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ABSTRACT

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 selective ligands with high binding affinity to G-quadruplex. In the
present work, binding mechanisms of 4-quinazolinones to ¢-KIT G-quadruplex were investigated theoretically by
means of molecular dynamics (MD) simulations. To explore the binding affinity of ligands, binding free energy
calculations were performed using the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
method. We demonstrate that the key interactions in G-quadruplex-ligand complexes are m-rt stacking and hy-
drogen 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. To further ex-
amine the nature of the binding, a free energy decomposition analysis 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 -t stacking interactions. Our study can assist in the design of new derivatives of 4-quinazo-
linone with high binding affinity for c¢-KIT G-quadruplex.
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1. Introduction

In most eukaryotes, the regions of telomere and gene promoters of
DNA comprise repeated guanine (G)-rich sequences which are predis-
posed to self-assemble into non-canonical secondary DNA conforma-
tions termed G-quadruplexes [1-3]. Normally, these DNA structures are
made up of G-quartets, a cyclic Hoogsteen hydrogen bonding arrange-
ment of four guanine bases, that are stabilized in the presence of K™
and Na™* cations [4,5].

Stabilization of G-quadruplex structures formed in the proto-onco-
genic c-KIT promoter has attracted growing interests as potential cancer
therapeutics [6,7]. It is well established that a variety of malignant
cancers such as gastrointestinal stromal tumors (GIST), malignant
melanomas, testicular germ cell tumors, pancreatic cancer, etc., are
associated with mutation or overexpression of c-KIT [8-12]. Thus,
discovery of c-KIT G-quadruplex stabilizers as drug-like candidates has
gained enormous attention due to their involvement in inhibition of
gene expression [13-16]. Most ligands that stabilize c-KIT G-quad-
ruplex contain planar aromatic core and cationic substituents, thereby
enhancing their potential to interact with G-quartets and backbone
phosphates, respectively [17-25]. Many scientists have been at-
tempting to design selective interacting ligands that effectively stabilize
these structures. Among the different types of ligands, unfused aromatic
molecules exhibited high stabilizing ability and binding affinity to c-KIT
G-quadruplex [14,26]. One class of the ligands based on this scaffold is
4-quinazolinones. The experimental studies revealed that 4-quinazoli-
none derivatives not only selectively bind to c-KIT G-quadruplex over
duplex DNA, but also suppress transcription or expression of proto-
oncogene c-KIT and show GIST cell cytotoxicity [27]. However, ques-
tions 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 ex-
perimental observations into atomic-level mechanistic picture pro-
viding detailed insight into the nature of G-quadruplex-ligand interac-
tions. 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 [28-32].

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. 1A) and c-KIT G-quadruplex
(Fig. 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 illumi-
nate the nature of interactions, MD simulations were performed for
each complex obtained from docking calculations. In order to quantify
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the binding affinities, the free energy analysis based on MM-PBSA ap-
proach was used to estimate the stability of G-quadruplex. The latter
provides an insight into the main driving forces for interactions be-
tween 4-quinazolinone derivatives and G-quadruplex and ultimately
stabilization of the complex. Furthermore, the total binding 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 mechanisms. We expect that the prediction of
interaction profiles of 4-quinazolinone derivatives with c-KIT G-quad-
ruplex at residue level can pave the way to design new ligands with
high binding affinity.

2. Computational methods
2.1. Molecular docking

The c-KIT G-quadruplex structure (PDB ID: 203M), with the se-
quence of 5-AGGGAGGGCGCTGGGAGGAGGG-3’ served as a starting
structure in our simulations. The geometry optimizations of all ligands
were carried out using Gaussian 03 program [33] at the B3LYP/6-31G*
level of theory. Then, binding modes between ligands and G-quad-
ruplex were studied with Autodock Vina program [34]. AutoDockTools
was used to add polar hydrogen to the G-quadruplex structure and
merge nonpolar hydrogens [35]. Following partial charges were added
and rotatable bonds were defined. The active site box with
30A x 30A x 30A dimensions was generated around the G-quad-
ruplex 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.

2.2. Molecular dynamics simulations

The MD simulations of ligand-free G-quadruplex and four G-quad-
ruplex-ligand complexes (obtained from molecular docking) were per-
formed using GROMACS 4.6.5 package [36]. The partial charges of li-
gands were assigned using AM1-BCC method via the ACPYPE tool [37].
Topologies of G-quadruplex and ligands were obtained from ParmbscO
[38] and Generalized Amber Force Field (GAFF) [39]. The GAFF force
field parameters for all ligands are described in Table S1. Two po-
tassium 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 A x 47 A x 50 Z\) with periodic boundary conditions
and solvated with TIP3P [40] water molecules. Then, potassium
counterions (the minimum distance between ions is 0.6 nm) were ran-
domly placed throughout the box replacing solvent molecules to neu-
tralize the system. After that, energy minimization of the solvated G-
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Fig. 1. (A) Chemical structures of 4-quinazolinone derivatives and (B) a schematic representation of ¢c-KIT G-quadruplex investigated in the present study.
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quadruplex and G-quadruplex-ligands complexes was calculated using
the steepest descent algorithm for 4000 steps. Then, the initial equili-
bration of the system was performed under an NVT ensemble (300K) for
200 ps, continued by 300 ps NPT equilibration (1 bar). The velocity
rescaling [41] and Parrinello-Rahman barostat algorithms [42,43] were
utilized for temperature and pressure coupling, respectively (zr = 0.1,
7, = 1ps). 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 simu-
lation, the long-range electrostatic interactions were calculated using
particle mesh Ewald (PME) method [44] and the LINCS algorithm [45]
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 A.
Finally, MD trajectory analysis was performed with the programs in the
GROMACS 4.6.5 package. Clustering analysis employing the Gromos
algorithm [46] was carried out using a cutoff 0.15nm to obtain the
representative structures based on the most populated cluster. All tra-
jectories were visualized by means of the VMD 1.9 [47] program and
molecular graphic images were created using the Chimera 1.10 [48]
program.

2.3. Free energy analysis

In order to examine binding affinity of ligands to G-quadruplex,
MM-PBSA analysis [49-51] was employed via g mmpbsa tool [52]. 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 (AGyinding)
according to the following equations:

AGbinding = AGysc + AGyop (€8}

where, AG,,. and AG;,, are the binding free energy in the vacuum and
solvent, respectively. The A refers to the difference between the com-
plex and G-quadruplex and ligand.

Here, AG,. can be expressed as

where, AEyy, refers to the molecular mechanics potential energy in the
vacuum and it is sum of bonded (AE;,) (bond, angle, and torsional angle
energies), and non-bonded, i.e. electrostatic (AE,,.), and van der Waals
energies (AE,ay).

AEyy = AEjp + ABgec + AEyay 3

In the single trajectory approach, it is assumed that the conforma-
tion of G-quadruplex and ligand in the complex and separate G-quad-
ruplex/ligand forms are identical. Thus, AE;, is zero. TAS 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 con-
tribution 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 [52].

The solvation free energy (AG;,,) is composed of polar (AG,,) and
non-polar (AG,,) contributions [53-55]

AGsolv = AGps + Aans (4)
AGyps = ySASA + B (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 [55-57]. The nonpolar
contribution of solvation free energy is calculated based on Eq. (5),
which is related to the solvent accessible surface area (SASA) [54]. In
this equation, y is a constant related to the surface tension of the sol-
vent, and f refers to the fitting parameter. These values were obtained
from a least-squares fitting method to a plot of experimental alkane

Biophysical Chemistry 253 (2019) 106220

transfer free energies against accessible surface area [58]. For y and 3,
several values have been reported in the literature [59]. Here, y and 3
are set to be 0.00542kcal/(mol A%) and 0.92kcal/mol, respectively
[60].

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
[61] was performed using MM-PBSA decomposition process of
g_mmpbsa tool. In this analysis, the binding free energy of each residue
is decomposed into contributions from molecular mechanics and sol-
vation energies which can be described in the following equation:

AGesique = AEyy + AGps + Aans (6)

where, AEy;, is sum of electrostatic and van der Waals energies which
are calculated for each residue (recall, AE;, 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.

3. Results and discussion
3.1. Quinazolinones bind to 3’ end of G-quadruplex

Molecular docking studies were performed to decipher the most
potent binding sites of all ligands to ¢-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
3’ end of the G-quadruplex structure (G-quartet 3). The two cationic
side chains of the ligands were located close to the loop residues (Fig.
S1). In addition, there are many studies that showed that in this
structure of G-quadruplex, there is a cleft at the 3’ 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 [10,62-63].

The data reported in Table 1 indicate that ligand QD1 and QD2 with
shorter side chains show slightly higher binding affinity to G-quad-
ruplex structure than other derivatives. This is consistent with the ex-
perimental results that the ligand QD1 and QD2 with lower ICs, values
(1.3uM and 2.3uM) reveal more stabilizing effects onto c-KIT G-
quadruplex compared to QD3 and QD4 (ICso = 8.2uM and 13.4 uM)
(Table S2) [27].

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 -1t
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 Fig. 2. The representative structures of
the most populated clusters obtained from clustering analysis are de-
picted in Fig. 3.

Table 1
Comparison of docking binding energies of ligands to G-
quadruplex.
Ligand Binding energy (kcal/mol)
QD1 -83 x 0.2
QD2 -8.0 = 0.2
QD3 —7.8 + 0.2
QD4 -7.2 *+ 0.2
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Fig. 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. (For in-

terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

3.2. Ligands increase stability of G-quadruplex

To assess conformational stability of each complex during MD si-
mulations, 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 (Fig. 4 and S2-S5, 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 (Fig. 4 and S2-S5, blue plots). The RMSDs show that
the G-quarters are stable during MD simulations. As evident from Fig. 4
and S2-S5, RMSD variations of G-quadruplex for all complexes are
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slightly larger than those of G-quartets. This observed difference im-
plies 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 Fig. 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-quad-
ruplex.

To further investigate the G-quartets stability due to ligand binding,
average hydrogen bond (N2—-H+N7 and N1-H-06) (Fig. 5) occu-
pancies between the G-quartets for all G-quadruplex-ligand complexes
and ligand-free G-quadruplex were calculated during the entire simu-
lation which are summarized in Table 2. To define a hydrogen bond,
cutoff distance (donor-acceptor) and angle (hydrogen-donor-acceptor)
of 3.5 A and 30° have been used, respectively.

As can be seen in Table 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% com-
pared 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.

3.3. Ligands bind via both hydrogen bonds and m-r stacking interactions

In order to investigate the binding interactions of the ligands with
G-quadruplex, the hydrogen bond and m-n stacking interactions be-
tween G-quadruplex and ligands were analyzed over 50 ns simulations.
The hydrogen bond analysis was calculated for 16 MD runs as shown in
Table 3 and S3. As can be seen in Table 3, each ligand in all MD runs
has the same hydrogen bond patterns with G-quadruplex structure. It is
clear in Fig. 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) 04'...H-N22, the NH group of the methylpiperazine ring
formed a hydrogen bond with the 04" atom of DG20. 2) O1P...H-N40
(N41 for QD3), the formation of hydrogen bond between piperidino

Fig. 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. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Fig. 5. Hoogsteen hydrogen bond network in each G-quartet.

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) O4'...
H-N22, similar to QD1 and QD3, the NH group of the methylpiperazine
ring formed a hydrogen bond with the 04" atom of DG20. 2 & 3) the

Table 2

Table 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 Hydrogen- Hydrogen- Occupancy (%)

with ligand donor acceptor

QD1 LIG(H46)N40 17 DG (O1P) 47.3 + 17.3
LIG(H25)N22 20 DG (04) 79.1 = 6.5

QD2 LIG(H45)N40 17 DG (O1P) 51.7 = 159
LIG(H36)N35 17 DG (O1P) 50.4 + 8.6
LIG(H36)N35 16 DA (03) 51.0 + 8.2
LIG(H25)N22 20 DG (04) 81.5 + 7.3

QD3 LIG(H47)N41 17 DG (O1P) 94.1 + 2.1
LIG(H25)N22 20 DG (04) 87.1 + 2.1

QD4 LIG(H46)N41 4 DG (0O2P) 96.8 + 1.7
LIG(H36)N35 17 DG (O1P) 52.4 + 19.3
LIG(H36)N35 16 DA (03) 77.8 + 9.9
LIG(H25)N22 20 DG (04) 87.6 + 5.4

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 O3’ 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 pyr-
rolidino 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 3 the occupation fluctuates during
simulations, and that their lifetimes differ substantially (Figs. S6-S9).

Average occupancy (%) of Hoogsteen hydrogen bonds in G-quartets during MD simulations. Error bars were obtained from block averaging method [64].

G-quartet G-quadruplex- ligand complex Ligand-free
G-quadruplex
QD1 QD2 QD3 QD4
G-quartet 1 (DG10-DG13-DG2-DG6) 99.6 = 0.0 99.5 = 0.1 99.4 + 0.0 99.3 = 0.0 99.4 + 0.0
G-quartet 2 (DG21-DG14-DG3-DG7) 97.7 = 0.3 97.6 = 0.2 96.8 = 0.1 96.4 = 0.1 94.7 = 0.1
G-quartet 3 (DG22-DG15-DG4-DG8) 99.5 + 0.1 99.4 + 0.1 99.3 + 0.0 99.2 + 0.1 98.2 + 0.4
All G-quartets 98.9 + 0.1 98.8 = 0.0 98.5 + 0.0 98.3 = 0.0 97.4 + 0.1
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The large error bars for the hydrogen bonds with relatively low occu-
pation 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 m-i 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 (Fig. 7). As it is clear in these figures, all
these ligands favor the st-;t stacking interactions with DG4 and DGS8. In
all complexes, the benzene ring of ligands stacks with DG4 (average
distance: ~ 4.0 + 0.0 A), while their quinazolinone ring stacks with
DG8 (average distance: ~ 3.9 = 0.0 A), as depicted in Fig. 8.

It must be emphasized here that all the ligands, considered in this
work, have two positions for interacting (binding) to G-quadruplex
structure; i) -7t stacking interactions between aromatic rings of ligands
and G-quartet 3 (Fig. 8), ii) hydrogen bond interactions with the loop of
G-quadruplex (see Figs. 2 and 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-quad-
ruplex-ligand complex. For example, it is found from Table 3 and Fig. 6
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 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.

3.4. Free energy analysis underlines importance of both hydrogen bond and
-1 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 Table 4. In order to
understand information about driving forces in G-quadruplex-ligand in-
teractions, it is essential to investigate contributions of energy compo-
nents. According to Table 4, in all complexes, the polar solvation en-
ergies (AGps) provide unfavorable contributions to the binding free
energies, whereas electrostatic (AEce.), van der Waals (AE,q,) and
nonpolar solvation (AGy,) interactions promote favorable complex for-
mation. The presence of two cationic side chains assists the ligands to
interact with G-quadruplex backbone which contribute to negative
electrostatic energies (AE..). The favorable van der Waals contributions
(AEy4w) can be attributed to s-it stacking interactions between the qui-
nazolinone pharmcophore of ligands and G-quartet 3. As can be seen in
Table 4, AGpglar is sum of the electrostatic (AEce.) and polar solvation
(AGys) energies that shows a positive value for all ligands, whereas the
total nonpolar contribution (AGponpotar) Of binding free energy, composed
of van der Waals (AEq4y) and nonpolar solvation energies (AGys), makes
a favorable contribution for all ligands. Therefore, the nonpolar inter-
actions (average ~ —55.2kcal/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 (st-;t stacking) interactions.

Furthermore, the affinity of 4-quinazolinone derivatives toward c-
KIT G-quadruplex was deduced from the obtained binding free energies
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Fig. 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. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. m-n 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 A.

Table 4
Binding free energy results for ligands binding to ¢-KIT G-quadruplex (kcal/mol). Error bars were obtained from the bootstrap analysis.
Ligand AEgjec AEyqw AGps AGpps AGpolar AGponpolar AGpina
QD1 —93.8 = 1.7 —51.5 = 1.3 105.2 = 2.6 —-41 = 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 -44 x 01 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 = 24 —-50.2 = 1.9 108.7 = 3.9 —4.3 = 0.2 15.7 + 4.6 —544 + 19 —38.8 = 0.7
Note:

AGpotar = AEetec + AGps
AGnonpolar = AEvdw + Aans
AGyping = AEclec + AEyqw + AGps + Aans
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Fig. 9. Free energy decomposition on a per residue level for the complexes. Red: QD1, black: QD2, green: QD3 and blue: QD4. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 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). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

(AGping) suggesting that all ligands can stabilize ¢-KIT G-quadruplex.
Clearly, different substituents at the side chain of ligands present dif-
ferent stabilizing effects onto c-KIT G-quadruplex. A comparison be-
tween QD1 and QD2 shows that despite of the fact that the nonpolar
contribution to the binding free energy (AGponpolar) a@s well as

electrostatic interaction energy (AEe.) are more negative for QD2
compared to QD1 (—58.3kcal/mol  vs. —55.6 kcal/mol
and — 96.7 kcal/mol vs. —93.8 kcal/mol for AGponpolar and AEjec, re-
spectively), QD1 forms slightly a more stable G-quadruplex-ligand
complex than QD2 (—44.2 vs. —42.7 kcal/mol). This can be attributed
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

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 AE¢e. (—93.8 vs. —96.7 kcal/mol) and conse-
quently 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 AGy;,q 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 (st-t
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 li-
gands and G-quadruplex can influence the solvation energy and
consequently the stability of G-quadruplex. Moreover, when two li-
gands have the same number of hydrogen bonds, the nonpolar energy

contribution of binding free energy which is mainly attributed to van
der Waals (wt-m stacking) interactions, plays a significant role in G-
quadruplex stability.

3.5. Identifying two hotspots for G-quadruplex-ligand interactions

In order to explore which residues of ¢-KIT G-quadruplex play major
roles in ligand binding, the binding free energy of each complex esti-
mated by MM-PBSA approach was decomposed to individual residues
of G-quadruplex. The obtained results for all complexes are illustrated
in Figs. 9 and 10. It can be seen that the binding interactions between 4-
quinazolinone derivatives and c-KIT G-quadruplex are mainly attrib-
uted to two hotspot residues including DG4 and DG8 (red colored re-
sidues in Figs. 10 and 8). This is explained by the fact that ligands can
effectively interact with DG4 and DG8 located at G-quartet 3 (see
Fig. 8). Indeed, residue DG4 and DG8 are contributing in s-;t stacking
interactions with ligands with the exception of DG4 for QD4. As it can
be seen in Fig. 9, ligand QD4 has lower binding free energy contribution
in residue DG4 compared to other ligands. As it is depicted in Fig. 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
(02P...H-N41). The formation of the latter hydrogen bond interferes
with the m-; stacking interactions with the DG4 residue and this is
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indeed reflected in lower binding free energy contribution for this re-
sidue.

In order to obtain in-depth understanding of the effect of ligand sub-
stituents 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
Fig. 11. As can be observed in Fig. 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. Fur-
thermore, 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 3.3.); it was observed that
only QD4 forms a hydrogen bond with the phosphate group of DG4 re-
sidue, i.e. O2P...H-N41, and this leads to higher polar solvation energy
contribution of this residue compared to other ligands.

In addition, Fig. 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 en-
ergies. For the residue DG4, the gas phase interaction energy con-
tributions of QD1, QD2 and QD3 are large enough to offset the un-
favorable polar solvation contributions. Therefore, DG4 has a notable
contribution to binding free energy for these three ligands (see Fig. 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 energy contribution of residue DG4 for ligand QD4
compared to other ligands (see Fig. 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. 7t-
n stacking interactions, rather than the electrostatic interactions, which
is in agreement with the previous results. In fact the right balance be-
tween electrostatic, van der Waals and polar solvation energies leads to
the high contribution of this residue in ligands binding free energy (see
Fig. 9) and make this residue a crucial hotspot for the interaction of the
G-quadruplex with all the ligands investigated here.

4. Conclusions

In this study, the binding mechanisms of 4-quinazolinone deriva-
tives to c-KIT G-quadruplex were investigated using molecular docking,
MD simulations, free energy calculations and free energy decomposi-
tion 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 via -t
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-quad-
ruplex-ligand complexes; it is the balance achieved by what is effec-
tively 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 de-
composition results demonstrate the crucial roles of two hot spot re-
sidues (DG4 and DG8) for the binding of ligands to c-KIT G-quadruplex
which is mainly attributed to sw-rt 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 mt- stacking interactions, can serve as a novel strategy to design
new G-quadruplex stabilizer with high binding affinity.
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