
 

 

 University of Groningen

A computational study on the nature of DNA G-quadruplex structure
Gholamjani Moghaddam, Kiana

DOI:
10.33612/diss.159767021

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gholamjani Moghaddam, K. (2021). A computational study on the nature of DNA G-quadruplex structure.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.159767021

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.159767021
https://research.rug.nl/en/publications/28c40710-05b0-4b95-9690-e33c6a2af640
https://doi.org/10.33612/diss.159767021


 
  
 

 

 
 
 
 

 
 

 A computational study on the 
nature of DNA  

G-quadruplex structure  
 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 



The work described in this thesis was performed in the research group Theoretical Chemistry and

Molecular Dynamics of the Zernike Institute for Advanced Materials at the University of Groningen,

the Netherlands.

Printed by: Ridderprint, www.ridderprint.nl

Cover designed by Shekoufeh Izadkhasti

Copyright ©2020 Kiana Gholamjani Moghaddam



 

 
 
 
  

 
A computational study on the nature 

of DNA G-quadruplex  
structure 

 
 

 
 
 

PhD thesis  
 
  

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. C. Wijmenga 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Friday 19 March 2021 at 12:45 hours 
 
 
 
 

by  
 

 

  
Kiana Gholamjani Moghaddam  

born on 23 January 1981 
in Rasht, Iran 



Supervisors 
Prof. S. Faraji 
Prof. S.J. Marrink 
 
Co-supervisor 
Dr. A.H. de Vries 
 
Assessment Committee 
Prof. A. Dreuw 
Prof. A. Borschevsky 
Prof. R.C. Chiechi 
 
 
 
    



Contents

1 DNA G-quadruplexes in Human Genome and Nanotechnology 1

1.1 G-quadruplex structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Application Domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Theoretical Approach 7

2.1 Quantum Mechanical Methods . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Density Functional Theory. . . . . . . . . . . . . . . . . . . . . . . 8

2.1.2 Time-Dependent Density Functional Theory . . . . . . . . . . . . . 10

2.1.3 Spin-Flip Time-Dependent Density Functional Theory . . . . . . . . 11

2.2 Atomistic Molecular Dynamics Simulation . . . . . . . . . . . . . . . . . . 12

2.3 Hybrid Quantum Mechanics/Molecular Mechanics Simulation. . . . . . . . 14

2.3.1 Mechanical Embedding . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.2 Electrostatic Embedding . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.3 Polarized Embedding . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Coarse-Graining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 The interactions of quinazolone derivatives with c-KIT Gquadruplex 18

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.1 Molecular Docking. . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.2.2 Molecular Dynamics (MD) Simulation . . . . . . . . . . . . . . . . . 21

3.2.3 Molecular Electrostatic Potential (MEP) . . . . . . . . . . . . . . . . 22

3.2.4 Free Energy Calculation . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.5 Solvent Accessible Surface Area (SASA) Calculation . . . . . . . . . . 23

3.3 Result and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1 Molecular Docking. . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2 MD Simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.3 Structural Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

vii



viii Contents

3.3.4 Hydrogen Bonding Analysis . . . . . . . . . . . . . . . . . . . . . . 25

3.3.5 Molecular Electrostatic Potential. . . . . . . . . . . . . . . . . . . . 28

3.3.6 Free Energy Calculations. . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.7 Solvent Accessible Surface Area Analysis . . . . . . . . . . . . . . . . 33

3.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4 Binding of quinazolinones to c-KIT G-quadruplex 36

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.1 Molecular Docking. . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.2 Molecular Dynamics Simulations . . . . . . . . . . . . . . . . . . . 39

4.2.3 Free Energy Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2.4 Free Energy Decomposition . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.1 Quinazolinones bind to 30 end of G-quadruplex . . . . . . . . . . . . 41

4.3.2 Ligands increase stability of G-quadruplex. . . . . . . . . . . . . . . 43

4.3.3 Ligands bind via both hydrogen bonds and º-º stacking interactions . 44

4.3.4 Free energy analysis underlines importance of both hydrogen bond

and º-º stacking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3.5 Identifying two hotspots for G-quadruplex-ligand interactions . . . . 50

4.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5 On the nature of the smallest photoswitchable G-quadruplex 61

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.3.1 Photoisomerization reactions of AZ1, AZ2 and AZ3 derivatives in the

gas phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.3.2 MD simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.3.3 QM/MM simulations . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



Contents ix

6 Insight on the interactions of proteins with G-quadruplex structures 84

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.1 Starting Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.2 Atomistic MD Simulations . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.3 CG Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.3.1 Atomistic MD Simulations . . . . . . . . . . . . . . . . . . . . . . . 89

6.3.2 CG Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

References 101

Summary 116

Samenvatting 118

List of Publications 121

Acknowledgements 122





1
DNA G-quadruplexes in Human

Genome and Nanotechnology

DNA G-quadruplexes are higher-order structures self-assembled from guanine-rich

oligonucleotides. These unique structures can be utilized as interesting building blocks

in a wide range of applications from cancer therapeutics to nanodevices. This chapter

provides a brief introduction to the G-quadruplex structure, focusing on the potential

involvement of these structures in a range of different applications.

1.1. G-quadruplex structure

DNA stores and transfers hereditary information codes which play a critical role in various

biological processes 1,2. Generally, the most prevalent image of DNA is the double-helical

structure discovered by Watson and Crick 3. Apart from this structure, also called B-DNA,

single-stranded guanine-rich DNA sequences can self-associate into non-canonical struc-

tures termed G-quadruplexes 4,5. These DNA structures are composed of stacked planar

G-quartets, each of which is held together by a network of Hoogsteen hydrogen bonds

between four guanine bases 6,7 as shown in Figure 1.1. In fact, N1-H and N2-H of one

guanine are hydrogen-bonded with O6 and N7 atoms of the neighboring guanine, resulting

in eight hydrogen bonds per G-quartet. The G-quartets are stabilized by monovalent cations

(K+ or Na+) coordinated within the plane of G-quartets, neutralizing the electrostatic re-

pulsion of the four oxygen atoms of the guanines. Despite the simplicity of G-quartets,

1
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guanine-rich DNA sequences can form different G-quadruplex topologies depending on

the number of DNA strands, DNA strand orientation (antiparallel, parallel, or hybrid), size

and type of loop structures (diagonal loops, lateral loops and double chain reversal loops)

and glycosidic bond orientation (syn and anti conformations) 4,8 (Figure 1.2). Furthermore,

they can be formed by the association of one strand (intramolecular) or multiple strands

(intermolecular) 9. In a parallel G-quadruplex all four strands are oriented in the same direc-

tion adopting the same glycosidic conformation (anti-anti-anti-anti or syn-syn-syn-syn).

In the first type of antiparallel G-quadruplex, two strands have the same orientation and

the other two are oriented in the opposite direction adopting syn-syn-anti-anti and syn-

anti-syn-anti glycosidic conformations. The second type of antiparallel G-quadruplex, also

called a hybrid-type (3+1), three strands have the same strand orientation while the fourth

strand is oriented in the opposite direction. In this case, the G-quartets comprise three

guanosines in the syn or anti conformation and the fourth one in an opposite conformation

(syn-anti-anti-anti and anti-syn-syn-syn). G-quadruplex formation has been observed

in telomeres at the end of eukaryotic chromosomes 10 and is particularly widespread in

oncogene promoters such as k-RAS 11, BCL-2 12, c-MYC 13, c-KIT 14,15, etc. These findings

provide particular interest in the G-quadruplex structures as potential targets in cellular

processes and cancer therapeutics 16,17. Beyond the biological application, G-quadruplexes

can be utilized as interesting building blocks in nanodevices 18.
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Figure 1.1 | Schematic representation of a G-quartet and G-quadruplex structure adopted from Ref. 19. Four

Guanine residues form a planar structure through Hoogsteen hydrogen bonding called G-quartet and then a

G-quadruplex structure can be folded from G-quartets. M+ is monovalent cations.
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1
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Figure 1.2 | Schematic representation of a) parallel, b) antiparallel and c) hybrid G-quadruplex structures, adopted

from Ref. 20

1.2. Application Domain

Cancer Therapy The concept of targeting G-quadruplex structures as an anticancer thera-

peutic strategy was first introduced for telomerase enzyme inhibition 21. Human telomeres,

which are located in the terminal part of chromosomes, are shortened during cell division

through induction of apoptosis and senescence. However, the telomere length of >85%

of cancer cells is maintained by telomerase activity that leads to telomere stabilization,

cellular immortality and tumour progression. In most eukaryotes, telomeric DNA comprises

repeated guanine-rich single-stranded sequences such as (TTAGGG)n which is predisposed

to self-assemble into G-quadruplex structures with a variety of topologies 22,23. In addition,

G-quadruplex structures have been found in thousands of gene promoters. The expres-

sion of proto-oncogenes is necessary to control different normal cells growth, whereas

overexpression or mutation of the proto-oncogenes has been noticed in various cancers

including gastrointestinal stromal tumors (GIST), leukemias, melanoma, pancreatic can-

cers, etc 17,24. After a decade of research about G-quadruplex formation in vitro and in

vivo, numerous drug-like small molecules have been developed that target G-quadruplex

structures in these two regions of the human genome inducing apoptosis and senescence

in cancer cells or inhibition of oncogene expression 25. Such small molecules provide a new

direction for developing novel anticancer drugs. To date, a wide range of organic ligands

such as anthraquinones, acridines, quinazolone, quindolines, quinacridines, porphyrins,
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porphyrazines, berberines, metal complexes, etc have been synthesized and employed to

stabilize G-quadruplex structures in the human genome 25–27. In most cases, these ligands

follow some principles: 1) planar aromatic surfaces interact with G-quartets through º-

º stacking interactions, 2) cationic substituents interact with the backbone phosphates,

grooves and loops, 3) the cationic core of ligands can bind to the negatively charged center

of the G-quadruplex 28. However, the design and development of G-quadruplex specific lig-

ands is a challenging task. To discover G-quadruplex ligands, understanding of the nature of

interactions and binding mechanism between the ligand and G-quadruplex is of paramount

importance. These findings can pave the way to design ligands with high selectivity and

binding affinity.

Cellular Processes G-quadruplexes are known to have biological roles in cellular pro-

cesses including DNA replication, transcription, and translation 24,29. However, these struc-

tures can be detrimental for replication and gene expression. G-quadruplex structures

must be unfolded for completion of replication and transcription of the DNA employed by

helicase enzymes, any unfolded G-quadruplex blocks transcription and/or replication and

down-regulates gene expression leading to DNA damage 30. Such G-quadruplex barrier can

be counteracted by a set of DNA helicases, such as BLM 31, FANCJ 32, PIF1 33, WRN 34 and

REV1. Furthermore, RNA helicase associated with AU-rich element (RHAU), a member of

the ATP-dependent RNA helicases, was identified to bind and unwind the G-quadruplex

structures 35,36. To date, various specific functional roles have been assigned to RHAU.

Different studies have shown the role of RHAU in transcriptional regulation, mRNA stability

and controlling gene expression 37. Furthermore, the role of RHAU in the recognition and

remodeling of G-quadruplex structures is critical in a number of key cellular regulatory pro-

cesses. RHAU includes a core DEAH-box helicase domain which is flanked by N-terminal

and C-terminal extensions 38. The conserved N-terminal domain known as the RHAU-

specific motif (RSM) is required for interaction with G-quadruplexes, but it is insufficient

for G-quadruplex unfolding. The full-length protein is necessary for the G-quadruplex

unwinding process. In fact, understanding the detailed mechanism concerning how this

protein can recognize G-quadruplex structures can help us to suggest a strategy for the

recognition of G-quadruplex structures by proteins.

Nanotechnology The G-quadruplex structures not only are the main regulatory ele-

ments in the human genome, but also can play key roles in nanodevices and optomechani-

cal molecular motor research 39–41. The unique structure of the G-quadruplex makes it an

interesting building block for the development of nanodevices. Indeed, G-quadruplex struc-

tures can undergo reversible conformational changes controlled by external triggers such
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as light 42, pH 43, metal cations 44,45 and small molecules 41,46,47. Among external stimuli,

light is a promising external trigger which offers great advantages for controlling movement

and conformation of the systems. For example, irradiation is a precise method with high

selectivity and non-invasiveness features. Moreover, the timing, dosage and location of

light can be easily regulated 48. This process can be introduced by using photolabile groups

or photoswitchable molecules 49,50. Azobenzene derivatives are widely used as excellent

photoswitchable molecules 51 because they possess intriguing photo-chemical characteris-

tics. Introduction of azobenzenes into G-quadruplex structures is one of the most widely

used methods to regulate G-quadruplex formation 52,53. Indeed, the azobenzenes can be

switched between trans and cis configurations under visible and UV light, respectively that

plays a key role in the regulation of G-quadruplex formation. Therefore, understanding the

photoisomerization reaction of azobenzene derivatives within G-quadruplex can assist the

development of nanodevices with high efficiency.

1.3. Thesis Outline

The aim of this thesis is to investigate different aspects of G-quadruplex based systems for

biological and nanotechnological applications such as cancer therapy, nanodevices and

cellular processes with the aid of computational techniques.

Chapter 2 introduces briefly the electronic structure methods, atomistic molecular

dynamics (MD) simulations, quantum mechanics/molecular mechanics (QM/MM) simula-

tions and coarse-grain simulations which are the main computational methods used in this

thesis.

Chapter 3 presents the G-quadruplex application in cancer therapy. Stabilization of

G-quadruplex structures in the oncogenic promoter regions such as c-KIT with small

molecules has attracted considerable attention as a promising target for cancer thera-

peutics. We investigate the binding interactions of some quinazolone derivatives with c-KIT

G-quadruplex by MD simulations which can pave the way to rational ligand design.

Following the results obtained from the MD simulations, we provide detailed insight into

the nature of interactions between other quinazolone derivatives and c-KIT G-quadruplex

which is presented in Chapter 4.

Chapter 5 presents the G-quadruplex application in nanodevices. Introducing pho-

toswitches into DNA G-quadruplex provides excellent opportunities to control folding

and unfolding of these assemblies, demonstrating their potential in the development of

novel nanodevices. We applied QM/MM simulations to identify the effect of the size and
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substitution patterns of three azobenzene derivatives on the smallest photoswitchable

G-quadruplex reported to date.

Chapter 6 describes the G-quadruplex application in the cellular process. The recogni-

tion process of G-quadruplex structures within cells by proteins is considered important for

replication and gene expression. We investigate the binding mechanism between RNA heli-

case associated with AU-rich element (RHAU) and different G-quadruplex structures. These

findings can help us to suggest a strategy for the recognition of G-quadruplex structures by

proteins.



2
Theoretical Approach

Computational chemistry is an area of chemistry that uses computer modelling and sim-

ulation to tackle different chemical problems. Quantum mechanics (QM) has been uti-

lized as a computational technique for the static modeling of molecular systems. How-

ever, investigation of time-dependent behavior of molecules is important in chemistry

and biology. Molecular dynamics (MD) simulations address dynamical issues and excel

at exploring structure-function relationships, fluctuations and conformational changes

of biological systems such as proteins and nucleic acids. MD simulations cannot de-

scribe chemical reactions because the chemical bond formation and breaking are ig-

nored in this method. To study reaction mechanisms involving electronic rearrange-

ments, QM methods are required. However, QM approaches are not suitable for systems

as large as the size of DNA because of their computational expense. Hybrid quantum me-

chanics/molecular mechanics (QM/MM) simulations are a popular technique for inves-

tigating biomolecular reactions by combining two approaches in computational chem-

istry and taking advantage of both approaches. In addition, investigation of important

biological mechanisms such as protein folding, lipid-protein, and protein-DNA interac-

tions by means of atomistic MD simulations becomes demanding when the size of the

systems or the timescale of the considered process is increased. Coarse-grain (CG) sim-

ulations have been developed to explore larger systems on time scales inaccessible to

atomistic MD simulations. This method speeds up simulations by reducing the number

of degrees of freedom. This chapter introduces the main computational methods used

in this thesis.

7
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2.1. Quantum Mechanical Methods

Molecular quantum mechanics is an essential tool to study atomic and molecular properties

on a microscopic scale by solving the electronic Schrödinger equation. In fact, the solution

of this differential equation, expressed in terms of the positions of the nuclei and the num-

ber of electrons, provides useful information such as energy, electron density and other

properties of the molecule. Two approaches to solve the electronic Schrödinger equation

have been developed over the past 50 years including wave function-based approaches and

density functional theory (DFT). The simplest method based on the wave function-based

approach is the Hartree–Fock (HF) method. HF theory only takes into account the average

electron–electron interactions and consequently ignores the correlation between electrons,

i.e. the difference between the total exact non-relativistic energy and HF energy in the

same basis. The electron correlation can be divided into two dynamical and non-dynamical

(static) electron correlation. The dynamical correlation arises from the Coulomb repulsion

between electrons which is described by the post-Hartree-Fock methods such as Configura-

tion interaction (CI) 54, coupled-cluster approaches (CC) 54 and Møller-Plesset perturbation

theory (MP) 54. In contrast, the non-dynamical correlation comes from the near-degeneracy

of electronic configurations. Such cases like bond-breaking processes can be described by

the multi-reference methods such as multiconfigurational perturbation theory (CASPT) 55

and multiconfigurational self-consistent field (MCSCF) 56. Another method for improving

the HF method is DFT, which takes into account an approximate treatment of the electron

correlation with the advantage of being less demanding computationally compared to the

above-mentioned methods.

In this thesis, we applied the DFT method for the ground state calculations. For the

excited states calculations we used time-dependent density functional theory (TDDFT) and

spin-flip time-Dependent density functional theory (SF-TDDFT) methods. The following

sections will briefly introduce these methods used in this thesis.

2.1.1. Density Functional Theory

DFT 57,58 is one of the most known quantum chemistry methods, not only because of its

accuracy, but also because of its relatively less demanding computational cost than HF

theory. DFT method takes into account electron correlation that is neglected in the HF

method.

In DFT, the ground-state energy of an n-electron system can be described in terms of
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the electron density, Ω(r ), instead of a wave function. This theory was developed by Kohn

and Sham providing a practical tool of DFT calculations.

In the Kohn-Sham formalism, the ground state energy, E, can be expressed as

E = ET +EV +E J +EXC (2.1)

ET , EV , E J and EXC are the kinetic energy, electron–nuclear interaction energy, Coulomb

self-interaction of the electron density, Ω(r ), exchange-correlation energy, respectively.

The kinetic energy of an n-electron system, ET , is expressed in terms of one-electron

spatial orbitals (√i (i = 1,2, ...,n)) called the Kohn–Sham orbitals as

ET =
nX

i=1

ø
√i

ØØØØ°
1
2
5̂2

ØØØØ√i

¿
(2.2)

The electron-nuclear attraction energy can be written as sum over all M nuclei with

atomic number ZA and coordinate RA .

EV =°
MX

A=1
ZA

Z
Ω(r)

|r°RA |
dr (2.3)

The Coulomb interaction between two electron densities Ω(r) at r1 and r2 is defined as

E J =
1
2

ø
Ω(r1)

ØØØØ
1

|r1 °r2|

ØØØØΩ(r2)
¿

(2.4)

The exchange–correlation energy of the system, is represented as a functional of the

density,

EXC =
Z

f
£
Ω(r),5̂Ω(r), . . .

§
Ω(r)dr (2.5)

The exact ground-state electron density is the sum over all occupied one-electron spatial

orbitals (√i (i = 1,2, ...,n)) (KS orbitals).

Ω(r) =
nX

i=1

ØØ√i (r)
ØØ2 (2.6)

The KS equations for the one-electron orbitals √i (r1) can be written as

Ω
° 1

2
5̂2

i °
MX

A=1

ZA

|r °RA |
+

Z
Ω(r2)

|r1 ° r2|
dr2 +VXC (r1)

æ
√i (r1) = "i√i (r1) (2.7)

where "i , VXC are the KS orbital energies and the exchange-correlation potential, respec-

tively. VXC is defined as functional derivative of EXC [Ω] with respect to Ω(r ):
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VXC [Ω] = ±EXC [Ω]
±Ω

(2.8)

All terms in KS equation are known except the VXC term. Numerous functional forms

have been developed for the exchange–correlation energy. This functional is often divided

into an exchange and a correlation functional.

The simplest exchange-correlation functional, Local Density Approximation (LDA), is

written as

EXC =
Z
Ω(r)"XC [Ω(r)]dr (2.9)

where "XC [Ω(r)] is the exchange–correlation energy per electron in the uniform electron gas

model. This functional is highly inaccurate where the electron density varies in the system

such as in a molecule on an extended system. To improve the LDA functional, it is necessary

to include the density gradient. Generalized gradient approximation (GGA) functional

depends on the local density and its gradient, while the meta-GGA includes local density,

its gradient, and its second derivative. Furthermore, hybrid functionals include a fraction

of HF exchange (the exchange energy given by HF theory) to improve the performance.

The most well-known hybrid functionals in DFT are B3LYP, PBE0, HSE, etc. In addition, in

recent years many methods have been developed for describing non-covalent interactions,

specially dispersion which can be combined with all DFT functionals.

2.1.2. Time-Dependent Density Functional Theory

TDDFT 59,60 is one of the most widely used approaches in quantum chemistry for the

calculation of electronic excitation energies, excited-state geometries, absorption spectra,

etc. The time-dependent Kohn-Sham equations in TDDFT are single-particle equations

which resemble those of eq. 2.7

Ω
° 1

2
r2

i °
MX

A=1

ZA

|r °RA |
+

Z
Ω(r2, t )
|r1 ° r2|

dr2 +Vext +VXC (r1, t )
æ
√i (r1, t ) = ifl @

@t
√i (r1, t ) (2.10)

in which the density is given as

Ω(r, t ) =
nX

i=1

ØØØ√i (r, t )
ØØØ
2

(2.11)

where the external potential Vext , the exchange–correlation potential VXC , the KS

orbitals and the density are all time-dependent. The first approximation to the exchange-
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correlation functional is the so-called adiabatic local density approximation (ALDA)

in which the originally non-local time-dependent xc kernel is replaced with a time-

independent local one. The ALDA approximation allows us to use a standard local ground-

state xc potential in the TDDFT framework. Over the past decade, linear-response TDDFT

(LR-TDDFT) in combination with exchange-correlation functionals, has become a known

approach for studying the excited state properties of molecular systems. In short, the

excitation energies,≠, can be obtained as solution of an eigenvalue equation:

√
A B

B§ A§

!√
X

Y

!
=≠

√
1 0

0 °1

!√
X

Y

!
, (2.12)

where the coupling matrices A and B can be expressed as

Ai a, j b = (≤a °≤i )±ab±i j + hi b|a j i°Cxhi b| j ai+ hi b| f xc |a j i (2.13)

and

Bi a, j b = hi j |abi°Cxhi j |bai+ hi j | f xc |abi, (2.14)

where i, j ... and a, b ... denotes occupied and unoccupied spin-orbitals, respectively.

Cx refer to the fraction of HF exchange in the exchange correlation functional f xc and

two-electron integrals can be expressed as

hpq |r si=
ZZ

dr1dr2©p (r1)©q (r2)
1

r12
©r (r1)©s (r2) (2.15)

hpq| f xc |r si=
ZZ

dr1dr2©p (r1)©q (r2) f xc (r1,r2)©r (r1)©s (r2) (2.16)

Standard TDDFT has well-known failure in description of static correlation effects

because it relies on a single reference configuration of KS orbitals. In 2003, a new variation

of TDDFT called spin-flip (SF) DFT 61 was developed to tackle this issue which will be

described in the following section.

2.1.3. Spin-Flip Time-Dependent Density Functional Theory

In SF-TDDFT methods 61,62, a high-spin triplet state with two unpaired Æ-electrons (Ms = 1)

is used as a reference state. In order to obtain Ms = 0 for the target states, only ÆØ blocks in

LR-TDDFT are considered. Considering the orthogonality between the occupied Æ and Ø

spin-orbitals, i.e. < i b|a j >= 0 and also using a collinear exchange-correlation functional

kernel approximation, i.e. < i j | f xc |ab >= 0, eqs 2.13 and 2.14 can be expressed as
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Ai a, j b = (≤a °≤i )±ab±i j °Cxhi b| j ai (2.17)

and

Bi a, j b = 0 (2.18)

Therefore, using a collinear kernel of SF-TDDFT is similar to LR-TDDFT within the

Tamm-Dancoff approximation (TDA) 63 and only the following eigenvalue equation is

necessary to be solved

AX =≠X (2.19)

SF-TDDFT is an effective electronic structure method for describing bond-breaking 64,

polyradicals 65,66, conical intersections 67,68, excited state processes 69,70, singlet fission

phenomena 71–73. However, there is a serious drawback in SF-TDDFT which is in the

form of spin contamination. In the SF-TDDFT method, the excited states are obtained

by one-electron Æ !Ø spin flip transitions from a triplet reference state. Considering a

model including four electrons in four orbitals (one close shell, two open-shell and one

virtual ones), only flip-down transitions within the open-shell orbitals can be properly

described in the SF-TDDFT framework. However, other types of transitions can lead to spin-

contaminated states. This drawback causes severe problems especially when the states cross

and in such cases state-tracking techniques are required to improve the performance of

SF-TDDFT. Apart from a state-tracking algorithm, the spin adapted (SA)SF-TDDFT method,

being free of spin contamination, is a safer solution 74.

2.2. Atomistic Molecular Dynamics Simulation

Atomistic molecular dynamics (MD) simulation is a powerful technique which captures the

dynamical behavior of a system in full atomic details. In order to calculate the dynamics of

the system of N interacting atoms, the classical Newtonian equations of motion are solved

according to the forces derived from a potential energy:

Fi = mi ai = mi
d 2ri

d t 2 (2.20)

where Fi refers to the force that acts on each atom with mass mi and position ri .

In general, it is impossible to specify the properties of complex molecular systems

analytically. MD simulation solves this issue by using numerical methods. For a molecule
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with an available geometry and a set of velocities, the forces on each atom are computed

and then new positions for the atoms are generated, from which an updated set of forces is

calculated. Repetition of these steps produces a trajectory describing the time-evolution of

the system.

The interactions between particles are described by a potential energy function, known

as a force field, which is separated into terms representing bonded and non-bonded interac-

tions (see Figure 2.1). The bonded interactions are represented by harmonic potentials for

the bond stretching between two atoms i and j (ri j ) , bond-angle vibration between atoms i,

j and k (µi j k ) and for the improper dihedral angle (ªi j kl ) between planes (i,j,k) and (j,k,l),

and by a cosine-based potential for the dihedral angles (¡i j kl ).

Vbond (ri j ) = 1
2

kb(ri j °b0)2 (2.21)

Vang l e (µi j k ) = 1
2

kµ(µi j k °µ0)2 (2.22)

Vdi hedr al (¡i j kl ) = k¡(1+cos(n¡i j kl °¡0)) (2.23)

Vi mpr oper (ªi j kl ) = 1
2

kª(ªi j kl °ª0)2 (2.24)

where k is the harmonic force constant. b0, µ0, ¡0 and ª0 refer to the equilibrium values

of the bond and angles, and n is the multiplicity of the dihedral angle potential.

The non-bonded interactions are represented by Coulomb’s law and Lennard-Jones (LJ)

potential for the electrostatic and Van der Waals interactions, respectively.

VCoul omb(ri j ) = 1
4º≤0≤r

qi q j

ri j
(2.25)

where qi and q j denote charges of two atoms at a distance ri j . ≤0 and ≤r are the vacuum

permittivity and relative permittivity, respectively.

VLJ (ri j ) = 4≤i j

h≥æi j

ri j

¥12
°

≥æi j

ri j

¥6i
(2.26)

where the ≤i j and æi j are the strength and range of the interaction between particle i

and j, respectively.

The parameters in the force fields are fitted to the quantum mechanical (QM) calcula-

tions and/or experimental data. In the biomolecular area, the most commonly used force

fields are AMBER 75, CHARMM 76, GROMOS 77 and OPLS 78. In general, these force fields
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Figure 2.1 | Schematic representation of the bonded and non-bonded interactions.

differ in the data and procedure applied in their parametrization and in which particular

systems they can describe more accurately.

2.3. Hybrid Quantum Mechanics/Molecular Mechanics Simu-

lation

Hybrid quantum mechanics/molecular mechanics (QM/MM) approaches have become

popular for modeling of chemical reactions in a big molecular system in which the system

is divided into two parts, i.e. QM and MM regions 79. The QM region includes the active

part of the system and they are treated explicitly at the level of QM theory, whereas, the

remainder is considered as the MM region and described by a MM force field (see Figure

2.2).

!"

!# !#

!#

!"!#

!#
!"

!#
!"

!"

!#

!# !"

!"

!#

!"

!#

QM

MM

Figure 2.2 | Representation of the QM/MM concept. A small region, in which a chemical reaction occurs is treated

at the level of QM theory. The remainder of the system is described by a MM force field.

The QM/MM potential energy includes interactions between atoms in the QM and
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MM regions which are relatively straightforward to describe, and interactions between

QM and MM atoms which are more difficult to describe. The more widely used approach

for describing the interactions between the two regions is an additive coupling scheme in

which the potential energy of a system can be expressed as

VQM/M M =VQM +VM M +VQM°M M (2.27)

VQM is the energy of the QM region and VM M represents the energy of MM region

calculated using a classical force field. The last term VQM°M M is the interaction between

the QM and MM regions including the bonded interactions at the boundary and also the

electrostatic and van der Waals (vdW) interactions,

VQM°M M =V bonded
QM°M M +V vdW

QM°M M +V el
QM°M M (2.28)

Electrostatic interactions between the QM and MM regions can be described by either

mechanical embedding, electrostatic embedding or polarized embedding which will be

explained in the following sections.

2.3.1. Mechanical Embedding

In the mechanical embedding, all interactions between the QM and MM regions are treated

at the MM level. The MM charge model is applied to the QM atoms. In this scheme,

there are no interactions between the charges in the MM region with the QM density

which is problematic because the QM density is not polarized by the MM region. The vdW

parameters of the QM atoms are included in the MM non-bonded energy described by a

Lennard-Jones potential in Eq. 2.29.

VQM°M M =
NM MX

m

NQMX

i
≤mi

h≥ æ0

Rmi

¥12
°2

≥ æ0

Rmi

¥6i
(2.29)

where, Rmi represents the distance between QM atom i to MM atom m. ≤Æm and æ0 are the

standard Lennard-Jones parameters.

2.3.2. Electrostatic Embedding

The major deficiency of the mechanical embedding can be avoided by including the elec-

trostatic interactions as one electron operators in QM Hamiltonian. In such an electrostatic

embedding scheme, the QM region is polarized by MM charges and thus the QM atoms
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feel the electric potential due to the MM atoms which provide a more accurate description

of electrostatic interactions between QM and MM regions compared to the mechanical

embedding scheme. Therefore, the V el
QM°M M term in Eq. 2.28 can be expressed as

V el
QM°M M =°

X

i ,m

qm

Ri m
+

X
Æ,m

ZÆqm

RÆm
(2.30)

where, qm are the charges of MM atoms, Ri m is a distance between an MM external charge

of atom m and a QM electron i , ZÆ are QM nuclei and RÆm represents the distance between

QM atom Æ to MM atom m.

2.3.3. Polarized Embedding

The next refinement is to introduce the polarization of the MM region by the QM region,

called polarized embedding. In order to calculate the total energy in the polarized embed-

ding scheme, the MM polarizations need to be determined in a self-consistent fashion. This

scheme of course needs a polarizable force field to model the MM polarizability by the QM

region which increases the computational cost.

It should be mentioned that we applied the electrostatic embedding scheme for our

QM/MM simulations as described in chapter 5.

2.4. Coarse-Graining

Coarse-graining (CG) models have been used extensively in biomolecular simulations to

study larger systems at longer time scales by reducing the number of degrees of freedom in

the system 80–82. By grouping a few atoms into virtual particles, often called beads, the num-

ber of interactions reduces, resulting in smoothening of the energy landscape, thus speeding

up the CG simulations compared to the corresponding atomistic simulations. A wide range

of approaches have been developed to coarse-graining which can be classified into two

approaches: systematic and building block 81–83. The systematic or bottom-up approach

focuses on the parametrization of the interactions based on the atomistic structural details.

However, building block approaches which follow a top-down approach, take macroscopic

features (e.g., thermodynamic data) as the main target of their parametrization. Top-down

CG models are more transferable and cheaper compared to the bottom-up CG models.

Many successful CG force fields combine both approaches 81,82.

The most famous model of the building block approach is the Martini model. Here we

will briefly discuss this CG model which will be used throughout this thesis. The Martini
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force field 84,85 is one of the most widely used CG models suited for simulations of biomolec-

ular systems. The Martini force field applies a chemical building block mapping of two to

four non-hydrogen atoms to beads as the interaction centers (see Figure 2.3). Four main

types of beads have been defined: polar (P), non-polar (N), apolar (C) and charged (Q).

These bead types have a number of subtypes based on the hydrogen-bonding capabilities

(d = donor, a = acceptor, da = both, 0 = none) or the degree of polarity (from 1, low polarity,

to 5, high polarity), giving a total of 18 different bead types. In Martini force field, bonded

interactions which include bonds, angles and dihedrals are optimized based on atomistic

simulations in a bottom-up approach. The non-bonded interactions are described by using

a Lennard-Jones potential, targeting partitioning free energies of solutes between water

and organic solvents, and also the densities of liquids in a top-down approach. In addition,

the electrostatic interactions between charged beads are described by using a Coulomb

potential. The building block mapping approach makes the Martini easily extensible and

different classes of molecules compatible with each other. The Martini model was origi-

nally developed for lipid simulations 85,86 and then created for proteins 87,88, polymers 89–91,

carbohydrates 92, carbon nanoparticles 93, DNA 94 and other molecules.

WATER BENZENE GUANINE

Figure 2.3 | Representations of atomistic chemical structures and their CG mapping of Martini model for water,

benzene and guanine. The CG beads are depicted as transparent vdW spheres.
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Stabilization of G-quadruplex structures in the oncogenic promoter regions with small

molecules has attracted considerable attention as a promising target for cancer ther-

apy. To discover such small molecules, understanding the nature of interactions be-

tween the ligand and G-quadruplex is of paramount importance. To precisely investi-

gate how these interactions can be influenced by varying different substituents, bind-

ing interactions of some quinazolone derivatives (QDs) with c-KIT G-quadruplex were

studied by molecular dynamics (MD) simulation. The results revealed that the QD-NH-

CO- arrangement in quinazolone derivatives improve binding affinity toward c-KIT G-

quadruplex and the amino substituents play a crucial role in hydrogen bond formation

and electrostatic interactions with the phosphate backbone of the G-quadruplex. We

also proposed a new derivative of quinazolone (7k) with a terminal amino substituent

instead of a 3-phenyl group. The binding free energy analysis suggested that this deriva-

tive stabilizes the c-KIT G-quadruplex much better than other derivatives. Furthermore,

the calculated changes in solvent-accessible surface area (¢SASA) were consistent with

the binding free energy calculations. Our studies provide insight into the effect of differ-

ent substituents on binding interactions between the ligand and G-quadruplex which

can pave the way to rational ligand design.

3.1. Introduction

The human c-KIT is a significant proto-oncogene whose expression is necessary to con-

trol the normal cell growth, whereas overexpression or mutation of this proto-oncogene

has been noticed in various cancers including gastrointestinal stromal tumors (GIST),

leukemias, melanoma and pancreatic cancers 95–99. Therefore, there is substantial interest

in the design of small molecules that selectively stabilize c-KIT G-quadruplex which can

result in inhibition of gene expression in cancer cells. In order to discover drug-like ligands

which selectively bind to c-KIT G-quadruplex, Jia-Heng Tan’s group synthesized a new class

of quinazolone derivatives because these derivatives display broad-spectrum properties

such as antibacterial, antidiabetic, anti-inflammatory, antitumor, and several others. These

unfused aromatic ligands contain two cationic amino substituents and an expanded aro-

matic structure. The experimental studies showed that the variation of the substituents

in quinazolone derivatives play a significant role on stabilizing c-KIT G-quadruplex 100.

To understand how the substituents can influence the binding affinity, it is essential to
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investigate the nature and contribution of the interactions between these ligands and c-KIT

G-quadruplex that has not yet been reported.

In this work, molecular docking and molecular dynamics (MD) simulation were per-

formed to precisely study the nature of interactions between three quinazolone derivatives

(7e, 7h and 7i with the same numbering as the experimental study) (Figure 3.1) and c-KIT

G-quadruplex. These three ligands, selected based on their structural features, are used to

study the impact of their structural variations on the stability of c-KIT G-quadruplex. In

ligand 7i, the role played by inflexible pyrrolidino group at the side chain of this ligand on

the interactions between the ligand and c-KIT G-quadruplex was studied. The pyrrolidino

group of ligand 7i was substituted by diethylamino group in ligand 7h to investigate the

effect of flexibility of the side chain on G-quadruplex stabilization. Finally, the amido bond

(QD-CO-NH-) arrangement in ligand 7h was interconverted in ligand 7e to explore how the

arrangement of QD–NH–CO can influence on binding affinity. The MD simulations provide

a valuable insight into how the minor change from QD-CO-NH- in ligand 7h and 7i to QD-

NH-CO- arrangement in ligand 7e can play a role in increasing electrostatic interactions and

stabilizing c-KIT G-quadruplex. Furthermore, molecular electrostatic potential maps (MEP)

were plotted to support information about electrostatic interactions. Molecular Mechanics,

Poisson–Boltzmann, Surface Area (MMPBSA) analysis was used to calculate binding free

energies between these ligands and c-KIT G-quadruplex. The obtained results of free energy

analysis provided valuable information regarding driving forces for G-quadruplex–ligand

interaction and complex stability which are helpful in the design of potential ligands with

high binding affinity. On this basis, we proposed a new derivative of quinazolone (7k) with

a terminal amino side chain instead of 3-phenyl group. The aforementioned studies were

carried out to explain in detail the effect of substituent modification on the binding of this

ligand to c-KIT G-quadruplex.

3.2. Computational Methods

For the molecular modeling studies, c-KIT-1 G-quadruplex (50-AGGGAGGGCGCTGG

GAGGAGGG-30, PDB ID: 2O3M) was selected as a starting structure from the Protein Data

Bank (PDB). The molecular structures of all ligands were optimized at the B3LYP/6-31+G(d)

level of theory using Gaussian 03 program 101. The partial charges were assigned using

AM1-BCC method via the ACPYPE tool 102. Other parameters were generated based on

the Generalized Amber Force Field (GAFF) 75 using ANTECHAMBER module of Amber-

Tools14 103.
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Figure 3.1 | Quinazolone derivatives.

3.2.1. Molecular Docking

The binding modes of the ligands with G-quadruplex were investigated with AUTODOCK 4.0

program 104. Nonpolar hydrogens were merged to their corresponding carbons. Gasteiger

and Kollman partial charges were assigned for the ligands and G-quadruplex respectively

by AutoDockTools (ADT). The generated ADT format files for the ligands and target G-

quadruplex were utilized as an input for the AUTOGRID program. The dimensions of the

grid box was set to 70 Å £ 70 Å £ 70 Å with 0.375 Å spacing at the center of the G-quadruplex

structure. One hundred docking runs were performed for each complex. Lamarckian

genetic algorithm (LGA) was used for each docking calculation. Maximum number of

energy evaluations and population size were set to 2500000 and 150 respectively. The results

of docking calculations were analyzed using RMSD clustering based on 0.5 Å root mean

square criterion.

3.2.2. Molecular Dynamics (MD) Simulation

MD simulations were carried out for the best conformers obtained from molecular docking

studies using Gromacs 4.6.5 package 105 with Parmbsc0 force field 106. For the stability of

the G-quadruplex structure, two central K+ ions were located manually in the center of

G-quartets. All complexes were solvated in a triclinic box of TIP3P 107 water molecules

with a 10.0 Å buffer between the molecule(s) periphery and box edge. Periodic boundary
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conditions were applied in all dimensions. 17 K+ counter ions were added to G-quadruplex-

ligand complexes to neutralize the systems. The particle mesh Ewald (PME) method was

applied to calculate long-range electrostatic interactions 108 and the LINCS algorithm 109

was used to constrain all bonds. A cut-off of 10.0 Å was used for non-bonded van der Waals

interactions. At first, the solvated structures were minimized about 2000 steps using the

steepest descent algorithm. The systems were then equilibrated under NVT ensemble at

300 K during 200 ps. This was followed by a 300 ps NPT equilibration run at 1 bar pressure

and 300 K temperature. The velocity rescaling algorithm was used for the temperature

coupling at 300 K with a time constant 0.1 ps 110. The pressure was controlled via the

Parrinello–Rahman barostat algorithm at 1 bar with time constant 1 ps 111,112. Finally, MD

production run was performed for 50 ns under equivalent conditions at 1 bar and 300 K.

The time step of 2.0 fs was applied in all MD simulations and the output files were saved

every 2 ps for the further analysis. Finally, the results were analyzed and visualized by means

of the Discovery Studio Visualizer 4.1 (http://accelrys.com/products/discoverystudio) and

Chimera 1.10 113 programs.

3.2.3. Molecular Electrostatic Potential (MEP)

Molecular electrostatic potentials were calculated at the B3LYP/6-31G+(d) optimized geom-

etry for all ligands. For the G-quadruplex structures, MEP maps were generated using the

Adaptive Poisson-Boltzmann Solver (APBS) program 114 in Auto-DockTools. The dielectric

constant values for G-quadruplex and the surrounding solvent were set to 2 and 80 respec-

tively. The dielectric boundary was defined around the molecular surface by setting the

solvent radius to 1.4 Å.

3.2.4. Free Energy Calculation

The binding free energies were calculated by MMPBSA (Molecular Mechanics, Pois-

son–Boltzmann, Surface Area) analysis 115 using GMXAPBS tool 116,117. Note that explicit

water molecules and counterions were removed from the MD trajectories whereas two

bound K+ in the channel of G-quadruplex were considered in MMPBSA analysis as reported

by Jayaram 118 and Štefl et al 119.

For each snapshot, the MMPBSA calculated the binding free energy using the following

equation:

¢Gbi nd =Gcompl ex ° (Gl i g and +Gquadr upl ex ) (3.1)
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The free energy terms of the complex, ligand and G-quadruplex in above equation were

calculated according to eq. 3.2:

<G >=< EM M >+<Gsol v >°T < SM M > (3.2)

T < SM M > refers to the entropy term where T and S denote the temperature and

entropy, respectively. The molecular mechanics energy was obtained as the following sum:

EM M = Ei nt +Ecoul +Evd w (3.3)

where Ei nt is the sum of the bond, angle, and dihedral energies, Ecoul and Evd w indicate

the electrostatic and the van der Waals interactions, respectively.

The solvation energy term in eq. 3.2 was estimated with the eq. 3.4:

Gsol v =Gps +Gnps (3.4)

Gps and Gnps were calculated with Adaptive Poisson–Boltzmann Solver (APBS) program.

For the calculation of polar solvation term, dielectric constants of 1.0 and 80.0 were

considered for the solute and solvent, respectively.

Nonpolar solvation term was calculated using the following equation:

Gnps = ∞S AS A+Ø (3.5)

where ∞ = 0.0227 kJ mol°1 Å°2 and Ø = 0 kJ mol. SASA is the solvent accessible surface

area (Å2).

3.2.5. Solvent Accessible Surface Area (SASA) Calculation

The solvent accessible surface area (SASA) was computed for each complex using g_sas

tool of Gromacs. The accessible surface is generated by tracing the center of the probe

sphere rolling along the van der Waals surface. A probe radius of 1.4 Å was used for the

solvent. Total SASA for each molecule is sum of the hydrophobic and hydrophilic SASA. The

calculations were performed by eq. 3.6:

¢S AS A = S AS Acompl ex ° (S AS Aquadr uplex +S AS Ali g and ) (3.6)
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3.3. Result and Discussion

3.3.1. Molecular Docking

Molecular docking is a computer-based technique that is used to predict the possible bind-

ing sites between small molecule drug candidates and a receptor 120. In this study, molecular

docking studies were carried out to predict the favorable binding mode of quinazolone

derivatives with G-quadruplex. The results of clustering analysis revealed that all ligands

stack at the 30 end of G-quadruplex (Figure 3.7 in the Appendix) and two protonated amino

groups at the side chains of ligands interact with negatively charged backbone through

hydrogen bonding and electrostatic interactions. The results of binding energies are listed in

Table 3.1. The binding energies rank order is 7e > 7h > 7i that is consistent with experimental

results 100. The result also emphasized that 7k shows slightly higher binding energy than

other derivatives.

Finally, the lowest energy conformation of each complex was selected for molecular

dynamics studies.

Table 3.1 | Binding energies of all ligands to c-KIT G-quadruplex (kcal mol°1).

Complex binding energy

7e -12.62

7h -11.51

7i -10.74

7k -12.75

3.3.2. MD Simulation

On the basis of docking results, 50 ns MD simulations were performed on all complexes.

The final structure of each complex is shown in the Appendix, Figure 3.8. To understand

the nature of the interactions between the ligands and G-quadruplex, the MD simulation

results were analyzed as follows.
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3.3.3. Structural Stability

Root mean square deviation (RMSD) values were calculated to assess conformational

stability of each complex over the entire simulation. RMSD values of heavy atoms in G-

quartet and backbone were measured for all MD trajectories relative to initial reference

structures (Table 3.2) and plotted versus 50 ns time simulation (Figure 3.2). The RMSD

plots illustrate that the all trajectories have small fluctuations throughout 50 ns simulations

indicating that all complexes become stable to further analyze the trajectories.

Table 3.2 | Average RMSD values (Å) of the heavy atoms in the G-quartet and backbone from the MD simulations.

Complex Heavy atoms of G-quartet Heavy atoms of backbone

7e 1.15 1.45

7h 1.16 1.49

7i 1.16 1.61

7k 1.13 1.45

As evident from Table 3.2, the RMSD values of G-quartet heavy atoms range from 1.13

to 1.16 Å, while the backbone of G-quadruplex has slightly higher RMSD fluctuations. This

behavior is because of high rigidity of G-quartets which are held strongly by eight hydrogen

bonds whereas the backbone residues are free to move over the course of the simulation.

3.3.4. Hydrogen Bonding Analysis

The Hoogsteen hydrogen bonds (N2-H...N7 and N1-H...O6) between the G-quartets are

very important factors in G-quartets stabilization (Figure 3.3). For all complexes, average

hydrogen bond occupancies were calculated for each G-quartet during 50 ns MD simulation

(Table 3.3). It is observed that the average hydrogen bond occupancy in the middle G-

quartet (G-quartet 2) is lower than outer G-quartets. This is because the O6 atoms of

guanine bases in G-quartet 2 can form strong attractive interactions with 2K+ ions. The

results also indicate that G-quartet 3 is slightly less stable than G-quartet 1 for 7h and

7i. The average hydrogen bond occupancies of G-quartet 3 for 7h and 7i are 99.3% and

99.1%, respectively. This is due to the impact of ligands on stability of G-quartet 3 coplanar

structure. In these two ligands with the QD-CO-NH- arrangement, O22 atom (Figure 3.1) is

close to the G15 of G-quartet 3 (G22-G15-G4-G8) which leads to the formation of the weak

hydrogen bond (with occupancy of lower than 40%) between O22 atom of ligands and H21
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Figure 3.2 | Time dependence of the RMSDs (Å) of the heavy atoms in G-quartet (black) and backbone (red).

of G15. As a result of these interactions, G15 move closer to carbonyl group of ligand 7h and

7i. This displacement can slightly disturb the Hoogsteen hydrogen bonds of G22-G15-G4-G8

quartet and destabilize the coplanar structure of this G-quartet. Consequently, a slight

decrease occurs in hydrogen bond occupancy of G-quartet 3 as compared to that of G-

quartet 1. Whereas, in the case of 7e and 7k with the QD-NH-CO- arrangement, O22 atoms

are not close to guanine bases of G-quartet 3 and, consequently, they are not able to form

hydrogen bond. In absence of any hydrogen bonding interactions between these ligands

and guanine bases of G-quartet 3, the ligands do not disturb Hoogsteen hydrogen bonds of

G22-G15-G4-G8 quartet. Therefore, G-quartet 3 has not lower occupancy in comparison

with that of G-quartet 1. In the case of 7k, very slightly increased occupancy of G-quartets is

a clear indication of this ligand stabilizing effect on G-quartets.

According to Table 3.3, the average hydrogen bond occupancy of G-quartets is in the

order of 7k > 7e > 7h > 7i. This means that the average hydrogen bond occupancy of G-

quartets is slightly higher for 7e complex (98.7%) compared to 7h (98.4%) and 7i (98.3%)

complexes, indicating that ligand 7e with the QD-NH-CO- arrangement has a stabilizing
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Figure 3.3 | Hoogsteen hydrogen bonds in one G-quartet.

Table 3.3 | Average occupancy (%) of Hoogsteen hydrogen bond between the guanine bases present in each

G-quartet during 50 ns MD simulation.

G-quartet 7e 7h 7i 7k

G-quartet 1 (G10-G13-G2-G6) 99.5 99.5 99.5 99.6

G-quartet 2 (G21-G14-G3-G7) 97.0 96.4 96.4 97.0

G-quartet 3 (G22-G15-G4-G8) 99.5 99.3 99.1 99.7

effect on G-quartets which is consistent with results reported from the experimental stud-

ies 100. Moreover, the average hydrogen bond occupancy of ligand 7k (98.8%) implies that

this new derivative of quinazolone provides slightly more stability to G-quartets.

In addition, hydrogen bonding data between G-quadruplex and ligands were analyzed

and summarized in Table 3.4. Note that in hydrogen bonding calculations, the cutoff

distance and angle deviation were set to 3.5 Å and 35° respectively. As shown in detail

in Table 3.3, ligand 7e and 7k (Figure 3.4) with the QD-NH-CO- arrangement form three

hydrogen bonds with G-quadruplex structure contributing to its stabilization. In this case,

one hydrogen bond was formed between O40 atom of G20 and protonated terminal tertiary

amine (N42) with a mean distance of 3.5 Å and 3.0 Å for 7e and 7k, respectively. On the other

hand, ligand 7e and 7k were hydrogen bonded via hydrogen atom (H22) connected with the

nitrogen atom no. 21 (N21) to O1 atom of G17 phosphate backbone and O30 atom of A16.

As shown in Figure 3.4, for ligand 7h and 7i with the QD-CO-NH- arrangement, two
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protonated terminal amines at the side chains (N42 and N27) were close to the O40 atom of

G20 and O1 atom of G17 to form the hydrogen bonding interactions. The mean hydrogen

bond distances between these two amines and the backbone of G-quadruplex (O40 atom of

G20 and O1 atom of G17) are 3.2 Å (7h) and 3.0 Å (7i).

Therefore, it can be concluded that the formed hydrogen bonds between G-quadruplex

and the ligands play an active role to enhance binding affinity of the ligands toward G-

quadruplex.

Table 3.4 | Hydrogen bonding data during 50 ns MD simulation between G-quadruplex and ligands over 40.0% of

the time during the simulations.

Complex Donor Acceptor Occupancy (%) Distance (Å) Angle (°)

7e 25LIG(H45)N42 20 DG (O40) 66.6 3.5 26

25LIG(H22)N21 17 DG (O1P) 54.9 3.3 35

25LIG(H22)N21 16 DA (O30) 63.9 3.2 32

7h 25LIG(H45)N42 20 DG (O40) 72.3 3.2 26

25LIG(H28)N27 17 DG (O1P) 76.3 3.2 21

7i 25LIG(H45)N42 20 DG (O40) 91.3 3.0 22

25LIG(H28)N27 17 DG (O1P) 87.6 3.0 19

7k 25LIG(H45)N42 20 DG (O40) 93.3 3.0 21

25LIG(H22)N21 17 DG (O1P) 48.5 3.3 41

25LIG(H22)N21 16 DA (O30) 66.9 3.1 32

3.3.5. Molecular Electrostatic Potential

Molecular Electrostatic Potential (MEP) describes charge distribution of a molecule in its

surrounding space and is an important descriptor to study electrophilic and nucleophilic

interactions of small molecules. In order to determine the electrostatic interactions, MEP

maps were plotted for all ligands in Figure 3.5. The range of color code is between -0.24 (red)

and 0.24 (blue) and blue region represents the positive electrostatic potential associated with

electron deficient. The electrostatic potential map of ligand 7e, 7h and 7i are represented

that the electrostatic potential of N21 atom in ligand 7e is slightly more positive than their

counterpart in ligand 7h and 7i. The implication is that ligand 7e has stronger electrostatic

interactions with c-KIT G-quadruplex than 7h and 7i. Therefore, the nature of the QD-NH-

CO- side chain in ligand 7e plays a key role in the electrostatic interactions providing the
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Figure 3.4 | Hydrogen bonds formed from MD simulation for 7e, 7h, 7i and 7k complexes.

driving force for binding.

As can be seen from Figure 3.5, the positive electrostatic potential areas for ligand 7k

are mainly focused on the three terminal tertiary amines. Therefore, these amino groups

are considered as active sites for the electrostatic interactions. It is worth noting that the

introduction of a third amino group instead of 3-phenyl group provides more opportunities

for electrostatic interactions with c-KIT G-quadruplex compared to other ligands, and as

such increases complex stabilization.

Furthermore, MEPs for all complexes were mapped on the molecular surface after MD

simulations. As shown in Figure 3.6, the negative charge of G-quadruplex provides an

overall negative electrostatic potential (colored red) which can increase its electrostatic

interactions with the positively charged regions of the ligands.
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Figure 3.5 | Electrostatic potential map of ligands.

Figure 3.6 | Electrostatic potential maps of G-quadruplex–ligand complexes.
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3.3.6. Free Energy Calculations

For further understanding of substituent effects upon G-quadruplex stabilization, the

energy contributions and total binding free energies of all complexes were calculated based

on 100 snapshots extracted during MD simulations. The obtained results are presented in

Table 3.5.

In order to obtain favorable contribution of each energy term, electrostatic energy

(¢Ecoul ), van der Waals energy (¢Evd w ), polar solvation energy (¢Gps ) and nonpolar sol-

vation energy (¢Gnps ) were investigated for each complex. As can be seen from Table 3.5,

the contributions of nonpolar solvation energy (¢Gnps ) are slightly favorable for the inter-

actions between ligands and G-quadruplex. On the contrary, the values of polar solvation

energies (¢Gps ) are very high positive and enormously unfavorable for binding. On the

other hand, the comparison of total gas phase energies (¢Ecoul + ¢Evd w ) and solvation

energies revealed that electrostatic, van der Waals and nonpolar solvation energies are the

predominant factors for the binding of ligands to G-quadruplex. The very high negative val-

ues of electrostatic energies (¢Ecoul ) for all complexes implied that the protonated terminal

amino groups at the side chains of ligands interact strongly with the anionic charges on

the G-quadruplex backbone. In addition, the van der Waals energy contribution (¢Evd w ) is

favorable for all ligands because the quinazolone and benzylidene pharmacophores make

van der Waals contacts with G-quartet 3 surface as shown in the Appendix, Figure 3.9.

Table 3.5 | Binding free energy calculation of G-quadruplex–ligand complexesa (kcal mol°1).

Complex ¢Ecoul ¢Evd w ¢Gps ¢Gnps ¢Gpol ar ¢Gnonpol ar ¢Gbi nd

7e -4289.352 -238.151 4474.126 -20.932 184.774 -259.083 -74.309

7h -4157.282 -237.727 4343.679 -19.669 186.397 -257.396 -70.999

7i -3591.523 -192.934 3739.484 -16.014 147.961 -208.948 -60.987

7k -5930.451 -238.484 6094.573 -19.610 164.122 -258.094 -93.973
a ¢Ecoul , and ¢Evd w are the electrostatic and van der Waals energies. ¢Gps and ¢Gnps are the polar

and nonpolar contributions to the solvation energy. ¢Gpol ar is sum of the electrostatic (¢Ecoul )

and polar solvation energies (¢Gps ). ¢Gnonpol ar is sum of the van der Waals (¢Evd w ) and nonpolar

solvation energies (¢Gnps ). ¢Gbi nd is the binding free energy (¢Ecoul + ¢Evd w + ¢Gps + ¢Gnps ).

The energy calculations exhibited the negative binding free energies for all complexes,

indicating the G-quadruplex stability and binding affinity of quinazolone derivatives. As

it can be realized from Table 3.5, 7e complex is significantly more stable than 7h and 7i
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complexes which are in agreement with the reported experimental findings 100. Detailed en-

ergy analysis illustrated that ligand 7i with pyrrolidino group at the side chain shows higher

binding free energy (¢Gbi nd = -60.987 kcal mol°1) compared to other ligands. This behavior

is due to the rigidity of the pyrrolidino group and inaccessibility of the loop. To increase the

flexibility of the side chain, the pyrrolidino group was substituted by diethylamino group

in ligand 7h. The binding free energy calculations showed that this substitution enhances

binding affinity and G-quadruplex stabilization (¢Gbi nd = -70.999 kcal mol°1). In order to

investigate the effect of amido bond (QD-CO-NH-) arrangement on c-KIT G-quadruplex sta-

bilization, we studied ligand 7e with interconverted amido bond. The results indicated that

ligand 7e with QD-NH-CO- arrangement provides strong affinity with c-KIT G-quadruplex

(¢Gbi nd = -74.309 kcal mol°1) when compared to those of 7h and 7i. The current findings

suggest that the minor change from QD-CO-NH- (7h and 7i) to QD-NH-CO- (7e) arrange-

ment plays a significant role in increasing electrostatic interactions and stabilizing c-KIT

G-quadruplex.

The results of free energy calculations allowed us identifying electrostatic interactions

as the main driving force for the binding between quinazolone derivatives and c-KIT G-

quadruplex. In addition, MD simulation studies indicated that the phenyl group at the

position 3 is not in plane with respect to the quinazolone and benzylidene pharmacophores

of these ligands and as a result this group cannot stack on G-quartet surface. Therefore,

the phenyl group did not play an active role in interaction with c-KIT G-quadruplex and

binding affinity. Moreover, it has been reported that the amino side chains are positively

charged at physiological pH which contribute to the strong electrostatic interaction with

the phosphate backbone of G-quadruplex 121. This evidence prompted us to design a new

quinazolone derivative (7k) which contain a terminal amino side chain instead of 3-phenyl

group. We hypothesized that the amino group can enhance electrostatic interactions and

G-quadruplex stabilization.

To investigate this hypothesize, the binding free energy of 7k complex was assessed in

order to ascertain whether the ligand 7k has a stronger binding affinity to G-quadruplex

compared with the other ligands. Surprisingly, the binding free energy results emphasized

that 7k complex is considerably more stable than the other complexes due to its lowest bind-

ing free energy of -93.973 kcal mol°1. In fact, introduction of a terminal amino substituent

instead of 3-phenyl group in ligand 7k dramatically improved electrostatic interactions

which subsequently enhanced its binding affinity to c-KIT G-quadruplex.
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3.3.7. Solvent Accessible Surface Area Analysis

The solvent accessible surface area (SASA) results are listed in Table 3.6. It is found that

the ¢SASA values are reduced from ligand 7i to 7e. This means that the ligand 7e has high

interaction with G-quadruplex in comparison to 7h and 7i. This reduction is also maximized

in the case of ligand 7k binding to the G-quadruplex. These results accord with the free

energy calculations.

Table 3.6 | Calculations of change in solvent-accessible surface area (Å2).

Complex SASAcompl ex SASAG°quadr upl ex SASAl i g and ¢SASA

7e 4839.70 4530.49 824.28 -515.07

7h 4851.14 4524.53 818.60 -491.99

7i 4864.03 4506.13 813.23 -455.33

7k 4881.76 4528.89 872.45 -519.58

3.4. Conclusions

Interactions of c-KIT G-quadruplex with four derivatives of quinazolone were studied by

MD simulations to comparatively investigate the impact of substituent variations on the

nature of binding. The energy calculations revealed that the van der Waals and electrostatic

energies between c-KIT G-quadruplex and ligand 7h with diethylamino group was more

favorable than ligand 7i with pyrrolidino group. As a result, the affinity of ligand 7h to

G-quadruplex was higher than 7i. Nevertheless, the QD-CO-NH- arrangement in ligand

7h played a key role in the stabilization ability of the G-quadruplex. Our results demon-

strated that the electrostatic interactions between c-KIT G-quadruplex and ligand 7h were

enhanced by changing substituent arrangement from QD-CO-NH (7h) to QD-NH-CO (7e).

These findings suggested that the contributions of the electrostatic interactions between

c-KIT G-quadruplex and quinazolone derivatives are significantly more than other inter-

actions. Based on the results, we introduced a new derivative of quinazolone (7k) with

a terminal amino substituent instead of the 3-phenyl group to increase the electrostatic

interactions. The binding free energy analysis confirmed that the newly designed ligand

(7k) interacts more strongly with c-KIT G-quadruplex compared to the other derivatives.

Our computational studies help explain how the nature and contribution of interactions in

G-quadruplex–ligand binding play crucial roles in G-quadruplex stabilization that directly

influence the designing of new potential ligands with high binding affinity.
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3.5. Appendix

Figure 3.7 | Structures of ligands and c-KIT G-quadruplex after molecular docking are shown in red and blue,

respectively.
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Figure 3.8 | Final MD structures of the G-quadruplex-ligand complexes after 50 ns simulations. The K + ions in the

middle of G-quartets are shown as purple spheres.

Figure 3.9 | Stacking interactions between ligands and c-KIT G-quadruplex.
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Stabilization of G-quadruplex structures in the c-KIT promoter with the aid of ligands

has become an area of great interest in potential cancer therapeutics. Understanding

the binding process between ligands and G-quadruplex is essential for a discovery of se-

lective ligands with high binding affinity to G-quadruplex. In the present work, binding

mechanisms of 4-quinazolinones to c-KIT G-quadruplex were investigated theoretically

by means of molecular dynamics (MD) simulations. To explore the binding affinity of lig-

ands, binding free energy calculations were performed using the molecular mechanics

Poisson-Boltzmann surface area (MM-PBSA) method. We demonstrate that the key in-

teractions in G-quadruplex-ligand complexes areº-º stacking and hydrogen bond inter-

actions. However, neither of these two interactions alone determines the stability of the

G-quadruplex-ligand complexes; rather, it is the result of an intricate interplay between

the two. To further examine the nature of the binding, a free energy decomposition anal-

ysis at residue level was carried out. The results clearly demonstrate the crucial roles of

two hot spot residues (DG4 and DG8) for the binding of ligands to c-KIT G-quadruplex,

and highlight the importance of the planar aromatic moiety of ligands in G-quadruplex

stabilization via º-º stacking interactions. Our study can assist in the design of new

derivatives of 4-quinazolinone with high binding affinity for c-KIT G-quadruplex.

4.1. Introduction

Discovery of c-KIT G-quadruplex stabilizers as drug-like candidates has gained enormous

attention due to their involvement in inhibition of gene expression 122–125. Among the

different types of ligands, unfused aromatic molecules exhibited high stabilizing ability and

binding affinity to c-KIT G-quadruplex 123,126. One class of the ligands based on this scaffold

is 4-quinazolinones. The experimental studies revealed that 4-quinazolinone derivatives not

only selectively bind to c-KIT G-quadruplex over duplex DNA, but also suppress transcrip-

tion or expression of proto-oncogene c-KIT and show GIST cell cytotoxicity 100. However,

questions about the effect of structural variations of the ligands on nature of interactions

and G-quadruplex stabilization are still open question. Beyond any doubt, computational

methods can help to translate experimental observations into an atomic-level mechanistic

picture providing detailed insight into the nature of G-quadruplex-ligand interactions. In

recent years, a variety of molecular modeling protocols have been utilized to investigate the

mechanism of binding between different ligands and G-quadruplex structures 127–131.
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Herein, our main focus is to explore the effect of pyrrolidino and piperidino groups, as

well as side chains length on the interactions between 4-quinazolinone derivatives (Fig-

ure 4.1) and c-KIT G-quadruplex (Figure 4.1B) by molecular docking and MD simulations.

Molecular docking was used to predict the appropriate site of binding of ligands in G-

quadruplex structure. To further dissect the binding mode and illuminate the nature of

interactions, MD simulations were performed for each complex obtained from docking

calculations. In order to quantify the binding affinities, the free energy analysis based on

MM-PBSA approach was used to estimate the stability of G-quadruplex. The latter provides

an insight into the main driving forces for interactions between 4-quinazolinone derivatives

and G-quadruplex and ultimately stabilization of the complex. Furthermore, the total bind-

ing free energy and its energy components for each complex were decomposed to identify

the main residues involved in G-quadruplex-ligand interactions and detailed binding mech-

anisms. We expect that the prediction of interaction profiles of 4-quinazolinone derivatives

with c-KIT G-quadruplex at residue level can pave the way to design new ligands with high

binding affinity.

Figure 4.1 | (A) Chemical structures of 4-quinazolinone derivatives and (B) a schematic representation of c-KIT

G-quadruplex investigated in the present study.

4.2. Computational Methods

4.2.1. Molecular Docking

The c-KIT G-quadruplex structure (PDB ID: 2O3M), with the sequence of 50-AGGGAGGGC

GCTGGGAGGAGGG-30 served as a starting structure in our simulations. The geometry

optimizations of all ligands were carried out using Gaussian 03 program 132 at the B3LYP/6-

31G§ level of theory. Then, binding modes between ligands and G-quadruplex were studied
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with Autodock Vina program 133. AutoDockTools was used to add polar hydrogen to the

G-quadruplex structure and merge nonpolar hydrogens 134. Following partial charges were

added and rotatable bonds were defined. The active site box with 30 Å £ 30 Å £ 30 Å

dimensions was generated around the G-quadruplex structure to allow ligands to dock to

different positions around the G-quadruplex. Finally, the low-energy conformation of each

docking was selected for the subsequent MD simulations.

4.2.2. Molecular Dynamics Simulations

The MD simulations of ligand-free G-quadruplex and four G-quadruplex-ligand complexes

(obtained from molecular docking) were performed using GROMACS 4.6.5 package 105. The

partial charges of ligands were assigned using AM1-BCC method via the ACPYPE tool 102.

Topologies of G-quadruplex and ligands were obtained from Parmbsc0 106 and Generalized

Amber Force Field (GAFF) 75. Two potassium ions were manually added between two G-

quartets for the stability of the G-quadruplex. Then, each complex was inserted in a box

(dimensions 51 Å × 47 Å × 50 Å) with periodic boundary conditions and solvated with

TIP3P 107 water molecules. Then, potassium counterions (the minimum distance between

ions is 0.6 nm) were randomly placed throughout the box replacing solvent molecules to

neutralize the system. After that, energy minimization of the solvated G-quadruplex and

G-quadruplex-ligands complexes was calculated using the steepest descent algorithm for

4000 steps. Then, the initial equilibration of the system was performed under an NVT

ensemble (300 K) for 200 ps, continued by 300 ps NPT equilibration (1 bar). The velocity

rescaling 110 and Parrinello-Rahman barostat algorithms 111,112 were utilized for temperature

and pressure coupling, respectively (øT = 0.1, øP = 1 ps). After equilibrating, four 50 ns

MD production runs for each complex (16 MD runs in total) were performed with a time

step of 2 fs in which the output files were collected every 2 ps. During the simulation,

the long-range electrostatic interactions were calculated using particle mesh Ewald (PME)

method 135 and the LINCS algorithm 109 was applied to fix all molecular bonds. Cutoff for

the treatment of short-range van der Waals and electrostatic interactions was set to 10.0 Å.

Finally, MD trajectory analysis was performed with the programs in the GROMACS 4.6.5

package. Clustering analysis employing the Gromos algorithm 136 was carried out using a

cutoff 0.15 nm to obtain the representative structures based on the most populated cluster.

All trajectories were visualized by means of the VMD 1.9 137 program and molecular graphic

images were created using the Chimera 1.10 138 program.
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4.2.3. Free Energy Analysis

In order to examine binding affinity of ligands to G-quadruplex, MM-PBSA analysis 115,139,140

was employed via g_mmpbsa tool 141. For each complex, the binding free energy was

calculated based on 100 snapshots extracted from the MD trajectory. A bootstrap analysis

(5000 steps) was used to estimate standard errors. MM-PBSA method calculates the binding

free energy (¢Gbi ndi ng ) according to the following equations:

¢Gbi ndi ng =¢Gvac +¢Gsol v (4.1)

where,¢Gvac and¢Gsol v are the binding free energy in the vacuum and solvent, respectively.

The ¢ refers to the difference between the complex and G-quadruplex and ligand.

Here, ¢Gvac can be expressed as:

¢Gvac =¢EM M °T¢S (4.2)

where, ¢EM M refers to the molecular mechanics potential energy in the vacuum and it is

sum of bonded ¢Ei nt (bond, angle, and torsional angle energies), and non-bonded, i.e.

electrostatic (¢Eel ec ), and van der Waals energies (¢Evd w ).

¢EM M =¢Ei nt +¢Eel ec +¢Evd w (4.3)

In the single trajectory approach, it is assumed that the conformation of G-quadruplex

and ligand in the complex and separate G-quadruplex/ligand forms are identical. Thus,

¢Ei nt is zero. T¢S is related to the entropy contribution in the gas phase in which T and S

are the temperature and entropy, respectively. Note that, the entropy contribution is not

considered in the g_mmpbsa tool, and recent study has shown that including entropy makes

only a small improvement of free energy in relation to experiment 141. The solvation free

energy (¢Gsol v ) is composed of polar (¢Gps ) and non-polar (¢Gnps ) contributions 142–144.

¢Gsol v =¢Gps +¢Gnps (4.4)

¢Gnps = ∞S AS A+Ø (4.5)

In this analysis, an implicit solvent model is used for solvation free energy calculations.

The polar contribution is calculated by solving the non-linear Poisson-Boltzmann (PB)

equation 114,144,145. The nonpolar contribution of solvation free energy is calculated based

on eq. 4.5, which is related to the solvent accessible surface area (SASA) 143. In this equation,
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∞ is a constant related to the surface tension of the solvent, and Ø refers to the fitting

parameter. These values were obtained from a least-squares fitting method to a plot of

experimental alkane transfer free energies against accessible surface area 146. For ∞ and Ø,

several values have been reported in the literature 147. Here, ∞ and Ø are set to be 0.00542

kcal/(molÅ2) and 0.92 kcal/mol, respectively 145.

4.2.4. Free Energy Decomposition

In order to investigate the mechanism of binding between ligands and c-KIT G-quadruplex

in detail, free energy decomposition analysis 148 was performed using MM-PBSA decompo-

sition process of g_mmpbsa tool. In this analysis, the binding free energy of each residue is

decomposed into contributions from molecular mechanics and solvation energies which

can be described in the following equation:

¢Gr esi dues =¢EM M +¢Gps +¢Gnps (4.6)

where, ¢EM M is sum of electrostatic and van der Waals energies which are calculated for

each residue (recall, ¢Ei nt is zero). The polar and nonpolar contributions of the solvation

free energy are determined by PB and SASA models, respectively. The energy components

of each residue of c-KIT G-quadruplex were calculated by averaging over 100 snapshots

taken from MD simulations.

4.3. Results and Discussion

4.3.1. Quinazolinones bind to 30 end of G-quadruplex

Molecular docking studies were performed to decipher the most potent binding sites of all

ligands to c-KIT G-quadruplex by setting the whole G-quadruplex as a search space. The

results of docking revealed that the favorable binding site for the ligands in the G-quadruplex

is the 30 end of the G-quadruplex structure (G-quartet 3). The two cationic side chains of the

ligands were located close to the loop residues (Figure 4.12 in the Appendix). In addition,

there are many studies that showed that in this structure of G-quadruplex, there is a cleft at

the 30 end of G-quadruplex between G-quartet 3 and the loop (A16-G17-G18-A19-G20). This

cleft is a unique binding site for ligands because of the sufficient size and its nature 149–151.

The data reported in Table 4.1 indicate that ligand QD1 and QD2 with shorter side

chains show slightly higher binding affinity to G-quadruplex structure than other derivatives.
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This is consistent with the experimental results that the ligand QD1 and QD2 with lower

IC50 values (1.3 µM and 2.3 µM) reveal more stabilizing effects onto c-KIT G-quadruplex

compared to QD3 and QD4 (IC50 = 8.2 µM and 13.4 µM) (Table 4.5 in the Appendix) 100.

Table 4.1 | Comparison of docking binding energies of ligands to G-quadruplex.

ligand binding energy (kcal/mol)

QD1 -8.3 ± 0.2

QD2 -8.0 ± 0.2

QD3 -7.8 ± 0.2

QD4 -7.2 ± 0.2

In order to comprehensively understand the binding modes and nature of interactions

between ligands and G-quadruplex, 50 ns MD simulations were carried out on the G-

quadruplex-ligand complexes obtained from docking results. It is clear that these ligands

with a planar aromatic core and two cationic side chains not only provide º-º stacking

interactions with the aromatic surface of G-quartet 3 (DG4 and DG8), but also the side

chains can interact with the G-quadruplex loop as it is shown schematically in Figure 4.2.

The representative structures of the most populated clusters obtained from clustering

analysis are depicted in Figure 4.3.

Figure 4.2 | Schematic representation of binding sites of a ligand in G-quadruplex-ligand complex. Four residues,

DA16, DG17, DA19 and DG20 are located at the G-quadruplex loop. The red and light-green surfaces of the ligand

explain the aromatic groups and non-aromatic rings of the ligand, respectively.
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Figure 4.3 | Representative structures identified via clustering analysis for G-quadruplex in complex with (A) QD1,

(B) QD2, (C) QD3, (D) QD4 ligands from MD simulations. All ligands are shown as cyan sticks and the residues

involved in binding are indicated in orange colour.

4.3.2. Ligands increase stability of G-quadruplex

To assess conformational stability of each complex during MD simulations, root mean

square deviation (RMSD) calculations for all 16 runs were performed on the G-quadruplex

with respect to the initial structures. The small RMSDs (Figure 4.4 and 4.13-4.16 in the

Appendix, black plots) represent stability of systems during MD simulations. In addition,

the RMSD of G-quartets as a rigid part of the G-quadruplex was calculated against the

starting structure (Figure 4.4 and 4.13-4.16 in the Appendix, blue plots). The RMSDs show

that the G-quarters are stable during MD simulations. As evident from Figure 4.4 and

4.13-4.16 in the Appendix, RMSD variations of G-quadruplex for all complexes are slightly

larger than those of G-quartets. This observed difference implies that backbone residues in

the G-quadruplex structure are more flexible than rigid G-quartets. To investigate the effect

of ligand binding on G-quadruplex stabilization, RMSD of the ligand-free G-quadruplex

during 50 ns simulation was calculated. As can be seen in Figure 4.4, the average RMSD of

the G-quadruplex is slightly larger for ligand-free structure (red plots) as compared to that

of each complex, suggesting that the ligands binding slightly enhances stability of c-KIT

G-quadruplex.
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Figure 4.4 | RMSDs as a function of simulation time of G-quadruplex (black) complexed with (A) QD1, (B) QD2,

(C) QD3 and (D) QD4 ligands and ligand-free G-quadruplex (red). The blue indicates the RMSDs for G-quartets

complexed with ligands.

To further investigate the G-quartets stability due to ligand binding, average hydrogen

bond (N2-H...N7 and N1-H...O6) (Figure 4.5) occupancies between the G-quartets for all

G-quadruplex-ligand complexes and ligand-free G-quadruplex were calculated during the

entire simulation which are summarized in Table 4.2. To define a hydrogen bond, cutoff

distance (donor-acceptor) and angle (hydrogen-donor-acceptor) of 3.5 Å and 30± have been

used, respectively.

As can be seen in Table 4.2, the hydrogen bonds between G-quartets in all G-quadruplex-

ligand complexes are present during > 98.3% of the simulation time. Indeed, the results

indicate the stability of systems throughout the MD simulations. Furthermore, these ligands

with the average hydrogen bond occupancies in the range of 98.3-98.9% compared to

ligand-free G-quartets with average occupancy of 97.4% have a positive effect on G-quartet

stabilization and consequently stability of G-quadruplex.

4.3.3. Ligands bind via both hydrogen bonds and º-º stacking interactions

In order to investigate the binding interactions of the ligands with G-quadruplex, the

hydrogen bond and º-º stacking interactions between G-quadruplex and ligands were

analyzed over 50 ns simulations. The hydrogen bond analysis was calculated for 16 MD
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Figure 4.5 | Hoogsteen hydrogen bond network in each G-quartet.

Table 4.2 | Average occupancy (%) of Hoogsteen hydrogen bonds in G-quartets during MD simulations. Error bars

were obtained from block averaging method 152.

G-quadruplex-ligand complex

G-quartet QD1 QD2 QD3 QD4 lignad free G-quadruplex

G-quartet-1 99.6 ± 0.0 99.5 ± 0.1 99.4 ± 0.0 99.3 ± 0.0 99.4± 0.0
(DG10-DG13-DG2-DG6)

G-quartet 2 97.7 ± 0.3 97.6 ± 0.2 96.8 ± 0.1 96.4 ± 0.1 94.7 ± 0.1
(DG21-DG14-DG3-DG7)

G-quartet 3 99.5 ± 0.1 99.4 ± 0.1 99.3 ± 0.0 99.2 ± 0.1 98.2 ± 0.4
(DG22-DG15-DG4-DG8)

all G-quartets 98.9 ± 0.1 98.8 ± 0.0 98.5 ± 0.0 98.3 ± 0.0 97.4 ± 0.1

runs as shown in Table 4.3 and 4.6 in the Appendix. As can be seen in Table 4.3, each ligand

in all MD runs has the same hydrogen bond patterns with G-quadruplex structure. It is

clear in Figure 4.6 that ligands QD1 and QD3 with a piperidino group at the side chain

terminus can form two similar hydrogen bonds with c-KIT G-quadruplex; 1) O40...H-N22,

the NH group of the methylpiperazine ring formed a hydrogen bond with the O40 atom of

DG20. 2) O1P...H-N40 (N41 for QD3), the formation of hydrogen bond between piperidino

group and the phosphate oxygen atom of DG17. For ligands QD2 and QD4, the side chains

of the ligands were oriented in such a way that four hydrogen bonds with G-quadruplex

structure are formed. Three of these hydrogen bonds are similar in nature for QD2 and QD4;

1) O40...H-N22, similar to QD1 and QD3, the NH group of the methylpiperazine ring formed
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Table 4.3 | Hydrogen bonds data during 50 ns MD simulations between ligands (LIG stands for ligands) and

G-quadruplex over 40.0% of the simulation time. Error bars were obtained from block averaging method.

G-quadruplex in complex with ligand hydrogen-donor hydrogen-acceptor occupancy (%)

QD1 LIG(H46)N40 17 DG (O1P) 47.3 ± 17.3
LIG(H25)N22 20 DG (O40) 79.1 ± 6.5

QD2 LIG(H45)N40 17 DG (O1P) 51.7 ± 15.9
LIG(H36)N35 17 DG (O1P) 50.4 ± 8.6
LIG(H36)N35 16 DA (O30) 51.0 ± 8.2
LIG(H25)N22 20 DG (O40) 81.5 ± 7.3

QD3 LIG(H47)N41 17 DG (O1P) 94.1 ± 2.1
LIG(H25)N22 20 DG (O40) 87.1 ± 2.1

QD4 LIG(H46)N41 4 DG (O2P) 96.8 ± 1.7
LIG(H36)N35 17 DG (O1P) 52.4 ± 19.3
LIG(H36)N35 16 DA (O30) 77.8 ± 9.9
LIG(H25)N22 20 DG (O40) 87.6 ± 5.4

a hydrogen bond with the O40 atom of DG20. 2 & 3) the hydrogen atom of the -NH-CO-

peptide linkage group can form two hydrogen bonds with residue DG17 and DA16 through

the oxygen atoms of the sugar-phosphate backbone, O1P and O30 respectively. In addition,

the pyrrolidino group of QD4 was positioned close to DG4 that leads to the hydrogen bond

formation between the NH group of pyrrolidino ring and the phosphate oxygen atom of

DG4 (O2P...H-N41), while the pyrrolidino group of QD2 can be hydrogen bonded to the

phosphate oxygen atom of DG17, (O1P...H-N40). It can be seen for the hydrogen bonds

presented in Table 4.3 the occupation fluctuates during simulations, and that their lifetimes

differ substantially (Figure 4.17-4.20 in the Appendix). The large error bars for the hydrogen

bonds with relatively low occupation reflect the relatively slow fluctuations. The block

averaging leads to lower error if the occupation consistently has the same average value

over shorter time intervals.

Furthermore, the MD trajectories were analyzed for º-º stacking interactions between

ligands and G-quartet 3. The distances between the center of mass of the aromatic rings of

the ligands and DG4, DG8 residues (adjacent to the ligands) of G-quartet 3 were calculated

during the course of MD simulations (Figure 4.7). As it is clear in these figures, all these

ligands favor theº-º stacking interactions with DG4 and DG8. In all complexes, the benzene

ring of ligands stacks with DG4 (average distance: ª 4.0 ± 0.0 Å), while their quinazolinone

ring stacks with DG8 (average distance: ª 3.9 ± 0.0 Å), as depicted in Figure 4.8.
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Figure 4.6 | Hydrogen bonds between (A) QD1, (B) QD2, (C) QD3, (D) QD4 ligands and adjacent residues of

G-quadruplex during MD simulations. All ligands are shown as cyan sticks.

It must be emphasized here that all the ligands, considered in this work, have two

positions for interacting (binding) to G-quadruplex structure; i) º-º stacking interactions

between aromatic rings of ligands and G-quartet 3 (Figure 4.19), ii) hydrogen bond interac-

tions with the loop of G-quadruplex (see Figure 4.2 and 4.6). Importantly, for the reasons

that will be discussed in more detail in the following sections, neither of these two types

of interaction alone determines the stability of the G-quadruplex-ligand complex. For

example, it is found from Table 4.3 and Figure 4.17 that ligands QD2 and QD4 form more

hydrogen bonds (four hydrogen bonds) with G-quadruplex structure than QD1 and QD3

(two hydrogen bonds). However, forming more hydrogen bonds does not necessarily lead to

the most stable structure (see section 4.3.4–5). Indeed, a balance between these two factors

is the outcome of G-quadruplex stabilization that will be explain in the following sections.

4.3.4. Free energy analysis underlines importance of both hydrogen bond

and º-º stacking

To investigate and quantify the binding effects of ligands on G-quadruplex stabilization, free

energy analysis was performed using the MM-PBSA approach and the results are reported in
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Figure 4.7 | Stacking distance between the center of mass of quinazolinone ring/benzene ring of ligands and

DG8/DG4 during the MD simulations. (A), (B), (C) and (D) refer to ligand QD1, QD2, QD3 and QD4, respectively.

The average values are indicated by a red solid line.

Figure 4.8 | º-º stacking interactions between aromatic rings of (A) QD1, (B) QD2, (C) QD3, (D) QD4 ligands and

DG4 and DG8 in G-quartet 3 during the course of MD simulations. All ligands are shown as cyan sticks. Dashed

lines indicate average stacking distances; all distances are given in Å.

Table 4.4. In order to understand information about driving forces in G-quadruplex-ligand

interactions, it is essential to investigate contributions of energy components. According
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Table 4.4 | Binding free energy results for ligands binding to c-KIT G-quadruplex (kcal/mol). Error bars were

obtained from the bootstrap analysis.

ligand ¢Eel ec ¢Evd w ¢Gps ¢Gnps ¢Gpol ar ¢Gnonpol ar ¢Gbi nd

QD1 -93.8 ± 1.7 -51.5 ± 1.3 105.2 ± 2.6 -4.1 ± 0.1 11.4 ± 3.1 -55.6 ± 1.3 -44.2 ± 0.8
QD2 -96.7 ± 1.9 -53.9 ± 1.6 112.2 ± 3.3 -4.4 ± 0.1 15.6 ± 3.8 -58.3 ± 1.6 -42.7 ± 0.6
QD3 -91.0 ± 2.1 -48.6 ± 1.6 103.6 ± 3.4 -4.0 ± 0.1 12.7 ± 4.0 -52.7 ± 1.6 -40.0 ± 0.8
QD4 -93.1 ± 2.4 -50.2 ± 1.9 108.7 ± 3.9 -4.3 ± 0.2 15.7 ± 4.6 -54.4 ± 1.9 -38.8 ± 0.7
Note:
¢Gpol ar = ¢Eel ec + ¢Gps

¢Gnonpol ar = ¢Evd w + ¢Gnps

¢Gbi nd = ¢Eel ec + ¢Evd w + ¢Gps + ¢Gnps

to Table 4.4, in all complexes, the polar solvation energies (¢Gps ) provide unfavorable

contributions to the binding free energies, whereas electrostatic (¢Eel ec ), van der Waals

(¢Evd w ) and nonpolar solvation (¢Gnps ) interactions promote favorable complex formation.

The presence of two cationic side chains assists the ligands to interact with G-quadruplex

backbone which contribute to negative electrostatic energies (¢Eel ec ). The favorable van

der Waals contributions (¢Evd w ) can be attributed to º-º stacking interactions between

the quinazolinone pharmcophore of ligands and G-quartet 3. As can be seen in Table 4.4,

¢Gpol ar is sum of the electrostatic (¢Eel ec ) and polar solvation (¢Gps ) energies that shows

a positive value for all ligands, whereas the total nonpolar contribution (¢Gnonpol ar ) of

binding free energy, composed of van der Waals (¢Evd w ) and nonpolar solvation energies

(¢Gnps ), makes a favorable contribution for all ligands. Therefore, the nonpolar interactions

(average ª -55.2 kcal/mol) between ligands and c-KIT G-quadruplex play a main role in

G-quadruplex-ligand binding which is mainly attributed to van der Waals (º-º stacking)

interactions.

Furthermore, the affinity of 4-quinazolinone derivatives toward c-KIT G-quadruplex

was deduced from the obtained binding free energies (¢Gbi nd ) suggesting that all ligands

can stabilize c-KIT G-quadruplex. Clearly, different substituents at the side chain of ligands

present different stabilizing effects onto c-KIT G-quadruplex. A comparison between QD1

and QD2 shows that despite of the fact that the nonpolar contribution to the binding free

energy (¢Gnonpol ar ) as well as electrostatic interaction energy (¢Eel ec ) are more negative

for QD2 compared to QD1 (-58.3 kcal/mol vs. -55.6 kcal/mol and -96.7 kcal/mol vs. -93.8

kcal/mol for ¢Gnonpol ar and ¢Eel ec , respectively), QD1 forms slightly a more stable G-

quadruplex-ligand complex than QD2 (-44.2 vs. -42.7 kcal/mol). This can be attributed to

the fact that the ligand QD1 forms two hydrogen bonds with G-quadruplex whereas the

ligand QD2 forms 4 hydrogen bonds, that leads to the less negative ¢Eel ec (-93.8 vs. -96.7
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kcal/mol) and consequently to a decrease in unfavorable polar solvation energy (105.2 vs.

112.2 kcal/mol), thereby providing more negative binding free energy in comparison with

QD2. The similar trend is observed when one compares QD3, that forms two hydrogen

bonds with G-quadruplex, with QD4 that forms four hydrogen bonds with G-quadruplex.

Although the QD3 complex has less negative electrostatic and van der Waals energies than

QD4 complex, its less unfavorable polar solvation energy leads ultimately to the more

negative binding free energy, making the QD3 complex slightly more stable than QD4

complex (-40.0 vs. -38.8 kcal/mol). However, comparing the ¢Gbi nd for the ligands that

form the same number of hydrogen bonds with G-quadruplex (QD1 with QD3 and QD2

with QD4) shows that the nonpolar contribution to the binding free energy, that is mainly

attributed to van der Waals (º-º stacking) interactions, determines the most stable complex,

e.g. QD1 being more stable than QD3 and QD2 being more stable than QD4.

In general, by comparing two ligands with different number of hydrogen bonds we

observed that the hydrogen bonds between ligands and G-quadruplex can influence the

solvation energy and consequently the stability of G-quadruplex. Moreover, when two

ligands have the same number of hydrogen bonds, the nonpolar energy contribution of

binding free energy which is mainly attributed to van der Waals (º-º stacking) interactions,

plays a significant role in G-quadruplex stability.

4.3.5. Identifying two hotspots for G-quadruplex-ligand interactions

In order to explore which residues of c-KIT G-quadruplex play major roles in ligand binding,

the binding free energy of each complex estimated by MM-PBSA approach was decomposed

to individual residues of G-quadruplex. The obtained results for all complexes are illustrated

in Figures 4.9 and 4.10. It can be seen that the binding interactions between 4-quinazolinone

derivatives and c-KIT G-quadruplex are mainly attributed to two hotspot residues including

DG4 and DG8 (red colored residues in Figures 4.10 and 4.8). This is explained by the fact

that ligands can effectively interact with DG4 and DG8 located at G-quartet 3 (see Figure

4.8). Indeed, residue DG4 and DG8 are contributing in º-º stacking interactions with

ligands with the exception of DG4 for QD4. As it can be seen in Figure 4.9, ligand QD4 has

lower binding free energy contribution in residue DG4 compared to other ligands. As it is

depicted in Figure 4.6, the phosphate oxygen atom of the DG4 residue in G-quadruplex

forms a hydrogen bond with the nitrogen atom of pyrrolidino ring of QD4 (O2P...H-N41).

The formation of the latter hydrogen bond interferes with the º-º stacking interactions with

the DG4 residue and this is indeed reflected in lower binding free energy contribution for
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this residue.

In order to obtain in-depth understanding of the effect of ligand substituents on the

binding free energy components, the gas phase interaction (electrostatic and van der Waals)

and polar solvation energies for all complexes were further decomposed at the residue

level and plotted in Figure 4.11. As can be observed in Figure 4.11A, the residues located

at the loop of G-quadruplex structure e.g. DA16, DG17, DA19 and DG20 have higher polar

solvation energy contributions compared to other residues. Furthermore, residue DG4

especially for QD4 has high unfavorable polar solvation energy contribution. The latter

can be explained by the results obtained from hydrogen bond analysis (section 4.3.3.); it

was observed that only QD4 forms a hydrogen bond with the phosphate group of DG4

residue, i.e. O2P. . . H-N41, and this leads to higher polar solvation energy contribution of

this residue compared to other ligands.

Figure 4.9 | Free energy decomposition on a per residue level for the complexes. Red: QD1, black: QD2, green:

QD3 and blue: QD4.

In addition, Figure 4.11B shows the gas phase interaction energies for all residues of

G-quadruplex in complex with ligands. Note that the gas phase interaction energy is sum of

electrostatic and van der Waals energies. For the residue DG4, the gas phase interaction

energy contributions of QD1, QD2 and QD3 are large enough to offset the unfavorable polar

solvation contributions. Therefore, DG4 has a notable contribution to binding free energy

for these three ligands (see Figure 4.9). However, in the case of QD4, the observed large

contribution of the gas phase interaction energy and the large polar solvation energy for the

DG4 residue, do not speak in favor of each other and eventually lead to a lower binding free
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Figure 4.10 | The mapping of G-quadruplex-ligand complex energy contribution. (A) QD1, (B) QD2, (C) QD3, (D)

QD4 complexes. The colour scale bar represents the variation of total free energy for the residues (in kcal/mol).

energy contribution of residue DG4 for ligand QD4 compared to other ligands (see Figure

4.9). In addition, residue DG8 has high gas phase interaction energy while it shows a low

unfavorable polar solvation energy for all ligands. This can be explained by the fact that

this residue is mainly involved in van der Waals interactions, i.e. º-º stacking interactions,

rather than the electrostatic interactions, which is in agreement with the previous results.

In fact, the right balance between electrostatic, van der Waals and polar solvation energies

leads to the high contribution of this residue in ligands binding free energy (see Figure 4.9)

and make this residue a crucial hotspot for the interaction of the G-quadruplex with all the

ligands investigated here.
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Figure 4.11 | Decomposition of polar solvation energy (A) and gas phase energy (B) on a per residue level for the

complexes. Red: QD1, black: QD2, green: QD3 and blue: QD4.
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4.4. Conclusions

In this study, the binding mechanisms of 4-quinazolinone derivatives to c-KIT G-quadruplex

were investigated using molecular docking, MD simulations, free energy calculations and

free energy decomposition analysis. From docking simulations, the G-quartet 3 is identified

as the most energetically favorable binding site for the all 4-quinazolinone ligands. The

MD simulations revealed that the 4-quinazolinone family of ligands considered here, that

possess a planar aromatic core and two cationic side chains, not only interact with the

G-quartet 3 plate viaº-º stacking interaction, but also their cationic side chains can interact

with the G-quadruplex loop via hydrogen bond interaction. However, neither of these two

interactions alone determines the stability of the G-quadruplex-ligand complexes; it is the

balance achieved by what is effectively a combination of these interactions. The calculated

binding free energies disclosed that ligand QD1 with a short side chain and a terminal

piperidino group stabilizes c-KIT G-quadruplex slightly more compared to other derivatives.

We found that the modification of side chains of 4-quinazolinone does not necessarily

increase the stability of the G-quadruplex via hydrogen bonding. The binding free energy

decomposition results demonstrate the crucial roles of two hot spot residues (DG4 and

DG8) for the binding of ligands to c-KIT G-quadruplex which is mainly attributed to º-º

stacking interactions, highlighting the importance of the planar aromatic moiety of ligands

in G-quadruplex stabilization. In summary, we suggest that increasing the planarity and

aromaticity of 4-quinazolinone derivatives, instead of increasing the length of their side

chains, that leads to a more stable G-quadruplex-ligand º-º stacking interactions, can serve

as a novel strategy to design new G-quadruplex stabilizer with high binding affinity.
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4.5. Appendix

Table 4.5 | IC50 (µM) values of quinazolinones derivatives.

ligand IC50 (µM)

QD1 1.3

QD2 2.3

QD3 8.2

QD4 13.4

Figure 4.12 | Structures of G-quadruplex-ligand complexes after molecular docking, (A) QD1, (B) QD2. (C) QD3

and (D) QD4 complexes.
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7c

Figure 4.13 | RMSDs as a function of simulation time of G-quadruplex (black) and G-quartets (blue) complexed

with QD1.

7a

Figure 4.14 | RMSDs as a function of simulation time of G-quadruplex (black) and G-quartets (blue) complexed

with QD2.
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Table 4.6 | Hydrogen bonds data obtained from three 50 ns MD runs between ligands (LIG stands for ligands) and

G-quadruplex. Error bars were obtained from block averaging method.

G-quadruplex in

complex with ligand
hydrogen-donor hydrogen-acceptor occupancy (%)

QD1 (Run-1) LIG(H46)N40 17 DG (O1P) 39.1 ± 16.6
LIG(H25)N22 20 DG (O40) 77.2 ± 20.7

QD1 (Run-2) LIG(H46)N40 17 DG (O1P) 45.4 ± 7.6
LIG(H25)N22 20 DG (O40) 90.1 ± 0.9

QD1 (Run-3) LIG(H46)N40 17 DG (O1P) 36.1 ± 17.1
LIG(H25)N22 20 DG (O40) 79.1 ± 13.4

QD2 (Run-1) LIG(H45)N40 17 DG (O1P) 59.0 ± 17.3
LIG(H36)N35 17 DG (O1P) 42.4 ± 8.3
LIG(H36)N35 16 DA (O30) 53.1 ± 8.5
LIG(H25)N22 20 DG (O40) 66.0 ± 9.5

QD2 (Run-2) LIG(H45)N40 17 DG (O1P) 65.5 ± 10.0
LIG(H36)N35 17 DG (O1P) 42.0 ± 7.5
LIG(H36)N35 16 DA (O30) 70.7 ± 6.5
LIG(H25)N22 20 DG (O4’) 72.7 ± 16.7

QD2 (Run-3) LIG(H45)N40 17 DG (O1P) 73.7 ± 14.0
LIG(H36)N35 17 DG (O1P) 44.7 ± 6.8
LIG(H36)N35 16 DA (O30) 72.3 ± 3.7
LIG(H25)N22 20 DG (O40) 85.0 ± 8.1

QD3 (Run-1) LIG(H47)N41 17 DG (O1P) 95.7 ± 2.1
LIG(H25)N22 20 DG (O40) 85.6 ± 2.9

QD3 (Run-2) LIG(H47)N41 17 DG (O1P) 95.3 ± 2.1
LIG(H25)N22 20 DG (O40) 87.2 ± 1.9

QD3 (Run-3) LIG(H47)N41 17 DG (O1P) 95.7 ± 1.7
LIG(H25)N22 20 DG (O40) 83.0 ± 4.2

QD4 (Run-1) LIG(H46)N41 4 DG (O2P) 98.7 ± 0.6
LIG(H36)N35 17 DG (O1P) 51.9 ± 12.6
LIG(H36)N35 16 DA (O30) 78.6 ± 11.6
LIG(H25)N22 20 DG (O40) 94.1 ± 0.7

QD4 (Run-2) LIG(H46)N41 4 DG (O2P) 96.1 ± 1.6
LIG(H36)N35 17 DG (O1P) 58.2 ± 6.9
LIG(H36)N35 16 DA (O30) 78.5 ± 5.1
LIG(H25)N22 20 DG (O40) 91.3 ± 1.9

QD4 (Run-3) LIG(H46)N41 4 DG (O2P) 97.0 ± 1.3
LIG(H36)N35 17 DG (O1P) 66.2 ± 2.3
LIG(H36)N35 16 DA (O30) 72.7 ± 1.8
LIG(H25)N22 20 DG (O40) 95.4 ± 0.5
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7f

Figure 4.15 | RMSDs as a function of simulation time of G-quadruplex (black) and G-quartets (blue) complexed

with QD3.

7d

Figure 4.16 | RMSDs as a function of simulation time of G-quadruplex (black) and G-quartets (blue) complexed

with QD4.



4.5. Appendix

4

59

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50

O
cc

up
an

cy
 (%

)

Time (ns)

LIG(H46)N40ïïï17DG(O1P)

 0

 20

 40

 60

 80

 100

 0  10  20  30  40  50

O
cc

up
an

cy
 (%

)

Time (ns)

LIG(H25)N22ïïï20DG(O4’)

Figure 4.17 | Occupancy of two hydrogen bonds between QD1 and G-quadruplex during MD simulations.
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Figure 4.18 | Occupancy of two hydrogen bonds between QD2 and G-quadruplex during MD simulations.
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Figure 4.19 | Occupancy of two hydrogen bonds between QD3 and G-quadruplex during MD simulations.
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Figure 4.20 | Occupancy of two hydrogen bonds between QD4 and G-quadruplex during MD simulations.
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Introducing photoswitches into DNA G-quadruplex provides excellent opportunities

to control folding and unfolding of these assemblies, demonstrating their potential in

the development of novel nanodevices with medical and nanotechnology applications.

Using a quantum mechanics/molecular mechanics (QM/MM) scheme, we carried out

a series of simulations to identify the effect of the size and substitution patterns of

three azobenzene derivatives (AZ1, AZ2 and AZ3) on the excitation energies of the two

lowest excited states of the smallest photoswitchable G-quadruplex reported to date.

We demonstrated that the size and the substitution pattern do not affect significantly

the ultrafast cis-trans photoiomerization mechanism of the azobenzene derivatives, in

agreement with the experiment. However, molecular dynamics simulations revealed

that while AZ2 and AZ3 G-quadruplexes are structurally stable during the simulations,

AZ1 G-quadruplex, undergoes larger structural changes and shows two ground state

populations that differ by the azobenzene backbone adopting two different conforma-

tions. AZ1, with para-para substitution pattern, provides more flexibility to the whole G-

quadruplex structure compared to AZ2 and AZ3, and can thus facilitate photoisomerza-

tion reaction between a nonpolymorphic, stacked, tetramolecular G-quadruplex and an

unstructured state after trans-cis isomerization occurring in a longer time dynamic, in

agreement with the experimental finding. The QM/MM simulations of the absorption

spectra indicated that the thermal fluctuation plays a more crucial role on the main ab-

sorption band of the azobenzene derivatives than the inclusion of the G-quadruplex, im-

plying that the influence of the G-quadruplex environment is minimal. We propose that

the latter is attributed to the position of the azobenzene linkers in the G-quadruplexes,

i.e. the edgewise loops containing the azobenzene moieties that are located above the

G-quartets, not being fully embedded inside or involved in the stacked structure. Our

theoretical findings provide support to a recent study of the photoresponsive formation

of photoswitchable G-quadruplex motifs.

5.1. Introduction

G-quadruplex structures can be utilized as interesting building blocks in nanodevices 18

and optomechanical molecular motors 153 as their folding and unfolding can be controlled

in the presence of external stimuli such as light 42, pH 43, metal cations 44,45 and small

molecules 41,46,47. Light is a promising external trigger which has multiple advantages
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including high precision, eco-friendliness, spatiotemporal control and non-invasiveness

features 48,154. Introduction of photolabile groups into G-quadruplex structures is one

of the most widely used methods to regulate G-quadruplex formation 52,53. Moreover,

azobenzene derivatives have been applied to G-quadruplexes which can reversibly either

fold or unfold upon light irradiation 42,155. Heckel and co-workers developed the smallest

photocontrollable DNA switch reported to date, i.e. photoswitchable G-quadruplex in

which two sets of two guanosines were connected through photoswitchable azobenzene

derivatives, AZ1, AZ2, and AZ3 as part of the backbone structure (Figure 5.1a) 155. This

structure is a tetrameric G-quadruplex consisting of two stacked dimeric G-quadruplex

units in which residues G1/G4 and G2/G5 are in syn and anti conformations along their

glycosidic bonds. The size of azobenzene derivatives, as G-quadruplex backbones, are the

same for AZ1 and AZ2, but with different substitution patterns, i.e. para-para vs. para-

meta, respectively. AZ3 with a para-meta substitution pattern is a double homologue of

AZ2. On the basis of their findings, the antiparallel G-quadruplex can be formed for all

three azobenzenes in the presence of K+ ions within the G-quartets when the azobenzene

linkers are in a trans conformation. In addition, spectroscopic data strongly suggest that

only the G-quadruplex containing AZ1 (para-para substitution pattern) linker can enable

photoswitching between a nonpolymorphic, stacked, tetramolecular G-quadruplex and an

unstructured state after trans-cis isomerization of the azobenzene units (Figure 5.1b). A

primary mechanistic question to ask is why only AZ1 shows a defined and robust structural

behavior, leading to reversible G-quadruplex photoswitch between folded and unfolded

G-quadruplex and not the other two, i.e. para–meta substitution pattern AZ2 and its double

homologue AZ3.

(b) (a)
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Figure 5.1 | (a) The structures of three azobenzene units in the trans isomer, G refers to the guanosine moieties

and (b) schematic representation of photoswitchable G-quadruplex structure with azobenzene residues (AZ1) as a

green color. K + cations are presented as purple spheres.
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Extensive theoretical studies have been performed on the photoisomerization of the

azobenzene and its derivatives, both in the gas phase and in solutions 156–170. In addition,

photoswitching of the azobenzene within DNA/RNAs has been also reported 171–175. How-

ever, to the best of our knowledge, the photoisomerization mechanism of the azobenzene

derivatives and their spectroscopic properties within a G-quadruplex structure has not yet

been explored computationally. For example, the effect of the size and substitution patterns

of the azobenzene linkers (e.g. AZ1, AZ2, and AZ3 here) on the reversible photoswitching of

G-quadruplex remained unclear. In this study, we applied mixed classical and quantum

mechanical simulations to investigate the effect of different azobenzene derivatives on the

spectroscopic properties of the photoswitchable G-quadruplexes. The results provide a

basis for the interpretation of the experimental findings and describe the effect that the size

and substitution patterns of the azobenzene units might have on the photoisomerization

reaction, and whether or not there is a difference in their short-time dynamics that might

potentially influence the G-quadruplex folding and unfolding that occurs in a longer time

scale.

The chapter is organized as follows, in Section 5.2, we describe the computational

methods. Results from gas-phase calculations of azobenzene derivatives are presented

in Section 5.3.1 whereas details of molecular dynamics (MD) simulations and QM/MM

calculations are presented in Section 5.3.2 and 5.3.3, respectively. Finally, Section 5.4

summarizes our concluding remarks.

5.2. Computational Methods

The G-quadruplex structure with AZ1 (PDB code 2N9Q) 155 was used as a starting struc-

ture for constructing the model system. The Parmbsc0 106 force field was selected for

G-quadruplex nucleobases. Recent studies have reported that the Parmbsc0 is a valid force

field for DNA simulations 176–178, in particular for the simulations within the ns timescale.

For atoms in the azobenzene, since it is a non-standard molecule, parameters were defined

using the Generalized Amber Force Field (GAFF) 75. Partial atomic charges of all azobenzene

derivatives atoms were assigned with the restrained electrostatic potential (RESP) 179 at

the HF/6-31G* level of theory. The G-quadruplex structure was inserted in a water box

extending to 10 Å buffer in each direction. To study the effect of different water models and

ion parameters, three different combinations of water models and counterions parameters

were used for solvation and neutralizing the negative charge of the system, respectively:

group 1) Amber-adapted Åqvist 180 (AA) K+ with TIP3P water model 181 which has been used
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in many simulations, group 2) Joung and Cheatham 182 (JC) K+ with SPC/E water model 183

and group 3) JC KCl with SPC/E water model which have been suggested a safe choice for

G-quadruplex MD simulations 184. Lennard-Jones parameters for counterions and explicit

water models used in the simulations are summarized in Appendix, Table 5.5. The solvated

structure was subjected to 2500 steps of energy minimization using the steepest descent

algorithm. Then, the minimized structure was equilibrated under an NVT ensemble (300 K)

for 1 ns followed by 2 ns NPT equilibration (1 atm) using velocity rescaling thermostat 110,185

and Parrinello-Rahman barostat 111,112 (øT = 0.1 ps, øP = 1 ps). Cut off for van der Waals and

electrostatic interactions was set to 10.0 Å. The long-range electrostatic interactions were

calculated using particle mesh Ewld (PME) method 186 and the LINCS algorithm 109 was

used to fix all bonds. Finally, the MD production run was performed in an NPT ensemble

for 200 ns. Furthermore, the PDB code 2N9Q was adapted for G-quadruplex structures

containing AZ2 and AZ3, and a similar simulation setup has been used for their MD pro-

duction runs. All MD simulations were performed using GROMACS 2018.2 package 187.

Additionally, the conformational space of the G-quadruplex in the trajectory was clustered

using GROMOS algorithm 136. The 90 structures from each MD production run (total of 270

configurations) were selected for the subsequent QM/MM simulations. The snapshots were

extracted by sampling the MD trajectories every 2.2 ns from a duration of 2-200 ns.

The QM/MM simulations were carried out with Q-Chem electronic structure pro-

gram 188,189 using structures from the MD simulations and the Parmbsc0 point charges.

The interactions between QM and MM atoms were defined by the electrostatic embedding

scheme 190 in which the partial charges of MM atoms are used in the QM Hamiltonian as a

one-particle operator. Hydrogen link-atoms were used to cap the dangling bonds when the

QM and MM regions are separated. To avoid over-polarization, the charges on MM1 atoms

evenly distributed to the adjacent bound MM atoms such that the total charge is conserved.

The QM region includes one azobenzene residue in the G-quadruplex structures. The rest

of G-quadruplex, three potassium ions, counterions and water molecules were considered

in the MM region presented by fixed atomic point charges. The vertical excitation energies

were calculated at the time-dependent density functional (TD-DFT) level of theory 61 using

!B97X-D functional and cc-pVDZ 191 basis set.

In order to identify the effect of the size and substitution pattern on the photoisomer-

ization mechanisms of the azobenzene derivatives, quantum chemical calculations were

performed for both isolated cis and trans isomers of azobenzene derivatives, along the trans-

cis isomerization reaction coordinate using spin-flip TDDFT (SF-TDDFT) method. Despite

numerous studies about the photoisomerization reaction of isolated azobenzenes 156–170,
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to the best of our knowledge, the photoisomerization mechanism of the azobenzene with

different substitution patterns, as those considered here, has not yet been explored, in par-

ticular using the SF-TDDFT method. The ground-state geometries of the AZ1, AZ2 and AZ3

were optimized in the gas phase with DFT 192,193 using !B97X-D exchange-correlation (xc)

functional 194 along with cc-pVDZ basis set including Grimme’s dispersion correction 195.

The vertical excitation energies of S1 and S2 excited states and corresponding excited-state

optimized geometries were calculated using spin-flip TDDFT (SF-TDDFT)/cc-pVDZ em-

ploying !B97X-D and B5050LYP functionals. Relaxed potential energy surface (PES) scans

were performed for the ground state (S0) at the SF-TDDFT(B5050LYP)/cc-pVDZ level of

theory that is constrained geometry optimizations by fixing the CNNC dihedral angle in

the azobenzene derivatives over a range of 0-180±. In addition, minimum-energy crossing

points (MECPs) between S1/S0 and S2/S1 were located using the branching plane updating

method 196 at the SF-TDDFT(B5050LYP)/cc-pVDZ level of theory. An effective state-tracking

algorithm, based on a maximum-overlap criterion as implemented in Q-Chem program

suite 188,197, is used to check the spin-contamination problem in SF-TDDFT calculations. All

quantum mechanical calculations have been performed with Q-Chem electronic structure

program 188,189.

5.3. Results and Discussion

5.3.1. Photoisomerization reactions of AZ1, AZ2 and AZ3 derivatives in the

gas phase

In order to understand how the size and substitution patterns of the azobenzene unit can

affect its photoisomerization reactions, we begin by analyzing the ground (S0) and excited

(S1 and S2) states potential energy surfaces (PESs) of the isolated azobenzene derivatives.

We applied SF-TDDFT method to explore potential energy surfaces of the AZ1, AZ2 and AZ3

along photoisomerization reactions (CNNC dihedral), by locating critical geometries of the

S0, S1 and S2, such as various minima, transition state, MECPs between S1/S0 and S2/S1.

The geometry parameters including CNNC dihedral (¡), two NNC bond angles (µ) and NN

bond length are summarized in Table 5.1.

The ground state optimized geometries of para-substituted and meta-substituted

azobenzene derivatives (AZ1, AZ2 and AZ3) are in good agreement with experimental

results 198–201 as well as previous theoretical works 70,202,203 reported for azobenzene with-

out substitution. For S1 minimum structure, previous theoretical studies using the complete
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Table 5.1 | Optimized geometry parameters of the S0, S1mi n , S2mi n , and MECPs CIS0/S1 and CIS1/S2 . ¢E (in eV)

refers to the energies relative to the (S0mi n ) of the trans isomer. Bond length dN=N is given in angstrom (Å), and

bond angles µ and dihedral angle ¡ are given in degrees. Note that the experimentally reported parameters 198–200

are related to the azobenzene without substitution.

trans cis

molecule geometry ¡ µ dN=N ¢E ¡ µ dN=N ¢E

AZ1 S0 179.5 114.4/114.6 1.247 0 6.8 122.6/122.6 1.241 0.74

S1mi n 133.4 126.8/126.8 1.243 2.44 133.8 126.8/126.8 1.243 2.44

S2mi n 179.7 112.8/112.9 1.305 3.73 92.9 125.8/125.8 1.248 2.94

CIS1/S0 92.5 119.4/138.4 1.243 2.32 92.2 119.3/138.4 1.243 2.32

CIS2/S1 179.8 114.7/114.6 1.329 3.14 45.9 117.4/117.3 1.468 4.31

AZ2 S0 179.6 114.3/114.6 1.246 0 6.7 122.6/122.6 1.241 0.72

S1mi n 135.2 126.9/127.1 1.242 2.43 134.4 127.0/126.8 1.242 2.42

S2mi n 180.0 112.7/114.3 1.323 3.61 92.9 125.3/126.6 1.247 2.92

CIS1/S0 92.5 119.3/139.2 1.242 2.32 92.0 119.2/137.2 1.245 2.30

CIS2/S1 180.0 114.2/114.3 1.331 3.15 53.2 118.2/115.6 1.487 4.32

AZ3 S0 179.2 114.5/114.4 1.247 0 6.3 122.4/122.5 1.241 0.72

S1mi n 136.1 127.2/127.1 1.241 2.41 135.7 127.0/127.1 1.242 2.42

S2mi n 180.0 112.7/114.3 1.322 3.62 92.9 123.6/126.6 1.247 2.92

CIS1/S0 92.2 119.5/137.3 1.245 2.28 92.2 119.5/137.2 1.244 2.28

CIS2/S1 179.9 114.1/114.3 1.332 3.15 52.1 115.4/118.4 1.487 4.32

azobenzene 198–200 S0 180 113.6/113.6 1.260 - 8.0 121.9/121.9 1.253 0.6 201

180 113.9/113.9 1.247 -

active space self-consistent field (CASSCF) methods 169,202–205 showed that the optimized

CNNC dihedral angle (¡) is 180± for the trans isomer of the azobenzene molecule, respec-

tively. In contrast, the previous SF-TDDFT work 70 using BHHLYP functional showed a

non-planar geometry for the trans S1mi n (¡ = 143.8±). Our results indeed revealed a non-

planar S1mi n for all three azobenzene derivatives studies here, with the corresponding

CNNC dihedral, for trans isomer, of being 133.4±, 135.2± and 136.1± for AZ1, AZ2 and AZ3,

respectively. Since the S1 excited state corresponds to an n °º§ transition and the triplet

reference state in SF-TDDFT includes the HOMO (º) and LUMO (º§), the SF results can not

describe the S1 state properly and show different results compared to the CASSCF methods.

As it is clear from Table 5.1, the geometry optimizations of the S1 state starting from trans

and cis isomers, both are converged to the same local minimum for AZ1 (2.44 eV energy),

and to slightly different local minima for AZ2 (2.43 eV for trans and 2.42 eV for cis). In
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contrast, the S2 geometry optimizations of the trans and cis isomers converged to different

local minima; i.e the trans isomers converged to a planer structure (¡ = 180±), while the

cis isomers converged to a non-planer structure with ¡ of being 92.9±. The S2 optimized

geometries obtained here are in good agreement with CASSCF results 162,206.

The vertical excitation energies of the lowest two singlet states (S1 and S2) for azoben-

zene derivatives obtained by SF-TDDFT (various functionals), as well as experimental and

previous theoretical results using wave function based methods are summarized in Table

5.2. The CASPT2//CASSCF results 162 show the closest agreements with the experimental

results 207,208. Comparing the performance of SF-TDDFT results with wave function-based

methods, it is evident that functionals containing larger amount of Hartree-Fock exchange,

i.e. B5050LYP functional with 50% Hartree-Fock exchange, provide a closer agreement with

the computed CASPT2//CASSCF(12-14)/6-31G§ values (difference of º 0.5 eV for both S1

and S2). It should be pointed out that in general post-Hartree Fock methods are especially

sensitive to the nature of the basis set and including the polarization and diffusion functions

can influence the vertical excitation energies of S1 and S2 states. Note that for all level of

theories, the order of the states remains the same; the S1 being the dark (nº§) state and S2

being the bright (ºº§) state for all cis and trans isomers studied here.

The photoisomerization dynamics are typically controlled by the energies of the minima

of the various surfaces, various conical intersection seams and, MECPs along these seams.

Here we determined two MECPs that play a crucial role in the trans-cis photoizomerization

of the azobenzene derivatives studies here, namely, CI between S1 and S2 (CIS2/S1 ) and CI

between S1 and S0 (CIS1/S0 ).

CIS2/S1 The trans and cis S0mi n geometries served as the starting point for the corre-

sponding MECP optimization calculations. The optimized geometric parameters and their

relative energies with respect to S0mi n of the trans isomer are listed in Table 5.1. Starting

from the trans isomers, the optimization converged to a minimum, CIS2/S1 , with an energy

of 3.15 eV, and a planner structure (¡ = 180±) with structural parameters being very sim-

ilar to those obtained for the S2mi n ; the CNNC dihedral difference of º 0.0±, NNC angle

difference of 1.9±, but 0.59 eV higher in energy. The latter indicate that CIS2/S1 , for all

three azobenzenes considered here, is located in the close vicinity of the S2mi n . However,

starting from the cis isomers, we converge to CI0S2/S1
minima, with energies being around

0.8 eV lower than the Franck–Condon (FC) point of the corresponding cis isomers and

around 1.4 eV higher than the corresponding S0
2mi n . Additionally, the structural parameters

substantially differ from the corresponding S0
2mi n ; e.g., the CNNC dihedral angles for CI0S2/S1

are 45.9±, 53.2± and 52.1± for AZ1, AZ2 and AZ3, respectively, while the dihedral angle of
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Table 5.2 | Vertical excitation energies of S1 and S2 states for AZ1, AZ2 and AZ3. The energies are given in eV. Note

that Refs. 77, 28, 33, 72, 75 and 76 refer to the azobenzene without substitution.

trans cis

molecule method S1 S2 S1 S2

AZ1 SF-!B97X-D/cc-pVDZ 3.09 3.49 3.02 4.34

SF-B5050LYP/cc-pVDZ 3.07 3.73 3.05 4.40

AZ2 SF-!B97X-D/cc-pVDZ 3.08 3.54 3.04 4.36

SF-B5050LYP/cc-pVDZ 3.05 3.78 3.06 4.40

AZ3 SF-!B97X-D/cc-pVDZ 3.07 3.53 3.02 4.34

SF-B5050LYP/cc-pVDZ 3.05 3.77 3.07 4.42

azobenzene 5SA-CASSCF(6,6)/6-31G 209 3.08 5.80 3.77 5.99

CASPT2//CASSCF(12-14)/6-31G§ 162 2.53 4.23 2.72 4.49

SA3-CAS(10,8)/6-31G§/6-31G 167 3.24 - 3.36 -

MR-CISD 204 3.11 5.39 3.95 6.12

azobenzene experiment (gas phase) 207,208 2.82 4.12 2.92 4.68

S0
2mi n are around 93± for all three derivatives.

CIS1/S0 The trans and cis S0mi n geometries served as the starting point for the corre-

sponding MECP optimization calculations. Interestingly, both trans and cis optimizations

converged to the same S1/S0 crossing points with a dihedral angle of around 92± and energy

of around 2.3 eV (see Table 5.1). Please note that CIS1/S0 is around 0.13 eV lower than the

S1mi n , but with different dihedral angel (92± vs. 135±).

To shed further light on the cis-trans photoizomerization, the PESs for the S0, S1 and S2

along CNNC dihedral angle (¡) for AZ1 are depicted in Figure 5.2. Analogues Figures for

AZ2 and AZ3 can be found in the Appendix, Figure 5.7. It is evident that the S0 PES has two

minima connected through the transition state with 1.8 eV (41.51 kcal/mol) energy barrier

at ¡ = 90±. This large barrier excludes the thermal cis-trans isomerization as a plausible

reaction and further confirms the photoisomerization being the operative mechanism. After
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photo-excitation to the bright S2 state, the trans isomer quickly relaxes to the first excited

state (S1) passing the CIS2/S1 (at ¡ = 180±), through which internal conversion occurs. This

behaviour is typical when the CI is accessible from the FC region without significant energy

barriers that is the case here. From this critical point, the system undergoes vibrational

relaxation towards S1mi n and from there evolves directly towards CIS1/S0 (at ¡ = 92± with

an energy of 2.32 eV for AZ1/AZ2 and 2.28 eV for AZ3), without significant energy barriers

(keeping in mind the excess vibrational energy after photoexcitation), which triggers an

ultra-fast internal conversion process and provides a funnel of fast access to the ground

state, on which the system can evolve either to the S0 of the cis or trans isomer. A similar

photoconversion mechanism occurs upon photoexcitation of the cis isomer of azobenzene

derivatives, namely, after internal conversion through CI0S2/S1
, at 45.9±, 53.2± and 52.1± for

AZ1, AZ2 and AZ3, respectively, the system will undergo a vibrational relaxation directly to-

wards CIS1/S0 (at about 92±), that act again as a doorway for an ultrafast internal conversion

to the ground state, on which the system again can evolve to the S0 of the cis or trans isomer.

The similar photodynamics observed for the AZ1, AZ2, and AZ3 derivatives indicates that

the size and the substitution pattern does not affect significantly the ultra-fast cis-trans

photoiomerization mechanism of the azobenzene unit. The latter is inline with the experi-

mental observation, in which all three AZ1, AZ2, and AZ3 undergo photoisomerization, and

G-quadruplex formation.

5.3.2. MD simulations

Previous MD simulations on G-quadruplex structures indicated the role of different ion

parameters and water models on the simulation results 184,210. In order to determine the

optimal parameters for our system, we used three parameter combinations, i.e. AAK+,

JCK+ and JCKCl as described in Section 5.2. Throughout the following discussion, we

compare the effect of these parameters on the movement of K+ ions within the channel and

structural stability of the G-quadruplexes during 200 ns MD production runs.

AZ1 simulations Figure 5.3a shows representative structures obtained from the clus-

tering analysis of the three simulations that differ from one another in their ions/water

parameters (see section 5.2). It is clear that, for AZ1-AAK+ simulation, one of the K+ cation

escapes from the G-quadruplex channel into bulk water. Inspection of MD trajectories

shows that at the beginning of the simulation, the top K+ moves up from the channel and

stays above the upper G-quartet. Afterwards, at around 8 ns simulation, the middle K+ ion
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Figure 5.2 | Schematic representation of the PESs of AZ1 photoisomerization mechanism as function of CNNC

dihedral angle. The ground state (S0), first (S1) and second (S2) excited states are shown in blue, red and green.

The S0 curve is a PES scan along dihedral angle obtained from SF-B5050LYP/cc-pVDZ. The S1 and S2 curves are

obtained through connection of the excited states optimized geometries and MECPs (shown in purple) calculated

at SF-B5050LYP/cc-pVDZ level of theory.

occupies the empty coordination site of the top K+ resulting to escape of the K+ by passing

through the upper G-quartet. The position of the middle ion remains unoccupied during

the rest of the simulation time (see Figure 5.8 in the Appendix for further details). In the

case of AZ1-JCK+, an ion movement is observed at 26 ns in which the bottom ion leaves

its position and then the middle ion replaces it after around 2 ns, thereby facilitating the

expulsion of the K+ from the channel at 34 ns (see Figure 5.9 in the Appendix). In contrast

to the AZ1-AAK+ simulation, after exiting the ion from the channel, two K+ ions from the

bulk (shown as green in Figure 5.3a) move to align near upper and lower G-quartets till the

simulation end. Interestingly, no ion movement is observed for the AZ1-JCKCl simulation

that mimics the experimental condition (i.e. 100 mM KCl concentration).

To evaluate conformational stability of each G-quadruplex using different ion/water

parameters, we analyzed the root mean square deviation (RMSD) of these systems along

the MD trajectories with respect to the initial structures. In addition, we calculated the

RMSDs for the G-quartets and azobenzene backbone, separately, to understand which part

of the G-quadruplex are most affected during the simulations. The RMSD graphs and their

average values are presented in Figure 5.4 and Table 5.3, respectively. The RMSD graphs for
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(a)
AZ1-AAK+ AZ1-JCK+ AZ1-JCKCl

(b)
AZ2-AAK+ AZ2-JCK+ AZ2-JCKCl

(c)
AZ3-AAK+ AZ3-JCK+ AZ3-JCKCl

Figure 5.3 | Representative structures obtained via clustering analysis for (a) AZ1, (b) AZ2 and (c) AZ3 G-

quadruplexes using AAK+, JCK+ and JCKCl parameters. The internal ions in the G-quadruplex channel and

external ions are represented in purple and green, respectively.
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AZ1 G-quadruplex reveals that despite of the fact that the stabilizing ions are very unstable

in the AZ1-AAK+ and AZ1-JCK+ simulations (see Figure 5.3a), the overall system including

the G-quartets and azobenzene backbones are relatively stable (Figure 5.4a). In contrast, for

AZ1-JCKCl simulation, an increase in RMSD is observed after around 64 ns which is mainly

attributed to the clockwise rotation of two strands (Figure 5.4c). As seen from Table 5.3, the

average values for AZ1-JCKCl simulation is 3.80 Å with a standard deviation of 0.83. As it is

clear in Figure 5.4b, the RMSDs for the azobenzene backbone are notably larger than the

those of G-quartets, which can be attributed to the fact that azobenzene residues that are

part of the G-quadruplex backbones, are not involved in the stacked G-quartet structures

and thus can freely move. As it is clear in Figure 5.4b, the largest variation (blue plot) is

related to the azobenzene backbone fluctuation causing more flexible G-quartets compared

to AZ2-JCKCl and AZ3-JCKCl simulations. The RMSDs for the azobenzene backbone are

notably larger than the those of G-quartets (Figure 5.4b), which can be attributed to the

highly flexible azobenzene residues in the G-quadruplex backbones, not being involved

in the stacked G-quartet structures. Notably, the same behaviour is observed for three

independent 200 ns MD runs. Furthermore, the per-atom root mean square fluctuation

(RMSF) of the all G-quadruplexes in JCKCl simulations were calculated and plotted in Figure

5.5 to understand the structural fluctuation of AZ1, AZ2 and AZ3. According to the RMSF

plots, AZ1 fluctuates slightly more than AZ2 and AZ3, showing that AZ1 with high RMSD

and RMSF values can adopt two different conformations (see Figure 5.5). It is evident that

the AZ1 linker, with para-para substitution pattern, offers a suitable balance between the

rigidity and the flexibility of the overall structure that not only allows the formation of the of

a G-quadruplex but also the conformational flexibility of AZ1 backbone (Figure 5.4c).

Table 5.3 | Average RMSD (Å) and their standard deviation values for AZ1, AZ2 and AZ3 G-quadruplexes in JCKCl

simulations.

system RMSD standard deviation

AZ1-JCKCl 3.80 ± 0.83

AZ2-JCKCl 1.94 ± 0.48

AZ3-JCKCl 1.80 ± 0.17

AZ2 simulations Similar ion mobility is observed for AZ2-AAK+ simulation compared

to AZ1-AAK+ simulation, however the ion leaves the channel through the bottom G-quartet

at around 6 ns of simulation (see Figure 5.3b and 5.10 in the Appendix for further details).

In AZ2-JCK+ simulation, all three K+ ions remain stable within the G-quartets throughout
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Figure 5.4 | RMSDs as a function of simulation time. (a, d, g) All atoms of the G-quadruplexes in different simulation

groups described in the text. (b, e, h) G-quartets and azobenzenes in JCKCl simulations. Superimposed structures

of (c) the representative structures of the two different ground state populations of the AZ1 and (f,i) the two random

snapshots of AZ2 and AZ3, in JCKCl MD simulations.

the simulation (Figure 5.3b) which is different compared to AZ1-JCK+ (Figure 5.3a). Similar

to the trend observed for AZ1-JCKCl, ions remain stable during the simulation that mimics

the experimental conditions (100 mM KCl concentration). Figure 5.4 displays the RMSD

plots for AZ2 G-quadruplex. It is evident that the total RMSD increases from about 2 Å for

AZ2-JCK+ to about 3 Å for AZ2-AAK+ which is clearly due to the escape of the ion from the G-

quadruplex channel in the AZ2-AAK+ simulation. The RMSD for the AZ2-JCKCl simulation

indicates a jump in the period from 42 to 59 ns (see Figure 5.4e), which is mainly attributed

to the deviation of the two strands of the G-quadruplex with respect to the initial structure.

However, after 60 ns, the RMSD drops and the AZ2 linker and the G-quartets remain stable
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Figure 5.5 | The per-atom RMSFs of AZ1, AZ2 and AZ3 G-quadruplexes in JCKCl simulations.

for the rest of the simulation. Similar to AZ1 simulations, the RMSDs for the azobenzene

backbone are notably larger than the those of G-quartets (Figure 5.4e). According to the

RMSF plot in Figure 5.5, AZ2 shows slightly less flexibility compared to the AZ1 in JCKCl

simulations.

AZ3 simulations Under three different simulations, i.e. AZ3-AAK+, AZ3-JCK+, and

AZ3-KCl simulations, the K+ ions stay stable within G-quartets during the course of the sim-

ulations (see Figure 5.3c). Similar to AZ2, the RMSD stays stable for AZ3-JCKCl simulation

that resembles the experimental condition (Figure 5.4g). Furthermore, it should be noted

that the RMSDs for the azobenzene backbone in AZ3-JCKCl simulation (Figure 5.4h) are

smaller that those obtained for AZ1 and AZ2 simulations (Figure 5.4b-5.4e), reflecting the

smaller variation of the AZ3 backbone compared to AZ1 and AZ2. Furthermore, the RMSF

plot in Figure 5.5 for AZ3-JCKCL show less flexibility compared to the other two azobenzene

derivatives. This means that, despite the fact that the AZ3 backbone possess a longer side

chain (double homologue of the AZ2) and is expected to have more flexibility, the AZ1 and

AZ2 backbone, with shorter side chain, undergo larger fluctuations than AZ3, with AZ1 with

para-para substitution being the most flexible one.

In sum, it is clear that ion movements and structural stability of the G-quadruplexes are

significantly affected by the ion/water parameters. It should be mentioned that using AAK+

ion/water parameters shows the escape of ions from the G-quadruplex channel which is an

artifact as previously reported for the typical G-quadruplex simulations 211. Interestingly,

under experimental condition (100 mM KCl concentration) and using the JC parameters,
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ions remain stable for all three AZ1, AZ2 and AZ3 G-quadruplexes throughout 200 ns simu-

lations. In addition, the simulations were stable until 500 ns and we did not observe any

changes (see Figure 5.12 in the Appendix). Our results show that while the AZ2 and AZ3 are

structurally stable during the MD runs (see Figure 5.4f and 5.4i), for the AZ1 G-quadruplex,

we observed two ground state populations that differ by the azobenzene backbone orienta-

tions, leading to more conformational changes (see Figure 5.4c). Introducing azobenzene

derivatives with para–para substitution pattern into G-quadruplex, i.e. AZ1, provides a

proper balance between the rigidity and the flexibly of the overall structure. The latter can

be considered as the main factor favoring photoisomerization reaction of AZ1 compared to

AZ2 and AZ3 between a nonpolymorphic, stacked, tetramolecular G-quadruplex and an

unstructured state after trans-cis isomerization occurring in a longer time dynamics, in

agreement with experimental findings 155. It should be pointed out that the new version of

AMBER force field for DNA (parmbsc1) 184 and ion/water parameters 182,212 in future study

might accomplish improved agreement with experiments.

5.3.3. QM/MM simulations

To better understand the effect of the G-quadruplex on the absorption spectra of the azoben-

zene derivatives, we calculated vertical excitation energies for 90 snapshots, taken from the

JCKCl MD simulations, within QM/MM framework. The average excitation energies of the

first two absorption bands (S1 and S2) of the azobenzene derivatives in the presence and

absence of the point charges of the rest of the DNA are summarized in Table 5.4 alongside

experimental values and the corresponding values for the quantum mechanically optimized

isolated azobenzene derivatives. Furthermore, natural transition orbital (NTO) analysis

shows that for all the snapshots the S1 is the dark nº§ state while the S2, with a noticeable

oscillator strength, is the bright ºº§ (the state-averaged NTO involved in the transitions are

shown in the Appendix, Figure 5.11). As one can see in Table 5.4, the excitation energies of

the S1 state for the single optimized structures are in perfect agreement with experimental

values (difference of about 0.02 eV) and inclusion of the G-quadruplex environment along

with taking the thermal fluctuation into account (average over 90 snapshots) do not sig-

nificantly affect the excitation energies. The average excitation energies of S1 state for AZ1

with and without point charges differ by 0.02 eV with a standard deviation about 0.2 eV. In

the case of AZ2 and AZ3, the inclusion of the point charge environment does not change

the average excitation energies of S1 state (2.72 eV with a standard deviation about 0.2 eV).

However, the excitation energies of the S2 state (ºº§) for the single optimized structures
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are smaller than the corresponding experimental values (4.24, 4.20 and 4.28 eV for AZ1,

AZ2 and AZ3, respectively, vs. 4.96 eV). Interestingly, taking only the thermal fluctuation

into account (QM/MM average energies using 90 snapshots), without the inclusion of the

G-quadruplex environment, blue-shifts the S2 excitation energies relative to the gas-phase

value (º 0.35 eV), thus getting closer to the experimental value. Furthermore, the inclusion

of the G-quadruplex environment, does not have a significant effect on the S2 excitation

energies relative to the average energies calculated using structures obtained from 90 MD

snapshots (e.g. 4.71 vs 4.70 for AZ2), implying that the influence of the environment, pre-

sented by fixed point charges, in the S2 excitation energies is minimal. We propose that the

latter can be attributed to the position of the azobenzene linkers in the G-quadruplexs (see

Figure 5.1), i.e. the edgewise loops containing the azobenzene moieties that are located

above the G-quartets, not being fully embedded inside or being involved in the stacked

structure. In sum, the average excitation energies of S2 state for AZ1, AZ2 and AZ3 is about

4.7 eV with standard deviation 0.3-0.4 confirming the broad distribution of the peak maxima

in the absorption spectra.

Table 5.4 | Excitation energies calculated for AZ1, AZ2 and AZ3 with and without MM charges using TDDFT(!B97X-

D)/cc-pVDZ. The energies are given in eV.

QM MM S1 S2

AZ1a - 2.84 4.24

AZ1b all 2.67 ± 0.23 4.67 ± 0.38

AZ1b - 2.65 ± 0.21 4.77 ± 0.26

AZ2a - 2.83 4.30

AZ2b all 2.72 ± 0.19 4.71 ± 0.40

AZ2b - 2.72 ± 0.19 4.70 ± 0.28

AZ3a - 2.82 4.28

AZ3b all 2.72 ± 0.19 4.74 ± 0.29

AZ3b - 2.72 ± 0.18 4.70 ± 0.28

experimentc all 2.82 4.96

a Using a single gas-phase optimized structure of AZ1, AZ2 and AZ3.
b Average energies calculated using QM/MM structures obtained from 90 MD

snapshots.
c Reference 155
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The experimental findings 155 show that AZ1, AZ2 and AZ3 G-quadruplexs have similar

absorption spectrum (red in Figure 5.6), that exhibits two bands, the less intense band (S1)

corresponding to 2.82 eV (440 nm) and the most intense band (S2) at 4.96 eV (250 nm).

Here, the resulting excitation energies were convoluted with Gaussian of suitable full width

at half maximum (FWHM) of the corresponding experimental spectrum, to account for

instrumental resolution and other broadening effects that are not accounted in our MD

snapshots. The calculated spectra are plotted in Figure 5.6. The comparison between theory

and experiment shows a very satisfactory qualitative, partly quantitative, agreement. In the

computed spectra for AZ1, AZ2 and AZ3, two peaks are present, but they are red-shifted

by about 0.1 eV and 0.5 eV for S1 and S2, respectively compared to the corresponding

experimental peaks.

Figure 5.6 | Absorption spectra of AZ1, AZ2 and AZ3 obtained by a Gaussian convolution of the excitation energies

of 90 MD simulation snapshots. Experimental spectrum is shown in red which is taken from Ref. 155.

5.4. Conclusions

In summary, we investigated the effect of the size and substitution pattern of the azobenzene

derivatives on their spectroscopic properties within the smallest G-quadruplex structure

using hybrid quantum classical simulations.

We applied SF-TDDFT method to explore the photoisomerization mechanism of the

azobenzene derivatives in the gas phase. The calculations reveal that all three derivatives

have similar photoisomerization reactions which occur via three consecutive steps; (i) S0
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! S2 excitation, (ii) rapid decay from S2 to S1 passing the CIS2/S1 , (iii) decay to the ground

state of the trans or cis isomer via CIS1/S0 . The similar photodynamics observed for the AZ1,

AZ2, and AZ3 derivatives indicates that the size and the substitution patter does not affect

significantly the ultra-fast cis-trans photoiomerization mechanism of the azobenzene unit,

inline with the experimental observation.

The MD simulations performed under different ion/water parameters and concen-

trations revealed that the structural stability of the G-quadruplex and the ion mobility in

the channel are very sensitive to the these parameters. Using the combination of Åqvist

parameters for K+ and TIP3P water model (AAK+), we observed the escape of ions from

the G-quadruplex channel which is not in the agreement with the reported ion residence

lifetime 213,214. With the same water model, using JC ion parameter under 100 mM KCl

concentration (JCKCl), i.e. experimental condition, the K+ ions remain tightly bound in

the G-quadruplex channel during the simulations. Moreover, under JCKCl condition, AZ2

and AZ3 G-quadruplex are structurally stable during the simulations, while AZ1 shows two

ground state populations that differ by the azobenzene backbone adopting two different

conformations, leading to more conformational variation. In fact, introducing the azoben-

zene derivative with para–para substitution pattern into G-quadruplex (i.e. AZ1) provides

more flexibility to the structure compared to AZ2 and AZ3 can thus facilitates photoiso-

merzation reaction between a nonpolymorphic, stacked, tetramolecular G-quadruplex and

an unstructured state after trans-cis isomerization occurring in a longer time dynamics, in

agreement with experimental finding 155.

The simulation of the absorption spectra of the azobenzene derivatives within QM/MM

framework showed that the thermal fluctuation plays a more significant role on the excita-

tion energy of the S2 than the inclusion of the G-quadruples, implying that the influence of

the environment, presented by fixed point charges, is minimal. We suggest that the latter

can be attributed to the position of the azobenzene linkers in the G-quadruplexes, i.e. the

edgewise loops containing the azobenzene moieties that are located above the G-quartets,

not being involved in the stacked structure. Our theoretical findings provide atomistic

insights into the recent experimental study of the photoresponsive formation of photo-

switchable G-quadruplex motifs at atomic level, and thus providing design principles for

developing azobenzene-based photocontrollable DNA G-quarduplexes relevant for novel

nanodevices with medical and nanotechnology applications. It would be very important

to study the photoisomerization reactions of azobenzene derivatives within G-quadruplex

and work in this direction is in progress in our group.
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5.5. Appendix

Table 5.5 | Ion Lennard-Jones parameters and water models used in the MD simulations.

simulation group ion parameters ion type water model æ (nm) ≤ (kJ/mol)

AZn-AAK+ AA K+ TIP3P 4.736 £ 10°1 1.372 £ 10°3

AZn-JCK+ JC K+ SPC/E 2.838 £ 10°1 1.798 £ 10°0

AZn-JCKCl JC K+ SPC/E 2.838 £ 10°1 1.798 £ 10°0

Cl° 4.830 £ 10°1 5.349 £ 10°2

Ion parameters are abbreviated as follows: AA: Amber-adapted Åqvist; JC: Joung and Cheatham.

In AZn, n refers to the structure number of azobenzene derivatives AZ1, AZ2 and AZ3.

Table 5.6 | Vertical excitation energies of S1 and S2 states and oscillator strengths (in parentheses) for AZ1 calculated

at different levels of theory using the cc-pVDZ basis set. The energies are given in eV.

method trans cis

S1 S2 S1 S2

TDDFT/BLYP 2.32 (0.001) 3.60 (0.964) 2.55 (0.070) 3.52 (0.007)

TDDFT/B3LYP 2.68 (0.001) 3.90 (1.268) 2.76 (0.055) 4.19 (0.134)

TDDFT/!B97X-D 2.84 (0.001) 4.24 (1.238) 2.90 (0.037) 4.74 (0.223)

TDDFT/CAM-B3LYP 2.87 (0.001) 4.23 (1.252) 2.88 (0.038) 4.74 (0.234)

TDDFT/B5050LYP 3.05 (0.001) 4.27 (1.276) 3.01 (0.040) 4.87 (0.279)

ADC(2)-s 2.97 (0.001) 4.25 (1.035) 3.03 (0.033) 4.72 (0.063)

EOM-CCSD 3.07 (0.001) 4.59 (0.923) 3.12 (0.026) 4.83 (0.031)

SF/!B97X-D 3.09 3.49 3.02 4.34

SF/B5050LYP 3.07 3.73 3.05 4.4
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(a)
(b)

Figure 5.7 | Schematic representation of the PESs of the photoisomerization mechanism of (a) AZ2 and (b) AZ3

as function of CNNC dihedral angle. The ground state (S0), first (S1) and second (S2) excited states are shown in

blue, red and green. The S0 curve is a PES scan along dihedral angle obtained from SF-B5050LYP/cc-pVDZ. The S1

and S2 curves are obtained through connection of the excited states optimized geometries and MECPs (shown in

purple) calculated with SF-B5050LYP/cc-pVDZ.

2.82 ns 7.75 ns 7.88 ns

Figure 5.8 | Ion movement in AZ1-AAK+ G-quadruplex. At 2.82 ns, the first/top K+ moves up from the G-

quadruplex channel and stays above the top G-quartet. At 7.75 ns simulation, the second/middle K+ ion moves

and occupies the empty coordination site of the first K+ resulting to escape of K+ through the top quartet at 7.88

ns simulation.
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26.4 ns 28.07 ns 33.73 ns 44.86 ns

Figure 5.9 | Ion movement in AZ1-JCK+ G-quadruplex. At 26.4 ns, third/bottom K+ moves down from the G-

quadruplex channel and stays close to the bottom G-quartet. At 28.07 ns simulation, the second/middle K+ ion

moves to the vacant position of third K+. After 5.66 ns, the third K+ escapes from the G-quadruplex channel. Then,

at 44.86 ns, two K+ ions from the bulk water move to align near top and bottom G-quartets till the simulation end.

0.79 ns 3.99 ns 5.93 ns

Figure 5.10 | Ion movement in AZ2-AAK+ G-quadruplex. At 0.79 ns, third/bottom K+ moves down from the

G-quadruplex channel and stays close to the bottom G-quartet. At 3.99 ns simulation, the second/middle K+ ion

moves to the vacant position of third K+ leading to escape of third K+ from the structure at 5.93 ns simulation.
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S2

S1

Figure 5.11 | Natural transition orbitals for the S1 and S2 transitions of one snapshot (!B97X-D/cc-pVDZ).

Figure 5.12 | RMSDs as a functional of simulation time for all atoms of the G-quadruplexes in JCKCl simulations.
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G-quadruplexes have been associated with diverse biological functions including DNA

replication, transcription, and translation. Stable G-quadruplex structures can block

transcription and/or replication and down-regulate gene expression leading to DNA

damage. RNA helicase associated with AU-rich element (RHAU) was identified to bind

and unwind the G-quadruplex structures in cells. We carried out a series of simulations

to identify the binding mechanisms of RHAU molecules with parallel and nonparallel

G-quadruplex structures. Atomistic and Martini 2.2 simulations revealed the conforma-

tional variations of the G-quadruplex loop during RHAU binding to the 50-end side of the

G-quadruplex. In Martini 3.0 simulation we observed that RHAU can bind onto both 50-

and 30-end of the G-quadruplex. In addition, we investigated the binding mechanisms

between wild-type and mutant RHAU with nonparallel and parallel G-quadruplex, re-

spectively using Martini 3.0 models. The results are inline with experimental findings.

Our study can pave the way to explore the binding mechanisms between RHAU and

G-quadruplex structures which possibly provides clues on unfolding processes of G-

quadruplex structures by full-length protein.

6.1. Introduction

G-quadruplex structures are known to have biological roles in cellular processes including

DNA replication, transcription, and translation 24,29. However, these structures can be detri-

mental for replication and gene expression. G-quadruplex structures must be unfolded for

completion of replication and transcription of the DNA employed by helicase enzymes, any

unfolded G-quadruplex blocks transcription and/or replication and down-regulate gene

expression leading to DNA damage 30. Such a G-quadruplex barrier can be counteracted by

a set of DNA helicases, such as BLM 31, FANCJ 32, PIF1 33 and WRN 34. Furthermore, RNA

helicase associated with AU-rich element (RHAU), a member of the ATP-dependent RNA

helicases, was identified to bind and unwind the G-quadruplex structures 35,36. To date,

various specific functional roles have been assigned to RHAU. Different studies have shown

the role of RHAU in transcriptional regulation, mRNA stability and controlling gene expres-

sion 37. Furthermore, the role of RHAU in the recognition and remodeling of G-quadruplex

structures is critical in a number of key cellular regulatory processes 38. RHAU includes a

core DEAH (Asp-Glu-Ala-His)-box helicase domain which is flanked by N-terminal and C-

terminal extensions. The conserved N-terminal domain known as the RHAU-specific motif
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(RSM) is required for interaction with G-quadruplexes, but it is insufficient for G-quadruplex

unfolding. The full-length protein is necessary for the G-quadruplex unwinding process.

Heddi and and co-workers reported the NMR solution structure of a parallel G-quadruplex

in complex with 20-amino acid peptides termed RHAU20, showing the specific recognition

of G-quadruplex by RHAU (Figure 6.1) 215. The data revealed that RHAU20 binds to the

parallel G-quadruplex but not the nonparallel G-quadruplex (see Table 6.1). In addition, the

experimental work showed the effect of RHAU peptide mutants on parallel G-quadruplex

binding, suggesting that RHAU20M can not bind to the parallel G-quadruplex. However,

the detailed mechanisms between parallel/nonparallel G-quadruplex and different RHAU

proteins are still open questions. In this work, we applied atomistic MD simulations for

RHAU in complex with the parallel G-quadruplex reported experimentally to understand

how RHAU molecule can recognize the G-quadruplex structure. On the basis of the experi-

mental findings, a full-length RHAU including the helicase domain, also known as DHX36,

is necessary for the G-quadruplex unfolding process. Fully atomistic MD simulations are

computationally expensive for understanding such binding interactions. A common so-

lution is the use of CG approaches, which speed up the simulations by grouping a few

atoms into effective interaction sites. We applied Martini models to study the interaction of

the shortest peptides containing RSM motif with G-quadruplex structures which pave the

way for future work on modelling of full-length RHAU in complex with G-quadruplex. The

results provide a basis for the interpretation of the experimental findings and describe the

interactions of RHAU molecules with two G-quadruplex topologies that might potentially

influence the G-quadruplex unfolding that occurs in a longer time scale.

Table 6.1 | Simulated systems used in this work.

Simulation name Protein G-quadruplex Binding

model 1 RHAU20a parallel (PDB ID: 2N21)
p

model 2 RHAU20a nonparallel (PDB ID: 2JSM) £
model 3 RHAU20Mb parallel (PDB ID: 2N21) £

a SMHPGHLKGREIGMWYAKKQ
b SPLHLKLREILMWYAKKQGQ
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Figure 6.1 | NMR solution structure of the parallel G-quadruplex (bottom) in complex with RHAU20 (top).

6.2. Computational Methods

6.2.1. Starting Structures

We simulated three different models based on two different G-quadruplex topologies and

RHAU molecules (Table 6.1). The model 1 (PDB ID: 2N21) was used as a starting struc-

ture in our simulations 215. It consists of a parallel G-quadruplex with the sequence of

50-TTGGGTGGGTGGGTGGGT-30 in complex with RHAU20. For model 2, the structure of

nonparallel G-quadruplex was obtained from the human telomeric DNA G-quadruplex

d[TT(GGGTTA)4] (PDB ID: 2JSM) 150. The RHAU20 structure was taken from the PDB

structure 2N21 215. In the case of model 3, the coordinates for RHAU20M was constructed

based on the PDB ID 5VHE 216 and four mutations were performed, where three glycine

residues (G58, G62, G66) and one leucine (L67) were replaced with leucine and methionine,

respectively. In this model, we used the parallel structure of G-quadruplex from PDB ID

2N21 215.

6.2.2. Atomistic MD Simulations

The MD simulations of the parallel G-quadruplex in complex with RHAU20 (model 1)

were performed using GROMACS 2018.4 package 187. Topologies of the G-quadruplex and

RHAU20 were obtained using the Amber14sb/parmbsc1 force field 217. Two potassium

ions were manually added between two G-quartets for the stability of the G-quadruplex,

based on the experimental data. Then, the complex was solvated with 7819 TIP3P 107 water
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molecules in a cubic box extending to 10.0 Å buffer between the molecule(s) periphery

and box edge. 12 K+ counter ions were added to the G-quadruplex-RHAU20 complex to

neutralize the systems. The solvated structures were minimized about 1000 steps using

the steepest descent algorithm. The systems were then equilibrated under NVT ensemble

at 300 K during 300 ps. This was followed by a 400 ps NPT equilibration run at 1 bar

pressure and 300 K temperature. The velocity rescaling thermostat 110,185 was used for the

temperature coupling at 300 K with a time constant 0.1 ps. The pressure was controlled

via the Parrinello–Rahman barostat 111,112 at 1 bar with a time constant 1 ps. The particle

mesh Ewald (PME) method 186 was applied to calculate long-range electrostatic interactions

and the LINCS algorithm 109 was used to constrain all bonds. A cut-off of 10.0 Å was used

for non-bonded van der Waals interactions. Finally, MD production runs were performed

for 1 µs under equivalent conditions at 1 bar and 300 K with a time step of 2 fs. Clustering

analysis was carried out using the Gromos method 136 and a cutoff of 0.25 nm to obtain the

representative structures based on the most populated cluster.

6.2.3. CG Simulations

We carried out all the simulations using the GROMACS 2018.4 package. The Martini 2.2

force field 87,94 was used for model 1 simulation. In addition, we performed CG simulations

with Martini 3.0 force field 218 for all three models (model 1, model 2 and model 3). The

Martinize 2 tool was used for the Martini 3.0 model, but this is still under development. The

topologies were curated by hand which are available upon request. In order to maintain

the G-quadruplex conformation, a network of elastic bonds between side chain beads of

residues were defined. The protein was simulated without an added elastic network. The

secondary structure of the protein was assigned using DSSP 219. Each model was solvated

in a cubic box with about 2800 water beads extending to 15.0 Å buffer in each direction.

Note that in the standard Martini water model, four water molecules are represented by a

CG bead. Na+ counter ions were added randomly in each complex to neutralize the total

charge. The solvated structures were subjected to 3000 steps of energy minimization using

the steepest descent algorithm. Then, the minimized structure was equilibrated under three

steps: 1) an NVT ensemble (300 K) with a time step of 5 fs for 1.5 ns, 2) an NPT ensemble (300

K) with a time step of 5 fs for 1.5 ns, and 3) an NPT ensemble (300 K) with a time step of 10 fs

for 3 ns. The velocity rescaling thermostat 110,185 and Parrinello-Rahman barostat 111,112 (øT

= 0.1 ps, øP = 1 ps) were used for the temperature and pressure coupling, respectively. Cut off

for van der Waals and electrostatic interactions was set to 1.1 nm. Long range interactions
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were calculated using the Reaction Field method 220. Finally, MD production runs were

performed in the NPT ensemble for 20 µs at 1 bar and 300 K with a time step of 10 fs.

6.3. Results and Discussion

6.3.1. Atomistic MD Simulations

In this study, we used atomistic MD simulations to understand the binding interactions

between parallel G-quadruplex and RHAU20 in model 1.

To assess conformational stability of model 1 during simulation, root mean square devi-

ation (RMSD) calculations were performed on the G-quadruplex and RHAU20 with respect

to the initial structures using G-quadruplex and RHAU20 for structure fitting, respectively.

As shown in Figure 6.2a, at the beginning, the RMSD of the G-quadruplex increases from

about 2 Å to about 4 Å and remains stable during the rest of the simulation time. In addi-

tion, we calculated the RMSDs for the G-quartets and G-quadruplex backbone, separately,

to understand which part of the G-quadruplex are most affected during the MD simula-

tion (see Figure 6.2b). Note that the parallel G-quadruplex includes three G-quartets, i.e.

top 50-end (DG3-DG7-DG11-DG15), middle (DG4-DG8-DG12-DG16) and bottom 30-end

(DG5-DG9-DG13-DG17) G-quartets. The RMSD graphs reveal the largest variations for the

G-quadruplex backbone compared to the G-quartets. This observed difference implies that

backbone residues in the G-quadruplex structure are more flexible than rigid G-quartets. In

addition, inspection of the RMSD for RHAU20 indicates a jump in the period from nearly

300 to nearly 550 ns (see the black plot in Figure 6.2a), which is mainly attributed to the

reorientation of the C-terminal and N-terminal domains of RHAU20.

In order to obtain more insight into the intra-molecular interactions between RHAU20

and G-quadruplex residues, we calculated the distance matrices consisting of the minimum

distance between residue pairs defined as the smallest distance between any pair of atoms

being < 1.5 nm from each other (Figure 6.3). As it is clear, the matrices are color coded

according to the distance, from blue (lower distance) to red (higher distance). The diagonal

line is colored in blue indicating the zero distances between the residue-pairs with them-

selves. The color spots indicate the distances between the residue-pairs during the course

of simulation. Figure 6.3 shows close residual contacts between DT2 of the G-quadruplex

and four residues of RHAU20 (LYS26, GLY27, ARG28 and GLU29). We also observe more

residual contacts between Æ-helix of RHAU20 (GLY27, ARG28, ILE30, GLY31 and ALA35)

and top G-quartet (DG3-DG7-DG11-DG15) which is in agreement with the experimental
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findings 215. In addition, some close contacts between C-terminal residues especially LYS37

and DG8 of the G-quadruplex are detected which can be attributed to the electrostatic

interactions between the positively charged LYS37 and negatively charged phosphate group

of DG8. Figure 6.4a shows the representative structure observed from the clustering analysis

which was superimposed onto the experimental structure. As one can see in this figure, the

first two thymine bases (DT1 and DT2) at the 50-end undergo significant reorientation by

interaction with RHAU20 residues, confirming the results obtained from the contact map in

Figure 6.3. We also observe the deviation of C-terminal and N-terminal regions of RHAU20

during simulation (Figure 6.4a).
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Figure 6.2 | RMSDs as a function of simulation time. (a) All atoms of the G-quadruplexes and RHAU20. (b)

G-quartets and backbone of G-quadruplex.

Furthermore, the per-atom root mean square fluctuations (RMSFs) were calculated

for the G-quadruplex and RHAU20 to understand the structural fluctuations during MD

simulations. As depicted in Figure 6.5, the RMSF values of RHAU20 are higher than those of

the G-quadruplex. In the RHAU20 structure, the largest fluctuations occur in SER1 involved

in the N-terminal region and residues LYS18, LYS19 and GLN20 of the C-terminal domain

indicating that these residues are highly mobile during MD simulation. In the G-quadruplex

structure, the RMSFs for the first two residues (DT1 and DT2) are higher than the other

residues, thereby facilitating the conformational variations of the G-quadruplex loop (Figure

6.4a). It is also evident that the RMSFs for three single-residue loops (DT6, DT10 and DT14)

of the G-quadruplex are larger than those of G-quartets, which can be attributed to the fact

that the G-quadruplex loop can freely move during MD simulation.

In order to investigate the binding interactions of RHAU20 with G-quadruplex, hydrogen
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Model1-AA

G-quadruplex residues RHAU residues

G
-quadruplex residues

RHAU residues

Figure 6.3 | The residue–residue contact maps between parallel G-quadruplex and RHAU20 residues in model 1

during the atomistic simulation.

bonds between G-quadruplex and RHAU20 were analyzed over 1 µs simulation. To define a

hydrogen bond, cutoff distance (donor-acceptor) and angle (hydrogen-donor-acceptor) of

3.5 Å and 30° have been used, respectively. As can be seen in Table 6.2, two hydrogen bonds

between RHAU20 and G-quadruplex are present during > 62% of the simulation time. It is

clear in Figure 6.4b that the G-quadruplex loop at the 50-end are oriented in such a way that

two hydrogen bonds with the RHAU20 structure are formed; 1) O2...H-N,the NH group of

the GLU11 formed a hydrogen bond with the O2 atom of DT2. 2) O...H3-N3, the formation

of the hydrogen bond between NH group of DT2 and the oxygen atom of LYS8.

Table 6.2 | Hydrogen bonds data during 1 µs MD simulation between RHAU20 and G-quadruplex over 40.0% of the

simulation time. Error bars were obtained from block averaging method.

Hydrogen-donor Hydrogen-acceptor Occupancy (%)

11GLU(H)N 2 DT (O2) 62.5 ± 12.1

2 DT(H3)N3 8 LYS (O) 63.3 ± 12.7

In sum, it is clear that RHAU20 binds to the 50-end G-quartet of the parallel G-quadruplex

over the entire simulation which is consistent with the experimental NMR structure. In
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Figure 6.4 | (a) Superimposed structures of the representative structure obtained via clustering analysis (red) onto

the experimental structure (cyan) and (b) Hydrogen bonds between GLU11 and LYS8 residues of RHAU20 and DT2

residue of G-quadruplex during MD simulations.
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Figure 6.5 | The per-atom RMSFs of G-quadruplex and RHAU20 during MD simulations.

contrast, we found that the C-terminal residues of RHAU are oriented away from the G-

quadruplex, while the N-terminal is located close to the G-quadruplex groove. In addition,

our results show that the total shape of parallel G-quadruplex is conserved through the

stacking of G-quartets, but the TT loop at the 50-end are oriented away from the original

location and positioned close to RHAU20, leading the binding interactions with RHAU20.
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6.3.2. CG Simulations

The Martini 2.2 and Martini 3.0 models were used for CG simulations of the model 1. In order

to investigate the binding interactions between nonparallel G-quadruplex and RHAU20, as

well as parallel G-quadruplex and RHAU20M, we carried CG simulations using Martini 3.0.

Simulations of parallel G-quadruplex with wild-type RHAU20 using Martini 2.2 and

Martini 3.0 force fields Figure 6.6 shows distance matrices including the smallest distance

between the residue-pairs of the model 1 during martini 2.2 and 3.0 simulations. As shown

in Figure 6.6a, there are some close contacts between HIS24/LEU25/LYS26 residues of

RHAU and DT1/DT2/DG3/DG4 of the G-quadruplex, indicating conformational variations

of the TT loop at the 50-end which is similar to the atomistic simulation. However, in

Martini 2.2 simulation, strong close contacts between Æ-helix (residue 28-32) of RHAU

and top G-quartet (DG3-DG7-DG11-DG15) are not detected which is mainly attributed to

the conformational deviation of RHAU with respect to the initial reference structure. In

contrast, simulation performed with Martini 3.0 shows a different contact map compared

to that obtained from Martini 2.2 and atomistic simulations. As one can see in Figure

6.6b, some close residual contacts were observed between LYS26/GLY27/ARG28 of RHAU20

and DG4-DG5/DG8-DG9/DG12-DG13/DG16-DG17 of G-quadruplex being involved in

the middle and 30-end bottom G-quartets. Also, we observe similar contacts between

LYS36/LYS37 of RHAU20 and the same residues of the G-quadruplex. Note that there are

some week interactions between RHAU20 and top 50-end G-quartet (DG3-DG7-DG11-

DG15), indicating that RHAU20 faces both 50- and 30-end sites of the G-quadruplex, which

is not in agreement with atomistic and Martini 2.2 simulations.

After inspection of MD trajectories, we observed that in Martini 2.2 simulation, RHAU20

binds to the 50-end G-quartet during the entire simulation time which is consistent with

the atomistic simulation and experimental findings. In contrast, in Martini 3.0 simulation,

inspection of MD trajectories shows that at around 5 µs simulation, RHAU20 moves to align

near bottom 30-end G-quartet till the simulation end, supporting the results obtained from

the contact maps. We also calculated the average distance between the center of mass of

50-end G-quartet and RHAU20 as a function of time in Martini 3.0 simulation (see Figure

6.8). It is clear that after around 5 µs, the distance between RHAU20 and 50-end G-quartet

increases to ª 15 Å, indicating RHAU20 movement from 50- to 30-end.

Furthermore, clustering analysis was performed over the simulation time to provide

insight into the conformational dynamics of the system. Figure 6.7a shows the represen-

tative structure of G-quadruplex and RHAU20 in Martini 2.2 simulation. It is evident that
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Figure 6.6 | The residue–residue contact maps between parallel G-quadruplex and RHAU20 residues in model 1

during (a) Martini 2.2 and (b) Martini 3.0 simulations.

RHAU20 is located close to the top G-quartet. However, the conformational variation of

RHAU20 from the experimental structure was detected during the course of simulation.

In addition, we observed that the TT loop at the 50-end is oriented away from the original

location and positioned close to RHAU20, confirming the contact map results, which is

similar to the atomistic simulation. In RHAU20, both N-terminal (blue color residue) and

C-terminal (green color residue) domains are oriented close to the G-quadruplex structure.

In contrast, the results from Martini 3.0 simulation illustrate various clusters with similar

populations indicating the conformational fluctuations of the structures over the entire

simulation. This is because the RHAU20 explores both 50- and 30-end G-quartets during

the simulation. However, the clustering analysis from 5 µs to 20 µs shows that in the most

populated cluster, RHAU is located at the 30-end G-quartet, as shown in Figure 6.7b. It is

worth to mention that based on the experimental works, binding affinity for 30-end site is

lower compared to 50-end site, but can occur under a high concentration of RHAU20 215. It

means that RHAU can recognize the parallel G-quadruplex on its accessibility at both 50-

and 30-end sites.
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(a)
(b)

Figure 6.7 | Representative structures for model1 obtained via clustering analysis using (a) Martini 2.2, (b) Martini

3.0. G-quadruplex structure and RHAU20 are depicted in cyan and red color, respectively. The 50 and 30 thymine

residues of the G-quadruplex are shown in yellow and purple color, respectively. In the RHAU20 structure, the

N-terminal and C-terminal are shown in blue and green color, respectively.

s)(

Figure 6.8 | Averaged distance between the center of mass of 50-end G-quartet and RHAU as a function of simulation

time.

Simulations of nonparallel G-quadruplex with wild-type RHAU20 using Martini 3.0

force field Figure 6.9 shows distance matrices including the smallest distance between

the residue-pairs of the model 2 during the course of simulation. It is clear that a few

close residual contacts are observed between Æ-helix (residue 31-33) or C-terminal region

(residues 36-37 and 41-42) of RHAU20 and nonparallel G-quadruplex, confirming some

weak interactions between RHAU20 and nonparallel G-quadruplex. Furthermore, clustering

analysis results illustrate various clusters with similar populations indicating the confor-
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mational fluctuations of the structures during the simulation. The four most populated

clusters are presented in Figure 6.10. Inspection of trajectories confirms the movement

of RHAU20 around the nonparallel G-quadruplex suggesting that there is not a preferred

G-quadruplex recognition site for RHAU20 during 10 µs simulation which is in agreement

with experimental observations.
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Figure 6.9 | The residue–residue contact maps between nonparallel G-quadruplex and RHAU20 residues in model

2 simulation.

Simulations of parallel G-quadruplex with mutant RHAU20M using Martini 3.0 force

field In order to obtain insight into the structural changes of the RHAU20M in the system, we

calculated the contact map indicating the intra-molecular interactions between RHAU20M

and parallel G-quadruplex residues (see Figure 6.11). The contact map reveals that some

close residual contacts are observed specially between 6 residues (residues HIS22, LEU23,

LYS24, LEU25, ARG26 and GLU27) of the N-terminal region of RHAU20M and parallel

G-quadruplex. In addition, there is no close contact between the last three residues of

the C-terminal region and G-quadruplex indicating that the C-terminal region is oriented

away from the G-quadruplex structure. It is noteworthy to recall that experimental works

suggested that the mutated RHAU (RHAU20M) can not bind to the parallel G-quadruplex,

but there might be some electrostatic interactions between positively charged residues

of RHAU20M such as LYS or ARG and G-quadruplex structure 215. Our simulations also
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(a) (b)

(c)
(d)

Figure 6.10 | Four most populated conformations of model 2 from CG simulation via clustering analysis (a) cluster

1, (b) cluster 2, (3) cluster 3 and (4) cluster 4. The nonparallel G-quadruplex and RHAU20 are depicted in cyan

and red color, respectively. The 50- and 30-end residues of the G-quadruplex are shown in yellow and purple

color, respectively. In the RHAU20 structure, the N-terminal and C-terminal are shown in blue and green color,

respectively.

suggested some close contacts between LYS24 and ARG26 and G-quadruplex residues,

indicating the electrostatic interactions between these positively charged residues and the

phosphate backbone of the G-quadruplex which is in agreement with experimental findings.

Similar to model 1, the clustering analysis shows various clusters with similar populations

indicating the conformational dynamics of the system during the simulation. Figure 6.12
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illustrates the four most populated clusters obtained during the simulation. Inspection of

MD trajectories indicates that the dynamic behavior of this mutated RHAU20M around the

G-quadruplex is similar to the wild-type RHAU20 in model 1 simulation using Martini 3.0,

indicating RHAU faces both 50- and 30-end sites of the G-quadruplex.

G-quadruplex residues RHAU residues
G

-quadruplex residues
RHAU residues

Figure 6.11 | The residue–residue contact maps between parallel G-quadruplex and RHAU20M residues in model

3 simulation.

6.4. Conclusions

In summary, we performed atomistic and CG simulations using different force fields to in-

vestigate the binding interactions between two different RHAU molecules and G-quadruplex

structures. The atomistic simulation performed with model 1, i.e. experimental NMR struc-

ture, caused the important conformational variations in the G-quadruplex structure, with

the TT loop at the 50-end region adopting different conformations. Moreover, the N-terminal

tail of RHAU20 is facing the 50-end residues, while the C-terminal tail is facing away from the

G-quadruplex indicating the flexibility of the N-terminal and C-terminal domains during

the simulation. In parallel, the Martini 2.2 simulation of this model showed the confor-

mational variation of the G-quadruplex loop at the 50-end, which is consistent with the

atomistic simulation results. However, both N-terminal and C-terminal domains of RHAU
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(a)
(b)

(c)
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Figure 6.12 | Four most populated conformations of model 3 from CG simulation via clustering analysis. (a)

cluster 1, (b) cluster 2, (3) cluster 3 and (4) cluster 4. The parallel G-quadruplex and RHAU20M are depicted in

cyan and red color, respectively. The 50 and 30-end residues of the G-quadruplex are shown in yellow and purple

color, respectively. In the RHAU20M structure, the N-terminal and C-terminal are shown in blue and green color,

respectively.

are oriented close to the G-quadruplex. In contrast, the Martini 3.0 model produces more

dynamic structures compared to the simulations performed with Martini 2.2. Therefore,

the RHAU20 structure is able to bind onto both 50- and 30-end sides of the G-quadruplex.

This finding is inline with the experimental observations in which binding at 30-end site
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of G-quadruplex can occur under a high concentration of RHAU20. We observed that how

the dynamic model of Martini 3.0 provides such bindings onto both sites of G-quadruplex.

It should be mentioned that further optimization of the force fields is needed to make

accurate conclusions.

The simulation of model 2 with Martini 3.0 showed the flexible movement of RHAU20

around the nonparallel G-quadruplex suggesting that there is not preferred G-quadruplex

recognition site for RHAU20 during the simulation which is in agreement with the exper-

imental finding, in which the RHAU20 can not bind to the nonparallel G-quadruplex. In

fact, the presence of one double chain-reversal and two edgewise loops in the nonparallel

G-quadruplex structure would sterically hinder the RHAU20 binding.

Performing the Martini 3.0 simulation of model 3 including the mutated RHAU

(RHAU20M) and parallel G-quadruplex revealed some close residual contacts between

N-terminal residues of RHAU20M such as LYS24 or ARG26 and G-quadruplex. Our findings

are consistent with the experimental works in which G-quadruplex binding is still observed

because of the presence of the positively charged residues such as LYS and ARG which can

stabilize G-quadruplex structure by electrostatic interactions.

Taken together, our theoretical findings provide atomistic insights into G-quadruplex-

RHAU20 complex reported experimentally and thus helping to understand the binding

process of the parallel G-quadruplex by RHAU20. It should be noted that Martini simula-

tions allow a proper sampling on the conformational space during very long simulations.

However, further optimization of the Martini models is needed to make accurate predictions

for our systems. For example, further studies should focus on finding good elastic-network

models for maintaining the G-quadruplex structures and higher-order structure of RHAU

proteins, being comparable with atomistic simulation or experimental data. In addition, in

order to gain detailed structural insights into the binding interactions, backmapping from

CG models to all-atom structures is needed. It would be very important to comprehensively

explore the binding mechanisms between RHAU and G-quadruplex structures which are

possibly provide clues on unfolding processes of G-quadruplex structures by full-length

protein and work in this direction is still in progress.
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Summary

DNA G-quadruplexes are higher-order structures self-assembled from guanine-rich oligonu-

cleotides. These DNA structures are composed of stacked planar G-quartets, a cyclic Hoog-

steen hydrogen bonding arrangement of four guanine bases, that are stabilized in the

presence of monovalent cations. The identification of G-quadruplex structures in the

human genome, particularly telomeres and oncogene-promoter regions offer unique av-

enues to selectively target these structures for anticancer drug development. In addition,

G-quadruplex structures have attracted considerable attention for their regulatory roles in

cellular processes including DNA replication, transcription, and translation. Apart from the

therapeutics and biology, the unique structure of the G-quadruplex makes it an interesting

building blocks for the development of nanodevices. The aim of this thesis is to investigate

different aspects of G-quadruplex based systems for these applications with the aid of

computational techniques. The details about G-quadruplex applications and theoretical

approach are discussed in Chapter 1 and Chapter 2.

Chapter 3 presents the G-quadruplex application in cancer therapy. MD simulations

were performed to investigate the binding interactions between quinazolone derivatives

as stabilizing ligands and G-quadruplex in the oncogenic promoter region like c-KIT. The

results revealed that the arrangement of amido bond in quinazolone derivatives improves

binding affinity toward G-quadruplex and the terminal amino substituents play a cru-

cial role in hydrogen bond formation and electrostatic interactions with the phosphate

backbone of the G-quadruplex. We also proposed a new derivative of quinazolone with

a terminal amino substituent instead of a 3-phenyl group, which stabilizes the c-KIT G-

quadruplex much better than other derivatives.

Chapter 4, following the results obtained from MD simulations of G-quadruplex-

quinazolone complexes, we provide detailed insight into the nature of interactions be-

tween other quinazolone derivatives and c-KIT G-quadruplex. We demonstrate that the

key interactions in G-quadruplex-ligand complexes are º°º stacking and hydrogen bond

interactions. However, neither of these two interactions alone determines the stability of

the G-quadruplex-ligand complexes; rather, it is the result of an intricate interplay between

the two. In addition, a free energy decomposition analysis at the residue level demon-
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strated the crucial roles of two hot spot residues for the binding of ligands to G-quadruplex

and highlighted the importance of the planar aromatic moiety of ligands in G-quadruplex

stabilization via º°º stacking interactions.

Chapter 5, present the application of G-quadruplex in nanodevices. We carried out a

series of simulations to investigate the effect of the size and substitution pattern of three

azobenzene derivatives on the photoisomerization mechanism as well as their spectro-

scopic properties within the smallest G-quadruplex structure. We demonstrated that the

size and the substitution pattern do not affect significantly the cis-trans photoisomeriza-

tion mechanism of the azobenzene derivatives in the gas phase. In addition, molecular

dynamics simulations revealed that the G-quadruplex with para-para substitution pat-

tern undergoes larger structural changes compared to the other two which can facilitate

photoisomerzation reaction between a stacked G-quadruplex and an unstructured state

after trans-cis isomerization occurring in a longer time dynamic, in agreement with the

experimental finding. Finally, the QM/MM simulations of the absorption spectra indicated

that the thermal fluctuation plays a more crucial role on the main absorption band of the

azobenzene derivatives than the inclusion of the G-quadruplex, implying that the influence

of the G-quadruplex environment is minimal. We propose that the latter is attributed to the

position of the azobenzene linkers in the G-quadruplexes, i.e. the edgewise loops containing

the azobenzene moieties that are located above the G-quartets, not being fully embedded

inside or involved in the stacked structure.

Lastly, in Chapter 6, we performed a series of simulations using different force fields to

investigate the binding interactions between RHAU proteins and two different G-quadruplex

structures. Our results from atomistic and Martini 2.2 simulations showed the conforma-

tional variations of the G-quadruplex loop during RHAU binding at the 50-end side of the

parallel G-quadruplex. However, in Martini 3.0 simulation, we observed that RHAU20 is

able to bind onto both 50- and 30-end sites of the G-quadruplex. In addition, Martini 3.0

simulations for nonparallel G-quadruplex and RHAU20 revealed that there is no preferred

recognition site in the G-quadruplex for RHAU20 which is consistent with experimental

data. The simulation performed with Martini 3.0 for parallel G-quadruplex-RHAU20M

complex showed that there are some close residual contacts between RHAU20M and G-

quadruplex, indicating the electrostatic interactions between positively charged residues

and the phosphate backbone of the G-quadruplex which is inline with experimental find-

ings. Consequently, the results obtained from the Martini simulations should be interpreted

with great care and further optimizations are needed.



Samenvatting

DNA G-quadruplexen zijn hogere-orde structuren die bestaan uit zelf-assemblerende

guanine-rijke oligonucleotiden. Deze DNA-structuren bestaan uit gestapelde vlakke G-

kwartetten, een configuratie van cyclisch Hoogsteen waterstofbinding bestaande uit vier

guanine nucleobasen, die gestabiliseerd zijn in aanwezigheid van monovalente kationen.

De identificatie van G-quadruplex-structuren in het menselijk-genoom, in het bijzonder

oncogen-promotor gebieden en telomeren, biedt unieke mogelijkheden om doelmatig op

deze structuren te richten voor de ontwikkeling van antikanker geneesmiddelen. Daarnaast

hebben G-quadruplex-structuren veel aandacht getrokken vanwege hun regulerende func-

ties in cellulaire processen, waaronder DNA-replicatie, transcriptie en translatie. Naast

therapeutica en biologie, zijn G-quadruplexen vanwege hun unieke structuur interessante

bouwstenen voor de ontwikkeling van nano-devices. Het doel van dit proefschrift is om met

behulp van computationele technieken verschillende aspecten van systemen gebaseerd op

G-quadruplexen te onderzoeken die de reeds genoemde toepassingen hebben. De details

over de toepassingen van G-quadruplexen en de theoretische benadering van dit onderzoek

worden besproken in Hoofdstuk 1 en Hoofdstuk 2.

Hoofdstuk 3 gaat over de toepassing van G-quadruplexen bij kankertherapie. MD-

simulaties zijn uitgevoerd om de bindingsinteracties te onderzoeken tussen quinazolone

derivaten als stabiliserende liganden en G-quadruplex in een oncogene promotor gebied

zoals c-KIT. De resultaten toonden aan dat de configuratie van amido-binding in quina-

zolone derivaten de bindingsaffiniteit voor G-quadruplex verbetert en dat de terminale

amino-substituenten een cruciale rol spelen bij de vorming van waterstofbruggen en elek-

trostatische interacties met de fosfaat-ruggengraat van de G-quadruplex. We hebben ook

een nieuw derivaat van quinazolone voorgesteld dat een terminale amino-substituent heeft

in plaats van een 3-fenylgroep, wat de c-KIT G-quadruplex veel beter stabiliseert dan andere

derivaten.

Hoofdstuk 4 geeft vervolg op de resultaten van MD-simulaties van G-quadruplex-

quinazolone complexen en geeft een gedetailleerd inzicht in de aard van de interacties

tussen andere quinazolone derivaten en c-KIT G-quadruplex. We laten zien dat de be-

langrijkste interacties in G-quadruplex-ligand complexen de º°º stapelinteracties en
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waterstofbinding interacties zijn. Echter, geen van deze twee interacties bepaalt op zichzelf

de stabiliteit van de G-quadruplex-ligand-complexen; het is eerder het resultaat van een in-

gewikkeld samenspel tussen de twee interacties. Bovendien heeft een decompositie analyse

van de vrije energie op residu-niveau de cruciale rol getoond van twee hot-spot residuen

voor de binding van liganden aan G-quadruplex en heeft het belang van de vlakke aromati-

sche deel van liganden in G-quadruplex-stabilisatie via º°º stapelinteracties benadrukt.

In Hoofdstuk 5 wordt de toepassing van G-quadruplex in nano-devices ingeleid. We

hebben een reeks simulaties uitgevoerd om het effect van de grootte en het substitutiepa-

troon van drie azobenzeen derivaten op het foto-isomerisatiemechanisme en hun spec-

troscopische eigenschappen binnen de kleinste G-quadruplex-structuur te onderzoeken.

We hebben aangetoond dat de grootte en het substitutiepatroon geen significante invloed

hebben op het cis-trans foto-isomerisatie mechanisme van de azobenzeen derivaten in de

gasfase. Daarnaast lieten moleculaire dynamica simulaties zien dat de G-quadruplex met

para-para substitutiepatroon grotere structurele veranderingen ondergaat in vergelijking

met de andere twee, hetgeen foto-isomerisatie zou kunnen faciliteren tussen een gestapelde

G-quadruplex en een ongestructureerde toestand na trans-cis-isomerisatie dat plaats vindt

op grotere tijdschaal, wat in overeenstemming is met experimentele bevindingen. Ten

slotte, QM/MM-simulaties van de absorptiespectra hebben aangetoond dat thermische

fluctuaties een cruciale rol spelen bij de hoofd absorptieband van de azobenzeen deri-

vaten in vergelijking met de aanwezigheid van de G-quadruplex, wat impliceert dat de

G-quadruplex-omgeving slechts minimale invloed heeft. We stellen voor dat het laatste

toegeschreven kan worden aan de positie van de azobenzeen linkers in de G-quadruplexen,

d.w.z. de randlussen die de azobenzeen groepen bevatten bovenaan de G-kwartetten, die

niet volledig ingebed of betrokken zijn bij de gestapelde structuur.

Ten slotte hebben we in Hoofdstuk 6 een reeks simulaties uitgevoerd met verschillende

krachtvelden om de bindingsinteracties te onderzoeken tussen RHAU-eiwitten en twee

verschillende G-quadruplex structuren. Onze resultaten uit atomistische en Martini 2.2

simulaties toonden variaties in de conformatie van de G-quadruplex-lus tijdens RHAU-

binding bij het 50-einde van de parallelle G-quadruplex. Echter, in Martini 3.0-simulaties

hebben we gezien dat RHAU20 in staat is te binden aan zowel de 50- als 30-einden van de

G-quadruplex. Bovendien hebben Martini 3.0 simulaties voor niet-parallelle G-quadruplex

en RHAU20 onthuld dat er geen voorkeur bindingsplek is in de G-quadruplex voor RHAU20,

wat overeenkomt met experimentele data. De simulatie uitgevoerd met Martini 3.0 voor

het parallel G-quadruplex-RHAU20M complex heeft aangetoond dat er enkele nauwe res-

terende contacten zijn tussen RHAU20M en G-quadruplex, dit duidt op elektrostatische
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interacties tussen positief geladen residuen en de fosfaat-ruggengraat van de G-quadruplex

wat in lijn is met experimentele bevindingen. Zodoende moeten de resultaten uit de Martini

simulaties met grote zorg worden geïnterpreteerd en zijn verdere optimalisaties nodig.



List of Publications

The papers related to this thesis are highlighted as black.

• K. G. Moghaddam, S. Faraji, A. H. de Vries and S. J. Marrink, On the nature of interac-

tions between the DEAH-box helicase RHAU and G-quadruplex, 2020, in preparation.

• K. G. Moghaddam, G. Giudetti, W. Sipma and S. Faraji, Theoretical insights into

the effect of size and substitution patterns of azobenzene derivatives on the DNA G-

quadruplex, Phys. Chem. Chem. Phys., 2020, 22, 26944.

• K. G. Moghaddam, A. H. de Vries, S. J. Marrink and S. Faraji, Binding of quinazolinones

to c-KIT G-quadruplex; an interplay between hydrogen bonding and º-º stacking,

Biophys. Chem., 2019, 253, 106220.

• A. Khorsandi-Langol, K. G. Moghaddam and S. M. Hashemianzadeh, Tuning of elas-

tic properties of nanotubes by imposing a transverse electric field: computational

approach, J. Phys. Chem. C., 2016, 120, 17801.

• S. Hassanzadeh, A. Kiani, K. G. Moghaddam, Nanoparticles: Polymer-Drug Interac-

tions Chapter in Encyclopedia of Biomedical Polymers and Polymeric Biomaterials,

Taylor and Francis, 2015, 5545.

• K. G. Moghaddam, S. M. Hashemianzadeh, The effect of amino substituents on the in-

teractions of quinazolone derivatives with c-KIT G-quadruplex: insight from molecular

dynamics simulation study for rational design of ligands, RSC Adv., 2015, 5, 76642.

• M. Eslami, K. G. Moghaddam, S. M. Hashemianzadeh, Computational evidence to

design an appropriate candidate for the treatment of Alzheimer’s disease through

replacement of the heptamethylene linker of bis(7)tacrine with S-allylcysteine, RSC

Adv., 2015, 5, 66840.

121



Acknowledgements

At the end of my PhD journey, I would like to thank a number of people who helped and

supported me in different ways through this journey.

First and foremost, my deepest appreciation goes to my first supervisor Shirin for giving

me the opportunity to do my own research project in the group. I cannot express how glad I

am that I moved to Groningen and did my PhD with you. I am very grateful for the trust and

freedom that you gave me during my PhD. I really appreciate your advice, effort, insightful

feedback and constant support. You are always available for any questions and problems:

thank you for that.

I would also like to thank my second supervisor Siewert-Jan. Thank you for giving me

the opportunity to conduct a part of my PhD project in your group and helpful suggestions

to all chapters.

Many thanks to Alex for helping me with CG simulations and carefully reading the thesis

within a very short time that you had during your teaching. I really appreciate your effort

and helpful ideas.

I am truly grateful to Prof. Hashemianzadeh for introducing me to this research topic

and the time and effort in supervising me on MD simulations of G-quadruplex-ligand

complexes (chapter 3 and partially chapter 4). Thanks also for allowing me to grow as an

independent researcher.

Further, I express my gratitude to the members of the assessment committee, Prof.

Andreas Dreuw, Prof. Anastasia Borschevsky and Prof. Ryan Chiechi for taking the time to

evaluate and approve my thesis.

A special acknowledgement goes to Henriet for the cheerful help with any academic

and non-academic problems.

I would like to say special thanks to Edison. It was a pleasure to share office with

you. Thanks for the support and positivity at every moment. I have really enjoyed all nice

discussions at work and great time that we had outside the office. I wish you and Mary the

best of luck and happiness and also successful completion of your PhD thesis. I am also

very happy that you accepted to be one of my paranymphs.

Special thanks to Wouter and Goran for your great works that you did during your

122



Acknowledgements 123

Master’s project. I am really happy that our team work resulted in a nice publication that is

a part of this thesis. I wish you a lot of success in your future career.

Luis, thanks for the friendly times during the coffee breaks and all entertaining moments

you made for the group. Siva, thank you for helping me to improve my scripts and also all

nice foods especially lemon rice. Selim, thanks for the nice and helpful attitude specially at

the end of my PhD. Thanks also to Mónica for translating the summary of this thesis into

Dutch. Eryn, thank you for your friendly help with the proofreading of my propositions.

I am grateful to Ria for the help and support particularly for accommodation when we

came to Groningen. My appreciation also goes to Shirin and Anastasia for organizing nice

meetings of the FSE Female Scientist Networking group.

I would also like to thank the members of the molecular dynamics group, especially

Ignacio, Haleh and Maria for the great help on CG simulations.

Of course, thanks to all members of the theoretical chemistry group for all entertaining

borrels, outings and Christmas parties. Also, a big thanks to current and former members of

the group: Wim, Max, Albert, Kathir, Riccardo, Remco, Tomasso, Meilani, Maria, Issac, Vito,

Manoy, Cees, Florian, Fernando, Helena, Kilian, Serena, I-ting . . .

Furthermore, I would like to thank my close friends in the Netherlands: Sanaz and

Arman who make my life in Groningen memorable. You are truly remarkable and wonderful

friends, you are like my family. I really enjoy all moments that we spend together. I have

great memories from nice foods, drinks, movies, game nights and holidays together. Thank

you for all fun time and emotional support. I wish both of you all the best with your future.

Finally, I am extremely grateful to my parents. Thank you for always making me feel

loved and protected. Thanks also to my brother and sister for your deep love, continued

support and encouragement. My deepest thanks go to Armin, my beloved husband and

best friend. Thank you for accompanying me through all happiest and saddest days in my

life. You always inspire me with your positive attitude and give me energy, strength and

constant smile. Thank you for supporting me and believing in me every step of my life with

patience, kindness, great insight and love. It is hard to express my deepest gratitude to you.

I am really happy to have you as one of my paranymphs. You are my everything. I love you

from the bottom of my heart!

Kiana Moghaddam
Groningen, March 2021


	DNA G-quadruplexes in Human Genome and Nanotechnology
	G-quadruplex structure
	Application Domain
	Thesis Outline

	Theoretical Approach
	Quantum Mechanical Methods
	Density Functional Theory
	Time-Dependent Density Functional Theory
	Spin-Flip Time-Dependent Density Functional Theory

	Atomistic Molecular Dynamics Simulation
	Hybrid Quantum Mechanics/Molecular Mechanics Simulation
	Mechanical Embedding
	Electrostatic Embedding
	Polarized Embedding

	Coarse-Graining

	The interactions of quinazolone derivatives with c-KIT Gquadruplex
	Introduction
	Computational Methods
	Molecular Docking
	Molecular Dynamics (MD) Simulation
	Molecular Electrostatic Potential (MEP)
	Free Energy Calculation
	Solvent Accessible Surface Area (SASA) Calculation

	Result and Discussion
	Molecular Docking
	MD Simulation
	Structural Stability
	Hydrogen Bonding Analysis
	Molecular Electrostatic Potential
	Free Energy Calculations
	Solvent Accessible Surface Area Analysis

	Conclusions
	Appendix

	Binding of quinazolinones to c-KIT G-quadruplex
	Introduction
	Computational Methods
	Molecular Docking
	Molecular Dynamics Simulations
	Free Energy Analysis
	Free Energy Decomposition

	Results and Discussion
	Quinazolinones bind to 3 end of G-quadruplex
	Ligands increase stability of G-quadruplex
	Ligands bind via both hydrogen bonds and - stacking interactions
	Free energy analysis underlines importance of both hydrogen bond and - stacking
	Identifying two hotspots for G-quadruplex-ligand interactions

	Conclusions
	Appendix

	On the nature of the smallest photoswitchable G-quadruplex
	Introduction
	Computational Methods
	Results and Discussion
	Photoisomerization reactions of AZ1, AZ2 and AZ3 derivatives in the gas phase
	MD simulations
	QM/MM simulations

	Conclusions
	Appendix

	Insight on the interactions of proteins with G-quadruplex structures
	Introduction
	Computational Methods
	Starting Structures
	Atomistic MD Simulations
	CG Simulations

	Results and Discussion
	Atomistic MD Simulations
	CG Simulations

	Conclusions

	titleReferences
	Summary
	Samenvatting
	List of Publications
	Acknowledgements

