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simulations and NMR relaxation
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Thiabendazole (TBZ) is a commonly used food preservative and has a wide range of anthelmintic properties.

In this study, computer simulations and experiments were conducted to investigate the interaction

mechanism of TBZ and herring sperm DNA (hsDNA) at the molecular level. Molecular docking showed

that TBZ interacted with DNA in groove mode and bound in A-T and C-G base pair regions. Molecular

dynamics (MD) was used to evaluate the stability of the TBZ–DNA complex and found that the three

phases in MD and the hydrogen bonds helped maintain the combination. NMR relaxation indicated that

TBZ had a certain affinity to hsDNA with a binding constant of 462.43 L mol�1, and the thiazole ring was

the main group bound with DNA. Results obtained from fluorescence experiments showed that the

binding of TBZ and hsDNA was predominantly driven by enthalpy through a static quenching

mechanism. Circular dichroism and viscosity measurements proved the groove binding mode. The FTIR

results clarified the conformational changes of DNA, that the DNA helix became shorter and compact,

and the DNA structure transformed from B-form to A-form.
1. Introduction

Thiabendazole [2-(4-thiazolyl) benzimidazole, TBZ] is
a commonly used food preservative that is widely applied in
various fruits and vegetables to slow down putridity caused by
fungi.1 The structure of TBZ was shown in Fig. 1. Although the
use of TBZ can provide benets, its unreasonable use or
excessive consumption leads to health risks; for example, TBZ
can disrupt microtubules and induce anaphase–telophsae
chromosomal aberrations.2,3 Thus, many researchers have
focused on the binding properties of food additives and
BZ).
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physiological macromolecules to preliminarily evaluate the
safety and physiological properties of food additives.4–6

Deoxyribonucleic acid (DNA) is an important bio-
macromolecule that has potential therapeutic activity against
many diseases, given that it is the pharmacological target of
many drugs.7–9 The bindings of ligand and DNA have been
indicated to affect DNA duplication and culminating tran-
scription.10 The non-covalent interaction binding mode
between ligands and the double helix of DNA include (i) groove
binding where the ligand is located outside of the DNA helix
groove with hydrogen bonds and (or) van der Waals interac-
tions, and (ii) intercalation binding between ligand and the
stacked base pairs of DNA, which usually have a greater impact
on the structure and function of DNA compared with groove
binding.11,12 The DNA damage and genotoxic and mutagenic
effects of some food additives have been recently considered,
and some of their adverse effects on DNA have been revealed.13

Moreover, there are some studies indicated that the difference
in DNA structure had some effect on the binding process of
ligand and receptor.14,15 Hence, studies on the interaction
between food additives and DNA can provide theoretical
knowledge for the physiological properties of food additives and
are benecial to promote the development of safe food
preservatives.

Receptor-ligand interactions have caught many researchers'
attention, especially in the eld of chemistry and life sciences.
Many methods have developed to investigate these interac-
tions.16–18 Among these methods, computer simulations
RSC Adv., 2018, 8, 20295–20303 | 20295
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including molecule docking and molecular dynamic (MD)
simulation, are a powerful tool to determine the orientation and
binding site for visualization of the binding properties and to
monitor the dynamics behavior of the ligand/receptor struc-
tures during combination.19,20 Complementarily, nuclear
magnetic resonance (NMR) provides reasonable and reliable
data to clarify the binding properties of ligand at the molecular
level by identifying ligand epitope and structure affinity.21,22

Relaxation time technique is an effective method to investigate
the binding affinity and dynamic properties on the basis of the
quantitative analysis of spin–lattice relaxation rate changes of
proton.23–25

Given that the binding mode of TBZ and calf thymus DNA
(ctDNA) had been researched by uorescence, UV absorbance
and circular dichroism (CD) spectra,26 themain aim of this work
was to further investigate the binding mechanism between TBZ
and herring sperm DNA (hsDNA) and probe into the effects on
the binding properties for different DNA models by combining
theories and experiments. The interaction characteristics of
TBZ–hsDNA would be claried from the point of the superior
groups and proton affinity abilities of TBZ. Molecular docking
and MD were conducted to estimate the binding mode, binding
region, and structural characteristics and to evaluate the
dynamics behavior and stability of TBZ–DNA complex. NMR
relaxation experiments probed into the binding mechanism
(including binding constant and affinity) from the point of
ligand molecule. The binding mode and structural feature of
TBZ to hsDNA were corroborated by spectroscopy. This study
will help us understand the physiological pharmacokinetic
behavior of TBZ at the molecular level and will provide inter-
esting insights into the interactions of food additives and DNA.
2. Materials and methods
2.1. Reagents and chemicals

Herring sperm DNA (hs-DNA) was obtained from Solarbio
(Beijing, China) and was dissolved in a phosphate buffer solu-
tion (PBS, 0.01 M). The purity of the DNA was checked by a ratio
of UV absorbance at 260 and 280 nm. The ratio was larger than
1.8, indicating that the hs-DNA was sufficiently free from any
protein contamination.27 The stock solution of the DNA was
stored in the dark at 4 �C and used within a week.

TBZ was purchased from Aladdin Chemical Reagent
(Shanghai, China). All of the other reagents were of analytical
grade and used without further purication. Ultrapure water
was used throughout the experiment.
2.2. Molecule docking and molecule dynamics simulation

FlexX docking program interfaced within LeadIT was used to
examine possible binding modes and active site of TBZ and
DNA.20 The 3D structure of TBZ was obtained from PubChem
(Pub-Chem CID: 5430), and the crystallographic structure of
DNA duplex (PBD ID: 1BNA) was downloaded from PCSB
protein data bank with the sequence of (CGCGAATTCGCG)2.
The hydrogen atoms of DNA were added using Receptor Wizard
module. The FlexX hybrid algorithmwas selected to perform the
20296 | RSC Adv., 2018, 8, 20295–20303
docking with a radius of 20 Å binding site denition. The
docking binding modes of the top ve highest scored docking
poses were evaluated, and the optimal binding poses were used
for molecular dynamics simulation.

MD simulations were conducted using YASARA v16.7.22
package with the AMBER14 force eld, to determine the optimal
binding conformation and assess the system stability.19 The
simulation was performed at a NPT ensemble with a constant
temperature at 298 K and constant pressure (1 bar) at pH 7.4.
Counter ions (Na+ or Cl�) were added by randomly replacing
water molecules to obtain a charge-neutral system. Periodic
boundary conditions were applied in the MD process. Simula-
tions were carried out aer initial energy minimization proce-
dures were conducted, by using a pre-dened macro (md_run)
within the YASARA package. According to the MD trajectories,
root mean square deviations (RMSD) were analyzed.

2.3. NMR measurements

All data were acquired using a Bruker Advance 400 MHz NMR
spectrometer, operated at 400.13 MHz at 25 �C. The spin–lattice
relaxation rates were measured using the standard inversion-
recovery (180�–s–90�–t)n sequence. The s values used for the
experiments were 0.01, 0.02, 0.04, 0.06, 0.1, 0.2, 0.4, 0.8, 1, 3, 5,
7, 20, and 25 s. The delay time t in this case was 25 s. The 180�

selective inversion of the proton spin population was obtained
through a selective so Gaussian perturbation pulse (width: 20
ms, power: 60 dB) with an excitation width of about 45 Hz. The
addition of HSA did not change the viscosity of the system, and
the observed Rse

i enhancements were mainly affected by the
ligand–protein complex formation. All NMR data processing
and analyses were performed using Topspin 2.1 soware
(Bruker BioSpin, Ltd.).

2.4. Fluorescence spectroscopy

Fluorescence intensities were recorded using a Cary Eclipse
uorophotometer (Varian, USA) equipped with 0.1 cm quartz
cells. Each solution was le to stand for 1 hour to achieve
equilibrium. The wavelength range from 310 nm to 550 nm with
excitation wavelength at 300 nm was selected. The slit widths
for both excitation and emission were set to 10.

2.5. Fluorescence lifetime measurements

The uorescence lifetimes were determined by time-correlated
single photon counting (TCSPC) using a Horiba Jobin Yvon
FluoroMax-4 spectrouorometer (HORIBA, FRA). The time-
resolved intensity decay of TBZ was measured in the absence
and presence of hs-DNA in PBS buffer (pH¼ 7.4) at an excitation
and emission wavelengths of 317 nm and 360 nm. The TBZ
concentration was xed at 2.0 � 10�5 mol L�1, and the hs-DNA
concentrations were varied from 4.0 � 10�4 mol L�1 to 1.2 �
10�3 mol L�1 at room temperature.

2.6. Circular dichroism spectra

Far UV-CD spectra were recorded using a Hitachi-F7000 uo-
rescence spectrometer with a 1.0 cm path length quartz cell at
This journal is © The Royal Society of Chemistry 2018
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298 K. The spectra were obtained at wavelength ranging from
190 nm to 320 nmwith a step size of 1.0 nm, and average time of
0.5 s. The concentration of hsDNA was xed at 4.0 �
10�4 mol L�1, whereas that of TBZ ranged from 0 M to 4.0 �
10�5 mol L�1. Each CD spectrum was recorded from the average
values of three scans.

2.7. Viscosity measurements

Viscosity was measured using the Discovery HR-2 hybrid
rheometer (TA Instruments, New Castle, DE, USA) at 298 K. The
concentration of hsDNA was xed at 4.0 � 10�5 mol L�1 and
added with different concentrations of TBZ. The viscosities of
samples were calculated by averaging three measurements. The
values of relative specic viscosity (h/h0)

1/3 were plotted against
the ratios of [TBZ]/[hsDNA] (r ¼ 0.0, 0.1, 0.2, 0.4, 0.8, 1.2), where
h0 and h are the viscosity of DNA in the absence and presence of
TBZ, respectively.

2.8. FTIR spectrum measurements

The FTIR spectrummeasurements were conducted on a Nicolet-
6700 FTIR spectrometer (Thermo, USA) with a smart OMNI-
sampler accessory. The FTIR spectra of TBZ with hs-DNA at
molar ratios of TBZ to hs-DNA of 1 : 0, 1 : 20, 1 : 40, and 1 : 80
were obtained. All the spectra were collected in the range of
Fig. 2 Middle image was the cluster analysis for conformations of the T
generated by FlexX. The two chains (A and B) and base sequence of DNA
scored docking poses generated by LigPlot, wherein the hydrophobic int
with distance.

This journal is © The Royal Society of Chemistry 2018
1800–700 cm�1 by averaging 128 scans with a resolution of
4 cm�1. All the measurements were conducted at room
temperature, and the background spectra were collected before
each measurement.

3. Results and discussion
3.1. Computer simulation analysis of the binding of TBZ and
DNA

3.1.1 Molecular docking model research. The possible
binding mode, binding region and structural characteristics of
TBZ and DNA were predicted by molecular docking. The dock-
ing clusters in Fig. 2 were clearly divided into two symmetrical
groups that were constituted by A-T and C-G base pairs. All
docking results showed that the binding mode of TBZ and DNA
was groove interaction. The top ve highest-scored docking
poses were selected to further probe into the optimal binding
pose and structural characteristics of the binding (Fig. 2). The
ve docking poses all presented that TBZ was surrounded by
both A-T and C-G base pairs, instead of being located in pure A-
T or C-G region. Moreover, hydrophobic forces and hydrogen
bonds were the main forces for the binding of TBZ and DNA,
which indicated a groove interaction rather than an intercala-
tion. The nitrogen atoms on the thiazole and imidazole ring of
TBZ formed hydrogen bonds with the amino and (or) nitrogen
BZ docking with numbered DNA [PBD ID: 1BNA, (CGCGAATTCGCG)2]
were labeled. The five surrounded images were the top five highest-

eraction was red dashed, and the hydrogen bonds were green dashed

RSC Adv., 2018, 8, 20295–20303 | 20297
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Fig. 3 Rootmean square deviations of the complex systems in the MD
simulations.
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atoms on the pyrimidine ring of adenine and guanine. This
phenomenon indicated that adenine and guanine were the
main base pairs that participated in the interaction. Given the
similar binding characteristics of the top ve binding poses, the
top one was selected for molecular dynamical simulation to
evaluate the stability of the interaction and explore the steady
binding conformation.

3.1.2 Analysis of molecular dynamics
3.1.2.1. Analysis of the systematic stabilities using RMSD. In

this study, MD simulations were performed under simulated
physiological conditions to further understand the stability and
dynamics behavior of TBZ–DNA complex in different time-
scales. Root mean square deviations, which is deviation statis-
tics on behalf of the structural changes and the atomic
uctuation from the initial position, is a parameter for assess-
ing the stability of simulation system.28 The RMSD values of a-
carbon atoms for the free DNA and TBZ–DNA complex systems
versus simulation time were showed in Fig. 3. The RMSD values
for free DNA uctuated in a balanced position throughout the
simulation and thus indicated the stable double helix structure
of DNA. Compared with that in blank control system, the RMSD
in TBZ–DNA systems displayed an apparent disturbance and
eventually reached plateau at approximately 46 ns. Thus, TBZ
could steadily bind with DNA and stayed at a stable binding
position aer a slight structural dri and low atomic
uctuations.

3.1.2.2. Dynamics behavior analysis of trajectory. According
to the uctuation of RMSD in 80 ns, the molecular dynamics
process can be divided into three stages for trajectory analysis to
evaluate the dynamics behavior of the binding (Fig. 3). The rst
stage (Stage 1) was from the initial state to 24 ns, the second
stage (Stage 2) was from 24 ns to 46 ns, and the third stage
(Stage 3) was from 46 ns to 80 ns. A representative trajectory for
each stage was selected, specically, 0 ns, 35 ns, and 80 ns
represented Stage 1, Stage 2, and Stage 3, respectively. As shown
in Fig. 4, the TBZmolecule moved from the center of the DNA to
the edge area in the MD simulation. In the initial conformation
(Stage 1, time ¼ 0 ns), the TBZ molecule bound in the border
20298 | RSC Adv., 2018, 8, 20295–20303
area of A-T and C-G base pairs of DNA, and formed two
hydrogen bonds with adenine and guanine in the distance of
2.99 and 2.95 Å, respectively. In Stage 2 (time ¼ 35 ns), the
hydrogen bond between TBZ and DNA fractured, and the TBZ
molecule dried from the initial binding position and was
maintained by hydrophobic interaction with DNA. In the nal
stable state (Stage 3, time ¼ 80 ns), TBZ steadily bound in the
terminal region enriched with A-T base pairs by forming
hydrogen bonds with cytosine and guanine in the distances of
2.71 and 3.14 Å, respectively. In conclusion, TBZ bound to the
groove position of DNA comprising A-T and C-G base pairs.
Hydrogen bonds and hydrophobic interaction were the main
forces for maintaining this combination.

The hydrogen bond numbers of TBZ–DNA system were
analyzed throughout the MD simulation and were shown in
Fig. 5. The numbers of hydrogen bond ranged from 0 to 2, and
the variation of hydrogen bonds number could be divided into
three stages similar to RMSD. In Stages 1 and 3, the numbers of
hydrogen bond ranged from 1 to 2, whereas that in Stage 2
ranged from 0 to 1. The results indicated that hydrogen bonds
played an important role in the binding and stabilities of TBZ
and DNA.
3.2. Analysis of the binding mechanism of TBZ–DNA system

3.2.1. Theory of NMR relaxation study. The proton spin
relaxation rate of the small molecules was measured using NMR
spectroscopy. The selective spin–lattice relaxation rates (Rse) are
sensitive to the affinity of ligand with and without receptors.
The binding process of the ligand–receptor can be described as
follows:

M + L ¼ ML (1)

When the ligand–receptor reach equilibration, the thermo-
dynamic equilibrium constant can be written as K ¼ [ML]/[M]
[L]. Under conditions of fast chemical exchange between free
and bound environments, the Rse can be expressed by the
following equation:24

DRse ¼ KRse
b

ð1þ K ½L�Þ ½M0� (2)

where DRse ¼ Rse
obs � Rse

f , R
se
obs is the experimentally determined

selective relaxation rate, Rse
f and Rse

b are the selective spin–lattice
relaxation rates in free and bound states, respectively. The
affinity index needs be normalized to the free ligand relaxation
rate due to the differences in the portions dynamics of the
molecule caused by the different correlation times and modu-
lation of the dipolar interactions between protons at different
positions and spin densities on the ligand proton. The
normalization of DRse ¼ Rse

obs � Rse
f to Rsef cancels the effects of

the above-mentioned factors on the interaction between ligand
and macromolecule and leads to a normalized affinity index:

DRse
N ¼ KRse

b

ð1þ K½L�ÞRse
f

½M0� (3)
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Trajectory analysis of three stages at 0, 35, and 80 ns. Left images showed the binding region and binding mode of TBZ to DNA, where
DNA was showed as molecular surface and TBZ was spherical model. Middle images were the interaction conformations of complex, in which
the hydrogen bonds were red dotted line and the base formed hydrogen bond with TBZ was labeled. Right images showed the schematic
representation of Ligplot software, wherein hydrophobic interaction was colored red and hydrogen bond colored green with distance.
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The normalized relaxation rate DRseN versus the macromole-
cule concentration [M0] is characterized by a positive linear
correlation. The slope of the straight line passing through the
origin of the axes is [AN]TL:

�
AN

�T
L
¼ KRse

b

ð1þ K½L�ÞRse
f

(4)

which is dened as the “normalized affinity index” (L mol�1).
This value remains constant at a specied temperature and
This journal is © The Royal Society of Chemistry 2018
ligand concentration. Moreover, the normalized relaxation rate
DRse

N eqn (3) can be shown as:

1

DRse
N

¼ Rse
f

KRse
b ½M0� þ

½L�Rse
f

Rse
b ½M0� (5)

Plotting 1/DRse
N to the ligand concentration [L], the binding

constant K can be calculated.
RSC Adv., 2018, 8, 20295–20303 | 20299
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Fig. 5 The number of hydrogen bonds between TBZ and DNA
throughout the MD simulations.
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3.2.2. Analysis of the affinities and binding constant. The
1HNMR spectrum of TBZ was shown in Fig. 6A. According to the
results of computer simulations, three groups of hydrogen
protons from the benzene ring and the thiazole ring (H1/H2,
H14, and H12) were selected to compare the binding abilities.
The normalized affinity indexes [ANi ]

T
L were tted in Fig. 6B to

remove the effects of different correlation times and proton
densities. The curves showed that the normalized selective
Fig. 6 (A) Proton NMR spectrum of thiabendazole in DMSO-d6 solution
H2, H14, and H12. [TBZ]¼ 2� 10�3 mol L�1, [DNA]¼ 1, 2, 5, 10, 20� 10�5

system. [DNA] ¼ 2 � 10�5 mol L�1, [TBZ] ¼ 2, 2.5, 3, 3.5, 4 � 10�3 mol L

20300 | RSC Adv., 2018, 8, 20295–20303
relaxation rate of TBZ increased with the addition of DNA. For
the H1/H2, H14, and H12, the values of [ANi ]

T
L for the TBZ–DNA

system were 1396.23 � 254.19, 33 573.03 � 4120.80, and
8498.93 � 5.52 L mol�1, respectively. The NMR results
conrmed that the thiazole ring was themain group bound with
DNA, and the affinity of benzene rings was weak due to the
absence of hydrogen protons on the imidazole ring.

In order to ascertain the binding mechanism between TBZ
and DNA, the binding constant was calculated according to eqn
(5) in Fig. 6C. The binding constant of the TBZ–DNA complex
was 462.43 L mol�1 at 298 K, which was lower than that of the
reported intercalate binding mode ranging from 105 L mol�1 to
106 L mol�1.29 The low binding affinity of the TBZ and DNA
served as an evidence for the non-intercalative binding mode.

3.2.3. Investigation of uorescence emission spectrum.
The emission spectra of TBZ at different concentrations of DNA
were shown in the inner picture of Fig. 7. The maximum uo-
rescence intensity of TBZ decreased with the increase of DNA,
indicating that the uorophore of TBZ was affected with the
added DNA. The quenching constant (Ksv) and binding constant
(K) were calculated by the linear Stern–Volmer equation30,31 at
four different temperatures (298, 303, 310, and 317 K) and were
presented in Table 1. It is well-known that the decrease of Ksv

with the increased temperatures implies that the uorescence
quenching mechanism is static quenching, whereas a reverse
trend is dynamic quenching.32,33 Thus, the interaction between
TBZ and hsDNA was static quenching.
. (B) Plots of normalized selective relaxation rate enhancements of H1/
mol L�1, pH¼ 7.4, T¼ 298 K. (C) Equilibrium constant of the TBZ–DNA
�1, pH ¼ 7.4, T ¼ 298 K.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03702g


Fig. 7 The fluorescence decay curve of TBZ in the presence and
absence of hs-DNA (lex ¼ 310 nm and lem ¼ 360 nm). The inner figure
is emission spectra of TBZ in different concentrations of DNA at 298 K.
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As shown in Table 1, the value of K was 471.53 L mol�1 at 298
K, which was similar with NMR results. The values of K
decreased with the increase of temperature, possibly indicating
that the decomposition of the TBZ–DNA complex with the
temperature increased. Moreover, the binding forces (including
hydrogen bonds, electrostatic attraction, van der Waals forces,
and hydrophobic interaction) were analyzed by the
Table 1 Quenching and thermodynamic parameters of TBZ–DNA syste

T (K) Ksv (L mol�1) Ra Ka (L mol�1) n Rb

298 275.63 0.991 471.56 1.094 0.996
303 265.23 0.975 385.75 1.063 0.999
310 258.06 0.985 267.44 1.004 0.994
317 249.94 0.994 221.65 0.966 0.995

a The correlation coefficient for the Ksv values.
b Is the standard deviation

Fig. 8 (A) CD spectra of hsDNA with the increasing concentrations of T
hsDNA at 298 K.

This journal is © The Royal Society of Chemistry 2018
thermodynamic parameters using the Van't Hoff equation.14,34

Hydrogen bonds and van der Waals forces played the main role
in the interaction because of the negative DH and DS. These
values showed that the interaction was spontaneous and
predominantly driven by enthalpy; these characteristics were
consistent with the other non-intercalative binding.35 A previous
study26 had shown that the binding was an entropy-driven
process and maintained by hydrophobic force, the different
thermodynamic behavior compared with this work might be
due to the model selection of DNA from different sources.

3.2.4. Time-resolved uorescence spectrum. Fluorescence
lifetime measurement is an important method to distinguish
between static and dynamic quenching of acceptor and ligand. In
static quenching, the decay time of the freeuorophores does not
change, whereas in dynamic quenching, the mean decay time of
the entire population in the excited state decreases.36 In Fig. 7,
the average lifetime of TBZ remained almost constant with the
addition of hsDNA. Thisnding leaded to the conclusion of static
quenching mechanism between TBZ and hsDNA, and was in
good agreement with the uorescence quenching analysis.
3.3. Investigation of the binding mode

3.3.1. Circular dichroism (CD) spectroscopy. CD is
a powerful tool to monitor the structure of DNA, which the
characteristic peak of right-handed B form DNA was a positive
peak at �276 nm (base stacking) and a negative peak at
ms at four different temperatures

DG (kJ mol�1) DH (kJ mol�1) DS [J (mol�1 K�1)] Rc

�15.220 �30.779 �52.385 0.975
�14.906
�14.540
�14.173

for the K values. c The correlation coefficient for the van't Hoff plot.

BZ. (B) Effect of increasing amounts of TBZ on the relative viscosity of

RSC Adv., 2018, 8, 20295–20303 | 20301
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Fig. 9 (A) The difference spectra of free DNA (a) and [(DNA + TBZ) � TBZ]. (B) The difference spectra of free drug (a) and [(DNA + TBZ) � DNA].
The molar ratios ([TBZ] : [hsDNA]) for (b)–(d) were 1 : 20, 1 : 40 and 1 : 80, respectively.
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�250 nm (right-handed helicity).37 The changes in the CD
spectra are related to the binding mode; that is, intercalation
affects both the positive and negative peaks, and groove inter-
action almost does not change the CD spectra of DNA. In this
work, the CD spectra of hsDNA with and without TBZ were
shown in Fig. 8A. The most probable binding mode of TBZ with
hsDNA was groove binding because the addition of TBZ had
minimal effect on the DNA structure.

3.3.2. Viscosity measurements. Viscosity measurement is
a useful and effectively method to distinguish the binding mode
of ligand–DNA interaction.38 In general, intercalative interaction
separates the local base pairs to accommodate the ligand, thus
resulting in DNA lengthening and increased viscosity; groove
binding mode does not lead to remarkable changes in DNA
viscosity.39 Fig. 8B showed the slight increase in DNA viscosity
changes with the addition of TBZ. The results indicated that TBZ
bound to hsDNA though groove rather than through intercala-
tion mode. Therefore, computer simulations and experiments
demonstrated that TBZ bound to hsDNA with groove binding
mode, which had no effect on the structure of hsDNA. The results
were consistent with the study of Jalali et al.26
3.4. Structural changes analysis of DNA

The infrared spectrum (FT-IR) is usually used to monitor the
structure changes of biomacromolecules; the spectra of DNA are
mainly conned from 1800 cm�1 to 700 cm�1 region to display
protein secondary structure.40,41 The infrared spectral features of
the free hsDNA and its complex form interacted with TBZ were
shown in Fig. 9A. The band at 1712 cm�1 was related to guanine,
which showed no change in wavenumber and intensity. The
infrared band observed at 1639 cm�1 (thymine) showed a slight
downshi. The infrared bands that appeared at 1541 (guanine
and cytosine) and 1498 cm�1 (cytosine) all decreased in terms of
intensity at all drug/DNA molar ratios. The deoxyribose sugar
vibrations caused by C–C stretching were denoted by the infrared
bands at 945 cm�1 in the spectrum of free hsDNA.42 The new
negative band at 1017 cm�1 conrmed that TBZ reacted with
hsDNA.
20302 | RSC Adv., 2018, 8, 20295–20303
The difference spectra of [(DNA + TBZ) � DNA] (Fig. 9B)
showed the remarkable negative band at 1639 cm�1 of thymine
with decreasing intensity. The infrared band at 1102 cm�1 was
primarily due to the phosphate symmetric vibrations; this band
was assigned to the vibrations of the phosphodiester bonds
(857 cm�1).43 The new band at 1410 cm�1 appeared when TBZ
was added, which indicated that TBZ bound to hsDNA.

The structure of B-form is the closest with DNA in cell. FT-IR
can be used to distinguish the DNA structure between B-form
and A-form.44 The bands at 1461 and 1220 cm�1 were stable,
revealing that the DNA conformation tend to be in B-form. In
Fig. 9A, the positive band at 893 cm�1 appeared, indicating the
partial perturbation of DNA conformation. Moreover, the
appearance and disappearance of the band at 861 cm�1 with the
addition of TBZ conrmed that the A-form DNA was unstable.
Thus, the interaction of the food additive TBZ with hsDNA did
not result in transitions in the DNA double helix conformation.
hsDNA was in the B-form with the perturbation of B-form
transformed into A-form, which meant that the DNA helix
became short and compact.
4. Conclusions

In this study, the binding mechanism and conformation
stability of TBZ to hsDNA were characterized by computer
simulations and spectroscopic methods. Computer simulations
showed that TBZ could combine with the groove region of DNA
through hydrogen bonds and hydrophobic interactions. The
thiazole and imidazole rings of TBZ, particularly nitrogen
atoms, were the main groups that maintain the stability of the
binding with DNA. According to RMSD results, MD simulations
were divided into three stages. This nding indicated that TBZ
moved from the middle to the terminal region of DNA to form
a stable conformation. The mechanism of TBZ binding to DNA
was static quenching with weak binding. The binding of TBZ
induced the slight conformation changes in DNA. Through
comparison of the present results with previous studies, the
selection of DNA was important for the study of ligand–receptor
This journal is © The Royal Society of Chemistry 2018
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interaction because of different binding mechanisms. This
research provided an in-depth study of the binding mechanism,
facilitated the application and development of computer
simulations on the interactions of small molecules and bio-
macromolecules, and provided information on the selection
of DNA model from different sources in interaction studies.
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