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ABSTRACT

Deoxyribonucleic Acid commonly referred to as DNA is the hereditary material in
humans. It has three main features that are Translation, Transcription and Replication and these
processes are stimulated by the signals in the from of small molecules. These small molecules
can be drugs when activation of DNA is required to cure a particular disease. These drugs are
known as DNA targeted drugs. There are several anticancer drugs that comes under this

category.

The study of interaction of DNA targeted drugs with the nucleic acid is of great
importance in pharmacology. There are some experimental as well as computational techniques
to study such types of interactions. Molecular Docking Simulation and Molecular Dynamics
(MD) Simulation are the computational techniques used to study the interactions of drugs with
the nucleic acids. Molecular Docking Simulation predicts the binding site of the ligand to the
target structure whereas the MD Simulation predicts the evolution of the molecular structure
with time. Furthermore, it is used to study the effect of the drug on the DNA and to check the
stability of the DNA after the binding of the drug.

In the present work, the performance of seven versions of AMBER force field pre-
embedded in the GROMACS software suite has been assessed. We have selected a minor
groove binder from the literatures and it was docked on to the B-DNA sequence (PDB Id-
195D). The Ligand-DNA complex was put under 100ns of MD simulation using all seven
versions of AMBER force field. So, a total of 700ns of MD Simulations were done to conclude

any result.

The analysis of the MD Simulation was done on the basis of Radius of Gyration, Root
Mean Square Deviation, Root Mean Square Fluctuation and number of hydrogen bonds. The
results showed that although the DNA remains intact throughout the simulation for all the force
fields, but AMBER99SB predicted the best results among all other versions as the DNA-ligand
complex was in the most compact form throughout the simulation time and the equilibration

of the complex structure was obtained.
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PREFACE

This  dissertation, entitled “ASSESSMENT OF MOLECULAR
DYNAMICS FORCE FIELDS FOR DRUG-DNA INTERACTION” sum up

the results obtained on research carried out in the Department of Physics, Babasaheb Bhimrao
Ambedkar University, Lucknow in between 2020-2021 under the supervision of Dr. Anil
Kumar Yadav, Assistant Professor, Department of Physics, Babasaheb Bhimrao Ambedkar

University, Lucknow.

The work carried out in my dissertation has been divided into 4 chapters.

Chapter 1 contains the basic introduction of the DNA and the interactions of the drug with
the DNA. In this chapter, we have briefly discussed about the basic components of the DNA
like, Phosphate, sugar, nitrogenous bases. We have also discussed the difference between the
ribose and deoxyribose sugar. Difference between nucleotides and nucleosides is discussed in
this chapter. Furthermore, the discussion about the interactions between the drug and the DNA
has also been discussed. The three most general modes of binding of the drug with the DNA
are Minor groove binding, Major groove binding and Intercalation and these modes are

discussed herein.

Chapter 2 includes the discussion about some of the computational techniques used for the
study of the drug-DNA interactions. These methods include Molecular Docking Simulation
and Molecular Dynamics Simulation. Molecular Docking Simulation is used to predict the
binding mode of the drug with the DNA whereas MD simulations are used to study the effects
of the drug binding by predicting the dynamics of the drug-DNA complex. MD simulations
uses force fields to generate the topologies of the molecular structure. This chapter presents the

discussion on force fields and the methodology of performing the MD simulation.

Chapter 3 presents the introduction of the identified problem for this dissertation work. The
lack of consensus about the selection of force field for the simulation of drug-DNA complex
was the identified problem. This chapter includes the discussion about the methods used for
the current work. The results of the molecular docking simulation and MD simulation are also
discussed in this chapter. The results of the MD simulation are analysed based on the
parameters like radius of gyration, root mean square deviation, root mean square fluctuation

and the number of hydrogen bonds formed between the drug and the DNA.

Vi




Chapter 4 finally gives the general conclusions drawn from the present dissertation and
future research work that would be productive in the further understanding of performance of

the force fields for the simulations of the drug-DNA complexes.

VIl
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Chapter 1

1. INTRODUCTION

From the very beginning of the civilization, mankind has been facing various health
problems. These health problems ranges from common flue to some severe issues like cancer.
Primarily, we have used plant extracts to cure specific diseases. But, with the evolution of
civilization, people got to know that the chemical composition present in natural resources were
responsible for the drug actions. Later, more advance methods have been used in the field of
medicines and drug discovery[1-5]. Computational techniques have also been used in this
field. All these technologies aim at aiding the mankind in one or the other way[6—11].

In the field of drug designing, the information about the target for any drug is the
primary requirements, apart from that, the information about the interaction between the drug
and target is of utmost importance. Modelling studies on DNA, RNA, enzymes, proteins, lipids,
etc. are considered as the basic requirement for the computational techniques and these studies
are certainly a huge interdisciplinary enterprise including biology, chemistry, physics,
computer science and even mathematics [12,13].

Deoxyribonucleic acid (DNA), due to its gene expression and protein formation
tendencies, acts as target for a class of drugs known as DNA targeted drugs[14-21]. These
class of drugs have been shown to have higher selectivity towards its target. Several DNA
targeted drugs inhibit the action of a specific protein whereas several others alter the replication
process of the DNA reducing the speed of cell growth[22]. So, the study of interaction of the
drug with the DNA is an important aspect in the field of pharmacology. Computational
techniques are one of the several ways of studying the interactions of the drug with the target

DNA sequence. Some of the most common computational techniques to study these
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interactions are Molecular Docking Simulations, Molecular Dynamics (MD) Simulations, and
Quantum mechanical/molecular mechanical (QM/MM) calculations etc. Molecular docking
simulation predicts the binding site of the ligand with respect to the target structure whereas
MD simulations provides the information of the dynamics of the molecular system[17,23-25].

MD simulations predict the time evolution of the molecular structure. MD Simulation
has been widely used to study the protein-protein interactions, protein folding and unfolding,
protein-DNA interactions and many more such processes[26—31]. The basic idea behind the
MD simulation is the representation of the potential energy of the molecular system in terms
of atomic coordinates with some intrinsic energy parameters. This type of representation of the
potential energy of the molecule is termed as the force field. There are several force fields and
the performance of a force field depends significantly on the parameterization of the force
fields. So, a force field can perform differently for different systems. We will discuss briefly
about the force fields in the upcoming chapters.

The selection of force field for a specific system depends on the past works and
literature survey. The lack of consensus in the selection of force field for the MD simulation of
the DNA-ligand complexes works as the motivation to carry out this dissertation work. In the
following dissertation, we will assess the performance of the several force fields to model the
drug-DNA complex. In this chapter, we will discuss in brief about the DNA, the interactions

of drugs with the DNA and the several ways of the binding of the drug with the DNA.

1.1. Nucleic Acid

Nucleic acids are the linear polymeric chains of the nucleotides and these are acidic in
nature and hence they are termed as the nucleic acids. The two of the main nucleic acids are
the DNA and the RNA. They carry the genetic information which is responsible for the
formation of the proteins[32]. DNA is the main component of the chromosomes. DNA and

RNA are very rare to be found free.
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Nucleic acids consist of sugar, phosphate and nitrogenous bases. Together a sugar, a

phosphate and a base molecule is termed as nucleotide.
1.1.1. Nitrogenous Bases

These bases are the Nitrogen containing organic rings. For the DNA, these bases are
Adenine (A), Thymine (T), Cytosine (C) and Guanine (G) whereas the bases of RNA are
Adenine (A), Cytosine (C), Guanine (G) and Uracil (U). These bases are classified into two
categories that are purines and pyrimidines. Pyrimidine are the six membered heterocyclic
rings, but the purines are the pyrimidines connected with a five membered imidazole ring.
Purines can be isolated from the nucleic acid, but pyrimidines have not yet been isolated from
the nucleic acids. Adenine (A) and Guanine (G) comes under the category of purines but
Thymine (T), Cytosine (C), and Uracil (U) comes under the category of pyrimidines[32]. The

figure 1.1 depicts the structure of nitrogenous bases. These structures were drawn using

ChemDraw][33].
NH, o o
</N:ka N S HsC I
4 |
J ]
H N H N/J\NHZ ”/&O
Adenine Guanine Thymine
NH, O

Cytosine Uracil

Figure 1.1 The structure of nucleobases. Adenine and Guanine are purines and Uracil,
Thymine and Cytosine are pyrimidines.
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1.1.2. Sugar

The sugar content of the DNA and RNA is also different. DNA consists of the
deoxyribose sugar while the RNA has ribose sugars. These sugars are pentoaldose. The
structure of the deoxyribose and ribose sugar differ in the sense that in the ribose sugar second
carbon atom has a hydroxyl group, a hydrogen atom and two carbon atoms connected to it
while in the deoxyribose sugar the second carbon atom has two hydrogen atoms and two carbon

atoms connected to it[32].

CH,OH CH,OH

v N

Ribose Sugar Deoxyribose Sugar

Figure 1.2 The structural differences between the ribose and deoxyribose sugar

1.1.3. The Phosphate Group

The phosphate group of the nucleic acids together with the sugar atom forms the
backbone of the DNA and RNA. The phosphate group consists of d-electrons and in this group
four oxygen atoms are linked with a phosphorous atom via sp® hybridization. The structure of

the phosphate group is tetrahedral.

O

0O—P—O

o
Figure 1.3 The Structure of the Phosphate group



Chapter 1
1.1.4. Nucleoside and Nucleotide

A nitrogenous base either purine or pyrimidine, attached to a deoxyribose or ribose
sugar forms a nucleoside. The nucleoside of the Adenine (A) is termed as Adenosine while the
nucleoside of the Guanine (G) is termed as Guanosine. The nucleoside of the Cytosine (C) is
Cytidine, nucleoside of Thymine (T) is Thymidine and the nucleoside of Uracil (U) is Uridine.
A nucleoside together with a phosphate group is termed as the nucleotide and the nature of the

nucleotides are strongly acidic.
Nucleoside = Nucleobase + Sugar

Nucleotide = Nitrogenous base + Sugar + Phosphate
1.2. History and Structure of DNA

DNA was discovered by Friedrich Mischer in the year 1868[34]. After the discovery of
the DNA, several studies were carried out to get a deeper insight about the DNA. Avery along
with the co-workers reported that the DNA carries the genetic information[35]. The uniqueness
of the DNA for each and every species was reported by Chargaff in 1950[36]. The discovery
of the double helical structure of DNA was done in the year 1953 when JD Watson and Francis
Crick proposed it in their article.[37] Watson and Crick reported that the DNA has two
polynucleotide strands which are intertwined to form a double helical structure[38]. The two
polynucleotide strands interact via complementary hydrogen bonds which are formed between
the nitrogenous bases of the strands. These nitrogenous bases are Adenine (A), Guanine (G),
Thymine (T) and Cytosine (C). A is connected with T and G is connected with C. Later in
1980, Dickerson and his co-workers reported the first X-ray crystal structure of DNA which

validated the double helical structure of the DNA as proposed by Watson and Crick[39].
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Figure 1.4 Double helical structure of the DNA

Some of the physical properties of the DNA like Helix sense, rise per base pair, the

number of residues per base pair, mean rotation per base pair, groove widths and groove depths

are presented in the table 1.

Backbone containing
Sugar and Phosphate

Nitrogenous
Bases (A, T,

Table 2.1 - Some physical properties of A, B and Z-DNA

Property A-DNA B-DNA 7Z-DNA

Helix sense Right Right Left

Rise/bp () 2.56 3.4 3.8

Residues/bp (A) 11 10 12

Mean rotation/bp 33.6° 35.9° -30°

Major groove width (A) 2.7 11.7 8.8

Major groove depth (A) 13.5 8.8 3.7
Minor groove width (A) 11 5.7 -

Minor groove depth (A) 2.8 7.5 3.7
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1.3. Drug-DNA Interaction

DNA has the tendencies of gene expression and protein formulation and the vital life
processes involves transcription and replication of DNA. Transcription is the process of
transfer of information from the DNA into mRNA and replication of DNA is the process of
formation of a copy of DNA. These processes are stimulated by the signals in the form of
regulatory proteins[32]. These processes can also be controlled by some drug molecules to cure

severe diseases[40].

The study of interactions of drug and DNA is of great importance as it indicates the
drug action. Drug can interact with the DNA and bind itself in the vicinity of the DNA thereby
altering the processes the DNA[41]. The interaction of the drug with the DNA can also result
in the inhibition of the disease by inhibiting the replication process of the diseased DNA. Drugs
bind itself to the DNA and thus interfere with DNA transcription factors or DNA
topoisomerases[22]. Hence, the design of drugs requires the study of the interaction of drug

with the DNA.
1.3.1. Forces Involved in Drug-DNA Interactions

The interaction of the drug with the DNA is responsible for the drug action. The drug
interacts with the DNA through several interaction forces. These forces are responsible for the
stability of the complex of drug-DNA. These interaction forces are Van der Waals interactions,
Electrostatic Interactions, Hydrogen Bonding, Hydrophobic forces, and dispersive forces[42—

47]. Each of them is discussed below.
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1.3.1.1. Van der Waals Interactions

When two molecules that are neutral otherwise are brought under the field of
the each other, the electrons in the outer shell repel each other and hence they experience a
force. Such an interaction creates a transient dipole in one of the atoms or molecules which
induces the dipole formation in the other. This type of interaction is known as Van der Waal’s
interaction. Van der Waal’s interaction contributes significantly in achieving the stability in

some of the drug-DNA complexes.
1.3.1.2. Hydrogen Bonding

When a hydrogen atom is connected with the electronegative elements like
Oxygen and Nitrogen, there is a formation of partial positive charge on the Hydrogen atom and
partial negative charge on the electronegative atom. The formation of these partial charges is
responsible for the hydrogen bonding. This contributes largely to the stability in the drug-DNA

complex[47].

In the drug-DNA complex, the hydrogen bonds are formed between the nucleobases and the

drug atoms.
1.3.1.3. Electrostatic Forces

Such types of interactions are present between the ionized phosphate group of
the DNA and the positively charged groups of the drug molecule. These interactions are long
range interactions[42]. These electrostatic interactions have significant strength in the absence

of water molecule between the interacting species.
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1.3.1.4. Hydrophobic Forces

The hydrophobic forces are originated due to the polar nature of the water
molecules. The polar molecules tend to dissolve in the water, but the nonpolar molecules tend
to accumulate to reduce the surface area exposed to the water. The water molecules at the
interaction surface between the drug and the DNA causes these forces. When a molecule is
surrounded by water molecules it tends to create a sharp cusp like curved surface of ordered
molecules. As there is accumulation of water molecules at the interface it gets disordered
thereby increasing the entropy of the system. The molecules of water that are left at interface

of drug-DNA interaction site tend to decrease the system entropy[48].
1.3.1.5. Dispersive Forces Due to Base Stacking

The molecules with zero dipole moment attract each other by transient dipole-
induced dipole interactions. This decreases the dispersive forces by inverse of sixth power of
the distance between the dipoles. Because they are very much sensitive to the thermal agitation
of the molecules involved[49,50]. These dispersive forces play a very significant role in
providing the firmness in the DNA by providing support in base pair stacking. Base pair
stacking is an interesting feature of the DNA which allows the insertion of planar aromatic
molecules between the base pairs. This insertion of planar molecule is termed as the

intercalation[51,52].

1.4. Modes of Drug-DNA Interactions

When the drug interacts with the target structure it binds itself in the vicinity of the
target structure. Similarly, in the case of DNA targeted drugs, the drugs binds itself to the DNA.
There are two types of possible binding between the drug and the DNA one is covalent binding

and the other one is non-covalent binding [53]. Non-covalent binding is further divided into

10



Chapter 1

two categories namely the groove binding and the intercalation. Major and minor groove

binding are the two types of the groove binding.
1.4.1. Covalent Binding

Covalent binding involves high binding strengths. Such type of binding occurs
in two ways, one is inter or intra-strand cross linking and the other is DNA alkylation [54,55].
The drugs which bind through the covalent binding mode are often termed as DNA alkylating
agents. DNA alkylation is the process of attachment of an alkyl group to the DNA and it leads
to cell death[22]. Some of the common DNA alkylating agents are cis-Platin, Carmustine

(BCNU), Cyclophosphamide, Dacarbazine, Temozolomide (TMZ) etc.

1.4.2. Non-Covalent Binding

Hydrogen bonding and base stacking interactions are the non-covalent
interactions that determine the conformational structure of the biological molecules. The
hydrogen bonding and the m-1r stacking significantly contribute in attaining the stability in the
structure of nucleic acid[56]. The non-covalent binding tends to produce conformational
changes in the DNA and may tend to rupture the DNA[22]. There are three modes of covalent

binding that are minor and major groove binding and intercalation.
1.4.2.1. Minor Groove Binding

Minor grooves have narrow widths as compared to the widths of the major
grooves. Also, the minor grooves are deeper than the major grooves. The minor groove binders
prefer AT-rich regions. The minor groove binders generally interact with the bases of the
nucleic acid via hydrogen bonds with the O2 of Thymine (T) and N3 of the Adenine (A). The

dominant factor for the higher selectivity of the minor groove binders towards AT-rich regions

11
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is the higher electrostatic potential of AT-rich regions and also the structure of the width[57—

591.

Some of the minor groove binders are Gunayl Bisulframidine, Propamidine, Berenil

and Netropsin etc. The minor groove binders consist of aromatic rings.
1.4.2.2. Major Groove Binding

Major grooves of the DNA have wider widths as compared to that of minor
grooves. Due to wide openings, DNA interacting proteins generally binds itself in the major
grooves of the DNA. There are large number of hydrogen bond acceptor and donor species in
the major grooves of the DNA[60—62]. The drug action of the major groove binders is achieved
by the binding of the drug in the major groove and thereby blocking the access of the groove

for the proteins that recognize same groove[22].

Chloroquine, Leinamycin, Azinomycin and Aflatoxins are some of the major groove

binders.
1.4.2.3. Intercalation

Intercalation is the process of insertion or stacking of the drug molecule which
has a planar heterocyclic structure between the adjacent nucleic acid base pairs. The
intercalation of the drug distorts the pitch of the DNA[63]. The stability in the intercalated
complex of the drug and the DNA achieves stability through van der Walls forces, hydrogen
bonding, hydrophobic interactions, stacking or charge transfer forces and electrostatic

force[64].

Intercalation results in significant conformational changes in the DNA viz. lengthening,
stiffing and unwinding of the helix[65]. Acridine, Actinomycin D, Ethidium bromide,

Quiacrine are some of the intercalating drugs.

12
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2. COMPUTATIONAL METHODS

2.1. Molecular Docking Simulation

As the name suggests, the molecular docking simulation predicts the possible binding
modes of the ligand with respect to the target macro biomolecules. The docking programs
generates several binding modes of the ligand and then rank them based on their binding

affinities| 1-5].
The three main features of the docking simulations are: -

a) The representation of the molecular system,
b) Search of the conformational space via some inbuilt search algorithm,

¢) Ranking the several possible binding modes based on scoring function.

The molecular docking software predicts the binding poses of the ligand with respect
to the target structure in such a way that the overall free energy of the complex formed is
minimized. Molecular docking simulation involves large numbers of the degrees of freedom,
six translational and rotational and certain conformational degrees of freedom. With such a
large degree of freedom the number of the predicted binding modes will be larger and
computationally expensive. To tackle this problem several search algorithms have been

developed[6-10].

The treatment of two molecules as rigid bodies so that only six translational and
rotational degrees of freedom are left is the most general search algorithm and it was used by
Kuntz and coworkers in the docking program DOCK][11]. This algorithm neglected the

conformational degrees of freedom.
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Several other algorithms assume the target to be rigid and treat the ligand flexible.
Genetic algorithms are also used as a search algorithm[12—14]. The idea is the same as the
Darwin’s theory of evolution. Each chromosome codes are for the geometrical conformation
of the ligand and the orientation of the ligand within the domains of the binding site of the
target. score of each docked structure within the site act as the fitness function used to select

the individuals for the next iteration[ 14].
2.2. Molecular Dynamics Simulation

Molecular Dynamics (MD) Simulation is a tool to study the structure activity
relationship of a molecular structure. It predicts the dynamics i.e. time evolution of the
molecular structure. MD simulation has been widely used to study the protein-protein
interaction, protein folding and unfolding, DNA-protein interactions etc.[15]. The use of MD
simulation is not limited to the study of biomolecules, but it has been used in the field of
material science as well. MD simulation becomes more important for the studies where the

laboratory experiments are tough to be performed or rather the experiments are too expensive.

The key feature of the MD simulation is the representation of the molecular interaction
potential, in terms of atomic coordinates and some intrinsic energy parameters. This
representation of potential is termed as force field[16]. The atoms in the molecules are allowed
to interact for a duration of time. The forces on individual atoms are calculated using the force
field whereas the trajectory is calculated using the Newton’s laws of motion. The forces on
atoms are calculated for a step of time and the system is evolved for the time step. In this way
the atomic coordinates of the atoms get evolved and the forces are further calculated for the
evolved coordinates. The velocity and the position of the atoms at each time step is calculated

using integration algorithms like Verlet algorithm, Velocity Verlet algorithm, Leap Frog and
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corrected Velocity Verlet algorithms[17]. The equations for the evolution of the velocity and

position after a time step for different algorithms are comprised in the following table 2.

Table 2.1 - Details of integration algorithms

S. | Algorithm | Equation for position Equation for Velocity
No.
1. Verlet x(t + At) = 2x(t) — x(t — At) N = x(t — At) — x(t — At)
o v(®) = 2x(t)
t
o e + o(AL)?

2. Velocity x(t + At) = x(t) + v(t) v(t + At)

Verlet 4 %t)(At)z = v(t)

f(t+A) + f(¢t)
2x(t) (40
3. Leap frog x(t + At) = x(t) — x(t — At) Aty At
o v(e+g)=v(e-3)
t
+ —=(At)?
m + (AD) o)
m

4. Corrected x(t + At) v(t + At)

velocity =x(t) + v(t).At =v(t)

Verlet AR (Gt 0] a4 2f(t + At) + 5(0) — f(t + A

6m 6m
2.2.1. Force Fields

The representation of the interaction potential among the atoms of the molecule in terms

of the atomic coordinate is and parameters is termed as the ‘force field’. There are two types

of interactions present in the molecular systems, one is bonded interactions and the other is

nonbonded interactions. Stretching of bond lengths, bending of bond angle and dihedral
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rotation are the types of bonded interaction. Lennard-Jones interactions and Coulombic

interactions are the types of nonbonded interactions. The interaction potential can be written as

Eponded = Z Kb(b_b0)2+ Z Ke(e—eo)z

bonds angles

+ Z K,[1+ cos(ny — o)]

dihedrals
12 6
_ Rninij Rininij q:9;
Enonbonded - sij T — 2% T + T
nonbonded Y Y Y

pairsi,j

This representation of interaction potential is also known as class 1 type of potential
function. This is the most general and simplest form of the potential function. Simple in the
sense that some other representations also include the cross terms between the individual
interactions to model phenomenon like the stretching of the bonds on bending of bond angle.
The inclusion of cross terms enhances the performance of force field but on the cost of

computational time.

The first term of the bonded interaction provides the contribution of the stretching of

bond lengths about equilibrium bond length (interaction between two bonded atoms, 1-2
interaction) in the overall potential energy. Here K, and b are the parameters which describes

the rigidity towards stretching of bond lengths and the equilibrium bond lengths respectively.

The second term on the R.H.S. of bonded potential term is the potential energy due to the

bending of bond angles (interaction between 3 bonded atoms, 1-3 interactions). Here K g and

0, are the parameters that represent the rigidity towards bending of bond angles and the
equilibrium bond angle respectively. The last term of the bonded interaction potential models
the rotation of dihedral angle (interaction between 4 bonded atoms, 1-4 interaction). Here Y is
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the dihedral angle and K x» T & O are the parameters representing barrier height, periodicity

& phase respectively.

The nonbonded interactions are the interactions present between the nonbonded atoms.
The atoms separated by three or more bonds also interact like the interaction between the
nonbonded atoms. These are known as 1-4 nonbonded interactions. Generally, they occur with

some scaling function. The two types of nonbonded interactions are Lennard-Jones interaction

and the Coulombic interaction.

Lennard-Jones interaction models the Pauli’s exclusion repulsion at shorter interatomic

distances and diffusion attraction at larger distances. The general form of the L-J potential is

12 6
Rninij ) Rninij
&i(\=™0. ) —e*\ 7
ij ij

Here 7;; is the separation between two atoms and €, Rmin,ij are the well depth and

given by

nonbonded
pairsi,j

separation between atoms at minimum energy.

The Coulombic interactions model the electrostatic interactions between the nonbonded
charged atoms. The charges used here are partial charges. The potential function for the

Coulombic interaction is given by

q.9;

T
nonbonded Y
pairsi,j

Here q; and g are the partial charges on the atoms and T';; is the separation between

the atoms.
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2.2.2. Popular Force Fields

Some of most generally force fields for the simulation of the biomolecules are AMBER,

CHARMM, OPLS-AA and GROMOS.

Assisted Model Building with Energy Refinement (AMBER) was developed by
Weiner et al. in late 80s. It incorporated the class 1 type of potential function to model the
molecular interactions. In the early stages of the development of AMBER force field, the
hydrogen atoms present in the molecule were not considered as an interacting site because it
reduced the computational cost. But later on, with the evolution of the computer power, the
hydrogen atoms connected with the electronegative atoms like oxygen, nitrogen were
considered as an individual interaction site, but all the other hydrogen atoms were combined

with the atoms with which they were connected to form extended atom.

Chemistry at HARward using Molecular Mechanics (CHARMM) was developed by
Karplus et al. Similar to the AMBER force field, CHRAMM force field also incorporated the
extended atom approach for the hydrogen atoms. This force field has been used for the

simulation of nucleic acids, lipids, proteins and carbohydrates.

Optimized Potential for Liquid Simulation (OPLS) was developed by Jorgensen et al.
In the early models of OPLS, the hydrogen atoms bonded to the aliphatic carbons were
combined with the carbons to form extended atoms but all other hydrogen atoms were treated
as an individual interaction site. These models of OPLS were termed as OPLS-UA (United
Atom). But recent models treated all the hydrogen atoms as in individual interaction site and

hence termed as OPLS-AA (All Atom).

GROningen MOlecular Simulation (GROMOS) was developed by University of
Groningen and ETH of Zurich collectively. It has been used to predict the dynamical motions

of molecules and bulk liquids. GROMOS is also used for the simulation of the biomolecules.
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2.2.3. Steps in Molecular Dynamics Simulation

The primary requirement of the MD simulation is an initial set of coordinates for the
system of interest. These primary structures can be the structure downloaded from the protein
data bank (PDB)[18] for the cases of DNA and proteins. These structures are minimized
energetically to obtain a structure with lowest possible energy state, which will correspond to

the structure near 0 K temperature[19].

Atoms are then assigned some initial velocities corresponding to Gaussian distribution
in order to raise the temperature to the desired level[19]. Then the Newton’s equations are
utilized to evolve the system with time. After assigning the velocities to the atoms the system
maybe in a vibrational kind of state where the kinetic energy and potential energy of the
molecular system are not regular but the sum of them is a constant. This state may not be an
equilibrium state and hence the molecule may transform into the state with lower
temperatures[20]. To overcome this we equilibrate the system so that the kinetic energy and
potential energy gets well distributed and the velocities are rescaled for the values at desired
temperature. This process is repeated till the fluctuations in the energy and temperature is
sufficiently small for a long time. The production MD run should start only after equilibrium

is achieved.
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3. Assessment of Available Amber Force Fields to Model

Drug-DNA Interaction
3.1. Introduction

Molecular Dynamics Simulation has been widely used for the study of dynamical
features of the molecular structures. MD simulations has been used to study protein-protein
interactions, DNA-protein interaction, protein folding, unfolding etc[1-6]. MD simulation has
also been used to study the interactions of the DNA targeted drugs like anticancer and antitumor
drugs[7—13]. The success of molecular dynamics simulation is based upon the idea of
representing the potential of the molecular structure in terms of its atomic coordinates and some
additional energy parameters. This representation of potential energy of the system is termed

as the force field[1].

The most generally used biomolecular force fields incorporates class 1 type of potential
function which has been discussed in brief in the second chapter. The most general form of the

class 1 type of potential function is the following-

Ebonded = Z Kb(b - bo)z + Z KB(O - 00)2

bonds angles

+ Z K,[1+ cos(ny — o)]
dihedrals

12 6
(Rmin,ij) g <Rmin,ij> N qiq;
r,-j rij rij
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As discussed earlier that the parameterization of the force field may vary among

different force fields. So, the performance may also vary from one force field to other[1,14].

In several literatures, AMBER force field has been reported to perform better than the
other force field for the simulation of the DNA. The results obtained using AMBER force field
were in good agreement with the experimental results for the simulation of the DNA[15-20].
So, we will assess the performance of all the versions of AMBER force fields, available with
the framework of GROMACS software[21] suite, for the simulation of the drug-DNA complex.
We will select a minor groove binding ligand from the literature. We will then optimize the
structure of the ligand geometrically using GAUSSIAN software. After that, the optimized
structure of the ligand will be docked on to a DNA sequence using the AutoDock4 software.
The complex of the ligand-DNA will then be put under the Molecular Dynamics simulation
using all the versions of AMBER force fields available with GROMACS for 100 ns each. The
parameters like radius of gyration, root mean square fluctuation (RMSF), root mean square
deviation (RMSD), and number of hydrogen bonds will be studied for the analysis of the MD

results.

3.2. Computational Methodology

3.2.1. System Selection and Preparation

We have selected a minor groove binding ligand (3,6-bis(4,5-dihydro-1H-imidazol-2-
yl)-9H-carbazole) from the literature[22]. The structure of the target DNA i.e. B-DNA

dodecamer has been downloaded from the PDB (PDB Id- 195D)[23,24].

The water molecules present in the downloaded structure of the DNA were removed

using UCSF Chimera[25].
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3.2.2. Geometry Optimization

Geometry optimization of a molecular structure restricts the structure to be in
the lowest allowed potential energy state. The structure obtained after the geometry
optimization have least steric hindrances, equilibrium bond lengths, equilibrium bond angels

and dihedrals. The charges also get well distributed after the geometry optimization[26].

Gaussian09 software[27] has been utilized to perform the geometry optimization of the

ligand structure using B3LYP functional of DFT incorporating 6-31G as the basis set.
3.2.3. Molecular Docking Simulation

Molecular docking simulation predicts the possible docking positions of the ligand
towards the target structure and rank them based on the binding affinities. The best pose of the
ligand is the pose with the least binding affinity having rank 1. AutoDock4 software[28] has
been used to perform the molecular docking simulation of the ligand. Lamarckian Gene

Algorithm will be used as the search algorithm.
3.2.4. Molecular Dynamics Simulation

Molecular Dynamics (MD) Simulation predicts the dynamics i.e. the time evolution of
the molecular structure. MD simulation investigated the structure-activity relationship of a
molecular structure[29]. MD simulation has been widely used to study the protein-protein
interactions, DNA-protein interactions, protein folding and unfolding etc[30-32]. MD
simulation uses force field to generate topologies of the molecular structure. These force field
may perform differently for different force fields and the selection of force field for a system
is purely based on the literature survey and past experiences. Literatures reported that AMBER
force field performs well for the DNA system. But there is a lack of literature assessing the

performance of force field for the simulation of drug-DNA complex[15-19]. So, we have
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performed the MD simulation of drug-DNA complex using the seven versions of AMBER
force fields AMBERO3, AMBER94, AMBER96, AMBER99, AMBER99SB, AMBER99SB-
ILDN, and AMBERGS available with the GROMACS software. These force fields are termed
as ffl, ff2, ff3, ff4, {15, ff6, and ff7 respectively for further discussion. We will perform the

MD simulations using GROMACS 5.1.1 software.
3.3. Results and Discussion

3.3.1. Geometry Optimization

The geometry optimization was performed using Gaussian 09 software. The DFT
method with B3LYP functional and 6-31G basis set was used to perform the geometry

optimization. The optimized structure of the ligand is given in the following figure.

Figure 3.1 The optimized structure of the ligand.
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3.3.2. Molecular Docking Simulation

The pose of the ligand with the rank 1 and hence least binding affinity was extracted
and aligned with the structure of the DNA to obtain the best docked pose. The result of the
Molecular Docking simulation clearly indicated that the ligand binds itself in the minor groove
of the DNA. The figure shows the best docked pose with binding energy= -9.74 Kcal/mol .
Figure shows the hydrogen bond donor and acceptor regions while figure shows the distribution
of charges about the interaction site. The following table 3.1 gives the information about the

hydrogen bonds between the ligand and the DNA structure

Interactions
[ von der waals [ carbon Hydrogen Bond
[ Coventional Hydrogen Bond

(a) (b)

Figure 3.2 (a) Docked Pose of the Ligand with 195D and (b) 2d representation of interaction
between them
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(a)

(b)

Figure 3.3 (a) h-bond donor and acceptor site about the ligand (b) h-bond between ligand
and DNA

Interpolated Charge
0.100

Figure 3.4. Charge distribution about the interaction site

Table 3.1 - Details of Hydrogen Bonds between DNA and Ligand

SI. No. INTERACTING ATOMS BOND LENGTH (A)
1. LIGI:H10 - DT6:02 2.594087
2. LIG1:H10 — DA7:04' 1.843068
3. DA20:C1' - LIGI:N1 3.705932
4. LIGI:C14 - DT18:02 2.766987
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3.3.3. Molecular Dynamics Simulation

The MD simulation was performed using GROMACS 5.1.1 and the versions of
AMBER force fields were incorporated to generate topologies of the DNA. The time scale for
the simulation was100ns each for each force field. The topologies of the DNA was generated
using the versions of AMBER force field and that for ligand was generated using
ANTECHAMBER module of the AMBER program through a python script “acpype.py”’[33].
Solvation of the complex was done in conjunction with the TIP3P water model at 298K[34].
Sodium ions were the added to neutralize the system by replacing water molecules. Particle
Mesh Ewald (PME)[35] handled the long-range interactions. Energy minimization was carried
out implementing Steepest descent leap-frog integration method in 25000 steps. NVT ensemble
equilibration was done incorporating Berendsen thermostat as 300 K for 50s[36]. Steepest
descent leap-frog integration was again implemented to perform NPT ensemble equilibration
at latm in 25000 steps[36]. LINCS algorithm[37] constrained the bonds with hydrogen atoms.
The results of the MD simulations were analysed on the parameters of radius of gyration, root
mean square fluctuation (RMSF), root mean square deviation (RMSD), and number of

hydrogen bonds. The graphs were plotted using XMGRACE software[38].

3.3.3.1. Radius of Gyration

Radius of gyration predicts whether the molecular structure has achieved the
equilibrium structure or not. It also predicts the compactness of the molecular structure. The
lesser the value of the radius of gyration the compact is the structure. The formula for the radius

of gyration is
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here, M; is the mass of the i atom, 77; is the distance of the i atom from the center of

mass of the system[39]. The figure 3.5 shows the comparison of the different force fields
whereas the figure 3.6 represents the graphs for individual force fields. The table 3.2 represents
the statistical values of the radius of gyration. It is clear from the figure and table that

AMBER99SB predicts most compact structure for the complex and the equilibration of the

structure of complex was also observed.

Table 3.2 - Statistical values of the Graphs of Radius of Gyration

STANDARD
FORCE FIELD | RANGE MEAN
DEVIATION
FF1 1.45594 - 2.40820 2.08783 0.1809400
FF2 1.40796 - 1.89447 1.70169 0.1350980
FF3 1.41531 - 2.39154 1.95687 0.1630220
FF4 1.35889 - 3.88906 2.78326 0.4878010
FF5 1.24221 - 1.74083 1.36525 0.0531752
FF6 1.33761 - 2.35564 2.00462 0.1918220
FF7 1.44100 - 2.59832 2.15995 0.1691940
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Radius of gyration (total and around axes)
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Figure 3.5 Comparison of Radius of gyration with simulation time for AMBER force fields
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Radius of gyration (total and around axes)

Radius of gyration (total and around axes)
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Figure 3.6 Graphs of Radius of Gyration vs Simulation Time using AMBER force fields

3.3.3.2. Root Mean Square Deviation

RMSD measured the deviation of the structure from its native or reference state. It

indicates whether the equilibrium is achieved or not. The formula for calculating the RMSD is

¥, (ry )

Zliv m;

ORMSD —

39



Chapter 3

. . re . . .
where M; is the mass of i atom, 7; and r; ! are the position of i atom at any instance

and in the native or reference structure, respectively[39,40]. The figure 3.7 shows the
comparison of the different force fields whereas the figure 3.8 represents the graphs for

individual force fields. It is evident from the figure that AMBER99SB outperforms all other

versions.
RMSD
DNA_MOL after Isq fit to DNA_MOL
4 T T I T | T I T

— (f1
3.5 — 2 B
- . - t‘f? |

i -
3 £ B
= tfe -

RMSD inm)
1
[E] h

i

I ! I ! I ! I !
0 20000 40000 60000 80000 le+05
Time (ps)

Figure 3.7 Comparison of RMSD (complex with respect to complex) with simulation time
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Figure 3.8 Graphs of RMSD using the mentioned Force Fields

3.3.3.3. Root Mean Square Fluctuation

RMSF measured the fluctuation of subunits of the molecular structure from the native
state. The RMSF graphs showed that for all force fields, the fluctuation in the ligand atoms
were greater than the fluctuations in DNA atoms. The figure 3.9 shows the comparison of the
different force fields whereas the figure 3.10 represents the graphs for individual force fields.
The table 3.3 represents the statistical values of the RMSF. It is clear from the graphs and table
that AMBER99SB predicted the values with the least standard deviations and it predicted the

least mean value of the RMSF. Hence it performs better than other versions.
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Table 3.3 - Statistical Values of the graphs of RMSF

RANGE OF STANDARD
FORCE FIELD MEAN
RMSF DEVIATION
FF1 0.1921-3.4384 0.830303 0.615188
FF2 0.1080-1.5350 0.276464 0.281719
FF3 0.2356-4.2439 0.783406 0.783653
FF4 0.2134-4.7748 0.896153 0.897097
FF5 0.0923-1.0225 0.216315 0.182600
FF6 0.1849-3.9137 0.845027 0.695093
FF7 0.2105-4.2037 0.863774 0.775285
RMS fluctuation
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Figure 3.9 Variation of RMSF with simulation time
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Figure 3.10 Graphs of RMSF using the mentioned Force Fields

3.3.3.4. Hydrogen Bonds

The number of hydrogen bonds between the DNA and the ligand was plotted against
the simulation time using XMGRACE software. The greater the number of hydrogen bonds

the better is the binding.
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Hydrogen Bonds
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Figure 3.11 Variation of number of hydrogen bonds with simulation time
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Figure 3.12 Graphs of the hydrogen bond between ligand and 195D
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4. Conclusions and Future Scope

This chapter presents the conclusions of the current dissertation work and the scope

for the further research.
4.1. Conclusions

The main conclusions of the work are given below:-

—_

. The ligand was docked on the DNA using AutoDock4 software.

2. After that, the MD simulation of the Ligand-DNA complex was performed using
versions of AMBER force fields pre-embedded in GROMACS software.

3. The results of the MD simulation were analyzed on the basis of parameters like
Radius of Gyration, Root Mean Square Deviation, Root Mean Square Fluctuation
and Number of Hydrogen Bonds between the DNA and the ligand.

4. Radius of Gyration measured the compactness of the structure and among all other
versions of AMBER force fields AMBER99SB performs the best results by
predicting the most compact structure.

5. Radius of Gyration also indicated the formation of equilibrium structure of the
DNA-Ligand structure.

6. RMSD showed the fluctuation of the structure from its reference state and it was
observed that AMBER99SB outperforms all the other versions by producing the
lowest values of RMSD with the lowest standard deviation.

7. RMSF indicated the fluctuations of subunits of the molecular structure and it was

observed that the ligand atoms were fluctuating more than the DNA atoms.
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8. On the behalf of above points, it is observed that AMBER99SB outperforms all the

other versions of AMBER force field for the simulation of DNA-Ligand complex.
4.2. Future Scope

The scope for the further research in the field of the present research work are listed
below:-
1. One can test the reproducibility of the conclusions for a different DNA-Ligand
system.
2. One can perform MD simulation of the current DNA-Ligand complex using
other versions of AMBER force fields available with softwares other than
GROMACS and compare it with our results of AMBER99SB to obtain the

overall best version of AMBER force field.
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