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Abstract: Reviewing the mode of interaction between this kind of active pharmaceutical ingredients and DNA has received much more attention in current years.

Anthracycline drugs such as Epirubicin are frequently used in cancer treatment for breast cancer treatment. In the present study, the Epirubicin -calf thymus DNA
interaction was investigated by using spectroscopic, fluorimetric and molecular docking methods. Water-soluble quantum dots (QDs) with nanometric particle
size fabricated and characterized by transmission electron microscope and photon correlation spectroscopy. The binding constant value and the free energy change
for this interaction were obtained to be 3.00x10° M and -42.26 kJ mol", using the spectroscopic method and docking investigations, respectively. Additionally,
fluorescent thioglycolic acid-capped CdTe QDs were used for investigation of EPI and DNA interaction. Epirubicin as a quencher quenched the fluorescence of
CdTe QDs after electrostatic adsorption on the surface of QDs. With the addition of DNA, EPI will be desorbed from the surface of CdTe QDs, inserted into the
DNA. Subsequently, fluorescence changes of QDs were used for calculation of binding constant value, which was in good agreement with that obtained by the

((ey words: Epirubicin; DNA interaction; Molecular docking; CdTe QD.

spectroscopic method. By the comparison of the achieved results, the intercalation mode of interaction between Epirubicin and DNA proved.

/

Introduction

Anthracyclines are anticancer complexes that were
originally derived from Streptomyces bacteria, and their
anti-tumor actions were recognized in the 1960s (1).
These compounds are used to treat many cancers. An-
thracyclines were inhibited the deoxyribonucleic acid
(DNA) synthesis by intercalating between base pairs
of the DNA strand and also triggers DNA cleavage by
topoisomerase 11, thus preventing the replication of nor-
mal cells and rapidly growing cancer cells (2). Epiru-
bicin (EPI) (Figure 1), as an anthracycline therapeutic
agent, is most frequently used in breast cancer treat-
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Figure 1. The chemical structure of EPL.

ment. Due to its advantages such as fewer side effects,
EPI is more commonly used in cancer treatment. EPI
is nowadays commercially accessible for intravenous
dosing (3, 4).

DNA is introduced as an important target for cancer
therapy. Chemotherapy agents have blocked replica-
tion and transcription of DNA in tumor cells with high
proliferation rates (5). Thus, DNA is the main target in
cancerous cells for chemotherapy drugs, which interact
with DNA and suppress the tumor tissue metastasis
(6, 7). In this state, the drug with intercalation into the
double helix combines with the base pairs and inhibits
the replication and synthesis of DNA as well as the ribo-
nucleic acid.

Studying the interactions between biologically active
agents and biomolecules (8) could help to understand
the structure, nature, and morphology of biomolecules.
For a variety of organic, inorganic, and chemical agents
present in the environment, the interactions change the
secondary structure of DNA. The conformational alte-
rations of DNA, the connection between the molecular
structures of the chemical agent, and the mechanisms
of DNA interaction have been evaluated in numerous
studies (9, 10).

Semiconductor quantum dots (QDs) have frequently
investigated for optoelectronic claims (11, 12). QDs sti-
mulated with chemical agents will show the alteration in
quenching the photoluminescence property. The modifi-
cation of QDs causes the variation of electron or energy
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transfer in the donor or receptors of fabricated QDs
(13). Some of the photo characteristics of the QDs can
be introduced in the molecular diagnosis by altering the
concentration signals to optical signals, which can be
detected by a simple technique (14). The QDs-fluores-
cence (FL) resonance energy transfer is one of the pho-
to-based methods which is useful in investigating the
biomolecules-small molecule interaction (15), immu-
noassay, DNA hybridization probe, and enzyme activity
measurement (16, 17). At present, many photoinduced
electron transfers - based sensors have been applied in
detection of a variety of analytes such as glucose, mal-
tose, anion, etc. (18-20). In the photo-induced electron
transfer, based on the signal of receptor-substrate, the
following mechanism is proposed: firstly, the quencher
is adsorbed on the surface of the modified QDs, which
quench the QDs FL; in continue, the receptor with high
affinity to the quencher is added to the media, which can
desorb the quencher by a return in FL of QDs (21).

The objective of this study is an investigation of the
interaction between EPI and ct-DNA using spectrosco-
pic, molecular dynamic, and fluorimetric methods and
combination of them. The mode of interaction and bin-
ding constant (K,) were obtained by molecular docking
(MD) and spectroscopic method. The ability of ct-DNA
to separating of EPI from the surfaces of thioglycolic
acid-capped CdTe quantum dots (CdTe QDs) investiga-
ted in continues. EPI quenches the fluorescence of CdTe
QDs by photo-induced electron transfer mechanism.

Materials and Methods

Materials

Tellurium powder, CdCL,.5H,0, NaBH,, Epirubicin
and Thioglycolic acid (TGA), citric acid, and ethyle-
nediamine were purchased from Sigma-Aldrich (St.
Louis, Mo, USA).

Highly polymerized ct-DNA and Tris—HCI were ob-
tained from Sigma Co. For stock solution preparation,
the pure ct-DNA was dissolved in Tris buffer with the
UV absorbance at 260 and 280 nm >1.8. The obtained
stock was stored at 4 °C and was used for 5 days. The
obtained ct-DNA solution was adequately free from
impurity. It could be suitable for mentioned working.
The concentration of the nucleotide was determined by
UV absorption spectroscopy with the e=6600 M-'cm!
(e: molar absorption coefficient at 260nm).

Apparatus

The particle size of QDs was analyzed using photon
correlation spectroscopy (PCS) (Malvern Zetasizer Co,
United Kingdom). For this goal, the specific amount of
prepared formulation was diluted in ultra-purified water
and then the diameter of the suspension was measured.
The morphology and size of QDs were evaluated using
the transmission electron microscopy (TEM) (JEOL
JEM-2000 EX TEM). For this aim, a droplet disper-
sion of the QDs was thrown down onto a carbon-coated
copper grid and was air-dried for particles’ size measu-
rement. Absorbance spectra were recorded by an HP
spectrophotometer (Agilent 8453).

TGA CdTe QDs preparation procedure
CdTe QDs prepared using several techniques and

used for several applications (22). In this study, the
CdTe QDs were fabricated according to our previously
reported study (23). For the QDs preparation, the speci-
fied amount of CdCL,.5H,0 (0.5 mmol, 0.137 mg) and
TGA (1 mmol, 0.092 mg) were mixed in 100 mL deio-
nized water in a flask to prepare the primary substance
of Cd (pH 10 and stirring under N, for a half-hour). The
46 mg tellurium powder after reduction with NaBH, (40
mg) was converted to NaHTe. NaHTe was transferred to
the Cd primary substance of Cd and TGA under stirring.
The obtained solution was moved to a stainless steel
autoclave at 100 C for 4 h to achieve the TGA-CdTe
QDs. The QDs were stored in dark condition for further
studies.

FL study

The CdTe particles were dispersed in distilled water
to prepare the stock solution with the 2.0x10~ mg/mL
concentration. After 5 min, the FL at an excitation wa-
velength of 340 nm was measured. The FL of CdTe QDs
measured after EPI addition in the concentrations of 0,
2.0,4.0, 6.0, 6.0, 10 and 12 umol L. A recovery study
was carried out on the solutions containing CdTe QDs
(0.1 mL), EPI (0.2 mL), and ct-DNA with the concen-
tration between 0—45 mg/L. The DNA was prepared in
5 mL of PBS (20 mM, pH 7.4). The FL measurements
were performed after 5 min of DNA addition.

Molecular modeling

Molecular modeling is one of the most important
tools used to understand the mechanisms and details
of interactions on an atomic scale. The Autodock4 was
used to investigate the possibility, and the mode of inte-
raction, as well as differences in the energies of inte-
ractions of the EPI with QDS and DNA. Initially, the
molecular structures of the EPI and TGA CdTe-QDs
(Figure 2) were created using the Avogadro software
and energy minimization was done to provide an opti-
mal molecular structure using the steep algorithm. The
coordinate file for the natural DNA structure (B DNA
(CGCGAATTCGCG) was obtained from the RCSB
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Figure 2. Molecular structures of the TGA coupled CdTe QDs
created using the Avogadro software (Te: violet dots and Cd: dark
green dots, the TGA reacted to the Cd of QDs).
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Figure 3. Normalized UV-vis absorption and emission spectra of
CdTe QDs.

database with the IBNA code and was used for the doc-
king studies. Adding Gastiger charges and introducing
active torsions along with atomic typing of the Auto-
dock force filed were done using the MGLtools pac-
kage. The search space was selected in all calculations
so that the ligand would be able to access all parts of the
DNA molecule using a box of 82x82x82 points with a
grid spacing of 0.375 angstroms. Energetic map types
for all involved atom types in all of the phase space
were prepared using autogrid4. Eventually, 200 runs
under the Lamarck genetic algorithm were calculated
for each calculation using autodock4.

Results

Characterization of CdTe QDs

The UV-vis and emission spectra of as-prepared
CdTe QDs are shown in Fig. 3. The fabricated modified
QDs presented an emission spectrum at nearly 600 nm
with the half maximum of about 70 nm. The obtained
TGA-CdTe QDs had broad absorption characteristics as
shown in Figure 2, which yielded multicolour QDs.

The mean particle sizes of 4.11 + 1.03 obtained for
QDs by PCS investigation as showed in Figure 4 a. A
TEM was used to observe morphology and particle size
of QDs. From the TEM micrograph as demonstrated
in Figure 3 b, the black region shows uniform particle
morphology with the diameters nearly around 5 nm.

UV/Vis spectroscopy studies between DNA and EPI
For the spectroscopy study, the concentration of EPI
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Figure 4. Size investigation of QDs, PCS characterization (a) and

TEM micrograph of nanoparticles (b).
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Figure 5. UV/Vis spectroscopic studies between EPI and DNA a
constant concentration of EPI and increase of ct-DNA concentra-

tion.

was kept constant with the value of (5x10* M) and the
concentration of ct-DNA varied from 0 to 7.5x10* M
(ri [DNA]/[EPI]=0.0-1.5). For the analysis specified
amount of aliquots of DNA stock solution were added
to the drug solutions and stored in an incubator. Absor-
bance was recorded at 340 to 600 nm for EPI after the
addition of DNA (24).

Figure 5 shows the UV spectroscopy of EPI in the
presence of ct-DNA with the maximum absorption 480
nm, and the variation of spectra in the presence of va-
rious amounts of ct-DNA was considered. The absorp-
tion spectra of EPI and ct-DNA show, when the ct-DNA
added to the EPI the spectra decreased with the slight
red shift. The absorbance of the EPI decreased upon ct-
DNA addition, indicating the interaction between drug
and ct-DNA.

Drugs interact with DNA via mainly three different
binding modes: intercalation, groove binding, and ionic
interactions (25) witch K, numerously were used for
this phenomenon survey. To have a better investigation
of the kind of interactions, the intrinsic K, between the
chemical agents and nucleotides was calculated using
Eq. 2 (26).

Which in the Eq. 2 [DNA] is the amount of ct-DNA
in the nucleotide; €, €, and ¢_are bound to complex,
apparent and free extinction coefficients in the equation.
The ¢, was calculated as the measured absorbance divi-
ded to the EPI concentration before ct-DNA addition. In
addition, the &, was achieved by a calibration curve of
the pure EPI, following Beer’s law.

Figure 6 shows the plot of [ct-DNA]/(¢ - €,) versus
[ct-DNA]. The slope of this chart is 1/(¢ - €,) and a y-in-
tercept is 1/ K, (g.- &), in which K, calculated the slope
divided to the y-intercept.

The amount of the hypochromism was investigated
using Eq. 3 in the 248 nm:

H%=[(A},.. _Apounded)Arieed % 100: (1)

Free —

Generally, the hypochromism has shown the bin-
ding strength. The absorption bands of EPI at about 480
nm show hypochromism of 29.9% with the slightly red
shift. The obtaining results are the proof that investiga-
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Figure 6. The plot of [DNA]/ ¢ - &, versus [DNA].

ted agent is inserted into ct-DNA (27).

L
=

Molecular docking analysis between EPI and CT-
DNA

The possibility and mode of the EPI binding to ct-
DNA and TGA capped CdTe-QDs, along with the diffe-
rences in the energy of these interactions were studied
using the Autodock4 software.

Figure 7a and b show that the EPI is capable of in-
teracting with both molecules with acceptable binding
energy. It can be predicted that these interactions are
stable under the standard conditions. The docking run
results are listed in Table 1. Also, EPI was introduced
to the A—T (10.8 A) base pairs compared to G-C (13.2
A) ones, due to preferential binding of planer aromatic
with hydroxyl moiety of EPI to A-T regions rather than
G-C parts, which leads to the van der Waals interaction
and hydrophilic contacts of the investigated agent and
the functional groups of the DNA. The significant result
is the lower binding energy of the EPI - DNA compared
with EPI — QDs (Table 1). In the solution, ct-DNA can
effectively separate the EPI from the quantum dot sur-
face and restore the intensity of the light emitted by QD.
These results are in full agreement with the experimen-
tal results and confirm the possibility of the switched
off-on mechanism of the prepared structure for further
applications, for instance in bio-sensing, biomacromo-
lecular structures investigation, and so on.

From the MD study, the free energy change of bin-
ding (AG) of -42.26 KJ mol' was achieved for the

Figure 7. The most favourable conformation of the docked pose;
ct-DNA-EPI (a) and TGA CdTe QDs — EPI docking (b).
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Figure 8. (a) florescence spectra represent the quenching effect of
EPI with the concentrations of 0, 2.0, 4.0, 6.0, 6.0, 10 and 12 umol
L (top to down) on the QDs PL intensity; (b) FL restoration of
QDs quenched by EPI (15 umol L) after addition of 1, 2, 5, 10,
20, 30 and 45 pmol L of ct-DNA and (c) The influences of ct-
DNA with addition of 20, 20, 30, 40 and 50 pL on FL emission

of QDs.

ct-DNA-EPI complex. From obtained AG and the
AG=RTInK equation the K, of 2.5 x 10"M™". As de-
monstrated by docking and UV-Vis studies the EPI inte-
racts with DNA, so the drug can be adsorbed with DNA.
Therefore, ct-DNA should be able to separate the drug

Table 1. Docking summary of EPI with both ct-DNA and TGA capped CdTe-QDs.

Cluster -Rank  Run

Lowest Free Energy of

Inhibition Constant RMSD from reference

Binding (KJ mol™) (Ki) structure (A)
EPI-ct-DNA 1 30 -42.26 118.4 nM 27.66
EPI- TGA CdTe-QDs 1 35 -20.11 42.73 uM 30.800

Cell Mol Biol (Noisy le Grand) 2018 | Volume 64 | Issue 7



Abbas Hemati Azandaryani et al.

A Comprehensive investigation of EPI-DNA interaction.

from the surface of investigated CdTe QDs.

FL study and EPI-ct-DNA parameters investigation

For TGA-CdTe QDs solution FL was achieved in
590 nm under excitation at 340 nm. FL spectra of the so-
lution containing a mixed amount of CdTe QDs and EPI
are shown in Figure 8 a. Apparently, the fluorescence
intensity of CdTe QDs is quenched with the increased
EPI concentration. Also, the adequate binding energy
for the EPI-QDs obtained from docking proved the FL
quenching by the EPL

The FL intensity of the CdTe QDs/EPI hybrids is then
regularly enhanced with the increased ct-DNA concen-
tration (Figure 8 b). By adding the ct-DNA concentra-
tion from zero to 45 pmol L, the FL intensity of CdTe
QDs varied less strictly. EPI has a strong quenching
effect on fluorescence of QDs, and the addition of DNA
will restore the fluorescence of this hybrids. EPI was
embedded into ct-DNA with hydrogen bonds having
more selectivity rather than QDs.

For further investigation of interactions the K, of ct-
DNA and EPI calculated by the following equation (Eq.
3) (28):

5 1/2
{@«bqﬂ){(@«bqﬂ) +4K,,c,}
5 S

2K,

Iy =1-kx

where k, C,, K, s, and C belong to the linear regres-
sion curve, which on behalf of the connection among
1/10 and the EPI value represent nucleotide phosphate
concentration the K , binding site size of EPI with ct-
DNA and the total concentration of EPI in the media,
respectively.

The value of I/, varied by changing the concentra-
tion of nucleotide phosphate (C,,). Thus, using the non-
linear fit of Eq. 3 for the EPI - ct-DNA complex, the K
and s (binding site size) were achieved. The connection
of I/I, with C,, is shown in Figure 8 b. The obtained K
was 8.0 x 107 M! and the s was 6.45 bp (12.9 bases).

Discussion

The morphological changes of biological macromo-
lecules after blending with the chemical agents charac-
terized using several techniques and approach (29) for
more understanding about the nature of this interaction.
EPI is one of these chemical agents which as a cance-
rous drug, the interaction between that and DNA was
studied in some paper. By these studies the mode of
EPI action in cancer treatment determined. Erdem and
Ozsoz studied the interaction of EPI with ct-DNA using
electrochemical methods including differential pulse
voltammetry and cyclic voltammetry at carbon paste
electrode (30). The EPI interaction in this study charac-
terized by spectroscopy, fluorescence study using TGA
capped CdTe QDs (31) and MD (32) techniques.

The K, amount from spectroscopy method was cal-
culated to be 3.00x10 ¢ M. Charak et al. were eva-
luated the EPI and DNA interaction. This study finding
was shown the partial transition from B-conformation
of DNA to A-conformation which proved the EPI inte-
raction with DNA (33). Nafisi et al. in one study achie-
ved the value of 6.58 x 10* M™!, 2.69 x 10* M! and

2.13 x10* M as a K, of ethidium bromide, acridine
orange, methylene blue, respectively (34). These fluo-
rescent compounds bind to DNA via intercalative mode.
The findings (higher EPI-DNA K| in comparison with
fluorescent compounds) were demonstrated the strong
intercalation of EPI to the DNA base pair.

Molecular docking approach is an attractive ap-
proach to probe the biomolecule-drug interactions. This
could be used for different purposes such as the ratio-
nal drug design and discovery. The other main purpose
is the mechanistic study of ligand pose in the binding
pocket, which can be performed by placing a small
molecule (usually a drug or drug-like compound) into
the binding site of the DNA, proteins, enzymes and etc.
mainly in an electrostatic interaction mode. For biologi-
cal macromolecules, the structural behaviour of mole-
cules leads to the variable mode of binding; actually, the
molecular 3D structure is an important factor which af-
fects the binding mechanism (35). The most promising
conformation of the docked pose in our work exposed
that EPI combined with ct-DNA via intercalation mode
to the ct-DNA (H-bonding with EPI NH, group). Simi-
lar results reported for doxorubicin-DNA interaction by
docking investigation (36).

Nano-biosensors with so many technique and mate-
rials were used for the detection and measurement of se-
veral agents in the nanobiotechnology (37). QDs based
assay technique has more sensitivity rather than other
methods including electrochemical or spectrochemical
technique (38). The achieved QDs in this study can exit
with a single excitation source. By these advantages,
the modified QDs could be used as an alternative of the
organic fluorophores in the analytical methods, which
needed the excitation light source be tuned into their res-
pective narrow absorption bands (39). Anticancer drugs
like EPI and doxorubicin are a good electron accep-
tor and reduce the fluorescence of QDs. In this condi-
tion, the hydrogen bonding and electrostatic attraction
caused the gathering of TGA caped CdTe QDs and EPI.
K, obtained from this method is similar to that obtained
with docking and spectroscopy studies and similar to
other results obtained for anthracycline drugs (40, 41).

The TGA that caps the CdTe QDs firstly enhanced the
water-solubility and at the same time caused the nega-
tive charge for obtained QDs. EPI has a positive charge
in the investigated condition, thus, EPI and TGA-cap-
ped CdTe QDs were aggregated with electrostatic force,
which quenches the QDs FL and formed the sensor
which can detect the concentration of biomaterial that
should be content with this kind of drugs. The ct-DNA
have negative charge in the investigated condition. This
same charge caused the less attraction between QDs and
ct-DNA. In the same time, the attraction forces between
EPI and DNA caused the interaction of these agents in
the presence of QDs.

From the mentioned results it was proved the inser-
tion of the investigated drug into the ct-DNA occur from
the planer part. The obtained results with more accuracy
are in the agreement with previous results which proved
the intercalation of the EPI to DNA.

In the paper, the mode of EPI interaction with ct-
DNA investigated by spectroscopic study, fluorescent
QDs, and MD technique. The K, obtained from docking,
spectroscopy and FL investigation. The result achieved
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by Docking is in agreement with the experimental re-
sults. From the docking simulation with the energeti-
cally optimized conformation, it was demonstrated that
EPI intercalated to the ct-DNA and is located within
A-T regions in comparison with G—C pairs by the AG
of -42.26 KJ mol" for the DNA-EPI complex. FL stu-
dies show that absorbing of EPI on TGA-CdTe QDs,
quench the FL. In the same time, with the adding of a
biological agent, ct-DNA was associated with EPI, and
EPI will be separated from the surface of TGA-CdTe
QDs, leading to the fluorescence recovery. The UV-Vis
and MD results of ct-DNA and EPI demonstrated that
the reaction between ct-DNA and EPI is superior over
the reaction between TGA-capped CdTe QDs and EPIL.
By K, investigation in this works the obtained results
from both docking and FL study is more similar to each
other which proved the suit of FL methods rather than
spectroscopic study.
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