of §2 adrenergic receptor.

The hinge residues of ANM mode 1, 4, and 9 are demonstrated on the inactive

structure of 52 adrenergic receptor in Figure 3.87.



122

Figure 3.87. Demonstration of hinge residues of ANM mode 1, 4, and 9 (dark blue
and sphere) on the structure a) Hinges of ANM mode 1, 4, and 9. b) Hinges of ANM
mode 1. ¢) Hinges of ANM mode 4. d) Hinges of ANM mode 9.

Functionally important regions (DRY motif, NPxxY motif, connector, ligand
binding site, G-protein binding site, L272 at the end of TM6) and the hinge residues

of ANM mode 1, 4, and 9 are demonstrated on the initial structure in Figure 3.88.
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Figure 3.88. Demonstration of selected ANM modes 1, 4, and 9 hinges (dark blue)
functionally important regions (red and sphere), and the intersection (dark blue and
sphere) on the structure. a) ANM mode 1, 4, and 9 with b) ANM mode 1 with c)
ANM mode 4 with d) ANM mode 9 with.
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e Cross-correlation Analysis.

Normalized cross-correlation analysis is used to identify the correlated residues.
The analysis of cross-correlation is performed according to procedure applied in the
Section 3.1.1.1. Normalized cross-correlation analysis is done through the activation

pathway of $2 adrenergic receptor and demonstrated in Figure 3.89.
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Figure 3.89. Cross correlation map of the activation pathway of 52 adrenergic

receptor from 3D4S to 3SNG.

The highly correlated residues are V54-T56 at the end of TM1 / R63-1L64 in ICL1,
V54 at the end of TM1 / D331-F332 in C-terminal, A57 at the end of TM1 / L339 in
C-terminal, R63-1.64 in ICL1 / S329-L.339 in C-terminal, M40 in TM1 / A91 in TM2,
A128 in TM3 / P211-V213 in TM5, C125 in TM3 / P211-V213 in TM5, and L284 in
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TM6 / 1314 in TM7. When highly cross correlation analysis is investigated, it is seen
that the residues at the end of TM1 affects C-terminal. Moreover, the connector region

is affected by C125 and A128 in TM3.

3.2.1.4. ANM-LD Simulations from 3D4S to 3P0G. In this section, ANM-LD simula-

tions are executed to investigate the activation mechanism of $2-Adrenergic receptor
from the different inactive structure (3D4S) to a different active structure (3P0G). The
comparison of the active and inactive structures is given in given in Table 3.7 in Section

3.2.1.

Parallel runs from inactive structure (3D4S) to a different active structure (3P0G)
are prepared to investigate the activation mechanism of 52-Adrenergic receptor. Struc-
tures used in the ANM-LD simulations are prepared in three different ways. Firstly,
R228-1.230, and K263-C265 are from initial structure; D23-V31 and R343-R344 are
deleted from final/target structure for unmodified ANM-LD simulations. Secondly,
R228-1.230 and K263-C265 residues located at the end of TM5 and in ICL3 are mod-
eled by MOD-LOOP [53]. In the third case, the mutations of the initial structure
(W122E, and E187N) and the final structure (E187N) are withdrawn by PyMOL [54].

The result summaries of ANM-LD simulations from 3D4S to 3P0G are given in
Table 3.11



Table 3.11. ANM-LD Result Summaries.
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Simulation Namme Cycle | Initial RMSD (A) | Final RMSD (A) to | The Most Selected
Number | to Target Structure | Target Structure ANM Modes
Dy = 0.10 — 0.60A4
All Modes 34 2.51 1.59 1,2,3,8
Rey = 10A
Dr = 0.604
Modemax = 30 17 2.51 1.48 1,28
Rew = 10A
Dy = 0.354
Modemax = 100 40 2.51 1.56 1,2,3,8
Rey = 10A
Dr = 0.354
Modemax = 100 81 2.51 1.67 2,8,9
Rey = 13A

RMSD along the activation process obtained by ANM-LD simulations are demon-

strated in Figure 3.90. RMSD of initial structure is determined as 2.51 A for modeled

structures and 2.07 A for unmodified structures. RMSD profile converges around 30

cycles scatters 2.32 A and 1.70 A. The RMSD values of four runs which shows the

activation pathway in the best way are given in Figure 3.91.
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Figure 3.90. RMSD difference through the simulations of 52 adrenergic receptor from
3D4S to 3P0G.
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Figure 3.91. RMSD difference of selected runs through the simulations of 32

adrenergic receptor from 3D4S to 3P0G.

In order to clarify the activation process, the conformational changes through the

activation are observed.

e TM3-TM6 and TM3-TM7 Distances and Salt Bridge Breakage.

TM3-TM6 and TM3-TM7 distances are calculated to examine the movement of
residues that are important for the activation of the 2 adrenergic receptor. In the
calculation process, Ca atoms of R131-1.272 are used to calculate the distance between
TM3 and TM6; Ca atoms of R131 (DRY Motif) and Y326 (NPxxY Motif) are used
to calculate the distance between TM3 and TM7. Salt bridge breakage through the
activation process is investigated by investigating the distances of side chains of the
residues (R131-E268) which are formed salt bridge in the inactive state [15,49]. The
TM3-TM6 residue distances are 7.9 A and 13.9 A for the initial and final structures.
The TM3-TM7 residue distances are calculated as 16.5 A and 11.4 A for initial and
final structures. The distance of sidechains between R131 and E268 is 10.0 A and
21.5 A for inactive and active structures, respectively. The TM3-TM6 and TM3-TM?7
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distances and the distance between the residues R131 and E268 which formed salt

bridge in the inactive state through the activation pathway of 52-Adrenergic receptor

is demonstrated in Figure 3.92.
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Figure 3.92. Functionally important distances through the transition pathway

obtained from ANM-LD results of 3D4S to 3P0G (initial and final/target structures

shown as diamond, snapshots shown as spheres).

When the last five snapshots of the ANM-LD simulation that most accurately

mirrors the activation pathway from fifteen parallel simulations are considered, the

TM3-TM6 distance is 12.5 A; the TM3-TM7 distance is 15.2 A; the distance between

the residues R131 and E268 is increased to 18.2 A caused by the breakage of the

salt bridge. When the distance profile analyzed, it is seen that the distance profile

does not converge to the final structure.

Although, the simulations from the same
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inactive structure to other active structure (3SN6) give better results than this case,
the simulations prepared from other inactive structure (2RH1) to other active structure
(3SN6) converge to the target structure in the best way. In the inactive structure
(3P0G), R131 in DRY motif has different position and interact with nanobody, which
can affect the opening in the intracellular part of TM3 and TM6 and the salt bridge
breakage. Normally, the salt bridge breakage causes an increase of 11.5 A in between
R131 and E268. However, in this case there is an increase of 8.2 A, which can be

caused from the interaction between R131 and nanobody.

e DRY and NPxxY Motifs.

The RMSD of the important motifs DRY (D130-R131-Y132) and NPxxY motif
(N322-P323-Y326) are explored through the transition pathway. The RMSD of DRY
and NPxxY motifs with respect to inactive structure are determined as 1.8 A and 2.3
A. The RMSD of DRY and NPxxY motifs through the activation pathway is demon-
strated in Figure 3.93. When the last five snapshots of the ANM-LD simulation with
parameters DF= 0.10-0.60 A All Modes and R,;=10 A is considered, the RMSD of
DRY motif is calculated as 1.9 A; the RMSD of NPxxY motif is calculated as 0.8 A.
Although the RMSD of DRY motif converges to the target structure, the RMSD of
NPxxY motif does not approach to the target value. The results of the case in which
2RH1 used as inactive structure and 3SN6 used as active structure converge to the
target structure better than other cases in terms of RMSDs of DRY motif and NPxxY

motif.
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Figure 3.93. RMSD of important motifs through the activation of 2 adrenergic
receptor from 3D4S to 3POG (initial and final/target structures shown as diamond,

snapshots shown as spheres).

e Ligand Binding Site, Connector Region, and G-protein Binding Site

The RMSD of connector (I121), ligand binding site (S207), and G-protein bind-
ing site (Y219) with respect to initial structure is determined by using Ca atoms
through the activation pathway [15]. The RMSD between the initial and active/target
structures is 1.7 A, 1.6 A, and 2.0 A for the connector, the ligand binding site, and
G-protein binding site, respectively. The RMSD profile of connector, ligand binding

site and G-protein binding site is shown in Figure 3.94.
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Figure 3.94. RMSD of important residues through the activation of 2 adrenergic
receptor from 3D4S to 3P0G (initial and final/target structures shown as diamond,

snapshots shown as spheres).

When the last five snapshots of ANM-LD simulation with parameters DF=0.10-
0.60 A All Modes and R.,;=10 A is considered, the RMSD is calculated as 0.6 A, 1.5
A, and 1.3 A for the connector, the ligand binding site, and G-protein binding site,
respectively. When RMSDs of important residues are analyzed, it is seen that only

ligand binding site (S207) converge to the target structure.

In the simulation prepared with same inactive structure (3D4S) and different
active structure (3P0G), it is seen the same results. The convergence of RMSDs of
connector region and G-protein binding region does not be achieved. For this reason,

the simulations in which 3D4S is used as inactive structure are not able to reflect the
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activation pathway. In these two cases, while the ligand binding region reaches the
target structure, the reason why the other regions cannot reach the target structure
can be thought as cholesterol assumes the task of stabilizing the structural parts of
B2AR. In the study conducted by Zocher et al., the kinetic and mechanical properties
of f2AR in the presence and absence of cholesterol were examined. As a result, they
concluded that the core segment where the ligand binding site is located is not affected
by the presence of cholesterol [58]. Since there is a difference in ICL2 region which
is one of the cholesterol binding sites of inactive structure (2RH1), it can affect the

allosteric interactions of 52-AR [59].

e Key Modes of Motion.

The most selected ANM modes with highest overlap values are examined to
comprehend the basic system in the activation procedure. The analysis of ANM modes
are performed according to procedure applied in the Section 3.1.1.1. The frequency of

selected ANM modes are given in Figure 3.95.

Initial fifty cycles of parallel runs are researched to decide ANM mode recurrence,
which is appeared in Figure 3.96. Considering the movements of important residues
that show the activation procedure in the most ideal manner, ANM mode 1 and 2 are

characterized as the most chosen modes with most noteworthy overlap values.
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Figure 3.95. Selected Mode Mapping of f2AR simulations a) DF=0.10-0.60 A Al
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Modemax=100 R.,=10 A. d) DF=0.35 A Modemax=100 R.,,=13 A.



C.

Mode No
. - N N w
o ()] ean | [6)] o

(&)

Mode No
- - N N w
o [6)] o (8] o

(4]

135

Overlap Value

0.1 0.2 04 05 0.6 0.7 0.8 0.9 1
T T 1 ‘ T |
- = m =
- |
E = = ] =
. |
- F - | L 1 | 1 1
5 10 20 25 30 35 40 45 50
Cycle No
Overlap Value
0.1 0.2 04 0.5 0.6 0.7 0.8 0.9 1
' ' ‘ ‘ ' L e—
| 5] =] |
- = i & '
. 4
- 1 L 1 - 1 L m L o 1 W | 1]
o 10 20 25 30 35 40 45 50
Cycle No

Figure 3.95. Selected Mode Mapping of 32AR simulations a) DF=0.10-0.60 A All
Modes R.,;=10 A. b) DF=0.60 A Modemax=30 R.,;=10. ¢) DF=0.35 A
Modemax=100 R.,,=10 A. d) DF=0.35 A Modemax=100 R.,=13 A. (cont.)



Frequency
[
[en]

B DF=0.20 Modemax=30 Rcut=13
B DF=0.35 Modemax=30 Rcut=13
B DF=0.40 Modemax=30 Rcut=13
DF=0.20 Modemax=100 Rcut=13
B DF=0.35 Modemax=100 Rcut=13
B DF=0.40 Modemax=100 Rcut=13
B DF=0.10-0.40 All Modes Rcut=13
B DF=0.10-0.50 All Modes Rcut=13
B DF=0.35 Modemax=100 Rcut=10
B DF=0.35 Modemax=100 Rcut=18

B (NMD) DF=0.40 Modemax=100
Reut=13

m (NM) DF=0.40 Modemax=100
Recut=13

B DF=0.20 Modemax=100(R9) Rcut=13

® DF=0.35 Modemax=100(R9) Rcut=13

# DF=0.35 Modemax=100 Rcut=8
DF=0.10-0.60 All Modes Rcut=10

B DF=0.60 Modemax=30 Rcut=10

Figure 3.96. ANM mode frequency of parallel simulations from 3D4S to 3P0G.
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Difference vector of initial (3D4S) and final (3P0G) is compared with the other
cases (2RH1-3P0G and 3D4S-3SN6) and given in Figure 3.97 and Figure 3.98.

14
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——2RH1-3P0G ——3D45-3P0G

Figure 3.97. Difference in square vector distance between initial (2RH1-3D4S) and
final (3P0G) structure.

When SF profile of the simulations from inactive structures (2RH1 and 3D4S) to
active structure (3P0G) is compared, it can be understood from the profiles that the
minimum and maximum points coincide with each other. There is a few distinctness
in the SF profile between the residues H172-D192 in ECL2, and L302-1314 in ECL3
and extracellular side of TM7, since there is a minor shift in ECL3 in the inactive
structure (2RH1) [51]. Secondly, MS profile of this case is compared with the case
where the inactive structure (3D4S) used is the same but the active structure (3SN6)
is different. It is observed that, the minimum and maximum points of MSF profile
coincide with each other except the residues between V52-A78 at the end of TM1 and
ICL1 and T177-E187 in the ECL2. Additionally, there are nine more missing residues
in the active structure (3P0G) than other active structure (3SN6). MS of ANM modes

1 and 2 are shown in Figure 3.99.
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Figure 3.98. Difference vector between initial (3D4S) and final (3SN6 - 3P0G)

structure.

Minimum points in the MSF profile of ANM mode are considered as hinge residues
of this mode, which presumably regulate the motion. Hinge residues of ANM mode 1
are demonstrated in Figure 3.100 and determined as L45, T68, V86-V87, T110, 1127,
W158-1159, E180, D192, P211-1214, 1284, K305, and N312-Y316. V87 in TM2 and
L212 in TM5 are located in connector region and identified as allosteric residues in lit-
erature [56]. Additionally, Y316 located in orthosteric ligand binding site is determined

as allosteric residue in intermediate conformation [56].
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Figure 3.99. Mean square fluctuations of selected ANM modes of f2AR simulations
from 3D4S to 3P0G.

The hinge residues of ANM modes 2 is determined 143, V86-F89, A92, T110,
A128, Y132, 1147, 1153, Y174, T195, V222, 1275, W313, and R328 as demonstrated
in Figure 3.101. Hinge residues are overlap with DRY motif orthosteric ligand binding
site (T110) and connector region (V87 and F89). Additionally, T195 identified as hinge

residue given as allosteric residue in extracellular loop in the literature [56].

Hinge residues of ANM mode 1 and 2 are demonstrated on the inactive structure

of 52 adrenergic receptor in Figure 3.102.

As in the distance and RMSD calculations of important residues, the hinges of
the selected modes correspond to only the allosteric regions in the ligand binding site,
which is not affected by presence and absence of cholesterol. This suggests that RMSD

profile not reaching the target structure is due to a small difference in the cholesterol

binding site between the two inactive structures [58,59].
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Figure 3.100. ANM mode 1 shape of the initial state of 52 adrenergic receptor.
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Figure 3.101. ANM mode 2 shape of the initial state of 52 adrenergic receptor.
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N-Terminal

C.

C-Terminal

Figure 3.102. Demonstration of hinge residues of ANM mode 1 and 2 (dark blue and
sphere) on the structure. a) Hinges of ANM mode 1 and 2. b) Hinges of ANM mode
1. ¢) Hinges of ANM mode 2.
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The hinge residues of ANM mode 1 and 2 with functionally important residues
(DRY Motif, NPxxY Motif, Connector, Ligand binding site, G-protein binding site,
1272, and E268) are demonstrated on the inactive structure of 32 adrenergic receptor

in Figure 3.103.

a.

N-Terminal

Figure 3.103. Demonstration of ANM mode 1 and 2 hinges (dark blue), functionally
important regions (red and sphere), and the intersection (dark blue and sphere) on

the structure. a) ANM mode 1 and 2 b) ANM mode 1 ¢) ANM mode 2.
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e Cross-correlation Analysis.

Normalized cross-correlation analysis is used to identify the correlated residues.
The analysis of cross-correlation is performed according to procedure applied in the
Section 3.1.1.1. Normalized cross-correlation analysis is performed through the activa-

tion pathway of 52 adrenergic receptor and shown in Figure 3.104.
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Figure 3.104. Cross correlation map of the activation pathway of 52 adrenergic

receptor from 3D4S to 3SNG.

The highly correlated residues are determined as A176 in ECL2 & N196 at the
beginning of TM5, A181 in ECL2 & F194 in ECL2, A226 in TM5 & H269 in TM6,
and R131-A134 in TM3 & Q142 in ICL2. According to cross-correlation analysis, it is
understood that DRY motif has effect on ICL2 region.
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3.2.2. Activation Pathway of 2 Adrenergic Receptor

The conformational changes in GPCR through the activation pathway permit
sending extracellular signal across the cell membrane to create an intracellular reaction.
For this reason, conformational changes are essential for GPCR activation. In this part
of thesis, 82 adrenergic receptor ($22AR) shows the greatest conformational changes
during activation, on the intracellular side (TM5-TM7) through rearrangements in the
ligand binding pocket (TM5-TM6). An allosteric residue network located between
TM3, TM5, TM6 and TM7 regions serves as a hub for detecting and responding to
conformational change in §22AR [15], Huang et al., 2015). Some snapshots generated
during the ANM-LD simulation are examined and shown in Figures 3.105, 3.106, 3.107,
and 3.108 to be able to understand the transition pathway form inactive structures

(2RH1-3D4S) to active structures (3SN6-3P0G).

60t Cycle
80" Cycle

C90° Rotation

Figure 3.105. Snapshots generated by ANM-LD simulations from inactive (2RH1) to
active (3SNG6) structure.
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Figure 3.106. Snapshots generated by ANM-LD simulations from inactive (2RH1) to

60th Cycle

active (3P0G) structure.
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Figure 3.107. Snapshots generated by ANM-LD simulations from inactive (3D4S) to

active (3SNG6) structure.
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60th Cycle
80t Cycle

Figure 3.108. Snapshots generated by ANM-LD simulations from inactive (3D4S) to
active (3P0G) structure.

The intermediate conformations in between initial and target/final structures
obtained by ANM-LD simulations are investigated through the activation pathway. In
the intermediate structure proposed in the literature by Dror et al. via accelerated
MD simulations, TM3, TMb5, and TM6 helixes show similar conformation with the
active structure, however TM7 motion closes the gap between intracellular ends of
TM2, TM3, TM6, and TM7 [15]. When the TM3-TM6 distances calculated between
R131 and L272 using Ca atoms of intermediate structure is analyzed, the distance
scatters between 12 A and 16 A. Additionally, the RMSD profile of NPxxY motif with
respect to inactive structure is analyzed and it is found that the NPxxY region RMSD
between 0.2 A and 0.7 A [15]. The important residues on the snapshots obtained from
the simulations from inactive structure (2RH1) to active structure (3SN6), TM3-TM6
and TM3-TMT7 distances are demonstrated in Figures 3.109, 3.110 and 3.111 to analyze
if the intermediate structures observed in the study of Dror et al., are obtained through

the ANM-LD simulation [15].
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Figure 3.109. Important residues (DRY motif, NPxxY motif, connector, ligand

binding site, G-protein binding site, L272 at the end of TM6) (dark blue and sphere)
demonstrated on the snapshots of simulations from 2RH1 to 3SN6.
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Figure 3.110. The TM3-TM6 distance between R131 (dark blue and sphere) and 1272

(pink and sphere) demonstrated on the snapshots of simulations from 2RH1 to 3SN6

When the collective variables are examined, it is observed that the intermediate
structure appears in the first 20 snapshots. According to the RMSD of important motif
calculations performed in Section 3.2.1.1, the RMSD of the NPxxY motif is between
0.2 A and 0.7 A in the first 20 cycles. In the 20" cycle, the TM3-TM6 distance is
calculated as 13.0 A. In the 60" and 80" cycles of the simulation, The TM3-TM6
and TM3-TM7 distances remain approximately constant, while the TM5 continues to
move outward. In the 100" cycle, The TM3-TM6 distance is 16.5 A and the TM3-TM?7
distance is 13.3 A.

The ANM-LD simulation of S2AR from inactive structure (2RH1) to other active
structure (3P0G) is investigated to observe if there is an alternative transition pathway.
The important residues on the snapshots, TM3-TM6 and TM3-TM7 distances are
demonstrated in Figures 3.112; 3.113 and 3.114.

Unlike the simulation result from inactive structure (2RH1) to active structure
3SN6), the intermediate structure is observed here in the 60*" cycle. For this reason,
y

it has been observed that the transition pathways of the two cases differ. In the first
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Figure 3.111. The TM3-TM7 distance between R131 (dark blue and sphere) and Y326
(pink and sphere) demonstrated on the snapshots of simulations from 2RH1 to 3SN6

case (2RH1-3SN6), the TM3-TM6 distance until 40" cycle, then the distance between
the intracellular sides of TM3 and TM6 stabilizes between the 40" and 80 cycles.
In this case, the TM3-TM6 distance is achieved to 12.9 A in the 60" cycle. These
intermediate structures show similarities with the intermediate structure proposed by

Dror et al. according to collective variable analysis [15].

The ANM-LD simulation of 52AR from the different inactive structure (3D4S)
to active structures (3D4S-3P0G) is investigated to observe the transition pathway
along the activation process. The important residues on the snapshots, TM3-TM6 and
TM3-TMT7 distances are demonstrated in in Figures 3.115, 3.116, 3.117, 3.118, 3.119
and 3.120.

When the snapshots obtained from ANM-LD simulations from inactive structure
(3D4S) to active structure (3SN6-3P0G) are investigated in the manner of collective
variables, it is seen that the activation process is not achieved. While it is observed

that the intermediate structure is reached in the simulation using 3SN6 as the active
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Figure 3.112. Important residues (DRY motif, NPxxY motif, connector, ligand

binding site, G-protein binding site, L272 at the end of TM6) (dark blue and sphere)
demonstrated on the snapshots of simulations from 2RH1 to 3P0G.
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Figure 3.113. TM3-TM6 distance between R131 (dark blue and sphere) and L272
(pink and sphere) demonstrated on the snapshots of simulations from 2RH1 to 3P0G.

Figure 3.114. TM3-TM7 distance between R131 (dark blue and sphere) and Y326
(pink and sphere) demonstrated on the snapshots of simulations from 2RH1 to 3P0G.
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Figure 3.115. Important residues (DRY motif, NPxxY motif, connector, ligand

binding site, G-protein binding site, L272 at the end of TM6) (dark blue and sphere)
demonstrated on the snapshots of simulations from 3D4S to 3SN6.
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Figure 3.116. TM3-TM6 distance between R131 (dark blue and sphere) and L272
(pink and sphere) demonstrated on the snapshots of simulations from 3D4S to 3SNG6.

Figure 3.117. TM3-TM7 distance between R131 (dark blue and sphere) and Y326

(pink and sphere) demonstrated on the snapshots of simulations from 3D4S to 3SN6.
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Figure 3.118. Important residues (DRY motif, NPxxY motif, connector, ligand

binding site, G-protein binding site, L272 at the end of TM6) (dark blue and sphere)
demonstrated on the snapshots of simulations from 3D4S to 3P0G.
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Figure 3.119. TM3-TM6 distance between R131 (dark blue and sphere) and L272
(pink and sphere) demonstrated on the snapshots of simulations from 3D4S to 3SNG6.

Figure 3.120. TM3-TM7 distance between R131 (dark blue and sphere) and Y326

(pink and sphere) demonstrated on the snapshots of simulations from 3D4S to 3P0G.
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structure, even the intermediate structure is not reached in the simulations where the
active structure is used as 3P0G. As explained in Section 3.2.1.4, it is thought that
the difference in the ICL2 loop with respect to other inactive structure (2RH1), where
the cholesterol binding site in 3D4S is located, has a great role in the conformational

movements of the structure [58,59].

The intermediate structured obtained from the ANM-LD simulastions of 52AR
of two cases (2RH1-3SN6 and 2RH1-3P0G) in which the activation process is fully

achieved according to collective variables are demonstrated in Figure 3.121.

3UON

Figure 3.121. Alignment of intermediate structures obtained by ANM-LD simulations

of the simulations in which 2RH1 is used as inactive structure.

The RMSD of intermediate structure of the simulation from 2RH1 to 3SN6 with
respect to the intermediate structure of the simulation from 2RH1 to 3P0G is calculated

as 1.1 A. The main distinctness between two intermediate structure is shown in the
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intracellular side of TM5. In the 60" cycle of the simulation from 2RH1 to 3P0G,
the outward shifting of intracellular side of TM5 is more obvious. While ECL2 loop
of the snapshot in 20" cycle of the simulation from 2RH1 to 3SN6 shows similar
conformational position with the active structure, it is observed that the snapshot in

60" cycle is exactly same as the inactive structure according to conformational position

of ECL2 loop.
The final structured obtained from the ANM-LD simulations of 52AR of two

cases (2RH1-3SN6 and 2RH1-3P0G) in which the activation process is fully achieved

according to collective variables are demonstrated in Figure 3.122.

3UON

CQO" Rotation

Figure 3.122. Alignment of final structures obtained by ANM-LD simulations of the

simulations in which 2RH1 is used as inactive structure.

The RMSD of the final structure of the simulation from 2RH1 to 3SN6 with
respect to the final structure of the simulation from 2RH1 to 3P0G is calculated as

1.6 A. The main difference between two structures detected in the intracellular side of
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TM5, DRY motif, intracellular side of TM1 and TM7. The difference in conformational
position of DRY motif is expected, since R131 in f2AR-Nb80 reacts with the nanobody
[49].

3.2.3. Allosteric Interactions in 52 Adrenergic Receptor

An allosteric residue network located between TM3, TM5, TM6 and TM7 regions
serves as a hub for detecting and responding to conformational change in 2AR [15],
[16]). The binding of an agonist to the ligand binding pocket triggers the binding of
the intracellular G protein. Conversely, G protein binding will also enhance agonist
binding; that is, an agonist actively binds to a GPCR with higher affinity. On the
other hand, MD simulations show that the intracellular pairing interface is in equi-
librium between active and inactive conformations even in the absence of the agonist.
The presence of a bonded agonist helps stabilize the active conformation of the binding
pocket, thereby affecting the intracellular junction interface to adopt active conforma-
tions. In order to understand the activation mechanisms of GPCRs and the mechanical
bases of allosteric changes / interactions, the hinge residues of the ANM modes selected
in this section of the thesis are examined, and then residues with high correlation with

functionally important sites are determined by cross correlation analysis.

In the investigation of allosteric interactions of the ANM-LD simulation from
2RH1 to 3SNG6, it is observed that F193 located in the extracellular loop (ECL2)
determined as the most important allosteric region is defined as the hinge residue [56].
T110 in orthosteric binding site, F282 in connector region, N322 in NPxxY motif,
the residues between F133-1135 which plays an important role in the motion of DRY
motif, an Y308 in TM7 which belongs to the allosteric site in extracellular loop are
determined as hinge residues of selected ANM modes [55,56]. According to analysis of
cross correlation, NPxxY motif and Y308 are correlated residues, which are given as

allosteric sides in the literature [56].
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When allosteric interactions of the ANM-LD simulation from 2RH1 to 3P0G are
investigated, DRY motif, NPxxY motif, orthosteric ligand binding site (5207), and
G-protein binding site (Y219), Y308 in TM7 and 1154 in TM4 which are the proposed
as allosteric residues in literature also overlap with the hinge residues. At the point
when the hinge residues for this case are contrasted with the hinge residues obtained
from ANM-LD simulations from inactive structure (2RH1) to active structure (3SN6),
the residues in the proposed allosteric sites in literature (intracellular loop (ICL3) and

connector region) can not be identified [55,56]).

The ANM-LD simulations from inactive structure (3D4S) to active structures
(3SN6-3P0G) unable to mirror the activation pathway of S2AR. When the selected
ANM modes are investigated to identify the hinge residues, it is seen that the al-
losteric resiudes (V87-F89, T110, 1121, C285, Y316, T195) located in allosteric sites
in connector region and ligand binding site overlap with the hinge residues [55,56]. In
the simulation from 3D4S to 3SN6, F193 identified as hinge residue overlap with the
proposed allosteric site in extracellular loop. However, in the simulation from 3D4S to
3P0G, hinge residues that can be found with the allosteric side in the extracellular part
are not detected. The reason for this situation, the allosteric regions in ligand binding
site that is not affected by presence and absence of cholesterol. Although there are
cholesterol molecules in the crystal structures of two inactive structures, 3D4S differs
from the cholesterol binding site 2RH1 in its inactive structure. This suggests that
ANM modes not detecting important allosteric regions for this case is due to a small

difference in the cholesterol binding site between the two inactive structures [58,59].

3.3. Neurotensin Receptor 1

Neurotensin (NTS), a short peptide consisted of 13-aminoacid, performs as a
modulator in the nervous system and surrounding tissues [60]. NTS modulators have
been proposed to use for curation of drug misuse, Parkinson’s disease, schizophrenia,
dietary issues, and pain [60-64]. Additionally, NTS-related ligands are promising drugs

to fight with tumors, since NTS is used as growth factor on some cancer cells [60,63-66].
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There are three different subtypes of NTS receptor (NTSR1, NTSR2, and NTSR3)
[60,62]. While NTSR1 and NTSR2 are member of class A of GPCR family, NTSR3
belongs to sortilin family [60]. A large portion of the known impacts of NTS are in-
tervened through NTSR1, which acts as a modulator in signaling to preferential tissue
via G-protein. Many of the impacts of neurotensin are intervened through NTRI1, ac-
tivation of adenylyl cyclase and phospholipase C by providing GDP/GTP exchange in
heterotrimeric G proteins [67]. Although, researches about ligand binding to NTSR1
focus on the mutagenesis and modelling, the subtleties of ligand restricting remain
ineffectively comprehended at the sub-atomic level [60]. For this reason, the activation
process of NTS1 receptors is investigated in this part of thesis to reveal the conforma-

tional changes underlying the activation mechanism of NTS1R.

NTSRI1 is a member of the peptide receptors in the B-group of class A GPCRs
[68]. NTSR1 has seven transmembrane helices (TM1-TM2-TM3-TM4-TM5-TM6-TMT7),
three extracellular loops (ECI1-ECL2-ECL3), and three intercellular loops (ICL1-ICL2-
ICL3) like other receptors in GPCR family. The structure and corresponding regions
of NTSRI1 is given in Figure 3.123.

N-Terminal

C-Terminal

Figure 3.123. The structure and corresponding regions of NTSRI1.
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The residue number of NTS1 receptor starts with 51 and ends with 386. Since
there are 29 missing residues, residue number of M2 receptor is 307. The corresponding

regions of residues is given in Figure 3.124.

N-terminal

Extracellular 68

Intracellular 89 u 103 165

ICL1 ICL2 ICL3

C-terminal

Figure 3.124. The wire diagram of N'T'S1 receptor.

Inactive and active states of GPCRs appear to show correlative conformational
changes between different subspecies, while the activation process of different GPCRs
varies in a couple of various ways. In this section, NTSR1 is utilized to explore the

activation mechanism of GPCRs.

During the activation process, conformational changes happen especially in three
novel districts that are called as ligand-binding site, connector, and G-protein binding
site. The distance between R167*° (E/DRY Motif) in ICL2 and L303%% in TMG6 is
increases while the distance between R1673%° (E/DRY Motif) in ICL2 and Y3697-53
(NPxxY Motif) in TM7 decreases (Ballesteros—Weinstein residue numbering [41]) [68].
The agonist binds to the binding pocket (Y146%2-R327%1) and causes some conforma-
tional changes in the structure, and the propagation of these conformational changes
to the cytoplasmic surface occurs thanks to polar interactions in the connector region
(A157340-P149550_-F31754). While strong packing interactions in this region are also

seen at the $2-Adrenergic receptors and p-opioid receptors, it is determined that the
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interactions at the muscarinic M2 receptor are weaker. N257%-58 and Y3697-%% in the G-
protein binding site exhibit large conformational changes during the activation process

and enable the stability of active state via the interaction between each other [68].

Functionally important residues and corresponding regions of NTSR1 are given

in Table 3.12 and Figure 3.125.

Table 3.12. Residues and corresponding regions of functionally important sites of

NTSIR.

Important Sites Residue Names Region
TM3 — TM6 Distance R167 — L303 ICL2 - ICL3
TM3 — TMT Distance R167 — Y369 ICL2 - TM7

DRY Motif E166 — R167 — Y168 ICL2
NPxxY Motif N365 — P366 — Y369 ™7
Connector A157-P249-F317 TM3-TM5-TM6
Ligand Binding Site Y146-R327 TM-TM63
GP Binding Site N257-Y369 TM5 — TM7
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Figure 3.125. Functionally important sites of NTSR1.

3.3.1. ANM-LD Simulations of NTS1 Receptor

In ANM-LD simulations of NTSRI1, the inactive and active structures which
are obtained from Protein Data Bank with PDB IDs 3ZEV and 5T04, respectively.
3ZEV is the inactive state of NTS1 receptor, respectively. 3ZEV is the structure of
thermostable agonist bound NTSR1 mutant without lysozyme fusion [67] and 5T04
is the structure constitutively active neurotensin receptor [68]. Properties of NTS1R

structures are given in Table 3.13 [67,68].

3.3.1.1. ANM-LD Simulations from 3ZEV to 5T04. To explore the activation mecha-

nism of NTS1R, ANM-LD simulations from inactive structure (3ZEV) to active struc-
ture (5T04) are examined. The alignment of active structure to inactive structure is

demonstrated in Figure 3.126.



164

Table 3.13. Summary of used structure in ANM-LD simulations of NTS1 receptor.

PDB | Ligand & .
Organism | Mutation Structure
ID Complex
Rattus
3ZEV GLY 11 Sidechains of connector region
norvegicus
TCE
Rattus
5T04 PEG 10 Lack of Helix 8
norvegicus
GOL

Figure 3.126. Alignment of active structure (5T04) to inactive structure (3ZEV)
(RMSD: 2.28 A).

Different simulations are prepared with different R..; values of 10 A, 13 A, and
18 A; maximum mod number of 30, 100, and all modes; DF values of 0.35 A, 0.40 A,
0.60 A, adoptive between 0.1 A and 0.4 A - 1.0 A. In the preparation step of initial
and final structures for the simulation, S373-C386, (G1387-(G1391, chain B, chain C,
and chain Dare deleted from inactive structure; T43-G50, N1002-S1165, and chain B
are deleted from active structure. Additionally, L92-1.93 in ICL1, S97-Q99 in ICLI,
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and H269-Q270 in ICL3 are modeled by MOD-LOOP [53]. ANM-LD result summary

is given in Table 3.14.

Table 3.14. ANM-LD Result Summaries.

Simulation Name Cycle Initial RMSD (A) | Final RMSD (A) to | The Most Selected
Number | to Target Structure | Target Structure ANM Modes
Dy = 0.10 — 1.00A
All Modes 38 2.28 1.62 1,2,5,8
Rey = 10A
Dy = 0.604
Modemax = 30 40 2.28 1.64 1,12
Rew = 13A

The RMSD through the transition pathway obtained from ANM-LD simulations

from inactive to active structure is investigated and given in Figure 3.127. RMSD of

final generated structures of selected simulations are 1.62 A and 1.64 A. The RMSD

profile through the transition pathway with best convergence is shown in Figure 3.128.

In spite of the fact that the RMSD difference isn’t noteworthy, some key changes

happen in the structure during the actuation pathway of NTSR1. These key changes

are inspected to decide how the activation process occurs.
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Figure 3.127. The RMSD difference through the simulations of NTS1R from 3ZEV to
5T04.
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Figure 3.128. The RMSD difference of selected runs through the simulations of
NTSIR from 3ZEV to 5T04.

e The TM3-TM6 and TM3-TM7 Distances.

First, the TM3-TM6 and TM3-TM?7 distances, are investigated through the tran-
sition pathway, which are one of the indications of the activation process [68]. In the
calculation of the TM3-TM6 and TM3-TM7 distances, Ca atoms of residues R167-
L303 and R167-Y369 are used, respectively. The TM3-TM6 distance is 7.4 A and 14.9
A respectively, for the initial and final/target structures; and the TM3-TM7 distance
is 15.7 A and 11.4 A, respectively, for the initial and final /target structures. The
TM3-TM6 and TM3-TMT7 distances through the transition pathway are demonstrated
in Figure 3.129.

When the last five snapshots of the ANM-LD simulation with parameters of
DF=0.10-1.00 A All Modes R.,;=10 A from thirteen parallel simulations are consid-
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Figure 3.129. Functionally important distances through the transition pathway by
ANM-LD simulations of 3ZEV to 5T04 (initial and final/target structures shown as

diamond, snapshots shown as spheress).

ered, the TM3-TM6 distance is 11.6 A; the TM3-TM7 distance is 12.9 A. When the
distance profile is investigated, it is seen that the TM3-TM6 distance of the snapshot

in 30" cycle is closer to the distance value of the active structure. After 30 cycle, the

TM3-TM6 distance decreases.

e DRY and NPxxY Motifs.

The RMSD of the important motifs E/DRY (E166 — R167 — Y168) and NPxxY
(N365—- P366— Y369) with respect to the initial structure is calculated by using Ca
atoms through the activation process is investigated [68]. The RMSD of DRY and
NPxxY motifs of the active structure are used as reference value when investigated the
RMSD profile of important motifs and are 1.2 A and 2.8 A, respectively. The RMSD

profile of DRY and NPxxY motifs through the activation process are shown in Figure
3.130.
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Figure 3.130. The RMSD of important motifs through the activation of NTSR1 from
3ZEV to 5T04 (initial and final/target structures shown as diamond, snapshots

shown as spheres).

When the last five snapshots of the ANM-LD simulation with parameter DF=0.10-
0.10 A All Modes R.;=10 A are considered, the RMSD of DRY motif is calculated as
0.9 A; the RMSD of NPxxY motif is calculated as 3.4 A.

e Connector Region, Ligand Binding Site, and G-protein Binding Site.

The RMSD profiles of the connector site (A157-P249-F317), the ligand (GLY)
binding site (Y146-R327), and G-protein binding site (N257) from their initial posi-
tions with respect to initial structure are investigated by using Ca atoms through the
activation process. The RMSD between the initial and active/target structures is 2.0
A 17A 11 A13A,05A, and 0.6 A for A157, P249, F317, Y146, R327, and N257,
respectively. The RMSD profile of connector region, ligand binding site, and G-protein
binding site is given in Figure 3.131.

When the last five snapshots of ANM-LD simulation with parameter DF=0.10-
0.10 A All Modes R.,;=10 A are considered, the RMSD of A157 is 0.8 A; the RMSD
of P249 is 1.1 A; the RMSD of Y317 is 0.7 A; the RMSD of Y146 is 0.4 A, the RMSD
of R327 is 0.8 A; the RMSD of N257 is 0.5.
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Figure 3.131. RMSD of important residues through the activation of NTSR1 receptor
from 3ZEV to 5T04 (initial and final/target structures shown as diamond, snapshots

shown as spheres).

e Key Modes of Motion.

The selected ANM modes through the transition pathway from inactive to active
structure give an insight about the usage of characteristic elements of the structure.
To accomplish this objective, the most selected ANM modes are investigated to reveal
the dynamic determinants hidden the activation pathway. The examination of ANM
modes are performed by system applied in the Section 3.1.1.1. The selected ANM
modes through the transition pathway from 3ZEV to 5T04 are given in Figure 3.132.
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Figure 3.132. Selected Mode Mapping of NTS1R simulations from 3ZEV to 5T04 a)

DF=0.10-1.00 A All Modes Ru,;=10. b) DF=0.60 A Modemax=30 R.,=13.
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The selected ANM modes in fifty cycles from 3ZEV to 5T04 are investigated and
demonstrated in Figure 3.133. ANM-LD simulation with parameter DF=0.10-0.10 A
All Modes R.,;=10, where the activation process is best observed in the manner of
analysis of collective variables, the most selected ANM modes with highest overlap

value are determined as ANM mode 1, 2, 5, and 8.
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Figure 3.133. ANM mode frequency of parallel simulations from 3ZEV to 5T04.

Square fluctuations (SF) of difference vector between the active and inactive
structure is shown in Figure 3.134. When this graph is compared with the SF of the
selected ANM modes in Figure 3.135, it is understood that square fluctuations of ANM

modes 1, 2, 5, and 8 similar to this difference vector.
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Figure 3.134. Difference vector between initial (3ZEV) and final (5T04) structure.

Minimum points in the MSF profile of ANM mode are identified as hinge residues
of this mode, which presumably regulate the motion. The hinge residues of ANM slow
mode 1 are identified as K64, T68, T88, V102, Y126-1129, C142, L163-V165, F189,
G209, C225, 1228, A253, L256, G306, L310, and Y351 and shown in Figure 3.136.
When the hinge residues of ANM1 mode are investigated, it is seen that residues

around the E/DRY motif and G-protein binding side overlap with the hinge residues.
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Figure 3.135. Mean square fluctuations of selected ANM modes of NTS1R
simulations from 3ZEV to 5T04.

The hinge residues of ANM slow mode 2 are identified as D56, L72, V102, M121-
E124, Y146, L163, A198, T231, L256, G306, and N355 and shown in Figure 3.137.
Hinge residues of ANM mode 2 overlap with the ligand binding site and the residues
around the G-protein binding.
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Figure 3.136. ANM mode 1 shape of the inactive state of NTSIR.
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Figure 3.137. ANM mode 2 shape of the inactive state of NTS1R.
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The hinge residues of ANM slow mode 5 are identified as L72-A73, T85, L106,
Y154, A196-1.200, D219, G222, F246, L322, and T354-F358 and shown in Figure 3.138.
F358 located in the hydrophobic cascade which is predicted to be responsible for provid-
ing communication between the ligand binding site and the connector [68] is determined

as a hinge residue of ANM mode 5.
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Figure 3.138. ANM mode 5 shape of the inactive state of NTSIR.

The hinge residues of ANM slow mode 8 are identified as 170-L74, 192, D139,
Y168, C172, L210, G221, C225, A261, R304, Y333, M352, and Y359 and shown in
Figure 3.139. When the hinge residues of ANM mode 8 are investigated, it is observed
that E/DRY motif and Y359 which bonds with the antagonist in the antagonist docking

studies in the literature [68] overlap with the hinge residues.
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Figure 3.139. ANM mode 8 shape of the inactive state of NTS1R.

Hinge residues of ANM mode 1, 2, 5, and 8 are demonstrated on the inactive

structure of NTS1 receptor in Figure 3.140.

Functionally important regions (DRY Motif, NPxxY motif, connector, ligand
binding site, G-protein binding site, L303) (red and sphere) and the hinge residues of
ANM mode 1, 2, 5, and 8 (deep blue) are demonstrated on the initial structure in
Figure 3.141.
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C-Terminal

Figure 3.140. Demonstration of hinge residues of ANM mode 1, 2, 5, and 8 (dark blue
and sphere) on the structure a)ANM modes 1, 2, 5, and 8 b)ANM mode 1. ¢c)ANM
mode 2 d)ANM mode 5 ¢)ANM mode 8.
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Figure 3.141. Demonstration of ANM modes 1, 2, 5, and 8 hinges (dark

blue),important regions (red and sphere),the intersection (dark blue and sphere)

a)Modes 1, 2, 5, and 8 b)Mode 1 ¢) Mode 2 d)Mode 5 e)Mode 8.
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e Cross-correlation Analysis.

Normalized cross-connection examination is utilized to distinguish the correlated
residues. The investigation of cross-correlation is performed by method applied in
the Seciton 3.1.1.1. Normalized cross-relationship examination is done through the

actuation pathway of NTSR1 and showed in Figure 3.142.
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Figure 3.142. Cross correlation map of the activation pathway of NTS1R from 3ZEV
to 5T04.

The highly correlated residues are determined as P51 & H153, P51 & D216, P51
& G221-G222, N52 & H133, N52 & S214-D216, N58 & D345, D139 & L1210, and M250
& F317. When cross-correlation map is investigated, it is seen that the residues in

N-terminal are highly correlated with TM3, TM4, and EC loop (ECL1-ECL2-ECL3).
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Additionally, ECL1 loop and ECL2 loop are found as highly correlated regions. The
correlation between TM5 and TM6 are found between M250 and F317, which have an

important role in agonist- induced signal [68].

3.3.2. Activation Pathway of NTS1 Receptor

The conformational change in GPCR permits sending an extracellular sign through
the cell membrane to produce an intracellular reaction. This conformational change
is essential for GPCR activation process, where the G-protein binds to GPCR. In
this part, NTS1R shows important conformational changes on the intracellular side
of TM5, TM6, TMT7 during the activation pathway via rearrangements in the ligand
binding site. During the activation pathway of NTSR1, intracellular side of TM5 and
TM6 moves outward and there is rearrangement in the NPxxY motif located in in-
tracellular side of TM7 [68]. To be able to comprehend the dynamic behavior of the
activation process and determine intermediate structures from the transition pathway
obtained by ANM-LD simulation from 3ZEV to 5T04, some snapshots generated by

the simulation are investigated and demonstrated in Figure 3.143.

The intermediate conformations in between the inactive and active structures
obtained by ANM-LD simulations are analyzed through the activation pathway of
NTSRI1. The important residues on the snapshots obtained from the simulations from
inactive structure (3ZEV) to active structure (5T04), TM3-TM6 and TM3-TM7 dis-
tances are demonstrated in Figures 3.144, 3.145 and 3.146. For the intermediate con-
formation (4GRV) of NTSIR available in the literature [69], the TM3-TM6 distance is
calculated as 14.0 A and the TM3-TM?7 distance is calculated as 11.9 A. The snapshot
obtained from 60th cycle may be representing an alternative intermediate structure,
since the snapshot obtained from 60th cycle has TM3-TM?7 distance of 11.9 A, while the
TM3-TM6 distance is 11.7 A. For this reason, it can be said that obtained transition

pathway may be an alternative transition of the activation process.
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60t Cycle
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Figure 3.143. Snapshots generated by ANM-LD simulations from inactive (3ZEV) to
active (5T04) structure.

Figure 3.144. Important residues (DRY Motif, NPxxY motif, connector, ligand
binding site, G-protein binding site, L.303) (dark blue and sphere) demonstrated on
the snapshots generated by ANM-LD simulations from 3ZEV to 5T04.
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Figure 3.145. TM3-TM6 distance between R167 (dark blue and sphere) and L303
(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3ZEV to 5T04.

Figure 3.146. TM3-TM7 distance between R167 (dark blue and sphere) and Y369
(pink and sphere) demonstrated on the snapshots generated by ANM-LD simulations
from 3ZEV to 5T04.
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3.4. Comparison of Muscarinic Acetylcholine Receptor, §2-Adrenergic

Receptor, and Neurotensin 1 Receptor

In this thesis, transition pathways, and dynamic factors of three different re-
ceptors, muscarinic acetylcholine receptor, 52-Adrenergic receptor, and neurotensin
1 receptor, are investigated. M2R and S2AR belong to homo sapiens species, while

NTSRI belongs to rattus norvegicus species [15,36,68].

In this part of thesis, transition pathways obtained by ANM-LD simulation of
these receptors are examined. Alignment of inactive structures of M2R (3UON), 52AR
(2RH1), and NTSR1 (3ZEV) are demonstrated in Figure 3.147.

Cso" Rotation

Figure 3.147. Alignment of inactive structures of M2R, 52AR, and NTSRI1.

The evolutionary conservation of the inactive structures of M2R, S2AR, and
NTSRI1 from the family of GPCR receptors are examined with pairwise sequence align-
ment to obtain the similarity and identity index via EMBL-EBI EMBOSS Needle [70].
The similarity matrix in given in Table 3.15. According to the similarity matrix, inac-

tive structures of M2R and $2AR show 55.5 percent similarity, while inactive structure
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of NTS1R show 48.8 percent and 48.7 percent similarity with the inactive structures
of M2R and $2AR, respectively.

Table 3.15. Similarity Matrix (in percent) of inactive structures of M2R, S2AR, and
NTSRI.

2RH1 | 3UON | 3ZEV
2RH1 | 100 25.5 48.8
3UON | 55.5 100 48.7
3ZEV | 48.8 48.7 100

The identity matrix created by EMBOSS Needle [70] is given in Table 3.16. When
identity matrix is investigated it is seen that inactive structures of M2R and 52AR show
28.8 percent identity, while inactive structure of NTS1R show 20.2 percent and 22.5
percent identity with the inactive structures of M2R and $2AR, respectively.

Table 3.16. Identity Matrix (in percent) of inactive structures of M2R, 52AR, and
NTSRI1.

2RH1 | 3UON | 3ZEV
2RH1 | 100 28.8 20.2
3UON | 28.8 100 225
3ZEV | 20.2 22.5 100

Multiple sequence alignment (MSA) is used to align three inactive structures of
M2R, $2AR, and NTSR1. This analysis is performed in EMBL-EBI Clustal Omega [70]
application. Multiple sequence alignment of these inactive structures is given in Figure

3.148.
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Figure 3.148. Multiple Sequence Alignment performed on inactive structures of M2R,

B2AR, and NTSRI1.
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According to multiple sequence alignment analysis, NPxxY motif, P?50-[6-44
in connector region, and W6.48 in ligand binding site are determined as identical.
Additionally, Y58 located in G-protein binding site is determined as identical for

3UON and 2RH]1 inactive structures.

Collective variable analysis performed on the transition pathways generated by
ANM-LD simulations are compared to analyze the differences and similarities in the
transition pathways [15,40,49,68]. The TM3-TM6 and TM3-TM?7 distances, and the
RMSD of DRY and NPxxY motif through the transition pathway of M2R, S2AR, and
NTS1R shown in Figure 3.149.
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Figure 3.149. Comparison of collective variable analysis through the transition

pathway of M2R, S2AR, and NTS1R.
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When collective variable analysis of M2R, 52AR, and NTS1R compared with
each other, it is seen that the calculated distances and RMSD values of inactive and
active structure are very close to each other, however there is differences in transition
pathway. In TM3-TM6 distance analysis, it is observed that S2AR and NTS1R show
almost identical profile until 30" cycle, while the TM3-TM6 distance of M2R increases
at a slower rate. The TM3-TM7 distance profile of NTS1R reaches the target structure
very quickly compared to other receptors. While the distance of TM3-TM7 of the 52AR
decreases more slowly, it decreases more rapidly at the end of the simulation. When the
RMSD values of the DRY motif are examined, the RMSD value of the target structure
differs slightly for NTS1R, which may be due to the mutation (R167L3°) in the DRY
motif of the NTS1R [68]. The RMSDs of NPxxY motif of active structures of 52AR
and NTS1R are found very close. As in the TM3-TM7 distance profile, the RMSD
value of the NTS1R is converged to the active structure in the first 30 cycles. In the
simulation using 52AR, the RMSD of NPxxY motif increased slowly, and this increase
accelerated at the end of the simulation. In the calculation for M2R, the RMSD of
NPxxY motif approaches the target structure around the 50 cycle and then starts to

show fluctuations.

When the results of cross-correlation analysis are compared for three receptors,
while the NPxxY motif correlated with the extracellular side of TM7 in $2AR, it is
correlated with the TM6 helix at the M2 receptor. No residues in the NTSR1 with
a highly correlated NPxxY motif are able to be detected. A correlation is noticed
between P157 in TM4 and the residue at the end of TM6, which was used to calculate
the distance of TM3-TM6 in M2R, however, this correlation is found in calculations
only for M2R. The comparison of cross correlation analysis indicates that interactions
differ markedly for different subspecies, which are reflected in the differences of the

dynamic infrastructure of allosteric interactions.
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4. CONCLUSION AND RECOMMENDATIONS

4.1. Conclusion

The aim of the thesis is to comparatively study the structural dynamics of ho-
mologous proteins, and to determine the dynamic factors underlying activation in the
members of GPCR family. For this purpose, it is aimed to generate inactive-active
conformational transition pathways of muscarinic acetylcholine, $2-Adrenergic recep-
tor, and neurotensin 1 receptor with the ANM-LD methodology to determine the most
dominant dynamic modes underling transition pathways that enable the activation pro-
cess and how the all compare between different GPCR members. Common and specific

traits in the functional dynamic behavior of different GPCR members are quested.

Conformational changes in GPCR enables the extracellular signal to be commu-
nicated over the cell membrane to create an intracellular reaction. Activation of GPCR
depends on this conformational change to form G-protein binding conformational state.
During activation, conformational changes happen particularly in three unique regions
that are called as ligand-binding site, connector region, and G-protein binding site. In-
tracellular side of TM6 and TM5 moves outward and NPxxY motif in TM7 rearranges
through a cage formation [40]. The broken ionic lock between the side chains R*5° in
DRY motif and E%3° enables the increase in the distances between R3*° in DRY motif
in the intracellular side of TM3 and T%3* at the end of TM6. Along, the distance be-
tween R** in DRY motif and Y7 in NPxxY Motif in TM7 decreases [42,43,45]. The
predicted transition pathways by ANM-LD simulations are quested if adhere to these

latter structural changes for the physical and biological relevance of the activation.

To explore the activation process of the M2 receptor, two different cases (Case
1 - Case 2) are studied. In the first case, the simulations from inactive structure
bound to an antagonist (3UON) to active structure bound to agonist iperoxo (4MQS)
are investigated. In this case, the TM3-TM6 distance increases to 14.3 A, the TM3-
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TM?7 distance decreases to 12.9 A, and the distance between the residues forming
salt bridge increases 19.2 A. The RMSD of the important motifs DRY (D120 - R121
- Y122) and NPxxY (N436 — P437 — Y440) with respect to the initial structure is
calculated by using Ca atoms through the activation process. Additionally, The RMSD
profiles of the connector site (V111 and P198), the ligand (QNB) binding site (W400)
and the G-protein binding site (Y206) from their initial positions are investigated
by using Ca atoms through the activation process. Based on the results of these
collective variable analyses, it is concluded that the transition pathway mirrors the
activation process of M2 receptor. The most dominant dynamic modes that underly
the transition pathways in the activation disclose mechanistically important amino
acids that control the activation dynamics. Accordingly, the most frequently selected
modes; ANM modes 1 and 5, yields that the most effective regions during the activation
process are intracellular loops (ICL1-ICL2), extracellular loop (ECL2), and residues
located around the ligand (QNB) binding site (W400). Moreover, the overlap of the
hinge residues of selected ANM modes with previously proposed allosteric sites [36,40,
43, 45] support the notion that the hinge residues constitute to a dynamic allosteric
network. As the second, the simulations from inactive structure bound to an antagonist
(3UON) to active structure bound to agonist iperoxo and allosteric modulator (4AMQT)
are investigated. In this case, the results of the distance between TM3-TM7 and
the RMSD of NPxxY with respect to inactive structure are achieved closer to the
target structure than the first case, which implies that allosteric modulator in the
active structure affects the transition pathway in a functional favorable way. The
most frequently selected modes where activation takes place for both cases (Case 1
- Case2) of M2 receptor are compared, a correspondence are observed as such that
major profile of residue fluctuations are similar while the differences mainly lies in the
orthosteric ligand-binding site. When the allosteric regions are examined, it is seen
that the key collaborating residues are better predicted in this case with the activator.
Additionally, the agreement of the predicted intermediate conformation by ANM-LD
simulations the intermediate structures proposed via accelerated MD simulations [36]

supports the physical relevance of the predictions of ANM-LD for M2.
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The activation process of 52AR investigated through four different cases (Case
1 - Case 2 - Case 3 - Case 4); two inactive structures of f2AR (2RH1-3D4S) and two
active structures (3SN6-3P0G) yields as follows. In the first case (ANM-LD simulations
from 2RH1 to 3SN6), the behavior of structural motifs discloses the transition pathways
that reflects the activation process successfully. The hinges of the mostly selected ANM
modes 7, 11, and 24 coincide with DRY Motif, L272 at the end of TM6 helix, T110 in
orthosteric binding site, F282 in the connector region. Additionally, F193 is identified
as hinge residue overlap with the most promising allosteric site in extracellular loop [55,
56]. Moreover, ICL1 being highly correlated with the C-terminal and intracellular sides
of TM6 and TMY7 are also determined as highly correlated residues is likely an allosteric
side. In the second case, the conformational transition pathway from inactive structure
(2RH1) to active structure (3P0G) by ANM-LD simulations represents a physically
plausible activation pathway. The hinges of the mostly selected ANM mode 9 overlap
with functionally important DRY motif, NPxxY motif, orthosteric ligand binding site
(S207), and G-protein binding site (Y219). Although F193 is a hinge residue in ICL3
loop in first case of S2AR but not in this case. The major reason for this situation is
the missing residues in the ICL3 loop of the structure, which affects the selected ANM
modes. Furthermore, DRY motif is affected by T68 at the end of TM2 and NPxxY motif
is correlated with F61-L64 in ICL2. The intermediate structures proposed previously
is observed in the 20" snapshot and the 60" snapshot generated in the first and
second cases, respectively [15], which implies that the intermediate structures of F2AR
are obtained by ANM-LD simulations from the inactive structure (2RH1) to active
structures (3SN6-3P0G). When the snapshots obtained from ANM-LD simulations
from inactive structure (3D4S) to active structure (3SN6-3P0G) are examined, it is
seen that activation process is not fully accomplished. The difference between two
inactive structure located in ICL2 loop may be the reason for this situation, since
ICL2 where the cholesterol binding site in 3D4S is located, has a great role in the
conformational movements of the structure [58,59]. Therefore, it is understood that

the change in the ICL2 region blocks the transition pathway.
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In the investigation of activation process of neurotensin 1 receptor, inactive
(3ZEV) and active (5T04) structures are used. In activation process, the mostly se-
lected ANM modes are 1, 2, 5, and 8. Hinge residues of mostly selected ANM modes
coincide with E/DRY motif, residues around the G-protein binding site, F358 which
is responsible of the communication between ligand binding site and the connector.
When cross-correlation map is investigated, it is seen that the residues in N-terminal
are highly correlated with TM3, TM4, and EC loop (ECL1-ECL2-ECL3), which im-
plies that there is a possible allosteric region located in N-terminal. Additionally, the
correlation between TM5 and TMG6 is determined between the residues M250 and F317,
which have an important role in agonist- induced signal [68]. Intermediate structure
(4GRV) of NTS1R available in the literature [69] is compared according to collective
variable analysis with the snapshots obtained by ANM-LD simulation. There is a 3 A
difference in the TM3-TM6 distance analysis compared with the intermediate structure
obtained by ANM-LD simulation, while the TM3-TM?7 distance approximately equal
for two structures. For this reason, it is possible that obtained transition pathway
may be an alternative transition of the activation process or the transition pathway

generated by ANM-LD simulation.

In the last part of the thesis, transition pathways obtained for the three receptors
(M2R, 52AR, NTS1R) mentioned above are compared with each other. M2R and
B2AR belong to homo sapiens species, while NTSR1 belongs to rattus norvegicus
species [15, 36, 68].

The evolutionary conservation of these three receptors, their inactive structures,
via EMBOSS Needle [70] show that according to the similarity matrix, inactive struc-
tures of M2R and S2AR show 55.5% similarity, while inactive structure of NTS1R show
48.8% and 48.7% similarity with the inactive structures of M2R and 52AR, respectively.
The TM3-TM6 and TM3-TM7 distances and the way of a few functionally imperative
motifs depict the pathway that appear commonality and contrasts in three GPCRs.
The agonist binding pocket interactions contrast particularly for distinctive subspecies,

which reflected within the differences of chosen dynamic modes of movement.



193

Additionally, multiple sequence alignment is performed to find similarities in
sequence between these receptors. The results of multiple sequence alignment indicate
that NPxxY motif, P5%0-F64 in connector region, and W4 in ligand binding site are
determined as identical in three receptors and Y >%8 located in G-protein binding site is
determined as identical for M2R and 2AR. When M2R is compared with NTSR1 and
B2AR, the weaker packing interactions result in more adaptable fragments within the
connector of NTSR1 and $2AR resulting within the TM3-TM6 distance decays slower.
In spite of the fact that a common agonist binding site does not exist, the preserved
DRY, and NPxxY motifs are the common drivers of the G-protein binding site. These
receptors are compared with respect to cross-correlation analysis. In M2R and $2AR,
NPxxY motif is highly correlated with TM7 helix and TM6 helix, respectively. There
are no residues in NTS1R with a highly correlated NPxxY motif. Additionally, at the
end of TMG6 helix and TM4 helix are determined as highly correlated residues in M2R.
Considering the cross-correlation results, it is implied that there are differences in the

dynamic infrastructure of allosteric interactions in different members of GPCR family.

4.2. Recommandation

This study can be improved by the determination of transition pathways of dif-
ferent sub-members of GPCR family with physical and biological reality, comparison
of water pathway formation in intermediate structures along transition pathways with
different homologues. Additionally, to determine alternative transition pathways by
restricted ANM-LD simulations enables us to determine evolutionarily conserved and
changed dynamic factors. In order to obtain more realistic transition pathway, ANM-
LD simulations containing ligands can be performed or all-atom ANM-LD simulations

can be performed to evaluate the side chains of amino acids.
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