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Chapter 1

Introduction

“The nucleic acids, as constituents of living organisms, are comparable in importance to
proteins. There is evidence that they are involved in the processes of cell division and growth,
that they participate in the transmission of hereditary characters, and that they are important
constituents of viruses. An understanding of the molecular structure of the nucleic acids should

be of value in the effort to understand the fundamental phenomena of life.”

— Linus Pauling
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Chapter 1 3
1.1 What is G-quadruplex DNA?

Guanine (G) rich DNA can form different types of diverse structures such as hairpins,
cruciforms, triplexes, and G-quadruplexes; on the basis of the conditions, such as, presence
of cations, pH, or crowding conditions [1]. Among those different structures, non-canonical
guanine-rich DNA (G-DNA) draws a special interest of the scientific world due to its
potential therapeutic applications in the field of oncogenic research [2, 3]. G-quadruplex
DNA is made of stacked planar arrangements [4-7], formed by four Hoogsteen hydrogen

bonds of guanines. These structures are more stable in presence of monovalent (K* or

Human-tel-22 c-MYC

Figure 1.1: Snapshot representations of different types of G-quadruplex DNAs.

Na™) or divalent (Sr**) cations [8-14]. Even before the human genome was fully mapped
in 2004, many putative G-quadruplex forming sequences (PQFS) were found in human
genomic DNA. G-quadruplex DNAs in telomere, which is the end of the non-coding por-

tion of the chromosome and oncogene promoter region has been demonstrated in many
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4 Chapter 1

recent studies [15-18]. Telomerase which controls the replication of telomere region, was
recognized [19, 20] mostly in cancer cells (over 85%). Various numbers of human proto-
oncogenes have been identified to control the transcription of the gene regulation, such as
c-KIT [15, 21], -MYC [22, 23], VEGF [24, 25], HIF-1« [26], BCL-2 [27-29], KRAS [30],
Rb [31], RET [32], hTERT [33], and PDGFR-f [34, 35]. These G-quadruplexes present in
the promoter regions of different oncogene in human cells, attract the special attention in
the growing field of therapeutic research [36-38].

In this thesis, we have studied the dynamics of G-quadruplex DNA with the follow-
ing conditions: (i) different SrCl, salt concentrations, (ii) different KCI salt concentrations
and temperatures under polar and non-polar confinement conditions, (iii) different deep
eutectic solvent(DES) concentrations, (iv) different temperatures in DES medium. More-

over, we have also investigated the binding pathways and modes of a drug molecule on

G-quadruplex DNA.

1.2 Role of Cations on G-quadruplex DNA

The interaction between cation and G-quadruplex DNA is primarily based on ions placed in
the central channel formed by the tetrad. The location of the ions depends on the ion, the
configuration of the G-quadruplex DNA and on the tetrad plane or the planes of the tetrad.
Ions play a very important role in forming and stabilizing the G-quadruplex structure by
screening the charge of O6 atom of tetrad residues and interacting with the grooves and
loop residues. Most of the studies on conformational dynamics of G-quadruplex DNA
are performed with Nat and K™ ions since these are physiologically relevant monovalent
cations. However, apart from these monovalent cations, other monovalent as well as divalent
cations affect the stability and conformational changes of the G-quadruplex DNA. In 1992,
Hardin et al. reported [39] the ions which stabilize the structure of G-quadruplex DNAs in
the following order: K+ > Ca?t > Nat > Mgt > LiT and K* > Rb* > CsT. Moreover,
in 1993, Venczel and Sen et al. suggested [8] the trend of monovalent as well as divalent
cations separately as, K > Rb* > Na® > Li* = Cst and Sr?* > Ba?" > Ca?t > Mg?*.
Even though Li* ion is commonly believed to destabilize G-quadruplex, its neutral role
on the structure of G-quadruplex has been reported, which proves that Li™ ion does not
stabilize or destabilize G-quadruplex [40].

Apart from the physiologically relevant monovalent cations, K™ and Na™, there are

many other cations which help in stabilizing the conformation of G-quadruplex, including
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Chapter 1 5

both monovalent cations, such as Rb*, Cs*, NH;", and TI" and divalent cations, like
Sr*T Ba?t, and Pb*" [41-47]. However, the disruption of G-quadruplex is also caused
by some divalent cations. Mn?*, Co?" and Ni?*, at low concentrations, can destabilize
G-quadruplex, even in the presence of K. Further reports of G-quadruplex disruption by
other divalent cations such as Ca?*, Co?T, Mn?*, Zn?*, Ni?*, and Mg?*, at either very
low concentrations of G-quadruplex and monovalent cations or high temperatures are also
ascertained [48, 49]. Miyoshi et al. revealed [50] that the dimeric antiparallel G-quadruplex
formed by d(G4T4G4), is destabilized, prompting a transition to parallel G-quadruplex
structure, by divalent cations, listed in the order, Zn?* > Co?" > Mn?T > Mg** > Ca?"
. Regardless, depending upon the structures of G-quadruplex, some divalent cations also

have the ability to stabilize G-quadruplexes.

There are numerous reports assessing the properties of divalent cations which are
responsible for stabilizing G-quadruplexes. The ionic radii of divalent cations plays a major
role in this matter which is proved in a series of biophysical studies on thrombin aptamer
in various metal ions, where Sr** and Ba?t result in thermodynamically more stable G-
quadruplex than Mg?* and Ca** [51]. Moreover, they also identified two dominant contri-
butions of hydration in G-quadruplex folding, which are the dehydration of the guanine O6
and the cations and also the water absorbed when a single strand folds into a G-quadruplex.
However, Vairamain et al. conducted an ESI-MS study on the same thrombin-binding ap-
tamer, which did not demonstrate a smooth correlation between the size of the cation and
the extent of adduct formation, thus implying that the ionic radii are not the only con-
tributing factor in the stabilization of G-quadruplex [52]. Another study [53] by them on
deoxyguanosine formed G-quadruplex in presence of alkali earth metal ions revealed that
the bond formed between the metal and oxygen has a significant role in the G-quadruplex
stabilization, due to which the following order of stability of G-quadruplex formed with
divalent cations is obtained, Sr** > Ba?t > Pb?* > Ca?t >> Mg?" . Moreover, the or-
der of the ability of alkaline earth metal ions to stabilize G-quadruplexes, suggested by a
computational study of the interaction between G-tetrads and metal cations, is as follows:
Be?t > Mgt > Ca?". This suggested that the G-quadruplexes are closely bound to the
smaller ions and hence the electrostatic interaction plays a dominant role in the cation-
tetraplex systems [54]. Further a kinetic study on G-quadruplexes formation with divalent
cations revealed that the oligonucleotide sequence, d(GTG3TAG3CG3TTG2), folds into a
unimolecular G-quadruplex in presence of Pb?t probably via a three-step pathway, which

includes two intermediates [55].
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The trivalent metal ions have been hardly used to study its effect on the stabiliza-
tion of G-quadruplex structures. The trivalent cations have been reported to destabilize
G-quadruplexes, but the involvement of metal chelators reduces this effect [56]. On the
other hand, a ESI-MS study revealed that the stacking of the quartets is induced by the

trivalent lanthanide metal ions (La’", Eu?t, Th3*, Dy3*, Tm?*") [57].

1.3 Role of Deep Eutectic Solvents on G-quadruplex
DNA

The G-quadruplex DNA is a potential candidate to function as a biosensor, catalyst,
nanomachine, and in the construction of functional DNA nanostructure, due to its di-
verse conformations and robust physiochemical nature, in addition to being physiologically
significant [58-63]. However, most of the applications of G-quadruplex DNA are observed
to be in aqueous media, although a large number of substantial chemical reactions and
devices have been carried out in purely water-free medium [64]. Ito et al. recently reported
a covalent attachment between G-quadruplex DNA and poly(ethylene glycol) (PEG) moi-
ety, in order to act as a catalyst in organic solvents [65]. Hence probing for an anhydrous
medium which favors G-quadruplex DNA might result in novel approach to DNA-based
applications. In last two decades, room-temperature ionic liquids (RTILs), have drawn
tremendous attention to the scientific world, due to its a wide range application on chemi-
cal reactions [66-70]. These RTILs, which are regarded as green solvents, have been utilized
in many reactions, providing a suitable medium [71]. The applications of RTILs have been
also recently extended to the biological field, such as, catalytic reactions, biosensors, protein
stabilization, and nucleic acids storage [72-74]. The long-term stability of DNA in hydrated
ILs is noteworthy, especially the greater stability of A-T base pairs than G-C base pairs
for duplex DNA [75, 76]. A new generation of ionic fluids was discovered by Abbott et
al. [77], deep eutectic solvents (DESs), which have similar physiochemical properties as
that shown by traditional ionic liquids [78]. As compared to the RTILs, DESs are more
efficient due to the fact that they are budget friendly, more synthetically accessible, non-
toxic, and biodegradable. The properties of various DNA and RNA secondary structures
were studied in anhydrous and high-viscous DESs by Hud and co-workers [79]. They also
investigated the folding of G-quadruplex in both anhydrous DES and mixed DES-water
solvents, which concluded that the diffusion-limited kinetics is consistent with Kramers

rate theory [80]. This implies that introduction of G-quadruplex DNAs in water-free ILs or
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Chapter 1 7

DESs might alter or improve the properties of DNAs and thus, can be eventually applied
in anhydrous environments. Zhao et al. [81, 82] observed that various G-quadruplexes can
form intra molecular, intermolecular, and even higher-order structures in anhydrous DES,
even though parallel structure is the most favored conformation. Moreover, DES provided

ultra-stability to G-quadruplex, compared to water medium.

1.4 Effect of Drugs on G-quadruplex DNA

The first G-quadruplex having a therapeutic significance was spotted in the human telom-
eric DNA at its 3-end overhang [1], which consists of repetition of d-(TTAGGG) sequences
and various related proteins [83-86]. DNA replication truncates the length of the telomere
sequence, limiting cell growth and proliferation. However, telomerase, which is a reverse
transcriptase, has the potential to add nucleotides to the telomeric end of the cancer cells,
due to which the cells are not exhausted [87]. Thus, the stabilization of G-quadruplex by
ligands, subsequently obstructing the telomerase activity, as a novel anti-cancer therapeutic
strategy is currently under research [88, 89].

In addition, the G-quadruplex sequences in the promoter of cancer-related genes
have also been the center of attraction for potential antitumor therapeutic agents [2]. One
such ligand which binds with G-quadruplex, quarfloxin, has passed the Phase II trials in
treating various tumors, such as, carcinoid tumors, neuroendocrine tumors and lymphoma
[90]. The G-quadruplex-nucleolin complexes of DNA ribosomes in the nucleolus is desta-
bilized by quarfloxin, causing redistribution of nucleolin into the nucleoplasm. Quarfloxin
then interacts with G-quadruplex in the promoter of ¢-MYC proto-oncogene, prohibiting
its gene expression [2]. However, due to high binding of albumin, the Phase III trials for
quarfloxin is at a halt [91]. The stabilization of G-quadruplex formation in other tumor
related genes, such as, h"TERT [33], ¢-KIT [15], KRAS [92, 93], BCL2 [28], and VEGF
[24], in transcriptional regulation, by small molecules impairs promoter activity and, thus,
destroys tumors.

The structure at the ends of a chromosome is known as the telomere, and it con-
sists of repeated microsatellite sequences and is capped by Shelterin complexes (POT1
and TRF2), which are required for maintaining and protecting telomeres from DNA re-
pair mechanisms and regulating the activity of telomerase in mammals [86]. A single
microsatellite repeat sequence of (GGGTTA), is present in the human telomeric region

at its 3’-end overhang, containing about 200 £ 75 nucleotides. About 50-200 base pairs
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are curtailed off from the telomeric region after every cell replication, which eventually
results in cell senescence and apoptosis as the telomere is exhausted and the Hayflick
limit is reached [94, 95]. The single strand structure in this region favors G-quadruplex
formation, which initially has been of interest to the scientific community. Interestingly, G-
quadruplex-binding proteins, such as, ATRX, POT1, TPP1 act in the telomere processing-
like recruitment of a specific protein, while the telomere G-quadruplex structures are un-
wounded by various G-quadruplex helicases, like Pifl and BLM to stabilize the shelterin
complex [96, 97]. Moreover, over expression of a protein complex responsible for adding
telomere sequences, telomerase, in various tumor cells elongates the telomeric end of the
cancer cells and thus immortalize them. Now the folding of the 3’ overhang into a G-
quadruplex unable the telomerase to hybridize the telomere, which inhibits telomerase
activity and consequently, cell apoptosis [3]. Moreover, the guanidine-rich 3’ overhang
formed G-quadruplex telomere intercepts the binding of telomere protection proteins, lead-
ing to chromosomal fusions and stimulation of cell apoptosis [1, 98]. Hence small molecules
binding with telomere G-quadruplex has been the therapeutic target to prevent telomerase
activity in tumor cells [88, 89, 99-101]. Telomerase inhibitors, such as Telomestatin and
2,6-diamidoanthraquinone derivatives binds to G-quadruplex telomers at an early stage
88, 89, 99], while RHPS4 interferes with the shelterin complexes, promoting telomere mal-
function in mammalian cancer cells [102]. The canonical telomere G-quadruplex also give

rise to numerous higher-order structures at the 3’-end overhang [103-106].

c-MYC encodes a multi functional transcription factor, which function not only as
a transcription activator of cell proliferation genes, but also as a transcription repressor of
some other genes accountable for arresting growth [107, 108]. The crucial cellular functions,
such as, metastatic capacity, metabolic transformation and cell proliferation involves a
variety of c-MYC-responsive genes [109]. The c-MYC protein function is mainly activated
via upstream oncogenic pathways and is over expressed in tumor cells (almost 80% of
solid tumors). Hence maintaining the regulation of the gene is a plausible therapeutic
approach against cancer [107, 108]. Nevertheless, the short half-life, large dimension, and
unstructured nature of c-MYC makes it a difficult target for binding with small drug
molecules [2]. The preferential stabilization of c-MYC G-quadruplex over G-quadruplexes
in other promoters (c-KIT1, ¢-KIT2, and BCL2) and also in duplex DNA by a crescent-
shaped thiazole peptide, TH3, has been reported by Dash and colleagues [110]. The K
values in fluorimetric titration studies further validate that the binding affinity of TH3

to ¢-MYC G-quadruplex increases by 4-5-fold (Kp ~ 0.3 uM). The binding preference
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Chapter 1 9

has also been approved biologically. A new molecule, IZCZ-3, which is a conjugate of
diaryl-substituted imidazole and a carbazole moiety, has been developed by Tan and his
group, who reported the preferential binding and stabilization of c-MYC G-quadruplex by
this four-leaf-clover-like molecule [111]. Earlier, the triaryl-substituted imidazole scaffold
was found to be selective to G-quadruplex, and its derivatives were used to distinguish
different G-quadruplexes. The carbazole moiety and its derivatives, on the other hand,
exhibited crucial binding preference toward c-MYC G-quadruplex [111-114]. Hence, linking
the triaryl-substituted imidazole unit with a carbazole moiety resulted in high affinity and

selectivity of c-MYC G-quadruplex ligands, as expected by the researchers.

The c-KIT oncogene is involved in encoding a receptor tyrosine kinase, which is
bridged and activated by the binding of dimerized stem cell factors (SCF), and it further
leads to proliferation, differentiation, and survival in hemopoietic precursor cells [115—
117]. Overexpression or mutations causes ¢-KIT to dysfunction, which is related to various
diseases, such as mastocytosis, acute myelogenous leukemia (AML) and gastrointestinal
stromal tumors (GIST) [118-120]. Long term exposure of a drug for GIST, the kinase
inhibitor Imatinib (Glivec), which even though is approved by FDA, results in secondary
mutations at exons 13, 14, or 17, which encodes tyrosine kinase domains [121]. The mu-
tations at exon 17 causes resistance to the drug and weakens its therapeutic effect [122].
Hence focus on the procedure for the suppression of ¢-KIT expression is of utmost impor-
tance. Balasubramanian and his colleagues reported two ligands, which consists of three
N,N-dimethyl amine-substituted and one N,N-dimethyl amine/2 fluorine-substituted tails,
respectively, that preferably bind with the c-KIT G-quadruplexes rather than the telom-
ere G-quadruplex in an SPR-binding assay. Moreover, the ligands also inhibit the gene

expression in two different cancer cell lines, as demonstated by RT-qPCR assays [123].

In this thesis, we have used the following G-quadruplex DNAs: (i) Thrombin bind-
ing aptamer (TBA), (ii) human telomeric G-quadruplex DNA, (iii) ¢-KIT G-quadruplex
DNA.

Thrombin  binding aptamer (TBA) with a sequence of 15-mer
d(GGTTGGTGTGGTTGG) is the simplest G-quadruplex DNA and it binds with
thrombin protein (Fig. 1.2). Thus, the important role of TBA in cell biology attracts the
scientific world in the field of molecular biology. The structure of TBA G-quadruplex DNA
is already well established by NMR and X-ray crystallography studies [124-128]. These
studies reveal that TBA contain two guanine tetrads (namely tetrad-1 and tetrad-2),

two TT loops (i.e loop-1 and loop-2) and one TGT loop (loop-3) and it can fold into an
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anti-parallel chair like structure.

Figure 1.2: Snapshot representation of TBA G-quadruplex DNA.

A parallel topology of 22 mer human telomeric quadruplex DNA
(A[AGGG(TTAGGG);3]) consists of three tetrads (namely tetrad-1, tetrad-2, and
tetrad-3), three propeller loops (thymine-thymine-adenine) and an adenine-1 flanking base

(Fig. 1.3).

Figure 1.3: Snapshot representation of human telomeric G-quadruplex DNA.
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The proto-oncogene human c-KIT G-quadruplex DNA consists of 22 mer
d(AGGGAGGGCGCTGGGAGGGAGGG) sequence (Fig. 1.4). c¢KIT DNA contains
three G-tetrads (namely tetrad-1, tetrad-2 and tetrad-3) along with four loop regions
(namely loop-1, loop-2, loop-3, loop-4). Moreover, loop-1 and loop-2 contain adenosine-5
(A5) and cytosine-9 (C9) nucleoside bases respectively, and loop-3 has cytosine-11 (C11)
and thymine-12 (T12) nucleoside bases. Furthermore, c-KIT G-quadruplex DNA has one
long loop (namely loop-4) which consists of A16-G17-G18-A19-G20 nucleoside bases.

Figure 1.4: Snapshot representation of c-KIT G-quadruplex DNA.

1.5 Methodology

In this thesis, we have used classical MD simulation technique. It has been widely used to
investigate the structure and dynamics of biomolecular systems, such as proteins, nucleic
acids, and small molecules like amino acids, sugars and drugs. In MD simulation, the
potential energy function (U) is described by all interactions between the atoms that are
covalently bonded as well as non-bonded interactions between atoms and molecules in the
condensed phase. The interactions between particles are governed by the so-called force
field parameterization [129].

The potential energy function is written as a sum of bonded and non-bonded

interaction terms

U - Ubond + Uangle + Udihedral + Uvdw + UCoulomb (11)
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The first three terms ( Upond, Uangie, Udinedrar ) are the bonded terms, which describe the
bond stretching, angle bending, and torsion rotation, and the last two terms are for the
non-bonded potential. In bonded terms, the bond and angle contributions are described
by harmonic potentials and all of the interactions between directly bonded atoms (1-2
interactions), angles (1-3 interactions, where two atoms bonded to a common atom), and

torsion (interactions between pairs of 1-4 atoms) are defined as:

Ubond - Z Kb(bac - beq)2 (12)
bonds
Uangle - Z KG(eac - Heq)Z (13)
angles
Vi
Udihedral = Z 7(1 + cos(ng — 0)) (1.4)
dihedrals

The letters b, 8, ¢, and ¢ represent the bond length, bond angle, dihedral angle, and phase
angle, respectively. The subscripts ac stands for actual and eq stands for equilibrium. The
parameters K,, Ky, and V,, are the force constants for bond, bond angle, and dihedral
angle, respectively.

The non-bonded potentials are calculated using two terms, the first one is the
Lennard-Jones term (Uyqy) [130] describing the van der Waals interaction [131], and the
second one is the Coulomb term (Ueouioms) [132] that deals with the electrostatic interactions

between particles having partial charges on them. The non-bonding interaction terms are

defined as: " )
Oii Oii
= 3 te | (2) - (2] (1)
i i< K &
qi9q;
Ucoulomb = Z [477'6 ;“j] (]_6)
i i< 0

where the overall sum is over all the atom pairs i and j. Lennard-Jones parameters o and
are the diameter of atomic sites and well depth energy, respectively. r;; is the inter-atomic
distance. ¢; and ¢; are the partial charges on interaction sites i and j and ¢, is the electrical
permittivity.

The aim of the MD simulation is to observe the evolution of atomic coordinates

in time. We consider an N-particle system characterized by the following Hamiltonian

N o2
P;
H=>" 5+ U(r) (1.7)
=1
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where m is the mass of each particle, p; is the momentum of the i-th particle and U(r") is
the total potential energy of the system which includes the all particle-particle interactions.
The coordinates of the particles are denoted by v = {r;,---,ry}. The position and
velocity of i-th particle is represented by r; and v;, respectively. The method of molecular

dynamics consists of solving the equation

where ¢ = 1,2, ..... N, m; is the mass of i-th particle and F; is the force acting on particle

1. This equation is obtained easily from the Lagrangian

| N | NX
i g ;mivi.vi i Z Zu(rij) (1.9)

i=1 j#i
where the potential U has been assumed to be the sum of pair potentials w;;. The La-

grangian equation of motion is
d OL OL

@05~ 05
It is clear from Eq. 1.10 that the dynamics of particles is described by 3N number of second

(1.10)

order differential equations.
It is also possible to write down the Hamiltonian (H) for the system and solve the

the Hamiltonian equations of motion

oH

N, o— 1.11

@ =5 (1.11)
oH

Yy, = ——— 1.12

P 90, (1.12)

where q; and pj represent generalized coordinates and momenta. For a system with pair-

wise interaction potential, the Hamiltonian is
1N AN
H= §2mivi.vi+§;;u(r¢j) (1.13)
1= =1 j#i

and Eqgs. 1.11 and 1.12 yield

dr; Pi
—_ = 1.14
—pi = —Vu=F; (1.15)

where i=1,2,.... N. There are now 6N first order differential equations to be solved.
The equation of motion is solved numerically to yield particle velocities and posi-

tions as a function of time. It is usually integrated by using finite difference approach. The
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Verlet algorithm is one of the most commonly used algorithm for this purpose [133]. The
advantage of the use of Verlet algorithm is that its implementation is straightforward and
storage requirements are modest. Although, it has the disadvantage of moderate precision
during the calculation and velocity does not appear explicitly in the Verlet integration. As
an improvement to the Verlet algorithm, the leap-frog algorithm [134] has been developed.
But, it has a disadvantage that the positions and velocities are not synchronized. As an
alternative of Verlet or the leapfrog algorithm, Velocity Verlet algorithm has been devel-
oped and the following relations are used to calculate new position and velocity at the same

time:

r(t + dt) = r(t) +v(E)dt + %a(t)dﬁ (1.16)
v(t +dt) = v(t) + %[a(t) + a(t + dt)]dt (1.17)

To calculate the velocities at time t+dt, this method requires acceleration at time t and
t+dt. In the present work, we have employed Velocity Verlet algorithm.
Next, we have calculated AHy;,g using MM-GBSA [135] method. A Hy;,g is calcu-

lated with the help of series of following equations:

AI{bind = AEﬁvac + AGsolv (118)

where AFE,,. is the energy in vacuum (gas phase) and AGy,, represents the solvation free

energy [136, 137]. They can be calculated as:

AEyue = ABue + ABygy (1.19)

AG iy = ANGgp + AGyp (1.20)

where AFE,,. and AFE,4, are the electrostatic and van der Waals components of energies.
The polar component, AGgp, is estimated using generalized-Born (GB) approach [138]
and the nonpolar contribution, AG yp, of the solvation free energy AG,,, is calculated as

follows [136, 138]:

AGnp =v(SASA) + 8 (1.21)

where 7=0.005 kcal/ A? and $=0.0, and SASA represents the solvent accessible surface

area.
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1.6 Present Work

Nucleic acid sequences containing series of guanine can form G-quadruplex structures,
which are of special interest because of their high thermal stability, resistance to denaturing
conditions, and stiffness. Moreover, due to the diverse and polymeric nature, it draws the
attention of the scientific world in significant and diverse fields.

Chapter 1 introduces the formation and stability of the G-quadruplex DNA in dif-
ferent chemical and thermal conditions along with its applications through literature survey.
In Chapter 2, we have reported about the conformational changes of the thrombin-binding
G-quadruplex aptamer (TBA) under dissimilar SrCl, salt concentrations. Chapter 3 deals
with the conformational changes of the human telomeric G-quadruplex DNA at varying KCI
salt concentrations and temperatures under non-polar and polar confinements. In Chapter
4, we have discussed about the effect of hydrated and non-hydrated choline chloride-urea
deep eutectic solvent (namely reline) on TBA G-quadruplex DNA. Chapter 5 describes
the role of reline, a natural DES, on temperature induced conformational changes of ¢-KIT
G-quadruplex DNA. In Chapter 6, we have investigated the binding modes and pathway
of APTO-253 on ¢-KIT G-quadruplex DNA. In the last chapter i.e., Chapter 7 we have
summarized the overall findings to reflect upon the interpretation about the conforma-
tional deviation of the different types of G-quadruplex DNAs under different chemical and

thermal conditions and its drug binding pathway.
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Overview

Thrombin binding TBA-G-quadruplex aptamer (TBA) plays a major role in blood coagula-
tion cascade. The 15-mer TBA sequence tends to form a four-stranded TBA-G-quadruplex
structure. In this research work, a series of explicit solvent classical MD simulations of the
TBA is carried out using different salt (SrCly) concentrations (0, 50, 100 and 200 mM).
Here we have also testified the effect of salt concentration of divalent cation Sr?>* on the con-
formational change of quadruplex DNA. The structural deviations, fluctuations, torsional
angles and the affinity of the ion are explored at different salt concentrations. It is found
that the conformation of TBA-G-quadruplex at 0 mM and 50 mM salt concentrations,
are very much different than the other salt concentrations (100 mM and 200 mM). Also
observed are: (i) no exchange of Sr?* ion between inside and outside of the channel, (ii)
an enhancement in the Sr?* ion density around the phosphate region of the loop residues
as salt concentration increases and (iii) the stacking of T3 and T4 residues of loop-1 that

appears up to 50 mM concentration, vanishes as the salt concentration is increased further.
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2.1 Introduction

DNA, a polymeric unit of nucleotides in living cells, is involved in transmitting, encod-
ing and expressing genetic information. It can adopt different confirmations based on its
sequence and physiologically relevant conditions [1]. DNA is most commonly present as
double helical B-DNA, but it can also form various hairpins, triplexes, motifs, quadruplex
and hybrid structures. Among these structures, non-canonical quadruplex nucleic acids
[2-9] have the potential to form into a four-stranded helical structure using four guanines

hoogsteen-paired hydrogen bonded to each other and m-7 stacking of quartet of guanines.

Figure 2.1: Schematic representation of the TBA-G-quadruplex aptamer and Sr**;, ion.
Tetrad-1, tetrad-2, loop-1, loop-2 and loop-3 are shown in red, blue, green, magenta and
orange respectively.

G-quadruplex molecules have been also found to communicate with different pro-
teins like a-thrombin [10-13] , nucleolin [14-16], STAT3 protein [17-19]. Malfunctioning
of a-thrombin causes hemorrhage and thrombosis, which further leads to coronary heart

disease and thrombotic disorders. Therefore, to affect the action of the a-thrombin, there
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is a need for a specific inhibitor. In 1992, Bock et al. found that the 15-mer quadruplex
DNA acts as an inhibitor of thrombin, called a Thrombin Binding Aptamer (TBA) [20-37]
,which particularly binds to the serine protease thrombin. Therefore, the structural change
and features of TBA are important for both in modern biology and pharmacological indus-
try, which further proves that quadruplex DNA plays a major role in drug design and is
also a therapeutic target [38-41]. In Fig. 2.1, we have represented the schematic diagram
of the 15-mer TBA.

The formation and stability of G-quadruplex depend on several factors, such as
stacking interactions and hoogsteen hydrogen bonds between guanine bases, electrostatic
interactions and hydration shell. Along with these, there is another factor that plays a
significant role in the stabilization of quadruplexes. This important stabilizing factor arises
due to the coordination of carbonyl (O6) with the metal cations inside the quadruplex

DNA tetrad residues [42-48].

Previous, experimental and simulation studies proposed that the absence of coor-
dinated metal cation at the center of the tetrad destabilizes the quadruplex structure as
it is electrostatically not favorable [49, 50]. Most studies have examined the role of mono-
valent cations mainly Nat and K* and their influences on the quadruplex structure and
stability [51]. Though different monovalent and divalent cations have been tested to affect
the structure, stability and folding efficiency of tetrad and loop residues of quadruplexes,
a complete understanding of the driving force of the folding of quadruplex is yet to be
achieved [52-64]. The position of the inner cation(s) in the quadruplex structure depends
not only on the size of the cation but also on its charge. In case of Na™ ion, the position
was found either being sandwiched by the tetrads or in the plane of a tetrad [65]. On
the other hand, K* and NH, ", being larger in size, are fitted in between two consecutive

tetrads [66-68].

Most of the quadruplex structures are acquired with the NMR experiments, that
have restricted capability to identify the binding site of the metal ion. In general, from
the available experimental methods, further information about the mechanism of the ion
binding of the dynamics and the quadruplex structure is difficult to obtain. Experimentally
it has been observed that the divalent ions stabilize G-quadruplex DNA in the following
order Sr?*>Ba?">Ca?">Mg?" [69, 70]. Although the effects of monovalent cations such as
Na™ and KT and group IIA cations such as Sr*", Ba?" and Pb*" have been studied exten-
sively primarily by different experimental techniques [71-76], very few molecular dynamics

simulations have been devoted to examine the effect of divalent cations on guanine-rich
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quadruplex DNA. Yang et al calculated the potential mean force (PMF) of the 15-TBA
unfolding [77] in the presence of central metal ion Sr** (using Aqvist parameter [78]).
Reshetnikov et al showed the spontaneous exchange of the ion between the quadruplex
molecule and solvent in bulk at the atomistic level [79].

In this study, by using classical molecular simulation, we study the effect of divalent
cation (Sr*") on TBA-quadruplex-DNA at different salt concentrations. Our study provides

information about the behavior of loop and tetrad residues at different ionic concentrations.

2.2 Models and Simulation Method

Molecular dynamics simulations of thrombin binding TBA-G-quadruplex aptamer in aque-
ous solutions of different salt concentrations were performed by the using AMBER14 [80]
simulation package. Out of the 11 models of NMR based structure of the thrombin binding
DNA aptamer d(GGTTGGTGTGGTTGG) (15-TBA), from Protein Data Bank (PDB)
entry 1RDE model-1 was used [81]. In this PDB, Sr?* ions were not included. Thus, one
Sr** ion was placed in the center of the TBA-G-quadruplex core. The standard DNA sim-
ulation force field ff99-bsc0 [82] was used for DNA in this study. This version of the Cornell
et al. AMBER force-field provides a decisive stabilization of DNA simulations as reported
earlier [83-86]. Following a previous study for Sr?' ion, the Lennard-Jones parameters,
o =1.777 A and ¢ =0.19470705 kcal/mol, were adopted [87]. In aqueous solution, these
parameters for Sr®T ion reproduce the experimental hydration free energies (HFE) as well
as ion-oxygen distances (IOD) in the first solvation shell and coordination numbers (CN)
accurately. Initially, the quadruplex-DNA was solvated in a truncated octahedral box of
TIP3P [88] water molecules with a 20 A buffer. Since, the DNA aptamer considered in
this study carries the electronic charge of -14e, six more Sr*" ions were added (without any
counterion) to neutralize the system (containing one more Sr*>* ion in the core of the DNA
as mentioned earlier). This procedure was adapted for constituting system without any
added salt. In order to prepare the systems in which DNA was immersed in an aqueous salt
solution with varying salt concentrations, an adequate number of Sr** and Cl~ ions were
added by replacing water molecules. TIP3P specific Amber-adapted Joung and Cheatham
parameters [89] were used for Cl=. The different systems considered in this study are pre-
sented in Table 2.1. The periodic boundary conditions were applied in all three directions.

At first, each of the systems was energy minimized by a two step process.
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Table 2.1: Nygier, Ngy2t, and Neg— respectively, are the number of water molecules, Sr**
and CI~ ions. Cs,ci, 18 the concentration of SrCly in molarity (M).

Systems | Nyaer | Ng2t | Noi- | Cspcr, | Box length(A)
0 mM 6669 7 0 0 64.53
50 mM | 6648 14 14 0.056 64.43
100 mM | 6627 21 28 0.113 64.41
200 mM | 6585 35 56 0.227 64.24

Specifically, for minimization, each of the systems was subjected to 500 steepest descent
cycles followed by an equal number of conjugate gradient cycles with a restraint of 100 kcal
mol~! A~2 on the G-quadruplex DNA atoms including the channel Sr>" ion in canonical
(NVT) ensemble. After minimization, all the systems were heated slowly from 0 to 300
K over 150ps in NVT ensemble with 100 keal mol™! A~2 positional restraints (using the
collision frequency of 0.2 ps~!) on the DNA atomic sites including the Sr?* ion placed in the
core of the quadruplex. Then a short equilibration run of 250 ps in NVT ensemble was car-
ried out. The positional restraints were slowly taken off by performing an analogous series
of alternating minimizations and followed by short equilibrations (of 250 ps in NVT ensem-
ble, like before) using the restraint force constants of 25, 20, 15, 10, 5 and finally, 0 kcal
mol~! A~2, sequentially. For each of these simulations, to calculate the long-ranged non-
bonding electrostatic interactions, particle mesh Ewald (PME) method [90] with a charge
grid spacing of ~1A and a DSUM_TOL value of 10~ A were used. A cut-off radius of 12 A
was considered for all nonbonding short-ranged interactions. SHAKE algorithm [91] with
a tolerance of 107° A was used to constrain the covalent bonds involving hydrogen atoms
and the integration time step was set to 2 fs. Langevin dynamics [92] with the collision

! was applied for controlling the temperature of the systems. Finally,

frequency of 1 ps~
for each of the systems without restraints, MD simulation was performed for 1000 ns at
300K temperature and 1 atm pressure condition in isothermal-isobaric (NPT) ensemble.
The physical pressure was maintained by the application of Berendsen barostat with the
collision frequency of 1.0 ps™! [93, 94] . For all systems, to analyze the trajectories ob-
tained from 1000 ns production run, Cpptraj program [95] of the AMBERI14 toolkit as
well as Visual Molecular Dynamics (VMD) [96] were utilized as and when required. All
torsional angle plot was calculated using python code, inspired by Do_X3DNA package [97].

The spatial distribution functions (SDFs) for all salt concentrations were calculated using

TRAVIS [98, 99).
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2.3 Results and Discussions

2.3.1 Root Mean Square Deviations (RMSDs)

The all-atom RMSD values (as a function of simulation time) over 1000 ns MD trajectories

for the TBA-G-quadruplex at different salt concentrations are shown in Fig. 2.2. In the
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1 I 1 I 1 I 1 I 1
0 200 400 600 800 1000
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Figure 2.2: The changes in the root mean square deviation (RMSD) values of (a) DNA,
(b) Sugar phosphate backbone (bb), (c) tetrad-1, (d) tetrad-2, (e) loop-1, (f) loop-2 and (g)
loop-3 residues of TBA with respect to the NMR structure.

same figure, we also show the change in the RMSD values of the DNA as well as its
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sugar phosphate backbone, tetrad-1, tetrad-2, loop-1, loop-2 and loop-3 as the simulation
progresses. For different systems, in order to calculate the RMSD values of DNA, the
NMR structure (model-1) is taken as the reference structure. Concentrating on the effect
of salt concentration on the RMSD values of the DNA, first Fig. 2.2 (a), we find that the
addition of salt causes a reduction in the structural displacement of the DNA from that of
its reference structure and this effect is pronounced up to 100 mM of salt concentration.
Interestingly, when 200 mM salt concentration is used a much larger structural displacement
of the DNA is observed. These observations apparently, imply that the addition of small
amount of salt (up to 100 mM salt concentration) induces the deviation of DNA molecule
(relative to that of the system with no salt) and a further addition of a salt causes structural
change. To find the region where RMSD values deviate more, we calculate the change in
the RMSD values separately for three different loops and as well as for two tetrads of the
DNA at different salt concentrations. A close examination in the changes in the RMSD
values of the DNA sugar phosphate backbone, tetrads and loops at different concentrations
(Fig. 2.2 (b)-(g)) suggest that for 200 mM salt concentration, the changes in the RMSD
values of tetrad (above 250 ns) and loop contribute to the effective enhancement of the
RMSD value of the DNA. Moreover, as expected the contribution of RMSD value of the
loops is much higher than that of tetrads in the effective change in DNA RMSD. In case
of loop-2 and loop-3, at 200 mM salt concentration, the change in the RMSD values are
higher than that of loop-1. However, after 250 ns simulation there is no significant change

in the RMSD values for all salt concentrations.

2.3.2 Root Mean Square Fluctuations (RMSFSs)

In Fig. 2.3, we present the RMSFs of all atomic positions of the DNA at different salt
concentrations. In the same figure, the atom positions of three loops (namely, loop-1, loop-
2 and loop-3) and two tetrads (i.e., tetrad-1 and tetrad-2) of the DNA are indicated in
order to understand the effect of salt concentrations on different loops and tetrads. As
earlier, the NMR structure (model-1) is again taken as the reference structure to calculate
the RMSF values of DNA. The RMSFs displayed in Fig. 2.3, reveal the effect of the
presence of salt on the fluctuations of the loop and tetrad atoms, where a non-monotonous
change without any proper trend in the RMSF values (as the salt concentration changed)
is observed. It is found that the tetrad residues are less fluctuating than the loop residues.
In fact, the RMSF values of tetrad residues are very much close to that of the reference

structure. Furthermore, the comparison of the fluctuations of three different loop indicates
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Figure 2.3: The changes in the root mean square fluctuation (RMSF) values of different
atomic positions with respect to the NMR structure. Loop-1, Loop-2 and Loop-3 regions are
shown in green, magenta and range respectively.

a much higher variation for loop-1 and loop-3 than for loop-2. Moreover, for loop-1 the
fluctuation is maximum for the system without any salt, (which is closely followed by 100
mM salt concentration) and for loop-3, it is at 50 mM concentration where the fluctuation
reaches the maximum value, but, for systems with no added salts and those at 200 mM
salt concentration, the fluctuations are observed for all atom positions. Thus, overall it can
be stated that increasing the salt concentration up to 200 mM results in a conformation
which is different from that of intermediate concentrations.

We have achieved important information about structural changes from RMSD
and RMSF values. However more precise analyses are required to determine the effect
of different parameters on the structural conformation. Therefore, we have carried out
additional analysis such as RDF, SDFs of the ions, torsional angles, hydrogen bonding

throughout the simulation trajectories.

2.3.3 Torsional Angels

To exhibit the flexibility of TBA-G-quadruplex DNA structure we need to calculate four
major angle parameters: (i) backbone torsional angles («/7), (ii) backbone torsional angles
(¢ — €), (iii) backbone torsional angles (5-0), (iv) glycosidic torsional angles (y). Due to
conformational restrictions of force field [55, 100, 101] enforced by the topology of the
system in this structure, the torsional angles of TBA-G-quadruplex DNA are quite different

in contrast to those of canonical duplex DNA. All torsional angles of tetrads and as well
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as that of loop residues are shown in a wheel representation in Figures 2.4 and 2.5
respectively. We have calculated the time distribution of all torsional angles in each tetrad
and loop residues throughout the 1000 ns trajectory. Using 15° resolution, the acquired
distributions have been clustered and then plotted with respect to the probabilities.

In the case of tetrad residues, it is observed that only G-5, G-14 and in case of
loop residues G-8, T-9 and T-13 are in the g7g® (a ~ 280°, v ~ 60°) region. For all
different salt concentrations, in most of the residues, the a torsion angle deviates from
the NMR structure except for G-6, T-7 and G-8 residues. Further, for all systems, the «a
torsion angles of the residues G-2, G-5, G-6, T-9, G-11, T-13 and G-15 are very similar,
even though they deviate from the NMR structure. Moreover, the a torsional angles of
the residues G-5, G-8, T-9, T-12, T-13 and G-14 are in g~ region and T-3, T-4 and T-
12 region are in trans (t) region (g~ ~ 280° t ~ 180°). At 100 mM salt concentration,
for all the residues, a torsional angles are either same or very close to that observed in
the NMR structure. The ~ torsional angles of the residues G-2, G-6, G-8 and T-9 at
all concentrations do not deviate much from that of the NMR structure. Similarly the
torsional angles of the residues G-1, T-4, G-5, T-7, G-11, G-14 and G-15 are very similar
for all concentrations but different from that of the NMR structure. Thus, the ~ torsional
angles of most of the residues are in g region except for T-3, T-4, G-10 and T-12 residues
(gt ~ 60°). Tt is also observed, that at 100 mM salt concentration, for all the residues, v
torsion angles are very close to that of the NMR structure. Thus it can be concluded that
the conformation of the TBA-G-quadruplex DNA at 100 mM salt concentration is very
similar to the NMR structure (model-1). Moreover, the detailed analysis concludes that
for all simulated systems a//7 torsion angles of the TBA-G-quadruplex DNA is not in the
g~ g* region like canonical duplex DNA.

The S torsional angles of all residues are in ‘t’ region except for T-7 residue (t ~
180°). Only at 100 mM salt concentration, the 3 torsional angle of T-7 falls in ‘t’ region.
Moreover, the § torsional angles of all residues (except for G-2, G-6 and G-15 residues)
fall in the different region than that of NMR structure. Interestingly the /3 torsional angles
of all the residues at different salt concentrations are equivalent. For all systems the ¢
torsional angles that fall in the a® (~ 130°) region of all residues appear in the similar

region to that of the NMR structure (excluding for the G-5, G-10 and G-14 residues).

In case of BI duplex DNA e-( torsional angles are in g~ region (g~ ~ 270°) for all
residues. The e torsional angles of the residues T-4, G-6, T-9 and G-11 are in g~ region

(9- ~ 270°) while that of others have deviated from it. The ¢ torsional angles of almost
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Figure 2.4: All torsion angles of tetrad residues in a wheel representation at all salt
concentrations and NMR structure. The color scale between 0 to 1 represents the probability
of the respected angle.
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Figure 2.5: All torsion angles of loop residues in a wheel representation at all salt con-
centrations and NMR structure. The color scale between 0 to 1 represents the probability
of the respected angle.
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all residues are in g~ region except G-6 residue. For T-3 residue, at both 100 mM and 200
mM salt concentrations, the ( torsional angles are analogous and they deviate from the
corresponding NMR structure value at the same time.

The structure and conformation of quadruplex DNA mainly depend on the glyco-
sidic x torsional angle. For all salt concentrations, the x torsional angles of all the residues
are similar to the values of the NMR structure except for the T-3, T-7 and T-12 residues.
Moreover, for the system with no salt, x torsional angle varies for T-13 residue significantly
from that of the NMR structure. It indicates that quadruplex DNA loop residues are more
fluctuating than tetrad residues throughout the simulation and these findings are in good
accordance with the observed RMSF and RMSD values for the loop residues discussed
above. The reason behind the higher stability of the tetrad residues when compared to

that of the loop residues lies in the strong hydrogen bonding interactions of the former.

2.3.4 Distance

In Table 2.2, we have shown the average distance between the oxygen atom of guanine

(06) and Sr** (Sr?*;,) ion of the channel of G-quadruplex DNA for all systems. In every

Table 2.2: The average distance between the oxygen atom of quanine (O6) in tetrad

residues and Sr*t,,.
Residues | 0 mM (A) | 50 mM (A) | 100 mM (A) | 200 mM (A)
G-1-06 | 2.75+£0.20 | 2.70 £+ 0.30 2.69 + 0.23 2.70 £ 0.54
G-2-06 | 2.59 £ 0.35 | 2.59 £+ 0.17 2.60 + 0.11 2.60 £ 0.14
G-5-06 | 2.65 + 0.17 | 2.70 £+ 0.64 2.62 £+ 0.20 2.63 £ 0.09
G-6-06 | 2.61 £0.21 | 2.63 £ 0.24 2.66 £ 0.20 2.65 £ 0.28
G-10-06 | 2.70 + 0.27 | 2.69 £+ 0.09 2.67 £ 0.24 2.67 £0.14
G-11-06 | 2.64 £ 0.14 | 2.58 £ 0.22 2.58 £ 0.12 2.58 £ 0.19
G-14-06 | 2.63 £ 0.11 | 2.63 £+ 0.51 2.63 £ 0.16 2.64 + 0.17
G-15-06 | 2.69 £ 0.02 | 2.64 + 0.01 2.64 + 0.22 2.65 £+ 0.09

salt concentration the average distance between the oxygen atom of guanine (O6) and
Sr2t,, falls in the range of 2.5 - 2.7 A. The Sr?*,, remains almost fixed in its position
in the middle of the quartet tetrad. It suggests that Sr*;, ion of the channel of G-
quadruplex DNA does not exchange throughout the simulation. At 0 mM and 50 mM salt
concentrations, the distances are higher than that for the other (100 mM and 200 mM) salt

concentrations. Further, the systems with 100 mM and 200 mM salt concentrations have
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similar distances. The average distance values of Sr?";, and the oxygen atom of guanine

(O6) are well comparable to experimental and as well as theoretical studies [102-106] and

the results validate the force field parameters of Sr** ion considered in this study [87].

2.3.5
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Figure 2.6: Atom-atom radial distribution functions (RDF) for (a) OP1 atom of the
backbone (BB), (b) O4" atom of the backbone (BB), (¢) N3 atom of the Guanine, (d) O6
atom of the Guanine, (e) O2 atom of the Thymine, (f) O4 atom of the Thymine, (g) Sr**

and (h) Sr**;, atom with Sr** outside channel.
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The nitrogenous bases are hydrophobic in nature and on the other hand the sugar-
phosphate backbone is negatively charged and hydrophilic. In Fig. 2.6, for different
systems, we have shown the selected site-site radial distribution functions (rdfs) involving
different atomic sites of the DNA such as oxygen atom (OP1) of sugar-phosphate contain-
ing backbone (BB), oxygen (O6) and nitrogen (N3) atoms of guanine (G), oxygen atoms
(O4 and O2) of thymine (T), and the Sr*" counterions outside the channel. For all the
systems, in the same figure, we have also included the pair-correlation functions involving
the counterion inside the channel (Sr**;,) and counterions outside the channel (Sr**) and
between the Sr?*-Sr?*. Note that, different site-site distribution functions provide the in-
formation about the interactions between corresponding species, albeit indirectly, without
providing much knowledge quantitatively. For example, the height of the first peak in a
particular rdf, g(r), gives the estimation of the number of species in the first solvation shell
of a reference molecule only after carrying out the integration of it. Since, we mainly focus
on the qualitative change in the rdfs involving the counterions Sr?* and different atomic
sites of DNA quadruplex and the ion present in the channel (Sr’T;,) as outside salt is
added, the quantitative estimation of the number of counterions in the first solvation shell
in the respective atomic sites are not considered in this study. Nevertheless, we mainly
find: (i) The addition of salt decreases the first peak heights of OP1-Sr®* at 2.65 A and
Sr2T-Sr?* distribution functions profoundly; (ii) For the distribution functions involving
guanine O6-Sr** and guanine N3-Sr?>* a sharp decrease is observed as one moves from 0
mM to 50 mM salt concentration, which is followed by essentially no change in the peak
height at 9.05 and 5.35 A as salt concentration increases further; (iii) For the distribution
functions involving thymine O2 and O4 and Sr?*, the heights of the first peaks are at 2.65
A for both the atoms are not a strong function of added salt; (iv) A dramatic change in the
Sr?+-Sr?+,, rdf is observed, in which a maximum of first peak height is noticed for 0 mM
salt concentration followed by 200 mM salt concentration and the first peak heights for
systems with 50 and 100 mM salt concentrations are almost similar. These suggest a more
favorable interaction between the counterion and the ion present in the channel for systems

having of 0 and 200 mM (salt concentrations) than that for 50 and 100 mM concentrations.

In Fig. 2.7, for different systems, we have shown the selected site-site rdfs in-
volving different atomic sites of the DNA such as oxygen atoms (O4’, OP1 and OP2) of
sugar-phosphate containing backbone (BB), oxygen (O6) and nitrogen (N3 and N2) atoms
of guanine (G), nitrogen (N3) and oxygen atoms (O4 and O2) of thymine (T), the coun-

terion inside the channel (Sr**;,) and the oxygen atom (O,,) of water. The rdf values of
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Sr**;, and the oxygen atom of water (O,,) at 2.65 A are well comparable to experimental
and as well as theoretical study [102-106]. Since, the nitrogenous bases are hydrophobic
and the sugar-phosphate backbone is hydrophilic, the peak heights of backbone atoms are
much higher than that of nitrogenous base atoms. In the case of Sr**;, among all the salt
concentrations, the first peak height is highest at 200 mM and the lowest peak height is

observed for 100 mM salt concentration.
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Figure 2.7: Site-site radial distribution functions (RDF) of (a) O4" atom of the back-
bone(BB), (b) OP1 atom of the backbone(BB), (c) OP2 atom of the backbone(BB), (d)
N3 atom of the Guanine, (e) N2 atom of the Guanine, (f) N3 atom of the Thymine, (g)
02 atom of the Thymine, (h) O4 atom of the Thymine and (i) Sr*";, atom residues with
ozygen(Ow ) in water.
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2.3.6 Hydrogen Bonding

The stability of G-quadruplex DNA is strongly influenced by hydrogen bonding interaction
between the tetrads, loop residues and the water present in the solution. We have calculated
the average hydrogen bonds for tetrads and loop residues with water for all systems (Table

2.3). A hydrogen bond is considered if the distance between the donor (D) and acceptor

Table 2.3: The average number of hydrogen bonds between water and tetrad (and loop)
residues.

Residues | 0 mM | 50 mM | 100 mM | 200 mM
Tetrad-1 | 27.68 29.07 28.36 28.09
Tetrad-2 | 38.82 35.47 35.06 36.45
Loop-1 21.76 21.3 18.5 19.25
Loop-2 29.44 27.55 28.12 27.67
Loop-3 20.91 21.76 19.72 19.36

(A) atoms is less than or equal to 3.5 A and simultaneously the angle D-A-H is less than or
equal to 45° [107-109]. The number of hydrogen bonds for loop residues for all the systems
are comparable to each other. Due to the presence of excess number of guanine residues in
loop-2, the average number of hydrogen bonds is more than that in other loops. In case of
tetrad residues, although both have the same number of guanine residues, the number of
hydrogen bonds is different except at 50 mM salt concentration. The number of hydrogen
bonds at all salt concentration is similar for each tetrad, with the exception occurring at

50 mM for tetrad-1 and at the system without any salt for tetrad-2.

2.3.7 Spatial Distribution Functions (SDFs)

The spatial distribution functions (SDFs) can be utilized to determine the three dimensional
distribution of molecules in solution around a reference molecule. Moreover, using SDFs,
the plots of the RDF's can be easily interpreted. In Fig. 2.8, we have shown the density
of Sr?* ions around the DNA by using the last 4 ns of average trajectory PDB of DNA.
An isovalue of 2.5 was used for all different salt concentrations. It is apparent that with
increasing salt concentration, the density of Sr?T ions is increasing up to 100 mM salt
concentrations. The Sr?" ion density at salt concentration of 200 mM is almost same as
that at 100 mM. The Sr** ions are particularly localized near the phosphate backbone for all

the concentrations mainly in case of loop residues. This is in accordance with the calculated
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RDFs discussed above. On increasing salt concentration, the ion density increases near the
02 and O4 atoms of thymine of loop residues. For the O6 atom of the guanine of the tetrad
residues, a strong interaction with Sr**;, ion inside the channel is expected. On the other
hand, N3 atoms of guanine of tetrad residues interact strongly with Sr?*;, ions inside the

ion channel. This interaction increases as the salt concentration is increased.

Figure 2.8: The spatial distribution function (SDF) of Sr** ion around the loop residue
at (a) 0 mM, (b) 50 mM, (c) 100 mM and (d) 200 mM different salt concentrations.
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2.3.8 Loop Dynamics

250 ns 750 ns 1000 ns

Figure 2.9: Snapshots of the TBA for different systems (from top to bottom ) (a) 0 mM,
(b) 50 mM, (c) 100 mM, (d) 200 mM . From left to right refer to the snapshots of 0, 250,
500, 750 and 1000 ns. The Sr**;, ion is shown in yellow; tetrad-1, tetrad-2, loop-1, loop-2
and loop-3 are shown in red, blue, green, magenta and orange respectively.

In Fig. 2.9, we have shown the progression of the TBA structure at different time intervals
(0, 250, 500, 750 and 1000 ns). It is clear that the final structure is very different from
that of the initial (NMR) structure at all salt concentrations. In case of NMR structure,

there is no m-7 stacking between loop residues but for all the systems considered here, the
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presence of 7-7 interactions is observed. A 7-m stacking interaction is considered if the
distance between the center of mass of two base residues is less than 5.0 A and the angle
between the corresponding plane of the two base residues is less than 20°. From Fig. 2.10
and Table 2.4 it is clear that at 0 mM and 50 mM salt concentrations T3-T4 (loop-1),
G8-T9 (loop-2), T12-T13 (loop-3) of all the residues have 77 stacking interactions. In case
of 100 mM and 200 mM salt concentrations, all loop residues, other than those in loop-1,

have m-7 stacking interaction.
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Figure 2.10: The stacking probability of different loop residues at different salt concentra-
tions.
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Table 2.4: The average distance between the residues inside the loop.

Residues | 0 mM (A) | 50 mM (A) | 100 mM (A) | 200 mM (A)
T3-T4 4.39 £ 0.36 4.33£0.43 8.57£0.31 8.60£0.32
G8-T9 | 4.58 +0.33 4.62+0.35 4.76+0.42 4.63£0.51

T12-T13 | 401 £0.34 | 4.19£0.49 3.97£0.35 3.94£0.39

47

2.3.9 Limitations

In this study, the latest force field parameters for different atomic sites have been used for
G-quadruplex DNA and ions. In fact, the current AMBER force-field parameters are not
assured in a priori to be entirely compatible with the reline system and force field. This
issue is very difficult to solve because of the lack of experimental and simulation results.
We can therefore assume that the conformational sampling is a far less serious problem for

the current system.

2.4 Summary and Conclusions

Conformational dynamics of guanine-rich quadruplex DNA molecules are very much depen-
dent on the presence of divalent cation (Sr*T;,) inside its channel. Despite few limitations,
all-atom molecular dynamics simulation techniques can shed some light on binding and
the effect of salt concentrations on the stability and conformational change of guanine-rich
quadruplex DNA. Here, we put forward a study of thrombin binding TBA-G-quadruplex
aptamer in presence of divalent cation (Sr?*) at different salt concentrations. The dynam-
ical properties of loop residues, as well as the conformational changes of the DNA with the
change in different salt concentrations, are explored by means of classical MD simulation.

The determination of the values of root mean square deviation (RMSD) of DNA
TBA-G-quadruplex for different salt concentrations apparently indicates that the stability
of DNA is attained at all different salt concentrations, although at 200 mM salt concentra-
tion, a slightly higher deviation of RMSD value is observed. However, the calculations of
root mean square fluctuations (RMSFs) at different concentrations show a different trend
from that of RMSD analysis. In brief, the decomposition of RMSFs for tetrad and loop
residues show that the former is very much stable at all salt concentrations whereas the
latter is very flexible throughout the simulation. It is further observed that the fluctuations
are more for residues of loop-1 and loop-3 than that for loop-2 residues. Interestingly, the

analysis of backbone torsional angles suggests that the change in salt concentration does
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not have much influence on the values of different torsional angles. The estimation of the
average distance between the oxygen atom (O6) of the guanine and Sr*";, excludes the
possibility of Sr?* ion exchange between outside and inside the channel. It further indi-
cates that the Sr**;, ion plays an important role in maintaining the overall stability of the
G-tetrad residues. The effect of salt concentration is clearly seen in spatial distribution
function (SDF) analysis. The determination of SDFs at different concentrations, conclude
that the Sr?* ion density is increasing at the loop residues, mainly in the phosphate region
of the loop residues as the salt concentration is increased. The loop dynamics display differ-
ent behaviors of loop residues at different salt concentrations. For the first time it is shown
that in presence of minimal or low salt concentrations (0 mM and 50 mM) T3-T4 residues
are stacked to each other which is not observed at considerably high salt concentrations

(100 mM and 200 mM).
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Overview

Recently, the stability of G-quadruplex DNA inside the close confinement such as a-
hemolysin, nanocavity water pool and different metal-organic-frameworks (MOFs), draws
attention of the scientific world. To understand the conformational change of G-quadruplex
DNA at atomistic level, we have carried out a total of 40 us simulation run under both
non-polar and polar confinement conditions. To investigate the dynamics, we have consid-
ered two different KCI salt concentrations i.e., 0 M (minimal salt concentration) and higher
than 2 M salt concentration (higher salt concentration) at two different temperatures, 300
K and 350 K. Here, we have observed that the human telomeric G-quadruplex DNA devi-
ates more from its crystal structure at minimal salt concentration in both non-polar and
polar confinement conditions. Moreover, loop regions deviate and fluctuate more compared
to the other regions, i.e., sugar-phosphate backbone and tetrad regions. The K ions are
found to be primarily responsible for this phenomenon. From the spatial density function
(SDF) plots , higher density of KT ions are observed in the backbone region. Moreover,
from the residue-wise first solvation shell estimation, we have noticed that the K* ions
mainly accumulate in the tetrad region under both the non-polar and polar confinement
conditions due to which the tetrad regions are more rigid than the loop regions. Moreover,
higher salt concentration results in increased rigidity of the G-quadruplex DNA. Our study
enlightens valuable insight about the conformational deviation of the G-quadruplex DNA
in the field of nanotechnology.
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3.1 Introduction

Various studies [1-4] reported that G-quadruplex DNA is commonly found in oncogene
promoter and telomere (end of the noncoding part of the chromosome) regions. Telomere
replication is mainly governed by the telomerase enzyme. The length of the human telomere
shortens during each cell division cycle in regular somatic cells, which leads to its apoptosis
[5]. This ultimate fate is prevented by cancer cells and is immortalised by activating
the telomerase enzyme, which stabilizes the length of telomere. Thus, it is important to
form G-quadruplex structure, which can prevent the activation of the telomerase enzyme.
Therefore, for genomic stability and cell ageing, telomere structure and stability play a

very crucial role [6-8] in the medicinal field.

a)

Figure 3.1: Schematic depiction of (a) human telomeric G-quadruplex DNA, (b) top
view, (c) side view picture in new ribbon representations of human telomeric G-quadruplex
DNA, and (d) human telomeric G-quadruplex DNA inside the confinement. Two central K*
cations are shown in purple color. Tetrad-1, tetrad-2, loop-1, loop-2, and loop-3 are shown
in green, red, blue, pink, gray, and yellow, respectively. Guanine and thymine, adenine are
represented as G, T, and A respectively.
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A parallel topology of 22 mer human telomeric quadruplex DNA
(A[AGGG(TTAGGG)3]) consists of three tetrads (namely tetrad-1, tetrad-2, and
tetrad-3), three propeller loops (thymine-thymine-adenine) and an adenine-1 flanking base
(Fig. 3.1).

Recently, the stability of G-quadruplex DNA in nanopore protein cavity, has drawn
attention in the scientific world. In 2008, Shim et al., reported [9] the encapsulating of
thrombin binding aptamer (TBA) in a-hemolysin (aHL) protein nanocavity and also the
folding and unfolding behavior of the TBA in another work [10]. Moreover, they have also
shown the entry of TBA in S-barrel like nanocavity. They have observed that, among the
various cations, in presence of Kt cations, TBA forms G-quadruplex structure, having the
most stable conformation.

In 2013, another group of scientists, Burrows and her coworkers, investigated the
structural dependency of human telomere sequence in a-hemolysin nanopore [11]. More-
over, they studied the interaction between the human telomere DNA and a-hemolysin
nanopore. Furthermore, they observed, the existence of two interchangeable conformations
(namely hybrid-1 and hybrid-2) of human telomere G-quadruplex DNA, in presence of
K™ cations. In another pioneer work [12], they also examined the entry and stabilization
of four types (namely hybrid-1, hybrid-2, basket and propeller) of conformational struc-
tures of human telomere G-quadruplex DNA in a-hemolysin nanopore cavity. They found
that hybrid and basket like human telomere G-quadruplex DNA structures are capable of
trans-location to the nanopore cavity in presence of optimal current. However, propeller
fold human telomere G-quadruplex DNA cannot pass the entry gate or latch zone of a-
hemolysin nanopore due to its disk-like shape. Thus, it unfolds outside the a-hemolysin
nanopore much faster than the other hybrid and basket structure.

In 2019, Ma et al., investigated [13]| the femtosecond time-resolved fluorescence
coupled with transient absorption on human telomeric G-quadruplex DNA. They found
that basket type topology of human telomeric G-quadruplex DNA converts to hybrid type
topologies in presence of K™ ions, inside the confinement by nanocavity water pool. They
also examined the effect of metal cations like Nat and K™ on folding topology of human
telomeric G-quadruplex DNA.

Very recently Peng and his coworker reported [14] the separation of different types
of DNA and RNA nucleic acid by using metal-organic framework. Moreover, they identified
three critical factors for encapsulation of different nucleic acid, which are (i) steric hindrance

of size, (ii) stability of conformational transition energy, and (iii) different molecular weight
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of nucleic acids. Using these above-mentioned criteria, they have extracted the flexible and
unstable structures of nucleic acids from different mixture.

However, all these experimental studies failed to provide the conformational
changes of nucleic acids at atomic level. Thus, molecular dynamics studies are utilized
to acquire useful information of the conformational changes in nanocavity or close confine-
ment. Till now, the conformational deviation and behavior of G-quadruplex DNA inside
these kind of nanocavity or confinement, have not been studied via theoretical approach.
Thus, to understand the dynamics of G-quadruplex DNA, we have carried out total of 40
us all atom molecular dynamics simulation. In this study, we have studied the conforma-
tional deviation of human parallel telomeric G-quadruplex DNA inside the non-polar as
well as polar confinement. Here, we have performed molecular dynamics under two differ-
ent temperatures i.e., 300 K and 350 K, and at two different KCI salt concentrations i.e.,

0 M (minimal salt concentration) and higher than 2 M salt concentration.

3.2 Models and Simulation Method

Following our previous works [15, 16] a nearly spherical fullerene like ball was taken as
a confinement, which consists of a total of, 2940 carbon atoms. There is no charge for
non-polar confinement, but for polar confinement, half of the carbon atoms contain -0.15e
charge and the rest of the carbon atoms contain +0.15e to obtain an overall neutral charge
for the confinement. To construct the confinement, CaGe software [17] was used. All
atom molecular dynamics simulation of the aqueous solution of the parallel telomeric DNA
were performed inside a non-polar as well as a polar nearly spherical confinement using
AMBERI8 package [18]. The crystal structure of the 22-mer parallel telomeric quadruplex
DNA (d[AGGG(TTAGGG);]) was obtained from the RCSB Protein Data Bank (RCSB
PDB) with PDB ID 1KF1 [19]. Initially, this crystal structure contains three K* ions
which were placed in the central channel core of the quadruplex DNA. Thus, 18 K™ more
ions were added to neutralize the aqueous quadruplex DNA system. 2500 TIP3P [20]
water molecules were used to solvate the parallel telomeric quadruplex DNA. Moreover, to
maintain the KCI salt concentrations, required amount of the K+ and C1~ ions were added

to the system. The details of the system were shown in Table 3.1. Initial configuration
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Table 3.1: Ng_pna, Nuater, Nx+, and Nei-, denote the number of the human parallel
telomeric G-quadruplez DNA, water, KT, Cl= molecules respectively, used for different
systems. Cycy represent the concentration in molarity.

System | No_pna | Nyater | Ng+ | Noi- | Crei(M) | Confinement | Time (us)
NO0_300 1 2500 21 0 0 Non-polar D
NO0_350 1 2500 21 0 0 Non-polar D
N2_300 1 2500 282 261 2.77 Non-polar 5)
N2_350 1 2500 | 282 | 261 2.77 Non-polar 5
P0_300 1 2500 21 0 0 Polar 5
P0_350 1 2500 21 0 0 Polar 5
P2_300 1 2500 282 261 2.77 Polar 5)
P2_350 1 2500 282 261 2.77 Polar 5)

for every system was generated using PACKMOL [21] software. The widely used [22-30]
latest AMBER DNA force field leaprc. DNA.OL15 [31, 32] , which includes parmbsc0 [33]
and OL15 [31] corrections to the ff10 forcefield, was employed for the parallel telomeric
quadruplex DNA. TIP3P water specific AMBER-adapted Joung and Cheatham force-field
[34] parameters were used for K™ and Cl~ ions. Following our previous studies [15, 16], for
fullerene like ball, General Amber Force Field (GAFF) [35] was used. Considering Waghe
et al., work [36], the Lennard Jones parameter “€” of carbon atom of the confinement was

reduced to half of its original value.

Considering our previous works [37-39], to perform the simulations, following steps
were employed for all systems: (i) At first, to remove the bad contacts between the parallel
telomeric quadruplex DNA| confinement, waters and ions, energy minimization was done
for 5000 steps by steepest descent method, followed by the equal number of the steps by
conjugate gradient method. (ii) Then, each system was heated gradually from 0 K to the
desired temperature at an interim of 50 K for energy 25 ps in canonical ensemble (NVT)
using a collision frequency of 1.0 ps~!. (iii) After that, every system was equilibrated in
canonical (NVT) ensemble for 250 ps at a temperature of 300 K. (iv) All atoms of the
telomeric quadruplex DNA, including the central core two KT ions and the confinement,
were fixed with a harmonic restraint of force constant 100 kcal mol~! A= for all the before
mentioned steps. (v) After that, the harmonic restraint of force constant was gradually
decreased to 25, 20, 15, 10, 5 and finally 0 kcal mol~' A~2 with a series of minimization and
equilibration. (vi) Next, a 50 ns equilibration was performed in NPT ensemble to maintain

the density of the system. (vii) Finally, a 5 ps production run was performed for each
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system at 1 atm physical pressure and the considered temperatures with a 5 ps~! collision
frequency.

To maintain the temperature and pressure, Langevin dynamics [40] and Berendsen
barostat [41-43] with a pressure relaxation time of 2 ps, were used. SHAKE algorithm [44]
was implemented to restrain the covalent bonds involving hydrogen atoms with a tolerance
of 1075 A. A 2 fs time integration step was employed. A cut off radius of 12 A was set.
Particle mesh Ewald method (PME) [45] was implemented to estimate all non bonded
short-ranged interactions and the long-ranged electrostatic interactions. CPPTRAJ [46] of
Amber-Tools19 [18] and Visual Molecular Dynamics (VMD) [47] were used to analyze the
trajectories and also as a visualization tool respectively. To estimate spatial distribution

functions (SDFs), TRAVIS [48] was used.

3.3 Results and Discussions

3.3.1 Structural Changes of Parallel Telomeric Quadruplex DNA

3.3.1.1 Root Mean Square Deviations (RMSDs)

Considering previous studies [49, 50] root-mean-square deviation (RMSD) is used to mea-
sure the deviations of a DNA from its reference state. In Fig. 3.2, we have shown the
rms fit RMSD values of all the heavy atoms of parallel telomeric quadruplex DNA for
all systems. Moreover, the crystal structure is considered as a reference structure. Here,
the RMSD values (Fig. 3.2 (a) and (e)) below 2 A indicate that the parallel telom-
eric quadruplex DNA slightly deviates from its reference structure for all the considered
conditions. From overall RMSD values, it is very difficult to recognize the regions which
deviate more from its crystal structure. Thus, we have calculated the RMSDs (Fig. 3.2
(b)-(d) and (f)-(h)) of separated regions of the parallel telomeric quadruplex DNA i.e.,
(i) sugar-phosphate backbone, (ii) tetrad, and (iii) loop regions. Here, we notice that
the RMSD values of loop regions deviate more from its crystal structure, followed by the
sugar-phosphate backbone and the tetrad regions. Moreover, at higher salt concentration,
it deviates much less than that at minimal salt concentration. Furthermore, the difference
between the RMSD values at 300 and 350 K temperatures for all considered regions of

parallel telomeric quadruplex DNA, are very similar. For further study of the structural
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Figure 3.2: Time progression of the root-mean-square deviations (RMSDs) of all heavy
atoms of human telomeric G-quadruplez DNA for different systems.

change of the parallel telomeric quadruplex DNA, we have performed pair-wise RMSD for
all systems (Fig. 3.3). From Fig. 3.3, it is clear that the conformational deviations of
the parallel telomeric quadruplex DNA are more for polar confinement than the non-polar
confinement. However, at higher salt concentration, these deviations are very much lower

as compared to the minimal salt concentration for both the considered temperatures.
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Figure 3.3: Pair-wise root-mean-square deviations (2D-RMSDs) of all heavy atoms of
human telomeric G-quadruplex DNA for different systems.

3.3.1.2 Root Mean Square Fluctuations (RMSF's)

Next, we evaluate the root-mean-square-fluctuation (RMSF) for the examining conforma-
tional change of a particular residue of the parallel telomeric quadruplex DNA. In Fig. 3.4,
we have plotted the RMSF values of the parallel telomeric quadruplex DNA considering all
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Figure 3.4: Root-mean-square fluctuations (RMSFs) of all heavy atoms of human telom-
eric G-quadruplex DNA for different systems. Loop-1, loop-2, and loop-3 regions are shown
in pink, gray, and yellow, respectively.

the heavy atoms. For these estimations, we have considered the crystal structure as the
reference structure. Here, it is noticed that, mainly loop residues fluctuate more in minimal
salt conditions than the higher salt concentration. Moreover, the same scenario is observed
for both the non-polar and the polar confinement. In more details, highest RMSF values
are observed for N0_350 (upto 3.6 A) and P0.350 (upto 2.5 A) systems. Among, the
non-polar and polar confinement conditions, maximum number of atoms of the parallel

telomeric quadruplex DNA fluctuate more in polar confinement conditions except for the

TH-2517_156122030



Chapter 3 69

flanking base Al atoms. When the temperature changes from 300 to 350 K, at higher
salt conditions, the RMSF values do not differ very much in either non-polar or polar
confinement conditions. However, this scenario is completely different at minimal salt
concentration. Here, higher RMSF values of the atoms of the parallel telomeric quadruplex
DNA, is observed for higher temperature.

From RMSD, 2D-RMSD, and RMSF analyses we have observed that the paral-
lel telomeric quadruplex DNA deviates and fluctuates more from its crystal structure at
minimal salt concentration for both the polar and non-polar confinement conditions. On
the other way, we can say that the higher salt concentration make the parallel telomeric

quadruplex DNA more rigid than the lower salt concentration.

3.3.2 Tetrad Dynamics of Parallel Telomeric Quadruplex DNA

Now, it is more important to check the dynamics of the tetrads of the parallel telomeric
quadruplex DNA. For this investigation, we have checked two parameters of the tetrads.
These are hydrogen bond estimation of the tetrad residues and the distance of the central

cations which are placed in the central core of the G-quadruplex ion channels.

3.3.2.1 Hydrogen Bond Estimation of Tetrad Residues

To estimate the hydrogen bonds of the tetrads residues, considering earlier studies [51-56],
following two criteria are set: (i) cutoff distance between donor (D) and acceptor is 3.5 A
and simultaneously (ii) the D-A-H angle cutoff is 45°. In Fig. 3.5, we have shown the
number of hydrogen bonds of the three tetrads (namely tetrad-1, tetrad-2, and tetrad-3)
for all the systems. Here, at minimal salt concentration, the number of hydrogen bonds
observed is 8 for each of the tetrads in both the non-polar and polar confinement conditions.
However, this number is reduced to 5 for tetrad-1 of N0_300 and P0_350 systems. On the
other hand, for higher salt concentration systems, the number of hydrogen bonds slightly
decrease from 8 to 5 for both the non-polar and polar confinement conditions. This is the
reason behind the slightly higher RMSD values of the tetrad residues (Fig. 3.2 (c¢) and

(g)) that are noticed for the above mentioned systems.
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Figure 3.5: Number of hydrogen bonds for tetrad-1, tetrad-2, and tetrad-3 of human
telomeric G-quadruplex DNA for different systems.

3.3.2.2 Distance Between the Channel Core Central Cations

Central KT cations which are placed at the channel core of the g-quadruplex DNA, play a
very important role in the formation and stabilization of the G-quadruplex DNA. Thus, it
is very important to check the occurrence of any ion-exchange occurred for all the systems.
Previously, Rebi¢ et al. [57] reported that one central cation exits from the channel rim
of the parallel telomeric quadruplex DNA using TIP3P water [20] model and TIP3P water
specific AMBER-adapted Joung and Cheatham force-field [34] parameters for K™ and Cl~
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ions. Moreover, during this ion-exchange simulation time, larger deviations from the crystal

structure of the considered G-quadruplex are noticed, which is reflected in the RMSD values
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Figure 3.6: Time progression of the distance between two central cations of channel core
of human telomeric G-quadruplex DNA for different systems.

of the G-quadruplex DNA. In Fig. 3.6, we have shown the distance between the two
central cations of the parallel telomeric quadruplex DNA through out the 5 us simulation

run for all systems. Here, we have observed that for non-polar confinement the distance
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between the two central cations lies between 3.7 and 4.2 A. On the other hand, this distance
varies from 3.6 to 3.7 A for all systems under polar confinement conditions, except for
P2_300 system where slightly higher distance (4.6 A) is noticed. Thus, it can be concluded
that the central cations of the channel core of the parallel telomeric quadruplex DNA are
stable in the channel core through out the simulations under both the polar and non-polar

confinement conditions.

3.3.3 Loop Dynamics of Parallel Telomeric Quadruplex DNA

The parallel telomeric quadruplex DNA contains three thymine-thymine-adenine (TTA)
propeller loops on the side of the G-quadruplex ion channel core. Earlier pioneer works by
Islam et al. [22, 26] reported that the propeller loops of the human telomeric quadruplex
DNA play an important role in conformational deviations of the G-quadruplex DNAs.
From our previous RMSD and RMSF analyses, we have noticed that the major deviation
from the crystal structure of the parallel telomeric quadruplex DNA is observed for the
loop regions in compared to that of with namely backbone and tetrad regions. Considering
the above information, it is very crucial to investigate the loop dynamics of the parallel
telomeric quadruplex DNA under non-polar as well as polar confinement conditions with
different salt concentrations and temperatures. Now, to check the loop dynamics following

parameters are used : (i) Principal Component Analysis, and (ii) 7-7 stacking interactions.

3.3.3.1 Principal Component Analysis for Different Propeller Loop Regions

Data from an MD simulation containing plenty of degrees of freedom (dof) cannot always
be interpreted. Thus, to monitor these large and huge complicated data, principal compo-
nent analysis (PCA) is used due to its simplicity. In the anharmonic motion of an atomic
molecule, PCA eliminates the dominant modes from the trajectory. Moreover, PCA pro-
duces the configurational space that consists of a few degrees of freedom of molecule by
reducing the dimensionality of the data. Hence, PCA is very important tool to check the
structural deviations of the biological molecules [49, 58-61]. So, we have performed PCA
analysis considering the backbone atoms of the individual loop (namely loop-1, loop-2, and
loop-3) residues. In Fig. 3.7, we have presented the cumulative fraction of eigenvalues of

the first 50 eigenvector for all systems. Here, we have observed that the majority (more
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than 50%) of the structural changes are covered by the first three eigenvectors. Fig. 3.7
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Figure 3.7: Cumulative fraction of the eigenvalues taken from principal component analy-
sis (PCA) of loop-1, loop-2, and loop-3 of human telomeric G-quadruplez DNA for different

systems.

also indicates that the overall motions (=100%) are covered by the first 50 eigenvalues. In

more details, the most of the dominant modes are noticed by the first principal component

(PC1) of the three loop regions, under the non-polar and polar confinement conditions. In

Figures 3.8 and 3.9, we have shown the dominant modes of the backbone atoms of
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Non-Polar
NO 300 NO 350 N2 300 N2 350

AT 4N
Y

A

Figure 3.8: Representing the dominant motions of human telomeric G-quadrupler DNA
along with the first eigenvector in porcupine plot for different systems under non-polar
confinement. The models are shown as a backbone trace. The arrows attached to each
backbone atom indicate the direction of the eigenvector and the size of each arrow shows
the magnitude of the corresponding eigenvalue.
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Polar

PO 300 PO 350 P2300 P2 330

- A
WY
AP N

Figure 3.9: Representing the dominant motions of human telomeric G-quadrupler DNA
along with the first eigenvector in porcupine plot for different systems under polar confine-
ment. The models are shown as a backbone trace. The arrows attached to each backbone atom
indicate the direction of the eigenvector and the size of each arrow shows the magnitude of
the corresponding eigenvalue.

individual loop regions along with the first eigenvector at different salt concentrations and
temperatures. In case of non-polar confinement, the major dominant mode of the backbone
atoms of all the three loop regions are noticed at minimal salt concentration as compared
to higher salt concentration. Moreover, at minimal salt concentration, for N0_300 and

NO0_350 systems, mainly major dominant mode for all three loop regions are noticed for
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NO0_350 systems. Among all the three propeller loop regions, loop-1 and loop-3 show major
dominant motions. Similar scenario is also noticed under polar confinement conditions. On
further examination, we have plotted the two principal components, which are PC1 and

PC2 with regard to free energy change (AG;) following the equation
AG, = —k’BT [hl Pz —In Pmax] (31)

where kp represents the Boltzmann constant, T is the temperature of the system, P; denotes

the probability distribution of the principal component which is subtracted from its

Non-Polar

Loop-1 - No 300 NO 350 N2 300 N2 350

N
0o
[a W
5
-10°
Loop-2 10
107 y
g
5
A 4 %
5
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23
10" .
Loop-3
107

-:10 5 0 5 10-10 -5 0 5 10-10 -5 0 5 10-10 -5 0 5 10

PCI PCI PCI PCI

Figure 3.10: Free energy landscapes (FELs) plotted as a function of principal components
of PC1 and PC2 for the backbone atoms of loop-1, loop-2, and loop-3 of human telomeric
G-quadruplex DNA for different systems under non-polar confinement.
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Figure 3.11: Free energy landscapes (FELs) plotted as a function of principal components
of PC1 and PC2 for the backbone atoms of loop-1, loop-2, and loop-3 of human telomeric
G-quadruplex DNA for different systems under polar confinement.

maximum value i.e. P,... In Figures 3.10 and 3.11, we have presented the cartesian
projection of the PC1 and PC2 in terms of free energy landscapes for all systems. From
the Figures 3.10 and 3.11, it is clear that, at higher salt concentration the free energy
basin/well emerges where both PC1 and PC2 of the individual loop regions are in the range
of 2.5 to -2.5. On the other hand, at minimal salt concentration, the free energy basin/well
is observed at higher PC1 and PC2 values. Similar results are also noticed for both polar
and non-polar confinement conditions. Moreover, at 350 K temperature, the area of free
energy basin/well is increased for loop-1 and loop-3 for N0_350 and P0_350 systems. This
indicates that the above mentioned loop regions deviate far more from the crystal structure.

However, at higher salt concentration all the three loops maintain its native state.
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3.3.3.2 m-m Stacking of Different Propeller Loop Regions

Non-Polar

NO_ 300 NO 350 N2 300 N2 350
t E S -
Loop-1 % Q
- ‘ B ~~—
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Loop-3 ‘ _— "FX o
Polar
PO 300 PO 350 P2 300 P2 350
Loop-1 :; ” : ﬁ‘ : i —
e
Loop-2 ‘ ;J’ %
=T
Loop-3 —_—

Figure 3.12: Representative snapshots of the most populated structure of loop-1, loop-2
and loop-3 of human telomeric G-quadruplex DNA for different systems.

In crystal structure of the parallel telomeric quadruplex DNA, T5-A7, T11-A13, and T17-
A19 residues are involved in 7-7 stacking interactions in all three propeller loop regions.
Now, to study the loop dynamics of the parallel telomeric quadruplex DNA, it is important
to check whether these m-7 stacking formation are maintained. Thus, at first we have

performed widely [53, 62, 63] used the cluster structure analysis by Ester et al., Density
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Based Spatial Clustering of Applications with Noise (DBSCAN) [64] clustering algorithm.
We have considered all the heavy atoms of the parallel telomeric quadruplex DNA through
out the bus trajectory for cluster structure analysis for all systems. Moreover, to perform
the DBSCAN method, we have taken the minimum number of points (minpoints) is 4 and
the distance cut off between these points (¢) is 0.35 A. In Fig. 3.12, we have shown
the most populated structure of loop-1, loop-2, and loop-3 regions individually. From
Fig. 3.12, it looks apparently that all the above mentioned residues maintain its m-7
stacking formation. Further, we need to check carefully whether the m-7 stacking criteria
are maintained. Following earlier studies [65-68], two criteria are set: (i) the cut off
distance between two center of mass (COM) of the considered nucleobase ring is 5 A and

simultaneously, the angle cut off between two vector normals of the considered nucleobase

Figure 3.13: Schematic representation of the orientational angles (6) and COM distances
(r) of the different aromatic planes of the considered nucleobase of human telomeric G-
quadruplex DNA.

ring is 30° (Fig. 3.13). In Figures 3.14 and 3.15, we have plotted the probability of
the distance and angle between the considered nucleobase ring for all systems. Here, we
have noticed that the distance criterion is maintained (all the distances are below 5 A) by
T5-A7, T11-A13, and T17-A19 residues of loop-1, loop-2, and loop-3 regions respectively,
in both the non-polar and polar confinement conditions. However, taking into account of
the highest angle probability, the scenario is different for non-polar and polar confinements.
In case of non-polar confinement conditions, the highest probability of the angle for the
T5-A7, T11-A13, and T17-A19 residues of loop-1, loop-2, and loop-3 regions are below 30°,
excluding NO_300 system where the T5-A7, and T17-A19 residues of loop-1, and loop-3
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Figure 3.14: Stacking probability of loop-1, loop-2 and loop-3 with respect to distance and
angle between the corresponding planes under non-polar confinement.

regions, exhibit the highest angle probability at 35°.

On the other hand, under polar

confinement conditions, the highest probability of the angle appears below 30° for all the

systems, except for the P0_350 system. In P0_350 system, although the distance criterion

is satisfied among all the three systems (namely P0_300, P2_300, and P2_350), in case of
angle, the highest probability emerges at 40° for T5-A7, and T17-A19 residues of loop-1,

and loop-3 regions.
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Figure 3.15: Stacking probability of loop-1, loop-2 and loop-3 with respect to distance and
angle between the corresponding planes under non-polar confinement.

3.3.4 Role of the Cations on Dynamics of Parallel Telomeric
Quadruplex DNA

Earlier studies [69-72] report that the cation plays a crucial role in the stabilization and
formation of the G-quadruplex DNA. Thus, in this section we have studied the role of
cations using the following parameters: (i) spatial distribution functions (SDFs), and (ii)

first solvation shell.
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3.3.4.1 Spatial Distribution Functions (SDF's)

NO 350

NO 300

N2 300

Figure 3.16: Spatial density maps of Kt and CI~ around human telomeric G-quadruplex
DNA for different systems. Here, yellow and blue represent K+ and CI™ ions respectively.

Spatial distribution functions (SDFs) are a very useful method for visualizing the rela-
tionship between the ions and the quadruplex. To get more information about the role of
cations on the parallel telomeric quadruplex DNA SDF is performed. Spatial distribution
functions (SDFs) reveal the three dimensional probabilistic arrangement of molecules in the
system. In Fig. 3.16, we have shown the distribution functions of the K™ cations around
the parallel telomeric quadruplex DNA using isovalue equals to 75 for all the systems. Here,
high density of KT cations is observed in mainly two regions: (i) around the central core
of G-quadruplex channel core and (ii) around the sugar-phosphate backbone regions for
all the systems. Previously we have noticed that the KT cation does not take part in the

ion-exchange with the outside ions and they are almost fixed at their position through out

TH-2517_156122030



Chapter 3 83

the 5us simulation run. Hence, the SDF's are high in the central core of the ion channel.
In DNAs, sugar-phosphate backbone carries negative charge. So, the positively charged
K™ cations interact more with the sugar-phosphate backbone than the other regions. This
is the reason behind the high density of Kt cations at sugar-phosphate backbone regions.
Furthermore, among loop and tetrad regions of the parallel telomeric quadruplex DNA, the
density around the tetrad regions is higher than the loop regions. From Fig. 3.16, it is
noticed that the density around the parallel telomeric quadruplex DNA is the highest for
high salt concentration than at minimal salt concentration under both the non-polar and
polar confinement conditions. On the other hand, at high salt concentration, the density
of C1™ ions is also higher in sugar-phosphate backbone regions due to Cl™ ions take part
as counter ions of K ions. Thus, more KT ions can accommodate in the backbone re-
gions. Moreover, as expected with increasing temperature the density decreases for all the

systems.

3.3.4.2 First Solvation Shell

From the preceding SDF analysis, we have observed the high density salt concentration
near the backbone regions. In order to get a clearer view, we have estimated the number
of KT, Cl7, and water molecules in First Solvation Shell (FSS) of individual residues of the
human telomeric G-quadruplex DNA. The number of ions or molecules present in FSS, is
estimated by determining the number of different species present within 3.5 A of all the
the heavy atoms of DNA. Here, it is noticed that the highest number of K* ions present in
FSS of G-quadruplex DNA is for N2_300 system, followed by N2_350, N0_300, and finally
N0_350 systems under non-polar confinement (Fig. 3.17). Moreover, higher number of
K™ ions is observed mainly in G2, G3, G8, G14, G20 and G21 residues of tetrad regions of
the human telomeric G-quadruplex DNA. In case of polar confinement, the higher number
of K™ ions are also noticed in the tetrad regions, which is very similar to the non-polar
confinement. Moreover, here it is worth mentioning that higher number of K* ions are also

noticed in T11, T12 and A13 residues of loop-2 regions.
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Figure 3.18: Average number of Cl= ions present in the first solvation shell of each residue
of the human telomeric G-quadruplex DNA for different systems. Loop-1, loop-2, and loop-3
regions are shown in pink, gray, and yellow, respectively.

The number of CI~ ions present in FSS (Fig. 3.18) of the G-quadruplex DNA
is calculated for the higher salt concentration system only. Here, we also notice that at
higher temperature, the number of Cl~ ions in FSS decreases for both the non-polar and
polar confinement. Besides, more Cl~ ions are present at the tetrad regions of G-quadruplex
DNA, except for G4, G9, G10 and G15 residues, under non-polar confinement. Very similar
scenario is noticed under polar conformation. Here, the number of Cl~ ions in F'SS is higher

at G2, G3, G14, G15, G16, and G22 residues of the tetrad regions, and also at T12 and
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A13 of loop-2 and T17 of loop-3 regions of human parallel G-quadruplex DNA. Fig. 3.19,
represents the number of water molecules present in the FSS of the human parallel G-
quadruplex DNA. Here, slightly higher number of water molecules is present in the loop

regions as compared to the tetrad regions under both the non-polar and polar confinement.
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Figure 3.19: Average number of water molecules present in the first solvation shell of each
residue of the human telomeric G-quadruplez DNA for different systems. Loop-1, loop-2,
and loop-3 regions are shown in pink, gray, and yellow, respectively.
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3.4 Summary and Conclusions

In this study, we have presented the conformational deviations of the human telomeric
G-quadruplex DNA in different salt concentrations and temperatures under non-polar and
polar confinement conditions, using 5 us long run simulation for each system. From RMSD
and 2D-RMSD analyses, we have noticed that the human telomeric G-quadruplex DNA
deviates more from its crystal structure at minimal salt concentration than at the higher
salt concentration under both the non-polar and polar confinement conditions. Moreover,
among the sugar-phosphate backbone, tetrad and loop regions, more deviation from crys-
tal structure is noticed mainly at the loop regions. Very similar outcome is procured
from RMSF analysis. Moreover, the higher salt concentration provides more rigidity to
the human telomeric G-quadruplex DNA. To understand the tetrad dynamics of the G-
quadruplex DNA, we have estimated the number of hydrogen bonds of the tetrad and the
distance between the central cations placed in the channel core of the human telomeric
G-quadruplex DNA, which determines the occurrence of any ion exchange throughout the
simulation. From hydrogen bond analysis, it is observed that the tetrads maintain the
number of hydrogen bonds for all the systems. However, the number of hydrogen bond
slightly decreases at higher salt concentration. Moreover, the distance between the two K
ions lies between 3.6 A to 4.6 A which depicts that no ion exchange occurs during the 5
ps simulation run for all the systems. Since the loop region fluctuates the most, it is very
important to monitor the loop dynamics of the human telomeric G-quadruplex DNA. For
this, we have performed the PCA analysis and also inspected the m-7 stacking conforma-
tion of the loop regions individually. From PCA analysis, we have observed that the loop-1
and loop-3 show major dominant motions in non-polar and polar confinement conditions.
Moreover, the higher dominant modes are observed at minimal salt concentration. With
increasing temperature, the dominant modes of the loop regions increase. From the es-
timation of the distance and angle between the considered nucleobase, we have observed
that the distance criterion of 7-7 stacking is maintained by all the considered nucleobase.
However, higher angle probability is observed for T5-A7, and T17-A19 of loop-1 and loop-3
regions for minimal salt concentration systems under both the non-polar and polar confine-
ment conditions. Next, we have performed SDF analysis to get a clear view about the role
of ions on the human telomeric G-quadruplex DNA, where we observed that the density
of KT ions is higher mainly in two regions: (i) the G-quadruplex channel core and (ii) the

sugar-phosphate backbone regions. Here, we notice that, at high salt concentration, the
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density is higher as compared to the minimal salt concentration. Moreover, it discloses the
reason behind the rigidity of the backbone of the human telomeric G-quadruplex DNA. To
get more information about the role of ions in conformational change of the human telom-
eric G-quadruplex DNA, we have estimated the number of K*, Cl~, and water molecules
in the first solvation shell of the G-quadruplex DNA around its different residues. We have
observed that higher number of K ions mainly in G2, G3, G8, G14, G20 and G21 residues
of tetrad regions of the human telomeric G-quadruplex DNA under both the non-polar and
polar confinement conditions. It reveals that the Kt ions are mainly responsible for the
rigidity of the human telomeric G-quadruplex DNA. We believe that our study provides
useful information about the conformational change of the human telomeric G-quadruplex

DNA inside the non-polar as well as polar close confinement conditions.
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Overview

Guanine rich quadruplex nucleic acid (G-DNA) sequence is highly polymorphic. The ob-
tained structure of G-DNA is exquisitely impressible to its sequence and the chemical
environment. Due to the controllable different structures G-DNA has acquired very much
attention in various research areas such as nanotechnology, medicinal chemistry and molec-
ular biology. However, the applications of G-DNA is mainly restricted to the aqueous media
though, a large number of important chemical reactions, nanodevices etc. have also been
carried out in purely water-free medium. Recently, Deep Eutectic Solvents (DESs) such
as choline-urea (1:2) eutectic mixture, namely reline, has widely been used as a reaction
media and also water-free storage media for biological system like different types of nucleic
acids. Hence, it is very important to figure out the effect of the deep eutectic solvent with
DNA. In this research work, we have discussed the interaction between reline with guanine
rich quadruplex Thrombin Binding Aptamer (TBA) DNA at 300 K, for different reline
concentrations. To understand the conformational behavior of quadruplex TBA in reline
DES, we have performed total 10 us all atom molecular dynamics simulations. Here, we
notice that the structure of TBA deviates much more from its NMR structure at low reline
concentrations. Noticeably, at high reline concentrations, the quadruplex TBA is much
more rigid or less flexible than comparatively lower reline concentrations. Moreover, from
the SDF study, the density of reline is higher near sugar-phosphate-backbone region than
the others. Furthermore, at lower reline concentrations guanine-8 and thymine-9 of loop-2

stack onto each other which is not noticed at higher reline concentrations.
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4.1 Introduction

Aptamers are comparatively very short sequences of DNA or RNA that have high poten-
tial to bind with specific targets such as thrombin [1, 2], nucleolin and STAT3 protein.
Thrombin protein plays a very important role in the enzymatic blood coagulation cascade.
Thrombin binding aptamer (TBA) with a sequence of 15-mer d(GGTTGGTGTGGTTGG)
is the simplest G-quadruplex DNA and it binds with thrombin protein (Fig. 4.1). Thus,
the important role of TBA in cell biology, attracts the scientific world in the field of molec-
ular biology. The structure of TBA G-quadruplex DNA is already well established by
NMR and X-ray crystallography studies [3—7]. These studies reveal that TBA contain two
guanine tetrads (namely tetrad-1 and tetrad-2), two TT loops (i.e loop-1 and loop-2) and

one TGT loop (loop-3) and it can fold into an anti-parallel chair like structure.

Figure 4.1: Schematic representation of (a) TBA-G-quadruplex aptamer with Kt ion
(purple) (b) Choline chloride and (c¢) Urea molecules. Tetrad-1, tetrad-2, loop-1, loop-2,
and loop-3 are shown in red, blue, magenta, brown, and green colors respectively. Guanine
and Thymine are represented as G and T respectively.

In the past decade, Ionic Liquids (ILs) analogues, popularly known as Deep Eu-
tectic Solvents (DESs), have been used as a new class of solvents. These green solvents are
obtained by the merging of two solid compounds (which have higher melting points than
their mixture) at certain ratio. Mainly, the basic structure of DES is a combination of a

molten salt and one or more hydrogen bond donor (HBD) [8]. Like ILs, DESs have unique
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features, such as chemical, thermal and electro-chemical stability with a very low vapor
pressures [9]. Due to these remarkable features, DESs have been used as a reaction media
in various biological application fields like biocatalytic reactions [10], protein stabilization
[11-13] and biosensors[14]. Furthermore, in small volume technologies, where small amount
of water present vaporizes quickly, unlike ILs [15-20] the choice of DES as a solvent is a

better option than water [21].

In recent years, reline, which is considered as the first generation of DESs, has
widely been used in scientific and industrial applications. In 2003, Abbot et al. introduced
[22] reline and its applications [23] to the scientific world. When choline chloride and urea
(whose melting point is 302°C and 133°C respectively) are mixed at 1:2 molar ratios, the
melting point of the corresponding eutectic mixture namely reline reduces to 12°C. The
preparation of reline is very cheap as compared to the other ILs or DESs because of the
naturally occurring and easily available precursors [24]. Due to its characteristics such as
biodegradablity, non-toxicity [25, 26|, biocompatiblity [27-29] and chemical inertness with

water, reline is widely used as a biological storage medium [30].

In 2010, Hud et al. showed experimentally that in anhydrous choline-urea (reline)
media, duplex, triplex and guanine rich TBA can exist [31]. Later, they demonstrated
that the human telomere DNA can form propeller type of parallel guanine rich quadruplex
structure in anhydrous reline DES medium [32] and double stranded DNA can fold into
2D origami structure in anhydrous and hydrated DES (glycholine) [33].

Zhao et al. showed that different types of guanine rich DNA’s can form quadruplex
structure and are stable in reline DES solvent [34, 35]. These studies indicated that the
different type of nucleic acids are stable in DES media for longer periods than in water
media. Hence the stability, formation and conformation of guanine rich quadruplex DNA

in DES media, has received a lot of attention.

Since molecular dynamics (MD) simulations can provide useful information in
molecular level to understand the behavior of guanine rich DNA in DES which, some-
times, cannot be achieved from conventional experiments, we have performed all atom
molecular dynamics simulation. Until now, the conformational deviation and property of
guanine rich DNA in DES have not been studied well from a theoretical approach. In
this research work, we have studied the conformational behavior of guanine rich TBA in

presence of anhydrous and as well as hydrated DES medium.
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4.2 Models and Simulation Method

A series of all atom molecular dynamics was performed using AMBERI18 [36] simulation
package. In this study, the thrombin binding DNA aptamer d(GGTTGGTGTGGTTGG)
(15-TBA) was taken in binary mixture of widely used non-hydrated and as well as hydrated
Reline DES. The NMR structure of the thrombin binding DNA aptamer was obtained from
the RCSB protein Data Bank (RCSB PDB) with PDB ID 148D (model-5) [5].
a KT ion was placed in the core of the 15-TBA. The widely used latest AMBER DNA
forcefield leaprc.nucleic.OL15 [37-48] was employed for 15-TBA. TIP3P [49] water model

Initially

was employed in the simulations for hydrated systems. Since 15-TBA carries an electronic
charge of -14e, 13 more K ions were added to neutralize the system. The TIP3P specific
Amber-adapted Joung and Cheatham force field parameter [50] was used for K* ions. The
initial structure was built using PACKMOL [51]. For every system initially 15-TBA was
placed in the center of the cubic box and then solvated with 250 choline chloride and 500
urea molecules. For hydrated reline systems, water molecules were adjusted to maintain the
reline concentration. Then the topology and initial coordinates were converted according
to truncated octahedron box using CPPTRAJ [52]. Since water plays a significant role
in the stabilization of quadruplex DNA, the effect of water in hydrated DES was also
studied. Therefore, the simulations were carried out by varying the ratio of DES to water.
The number of water molecules added to maintain the reline (DES) concentration was
estimated based on the percentage weight of DES over that weight of water (%w/w). The
details of all systems are displayed in Table 4.1.

Table 4.1: Number of molecules used in the simulation.

System Q_Dgzmt{?fegf gsgﬁul%ater Reline conc. (wt %)
SO 1 500 250 0 100
S1 1 500 250 36 99
S2 1 500 250 3605 50
S3 1 200 250 8411 30
WO 1 0 0 5000 0

Gaussian 09 [53] was used to optimize the geometries of the required ions and

molecules. For the isolated choline cation and urea molecule, the respective optimized ge-
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ometries were obtained at the HF/6-31G* [54, 55] level of theory and, using the restrained
electrostatic potential (RESP) [56, 57] charge derivation method, partial charges were ac-
quired. For these simulations, the general amber force field (GAFF) [58] was used for
choline chloride and urea molecules [59-65]. In this work, we have used Perkins et al., force
field parameters [62, 66] for choline chloride and urea molecules. Generally, electrostatic
potentials are overestimated for ILs or DESs simulations. To control the electrostatic inter-
actions a very well known method is often used, which involves the decrease of the charges
of ionic components by a certain factor [62, 66]. This technique is also used for reline in
simulation studies. Perkins et al. reported [61, 62] comparable results with experiments
with a 20% reduction in charges with an AMBER forcefield [67, 68]. Therefore, the choline
chloride charge was reduced by 20% .

For each system following steps were involved: (i) At first the system was energy
minimized with 5000 steps via steepest descent followed by equal number of steps of conju-
gate gradients method. (ii) Then, each system was heated steadily from 0 to 300 K within
150 ps in canonical (NVT) ensemble using collision frequency 1.0 ps~'. (iii) Next, the
system was equilibrated for 250 ps at 300 K in NVT ensemble. For all the atoms of the
quadruplex DNA (15-TBA) and the KT of the center core, 100 keal mol~! A2 positional
restraint was applied in the above three steps. (iv) Then a similar series of minimization
and 250 ps equilibration (NVT) were performed in which the restraint force was reduced
to 25, 20, 15, 10, 5, and finally 0 kcal mol~' A=2, sequentially. (iv) Finally at 300 K, a
20 ns equilibration without any restrain force was performed in NPT ensemble followed by

2000 ns production run.

The long-ranged nonbonding electrostatic interactions was calculated by using
particle mesh Ewald (PME) method [69] having a charge grid spacing of « 1 A and a
DSUM_TOL value of 107> A for each of the systems. The cut-off radius was applied 12
A for all nonbonding short-ranged interactions. SHAKE algorithm [70] with a tolerance
of 107 A was used to constrain the covalent bonds involving hydrogen atoms. The tem-
perature was controlled by Langevin dynamics [71] with a collision frequency of 5 ps~1.
Finally, all MD simulations were carried out for 2000 ns at temperature of 300 K and
pressure condition of 1 atm in isothermal-isobaric (NPT) ensemble without any restrain.
Berendsen barostat with the collision frequency of 1.0 ps™! [72, 73] was applied to maintain
the physical pressure. The time integration step was set to 2 fs. The trajectories obtained
from 2000 ns production run for all systems, were analyzed using CPPTRAJ program [52]
of the AMBERI1S8 toolkit. The snapshots were created using Visual Molecular Dynamics

TH-2517_156122030



Chapter 4 103

(VMD) [74]. Using own python code inspired by Do X3DNA package [75], all torsional
angle plot was estimated. The spatial distribution functions (SDFs) for all systems were

analyzed with the help of TRAVIS [76].

4.3 Results and Discussions

4.3.1 Root Mean Square Deviations (RMSDs)

In Fig. 4.2 and Table 4.2, we have have shown the root mean square deviations (RMSDs)
of the chosen quadruplex DNA (15-TBA). To begin with, we have considered all the heavy
atoms for the calculation of the RMSD of TBA (Fig. 4.2 (a)), where its NMR structure is
used as a reference structure.. First, we consider the RMSD and average RMSD values for
whole quadruplex DNA. For all reline concentrations, as is evident from the RMSD values,
the overall structure of TBA are quite stable. Although when the reline concentration
decreases, the deviation from the NMR structure increases from 1.55 A to 2.73 A (system
SO to S3). For WO system (which consists of only 15-TBA, KT and water) the RMSD values
are very much similar to that of the lower reline concentration (i.e S3 system). From these
observations, apparently, we can conclude that the reline concentration induces a change in
the structure of quadruplex DNA. To find the region, where the quadruplex DNA is affected
most in reline concentrations, we have divided the whole quadruplex DNA into three parts
(1) sugar-phosphate-backbone, (ii) tetrad and (iii) loop. For the aforesaid regions, we have
considered all the heavy atoms of sugar-phosphate, nucleoside base of tetrad and nucleoside
base of loop Fig. 4.2 (b)-(d). In case of sugar-phosphate-backbone regions, the RMSD

values slightly increase from 1.06 A to 1.73 A as reline concentration decreases. For tetrad
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Figure 4.2: Time evolution of the root mean square deviations (RMSDs) of all heavy
atoms of (a) G-quadruplez-TBA, (b) sugar-phosphate backbone, (c) tetrad region and (d)
loop region in different reline concentrations.

Table 4.2: Average root mean square deviations (RMSDs) of quadruplex TBA at different
reline concentrations. The standard deviations are calculated by using block average method.

RMSD (A) SO S1 S2 S3 WO0
Q-DNA [ 155 +0.14 | 1.68 £ 0.18 | 2.14 £ 0.18 | 2.73 + 0.26 | 2.84 £ 0.51
Sugar-bb [ 1.06 £ 0.15 | 1.16 = 0.24 | 1.62 £ 0.17 | 1.73 + 0.21 | 1.70 £ 0.30
Tetrad | 0.79 & 0.04 | 0.80 £ 0.05 | 0.86 =+ 0.06 | 0.93 & 0.09 | 0.90 £ 0.10
Loop 221 +£0.38 [ 2.71 £ 0.40 | 3.21 £ 0.53 | 3.95 = 0.70 | 4.69 £ 1.08

region, the values of RMSD at all concentrations are very much similar to each other (0.79

to 0.93 A) but for loop region its value changes abruptly (2.21 to 3.95 A). Considering the
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RMSD values, among three regions of quadruplex DNA, the concentration of reline mostly
induces the loop region whereas tetrad region is least affected. From the pairwise RMSD
(Fig. 4.3) values, it is clear that the overall structure of quadruplex DNA deviates more
from the initial structure at lower reline concentration. Thus, we can conclude that the

decreasing reline concentration affects the conformational deviation of 15-TBA structure.
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Figure 4.3: Considering all heavy atoms of G-quadruplex TBA, 2D-RMSDs (pair-wise)
of different systems (a) S0, (b) S1, (¢) S2 (d) S3 and (e) WO are illustrated.
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4.3.2 Root Mean Square Fluctuations (RMSFSs)

For root mean square fluctuations (RMSF's) analysis, we have considered all the heavy
atoms of the quadruplex TBA DNA. All atom RMSF values for 15-TBA at different reline

concentrations are shown in Fig. 4.4. All atom positions of loop region (i.e loop-1, loop-2

Gl 'G2'13 '14 'G5 'Ge '17 'G8 ' 19 'Gio'Gi1!Ti2'T13' G14'Ggis!  —— SO
LA (e A B I R 3.
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Figure 4.4: Root mean square fluctuations (RMSFs) of all heavy atoms of G-quadruplex
TBA for different systems. Loop-1, loop-2 and loop-3 regions are shown in green, brown
and purple colors respectively.

and loop-3) and tetrad region (namely, tetrad-1 and tetrad-2) of the 15-TBA are considered
in order to understand the effect of reline concentrations. The NMR structure of 15-mer
TBA is taken into consideration as the reference structure. From the RMSF plot, it is
clearly seen that reline concentration induces the fluctuation of the studied 15-TBA. With
decreasing reline concentrations, the RMSFE values increase from system SO to S3 (and
also WO system). Between the two regions loop and tetrad, the former region has a very
high RMSF values. Among three loops (namely loop-1,loop-2 and loop-3), loop-2 has
higher RMSF values than the other two. Overall, the RMSF values indicate that the 15-
TBA structure is more flexible with decreasing reline concentration. These findings are in

accordance with the calculated RMSD values discussed above.
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4.3.3 Torsional Angles

To examine the flexibility of TBA structure we need to calculate four important angle
parameters [77, 78]: (i) backbone torsional angles («/v), (ii) backbone torsional angles
(B-9), (iii) backbone torsional angles (e-(), (iv) glycosidic torsional angles (x). In wheel
representation we have exhibited all the torsional angles of tetrad and loop residues in
Figures 4.5 and 4.6. Here, we have considered the dihedral angle values from 0 to 360°
instead of -180 to 180°. The distributions obtained from torsional angle analysis were
clustered with 15° resolution and plotted with respect to corresponding probabilities.

Considering backbone torsional angles (a/7) in tetrad residues the «/vy angles
resemble with that of the NMR the structure at all reline concentrations. The « torsional
angles of G-2, G-6, G-10, G-11 and G-15 are in the antiperiplanar (+ap~180°) region and
others are fall in +sc (synclinal) or gt (4sc~60°) region. However, the « torsional angles
of loop residues deviate more than that of the tetrad residues when reline concentration
is decreased. In case of v torsional angles similar pattern can be seen and the angles fall
in the +sc or 4ac region (+ac~120°). Next we consider the (-6 torsional angle. For
the tetrad residues, the 3 torsional angles of G-2, G-5 and G-6 residues fall in the +ap
(antiperiplanar) region (+ap~150-180°) and others fall in the -ap region (-ap~180-210°).
For the ¢ torsional angles, all the residues fall in the +-ac region except for the G-15 residue
(which falls in +ap region). In case of loop residues, f torsional angles for all the residues
fall in the -ap region and T-4 and T-7 fall in the +ap while others fall in the +ac region
and it is very much alike to the NMR structure. Here we have also observed that at low
reline concentration, the torsional angle span over a large number of probable angles.

For e torsional angles, G-5, G-6 and G-10 fall in the -ap region and others fall in
the -ac region; for ¢ torsional angles G-1, G-2, G-6 and T-13 fall in the -sc region, whereas
G-10, G-11 and T-3 are in +ap region and others fall in +ac region For all the cases the
angles are similar to that of the NMR structure. Now, we consider the most important
glycosidic angle x torsional angle which maintains the structure and conformation of the
guanine-rich DNA. For loop residues all the x torsional angles fall in the -ac region (very
much alike to the NMR structure) except for the T-7, G-8, T-12 and T-13. But in case
of tetrad, the y torsional angle of the residues are very much comparable to the NMR

structure.
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Figure 4.5: All torsion angles of tetrad residues in a wheel representation for all the
systems and the NMR structure. The color scale between 0 to 1 represents the probability
of the corresponding angles. Guanine represents as G. From the center to edge of the wheel,

a, B, 7,0, € C and x torsional angles are represented respectively.
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Figure 4.6: All torsion angles of loop residues in a wheel representation for all the reline
concentrations and the NMR structure. The color scale between 0 to 1 represents the proba-
bility of the respected angle. Guanine and thymine are represented as G and T respectively.
From the center to edge in the wheel, o, 5, v, 9, €, ( and x torsional angles are represented
respectively.
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4.3.4 Radial Distribution Functions (RDF's)

In order to calculate the radial distribution functions (g(r)), we have divided the quadru-
plex TBA into three parts: (i) sugar-phosphate-backbone, (ii) guanine nucleoside bases of
tetrads and (iii) thymine nucleoside bases of loops. In Figures 4.7-4.9, we have shown
the radial distribution functions (RDFs) between the atoms of these three region and the

N and O atoms of urea and O atom of choline. Here, we have only considered the atoms

0.04

a) BB-O4’-CHL-O b) BB-O4'-URE-N c) BB-O4°-URE-O
0.03+ — —
o L L L
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Figure 4.7: Radial distribution functions (RDFs) of OP1 (a-c) and O4" (d-f) atoms of
sugar-phosphate-backbone with O atom of choline and N and O atoms of urea molecules
respectively.

which take part in hydrogen bond formation. Therefore, we have chosen N and O atoms
of urea and O atom of choline and in case of quadruplex DNA, OP1 and O4' atoms of
sugar phosphate backbone, N1, N2, N3 and O6 atoms of guanine nucleoside base and N3,
02 and O4 atoms of thymine nucleoside base. Since the different systems have different

densities, in order to calculate rdfs we have multiplied g(r) by the number density (p) of
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the corresponding atom.

First, the g(r)p is considered for sugar-phosphate-backbone region (Fig. 4.7).
With decreasing reline concentration, the peak height of the first maximum of g(r)p be-
tween OP1 and O4’ atoms of sugar-phosphate backbone with O atom of choline molecules
decreases. Moreover, for the g(r)p between OP1 atom of sugar-phosphate backbone and O
and N atoms of urea, same patterns of the g(r)p are noticed. However, for the g(r)p between
04" atom with O and N atoms of urea the first peak heights remain almost unchanged for
SO to S2 systems and it is the lowest for S3 system. From the g(r)p, we find that choline

and urea molecules interact with OP1 atom more favorably than with O4" atom. However,
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Figure 4.8: Radial distribution functions (RDFs) of N1 (a-c), N2 (d-f), N3 (g-i), O6 (j-1)
atoms of guanine with O atom of choline and N and O atoms of urea molecules respectively.
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it is also observed that the distribution functions involving O4’-urea-O and OP1-urea-O
are not a strong function of reline concentration.

From the correlation functions involving tetrad regions of guanine nucleoside bases
and urea and choline molecules (Fig. 4.8), it can be observed that only the interactions
between N2 atom of guanine and choline and urea molecules are significant. Moreover, it is
also noticed that the interactions between guanine residue and choline molecules decrease
with decreasing reline concentrations. On the other hand, the interactions between guanine

residue and urea molecules are not changed much as one moves from S0 to S3 system.

002 5y T_.N3-CHL-O] [b) T-N3-URE-N| [¢) T-N3-UREO|[—— 30
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Figure 4.9: All atom radial distribution functions (RDFs) of N3 (a-c), O2 (d-f), O4 (g-i)
atoms of thymine with O atom of choline and N and O atoms of urea molecules respectively.
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Fig. 4.9 depicts the RDFs of thymine nucleoside base of loop residue and choline
and urea molecules. From these RDFs, it is apparent that the interactions between O atom
of choline and thymine nucleoside bases are negligibly small, Whereas, stronger interactions
can be seen between urea molecules and thymine nucleoside bases. As, the reline concen-
tration is decreased the first peak heights of distribution functions involving O2 and O4
atom of thymine and N atom of urea are decreased. For rest of the RDFs the peak heights
do not follow any specific trend.

Taking into consideration of the rdf analysis, we conclude that, among three re-
gions of quadruplex TBA, the interaction between sugar phosphate backbone region of
quadruplex TBA with reline is more than the other regions. Moreover, between choline
and urea molecules, urea interacts more favorably than choline with quadruplex TBA. With

decreasing reline concentration, the interactions decreases only for choline molecules.

4.3.5 Spatial Distribution Functions (SDF's)

The spatial distribution functions (SDFs) depict probabilistic 3D structure of reline
molecules and give more specific structuring information of quadruplex DNA. We have
calculated SDF through 2000 ns trajectory using TRAVIS package [76] and for the plot we
have applied CHIMERA visualization software [79] using 0.25 isovalue. In Fig. 4.10,

Figure 4.10: Spatial density maps of choline, urea and water around quadrupler TBA at
different reline concentrations. ((a)-(d)) are for systems S0, S1, S2 and S8 respectively.
Here, red, yellow and sky-blue colors represent choline, urea and water.

TH-2517_156122030



114 Chapter 4

we have shown the SDFs at different reline concentrations. At high reline concentrations
(i.e systems SO and S1), the SDF of urea and choline around TBA shows a compact distri-
bution of hydrogen bond donating urea and choline molecules around the reference TBA.
It confirms that a strong hydrogen bond interaction is present between urea, choline and
quadruplex DNA. At lower reline concentrations, the density of choline and urea around
G-quadruplex TBA DNA decrease. On decreasing reline concentration, at first the choline
molecules of reline are replaced by the water molecules and then the urea molecules are
replaced by the water molecules. It indicates that when the number of water molecules are

increased, the interactions between choline and urea with TBA are getting reduced.

4.3.6 Hydrogen Bonding

In reline solution, choline and urea molecules can form hydrogen bonds with like molecules
as well as with guanine-rich-DNA. Hydrogen bonds play a key role in the stabilization of
TBA molecule in reline solution. We have estimated the average number of hydrogen bonds
formed by quadruplex-TBA with choline, urea and water molecules. For this, following
previous studies [80-82] a set of geometric criteria are assigned. If the distance between
the donor (D) and acceptor (A) is < 3.5 A and, simultaneously, the angle of D-H-A is <
45° then a hydrogen bond is considered. From the Table 4.3 and Fig. 4.11, it is clear

Table 4.3: Average number of quadruplex TBA-choline, quadruplex TBA-urea and quadru-
plex TBA-water hydrogen bonds for different systems. QQ-DNA, CHL, URE and WAT refer
to quadruplex TBA DNA, choline, urea and water molecules respectively. The standard
deviations of different values are estimated by block average method.

H-bonds SO S1 S2 S3
Q-DNA-CHL | 31.82 4+ 6.83 | 36.48 £5.62 | 17.57 & 4.89 | 15.08 & 4.67
Q-DNA-URE | 127.80 4 8.87 | 117.60 £ 7.11 | 128.90 + 12.0 | 99.95 + 11.96
Q-DNA-WAT 1.19 &+ 1.24 54.99 4+ 8.38 | 76.09 & 9.91

that at high reline concentration (for systems SO and S1), the hydrogen bonds between
choline and quadruplex DNA are almost same but it decreases when the reline concentration
is decreased (for systems S2 and S3). The number of hydrogen bonds between urea and
quadruplex TBA are almost same up to system S2 and then it decreases abruptly at very
low reline concentration (i.e for S3 system). Similarly, the number of hydrogen bonds

between water and TBA increases when reline concentrations decreases.
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Figure 4.11: Time evolution of hydrogen bonds between quadruplez TBA and choline,

urea and water molecules at different reline concentrations. ((a)-(d)) refer to systems S0,
S1, S2 and S3 respectively.

To characterize the interaction of choline and urea with TBA in detail, we have

shown in Table 4.4 and Fig. 4.12 how the number of choline and urea molecules that are

Table 4.4: The average number of choline and wrea molecules around 5.0 A of quadruplez-
TBA. The standard deviations are calculated by using block average method.

Average Number SO S1 S2 S3
Choline Tetrad | 30.68 & 2.94 | 32.96 + 2.93 | 19.98 + 2.57 | 15.99 + 2.58
Loop | 38.68 £+ 3.09 | 41.08 + 3.35 | 25.66 + 2.79 | 19.49 + 2.79
Urea Tetrad | 72.12 + 4.68 | 70.40 4+ 6.03 | 69.71 4+ 6.40 | 53.61 £ 5.92
Loop | 85.29 &+ 7.46 | 77.71 £ 5.53 | 83.08 £ 6.93 | 62.65 + 6.75

TH-2517_156122030



116

75

60

Number of choline molecules

—
w ~J =
= w o

Number of urea molecules

(2]
W

0

Figure 4.12:

Tetrad

Loop

(a)

S0
S1
S2
S3

|

1
0 0

4 08 1.2
Time (ps)

1 1 1 1
0 04 08 12 16 2.0

Time (ps)

Chapter 4

Time evolution of number of choline and urea molecules within 5.0 A of the

TBA surface. Here ((a) and (c)) and ((b) and (d)) represent tetrad and loop regions.

present within 5.0 A of TBA surface change as simulation progresses.

Considering

first choline molecules, we have noticed that when reline concentration decreases choline

molecules are replaced by the water. Similarly, for urea molecules, up to S2 system the

average number of urea molecules are almost same but in the case of S3 system urea

molecules are replaced by water abruptly. Thus, we can conclude that water molecules first

replace the choline molecules and next it replaces the urea molecules with reducing reline

concentration.
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4.3.7 Loop Dynamics

0.5 us 1.0 us 1.5 us 2.0 us

Figure 4.13: Snapshots at different reline concentrations (S0-S3 systems) at 300 K tem-
perature and at 0, 0.50, 1.0, 1.50 and 2.0 ps. In order to improve wvisual clarity choline,
urea and water molecules are left off. Blue, red and yellow represent thymine-7, guanine-8
and thymine-9 residues respectively.

In Fig. 4.13, we have demonstrated the progression of quadruplex TBA and its loop-2 of
the guanine rich quadruplex TBA structure at different reline concentrations throughout
the 2000 ns simulations at a time intervals of 500 ns. From the snapshots at different time
intervals, it can be seen that, the final structure of loop-2 at all reline concentrations more
or less deviates from the initial NMR structure. Moreover, at low reline concentration
for S3 system, for the guanine-8 and thymine-9 nucleoside bases of loop-2, -7 stacking
interaction is observed. It is to be noted that in the initial NMR structure, there is no such
stacking interaction. Abiding with previous study [83], if the distance between center of

mass of the two nucleoside bases is < 5.0 A and, simultaneously, the highest probability of
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the angle between two nucleoside plane is considered less than or equal to 20° 7-7 stacking

interaction is taken to consideration. In Table 4.5, for all systems the average

Table 4.5: The average distance between center of mass of heavy atoms of G-8 and T-9
nucleoside bases. The standard deviations are estimated by block averaging method.

System | Average Distance (A)
SO 11.17 £ 0.48
S1 7.67 £ 1.06
S2 8.70 £ 0.79
S3 4.88 £ 0.47
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Figure 4.14: Stacking probability with respect to angle between the corresponding plane of
the Guanine-8 and Thymine-9 residues at all reline concentrations.

distances between guanine-8 and thymine-9 nucleoside bases are presented and in Fig.
4.14, the stacking probabilities of the corresponding planes of these nucleoside bases are
shown. The average distance of the previously mentioned nucleoside bases of loop-2 is 4.88

A for system S3 and the highest probability of the angle between two nucleoside plane is
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less than 20° for S3 system. Moreover, among all the systems, these nucleoside bases of
loop-2 of S3 system fulfil both the criteria. Thus, it can be proposed that at low reline
concentration (i.e S3 system), guanine-8 and thymine-9 nucleoside bases of loop-2 stack to

each other which is not noticed at high reline concentrations.

4.3.8 Limitations

In this work, we have used the recent force field parameters of different atomic sites of
quadruplex DNA and deep eutectic solvents. Moreover, it is not a priory guaranteed that
the latest AMBER force field parameters are fully balanced with the reline environment
and force field. Due to the lack of experimental as well as simulation benchmark data, it is
very difficult to resolve this issue. However, the studied quadruplex TBA has no flanking
bases that could trap the loops in long-living states and also loop-1 and loop-2, which are
facing each other, are very short in length. Thus, we can predict that sampling is a less

severe issue for the presently studied system.

4.4 Summary and Conclusions

Classical all-atom molecular dynamics simulations can provide significant information
about the structural changes thrombin binding aptamer (TBA) at different concentrations
of reline DES media. From RMSD, RMSF and torsional angle analyses, we have noticed
that the structure and conformation of guanine rich TBA is more rigid or less flexible
than that in the lower reline concentration. This is attributed to the fact that at high
concentration the density of reline around the quadruplex TBA is very much higher than
that at a lower reline concentration. We also observed that at low reline concentration the
choline molecules around the quadruplex DNA are replaced by water molecules. Thus, the
interaction and hydrogen bond formation between choline and quadruplex TBA DNA are
getting affected at low reline concentrations. Moreover, the density of reline is comparably
much higher near the phosphate regions. It is also observed that guanine-8 and thymine-9
nucleoside bases of loop-2 of S3 system stack to each other which is not noticed at high
reline concentrations. Overall, the conformational and structural features of TBA in an-
hydrous and hydrated reline media agree well with experimental findings [31, 34, 35]. Our
study proposes that for long term nucleic acid storage, reline is a good choice of solvent as

a storage medium.
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Overview

The non-canonical guanine rich DNAs have drawn particular attention to the scientific
world due to its controllable diverse and polymorphic structures. Apart from biological
and medical significance, G-quadruplex DNAs are widely used in various fields such as
nanotechnology, nanomachine, biosensors and biocatalyst. So far, the applications of the
G-quadruplex DNA are mainly limited in the water medium. Recently, a new generation
of solvent named deep eutectic solvent (DES), has become very popular and has been
widely used as a reaction medium of biocatalytic reactions and long-term storage medium
for nucleic acids, even at high temperature. Hence, it is essential to understand the role
of DES on temperature-induced conformational changes of a G-quadruplex DNA. In this
research work, we have explored the temperature-mediated conformational dynamics of
¢-KIT oncogene promoter G-quadruplex DNA in reline medium in the temperature range
of 300 K to 500 K, using a total of 10 us unbiased all-atom molecular dynamics simulation.
Here, from RMSD, RMSF, R, and principal component analyses, we notice that the c-KIT
G-quadruplex DNA is stable up to 450 K in reline medium. However, it unfolds in water
medium at 450 K. It is found that the hydrogen bonding interactions between c-KIT G-
quadruplex DNA and reline play a key role in the stabilization of the G-quadruplex DNA
even at high temperature. Furthermore, in this work we have observed a very interesting
and distinctive phenomenon of the central cation of the G-quadruplex DNA. It’s position
was seen to fluctuate between the two tetrad cores i.e., the region between tetrad-1 and
tetrad-2 and that between tetrad-2 and tetrad-3 and vice versa at 450 K and 500 K in reline
medium which is absent in water medium at 450 K. Moreover, the rate of its oscillation is

increased when temperature is increased.
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5.1 Introduction

The proto-oncogene c-KIT G-quadruplex DNA controls key transduction cascades for the
growth and proliferation of cell [1]. The ¢-KIT protein-tyrosine kinase plays a vital role
in maintaining normal cell growth and therefore the mutation or over-expression of struc-
turally essential areas of the protein lead to impaired activity, conducting oncogenic cellular
transformations [2-4]. In many varieties of cancer, such as prostate [5] cancer, adenocar-
cinoma lung cancer [6], seminoma [7], melanoma [8] and gastrointestinal stromal tumours
(GIST) [9, 10], c-KIT over-expression or mutation is observed. Their effects may be rel-
atively high in a large number of cases. Therefore, many small drug molecules such as
carbazole derivatives[11], isoalloxazines [12], quinazolones [13], bistriazoles [14] etc. which
stabilize the G-quadruplex DNA, have drawn the attention in the emerging therapeutic
field. In addition to the biological significance, it has also become a promising candidate
for catalyst, nano-machine and nano-structure development [15-20], due to the controllable
diverse structures and robust physiochemical existence of G-quadruplex DNA.

The proto-oncogene human c-KIT G-quadruplex DNA consists of 22 mer
d(AGGGAGGGCGCTGGGAGGGAGGG) sequence (Figures 5.1 (a) and (b)). Var-
ious NMR and X-ray crystallographic studies [21, 22] have established the structure of
c-KIT G-quadruplex DNA and have revealed that ¢-KIT DNA contains three G-tetrads
(namely tetrad-1, tetrad-2 and tetrad-3) along with four loop regions (namely loop-1, loop-
2, loop-3, loop-4). Moreover, loop-1 and loop-2 contain adenosine-5 (A5) and cytosine-9
(C9) nucleoside bases respectively, and loop-3 has cytosine-11 (C11) and thymine-12 (T12)
nucleoside bases. Furthermore, ¢-KIT G-quadruplex DNA has one long loop (namely loop-
4) which consists of A16-G17-G18-A19-G20 nucleoside bases. Taking into account these
recent studies [11, 23, 24] we have used NMR structure of ¢-KIT G-quadruplex DNA of
PDB ID:203M [21].
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Figure 5.1: Schematic representation of (a) c-KIT G-quadruplex DNA, new ribbons rep-
resentation of (b) c-KIT G-quadruplez DNA, structural formula of (¢) Choline chloride
and (d) Urea molecules. In new ribbons representation, Tetrad-1, tetrad-2, tetrad-3, loop-1,
loop-2, loop-3 and loop-4 are shown in red, blue, green, cyan, tan, yellow, and magenta
colors respectively. Adenine, Guanine, Thymine and Cytosine are represented as A, G, T
and C respectively.

For the past two decades, ionic liquids have received the attention of researchers due
to their wide range of applications, especially as the next-generation green solvent medium.
However, the utilization of ionic liquids (ILs) in the industrial field is very limited due to
their high cost. Therefore, a cheap and eco-friendly new class of green solvent analogues
to the ILs, namely deep eutectic solvents (DESs) has been the spotlight of the scientific
world. DESs are the mixture of a salt and organic compound, which have a significantly
lower melting point than the corresponding pure compounds. Most of the DESs share
similar features such as chemical, thermal and electro-chemical stability along with low
vapor pressure with ILs [25]. DESs are used in numerous biological applications such as
in biocatalytic reaction [26], protein stabilization [27-29], biosensors [30], as a reaction

medium, because of the aforementioned unique characteristics.
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Among many DESs, the mixture of choline chloride (salt) and urea (organic com-
pound), also known as reline, is most popular as a solvent medium [31] as it is (i) cheap, (ii)
easy to prepare, (iii) chemically inert with water [32], (iv) non-toxic [33], (iv) biodegradable
[34], (v) biocompatible [35], and (vi) biorenewable [36]. In 2003, Abbott et al. discovered
that when choline chloride (hydrogen bond acceptor) and urea (hydrogen bond donor) are
mixed at 1:2 molar ratio, it forms eutectic mixture which has a lower melting point (i.e.,
12 °C) than its parent compounds (the melting points of urea and choline chloride are 302
°C and 133 °C respectively) and is also applicable in various fields [37, 38].

In 2010, Vijayaraghavan et al. experimentally reported [39] that the double-helical
B-DNA structure retained its native structure in choline lactate (CL) IL at different tem-
peratures for a long time. In the same year, Hud and his coworker reported that there
are four different types of nucleic acids such as DNA-duplex , RNA-duplex, oligonucleotide
and G-quadruplex DNA which are stable in anhydrous reline (DES) medium [40]. Later
they have also demonstrated the folding/unfolding kinetics of the G-quadruplex DNA in
reline medium [41]. In 2015, another pioneer work has been done by them, which showed
that DNA nano-structure such as DNA origami and a DNA tail system can be folded and
are stable in anhydrous “glycholine” (mixture of choline chloride and urea at molar ratio of
1:4) [42]. Zhao et al. experimentally found [43, 44] that ten different G-quadruplex DNA’s
can be formed intra-molecular, inter-molecular, and higher-order G-quadruplex structure
in reline (DES) medium and some of them such as tetrahymena telomeric, c-MYC, ¢-KIT,
KRAS and A,Gg are “ultrastable” beyond 95 °C in reline DES medium. In contrast, other
important studies [45-49] also suggested that DES is a good choice in comparison with
water, as a nucleic acid storage. It is to be mentioned that there is no such direct evidence
about the conformational dynamics of G-quadruplex in DES medium at high temperatures
[50]. Additionally, the reason behind the stability of G-quadruplex DNA in reline medium
at high temperature is not elucidated yet.

To overcome this issue and also to understand the conformational dynamics of G-
quadruplex DNA at elevated temperatures, we have performed all-atom molecular dynamics
simulation of ¢-KIT G-quadruplex DNA in reline medium. In our previous work (Chapter
4) [52], we have shown that in anhydrous and hydrated high reline concentration, thrombin
binding G-quadruplex aptamer (TBA) is more rigid as compared to the lower concentration
of reline. In this work, we examine the change of conformational dynamics of ¢-KIT DNA

as temperature changes from 300 K to 500 K temperature at 50 K interval.
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5.2 Models and Simulation Method

A set of all-atom molecular dynamics (MD) simulation was carried out using
AMBERI18 [53] simulation package. In this work, human c¢-KIT oncogene 5'-
d(AGGGAGGGCGCTGGGAGGAGGG)-3’ was taken in a binary mixture of reline deep
eutectic solvent (DES). Five different temperatures ranging from 300 K to 500 K at 1 atm
physical pressure were considered. The initial coordinates of the human ¢-KIT oncogene
were taken from the NMR structure of PDB ID:203M [21]. Earlier studies established
that the central cations increase the stability of the G-quadruplex DNA [54-57]. More-
over, Bergues-Pupo et. al. observed that in absence of central cations, the structure of
G-quadruplex DNA is very unstable or deviate much more than its native structure in wa-
ter medium [58]. In this work, our aim is to check the thermal stability of G-quadruplex in
reline medium. Thus, initially, we had not placed any cations in the central core of tetrad
channels of the ¢-KIT G-quadruplex DNA. Since, ¢-KIT NMR structure carries an elec-
tronic charge of -21e, to neutralize the system, 21 KT ions were added. For K% ions, TIP3P
specific Amber-adapted Joung and Cheatham force-field [59] parameters were employed.
Considering recent studies [60-68], parmOL15 [69-71] was applied for ¢-KIT oncogene.
Namely R300-R500 systems were made using following steps: Initially, the neutralized c-
KIT oncogene was placed in the center of a cubic box and then 250 choline chloride and
500 urea molecules were added randomly to solvate the DNA system. For every system,

initial structure was constructed by PACKMOL [72] package. Here, it is worth mentioning

Table 5.1: Number of G-quadruplex DNA, wurea, choline chloride (ChCl) and water
molecules used in different systems.

System Q-Dﬁzmbéiegf hg;)ll((;:uls:fater Reline conc. (wt %) | Temperature (K)
R300 1 500 250 0 100 300

R350 1 500 250 0 100 350

R400 1 500 250 0 100 400

R450 1 500 250 0 100 450

R500 1 500 250 0 100 500

W450 1 0 0 5000 0 450

that, to compare the stability of ¢-KIT oncogene between reline (DES) and water medium,

another system (namely W450 system) was also built, where the neutralized ¢-KIT onco-
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gene was solvated by 5000 TIP3P [73] water molecules. After that, initial coordinates and
topology for each system, were converted into truncated octahedron box by CPPTRAJ
[74]. In Table 5.1, we have mentioned the details of all the systems.

The geometries of isolated choline cation and urea molecule were optimized using
abinitio HF /6-31G* [75, 76] level of theory by Gaussian 09 [77] package. For the partial
charges of choline cation and urea molecule, restrained electrostatic potential (RESP) [78,
79] method was employed. For this study, the general amber force field (GAFF) [80]
parameters, which were previously reported by Perkins et al., were applied [81, 82] for
choline chloride and urea molecules. It should be mentioned here that General AMBER
Force Field (GAFF) can precisely predict many ILs’ as well as DESs’ thermodynamic
and transportation properties [83]. Electrostatic potential for IL or DES simulations is
generally overestimated. To overcome this issue, a well-known technique [84-86] is often
used to regulate electrostatic interactions that includes a certain factor in the reduction of
ionic charges. In our study, we reduce the partial charges of choline chloride by 20%, as

reported by previous studies [81, 82, 86, 87].

The following steps were implemented for each system: (i) At first, the energy
was minimized for 5000 steps via steepest descent method followed by an equal number
of steps in conjugate gradient method to eliminate bad contacts between quadruplex c-
KIT DNA and reline solvent. (ii) Next, the system was heated gradually from 0 K to
the desired temperature at an interim of 50 K for 25 ps in canonical ensemble (NVT)
with a collision frequency of 1 ps~!. (iii) Then, the system was equilibrated for 250 ps
at the desired temperature in canonical ensemble. During these steps, all atoms of the
c-KIT G-quadruplex DNA were fixed with a harmonic restraint of force constant 100 kcal
mol™! A2, to their energy-minimized configurations. (iv) After that, a similar sequence
of minimization and equilibration (NVT) were followed with a reduced positional restraint
force of 25, 20, 15, 10, 5 and eventually 0 kecal mol~* A2, (v) Finally, to maintain the
density, a 20 ns NPT equilibration was performed and this is followed by 2 ps production

run with a 5 ps™! collision frequency at coveted temperature and 1 atm physical pressure.

During this step, the temperature regulation was guided by Langevin dynamics
[88]. To control the physical pressure Berendsen barostat [89-91] with a pressure relaxation
time of 2 ps was employed. SHAKE algorithm [92] was implemented with a tolerance of
107° A to restrain the covalent bonds involving hydrogen atoms. A 2 fs time integration
step was applied. To calculate the long-ranged electrostatic interactions, particle mesh

Ewald method [93] was employed. A cut off radius of 12 A was used for all non bonded
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short-ranged interaction. Similar methods was applied in our previous works [51, 52]. All
the trajectories were analyzed by the CPPTRAJ [74] of Amber-Tools19 [53] and Visual
Molecular Dynamics (VMD) [94], which was also used as a visualization tool. For all
torsional angles and spatial density maps, in house python code inspired by Do _X3DNA
[95] and TRAVIS [96] were used respectively.

We performed the principal component analysis (PCA) on 131 backbone atoms of
G-quadruplex ¢-KIT DNA with the help of CPPTRAJ [74] of AMBERI18 [53] package.

5.3 Results and Discussions

5.3.1 Structural Changes of c-KIT G-quadruplex DNA at Differ-
ent Temperatures

5.3.1.1 Root Mean Square Deviations (RMSDs)

The root mean square deviation is a very important measurement to monitor the structural
deviation of protein and DNA from its native state or a reference state. Previous studies
(97, 98] have shown that the RMSD can be used as a reaction coordinate in folding and
unfolding of the DNA. In Fig. 5.2, we have presented the rms fit RMSD values of G-
quadruplex ¢-KIT DNA for different systems (namely systems R300 to R500 and W450).
It is worth mentioning that the RMSD was calculated by considering all the heavy atoms
of the G-quadruplex DNA, where the NMR structure was taken as a reference. We observe

that for R300-R450 systems, the RMSD values of c-KIT DNA varies from 2 A to 3 A.
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Figure 5.2: Time progression of the root mean square deviations (RMSDs) of all heavy
atoms of c-KIT G-quadruplex DNA for different systems.

From this observation, we can predict that, for those particular systems, the c-KIT DNA
maintains its native state at a temperature range of 300 K to 450 K. But, at 500 K (R500
system), the drastic change of RMSD value (8.37 A) indicates that G-quadruplex ¢-KIT
DNA deviates to a great extent from its native state after 200 ns. Moreover, we see
a similar scenario for W450 system in which the G-quadruplex DNA is immersed in pure
water at 450 K temperature. To gather a thorough information, we have divided the overall
DNA into three regions, i.e., (i) sugar phosphate backbone region, (ii) tetrad and (iii) loop
regions. From Fig. 5.3 (a)-(c), we have observed that among these three regions, the
loop regions are more flexible in all the systems. Specifically, the RMSD values of sugar
phosphate backbone varies from 1.08 A to 2.08 A and is very similar to each other for
R300-R450 systems. For tetrad and loop regions, the RMSD values varies from 0.97 A to
1.83 A and 2.52 A to 3.71 A respectively for R300-R450 systems. Moreover, for R500 and
W450 systems, after 200 ns, the G-quadruplex ¢-KIT DNA starts to unfold. It suggests
that G-quadruplex c-KIT DNA is stable up to 450 K in reline medium but it unfolds at

450 K in pure water medium.
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Figure 5.3: Time progression of the root mean square deviations (RMSDs) of all heavy
atoms of: (a) sugar-phosphate backbone, (b) tetrad region and (c) loop region in different
reline concentrations.
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Figure 5.4: Considering all heavy atoms RMSD of the (a-c) tetrad-1, tetrad-2, tetrad-3
and (d-e) loop-3 and loop-4 regions of c-KIT G-quadrupler DNA with respect to the NMR
structure in simulations for different systems.

In Fig. 5.4, we have shown the changes in tetrad-1, tetrad-2, tetrad-3, loop-3

and loop-4 regions for different systems. We have also estimated the pairwise RMSD (Fig.
5.5) of all the heavy atoms of c-KIT DNA over a period of 2 pus.
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Figure 5.5: Taking into account all heavy atoms of c-KIT G-quadruplexr DNA, pairwise
2D-RMSDs (pair-wise) of different systems.

5.3.1.2 Root Mean Square Fluctuations (RMSFs)

To perceive the conformational behavior of a specific residue of G-quadruplex c-KIT DNA|
we need to perform root mean square fluctuation (RMSF) analysis. From the RMSF values
of the specified residues, we can identify the residues responsible for fluctuations. In Fig.
5.6, the RMSFs of G-quadruplex ¢-KIT DNA for all systems is presented. We have noticed
that mainly the loop regions (namely, loop-1, loop-2, loop-3 and loop-4) fluctuate more than

the tetrad regions for R300-R450 systems. Precisely, Adenine-5 (loop-1), Cytosine-9 (loop-
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2), Cytosine-11 (loop-3) and Guanine-18 (loop-4) fluctuate with increasing temperature
(300 K to 450 K), but drastic fluctuations are noticed for all residues of G-quadruplex
c-KIT DNA at 500 K in reline medium and also at 450 K in water medium.

Residue Number
AT G2V G3TG4TASTGoT G7T G8TCO 'GIOTCITTI2'GI3'G14 G15'A16'G17'G18'A19'G20'G21]G22} —R300

—R350
—R400
—R450
—R500
—W450

15

12.5

2.5

Atom Positions

Figure 5.6: Root mean square fluctuations (RMSFs) of all heavy atoms of ¢-KIT G-
quadruplex DNA for different systems. Loop-1, loop-2, loop-3 and loop-4 regions are shown
in cyan, purple, yellow and magenta colors respectively. Adenine, Guanine, Thymine and
Cytosine are represented as A, G, T and C respectively.

5.3.1.3 Radius of Gyrations (R,s)

Radius of gyration is an essential method for checking the compactness of biomacro-
molecules [99, 100]. The radius of gyration (R,) is the root mean square distance of various
atoms of a molecule from the axis of rotation. In Fig. 5.7, we have shown the estimated
R, of the G-quadruplex c¢-KIT DNA considering the O6 atom of guanine residue of tetrads
region. Here, we have noticed that the R, values differ from 3.74 A to 4.61 A for R300-R450
systems. It indicates that the G-quadruplex ¢-KIT DNA maintains its compactness when
the temperature of the system is changed from 300 K to 450 K in reline medium. However,

extreme change in R, values are observed for systems R500 (10.93 A) and W450 (8.65 A).
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Figure 5.7: Time evolution of the Rys of O6 atom of guanine residues of all tetrads for
different systems.

5.3.1.4 Principal Component Analysis

R300

57
&

Figure 5.8: Showing the dominant motions of c-KIT G-quadruplex DNA along with the
first eigenvector in porcupine plot for different systems. The models are shown as a backbone
trace. The arrows attached to each backbone atom indicate the direction of the eigenvector
and the size of each arrow shows the magnitude of the corresponding eigenvalue.
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In Fig. 5.8, we present the dominant modes for R300-R450 systems along with the first
eigenvector. Here, we notice that the motions of the backbone atoms increase with increas-
ing temperature (R300-R450 systems). The cumulative fraction of eigenvalues of the first

50 eigenvectors are shown in Fig. 5.9. In this Fig. 5.9, we see

Cumulative fraction

10 20 30 40 50
Eigenvector index

Figure 5.9: Cumulative fraction of the eigenvalues taken from principal component anal-
ysis (PCA) for G-quadruplez-c-KIT DNA for different systems.

that the majority of conformational changes i.e., more than 50% is identified by the first
three eigenvectors. Moreover, the concerted motions are mostly contributed by the first
principal component (PC1) for the systems i.e., 23%, 32%, 28%, 27% and 41% respectively
for R300-R500 systems and 34% for W450 system. Fig. 5.9 also shows that the overall
motion (~100%) is made by the first 50 eigenvalues. To explore the conformational changes
of G-quadruplex ¢-KIT DNA, we show the projection of the Cartesian coordinates along
with first three principal components (namely PC1, PC2 and PC3) in Fig. 5.10.
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Figure 5.10: Considering first three principal components (PCs) , the projection of the
Cartesian coordinates for G-quadruplez-c-KIT DNA for different systems.

It implies that the principal component projection of the trajectory is increased with in-
creasing temperature. For further investigation, we have projected two principal compo-

nents i.e., PC1 and PC2 in terms of free energy change following the equation:

AG; = —kgT [In P; — In Py ay] (5.1)

In Fig. 5.11, we have shown the projection of two parameters i.e., PC1 and PC2
to formulate the free energy landscapes for all systems. Here, for R350 and R400 systems,
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Figure 5.11: Free energy landscapes (FELs) plotted as a function of principal components
of PC1 and PC?2 for the backbone atoms of G-quadruplex-c-KIT DNA for different systems.

the free energy basin/well has appeared at PC2 value of 0 and PC1 value of -5 which implies

that the most populated conformational structure maintains its native state. Moreover,

with increasing temperature, the eigenvector of projection PC1 and PC2 is slightly increased

but remains close to the native state. However, an extreme change is observed at 500 K

in reline medium (R500 system) and at 450 K (W450 system) in pure water medium.

Here, free energy well/basin is observed at 50 eigenvector of PC1 for R500 system and -40

eigenvector of PC1 for W450 system, which depicts that the most populated state for those

systems are far from the native state.
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From RMSD analysis, it is found that the structure of ¢-KIT DNA is similar to
its native state as temperature increases from 300 K to 450 K in reline medium. However,
it unfolds at 500 K in reline medium as well as at 450 K in water medium. RMSF values
indicate that with increasing temperature, the loop regions not only fluctuate more than
the tetrad but are also more flexible. These results correspond to the calculated RMSD
values discussed above. Moreover, Iz, values suggest that the compactness of G-quadruplex
c-KIT DNA is lost when the temperature is increased to 500 K (for R500 system) in reline
and 450 K in water medium (for W450 system).

5.3.1.5 Torsional Angle Analysis

Considering these studies [101, 102], it is very important to check flexibility of ¢-KIT
G-quadruplex DNA using torsional angle analysis. We have used four torsional angle
parameters i.e., (i) backbone torsional angles (a/), (ii) backbone torsional angles (5/4),
(iii) backbone torsional angles (¢/¢), and, (iv) glycosidic torsional angle () to calculate
the torsional angles of c-KIT G-quadruplex DNA. In the wheel representation, we have
shown the torsional angles of all the residues (Figures 5.12-5.16). The torsional angle
distributions were clustered at a resolution of 15° with corresponding probabilities.

The « torsional angles of most of the residues of tetrad regions fall in synclinal
(—sc 270—360°) or gauche (g—) region or close to g— regions i.e., anticlinal (—ac 210—270°)
except for G-6 of R450 systems. Moreover, it depicts that the o backbone torsional angles
are very similar or close to the NMR structure. On the other hand, the v torsional angles
of most of the residues have been found in the +sc (30—90°) or g(+) except of G-6 (v
torsional angles fall in g— region) of R300 and R350 systems and for G-8 (trans (t) region)
of R300 systems. Overall, most of the o/~ torsional angles are found in g—/g+ regions
for tetrad residues which is very similar to the NMR reference structure, although the
probability decreases with increasing temperature. Similarly, in case of loop regions, o/~
torsional angles fall in g—/g+ regions or very close to a—/a+ regions, although there are
some residues like A-19 and G-22 where « torsional angles are observed in t regions (for
R300 system).

Now, another backbone torsional angles, which are the §/§ torsional angles, are
being taken into account. The [ torsional angles are found in t regions for most of the
residues and it is very much similar to the NMR structure. Nonetheless, for some of the
residues of R300 systems like G-4, A-5 (also R350 system), C-9, G-10, G-14, G-15 (also
R350 system), A-19 and G-22, the 3 torsional angles slightly deviate from t region.
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Figure 5.12: Wheel representations of all torsion angles of tetrad-1 residues for different
systems and the NMR structure. The color scale between 0 and 1 refers the probability of
the corresponding angle. Guanine is represented as G . In the wheel plot, from the center
to edge, o, B, v, 0, €, (, and x torsional angles are depicted.

Considering backbone torsional angles €/¢ for all residues, we have found that for
most of the residues, €/( torsional angles are in the t region with BI conformer and these
are very similar or close to the NMR structure. Here, it is worth mentioning that for some
of the residues like G-8, G-14 and G-18, €¢/( torsional angles fall in the t region with BII

conformer.
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Figure 5.13: Wheel representations of all torsion angles of tetrad-2 residues for different
systems and the NMR structure. The color scale between 0 and 1 refers the probability of
the corresponding angle. Guanine is represented as G . In the wheel plot, from the center
to edge, o, B, 7, 0, €, (, and x torsional angles are depicted.

Next, the most significant glycosidic angle, x torsional angle, that preserves the
guanine-rich DNA’s structure and conformation is now considered. Here, we have noticed
that for all residues the x torsional angles fall either in a- or close to a- i.e, t region with anti
conformation. Moreover, these angles are very much comparable to that of the reference
NMR structure, although, there are some major exceptions like A-19 residue where yx

torsional angles fall in g- region with syn conformation for R300-R450 systems.
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Figure 5.14: Wheel representations of all torsion angles of tetrad-3 residues for different
systems and the NMR structure. The color scale between 0 and 1 refers the probability of
the corresponding angle. Guanine is represented as G . In the wheel plot, from the center
to edge, o, B, v, 0, €, (, and x torsional angles are depicted.

Overall, it concludes that most of the torsional angles are very similar or very close

to the reference NMR structure but the probability of a particular torsional angle decreases

with increasing temperature.
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Figure 5.15: Wheel representations of all torsion angles of loop-1, loop-2 and loop-3
residues for different systems and the NMR structure. The color scale between 0 and 1 refers
the probability of the corresponding angle. Adenine, cytosine and thymine are represented
as A, C, and T respectively . In the wheel plot, from the center to edge, o, B, 7, 0, €, C,
and x torsional angles are depicted.
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Figure 5.16: Wheel representations of all torsion angles of loop-4 residues for different
systems and the NMR structure. The color scale between 0 and 1 refers the probability of
the corresponding angle. Adenine and guanine, are represented as A and G respectively. In
the wheel plot, from the center to edge, o, B, v, 9, €, (, and x torsional angles are depicted.
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5.3.2 Loop Dynamics of c-KIT G-quadruplex DNA at Different
Temperatures

From the previous analyses such as RMSD and RMSF, it is very clear that loop-4, which
consists of A-16, G-17, G-18, G-19 and G-20 residues, deviates or fluctuates more than
loop-2. Moreover, from Fig. 5.3, it is clear that loop-3 deviates from the NMR structure
in the range of 1-2.5 A. On the other hand, in case of loop-4, the deviations are very small
i.e., 1-2 A for R300-R450 systems, but it increases significantly for R500 and W450 systems.
Considering these informations, we focus the loop dynamics study on loop-4 of the c-KIT

G-quadruplex DNA.

0 ps 05ps  10ps  1Sps  20ups

R300 % Y g /7%‘/‘) XQ/ Q)
RS0 >7KQA)7 Qf \((/ Qi
R400 7%]&%%7%7
Ri50 8~ g j \4; >7 K<(7>7 Y

R500 _\7 /t < t}\/z;'\ ‘\\\;‘7-1. 3

wis &) ’LS ' m u{fj%}t:

Figure 5.17: Snapshots of loop-4 of c-KIT G-quadruplex DNA at 500 ns time interval for
different systems. Here A16, G17, G18, A19 and G20 represent in blue, red , gray, orange
and tan colors respectively.
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In Fig. 5.17, we have shown the snapshots of loop-4 with time progression.
From the snapshots, it is quite clear that with increasing temperature from 300 K to 450
K in reline medium, the nucleoside bases are arranged in stacking alignments with each
other. We have calculated the 7-7 stacking probability of nucleoside bases. Considering
our previous studies as well as other pioneering works [103-106], we have set two criteria
for m-m stacking interactions which are: (i) the distance between the center of mass of
the two corresponding planes is < 5.0 A and simultaneously (ii) the angle between two
corresponding planes is < 20°. Table 5.2 clearly indicates that A16-G17, G17-G18 and

A19-G20 residues are involved 77 stacking interactions in the reference NMR structure.

Table 5.2: Stacking distance and angle between the corresponding planes of the tetrad
residues for reference NMR structure.

Residue | Distance (A) | Angle (°)
G2-G3 3.67 1.28
G3-G4 3.94 0.07
G6-G7 3.65 174.91
G7-G8 4.28 6.27

G10-G21 4.09 8.47

G21-G22 4.52 172.84

G13-G14 4.10 3.47

G14-G15 3.69 5.32

Fig. 5.18 depicts that the highest probability of distance and angle of loop-4 i.e., A16-
G17, G17-G18 and A19-G20 nucleoside bases are within < 5.0 A and < 20° respectively for
the temperature range of 300 K to 450 K in reline medium thus fulfilling both the criteria
for m-m stacking interactions. However, at 500 K in reline medium and 450 K in water
medium i.e., for R500 and W450 systems, no 7-7 stacking interactions are noticed. This
observation concludes that m-7 stacking interactions also play very crucial role to stabilize
the ¢-KIT G-quadruplex DNA. Moreover, the m-7 stacking interactions of the nucleoside
bases in reline solution are stable up to 450 K, but no such interaction is observed at 500

K in reline (R500 system) and at 450 K in water medium (W450 system).
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Figure 5.18: Stacking probability with respect to distance and angle between the corre-
sponding planes of the loop-4 residues for different systems.

In Fig. 5.19, we have presented the dominant motion of the PCA of loop-4 for
R300-R450 systems.
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Figure 5.19: Showing the dominant motions of loop-4 of c-KIT G-quadruplex DNA along
with the first eigenvector in porcupine plot for different systems.

5.3.3 Understanding the Role of Reline on c-KIT G-quadruplex
DNA at Different Temperatures

5.3.3.1 Radial Distribution Functions (RDF's)

In our previous study (Chapter 4) [52], to relate the conformational change of G-quadruplex
DNA in non-hydrated and as well as hydrated choline chloride-urea (i.e., reline) mixture, we
had calculated site-site radial distribution functions (RDF) of sugar phosphate backbone,
tetrad and loop regions separately. We found that choline cation and urea mainly interact
with the backbone region of G-quadruplex DNA due to the presence of negatively charged
oxygen(OP1/OP2), which is attached to the phosphorus atom in the backbone region.
In Fig. 5.20, we present the site-site RDFs between oxygen(OP1/0OP2) atom of sugar
phosphate backbone with not only the oxygen atom of choline but also with the nitrogen
and oxygen atoms of urea. Focusing on the interaction between sugar phosphate backbone
and choline/urea we notice the following: (i) In the g(r) between oxygen (OP1/0P2) atom
of sugar phosphate backbone and that of choline (Fig. 5.20 (a)), a sharp first peak appears
at 2.65 A with a small second peak at 5 A. Moreover, with increasing temperature (i.e.,
R300-R500 systems), the peak height follows a decreasing trend. (ii) The site-site RDFs
between oxygen (OP1/0OP2) atom of sugar phosphate backbone and nitrogen and oxygen
atoms of urea individually, (Fig. 5.20 (b)) reveal a steep peak at 2.85 A which
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Figure 5.20: Radial distribution functions (RDFs) of OP1 atom of sugar-phosphate-
backbone with O atom of choline (a) and N and O atoms (b and c) of urea molecules
respectively.

diminishes when the temperature is increased. (iii) Fig. 5.20 (c) displays the RDFs
involving oxygen of sugar phosphate backbone and nitrogen atomic sites of urea. The
decreasing trend of the sharp peak which appears at 3.75 A implies that the interaction
declines with increasing temperature. Overall, the RDFs implies that the presence of
strong interactions between sugar phosphate backbone of G-quadruplex c-KIT DNA, which

decreases when temperature increases, as expected.

In Fig. 5.21, we have shown the running coordination number of OP1 atom
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of sugar-phosphate-backbone around the O atom of choline and N and O atoms of urea
molecules for all systems. Moreover, we have also observed that the decreasing trend of

running coordination number with increasing temperature.
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Figure 5.21: Running Coordination Numbers (RCNs) of OP1 atom of sugar-phosphate-
backbone with O atom of choline (a) and N and O atoms (b and c) of urea molecules
respectively.

TH-2517_156122030



158 Chapter 5
5.3.3.2 Spatial Distribution Functions (SDFs)

The spatial distribution functions (SDFs) demonstrate the three-dimensional probabilistic
arrangement of choline, urea molecules and KT ion around the DNA and provide more
specific structural details on G-quadruplex DNA. Thus, we have estimated the SDF over 2
us simulation time for R300-R450 systems and 200 ns for R500 and W450 systems. In

Figure 5.22: Spatial density maps of choline, urea, and K" around c-KIT G-quadruplex
DNA for different systems. Here, red, yellow and cyan represent choline, urea, and K*
respectively.

Fig. 5.22, we have shown the density distribution of choline, urea and K+ around the

¢-KIT G-quadruplex DNA for different systems. Moreover, for choline and urea for density

TH-2517_156122030



Chapter 5 159

distributions we have used isovalue 5x107° and for K+, isovalue 1 is used. Here, we have
noticed a compact distribution of hydrogen bond interacting urea and choline molecules
around the reference ¢-KIT G-quadruplex DNA. Furthermore, the density of choline and
urea around the ¢-KIT G-quadruplex DNA decreases with increasing temperature. On the
other hand, the density of K* is mainly observed in phosphate regions of the backbone for
all systems and in the ion channel regions for R300, R450, R500 and W450 systems. It
decreases slightly with increasing temperature. Surprisingly, the KT distribution is denser
in W450 system than any other system in reline medium. This observation indicates that
the K* cations are less mobile in reline medium as compared to that in water medium.
The density and as well as the viscosity of reline is higher than that of water [107]. Hence,
the motion of ions are restricted in DESs, which were simplified by physical properties in
hole theory [108-110]. According to the Abbott et al., hole theory [37], the ionic materials
have vacant spaces when they are melted. The average size of these holes help in the easy
movement of the small ions in DES s rather than the ions with large radius like K*. So,
the density of K™ around the ¢-KIT G-quadruplex DNA is very high in water medium as

compared to the reline medium.

5.3.3.3 First Solvation Shell

Considering previous studies [111, 112], the first solvation shell (FSS) of biomolecules can
be described as the number of the solvent molecules present at a distance of 3.5 A from
the biomolecule surface. In more details, if any heavy atom of a solvent is present within
3.5 A of any heavy atom of a residue of G-quadruplex DNA, it will be considered as a
molecule which is present in a first solvation shell. Fig. 5.23 shows the average first shell
solvation number of reline mixture with each residue of G-quadruplex c-KIT DNA. It must
be mentioned here that for R500 system, we have considered the trajectories before the
DNA starts unfolding i.e., up to 150 ns of the simulation. Each residue of ¢-KIT DNA is
found to be solvated with the minimum number of solution species in reline medium when
temperature is the highest i.e, 500 K (R500 system). Consequently, the highest average
first shell solvation number is observed at a low temperature i.e., 300 K or R300 system.
Interestingly, we notice that among all residues of G-quadruplex ¢-KIT-DNA| loop regions
are solvated more than the tetrad regions. This is apparent because the loop regions
expand more than the tetrad regions with increasing temperature, as a result the former
is more exposed to the solvent. This observation further confirms that at relatively high

temperature (up to 450 K) the reline medium makes G-quadruplex ¢-KIT DNA more rigid,
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which leads to stabilize the G-quadruplex DNA more in reline than in water medium.
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Figure 5.23: The average number of the reline molecules present in the first solvation shell
between each residue of the c-KIT G-quadruplez DNA for different systems. The standard
error is calculated by block averaging method. Loop-1, loop-2, loop-3 and loop-4 regions
are shown in cyan, purple, yellow and magenta colors respectively. Adenine, Guanine,
Thymine and Cytosine are represented as A, G, T and C respectively.

5.3.3.4 Hydrogen Bonding

In our previous study [52], we had seen that hydrogen bonds play a very important role in
driving the G-quadruplex DNA to be rigid in reline medium. Thus, we have calculated the
average number of hydrogen bonds between the backbone and reline medium. It is worth
mentioning here that we have determined the number of hydrogen bonds of R500 system,
before the G-quadruplex DNA starts unfolding i.e., up to 150 ns of the simulation run.
We have set two requirements to determine the hydrogen bonds as followed by preceding
researches [113-119], where (i) the distance cut-off between donor (D) and acceptor (A) is
less than or equal to 3.5 A and at the same time (i) the donor(D)-acceptor(A)-hydrogen(H)

angle cut-off is less than or equal to 45°.
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Figure 5.24: The average number of hydrogen bonds between each residue of the c-KIT
G-quadruplex DNA with reline medium for different systems. The standard errors are
calculated by block averaging method. Loop-1, loop-2, loop-3 and loop-4 regions are shown
in cyan, purple, yellow and magenta colors respectively. Adenine, Guanine, Thymine and
Cytosine are represented as A, G, T and C respectively.

In Fig. 5.24, we present the average number of hydrogen bonds between each
residues of the c-KIT DNA and the reline molecules. Here, we have noticed that the average
hydrogen bonds are comparable for the R300-R450 systems. Greater number of hydrogen
bonds is perceived in the loop regions rather than the tetrad regions. However, for R500
systems, the average number of hydrogen bonds is lower for all the residues compared to that
of the other systems. Furthermore, this trend is also observed in the previously discussed
section (first solvation shell). This implies that the interaction between G-quadruplex c-
KIT DNA and reline is favored due to the formation of stable hydrogen bonds. Thus, it
suggests that when the temperature is up to 450 K (R300 to R450 systems), reline urges
G-quadruplex DNA to be rigid, which is not observed in water medium at 450 K (W450
system). Nonetheless, at relatively high temperature i.e., 500 K (R500 system), the stable

hydrogen bonds between the nucleic acid and the reline molecules collapses.
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5.3.3.5 Role of Intra-tetrads Hydrogen Bonds and Solvation of the Backbone
of c-KIT G-quadruplex DNA
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Figure 5.25: The number of hydrogen bonds of different tetrads (a-c) with time progres-
sion. (d-g) and (h-k) represents the number of first solvation shell of solvent molecules and
hydrogen bonds between solvents and different tetrads and backbone respectively.

To understand the change in the conformational dynamics of ¢-KIT G-quadruplex DNA,

we have determined the time evolution of average number of intra-tetrads hydrogen bonds

since the guanine residues of the corresponding tetrads play a crucial role in the stabilization
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of the ¢-KIT G-quadruplex DNA. In Fig. 5.25 (a)-(c), we have shown these hydrogen
bonds for all the three tetrads with time progression. The intra-hydrogen bonds between
the guanine residues of the corresponding tetrads are very much similar and are stable
through out the simulation for systems R300 to R450. Interestingly, a marked difference
is noticed for R500 and W450 systems. For W450 system i.e., ¢-KIT G-quadruplex DNA
at 450 K in water medium, the number of intra-hydrogen bonds of the tetrads is very
similar with that of the other systems up to 500 ns simulation time, after which the stable
intra-hydrogen bonds suddenly decreases with time for all the tetrads and this decrease is
observed for all tetrads simultaneously. It indicates that stable intra-hydrogen bonds of all
the three tetrads i.e., tetrad-1, tetrad-2 and tetrad-3 break simultaneously on in a concerted
mechanism, which leads to the commencement of the unfolding of the c-KIT G-quadruplex
DNA in water medium at 450 K. In contrast, for R500 system i.e., c-KIT G-quadruplex
DNA at 500 K in reline medium, the intra-hydrogen bonds of tetrad-1 are stable up to
300 ns, after which it starts to collapse. Meanwhile, the intra-hydrogen bonds of tetrad-2
and tetrad-3 remain intact up to 1.2 us, after which they start to perish. This observation
depicts that, after collapsing the intra-hydrogen bonds of the tetrad-1, reline molecules help
to retain the essential tetrad-2 and tetrad-3 of the c-KIT G-quadruplex DNA for quite a long
time. In another way, we can assume that reline slows the thermal unfolding or denaturing
process of the ¢-KIT G-quadruplex DNA. Moreover, to investigate the role of solvent in
the conformational dynamics of the tetrads and the backbone of the ¢-KIT G-quadruplex
DNA, we have calculated the number of reline molecules in the first solvation shell of c-KIT
G-quadruplex DNA and the number of hydrogen bonds between solvent and the tetrads
and the backbone separately. The number of reline molecules in the first solvation shell of
the tetrads and the backbone follows a decreasing trend with increasing temperature, which
is expected. Additionally, it increases dramatically once c-KIT quadruplex DNA starts to
unfold for both the systems R500 and W450 systems. This is quite obvious because, in
the unfolded state, DNA is more exposed to the solvent than its folded state. From Fig.
5.25 (h)-(k), we find that, with increasing temperature up to 450 K, the hydrogen bonds
between ¢-KIT G-quadruplex DNA (tetrads and backbone) and reline decreases which
causes the c-KIT G-quadruplex DNA to be more flexible, although the DNA maintains its
native state in reline medium. In contrast, for W450 system i.e., 450 K in water medium,
the structural rigidity of the ¢-KIT G-quadruplex DNA is not maintained due to the less
number of hydrogen bonds between water and ¢-KIT G-quadruplex DNA compared to that
in reline medium, which accounts for the unfolding of the ¢-KIT G-quadruplex DNA from
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its native state. Moreover, further heating, at 500 K, reline cannot preserve the rigidness of
the c-KIT G-quadruplex DNA which stimulates the unfolding of the ¢-KIT G-quadruplex
DNA. From hydrogen bond analysis, it is very clear that the hydrogen bonds in reline

stabilize the G-quadruplex fold much more as compared to that in water.

5.3.3.6 m-m Stacking Interactions
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Figure 5.26: Stacking probability with respect to distance and angle between the corre-

sponding planes of the tetrad residues for different systems.
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If the hydrogen bond was the sole cause of stability of ¢-KIT G-quadruplex DNA, why
did not the DNA not unfold even more to increase its surface area, further increasing the

number of hydrogen bonds? To find the reason behind this, we need to focus on the
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Figure 5.27: Stacking probability with respect to distance and angle between the corre-
sponding planes of the tetrad residues for different systems.

property, apart from favorable hydrogen bond formation, which helps in stabilization of the
G-quadruplex DNA i.e., m-7 stacking interactions of tetrads. The 7-7 stacking interaction

plays a very important role to stabilize the tetrad, which leads to the stabilization of
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the folded G-quadruplex DNA. In Figures 5.26 and 5.27, we have shown the distance
and angle probability of tetrad residues respectively. Taking into account the previously
mentioned stacking criteria, all the tetrads residues fulfill both the criteria of 7-7 stacking
interactions in the temperature range of 300 K to 450 K. However, there are no 7-7 stacking
interactions present when the temperature is increased i.e, for R500 and W450 systems. It is
worth mentioning that G10-G21 and G21-G22 slightly deviate from the stacking interaction
criteria at a temperature of 400 and 450 K in reline medium. Overall, this observation
concludes that the stable -7 stacking interactions are disrupted at 500 K in reline and 450

K in water medium, which leads to unfolding of ¢-KIT G-quadruplex DNA.

5.3.3.7 Role of the Central Cations

R500 system

%&\ — =%

28.4 ns 28.8 ns

2544 ns 56.4 ns

Figure 5.28: Snapshots of K™ central cation oscillation from the ion channel of tetrad-1
and tetrad-2 to tetrad-2 and tetrad-3 and vice versa for R500 systems. Here the tetrad-1,
tetrad-2, tetrad-3 and K* ion represent in red, blue, green and purple colors respectively.

The central cations play a major role in the formation and stabilization of the G-quadruplex
DNA, which is why it is important to discuss further about the involvement of the cations.

In the beginning of the simulation, there are no central cations present in the central core of
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the G-quadruplex tetrad channels. With time progression, only one K™ (namely K1) enters
between tetrad-1 and tetrad-2 for R300, R450 and R500 systems in the equilibration state
at 0.8, 1.1 and 2.3 ns respectively. Here, it is worth mentioning that, for R350 and R400
systems, no cation enters in the core of ¢-KIT G-quadruplex throughout the simulation.
Due to this reason, the RMSD values of ¢-KIT G-quadruplex DNA for R350 and R400
systems are slightly more than its native state, although the G-quadruplex is very stable
throughout the 2.0 ps simulation. This is why the RMSD, RMSF and R, values for these
systems do not show any trend with increasing temperature. It also concludes that, in
absence of central cation, c-KIT G-quadruplex is stable up to 400 K in reline medium. For
R300 system, K1 is stable at a fixed position in between tetrad-1 and tetrad-2 throughout
the 2.0 ps simulation. In this regard we note that Bergues-Pupo et al. observed that,
in absence of central cations, the structure of G-quadruplex DNAs is very unstable i.e.,
it deviates much more than its native structure in water medium [58] at 300 K. However,
they have also reported that, if one ion is captured in the simulation run, the G-quadruplex
returns from its deviated state to a stable equilibrium state at 300 K. Here, in case of R450
and R5H00 systems, we have observed a very interesting phenomenon. For R450 system,
the cation which enters the channel core i.e., namely K1, is not fixed at a certain point
throughout the 2.0 ps simulation. It fluctuates its position between the two tetrad cores
i.e., the place between tetrad-1 and tetrad-2 and that between tetrad-2 and tetrad-3. We
have observed that it oscillates twice between the regions throughout the whole simulation.
For R500 systems, the K1 oscillates in its position (from tetrad-1 to tetrad-2 or vice versa)
four times till 255 ns (in Fig. 5.28) and after that, the c-KIT G-quadruplex DNA starts
to unstabilize. To measure this ‘up down’ mechanism of central cation, we have calculated
the distance between the center of mass of O6 atom of guanine residues of tetrad-1 and the
K1 atom and that between tetrad-2 and K1 atom. We have shown the results in Figures
5.29 and 5.30. From these results, we can also conclude that, with increasing temperature
the rate of fluctuation of position of K1 is increased. This unique phenomenon of the K™
central cation in G-quadruplex DNA is not reported yet.

On the other hand, in case of W450 system, the first KT cation (K1) enters in
between tetrad-1 and tetrad-2 at 2.8 ns i.e., at the starting of production run. Then,
at 68.08 ns the K1 shifts to the region between tetrad-2 and tetrad-3, leaving the region
between tetrad-1 and tetrad-2 vacant. Additionally, the second K* cation (namely K2)

enters in the vacant region between tetrad-1 and tetrad-2 at 68.4 ns. Interestingly, at
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Figure 5.29: Distance between the captured K™ and the center of mass of O6 atoms of
guanine residues of tetrad-1 and tetrad-3 for (a) R450, (b) R500 and (c¢) W500 systems.
Here, K1 and K2 represent the first and second cation captured by the tetrad ion channel.

299.6 ns, the K1, which is present between tetrad-2 and tetrad-3, exits the ion channel and
simultaneously tetrad-3 starts to break (G4 residue starts to fluctuate). Finally, at 512
ns all the tetrads becomes unstable for W450 system, even though K2 cation is present
between tetrad-1 and tetrad-2, at that moment. Here, it is worth mentioning that the

‘up down’ mechanism of central cation is not observe in water medium at 450 K. Overall,
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from this observation, we also conclude that the ¢-KIT G-quadruplex DNA is stable in

presence of one central KT cation in the tetrad channel in reline medium at 450 K, but it

becomes unstable in water medium even though two central K cations are present inside

the channel core of the tetrads.
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Figure 5.30: Distance between the captured K™ and the center of mass of O6 atoms of
guanine residues of tetrad-1 and tetrad-3 for (a) R450, and (b) R500 systems. Here, K1
represent the first cation captured by the tetrad ion channel and ‘e’ represent for exchange

number.
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5.3.4 Denaturation of c-KIT G-quadruplex DNA

In this study, it is noticed that reline protects the ¢-KIT DNA from high temperature
denaturation. Here, it is important to study the in-details dynamics of the tetrads of

c-KIT G-quadruplex DNA in reline as well water medium in the temperature range of 300

Figure 5.31: Schematic representation of the denaturation pathway of the c-KIT G-
quadruplex DNA in reline medium at 500 K.
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K to 500 K. To investigate the denaturation pathway of ¢-KIT G-quadruplex DNA, we
have observed that initially the denaturation pathway is very similar in both the media.
The denaturation triggers from the tetrad where no central cation is present i.e., tetrad-1
for R500 system and tetrad-3 for W450 system. However, the rest of the denaturation
pathway is very different from each other. In Figures 5.31 and 5.32, we have shown the

Figure 5.32: Schematic representation of the denaturation pathway of the c-KIT G-
quadruplex DNA in water medium at 450 K.
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schematic diagram of the denaturation pathway of the ¢c-KIT G-quadruplex DNA at 500 K
in reline and at 450 K in water medium respectively. R500 system (Fig. 5.31), at 280 ns,
G10 and G13 residues of tetrad-1 start to break the tetrad geometry, although the other
tetrads maintain their stability up to 1120 ns. After that, the tetrad-1 and tetrad-2 of the
c-KIT G-quadruplex DNA starts to bifurcate. Finally, no tetrad conformation is observed
at 1200 ns even though the central cation is present.

On the other hand, the ¢-KIT G-quadruplex DNA is stable up to 299.6 ns in
presence of one central cation in W450 system (Fig. 5.32), after which, the G4 residues
of tetrad-3 start to fluctuate and break the 7m-7 stacking formation with G3. However, the
other residues of the tetrad regions still remain intact. Then, at 440 ns, all the guanine
residues of tetrads-3 start to break the tetrad orientation and simultaneously, the other
tetrad regions (tetrad-1 and tetrad-2) also begin to lose their tetrad formation. Finally, at

520 ns, we do not observe any tetrad formation.

5.3.5 Limitations

In this study, the latest force field parameters for different atomic sites have been used for
G-quadruplex DNA and DESs. In fact, the current AMBER force-field parameters are not
assured in a priori to be entirely compatible with the reline system and force field. This

issue is very difficult to solve because of the lack of experimental and simulation results.

5.4 Summary and Conclusions

All-atom molecular dynamics simulations are carried out to understand the effect of tem-
perature on ¢-KIT G-quadruplex DNA in natural deep eutectic solvent (NADES) i.e., reline
medium. The root mean square deviation, root mean square fluctuation, radius of gyration
and free energy landscapes analyses provide the information of conformational deviation
of the ¢-KIT G-quadruplex DNA in the temperature range of 300 K to 450 K in reline
medium and also its unfolding at 500 K in reline medium and 450 K in water medium.
From those analyses, we observe that the ¢-KIT DNA is stable at temperature of 450 K in
reline medium. However, it unfolds when the solvent is water at the same temperature. To
find the reason for the stability of the ¢-KIT G-quadruplex DNA in reline medium up to a
temperature of 450 K temperature, we have determined the number of reline molecules in
the first solvation shell of DNA and also the average number of hydrogen bonds between

them. It is found that the hydrogen bonds between reline and ¢-KIT G-quadruplex DNA
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is responsible for its stability at high temperature (up to 450 K). Moreover, from spatial
distribution functions, we have observed that the compact distribution of hydrogen bonded
choline and urea molecules around c-KIT G-quadruplex DNA decreases with increasing
temperature. However, the density of K* ion slightly decreases when temperature is in-
creased. The 7-7 stacking interactions of tetrads play a very crucial role in the stabilization
of G-quadruplex formation. In this work, we have also observed that 7-7 stacking interac-
tions of tetrads are very stable in reline medium up to 450 K, but in water medium, no such
m-7 stacking interactions are observed at high temperature (for W450 system). This is be-
cause of the unique characteristics of reline such as low vapour pressure, high thermal and
chemical stability at high temperature. We have observed that, in reline medium, c-KIT
G-quadruplex is stable up to 450 K but it unfolds or is unstable at 500 K even though, it
unfolds in water medium at 450 K, which leads us to conclude that reline provides the ul-
trastability to c-KIT G-quadruplex DNA at elevated temperature in comparison with water
medium, which is also validated by previous experimental work [43, 44]. Additionally, the
tetrad dynamics of ¢-KIT G-quadruplex DNA in water medium suggests that the stable
hydrogen bonds between guanine residues of the corresponding tetrads are collapsed by a
concerted mechanism. However, the story is completely different in reline medium. When
the temperature is elevated to 500 K, we notice that, after breaking the stable intra-tetrad
hydrogen bonds of tetrad-1, other tetrads (namely tetrad-2 and tetrad-3) are stable for a
long time, although they too collapse eventually. Hence, it can be assumed that reline,
not only protects the c-KIT G-quadruplex DNA, but also it slows the thermal denaturing
process. The central cations also play a major role to form and stabilize the G-quadruplex
DNA. On investigating the role of central cations, we have observed that the central cation
K™ oscillates its position in between tetrad-1 and tetrad-2 and tetrad-2 and tetrad-3 at
450 K and 500 K in reline medium. Moreover, the rate of oscillations of the position of the
cation is increased when temperature rises from 450 K to 500 K. However, this phenomenon
is absent in water medium at 450 K. This distinctive ‘up down’ phenomenon of the central

cation of the ion channel in reline medium is not yet reported.
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Investigation of Binding Modes and
Pathway of APTO-253 on c-KIT
G-quadruplex DNA
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Overview

The stability of ¢c-KIT G-quadruplex DNA by ligands has been a significant concern in the
growing field of cancer therapy. Thus, it is very important to understand the mechanism
behind the high binding affinity of the small drug molecules on the c-KIT G-quadruplex
DNA. In this study, we have investigated the binding mode and pathway of APTO-253
ligand on the ¢-KIT G-quadruplex DNA employing a total of 10 us all atom molecular
dynamics simulation and further 8.82 us simulation via umbrella sampling method using
both OL15 and BSC1 latest force fields for DNA structures. From the cluster structure
analysis, mainly three binding pathways i.e., top, bottom and side loop stacking modes
are identified. Moreover, RMSD, RMSF and 2D-RMSD values indicate that the c-KIT
G-quadruplex DNA and APTO-253 molecules are stable throughout the simulation run.
Furthermore, the number of hydrogen bonds of each tetrads and the distance between the
two central K cations confirm that the ¢-KIT G-quadruplex DNA maintains its confor-
mation in the process of complex formation with the APTO-253 ligand. The binding free
energies and the minimum values in potential of mean forces suggest that the binding pro-
cesses are energetically favorable. Further, we have found that the bottom stacking mode
is the most favorable binding mode among all the three modes for OL15 force field. How-
ever, for BSC1 force field, both the top and bottom binding modes of APTO-253 ligand in
c-KIT G-quadruplex DNA are comparable to each other. To investigate the driving force
for the complex formation, we have noticed that the van der Waals (vdW) and 7-7 stacking
interactions are mainly responsible. Our detailed studies provide an useful information for

the discovery of novel drugs in the field of stabilization of G-quadruplex DNAs.
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6.1 Introduction

In the promoter region of oncogene ¢-KIT, a type III receptor tyrosine kinase (RTK) is
present which regulates the stem cell factors (SCF), as a result, triggers proliferation, dif-
ferentiation and survival in haemopoietic precursor cells [1-3]. Destabilization of the ¢-KIT
causes over expressions or mutations which lead to several diseases [4] such as gastroin-
testinal stromal tumors (GIST) [5, 6], mastocytosis, acute myelogenous leukemia (AML)
or hematopoitic malignancy [7-9], prostate [10], adenocarcinoma lung cancers [11], pan-
creatic cancers [12], seminomas [13], melanoma [14]. In certain malignant growth types,
for example, GIST, the fundamental driver of sub-atomic occasions in tumorogenesis is
the initiating transformations in ¢-KIT. For this situation, focusing on ¢-KIT with Gleevec
(imatinib mesylate) expands endurance by around 70%-80% following 2 years contrasted

and disease treatment without ¢-KIT focusing on drugs [15, 16].

Figure 6.1: Schematic representation of (a) c-KIT G-quadruplex DNA, new ribbons repre-
sentation of (b) c-KIT G-quadruplex DNA, structural formula of (¢) APTO-253 molecule,
In new ribbons representation, tetrad-1, tetrad-2, tetrad-3, loop-1, loop-2, loop-3, and loop-
4 are shown in green, red, blue, tan, gray, yellow, and ochre colors, respectively. In CPK
representation, K* cations are shown in purple color. Adenine, guanine, thymine, and
cytosine are represented as A, G, T, and C, respectively.
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Numerous studies [17, 18] confirmed that the ¢-KIT oncogene contains of 22 mer
d(AGGGAGGGCGCTGGGAGGGAGGG) sequence (Fig. 6.1 (a) and (b)). More-
over, it has three tetrad regions (namely tetrad-1 (G2-G6-G10-G13), tetrad-2 (G3-G7-G21-
G14) and tetrad-3 (G4-G8-G22-G15)) and four loop regions (namely loop-1 (A5), loop-2
(C9),loop-3 (C11, T12), and loop-4 (A16-G17-G18-A19-G20)).

In 2007, Balasubramanian and his co-worker developed six isoalloxazines ligands
which are capable to induce and stabilize the c-KIT quadruplex DNA, but not duplex
DNA and hence, possibly distinguish between quadruplex and duplex DNA [19]. An-
other pioneering work by Niedle and his colleagues introduced that the naphthalene di-
imide derivatives stabilized the ¢-KIT quadruplex DNA strongly and prevents the tumor
for further growth in the GIST tumor cells [20]. Recently, Gluszynska et al. reported
that carbazole derivatives stabilize parallel c-MYC as well as ¢-KIT quadruplex DNA
21, 22]. Moreover, many small drugs/ligands stabilize the ¢-KIT quadruplex DNA, such as
bisquinoline-pyrrole oligoamides [23], quinazolones [24], bistriazoles [25, 26|, alkaloids and
their derivatives [27, 28], oxazole-based peptide macrocycles [29], biaryl polyamides [30],
indenoisoquinolines [31] and indenopyrimidines [32] , benzo|a]phenoxazines [33] , indolyl-
methyleneindanones [34] , terpyridines and their Pt(II) complexes [35] , triarylpyridines
[36], cationic porphyrins [37] and pentaheteroaryls [38] , phthalocyanines [39] etc..

Nowadays, in drug development, computational methods have become important,
as they offer comprehensive structural knowledge that may be missing in experimental find-
ings. Among computational methods, all atom molecular dynamics has recently become
a very popular method to find out the ligand binding mode and binding possibility on
different types of DNA in therapeutic fields [40-46]. Recently, Wu and his coworker re-
ported that the binding mode and selectivity of the daunomycin ligand on a parallel DNA
quadruplex (d(TGGGGT),) and DNA duplex [47] by all atom molecular dynamics simu-
lation. Moreover, in their another work [48], they analyzed how RHPS4 ligand binds with
the telomeric G-quadruplex and duplex DNA using the same method. Furthermore, they
have also shown the binding mode of different ligands, Telomestatin, TMPyP4, BSU6037,
and BRACO19 on telomeric GQuadruplex DNA [49, 50]. These pioneer works provide the
useful informations about drug binding on different types of G-quadruplex DNA in the field
of drug discovery fields.

APTO-253 is currently in clinical development for the diagnosis of acute myeloid
leukemia (AML). It is a small-molecule and a derivative of 2-indolyl imidazole [4,5-d]

phenanthroline (Fig. 6.1 (c)), which is commonly cytotoxic to different cell lines of
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human tumor cells, including strong tumours, tumors, and lymphomas [51]. APTO-253
has been advanced to a phase I test in solid tumor patients((NCT123226) [52]. In 2018,
Rice and his colleagues discovered that APTO-253 stabilizes the guanine rich DNA i.e.,
G-quadruplex DNA using a modified FRET assay [53, 54]. Moreover, they observed that
TMPyP4 and CX-5461 stabilized telomere, MYC, KIT as well as rRNA and duplex DNA
[53]. In contrast, APTO-253 stabilized only G4 motifs i.e., telomere, MYC and KIT DNA
but not rRNA and duplex DNA. It indicates that APTO-253 is more selective towards G4-
DNA than TMPyP4 and CX-5461. Additionally, they showed that very low concentrations
of APTO-253 decreased the expression of MYC and KIT in AML cell lines (In Table 6.1
we present the ICsq values of different cell lines). They suggested that the stabilization of
guanine-rich DNA by APTO-253 resulted in single and double strand breaks at replication

forks and telomers; followed by cell cycle arrest apoptosis of cancer cell via DDR

Table 6.1: APT0-253 ICsy values in leukemia and lymphoma cell lines.

Disease Type Cell Lines IC;0 (M) Mean
MCL Jeko-1 0.057
MCL GRANTA-519 0.082

Burkitt’s Raji 0.1
AML MOLM-13 0.14
MCL Mino 0.23
AML MV4-11 0.24
AML EOL-1 0.3
AML THP1 0.34

Burkitt’s Ramos 0.35
AML HL-60 0.46
AML SKM-1 0.48
AML KG-1 0.51

DLBCL SUDHL-6 0.51
T-ALL Jurkat 0.52
AML Nomo-1 1.45
AML HEL92.1.7 1.75

(DNA-damage response) pathway. Hence, the stabilization of guanine rich quadruplex
DNA at oncogene and telomere regions is the key process to follow DDR pathway. Sur-
prisingly, the mechanism of binding process and possible binding sites of the APTO-253
on G-quadruplex DNA, has not yet been elucidate.

To solve this dilemma and also to understand the details of the dynamics of the
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c-KIT quadruplex DNA, we have performed all atom molecular dynamics simulation. In
this work we have exclusively shown that the probable binding mode and binding site of
the APTO-253 ligand on ¢-KIT quadruplex DNA. Starting from an unbound ligand and c-
KIT quadruplex DNA, different binding modes are observed for the complex using different
characterized methods. From RMSD, RMSF, and 2D-RMSD analyses, it is observed that
¢-KIT quadruplex DNA maintains its native state during the complex formation with
APTO-253 ligand. Furthermore, we have found that the APTO-253 ligand mainly binds
with c-KIT quadruplex DNA in three different modes i.e., top, bottom and side loop modes
(mainly with respect to the position of the DNA binding with the ligand). The binding free
energy values indicate that all these complex formations are energetically favorable which

is further confirmed by potential mean forces values of umbrella sampling method.

6.2 Models and Simulation Method

6.2.1 System Preparation and Force Fields

The APTO-253 molecule was constructed using Gaussview [55]. At first, the geometry of
the APTO-253 molecule was optimized at the ab initio HF /6-31G* [56, 57] level of theory
with the help of Gaussian 16 [58] package. Then, the partial charges of this molecule
were obtained using restrained electrostatic potential (RESP) [59, 60] charge derivation
method in the ANTECHAMBER module in AMBER18 package [61]. The other force field
parameters were taken from the general amber force field (GAFF) [62]. Those basis set and
force fields were widely used in recent works [22, 40, 42, 48] on drug binding of different
types of quadruplex DNA.

In this study, the initial coordinates of human c¢-KIT oncogene 5'-
d(AGGGAGGGCGCTGGGAGGAGGG)-3" was extracted from the NMR structure of
PDB ID:203M [17]. Initially, there were no metal ion present in this NMR structure.
So, two KT ions were placed in the channel of the center core of the ¢-KIT quadruplex
DNA (one was placed in between tetrad-1 and tetrad-2 and other was placed in between
tetrad-2 and tetrad-3). Since, c-KIT quadruplex DNA carries -21e electronic charge, an-
other 19 K* ions were added to neutralize the DNA. TIP3P [63] water was used to solvate
the DNA and drug molecule. TIP3P water specific AMBER-adapted Joung and Cheatham
force-field [64] parameters were applied for KT ion . Following recent studies [49, 65-74],
for ¢-KIT quadruplex DNA, leaprc. DNA.OL15 [75, 76] , which includes parmbscO [77] and
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OL15 [75] corrections to the ff10 forcefield and leaprc. DNA.bscl [78], the updated version
of the bsc0, were employed.

Initially, the neutralized DNA was placed in the center of the sphere and the
drug molecule APTO-253 was placed at a distance of 40 A from the center of the ¢-KIT
quadruplex DNA. Then three layers of the sphere with radius of 20 A, 30 A, and 40
A, consisting of 1000, 2000 and 3000 more water molecules were added respectively to
immersed the drug molecule and DNA systems. Finally, 4000 water molecules were added
to solvate overall systems. Each system was constructed with the help of PACKMOL [79]
software. Then, the initial coordinates and topology for each system, were transformed

into truncated octahedron box by CPPTRAJ [80].

Considering our previous works [81-83] to run the unbiased all-atom molecular
dynamics simulation, the following steps were implemented for each of the system: (i) At
first, energy minimization was done by 5000 steps of steepest descent method, followed
by the same number of the steps of conjugate gradient method to eliminate bad contacts
between quadruplex ¢-KIT DNA and water. (ii) After that, each system was heated very
slowly from 0 to 300 K at an interim of 50 K for 25 ps in canonical (NVT) ensemble

! collision frequency. (iii) Then, each system was equilibrated for 250 ps at the

with 1 ps™
temperature of 300 K in canonical (NVT) ensemble. Throughout these above mentioned
steps, all atoms of the quadruplex DNA including K* ions placed in center of the channel
core and the drug molecule APTO-253 were fixed with a harmonic restraint of force constant
100 keal mol=! A—2, (iv) Next, the positional restrain were slowly removed to 25, 20, 15,
10, 5 and finally 0 kcal mol~' A=? with a series of minimization and equilibration. (v)
Finally, for each system a 20 ns NPT equilibration was carried out to maintain the system
density and this was followed by 1000 ns production run with a 5 ps~! collision frequency

at 1 atm physical pressure and 300 K temperature. The details of all systems studied are

mentioned in Table. 6.2.

Table 6.2: The number of molecules, drug initial state and force fields used in different

systems.
No. of Drug Force Total
Q-DNA | Ligand | Water | Run | Initial State | Field | Time (us)
0 1 2000 1 N/A N/A 1
1 1 10000 |1 x 5 free OL15 )
1 1 10000 |1 x5 free bscl 5
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In these steps, to control the temperature, Langevin dynamics [84] was employed
and to maintain the physical pressure, Berendsen barostat [85-87] with a pressure relaxation
time of 2 ps was implemented. With a tolerance of 107> A SHAKE algorithm [88] was
applied to restrain the covalent bonds involving hydrogen atoms. A 2 fs time integration
step was implemented. A cut off radius of 12 A was employed for all non bonded short-
ranged interactions and for the long-ranged electrostatic interactions, particle mesh Ewald
method [89] was applied. CPPTRAJ [80] of Amber-Tools19 [61] and Visual Molecular
Dynamics (VMD) [90] were employed to analyze the trajectories and also as a visualization

tool.

6.2.2 Convergence of Simulations

The root mean square deviation (RMSD) and root mean square fluctuation (RMSF) were
calculated considering all heavy atoms of the quadruplex DNA and APTO-253. Here, it is
worth mentioning that the initial structures of both quadruplex DNA and APTO-253 were
considered as the reference structure. The cumulative RMSD value of the quadruplex DNA
below 3 A reveals that the quadruplex DNA was very stable through out the simulation. A
cutoff atomic distance of 3.5 A was used to measure the atomic contacts between the heavy
atoms of the quadruplex DNA and the ligand molecule. To define the binding stability
of the quadruplex DNA and ligand molecule, the contact number 10 was considered (see

Figures 6.2-6.3).
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Figure 6.2: Contact number of APTO-253 around 3.5 A distance of c-KIT quadruplex
DNA for different systems.
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Figure 6.3: Contact number of APTO-253 around 3.5 A distance of ¢-KIT quadruplex
DNA for different systems.
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6.2.3 Binding Mode Identification

To identify the binding mode of the drug molecule APTO-253 on ¢-KIT quadruplex DNA,
we carried out the widely employed [91-93] Ester et al., Density Based Spatial Clustering
of Applications with Noise (DBSCAN) [94] clustering algorithm. For the cluster analysis,
we considered (for forming a cluster), the minimum number of points (minpoints) to be
25 and the distance cutoff between these points (¢) was 1.0 A. The centroid structure was

considered for the structural family.

6.2.4 Order Parameters to Characterize DNA-drug Binding
Pathway

To investigate the details of drug binding on quadruplex DNA, we estimated the following
order parameters: (i) RMSD and 2D-RMSD (ii) RMSF (iii) hydrogen bond analysis, (iv)
distance, (v) MM-GBSA binding energy (AE), and (vi) -7 stacking. Root mean square
fitted RMSD and RMSF of quadruplex DNA and the drug molecule were calculated. Con-
sidering previous studies [93, 95-99], for hydrogen bond analysis we had imposed two crite-
ria (a) a distance cutoff between donor (D) and acceptor (A) of 3.5 A and simultaneously,
(b) a maximum of donor(D)-acceptor(A)-hydrogen(H) angle cutoff of 45°. The hydrogen
bonds of three tetrad regions (namely tetrad-1, tetrad-2, and tetrad-3) were calculated to
check the stability of the quadruplex DNA. The distances were calculated between center
of mass (COM) of the quadruplex DNA and COM of the drug molecule for all systems and
also between two KT ions that were present in the ion channel core of the quadruplex DNA.
Following some pioneer works [48-50, 100], we estimated the MM-GBSA [101] (Molecular
Mechanics Generalized Born-Surface Area) binding energy between ligand and quadruplex
DNA. To find the MM-GBSA binding energy, we employed the python code MMPBSA .py
[102] of MM-GBSA module of AMBERIS8 package [61] and along with the GB1 model
with mBondi radii, a salt concentration of 0.1 M and a surface tension of 0.0072 kcal.A~2.

MM-GBSA binding energy (AE) for each system was estimated by using the following

equations,
AE = Eeomplex — EDNA_free — Flig_free (6.1)
AFE = AFE.qw + AEggL + AEgsurr + AEgaB + A Econformation (6.2)
AFEy = Fx_complex — Fx_DNA_complex — Fx_lig_complex (6.3)

where x = vdW, ESURF and EGB

AEConformaution = EDNA_complex + Elig_complex - EDNA_free - Elig_free (64)
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The above equations have the following terms, van der Waals interaction energy (vdW),
electrostatic interaction (EEL), Non-polar solvation energy (ESURF), polar solvation en-
ergy (EGB) and the change of the conformation energy for quadruplex DNA and ligand
molecules. Recent studies [101, 103-108] have shown that GB models predict the hydration-
free energy quite accurately. Following previous reports [81, 82, 109-113], in order to con-
sider the 7-m stacking interactions are operative, we have set two criteria: (i) the cutoff
distance between the COM of APTO-253 ligand and the COM of respective nucleobase

ring, is 5 A and at the same time (ii) the angle cutoff between the considered ring is 20°.

6.2.5 Umbrella Sampling

To find the possible binding mechanism of interaction between ligand and quadruplex
DNA, umbrella sampling method [114] was used. Moreover, different initial state were
employed to calculate the potentials mean forces (PMFs). Here, the Z-component distance
(r) was used as reaction coordinate (£) and it was measured between the center of mass
(COM) of specific residue of nucleobase ring and the ligand molecule. In this US process,
simulations were performed in the presence of a biasing window potential w(£) with the
goal of increasing sampling in the vicinity of the specified value ¢ by considering a spring
constant value of 1.0 kcal/mol at 300 K. The reaction coordinate was changed from 3 to
15 A by a small increment of 0.25 A. A total of 49 biased simulations were performed with

i =0,1,..,48 in the phase space configuration X by a harmonic potential:

wi(€) = 1/2K (§(X) - &)° (6.5)

where K is the force constant for harmonic restraint. To estimate the PMF, for each
system, following procedure was followed: (a) each system was energy minimized as above
mentioned protocol. Then, a 10 ns equilibration followed by a 20 ns production run at
300 K and 1 atm pressure, was performed for each window, leading to a total of a 1.47
pus simulation run for 49 windows. Then, the results were analyzed using the weighted
histogram analysis method (WHAM) [115] to obtain the PMFs. Then, the PMF value was
calculated P(¢) from the following equation:

PMF(¢) = —kpT In P(¢) (6.6)
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6.3 Results

6.3.1 Binding Mode and Binding Site Identification of ligand
with c-KIT quadruplex DNA

For each system, the simulation has initiated from an unbound state of ligand and c¢-KIT
quadruplex DNA which eventually results in complex formation. Thus, it is very important

to investigate how the ligand molecule binds with the ¢-KIT quadruplex DNA during the

BSC1

Bottom

Figure 6.4: Representative snapshots with percentage of the most populated structure for
different systems.

1000 ns production. So, we have performed cluster analysis (mentioned above in Method
section) of each system for the last 200 ns trajectory. Here it is worth mentioning that 10
structural families (for both the OL15 and BSCI force fields of ¢-KIT quadruplex DNA)
of ligand-DNA complex were observed with more than 40% population (Fig. 6.4). Based
on the position of the binding of the APTO-253 ligand with ¢-KIT quadruplex DNA, these
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10 structural families can be merged in three binding mode categories: (i) top stacking (ii)
bottom stacking (iii) side loop binding. In Fig. 6.4, we have presented the binding modes
of the APTO-253 ligand with ¢-KIT quadruplex DNA.

6.3.2 Top Stacking Mode of APTO-253 on c-KIT quadruplex
DNA

OL15-Top
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Figure 6.5: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs , and (c¢) Root-mean-square fluctuations (RMSFs) of all heavy
atoms of c-KIT G-quadruplexr DNA.

Here, we have discussed about how the APTO-253 ligand binds with the c-KIT quadruplex
DNA in top stacking mode in OL15 force field. Initially, the APTO-253 ligand is placed
40 A away from the ¢-KIT quadruplex DNA. However, at 13 ns, the ligand molecule binds
with the ¢-KIT quadruplex DNA in the top position, i.e., it binds with A1 and T12 residues
of the c-KIT quadruplex DNA and this binding is stable through out the 1000 ns simulation
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Figure 6.6: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K* central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.

run (Fig. 6.5 (a)). From Fig. 6.6 (a), RMSD values of 2.08 A and 0.74 A of the ¢-KIT
quadruplex DNA and APTO-253 respectively are noticed. Moreover, the 2D-RMSD and
RMSF plots (Fig. 6.5 (b) and (c)) also display the low 2D-RMSD (below 3 A) and RMSF
(below 2.5 A) values of ¢-KIT quadruplex DNA. These observations indicate that both the
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molecules are very stable in complex mode. Furthermore, the hydrogen bonding between
tetrads (namely tetrad-1, tetrad-2 and tetrad-3) residues are also maintained (nearly 8 for
each tetrads) beautifully. The central cations play a very important role in conserving
the structure of ¢-KIT quadruplex DNA [116, 117]. Thus, we have estimated the distance
between two KT central cations which are placed in the central core of the ion channel
as a function of simulation time. From Fig. 6.6 (c), we observe that this distance is
maintained at 3.38 A which leads us to believe that the ¢-KIT quadruplex DNA is stable
even after binding with the APTO-253. Moreover, distance between the center of masses of
¢-KIT quadruplex DNA and APTO-253 is initially at 40 A, since they are placed 40 A away
from each other. However, with progression of time this distance is reduced. Next, we have
calculated the binding free energy between APTO-253 ligand and ¢-KIT quadruplex DNA.
The binding free energy (AE) value of —18.18 kecal/mol designates that the top stacking
binding mode of APTO-253 ligand on ¢-KIT quadruplex DNA is energetically favorable
(Fig. 6.6 (d)).

Next, we have demonstrated the top stacking mode of APTO-253 on ¢-KIT quadru-
plex DNA in BSC1 force field. Interestingly, here, APTO-253 binds in a different manner.
From Fig. 6.7 (a), we have seen that initially, the distance between APTO-253 and ¢-KIT
quadruplex DNA is 40 A but after 130 ns, it binds with the C9 residue, which is stable
upto 380 ns. After that, the APTO-253 binds with the tetrad-1 residues i.e., G2, G6, G10
and G13 residues of c-KIT quadruplex DNA which continues upto 600 ns. After 600 ns,
A1 residue of loop-3 binds with APTO-253 in ‘sandwich’ manner (Al-(top)-APTO-253-
(middle)-tetrad-1-(bottom)) and this complex formation is stable upto 1000 ns production
run. Now, it is more important to check the stability of the quadruplex DNA and APTO-
253 molecules. Fig. 6.8 (a), represents that the RMSD values are 2.57 A and 0.71 A
for the ¢-KIT quadruplex DNA and APTO-253 molecules respectively. Moreover, the 2D-
RMSD value of the ¢-KIT quadruplex DNA is below 3.5 A (Fig. 6.7 (b)). However,
slightly higher RMSF value (below 4 A (Fig. 6.7 (c)) of T12 residue indicate that it fluc-
tuates more than the other residues due to the stable ‘sandwich’ formation. Furthermore,
the number hydrogen bonds (8 for each tetrads) is also maintained (Fig. 6.8 (b)). The
distance between two central K* cations is 3.64 A which demonstrates that the stability
of the ¢-KIT quadruplex DNA in ligand binding complex formation (Fig. 6.8 (c)). More-
over, the binding free energy (AE) of the ¢-KIT quadruplex DNA and APTO-253 is —34.34
kecal/mol (Fig. 6.8 (d)), which indicates that the complex formation is energetically very

much favorable for this case too.
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Figure 6.7: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs , and (c¢) Root-mean-square fluctuations (RMSFs) of all heavy
atoms of c-KIT G-quadruplex DNA.
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Figure 6.8: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplexr DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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6.3.3 Bottom Stacking Mode of APTO-253 on c-KIT quadruplex
DNA

In this section we have discussed about the bottom stacking mode of APTO-253 on ¢-KIT
quadruplex DNA for both OL15 and BSC1 force fields. At first, we have examined the
OL15 system. Here, we have noticed that the APTO-253 ligand binds with the loop-4

OL15-Bottom
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Figure 6.9: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of ¢-KIT G-quadruplex DNA for different systems.

residues of ¢-KIT quadruplex DNA (Fig. 6.9 (a)) at the onset of the production run.
This indicates that the binding occurs during equilibration and this side loop binding

mode continues upto 50 ns of production. After that, the APTO-253 ligand shifts to the
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G4 residue of the tetrad-3 region of the ¢-KIT quadruplex DNA at 90 ns. However, this

formation is stable only upto 100 ns. After 100 ns of the production run, it binds to two

residues i.e., G4 and G8 and this bottom stacking mode is stable upto 1000 ns simulation
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Figure 6.10: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplez DNA with time progression.
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run (Fig. 6.9 (a)). In Fig. 6.10 (a), the low RMSD values of the ¢-KIT quadruplex DNA
(2.39 A) and APTO-253 (0.74 A) are noticed. Moreover, the lower 2D-RMSD and RMSF
values (below 3 A) support the previous observations (Fig. 6.9 (b) and (c)). From Fig.
6.10 (b), it can be observed that the number of hydrogen bonds of all tetrads are pretty
similar (nearly 8 for each tetrads), which leads us to conclude that the tetrad formation
is stable throughout the simulation run. Moreover, the distance between two K* central
cations (shown in Fig. 6.10 (c)) is 3.71 A. From the above investigations, it is clear that
both the c-KIT quadruplex DNA and APTO-253 are very stable in bottom stacking mode.
Next, we have estimated the binding free energy (AE) of this complex formation, which is
shown in Fig. 6.10 (d). The value of AE is —34.24 kcal/mol, which leads us to conclude
that this binding is also favorable.

Next, the BSC1 force field system is considered. In Fig. 6.11 (a), we have
represented the snapshots (without water molecules) of the system. Here, we have observed
that the APTO-253 molecule binds with the A1 and T12 residues of the ¢-KIT quadruplex
DNA in top stacking mode at the starting of the production run which further indicates
that the binding occurs during equilibration step. However, this complex formation is
disrupted after 40 ns and the ligand molecule binds with C9 residue of the loop-2 region
(side loop binding mode) which continues upto 60 ns simulation run. After that, the
APTO-253 ligand molecule is shifted to the loop-4 region of the c-KIT quadruplex DNA
at 80 ns. This arrangement pursues upto 780 ns. Finally, the ligand molecule binds with
G4 and GS8 of the tetrad-3 region of the ¢-KIT quadruplex DNA. This complex formation
is continued upto 1000 ns simulation run. In this simulation run, we have observed all
types of stacking modes. However, interestingly, the lower RMSD values 2.28 A and 0.73
A of ¢-KIT quadruplex DNA and APTO-253 ligand molecule respectively (Fig. 6.12 (a))
denote that the deviation is very small from the initial structure for both the molecules.
Moreover, the lower 2D-RMSD and RMSF values (below 3 A for both the cases) also
guided the previous observation (Fig. 6.11 (b) and (c)). From hydrogen bond analysis,
the number of hydrogen bonds of each tetrads are nearly 8 (Fig. 6.12 (b)), which leads
us to conclude that the c-KIT quadruplex DNA is stable through out the simulation run.
Furthermore, the distance between two central K* ion is 3.66 A (Fig. 6.12 (c)). From
overall observations, it can be concluded that the c-KIT quadruplex DNA is very stable
through out the simulation run. A value of —30.91 kcal/mol for the binding free energy
(Fig. 6.12 (d)) points out that the bottom stacking is again favorable.

TH-2517_156122030



206 Chapter 6
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Figure 6.11: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.12: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K* central cations, and (d) the binding free energy of complex

formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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6.3.4 Side Loop Stacking Mode of APTO-253 on c-KIT quadru-
plex DNA

Apart from the top and bottom stacking binding modes, we have also observed another
binding mode i.e., side loop binding mode. For OL15 force field, (Fig. 6.13 (a)), we
have noticed that APTO-253 molecule binds with A5 residue of loop-1 region of the ¢-KIT
quadruplex DNA at the starting of the production run. This indicates that the binding
occurs during 20 ns equilibration step. However, this complex formation is stable only upto
190 ns. After that, at 280 ns, it shifts to the loop-4 region and binds with G18 residue
of the ¢-KIT quadruplex DNA. This side loop binding mode is noticed till the end of the
simulation run. In Fig. 6.14 (a), we have presented the RMSD values of both the ¢-KIT

OL15-Side Loop
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Figure 6.13: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.14: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.

quadruplex DNA and APTO-253 molecules. Here, the RMSD values of the ¢-KIT quadru-
plex DNA and the APTO-253 ligand molecules are 2.72 A and 0.65 A respectively. More-
over, from Fig. 6.13 (b) and (c), the lower (below 3 A) 2D-RMSD and RMSF values are
noticed. Next, we have calculated the number of hydrogen bonds for all tetrads regions.

The number of hydrogen bonds (Fig. 6.14 (b)) for each tetrad is 8 which again signifies
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that the tetrad residues have maintained their arrangements through out the simulation
run. Moreover, the distance between the two central K+ ions which are placed in the cen-
tral core of the ion channels, is 3.74 A(Fig. 6.14 (c)). From the above observations, it is
clear that the c-KIT quadruplex DNA and APTO-253 molecules very slightly deviate from
their initial structures. Now, in Fig. 6.14 (d), the MM-GBSA free binding energy of the
APTO-253 ligand and the ¢-KIT quadruplex DNA complex formation are presented. A
value of —9.46 kcal/mol for the MM-GBSA free binding energy (AE) indicates that the

side loop binding mode of the complex formation is favorable.
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Figure 6.15: (a) Snapshots representations of the complex formation of the ¢-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Now, the BSC1 force field system is considered. In Fig. 6.15 (a), the time
evolution snapshots of the complex are presented. At the starting of the simulation run,

the distance between the COM of APTO-253 and the COM of the ¢-KIT quadruplex DNA
is nearly 40 A. With simulation progression, the APTO-253 ligand molecule shifts to the
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Figure 6.16: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of c-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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loop-4 region of the ¢-KIT quadruplex DNA and binds with the G18 residue of loop-4 at
20 ns. Again, this side loop binding mode of the APTO-253 on the ¢-KIT quadruplex
DNA is noticed through out the 1000 ns simulation run. RMSD deviations from the initial
structures of both the ¢-KIT quadruplex DNA and the APTO-253 molecules are again
analyzed. The RMSD values are 2.21 A and 0.66 A for the ¢-KIT quadruplex DNA and
the APTO-253 molecules respectively (Fig. 6.16 (a)). From Fig. 6.15 (b) and (c),
the values of 2D-RMSD and RMSF below 3 A confirm that the ¢-KIT quadruplex DNA
have very low deviation from the initial structure through out the 1000 ns simulation run.
Next, the number of hydrogen bonds for each tetrad of the ¢-KIT quadruplex DNA (Fig.
6.16 (b)) is calculated to be 8 and the distance between the two central Kt cations is
3.73 A (Fig. 6.16 (c)) which leads us to conclude that the ¢-KIT quadruplex DNA and
APTO-253 ligand molecules is stable though out the 1000 ns simulation run in the side
loop binding mode. Furthermore, we have presented the MM-GBSA free binding energy of
this binding mode in Fig. 6.16 (d), which has a value of —10.3 kcal/mol, indicating that
the complex formation is favorable.

Other simulations results are shown in Figures 6.17-6.24.
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Figure 6.17: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.18: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of ¢-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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Figure 6.19: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.20: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of ¢-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplez DNA with time progression.
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Figure 6.21: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.22: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of ¢-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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Figure 6.23: (a) Snapshots representations of the complex formation of the c-KIT quadru-
plex DNA with time progress, (b) taking into account all heavy atoms of c-KIT G-quadruplex
DNA, pairwise 2D-RMSDs of different systems, and (c) Root-mean-square fluctuations
(RMSFs) of all heavy atoms of c-KIT G-quadruplex DNA for different systems.
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Figure 6.24: (a) Time progression of the root-mean-square deviations (RMSDs) of all
heavy atoms of c-KIT G-quadruplex DNA, (b) number of hydrogen bonds for tetrads, (c)
the distance between center of masses of ¢-KIT G-quadruplex DNA and APTO-253, and
the distance between the two K™ central cations, and (d) the binding free energy of complex
formation of APTO-253 ligand and c-KIT G-quadruplex DNA with time progression.
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6.3.5 Driving Force of the Complex Formation

In this section, we have investigated the driving force of the complex formation of the
APTO-253 ligand and the ¢-KIT quadruplex DNA. In Table 6.3, we have presented the
average MM-GBSA binding free energy, considering the last 4 ns trajectory for each sim-
ulation. Here, we notice that among all the considered interactions, van der Waals (vdW)
interactions followed by electrostatic (EEL) interactions play a major role in the stabiliza-
tion of the complex formation for all the binding modes. On the other hand, the other
interaction terms i.e., polar solvation energy (EGB) and the change of the conformation
energy are unfavorable to the binding formation. From Table 6.3, we see that for OL15
force field the binding free energy for top, bottom and side loop mode are —18.18 kcal /mol,
—34.24 keal/mol, —9.46 kcal/mol respectively. Hence, among the three binding modes, the
bottom binding mode of APTO-253 on the ¢-KIT quadruplex DNA is most favorable. On
the other hand, for BSC1 force field, the binding free energy for top, bottom and side loop
mode are —34.34 kcal/mol, —30.91 kcal/mol and —10.32 kcal/mol respectively. Here, we
notice that the top and bottom binding mode are very much comparable to each other.
However, the side loop binding mode has the least binding free energy for both the force
fields.

Table 6.3: MM-GBSA binding free Energy (kcal/mol) of APTO-253 to ¢-KIT quadruplex
DNA. Change of van der Waals energy (AE,qw ) on complex formation, change of electro-
static energy (AEggpp) on complex formation, change of polar solvation energy (AFEpgp)
on complex formation, change of non polar solvation enerqy (AEgsyrr) on complex for-
mation, change of conformational energy (AEcons) on complex formation, and change of
total potential enerqy (AEror) on complex formation.

Force field Pose AEvdW AEEEL AEEG’B AEESURF AEConf AETOT
Top | 2047 | 810 17.29 ~1.40 050 | -18.18

(£ 1.74) | (£5.04) | (£5.12) | (£0.08) | (£0.14) | (£ 1.68)

4820 | -12.06 28.87 2,85 0.002 | -34.24

OL15 | Bottom - o0y [ (£ 5.82) | (£ 0.19) | (£ 0.02) | (£ 3.20)
Side |_-16.09 0.43 6.64 -0.93 0.47 ~0.46

(£ 2.49) | (£ 14.25) | (£ 13.68) | (£0.13) | (£ 0.14) | (£ 2.15)

Top | -1810 | 189 17.80 2.65 050 | -34.34

(£1.85) | (£481) | (£4.79) | (£0.13) | (£0.15) | (£ 2.37)
4436 | -15.11 30.75 272 052 | -30.901

BSCL | Bottom = 5= 506) T (£ 4.83) | (£ 0.05) | (£ 0.14) | (= 2.16)
Side |_-16:67 | 999 16.77 -0.94 051 | -10.32

(E1.00) | (£755) | (£7.23) | (£0.12) | (£0.15) | (£ 1.54)
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Now, it is important to find the orientation or arrangement of APTO-253 ligand
and the respective nucleoside residues. Hence, we have estimated the probability of the
distance (r) between the COM of the APTO-253 ligand and the COM of the considered

nucleoside base and angle (6) between the respective aromatic planes (Fig. 6.25). In

Figures
a)
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Top mw , J&
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Bottom ~
]
Side ’

Ein

Figure 6.25: (a) Schematic representations of w-m stacking interaction with respect to dis-
tance (r) and angle (6) between the corresponding planes and (b) Snapshots of m-m stacking
interactions of APTO-253 with different nucleoside bases.
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6.26-6.28, we have shown the above mentioned distance and angle probability for both
the OL15 and BSC1 force fields. It is found that, in most of the cases, the 7-7 stacking
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Figure 6.26: Stacking probability with respect to distance and angle between the corre-
sponding planes.

interactions are present. For example, in top stacking mode, APTO-253 ligand binds
with the A1 and T12 nucleoside residues in a 7-7 stacking manner (for OL15 force field).
In case of BSC1, among the tetrad-1 (G2-G6-G10-G13) residues, APTO-253 forms -

7 stacking arrangement with only G6 and G10 nucleoside residues. Moreover, the 7-7
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stacking formation is also observed between A1l and APTO-253 molecules. This indicates

that APTO-253 ligand mainly binds with the A1, G6 and G10 residues of the ¢-KIT
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Figure 6.27: Stacking probability with respect to distance and angle between the corre-
sponding planes.

quadruplex DNA in a ‘sandwich’ manner. Furthermore, for both the OL15 and BSC1 force
fields, in the bottom binding mode, 7-7 stacking formation is noticed between APTO-253
ligand and the G4 and G8 residues of the tetrad-3 regions of the c-KIT quadruplex DNA.
In side loop binding mode, the G18 residue of loop-4 , takes part in -7 stacking for all the
force fields. Thus, it can be proposed that due to the presence of m-7 stacking interaction
between APTO-253 and the respective nucleoside bases of the ¢-KIT quadruplex DNA, the

above mentioned binding poses are very stable.
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Figure 6.28: Stacking probability with respect to distance and angle between the corre-
sponding planes.

6.3.6 Binding Pathway Studies Using Umbrella Sampling
Method

In order to understand the pathway of complex formation, we have estimated the potential
of mean force (PMF) for every system. In Fig. 6.29, for both OL15 and BSC1 DNA
force fields, we have presented the free energy profiles of APTO-253 ligand and the ¢-KIT
quadruplex DNA complex formation for all the three binding modes. The negative values
of the minimum in PMF curves indicate that all the three binding modes are energetically
favorable. Considering the top binding mode for all the force fields (Fig. 6.29 (a)), a
minimum PMF value of —2.97 kcal/mol is reached at 4.35 A for COM of APTO-253 and
COM of nucleoside bases, A1l and T12 residues, of the ¢-KIT quadruplex DNA. On the other
hand, for COM of APTO-253 and COM of nucleoside bases, A1, G2 and G6 residues of the
considered DNA, a minimum PMF value of —5.52 kcal/mol is noticed at 5.81 A. In case of
the bottom binding mode, we have calculated the PMF between the COM of APTO-253
and COM of G4 and G6 nucleoside bases for both OL15 and BSC1 force fields (Fig. 6.29
(b)). Comparable minima in the PMF values for OL15 (—4.51 kcal/mol) at 4.61 A and
for BSC1 (—3.98 kcal/mol) at 5.04 A are noticed. From Fig. 6.29 (c), for the side loop
binding mode, we have observed that the minimum PMF values of COM of APTO-253
and COM of G18 nucleoside base are —0.69 kcal/mol at 4.6 A and —0.93 kcal/mol at 5.57
A for OL15 and BSC1 force fields respectively. From the above observations, it is clear
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that the side loop binding mode is the least favorable in both the force fields. Moreover,
for OL15 force field, the bottom binding mode is energetically most favorable among all
the three binding modes. However, in case of BSC1 force field, both the top and bottom
binding modes of APTO-253 on the ¢-KIT quadruplex DNA, are energetically favorable.
These minimum PMF values also support the binding free energy calculations discussed

previously.
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Figure 6.29: Potential of mean forces (PMFs) between APTO-253 and respective nucle-
oside bases of the ¢-KIT quadruplex DNA.
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6.4 Discussions

As we all know that the force field parameters of different atomic sites play very important
roles in molecular dynamics simulation. Thus, in this work, we have used two independent
latest DNA force fields i.e., OL15 [75, 76] and BSC1 [78] for a better clarity to find the
pathway and binding site of APTO-253 on ¢-KIT G-quadruplex DNA. From MM-GBSA
binding energy calculations and PMF analysis, it is very clear that all the three binding
modes (namely top, bottom and side loop) of APTO-253 on ¢-KIT G-quadruplex DNA
are energetically favorable for both OL15 and BSC1 force fields of DNA. However, the
side loop stacking mode is the least favorable, where the APTO-253 binds with only one
nucleoside residue i.e., G18 residue of loop-4 regions for both OL15 and BSC1 force fields.
Here, we have noticed that the binding free energy and PMF values are similar for both the
force field cases. In case of bottom binding mode of APTO-253 on ¢-KIT G-quadruplex
DNA, APTO-253 molecule binds with two nucleoside residues (G4 and G8) of tetrad-3
regions and also the values of binding free energy and PMF seems to be close to each
other. However, major difference of binding free energy and PMF values are noticed for
top binding mode for OL15 and BSC1 force fields. In case of BSC1 force field, APTO-253
binds with three nucleoside residues i.e., Al (flanking base), G6 and G10 (of tetrad-1) in a
‘sandwich’ manner, while for OL15 force field, APTO-253 ligand binds with two nucleoside
bases only i.e, Al and T12, but mostly with Al. It seems that, when APTO-253 ligand
binds with the similar nucleoside bases, the binding free energy and PMF values are very
similar for both the OL15 and BSC1 force fields. However, these values mismatch when
the participating nucleoside bases are different. This observation also indicate that, when
APTO-253 ligand binds with nucleoside bases of tetrad regions, the complex formation
is energetically most favorable. Here, it is worth mentioning that we have performed a
total of 10 independent extended simulation run using different initial configurations using
OL15 and BSC1 force fields and the previously mentioned binding modes are observed. It
is possible when the force field is changed the binding modes can be different.

6.5 Summary and Conclusions

To enhance the selectivity and efficiency of the drug or ligand molecules on ¢-KIT quadru-
plex DNA, a detailed study of complex formation between them is required. The computer
aided drug design method provide very useful techniques in the growing field of drug design.

In this regard, we have performed all atom molecular dynamics simulation to investigate
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the binding behavior of APTO-253 ligand on ¢-KIT quadruplex DNA using OL15 and
BSC1 force fields (both the force fields have been recently developed for DNA structures).
At first, we have characterized the dynamics of the ¢-KIT quadruplex DNA and APTO-253
molecules by different analyses such as, RMSD, RMSF, 2D-RMSD etc.. The low RMSD
and RMSF values indicate that both ¢-KIT quadruplex DNA and APTO-253 hardly de-
viate from their initial structures through out the simulation runs. Moreover, the number
of hydrogen bonds of the tetrad regions (namely tetrad-1, tetrad-2, and tetrad-3) and the
distance between the two central K™ cations suggest that the c-KIT quadruplex DNA main-
tains its structure in the complex formation with the APTO-253 ligand. Now, it is very
crucial to identify the binding mode and binding site of the APTO-253 ligand in ¢-KIT
quadruplex DNA. Thus, we have carried out the cluster structure analysis, where mainly
three types of binding modes are identified. These are termed as top, bottom and side loop
binding modes, according to the position of the ligand on the ¢-KIT quadruplex DNA.
Negative values of binding free energy confirm that all the binding modes are energeti-
cally favorable. Moreover, in case of OL15, from the values of binding free energy, it is
clear that the bottom mode is the most favorable among all the three poses. However, for
BSC1 force fields, both the top and bottom modes are energetically favorable owing to the
similar values of the binding free energy values. Next, we have investigated the driving
force of binding of the APTO-253 ligand with the c-KIT quadruplex DNA, where we have
noticed that mainly van der Waals (vdW) and m-7 stacking interactions are responsible
for the complex formation. Moreover, to probe the binding pathway of the APTO-253
ligand, we have estimated the PMFs between the APTO-253 ligand and the respective
nucleoside bases which are involved in stacking formation. The minimum PMF values also
support that all the binding modes are energetically favorable while the bottom binding
mode complex formation is most favorable for OL15 force field. However, for BSC1 force
field, both the top and bottom binding modes are energetically favorable. Our detailed
study provide valuable information about the binding modes and binding pathway of the
APTO-253 ligand on ¢-KIT quadruplex DNA. Furthermore, these observations provide

useful information which can help to develop novel drugs for G-quadruplex DNA.
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Chapter 7

Summary and Our View on The
Drug Binding Pathways and
Conformational Deviations of
G-quadruplex DNA under Different

Chemical and Thermal Conditions

“While the biological properties of deoxypentose nucleic acid suggest a molecular structure
containing great complexity, X-ray diffraction studies described here show the basic molecular

configuration has great simplicity.”

— Maurice Wilkins
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This thesis covers the conformational deviations of the G-quadruplex DNA under different
chemical and thermal conditions. At first, we have systematically investigated the role
of a divalent cation, Sr*", on the conformation of Thrombin Binding Aptamer (TBA) by
classical MD simulation. Here, we have observed that the TBA-G-quadruplex DNA is not
only stable throughout the 1 us simulation run at different SrCly salt concentrations, but
also its rigidity increases with increasing salt concentration, due to the interaction between
backbone atoms (mainly phosphate regions) and Sr** ions. The Sr** ion exchange in and
out of the channel core of TBA is not possible. We have also noticed that loop-1 and
loop-3 regions fluctuate more than the loop-2 residues. Moreover, with increasing SrCly
salt concentrations, the fluctuations of the atoms of the residues decrease, which lead us to
conclude that Sr?* ion provides more rigidity to the TBA-G-quadruplex DNA. Furthermore,
- stacking interaction between T3-T4 residues of loop-1, which is observed at low salt

concentrations i.e., 0 mM and 50 mM, disappears with increasing salt concentrations.

Next, we have studied the conformational deviations of human telomeric parallel
G-quadruplex DNA at different temperatures and KCI salt concentrations under polar
and non-polar confinement conditions and we observed that, at high temperature, the
G-quadruplex DNA deviates and fluctuates from its native state, but not at high salt
concentration. Moreover, the exchange of Kt ion in and out of the channel core does not
occur either at high temperature or in high salt concentrations under both polar and non-
polar confinement conditions. Here, we also observed that the density of K* ions is higher
mainly in two regions: (i) the G-quadruplex channel core and (ii) the sugar-phosphate
backbone regions. The higher number of K* ions is primarily around the G2, G3, G8, G14,
G20 and G21 residues of the tetrad regions of the human telomeric G-quadruplex DNA

under both the non-polar and polar confinement conditions.

Furthermore, the conformational deviation of G-quadruplex DNA is analyzed in
deep eutectic solvents (DESs) such as choline-urea (1:2) eutectic mixture, namely reline,
medium. Here, we notice that, with decreasing reline concentration, TBA deviates and
fluctuates from its native state, indicating that reline provides rigidity to TBA. The choline
and urea molecules of reline interacts and form hydrogen bonds with the TBA due to
which the rigidity of the DNA is maintained. Hence, when the concentration of water
increases, the deviation from its native structure is enhanced. Moreover, a higher density
of reline is observed around the phosphate regions of the TBA molecule. Here, the G8 and
T9 nucleoside bases of loop-2 stack to each other at lower reline concentration, which is

vanished at high reline concentrations. The enhanced rigidity of the G-quadruplex DNA in
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DES as compared to that in water medium leads us to conclude that for long-term nucleic

acid storage, reline is a good choice for solvent as a storage medium.

We, further, examine whether DES provides thermal stability to G-quadruplex
DNA. For this, we have studied the effect of reline on ¢-KIT G-quadruplex DNA a regime
of temperatures, starting from 300 to 500 K at 50 K temperature interval. The conforma-
tional change of c-KIT DNA in water medium at 450 K is also analyzed for comparison.
The DNA unfolds in water medium at 450 K, but it maintains its native state in reline
medium at the same temperature, even though it becomes unstable at 500 K. Thus, re-
line provides the ultra stability to c-kit G-quadruplex DNA at elevated temperature in
comparison to water medium, which is also validated by previous experimental work. It is
found that the hydrogen bonds between reline and c-kit G-quadruplex DNA are responsible
for its stability at high temperature (up to 450 K). Howover, the compact distribution of
hydrogen-bonded choline and urea molecules around c-kit G-quadruplex DNA decreases
with increasing temperature. Interestingly, the position of the central cation K+ fluctuates
between the tetrad-1 and tetrad-2 and tetrad-2 and tetrad-3 at 450 and 500 K in reline
medium. The rate of this oscillation is increased when temperature rises from 450 to 500
K temperatures. However, this phenomenon is absent in water medium at 450 K. This
distinctive up down phenomenon of the central cation of the ion channel in reline medium

has not been reported elsewhere.

Finally, we have studied the binding mode and pathway of APTO-253, a phase
I clinical trial drug molecule, on c-KIT G-quadruplex DNA via all atom molecular dy-
namics simulations using OL15 and BSC1 force fields (both force fields have been recently
developed for DNA structures). Starting from an unbound ligand and c-KIT quadruplex
DNA, different binding modes are observed for the complexation using different character-
ized methods. Initially, we have checked the deviations and fluctuations of DNA from its
native state, and observed that they are very small on complex formation. Moreover, the
c-KIT G-quadruplex DNA maintains its initial structure through out the simulation run on
binding with APTO-253. Here, mainly three binding modes are identified i.e., top, bottom
and side loop stacking mode (characterized according to the position of the G-quadruplex
DNA binding with the drug). The negative binding energy for all systems indicates that
all the binding modes are energetically favorable for both OL15 and BSC1 force fields. The
bottom mode is the most favorable for OL15 and, for BSC1 force field, both the top and
bottom modes are energetically favorable. The van der Waals (vdW) and 77 stacking

interactions between the DNA and the ligand are mainly the driving force of the complex
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formation. Our detailed study provides valuable information about the binding modes and
binding pathway of the APTO-253 ligand on ¢-KIT quadruplex DNA.

In short, this thesis enlightens valuable insight about the conformational deviation
of the G-quadruplex DNA. Moreover, our studies also provide the useful information for

the discovery of the new drugs in field of stabilization of the G-quadruplex DNAs.
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