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STRUCTURAL STUDIES OF NMDA RECEPTOR AND XANTHINE OXIDASE
ENZYME

ABSTRACT

The first part of the thesis deals with the structural studies of N-Methyl-D-Aspartate
receptors (NMDARs). NMDARs are ionotropic ligand-gated receptors that have
pivotal roles at the central neuronal system but, hyperactivity of NMDARs could
contribute to neurodegenerative diseases. Therefore, understanding the activation
mechanism of NMDARs is important as it may lead to the development of new

treatments for neurodegenerative diseases.

In this thesis, human GluN1/GluN2A type NMDAR is modeled based on
GluN1/GluN2B type NMDA structures that were resolved in 2014. To observe the
dynamics of NMDA, 1.3 microseconds molecular dynamics simulations are
performed for ligand-free and ligand-bound structures in the physiological
environment. RMSD, RMSF, and PCA have been used to analyze the trajectory
to understand the differences in ligand-free and ligand-bound structures collective

motions.

From these analyses, the differences in between ligand-free and ligand-bound
simulations can be summarized as the following: Ligand-binding domain closure is
observed, and these rearrangements are reflected to the transmembrane linkers
upon ligand binding. Correlation maps from PCA analysis display more correlated
motions in ligand-bound simulations. As a summary, mainly ligands act like an
adhesive for the binding-domain by bringing the bi-lobe structures together and

consequently, this is reflected in the overall dynamics of the protein.

In the second part of this thesis, Xanthine Oxidase (XO) enzyme has been studied

for the potency of bis-chalcones compounds. 8 bis-chalcones compounds that were



provided to us from Serdar Burmalioglu’s research group, showed high inhibition
behavior on XO. These 8 molecules are docked to XO catalytic unit and 1000 run is
performed for each compound. All compounds show better results than its approved
drug which is allopurinol, however, the best ones are fifth and seventh compounds.
In addition, all these compounds have three similar binding modes but, the first

pose has the lowest free binding energy.

Keywords: NMDA, Molecular Dynamics Simulations, PCA, XO,

AutoDock, bis-chalcones

i



NMDA RESEPTORUNUN VE KSANTIN OKSIDAZ ENZIMININ YAPISAL
CALISMALARI

OZET

Tezin ilk boliimiinde, N-Metil-D-Aspartat reseptorlerinin yapisal calismalarindan
bahsedilmigtir. NMDAR, merkezi sinir sisteminde ©énemli rollere sahip olan
iyonotropik ligand kapili reseptorlerdir, ancak ancak NMDAR’larin hiperaktivitesi,
norodejeneratif hastaliklara neden olmaktadir.Bu yiizden NMDAR mekanizmasinin
anlagilmasi norodejeneratif hastaliklar i¢in yeni tedavilerin geligtirilmesinde énemli

bir rol oynamaktadir.

Bu tezde, insan GIluN1/GluN2A tipi NMDAR, 2014 yilinda ¢oziilmiig olan
GluN1/GluN2B tipi NMDAR X-ray yapilarina gére modellenmigtir. NMDAR
dinamiklerini gozlemlemek icin ligand-olmayan ve ligand-bagl yapilar, 1.3 mikro
saniye molekiiler dinamik simiilasyonu kullanilarak kosturulmustur. Yapilarin

kolektif hareketlerinin farkliliklarimi anlamak ve yoOriingeyi analiz etmek icin

RMSD, RMSF ve temel bilegen analizleri kullanilmistar.

Bu analizler sonucunda, ligant icermeyen ve ligant baglh simiilasyonlar arasidaki
farklar agagidaki gibi Ozetlenebilir; ligant baglandigi bolgede kapanmaya sebep
olurken degisimlerin transmembrane ilmeklerine yansidigi goriilmiigtiir. Korelasyon
grafiklerine gore ligant baglanmasi ile korelasyonlarin arttigi gozlemlenmistir.
Ligant, baglandigi bolgede bir yapistirici gorevi goriir ve baglandigi bolgenin

loblarini birlikte tutarak diger alanlarin hareketini artirmaktadir.

Ikinci boliimde, bis-kalkon bilesiklerinin ksantin oksidaz (XO) enzimi iizerindeki
inhibisyon etkisi dok ¢aligmalari ile gozlemlenmigtir. Serdar Burmalioglu aragtirma
grubu tarafindan saglanan 8 bis-kalkon bilegikler, XO {izerinde yiiksek inhibisyon

gostermektedir. Bu galismada sentezlenen 8 molekiil XO katalitik birimine dok

iii



edilmigtir. Biitiin bilegikler FDA onayl allopurinolden daha iyi sonu¢ gostermistir.
En iyi sonug¢ beginci ve yedinci bilegiklerde goriilmiistiir. Buna ek olarak biitiin
bilegiklerde 3 benzer dominant poz gozlenmistir. Ik poz en diigiik baglanma

enerjisine sahiptir.

Anahtar Sozciikler: NMDA, Molekiiler Dinamik Simiilasyonlari, PCA,
X0, AutoDock, bis-kalkonlar

iv



ACKNOWLEDGEMENTS

I am greatly thankful to my advisor, Asst. Prof. Sebnem ESSIZ for helpful
discussions, guidance, and support. She taught me how good research should be
done, and she always encouraged me in this process. Besides my advisor, I would
like to thank the rest of my thesis committee: Prof. Dr. Kemal YELEKCI and
Assoc. Prof. Dr. Barg BINAY for the time that they devote to read and their

insightful comments.

I am really thankful to my friends for their whose encouragements and support
helped me a lot during my Master. Especially I thank my colleagues Ayhan Demir,
Muhammed Aktolun, Nuray S6glinmez, Burak Servili and Merve Ayyildiz for their
support.

Last but not least, I would like to express my gratitude to my parents for their

endless support and understanding for no matter what.

This work was supported by the Scientific and Technological Research Council of
Turkey (TUBITAK) under the grant No: 114Z687.



vi

Dedicated to My Parents



Table 2.1
Table 7.1

LIST OF TABLES

Time scale of motions

Estimated binding free energies of eight compounds . . . . . . .

vil



Figure 1.1
Figure 1.2
Figure 1.3
Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9

Figure 3.10
Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 5.1
Figure 6.1

LIST OF FIGURES

Subfamilies of the glutamate receptors. . . . . . .. .. .. ... 2
Topology of NMDAR, . . . . . .. .. . ... ... ... ..., 5
Electron microscope pictures of antagonist-bound NMDAR . .. 6
The representation of membrane and protein . . . . . . ... .. 18
The representation of simulation box . . . .. .. ... ... .. 19
The RMSD plot of apo and halo simulations . . . . .. ... .. 21
Conformational changes of ATD upon ligand binding. . . . . . . 22
Diagonal distance between pre-determined residues in LBD. . . . 24
Intra/Inter-domain motion analysis of LBD. . . . ... ... .. 26
Distance change of TMD girdle after ligand binding. . . . . . . . 28

Alignment of the narrowest (Halo-gray) and widest
(Halo-colored) states of the bottom gate. . . . . . ... ... .. 30
Alignment of the narrowest (Apo-gray) and widest
(Halo-colored) states of the upper gate . . . ... ... .. ... 31
Distance change of M3/S2 linker between subunits. . . . . . .. 32
Root-mean-square fluctuations (RMSF) graphs of separate
subunits. . . . ... 34
Principal component analysis . . . . . .. ... ... ... ... . 36
First mode of GluN1 subunits of apo and halo simulation from
PCA . 38

First mode of GluN2A subunits of apo and halo simulation from

The rotation between two extreme structures that is taken from

PCA first mode. . . . . . . . ... 41
Correlation maps of A)GluN1; and B)GluN2A; subunits. . . . . 43
Correlation maps of A)GluN1, and B)GluN2A, subunits. . . . . 44
Oxidation mechanism of Xanthine oxidase . . . . ... ... .. 51

Representation of bis-chalcones compounds and the catalytic

part of the XO . . . . . . . ... 55

viii



Figure 7.1

Figure 7.2

X-ray (yellow) and docked (orange) positions A) Quercetin and
B) Salicylic Acid . . . . .. ...

Binding Free Energies for eight compounds . . . . . . . .. . ..

ix



LIST OF SYMBOLS/ABBREVIATIONS

A Angstrom

Q Alpha

15} Beta

y Gamma

A Delta

0 Theta

T Pi

by Sigma

1) Omega

K Kelvin

3D Three Dimensional

ADT AutoDock Tools

ALA Alanine

AMPA -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
AMPAR -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate Receptor
ARG Arginine

ASN Asparagine

ASP Aspartic Acid

ATD Amino Terminal Domain
C Carbon

Ca Carbon Alpha

CNS Central Nervous System
CTD Carboxy Terminal Domain
CYS Cysteine

fs Femtosecond

GUI Graphical User Interface
HIS Histidine

ILE Isoleucine



iGluR Tonotropic Glutamate Receptor

LBD Ligand Binding Domain

LEU, L Leucine

LGA Lamarckian Genetic Algorithm
LYS, K Lysine

MD Molecular Dynamics

mGIluR Metabotropic Glutamate Receptor
NMDA N-methyl-D-aspartate

NMDAR N-methyl-D-aspartate Receptor
NMR Nuclear Magnetic Resonance
ns Nanosecond

PCA Principal Component Analysis
PDB Protein Data Bank

PHE Phenylalanine

PME particle-mesh Ewald

POPC Palmitoyl-oleoyl phosphatidylcholine
ps Picosecond

RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
SER Serine

THR Threonine

TMD Transmembrane Domain

VAL Valine

X0 Xanthine Oxidase

XOI Xanthine Oxidase Inhibitor

vdW van der Waals

xi



PART 1

CHAPTER 1



1. INTRODUCTION

1.1 Glutamate Receptors

The cell membrane consists of phospholipid bilayers which form a semi-permeable
barrier. This barrier encloses the interior of the cell from out. Ion channels are
macromolecular protein complexes that occupy the lipid double layer of the cell
membrane. Ion channels facilitate ion flux throughout this layer. The passage of
the ions to the membrane is vital for all life forms and is preserved from bacteria
to humans. Regulation of ion flux is important in membrane potential regulation,
hormone secretion, regulation of cell volume, ion flow to the cell, and memory
learning (Hille, 2001). Thus, ”channelopathies” which is the dysfunction of ion
channels are the main reason for common diseases’ such as Alzheimer’s,
Parkinson’s, Huntington’s, epilepsy, and schizophrenia (E Stafstrom, 2001).
Therefore, developing therapeutic agents for central neuronal systems (CNS)

disease by targeting ion channels has become one of the major research topics.

Almost half of the neurons in the mammalian brain use glutamate as a
neurotransmitter. Glutamate is present in high concentrations in the cerebrospinal
fluid. It can pass through the blood-brain barrier at presynaptic neuron terminals.
A type of ligand-gated ion channel, glutamate receptors need binding of glutamate
to be activated. (M. Chen et al., 2008; Lisman et al., 2007). According to their
molecular composition, electrophysiological and pharmacological properties,
glutamate receptors are subdivided into two large groups: Ionotropic glutamate
receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) (Nakanishi,
1992; Niswender and Conn, 2010) (Figure 1.1).
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Figure 1.1 Subfamilies of the glutamate receptors.

Metabotropic receptor family (mGluR1-8), regulates electrical stimulation through
activation of various secondary messengers. mGluRs are divided into three groups;
Group I (mGluR1 and mGluR5), Group II (mGluR2 and mGluR3) and Group III
(mGluR4, mGluR6, mGluR7, and mGluR8) (Nakanishi, 1992; Niswender and Conn,
2010). Group I metabotropic glutamate receptors are located in the postsynaptic
somatodentritic area. They cooperate with other postsynaptic glutamate receptors
to accelerate ligand-dependent ion channels activation. Group II and III mGluR

serve as auto-receptors that inhibit glutamate release (Dwivedi and Pandey, 2011).

The ionotropic glutamate receptors (iGluRs), also named as ligand-gated ion
channels work via Ca?*, consist of 4 sub-groups; a-amino-3-hydroxy-5-methyl-4
isoxazolepropionic acid (AMPA) receptors (GluR1-4), kainate receptors (GluR5-7,
KA-1 and KA-2), N-methyl-D-aspartate (NMDA) receptors (GluN1, GluN2A-D
and GluN3A-B) and receptors (GluD1 and GluD2) (Traynelis et al., 2010) (Figure
1.1).  AMPA, kainate and NMDA receptors are found in synaptic regions.
Combination of these receptors determines the amplitude and kinetics of

postsynaptic currents (Lester et al., 1990).

1.2 N-Methyl-D-Aspartate (NMDA) Receptors

The NMDA receptors are heteromeric proteins that involve GluN1 subunit
combines with GluN2 (A-D) and/or GluN3 (A-B). Contrary to other ligand-gated



ion channels, NMDARs have magnesium (Mg?") binding site in the channel
vestibule (Kupper et al., 1996). Mg?* is a channel blocker and released after
agonist binding. After Mg?* removal, calcium ion can pass through to cell and
trigger different cellular processes. Ligand binding induces three different states in
the receptor; open state, desensitization, and closed (Lester et al., 1990; Lester and
Jahr, 1992). All these states occurrence probability is equal (Popescu et al., 2004).
NMDARs are essential for CNS and have pivotal roles at neurotransmission and
synaptic plasticity. However, overactivation of NMDARs could lead to
neurodegenerative diseases like Alzheimer’s (Arundine and Tymianski, 2003).
Therefore, NMDARs have become a hot topic to study for developing

neuroprotective agents.

1.3 Topology of NMDA

Each subunit of NMDA has an amino-terminal domain (ATD), a ligand-binding
domain (LBD), three transmembrane domains (TMD) (M1, M3, and M4), a re-
entrant loop (M2) and a carboxyl-terminal domain (Ryan et al., 2008) (Figure 1.2).

ATD adopts bi-lobed shaped and looks like a clamshell. These lobes named as R1
and R2 and they linked to each other with three well defined loops (Karakas et
al., 2009) (Figure 1.2). ATD allosterically regulates the activation and inhibition of
NMDA and has a binding site for modulators like Zn?*, phenylethanolamine, and
polyamine (Fayyazuddin et al., 2000; Gallagher et al., 1997; Gielen et al., 2009;
Hatton and Paoletti, 2005; Mony et al., 2009; Perin-Dureau et al., 2002; Rachline
et al., 2005; Traynelis et al., 1995). In contrary, ATD does not have a role in the
activation of AMPA and kainate receptors. (Dutta et al., 2012). Hence, ATD plays
a role not only in assembly and modulation but also trafficking of the receptor (Qiu

et al., 2009).



LBD is formed from two extended sequences called S1 and S2 (Stern-Bach et al.,
1994). The region between ATD and M1 called S1 and part between M3 and M4
named as S2. LBD structural shape is similar to the clamshell like domains and lies
in the extracellular part of the cell. GluN1 and GLuN2 subtypes form an asymmetric
unit for LBD and arranged themselves back-to-back fashion. Upon ligand-binding,
LBD clamshell closes and leads to ion channel activation (Kleckner and Dingledine,
1988; Lerma et al., 1990). While glycine or endogenous D-serine (co-agonist) binds
to GluN1, glutamate is the natural ligand of GluN2 (Shleper et al., 2005). Hence, it is
suggested that LBD and ATD coupling is crucial in terms of ion channel modulation

(Gielen et al., 2009; Krupp et al., 1998; Lester et al., 1990; Traynelis et al., 2010).

The transmembrane domain is placed in the cell membrane and has 3 helixes as
M1, M3, and M4 and a re-entrant loop M2. These helixes form the channel part of
the receptor to a gateway for ions. M3 helixes organization causes a narrow region
in the upper part of the channel. It is reported that M3 helixes are essential for
gating. Also, SYTANLAAF (Lurcher Motif), a conserved amino acid sequence for
all iGluR family is located in the M3 helix. This sequence plays a role in activation
of NMDA (Chang and Kuo, 2008). Re-entrant loops M2 organized themselves inside
the channel and form another small region. Mg?* ions are the blocker for NMDA
receptors and bind to M2 helixes in the voltage-dependent manner (Kupper et al.,
1996; Wollmuth et al., 1998). After depolarization, blockage of Mg** is removed and
calcium ion can pass through the channel. CTD which locates after M4 helixes is
the region that enables the interaction between intracellular proteins, so it is critical
for the receptor since it governs the downstream signaling (M. J. Kim et al., 2005;

Tu et al., 2010).
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Figure 1.2 Topology of NMDAR. CTD part removed from the picture for clarity.
An extracellular N-terminal domain (ATD), a ligand-binding domain (LBD) and a
transmembrane domain (TMD) with M1, M2, M3, and M4 helices involve in
NMDAR construction. ATD and LBD clamshells are formed from two lobes.
Upper lobes named as R1 and D1 and lower lobes named R1 and D2. A sequence
called S1 forms upper lobe of LBD and links the domain to M1 helices. S2
sequence forms lower lobe of LBD and connects to M3 helices to LBD.

1.4 Structural and Dynamics Studies of NMDA

The first potassium channel X-ray crystallography was resolved in 1998 by
MacKinnon and colleagues (Doyle et al., 1998). Based on this research, they made
a proposal on the gating mechanism of the ion channel. After 5 years, he won the
Nobel Prize for this study. In addition, in 2002, Wiithrich won Nobel prize by
developing of NMR, techniques for studying of biological macromolecules. These

studies show us the importance of structural biology.



NMDA is a membrane protein that takes part in the different cellular process.
Malfunctions in the regulation mechanism of NMDAR can cause common diseases
such as Alzheimer’s and Parkinson’s. Therefore, more attention should be given to
the structure of NMDAR to identify normal and abnormal functions. X-ray
crystallography and NMR, are two main methods for generating high-resolution
structural models. Membrane proteins are difficult to crystallize with
high-resolution compared to soluble proteins. For NMDA receptors, in addition to
being embedded in the membrane, it has a large extracellular part which makes
the receptor flexible. In an article, three-different agonist/antagonist bound states
of NMDA receptor were published, They were visualized by Cryo-EM and electron
resonance methods (Zhu et al.,, 2016). At least three or four different
conformations were observed in each agonist/antagonist bound structure. As
shown in Figure 1.3, the protein sampled six different conformations for the
agonist-bound state (Zhu et al., 2016). In addition, during crystallization studies,
membrane part removed with detergent which effects the crystallization of TMD
part. Even though agonists are bound, the receptor can be closed to ion flux. This
state is called ”desensitized”. In the protein databank (PDB), most of the entries
are found in ”desensitized state”. All these facts showed that the study of
membrane proteins both experimentally and computationally requires developing

original techniques.
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Figure 1.3 Electron microscope pictures of antagonist-bound NMDAR (Reprinted
from ”Mechanism of NMDA Receptor Inhibition and Activation” by S. Zhu)
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Crystal structures of NMDA that published in 2003, 2005 (Furukawa and Gouaux,
2003; Furukawa et al., 2005) showed that the orientation of S1/S2 is similar to
AMPA GluR2 structure (Armstrong et al., 1998). Through these studies, it was
observed that distance between D1 and D2 lobes decreases due to ligand binding
pocket closure after ligand binding. This rearrangement may put enough strain to
pull the linkers of TMD resulting in the ion channel activation (Armstrong et al.,
2006; Mayer, 2006). Hence this mechanism may be maintained in the iGluR protein
family.

Ion channel activation not just depend on the conformational changes of LBD, but
also ATD plays an important role in the activation. ATD contributes open
probability, allosteric modulation, and desensitization of receptor (Gielen et al.,
2009; Madry et al., 2007; Yuan et al., 2009). Karakas and colleagues showed that
ATD organization is similar to LBD (Karakas et al., 2009). Structural studies of
isolated ATD’s indicate that GluN2 ATD cleft opens by rearranging its lobes
during activation (Tajima et al., 2016). In a recent study, the protein was
crystallized by removing the ATD, and a structurally different symmetrical TMD/
LBD was obtained compared to intact protein. This indicates the influence of the

ATD in stabilizing the structure (Song et al., 2018).

Two whole intact GluN1/2B NMDAR crystal was resolved in 2014 (Karakas and
Furukawa, 2014; C. H. Lee et al., 2014). Before that, only iGluR full-length structure
available was AMPA GluR2 (Sobolevsky et al., 2009). These structures showed
that topology of the NMDAR is similar to AMPA which solved in 2009. Two
NMDAR X-ray structures have a high resolution within the extracellular part of
the protein, but the resolution in the TMD part was problematic. Also, these two
structures are thought to be the desensitized state. However, before these two X-ray
crystals, structures of an AMPA receptor (AMPAR) (Sobolevsky et al., 2009) and
potassium (Shi et al., 2006) channel were used for computational studies to explain
the mechanism of NMDA (AMPAR is homologous to NMDAR, unlike potassium

channel are structurally similar to iGluRs TMDs).



Despite the lack of activated conformations of X-ray NMDAR, many
computational studies have been carried out to explain the mechanism of NMDA.
In 2013, how specific subunit compositions affect the gating of NMDA was
investigated by using homology modeling and targeted molecular dynamic studies
(Dai and Zhou, 2013) which uses steering forces to drive the structure to the
desired conformation (Schlitter et al., 1993). The receptor was modeled by using
AMPA X-ray structure. As a summary this study showed that D2 lobes of GluN2
shifts to the interface of LBD, and GluN1 subunit has an effect on Ca?* ion
permeabilization (Dai and Zhou, 2013). Another study examined M3/S2 linker
role on the receptor by introducing the residues to the linker. Results showed that

mechanical pulling is needed for activation (Kazi et al., 2014).

There are computational studies to characterize LBD motions upon ligand binding.
One such study investigates the semi-closed conformations of LBD and the residues
that can stabilize the closed configuration (Dai and Zhou, 2016). Ligand selectivity
for LBD (Lau and Roux, 2011), semi-active agonist activity (Postila et al., 2011) and
agonist-induced LBD cleft closure (Dravid et al., 2010; Frydenvang et al., 2009) have
been studied with molecular dynamics simulations. In addition, different degrees of
closure upon ligand binding have been observed for different agonists and partial
agonists (Armstrong and Gouaux, 2000). In 2017, with the whole GluN1/GluN2B
NMDAR crystal, an open model of Xenopus laevis NMDA was obtained by using
the repacking of TMD helixes via targeted simulation (Pang and Zhou, 2017). Also,
a study conducted in 2017 helped us to understand the dynamics of the receptor
during activation by using coarse grained molecular dynamics (Isralewitz et al.,
2001) which treats a smaller atoms groups like one group to simplify the system.
According to that study, activation occurs stepwise. ATD conducts its motions to
TMD with the help of R2-D1 interface, S1 and finally M3/S2 linkers (Zheng et al.,
2017). This model is similar to activation of acetylcholine receptor (Purohit et al.,

2007).



At the present, a few heterotetrameric NMDA structures are resolved using X-ray
and Cryo-electron microscopy methods (Karakas and Furukawa, 2014; C. H. Lee
et al.,, 2014; Lu et al., 2017; Tajima et al., 2016; Zhu et al., 2016). All these
structures have different functional states but the whole receptor structure that
is open to ion permeation is not resolved. Therefore, NMDAR transition state
during activation is still controversial. All-atom molecular dynamics simulation of
membrane proteins is a powerful method to address this problem. This work focused
on the use of computational methods to simulate and predict the dynamics of the
homology model of human GluN1/GluN2A NMDAR. Comparison between ligand-
free (apo) and ligand-bound (halo) simulations gave insight about to local and global
conformational change in NMDA. Principal component analysis (PCA), root mean
square fluctuations (RMSF), and root means square deviation (RMSD) were used
for trajectory analysis. The results will help to develop new drug leads for the

treatment of neuronal death-related diseases.



2. THEORY AND METHOD

2.1 Molecular Dynamics Simulations of Membrane Protein and its

Limitations

2.1.1 Molecular Dynamics

X-ray, NMR, etc. methods provide information about structure and mechanism
however they only supply one or a few confirmations. Nevertheless, in solution
proteins are highly flexible entities. Molecular dynamics provides a computational
microscope to study the dynamical behavior of proteins in their natural
environments.  Molecular dynamics (MD) is a computational method which
simulates the motion of the molecular system according to Newtonian mechanics
equations.MD calculates the potential energy of a given system by using force field
and produces time propagation of all particles in the system under the force field.
Coordinates of particles can be derived from either experimentally known
structures (X-ray or NMR) or theoretical studies (homology modeling).At the
atomic level, the protein and surrounding water and lipid molecules are assigned
the random velocities corresponding to the Boltzmann distribution at that
temperature. The interaction between atoms is typically defined in the form of the
potential energy of two objects. The change in time of molecular positions is
calculated by the integration of Newton’s equation of motion for systems of N

particle (Equation 2.1).

F=m.a (2.1)
dQTi(t)
F, =m; s (2.2)
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F is the force and i is the atom that force acting at a time t and force is calculated
from atoms mass and the position vectors (Equation 2.2). In nature, these forces
related to the position of the systems atoms and atoms vibrate and moves all the
time. So, the positions of particles change in time. Because of that, a continuous
sequence of states updated with time from the current state of particles to the
next state is required. For that, dynamic properties of the systems should be
approximated using Taylor’s series expression as a finite difference method. The
basics of finite difference methods are diving the integration of the Newton
equation into small steps in a fixed time step. The total force on each particle in
the configuration at a time t is calculated as the vector sum of its interactions with
other particles. Using this calculate force, acceleration of systems particles can be
found and can be used for determining of velocities and positions of atoms for the

next step.

To integrate Newton’s equations of motion, every algorithm should take into
consideration speed, accuracy (important for the calculation of large time step),
energy conservation and reversibility criteria’s. One of the algorithms to solve
Newton’s equations is the Verlet algorithm (Pande and Rokhsar, 1999). Verlet
algorithm calculates the new positions of the particle at a time (¢ + At) by using
positions (r) and accelerations (a) from the previous step (Equation
2.3).Calculation of the coordinates at time t is needed to determine the velocity at
a given time t. Because of that, estimation of velocities is required since the
method is mnot self-starting.  Velocity-Verlet algorithm stores the positions,
velocities, and acceleration at the same time to overcome this drawback. The
Velocity-Verlet algorithm is an altered version of the Verlet algorithm. It is stable
and allows for a large time-step. The velocity-verlet algorithm first calculates the
velocities at mid-step and then calculates the positions of the next step. After that
using velocity and positions, it derives the accelerations from potential. In the last

step, it updates the velocities.
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F(t+ AL = () + o(t) At + %a(t)(At)Q (2.3)

Molecular dynamics simulation uses the potential energy function, or force field to
calculate the interactions energy between atoms. Force fields include two classes of
interactions: bonded interactions and non-bonded interactions. There are several
force fields like AMBER, GROMOS, OPLS, CHARMM, etc. In this thesis, the
CHARMM force field was used. Charm is an empirical force field that can
parametrize the proteins, lipids, and carbohydrates (Kukol, 2014). CHARMM
force field contains 5 terms for interatomic interaction and 2 terms for
non-interatomic interaction (Equation 2.4). CHARMM contain additional
improper and Urey-Bradley terms compared to general force field equation (Leach,
2009). Angle bending, bond stretching, and torsion are interatomic interaction
that results from covalent bonds between the molecular atoms. The bond
stretching term is necessary energy to bend bond to. Angle bending represents
three serially bonded atoms and the equation sums the all the angle between there
atoms. Dihedral or the torsion angle term is used for four consecutively bonded
atoms. The equation of dihedral determines the energy needed for bond rotation.
Urey-Bradley term introduced to the system a virtual bond between 1,3 atoms
which are nonbonded. Improper dihedral is the energy required for calculation of
selecting the correct geometry when the four atoms are not bonded properly.
These interatomic potentials are represented as a harmonic spring.  While
Coulomb’s law is used for electrostatic interactions, van der Waals interactions are

calculated based on a Lennard-Jones potential (Equation 2.4 and 2.5).

V;)otential = Z V;)ond + Z V:zngle + Z ‘/dihedral + Z VU’reny’radley
+ Z ‘/;mporeper + Z V;de + Z Vvetec

(2.4)
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2.1.2 Limitations of Molecular Dynamics Simulation

One of the drawbacks of the MD simulations is the time step limitation. Capturing
the rapid motions is hard and needs a very small time step. Table 2.1 shows
characteristic timescales of biomolecules which indicates, biological molecules
exhibit a wide range of time scales for physiological processes. While local motions
like atomic fluctuations and loop motions takes time to 107'° - 107s, large scale
motions like folding and folding requires 1077 - 10 s. To capture all the motion,
tens of nanoseconds (ns) are required for simulating realistic all-atomic systems.
This makes MD simulations computationally demanding and challenging (Chun et
al., 2000). Alternative strategies are developed to solve the time step issue. One of
them is constraining the dynamics of systems. SHAKE RATTLE and LINCS have
commonly used algorithms and have been developed for geometry constraint
during MD (Andersen, 1983; Van Gunsteren and Karplus, 1982). The algorithm
allows a predetermined constraint to impose on the selected bond length. The
other alternative approach is applying an external force to the system to exclude
the high vibrational motions. Targeted and steer MD simulations uses this method
to guide the system into the “target” conformation (Isralewitz et al., 2001;
Schlitter et al., 1993).  Another time-consuming step is the calculation of
non-bonded interaction. To deal with that problem, various cut-offs can be
introduced to the system. One way to do it is using particle mesh Ewald (PME)
method (Darden et al., 1993). PME is a type Ewald summation that is used for
calculation of electrostatic interaction during MD. It uses Fourier transformations
to evaluate the summation of calculated charged energies by interpolating charge
density on a grid system. Another issue to be considered is the environmental

conditions such as pressure temperature, boundary conditions, etc. Since protein is
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not independent of its external, its interaction with water and lipid layers should
be included. A straightforward plan is to add the water molecules to the
simulation. However, solvent addition increases the system’s degree of freedom
which extends the time of calculation. Usage of Langevin dynamics (LD) during
MD simulation is a possible solution since LD just take consideration of water

effect on protein (Chandrasekhar, 1943).

Table 2.1 Time scale of motions

Motion Time Scale (s)
Bond stretching 10714
Global DNA twisting 10712

Surface side-chain rotation 107! - 1077
Collective motions 10710 - 1077
Interior side-chain rotation 10710 - 10°

Protein Folding 1079 - 10¢

2.1.3 Limitations of Membrane Protein Simulations

Interactions between protein and membrane are important in terms of protein
activity (Michael S. Lee et al., 2004). The hydrophobic thickness or lipid
composition of the membrane affects the functionality of the protein (Hunte,
2005). During the simulation, these parameters should be considered. Lipid
bilayers contain non-standard residues. These lipid blocks are not present in PDB
files however they are required during simulation (Adamian et al., 2011; Opekarova
and Tanner, 2003). Each protein is different so their cell membrane composition
should be checked prior to MD simulation (Sanders and Mittendorf, 2011).
Consequently, the decision of chosing appropriate lipid layer and building of
membrane structures should be carefully addressed as this may affect data from
MD simulations. (S. Y. Lee et al., 2005; Soubias and Gawrisch, 2012). In addition,
embedding of protein to the membrane and its alignment to the membrane are

other important aspects that should be considered because the hydrophobicity
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directly affects the orientation and thickness of the cell bilayer. Moreover, the
protein and lipid bilayer should be in balanced so that the system can mimic the
natural environment. This is one of the key points for membrane simulation
(Anézo et al., 2003). During preparation, some lipids and protein could be
overlapped with each other. A simple way to overcome that problem is to use the
cut-off value for deleting the lipid molecules. Another problem is that there is not
enough force field function that can be used for phospholipid simulation since

phospholipids are hard to parametrized.

2.2 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) used as an uncontrolled linear conversion
technique to reduce dimensionality. PCA helps us to identify repeated patterns in
data, based on the correlation between properties. PCA allows to find maximum
variances in high-dimensional data and to project onto a new subspace with equal

or less size than the original one.

Molecular dynamics simulations can produce a huge amount of data, so PCA can be
applied to reduce the dimensionality of the system. Hence, significant conformations
from big data can be selected to analyze. These significant conformations represent
the major concerted and collective motions from MD data. PTRAJ is an AMBER
package (Case et al., 2005) and has been used for PCA analysis. 50.000 frames
(1000 ns) are taken from MD simulations. First, each conformation in trajectory
is superimposed into a reference structure. The program then creates a variance-
covariance matrix based on deviations from the positions of alpha carbon ( Ca )

atoms in the mean structure (Equation 2.6).

Cij = (X = (X)) (X5 = (X)) (2.6)
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Xi and zj are the coordinates of residues i and j, and the brackets mean the ensemble
average. Then the C' which is covariance matrix is diagonalized to orthonormal
vectors which are called eigenvectors (Equation 2.7). These eigenvectors represent
the maximum variation in the given systems (Berendsen et al., 1984; Darden et al.,

1993).

C =TAT" (2.7)

T are eigenvectors, also known as modes (PCs) and A is the diagonal matrix that
contains eigenvalues. Constructed matrix has 3Nx3N dimension for a system
contains N number of particles. To collect the collective motions and its
magnitudes, normalized correlations of the systems are calculated from the
covariance matrix. Eigenvectors and eigenvalues were derived from the covariance

matrix of systems.

1101 UaUji

_ =l

C,LJ - 10 UimUjm 1 10 Uintn 1 (28)
( m=1  Q.m )2( n=1 Qun )2

Q refer as the diagonal matrix of eigenvalues and U term is the matrix of eigenvectors.
The cross-correlations maps indicate the correlation of motion between different

parts of the protein.

Although PCA is a robust method to analyze, it has some weakness. After
generation of vectors equivalent to cartesian coordinates, dimensionality is reduced
and we mostly focused on first vectors. This causes loss of information and some
targeted features. Such as, there are correlated motions between the ligand and
the residues of the binding pocket of protein. But global motions of protein can
suppress these local motions during PCA. Despite this weakness, PCA is an

important method that can detect the large motions related to protein function.
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2.3 Structure Preparation and Simulation Parameters

Xenopus laevis GluN1-GluN2B NMDAR (PDB code: 4TLM) (C. H. Lee et al., 2014)
used as a template for homology modeling to develop the human GluN1/GluN2A
type NMDAR ion channel structure. These model study has been completed by
former master students (Demir and Essiz, 2017). Two different models are created
as ligand-free (apo) and ligand-bound (halo). Glycine and glutamate were docked

to ligand binding domain of receptor to obtain halo model.

First, the protonation status of histidine (HIS) and the other charged residues
(GLU, ASP, LYS, and ARG) were examined during the preparation of the system.
PROPKA (Olsson et al., 2011) web server has been used to determine the states of
acidic and basic residues at pH 7.4. In addition, the disulfide bridges between
adjacent cysteine residues and all the disulfide bridges between the proposed
residues in the X-ray structure were applied to the system (Humphrey et al.,
1996). After that, a POPC membrane of 130 A width and 110 A length was
created to accommodate the transmembrane part of the model and the membrane
and protein were aligned with each other. Lipid molecules that were closer to the
protein more than 0.6 A, were removed from the systems to prevent overlapping of

the residues (Figure 2.1).
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Figure 2.1 The representation of membrane and protein. On the left side of the
figure, front view of the membrane is shown. On the right side of the figure, the
upper view of the membrane is shown. The empty space in the membrane
indicates the area where the channel will have placed.

In order to solvate the system with water molecules, the dimensions of the system
consisting of protein and membrane were measured. Then, using the VMD solvate
plugin, the system was coated with cubic water. Water molecules close to the protein
and membrane were removed from the system. VMD Autoionize Plugin was used for
ionizing and neutralizing the system. The systems were ionized at a concentration of
0.15 mol/L NaCl. Finally, a system which contains protein, 404 Na and 370 Cl ions
with TIP3 water molecules in the non-equilibrium POPC membrane were obtained

(Figure 2.2).
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Figure 2.2 The representation of the simulation box. Protein and membrane
placed in the water box. The white surface on the outside indicates water. Sodium
and chloride ions in the system are indicated by small balls.

These solvated systems (apo and halo) were subjected to energy minimization to
equilibrate the POPC membrane. Systems were simulated for 2 ns with 1,000 steps
(2ps) minimization at 300K and constant volume (NVT). All other molecules were
kept fixed except lipid tails. After that, systems were minimized for 2 ps and
sequential harmonic restraints (1, 0.75, 0.5 and 0.25 kcal/mol/A2, respectively)
were applied on proteins leaving only the water and ions unrestrained for eight ns
at 300 K. "NAMD Tecl Forces” were used to preventing water flux into the ion
channel and the hydrophobic region of the membrane. Next, the constraints were
removed for both systems and the two systems were run 5 ns at 1 atm and 310
K. In production step, the lipid area was kept constant, and 260 simulations of 5
ns (1.3 microseconds in total) were performed in a Langevin piston set to 1 atm
for pressure and a Langevin temperature piston set to 310 K for temperature. All
molecular dynamics simulations were performed using the NAMD (Phillips et al.,
2005) program with a non-bonded vdW cutoff 12 A and CHARMM (Feller and
MacKerell, 2000) (v27 for lipid and protein ) force field. While Particle mesh Ewald
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electrostatics settings were applied to both system, SHAKE algorithm was used for

constraining the hydrogen atoms.
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3. RESULTS AND DISCUSSION

Structural stabilities of the two NMDA models were analyzed over the course of
the MD simulation to determine whether the systems have reached an equilibrium
state under the simulation conditions. Root means square displacement (RMSD),
which is the root mean square distance of the snapshots from the initial reference
structure, was calculated for both systems. In Figure 3.1, the red line shows apo and
the green line represents the halo simulation. Apo simulation settles around a stable
value after 120 ns while RMSD of halo structure fluctuates from 4 A to 6 A after
80 ns (Figure 3.1). Apo and halo simulation seems to reach to a plateau after 300
ns. Thus, the first 300 ns is discarded and remaining 1000 ns trajectory analyzed
for significant conformations changes. Analyses parameters which were shown to be
important on the mechanism of gating were collected from previous studies of the

NMDA receptor (Karakas and Furukawa, 2014; C. H. Lee et al., 2014).
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Figure 3.1 The RMSD plot of apo and halo simulations. Apo (ligand-free) is
represented by the red line, halo (ligand-bound) is represented by the green line.
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3.1 ATD Conformational Rearrangement Upon Glutamate and Glycine

Binding

o 100 200 300 400 500 600 700 800 900 1000 o 100 200 300 400 500 600 700 800 900 1000
Nanosecond (ns) Nanosecond (ns)

Figure 3.2 Conformational changes of ATD upon ligand binding. A) ATD is
showed with quick surf representation (cyan for GluN1;, green for GluN2A;,
purple for GluN1,, and yellow for GluN2A,). Black spheres show the center of
mass of every subunit and black lines show the measured distance. The graphs
represent the summation of the distance between each COM of ATD. Green color
represents halo and red color represents apo. B) K216 parameter. ATD was
displayed with cartoon representation. Distance change between mutated lysine
residues was plotted. The green line represents halo, the red line represents apo.

Displacements between the center of masses (COM) of ATD subunits were calculated
and summed up to understand the structural changes of ATD after ligand binding
(Figure 3.2A). Apo was shown with the red line and halo was shown with the green
line. The distances increase from 200 A to 203 A around 120 ns but mostly remains
constant for the apo simulation over the course of MD simulation (shown with the
red line in Figure 3.2A). The distances start from 194 A and end at 196 A for halo
simulation. But, between 400-500 ns, it reduces to 190 A. During the simulation,

apo structure samples a larger distance compared to halo.
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The distance between the two lysine residues (997 in GluN2A; and 2586 in GIuN2A,)
were monitored (Figure 3.2B). These lysine residues were mutated into the cysteine
and cross linked (K216C disulfide bridge) to each other in the X-ray structure used
as a template for homology modeling (C. H. Lee et al., 2014). Only after this
mutation crystallization was achieved. In Figure 3.2B, halo simulation samples ~10
A distance between 100 ns-200n ns and decreases down to ~5 A for the rest of
the simulation.Larger distance (~9) is observed for apo simulation(see in Figure
3.2B). According to KC216 parameter, GluN2 ATDs are close to each other in halo

simulation compared to apo.

23



3.2 Inter/Intra-domain Motions of LBD Upon Glutamate and Glycine
Binding

A)

GIluN2A;

B)

Apo GIuN2A, /GluN2A,
Halo GIuN2A, /GluN2A, ——
Apo GIuN1, /GIuN1,
Halo GIuNT,/GluNT, ——
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Figure 3.3 Diagonal distance between pre-determined residues in LBD. (A)
Visual representation of LBD. (cyan for GluN1, green for GluN2A;, purple for
GluN1s,, and yellow for GluN2A,) Selected residues are represented with the black
ball and dashed line shows the distance monitored. (B) Summation of diagonal
distances (Green line shows halo simulation and the red line shows apo
simulation). (C) Diagonal distance between subunits. (Apo is represented with
lighter colors, halo were represented with darker colors.) Diagonal distance
between GluN1 was shown with the red line and GIuN2A was shown with red line

To quantify the changes in the LBD, the diagonal distances between R656 of the
GluN1; and R2253 of the GluN1,, between D1539 of the GIuN2A; and D3130 of
the GluN2A, residues were calculated and graphs of them were plotted for both
simulations (Figure 3.3B and Figure 3.3C). Black balls represent residues and black

dashed lines represent the calculated distances (Figure 3.3A). Halo simulation shows
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larger distances during the simulation. The distance starts from 75 A and raised
up to 80 A around 200 ns, and then decreases to 70 A around 300 ns for halo
simulation while the distances oscillate around 65 A for apo simulation (Figure
3.3B). Apo simulation shows lower distances compared to halo means that LBD of
apo has a more compact structure. In Figure 3.3C, diagonal distance between GluN1
and GIuN2A subunits were plotted separately. For GluN1 subunits, this distance
stays ~5 A larger in halo simulation compared to apo simulation. However, for

GluN2A subunits, this LBD distance remains the same for apo and halo.
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Figure 3.4 Intra/Inter-domain motions analysis of LBD. (A) Visual
representation of LBD clamshell of one subunit. Yellow color represents D1 lobe
and blue color represented D2 lobe of LBD. Blue balls are COM of D1, D2 and

hinge point. Black lines are the vectors that connect to COMs. The angle change
between two lobes of B) GluN1 and C) GluN2A subunits were monitored over the
course of simulation and were plotted. Light colors represent apo and dark colors
represent halo simulation. (cyan for GluN1,; , green for GluN2A; , purple for
GluN1, , and yellow for GluN2A, ,) D) Visual representation of ATD/LBD.R1 and
D2 lobes were shown with transparent and R2 and D1 lobes are shown with
opaque colors. Black spheres are the COMs of R2 and D1 lobes and the black line
show the measured distance. The distance between R2 and D2 lobes of E) GluN1
and F) GluN2A subunits were plotted for apo and halo simulation. Light colors
represent apo and dark colors represent halo simulation. (cyan for GluN1;, green
for GluN2A;, purple for G1u21\é12, and yellow for GIuN2A,.



The LBD of each subunit contains two lobes connected via a hinge, D1, and D2,
the hinge region forms the agonist-binding cleft. As mentioned in the introduction
section, the degree of the closure of two lobes is related to the agonist binding.
Thus, the angle between centroids of D1, D2 and hinge point was calculated and
was monitored through the simulation time. In Figure 3.4A, centroids of lobes
and hinge point were shown with blue balls and each black line shows the vector
which connects the centroids. Only GluN2A subunits display smaller angle in halo
simulation with respect to apo simulation (Figure 3.4C) while the angle stays same

in both simulations for GIluN1 subunits.

As shown in Figure 3.4D the distance between COM of R2 lobe of ATD and COM of
D1 lobe of LBD were calculated. ATD/LBD linker binds the R2 lobe of ATD to D1
lobe of LBD. Each subunit was represented with a different color while R2 and D1
lobes were shown as opaque and the rest of the domains were shown as transparent.
Black balls represent the COM of lobes and the distances in between them were
monitored in Figure 3.4D and Figure 3.4F. The distance between ATD/LBD of the
GluN1 subunits are shorter in halo simulation with respect apo. For GluN2A, a

larger distance is observed in halo simulation relative to apo.
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3.3 Conformational Changes in TMD

ji «MW i *W

Figure 3.5 Distance change of TMD girdle after ligand binding. A) TMD upper
gate. Purple spheres show the residues in the narrowest part of the upper gate.

Black lines are the monitored distance between selected residues. B) TMD lower
gate. Orange spheres show the residues in the narrowest part of the upper gate.

Black lines are the monitored distance between selected residues. The left side of

the figure shows upper gate analysis and right side of the figure shows lower gate
analyses C-D) Summation of distances were shown in plots. Apo simulation is

shown as red and halo simulation is showed as green in the plots.

TMD has two girdles which restrict (gate) the ion permeation. The top girdle is
called upper gate while the bottom girdle region forms the lower gate. These girdles
are two narrowest regions along the z-axis of the channel. The upper gate is formed
by M3 helix bundles crossing and lower gate is formed by the loop regions which
connects M2 and M3 helices. Previously, M3 helix of TMD was reported to be the
main gate in the activation of the NMDA receptor (Jones et al., 2002). To monitor
the conformational changes in the TMD upon ligand binding, upper gate and lower
gate diameter changes were observed over the course of the simulation (Figure 3.5).

The distances between the girdle forming-residues that is mentioned in the previous
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studies (C. H. Lee et al., 2014) were measured and summed up. The diameter
changes were shown in Figure 3.5C and Figure 3.5D. There is no quite difference
between the apo and halo simulations for the upper part of the TMD. For halo, The
distances are around 35 A and for apo, they are around 32 A (Figure 3.5C). For lower
gate, the distance starts at 30 A and jumps to 38 A which indicates a brief opening
of the lower girdle at around 220 ns in halo simulation (green line represents halo

simulation in Figure 3.5D). The distances remain same for apo simulation (Figure

3.5D).
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Figure 3.6 Alignment of the narrowest (Halo-gray) and widest (Halo-colored)
states of the bottom gate. Ball color represent subunits; yellow for GluN1y, blue
for GluN2A;, green for GluN1,, and purple for GluN2A,. (A) Bottom view of the
channel. M3 and M2 helices displayed opaque, M4 and M1 helices are transparent.
(B-C) Side view of the channel. (B) M4 helices materialized as opaque. (C) M2
helices are shown as opaque and M1/M4 helices are shown as transparent.

To understand the movements of the bottom gate during the brief opening (Figure
3.5D), 2 frames were chosen from the trajectory where the lower gate of the halo
is the widest and narrowest. These two frames are structurally aligned with each
other (Figure 3.6). M2 helix of GluN1; makes tilt movement to the left (Figure
3.6A) and this movement increases the channel width by pulling back the loop
that is connected to M2. The M2 helix of GIuN2A,; slides counterclockwise (Figure
3.6C). M2 and M3 of GluN1; (green) and M2 of GluN2A; approach the center of the
channel (Figure 3.6A and Figure 3.6C). Overall, the movements slide to sideways in
the counterclockwise direction and it is observed that the opening is caused by the

GluN1 subunits.
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Figure 3.7 Alignment of the narrowest (Apo-gray) and widest (Halo-colored)
states of the upper gate and representation of M3 /M2 helices.Blue GluN1; red
GluN2A, purple GluN1, and yellow GluN2A, chains. (A) the bottom view of the
channel (B) the top view of the channel (C) and (D) the side views of the channel.

In Figure 3.7, 2 frames were taken from the trajectory, in which the upper gate was
the widest in the halo structure and the narrowest in apo. These two frames were
aligned according to their M3 helices. During the transition from apo structure to
halo structure, the M3 helices of GluN1 subunits open outwards by moving away
from the center of the channel (Figure 3.7D). This movement pushes the M2 helices
outwards. Although the M3 helices of GIuN2A subunits approach the center of the

channel, the tilt movement of the M2 helices pulls down the loops that form the
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narrow part of the channel (Figure 3.7C). Hence, the channel from the top view of

the channel it seems that the channel position in halo is more symmetrical (Figure

3.7A and Figure 3.7B).
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Figure 3.8 Distance change of M3/S2 linker between subunits. M3/S2 linker
connects the M3 helix to D2 of LBD. A) The cartoon representation of linkers. B)
The linker distances between subunits were plotted. Light colors represent GluN1
subunit and dark color represent GluN2A subunits. Apo simulation is represented

with red, halo simulation represented with green.

There are 3 linkers that connect the LBD to TMD; S1/M1, M3/S2, and S2/M4.
The M3/S2 linker connects the D2 of LBD to M3 helix of TMD. NMDA channel
ion channel structure with M3 helix bundling looks like a potassium voltage-gated
ion channel structure, however, it is upside down compared to K+ channel. While
ligand binding activates the NMDARs, potassium channels activated with voltage
change. In K+ channel, there is a pH sensor that contributes to pulling motion of
TMD helices to open the helix bundling. It is suggested that in NMDAR,
dynamics of LBD upon ligand binding leads this pulling motion through M3/S2
linkers (Cuello et al., 2010). Moreover, in 2017, open and closed cryo-EM
structures of the AMPA receptors were obtained and the gating mechanism of
AMPA was examined (Twomey et al., 2017). In that study, M3/S2 linkers parallel

to the membrane were found to play the central role in the opening of the ion
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channel. The distances between M3/S2 linkers of the same subunits were tracked
throughout the trajectory for apo and halo simulation in our study also (Figure
3.8). For NMDA, M3/S2 linker of GluN1 are vertical to the membrane and M3/S2
linker of GIuN2A are parallel to the membrane (Figure 3.8A). According to plots,
the distance between the M3/S2 linker of GluN2A in halo is 12 A larger than apo
linkers (Figure 3.8B). There is no significant difference for M3/S2 linker of GluN1.

Overall, in halo simulation, the diameter of the upper gate remains larger (Figure
3.5C) and lower gate briefly opens for 100 ns (Figure 3.5D). Alignment of the
narrowest (apo-gray) and widest (halo-colored) states of the upper gate showed
that the movements of the M3 helices of GluN1 subunits pull the M2 helices of
TMD (Figure 3.7). Through the simulation, ATD is more compact while LBD is
more relaxed in halo simulation relative to apo. (Figure 3.2A and Figure 3.3A).
The distance between ATD and LBD increases for GluN2A subunits (Figure 3.5E
and Figure 3.5F) upon ligand binding. Hence, ligand binding induces cleft closure
of LBD for GluN2A subunits (Figure 3.5A). In addition, the distance of M3/S2
linker in the GluN2A is observed to be shorter in the apo simulation with respect

to the halo simulation (Figure 3.8B).
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Figure 3.9 Root-mean-square fluctuations (RMSF') graphs of separate subunits.
A/B/C/D) Apo (red) and halo (green) simulations are plotted for different
subunits.

Root-mean-square fluctuation (RMSF) which is the method that calculates mean
squared deviations of atomic positions, were plotted for each subunit (Figure 3.9).
For GluN1;, Region 1 is a loop in the R1 lobe of ATD while Region 2 is the linker
region that connects R2 lobe of ATD to LBD. These loops showed higher deviations

over course of halo simulation (Figure 3.9A).

Region 3 which is the linker between R1 and R2 lobes of ATD shows higher
fluctuation in halo simulation compared apo for GIuN2A;. Also, S1 and S2

sequences in LBD display higher fluctuation(Region 4 and Region 6). Another
major difference is observed at the TMD for GluN2A; (Region 5) (Figure 3.9B).

In GluN1,, there are two regions that display higher fluctuations in halo simulation.
Region 7 is a loop which locates at D1 lobe of LBD. Region 8 is the linker that
connects LBD to M4 helix and shows flexibility (Figure 3.9C). ATD of GluN2A,
displays higher deviation in halo simulation indicates that ATD is more mobile

after ligand binding. R2 lobe of ATD and linker that connects to ATD to LBD
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demonstrate higher fluctuation in halo simulation for GluN2A, (Figure 3.9D).

3.4 Principal Component Analysis (PCA)

Molecular dynamic simulations generate large amounts of data that need to be
analyzed. For further analysis, PCA is used to reduce the dimensionality of the big
data sets and select significant conformations. Namely, to analyze the concerted
and collective motions of both apo and halo systems, PCA was performed. 1000 ns
equilibrated trajectories from apo and halo simulations were used for PCA. PTRAJ
suite of AMBER (Case et al., 2005) was used to diagonalization of the covariance
matrix. The system contains 3189 residues and so, 9567 eigenvalues and eigenvectors
were calculated (equation..) The eigenvectors of the covariance matrix are sorted
according to their eigenvalues in descending order. Largest amplitude motion of the
protein is captured by the first eigenvalue. Previous studies stated that most of the
deviations in protein can be captured within ten eigenvalues (Issack et al., 2012).
The projection of the first eigenvector is called the first principal component (PC
1) while the second eigenvector named second principal component (PC 2). PC1
capture the slowest motion of protein and these principal components are called

"modes”.
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Figure 3.10 Principal component analysis. (A) The proportion of variance
against its eigenvalue rank. (B) Projection of the trajectory that is formed by first
two modes (green halo, red halo). (C) Projection of the first two modes according

to time

First ten eigenvalues from covariance matrix cover 65 % of total fluctuations in apo
simulation and 77 % of total fluctuations in halo simulation (Figure 3.10A). The
first mode observed in the halo simulation constitutes 48.1% of the total movement
of the protein, while in the apo simulation it constitutes 28.8% of the same mode.
The first mode of halo fluctuations is two times higher than apo. In both simulation
first mode strongly dominates the overall movements. The second mode contributes
10% and the individual contributions afterward drop below 5% in both simulations

(Figure 3.10A).

Trajectory projection formed by the first two modes of apo and halo were plotted

against each other. (Figure 3.10B and Figure 3.10C). These plots summarize the
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mobility of the protein in the subspace. Although most of the time apo and halo
sampled the same area, there are noticeable differences around between 200 ns to
700 ns. Thus, near the end, both simulation makes different samplings according to
the first two modes (Figure 3.10 B and Figure 3.10C). Hence the first two principal
components projection revealed U-shaped scattering. This occurrence explained as

within simulation there are random diffusions (Hess, 2000; Hess, 2002)
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Figure 3.11 First mode of GluN1 subunits of apo and halo simulation from PCA.
GluN1; were represented with a cyan color and GluN1, were represented with
purple. The right side of the figure is the first mode of halo and left the side of the

figure is the first mode of apo. The upper figure rotated 90 degrees for the lower
figure.
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Figure 3.12 First mode of GluN2A subunits of apo and halo simulation from
PCA.GIuN2A; is represented with green color and GluN2A; is represented with
yellow. The right side of the figure is the first mode of halo and left the side of the
figure is the first mode of apo. The upper figure rotated 90 degrees for the lower
figure.
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To further investigate the conformational change of protein, the first modes of PCA
was analyzed visually also. In this mode, for GluN1; subunit (cyan colored subunit
is shown at Figure 3.11), the ATD of halo simulation rotates counterclockwise, while
the R1 and R2 lobes of the ATD slide in opposite directions in the apo simulation.
R1 moves towards the center of channel and R2 lobe move away from the center of
the channel for halo simulation. Hence LBD domain slides to TMD and two lobes
of LBD gets closer. In GluN1, subunit of apo, R1 of ATD slides to the inwards of
the channels and R2 of ATD rotates outward from the channel. In halo simulation,
R1 rotates clockwise and R2 rotates counterclockwise to outwards of the channel
which pulls out the ATD/LBD linker. Hence, LBD lobes slides to the R2 of ATD
and bi-lobes of LBD got closer to each other in halo (purple colored subunit shown

in Figure 3.11).

In Figure 3.12 first modes of GluN2A subunits were observed for apo and halo
simulations. Like GluN1 subunits both ATD and LBD parts are mobile in halo with
respect to apo. ATD of GluN2A; of halo slides to inwards to channel whereas ATD
of apo rotates and the clamshell of ATD closes. LBD of halo moves counterclockwise
to TMD part and two lobes of LBD closes into each other. Overall deviations are
higher in the halo for GluN2A; chain (green colored subunit is shown in Figure
3.12). GluN2A; of apo and halo make rigid body movements as whole and slides
to outwards of the channel.D2 lobe of GLUN2A; move away from TMD, D2 lobe of
GLUN2A, rotate counterclockwise and gets closer to TMD in halo. These motions
in GLUN2A may be responsible for M3/S2 linker pulling. Overall both ATD and
LBD parts are more mobile compared to TMD in both simulations. (Figure 3.11

and Figure 3.12). However, halo simulation fluctuates more than apo.
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ATD Rotation Angle Extracellular Domain Rotation Angle
GluN1; | GluN2A; | GluN1; | GIluN2A; | GluN1; | GluN2A,; | GluN1; GIuN2A;

APO |7 6 8 1 3 2 5 5

HALO | 12 23 13 11 5 5 7 14

Figure 3.13 The rotation between two extreme structures that is taken from PCA
first mode. A) The representation of ATD rotation between two conformations of
the first PCA model. The black rods indicate the axis of rotation. The green color
represents halo simulation and red color represents apo simulation. B) ATD/LBD
rotation. GluN2A, subunits are used for representation) Angle changes were
displayed at the table.

According to the first modes of apo and halo simulations, extracellular domains have
fluctuated more in halo simulation. Rotation angles were checked out for whole
protein using hinge find the algorithm which can calculate the effective rotation
by superimposing the chosen parts of the domains. The algorithm calculates the
effective rotation angle from the rotation matrix. Extreme structures of the first
mode from both simulations were used for rotation angle calculation. Extreme
structures were superimposed according to LBD/TMD to find the rotation of ATD.
ATD of full protein rotates 10°in halo while in apo it is 1°indicating agonist binding

increase the flexibility of the protein. In addition, rotation of ATD and extracellular
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domain, for each subunit were checked out for apo and halo from the first mode.
Rotation angles displayed in Figure 3.13C. Upon ligand binding, the ATD rotation
angle increases for each subunit. ATD of GluN2A subunits shows more mobility
respect to GluN1 subunits. With respect to apo, GluN2A subunits of halo rotates
~10°more and GluNT1 of halo rotates ~5°more. Hence ligand binding increases the
rotation of the extracellular domain for all subunits (Figure 3.13C). These results

indicate that upon ligand binding, receptor fluctuation and mobility increases.

Covariance matrix values are normalized (Equation 2.8) and cross-correlation plots
are retrieved to see how agonist binding effect dynamics of the receptor. Each
chain of the receptor is plotted separately (Figure 3.14 and Figure 3.15). In the
correlation graphs, diagonal segments are for close segments of the protein while
off-diagonal segments show the correlations between distant segments. Apo
simulation plotted in the lower right of matrix whereas halo simulation results
plotted upper left half-matrix in each graph. +1 in color bars on the right of the
plots means the segments are moving in a fully correlated fashion while -1 means
anti correlated movements. Figures are colored according to the degree of
correlation where +1 is represented with red while -1 is represented with blue. 0
means there is no correlated movements. If the segments are correlated they are
moving together and the distance between them is not changing. Generally,
neighboring atoms are positively correlated and correlated motions are generally
rigid body motions. However anti-correlated motions mean direction of motions of
segments are opposite to each other and the distance between them either increase

or decrease (Grosdidier et al., 2012)
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Figure 3.14 Correlation maps of A)GluN1; and B)GluN2A; subunits. Apo
simulation plotted in the lower right of matrix whereas halo simulation results
plotted upper left half-matrix. Regions(R*) shows different correlation region

between apo and halo.
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Figure 3.15 Correlation maps of A)GluN1, and B)GluN2A, subunits. Apo
simulation plotted in the lower right of matrix whereas halo simulation results
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between apo and halo.
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According to the cross-correlation plots of GluN1; (Figure 3.14A), S2 of LBD (Figure
3.14A shown with R2) and S1 of LBD (Figure 3.14A shown with R1) parts show
higher correlated motion with R2 lobe of ATD in halo simulation. S1 is the sequence
connecting LBD to M1 and S2 is the sequence connecting M3 to M4 helix in TMD.
Also, these R1 and R2 part of map mean that R2 domain of ATD and D1 of LBD
moves together. R1 lobe of ATD shows anti-correlated motion with S2 of LBD and
S1 of LBD (blue parts in Figure 3.14A). Another significant change is that R1 of
ATD displays correlated motion with TMD M1 and M3 helices upon ligand binding
(Figure 3.14A shown with R3). Hence in halo, M4 and M3 helices of GluN1; display
greater correlation in halo (Figure 3.13A shown with R4).

The correlation of GluN2A; chain is displayed in Figure 3.14B. Correlation between
S1 and S2 regions of LBD is increased after ligand(glutamate) binding (Figure 3.14B
shown with R5). R2lobe of ATD and S1 of LBD in the GIuN2A; also more correlated
in halo simulation compared to apo (Figure 3.14B shown with R6). Correlated
movement between M1/M3 helices of TMD and R1 of ATD is observed in halo
(Figure 3.14B shown with R7). Also, there is anti-correlation motion between R1
and R2 lobe of ATD in halo. (blue parts of the map) While there is no correlation
between LBD and R1 of ATD in apo, anti-correlated movements are observed in
halo. Again, M4 helixes and M1-M3 helixes display a greater correlation with each
other after ligand binding (Figure 3.14B shown with RS).

GluN1y and GluN2A, correlation map were plotted in Figure 3.15. S1 and S2
regions of LBD showed a higher correlation in halo simulation compared to apo in
both subunits like GluN2A; chain (Figure 3.15 shown with R5). That can suggest
after ligand binding D1 and D2 lobes of LBD move together and show rigid body
movements. Upon ligand binding, R1 of ATD and LBD domain shows
anti-correlated motion in. GluN1ly , while in GluN2A,; , same regions show
correlated motions (Figure 3.15A). There are correlated movements between

M1-M3 and ATD for both GluN1; and GluN2A, subunits (R4 region).
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As a summary S1 and S2 regions of LBD showed a higher correlation in halo
simulation indicating that LBD displays rigid body movement after ligand binding.
One of the main observations is that the correlation between ATD and the M1-M3
helices of TMD upon ligand binding increases. Namely, the structural changes of
ATD are reflected to TMD. In addition, R1 of ATD and LBD of subunits show
anti-correlation with each other. Hence, increased correlations are noticed between

M4 helix of TMD and M1/M3 of TMD for each subunit.
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4. CONCLUSIONS

In this thesis, the dynamics of homology modeled GluN1/GIluN2A type NMDA
receptor is studied with molecular dynamics methods. The halo and apo structures
of the protein were analyzed via different structural parameters which were suggested
to be important by previous studies as well as the differences of the trajectories
obtained. It is observed that ATD becomes more compact after ligand binding. In
addition, this indicates that R2-R2 lobes are getting closer when the receptor is
activated (Tajima et al., 2016).

The first activation step of the NMDA receptor occurs in LBD upon ligand
binding. The bi-lobed of LBD changes its conformation from open to closed. This
conformational change is reflected to TMD to open the pore but the pathway of it
is still unclear. To characterize the LBD motions, the angle between D1 -D2 lobes
and the distance between ATD/LBD were monitored. The angle between the
bi-lobed structure of LBD in GluN2A subunits over the course of halo simulation
is higher with respect to apo while there was no significant change for GluN1
subunits. This result indicates that ligand binding brings the D1 and D2 of LBD
together for specific subunit which is GluN2A. This change in LBD halo simulation
is also reflected to the other regions of the protein such as the interface between
ATD/LBD and the distance between M3/S2 linkers which is the loops that bind
the LBD to M3 helix of TMD. For GIuN2A subunit, linker distances between
subunits and inter-domain distance between ATD and LBD increased in halo
simulation. Referring to these observations, the channel is pulled from the linkers
and might open the M3 helices of TMD. This result overlaps with the activation
mechanism of AMPA receptor (Twomey et al., 2017). Moreover, this mechanism is

like the mechanism of the K + channel pH sensor that pulls the M3 helix bundle.
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Again please note that TMD of NMDAR resembles the upside down of the K+
channel. While activation of the potassium channels depends on the
voltage-sensitive helices, NMDAR needs ligand binding as a mechanical pulling to
open the ion channel. Normally, opening and closing of such channels during
simulation are often difficult to observe (due to difficulties in simulating such a
voltage change in a realistic way). In our simulations, the full open structure of the
channel could not be obtained. But a ’semi-open’ channel structures were

observed.

Moreover, the correlated motions in M3/S2 linker, closure LBD bi-lobed
conformation and distance change in ATD/LBD are observed in halo simulations
only. All these can be interpreted as ligand binding induce LBD closure which D1
and R2 lobe move away from each other and it is reflected to TMD trough M3/S2

linker.

The first mode of apo and halo are similar in motion but the motion is more dominant
in halo simulation. Namely, in halo simulation, the first eigenvector spans 48.1% of
the total eigen space while in apo the same eigenvector spans only 28.8% of the total
eigen space. According to first modes of apo and halo simulation, the rigid body
rotation of the LBD region and the pulling motion of helices of TMD were observed
in the GluN15 and GluN2A, subunits. This motion is similar to the proposed AMPA
gating mechanism (Twomey et al., 2017) with LBD cleft closure, pulling the linkers

to open the pore.

Correlation map analyses showed that there is an increase in correlation between
ATD and TMD M1-M3 helices in subunits after ligand binding. This might be the
reflection of ATD conformational changes to TMD. Also, R1 of ATD and LBD shows
anti-correlation for every subunit except GluN2A, chain. Correlations between M4
helix of TMD and M1-M3 of TMD for every subunit increase after ligand binding
means all helices works with unity. Correlations between ATD and LBD are higher

in halo simulation. These results can be interpreted as, when the agonist and co-
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agonist bind to its binding pocket, LBD rotates more like a rigid body. Ligand
binding holds D1 and D2 lobe of LBD together resulting in the higher interaction

and freedom of movement to ATD and TMD domains.

In TMD region both upper and lower gate ring remained larger in halo. For 100ns
lower girdle is opened. During that time range M2 helices of GluN1; and GIuN2A,
move outwards from the channel. M3 bundle opening (upper gate) is not observed
over the course of simulation since NMDAR ion channel opening occurs in
millisecond timescales so 1-microsecond simulation is not enough to capture gating

mechanism.

As future work, we are planning to do a mutation. There is a conserved sequence
called the ”lurcher motif” (SYTANLAAF) where the M3 helices are crossed. In
this sequence, the replacement of the second alanine to tyrosine increases the ion
flux by 1.3 fold. (Murthy et al., 2012). Based on that, a mutation in ”lurcher
motif” region, will be introduced as in-silico in order to obtain the open state of the
channel. Because it is difficult to open this channel with a standard simulation due

to difficulties in simulating such a voltage change in a realistic way.
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CHAPTER II
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5. INTRODUCTION

5.1 Xanthine Oxidase

Xanthine oxidase (XO) is an important enzyme in purine mechanism. XO is widely
expressed in different mammalian tissues. It is a homodimer protein and contains
one molybdenum coleopteran (Mo-pt.), one Flavin adenine dinucleotide (FAD), and
two distinct [2Fe—2S] centers (Pacher et al., 2006). XO handles the generation of
uric acid through catalysis of hypoxanthine to xanthine (Harrison, 2002). This
oxidation process takes place in Mo-pt catalytic unit. During oxidation, reactive
oxygen species (ROS), superoxide and hydrogen peroxide generated via electron
acceptor oxygen (Pauff and Hille, 2009). These reactions are shown in Figure 5.1
(Flemmig et al., 2011). Increase in the level of ROS and uric acid can cause gout,
obesity and high blood pressure, cancer and also neurodegenerative diseases such as
Parkinson’s disease, Alzheimer’s, and dementia (Inkster et al., 2007; G. H. Kim et

al., 2015; Mazzali et al., 2001; Xiong et al., 2013).

Figure 5.1 Oxidation mechanism of Xanthine oxidase
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Allopurinol is an FDA approved XO inhibitor (XOI), mainly used to treat
hyperuricemia however long-term exposure of allopurinol causes side effects
(Murata et al., 2009; Pacher et al., 2006). Therefore, development of new XOI that
exhibits high potency and low toxicity is desirable. Recent studies have shown that
flavonoids, a kind of natural inhibitors found in natural products, are potent
inhibitors for XO (C. H. Wang and Li, 2006). Thus, flavonoids like quercetin and
luteolin inhibit the XO competitively. (Pauff and Hille, 2009; Takahama et al.,
2011).

The chalcones and bis-chalcones are flavonoids and found in many natural
products; vegetable fruits and other plants. chalcones contain two three-carbon
enone which links two aromatic rings and bis-chalcones formed from two chalcones
fragment. Recent studies have shown that bi-chalcones display anti-proliferative
and tumor-reducing activity (Modzelewska et al., 2006; Saydam et al., 2003).
Thus, bis-chalcones has cytotoxic effects on A549, DU145, KB, and KB-VIN
cancer cell lines. Also, biphenyl-based bis-chalcones demonstrate an anticancer
activity on MCF-7 and MDA-MB 231 human breast cancer, HeLa, human
embryonic kidney (HEK-293) cells (Sharma et al., 2010). Hence, Targeting XO
may be an alternative treatment for cancer since ROS is one of the main cause of

DNA damage which leads to various cancer (Xiong et al., 2013).

New inquiries suggest that if a drug lead contains fluorine atoms, it can increase
the metabolic stability and enhances membrane permeability. Based on this
proposition, fluorine atoms are added to bis-chalcones molecules.potency and
possible binding poses of compounds were investigated to test XO inhibition by
using docking procedure. The estimated free binding energies of compounds, as

well as binding poses, were analyzed.
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6. THEORY AND METHODS

6.1 Molecular Docking

Important protein and nucleic acid structures are discovered by X-ray
crystallography. These structures are the targets for bioactive substances for the
treatment of various disease. Computational tools are helpful to understand
interactions between ligand and protein. Docking is a computational approach to
predict the favorable binding conformation of a molecule to the complex and used
in computer-aided drug design studies. The docking requires two steps; in the first
step, ligand conformation as well as its position and orientation is predicted and
afterward, the free binding energy of the complex is assessed. (Vogt and Di Cera,

2012).

AutoDock4 is one of the docking software and predicts which conformation of
small molecules bind to biomacromolecular targets favorably (G. M. Morris et al.,
2009). AutoDock4 estimates free binding energy of small molecules to
macromolecules by using a semi-empirical force field. In the beginning, ligand and
protein are found in an unbound conformation. The algorithm calculates the
intermolecular energies for the transition from unbound state to bound state.
Then, it estimates the intermolecular energetic of bound conformation. Force field
of Autodock4 includes six pair-wise evaluations (V) and evaluates conformational

entropy lost upon binding. The scoring function is shown in the equation:

AG = (Viguna = Vambound) + Viuna = Vinbouna) + Veound = Vainbound + SScong) (6.1)

ound ~ Y unbound bound — Y unbound unbound

Where L is the ligand and P is the protein in a ligand-receptor docking calculation.
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AutoDock Tools (ADT) is a Graphical User Interface (GUI) that helps to prepare
ligand and receptor prior to docking (G. M. Morris et al., 2009). Protein and
ligand should consist of polar hydrogen atoms.  AutoDock4d uses PDBQT
coordinate files which includes atomic partial charges and atom types as well as
torsional degrees. PDBQT files can be created with ADT. During docking,
estimation of binding energy one after another takes time. Therefore, AutoDock4
uses grid calculation to fix this difficulty. AutoGrid4 uses AMBER force field to
describe the three-dimensional structure and calculate van der Waals and
Coulomb’s interactions (Huang and Zou, 2010). Protein is placed in a
three-dimensional grid. A probe atom is situated at each grid point and each grid
point contains the energy of interaction of a single atom with the protein.
AutoGrid4 can derive affinity grid map for each type of atom in the ligand. During
the binding energy calculation for the conformation, AutoDock4 uses these maps

for rapid energy evaluation.

6.2 Docking

The three dimensional (3D) structures of ligands (Figure 6.1A) were drawn by
using the chemical modeling software Avogadro (Hanwell et al., 2012). Geometry
optimization tool embedded in Avogadro was used for structural refinement and
small molecules were minimized using MMF94x force field (Halgren, 1996). In
order to investigate the potency and binding pose of these 8 molecules, AutoDock
molecular docking software was used. The coordinates of the protein, 3NVY, were
obtained from PDB databank (Cao et al., 2014). This X-ray structure of XO at 2
A resolution contains quercetin molecule in its binding site. First, quercetin and
water molecules were removed and the catalytic part of the protein was prepared
with the molybdenum metal ions (Mo) and cofactor MTE (phosphoric acid mono
2-amino-5,6-dimercapto-4-oxo-3,7,8a,9,10,10a-hexahydro-4H-8-oxa-1,3,9,10-

tetraaza-anthracen-7-yl methyl). To create coordinate, grid box and docking
parameter files, AutoDock were used. Gasteiger partial charges were assigned to

each atom. Autodock 4.2 was used for grid mapping and docking (G. M. Morris et
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al., 2009). Energy grid box was arranged as 50 x 50 x 50 x A and its center were
taken according to its native ligand center. The Lamarckian genetic algorithm was
applied to search for all conformations. (G.M. Morris, Goodsell, D.S., Halliday,
R.S., Huey, R., Hart, W.E., Belew, R.K., Olson, and A.J., 1998). For each ligand,
1000 runs were performed using the population size of 300, 10,000,000 million
energy evaluations, and the maximum of 27000 generations to span all the
conformational space. From resulting 1000 docked positions, the poses are ranked
according to the binding energy obtained from AutoDock 4.2. Docked conformers
clustered according to their Root Mean Square Deviation(RMSD). All molecular
graphics material was prepared using VMD(Humphrey et al., 1996). For an initial
validation study of the binding site, quercetin and salicylic molecules are re-docked
to the prepared binding site. Best-scoring docked pose of the molecules obtained

from the software is checked against X-ray crystal orientation and conformation of

the ligand.
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Figure 6.1 Representation of A) bis-chalcones compounds and B) the catalytic
part of the XO. (yellow CPK representation is its native ligand quercetin, purple
CPK representation is Mo ion and orange CPK representation is MTE)

55



7. RESULTS AND DISCUSSION

7.1 Analysis Of Binding Free Energies And Binding Poses.

In order to validate the reliability of the docking performances, first the native
ligand quercetin and another crystalized ligand from another structure of XO (1FIQ)
which is salicylic acid, are separated and docked to target protein. In Figure 7.1A,
the binding poses of quercetin and in Figure 7.1 B the binding pose of salicylic
acid were inspected. X-ray conformations were displayed on the left column and
docked positions were displayed in the right column. Also, RMSD of the best-
docked position from crystalized ligand were calculated. The RMSD values for
quercetin and salicylic acid are 0.9 A and 1.2 A respectively. If the RMSD is lower
than 2A, docking process counts as successful (R. Wang et al., 2003). The visual
and RMSD inspection of the binding site and known binding poses validated that

docking scoring function is able to pick the best pose for these molecules.

3nvy with crystal 3nvy with docked 1fig with crystal 3nvy with docked
Quercetin Quercetin Salicylic Acid Salicylic Acid

Figure 7.1 X-ray (yellow) and docked (orange) positions A) Quercetin and B)
Salicylic Acid
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Before moving to our compounds, allopurinol, and oxypurinol which are clinically
known inhibitors of XO are also docked to the binding site, and their binding energies
are 4.48 £+ 0.01 and 6.60 £ 0.00 kcal/mol, respectively. All compounds showed
similar binding poses and binding energies are ranging between -9.8 kcal /mol to -8.8
kcal/mol which is all better than oxy or allopurinol.

Table 7.1 Estimated binding free energies of eight compounds

Lowest Binding Energies (kcal/mol)  Number in Cluster (1000 run)

Pose 1 Pose 2 Pose 3 Pose 1 Pose 2 Pose 3
Compound 1 -9.82 + 0.05 -8.55+ 0.01 -8.44 + 0.01 24% 24% 29%
Compound 2 -9.70 £ 0.03 -9.29 + 0.05 -8.54 + 0.01 25% 24% 24%
Compound 3 -9.83 £ 0.03 -884 +0.04 -849 £+ 0.01 29% 24% 22%
Compound 4 -9.11 + 0.04 -854 + 0.08 -7.90 £+ 0.06 29% 23% 3%
Compound 5 -9.80 £ 0.04 -8.76 &£ 0.03 -8.60 &+ 0.03 28% 21% 19%
Compound 6 -8.98 £ 0.05 -8.63 & 0.05 -8.17 £ 0.08 33% 23% 5%
Compound 7 -9.70 £ 0.09 -883 +0.04 -844 £+ 0.03 26% 22% 19%
Compound 8 -9.30 + 0.05 -8.47 +0.04 -7.98 + 0.04 30% 21% 3%

We observed 3 different interaction poses dominantly (Table 7.1). Three of the poses
span the 75% of conformational space for each compound. In Figure 7.2 panels A,
B, and C, the binding energy of each compound is displayed in the graph on the top

with the pose on the bottom of the panel respectively for 3 poses.
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Figure 7.2 Binding Free Energies for eight compounds A) Pose 1, B) Pose 2, C)
Pose 3. 3D view of each pose in binding site D) Pose 1, E) Pose 2, F) Pose 3
(Pictures were prepared using VMD (Humphrey et al., 1996) ) . 2D interaction
graphs of each pose G) Pose 1, H) Pose 2, I) Pose 3 (2D interaction maps were

taken from Maestro)
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The first pose is the cluster that contains the lowest binding energy conformation
for every structure (Figure 7.2A). Bis-chalcones molecules show a T-shaped n-n
stacking interaction with PHE1009 except compound 6. This interaction is
important in terms of substrate binding and activation (Okamoto et al., 2010).
Another T-shaped n-n interaction is seen between ligand and PHE649. In addition
to 3 different hydrogen bonds between ligand and protein residues ASN768,
LYS771, GLU802. GLUS802 one of the key residues play a role in hydroxylation
(Yamaguchi et al., 2007). In this pose, only compound 5 makes halogen bond with
THR1010. Compounds 3, 5 and 7 displays the lowest binding energy (Figure
7.2A).

The second pose of the compounds shows just one T-shaped n-n stacking with
PHE1009 and 3 hydrogen bonds with ASN768, LYS771, GLU802 residues. While
compound 4 showed parallel n-n stacking with PHE914 in the second pose, other
compounds make hydrophobic interaction with PHE914. Compound 5,7 and 8
display halogen bond interaction in the second pose. Compound 5 with LYS771
and THR1010, compound 7 with LYS771 and ARG880, compound 8 with ARGS880
and SER1008 show halogen bond forming. Binding energies for this pose varies
between -8.84 to -8.47 (Figure 7.2B). The orientation of pose 3 and pose 1 are
similar. Both of their phenyl ring curved though binding pocket. One of the
phenyl rings is sandwiched between PHE1009 and PHE914 and makes parallel n-n
stacking with PHE914 and T —shaped n-r interaction with PHE1009 except for
compound 1,4. Three hydrogen bonds are recognized between molecules and the
target protein (GLU802, SER876). But compound 4 is able to make one
hydrogen-bond forming interaction with SER876 and compound 6 and 8
demonstrate 2 hydrogen bonds. Also, m-cation interaction is observed between
HIS875 and compounds 1,3,5 and 7. THR1010 residue forms halogen bonding with
compound 3,5,7 and 8 whereas compound 2 and 7 make halogen bond with
GLUS802. For pose 2 and 3, the binding energy shows a similar trend, namely

compounds 2, 5 and 7 shows lowest binding energies (Figure 7.2B and Figure

7.2C).
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8. CONCLUSIONS

Docking is a powerful tool for drug development. It can predict the possible binding
interaction and energy of drug lead. XO is an enzyme that plays in the purine
mechanism and is targeted for the treatment of diseases such as cancer. Recent
studies have shown that bis-chalcones, a type flavonoid, inhibits XO. In this study,
we aimed to investigate the potency of the bis-chalcones compound that contains

fluorine as an XO inhibitor.

All compounds showed similar orientation with similar interactions. Three binding
poses dominate the conformational space for each compound. One phenyl ring of
the ligand sandwich between PHE914 and PHE1009 for all poses. This phenyl ring
makes either hydrophobic interaction or n-n stacking. These residues might be the
key radius for flavonoid binding. Moreover, 4th and 6th compounds showed the
highest binding energies. Also, the third pose percentage is not high for 4th and
6th compound. We suspect that compound 4 and 6 fluorine placement decreases
the compound flexibility. In summary, these eight compounds are more potent than
allopurinol. The difference of estimated free binding energies rises from the angle
and the distance of the intra-molecular interaction. Also, compound 5 and 7 showed
halogen bond forming for each pose which increases the potency. 2,5,7 compounds

showed the best results in terms of binding energy for each pose.

60



REFERENCES

Adamian, L., Naveed, H. and Liang, J. (2011). Lipid-binding surfaces of
membrane proteins: evidence from evolutionary and structural analysis.
Biochim Biophys Acta, 1808, pp. 1092-1102.

Andersen, H. C. (1983). Rattle: A “velocity” version of the shake algorithm for

molecular dynamics calculations. Journal of Computational Physics, 52, pp.
24-34.

Anézo, C., de Vries, A. H., Holtje, H.-D., Tieleman, D. P. and Marrink, S.-J.
(2003). Methodological Issues in Lipid Bilayer Simulations. The Journal of
Physical Chemistry B, 107, pp. 9424-9433.

Armstrong, N. and Gouaux, E. (2000). Mechanisms for activation and antagonism
of an AMPA-sensitive glutamate receptor: crystal structures of the GluR2
ligand binding core. Neuron, 28, pp. 165-181.

Armstrong, N., Jasti, J., Beich-Frandsen, M. and Gouaux, E. (2006).
Measurement of conformational changes accompanying desensitization in an
ionotropic glutamate receptor. Cell, 127, pp. 85-97.

Armstrong, N., Sun, Y., Chen, G. Q. and Gouaux, E. (1998). Structure of a
glutamate-receptor ligand-binding core in complex with kainate. Nature, 395,
pp- 913-917.

Arundine, M. and Tymianski, M. (2003). Molecular mechanisms of

calcium-dependent neurodegeneration in excitotoxicity. Cell Calcium, 34, pp.
325-337

Cao, H., Pauff, J. M. and Hille, R. (2014). X-ray crystal structure of a xanthine
oxidase complex with the flavonoid inhibitor quercetin. J Nat Prod, 77, pp.
1693-1699.

Chandrasekhar, S. (1943). Stochastic Problems in Physics and Astronomy.
Reviews of Modern Physics, 15, pp. 1-89.

Chang, H. R. and Kuo, C. C. (2008). The activation gate and gating mechanism of
the NMDA receptor. J Neurosci, 28, pp. 1546-1556.

Chen, M., Lu, T. J., Chen, X. J., Zhou, Y., Chen, Q., Feng, X. Y., Xu, L., Duan,
W. H. and Xiong, Z. Q. (2008a). Differential roles of NMDA receptor
subtypes in ischemic neuronal cell death and ischemic tolerance. Stroke, 39,

61



pp- 3042-3048.

Chun, H. M., Padilla, C. E., Chin, D. N., Watanabe, M., Karlov, V. L., Alper, H.
E., Soosaar, K., Blair, K. B., Becker, O. M., Caves, L. S. D., Nagle, R.,
Haney, D. N. and Farmer, B. L. (2000). MBO(N)D: A multibody method for
long-time molecular dynamics simulations. Journal of Computational
Chemistry, 21, pp. 159-184.

Cuello, L. G., Jogini, V., Cortes, D. M., Pan, A. C., Gagnon, D. G., Dalmas, O.,
Cordero-Morales, J. F., Chakrapani, S., Roux, B. and Perozo, E. (2010).
Structural basis for the coupling between activation and inactivation gates in
K(+) channels. Nature, 466, pp. 272-275.

Dai, J. and Zhou, H. X. (2013). An NMDA receptor gating mechanism developed
from MD simulations reveals molecular details underlying subunit-specific
contributions. Biophys J, 104, pp. 2170-2181.

Dai, J. and Zhou, H. X. (2016). Semiclosed Conformations of the Ligand-Binding
Domains of NMDA Receptors during Stationary Gating. Biophys J, 111, pp.
1418-1428.

Doyle, D. A., Morais Cabral, J., Pfuetzner, R. A., Kuo, A., Gulbis, J. M., Cohen,
S. L., Chait, B. T. and MacKinnon, R. (1998). The structure of the
potassium channel: molecular basis of K4 conduction and selectivity.
Science, 280, pp. 69-77.

Dwivedi, Y. and Pandey, G. N. (2011) 'Glutamatergic Neurotransmission
Abnormalities and Schizophrenia’, in Ritsner, M. S. (ed.) Handbook of
Schizophrenia Spectrum Disorders, Volume I: Conceptual Issues and
Neurobiological Advances. Dordrecht: Springer Netherlands, pp. 287-304.

Fayyazuddin, A., Villarroel, A., Le Goff, A., Lerma, J. and Neyton, J. (2000). Four
residues of the extracellular N-terminal domain of the NR2A subunit control
high-affinity Zn2+ binding to NMDA receptors. Neuron, 25, pp. 683-694.

Feller, S. E. and MacKerell, A. D. (2000). An Improved Empirical Potential
Energy Function for Molecular Simulations of Phospholipids. The Journal of
Physical Chemistry B, 104, pp. 7510-7515.

Flemmig, J., Kuchta, K., Arnhold, J. and Rauwald, H. W. (2011). Olea europaea
leaf (Ph.Eur.) extract as well as several of its isolated phenolics inhibit the
gout-related enzyme xanthine oxidase. Phytomedicine, 18, pp. 561-566.

Furukawa, H. and Gouaux, E. (2003). Mechanisms of activation, inhibition and

62



specificity: crystal structures of the NMDA receptor NR1 ligand-binding
core. EMBO J, 22, pp. 2873-2885.

Furukawa, H., Singh, S. K., Mancusso, R. and Gouaux, E. (2005). Subunit
arrangement and function in NMDA receptors. Nature, 438, pp. 185-192.

Gallagher, M. J., Huang, H., Grant, E. R. and Lynch, D. R. (1997). The
NR2B-specific interactions of polyamines and protons with the
N-methyl-D-aspartate receptor. J Biol Chem, 272, pp. 24971-24979.

Gielen, M., Siegler Retchless, B., Mony, L., Johnson, J. W. and Paoletti, P. (2009).
Mechanism of differential control of NMDA receptor activity by NR2
subunits. Nature, 459, pp. 703-707.

Halgren, T. A. (1996). Merck molecular force field. I. Basis, form, scope,
parameterization, and performance of MMFF94. Journal of Computational
Chemistry, 17, pp. 490-519.

Hanwell, M. D., Curtis, D. E., Lonie, D. C., Vandermeersch, T., Zurek, E. and
Hutchison, G. R. (2012). Avogadro: an advanced semantic chemical editor,
visualization, and analysis platform. J Cheminform, 4, p. 17.

Harrison, R. (2002). Structure and function of xanthine oxidoreductase: where are
we now? Free Radic Biol Med, 33, pp. 774-797.

Hatton, C. J. and Paoletti, P. (2005). Modulation of triheteromeric NMDA
receptors by N-terminal domain ligands. Neuron, 46, pp. 261-274.

Hess, B. (2000). Similarities between principal components of protein dynamics
and random diffusion. Physical Review E, 62, pp. 8438-8448.

Hess, B. (2002). Convergence of sampling in protein simulations. Physical Review
E, 65, p. 031910.

Hille, B. (2001). Ion Channels of Excitable Membranes (3rd Edition). Sinauer
Associates Inc 2001-07.

Huang, S. Y. and Zou, X. (2010). Advances and challenges in protein-ligand
docking. Int J Mol Sci, 11, pp. 3016-3034.

Humphrey, W., Dalke, A. and Schulten, K. (1996). VMD: Visual molecular
dynamics. Journal of Molecular Graphics, 14, pp. 33-38.

63



Hunte, C. (2005). Specific protein-lipid interactions in membrane proteins.
Biochem Soc Trans, 33, pp. 938-942.

Inkster, M. E., Cotter, M. A. and Cameron, N. E. (2007). Treatment with the
xanthine oxidase inhibitor, allopurinol, improves nerve and vascular function
in diabetic rats. Fur J Pharmacol, 561, pp. 63-71.

Isralewitz, B., Gao, M. and Schulten, K. (2001). Steered molecular dynamics and
mechanical functions of proteins. Current Opinion in Structural Biology, 11,
pp- 224-230.

Karakas, E. and Furukawa, H. (2014). Crystal structure of a heterotetrameric
NMDA receptor ion channel. Science, 344, pp. 992-997.

Karakas, E., Simorowski, N. and Furukawa, H. (2009). Structure of the zinc-bound
amino-terminal domain of the NMDA receptor NR2B subunit. EMBO J, 28,
pp. 3910-3920.

Kim, G. H., Kim, J. E.; Rhie, S. J. and Yoon, S. (2015). The Role of Oxidative
Stress in Neurodegenerative Diseases. Exp Neurobiol, 24, pp. 325-340.

Kim, M. J., Dunah, A. W., Wang, Y. T. and Sheng, M. (2005). Differential roles
of NR2A- and NR2B-containing NMDA receptors in Ras-ERK signaling and
AMPA receptor trafficking. Neuron, 46, pp. 745-760.

Kleckner, N. W. and Dingledine, R. (1988). Requirement for glycine in activation
of NMDA-receptors expressed in Xenopus oocytes. Science, 241, pp. 835-837.

Krupp, J. J., Vissel, B., Heinemann, S. F. and Westbrook, G. L. (1998).
N-terminal domains in the NR2 subunit control desensitization of NMDA
receptors. Neuron, 20, pp. 317-327.

Kupper, J., Ascher, P. and Neyton, J. (1996). Probing the pore region of
recombinant N-methyl-D-aspartate channels using external and internal
magnesium block. Proceedings of the National Academy of Sciences, 93, p.
8648.

Lee, C. H., Lu, W., Michel, J. C., Goehring, A., Du, J., Song, X. and Gouaux, E.
(2014). NMDA receptor structures reveal subunit arrangement and pore
architecture. Nature, 511, pp. 191-197.

Lee, M. S., Salsbury, F. R. and Brooks, C. L. (2004). Constant-pH molecular
dynamics using continuous titration coordinates. Proteins: Structure,
Function, and Bioinformatics, 56, pp. 738-752.

64



Lee, S. Y., Lee, A., Chen, J. and MacKinnon, R. (2005). Structure of the KvAP
voltage-dependent K+ channel and its dependence on the lipid membrane.
Proc Natl Acad Sci U S A, 102, pp. 15441-15446.

Lester, R. A., Clements, J. D., Westbrook, G. L. and Jahr, C. E. (1990). Channel
kinetics determine the time course of NMDA receptor-mediated synaptic
currents. Nature, 346, pp. 565-567.

Lester, R. A. and Jahr, C. E. (1992). NMDA channel behavior depends on agonist
affinity. J Neurosci, 12, pp. 635-643.

Lisman, J. E., Raghavachari, S. and Tsien, R. W. (2007). The sequence of events
that underlie quantal transmission at central glutamatergic synapses. Nat
Rev Neurosci, 8, pp. 597-609.

Lu, W., Du, J., Goehring, A. and Gouaux, E. (2017). Cryo-EM structures of the
triheteromeric NMDA receptor and its allosteric modulation. Science, 355.

Madry, C., Mesic, 1., Betz, H. and Laube, B. (2007). The N-terminal domains of
both NR1 and NR2 subunits determine allosteric Zn2+ inhibition and
glycine affinity of N-methyl-D-aspartate receptors. Mol Pharmacol, 72, pp.
1535-1544.

Mayer, M. L. (2006). Glutamate receptors at atomic resolution. Nature, 440, p.
456.

Magzzali, M., Hughes, J., Kim, Y. G., Jefferson, J. A., Kang, D. H., Gordon, K. L.,
Lan, H. Y., Kivlighn, S. and Johnson, R. J. (2001). Elevated uric acid
increases blood pressure in the rat by a novel crystal-independent
mechanism. Hypertension, 38, pp. 1101-1106.

Modzelewska, A., Pettit, C., Achanta, G., Davidson, N. E., Huang, P. and Khan,
S. R. (2006). Anticancer activities of novel chalcone and bis-chalcone
derivatives. Bioorg Med Chem, 14, pp. 3491-3495.

Mony, L., Krzaczkowski, L., Leonetti, M., Le Goff, A., Alarcon, K., Neyton, J.,
Bertrand, H. O., Acher, F. and Paoletti, P. (2009). Structural basis of
NR2B-selective antagonist recognition by N-methyl-D-aspartate receptors.
Mol Pharmacol, 75, pp. 60-74.

Morris, G. M., Goodsell, D.S.; Halliday, R.S., Huey, R., Hart, W.E., Belew, R.K.,
Olson, and A.J. (1998). Automated docking using a Lamarckian genetic
algorithm and empirical binding free energy function. J Comput Chem, 19,
pp- 1639-1662.

65



Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D.
S. and Olson, A. J. (2009). AutoDock4 and AutoDockTools4: Automated
docking with selective receptor flexibility. J Comput Chem, 30, pp.
2785-2791.

Murata, K., Nakao, K., Hirata, N., Namba, K., Nomi, T., Kitamura, Y.,
Moriyama, K., Shintani, T., linuma, M. and Matsuda, H. (2009).
Hydroxychavicol: a potent xanthine oxidase inhibitor obtained from the
leaves of betel, Piper betle. J Nat Med, 63, pp. 355-359.

Nakanishi, S. (1992). Molecular diversity of glutamate receptors and implications
for brain function. Science, 258, pp. 597-603.

Niswender, C. M. and Conn, P. J. (2010). Metabotropic glutamate receptors:
physiology, pharmacology, and disease. Annu Rev Pharmacol Tozicol, 50, pp.
295-322.

Okamoto, K., Kawaguchi, Y., Eger, B. T., Pai, E. F. and Nishino, T. (2010).
Crystal structures of urate bound form of xanthine oxidoreductase: substrate
orientation and structure of the key reaction intermediate. J Am Chem Soc,
132, pp. 17080-17083.

Olsson, M. H. M., Sgndergaard, C. R., Rostkowski, M. and Jensen, J. H. (2011).
PROPKAS: Consistent Treatment of Internal and Surface Residues in
Empirical pKa Predictions. Journal of Chemical Theory and Computation, 7,
pp. 525-537.

Opekarova, M. and Tanner, W. (2003). Specific lipid requirements of membrane
proteins—a putative bottleneck in heterologous expression. Biochim Biophys
Acta, 1610, pp. 11-22.

Pacher, P., Nivorozhkin, A. and Szabo, C. (2006). Therapeutic effects of xanthine
oxidase inhibitors: renaissance half a century after the discovery of
allopurinol. Pharmacol Rev, 58, pp. 87-114.

Pang, X. and Zhou, H. X. (2017). Structural modeling for the open state of an
NMDA receptor. J Struct Biol, 200, pp. 369-375.

Pauff, J. M. and Hille, R. (2009). Inhibition studies of bovine xanthine oxidase by
luteolin, silibinin, quercetin, and curcumin. J Nat Prod, 72, pp. 725-731.

Perin-Dureau, F., Rachline, J., Neyton, J. and Paoletti, P. (2002). Mapping the
binding site of the neuroprotectant ifenprodil on NMDA receptors. J
Neurosci, 22, pp. 5955-5965.

66



Phillips, J. C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E.,
Chipot, C., Skeel, R. D., Kale, L. and Schulten, K. (2005). Scalable
molecular dynamics with NAMD. J Comput Chem, 26, pp. 1781-1802.

Popescu, G., Robert, A., Howe, J. R. and Auerbach, A. (2004). Reaction
mechanism determines NMDA receptor response to repetitive stimulation.
Nature, 430, pp. 790-793.

Purohit, P., Mitra, A. and Auerbach, A. (2007). A stepwise mechanism for
acetylcholine receptor channel gating. Nature, 446, pp. 930-933

Rachline, J., Perin-Dureau, F., Le Goff, A., Neyton, J. and Paoletti, P. (2005).
The micromolar zinc-binding domain on the NMDA receptor subunit NR2B.
J Neurosci, 25, pp. 308-317.

Ryan, T. J., Emes, R. D., Grant, S. G. and Komiyama, N. H. (2008). Evolution of
NMDA receptor cytoplasmic interaction domains: implications for
organisation of synaptic signalling complexes. BMC' Neurosci, 9, p. 6.

Sanders, C. R. and Mittendorf, K. F. (2011). Tolerance to changes in membrane
lipid composition as a selected trait of membrane proteins. Biochemistry, 50,
pp. 7858-7867.

Schrodinger Release 2018-4: Maestro, Schrodinger, LLC, New York, NY, 2018.

Sharma, A., Chakravarti, B., Gupt, M. P., Siddiqui, J. A., Konwar, R. and
Tripathi, R. P. (2010). Synthesis and anti breast cancer activity of biphenyl
based chalcones. Bioorg Med Chem, 18, pp. 4711-4720.

Shi, N., Ye, S., Alam, A., Chen, L. and Jiang, Y. (2006). Atomic structure of a
Na+- and K+-conducting channel. Nature, 440, pp. 570-574.

Shleper, M., Kartvelishvily, E. and Wolosker, H. (2005). D-serine is the dominant
endogenous coagonist for NMDA receptor neurotoxicity in organotypic
hippocampal slices. J Neurosci, 25, pp. 9413-9417.

Sobolevsky, A. 1., Rosconi, M. P. and Gouaux, E. (2009). X-ray structure,
symmetry and mechanism of an AMPA-subtype glutamate receptor. Nature,
462, pp. T45-T56.

Song, X., Jensen, M. O., Jogini, V., Stein, R. A., Lee, C. H., McHaourab, H. S.,
Shaw, D. E. and Gouaux, E. (2018). Mechanism of NMDA receptor channel
block by MK-801 and memantine. Nature, 556, pp. 515-519.

67



Soubias, O. and Gawrisch, K. (2012). The role of the lipid matrix for structure and
function of the GPCR rhodopsin. Biochim Biophys Acta, 1818, pp. 234-240.

Stern-Bach, Y., Bettler, B., Hartley, M., Sheppard, P. O., O’'Hara, P. J. and
Heinemann, S. F. (1994). Agonist selectivity of glutamate receptors is
specified by two domains structurally related to bacterial amino acid-binding
proteins. Neuron, 13, pp. 1345-1357.

Tajima, N., Karakas, E., Grant, T., Simorowski, N., Diaz-Avalos, R., Grigorieff, N.
and Furukawa, H. (2016). Activation of NMDA receptors and the mechanism
of inhibition by ifenprodil. Nature, 534, pp. 63-68.

Takahama, U., Koga, Y., Hirota, S. and Yamauchi, R. (2011). Inhibition of
xanthine oxidase activity by an oxathiolanone derivative of quercetin. Food
Chem, 126, pp. 1808-1811.

Traynelis, S. F., Burgess, M. F., Zheng, F., Lyuboslavsky, P. and Powers, J. L.
(1998). Control of voltage-independent zinc inhibition of NMDA receptors by
the NR1 subunit. J Neurosci, 18, pp. 6163-6175.

Traynelis, S. F., Hartley, M. and Heinemann, S. F. (1995). Control of proton
sensitivity of the NMDA receptor by RNA splicing and polyamines. Science,
268, pp. 873-876.

Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M.,
Ogden, K. K., Hansen, K. B., Yuan, H., Myers, S. J. and Dingledine, R.
(2010). Glutamate receptor ion channels: structure, regulation, and function.
Pharmacol Rev, 62, pp. 405-496.

Tu, W., Xu, X., Peng, L., Zhong, X., Zhang, W., Soundarapandian, M. M., Balel,
C., Wang, M., Jia, N., Zhang, W., Lew, F., Chan, S. L., Chen, Y. and Lu, Y.
(2010). DAPKI1 interaction with NMDA receptor NR2B subunits mediates
brain damage in stroke. Cell, 140, pp. 222-234.

Van Gunsteren, W. F. and Karplus, M. (1982). Effect of constraints on the
dynamics of macromolecules. Macromolecules, 15, pp. 1528-1544.

Vogt, A. D. and Di Cera, E. (2012). Conformational Selection or Induced Fit? A
Critical Appraisal of the Kinetic Mechanism. Biochemistry, 51, pp.
5894-5902.

Wang, C. H. and Li, S. (2006). The research progress of xanthine oxidase
inhibitors. Foreign Med. Sci. (Sect. Pharm.), 33, pp. 351-354.

68



