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Abstract. Cancer is the second leading cause of death worldwide. Drug researchers have encouraged by the
growth of cancer incidence and low efﬁcacy of current treatment to discover new drugs. Targeting speciﬁc
regions of DNA to turn on/off genes has become an interesting research area. We evaluated the interaction of
5-(benzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives with ctDNA using in vitro and
in silico studies. MD simulation indicated that selectivity switched from AT to CG-rich DNA strands when
the chloro substitution was moved from meta to para position of the phenyl ring. 4-OH derivative showed
similar afﬁnity to AT and CG-rich DNA strand. Quantum mechanics calculation indicated that 4-OH
derivative had the highest HOMO energy. The order in HOMO energies was compatible with the absorption
titration result that demonstrated the order of Ka as 4-OH [ 4-Cl [ 3-Cl.
Keywords. Cancer; 5-bezylidenebarbituric acid; ctDNA; spectrophotometric titration; quantum mechanics;
MD simulation.

1. Introduction
The treatment of cancer is a complicated and challenging issue in medicine. Selective destruction of
invading cancerous cells demands deep knowledge of
cell biology. Recent progress in molecular biology has
been achieved in understanding the molecular basis of
cancer. Cancer should be considered a variety of distinct diseases. Defect in speciﬁc genes involving either
loss or gain of gene functions causes these diseases.1
DNA is a well-known and also an effective target for
designing anticancer agents. The chemotherapy drugs
such as Cisplatin, doxorubicin, and Topotecan, etc.
have been used for many years because of their
established efﬁcacy. However, the main problems with
the chemotherapeutic agents are toxicity, drug resistance, low bioavailability, a wide range of side effects
originating from poor selectivity, and nonspeciﬁc

interactions with the DNA double strands. To achieve
selective effects, we should increase our knowledge of
DNA and its interacting agents.2
Two modes of binding between drug and DNA have
been known, covalent and non-covalent. As mentioned
above, covalent binding, due to lack of selectivity,
results in a wide range of side effects.3 The non-covalent binding is a common mode of interaction with
DNA strands and is classiﬁed into three categories,
intercalating, minor, and major groove binding.4 Noncovalent DNA binding agents affect gene expression
via structural changes in DNA conformation. Structural changes in DNA interrupt protein–DNA interaction and possibly lead to DNA strand breaks.3 Van
der Waals interaction and hydrogen bonding have key
roles in the binding of small molecules to the minor
groove of DNA. Minor groove binding agents possess
some structural features. These agents have several
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aromatic and heteroaromatic rings specially pyrrole
and imidazole rings connected by rotatable bonds. The
torsional freedom enables good complementarity
between these curved-shaped agents and DNA minor
groove (Figure 1).5 AT reach regions are sterically
more limited than GC groove regions and more steric
groove binding agents prefer CG reach regions.6
Scaffold containing heterocyclic ring systems have
a substantial role in the discovery of novel lead compounds. These privileged scaffolds possess reasonable
pharmacokinetic and pharmacodynamic proﬁle.7 The
pyrimidinetrione scaffold demonstrates anticancer,8
antimicrobial,9 antituberculosis,10 etc.11,12
Pyrimidinetrione, also known as Barbituric acid, can
undergo pH-dependent keto-enol tautomerization
through the transfer of methylene hydrogen to carbonyl
oxygen. The acidic carbon at position 5 (pKa * 4)
could react with electrophiles such as aldehyde through
condensation reaction at appropriate pH. DNA binding
agents, especially intercalators, have remarkable similar
structural features. The planarity in the structure of
DNA binding agents could help the molecule to intercalate between base-pairs of double-stranded DNA
through insertion. In the present contribution, we utilized the nucleophilic character of 1,3-dimethyl barbituric acid to synthesize the planar 5-benzylidene-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives
via Knoevenagel reaction.13 The interaction proﬁle of
these derivatives with DNA was evaluated through
in vitro and in silico studies. All derivatives formed a
stable complex with DNA and showed moderate to
strong binding constant Ka. Molecular modelling studies demonstrated that the selectivity of derivatives
depends on the position and the nature of substitution
on the phenyl ring.
2. Material and methods
1,3-dimethyl barbituric acid, 3-chlorobenzaldehyde,
4-chlorobenzaldehyde, 4-hydroxybenzaldehyde, K2HPO4,
KH2PO4, potassium hydroxide and highly polymerized
type I ctDNA sodium salt were purchased from Sigma
Chemical Co.

2.1 Chemistry
The synthesis of 5-benzylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives was performed through Knoevenagel reaction. 1 mmole
aldehyde derivatives were dissolved in 5 mL ethanol.
1 mmole of 1,3-dimethyl barbituric acid was dissolved
in 5 ml distilled water and were added drop by drop to
the aldehyde solution. After 1 h stirring at room
temperature, the solid product was ﬁltered and
recrystallized in ethanol. All the ﬁnal compounds were
conﬁrmed by NMR (Bruker FT-400 MHz) and mass
spectrometry (Agilent 7890A spectrometer at 70 eV).
CHN/CHNS analysis (Elementar Vario EL-III) was
performed and the results were within ±0.4 % of the
theoretical values.
5-(4-Chlorobenzylidene)-1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (3): Yield: 83%. 1H NMR
(400 MHz, DMSO-d6) d 8.33 (s, 1H), 8.05 (d, J = 8.6
Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 3.24 (s, 3H), 3.18 (s,
3H); MS m/z (%): 278 (M?, 71); Anal. Calcd (%) for
C13H11ClN2O3: C, 56.03; H, 3.98; N, 10.05. Found: C,
55.82; H, 3.99; N, 10.09.
5-(3-Chlorobenzylidene)-1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (4): Yield: 95%. 1H NMR
(400 MHz, DMSO-d6) d 8.33 (s, 1H), 8.11 (s, 1H),
7.84 (dd, J = 7.7, 1.7 Hz, 1H), 7.59 (dd, J = 8.1, 2.3
Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 3.18 (s, 3H), 3.15 (s,
3H); MS m/z (%): 278 (M?, 76); Anal. Calcd (%) for
C13H11ClN2O3: C, 56.03; H, 3.98; N, 10.05. Found: C,
56.21; H, 3.99; N, 10.07.
5-(4-Hydroxybenzylidene)-1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione (5): Yield: 88%. 1H NMR
(400 MHz, DMSO-d6) d 10.84 (s, 1H), 8.34–8.29 (m,
3H), 6.90 (d, J = 8.9 Hz, 2H), 3.23 (s, 3H), 3.22 (s,
3H); MS m/z (%): 260 (M?, 90); Anal. Calcd (%) for
C13H12N2O4: C, 60.00; H, 4.65; N, 10.76. Found: C,
59.07; H, 4.63; N, 10.71.
2.2 DNA binding studies
The
stock
solution
of
5-benzylidene-1,3dimethylpyrimidine derivatives (10 mM) was prepared

Figure 1. Chemical structure of minor groove DNA binding agents.
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in DMSO and diluted to 25 lM using 0.1 M phosphate
buffer having pH 7.4. Calf thymus ctDNA was dissolved in an appropriate buffer solution with occasional stirring at room temperature. The protein
content of ctDNA solution was determined by using
the ratio of absorbance at 260 nm and 280 nm wavelength (PerkinElmer). Extinction molar coefﬁcient
6600 M-1 cm-1 expressed as the molarity of phosphate group at 260 nm was used to determine the
concentration of the ctDNA solution.
To calculate the DNA binding constant, all
absorption
spectra
of
5-benzylidene-1,3dimethylpyrimidine (25 lM) were noted with an
incremental concentration of ctDNA (0–40 lM) in
0.1 M phosphate buffer having pH 7.4. All absorption
spectra were recorded using reference and sample
cuvettes of 1 cm path length in the range of 200–400
nm. The spectrophotometric titration were performed
thrice for each concentration. The Benesi-Hildebrand
A0
1
¼ eHGeGeG þ eHGeGeG  Ka ½DNA
was
equation
(AA
)
0
applied to obtained absorption data to get binding
constant (Ka). In this equation A0 is the absorbance of
test compound in free form, A is the absorbance of
bound form of test compound with ctDNA, eG and eHG are the molar extinction coefﬁcients of 5-benzylidene-1,3-dimethylpyrimidine in the absence and
presence of the ctDNA, respectively. Ka was calculated as the ratio of intercept to the slope of plot A0/
(A - A0) vs. 1/[ctDNA].
2.3 Molecular modeling
Crystallographic structures of two DNA strands with
the identiﬁers 1CGC (CCGGCGCCGG, rich in GC,14)
and 1DNE (CGCGATATCGCG, central AT,15) were
downloaded from the RCSB database (www.rcsb.org).
Chemical structures were drawn using ChemDraw
package. Pyriproxyfen as a minor groove DNA binding agent was used in molecular modeling studies as a
reference compound.
2.4 Quantum mechanics calculation
Ab initio calculations were performed using ORCA
quantum chemistry package.16 BP86/Def2-TZVP with
the resolution-of-identity (RI) approximation together
with ﬁtting auxiliary basis set Def2-TZVP /J was
applied for all atoms in the optimization process.17 For
energy calculation, RI-MP2 method in accompany
with Def2-TZVPP basis set and Def2-TZVPP/J and
Def2-TZVPP/C auxiliary basis sets were applied. The
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atom-pairwise dispersion correction (D3BJ) was considered in all calculations.18
2.5 Docking study
Molecular docking studies were performed according
to references19 using AutoDock4.2 program.20 The
grid maps, applying a grid box of 60 9 60 9 60 points
with a grid spacing of 0.375 Å, were centered on the
center of mass of the double-stranded DNA structures.
Lamarckian Genetic Algorithm (LGA) was used to
calculate interactions between ligands and ctDNA in
terms of free energy of association. A root mean
square deviation (RMSD) tolerance of 2 Å was applied
for clustering. LIGPLOT was used to depict schematic
2D ligand-receptor interactions.
2.6 Molecular dynamics simulation
Molecular dynamics simulation (MD) was performed
using a GROMACS-4.5.6 package with a standard
AMBER99SB-ILDN force ﬁeld.21 Ligand atom types
were assigned using the Antechamber package.22
Atomic charges were calculated by using the
AM1BCC method.23 The predicted complex of DNA
and ligand was centered in a cubic box and solvated in
water molecules represented by simple point charge
model (SPC). 9 and 11 water molecules were replaced
with Mg2? atoms to get electro-neutrality in 1CGC
and 1DNE systems respectively. LINCS algorithm
was used to constrain all bonds to their initial length.24
Particle Mesh Ewald method (PME) with a cutoff
length of 14 Å and cubic interpolation was used for
both long range electrostatic and van der Waals
interactions.25 10000 cycles of steepest descent and
5000 cycles of conjugate gradient energy minimization were applied to remove unsuitable contacts and
clashes. The system was heated to 300 K during 100 ps
and was equilibrated in NVT and NPT ensembles for
500 ps and 1000 ps, respectively. For the production
run, all the constraints were removed and 50 ns MD
simulation was carried out at the NPT ensemble.
3. Results and Discussion
3.1 Chemistry and structure
We utilized the CH-acidic methylene of 1,3-dimethyl
barbituric acid to perform knoevenagel reaction with
aldehyde derivatives. The initial step in condensation
reaction is the deprotonation of CH-acidic methylene
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of 1,3-dimethyl barbituric acid. Leveling effect of
water did a hard job. The corresponding anion
(Scheme 1) is formed by deprotonation of 1, afterward, the aldole-type intermediate is formed by the
reaction of anion and aldehyde derivative. Aldole-type
intermediate lost a water molecule to the ﬁnal a,bunsaturated product.
The main structural feature of synthesized derivatives is planarity. The rationality behind selecting this
scaffold was the presence of planarity in the molecule.
The presence of planarity in the molecule increases the
possibility of insertion of a molecule between basepairs of DNA. If proper interactions with DNA could
be formed the molecule could act as an intercalator
agent. Optimization of 4-chloro, 3-chloro, and 4-hydroxy
derivatives
of
5-benzylidene-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
using
BP86/Def2-TZVP conﬁrmed the presence of planarity
in molecules. Table 1 shows the structure and energy
of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of
reported derivatives.
The frontier molecular orbitals (HOMO, LUMO,
NHOMO, and SLUMO) are the essential parts of
molecules in chemical reactions and intermolecular interactions.26 We used the HOMO and LUMO
energies to calculate chemical reactivity descriptors. The HOMO and LUMO energies are reversely correlated with ionization potential and
electron afﬁnity respectively. The higher HOMO
energy predisposes a molecule to donate an electron. So, HOMO electron density has been distributed in parts of molecules (Table 1) that would
have the propensity to form charge-transfer interactions with unoccupied orbitals. In HOMO, the p
orbitals of benzylidene moiety were dominant. The
P orbitals of Cl and O atoms had a different sign
from P orbitals of the phenyl ring in HOMO
(Table 1). The LUMO, in addition to the benzylidene system, is composed of the pyrimidinetrion ring that had a high potential to scatter

Scheme 1. Knoevenagel reaction between 1,3-dimethyl
barbituric acid and aldehyde derivatives. Condition: room
temperature stirring.
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electron. The order of HOMO energies in 5-benzylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)trione derivatives as compared with pyriproxyfen
was obtained as pyriproxyfen [ 5 [ 3 [ 4. As
indicated by ab initio studies, 5 had higher
HOMO energy and could participate in chargetransfer interactions more efﬁciently in comparison to
3 and 4. Pyriproxyfen just showed 0.21 Hartree
higher in the energy of HOMO orbital in comparison
to 5. In comparison to 5-benzylidene-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione
derivatives, pyriproxyfen had a higher LOMO orbital
(0.103493 Hartree) that located in the different part
of the molecule (2-pyridinyl ring) considering HOMO
orbital. In derivatives 3–5, the HOMO and LUMO
orbitals distributed the same parts of the molecules.
Chemical and biological activity of a molecule
could be described by the HOMO-LUMO energy gap.
The soft molecules show more chemical activity and
have a small HOMO-LUMO energy gap. The order of
HOMO-LUMO gap values was as pyriproxyfen [ 4 [
3 [ 5, indicating that the reactivity of 3 and 5 was
more than 4. In this regard, the reactivity of 4-hydroxy
derivatives was more than 3 and 4-chloro derivatives.

3.2 Docking and MD simulation
Molecular docking study was performed to predict the
best binding pose of compounds 3–5 to GC and AT
rich DNA chains. The error was estimated via 1000
rounds of bootstrapping calculations on the energy of
the whole conformations located in the lowest binding
free energy cluster (Table 2).27
According to obtained results, except compound 3 (P
value[0.1), signiﬁcant difference (P value\0.001) was
detected between the free energy of binding of 5-benzylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives to AT-rich and CG-rich DNA strands.
Generally, the afﬁnity of compounds 3–5 to CG-rich
DNA strand was more than AT-rich. Compound 5,
bearing para hydroxyl substitution, had lowest DGB with
1CGC strand. The afﬁnity of compounds 3 and 4 toward
1CGC strand was equal (P value [ 0.1). On the other
DNA strand, 1DNE, 4-chloro and 4-hydroxy derivatives
possessed the lowest binding energy with no signiﬁcant
difference. The afﬁnity of compound 4 was less than two
other derivatives to AT-rich strand (0.001 \ P value \
0.01). The torsional free energy of compound 5 (0.60 kcal
mol-1) was twice bigger than compounds 3 and 4. The
rotational freedom of OH group exposes penalty on DGB
due to the reduction of entropy during the binding
process.

J. Chem. Sci. (2022)134:20
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Table 1. The structures and energies (Hartree) of HOMO and LUMO in 5-benzylidene-1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione derivatives. 1 Hartree equals 627.5081 kcal mol-1. Blue and red lobes represent the positive and
negative molecular orbital signs. Molecular orbitals were depicted by MOLEKEL.
Compound

HOMO
(Hartree)

LUMO
(Hartree)

LUMOHOMO

3

-0.337619

0.010682

0.348301

4

-0.343702

0.009626

0.353328

5

-0.322450

0.024908

0.347358

Pyriproxyfen

-0.301940

0.103493

0.405433

Figures 1 and 2 show the binding mode of compounds 3–5 to GC and AT rich DNA strands (Time 0,
initial structure in MD simulation). The binding pose
of compound 4 to 1CGC strand differed from the
others. It seems that the 3-Cl substitution imposes
some sort of bulkiness on compound 4. The binding of
three pyrimidinetrione derivatives to the central part of
1DNE strand was the same. The pyrimidine-2,4,6-trione derivatives (3–5) bound to narrow groove of CGrich strand. The O atom of carbonyl group at position
4 of pyrimidine-2,4,6-trione in compound 3 formed
H-bond with the NH2 of guanine. The same H-bond
with mentioned nucleotide was noticed in compound
5. The 4-OH derivative also formed another H-bond
via its hydroxyl group with the oxygen of deoxyribose
of complementary polynucleotides chain. So compound 5 crosslink the double-stranded DNA using
H-bonds. Compound 4 formed two hydrogen bonds
using 4 and 6 carbonyl groups with two guanine rings
in different chains.
The binding to the AT-rich DNA strand was the
same as the CG-rich strand and through the narrow
groove. Compounds 3 and 4 had no H-bond. The
hydroxyl moiety of compound 5 formed an H-bond
with the carbonyl group of thymidine ring. Due to the
lack of receptor ﬂexibility in molecular docking
studies, we performed 50 ns MD simulation to evaluate the dynamics of DNA strands and the effects of

Orbital Structure
LUMO

HOMO

explicit solvent (water) on binding energy and stability
of predicted complexes.
The stability of systems during MD simulation was
evaluated via monitoring the variation of temperature
and total energy during MD simulation. The mean
RSD (SD100
mean ) of temperature and energy in six evaluated systems was 0.78% and 1.16%, respectively. So
the law of conservation of energy was satisﬁed in all
simulations.
The stability of the DNA double helix was assessed
by using the RMSD of heavy atoms in dsDNA. The
double helix of DNA chains in MD simulations were
stable and no sign of denaturation was found. The
RMSD matrix of AT-rich DNA (1DNE) in complexes
with pyrimidine-2,4,6-trione derivatives showed that
each given frame in trajectories reached an equilibrium state. Just DNA chain in complex with compound
4 experienced some sort of variation (more than
0.3 nm) in the range from 42 to 44 ns of MD simulation.
In contrast, CG-rich DNA (1CGC) in complex with
compounds 3 and 5 had struggled to reach equilibrium
before 20 and 30 ns, respectively. The conformational
changes of compound 3 before 10 ns and after 20 ns
were negligible. Similar behavior was observed in the
case of compound 5 in the time range from 20 to 30 ns.
The binding of compounds 3 and 5 to CG rich
strands was stable during 50 ns MD simulation (Figure 2). RMSD matrix of compound 3 in binding to

20
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Table 2. The results of molecular docking study of compounds 3–5 with DNA strands in kcal
mol-1. The computed error was estimated via 1000 rounds of bootstrapping calculations.
Ligand
3
4
5
Pyriproxyfen
a

AT (1DNE)
-

5.48
5.39
5.48
5.85

±
±
±
±

0.027
0.040
0.026
0.033

GC (1CGC)
(26)a
(14)
(20)
(27)

-

5.78
5.94
6.05
6.06

±
±
±
±

0.20 (89)
0.20 (5)
0.014 (83)
0.013 (48)

The number of conformers in the lowest binding energy cluster.

Figure 2. RMSD matrix and the structure of compounds 3–5 in complex with 1CGC. Time 0 illustrated the initial
structure obtained from the docking study. Second time related to the stable conformer of the complex after 50 ns MD
simulation.

dsDNA indicated three regions. The ﬁrst square in the
RMSD matrix (0–9.5 ns) indicated the release of
docking and crystallographic constraints. After a short
time (9.5 ns), compound 3 started to rotate in a narrow
groove (the second green-blue region in RMSD
matrix). In the new conformer, compound 3 started to
rotate around the C5 atom of pyrimidine-2,4,6-trione
ring in a way that 4-chlorobenzylidene moiety moved
out of the narrow groove and pyrimidine-2,4,6-trione
ring became perpendicular to the main axis of dsDNA.
In phase three, compound 3 started to intercalate into
the CG-rich DNA. The dynamics of compound 5 in
complex with dsDNA was differ from 3. Compound 5
moved along the narrow groove of CG-rich DNA
strands and was in touch through the whole simulation
time. Three green-blue squares in the RMSD matrix

indicated three steps in the movement of compound 5.
In contrast to compounds 3 and 5, compound 4 did not
form a stable complex with CG-rich DNA strands.
3-choloro derivatives departed from DNA strands at
the beginning of MD simulation and had occasional
touches with it.
In AT-rich and unlike CG-rich DNA strands, compound 3 had unstable binding (Figure 3). After some
ﬂuctuation in the predicted docking pose, the compound 3 was released from the AT-rich DNA strands.
Compound 4 moved along the narrow groove of ATrich DNA and compound 5 formed a stable complex
with the central part of AT-rich DNA strands. It should
be noticed that just the central part of 1DNE composes
of AT nucleotides. In this regard, compound 3 could
formed stable complex with CG-rich DNA strands,

J. Chem. Sci. (2022)134:20
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Figure 3. RMSD matrix and the structure of compounds 3–5 in complex with 1DNE. Time 0 illustrated the initial
structure obtained from docking study. Second time related to the stable conformer of the complex after 50 ns MD
simulation.

Figure 4. The average orientation of three pyrimidine2,4,6-trione derivatives (3–5) in DNA groove during 50 ns
MD simulation. The 3D structure was depicted using PyMol
after 5000 steps steepest descend and 1000 steps conjugated
gradient optimization.

compound 4 interacted with AT-rich DNA strands
more efﬁciently than CG-rich DNA strands, and
compound 5 showed afﬁnity to both of AT and CGrich DNA strands. The average structure of six

complex during 50 ns MD simulation illustrates in
Figure 4.
To be quantitative, we evaluated the interaction
proﬁle of pyrimidine-2,4,6-trione derivatives (3–5)
with DNA strands during 50 ns MD simulation
(Table 3).
As Table 3 shows, electrostatic interactions (RSD [
33%) in all derivatives changed more affectedly than
vdW interactions. The interaction of charged phosphate group with partial charges of pyrimidine-2,4,6trione derivatives could be the source of sharp changes
in Eelec. Minor movement of pair atoms involved in
electrostatic interaction caused a big fall in Eelec. The
electrostatic interactions of compound 5 were more
stable (RSD \36.5 in AT-rich and RSD\33.3 in CGrich DNA strands) than compounds 3 and 4. The para
hydroxyl derivative was more polar (ClogP = 1.6) in
comparison to two chloro derivatives (ClogP = 3.0).
The same trend was also observed in the case of vdW
interaction. Compound 5, due to better electrostatic
complementary, had larger EvdW in comparison to
compounds 3 and 4. By considering the RMSD matrix
and interaction proﬁle of pyrimidine-2,4,6-trione
derivatives, compound 3 showed more afﬁnity toward
CG-rich DNA strands (- 133.4 kJ mol-1 in comparison to - 93.4 kJ mol-1). Compound 4 bond to ATrich strands (- 111.2 kJ mol-1) with larger binding
energy than CG-rich DNA strands (- 73.7 kJ mol-1).

- 134.4 ± 30.0 (22.3%)
- 73.7 ± 28.0 (38.0%)
- 163.5 ± 24.7 (15.1%)
- 99.6 ± 26.0 (26.1%)
- 62.0 ± 25.1 (40.5%)
- 116.8 ± 19.2 (16.4%)

The interaction proﬁle of compound 5 in complex
with AT and CG-rich DNA strands was almost the
same. The Ebinding to CG-rich DNA strands (- 163.5
± 24.7 kJ mol-1) was more than AT-rich DNA strands
(- 146.9 ± 29.7 kJ mol-1) but the difference was not
signiﬁcant.
So
5-(4-Hydroxybenzylidene)-1,3dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (5) had
an almost equal afﬁnity to AT and CG-rich DNA
strands.
According to molecular modeling results and considering 3 synthesized compounds, the main issue in
selective binding to AT and CG-rich strands was steric
effects. Increasing the polarity of molecules led to the
loss of selectivity.
3.3 Spectrophotometric titration

mean  SD ðRSD ¼ SD100
Mean Þ
a

- 75.9 ± 25.2 (33.2%)
- 90.3 ± 20.0 (22.1%)
- 100.6 ± 24.4 (24.2%)
3
4
5

- 17.4 ± 14.1 (81.0%)a
- 20.9 ± 18.2 (87.3%)
- 46.4 ± 16.9 (36.5%)

- 93.4 ± 28.9 (30.9%)
- 111.2 ± 27.1 (24.3%)
- 146.9 ± 29.7 (20.2%)

- 34.7 ± 14.9 (42.7%)
- 11.7 ± 12.2 (105.2%)
- 46.7 ± 15.6 (33.3%)

Ebinding
EvdW
Eelec
Compound

1DNA (AT-rich)

Ebinding

Eelec

EvdW

J. Chem. Sci. (2022)134:20

1CGC (CG-rich)
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Table 3. Electrostatic, vdW, and total binding energies of three pyrimidine-2,4,6-trione derivatives with DNA strands. Energy reported in kJ mol-1.
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The absorption spectra of pyrimidine-2,4,6-trione
derivatives (200–400 nm) experience signiﬁcant
changes on binding to ctDNA. Observed changes in
absorption spectra provided a convenient way to
characterize the interaction of pyrimidine-2,4,6-trione
derivatives with ctDNA (Figure 5). In the titration
process with the increasing concentrations of ctDNA
(0–40 mM), hypochromism was detected in absorption
spectra. By evaluating the absorption spectra, a slight
red shift of the absorbance of 4-Cl derivative at
263 nm, 3-Cl derivative at 289 nm, and 4-OH
derivative at 262 and 333 nm were observed. Evidently, hypochromism and bathochromic shift observe
most likely in cases that the p electron cloud of the
ligand and base pairs had effective overlap. These
observations indicated the intercalative binding of
pyrimidine-2,4,6-trione derivatives to ctDNA.
Accordingly, the absorption titration data were investigated to estimate the binding constant by using the
Benesi-Hildebrand equation.
The binding isotherm of each ligand was constructed from the absorption titration data at the
wavelength of maximum absorption. Using the slope
and intercept of the best linear ﬁt to the data, the
binding constant Ka for compound 3–5 were calculated as 1.39 ± 0.03 9 104 M-1, 6.30 ± 0.07 9 103
M-1, and 1.92 ± 0.09 9 104 M-1.
The synthesized 5-benzylidene-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives were planar.
The planarity is one of the main features of DNA binding
agents. As we mentioned in the Introduction section, the
minor groove binding agents have cured structures that
lead to better complementarity with the DNA. The
derivatives 3–5 showed a curved structure after optimization using ab initio. Accordingly, the 5-benzylidene-

J. Chem. Sci. (2022)134:20
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Figure 5. Plots of spectrophotometric titration and A0/(A - A0) versus 1/[ctDNA] for the titration of ctDNA (0–40 lM)
to pyrimidine-2,4,6-trione derivatives (25 lM). Arrow shows the changes of the intensity of the absorption band on the
addition of ctDNA.

1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione derivatives have the essential features of DNA binding agents.
Also, the heterocyclic ring in these derivatives was
pyrimidine. The similarity between this heterocyclic ring
and nucleotides could increase the possible binding
interaction. The obtained results were compatible with
molecular modeling studies. The order of binding constant (Ka), 5[3[[4, was similar to the order of HOMO
energy calculated at BP86/Def2-TZVP||RI-MP2/Def2TZVP level. 4-OH derivative had the highest HOMO
energy and tend to involve in charge-transfer interactions. Compound 5 formed stable complexes with AT and
CG-rich DNA strands in MD simulation and had a greater
chance to bind to ctDNA in comparison to compounds 3
and 4. But the bathochromic effect that indicated the
intercalative mechanism of binding just was seen in MD
simulation of 3-Cl derivatives interacting with CG-rich
DNA strands. It may be due to insufﬁcient MD simulation time.

4. Conclusions
Cancer is the second leading cause of death worldwide. Aggressive treatment of cancerous cells using
surgery, radiotherapy, and chemotherapy showed
negative feedback on patients. In possible cases, by
applying sequence selective DNA binding ligandspeciﬁc genes could be turned on or off. In the present
study, three 5-(benzylidene)-1,3-dimethylpyrimidine2,4,6(1H,3H,5H)-trione derivatives were synthesized.
The interaction of these derivatives with ctDNA was
in favor of 5-OH substitution. Interestingly, the
movement of Cl atom from para to meta position of
phenyl ring changed the selectivity of the molecule to
the CG and AT-rich DNA strands, evaluated by MD
simulation. 4-hydroxyl derivative showed the best
results both in absorption titration and molecular
modeling studies without signiﬁcant selectivity toward
AT or CG-rich DNA strands. The present study

20
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indicated the reliability and application of molecular
modeling studies (quantum and molecular mechanics)
in the drug design process. Achieving selectivity is a
challenging issue in medicinal chemistry but in some
cases, simplicity could be the answer.
Supplementary Information (SI)
Supplementary information including 1H-NMR and
MS spectra is available at http://www.ias.ac.in/
chemsci.
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