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Abstract
The binding interaction of novel podophyllotoxin derivative, (3R,4R)-4-

((benzo[d][1,3]dioxol-5-yl)methyl)-dihydro-3-(hydroxy(3,4-dimethoxyphenyl) methyl)
furan-2(3H)-one (PPT), with calf thymus DNA (ctDNA) has been examined using UV-
Visible absorption spectrophotometry, fluorescence spectroscopy, viscosity
measurement and molecular docking studies. UV-Vis absorption results showed
hyperchromic effect and low binding constant value (1.01×104 M-1), indicating non-
intercalative interaction as a binding mode. The competitive fluorescence study also
confirmed the obtained results from UV-Vis absorption spectra. Small changes in the
viscosity of DNA exhibited that the interaction of PPT with DNA is based on groove
binding mode. Molecular docking study showed minor groove interaction and -7.08
kcal/mol as a calculated energy.
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Introduction

Cancer is a worldwide health problem, emerged by
different cancer-causing agents (carcinogens) ranged
from environmental pollutants to genetic mutations [1].
DNA is the primary target of anticancer drugs,
according to cell biologists. DNA-binding molecules are

of prime importance in recent decade in clinical cancer
therapy [2]. Generally, these molecules are affecting on
replication, transcription and ultimately inducing cell
death and apoptosis [3, 4]. So, study on the interaction
modes and mechanism of such compounds are
important in further studies to explore new and even
more efficient anticancer drugs.
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The non-covalent mode of drug-DNA binding is
classified into three types, intercalation, groove binding
and electrostatic binding [5]. Planner heterocyclic
compounds act as an intercalator and stack between
adjacent DNA base pairs, which led to structural
changes in DNA [6, 7]. The groove binding in the DNA
structure forms via fitting the binders into grooves,
resulted in perturbation in DNA structure. Electrostatic
binding also occurs with the negatively charged
phosphate back bone [8-10].

Podophyllotoxin, is the most abundant natural
product, isolated from different plants of genus
Podophyllan [11]. A wide range of pharmacological
activities have been reported to date for
podophyllotoxin derivatives such as chatartic,
antimitotic, antirheumatic and antiviral [12]. However,
the anticancer activity of these cycloligands proved to
be more promising. Several research groups worldwide
are engaged in the structural modification of
podophyllotoxin scaffold to modify the anti-cancer
activity. These ongoing efforts resulted in the
development of clinically approved drugs like
etoposide, tentiposide and etoposide-etopophos [13-16],
which are currently applied for the treatment of small
cell lung cancer, testicular carcinoma, non-Hodgkin’s
lymphoma and kapasi sarcoma [17, 18].

In this work, DNA binding properties of new
podophyllotoxin derivative, (3R,4R)-4-((benzo[d]
[1,3]dioxol-5-yl)methyl)-dihydro-3-(hydroxy(3,4-
dimethoxyphenyl) methyl)furan-2(3H)-one (PPT)
Figure 1, has been studied by using various
spectroscopic and hydrodynamic methods. Furthermore,
molecular docking study was also utilized to clarify the
binding modes of PPT with ctDNA.

Materials and Methods

Materials
Calf thymus DNA (ctDNA), Tris-HCl, methylene

blue (MB) and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO USA). PPT was prepared according to previously

described method [19].

Stock solution preparation
ctDNA stock solution was prepared by dissolving

amount of ctDNA in 10 mM Tris-HCl buffer (pH = 7.4)
at 4°C during 24 h with continual stirring to ensure the
formation of the homogeneous solution. The
concentration of ctDNA solution was estimated
spectrophotometrically at 260 nm using molar
extinction coefficient ε = 6600 cm-1 M-1 [20]. The ratio
was found to be 1.8 which revealed that purity of DNA
without any protein contamination [21, 22]. The PPT
stock solution was prepared in 10 mM Tris-HCl buffer
containing 0.4% DMSO.

UV-Visible spectroscopy measurement
The absorption spectra was recorded using UV-Vis

spectrophotometer (T60, PG Instruments,
Leicestershire, UK) and quartz cuvette with a path
length of 1 cm. The absorption spectra of PPT in the
presence of different amount of ctDNA in the Tris-HCl
buffer solution (10 mM, pH = 7.4) was recorded and
changing in the absorption spectra of ctDNA in the
presence of different amount of PPT also monitored.

Fluorescence measurement
Fluorescence emission study was carried out using

JASCO (FP-750) (Tokyo, Japan) spectrofluorimeter by
using a quartz cuvette (1 cm). In this competitive
fluorescence measurement, different concentration of
PPT (24-55 µM) was mixed with constant ctDNA
(5×10-5) and the intercalative DNA probe such as
methylene blue (MB) (5×10-5) was used. Samples were
excited at 630 nm and emission spectra were recorded
from 650-730 nm.

Viscosity measurements
Viscosity measurements were carried out at 25°C.

Digital stopwatch was exerted to measure the flow time
while each sample was replicated three times. The plot
is presented as (η/η0)1/3 versus ratio of
DNA/compound concentrations where η is the viscosity
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Figure 1. The structure of (3R,4R)-4-((benzo[d][1,3]dioxol-5-yl)methyl)-
dihydro-3-(hydroxy(3,4-dimethoxyphenyl)methyl)furan-2(3H)-one



Spectroscopic and Molecular Docking Studies on DNA Binding …

123

of DNA and η0 is the DNA-PPT complex. Viscosity
measurements were performed by keeping ctDNA
(5×10-5) and different concentration of PPT (1-6×10-5).

Molecular docking studies
Molecular docking studies were carried out using

Auto dock 4.2 program package. The crystal structure of
the B-DNA dodecamer d (CGCGAATTCGCG) 2
(1BNA) were obtained from protein data bank (PDB)
for performing docking. The structure of drug was
drawn and has been optimized employing density
functional theory (DFT) in conjugation with B3LYP
functional and 6-31G* standard basis set in Gaussian 03
program. The ligand root of drug was detected and
rotatable bonds were defined, additionally with
Gasteiger charges and polar hydrogen were added into
the B-DNA model using Auto Dock Tools (ADT)
version 1.5.2. The grid box parameters were set in x × y
× z directions, 76 × 78 ×120 and a grid spacing of 0.375

Å. Lamarckian genetic algorithms, as accomplished in
Auto Dock, were employed to perform docking
calculations. The best optimized model having lowest
energy was chosen for further analysis which was best
viewed in Chimera 1.10.1 program [32].

Results and Discussion

UV-Visible spectroscopic analysis
Herein, UV-Visible analysis was applied to study

binding modes between ctDNA and PPT. This method
is normally utilized to study the interaction of small
molecules with DNA [24, 25]. Spectral changes of PPT
which occurred via increasing concentration of ctDNA
between 3.3–7.8×10-5 is shown in Figure 2a. PPT
exhibited maximum absorption near 206 nm. By
increasing in the concentration of ctDNA,
hyperchromism is observed with no apparent shift in the
peak. In general, the hyperchromic effect is related to

Figure 2. (A) Changes of UV spectra of PPT (1.55×10-7 M) in the presence of different concentrations of ctDNA (3.3-9.8×10-5 M).
(B) Absorption spectra of ctDNA (5×10-5 M) in the presence of different concentrations of PPT (3.7-33 µM).
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various non-covalent interactions outside of DNA helix
[26]. In case of intercalation, a hypochromism along
with bathochromic shifts is observed [27]. Therefore,
UV-Vis spectroscopy data confirmed the non-
intercalative binding of PPT with ctDNA. The binding
constant which corresponds to the interaction of PPT,
was calculated according to Eq. (1) [28].

= + ( [ ] ) Eq. (1)

Where A0 and A are the absorbance of PTT in the
absence and presence of ctDNA, and ԑG and ԑH-G are the
absorption coefficients of the PPT and PPT-DNA
complex, respectively. K is the binding constant. The
binding constant was calculated to be 1.01×104 M-1

from the intercept to slope ratios of versus

1/[ctDNA] plot. This value of binding constant is lower
than strong binding constant like EtBr, acridine orange
interaction [29], and is close to groove binding
compounds. The maximum absorption of ctDNA with
different concentrations of PPT (3.7–33 µM) was
recorded at 260 nm and depicted in Figure 2b. The
hyperchromic effect was observed, demonstrating the
non-intercalative binding.

Emission spectroscopic study
A competitive fluorescence measurement was carried

out to determine the binding mode of PPT with DNA.
Methylene blue (MB) molecules are one of the DNA
probes, used to investigate the compound-DNA
interactions [30, 31]. The binding of MB molecules to
DNA occurred via intercalation mode [32, 33]. Constant
DNA was mixed with MB as a probe, then, increasing
concentrations of PPT were added to DNA-MB
complexes. Interestingly, by adding DNA, emission
intensity of MB was quenched. This phenomenon is
linked to strong stacking interaction between the
adjacent DNA base pairs and MB [34]. The emission
spectra of DNA-MB and increasing concentration of
PPT are shown in Figure 3. As observed clearly, no
changes in the fluorescence intensity of MB was
illustrated upon addition of PPT. No release of MB from
DNA-MB complex is responsible for this observation
and proved the non-intercalative binding mode.

Viscometric study
Changing in DNA viscosity in the presence of the

desired compound provides a credible proof for the
binding mode [35]. The interaction of small molecules
with DNA helix led to increased length of DNA,
separation of base pairs and an increase in the viscosity
of DNA [36, 37]. In contrast, groove and electrostatic

bindings exhibited no or less change in DNA viscosity
[38, 39]. Figure 4 shows the effect of PPT on the
viscosity of DNA. There was insignificant change in the
viscosity of DNA. Thus, the results was illustrated non-
intercalative and groove binding as the most probable
modes.

Molecular docking
Molecular docking is an attractive technique to

investigate the drug–DNA interactions on the way of
rational drug design and discovery [40]. In our
experiment, the molecular docking of PPT with B-DNA
was performed using Auto Dock 4.2 in order to further
clarify the binding mode of PPT with DNA duplex of
sequence d(CGCGAATTCGCG)2 dodecamer (PDB ID:
1BNA) and the binding structure of DNA-PPT complex.
Generally, more negative binding energy (ΔG), caused
by the formation of the most stable complex. As shown

Figure 3. Fluorescence emission spectra of MB-DNA
complex in the presence of increasing amount of PPT (24–55
µM).

Figure 4. Effect of increasing amount of PPT (1-6 × 10-5 M)
on the viscosity of ctDNA (5 × 10-5 M).
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in Figure 5, the PPT interacts with the O4' atom of the
ribose group in the DNA back bone by forming bond
with length of 2.06 Å, the PPT also interacts with NH2

(H22 atoms) group of guanine by forming two hydrogen
bonds between OH and OMe groups of PPT with 2.03
and 2.62 Å bond lengths, respectively. Conclusively,
PPT interacts in the minor groove of the DNA through
guanine and ribose of back bone. The estimated free
energy of this binding was computed to be -7.08
kcal/mol.

Furthermore, the binding constant (Kb) which was
determined by UV-Vis method was correlated with the
free binding energy (ΔG) of the docked model. Basic
formula of binding constant and Gibbs free energy is:
ΔG = -RT lnKb

Where ΔG is free energy, R is gas constant (1.98
cal/mol/K), T is temperature at which the experiment

was done (25 ◦C i.e. 298 K) and Kb is the binding
constant between PPT and free DNA calculated using
UV-Vis spectroscopy 1.01×104.

This docking free energy was compared to
experimental UV-Vis free energy value (ΔG), which is -
5.44 kcal/mol. These results revealed matches roughly
to the free energy calculated by docked drug-DNA
model. Therefore, it can be concluded that PPT-DNA
docked model is in approximate correlation with our
experimental results.

Conclusion
In this work, we investigated the interaction of PPT

with ctDNA by using various spectroscopic, viscosity
measurement and molecular docking studies. The UV-
Vis absorption showed hyperchromicity in spectra and
binding constant was calculated to be 1.01 × 104 M-1

Figure 5. Molecular docking structural representation of PPT–DNA interaction by using Chimera 1.10.1 program. (a) Surface view
of molecular docked PPT on DNA dodecamer (1BNA); (b) Molecular docked model of PPT showing minor groove binding with
1BNA sequence; (c) Docked model of PPT–DNA complex indicating intermolecular H-bonds.
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that referring to non-intercalative binding between PPT
and DNA. Fluorescence emission study was also
confirmed the UV-Vis absorption results. Negligible
change in viscosity supported previous finding.
Molecular docking study showed interaction of PPT via
minor groove of DNA. These studies help to understand
the mechanism of interaction between target compounds
with DNA, and could help to explore new compounds
with therapeutic purposes.
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