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Pyridopyrimidinone Derivatives as
DNAG-Quadruplex-Stabilizing Agents: Design, Synthesis
and Biophysical Studies
Rajesh Malhotra+,[a] Chhanda Rarhi+,[b] K. V. Diveshkumar+,[c] P. Bommisetti,[c]

Sushree Prangya P. Pany,[c] Subho Roy,[b] P. I. Pradeepkumar,*[c] and Mrinalkanti Kundu*[b]

DNA can fold into non-canonical structures such as G-
quadruplexes (G4 s) in addition to adopting the double helical
structure. Considering the relationship between stabilization of
G4 structure and anticancer effects, development of G4
interactive compounds has been of significant interest. Past
years have witnessed the discovery of scaffolds targeting G4
structures based on planar, multi-aromatic ring compounds.
With an aim to engineer drug-like properties, we designed and
synthesized pyridopyrimidinone based selective G4 DNA stabi-
lizing agents 1–3, and further they were evaluated for G4 DNA
recognition properties. CD melting studies revealed the prefer-
ential stabilization of parallel topology of promoter c-MYC and
c-KIT G4 DNAs by the ligands, especially 2 and 3, over the

different topologies of telomeric G4 DNA. UV melting experi-
ments suggested that no significant stabilization was observed
for duplex DNA. Further, the results from ITC experiments
substantiated the preferential stabilization of parallel topology
of c-MYC G4 DNA over telomeric and duplex DNA by the
ligands 2. These data showed that ligand 2 has moderate
binding affinity to the c-MYC G4 DNA and is ~49-fold and ~25-
fold selective over the telomeric G4 DNA and the duplex DNA
respectively. The molecular modeling and dynamics studies of
the ligand 2 in complex with c-MYC and c-KIT1 G4 DNAs
showed that this ligand stacks on the 5’-quartet of c-MYC and
3’-quartet of c-KIT1 G4 DNA structures.

Introduction

Anticancer agents targeting DNAs are some of the most
effective agents in clinical use, and have produced significant
increases in the survival of cancer patients. But, unfortunately,
those anticancer agents are found to be extremely toxic due to
their non-specificity.[1] Consequently, much effort has been
devoted in finding agents that are more selective and thus
presumably will have lesser side effects. Therefore, there is
considerable excitement that the identification of cancer-
specific DNA targets will yield a new generation of less toxic
therapeutics. Targeting non-canonical DNA secondary struc-
tures such as G4 structures is now considered as an attractive
approach in drug discovery for anticancer therapy. G4 s have

been implicated in biologically important roles such as
genomic instability, telomerase inhibition and the regulation of
gene expression.[2]

G4 structures are formed by the stacking of two or more
planar G-quartets and the G-quartets are formed through the
H-bond association of adjacent guanine bases by utilizing both
Hoogsteen and Watson-Crick faces.[3–5] Stabilization of these G4
structures by small molecule ligands offer new opportunities in
the anticancer drug development.[2, 3] Typical G4-ligand features
include large aromatic surfaces for end-on p-p stacking with
the external surface of the G-quartet, and structural features
that prevents intercalation into double-stranded (ds) DNA.
Along with this, recognition was also provided by the electro-
static as well as H-bonding interactions of the neutral/cationic
side chains with the loops, grooves and phosphate backbone
of the G4 structure.[6]

A broad range of ligands have been reported to selectively
stabilize the G4 DNA structures over the duplex DNAs,[7] but
only a handful of molecules could achieve specificity toward a
particular G4 topology. Along these lines, we have demon-
strated that indenopyrimidine derivatives,[8] bisbenzimidazole
carboxamide derivatives,[9] benzothiazole hydrazones,[10] and
indolylmethyleneindanone derivatives[11] show specific stabiliza-
tion of the parallel topology of c-MYC and c-KIT promoter over
telomeric G4 and duplex DNAs. In continuation with our efforts
to develop topology specific G4 DNA stabilizing ligands having
simple structural motifs, herein we report structurally unique
small drug-like molecules as potential G4 DNA stabilizing
agents having pyridopyrimidinone ring coupled with benza-
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mide units as common core structure. The binding interaction,
stability and selectivity of the synthesized ligands toward G4 (c-
MYC, c-KIT and telomeric) and duplex DNAs have been explored
by various biophysical studies such as CD titration, CD melting,
Isothermal titration calorimetry (ITC) and molecular modeling
and dynamics.

Results and Discussion

Synthesis

The three ligands were synthesized following the synthetic
route depicted in Scheme 1 starting from commercially avail-
able 4a and 4b. Compound 4c was synthesized from 4b using
N-chloro succinamide (NCS) in 90 % yield. Second step was
performed in diethyl methyl malonate at 140 8C over a period
of 24 h and the crude intermediates were then subjected to
thermal cyclization (160 8C) to yield the corresponding 2-
hydroxy-3-methyl-pyrido[1,2-a]pyrimidin-4-one derivatives
5a,[12] 5b and 5c in varying yields over two steps. O-benzylation
of these derivatives was done using 4-bromomethyl-benzoic
acid methyl ester to obtain 6a–c in 54–70 % yields. For the
ligands 2 and 3, N-methylpiperazine moiety was introduced on
the intermediates 6b and 6c following SNAr approach at 110 8C
with 60–96 % yields to obtain compounds 7b and 7c
respectively. The esters 6a, and 7b-c were then hydrolyzed
using lithium hydroxide and the crude acids 8a–c thus
obtained were converted to the ligands 1–3 using EDCI.HCl as
coupling agent.

Circular Dichroism (CD) Titration Studies

Induction of a particular topology for the G4 structure by the
ligands can be well-studied using CD titration experiments in
the presence and in the absence of added monovalent metal
cations.[13] Telomeric DNA is reported to show the well-defined
antiparallel and hybrid topologies under Na+ and K+ buffer
conditions respectively and no particular topology is shown in
the absence of added metal ions or stabilizing ligands.[14, 15] But,
the promoter G4 DNAs are reported to form G4 structure along
with the other secondary structures even in the absence of
added metal cations or stabilizing ligands.[15] So the CD titration
experiments without any added metal ions will help us to
assess the ability of the ligands to induce any particular
topology for the telomeric DNA and the ligand assisted further
induction of the pre-formed G4 structure for promoter G4
DNAs.

We have performed the CD titration experiments without
any added metal cations for telomeric as well as for promoter
c-MYC and c-KIT1 G4 DNAs with all the three ligands 1–3
(Figure 2A, 2B, Table S1 and Figure S1, Supporting Information).
CD spectrum of telomeric DNA showed positive peaks around
295 nm and 255 nm, which do not correspond to any particular
G4 topology (Figure 2A and Figure S1, Supporting Information).
Upon titration with ligand 1, no significant change was
observed in the CD spectra and the initial peaks were retained
up to the addition of 5 equivalents of ligand (Figure S1,
Supporting Information). Interestingly, upon titration with
ligand 2, a positive peak around 260 nm and a negative peak
around 240 nm appeared, which are the characteristic peaks for
the parallel G4 topology (Figure 2A).[16] The initial peaks around

Scheme 1. Synthesis of ligands 1, 2 and 3. Reagents and conditions: (i) 4b, NCS, ethyl acetate, RT, 24 h; (ii) diethyl methyl malonate, 140 8C, 24 h; (iii) diphenyl
ether, 160 8C, 24 h; (iv) K2CO3, 4-bromomethyl-benzoic acid methyl ester, acetone, 65 8C, 3 h; (v) dipotassium hydrogenphosphate, N-methylpiperazine, DMSO,
110 8C, 1.5 h; (vi) LiOH, THF-MeOH-H2O (3:2:1, v/v), RT, 3 h; (vii) EDCI.HCl - HOBT, DIPEA, N’,N’-dimethylethane-1,2-diamine, DMF, RT, 5 h.
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295 nm and255 nm completely disappeared and the
enhancement of new peaks around 260 nm and 240 nm has
reached saturation after the addition of 10–11 equivalents of
ligand 2 (Figure 2A). In the case of ligand 3, no significant
changes in the intensities of the initial peaks in the CD spectra
were observed upon titration with up to 10 equivalents of
ligand (Figure S1, Supporting Information). Overall, CD titration
experiments with telomeric G4 DNA showed that the ligands 1
and 3 are not able to induce any particular topology for the
telomeric DNA, and the ligand 2 is able to weakly induce the
parallel G4 topology at high ligand concentration.

CD spectra of c-MYC DNA in the absence of added metal
ions showed a positive peak around 260 nm, and a negative
peak around 240 nm, which are the characteristic peaks for the
parallel G4 topology (Figure 2B and Figure S2, Supporting
Information).[16] Ligand 1 was found to be further inducing the
existing parallel topology of c-MYC DNA, indicated by the
moderate enhancement of the characteristic peaks around
260 nm and 240 nm (Figure S2, Supporting Information). But,
the titration of ligands 2 and 3 with c-MYC DNA resulted in the
strong enhancement of the characteristic peaks, indicating
further induction of the pre-folded parallel G4 topology (Fig-
ure 2B and Figure S2, Supporting Information). Similar to that

of c-MYC DNA, the CD spectrum of c-KIT1 showed a well-
defined parallel topology, indicated by the characteristic peaks
around 260 nm and 240 nm (Figure S2, Supporting Informa-
tion).[16] No significant change in the CD spectra was observed
upon titration with the ligands 1–3, indicating the retention of
pre-folded parallel G4 structure. Overall, further induction of
the pre-folded parallel G4 topology for c-MYC DNA and
retention of the pre-folded parallel topology for c-KIT1 were
observed with the ligands.

CD Melting Studies

Ligand induced thermal stabilization of G4 DNAs can be
assessed using CD spectroscopy by monitoring the ellipticity at
a fixed wavelength over the temperature range of 20–95 8C.[17]

CD melting experiments were carried out to evaluate the
thermal stabilization properties of ligands with the telomeric
and promoter c-MYC and c-KIT1 G4 DNAs. Since the telomeric
DNA is reported to form antiparallel and mixed hybrid G4
structures in buffer solutions containing Na+ and K+ ions
respectively, CD melting experiments were conducted under
both the Na+ and K+ ion conditions. The ellipticity was
monitored at 295 nm and yielded T1/2 values of 52 and 45 8C for
the telomeric DNA in K+ and Na+ ions respectively (Figure 3A
and Figure S3, Supporting Information). No significant stabiliza-
tion was observed after the addition of 5 equivalents of ligands
for both the antiparallel and mixed hybrid structures of
telomeric G4 DNA (Table 1). In the case of mixed hybrid
telomeric G4 structure, a maximum ~T1/2 ~2.2 8C was observed
and for the antiparallel G4 structure maximum ~T1/2 ~1.5 8C
was observed (Table 1). The negligible increase in the T1/2 values
reveals that the ligands are not able to stabilize the different
topologies of telomeric G4 structure.

CD melting studies for the promoter c-MYC and c-KIT G4
DNAs were conducted by measuring the ellipticity at 263 nm.
The salt concentrations were varied in the range of 1–10 mM,

Figure 1. Structures of G4 specific ligands 1–3.

Figure 2. CD titration spectra of telomeric and cMYC DNAs with ligand 2 in the absence of added metal ions (12.5 mM DNA in 50 mM TrisHCl buffer, pH 7.2). (A)
Telomeric DNA; and (B) cMYC DNA.
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depending on the stability of the G4 structures to keep the
melting temperature in the range of 40–60 8C. This provides a
sufficient analysis window to monitor the ligand induced
stabilization of G4 DNAs. For the c-MYC DNA, the T1/2 value was
moderately increased after the addition of 5 equivalents of
ligands (Figure 3B). Ligand 1 was found to be weakly stabilizing
the parallel c-MYC G4 DNA with ~T1/2 ~3.8 8C, whereas the
other two ligands 2 and 3 showed moderate stabilization with
~T1/2 ~9.1 and 8.8 8C, respectively (Figure 3B and Table 1). The
ligands 2 and 3 were selected for further studies to assess the
ligand-G4 DNA interaction due to their increased stabilization
with the c-MYC G4 DNA. For the c-KIT1 G4 DNA, the T1/2 value
was increased with the ligands 1 and 2, yielding ~T1/2 ~7.5 and
12 8C respectively (Figure S3, Supporting Information and
Table 1). But, in the case of c-KIT2 G4 DNA both the ligands
imparted weak stabilization, yielding ~T1/2 ~4.1 and 5.5 8C for
ligand 2 and 3respectively (Figure S3, Supporting Information
and Table 1).

Overall, CD melting studies revealed the preferential
stabilization of parallel topology of promoter c-MYC and c-KIT
G4 DNAs by the ligands 1–3 over the different topologies of
telomeric G4 DNA. We have also carried out CD melting
experiments with duplex DNAs in order to address the

selectivity of these ligands with duplex DNAs. Unfortunately,
we were not able to observe accurate and reliable CD melting
curves after incubating with the ligands. As an alternative, we
have carried out UV melting experiments by monitoring the
absorbance at 260 nm. No significant duplex stabilization was
observed after incubation with 5 equivalents of the ligands
(Table 1 and Figure S4, Supporting Information).

Isothermal Titration Calorimetry (ITC) Studies

The thermodynamic parameters for the ligand-DNA interactions
can be derived using ITC experiments.[18] Ligand 2 was selected
for the ITC experiments due to its G4 stabilization properties
and increased solubility in water. Since the c-MYC G4 DNA is
extensively studied among the parallel promoter G4 DNAs, ITC
experiments were performed by taking c-MYC DNA as an
example for parallel promoter G4 DNAs. To address the
preferential stabilization of promoter G4 DNAs over telomeric
and the selectivity over duplex DNAs, ITC experiments were
carried out with telomeric G4 and duplex DNAs as well (Table 2,
Figure 4, and Figure S5, Supporting Information). The isotherms
were fitted by using sequential model to extract the binding
constant and the thermodynamic parameters for the ligand-

Figure 3. CD melting curves for the telomeric and the cMYC G4 DNAs (10 mM DNA in 10 mM lithium cacodylate buffer, pH 7.2) in the absence and in the
presence of 5 equivalents of ligands. (A) Telomeric DNA (10 mM KCl and 90 mM LiCl); and (B) cMYC DNA (1 mM KCl and 99 mM LiCl).

Table 1. Thermal stability of G4 DNAs with the ligands measured by CD melting experiments for telomeric, c-MYC and c-KIT G4 DNAs and measured by UV
melting experiments for duplex DNA

Ligands

~T1/2
a (8C)

Telomeric
(K+)

Telomeric
(Na+)

c-MYC
(K+)

c-KIT1
(K+)

c-KIT2
(K+)

Duplex
(K+)

1 1.4 � 0.2 �1.3 � 0.5 3.8 � 0.4 - - �2 � 0.4
2 2.2 � 0.7 1.5 � 0.7 9.1 � 0.8 7.5 � 0.4 4.1 � 0.6 �1.2 � 0.5

~T1/2 represents difference in thermal melting [~T1/2 = T1/2 (DNA + 5 molar equivalent ligand) - T1/2 (DNA)]. All the experiments in KCl were carried out in 10 mM
lithium cacodylate buffer pH 7.2 with 10 mM DNA concentration. T1/2 values in the absence of ligands are 58.2 � 0.8 8C (c-MYC DNA in 1 mM KCl and 99 mM
LiCl); 48 � 0.5 8C [c-KIT1 DNA in 10 mM KCl and LiCl 90 mM); 55.5 � 0.6 8C (c-KIT2 DNA in 1 mM KCl and 99 mM LiCl); 52.2 � 0.7 oC (Telomeric DNA in 10 mM KCl
and 90 mM LiCl); 45.1 � 0.3 oC (Telomeric DNA in 10 mM NaCl, 90 mM LiCl, and 10 mM sodium cacodylate buffer, pH 7.2); and 64.1 � 0.4 8C ( Duplex DNA in
10 mM KCl and 90 mM LiCl). ~T1/2 values are reported as the average values with standard deviations from 3 independent experiments.
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DNA interaction. As expected, ligand 2 showed moderate
binding interaction with the c-MYC G4 DNA, which is indicated
by the binding constant values, K1 = 4.9 3 105 and K2 = 1 3 105

M�1 (Figure 4A, Table 2).
Moreover, the exothermic interaction was observed for the

ligand 2 with the c-MYC G4 DNA, which is reflected in the large
negative enthalpy change (Figure 4A and Table 2,). ITC experi-
ments with telomeric and duplex DNAs yielded binding
constant values, K1 = 1 3 104 M�1 for telomeric and K1 = 2 3

104 M�1 for duplex DNAs, indicating relatively weak binding of
the ligand 2 (Table 2, Figure 4B and Figure S5, Supporting
Information). These data show that ligand 2 has moderate
affinity to the c-MYC G4 DNA with ~49-fold selectivity over the

telomeric G4 DNA and ~25-fold selectivity over the duplex
DNAs (Table 2). Overall, the results from the ITC experiments
are consistent with those from the CD spectroscopic studies,
and confirm the preferential stabilization of parallel topology of
c-MYC G4 DNAs over telomeric and duplex DNAs by the ligand
2.

Molecular Modeling and Dynamics Studies

To understand the interactions governing the recognition of G4
DNAs by the ligand 2, molecular modeling and dynamics
simulations were carried out with c-MYC and c-KIT1 G4 DNA
structures. The energy optimized ligand 2 at HF/6-31 + G**

Table 2. Thermodynamic parameters obtained from ITC experiments for the interaction of ligand 2 with c-MYC G4 DNAs at 25 8C

K1 3 105 ~H1 T~S1 K2 3 105 ~H2 T~S2 K3 3 104 ~H3 T~S3

c-MYC G4 DNA
4.9 � 0.1 �9.4 � 0.1 �0.1 1 � 0.1 �8.9 � 0.1 �0.2 1.3 � 0.02 �19 � 0.3 �1.2

Telomeric G4 DNA
0.1 � 0.01 �23.2 � 1 �1.5 0.3 � 0.03 9.5 � 1 1.3 - - -

Duplex DNA
0.2 � 0.01 �12.6 � 0.4 �0.6 0.08 �20.7 � 1 �1.3 0.4 � 0.02 34.1 � 2 3.3

Best fit parameters obtained by sequential binding model with Chi2 = 3192, n = 3 for the c-MYC G4 DNA, Chi2 = 13090, n = 2 for the telomeric G4 DNA, and
Chi2 = 7028, n = 3 for Duplex DNA. K values are in M�1 and ~H, T~S values are in kcal/mol.

Figure 4. ITC profiles for the interaction of ligand 2 with c-MYC and telomeric G4 DNA (25 mM DNA in 100 mM KCl and 10 mM lithium cacodylate buffer,
pH 7.2). (A) c-MYC DNA; and (B) Telomeric DNA. Raw data shown in upper panel and curve fit using sequential binding model in the bottom panel with
Chi2 = 3192, n = 3 and Chi2 = 13090, n = 2 for c-MYC and telomeric G4 DNAs respectively.

Full Papers

5210ChemistrySelect 2017, 2, 5206 – 5213 � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



level (Figure S6 and S7, Supporting Information) was docked
with c-MYC (PDB entry: 2L7V)[19] and c-KIT1 (PDB entry: 2O3M)[20]

G4 DNA structures using AutoDock 4.2.[21] Docking results
revealed that ligand 2 prefers binding at the 5’-end of the c-
MYC DNA, and at the 3’-end of the c-KIT1 DNA. Based on these
results, a total of 500 ns unrestrained dynamics were carried
out for both the complexes using GPU accelerated version of
PMEMD in AMBER 14.[22, 23]

To understand the conformational stability of the G4 DNAs and
the conformational flexibility of the ligand 2 upon binding to
G4 DNA, the root mean square deviation (RMSD) values of
heavy atoms of the ligand, backbone and G-quartets were
calculated separately with respect to the first frame. RMSD
values of G-quartets showed nominal fluctuations indicating
the stabilizing effect of the ligand 2 (Figure 5A and 5C). The

RMSD graph of the c-MYC G4 DNA backbone showed
fluctuations, which can be attributed to the flexibility of
flanking nucleotides (Figure 5 A). This is also evident from the

per-nucleotide-root mean square fluctuation (RMSF) values
(Figure S8). Nucleotides 1–3 of c-MYC G4 DNA have shown
fluctuations >1.8 Å with respect to starting structure, whereas
G-quartet forming nucleotides showed <1.0 Å fluctuations. The
c-KIT1 G4 DNA backbone showed stable RMSD (Figure 5C).
Ligand 2 showed considerable fluctuations owing to its flexible
structure in both c-MYC and c-KIT1 complexes (Figure 5A and
5B). Percentage occupancies of the Hoogsteen H-bonds were
calculated for G-quartets and were found to be >96 % in both
complexes.

The 500 ns dynamics of both the complexes were clustered
into 5 ensembles; each ensemble having a representative
structure. The complex with c-MYC G4 DNA showed two major
ensembles each one contributing for ~70% and ~22% of the
total simulation time. The representative structures of two
ensembles of c-MYC complex were superimposed to check the
differences. Major differences were observed in the orientations
of nucleotides dT1 and dG2, and also in the conformation of
ligand (Figure S9A, Supporting Information). Complex with c-
KIT1 G4 DNA also showed two major ensembles contributing
for ~50% and 45% of the simulation time. In the case of c-KIT1
as well, the representative structures were very similar with
only major difference in the orientation of nucleotide dC8
(Figure S9B, Supporting Information).

Representative snapshots of major clusters of c-MYC and c-
KIT1 dynamics are shown in the Figure 6. Stacking interactions
are the major stabilizing forces that are present between ligand
2 and c-MYC G4 DNA. The flanking nucleotide dG2 stacks on
ligand surface while dG1 stacks on dG2. Ligand is sandwiched
between dG2 and G-quartet (Figure 6A and 6B). The RMSF
value observed for the ligand is 2.7 Å, which shows that the
ligand has moved to some extent compared to the starting
structure. No significant intermolecular H-bonds between
ligand 2 and c-MYC G4 DNA were observed during the MD
simulations. In the case of c-KIT1-ligand 2 complex, apart from
stacking interactions, one major H-bond between O3 of the
ligand 2 and N�H of the nucleotide dG19 (Figure 6D and

Figure S10, Supporting Information) was present for ~74 % of
the total simulation time with an average distance and angle of
2.8 Å and 1558 respectively. The RMSF value observed for the
ligand is 1.8 Å, which shows that there is no appreciable
change in the binding conformation compared to starting
structure (Figure 5C). However, it was observed during dynam-
ics that the ligand replaces residues dA15 and dG19 which
stack on G-quartet. (Figure S11, Supporting Information).

To probe the preferential binding of ligand 2, docking and
dynamics have been performed with the physiologically
relevant hybrid-2 telomeric G-quadruplex (PDB entry: 2JPZ[24]).
During the docking, the ligand 2 was found to be bound to 5’
end with partial access to G-quartet and to the groove. During
the course of dynamics, the DNA backbone changed to
accommodate the ligand and the ligand formed stacking
interactions with the loop nucleotides. Although the G-quartet
was partially accessible to the ligand, it couldn’t replace the
end-stacking nucleotides. Eventually, the ligand lost it’s binding
with hybrid-2 G-quadruplex at 76ns (Figure S12, Supporting
Information). These results show why the ligand 2 is not able to

Figure 5. Time dependent RMSD values of ligand 2 bound to c-MYC and c-
KIT1 complexes. Each 5th snapshot was considered and a total of 50,000
frames were used for the calculation. Values were calculated using cpptraj
module in AMBER14 (A) and (B) c-MYC-ligand 2 complex; and (C) c-KIT1-
ligand 2 complex.
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strongly stabilize telomeric G4 structure as revealed in the
biophysical studies.

The binding energy calculations were performed from the
last 20 ns using MM-PBSA[25] in AMBER14. The c-MYC G4 DNA
displayed more negative binding free energy compared to c-
KIT1 G4 DNA (Table 3 and Table S2, Supporting Information).

The data show that the loss of entropy upon complexation is
similar in both the cases but the gain in enthalpy was greater
for the c-MYC G4 DNA leading to slightly higher affinity toward
c-MYC G4 DNA.

Conclusions

G4 stabilizing ligands harboring drug like properties, which
have selectivity and specificity toward a particular G4 topology
can be harnessed as anticancer agents. In this direction, we
have designed and synthesized potential drug-like G4 stabiliz-
ing ligands, which are the benzamide derivatives of pyridopyr-
imidinone scaffold. Results from the biophysical studies like CD
melting and ITC confirms the preferential stabilization of the

ligands with the c-MYC and c-KIT promoter G4 DNAs with
parallel topologies over the various topologies of telomeric G4
and duplex DNAs. Molecular modeling and dynamics studies
shed light into the end stacking mode of interactions between
the ligand and the promoter c-MYC and c-KIT1 G4 DNA
structures and it‘s preferential binding over the teloemeric G4
DNA. Overall, the preferential stabilization of promoter c-MYC
and c-KIT1 G4 DNA structures along with the simplicity in the
molecular structure and the increased aqueous solubility
project the new scaffolds for future SAR and further biological
studies.
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ligand stacked on the c-MYC G4 DNA
quartet; (C) Ligand bound to 3’-end of
c-KIT1 G4 DNA (side view); and (D)
axial view of ligand stacked on c-KIT1
G4 DNA quartet. Gray dotted lines
represent the Hoogsteen H-bonds.
Magenta dotted lines represent the H-
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atoms using red and phosphorus us-
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Table 3. Binding free energy values of c-KIT1 and c-MYC G4 complexes.

Structures ~H T~S ~G =~H � T~S

c-MYC (2 L7 V) �41.74 �4.52 �19.16 � 4.48 �22.57 � 6.50
c-KIT1 (2O3 M) �36.12 � 3.96 �21.92 � 4.37 �11.80 � 5.80

Enthalpy values are obtained through MM-PBSA25 method and entropy
values are calculated using nmode calculations. All values are reported in
kcal mol�1. The values are calculated for 2000 snapshots over last 20 ns of
MD simulation.
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CD spectra of ligands with telomeric G4 DNA in the absence of added metal ions 

A 

 

B 

 
 

Figure S1. CD titration spectra of ligands with telomeric G4 DNA (12.5 µM DNA in 50 mM Tris, pH 

7.2) in the absence of added metal ions. (A) Ligand 1; and (B) Ligand 3. 
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CD spectra of ligands with c-MYC and c-KIT1 G4 DNAs in the absence of added metal 

ions 

A 

 

B 

 
C 

 

D 

 

                                      E 

 

Figure S2. CD titration spectra of ligands with c-MYC and c-KIT1 DNAs (12.5 µM DNA in 50 mM 

Tris, pH 7.2) in the absence of added metal ions. (A) c-MYC DNA with ligand 1; (B) c-MYC DNA 

with ligand 3 (C) c-KIT1 DNA with ligand 1; (D) c-KIT1 DNA with ligand 2; and (E) c-KIT1 DNA 

with ligand 3. 
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CD melting curves of ligands with telomeric and promoter G4 DNAs 

A 

 

B 

 
                                  C 

 
 

Figure S3: CD melting curves of telomeric and promoter G4 DNAs (10 µM in 10 mM lithium or 

sodium cacodylate buffer, pH 7.2). (A) Telomeric DNA, (10 mM NaCl, 90 mM LiCl, and sodium 

cacodylate buffer, pH 7.2); (B) c-KIT1 DNA, (10 mM KCl and 90 mM LiCl); and (C) c-KIT2 DNA, 

(1 mM KCl and 99 mM LiCl) 

 

UV melting curves of ligands with duplex DNA 

 
Figure S4: UV melting curves for the ligands with duplex DNA (5 µM in 10 mM KCl, 90 mM LiCl, 

and lithium cacodylate buffer, pH 7.2). The T1/2 value for the duplex DNA was 64.1 ± 0.2 °C and 

the ∆T1/2 values were −2 ± 0.5 °C, −1.3 ± 0.2 °C, and −1 ± 0.6 °C with the ligands 1, 2, and 3.  
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ITC profiles of ligand 2 with duplex DNA 

 
Figure S5. ITC profiles for the interaction of ligand 2 with duplex DNA (25 µM DNA in 100 mM 

KCl and 10 mM lithium cacodylate buffer, pH 7.2). Raw data shown in upper panel and curve fit 

using sequential binding model in the bottom panel with Chi2 = 7028 and n = 3. 

Optimized structure of ligand 2 used for docking  

 

Figure S6. The optimized structure of ligand 2 which was used for docking. The ligand was 

optimized at HF/6-31+G** theory level. Carbon atoms are represented using green, oxygen atoms 

using red, nitrogen atoms using blue and hydrogen atoms using light gray. 
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Various stages of ligand 2 optimization process 

 

Figure S7. Torsions considered for optimization of ligand 2. Initially the ligand was built in Gauss 

view without any bias and optimized at HF/6-31+G** level. This led to the structure as shown in B. 

Later, the torsion shown using an arrow in C was rotated such that C14 was in close proximity with 

C26 atom (compare with structure A). This conformation was eventually optimized to a similar 

structure as shown in B. Similarly, the torsion shown using an arrow in E was rotated such that O2 

was pointing upwards (compare with structure A). This conformation too eventually optimized to a 

similar structure as B. Also structures B,D,F have similar energies. Therefore, the structure B was 

used for docking. Methyl and phenyl substituents on the 1,4 positions of piperazine ring are placed in 

equatorial positions in order to avoid the 1,3 axial steric clashes of these groups with other hydrogens. 

Carbon atoms are represented using cyan in A, green in B, yellow in C, magenta in D, white in E and 

brow-red in F. Nitrogen atoms are represented in blue and oxygen atoms in red.  
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Per-nucleotide RMSF values of c-MYC and c-KIT1 G4 DNAs 

          A 

 

        B 

 

Figure S8. Per-nucleotide-RMSF values of individual nucleotides. (A) c-MYC G4 DNA; (B) c-

KIT1 G4 DNA. The graphs are plotted as fluctuations against the nucleotide number. The sequence 

on the X-axis is written in 5'-3' direction. Every 5th  frame was considered, and a total of 50,000 

frames were considered for the calculation. The values are calculated using cpptraj module in 

AMBER14. 
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Comparison of representative structures of ensembles of c-MYC and c-KIT1 –ligand 2 

complexes 

                           A 

 

                           B 

 

 

Figure S9. Comparison of representative structures of ensembles of c-MYC and c-KIT1-ligand 2 

complexes.  (A) Superposistion of representative structures of  ensembles 1 and 2 of c-MYC complex. 

Major differences were observed in the orientations of dT1, dG2 and ligand; B) Superposition of 

representative structures of  ensembles 1 and 2 of c-KIT1. Major differences were observed in the 

orientation of nucleotide dC8. Nucleotides are shown as ladders to avoid confusion.  Green coloured 

ladders represent the ensemble 1 and cyan coloured ladders represent ensemble 2.  
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H-bonds between ligand 2 and c-KIT1 G4 DNA 

 

Figure S10. The H-bond that was observed between N-H of dG19 and O3 of ligand 2. Cut off values 

of 3.5 Å and 135° are used for H-bond distance and angle respectively. The hydrogens on the ligand 

are removed for clarity and carbon atoms are represented using green, nitrogen atoms using blue, 

oxygen atoms using red and phosphorus using orange-red. 

Reorientation of ligand during dynamics of c-KIT1 complex 

 

Figure S11. Comparison of c-KIT1 complex structures before the start of dynamics and representative 

structure of the cluster from the dynamics. (A) Complex structure before the start of dynamics, ligand 

only partly stacks on the G-quartet; (B) Representative structure of major cluster, the ligand replaces 

the nucleotides dA15 and dG19 from the G-quartet and stacks completely on the G-quartet. 
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Reorientation of ligand 2 during dynamics of telomeric hybrid – 2 complex 

 

  

Figure S12. Binding of ligand 2 with telomeric hybrid -2 form G-quadruplex (PDB id: 2JPZ). Ligand 

2 showed partial groove binding during docking but after 76ns of unrestrained dynamics, it lost 

binding with telomeric G-quadruplex. Oxygen atoms are shown using red and nitrogen atoms using 

blue. Carbon atoms are shown using green in ligand and using white in DNA. Potassium ions are 

shown using purple spheres 

 

 



 S13 

Oligonucleotides used for biophysical studies 

Description Sequence 

Telomeric DNA 5'-AGGGTTAGGGTTAGGGTTAGGG-3' 

c-MYC DNA 5'-TGAGGGTGGGTAGGGTGGGTAA-3' 

c-KIT1 DNA 5'-GGGAGGGCGCTGGGAGGAGGG-3' 

c-KIT2 DNA 5'-GGGCGGGCGCGAGGGAGGGG-3' 

Duplex-17  5'-CCAGTTCGTAGTAACCC-3' 

5'-GGGTTACTA CGAACTGG-3' 

Table S1. List of oligonucleotides used for the experiments. 

Binding free energy components of the c-MYC and c-KIT1 G4 DNA-ligand 2 complexes 

 c-MYC  

(PDB entry:2L7V) 

c-KIT1 

 (PDB entry: 2O3M) 

∆EELEC −7.76 ± 8.11 − 5.54 ± 9.60 

∆EVDW − 66.48 ± 4.80 − 56.77 ± 4.04 

∆EMM(∆EELEC +∆EVDW ) − 74.25 ± 9.81 − 62.32 ± 11.26 

∆PBnp − 4.68 ± 0.27 − 4.07 ± .0.23 

∆PBcal 37.19 ± 7.76 30.26 ± 10.83  

∆PBsolv(∆PBnp  + ∆PBcal) 32.50 ± 7.68 26.19  ± 9.93 

∆HPB(∆EMM  + ∆PBsolv) − 41.74 ± 4.52 − 36.12 ± 3.96 

∆STRANS − 13.16 ± 0.00 −13.16 ± 0.00 

∆SROTA − 11.47 ± 0.03 −11.53 ± 0.02 

∆SVIBR 5.47 ± 4.47 0.38  ± 4.33  

T∆S − 19.16 ± 4.48 − 24.32 ± 4.33 

∆G(∆H  − T∆S) − 22.57 ± 6.50 − 11.80 ± 5.80 

Table S2. Binding free energy components of c-MYC (left) and c-KIT1 (right) G4 DNAs with the 

ligand 2 calculated from last 20 ns of 500 ns simulations. Every 5th frame and a total of 2000 frames 

have been considered for the calculations. The molecular-mechanical energy calculations were 

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

electrostatic contribution.  ∆EVDW  is the Vander 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 contribution, where ∆S  is the sum of translational, rotational and vibrational entropies. 

∆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 = 0.05, dielec (distance dependent dielec) = 4, maxcyc = 

20,000 and AMBER prescribed default values were used for PB calculations. 
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Experimental Section  

General Methods. All reactions were conducted using oven-dried glassware under an 

atmosphere of argon (Ar) or nitrogen (N2). Commercial grade reagents were used without 

further purification. Solvents were dried and distilled following standard literature protocols. 

Column chromatography was carried out using silica gel (100-200 mesh). TLC was 

performed on aluminium-backed plates coated with silica gel 60 with F254 indicator. The 1H 

NMR (400 MHz) and 13C NMR (100 MHz) were recorded using CDCl3, DMSO-d6 and 

CD3OD on a Bruker instrument. 1H NMR chemical shifts are expressed in parts per million 

(δ) relative to CDCl3 (δ=7.26), [D6]DMSO (δ=2.49) and CD3OD (δ=3.31); 13C NMR 

chemical shifts are expressed in parts per million (δ) relative to the CDCl3 (δ=77.0), 

[D6]DMSO (δ=39.7) and CD3OD (δ=49.0). LCMS chromatograms and HPLC 

chromatograms were recorded on LCMS/MS API 2000 instrument with a DAD detector.  

High resolution mass spectra (HRMS) were obtained in positive ion electrospray ionization 

(ESI) mode using a Q-TOF analyzer. 

Method A: General Procedure for Hydrolysis.  To a stirred solution of ester, compound (1 

equiv) in a mixture of THF, MeOH and H2O (3:2:1, v/v) at room temperature was added 

LiOH (2.5 equiv). The reaction mixture was stirred for 16 h at the same temperature. The 

mixture was then concentrated under vacuum and the crude material was dissolved in H2O. 

Aqueous layer was washed with ethyl acetate, acidified with 1N aqueous HCl (pH ~3) and 

the aqueous phase was concentrated to get crude hydrolyzed product. 

Method B: General Procedure for Amide Coupling. To a stirred solution of crude 

hydrolyzed product (1 equiv) in DMF (6 mL/mmol) were added 1-(3-dimethylaminopropyl)-

3-ethylcarbodiimide hydrochloride (2.5 equiv) and 1-hydroxybenzotriazole (1.5 equiv), and 

the mixture was stirred at room temperature for 10 min. Dimethylethane-1,2-diamine (2.5 

equiv) and  N,N-diisopropylethylamine (2.5 equiv) were added to it at room temperature and 

the resulting mixture was stirred for 16 h at the same temperature. The mixture was 

concentrated under vacuum and the crude material was purified by preparative HPLC to get 

the final amides. 

Method C: General Procedure for Cyclization. A mixture of pyridine analogue (1 equiv) 

and diethyl methyl malonate (1 equiv) was heated at 140 °C for 24 h. The mixture was then 

cooled to room temperature, and the crude material was passed through silica gel column 

chromatography to give a semi-purified material, which was then taken into the next step 
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without further purification. This material thus obtained (1 equiv) was added to diphenyl 

ether (1.07 mL/mmol, pre-heated at 160 °C) under stirring. The reaction mixture was kept for 

24 h at the same temperature. The mixture was cooled to room temperature and diluted with 

large volume of n-hexane while solid was precipitated. The solid was filtered, washed with 

hot n-hexane to give the cyclized product. 

Method D: General Procedure for O-Benzylation. To a mixture of the cyclized product (1 

equiv), potassium carbonate (3 equiv) in dry acetone (5 mL/mmol), 4-bromomethyl-benzoic 

acid methyl ester (1.5 equiv) was added. The reaction mixture was then heated at 65 °C for 3 

h. The solvent was evaporated in vacuo; the crude residue was dissolved in ethyl acetate, and 

washed successively with water followed by brine. Ethyl acetate layer was separated, dried 

over Na2SO4, and evaporated in vacuum to get crude compound, which was purified by silica 

gel column chromatography to get pure alkylated product. 

4-(3-Methyl-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yloxymethyl)-benzoic acid methyl ester 

(6a) 

To a mixture of compound 5a[1] (180 mg, 1.02 mmol), potassium carbonate (420 mg, 3.06 

mmol) in dry acetone (10 mL) and 4-bromomethyl-benzoic acid methyl ester (350 mg, 1.53 

mmol) were added. The reaction mixture was then heated at 65 °C for 3 h. The solvent was 

evaporated in vacuum; the crude residue was dissolved in ethyl acetate and washed 

successively with water followed by brine. Ethyl acetate layer was separated, dried over 

Na2SO4, and evaporated in vacuum to get crude compound, which was purified by silica gel 

column chromatography to get pure compound 6a as light yellow solid (180 mg, 54.3%): Rf 

=0.3 (EtOAc/hexane 1:1); 1H NMR (400 MHz, [D6]DMSO): δ =2.07 (s, 3H), 3.85 (s, 3H), 

5.60 (s, 2H), 7.30-7.34 (m, 1H), 7.56-7.63 (m, 3H), 7.92-7.99 (m, 3H), 8.95 ppm (d, J =7.0 

Hz, 1H); 13C NMR (100 MHz, CDCl3): δ =8.7, 52.0, 67.1, 95.1, 114.3, 124.6, 127.0, 127.6, 

129.4, 129.6, 135.6, 142.3, 147.9, 159.1, 164.4, 166.6 ppm; HRMS-ESI m/z [M + H]+ calcd 

for C18H17N2O4: 325.1186, found: 325.1183. 

 

N-(2-Dimethylamino-ethyl)-4-(3-methyl-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-

yloxymethyl)-benzamide (1) 

Method A was followed using compound 6a (180 mg, crude, 0.55 mmol) in a mixture of 

THF, MeOH and H2O (3:2:1, v/v) and LiOH (60 mg, 1.38 mmol) to get acid 8a as a yellow 
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gummy liquid (200 mg, crude). This material was used in the next step without further 

purification. MS (ESI, 5.5 Kv) m/z (%) 311.0 (97.7) [M+H]+. Method B was followed using 

crude compound 8a (200 mg, 0.65 mmol) in DMF (4 mL), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (308.1 mg, 1.62 mmol), 1-hydroxybenzotriazole (130.6 mg, 

0.97 mmol), dimethylethane-1,2-diamine (0.11 mL, 0.97 mmol) and  N,N-

diisopropylethylamine (0.28 mL, 1.62 mmol) to get title compound  1 as light yellow solid 

(45 mg, 18%, over two steps): 1H NMR (400 MHz, [D6] DMSO): δ =2.05 (s, 3H), 2.16 (s, 

6H), 2.36-2.40 (m, 2H), 3.33-3.34 (m, 2H), 5.55 (s, 2H), 7.32 (t, J =7.0 Hz, 1H), 7.54-7.60 

(m, 3H), 7.83 (d, J = 8.0 Hz, 2H), 7.92-7.96 (m, 1H), 8.38 (m, 1H), 8.94 ppm (d, J =6.8 Hz, 

1H); 13C NMR (100 MHz, [D6]DMSO): δ = 8.6, 37.3, 45.1, 58.0, 66.8, 92.8, 115.4, 124.3, 

127.2, 133.9, 137.3, 140.0, 147.7, 158.1, 163.8, 165.7 ppm; HRMS-ESI m/z [M+H]+ calcd for 

C21H24N4O3: 381.1916, found: 381.1916; HPLC analysis – Poroshell 120 EC-C18 (4.6 × 100 

mm), Mobile phase: 0.05% TFA in H2O: ACN, 200nm, tR 5.56 min, 99.13%. 

8-Chloro-2-hydroxy-3-methyl-pyrido[1,2-a]pyrimidin-4-one (5b) 

Method C was followed using compound 4b (2.0 g, 15.5 mmol) and diethyl methyl malonate 

(2.8 mL, 15.5 mmol) to give a crude material, which was taken into the following step 

without further purification. MS (ESI, 5.5 Kv) m/z (%) 256.6 (95.3) [M+H]+. To the crude 

material thus obtained (1.2 g, 4.68 mmol) was added to diphenyl ether (5 mL, pre-heated at 

160 °C) by following the method C to give the compound 5b as off white solid (500 mg, 

51%, over two steps): 1H NMR (400 MHz, [D6]DMSO) δ =1.90 (s, 3H), 7.32 (dd, J =2.0, 2.1 

Hz, 1H), 7.46 (d, J =2.0 Hz, 1H), 8.86 (d, J =7.5 Hz, 1H), 12.02 ppm (s, 1H); 13C NMR (100 

MHz, D2O + NaOD) δ =8.8, 95.8, 113.0, 118.7, 126.6, 141.0, 147.3, 157.2, 171.9 ppm; 

HRMS-ESI m/z [M+H]+ calcd for  C9H8ClN2O2: 211.0195, found: 211.0269. 

4-(8-Chloro-3-methyl-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yloxymethyl)-benzoic acid 

methyl ester (6b) 

Method D was followed using a mixture of the compound 5b (500 mg, 2.38 mmol), 

potassium carbonate (990 mg, 7.14 mmol) in dry acetone (12 mL), and 4-bromomethyl-

benzoic acid methyl ester (820 mg, 3.57 mmol) to get pure compound 6b as light yellow solid 

(600 mg, 70%): Rf =0.4 (EtOAc/hexane 1:3); 1H NMR (400 MHz, [D6]DMSO) δ =2.04 (s, 

3H), 3.84 (s, 3H), 5.58 (s, 2H), 7.36 (dd, J =2.2, 2.24 Hz, 1H), 7.61 (d, J =8.2 Hz, 2H), 7.74 

(d, J =2.1 Hz, 1H), 7.97 (d, J =8.2 Hz, 2H), 8.89 ppm (d, J =7.5 Hz, 1H); 13C NMR (100 
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MHz, CDCl3): δ =8.7, 52.0, 67.4, 95.5, 116.0, 123.0, 127.0, 128.6, 129.5, 129.7, 142.1, 

142.9, 147.7, 158.7, 164.7, 166.7 ppm; HRMS-ESI m/z [M+H]+ calcd for C18H16ClN2O4 : 

359.0794, found: 359.0793. 

4-[3-Methyl-8-(4-methyl-piperazin-1-yl)-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-

yloxymethyl]-benzoic acid methyl ester (7b) 

To a solution of compound 6b (200 mg, 0.558 mmol) in DMSO (4 mL)  was added  

dipotassium hydrogenphosphate (390 mg, 2.23 mmol)  and  1-methyl-piperazine (0.093 mL, 

0.837 mmol) at room temperature and the reaction mixture was then stirred at 110 °C for 1.5 

h. The mixture was cooled to room temperature and diluted with water. Organic layer was 

extracted with DCM, washed with brine, dried over Na2SO4, concentrated under vacuum. The 

crude material was purified by column chromatography to get pure compound 7b as off white 

solid (140 mg, 60%): Rf =0.2 (DCM/MeOH 9.5:0.5); 1H NMR (400 MHz, [D6]DMSO): δ 

=1.96 (s, 3H), 2.22 (s, 3H), 2.42 (m, 4H), 3.50-3.51 (m, 4H), 3.85 (s, 3H), 5.53 (s, 2H), 6.54 

(d, J =2.6 Hz, 1H), 7.15-7.18 (m, 1H), 7.58 (d, J =8.2 Hz, 2H), 7.97 (d, J =8.2 Hz, 2H), 8.64 

ppm (d, J =8.1 Hz, 1H); 13C NMR (100 MHz, CD3OD + 2 drops CDCl3): δ =45.0, 45.8, 51.6, 

54.1, 66.9, 90.1, 99.8, 106.2, 127.1, 127.9, 129.6, 143.2, 150.1, 154.4, 159.7, 165.9, 167.3 

ppm; MS (ESI, 5.5 Kv) m/z (%) 422.8 (98.5) [M+H]+. 

N-(2-Dimethylamino-ethyl)-4-[3-methyl-8-(4-methyl-piperazin-1-yl)-4-oxo-4H-

pyrido[1,2-a]pyrimidin-2-yloxy methyl]-benzamide (2) 

Method A was followed using compound 7b (120 mg, 0.284 mmol) in a mixture of THF, 

MeOH and H2O (3:2:1, v/v) and LiOH (36 mg, 0.853 mmol) to get the compound 8b as a 

yellow gummy liquid (150 mg, crude). This material was used in the next step without further 

purification. MS (ESI, 5.5 Kv) m/z (%) 409.0 (94.7) [M+H]+. Method B was followed using 

crude compound 8b (140 mg, 0.34 mmol) in DMF (3 mL), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (163.2 mg, 0.85 mmol) , 1-hydroxybenzotriazole (68.8 mg, 

0.51 mmol), dimethyl-ethane-1,2-diamine (0.055 mL, 0.51 mmol) and  N,N-

diisopropylethylamine (0.148 mL, 0.85 mmol) to get the titled compound 2 as off white solid 

(26 mg, 16%, over two steps): 1H NMR (400 MHz, CD3OD): δ =2.05 (s, 3H), 2.33-2.34 (s, 

9H), 2.56-2.61 (m, 6H), 3.50-3.58 (m, 6H), 5.53 (s, 2H), 6.65 (d, J =2.7 Hz, 1H), 7.08-7.10 

(m, 1H), 7.52 (d, J =8.2 Hz, 2H), 7.83 (d, J =8.2 Hz, 2H), 8.73 ppm (d, J =8.1 Hz, 1H); 13C 

NMR (100 MHz, CD3OD): δ =7.6, 37.4, 44.4, 45.0, 45.9, 54.3, 58.2, 67.1, 89.9, 99.7, 106.3, 
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127.5, 128.0, 133.8, 141.8, 150.3, 154.6, 159.8, 166.1, 168.9 ppm; HRMS-ESI m/z [M+H]+ 

calcd for C26H34N6O3: 479.2759, found: 479.2759; HPLC analysis – Poroshell 120 EC-C18 

(4.6 × 100 mm), Mobile phase: 0.05% TFA in H2O: ACN, 230nm, tR 4.59 min, 99.39%. 

7,8-Dichloro-2-hydroxy-3-methyl-pyrido[1,2-a]pyrimidin-4-one (5c) 

To a stirred solution of compound 4b (1.29 g, 10.07 mmol) in ethyl acetate (50 mL) was 

added N-chlorosuccinimide (2.01 g, 15.11 mmol) and the mixture was stirred at room 

temperature for 24 h. Solids were precipitated and the supernatant liquid was decanted and 

transferred to a separatory funnel. This layer is washed with saturated aqueous sodium 

bisulfite solution followed by brine, dried over MgSO4 and concentrated under vacuum to get 

crude solid 4c, which was used in the next step without further purification. MS (ESI, 5.5 Kv) 

m/z (%) 163.0 (95.6) [M+H]+. Method C was followed using a mixture of crude compound 4c 

(2.4 g) and diethyl methyl malonate (6.4 mL, 37.03 mmol) to give a solid (1.4 g, crude) 

which was taken into the following step without further purification. The crude material thus 

obtained (1.4 g) and diphenyl ether (8 mL, pre-heated at 160 °C) were treated to give the 

compound 5c as off white solid (400 mg, 34%, over three steps): 1H NMR (400 MHz, 

[D6]DMSO): δ =1.92 (s, 3H), 6.67 (s, 1H), 7.71 (s, 1H), 8.04 (s, 1H), 8.98 ppm (s, 1H); 13C 

NMR (100 MHz, [D6]DMSO): δ =9.0, 91.6, 120.2, 121.8, 127.1, 141.2, 145.9, 156.4, 164.2 

ppm; HRMS-ESI m/z [M+H]+ calcd for C9H7Cl2N2O2: 244.9871, found: 244.9879. 

 

4-(7,8-Dichloro-3-methyl-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-yloxymethyl)-benzoic acid 

methyl ester (6c) 

Method D was followed using a mixture of the compound 5c (240 mg, 0.983 mmol), 

potassium carbonate (406 mg, 2.94 mmol) in dry acetone (10 mL), and 4-bromomethyl-

benzoic acid methyl ester (338 mg, 1.47 mmol) to get the compound 6c as light yellow solid 

(250 mg, 65%): Rf =0.4 (EtOAc/hexane 1:1.6); 1H NMR (400 MHz, [D6]DMSO): δ =2.05 (s, 

3H), 3.85 (s, 3H), 5.58 (s, 2H), 7.61 (d, J =7.9 Hz, 2H), 7.96-8.00 (m, 3H), 9.03 ppm (s, 1H); 

13C NMR (100 MHz, CDCl3): δ =8.9, 52.1, 67.6, 96.1, 122.5, 124.4, 126.9, 127.1, 129.7, 

129.8, 141.9, 142.1, 146.2, 157.8, 164.7, 166.7 ppm; HRMS-ESI m/z [M+H]+ calcd for 

C18H15Cl2N2O4: 393.0407, found: 393.0403. 
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4-[7-Chloro-3-methyl-8-(4-methyl-piperazin-1-yl)-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-

yloxymethyl]-benzoic acid methyl ester (7c) 

To a solution of the compound 6c (250 mg, 0.637 mmol) in DMSO (5 mL)  was added  

dipotassium hydrogenphosphate (440 mg, 2.55 mmol)  and  1-methyl-piperazine (0.106 mL, 

0.955 mmol) at room temperature and the reaction mixture was then stirred at 110 °C for 1.5 

h. The mixture was cooled to room temperature and diluted with water. Organic layer was 

extracted with DCM, washed with brine, dried over Na2SO4, concentrated under vacuo. The 

crude material was purified by column chromatography to get pure compound 7c as off white 

solid (280 mg, 96%): Rf =0.3 (DCM/MeOH 9.5:0.5); 1H NMR (400 MHz, CD3OD): δ =2.09 

(s, 3H), 2.37 (s, 3H), 2.66 (m, 4H), 3.36 (m, 4H), 3.89 (s, 3H), 5.57 (s, 2H), 6.92 (s, 1H), 7.54 

(d, J =8.2 Hz, 2H), 8.01 (d, J =8.2 Hz, 2H), 8.89 ppm (s, 1H); 13C NMR (100 MHz, 

[D6]DMSO): δ =8.5, 28.9, 45.4, 49.5, 52.0, 53.9, 66.4, 90.3, 108.8, 118.4, 126.9, 127.1, 

128.7, 129.2, 142.6, 147.8, 154.9, 157.1, 164.3, 165.8 ppm; HRMS-ESI m/z [M+H]+ calcd for 

C23H26ClN4O4 : 457.1632, found: 457.1637. 

4-[7-Chloro-3-methyl-8-(4-methyl-piperazin-1-yl)-4-oxo-4H-pyrido[1,2-a]pyrimidin-2-

yloxymethyl]-N-(2-dimethylamino-ethyl)-benzamide (3) 

Method A was followed using compound 7c (270 mg, 0.592 mmol) in a mixture of THF, 

MeOH and H2O (3:2:1, v/v) and LiOH (74.5 mg, 1.77 mmol) to get acid compound 8c as a 

white gummy solid (360 mg, crude) which was used in the next step without further 

purification. MS (ESI, 5.5 Kv) m/z (%) 443.0 (78.4) [M+H]+. Method B was followed using 

crude compound 8c (360 mg) in DMF (4 mL), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (388.9 mg, 2.02 mmol), 1-hydroxybenzotriazole (164.9 mg, 

1.21 mmol), Dimethyl-ethane-1,2-diamine (0.132 mL, 1.22 mmol) and N,N-

diisopropylethylamine (0.355 mL, 2.02 mmol) to get title compound 3 as off white solid (30 

mg, 9.8%, over two steps): 1H NMR (400 MHz, CD3OD): δ =2.08 (s, 3H), 2.37 (m, 6H), 

2.60-2.66 (m, 6H), 3.37 (m, 4H), 3.51-3.54 (m, 2H), 5.57 (s, 2H), 6.94 (s, 1H), 7.54 (d, J =8.1 

Hz, 2H), 7.84 (d, J =8.1 Hz, 2H), 8.91 ppm (s, 1H); 13C NMR (100 MHz, [D6]DMSO): δ 

=8.5, 36.9, 44.8, 45.4, 49.5, 53.9, 57.8, 66.6, 90.3, 108.8, 118.3, 126.9, 127.2, 133.7, 140.1, 

147.8, 154.9, 157.1, 164.3, 165.8 ppm; HRMS-ESI m/z [M+H]+ calcd for C26H33ClN6O3: 

513.2379, found: 513.2379;  HPLC analysis - Poroshell 120 EC-C18 (4.6x100 mm), Mobile 

phase: 0.05% TFA in H2O: ACN, 240nm, tR 4.92 min, 99.89%. 
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DNA Oligonucleotides and ligand stock solutions 

The oligonucleotides utilized for the biophysical studies (Table S1) were synthesized on a 

Mermade 4 DNA synthesizer and purified by PAGE (20%, 7M urea). The ligands 2 sock 

solution (5 mM) was prepared in water, and ligands 1 and 3 stock solutions (5 mM) were 

prepared in 50% DMSO-water (v/v). The stocks were further diluted using water, and used in 

the experiments.  

CD Titration Studies 

CD spectra were recorded on a Jasco J-815 CD spectrophotometer using a quartz cuvette 

having 1.0 mm path length in the wavelength range of 220-320 nm. The scanning speed of 

the instrument was set to100 nm/min and the response time was 2 sec. The DNA strand 

concentration used was 12.5 µM and the baseline was measured using 50 mM Tris buffer, pH 

7.2. Each spectrum is an average of 3 measurements at 25 °C. All the spectra were analysed 

using Origin 8.0 software. 

CD Melting Studies 

For the CD melting studies, 10 µM DNA strand concentration in 10 mM lithium or sodium 

cacodylate buffer, pH 7.2, required amount of monovalent salts (LiCl and KCl or NaCl) and 5 

molar equivalents of ligands (50 µM for G4 DNAs and 75 µM for duplex DNA) were used. 

Telomeric DNA (in 10 mM NaCl, 90 mM LiCl and 10 mM sodium cacodylate buffer, pH 7.2  

for Na+ conditions and  in 10 mM KCl, 90 mM LiCl and 10 mM lithium cacodylate buffer, 

pH 7.2 for K+ conditions), c-MYC DNA (in 1mM KCl, 99 mM LiCl and 10 mM lithium 

cacodylate buffer , pH 7.2), c-KIT1 DNA (in 10 mM KCl, 90 mM LiCl and lithium 

cacodylate buffer , pH 7.2), and c-KIT2 DNA (in 1 mM KCl, 99 mM LiCl and lithium 

cacodylate buffer , pH 7.2) were annealed by heating at 95 °C for 5 min followed by gradual 

cooling to room temperature. Ligands (5 equivalents) were added to the annealed DNAs (250 

µl) and were kept at 4 °C overnight. Thermal melting was monitored at 295 nm and 263 nm 

for telomeric and promoter G4 DNAs respectively at the heating rate of 1 °C/min. T1/2 values 

were determined from sigmoidal curve fit using Boltzmann function in Origin 8.0 software. 

UV Melting Studies 

UV melting studies were carried out on a Varian Cary UV 100 Bio spectrometer using a 

quartz cuvette having 10 mm path length. The strand concentration of duplex DNA was 5 µM 



 S21 

and that of the ligand was 25 µM. The DNA (5 µM) in 10 mM KCl, 90 mM LiCl and 10 mM 

lithium cacodylate buffer, pH 7.2 was annealed by heating at 95 °C for 5 min followed by 

gradual cooling to room temperature. Ligands  were added to the annealed DNAs and were 

kept at 4 °C for overnight after making the final volume as 500 µL. Thermal melting was 

monitored at 260 nm in the range of 20-95 °C at the heating rate of 1 °C/min. T1/2 values were 

determined from sigmoidal curve fit using Boltzmann function in Origin 8.0 software. 

Isothermal Titration Calorimetry 

Calorimetric experiments were carried out using a MicroCal iTC-200. All the DNA samples 

(25 µM in 100 mM KCl and 10 mM Lithium cacodylate buffer, pH 7.2) were pre-annealed 

by heating at 95 °C for 5 minutes, and then gradual cooling to room temperature over 3­4 h. 

Titrations were carried out by overfilling the DNA samples (25 µM) in the sample cell (~300 

µL) and by titrating with ligand solution (1 mM under similar salt and buffer conditions) over 

40 injections. During the experiment, temperature of the sample and reference cells was 

maintained at 25 °C. Volume for each ligand injection was 1 µL for 2 s, and time interval 

between successive injections was 120 s. To nullify the heats of dilution, same concentration 

of ligand was titrated against the buffer under similar conditions, and was subtracted from the 

raw data prior to the curve fitting. The dilution corrected data were fitted using a sequential 

binding model in Origin 7 to derive the thermodynamic parameters for the DNA­ligand 

interactions. 

Molecular Modeling and Dynamics Studies 

The structure of ligand 2 was energy optimized in Gaussian 09[2] at a theoretical level 6-

31+G**. Conformational effects were taken into account while optimizing the ligand 2 

(Figure S6). The optimized ligand 2 was then docked with c-MYC (PDB ID: 2L7V)[3] and c-

KIT1 (PDB ID: 2O3M)[4] structures using AutoDock4. Lamarckian genetic algorithm was 

used for docking to generate 250 independent conformations. The 5'-end nucleotide dA of c-

KIT1 was removed from PDB structure in order to facilitate the docking. Based on docking 

results, restrained electrostatic potential charges were calculated using Gaussian 09[2] and 

fitted using antechamber of AMBER 14.[5] xLeap was used to prepare the systems for 

simulations. Generalized AMBER force filed (GAFF)[6] and AMBER FF (ff14SB) were used 

for ligand 2 and DNA respectively. The systems were neutralized by adding K+ ions. 

Solvation was carried out using TIP3P water molecules extending up to 10 Å in a rectangular 
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box. These complexes were then subjected to 10000 steps of minimization, 100 ps of heating, 

100 ps of density equilibration followed by 800 ps of equilibration. Later, the systems were 

subjected to 500 ns of unrestrained dynamics using GPU accelerated version of PMEMD of 

AMBER14.[5] The coordinates were saved for every 2 ps in all the MD processes. Binding 

free energies were estimated using MM-PBSA[7] method over last 20 ns. Every 5th frame 

(every 10 ps) and a total of 2000 frames were used for binding energy calculations. The 

trajectory analysis was carried out using CPPTRAJ[8] and UCSF Chimera[9]. RMSD values of 

heavy atoms, per nucleotide-RMSF values, H-bonds and Hoogsteen H-bond occupancies 

were all calculated for every 5th frame (every 10 ps) and a total of 50 000 frames were used. 

Cutoff values 3.5 Å and 135° were used for defining H-bonds. UCSF Chimera was used for 

visualization of MD trajectories. Pictures were rendered using PyMol(www.pymol.org). 
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1H NMR spectrum of compound 6a 
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13C NMR spectrum of compound 6a 
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1H NMR spectrum of compound 1 
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13C NMR spectrum of  compound 1 
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APT spectrum of compound 1 
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HPLC chromatogram of compound 1 
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1H NMR spectrum of compound 5b 
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13C NMR spectrum of compound 5b 
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APT spectrum of compound 5b 
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1H NMR spectrum of compound 6b 
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13C NMR spectrum of compound 6b 
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APT spectrum of compound 6b 
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1H NMR spectrum of compound 7b 
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13C NMR spectrum of compound 7b 
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1H NMR spectrum of compound 2 
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13C NMR spectrum of compound 2 
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HPLC chromatogram of compound 2 
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1H NMR spectrum of compound 5c 
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13C NMR spectrum of compound 5c 
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1H NMR spectrum of compound 6c 
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13C NMR spectrum of compound 6c 
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1H NMR spectrum of compound 7c 
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13C NMR spectrum of compound 7c 
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1H NMR spectrum of compound 8c 
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13C NMR spectrum of compound 8c 
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1H NMR spectrum of compound 3 

 



 S49 

 
13C NMR spectrum of compound 3 
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HPLC chromatogram of compound 3 
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