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ABSTRACT

OPTIMIZATION OF MOLECULAR MODELING STRATEGIES FOR
CHALLENGING BLIND DOCKING

Sekkin, Ecem
M.S., Department of Chemistry

Supervisor: Assoc. Prof. Dr. Ozgiil Persil Cetinkol

Co-Supervisor: Dr. Antoine Marion

August 2024, 08| pages

This thesis explores two distinct biological structures, each presenting unique chal-
lenges that cannot be addressed through conventional methods. The first study fo-
cuses on the spike protein of SARS-CoV-2 and a peptide-based drug candidate de-
signed by our collaborator, investigating the potential interactions between the pro-
tein and the ligand across four different binding sites. The second study examines
recently discovered quadruplex-duplex hybrids (PDB ID: 7CV3-7CV4) in the PIM1
oncogene, proposed as potential targets. Known G-quadruplex stabilizer ligands such
as Doxorubicin, Braco-19, and RHPS4 are analyzed to provide insights into their
binding modes with these quadruplex-duplex hybrids. Molecular docking techniques
are enhanced by integrating molecular mechanics calculations using the newly devel-
oped software bioAIM™ from Meddenovo. This software analyzes interaction ener-
gies and conformational changes to improve our understanding of ligand-target inter-
actions. Molecular docking studies reveal promising interactions at multiple binding
sites on the spike protein, with one site showing significant potential for drug binding.

G-quadruplex ligands primarily bind at the Quadruplex-Duplex junction, suggesting



the need for further investigation into the impact of G-quadruplex DNA on drug bind-
ing. These findings will guide the design and development of new-generation drugs

or the re-purposing of existing drugs for these targets.

Keywords: Molecular Docking, SARS-CoV-2, G-Quadruplex, Therapeutics
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0z

ZORLU KOR KENETLEME iCiN MOLEKULER MODELLEME
STRATEJILERININ OPTIMiZASYONU

Sekkin, Ecem

Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi: Dog. Dr. Ozgiil Persil Cetinkol

Ortak Tez Yoneticisi: Dr. Antoine Marion

Agustos 2024 , 98| sayfa

Bu tez, geleneksel yontemler kullanarak ¢oziilmesi zor problemler iceren birbirinden
farkl iki biyolojik yapiy1 incelemektedir. Ik ¢alisma, SARS-CoV-2nin spike prote-
inine ve igbirlik¢imiz tarafindan tasarlanan peptit bazli bir ila¢ adayina odaklanmakta
ve dort farkli baglanma bolgesinde protein ile ligand arasindaki potansiyel etkilesim-
leri aragtirmaktadir. Ikinci ¢calisma ise, PIM 1 onkogeninde yakin zamanda kesfedilmis
ve potansiyel hedef olarak 6nerilen iki G-dortliisii-ikili-hibridi (PDB Kimlik Numa-
rast: 7CV3-7CV4) ele alimaktadir. Bilinen G-dortliisii stabilizatorler olan Doksoru-
bisin, Braco-19 ve RHPS4 ilaglarinin hedef G-dortliisii-ikili hibridlerine baglanma
modlar1 hakkinda bilgi sahibi olmak icin incelenmistir. Molekiiler kenetleme tek-
niklerini, ligand- hedef etkilesimlerinin anlagilmasim1 daha da gelistirmek i¢in kon-
formasyonel degisiliklerle etkilesim enerjilerini analiz etmek iizere molekiiler me-
kanik hesaplamalarini birlesiren yeni bir yazilim olan ve Meddenovo’da gelistirilen
bioAIM™ kullamlmusir. Molekiiler kenetlenme ¢alismalari, spike proteini iizerindeki

coklu baglanma bolgelerinde umut verici etkilesimler oldugunu ortaya koymakta; ve

vii



bir bolge, ilag baglanmasi i¢in onemli bir potansiyel olabilir. G-dortliisii ligandlar
oncelikle Dortlii-ikili kavsaginda DNA’ya baglandig1 gézlemlenmistir. Bulgularimiz
G-dortli DNA'ya ila¢ baglanmasi iizerine daha fazla arastirmaya ihtiya¢ oldugunu
ortaya koymaktadir. Bu bulgular, yeni nesil ilaglarin tasarlanmasina ve gelistirilme-
sine veya mevcut ilaclarin bu hedeflere yonelik olarak yeniden kullanilmasina yol

gosterecektir.

Anahtar Kelimeler: Molekiiler Kenetleme, SARS-CoV-2, G-Dortliisii, Terapotik
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem De nition

A model is a mathematical approach developed to represent the world around us
in an attempt to understand it better. It involves theory but is constructed with the
intention of understanding a speci ¢ question rather than a general one, including
approximations and simpli cations to represent the reality/phenomenon as precisely
as possible. It is impossible to include all parameters when modeling something. Itis
up to us to decide what is necessary and what is not [1] [2]. In modeling, assumptions
are made to simplify the approach as much as possible without losing the integrity of
the modeled target. These assumptions are made to reduce the computational time,
and also to make the analyze and interpretation of the data more effective. Usually, the
most crucial part is modeled with greater detail and precision, while the less essential

parts are either simpli ed or disregarded [2].

In the context of this thesis, the behavior of two different biological molecules in hu-
man bodies and their interactions with potential therapeutics was modeled. These are
SARS-CoV-2's spike protein and a non-canonical form of DNA, i.e., a quadruplex-
duplex hybrid DNA found in the promoter region of PIM-1 oncogene [3] [4]. Spike
protein covers the surface of the SARS-CoV-2 virus and is one of the structural pro-
teins. It binds to host cell receptor to infect it which makes this protein a very impor-
tant target in drug discovery [5]. Moreover, an oncogene is a gene that when mutated,
promotes the development of cancer [6]. The PIM1 oncogene has been found to be
overexpressed in triple-negative breast cancer (TNBC) making it a novel target for

the treatment.



Understanding the interactions between biological molecules and potential therapeu-
tic agents is crucial for drug discovery and development. The motivation for studying
these systems arises from their critical roles in disease mechanisms and the chal-
lenges they present for therapeutic intervention; COVID-19 even though no longer
a pandemic, still has no treatment with a chance of new variant threatening lives of
many and Triple Negative Breast Cancer associated with PIM-1 oncogene has very
limited treatment available [7], [8]. The aim was to investigate the inter-molecular
interactions between the receptor and ligand using molecular modeling. Even though
the two systems are different (i.e., one is a polypeptide, the other is a polynucleotide),
the approach was similar, as they both posses unique challenges in themselves. The
spike protein of the SARS-CoV-2 virus is a considerably large protein consisting of
three identical residue chains (closed state PDB ID: 6V XX and open state PDB ID:
6VYB) [3]. The drug candidate, which will be discussed later, is also a challeng-
ing molecule due to its high degrees of conformational freedom (i.e., many rotatable
bonds [9].

In the case of the G-quadruplex (G4) form of DNA (deoxyribonucleic acid), even
though it is a relatively short DNA sequence, allowing us to search the potential
binding site more exhaustively, determining the DNA binding selectivity is gener-
ally hard to achieve. Moreover, DNA offers multiple binding modes to its potential
ligands, making it challenging to predict which binding mode will be preferred by
the ligand [10]. Three G-quadruplex ligands, Doxorubicin, Braco-19 and RHPS4 are
selected due to their known ability to bind to the G-quadruplexes with high af nity
and good selectivity. [11] [12].

Blind docking is employed to predict the binding site on the target biomolecule when
there is no prior knowledge about it. After, selecting a target to address, nding
the binding site is the most important step in structure-based drug design [13]. It
is necessary for rational design of the drug aimed to bound to the target to have the
desired effect. Determining the key interactions between the ligand and the target will
give insights about what kind of functional groups the drug should have to increase
binding af nity and stability. Whilein silico methods shorten the time spend for drug
discovery [14] searching an entire or even the some part of the target is still time and

resource consuming [15]. The time required increases as the size of the target and the



ligand increase. In both of my projects, an automation of the dockings were needed

to speed up the process.

1.2 Aim

Nobel laureate Paul Ehrlich envisioned a potential drug ‘magic bullet'. Just like a
bullet only hitting its target and has no collateral damage, this potential drug would
only interact with its intended target and does not have adverse effects [16]. How-
ever, most drugs target proteins that share structural and functional similarities with
off-targets which makes obtaining drug selectivity very dif cult. Moreover, every
change made in the chemical structure of the drug sets the drug discovery process
back to start requiring new testing for ef cacy and toxicity [17]. Following the steps
of Ehrlich, learning to target a biological structure speci callgifh chemically'in

his words) [16] involves knowing our target and the interaction of it with the thera-
peutic agent. This thesis is composed of two projects both investigating the binding
of pharmaceutical ligands with their respective targets. However, the main obstacle
there is that the binding site of these targets are unknown. Ultimate goal is to nd
where these drugs bind, what kind of interactions they have with the candidate and
what more can be done to enhance selectivity which will increase ef ciency of the

drug and eliminate/lessen the side effects.

In order to study how these ligands bind to their targets, a new docking tool was
needed to overcome limitations of available molecular docking softwares, which often
lack the precision and exibility. The new docking tool is designed at Meddenovo
Drug Design company to optimize the docking speci cally blind docking where it
is used when the binding site of the target is unknown. This new tool introduces
exibility to both ligand and the receptor rather than rigid receptor - exible ligand
that other softwares employ [18]. Moreover, it re nes the docking complex and ranks

the binding poses of the ligand to the receptor more precisely.

The expected outcome from the two projects is to discover the binding sites where
the studied drug candidates may bind to their target. Furthermore, the aim was to

pinpoint the intermolecular interactions (e.g. Hydrogen bonding) that will increase
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the binding energy and prolong the binding of the ligand. For the drug candidate of
the spike protein, the aim is to determine whether the suf cient interaction energy
can be obtained from the selected binding centers. The ability of the candidate to be
effective and if so, to which binding center it has more potential to bind is studied.
The outcome will help us determine whether this drug has the ability to interact with
the spike protein and hinder its infectivity. These ndings will later be useful for us
and our collaborators to develop the next generation drugs or use this drug candidate
to ght with the mutations of SARS-CoV-2 virus. Regarding the G-quadruplex DNA
and the exploration of the binding site and binding modes of the known drugs, the
expected conclusion is to have insights on the selectivity of binding. This will also

pave the way for the design of new and more effective drugs in the future.

1.3 Methodology

1.3.1 Molecular Modeling

1.3.1.1 Potential Energy Surface

Potential Energy Surface (PES) is a map that correlates the potential energy of a given
system with its degrees of freedom [19]. In order to calculate the potential energy for
a molecule in all possible conformations, we need to use Born-Oppenheimer approx-
imation. [2] Born-Oppenheimer approximation enables the separation of motions of
electrons and nucleus in a molecule. This approximation is possible due to the major
difference between the mass of an electron and a proton; a proton's mass is about 1836
times larger than an electron's. Thus, electronic motion is much faster than nuclear
motion and the nucleus can be assumed to be in a xed position [20]. The elec-
tronic potential energy is calculated for a speci ¢ set of nuclear coordinates, and this
calculation is performed for various arrangements of nuclear positions to construct
the Potential Energy Surface (PES). Therefore, the potential energy can be written
as a function of the position of the nucleus. Whether the energy of the electrons is
explicitly calculated or not depends on the degree of approximation chosen for the
model (e.g., quantum mechanics, molecular mechanics). For isolated molecules po-

tential energy is only dependent on the internal coordinates. For N equal or larger
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than 3 there are 3N-6 internal coordinates for nonlinear molecules and 3N-5 internal
coordinates for linear molecules [21]. For molecules with more than two atoms, the
potential energy surface has 3N-6 dimensions (N is the number of atoms). Every
atom has three dimensions (i.e X, y and z coordinates). Since rigid body translation
doesn't change the actual geometry, meaning a molecule's translation about x,y or z
axes only changes the position in space, we can subtract three from total degrees of
freedom. Same rationale can be applied to rigid body rotation and we are left with
3N-6 degrees of freedom [2].

Internal Coordinates There are several ways to describe internal coordinates such
as bond lengths, bond angles and torsion angles (BAT) [22]. For a diatomic molecule
(N=2), e.g. AB the distance between A and Rigs, then the potential energy surface

is constructed with a plot.The x-axis gives the distance between the nucleus of A and
B (Rag). The y-axis gives the potential energy as a function of distance between two
nuclei. At the equilibrium bond lengtiRq the attractive and repulsive forces are at

a balance and the potential energy is at the minimum. As the inter-nuclear distance
decreases (from the equilibrium bond length) the repulsive forces between the nucleus
of A and B increases. For molecules with three or more atoms, the potential energy
surface is dif cult to show on a plot because it depends on three or more internal
coordinates [23]. Even though full PES cannot be illustrated, projections can be made
[24]. There are stationary points ( rst derivative equal to zero) on PES that are in our
interest. These are, local minima corresponds to stable molecular structures, global

minima corresponds to the state where it has lowest possible potential energy [2] [24].

Approximations and Calculations PES of a molecule can be approximatedaiy

initio (1 principle) methods, by solving Schrodinger's equation. However, as the
molecule’s size increases the cost for these calculations also increase [24]. For larger
molecular systems molecular mechanics is often employed. In the next chapter, the

details of molecular mechanics is given below, since itis employed in our studies [19].
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1.3.1.2 Molecular Mechanics (MM)/Force Field (FF)

Molecular mechanics is an approach to calculate energy [19]. Rather than taking
electrons into account explicitly; molecular mechanics consider atoms as balls and
bonds as springs with each atom and each bond having different properties [25]. With
this consideration, classical mechanics can be used to evaluate energy and forces for
any geometry of a given molecular system [26]. In molecular mechanics, the energy
is the sum of independent energy terms written as a function of coordinates of the
atoms combined with parameters obtained either by experimental methods or QM
calculations [19], [25], [27], [28]. These independent energy terms are bond stretch-
ing, bending, torsion, electrostatic interactions, Van der Waals interactions and cross
terms [29]. Force elds differ from each other by having different functional forms

of each energy term, number of included cross terms, and how the parameters are
obtained. The base of the force eld is their “transferability” ; e.g. carbon hydrogen
bond length in different molecules are very similar, between 1.06 and 1.10 A and the
C-H bond vibrations are between 2900 and 38601 [23]. Energy calculations are
done with MM calculations after dockings for both of the projects. Minimization is
performed to re ne the poses generated by AutoDock Vina. This is a crucial step since
after the minimization, interaction energies are calculated and minimization provides
reliable starting conformations and accurate analysis. Moreover, minimization opti-
mizes the docked complex and increases stability of the conformation. This is done
by minimizing steric clashes arising from overlap of atoms. Overlap of atoms causes
van der Waals repulsions [30]. The van der Waals repulsion occurs when two atoms

get too close, their electron clouds overlap and they repel each other.

1.3.1.3 Molecular Dynamics (MD) and other sampling techniques

While molecular mechanics is about what the energy or forces are on the atoms,
molecular dynamics is about those forces where would the atoms move and how in
time. It is a sampling technique to calculate the energy of a system. As the size of
the system increases, the potential energy surface gets more complex since the con-
formational space gets larger. PES could have several local minima and MD and

Monte Carlo (MC) simulations are techniques that sample this conformational space.
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Monte Carlo is another sampling technique which is widely used. They sample the
different conformations of a system. Molecular dynamics uses the given minimized
positions of the system and assigns initial velocities randomly but according to the
Boltzmann distribution while Monte Carlo uses various algorithms to change atom
positions based on prede ned moves, such as random translations or rotations about
sigma bonds. Monte Carlo ef ciently explores the system's conformational space but
does not hold time-related information. It involves randomly changing the conforma-
tions of a molecule and using a decision-making algorithm to determine if this new

conformation ts the criteria [31].

Molecular dynamics simulations are used to predict how the behavior of atoms in
a system changes over time. They involve determining the forces acting on each
atom in a biomolecular system. By applying Newton's laws of motion, change in the
position of each atom over time can be predicted. This process involves iteratively
calculating forces on atoms, and updating their positions and velocities accordingly.
Essentially, MD simulations produce a detailed dynamic representation of the atomic-
level con guration throughout the simulation period [32].

In this thesis, the two projects accommodate large biomolecules which are dynamic in
nature; constantly changing. MD simulations can give insight to how system evolves
over time. In both of the projects, MD simulations trajectories are used to calculate
interactions energies between ligand and the receptor. Energies of individual compo-
nents, ligand and receptor and the ligand-receptor complex are calculated by single
point calculations. The free ligand and free receptor energies are subtracted from the
complex’s energy to determine the interaction energy. Implicit solvent model is used
which solvent molecules represented implicitly rather than explicitly. This model is
mostly used when the solvent is homogeneous and the biomolecular systems' interac-
tions with solvent is not studied. Not representing solvent molecules explicitly gives
speed to the calculations. Moreover, increases the ef ciency of sampling of confor-
mational space in large systems due to the decrease in viscosity coming from explicit

water molecules [33].



1.3.1.4 Molecular Docking

Molecular docking is a computational tool employed in drug design and discovery.
A drug must bind to its biological target in order to function. Molecular docking
predicts the possible binding modes of these drugs [34]. It is widely used for in-
vestigation of the interactions between the ligand (pharmaceutical) and the receptor
(protein or DNA). It is a structure-based drug design technique. Docking has two
essential processes, the rst one is sampling, and the second one is scoring [35]. The
idea behind the docking comes from the “lock and key” model. This model was
proposed by Emil Fischer in 1894 to understand the enzyme-substrate relationship.
This analogy conceptualized the idea that each enzyme has its own substrate that is
speci c just like a key speci c to its lock. This model was after improved by Daniel
Koshland's proposition of “induced t” which takes the dynamics and the exibility

of the enzyme-substrate complex into account. Substrate represented as key, induces
conformational changes in the “lock”, i.e., the enzyme, upon binding. However, the
substrates not only t the binding pocket of the enzyme but also change the enzyme
for a better alignment of active site residues. Induced t also explains why substrates
won't bind to some enzymes when their shapes t the criteria. Lock and key model is
adapted to molecular docking; however, achieving the induced t in molecular dock-
ing studies is more challenging [36]. The sampling process is the search of confor-
mations of the ligand, in the binding site of the receptor. The scoring function is the
listing of these conformations in accordance with their af nities. Several sampling
and scoring functions are available for a number of docking softwares [35]. These are

detailed below.

1.3.1.5 Sampling

Before the docking process, several conformations of the ligand are generated via ma-
nipulations of rotatable bonds and translation. Then, positioned within the receptor's
binding site. Sampling process is complex due to the numerous degrees of freedom in
the conformational space [37]. The goal is to nd the binding mode of the ligand by
searching amongst its possible conformations. Understanding the binding processes

is crucial to enhance the binding af nity and speci city of ligands and understanding
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their structure-activity relationship (SAR). Ef cient sampling of all stable conforma-

tions that ligand may employ at room temperature is extensively studied, yet still
remains a challenge in molecular docking. It is known that bioactive ligands can have
higher energy than their respective global minima. Moreoever, geometry of the re-
ceptor affects the conformations of the bioactive ligand. Thus, it is crucial to search

extensively over the potential energy surface for several local minima [38].

1.3.1.6 Scoring Function

The goal of a scoring function is to rank the poses generated by the sampling from
best to worst. The score usually tries to re ect the binding af nity between the lig-
and and the receptor. Binding af nity can be expressed as the strength of the binding
interactions between the receptor and the ligand. It is directly related to the Gibbs
energy of binding [39]. Negative Gibbs free energy means the process is sponta-
neous. There are many scoring functions, the most common ones can be divided into
three: Force eld-based, empirical, and knowledge- based scoring functions. Force-
eld-based scoring functions calculate the sums of the Van der Waals interactions to
determine the binding energy. On the other hand, empirical scoring functions divide
the energies into components of hydrogen bonds, ionic interactions, hydrophobic ef-
fect, and binding entropy. Each component is multiplied by a coef cient and added
up to calculate the score. Coef cients are calculated from a test set of ligand-protein
complexes with known binding energies by regression analysis. Knowledge-based
scoring functions use the distances between the ligand and the receptor or the fre-
guencies of occurrence. The higher the af nity between the ligand and the receptor,
the higher the frequency of occurrence [40]. Non-force eld based scoring functions
have two major limitations which are not proper description of protein exibility and
the implicit treatment of solvent [41]. Empirical scoring functions might result in bias
when transferred to a new receptor-ligand set [42]. They depend on the availability

and accessibility of the experimental data.
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1.3.1.7 Molecular Docking Softwares

Molecular docking is a cornerstone in computer-aided drug design (CADD), espe-
cially in structure based drug design strategies [43]. It enables researchers to predict
and analyze the interactions between a drug candidate and its target, streamlining the
discovery and optimization of potential drug candidates. With the advancement of
molecular docking technology, several software programs have become essential for
computer-aided drug design research. This section delves into some of the most com-
monly used docking software, highlighting their unique features and approaches. By
understanding the capabilities and limitations of these software tools, researchers can

effectively utilize them to accelerate the drug discovery process.

1.3.1.8 AutoDock Vina

AutoDock Vina is a free, fast and easy-to-use molecular docking software. It consid-
ers receptors as rigid and ligands as exible. For sampling, several conformations of
the ligand are generated and get translated into the selected binding site. For scoring
function, it uses a combination of empirical and knowledge-based scoring functions.
It ranks the conformations according to the sum of both inter and intra-molecular

interactions [44].

1.3.1.9 AutoDock

AutoDock is the predecessor of AutoDock Vina. It currently offers two softwares
inside the umbrella name which are AutoDock Vina and AutoDock 4. AutoDock 4
(AD4) uses semi-empirical free energy force eld for scoring [45]. Its creators report
that, as the number of rotatable bonds increases, Vina outperforms AutoDock 4 in

replicating experimentally observed binding modes [45], [46].
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1.3.1.10 Glide

Glide stands for grid-based ligand docking with energetics, it employs a sequence of
hierarchical Iters to explore potential positions where the ligand could bind within
the active-site region of the receptor. After generating a set of ligand conformations,
ligand is minimized in the binding site using force eld calculations. Next, poses are
re ned using Monte Carlo sampling techniques for more accurate ranking. Lastly,
it uses an empirical scoring function combined with added terms [47]. While Glide
docking doesn't provide exible receptor docking, it does allow for scaling down the
van der Waals radii of non-polar atoms in both the receptor and ligand. This feature
helps to modify the distance between atoms, minimizing steric hindrance. Moreover,
it enables the possible sampling of receptor's hydroxyl group positions to further

introduce exibility [48].

1.3.2 Limitations of other docking softwares and bioAlM

Early docking algorithms, such as DOCK, employed rigid docking due to the com-
plexity of sampling in molecular docking. Both receptor and the ligand is rigid and
the binding mode of the ligand is decided by the interacting points between them and
tting of the ligand into the binding site of the receptor. This approach ignores the in-
duced t model and can't nd the binding conformation of the ligand [37]. AutoDock
Vina on the other hand only limits the exibility of the receptor and samples lig-
and conformations. However, this approach also ignores the exibility and changes
induced by the ligand to the host. Overall, for all molecular docking softwares re-
docking strategies are used to validate their methodology and compare docking ac-
curacies. However, re-docking with the opening left by the removed ligand creates
a problem. Since the receptor already changed its conformation to t the ligand, a
cavity; binding pocket is left behind when ligand is taken out. In the paper explaining
Glide, the authors mention protein preparation but with the ligand present-to ensure
the untenable steric clashes arising from protein structure determination obtained by
crystallography [47]. The lack of exibility in the receptor and not permitting the
atom overlapping, would leave the cavity favorable compared to other binding cen-

ters created. Even if re-docking results are promising, for blind docking strategies in
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apo structures without any known active sites, the reliability of the docking results
may be compromised due to the inherent limitations of the methodology, particularly
in capturing the dynamic nature of protein-ligand interactions and the conformational

changes of the receptor upon ligand binding.

Furthermore, their scoring is not good to discriminate between good and bad, unstable
poses. Unstable poses sometimes can have higher scores which makes nding the
actual pose that will be employed by the ligand harder to determine. In a study done
on Vina and DOCK 3.7 that compares the overall performance, Xu, M. et al. reported
a bias from Vina towards high molecular weight compounds and an abundance of

irregular torsions in docking poses generated by both programs [49]

Newly developed docking tool bioAIMY, unlike others, automatizes the docking
process and its re nement. It minimizes the complex after the docking process, pro-
viding time ef ciency and improving the scoring while presenting an interaction en-
ergy between the ligand and the receptor. Moreover, prior receptor preparation and
implemented soft core potential in the subsequent steps of the docking grants induced
t docking.

bioAIM™ can operate in two ways, i) by generating poses using Autodock Vina or
i) by generating random poses with openbabel. In either case, the initial poses are
further re ned with a molecular mechanics-based protocol involving minimization,
molecular dynamics, and biased potentials. The rst mode of operation is faster as
Vina provides few, reasonably good poses. The second one is more computationally
intensive, but has the advantage of generating seemingly unphysical poses with over-
lap between receptor and ligand. Only such starting poses can lead to strong induced

t changes in the receptor.

1.3.2.1 Re-docking/Blind-docking

Re-docking is a method validation procedure, it is used when experimental data is
available regarding the studied system. It is performed by removing the ligand from
the complex and docking it in its original binding position to see whether the same

pose can be generated and scored high. RMSD of the generated pose is calculated
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with the original pose taken as a reference [50]. Blind docking on the other hand
refers to a docking strategy when the binding site is unknown [13]. A grid over the
receptor is generated and the ligand is docked at every grid point. Later, the poses
are ranked according to their binding af nities and potential binding site is selected
looking at the binding af nity, the interactions present at the binding site between

ligand and the receptor and the stability of the pose.

For G-quadruplex stabilizing ligands used in this work, G-quadruplex-ligand com-
plexes are found on Protein Data Bank. In order to validate our docking procedure,
re-docking is performed. First, re-docking with AutoDock Vina is performed for
complexes with PDB IDs 7CSK, 3CE5 and 1NZM. They are all G-quadruplexes, in
7CSK, two doxorubicins are groove bounded, in 3CE5 there is one BRACO-19 in-
tercalated and for LINZM, two RHPS4 ligands are intercalated. After re-docking with
AutoDock Vina, blind docking is performed on these structures with their ligands re-
moved (apo structures) using bioAIM software. A grid is generated to create binding
sites on the structures with 4 Angstrom distances between each binding site. Docking
of ligands to each binding site is performed and MM re nement of each pose with
interaction energy calculations are done. The purpose of blind docking is to also val-
idate the docking protocol and also to see whether we can generate the same pose
usingbioAIM ™ without giving a speci ¢ binding site information. Blind-docking

is also performed on target G-quadruplexes with PDB IDs 7CV3 and 7CV4 respec-

tively. Same grid is generated and the same procedure is applied.

1.3.3 Protonation State Determination

Strong acids fully dissociate in water, however, weak acids don't [51]. The studied
pharmaceuticals in this project have certain ionizable groups such as carboxylic acids
(-COOH), sulfonic acids §;OH) or amines (NH ) that will have different proto-
nation states at different pH. It is crucial to know the correct protonation state of the
pharmaceutical because it effects its charge, solubility, structure therefore effects the

binding of its target.
Protonation state can be determined using the Henderson—Hasselbalch equation:
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pH = pK, +log ——= (1.1)

pK 4 is the dissociation constant of the weak ag@Hl,, = - logK 5, and [HA] and [A]

are the molarities of the weak acid and its conjugate base. [52]

HAGg*+ H20g)  HiOh + A (1.2)

(ag)

HA is the acid,A is the conjugate base. Acid dissociation constant can be written

as.
_ [H3O0"]J[A ]
Ka - W (13)
and
pKa = logKa (1.4)

The extent of dissociation shows the strength of an acid. Therefore, a large value of
K 2 means that the acid dissociates more and thus is stronger than an acid with lower
K, value. If pK, and pH were to be equal, then the molarity ratios of conjugate
base and acid would be equal to 1 (since log 1 is equal to 0). This means that for
a single molecule, the chances of nding it protonated/deprotonated are equal. With
this logic, if pK, is larger than pH, the molar ratio would be smaller than zero and
for it to happen the concentration of weak acid should be higher. Thus, the functional
group will be protonated. It can also be explained that whi€n is larger the acid
dissociation constari ; is small. K, corresponds to the strength of acid, sniall
meaning strength of acid is weak, with the lower pH the concentration’ @ High,

the functional group protonated. In this project, Te, values of the ionizable
groups are checked and the protonation state of the ligand at physiological pH is
determined [53].

Even though, Henderson—Hasselbalch equation plays a crucial role in the understand-
ing acid-base equilibrium, it has some drawbacks. This equation may produce poor or

inaccurate results in the presence of strong acids or basepKlhealues between 5
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and 9 yield good approximations. However, outside this range, the pH value is likely

to be inaccurate [52].

1.3.3.1 Binding Equilibrium Constant

Binding equilibrium constanK y, is the reciprocal of the dissociation constant. Bind-

ing equilibrium constant is also referred as association(formation) constant.
R+L RL (1.5)

R is the receptor, L is the ligand and RL is the complex they form. The forward
process is the formation (association) and the reverse is dissociation process.

_ [RL]

>~ RIL] (1.6)

K¢ is the binding (association) equilibrium constant and [R], [L] and [RL] are the
concentrations of receptor, ligand and the complex at equilibrium, respectively. The
binding equilibrium constant has a unit Mf. Reciprocal of the formation equilib-

rium constant gives the dissociation constant [54].

< = 1. [RIL

= 1.7
Kp [RL] (2.7)

Forward rate constant is often callkg), and the reverse rate constankig.
R+L RL (1.8)

Rate forward =, [R][L]
Rate reverse &q [RL]

At equilibrium the rate of the forward reaction would be equal to the rate of the reverse

reaction. Thus, dissociation equilibrium constant will be:

kon [R][L] = koff [RL]

Kg= i = —[R][L] = @ (19)
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CHAPTER 2

INVESTIGATING THE BINDING SITES IN THE SPIKE PROTEIN OF
SARS-COV-2

2.1 SARS-CoV-2 Virus

At the end of the year 2019, a disease called COVID-19 caused by the novel coron-
avirus SARS-CoV-2 (Severe acute respiratory syndrome coronavirus 2) spread world-
wide [55]. This outbreak was declared a public health emergency of international
concern (PHEIC) on 30 January 2020 by the World Health Organization (WHO) and
the declaration was lasted until 5 May 2023 [56]. It is the latest addition to the coro-
navirus family infecting humans [57]. Middle East respiratory syndrome coronavirus
(MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS-CoV) are
the other members of this family causing deadly pneumonia. In 2002 and 2012, re-
spective outbreaks happened due to MERS-CoV and SARS-CoV [58]. In 20 years,
3 outbreaks caused by coronaviruses impacted the lives of many people. They are
transmitted to humans from animals [59] and as the human-animal activities increase,
it is suggested by scientists that a novel coronavirus will likely occur again. These
highly pathogenic viruses have frequent mutations, infecting many people at a very
high infection rate [57]. Several vaccines have been developed, and drug testing has
been done, but it is still unclear whether these efforts will eradicate the coronavirus.
The search for an adequate drug to treat the disease still continues [60]. While the
emergency of the pandemic may have subsided, it is crucial to recognise that the
virus still poses a threat. Acknowledging the existence of previous coronaviruses
and their potential to mutate and evolve is imperative to nd a way to ght them.
Our emphasis should be focused on understanding the coronavirus and developing

therapeutics that respond faster when needed. This thesis focuses on one of the four
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structural proteins in coronaviruses, spike protein. Coronaviruses use this protein to
recognize the host receptor and fuse with the cell membrane of the host [61]. Both
SARS-CoV and SARS-CoV-2 bind to Angiotensin-Converting Enzyme 2 (ACE2) re-
ceptor with their Spike (S) protein [62] and share 76.0% sequence similarity in their
spike proteins [63]. While MERS-CoV's S-protein binds to dipeptidyl peptidase 4
(DPP4) [64] it has 29.4 % similarity with SARS-CoV-2's [63]. As for the genetical
sequence SARS-CoV has 79.6 % similarity with SARS-CoV-2 and MERS-CoV has
50 % similarity [65].

2.1.1 Spike Protein of SARS-CoV-2

The Coronavirus family is very diverse and categorized into four groups: alpha-, beta-

, gamma-, and delta-coronavirus. SARS-CoV-2 is in the same group with MERS-CoV
and SARS-CoV named betacoronavirus. The name of the coronavirus comes from
its glycosylated spike protein, which appears like a crown on the membrane of the
virus. Spike (S) protein is one of the structural proteins alongside nucleocapsid (N)
protein, envelope (E) protein, and membrane glycoprotein (M). Envelope and mem-
brane proteins assemble the viral membrane, S-protein positioned on the membrane
facilitates the viral entry and nucleocapsid protein as its name suggests protects the
viral RNA [66]. Spike protein is classi ed as transmembrane protein meaning that
part of it is fused into the phospholipid layer [67], [68]. It is highly glycosylated
and this plays an important role in host recognition, viral entry, recycling of spike

in Golgi and pathogenesis [69]. Glycosylation is the covalent attachments of sugar
molecules called glycans to the proteins during or after the translation (post and co-
translation) [70] happening on Endoplasmic Reticulum(ER) and Golgi apparatus [71].
These glycans help spike protein shield itself from the immune system [72]. This co-
valent bond between amino acids and sugar molecules is called a glycosidic bond and
can be N-linked or O-linked. N-linked glycosylation is when glycans are attached
to asparagine (Asn) residue. O-linked glycosylation is the attachment of glycans to

residues serine (Ser), threonine (Thr), and tyrosine (Tyr) [73].

Spike (S) protein is used to deploy the entry into the host cell. [74] This make spike

protein a target for many drugs and an interest in this thesis. The drug candidate
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which is designed by our collaborator Assoc. Prof. Gilcihan Gilseren and will later
be mention in this text is investigated to be binding to the spike protein and obstruct

the viral entry.

Spike protein has 3 identical amino acid chains called protomers forming homotrimers
(protomers A, B and C). S glycoprotein consists of 2 subunits called S1 and S2. S1
has N-terminal domain (NTD), a receptor binding domain (RBD) and C terminal do-
mains (CTD) composed of CD1 and CD2 [67]. In some articles, it is mentioned as
subdomain 1 (SD1) and subdomain 2 (SD2) [75], [76]. S2 subdomain consists of
fusion peptides (FP), fusion peptide proximal region (FPPR), heptad repeat 1 (HR1),
central helix (CH), connector domain (CD), heptad repeat 2 (HR2) transmembrane
segment (TM), and cytoplasmic tail (CT) [77]. S1 subunit is the top, more rounded
part of the protein where at the summit receptor binding domain (RBD) lies. The
receptor binding motif (RBM) is situated within the RBD, and studies showed that
the RBM establishes a direct contact with ACE2 during the binding process [78].The
receptor binding domain undergoes conformational changes both before and after
binding to ACE2 resulting in two distinct states known as the open (RBD up) and
closed (RBD down) states. In the closed state, where the RBD is down, the receptor
binding motif (RBM) is enclosed within the RBD, limiting access to the ACE2 bind-
ing site. Therefore, the open conformation is essential to facilitate access, enabling
the interaction between the RBM and ACE2 [79], [67]. Binding of RBD to ACEZ2 in-
duces the cleavage of S1 and S2, then transmembrane protease serine 2 (TMPRSS2)
cuts the protein further. S2 sub-unit changes conformation drastically and inserts it-
self into the cell membrane. Eventually cell and virus membranes fuse [67]. Further
studies on the infection mechanism of SARS-CoV-2 revealed that the spike protein is
cleaved at two sites S1/S2 and S2'. Furin, a human host protease, is shown to take
part in the S1/S2 cleavage site (hamed S1/S2 “priming”) [80]. Furin cleavage site,
S1/S2 contains multiple basic amino acids (PRRAR) [81].

2.1.2 The drug candidate (HP1-PA)

The drug candidate investigated in this thesis was designed by Assoc. Prof. Gllcihan

Gulseren, differs structurally from the other COVID-19 inhibitors reported so far. It
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draws inspiration from heparin mimetic peptide synthesized by Mammadet &.
(2011) [82]. The drug candidate is presented in 2.1consists of 2 major parts: Circled
and in red is the active part. In black rectangle there is a short peptide sequences
and a hydrophobic carbon chain (consisting of 12 carbons). This part is intended
to increase the bioavailability of the drug. Short peptide sequence with sulfonate
and lauric acid (@) is combined to form peptide amphiphile. Peptide amphiphiles
(PAs) have hydrophilic peptide head, in this case the sulfonate group and several
carboxylates and hydrophobic tail, lauric acid complemented with three hydrophobic
amino acids [83].

Figure 2.1: The structure of the drug candidate HP1-PA.

2.1.3 Ligand Preparation

The drug candidate is very large to model as a whole. Thus, only the red section
of the HP1-PA as shown in Figure 2.1 is investigated within this thesis study. Ac-
tive part of the drug (shown in red) is suggested to be selective in terms of receptor
binding. The rest of the drug candidate will later be constructed outside of the scope
of this thesis. The physiological charge of the anchor part of the drug candidate is
-1, i.e., with the sulfonic acid deprotonated. The drug candidate is drawn in IQmol
and GAFF (Generalized Amber Force Field) parameters are applied to the ligand us-
ing antechamber tool of AMBER. Another AMBER tool parmchk2 is used to check
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the bond parameters and create a force eld modi cation (frcmod) le containing all
bonding and non-bonding information [84], [85]. After that, point charges were as-
signed with restricted electrostatic potential (RESP) based on Hartree Fock method
with 6-31G* basis set using Orca 5 [86], [87].

2.1.4 Receptor Preparation

Six different conformations of the receptor is investigated. These conformations are
obtained by molecular dynamic simulations of the open (PDB ID: 6VYB) and closed
(PDB ID:6VXX) form of spike protein, performed by Drlke Ugur Marion by a
previous study [88]. With their original conformations deposited to the protein data
bank, in total 14 receptors, 7 each. Out of total 14 receptors closed state ones are
named CS-000, CS-R00, CS-R01 through CS-R05. For open state the same procedure
is applied (e.g. OS-000 through OS-R05)

Four binding sites named A, B, C and X that showed high binding af nity towards
a selection of drugs obtained by virtual screening [88] were selected. After dock-
ings were performed, MM minimization and interaction energy calculations were
performed using bioAINM. Binding sites used in this thesis are shown in Figure 2.2.
All four the binding sites are positioned inside a channel made by the alpha helices
running along the principal of the spike protein. It is anticipated that inhibiting this
region in the channel would hold the potential to disturb the next stages of the fusion
mechanism thus prevent virus infection. [81]. Docking box size of 18x18x18 Awas

selected for each binding site, and bioAlideveloped by Meddenovo was used.

2.2 Results and Discussion

2.2.1 Binding Site A

The binding site A is located on the uppermost part of the channel made by alpha
helices. For Receptor CS000, this naming refers to closed state (CS) of the spike

protein. "000" is the numbering assigned to keep track of the receptors.
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Figure 2.2: Binding sites used in dockings of spike protein (A, X, B and C).

Table 2.1: Autodock Vina docking score, Interaction enefgy), van der Waals En-
ergy Evow), Electrostatic EnergyH ) and Solvation EnergyHs,) values calculated

for the Spike protein closed state (CS000) and drug candidate complex for binding
site A. Sorted by best MM Scoré&(,) to worst. Unit of energy is kcal/mol.

Complex Num| Vina Score| Eit | Evow | Eel | Esol
09 14.1 -37.2| -65.5| 28.6| -0.3
20 21.8 -35.6| -71.8 | 25.0| 11.3
06 13.6 -35.6| -66.3 | 42.6| -12.0
22 29.1 -19.0| -70.1 | 93.4| -42.4
01 10.8 -16.4| -67.7 | 91.6| -40.4
08 14.0 -12.5| -67.7 | 95.2| -40.0
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The Table 2.1 lists energies calculated for CS000. (The rest is shown in appendix
TableA.1) The poses with MM scores (Interaction energies) lower than -30 kcal/mol
is sorted in an increasing fashion and the ones where the anchor part of the drug
can be extended (i.e. rest of the drug can be added.) are investigated further. As it
can be seen from the Table 2.1 the score given by AutoDock Vina (Vina Score) is
positive for all poses while with MM calculations resulted in energy values as low
as -37.2 kcal/mol. Thus later on, only MM scores are reported and used in decition
making. The reason for the positive Vina score is the overlapping of the ligand and
the receptor. Hence, it reports the docking of the ligand as a non favorable process.
When later the pose is re ned by molecular mechanics simulations, the interaction
energy becomes favorable. This re nement is necessary to oipidurced t As it

is known that the ligand induces conformational changes in the receptor and receptor
accompanies these changes to t the ligand better. Interactions between the receptor
and the ligand were investigated via PyMOL and LigPlot [89], [90].

In Binding site A, there are two ways the ligand can be extended. It is either through

the Receptor Binding Domain path along the channel or through the side of the pro-
tein. The Table 2.2 shows the MM scores for thirty-three poses that can be elongated
through the RBD (See Appendix Table A.2).

Table 2.2: MM scores of the poses in binding site A where the anchor ligand can be

extended through the Receptor Binding Domain. MM scores are arranged in ascend-

ing order.
Receptor Name Pose Number MM Score (kcal/mol)
0OS000 1 -49.3
OSRO00 1 -45.2
CSR00 2 -43.1
OSRO05 14 -30.2
OSR02 3 -30.0
CSRO1 6 -30.0
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There are 21 poses which can be extended through the side of the protein that are
shown in Table 2.3 (See Appendix Table A.3).

Table 2.3: Complexes in binding site A where the anchor ligand can be extended

through the side of the protein, sorted according to increasing MM scores.

Receptor| Pose Number MM Score (kcal/mol)
OSRO00 11 -48.1
OSRO00 14 -42.2
OSRO00 24 -40.9
CSR04 11 -32.7
CSRO02 9 -30.8
OSRO05 13 -30.1

After examining all the poses that can be extended, the ones that have the similar
conformations and/or interactions with the similar residues were grouped. Since the
spike protein is a homotrimer protein [67] its C3 symmetry is taken into account when
grouping the poses. This is done to gure out each unique residue that can play a role
in the binding of the ligand and identify the appropriate binding site which the ligand
is likely to bind. A representative pose is selected from each group. These represen-
tatives are possible binding modes of the ligand in binding site A. The representative
poses for the binding of the ligand to binding site A is given in Table 2.4.

The intermolecular interactions at the pose 1 of receptor OS000 can be seen in Fig-
ure 2.3. Glutamine and threonine are the residues which the anchor part of the drug
candidate HP1-PA is having hydrogen bonding interactions with. Hydrophobic inter-
actions are shown in red lines with half circles and hydrogen bonding is shown with

distance measurements.
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Table 2.4: The energies associated with different binding mode for Binding Site A.

Receptor Name Pose Number MM Score (kcal/mol)
0OS000 1 -49.3
OSRO00 11 -48.1
CSRO00O 2 -43.1
CSRO05 3 -40.7
CSRO05 19 -39.3
CSR02 17 -39.2
OSRO03 14 -35.5
CSR04 2 -35.3
OSRO02 20 -35.0
OSRO02 12 -32.6
OSRO03 25 -31.5

2.2.2 Binding Site B

Same procedure was performed for binding site B. First, poses with MM score lower
than -30 kcal/mol were selected. These poses with the receptor names and MM scores
were shown in Table A.4. After, these poses are selected based on whether or not there
is enough space around it for rest of the drug can be constructed. It was revealed that
the rest can be assembled through the side of the protein in S2 subunit. The selected
poses clustered together and a representative pose was determined. They represent

each unique binding mode the anchor part of the drug can employ.

The possible binding modes that the ligand can employ are shown in Table 2.6. It
can be seen in Figure 2.4 the negatively charged sulfonate group of HP1-PA is having
salt bridge (h-bonding and electrostatic) interactions with arginine residues numbered
2134 and 3255. Since spike protein is a homotrimer, these residues are actually same
residues located in different chains. Hydrogen bonding interactions with the Arginine
residues numbers 3235 and 2114 can be observed. They are also same residues on
different chains. Hydrogen bonding interactions were observed between glutamine

residue numbered 991 with nitrogen of the amine in HP1-PA.
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Table 2.5: Complexes in binding site B with MM Scores below -30 kcal/mol.

Receptor Name Pose Number MM Score (kcal/mol)
0OS000 4 -40.5
CSO000 16 -40.4
OS000 2 -39.7
CSO000 13 -31.0
OSRO02 27 -30.7
OSR04 3 -30.6

Table 2.6: The energies associated with different binding mode for Binding Site B.

Receptor Name Pose Number MM Score (kcal/mol)
OS000 4 -40.5
OS000 2 -39.7
0OS000 9 -39.6
CSR00 7 -37.5
CSR04 14 -36.9
CSR00 2 -36.8
OSRO00 17 -35.4
OSR02 23 -33.4
OSR02 27 -30.7
OSRO04 3 -30.6
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Figure 2.3: Interactions of pose 1 on receptor OS000 at binding site A shown on
LigPLus.

2.2.3 Binding Site C

Same procedure was performed for binding site C as well. There are 43 poses which

have MM scores lower than -30 kcal/mol in binding site C are shown in Table A.5.

All poses in the Table A.5 were investigated to determine whether the anchor can
be extended or not. Pose 7 from receptor OS000, pose 23 of OSR01, poses 5 and
8 from OSRO02, poses 8 and 28 from OSR03, and poses 1, 10, 13 from OSRO05 are
deemed to be not extendable thus, removed from the table. Remaining poses can be
extended from the side of S2 subunit where next to it, the stem of it resides which
is connected to the virus's membrane. They are further investigated and clustered

visually by having similar conformation and interactions with similar residues.

Figure 2.5 shows hydrogen bonding interactions between HP1-PA and arginine residues

numbered 1013 and 3255 as well as glutamine with residue number 2126. Moreover,
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Figure 2.4: Interactions of pose 4 with receptor OS000 at binding site B shown on

LigPLus. The distances are in A.

Table 2.7: Poses in binding site C with MM Scores below -30 kcal/mol.

Receptor Name Pose Number MM Score (kcal/mol)
OSRO01 11 -40.9
OSRO03 26 -38.9
OSRO00 5 -38.7
OSRO05 1 -30.4
0S000 6 -30.3
OSRO03 6 -30.3
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Table 2.8: Binding modes of Binding Site C.

Receptor Name Pose Number MM Score (kcal/mol)
OSRO01 11 -40.9
OSRO03 26 -38.9
OSRO00 5 -38.7
CSRO03 29 -38.6
CSR02 29 -36.9
OSRO00 10 -36.6
OSRO1 13 -36.0
CSR00 11 -35.0
OSRO03 4 -33.6
OSRO04 14 -32.2
CSR0O1 21 -31.7

salt bridge interactions can be seen between the negatively charged sulfonate group
and lysine residues 1012 and 3254. Both lysine residues are the exact same residues

located on different chains.

2.2.4 Binding Site X

There are 18 poses in binding site X that have an MM score below -30 kcal/mol
are shown in Table 2.9. After sorting through these poses further examination was

performed to determine the poses in which rest of the drug can be extended.

In Table 2.10, there are 10 poses where the ligand can be extended through the side
of the protein at the S2 subunit.

The representatives of the clusters are shown in Table 2.11. They are the possible
binding modes of the ligand in binding site X. Salt bridge interactions between argi-
nine residue 2109 and sulfonate group of the drug candidate can be observed in ad-
dition to hydrogen bonding interactions between glutamine 2105 and the sulfonate
group. There are also hydrogen bonding interactions between HP1-PA and residues

arginine 3235 and 2114; glutamine 991, alanine 2111 and isoleucine 987. These and
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Table 2.9: Poses in binding site X with MM Scores below -30 kcal/mol.

Receptor Name Pose Number MM Score (kcal/mol)
OSRO01 21 -39.88
OSR02 19 -38.67
OSRO05 6 -38.13
OSRO01 19 -36.03
OSR02 6 -34.73
CSRO00 26 -34.73
OSR04 18 -34.15
CS000 29 -34.01
CSRO03 21 -33.9
OSRO03 8 -33.57
CSRO05 15 -33.08
CSRO00 14 -32.53
CSRO05 30 -31.96
OSRO01 14 -31.44
OSRO05 15 -30.48
OSRO03 24 -30.26
CSRO05 3 -30.19
CS000 9 -30.16
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Figure 2.5: Interactions of pose 11 with receptor OSRO01 at binding site C shown on

LigPLus. The distances are in A.

Table 2.10: Complexes where the ligand can be extended selected from complexes

with MM Scores lower than -30 kcal/mol.

Receptor Name Pose Number MM Score (kcal/mol)
OSRO0O1 21 -39.88
OSRO1 19 -36.03
0SR02 6 -34.73
OSRO03 8 -33.57
CSRO00 14 -32.53
OSRO0O1 14 -31.44
OSRO05 15 -30.48
OSRO03 24 -30.26
CSRO05 3 -30.19
CS000 9 -30.16
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Table 2.11: Binding modes in binding site X.

Receptor Name Pose Number MM Score
OSRO01 21 -39.88
OSRO03 8 -33.57
CSRO00 14 -32.53
OSRO05 15 -30.48
OSRO03 24 -30.26
CSRO05 3 -30.19
CS000 9 -30.16

hydrophobic interactions are shown in Figure 2.6.

The binding sites that were investigated in this work share the common characteristic
of having a signi cant number of polar and charged amino acids, notably glutamine
and arginine. The latter has a positively charged side chain and can engage in salt
bridges and hydrogen bonding interaction, forming particularly strong pairs with the

sulfonate group of the ligand.

2.3 Conclusion

In conclusion, several ndings emerge based on the extensive investigation into the
binding sites of the spike protein of SARS-CoV-2 and the interactions with the drug
candidate HP1-PA using bioAIN'. The drug candidate HP1-PA, inspired by hep-
arin mimetic peptides, shows promising interactions with various binding sites on the
spike protein. Through molecular docking studies and molecular mechanics simula-
tions, it was observed that HP1-PA exhibits favorable binding af nities with multiple
binding sites used in this study, which are A, B, C, and X. Possible binding modes of
the ligand were found at these binding sites. Further analysis of each unique residue
interaction and by grouping similar poses and selecting a representative for each of
them provided insight about intermolecular interactions between the ligand and the
spike protein at every conformation. Binding site A has one hundred and seventeen

poses with an MM score below -30 kcal/mol. From them, Fifty-nine of the poses
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Figure 2.6: Interactions of pose 21 with receptor OSRO01 at binding site X shown on

LigPLus. The distances are in A.

showed potential for the rest of the drug to be extended. Thirty-eight of them could
be extended through the Receptor Binding Domain (RBD); twenty-one of them could
be extended from the side of the protein where the width of the protein is thinning
(S2 subunit). After analyzing the binding site A, ve binding modes were found in
the closed state and six in the open state of the spike protein, with the lowest scores
being -49.3 and -48.1 kcal/mol for the open state and -43.1 and -40.7 kcal/mol for the
closed state of the receptor. For binding site B, thirty-four poses were satisfying our
MM score criteria. Twenty-eight of them could be elongated through the side of the
protein. When analyzed, for closed state two and for open state seven binding modes
were found. Binding site C had forty-three poses with MM scores lower than -30
kcal/mol. Twenty-nine could be extended through the opening, which is very close to
the viral membrane. For binding modes, seven poses were in closed state and four in
open state of the protein. Eighteen poses satisfy the MM score criteria at binding site
X, and eleven could be extended. Seven binding modes are found. Three of which
were in the closed state of the receptor, and the rest were in the open state. In Table

2.12 number of poses for each binding site that satisfy our criteria can be seen.
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Table 2.12: Summary of Key Findings for SARS-CoV-2 Binding Sites

Binding| Number | Number Binding Binding Lowest Lowest
Site of poses| of poses| Mode (CS) | Mode (OS) | MM Score| MM Score
with that can be (CS) (0S)
-30 | extended
kcal/mol
A 117 59 5 6 -49.3 -43.1
B 34 28 2 7 -37.5 -40.5
C 43 29 7 4 -38.6 -40.9
X 18 11 3 4 -32.5 -39.9

These results indicate that, in every binding site, the anchor part of the drug candidate
can be extended for both the open and closed state of the receptor. When compared,
it can be seen that in binding mode A, there are more poses with MM scores below
-30 kcal/mol, and even though the number of binding modes is similar for all, for
A, the initial number before clustering is the highest. This indicates that the ligand
can have several different conformations but interact with the same residue in the
binding site (more microstates are available). Moreover, there are two different ways
the ligand can be extended. Among the different binding sites, the ligand was found
to be binding to binding site A with a higher number of possible con rmations. On
the other hand, the opening in binding site C, being close to the viral membrane, can
block the ligand's extension, making binding site C the least likely for ligand binding.
Thus, C can be eliminated. Overall, the ndings presented in this thesis contribute to
the understanding of the molecular interactions between the spike protein of SARS-
CoV-2 and a potential therapeutic agent, HP1-PA. Further experimental validation
and optimization of the peptide based HP1-PA and similar drug candidates could
lead to the development of effective antiviral treatments for COVID-19 and other
coronavirus-related diseases. As the search for effective therapies continues, insights
from this research provide valuable groundwork for future drug development efforts
targeting the spike protein of SARS-CoV-2.
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CHAPTER 3

INVESTIGATION OF G-QUADRUPLEX DNA AND ITS INTERACTIONS
WITH DRUGS

3.1 DNA

Genomic DNA (deoxyribonucleic acid) is made up of two long polynucleotide chains,
known as DNA strands, which are composed of four distinct nucleotide subunits. Nu-
cleotides are made up of a nitrogen-containing base, a ve-carbon sugar, and phos-
phate group. These bases are adenine (A), cytosine (C), guanine (G), and thymine
(T). These nucleotides are mainly held together by stacking interactions and Hydro-
gen bonding [91].

3.2 G-quadruplex DNA

Guanine rich regions in the genome can form non-canonical structures known as
G-quadruplexes (G4s) by forming inter-molecular (also intra-molecular) hydrogen

bonding between guanine bases [92], [93].

G-quadruplex structures were rst discovered in telomeres located at the the tip of the
chromosomes and have a single sequence —TTAGGG- (for humans) repeated over and
over again. Telomere end-binding proteins can in uence the formation of G4s and
help maintain the stability of chromosomes [94]. These G-quadruplexes on telomeres
are presumed to be a substrate for telomerase enzymes, a good candidate as targets for
anticancer therapeutics because their stabilization can inhibit the telomerase enzyme
that is over-expressed in most cancers [95]. By blocking telomerase activity, the

inhibition of proliferation of cancer cells was observed [96]. G-quadruplexes are also
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found on key oncogene promoter regions [97]. They are suggested to be involved in
gene regulation at the level of transcription.Furthermore, stabilization of G4s in the

promoter region of the gene can suppress the transcription of oncogenes [98], [95].

3.2.1 G-quadruplex in PIM-1 oncogene

Triple negative breast cancer (TNBC) earns its name from the absence of three key
hormone receptors: estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) [99]. Being receptor negative indicates
that these tumor cells lack or have very few of aforementioned hormone receptors.
Since treatment needs a target to work, without these receptors there are less treatment
options available for TNBC. Because of such problems, scientist are actively seeking
alternative targets to address these challenges [100]. Chemotherapy drugs used for
this cancer type are anthracycline- and taxane-based chemotherapy regimens [101].
Recently, PIM1 oncogene has been identi ed to be overexpressed in triple negative
breast cancer. Brasé-Maristanyet.al. report that PIM1 plays an important role in
proliferation (rapid increase in number of cells) of malignant tumor cells and protects
these cells from apoptosis (programmed cell death) [102]. This makes PIM1 onco-
gene a novel target for the treatment of TNBC. In the selection of PIM1 inhibitors,
the toxicity of the inhibitor to non-malignant cells, safety of the drug and ef ciency
should be considered. It is suggested by scientists that PIM1 inhibitors have potential
to be used with chemotherapy agents. One of these inhibitors is AZD1208. [103]
Phase | study of AZD1208 was completed by Cortes J., et al in 2018 shows that it is
a tolerable drug by patients but lacks clear evidence for anti-tumor activity. [104] The
PIM1 gene was rst recognized as a site where the Moloney murine leukemia virus-

1 integrates into the genome (proviral integration). PIM-1 is a proto-oncogene that
produces a serine/threonine kinase, playing an essential part in cancer development
(oncogenesis) [105]. In the PIM1 sequence, two coexisting G-quadruplex duplex hy-
brids (QDHSs) are found near the transcription start site (promoter region) by Tan D.,
and coworkers. The structures of these two QDHs were deposited in Protein Data
Bank, the PDB IDs are 7CV3 (Form 1) and 7CV4 (Form 2) respectively [4]. These
QDHs can be potential targets for the treatment of cancers where PIML1 is overex-

pressed. Within this thesis, three known G-quadruplex stabilizers' and their interac-
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tions with two QDHSs were investigated to determine the binding af nity and modes
of these drugs to PIM1 QDHs was investigated.

3.2.2 G-quadruplex ligands

Typical G-quadruplex stabilizer small ligands include an aromatic core to ensure base
stacking between the G-tetrads and ligands. A side chain that enables interactions
between DNA backbone, preferably having a positive charge to have electrostatic
interaction with the negatively charged phosphate group. Moreover, the ligand should
be soluble in the cell medium. Sullivan Ht al. suggests that G4 stabilizing ligands
should have a selective binding to G4 DNA by having binding equilibrium constant 2

orders of magnitude over duplex DNA and minimum value df ¥0? [106].

The G-quadruplex stabilizing drugs that are investigated in this thesis are explained
below. Structure of Braco-19 is shown in Figure 3.1 is composed of three fused
rings called acridine moiety also described as heterocyclic scaffold. This core is also
presentin another G4 stabilizing ligand RHPS4 [93]. In the Figure 3.1 the protonation
states of the ionizable groups at the physiological pH (7.35-7.45) are shown [53],
[107]. The 2 pyrrolidine rings where there is a tertiary amine is present h&s,a p
value of 9.37 [107].

Figure 3.1: Braco-19 structure showing protonated functional groups at physiological
pH.
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Figure 3.2: Doxorubicin structure showing protonated functional groups at physio-
logical pH.

NHRY NRz+H*

pK a1 =9.37 at pH=7.4 (physiological pH = 7.35-7.45) [53] According to the Henderson-
Hasselbach equation:

. a7 _ [NR3]
7:4 9'37_|Og—[NHR§]
Iog% < 0=>[NHR3]> [NR3]
3

The amine groups will be protonated. At physiological pH, the charge of Braco-19 is
+3 [106]. Interacts with DNA in multiple binding modes [106].

Braco-19 is a selective ligand of telomeric G4 with the ability to inhibit telomerase

activity and exert anti-tumor effects [8].

The structure of Doxorubicin is shown in Figure 3.2. It is an anthracycline antibiotic
widely used as a chemotherapy drug for various cancer types [108]. It intercalates to
the dublex DNA and disrupts the DNA repair mediated by topoisomerase-Il enzyme
[108] [109]. The amino group is positively charged at physiological pH [110].In the
case for G-quadruplex, a 2023 study conducted by Shukla A. et al. investigated the
Doxorubicin binding to c-Myc proto-oncogene and suggested an outside binding with

partial stacking in the loop region of the quadruplex indicating a lack of intercalation
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Figure 3.3: RHPS4 structure showing protonated functional groups at physiological
pH.

[12].

The structure of RHPS4 is shown in Figure 3.3 It is a pentacyclic acridine and pos-
itively charged. Binds to a G-quadruplex DNA selectively when compared to du-
plex DNA [111], [112]. Experimental data shows that it intercalates within the G-
guadruplex DNA. Gavanthiotic E, et al. (2003) reports that the central G-tetrad
core remains intact suggesting interactions with the terminal G-tetrads through end-
stacking. Moreover they suggest that the partial positive charge on the acridine ring
may be acting as a “pseudo” potassium ion and is positioned above the centre of the
G-tetrad in the region of high negative charge density [113]. This shows the electro-

static interactions between RHPS4 and the potassium stabilized G-quadruplex.

3.2.3 G-quadruplex Analysis

ONQUANDRO database was used to to investigate G-quadruplex complexes de-
posited to Protein Data Bank [114]. This search was performed to identify the po-
tential binding modes and their distributions in various G-quadruplex structures. Not
all G-quadruplex structures in the database possesses the same topology. Therefore,
their interactions with the ligands change also according to the their topology as well

as ligands structure. There are total 530 G-quadruplex structures in the ONQUAN-
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DRO database and their interactions with the ligand was analyzed two main groups:
Intercalation and Groove Binding. Intercalation refers to a binding mode where a pla-
nar small molecule is inserted between the base pairs of the DNA. This non-covalent
binding results in local structural change in the DNA and prevents replication and
transcription [115] [116]. Groove binding can be categorised into two groups: major
and minor groove binding. They take their name from the groove they are binding to
the DNA. Major groove is the larger groove where bulky ligands can bind [117]. The
minor groove is narrower, which most nucleic acid binding small molecules prefer
to occupy [118]. Minor groove binders are small crescent shaped and preferentially
bind to adenine and thymine rich sequences [117]. Hydrophobic and electrostatic
interactions between the phosphate backbone of the DNA are the favorable interac-
tions on the grooves [118]. In intercalation binding mode the ligands are grouped
as the number of the ligands and whether they are "stacking on top" or in the junc-
tion of G-tetrad and duplex hybrid DNA. In intercalation there are subgroups such as
"intercalation at the G-quadruplex duplex junction”, which represents the ligands in-
tercalated at this junction. "Stacking on top and/or bottom" where ligands are stacked
on top and/or bottom of the G-quadruplex like intercalated fashion.” Stacking on top
and bottom and middle" for ligands that disturbed the DNA and inserted inside. For
the groove binding, it is hard to differentiate between major and minor grooves of
G4 as it is done for duplex DNA. Generally, the differentiation was done by looking
at the structures via PyMOL and visually clustering them without any calculations.
If there were more than one biological assembly provided, just the rst one is taken
into account since they have very small differences and don't have different binding
modes. If asymmetric unit is the half of the biological assembly, a symmetry of the
provided unit is created and considered the whole as a unit cell. In the database there
were 530 structures, one of them was updated in protein data bank (PDB ID: 6IMS
updated to 7WO0X) and the previous one was removed. Therefore, removed from the
list. Different biological assemblies with the same PDB IDs were also removed and
this left 446 G-quadruplex structures. Among them 272 of them were either apo or
only had metal ions, and 49 of them were bounded with a protein or peptide. These
were also removed. Then, for the binding mode search, 125 G-quadruplex-ligand
complexes are investigated. In 3 of them, ligands were far from the G-quadruplex

and a clear binding mode could not be assigned.
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3.2.3.1 Intercalation

In total 86.4% of the ligands are found to be intercalated with G-quadruplexes. 9
complexes out of 125 (7.2 %) exhibit ligand binding in quadruplex junction which
are complexes with PDB IDs; 7x3a, 7x2z, 7w9n, 7png, 6fc9, 50b3, 4ts2, 4ts0, 710z.
66 complexes out of 125 (52.8%) have ligands stacking on top or bottom of the G-
qguadruplex. This subsection of intercalation is also divided to two, where in group
1 the ligand is actually between two bases and in group 2 the ligand is oating on
the surface rather than being sandwich between two nucleotides. Group 1: 3gsf,
3gsc, 3nz7, 3nyp, 3eum, 3eui, 3et8, 3es0, 3eru, 3eqw, 3em2, 111h are very similar
to each other. This group also includes :3cco, 3ce5*, 2mgn, 2mco, 2mcc, 2mb3,
2abr, 100k*. (*Asymmetrical unit shows one G quadruplex but biological assembly
shows 2, asymmetrical unit was considered when placing them in "stacking on top™)
Group 2: 4da3, 3uyh, 3t5e, 3sc8, 3qcr**, 3mij** (** very similar to each other, same
article [119]) In 9 complexes out of 125(7.2%) ligand is intercalated in the middle of
the G-quadruplex; 7oax, 70aw, 70av, 6sx3, 6mb5j, 6m4t, Sbjp***, S5bjo***, 3tvb***,
(**middle of two G-quadruplexes, dimers. 3ce5 and 100k as well as 3eui can be
included.) 22 out of 125 (17.6%) complexes are in group stacking on top and bottom;
7n7e, 7n7d, 7Tmsv, 7kbx, 7kbw, 7djv, 7d5e, 7d5d, 6xrq, 6v9d, 602I, 5z8f, 5w77, 5lig,
5cew, 3r6r, 3cdm, 2n6c, 2ms6, 217v. 2jwqg and 1nzm can be in this group but more
like the top and middle. Only 2 complexes (1.6%) 6xcl and 5Is8 are stacking on top,
middle and at the bottom of the G-quadruplex. 6xcl has 3 Pt (II) complex ligands
intercalated on top, middle and bottom of the G-quadruplex. Also, 1,2-ethanediols
on the grooves [120]. 5Is8 has 2 different Ru complexes. One of the complexes is on
top and in the middle and the other one is on top. Figure 3.5 shows an example of
intercalation at quadruplex-duplex junction of G-quadruplex DNA.

3.2.3.2 Groove binding

14 out of 125 complexes (11.2 %) are bounded to the grooves of G-quadruplexes.
7wgw, 70a3, 7euc, 7csk, 7cps, 6kn4, 5xjz, 5hix, 410a, 2kvy, 2jt7, 1n7b, 1n7a, 1j8g.

Figure 3.5 shows an example of groove binding of two Doxorubicins on G-quadruplex.
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Figure 3.4: Intercalation on Quadruplex-Duplex junction example of pyridostatin on
G-quadruplex DNA with PDB ID: 7x3a.

Figure 3.5: Groove binding example of two Doxorubicins on G-quadruplex DNA
with PDB ID:6KNA4.
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3.3 Receptor Preparation for bioAIM

Receptors were prepared to introduce exibility before docking. The complexes for
Doxorubicin and RHPS4 with two binding modes, two re-dockings were performed.
For each binding mode, the other ligand kept in the complex and the receptor pre-
pared as such: Firstly, the ligand which will be docked was removed from the com-
plex and tleap [85] was used to create parameter-topology (prmtop) and coordinate
le (inpcrd). The complex was minimized before gradually heated to room temper-
ature using implicit solvent model. Lastly, production was completed. Afterwards,
the conformations of the receptor obtained from the latter trajectories were clustered
using cpptraj [121]. Selected representative conformation of the receptor G4 for -
Doxorubicin is shown overlapped with the experimentally obtained conformation de-
posited in protein data bank in Figure 3.6. For Braco-19, the receptor was made a
dimer by taking the symmetry of the deposited asymmetrical unit in the protein data

bank (Figure3.8) and same preparation is done for one binding mode.

Figure 3.6: Receptor without Doxorubicin irf* binding mode after preparation

shown in PyMOL with the original conformation of the complex in red.

In the work on SARS-CoV-2's Spike protein, bioAIM was used in a mode that rst
generates poses with Autodock Vina and then re nes them with an internal molecular
mechanics-based protocol. Here, especially in the intercalation mode, the point was
to see whether bioAIM can "open” a binding site between two base pairs. For that,
bioAIM was used in a more expensive mode, that searches a large number of modes
allowing signi cant overlap between the ligand and the receptor. As in the previous

section, initial poses are further re ned with molecular mechanics. For a rigorous
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search of the experimental binding modes, a grid is created using bioAIM with dis-
tance between each grid is selected as 4 A and grid size as 3 A. This created binding
centers on the receptor. For Doxorubicin and RHPS4, binding sites around the 12 A
radius of that ligand will be docked was selected and remaining were deleted. Both
original and prepared receptor was aligned on PyMOL and the ligand that will be
docked in the original structure is selected and expanded by 12 A. The grid modi ca-
tion for the re-docking of Braco-19 was done as such: after the grid was completed
the experimental and the prepared receptor aligned on PyMOL and the ligand in ex-
perimental structure was selected and the binding centers in the 12 A radius of the
ligand was extracted to be used. These were done to reduce the binding centers thus
minimizing computational time. Binding centers used in docking is shown in Figure

3.7. For blind docking, the grid is kept intact, not modi ed.

Figure 3.7: Binding centers used in re-docking of Doxorubicin in binding mode 1 on

the receptor shown as blue spheres.

As the nal aim of our study was to model the interaction of Doxorubicin, Braco-19
and RHPS4 with PIM-1 G4 structures, rstre-docking was performed with AutoDock
Vina and bioAIM separately, using experimental structures of G4 and drug com-
plexes. Re-docking was done to verify our methods. Later, blind docking was per-
formed to the target PIM-1 G4 structures. These PIM-1 G4 structures have PDB
IDs of 7CV3 with a sequence of 5'-GCGGGAGGGCGCGCCAGCGGGGTCGGG-
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3" and 7CV4 with a sequence of 5-GGGAGGGCGCGCCAGCGGGGTCGGGC-
3'[4].

3.4 Results and Discussion

3.4.1 Re-docking with AutoDock Vina

The ligand Braco-19, already bound to the DNA in the crystal structure with PDB
ID 3CE5, was used [122]. In the crystal structure taken from protein data bank there
are water molecules and potassium ions present. First, molecular docking without
the presence of water and potassium ions in varying docking box sizes were per-
formed. The best RMSD result obtained with respect to 3CE5 is 1.4 A. After that,
the water molecules were re-added and the best RMSD result obtained was 1.0 A.
Since potassium ions help stabilize the G-quadruplex they were also re-added and the
best RMSD result got was again 1.0 A. It shows that the addition of potassium ions
doesn't affect the inter-molecular interactions between the drug and the receptor but
water molecules surrounding the complex effects the binding of the drug. It is known
that solvation plays an important role in ligand binding [123]. However, AutoDock
Vina doesn't consider solvation of the complex. Thus, when the water molecules are
not present in the deposited structure, other means to involve them in our molecular
docking strategies has to be used. From the investigated complexes for re-docking
only G-quadruplex structure with ligand Braco-19 had water molecules present in the
crystal structure. Authors who deposited the crystal in protein data bank Campbell
N, et all (2008) report that the drug Braco-19 is positioned between two parallel-
folded quadruplexes [122]. To model it, the ligand was made into a dimer by using
the symmetry of the deposited asymmetrical unit in the Protein Data Bank shown in
Figure 3.8. All re-dockings are performed with the same docking box sizes which are
26x18x10 A, 26x18x12 A respectively. The best RMSD resultis 1.0 A in both dock-
ing box sizes (See Appendix). Best RMSD results belong to the best poses generated
by Vina. Re-docking and RMSD calculations are performed for ten runs. This was
see the reproducibility of the results in Vina's inclusion of randomness in conformer

search.
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Figure 3.8: The G-quadruplex complex with Braco-19 created by using the symmet-
rical unit with Braco-19 (PDB ID: 3CE5).

In Protein Data Bank, there are two G-quadruplex DNA complexes with Doxorubicin
bounded to them. The PDB IDs are 6KN4, and 7CSK respectively. Re-docking of
Doxorubicin was performed using these G-quadruplexes. The docking box size is
14x14x12 A. However, for the 6KN4 no RMSD values below 2 A is obtained. As it
can be seen from the Figure 3.9, in the crystal there are two binding sites. For the both
binding sites, the ligand is binding to the groove of the DNA. According to Barthwal
R. (2021) and colleagues, their results show the absence of classical intercalation
of Doxorubicin and rather show groove binding interactions between drug and the
DNA [124].

The absence of base stacking interactions between the ligand and the DNA, might be
the reason why Autodock Vina could not nd a good scoring value for groove binding.

In addition to that as later will be discussed, the position of positively charged amino
group plays an important role. Further investigations were proceeded with 7CSK

structure.
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Figure 3.9: Parallel G-quadruplex DNA complexed with two Doxorubicin ligands
(PDB ID: 6KN4).

Figure 3.10: Parallel G-quadruplex DNA complexed with two Doxorubicin ligands
(PDB ID: 7CSK).

In Figure 3.4.1 two binding modes (BM) of Doxorubicin is shown [125]. Re-docking
is performed for two binding modes in ten runs. The run and pose numbers as well as

RMSD values of Doxorubicin in binding site 1 is shown in Table 3.1.

On the contrary to the case for Braco-19, the best RMSD results doesn't correspond
to the best poses selected by Vina. In addition, for the second binding mode, no
RMSD value below 2 A was obtained. Further re-dockings are done using bioAIM.

The lack of base stacking in groove binding can also be the reason for this results.
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Table 3.1: Best RMSD results of re-docking of Doxorubicin for binding model with
respect to 7CSK for respectful runs. (Docking box size: 14x14x12 A.)

Run | Pose| Af nity (kcal/mol) | RMSD (A)
2 | 4 6.6 1.3
4 7 -6.7 1.4
5 8 -6.4 1.6
8 5 -6.6 1.2
9 5 -6.7 1.4
10 4 -6.6 1.8

In addition, since solvation is not taken into account by Vina, the possible effects of

water in hydrogen bonding with the receptor and the ligand cannot be observed.

In the case of the ligand RHPS4, parallel-stranded G-quadruplex complexed with
the drug was selected (PDB ID:1NZM). It contains two binding modes of the ligand
named BM1 and BM2 shown in Figure 3.11.

Figure 3.11: G-quadruplex complex with two RHPS4 ligands intercalated and two
binding modes are shown (PDB ID: 1INZM).

Re-docking of both binding modes were performed using AutoDock Vina for 10 runs

and RMSD values are calculated with respect to the original structure shown in Table
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3.2

Table 3.2: Best RMSD results of re-docking with AutoDock Vina of RHPS4 for bind-

ing mode one and two with respect to original structure (Docking box size: 14x12x16

A).

Run | Pose (BM1)| RMSD (A) | Pose (BM2)| RMSD (&)
1 1 1.6 3 0.7
2 1 1.6 3 0.7
3 2 0.5 3 0.7
4 1 1.7 3 0.7
5 3 0.8 3 0.7
6 1 1.7 3 0.7
7 1 1.7 3 0.7
8 1 1.7 3 0.7
9 3 0.6

10 2 0.9

3.4.2 Re-docking with bioAIM

3.4.2.1 Braco-19

The G-quadruplex structure bimolecular human telomeric quadruplex with the se-
guence of d(TAGGGTTAGGGT)2 (PDB ID: 3CE5) was made dimer by taking the
symmetry of the deposited asymmetrical unit in protein data bank (Figure 3.8). In the
experimental structure, Braco-19 is intercalated between the two G-quadruplexes; in
the interface made out of guanine tetrad@5 DG11 DG17 DG23in one and

a tetrad made out ddT 12 DA2 DT 13 DA14in another [122]. The rst ve

best MM scores with representative RMSD values are shown in Table 3.3. The poses
with the best MM scores are on the grooves of one of the G-quadruplexes. The two

binding modes on the grooves are shown in Figure 3.12.

The rst ve poses with the best RMSD results are shown in Table 3.4. The rst
two poses (pose 47 in grid 119 and pose 82 in grid 62) are in the interface of two
G-quadruplexes; however, the tetrads are disrupted and one of the G-quadruplexes
started to open up. In the case for pose 83 in grid 118 and pose 52 in grid 112,

the G-quadruplex opened up more and the two strands are not forming a G-tetrad
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Table 3.3: First 5 poses with best MM Scores with RMSD values of DNA and docked
Braco-19.

Grid | Pose| MM Score (kcal/mol)) RMSD DNA (A) | RMSD Braco-19 (A)
90 | 70 -107.2 5.6 18.2
63 | 93 -105.0 6.1 19.4
28 | 77 -101.4 5.3 13.3
15 | 18 -101.3 6.6 13.1
23 | 85 -97.6 5.9 14.8

Figure 3.12: Binding modes of Braco-19 shown overlapped. Pose 70 in grid 90 is
shown in green and pose 85 in grid 23 shown in magenta. Crystal structure shown in

red.
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anymore. Even though, in all of the poses in this table, the drug is similar to the
experimental structure, due to the change in G-quadruplexes (can be seen in the same
table in RMSD DNA column) the binding site is no longer offering enough base
stacking. As the receptor changes, the groove binding becomes energetically more
favorable. Only the last pose on the table (pose 81 of grid 55) has the lowest MM
score amongst others. The receptor changes the least and the base stacking of the

tetrads are maintained. Hence, it was possible to obtain small RMSD results the drug.

Table 3.4: First ve poses with best RMSD values of Braco-19 with MM Scores.

Grid | Pose| MM Score (kcal/mol)| RMSD DNA (&) | RMSD Braco-19 (A)
119 | 47 -19.5 7.3 4.7
62 | 82 -11.7 7.4 5.2
118 | 83 16.9 11.7 5.5
112 | 52 -21.3 10.7 5.5
55 | 81 -94.5 4.8 5.8

3.4.2.2 Doxorubicin

3.4.2.3 Binding mode 1 (DOX1)

As it can be seen from the Table 3.5 that the rst four poses with the best MM score
has high RMSD results. In the experimental structure, the Doxorubicin in binding
mode 1 has H-bonding interactions with DG24, DG3 and DG4 as shown in Figure
3.13.

The rst ve poses with the highest MM Score exhibit very high RMSD values shown

in Table 3.5. The observed poses are in different position at the binding center than
the experimental binding center and the ligand ipped where the amino group facing
towards the center of the G-quadruplex. This ip is also present in the last pose with
best RMSD result amongst all. Since the amino group is positively charged, why
poses with it positioned into the center has higher MM score makes sense. Because
G-quadruplex is stabilized with ' Kand N4 intercalated in the middle, amino group

provides stability in the absence of potassium or sodium cations. Pose 84 in grid 95

51



Table 3.5: First 5 poses with best MM Scores with RMSD values of DNA and docked
Doxorubicin (DOX1).

Grid | Pose| MM Score (kcal/mol)] RMSD of DNA (&) | RMSD of DOX1 (A)
95 | 84 -50.3 5.4 15.6
196 | 47 -48.2 4.2 15.0
162 | 2 -48.1 4.3 14.8
149 | 20 -45.5 4.6 17.0
226 | 61 -45.4 4.7 6.6

Figure 3.13: Hydrogen bonding interactions of Doxorubicin in binding mode 1 in
original structure with PDB ID 7CSK.

52



has hydrogen bonding interactions with DG24 and DG3 like the experimental results
in addition to hydrogen bonding interactions with the residues DG10, DG17 and DT2
and DT16. It's amino group is in the middle of the residues DG3, DG24, DG10 and
DT2 having salt bridge interactiondN {H 3 of Doxorubicin and oxygens of residues,
both H bonding and electrostatic interactions). On the other poses in the table, the
salt bridge interactions between the amino group of the drug and the oxygens of the
residues is present. However, in the experimental complex, amino group is facing
outwards and lack this salt bridge interactions. Pose 61 in grid 226, the drug also has
hydrogen bonding interactions with DG24, DG3, DG25 and DG4 shown in Figure
3.14. The hydrogen bonding measurements in PyMOL are shown between heavy
atoms because PyMOL doesn't always recognizes the correct positions of hydrogen

atoms.

Figure 3.14: Hydrogen bonding interactions of Doxorubicin in pose 61 with RMSD
value of 6.6 A

There are poses with better RMSD values generated by bioAlM, however their MM
scores are low shown in Table 3.6 The amino group of Doxorubicin is facing out-
wards in these poses just like the experimental structure shows but do to the lack of
salt bridge interactions they have lower MM scores. The experimental structure is
deposited without any ions present, but if there is a potassium or sodium cation inter-
calated in the middle of the guanine tetrads, limiting the entry of amino group than

these poses with lower MM scores would make sense. Because amino group is also
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far to the phosphate groups on the backbone the possible electrostatic interactions are
not likely.

Table 3.6: First ve poses with best RMSD values of DOX1 with MM Scores.

Grid | Pose| MM Score | RMSD DNA | RMSD DOX1
253 | 42 -19.7 4.9 3.7
255 | 9 -20.1 4.6 4.2
220 | 74 -23.3 4.3 4.2
171 | 37 11.7 57 4.8
236 | 19 -8.5 4.7 5.1

3.4.2.4 Binding mode 2 (DOX2)

The rst 9 poses with the best MM scores are shown in Table 3.7. When looked at
the complexes with PyMOL, it is observed that terminal residues on the 5' end are

opened up and now there is a cavity for the drug to position.

Table 3.7: 9 poses with best MM Scores with RMSD values of DNA and docked
Doxorubicin (DOX2).

Grid | Pose| MM Score (kcal/mol)| RMSD DNA (A) | RMSD DOX2 (A)
95 | 47 -35.3 4.9 25.7
94 | 34 -32.9 5.1 25.9
30 | 93 -31.2 3.8 12.1
61 | 46 -29.4 4.4 25.7
104 | 90 -29.3 4.3 28.7
232 0 -29.2 3.6 14.4
81 | 77 -28.5 3.9 17.9
144 | 69 -28.1 4.4 12.3
98 | 97 -28.1 3.8 9.9

Best RMSD results do not have good MM scores as it can be seen in Table 3.8. When

MM scores are compared, there is a large difference between the MM scores of poses
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which are similar to experimental structure vs the poses with best MM scores. The
reason of positive MM scores might be due to change in receptor before re-docking
and possible overlap with receptor and Doxorubicin on the experimental binding site
suppose to be. Moreover, even the best RMSD values are not good enough to claim

reproduciblity of the experimental binding mode.

Table 3.8: First six poses with best RMSD values of DOX2 with MM Scores.

Grid | Pose| MM Score (kcal/mol)| RMSD DNA (A) | RMSD DOX2 (A)
55 | 62 4.3 3.9 5.1
210 | 94 9.7 4.1 6.0
113 | 74 -5.6 4.2 6.4
69 | 61 -0.7 3.7 6.5
211 | 63 5.4 4.0 6.9
69 | 6 -3.4 4.4 6.9

In the experimental binding mode 2, there is no cavity there and the drug is bounded
in the grooves and has hydrogen bonding interactions with residues DT28 and DT7

as shown in Figure 3.15.

Figure 3.15: Hydrogen bonding interactions of Doxorubicin in binding mode 2 with
residues DT28 and DT7.

Due to the opening of terminal residues, the pose 47 in grid 95 and pose 34 in grid

94 positioned on the new formed cavity have high MM scores. This opening allows
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drug to experience less steric hindrance and position their amino group in the middle
of the guanine tetrad. Pose 90 of grid 104 and pose 46 of grid 61 are also in similar
position with amino group intercalated in the middle of different residues but has less

opening on the terminal residues. In Pose 90, amino group is inside and has salt
bridge between residues DT23, DT9, DT15 while amino group in pose 46 has salt

bridge with DT2, DG10, DG3 and DG24.

The poses 93 in grid 30, pose 0 in grid 232, pose 77 in grid 81, pose 69 in grid
144 and pose 97 in grid 98 are on the groove near 3' terminal. The amino group of
pose 93 grid 30 is interacting with the phosphate group of DG20 and DT21 hence
facing outwards. Pose 0 of grid 232 also has its amino group facing outwards but
the hydroxyl group on the same ring is having hydrogen bonding interactions with
phosphate group of DT7. Other poses where amino group is facing outward are: pose
77 grid 81 phosphate of DG13 and Hlldnd OH on the same ring H-bonding int.
Hydrogen bonding interactions in Pose 69 with grid number 144 are between amino
group of Doxorubicin (DOX) and phosphate of DT7 and OH of DOX with phosphate
of DG26. In pose 98 grid number 97 between amino of DOX and DG26 and OH of
DOX and phosphate of DT7.

3.425 RHPS4

There are two binding modes in G-quadruplex (d(TTAGGGT)4) complexed with
RHPS4 (PDB ID:1NZM). Due to the nature of the ligand being rigid and having
no rotatable bonds the conformations of the drug in both binding modes are same.
They are both intercalated inside the DNA and having pi-cation interaction with in-
tercalated potassium ions in the middle of guanine tetrads as well as base stacking

with the DNA. However, the residues they are sandwiched between are different.

3.4.2.6 Binding mode 1 (RHPS4-1)

In the case for % binding mode, RHPS4 is sandwiched between Guanine tetrads
(DG4 DG11 DG18 DG25 and Adenine tetrad$XA3 DA10 DA17 DA24)

as shown in Figure 3.16
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Figure 3.16: Base stacking interactions in binding mode 1 in experimental structure
(PDB ID:1NZM).

Figure 3.17: Receptor after preparation for docking overlapped in PyMOL with orig-

inal shown in red.
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Figure 3.17 shows the receptor after preparation and the crystal structure (in red)

overlapped.

The receptor has 2 potassium ions and before removing the binding centers close to
the other ligand present,the binding centers around potassium in 4 Angstrom perime-

ter were deleted. The grid used in docking is shown in Figure 3.18.

Figure 3.18: Binding centers created on the receptor for the re-docking of ligand
RHPS4 in binding mode 1.

In Table 3.9 the best ve MM Scores with respective RMSD values for DNA and
the drug is shown. During the receptor preparation, the DNA changed therefore the
RMSD values for the drug is high. In binding mode 1, the drug is in between the
Adenine tetradPA3 D10 DA1l7 DAZ24) and Guanine tetraddG4 DG11

DG18 DG25). However, the receptor preparation revealed an opening disrupting
these tetrads. The rst ve poses with the best MM scores are positioned in the
grooves opposite to each other. The poses with the best RMSD values have high
MM Scores, and also due to the changes on the receptor, the drug docked is moved
upwards to the existing drug. Thus, even though they have low RMSD results, the
overall complex has changed signi cantly as it can also be seen in Table 3.10 by the
DNA RMSD values.
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Table 3.9: First 6 poses with best MM Scores with RMSD values of DNA and docked
RHPS4 (RHPS4-1).

Grid | Pose| MM Score (kcal/mol)| DNA RMSD (A) | BM2 RMSD (A)
188 | 14 -43.2 10.6 25.3
153 | 50 -42.7 10.8 25.2
138 | 27 -41.0 10.6 24.8
194 | 6 -40.9 10.4 25.3
138 | 54 -40.9 10.3 20.5
138 | 20 -40.9 10.4 20.9

Table 3.10: First 5 poses with best RMSD values of docked RHPS4 (RHPS4-1) with
MM Scores.

Grid | Pose| MM Score (kcal/mol)| DNA RMSD (A) | BM2 RMSD (A)
87 | 32 51.1 10.2 5.5
94 | 64 27.5 10.1 5.8
94 | 6 -6.0 10.3 6.0
199 | 40 -31.4 10.3 6.1
41 | 68 -15.5 10.5 6.2

3.4.2.7 Binding mode 2 (RHPS4-2)

The binding mode 2 is similar to binding mode 1, instead this time the drug is sand-
wiched between guanine tetrad®3@6 DG13 DG20 DG27) with potassium ion
in the middle and thymine tetrad®T 7 DT 14 DT 21 DT 28) which are terminal
residues shown in Figure 3.19. The table 3.11 shows the best 5 MM scores with their

respective RMSD values.

The pose 71 in grid 59 and pose 92 in grid 29 are the ones with lowest RMSD values
with low MM scores. When looked at the poses, due to the changes happened in the
DNA during preparation, the drug translated from its original position thus, resulting
in RMSD values higher than 2 A. Moreover, proximity of the drug to the terminal

residues play an important role. The terminal residues are more exible than the rest
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Table 3.11: First 6 poses with best MM Scores with RMSD values of DNA and
docked RHPS4 (RHPS4-2).

Grid | Pose| MM Score (kcal/mol)| DNA RMSD (A) | BM2 RMSD (A)
142 | 64 -57.0 10.9 21.4
152 | 93 -42.9 11.2 24.7
159 | 88 -41.2 10.2 19.6
163 | 73 -40.3 10.0 10.2
50 | 71 -39.6 10.1 6.9
29 | 92 -39.6 10.0 6.9

of the DNA, because there are less restraints on them. This exibility makes these
residues to open up and move farther away from each other during heat up; resulting

in less intermolecular interactions with the drug.

Table 3.12: First 5 poses with best RMSD values of docked RHPS4 (RHPS4-2) with
MM Scores.

Grid | Pose| MM Score (kcal/mol)| DNA RMSD (A) | BM2 RMSD (A)
103 | 4 -16.0 10.4 5.4
51 | 24 2.1 10.6 5.5
60 | 96 -3.5 11.2 5.5
95 | 84 -8.0 10.4 5.6
52 | 46 -17.6 10.5 5.6

The table 3.12 shows the rst ve poses with the lowest RMSD values with their

respective MM scores.

3.4.3 Blind docking with bioAIM

Despite the unsuccessful re-docking studies, research proceeded with the exploration
of the blind docking capabilities of bioAIM for DNA. Blind dockings were performed

on PIM-1 G4 structures with PDB IDs 7CV3 and 7CV4; which are Quadruplex-
Duplex hybrids [4].

60



Figure 3.19: Interactions in binding mode 2 in experimental structure.

3.43.1 7CV3

The initial design goal for bioAIM was to include dynamics and induced t in pro-
tein/ligand binding. This was a rst trial in DNA. This is a new method where the
predocking procedures were employed on an apo structure of DNA including dy-
namics that changed when compared to the experimental structure. In the re-docking
studies, more changes in receptor observed compared to quadruplex-duplex hybrids.
This can be related to G-quadruplex topology. The preparation of the DNA is critical,
in some cases your receptor's shape changes a lot and it becomes hard to compare to
a crystal structure. The receptor after preparation is shown in Figure 3.20 with the
experimental structure shown as red overlapped on PyMOL. It can be observed that
our the receptor preparation protocol is more suited for quadruplex-duplex hybrids
than other topologies of G-quadruplex DNA employs. In order to study the binding
site of our target receptor, a grid is created on it. There are two hundred and thirty
three grid points shown in Figure 3.21).

Blind docking study of Braco-19 to DNA with the PDB ID 7CV3 showed several

binding modes with MM scores between -70 to -60 kcal/mol.
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Figure 3.20: The receptor after prepa-  Figure 3.21: Grid of binding centers

ration with the eXperimental struc- created over the receptor shown as

ture shown as red aligned on PyMOL blue spheres.

(PDB ID: 7CV3).

Table 3.13: First 10 poses with best MM Scores with grid and pose numbers for blind
docking of Braco-19 to 7CV3.

Grid

Pose

MM Score (kcal/mol)

27
81
62
47
83
58
101
82
147
31

39
67
27
82
11
36
20
94
43
77

-71.2
-68.6
-67.5
-67.2
-66.0
-65.5
-64.8
-64.5
-64.1
-64.0
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First six poses with the best MM scores are on the quadruplex-duplex junction in
addition to pose 94 in grid 82 and pose 77 in grid 31. Pose 20 in grid 101 and pose
43 in grid 147 are on the opposite groove with pose 43 is on the narrower one. Figure

3.22 shows the three binding modes the drug employs in the receptor 7CV3.

Figure 3.22: Three binding modes amongst best MM scores in blind docking of

Braco-19 in 7CV3. Pose 39 shown in green, 20 in yellow and 43 in magenta.

Due to the idea behind the design of Braco-19, the expected outcome from these
blind docking studies was to observe intercalation of the drug where acridine ring
is stacked between base pairs of the DNA and the side chains consisting of tertiary
amines to be occupying the grooves [93]. In the blind docking to 7CV3, Doxoru-
bicin exhibited higher MM scores than Braco-19. The reason for Braco-19 exhibiting
more favorable interactions could be its +3 charge, which allows for electrostatic in-
teractions with the DNA phosphate backbone at multiple points, rather than just one
as with Doxorubicin, which has a +1 charge. First six poses and pose 48 in grid 47
are on the quadruplex-duplex junction, aside from the pose 26 in grid 79 is on the
other side which is the groove of the duplex region. Pose 50 in grid 215 is on the top
DG1 DG3 DG22 DCZ24tetrad (newly formed) with amino group acting as a
pseudo potassium ion intercalated in the middle. Pose 98 in grid 199 and pose 30 in
grid 158 are on the narrow groove. These three binding modes are shown in Figure
3.23
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