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ABSTRACT: G-rich sequences are present across the genome and can fold to form dynamic
secondary structures, namely, G-quadruplexes (G4). These structures play a pivotal role in
regulating numerous biological processes including replication, transcription, and translation.
Therefore, targeting these structures using molecular scaffolds is an attractive approach to
modulating their functions. Herein, we report the synthesis of three estrone-based derivatives
(Est-1, Est-2, and Est-3) with a nonplanar core and a cationic alkyl side chain as G4
stabilizers. CD melting and polymerase stop assay results indicate that these ligands
preferentially stabilize parallel c-MYC and c-KIT1 G4s over the other G4s and duplex DNAs.
The ligand Est-3 shows cytotoxicity against cancer cell lines and effectively downregulates
the c-KIT gene in HepG2 cell lines. Molecular modeling and dynamics studies showed that
the ligand prefers stacking over the 5′-quartet of c-MYC G4 using the aromatic ring of the
ligand. Overall, the findings of this study demonstrate that even G4 ligands can accommodate
nonplanar scaffolds, which opens up new avenues for ligand design.

■ INTRODUCTION
In addition to double-stranded helical structure, DNA adopts
numerous higher order structures, for instance, hairpin, triplex,
G-quadruplex (G4), and i-Motif (iM).1 Among these structures,
G4 is the most extensively examined noncanonical structure of
nucleic acids.2,3 A G4 is formed by self-assembly of G-quartets
which consist of four guanines arranged in a square-planar
fashion held byHoogsteen hydrogen bonding.4−6 G4s are highly
dynamic structures existing predominantly in three topologies:
hybrid, parallel, and antiparallel (Figure 1).4,5 The nature of
DNA sequences, metal cations, types or length of loops, anti/syn
sugar conformations, strand polarity, number of G-quartets, etc.,
are crucial factors in dictating a particular G4 topology.4,7,8 G-
rich sequences at the human telomeric regions principally form
hybrid and antiparallel G4 structures in the K+ and Na+ ionic
conditions, respectively.9−11 The G-rich sequences of the
oncogene promoter of h-RAS primarily form an antiparallel
topology,12 whereas the other promoters like c-MYC,13 c-KIT,14

BCL-2,15 PDGFR-β,16 HIF-1α,17 VEGF,18 etc., mostly form
parallel G4 topologies. G4 formation at the telomeric end
induces a series of DNA damage responses in cancerous cells
leading to cell apoptosis.19 The formation of stabilized G4
structure at the promoter region also attenuates the gene
expression of oncogenes.19 Since G4 structures are dynamic in
nature, stabilizing them with small molecular scaffolds offers an
avenue to develop anticancer drugs.

Many acridine, porphyrin, quinoline, phenanthroline, per-
ylene diimide, polyheterocyclic macrocycles, naphthalene
diimide, and fluoroquinolone-based scaffolds have been studied
widely with various G4 DNA structures.20−23 Most of these are
conventional multimeric planar aromatic scaffolds; however,
only limited nonplanar scaffolds utilizing steroid skeletons have
been explored as G4 stabilizers.22,24,25 This motivated us to
design and synthesize estrone-based derivatives to study their
interactions with G4 DNAs (Figure 2). The stabilization of G4
structures was evaluated using various biophysical, biochemical,
and cellular studies. Moreover, molecular modeling and
dynamic studies were employed to probe into the binding
mode of the ligands with the G4 DNA.

■ RESULTS AND DISCUSSION
Ligand Design and Synthesis of Estrone-Based

Derivatives. Estrone, which is an FDA-approved drug, is one
of the estragons mainly used for the treatment of menopause,
osteoporosis, and abnormalities associated with gonadotropin
hormone dysfunction.26,27 We designed estrone-based deriva-
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tives substituted with aromatic rings, which could enhance their
interaction with the G-quartets (Figure 2). Moreover, the
positive alkyl amine side chain was introduced to augment loop

interactions and water solubility. Due to these unique structural
features, we anticipated that these derivatives would show
selectivity toward a particular G4 topology.28

Figure 1. Various topologies and loops of the G4 DNA structures. The syn and anti orientation of nucleobases are shown in different colors.

Figure 2. Structure of estrone-based derivatives used as G4 stabilizing ligands.

Scheme 1. Synthesis of Est-1, Est-2, and Est-3; Reagents and Conditions: (a) EtOH, 10% aq. NaOH, RT, 12 h; (b) 2-Chloro Ethyl
Pyrrolidine Hydrochloride, Cs2CO3, ACN, Reflux, 24 h; and (c) HCl, DCM, 0 °C RT, 4 h
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The synthetic strategy harnessed to obtain the estrone-based
derivatives is shown in Scheme 1. Estrone derivatives 5−7 were
synthesized by the base-mediated aldol condensation reaction of
estrone (1) and different types of aldehydes (2−4) using a
previously reported procedure with slight modifications.29 In the
presence of ethanolic NaOH, commercially available 1 was
reacted with 4-dimethylamino benzaldehyde (2), 4-methoxy
benzaldehyde (3), and 3,4-dimethoxy benzaldehyde (4) to yield
compounds 5, 6, and 7 in 90, 86, and 80% yields, respectively.
Compounds 5−7 were alkylated by 2-chloroethyl pyrrolidine
hydrochloride using Cs2CO3 as a base to afford compounds 8, 9,
and 10 in 70, 84, and 80% yield, respectively. Finally,
compounds 8−10 were protonated with HCl to enhance the
solubility to afford Est-1, Est-2, and Est-3 in 86, 92, and 90%
yields, respectively.
Circular Dichroism Melting Studies. Circular dichroism

(CD)melting experiment was employed to investigate the effect
of the ligands on the thermal stability of G4s and duplex DNA.30

Themelting studies were performed using 10 μMG4 and 15 μM
duplex DNAs in the absence and presence of estrone ligands by
monitoring the CD intensity at the appropriate wavelengths
using suitable salt and buffer concentrations. The addition of up
to 5 mol equiv of the estrone ligands (Est-1−3) to c-MYC G4
DNA (Figure 3A and Table 1) exhibited a substantial increment
in melting temperature (ΔT1/2 = 11−13 °C). Likewise, these
ligands significantly increased the melting temperature of the c-
KIT G4 DNA in the presence of Est-3 (ΔT1/2 = 10.6 °C),
followed by Est-2 (ΔT1/2 = 7.9 °C) and Est-1 (ΔT1/2 = 7.0 °C)
(Figure 3B and Table 1). Further, to deduce the extent of
thermal stabilization imparted by these ligands toward various
DNAs, thermal melting studies were also performed using
telomeric, long telomeric, h-RAS1, and duplex DNAs (Figure
S1A−D, Supporting Information and Table 1). The thermal
denaturation profile of hybrid telomeric, long telomeric, h-RAS1
G4, and duplex DNAs displayed negligible changes in the

Figure 3.NormalizedCDmelting curves of c-MYC and c-KIT1G4DNAs (10 μMG4DNA in 10mM lithium cacodylate buffer, pH 7.2) in the absence
and presence of 5 mol equiv of ligands. (A) c-MYC (1 mM KCl and 99 mM LiCl) and (B) c-KIT1 DNA (10 mM KCl and 90 mM LiCl).

Table 1. Thermal Stabilization of Various Quadruplex and Duplex DNAs Was Determined from CD Melting Experiments

ligands aΔT1/2

c-MYC c-KIT1 telomeric long telomeric h-RAS1 duplex

Est-1 12.3 ± 0.8 7.0 ± 0.9 0.7 ± 0.3 0.9 ± 0.3 −2.0 ± 0.2 3.4 ± 0.8
Est-2 11.0 ± 0.6 7.9 ± 0.4 0.3 ± 0.4 1.6 ± 0.4 −1.2 ± 0.2 3.1 ± 1.1
Est-3 13.2 ± 0.4 10.6 ± 0.1 0.2 ± 0.4 1.4 ± 0.6 0.8 ± 0.3 1.2 ± 0.4

aΔT1/2 represents the difference in the thermal melting temperature [ΔT1/2 = T1/2 (DNA + 5 mol equiv ligand) − T1/2 (DNA)]. The reported
values are the average of three independent experiments with estimated standard deviations. All the experiments were performed using 10 μM
quadruplex DNA or 15 μM duplex DNA in 10 mM lithium cacodylate buffer, pH 7.2, in appropriate salt concentrations. The T1/2 values in the
absence of ligands are 57.2 ± 0.4 for c-MYC DNA, 44.7 ± 0.5 for c-KIT1 DNA, 52.5 ± 0.2 for telomeric DNA in K+ ion, 57.2 ± 0.2 for long
telomeric DNA, 54.3 ± 0.2 for h-RAS1 DNA, and 61.6 ± 0.5 for duplex DNA.

Figure 4.CD titration spectra of c-MYC and c-KIT1G4DNAs (10 μM in 10mM lithium cacodylate buffer, pH 7.2) with theEst-3 ligand (0−100 μM).
(A) c-MYC DNA (1 mM KCl and 99 mM LiCl) and (B) c-KIT1 (10 mM KCl and 90 mM LiCl).
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melting temperature in the presence of all the three ligands
(Table 1 and Figure S1A−D, Supporting Information).
Therefore, comprehensive CD melting studies indicated that

Est-1−3 ligands preferentially stabilized the parallel topologies
of c-MYC and c-KIT1 G4s over other topologies of G4 DNAs as
well as duplex DNA. Since Est-3 showed maximum thermal
stabilization with G4 DNAs, it was selected for further
biophysical, biochemical, molecular modeling, and cellular
studies.
CD Titration Studies. The addition of Est-3 to the c-MYC

and c-KIT1G4 DNAs did not induce any change in the position
of the positive peak at 260 nm and the negative peak at 240 nm
in the CD spectra, suggesting retention of parallel topology
(Figure 4A,B).30 The addition of increasing concentration of
Est-3 to the h-RAS1G4DNA displayed retention of the positive
peak at 290 nm and the negative peak at 260 nm in K+ ions,
consistent with the antiparallel G4 topology (Figure S2A,
Supporting Information). The hybrid topology of telomeric G4
DNA in K+ ions showing a negative peak at 295 nm and a
positive peak at 240 nm along with a shoulder peak at 260 nm

was also preserved while titrating with Est-3 (Figure S2B,
Supporting Information).
Notably, a weak positive ICD signal was observed in the CD

spectra of all G4-forming DNA at around 400−320 nm upon the
addition of increasing concentration of ligand (Figures 4A,B and
S2A,B, Supporting Information). The absorption peak of the
Est-3 ligand is at 380 nm, found in the same region as the ICD
signal in the CD spectra. The ICD peak in the CD spectra of all
G4s can be observed due to the interaction of the chiral ligand
with circularly polarized light (Figure S3A,B, Supporting
Information).31 Therefore, overall CD titration results showed
that Est-3 neither destroys nor alters any of the fundamental
topologies of G4 DNA structures.

TaqDNAPolymerase StopAssay. In the absence of added
Est-3, stop products were not observed in any reaction mixture
containing telomeric, c-MYC, and mutated c-MYC DNAs as the
G4 structures formed were unfolded by the Taq polymerase
enzyme (Figures 5A and S4, Supporting Information). The
findings of the CD melting experiment suggested the
preferential stabilization of parallel G4 DNAs in the presence

Figure 5. 15% denaturing PAGE (7 M urea) of Taq DNA polymerase stop assay of the c-MYC and mutated c-MYC DNAs with an increasing
concentration of Est-3 (0−100 μM). (A) c-MYC and mutated c-MYC template DNAs and (B) plot of the percentage of the stop product against the
increasing concentration of Est-3 ligand. F, S, and P denote the full length, stop product, and primer, respectively.

Figure 6. Plot for the % cell viability by the MTT assay. (A) HeLa, (B) HepG2, and (C) Lenti-X cell lines with increasing concentration of Est-3 (0−
100 μM). The curve was fitted by using the dose−response equation; error bars represent the standard deviations derived from three independent
experiments.
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of the Est-3 ligand; likewise, in the presence of this ligand, stop
product formation was also observed with c-MYC DNA (Figure
5A). When the Est-3 concentration was plotted against % stop
product formation, an IC50 value of ∼10 μM was obtained
(Figure 5B). The stop product formation was not clearly evident
in the case of telomeric or mutated c-MYC DNAs even after
subsequent addition of up to 100 μM ligand concentration
(Figures 5A and S4, Supporting Information). Thus, the Taq
DNA polymerase stop assay further corroborated the results
obtained from the CD melting studies.
Cell Viability and Gene Downregulation Studies. The

cell viability assay was carried out using the MTT assay to
evaluate the cytotoxic effect of Est-3 on cancerous human
cervical (HeLa) cells, liver hepatocellular (HepG2) cells, and
noncancerous (Lenti-X) cell line.32 c-MYC and c-KIT genes are
overexpressed in HeLa and HepG2 cancer cells, respectively.
Since ligand Est-3 showed the highest stabilization with c-MYC
and c-KIT G4 DNAs, cellular studies have been performed with
these cancer cell lines.33,34 After 24 h, Est-3 exhibited a low IC50
value against HeLa and HepG2 cell lines∼5.0± 0.1 and∼5.2±
0.1 μM, respectively (Figure 6A,B), as compared to Lenti-X
(∼10.9 ± 0.6 μM) (Figure 6C) cells. Thus, ligand Est-3
demonstrated almost 2-fold higher toxicity toward cancerous
cell lines compared to the noncancerous cells.
Further, the qRT-PCR experiment was employed to examine

the effect of Est-3 on gene expression of the c-KIT gene in
HepG2 cell lines at the transcriptional level.35 These cells were
treated with the IC50 value (5 μM) of Est-3 and incubated over a
period of 48 h. β-Actin, a housekeeping gene, was used as a
control, and the expression of HepG2 mRNA was normalized
against this gene. The findings of the qRT-PCR assay indicated
2.5-fold repression of the mRNA level of the c-KIT gene by the
Est-3 ligand (Figure 7). In summary, Est-3 showed cytotoxicity
toward cancerous cells and downregulated c-KIT gene
expression.

Molecular Modeling and Dynamics Studies. To study
the binding modes and noncovalent interactions between the
ligand Est-3 and c-MYC G4 DNA, molecular modeling and
dynamics studies were conducted. The energy-optimized
structure (Figure S5) was docked with the c-MYC G4 DNA.
The most populated clusters displayed the groove binding mode
and stacking at the 5′-end of G4. Representative low-energy

conformers from these clusters were chosen as starting
structures for 500 ns molecular dynamics (MD) simulations
(Figure S6).
MD simulation of the groove-bound structure showed that

Est-3 falls off from the DNA after 100 ns and then shows a weak
interaction at the 3′-end (Figure S7). Due to this inefficient
binding of the groove-bound conformer, only the complex with
the ligand stacking at the 5′-end was utilized for further analysis.
The root-mean-square deviation (RMSD) of the ligand, the
backbone of the DNA, and G-quartets were initially calculated
with respect to the first frame of the simulation (Figure 8A). The

ligand and G-quartets showed stable and low RMSD values,
indicating minimal changes from their initial orientation. The
average value of backbone RMSD is higher than that of the G-
quartet alone (Figure S8), suggesting that the flanking and loop
nucleotides undergo large fluctuations during the simulation.
The root-mean-square fluctuations (RMSF) of all the
nucleotides were calculated to explore this further. The RMSF
values of the quartet forming dG residues are <1 Å, while the 5′-
end flanking nucleotides, loop nucleotides, and 3′-end flanking
nucleotides showed values up to 4, 3, and 2 Å, respectively
(Figure 8B). This suggests that the maximum reorientation
happens at the 5′-end, where the flanking nucleotides rearrange
to accommodate the ligand.
The simulation trajectory was clustered to understand the

population distribution of the G4-Est-3 conformations. Out of
the five clusters generated, cluster 1 occurred for ∼90% of the
simulation time. The visual inspection of the representative
structure revealed that the ligand was stacked over the top
quartet at the 5′-end (Figure 9A). The two aromatic moieties in
Est-3 participate in the stacking interaction with the G-quartet.
While the aromatic part of the estrone core is stacked over dG8
of the top quartet (Figure 9B), the dimethoxybenzyl group is
stacked over dG17 of the top quartet (Figure 9C). The

Figure 7. Effects of the Est-3 ligand (5 μM) on the expression of the c-
KIT gene in HepG2 cell lines from qRT-PCR after 48 h of treatment.
The fold change is calculated using the 2(−ΔΔCt) method. Error bars
represent the standard deviations derived from three independent
experiments. The p-value was evaluated by Student’s t-test. * p < 0.05,
which was considered a significant difference compared to untreated
cells (control).

Figure 8. (A) Time-dependent RMSD values of the G-quartet, DNA
backbone atoms, and the ligand. The RMSD of the G-quartet is
represented in black, backbone atoms in red, and the ligand in green;
(B) RMSF plot of the ligand-bound c-MYC G4 DNA. The graphs
plotted are fluctuations of the nucleotides numbered from 5′ to 3′. The
calculations are performed using all the frames of the 500 ns trajectory.
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dimethoxybenzyl group also engages in a stacking interaction
with the flanking nucleotide, dG2 (Figure 9C). The alicyclic part
of the estrone core partially covered the dG8 and dG13
nucleotides of the top quartet (Figure 9D).
To gain a better understanding of the noncovalent

interactions present in the Est-3-G4 complex, the stacking,
van der Waals (vdW), and electrostatic interactions were
explored. Due to the minimal reorientation of the ligand, there is
no prominent electrostatic interaction with the DNA. However,
as evident from the cluster analysis, there are multiple stacking
interactions of the different aromatic moieties of the ligand with
various nucleotides as discussed above. Stacking distances and
vdW energy contributions of the ring moieties were calculated
separately (Table S4).
All of the stacking distances remained below 5 Å, and the

energy contributions were equal. This indicates that both the
dimethoxybenzyl and estrone core aromatic moieties equally
contribute to the stacking interactions. The radial distribution
function was estimated to understand the propensity of the
interaction of the dimethoxybenzyl moiety with the flanking and
quartet dG residues (Figure S9). The radial distribution
functions are almost identical, indicating that the dimethox-
ybenzyl ring equally engages in π-stacking with both the dG2
and dG17 nucleotides. The vdW interaction energy of the ligand
and the top quartet was found to be −34.5 ± 2.3 kcal/mol. The
linear interaction energy of the alicyclic part of the estrone core
with the top quartet was also calculated separately. The alicyclic
part exhibited a vdW energy of −13.2 ± 1.2 kcal/mol, showing
the involvement of this moiety in stabilizing the G-quartet at the
5′-end.
The binding energy of the ligand with c-MYC G4 was

estimated by using the MM/PBSA calculation (Table S5). The
total binding energy is −23.8 ± 7.2 kcal/mol, with the total
enthalpic contribution being −43.6 ± 3.5 kcal/mol and the
entropic contribution being −19.8 ± 7 kcal/mol. This indicates
that the binding of Est-3 on c-MYC G4 is an enthalpy-driven
process. From MD simulations, it is clear that the preferred
binding mode of the ligand is stacking at the 5′-end of G4 DNA

involving the aromatic moieties along with stabilizing vdW
interactions from the alicyclic part of the estrone core. The
stacking interactions of the aromatic residues with the flanking
nucleotides further stabilize the binding to the G4 structure.
Summary and Conclusions. In summary, a series of

estrone-based ligands compromising the nonplanar core were
synthesized. These ligands preferentially stabilized the c-MYC
and c-KIT1 promoter G4 DNAs over other G4 and duplex
DNAs, as confirmed by biophysical and biochemical studies.
MD studies revealed that the aromatic cores of Est-3 stabilize
the stacking interactions, while the alicyclic part engages in
stabilizing vdW interactions with G4 DNA. Est-3 exhibited
cytotoxicity against cancer cells and downregulated c-KIT gene
expression in HepG2 cells at the transcriptional level. In
summary, the overall findings of our studies showed that the
estrone-based ligands can be utilized as G4 stabilizers, which
offers new opportunities to design G4 ligands for therapeutic
applications.

■ EXPERIMENTAL SECTION
General Experimental Details. The solvents and chem-

icals employed in the synthesis were purchased from Sigma-
Aldrich, TCI-Japan, Alfa Aesar-UK, Merck-India, Spectrochem-
India, and Finar-India. All chemicals and ethanol were used
without further purification, whereas acetonitrile was dried by
CaH2 and stored at 4 Å molecular sieves for 24 h before using in
the reaction. The progress of reactions was monitored with the
help of thin layer chromatography (TLC) under UV light (260
nm) using silica gel plates precoated with fluorescent indicators.
Silica gel (100−200 mesh) or neutral alumina (60−325 mesh)
was used as the stationary phase to perform column
chromatography. The 1H and 13C spectra of all purified
compounds were recorded on 400 or 500 MHz Bruker
(Germany) AVANCE III NMR instruments. Chemical shift
values in parts per million (ppm) were reported downfield to the
TMS signal (0 ppm) and referenced from the TMS signal or
deuterated residual solvents: CDCl3 (7.26 ppm), CD3OD (3.31
ppm), DMSO-d6 (2.5 ppm), and D2O (4.79 ppm) for 1H NMR

Figure 9. Representative structure of the major cluster of the Est-3-c-MYCG4 DNA complex. (A) Side view of the major cluster showing the stacking
at 5′-end of G4 DNA; (B) image showing the stacking interaction of the estrone aromatic moiety with G4 DNA; (C) image showing the stacking
interaction of the dimethoxybenzyl moiety with the G4 DNA; and (D) axial view of the representative structure of the major cluster of the complex.
The carbon atoms of the ligand are represented in green, G-quartet in purple, flanking and loop nucleotides in white, phosphorus in orange, oxygen in
red, and nitrogen in blue. The K+ ions in the G4 core are represented as violet spheres.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07574
ACS Omega 2024, 9, 6616−6626

6621

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07574/suppl_file/ao3c07574_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07574/suppl_file/ao3c07574_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07574/suppl_file/ao3c07574_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07574?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07574?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spectra and CDCl3 (77.2 ppm), CD3OD (49.1 ppm), and
DMSO-d6 (39.5 ppm) for 13C NMR spectra. 1H NMR spin
coupling multiplicities are stated as s (singlet), d (doublet), t
(triplet), dd (doublet of doublets), and (q) quintet or m
(multiplet and overlapping spin systems). The apparent
coupling constant (J) values are given in hertz (Hz). A Q-
TOF analyzer was utilized to record high-resolution mass
spectra (HRMS) (Maxis Impact Bruker) in positive-ion
electrospray ionization (ESI) mode. The oligonucleotides
used in biophysical and biochemical studies were synthesized
in-house using a H6 DNA/RNA Synthesizer (K & A lab
GMBH). The synthesized oligonucleotides were purified with
15 or 20% desaturating polyacrylamide gel (PAGE). Human
cervical cancer cell lines (HeLa), liver hepatocellular cancer cell
lines (HepG2), and human kidney cell lines (Lenti-X) were
acquired from NCCS, Pune. All dNTPs, Taq polymerase, verso
cDNA synthesis kit, and Gene JET RNA purification kit were
procured from Thermo Scientific, whereas ExcelTaqTM 2X Q-
PCR Master Mix (SYBR, ROX) was obtained from SMOBiO
Technology. The media, serum, antibiotics, trypsin, PBS, and
other reagents utilized in the cell-based experiments were
acquired from HiMedia, MP Biomedicals, and Gibco.
Synthetic Procedures. General Procedure for the

Preparation of Aldol Products (5, 6, and 7). Method A. An
appropriate amount of estrone 1 (1 equiv) and aldehyde 2−4
(1.2 equiv) was dissolved in ethanol. To this solution was added
10% aqueous KOH, allowing the reactionmixture to stir at room
temperature for over 12 h. The reaction mixture was then
poured into cold water and neutralized with a few drops of acetic
acid to obtain a precipitate. The obtained residue was further
washed with cold water to furnish a pure solid compound.
General Procedure for the Preparation of Alkylated

Products (8, 9, and 10). Method B. 1 equivalent of aldol
product (5−7) was dissolved in dry ACN with 4 equiv of
Cs2CO3 and stirred at room temperature under nitrogen
conditions. To this solution, 2-chloroethyl pyrrolidine hydro-
chloride (2 equiv) was added and refluxed at 80 °C for 24 h to
get alkylated products. After completion of the reaction, the
reaction mixture was allowed to stand at room temperature and
extracted with EtOAc (2 × 100 mL). The obtained crude
products were then purified using column chromatography in a
silica gel stationary phase to afford the pure product.
General Procedure for the Preparation of Protonated

Compounds (Est-1, Est-2, and Est-3). Method C. 1 equivalent
of the alkylated product (1−10) was dissolved in DCM and
stirred at 0 °C. To this solution, 10 equiv of concentrated HCl
was added and stirred for 4 h to get a protonated solid residue.
The residue was washed thrice with DCM and diethyl ether to
obtain pure protonated products.
(8R ,9S ,13S ,14S ) -16- ( (E ) -4 - (Dimethylamino) -

b e n z y l i d e n e ) - 3 - h y d r o x y - 1 3 - m e t h y l -
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta-
[a]phenanthren-17-one (5). Compound 5 was prepared as
an orange solid by employing method A by the reaction of
estrone 1 (100 mg, 0.37 mmol) and 4-dimethylaminobenzalde-
hyde 2 (66.2mg, 0.44mmol); mp 295 to 300 °C; yield 90% (134
mg); Rf = 0.5 (30% ethyl acetate in pet ether). 1H NMR (400
MHz, DMSO-d6): δ 9.22 (s, 1H), 7.45 (d, J = 8.8 Hz, 2H), 7.18
(s, 1H), 7.03 (d, J = 8.4 Hz, 1H), 6.73 (d, J = 8.8 Hz, 2H), 6.51
(dd, J = 8.3, 2.5 Hz, 1H), 6.45 (d, J = 2.5 Hz, 1H), 2.95 (s, 6H),
2.83−2.73 (m, 2H), 2.44−2.13 (m, 3H) 1.95−1.81 (m, 2H),
1.56−1.32 (m, 5H), 1.04 (t, J = 7.0 Hz, 1H), 0.83 (s, 3H). 13C
NMR (100 MHz, DMSO-d6): δ 209.6, 155.2, 151.3, 137.7,

133.6, 132.6, 130.9, 130.7, 126.5, 122.7, 115.4, 113.2, 112.3,
56.6, 48.6, 47.4, 43.8, 37.9, 31.8, 29.4, 29.1, 26.7, 26.0, 18.8, 14.9,
HRMS (ESI): calcd for C27H32NO2: [M + H]+, 402.2428;
found: [M + H]+, 402.2423 (Δm = +0.0005 and error = +1.2
ppm).
(8R,9S,13S,14S)-3-Hydroxy-16-((E)-4-methoxybenzyli-

dene)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-
17H-cyclopenta[a]phenanthren-17-one (6). Compound 6
was prepared as a yellow solid employing method A by the
reaction of estrone 1 (100 mg, 0.37 mmol) and 4-
methoxybenzaldehyde 3 (66.0 mg, 0.44 mmol); mp 260 to
266 °C; yield 86% (123 mg); Rf = 0.62 (30% ethyl acetate in pet
ether). 1H NMR (400MHz, CDCl3): δ 7.52 (d, J = 8.7 Hz, 2H),
7.44 (s, 1H), 7.16 (d, J = 8.4 Hz, 1H), 6.95 (d, J = 8.7 Hz, 2H),
6.66 (dd, J = 8.4, 2.6 Hz, 1H), 6.61 (d, J = 2.5 Hz, 1H), 5.31 (s,
1H), 3.85 (s, 3H), 2.99−2.88 (m, 3H), 2.54−2.46 (m, 1H),
2.43−2.37 (m, 1H), 2.32−2.26 (m, 1H), 2.10−2.05 (m, 2H),
1.75−1.43 (m, 6H), 1.0 (s, 3H). 13C NMR (100 MHz, CDCl3):
δ 210.2, 160.5, 153.7, 137.9, 133.5, 133.3, 132.1, 132.0, 128.3,
126.4, 115.3, 114.2, 112.9, 55.4, 48.7, 47.8, 44.0, 37.9, 31.7, 29.5,
29.1, 26.8, 26.0, 14.6, HRMS (ESI): calcd for C26H29NO3: [M +
H]+, 389.2111; found: [M +H]+, 389.2112 (Δm =−0.0001 and
error = −0.1 ppm).
(8R,9S,13S,14S)-16-((E)-3,4-Dimethoxybenzylidene)-

3-hydroxy-13-methyl-6,7,8,9,11,12,13,14,15,16-decahy-
dro-17H-cyclopenta[a]phenanthren-17-one (7). Com-
pound 7 was prepared as a yellow solid by employing method
A by the reaction of estrone 1 (100 mg, 0.37 mmol) and 3,4-
dimethoxybenzaldehyde 4 (73.0 mg, 0.44 mmol); mp 220 to
230 °C; yield 80% (124 mg); Rf = 0.68 (30% ethyl acetate in pet
ether). 1H NMR (500 MHz, CDCl3): δ 7.45 (s, 1H), 7.23−7.18
(m, 2H), 7.11 (s, 1H), 6.95 (d, J = 8.3 Hz, 1H), 6.69 (dd, J = 8.3,
2.5 Hz, 1H), 6.64 (s, 1H), 5.32 (s, 1H), 3.95 (s, 6H), 3.03−2.90
(m, 3H), 2.57−2.30 (m, 3H), 2.12−2.07 (m, 2H), 1.77−1.58
(m, 5H), 1.54−1.48 (m, 1H), 1.02 (s, 3H). 13C NMR (125
MHz, CDCl3): δ 210.0, 153.7, 150.2, 148.9, 137.9, 133.8, 133.5,
131.9, 128.6, 126.5, 124.0, 115.3, 113.3, 112.9, 111.1, 55.9, 48.7,
47.8, 44.1, 37.9, 31.7, 29.5, 29.0, 26.8, 26.0, 14.6, HRMS (ESI):
calcd for C26H29NO3: [M + H]+, 419.2217; found: [M + H]+,
419.2203 (Δm = +0.0014 and error = +3.3 ppm).
(8R ,9S ,13S ,14S ) -16- ( (E ) -4 - (Dimethylamino) -

benzylidene)-13-methyl-3-(2-(pyrrolidin-1-yl)ethoxy)-
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta-
[a]phenanthren-17-one (8). Compound 8 was prepared by
employing method B by the reaction of compound 5 (50 mg,
0.12 mmol) and 2-chloroethyl pyrrolidine hydrochloride using a
Cs2CO3 (162 mg, 0.5 mmol) base. The crude product was
purified with the aid of column chromatography (10%MeOH in
DCM) using silica gel to afford pure compound 8 as a yellow
solid; mp 270 to 274 °C; yield 70% (48 mg); Rf = 0.26 (80%
ethyl acetate in pet ether). 1H NMR (400 MHz, CDCl3): δ 7.48
(d, J = 8.7 Hz, 2H), 7.41 (s, 1H), 7.20 (d, J = 8.5 Hz, 1H), 6.74−
6.68 (m, 4H), 4.10 (t, J = 6Hz, 2H), 3.02 (s, 6H), 2.95−2.87 (m,
4H), 2.63 (s, 4H), 2.51−2.28 (m, 3H), 2.10−2.05 (m, 3H), 1.80
(s, 4H), 1.71−1.44 (m, 4H), 0.97 (s, 3H). 13C NMR (100MHz,
CDCl3): δ 210.0, 156.8, 150.9, 137.7, 134.0, 132.3, 132.2, 130.9,
126.2, 123.4, 114.6, 112.2, 111.8, 66.9, 55.1, 54.6, 48.9, 47.6,
44.1, 40.1, 37.9, 31.8, 29.7, 29.2, 26.9, 26.0, 23.5, 14.7. HRMS
(ESI): calcd for C33H43N2O2: [M +H]+, 499.3319; found: [M +
H]+, 499.3323 (Δm = −0.0004 and error = −0.8 ppm).
(8R,9S,13S,14S)-16-((E)-4-Methoxybenzylidene)-13-

m e t h y l - 3 - ( 2 - ( p y r r o l i d i n - 1 y l ) e t h o x y ) -
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta-
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[a]phenanthren-17-one (9). Compound 9 was prepared by
employing method B by the reaction of compound 6 (100 mg,
0.25 mmol) and 2-chloroethyl pyrrolidine hydrochloride using a
Cs2CO3 (325mg, 1mmol) base. The crude product was purified
with the aid of column chromatography (8% MeOH in DCM)
using silica gel to furnish pure compound 9 as a yellow solid; mp
235 to 237 °C; yield 84% (98 mg); Rf = 0.32 (80% ethyl acetate
in pet ether). 1HNMR (400MHz, CDCl3): δ 7.51 (d, J = 8.7Hz,
2H), 7.42 (s, 1H), 7.2 (d, J = 8.5 Hz, 1H), 6.93 (d, J = 8.7 Hz,
2H), 6.70 (dd, J = 8.5, 2.6 Hz, 1H), 6.65 (d, J = 2.5 Hz, 1H), 4.41
(t, J = 4.7 Hz, 2H), 3.84 (s, 3H), 3.39 (t, J = 4.7 Hz, 2H), 3.3 (s,
3H), 2.97−2.83 (m, 3H), 2.53−2.45 (m, 1H), 2.42−2.38 (m,
1H), 2.28−2.26 (m, 1H), 2.10−2.08 (m, 6H), 1.70−1.67 (m,
1H), 1.59−1.52 (m, 3H), 1.48−1.43 (m,1H), 1.24 (s, 2H), 0.97
(s, 3H). 13C NMR (100 MHz, CDCl3): δ 209.7, 160.5, 155.5,
138.1, 133.5, 133.3, 133.1, 132.1, 128.3, 126.5, 114.4, 114.2,
112.4, 63.9, 55.4, 54.3, 54.1, 49.4, 47.7, 44.0, 37.8, 31.7, 29.6,
29.1, 26.7, 25.9, 23.3, 14.6. HRMS (ESI): calcd for C32H39NO3:
[M + H]+, 486.3006; found: [M + H]+, 486.3005 (Δm =
+0.0001 and error = +0.6 ppm).
(8R,9S,13S,14S)-16-((E)-3,4-Dimethoxybenzylidene)-

1 3 -m e t h y l - 3 - ( 2 - ( p y r r o l i d i n - 1 - y l ) e t h o x y ) -
6,7,8,9,11,12,13,14,15,16-decahydro-17H-cyclopenta-
[a]phenanthren-17-one (10). Compound 10 was synthe-
sized by employing method B by reacting compound 7 (100 mg,
0.12 mmol) and 2-chloroethyl pyrrolidine hydrochloride in the
presence of a Cs2CO3 (162 mg, 0.5 mmol) base. The crude
product was purified using column chromatography (10%
MeOH in DCM) over silica gel to afford pure compound 10 as a
yellow solid; mp 240 to 245 °C; yield 80% (93 mg); Rf = 0.3
(76% ethyl acetate in pet ether). 1HNMR (400MHz, CDCl3): δ
7.43 (s, 1H), 7.23−7.20 (m, 2H), 7.10 (d, J = 1.3 Hz, 1H), 6.94
(d, J = 8.3 Hz, 1H), 6.76 (dd, J = 8.6, 2.5 Hz, 1H), 6.70 (d, J = 2.3
Hz, 1H), 4.10 (t, J = 6.0 Hz, 2H), 3.94 (s, 5H), 2.97−2.88 (m,
6H), 2.62 (d, J = 6.3 Hz, 4H), 2.56−2.49 (m, 4H), 2.10−2.08
(m, 2H), 1.82−1.78 (m, 6H), 1.63−1.59 (m, 3H), 1.00 (s, 3H).
13C NMR (100 MHz, CDCl3): δ 209.7, 156.9, 150.1, 148.9,
137.6, 133.8, 133.3, 132.1, 128.6, 126.2, 123.9, 114.6, 113.2,
112.2, 111.1, 67.0, 55.9, 55.9, 55.1, 54.7, 48.6, 47.7, 44.1, 37.9,
31.7, 29.6, 29.0, 26.7, 25.9, 23.5, 14.6. HRMS (ESI): calcd for
C33H41NO4: [M + H]+, 516.3126; found: [M + H]+, 516.3125
(Δm = +0.0001 and error = +2.5 ppm).
1-(2-(((8R,9S,13S,14S)-16-((E)-4-(Dimethylammonio)-

b e n z y l i d e n e ) - 1 3 - m e t h y l - 1 7 - o x o -
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta-
[a]phenanthren-3-yl)oxy)ethyl)pyrrolidin-1-ium. HCl
(Est-1). Est-1 ligand as a yellow solid was synthesized following
methodC by protonating compound 8 (30mg, 0.06mmol) with
concentrated HCl (10 equiv) in the DCM solvent. mp 320 to
325 °C; yield 86% (29 mg); Rf = 0.3 (10%MeOH in DCM); 1H
NMR (400MHz, CD3CN): δ 11.63 (s, 1H), 7.69 (d, J = 8.3 Hz,
2H), 7.45 (s, 2H), 7.33 (s, 1H), 7.25 (d, J = 8.4 Hz, 1H), 6.76 (d,
J = 8.6 Hz, 1H), 6.73(s, 1H), 4.37 (s, 2H), 3.64 (s, 2H), 3.34−
3.39 (m, 3H), 3.06 (s, 6H), 2.98−2.89 (m, 3H), 2.60−2.42 (m,
2H), 2.09 (s, 6H), 1.62−1.51 (m, 2H), 1.34−1.27 (m, 4H), 1.12
(t, J = 7.0, 2H), 0.96 (s, 2H), 0.89 (t, J = 7.0, 3H). 13CNMR (100
MHz, DMSO-d6): δ 208.8, 155.9, 138.0, 133.2, 133.1, 132.5,
126.7, 114.9, 112.9, 112.7, 63.6, 53.9, 52.9, 48.5, 47.3, 43.9, 37.8,
31.9, 29.6, 29.2, 26.6, 26.0, 23.1, 14.9. HRMS (ESI): calcd for
C33H44N2O2: [M/2]2+, 250.1695; found: [M/2]2+, 250.1679
(Δm = −0.0016 and error = −6.3 ppm).
1-(2-(((8R,9S,13S,14S)-16-((E)-4-Methoxybenzyli-

dene)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-yl)oxy)-
ethyl)pyrrolidin-1-ium. HCl (Est-2). Est-2 ligand as a yellow
solid was synthesized using method C by protonating
compound 9 (50 mg, 0.1 mmol) with concentrated HCl in
DCM solvent. mp 250 to 255 °C; yield 92% (49 mg); Rf = 0.44
(10% MeOH in DCM); 1H NMR (400 MHz, CDCl3): δ 12.65
(s, 1H), 7.52 (d, J = 8.6 Hz, 2H), 7.42 (s, 1H), 7.20 (d, J = 8.1
Hz, 1H), 6.94 (d, J = 8.6 Hz, 2H), 6.70 (d, J = 7.9 Hz, 1H), 6.66
(s, 1H), 4.48 (s, 2H), 3.84 (s, 5H), 3.48 (s, 2H), 2.98−2.92 (m,
5H), 2.53−2.37 (m, 2H), 2.29−2.23 (m, 3H), 2.08−2.06 (m,
4H), 1.74−1.64 (m, 1H), 1.58 (t, J = 8.6 Hz, 3H), 1.32−1.20
(m, 2H), 0.97 (s, 3H), 0.85 (t, J = 7.0 Hz, 1H). 13C NMR (100
MHz, CDCl3): δ 209.7, 160.5, 155.2, 138.1, 133.5, 133.1, 132.1,
128.3, 126.6, 114.3, 114.2, 112.4, 63.5, 55.4, 54.4, 54.1, 48.6,
47.7, 44.0, 37.8, 31.6, 29.6, 29.1, 26.7, 25.9, 23.3, 14.6. HRMS
(ESI): calcd for C32H40NO3: [M]+, 486.3003; found: [M]+,
486.3003 (Δm = 0.0000 and error = 0.0 ppm).
1-(2-(((8R,9S,13S,14S)-16-((E)-3,4-Dimethoxybenzyli-

dene)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-3-yl)oxy)-
ethyl)pyrrolidin-1-ium. HCl (Est-3). Est-3 ligand as a yellow
solid was prepared according to method C by protonating
compound 10 (50 mg, 0.09 mmol) with concentrated HCl (10
equiv) in the DCM solvent. mp 265 to 270 °C; yield 90% (48
mg); Rf = 0.4 (10% MeOH in DCM); 1H NMR (400 MHz,
DMSO): δ 10.78 (s, 1H), 7.30 (s, 1H), 7.24 (t, J = 6.9 Hz, 3H),
7.05 (d, J = 8.2 Hz, 1H), 6.78 (dd, J = 8.5, 2.6 Hz, 1H), 6.73(d, J
= 2.5 Hz, 1H), 4.30 (t, J = 4.9 Hz, 2H), 3.82 (d, J = 3.2 Hz, 8H),
3.57−3.53 (m, 5H), 3.11−3.07 (m, 3H), 2.92−2.87 (m, 3H),
2.03−1.87 (m, 6H), 1.55−1.48 (m, 4H), 0.91 (s, 3H). 13CNMR
(100 MHz, DMSO-d6): δ 208.8, 155.9, 150.5, 149.1, 138.1,
134.3, 133.1, 132.8, 128.3, 126.7, 124.4, 114.9, 113.9, 112.8,
112.2, 63.6, 56.0, 55.9, 54.1, 53.6, 53.1, 48.4, 47.5, 43.9, 37.8,
31.8, 29.6, 28.9, 26.6, 26.0, 23.0, 14.8. HRMS (ESI): calcd for
C33H42NO4: [M]+, 516.3108; found: [M]+, 516.3106 (Δm =
+0.0002 and error = +0.4 ppm).
Ligand Stock Solution Preparation. The 5 mM stock

solution of Est-1, Est-2, and Est-3 ligands was prepared in H2O.
Oligonucleotides.The oligonucleotides (Tables S1 and S2,

Supporting Information) utilized in all biophysical or bio-
chemical studies were synthesized on a 1 μM scale as per the
previously described procedure.36 Deprotection of synthesized
oligonucleotides was performed with aqueous methylamine
(41%) and aqueous ammonia (30%, 1:1 v/v) heating at 65 °C
for 30min. Purification was carried out by 12% (c-MYC, mutated
and telomeric DNA template) or 20% PAGE (c-MYC, c-KIT1, h-
RAS1, telomeric, primer, and duplex DNA) containing 7 M urea
and 10×TBE using standard protocols. Desalting of the purified
DNAs was achieved with the help of the Sep-Pak column.
Finally, the concentrations of all oligonucleotides were
calculated with the PerkinElmer Lambda Bio+ UV−vis
spectrophotometer at 260 nm wavelength employing appro-
priate molar extinction coefficients (ε).
CD Melting Studies. CD thermal melting profile was

recorded in a quartz cuvette with a 1 mm path length on a
JASCO-1500 CD spectrophotometer consisting of a PTC-423S
temperature controller. The spectra were obtained at the 20−95
°C temperature range, with a heating rate of 1 °C min−1. CD
samples were prepared by dissolving 10 μM DNA in 10 mM
lithium cacodylate buffer along with appropriate salt concen-
trations (1 mM KCl and 99 mM LiCl for c-MYC DNA; 50 mM
KCl and 50 mM LiCl for h-RAS1; and 10 mM KCl and 90 mM
LiCl for telomeric, c-KIT, and duplex DNA). The DNA
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solutions were annealed by heating at 95 °C for 5 min and
gradually cooling to room temperature over 3−4 h. After
annealing, 5 mol equiv ligand concentrations were added to the
DNA solution and kept overnight at 4 °C before recording the
melting spectra at the fixed wavelength (263 nm for c-KIT and c-
MYC; 295 nm for h-RAS; and 295 nm for telomeric and 242 nm
for duplex DNA). The melting temperature (T1/2) was then
evaluated by analyzing the CD spectra by Origin 8.0 software
using the Boltzmann function.37

CD Titration Studies.CD titration spectra were recorded in
a quartz cuvette with a path length of 1 mm in the 200−600
wavelength range. The instrument parameters, such as scan
speed 100 nm/min, response time 2 s, and bandwidth 2 nm,
were kept constant for all the titration experiments. In the CD
titration, 10 μMDNA samples were prepared in 10 mM lithium
cacodylate buffer (7.2 pH) along with appropriate salt
concentrations. The increasing molar concentrations of the
ligand were added to the DNA samples and allowed to
equilibrate for 3 min before recording the CD spectra. The
baseline was corrected by using a buffer sample, and each CD
spectrum was taken as an average of three accumulations.
Finally, the CD spectra were examined through Origin 8.0
software.
Taq DNA Polymerase Stop Assay. The Taq polymerase

assay was executed using earlier reported procedures with trivial
modifications.36 FAM-labeled primer at 5′-end of c-MYC,
mutated c-MYC, and telomeric DNA template are shown in
Table S2, Supporting Information. A solution of 0.2 μM FAM-
labeled primer and 0.1 μM DNA template was annealed by
heating at 95 °C for 5 min in annealing buffer (5 mM Tris, pH
8.0, 10 mM NaCl, and 0.1 mM EDTA). The annealed primer-
template DNA solution was then mixed with 1× polymerase
buffer (50 mM Tris−HCl, pH 8.0, 0.5 mM DTT, 0.1 mM
EDTA, 5 mM MgCl2, 5 mM KCl, and 1 μg μL−1 BSA in 5%
glycerol). 0.2 mM dNTP solutions were added to this solution,
and the entire reaction mixture was mixed gently. After this, an
increasing concentration of Est-3 (0−100 μM)was added to the
reaction mixture (10 μL) and allowed to incubate at room
temperature for 30 min. Taq DNA polymerase enzyme (1 U)
was added to the final reaction mixtures and heated at 55 °C for
30 min to achieve the primer extension reaction. The progress of
the reaction was then halted by adding 10 μL of loading dye
(80% formamide, 1×TBE, 50mMEDTA of 8.0 pH, and 0.025%
bromophenol blue). The extension or stop products were
separated on a 15% denaturing PAGE containing 7M urea in 1×
TBE (89 mMTris−HCl and boric acid and 2 mM EDTA of pH
8.0 pH) running buffer. These products were visualized by
scanning the gel on an Amersham Typhon 600 (GE Health-
care). Finally, the stop products were quantified with the aid of
Image Quant 5.2 software. IC50 values were derived by plotting
the percentage of the stop product against ligand concentrations
using Origin 8.0 software.
Cell Culture. The HeLa and Lenti-X cell lines were cultured

in Dulbecco’s modified Eagle’s minimum essential medium
(DMEM), whereas the HepG2 cell line was grown in Eagle’s
minimum essential Medium (MEM) accompanied by 10% fetal
bovine serum (FBS) and 1% antibiotic solution consisting of
streptomycin and penicillin. All cell lines were maintained in an
incubator (Memmert, ICO), having 5% CO2 and 37 °C
temperature.
Cell Viability Assay. The HeLa, HepG2, and Lenti-X cells

were trypsinized and counted with the help of a hemocytometer.
These cells were seeded in 96-well plates at a density of 104 per

well, allowing them to reach confluency of up to 60−70%
confluency. After 24 h, the medium was discarded and washed
with 1× PBS (100 μL, pH 7.4) comprising 137 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4. These cells
were treated with increasing molar concentrations of Est-3 (0−
100 μM) and incubated for 24 h. Further, 100 μL of a 5 mg/mL
MTT (HiMedia) medium solution was added to each well and
incubated at 37 °C for over 4 h. 200 μL of DMSO was then
added to each well and mixed using a rocker for 10 min to
dissolve the insoluble formazan crystals. Once the formazan
crystals dissolved, the absorbance was measured at 570 and 630
nm on a Thermo Scientific microplate reader (Multiskan Sky
Microplate Spectrophotometer). IC50 values were then
calculated by plotting the percentage cell viability against the
logarithmic concentration ligand.32 The resulting sigmoidal
curve was finally fitted in the dose−response equation with the
help of GraphPad Prism 8.3.0.37

RNA Extraction and Purification. In a six-well plate,
approximately 1.5 × 105 HepG2 cells were seeded per well and
allowed to adhere by keeping inside the incubator at 37 °Cunder
the environment of 5% CO2 for 24 h. After this, the cells were
treated with an IC50 (∼5 μM) value of Est-3 and further
incubated for 48 h in the incubator under the same environment.
After 48 h of Est-3 treatment, the cells were washed with 500 μL
of 1× PBS, trypsinized, and centrifuged to obtain the cell pellet.
The cell pellet was used for RNA extraction and purification
using the GeneJET RNA purification kit (Thermo Scientific,
K0731) using the manufacturer’s protocol. Last, the purified
RNA was eluted from the column using 100 μL nuclease-free
water and quantified by a nanophotometer (IMPLEN). The
quantified RNA was further utilized as a template for cDNA
synthesis.
cDNA Synthesis. cDNA synthesis was accomplished using a

verso cDNA synthesis kit (Thermo Scientific, AB1453A)
according to the manufacturer’s protocol. A 20 μL reaction
mixture in nuclease-free water was prepared by adding the 1×
cDNA synthesis buffer (4 μL), 1 ng of RNA template, 500 ng of
oligo dT primer (1 μL), RT enhancer (1 μL), 500 μM dNTP
mix (2 μL), and verso enzyme mix (1 μL). The entire reaction
mixture was initially heated at 42 °C for 30 min to make cDNA
followed by heating at 92 °C for 2 min to inactivate the enzyme
activity.
qRT-PCR Studies. The real-time quantitative PCR was

carried out on an AriaMx Real-Time PCR instrument (Agilent
Technologies) using a cDNA template and an ExcelTaq 2X Q-
PCR Master Mix (SYBR, ROX) (SMOBIO, Catalog no.
TQ110). Appropriate forward and reverse primers utilized in
this study are shown in Table S3. The significant threshold value
for both the housekeeping (β-actin) and the gene of interest
(HepG2) was maintained within a suitable range (40 cycles). A
20 μL PCR sample was prepared by mixing the cDNA (1 μL),
0.4 μL of each forward and reverse primer (20 μM), and
ExcelTaq 2X Q-PCRMaster Mix (10 μL) in nuclease-free water
(8.2 μL). The thermal cycle of PCR was set as follows: hot start
at 95 °C for 3 min, 40 cycles of denaturation at 95 °C for 30 s,
annealing at 57 °C for 30 s, and elongation at 72 °C for 30 s.
Finally, the relative gene expression of the gene of interest
(HepG2), together with the housekeeping gene (β-actin), was
determined by the arithmetic calibrator 2(−ΔΔCt) method.37

Initially, the threshold values for both HepG2 and β-actin genes
were acquired from the experiment. The error bars denote the
standard deviations resulting from the three independent
experiments. Statistical analysis was employed to estimate the
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expression of the HepG2 gene in treated and untreated cells.
The p-value was evaluated by the t-test with the help of
GraphPad Prism 8.3.0. For the analysis, p values of less than 0.05
were considered significant.
Molecular Modeling and Dynamics Studies. The ligand

was optimized at the HF/6-31G* theory level in Gaussian 16
software38 and docked with c-MYC G4 DNA (PDB ID:
1XAV)39 in AutoDock 4.2.6.40 Lamarkian Genetic Algorithm
was used to generate 500 docked conformers. ESP charges were
calculated in Gaussian 16 for the docked conformers obtained
from the most populated clusters, and RESP fitting41 was carried
out using the antechamber42 module of AmberTools 19. MD
studies were carried out using our previously reported
protocol.43 Briefly, the OL15,44 GAFF,45 and TIP3P force fields
were used for the DNA, ligand, and water molecules,
respectively, to generate the DNA: ligand complex in tleap. K+
ions were used to neutralize the system in tleap. Further, 500 ns
of the production run was conducted in the GPU-accelerated
version of PMEMD46−48 in AMBER 18.49 All the analyses were
performed using the CPPTRAJ50 module of AmberTools 19,
and the trajectory was visualized in VMD.51 The “lie” command
was used to calculate stacking energy and the vdW energy
contribution and the “rdf” command for the radial distribution
function. The binding energy was calculated using the molecular
mechanics Poisson−Boltzmann surface area (MM/PBSA)52
module of AMBER18 from the last 20 ns of the simulation.
Images were rendered in PyMOL (Schrodinger LLC.).
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(31) Głuszynśka, A.; Juskowiak, B.; Rubis,́ B. Binding Study of the
Fluorescent Carbazole Derivative with Human Telomeric G-Quad-
ruplexes. Molecules 2018, 23 (12), 3154.
(32) Ghasemi, M.; Turnbull, T.; Sebastian, S.; Kempson, I. The Mtt
Assay: Utility, Limitations, Pitfalls, and Interpretation in Bulk and
Single-Cell Analysis. Int. J. Mol. Sci. 2021, 22 (23), 12827.
(33) Ocadiz, R.; Sauceda, R.; Cruz, M.; Graef, A. M.; Gariglio, P. High
Correlation BetweenMolecular Alterations of the c-mycOncogene and
Carcinoma of the Uterine Cervix. Cancer Res. 1987, 47 (15), 4173−
4177.
(34) Fang, C.-H.; Gong, J.-Q.; Zhang, W. Function of Oval Cells in
Hepatocellular Carcinoma in Rats. World J. Gastroenterol. 2004, 10
(17), 2482−2487.
(35) Bookout, A. L.; Cummins, C. L.; Mangelsdorf, D. J.; Pesola, J. M.;
Kramer, M. F. High-Throughput Real-Time Quantitative Reverse
Transcription PCR. Curr. Protoc. Mol. Biol. 2006, 73, 15.8.1−15.8.28.
(36) Kumar, S.; Pany, S. P. P.; Sudhakar, S.; Singh, S. B.; Todankar, C.
S.; Pradeepkumar, P. I. Targeting Parallel Topology of G-Quadruplex
Structures by Indole-FusedQuindoline Scaffolds.Biochemistry 2022, 61
(22), 2546−2559.
(37) Kumar, S.; Reddy Sannapureddi, R. K.; Todankar, C. S.;
Ramanathan, R.; Biswas, A.; Sathyamoorthy, B.; Pradeepkumar, P. I.

Bisindolylmaleimide Ligands Stabilize C-MYC G-Quadruplex DNA
Structure and Downregulate Gene Expression. Biochemistry 2022, 61
(11), 1064−1076.
(38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
A.; Nakatsuji, H. Gaussian 16, Revision B. 01: Wallingford, CT, 2016.
(39) Ambrus, A.; Chen, D.; Dai, J.; Jones, R. A.; Yang, D. Solution
Structure of the Biologically Relevant G-Quadruplex Element in the
Human c-MYC Promoter. Implications for G-Quadruplex Stabiliza-
tion. Biochemistry 2005, 44 (6), 2048−2058.
(40)Morris, G. M.; Huey, R.; Lindstrom, W.; Sanner, M. F.; Belew, R.
K.; Goodsell, D. S.; Olson, A. J. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput.
Chem. 2009, 30 (16), 2785−2791.
(41) Fox, T.; Kollman, P. A. Application of the RESP Methodology in
the Parametrization of Organic Solvents. J. Phys. Chem. B 1998, 102
(41), 8070−8079.
(42)Wang, J.; Wang, W.; Kollman, P. A.; Case, D. A. Automatic Atom
Type and Bond Type Perception in Molecular Mechanical Calcu-
lations. J. Mol. Graphics Modell. 2006, 25 (2), 247−260.
(43) Biswas, A.; Singh, S. B.; Todankar, C. S.; Sudhakar, S.; Pany, S. P.
P.; Pradeepkumar, P. I. Stabilization and Fluorescence Light-up of G-
Quadruplex Nucleic Acids Using Indolyl-Quinolinium Based Probes†.
Phys. Chem. Chem. Phys. 2022, 24 (10), 6238−6255.
(44) Galindo-Murillo, R.; Robertson, J. C.; Zgarbova, M.; Sponer, J.;
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Normalised CD melting profiles of h-RAS1, telomeric, and duplex DNAs in the absence and in 

the presence of estrone ligands 

A 

 

B 

C D 

 

Figure S1. Normalized CD melting profile of various G4s (10 μM) and duplex DNA (15 μM in 10 mM 

lithium cacodylate buffer, pH 7.2) in the absence and in the presence of 5 equivalents of ligands. (A) h-

RAS1 DNA (50 mM KCl and 50 mM LiCl); (B) Telomeric DNA (10 mM KCl and 90 mM LiCl); (C) long 

Telomeric DNA (100 mM KCl); and (D) Duplex DNA (10 mM KCl and 90 mM LiCl). 
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CD titration spectra of h-RAS1 and telomeric DNAs in the absence and in the presence of Est-

3 ligand  

A 

 

B 

 

Figure S2.  CD titration spectra of G4 DNAs (10 μM in 10 mM lithium cacodylate buffer, pH 7.2) in the 

absence and in the presence of Est-3 ligand (0-10 equivalents). (A) h-RAS1 G4 DNA (50 mM KCl and 50 

mM LiCl); and (B) Telomeric G4 (10 mM KCl and 90 mM LiCl). 
 

CD titration spectra of Est-3 ligand in the absence and in the presence of c-MYC G4 and of 

free ligand  

A 

                                

B 

 
Figure S3.  CD titration spectra of Est-3 ligand (10 μM in 10 mM lithium cacodylate buffer, pH 7.2, 1 mM 

KCl and 99 mM LiCl) in the absence and in the presence of c-MYC G4 (0-5 equivalents). (A) Est-3 with 

c-MYC G4 DNA; and (B) Est-3 ligand alone. 
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PAGE of Taq polymerase assay of telomeric G4 DNA with Est-3 

 

Figure S4.  (A) 15% denaturing PAGE (7 M urea) of Taq DNA polymerase stop assay of telomeric DNA 

with an increasing concentration of Est-3 ligand (0–100 μM). Conditions: 0.2 M primer, 0.1 M template 

DNA, 0.2 mM dNTPs, and 1U Taq DNA polymerase enzyme in buffer (50 mM Tris-HCl, pH 7.2, 0.5 mM 

DTT, 0.1 mM EDTA, 5 mM MgCl2, 5 mM KCl). F, S, and P denote full length, stop product, and primer 

product respectively. 
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Optimized structure, cartesian coordinates, and RESP charges of Est-3 used for docking 

 
@<TRIPOS>MOLECULE 

EST 

 80 85 1 0 0    

SMALL 
 

Resp 
 

@<TRIPOS>ATOM 
 

1 O1 3.5820 4.0210 0.2400 o 1 EST -0.5475 

2 O2 -6.1430 -0.5830 -0.8490 os 1 EST -0.4528 

3 C1 1.5490 1.2380 -0.2100 c3 1 EST -0.1314 

4 C2 1.6300 2.6050 0.4950 c3 1 EST 0.2629 

5 C3 0.1690 0.6000 -0.0800 c3 1 EST 0.0288 

6 C4 -0.8550 1.5520 -0.7430 c3 1 EST 0.1002 

7 C5 0.6410 3.5650 -0.1610 c3 1 EST -0.1837 

8 C6 2.8230 0.4960 0.2320 c3 1 EST -0.0454 

9 C7 -0.7830 2.9790 -0.1560 c3 1 EST -0.0444 

10 C8 0.0560 -0.7820 -0.7180 c3 1 EST -0.1803 

11 C9 3.1070 2.9280 0.3100 c 1 EST 0.5034 

12 C10 3.8420 1.6240 0.2540 ce 1 EST -0.2022 

13 C11 1.4130 2.5500 2.0250 c3 1 EST -0.3808 

14 C12 -2.2630 0.9490 -0.7340 ca 1 EST -0.1468 

15 C13 -1.3080 -1.3920 -0.4060 c3 1 EST 0.0029 

16 C14 -2.4600 -0.4230 -0.6060 ca 1 EST 0.1263 

17 C15 -3.3940 1.7520 -0.9130 ca 1 EST -0.0909 

18 C16 -3.7530 -0.9560 -0.6400 ca 1 EST -0.3875 

19 C17 -4.6680 1.2330 -0.9500 ca 1 EST -0.3448 

20 C18 -4.8420 -0.1340 -0.8090 ca 1 EST 0.3798 

21 H1 1.6950 1.4430 -1.2720 hc 1 EST 0.0462 

22 H2 -0.0810 0.4970 0.9750 hc 1 EST 0.0367 

23 H3 -0.5600 1.6310 -1.7900 hc 1 EST 0.0380 

24 H4 0.9490 3.7500 -1.1870 hc 1 EST 0.0560 

25 H5 0.6450 4.5270 0.3390 hc 1 EST 0.0560 

26 H6 3.1020 -0.2890 -0.4610 hc 1 EST 0.0428 

27 H7 2.6970 0.0370 1.2110 hc 1 EST 0.0428 

28 H8 -1.1850 2.9740 0.8530 hc 1 EST 0.0290 

29 H9 -1.4130 3.6470 -0.7310 hc 1 EST 0.0290 

30 H10 0.8320 -1.4450 -0.3500 hc 1 EST 0.0710 
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31 H11 0.1940 -0.7020 -1.7940 hc 1 EST 0.0710 

32 H12 0.4070 2.2550 2.2910 hc 1 EST 0.0993 

33 H13 2.0960 1.8640 2.5140 hc 1 EST 0.0993 

34 H14 1.5910 3.5360 2.4410 hc 1 EST 0.0993 

35 H15 -1.3190 -1.7270 0.6290 hc 1 EST 0.0325 

36 H16 -1.4740 -2.2770 -1.0140 hc 1 EST 0.0325 

37 H17 -3.2830 2.8120 -1.0330 ha 1 EST 0.1517 

38 H18 -3.8670 -2.0190 -0.5380 ha 1 EST 0.1444 

39 H19 -5.5210 1.8700 -1.0980 ha 1 EST 0.1814 

40 C19 -6.4180 -1.9470 -0.7760 c3 1 EST 0.4061 

41 H20 -5.9350 -2.4990 -1.5730 h1 1 EST 0.0225 

42 H21 -6.0910 -2.3610 0.1720 h1 1 EST 0.0225 

43 C20 -7.9250 -2.0630 -0.9440 c3 1 EST -0.4856 

44 H22 -8.2050 -1.8040 -1.9550 hx 1 EST 0.2076 

45 H23 -8.2840 -3.0570 -0.7170 hx 1 EST 0.2076 

46 C21 -10.081 -0.9230 -0.3070 c3 1 EST -0.0801 

47 C22 -8.498 -1.3700 1.4340 c3 1 EST -0.0801 

48 C23 -10.549 -0.1270 0.9030 c3 1 EST -0.0341 

49 H24 -10.519 -1.9120 -0.3410 hx 1 EST 0.1002 

50 H25 -10.220 -0.4360 -1.2610 hx 1 EST 0.1002 

51 C24 -9.7390 -0.7160 2.0740 c3 1 EST -0.0341 

52 H26 -7.5570 -0.9700 1.7790 hx 1 EST 0.1002 

53 H27 -8.4900 -2.4430 1.5600 hx 1 EST 0.1002 

54 H28 -10.324 0.9240 0.7640 hc 1 EST 0.0634 

55 H29 -11.617 -0.2150 1.0480 hc 1 EST 0.0634 

56 H30 -9.458 0.0450 2.7890 hc 1 EST 0.0634 

57 H31 -10.312 -1.4640 2.6040 hc 1 EST 0.0634 

58 C25 5.1690 1.6200 0.1540 cf 1 EST -0.0799 

59 H32 5.6220 2.5960 0.1060 ha 1 EST 0.1392 

60 C26 6.1150 0.4990 0.0640 ca 1 EST 0.0723 

61 C27 7.3670 0.7360 -0.4660 ca 1 EST -0.2520 

62 C28 5.8170 -0.8030 0.5060 ca 1 EST -0.2707 

63 C29 8.3000 -0.2900 -0.5940 ca 1 EST -0.2693 

64 H33 7.6310 1.7250 -0.7970 ha 1 EST 0.1866 

65 C30 6.7330 -1.8200 0.3980 ca 1 EST 0.2412 

66 H34 4.8690 -0.9960 0.9620 ha 1 EST 0.1581 

67 C31 8.0000 -1.5660 -0.1730 ca 1 EST 0.3133 

68 H35 9.2590 -0.0700 -1.0210 ha 1 EST 0.1750 

69 H36 -8.1600 -0.2100 -0.2210 hn 1 EST 0.2504 

70 N1 -8.6160 -1.0940 -0.0450 n4 1 EST 0.1629 

71 C32 5.3290 -3.4250 1.4360 c3 1 EST 0.1138 

72 H37 5.1810 -2.8520 2.3460 h1 1 EST 0.0411 

73 H38 4.4780 -3.2780 0.7770 h1 1 EST 0.0411 

74 H39 5.4060 -4.4720 1.6850 h1 1 EST 0.0411 

75 O3 6.5280 -3.0860 0.8070 os 1 EST -0.3638 

76 O4 8.8270 -2.6170 -0.2460 os 1 EST -0.3772 

77 C33 10.1130 -2.4520 -0.7760 c3 1 EST 0.1114 

78 H40 10.5830 -3.4220 -0.7250 h1 1 EST 0.0448 
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79 H41 10.0760 -2.1250 -1.8100 h1 1 EST 0.0448 

80 H42 10.6920 -1.7430 -0.1940 h1 1 EST 0.0448 

@<TRIPOS>BOND 

1 1 11 2 

2 2 20 1 

3 2 40 1 

4 3 4 1 

5 3 5 1 

6 3 8 1 

7 3 21 1 

8 4 7 1 

9 4 11 1 

10 4 13 1 

11 5 6 1 

12 5 10 1 

13 5 22 1 

14 6 9 1 

15 6 14 1 

16 6 23 1 

17 7 9 1 

18 7 24 1 

19 7 25 1 

20 8 12 1 

21 8 26 1 

22 8 27 1 

23 9 28 1 

24 9 29 1 

25 10 15 1 

26 10 30 1 

27 10 31 1 

28 11 12 1 

29 12 58 2 

30 13 32 1 

31 13 33 1 

32 13 34 1 

33 14 16 ar 

34 14 17 ar 

35 15 16 1 

36 15 35 1 

37 15 36 1 

38 16 18 ar 

39 17 19 ar 

40 17 37 1 

41 18 20 ar 

42 18 38 1 

43 19 20 ar 

44 19 39 1 

45 40 41 1 
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46 40 42 1 

47 40 43 1 

48 43 44 1 

49 43 45 1 

50 43 70 1 

51 46 48 1 

52 46 49 1 

53 46 50 1 

54 46 70 1 

55 47 51 1 

56 47 52 1 

57 47 53 1 

58 47 70 1 

59 48 51 1 

60 48 54 1 

61 48 55 1 

62 51 56 1 

63 51 57 1 

64 58 59 1 

65 58 60 1 

66 60 61 ar 

67 60 62 ar 

68 61 63 ar 

69 61 64 1 

70 62 65 ar 

71 62 66 1 

72 63 67 ar 

73 63 68 1 

74 65 67 ar 

75 65 75 1 

76 67 76 1 

77 69 70 1 

78 71 72 1 

79 71 73 1 

80 71 74 1 

81 71 75 1 

82 76 77 1 

83 77 78 1 

84 77 79 1 

85 77 80 1 

@<TRIPOS>SUBSTRUCTURE 

1 EST 1 TEMP 0 **** **** 0 ROOT 

Figure S5. The optimized structure of Est-3, which was used for docking studies. The ligand was 

optimized at HF/6-31G* theory level in Gaussian 16. The ESP charges were then calculated in 

Gaussian 16. The Cartesian coordinates and RESP charges were then calculated in SYBL Mol2 format 

using antechamber in AMBER 18. Carbon atoms are represented using green, nitrogen atoms using 

blue and hydrogen atoms using light grey. 
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Docked structures of Est-3 used for MD simulations 

A 

 

B 

 

 

Figure S6. Docked conformers of Est-3 exhibiting (A) Stacking mode at 5ʹ-end; and (B) Groove binding 

mode with c-MYC G4 DNA obtained from AutoDock 4.2.6. Most of the conformers in the top clusters 

have similar binding modes, so the structures with the lowest binding energies were chosen for MD 

simulations. 

 

Final structure obtained from the MD simulation of groove bound Est-3 conformer 

 

Figure S7. Final frame from the 500 ns simulation of the groove binding mode of the Est-3-c-MYC G4 

complex. 
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Population distribution of the RMSD of backbone and G-quartet of the Est-3 bound c-MYC G4 

 

Figure S8. Population distribution of the RMSD values of G-quartet and the backbone of the Est-3 bound 

c-MYC G4 DNA calculated from the 500 ns MD simulation. 

 

Radial distribution function plot of Est-3 bound c-MYC G4 DNA 

 

 

 
 

Figure S9. Radial distribution function showing the propensity of dimethoxybenzyl interaction with dG2 

and dG17 of c-MYC G4  
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Figure S10. 1H and 13C NMR spectra of compound 5 
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Figure S11. 1H and 13C NMR spectra of compound 6   
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Figure S12. 1H and 13C NMR spectra of compound 7 
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Figure S13. 1H and 13C NMR spectra of compound 8  
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Figure S14. 1H and 13C NMR spectra of compound 9   
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Figure S15. 1H and 13C NMR spectra of compound 10 
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Figure S16. 1H and 13C NMR spectra of Est-1 ligand 
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Figure S17. 1H and 13C NMR spectra of Est-2 ligand 
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Figure S18. 1H and 13C NMR spectra of Est-3 Ligand 
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DNA sequences used for CD melting and titration experiments  

DNA Sequence 

Telomeric DNA 5'-AGGGTTAGGGTTAGGGTTAGGG-3' 

Long telomeric DNA 5'-AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG 

TTAGGGTTAGGG-3' 

c-MYC DNA  5'-TGAGGGTGGGTAGGGTGGGTAA-3' 

c-KIT1 DNA 5'-GGGAGGGCGCTGGGAGGAGGG-3' 

h-RAS DNA 5'- TCGGGTTGCGGGCGCAGGGCACGGGCG -3' 

Duplex-17 (DS17)  5'-CCAGTTCGTAGTAACCC-3' 

5'-GGGTTACTA CGAACTGG-3' 

Table S1. DNA sequences used for the experiments in 5' to 3' direction 

 

DNA sequences used for Taq DNA polymerase stop assay  

         DNA                                Sequence 

FAM labelled primer 5'- FAM-ACGACTCACTATAGCAATTGCG-3' 

c-MYC template 
5'-TGAGGGTGGGTAGGGTGGGTAAGCCAACC 

GCAATTGCTATAGTGAGTCGT-3' 

Muted c-MYC template 
5'-TGAGGGTGGGTAGAGTGGGTAAGCCAC 

CGCAATTGCTATAGTGAGTCGT-3' 

Telomeric template 
5'- AGGGTTAGGGTTAGGGTTAGGGGCCACC 

GCAATTGCTATAGTGAGTCGT-3' 

Table S2. DNA sequences used for the experiments in 5' to 3' direction 

 

DNA primers used for qRT-PCR studies 

         Description            Sequence 

c-KIT forward primer 
5-CGTGGAAAAGAGAAAACAGTCA-3 

c-KIT reverse primer 
5-CACCGTGATGCCAGCTATTA-3 

β-actin forward primer 5-TGCGTGACATTAAGGAGAA-3 

β-actin reverse primer 5-CTGCATCCTGTCGGCAATG-3 

Table S3. List of DNA primers used for the qRT-PCR experiments in 5' to 3' direction. 
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Average distances and Van der Waals interaction energies of major stacking interactions of 

Est-3 with c-MYC G4 DNA 

Ligand moiety Interacting DNA 

residue 

Stacking Distance 

(Å) 

Linear interaction 

energy (vdW) 

(kcal/mol) 

Dimethoxybenzyl 

ring 

dG2 4.59 ± 1.19 −3.37 ± 1.2 

dG17 4.20 ± 0.58 −3.87 ± 0.87 

Estrone core 

aromatic ring 

dG8 4.08 ± 0.58 −2.92 ± 0.6 

Table S4. The distances and energies were calculated using the CPPTRAJ module of AMBER 18. All 

the distances between the centroid of the corresponding aromatic rings of the ligand and the heavy atoms 

of the base (excluding sugar) were considered. The average distance during the whole 500 ns trajectory 

and the Van der Waals contribution of the linear interaction energy are shown here. 

Binding free energy values of Est-3 with c-MYC G4 DNA 

Table S5. Binding free energy components of c-MYC G4 DNA and Est-3 

 5ʹ-quartet bound 

∆EELEC 

∆EVDW 

 ∆EMM(∆EELEC +∆EVDW ) 

∆PBnp 

∆PBcal 

∆PBsolv(∆PBnp + ∆PBcal) 

∆HPB(∆EMM + ∆PBsolv) 

                          ∆T∆S 

∆G(∆HPB − T∆S) 

−418.57 ± 14.57 

−58.14 ± 3.07 

−476.22 ± 15.69 

−4.61 ± 0.17 

437.20 ± 14.52 

432.59 ± 14.42 

−43.63 ± 3.52 

−19.86 ± 6.30 

−23.76 ± 7.23 

 Binding free energy has been calculated from the last 20 ns of the 500 ns simulation by considering 

every 5th frame from a total of 2000 frames. The molecular-mechanical energy calculations were 

performed using MM/PBSA, and entropy calculations using nmode analysis. ∆EELEC is the electrostatic 

contribution. ∆EVDW is the van der Waals contribution. ∆EMM is the total molecular mechanical energy. 

∆PBnp is the non-polar contribution to the solvation energy. ∆PBcal is the electrostatic contribution to the 

solvation energy. ∆PBsolv is the total solvation energy. T∆S is the solute entropic contributions. ∆G (∆H 

− T∆S) is the estimated binding free energy. All the values are reported in kcal molˉ1. For nmode 

analysis parameters used were: drms = 0.5; dielec (distance dependent dielec) = 4; maxcyc = 10,000 

and AMBER prescribed default values were used for PB calculations. 

 

 

 

 

 


