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Abstract

The study of binding interaction between pyrimidine-annulated spiro-dihydrofuran (PSDF) with calf thymus DNA
(CTDNA) using UV absorption, fluorescence, circular dichroism (CD), and molecular docking methods. The experimental
results revealed that PSDF preferred to bind to the groove of CTDNA with the binding constant (K) of 1.51x102 L/mol
at 293 K. Based on the signs and magnitudes of the enthalpy change (AH = -33.25 kJ/mol) and entropy change (AS=
-71.58 J/mol/K) in the binding process it can be concluded that the main interaction forces between PSDF and CTDNA
in the binding process were van der Waals force and hydrogen bonding interaction. The results of CD experiments
revealed that PSDF did not disturb native conformation of CTDNA and the significant binding of PSDF in PSDF-CTDNA
complex was observed from the molecular docking results.
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Introduction

The interactions between DNA with various drug molecules act a
prime role in the pharmaceutical sciences and drug design [1] as this
kind of study provide insight into the mechanism of action of DNA-
targeted drugs. The dominant binding class of small molecules with
DNA can be classified as (i) covalent binding and (ii) non-covalent
binding, including intercalative binding [2], nonspecific electrostatic
interaction [3] and DNA major/minor groove binding [2]. Non-
covalent binding is the predominant DNA-binding mode of the major
two classes of small ligands [4-7].

Pyrimidine is constituents of nucleic acid and it shows diverse
role in biological, pharmaceutical as well as agrochemical sectors.
In recent times pyrimidine compounds have attracted enormous
attention from researchers and are widely recognized as biologically
useful systems because of their potential biological activities, such as
antibacterial, antimicrobial, and anticancer, activities [8,9]. It is well
established that furo [2, 3-d]-pyrimidine [10] derivatives have desirable
pharmacological properties. The furo [2, 3-d]-pyrimidine derivatives
act as antiulcer agents, muscle relaxants, antihistamines and diuretics
[11]. As a result of the aforesaid medicinal activity, further biological
testing’s of pyrimidine derivatives remains a centre of attraction and
it is essential to study the interaction of pyrimidine and DNA. As the
reaction modes and binding properties during the interaction can help
understand the functional mechanism of drugs, and provide theoretical
basis for the development of new drugs targeted to DNA. So in this
sense studying the interaction of DNA with pyrimidine derivatives is
very important.

There are already several reports of interaction like Ramana et al.
reported interaction of nelfinavir (NFV) with herring sperm DNA
under physiological conditions [12]. Zhu et al. reported the interaction
of 5-Hydroxymethyl-2-furfural (5-HMF) with calf thymus DNA
[13]. Zhang et al. reported interaction of ferulic acid with calf thymus
DNA [14]. Xie et al. reported Spectroscopic analyses on interaction of
melamine, cyanuric acid and uric acid with DNA [15]. Hassan and Rauf
reported multi-spectroscopic DNA binding study of 1,3,4-oxadiazole
and 1,3,4-thiadiazole derivatives of fatty acid [16]. Silva et al. reported
DNA binding of new copper (II) complexes with chalcone-derived
thiosemicarbazones [17]. Recently Hassan and Rauf reported DNA

binding study of 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives of
fatty acid using multi-spectroscopic technique [16]. So, considering
the medicinal as well as biological importance of pyrimidine it is
noteworthy to study the interaction with DNA using well established
spectroscopic and docking techniques.

In the present work in order to obtain the detailed information
about the binding interaction between PSDF and CTDNA like the
specific binding site, the binding modes, the binding constant and the
interaction forces. The binding interaction of PSDF with DNA was
investigated using UV-Vis absorption, fluorescence emission, circular
dichroism spectroscopy, melting study and molecular docking. This
study is expected to provide important insight into the interaction of
Pyrimidine derivatives to DNA.

Experimental Procedures

Materials

The PSDF required for this study was prepared according to
published procedure [18]. Synthesized PSDF (1 mM) was dissolved in
methanol. Tris-base, and EDTA were purchased from Merck, Germany
and ethidium bromide (EB) CTDNA were purchased from Sigma
Chemicals, USA. Other molecular biology grade fine chemicals were
purchased from SRL, India. All the other chemicals were of analytical
reagent grade and double distilled water was used throughout.

Instrumentation

Fluorescence measurements
Technologies

were carried out on Agilent
Cary-Eclipse fluorescence spectrophotometer well
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equipped with attach Cary Temperature controller. The absorption
spectra were recorded on a Cary 100 UV-Vis spectrophotometer,
Agilent Technologies. Circular dichroic spectra were measured on a
Jasco J-815 CD spectrometer.

Methods

UV-absorption spectra: The CTDNA solution was prepared by
dissolving an appropriate amount of CTDNA in Tris-EDTA buffer (0.1
uM, pH 7.4) solution with stirring for 12 h at below 4°C. Absorption
experiments were carried out keeping constant CTDNA concentration
(50 pg/ml) whereby varying the PSDF concentration (4-24 pM).
Spectral changes of CTDNA were monitored after adding different
concentrations of PSDF by recording the UV-visible absorption in the
range of 200-400 nm. All experiments were carried out in Tris-EDTA
buffer (0.1 uM, pH 7.4) in a conventional quartz cell thermostatted for
maintenance of the temperature.

Steady state fluorescence: At first, DNA (50 pg/ml) was added to
aqueous EB solution (10 pg/ml) and maximum quantum yield for EB
was achieved at 270 nm, so this wavelength has been selected as the
excitation radiation for samples in the emission range of 550-700 nm.
In the solution of EB and DNA different concentrations of PSDF (5-30
uM) were added successively at 293, 303, and 313 K.

Circular dichroism measurements: The concentration of CTDNA
was kept constant (50 ug/ml) while varying the concentration of PSDF
(0-10 uM) and the Tris-EDTA buffer was used as reference solution.

Thermal denaturation study: The absorbance of CTDNA (50 pg/
ml) in TE buffer (0.1 uM, pH 7.4) was measured at 260 nm in a range
from 40°C to 90°C. The study of thermal denaturation was performed
in a spectrophotometer equipped with a Peltier temperature controller.
CTDNA was taken in a cell and 10 uM of PSDF was added. Since
analyzed profiles were almost linear in the melting region, melting
temperature (T ) was determined as the average of starting and final
temperatures of the melting process.

Molecular docking: Docking operations were performed using
version 4.0 of the AutoDock program package and the Lamarckian
genetic algorithm (LGA) available in AutoDock 4.0, which was proven
to be most reliable, successful and effective [19,20]. Structures of the
compounds, PSDF were sketched by CHEMSKETCH (http://www.
acdlabs.com) and convert it into PDB format from mol format by online
OPENBABEL (http://www.vcclab.org/lab/babel/). The LGA was used
in this docking study of the compounds PSDF with double-stranded
DNA. The DNA duplex receptor structure from the Protein Data Bank
(PDB ID 2dyw) contained 12 base pairs. The base pair sequence was
CGCGAATTCGCG: GCGCTTAAGCGC. The compounds and DNA
were added along with Gasteiger charges and polar hydrogen atoms
using AutoDockTools version 1.5.2. AutoGrid was used to calculate the
grid maps that represented the DNA in the docking process. Sufficiently
large grids were chosen to include a significant part of the DNA. In
all cases, we used grid maps with a grid box size of 106x110x102
points with a grid-point spacing of 0.375 A. Then, we started the
molecular docking via the LGA using default parameters. For PSDF
ligand, ten independent docking runs were carried out. Visualization
of the docked pose was done using Discovery digital studio molecular
graphics programme.

Results and Discussion

UV-Vis spectra
From the Figure 1 it is clear that with addition of PSDF (4-24 pM)
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Figure 1: Absorption spectra of CTDNA in presence of PSDF (1-7): (4-
24 uM), inset: Calculation of Kapp of CTDNA-PSDF complex.

the intensity of peak of CTDNA at 260 nm constantly increases with
slight blue shift and this indicates the possibility of interaction between
PSDF and CTDNA. To determine the apparent association constant
(Kapp) Equation 1 is used as previously mentioned [21].

1 _ 1 + 1 (1)

Aovs— Ao Ac— Ao Kapp(Ac— Ao)[PSDF']

Where, A, is the absorbance of CTDNA in the absence of PSDF
and A_is the recorded absorbance at 260 nm for CTDNA at different
PSDF concentrations. The plot of 1/(A, A ) vs. 1/[PSDF] is linear
and K?lpp estimated to be 2.00x10* L/mol (R= 0.9967, where R is the
correlation coefficient) (Figure 1 inset) from the ratio of the intercept
to the slope [21]. The low value of K clearly suggested formation of a
weak complex between CTDNA and PSDE

Fluorescence spectra

We have used ethidium bromide as a probe and fluorescence
titration of solutions containing the DNA and EB with PSDF has
been investigated. The molecular fluorophores EB, phenenthridine
fluorescence dye forms soluble complexes with nucleic acids and emits
intense fluorescence in the presence of DNA due to the intercalation of
the planar phenenthridinium ring between adjacent base pairs on the
double-helix [22,23]. The fluorescence emission spectra of intercalated
EB with increasing concentrations of PSDF (5-30 uM) at 293, 303 and
313 K are shown in Figure 2. The result clearly shows the decrease of
intensities of DNA-EB fluorescence in presence of PSDE.

The quenching properties can be explained by the following Stern-
Volmer equation Equation 2 [24-27].

Fy/ F=1+K,7,[0]=1+Ks[Q] @)

Where, F and F are the fluorescence intensities in the absence and
presence of a quencher, K_is the bimolecular quenching rate constant,
K,, is the Stern Volmer constant, T, is the average lifetime of the
molecule in the absence of a quencher and [Q] is the concentration of
the quencher. Since the fluorescence lifetime of a biopolymer is 10 s
[24], the K value is calculated using the formula Kq= K, /7.. In case of

dynamic quenching the maximum scatter quenching collision constant
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of various quenchers with the biopolymer is near 1x10' L/mol/s
[25]. Stern-Volmer plot of CTDNA-EB illustrates that the quenching
of EB bound to DNA by PSDF is in good agreement with the linear
Stern-Volmer equation (Equation 2), which proves that the partial
replacement of EB from EB bound to DNA by nanoparticle results in
a decrease in the fluorescence intensity. The low K, value (4.6x10°L/
mol at 293 K) shows that PSDF can be bound loosely to the CTDNA
molecule [24]. Details of the fluorimetric data are shown in Table 1 and
the temperature dependent study indicating with rise in temperature
the quenching constants increases.

Calculation of binding constant and binding site

From the fluorimetric data the binding constant (K) and number
of binding site can be calculated using following Equation 3 [25-27].

F—-F

log =logK +nlog[Q] (3)

Where, F and F are the fluorescence intensities of the fluorophore
in absence and in presence of different concentrations of PSDF [Q]
respectively. A plot of log [(F ~F)/F] vs. log [Q] gives a linear plot, whose
slope equals to ‘0’ (the number of binding sites of PSDF on CTDNA)
and the length of intercept on Y-axis equals to log K (Figure 3).

The values of K and n are shown in Table 2. The binding constant
of PSDF with CTDNA was estimated to be 1.5.1x10?L/mol at 293 K.
Ligands that are well-known groove binders show low values of binding
constants in comparison with ligands that intercalate into DNA [28,29].
Thus in present study the fluorescence intercalators’ displacements
assay favors the groove-binding mode.

Thermodynamic parameters of DNA binding

The interactive forces like hydrophobic forces, electrostatic
interactions, van der Waals interactions, hydrogen bonds, etc. may
be involved in-between small molecule and biomolecules [30-34].
According to the data obtained for changes in enthalpy (AH) and
entropy (AS), the mode of interaction between drug and biomolecules
can be concluded as [35]: (1) AH > 0 and AS > 0, hydrophobic forces;
(2) AH < 0 and AS < 0, van der Waals interactions and hydrogen bonds;
(3) AH < 0 and AS > 0, electrostatic interactions [36]. When there is a
little change of temperature, the change of AH remains unchanged, and
thereby its value and that of AS can be determined from the following
Van't Hoff equation (Equation 4).

InK=-AH/RT+AS/R 4

Where, K is the binding constant at the corresponding temperature
and R is gas constant. The values of AH and AS were obtained from the
slope and intercept of the linear plot (Equation 4) based on InK vs. 1/T
(Figure 4).

The free energy change (AG) was estimated using
(Equation 5).
AG=AH-TAS=-RTIhK )

The values of AH, AS and AG for the interaction between PSDF and
DNA are listed in Table 3.

An experimental negative value of AG revealed that the interaction
process is spontaneous, while the negative AH and AS values indicated
that the interaction is driven by van der Waals interactions and
hydrogen bonds interactions. According to the thermodynamic data,
the formation of the CTDNA-PSDF complex is in favor of enthalpy, free
energy for the formation of the aforesaid complex.
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Figure 2: Fluorescence quenching spectra of CTDNA in presence of PSDF
(5-30 pM), inset: S-V plot for PSDF and CTDNA at 293, 303, and 313 K
respectively.

T(°C) R Ky (L/mol) x102  K_(L/mol/S)x10°
20 0.9948 46 46
30 0.9974 5.06 5.06
40 0.9975 5.26 5.26

acorrelation coefficient

Table 1: The Stern—Volmer constants and quenching constants of CTDNA by PSDF.
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Figure 3: Plots of the PSDF quenching effect on CTDNA-EB
fluorescence at 293, 303, and 313 K respectively.

Circular dichroism spectroscopy

CD spectra of CTDNA incubated in presence of PSDF (5 uM) were
recorded. The observed CD spectrum of DNA consists of a positive
band at 275 nm due to base stacking and a negative band at 245 nm due
to helicity, which are characteristics of DNA in the right handed B form.
When PSDF was incubated with DNA, the CD spectra exhibited slight
changes mainly in the positive bands (Figure 5).

It is reported that, in case of minor groove binding and electrostatic
binding, the CD spectra show insignificant change whereas,
intercalating binding causes a remarkable change in the positive and
negative bands [37]. As illustrated in Figure 5, after addition of PSDF
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T(°C) R K (L/mol)x102 n
20 0.9983 1.51 1.38
30 0.9997 0.93 1.20
40 0.9993 0.67 1.10

acorrelation coefficient

Table 2: Binding constants (K) and number of binding sites (n) on CTDNA for PSDF.

T(C)\ R AH (kJ/mol) AS (Jimol/K) AG (kJimol)
20 0.9974 -33.25 7158 -12.27
30 - -33.25 7158 -11.56
40 - -33.25 7158 -10.84

Table 3: Thermodynamic parameters for the binding of the PSDF to CTDNA at
different temperature.
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Figure 4: The Vant Hoff’s plot for the interaction of CTDNA and PSDF.
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Figure 5: CD spectra of CTDNA-PSDF system, CTDNA (50 pg/ml) and
PSDF (5 uM).

to the DNA solution does not produced any significant change in the
intrinsic CD spectrum of the DNA indicating that binding of PSDF
with CTDNA does not disturb the stacking of bases. This observation
rules out intercalative binding and thereby indicates that PSDF may
bind to the DNA though groove binding.

Melting studies

Thermal behaviours of DNA in the presence of PSDF can give
the information about the DNA conformational changes when the
temperature is raised, and it can also predict about the strength of
interactive forces existing between PSDF and DNA. According to the
literature, [38,39] the intercalation of natural or synthesized organic
and metallo-intercalators generally results due to considerable increase
in melting temperature.

The melting curves of CTDNA in absence and presence of the
PSDF are presented in Figure 6. Here, the thermal denaturation
experiment carried out for DNA in absence of PSDF revealed a T
value of 68 (£ 0.2°C) under the experimental conditions, whereas the
observed melting temperature of DNA in presence of PSDF in turn
slightly increased to (T ) 71 (+ 0.2°C). Addition of PSDF to DNA
resulted in a small increase in melting temperature by 3 + 0.2°C. So,
melting studies revealed that binding of PSDF to CTDNA resulted in
a small increase in melting temperature, which is unlikely in case of
classical intercalators; rather, it indicates external binding. Small change
in melting temperature has also been observed in case of an unusual
mode of binding through partial intercalation [40]. The present study
reveals that upon binding with PSDF the T of CTDNA is increased by
3°C supports the possibility of groove binding mode.

Molecular docking

In an effort to interpret the molecular interactions of PSDF with
DNA, molecular docking was performed to simulate the interactions
between the aforesaid molecules. Molecular docking technique is an
attractive scaffold to understand the Drug-DNA interactions for the
rational drug design and discovery, as well as in the mechanistic study
by placing a small molecule into the binding site of the target specific
region of the DNA mainly in a non-covalent fashion [41,42].

It is well known that the interactions of chemical species with
the minor groove of B-DNA differ from those occurring in the major
groove, both in terms of electrostatic potential and steric effects,
because of the narrow shape of the former. In contrast to the major
groove, small molecules preferentially interact with the minor groove
due to little steric interference. Figure 7 shows the pictorial diagram of
docking between PSDF and choose B-DNA and the resulting binding
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Figure 6: Melting temperature study for CTDNA-PSDF interaction.
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Figure 7: Docking of interaction between PSDF to CTDNA.

energy of docked compounds PSDF was found to be —8.89 kcal/mol
and the results indicative of strong and spontaneous binding and the
picture also indicative of groove binding rather intercalation mode.

Conclusion

From the above results it can be concluded that binding of PSDF to

CTDNA occurs and here PSDF may acts as a groove-binder as evident
from the spectroscopic, DNA melting and docking experiments.
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