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Abstract

In this work, five new Schiff base ligands were synthesized and characterized by *H NMR, *C
NMR, FT-IR, UV-Vis and elemental analysis (CHN). L*, L? and L3, were derived

from condensation of 2-Hydroxy-5-bromobenzaldehyde with 4-aminobenzoic acid, 3-
aminobenzoic acid and 3-amino-4-methylbenzoic acid with 1:1 M ratio, respectively. While,

L* and L° were prepared from condensation of 4-aminobenzoate with 3-ethoxy-2-
hydroxybenzaldehyde and 3-methoxy-2-hydroxybenzaldehyd with 1:1 M ratio, respectively.
Furthermore, the crystal structure of L* and L° were determined by single crystal X-ray analysis.
The interaction of Schiff base ligands with fish sperm DNA (FS-DNA) was investigated under
physiological conditions using fluorescence quenching, UV—Vis spectroscopy, molecular
docking and molecular dynamics (MD) simulation methods. The estimated binding

constants (kp) for the DNA-Ligands complexes were 8.9 x 10°M™!, 6.8 x 10*M ™!, 1.2 x 10° M,
23x10°M7", 1.7 x 10°M ! for LY, L2, L3, L*and L5, respectively. Based on similarity of the
ligands structures and their Ky values, their affinity for binding to FS-DNA follow as:
L3>LY>L2?and L*> L5, The results revealed that ligands with stronger electron donating
substituents, have higher DNA-binding ability than the others. Also, molecular docking results
show that all of the synthesized ligands are minor groove binders and H-bond interactions have
dominant role in the stability of ligand-DNA complexes.

Keywords
Schiff base ligands

Crystal structure
DNA binding
Molecular docking

Molecular dynamics simulation


https://www.sciencedirect.com/author/6701554866/valiollah-mirkhani
https://www.sciencedirect.com/topics/chemistry/schiff-base
https://www.sciencedirect.com/topics/chemistry/elemental-analysis
https://www.sciencedirect.com/topics/chemistry/condensation
https://www.sciencedirect.com/topics/physics-and-astronomy/single-crystals
https://www.sciencedirect.com/topics/chemistry/deoxyribonucleic-acid
https://www.sciencedirect.com/topics/chemistry/fluorescence-quenching
https://www.sciencedirect.com/topics/physics-and-astronomy/molecular-docking
https://www.sciencedirect.com/topics/physics-and-astronomy/molecular-docking
https://www.sciencedirect.com/topics/chemistry/kd
https://www.sciencedirect.com/topics/chemistry/kd

1. Introduction

Cancer is a large family of diseases that involves abnormal cell growth with potential to invade
or spread to the other parts of the body. Nowadays, these sorts of diseases are known as the main
cause of worldwide death. However, it can be treated by disordering the DNA of cancer cells.
Schiff base ligands are significant compounds which biochemists are focusing on their design
and synthesis as anticancer and play an impressive role in human welfare. These compounds are
the urgent ligands in modern coordination and medicinal chemistry

[[1], 2], [3], [41. [5], [6], [7]]- Schiff bases are derived by substitution aldehyde/ketone with

a primary amine. The azomethine ( HC N ) linkage present in Schiff base ligands
demonstrate a wide range of medicinal activities such as antibacterial [8, 9], antifungal [10],
herbicidal, anti-inflammatory [7], anticancer, anti-diabetic [11] and antitumor [12] activities.
The interaction between Schiff base ligands and DNA is one the most essential step to design
and synthesis of new pharmaceutical molecules, due to the importance of DNA as the main
target for anticancer drugs [13, 14]. There are three possible ways for interaction of the drugs and
DNA: (i) electrostatic binding between cation species and negative charged DNA phosphate
residues (ii) interaction with grooves of DNA by hydrogen bond or van der Waals interactions,
and (iii) intercalative binding [[15], [16], [17]].

Recently, we have focused on designing and synthesis of novel Schiff base ligands, and
investigation of their assembly with metals as well as their biological activities [[18], [19], [20]].
Herein, five new Schiff base ligands were synthesized and characterized by various
spectroscopic techniques such as FT-IR, *H NMR, *C NMR and elemental analysis (CHNS).
Also, the molecular structures of two ligands were determined by single crystal X-ray diffraction
technique. Furthermore, DNA binding of the synthesized Schiff base ligands was investigated
using fluorescence quenching, UV-Vis spectroscopy, circular dichroism (CD), cyclic
voltammetry, molecular docking and molecular dynamics simulation methods. The effect of
substituents on the Schiff base ligands on their DNA-binding ability was also investigated.

2. Experimental

2.1. Chemicals and instrumentation

Fish sperm DNA (FS-DNA), tris(hydroxymethyl)aminomethane (Tris), ethidium bromide (3,8-
diamino-5-ethyl-6-phenylphenanthridinium bromide, EB), 4-aminobenzoic acid, 3-aminobenzoic
acid, 3-amino-4-methylbenzoic acid and 3-ethoxy-2-hydroxybenzaldehyde were purchased from
Sigma-Aldrich. 2-Hydroxy-5-bromobensaldehyde, 3-methoxy-2-hydroxybenzaldehyde, Sodium
bicarbonate, sulfuric acid, methanol, ethanol and DMF were obtained from Merck Co. and used
without further purification. All of the solutions were used freshly after preparation. The FT-IR
spectra were recorded on a JASCO, FT/IR-6300 spectrometer (4000400 cm™!) as KBr pellets.
The H and *C NMR spectra were recorded on a Bruker Avance 111 400 spectrometer using
CDClI3 and DMSO-ds as solvents for Schiff base ligands. The elemental analysis was performed
on Leco, CHNS-932 and Perkin-Elmer 7300 DV elemental analyzers. The UV-Vis spectra were
recorded on a JASCO V-670 spectrophotometer. Fluorescence measurements were carried out on
Shimadzu RF-5000 spectrofluorometer at room temperature. The cyclic voltammetry
measurements (CV) were performed using an Autolab (PGSTAT 30), with a three-electrode
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system: a 0.10-cm-diameter Glassy carbon (GC) disc as working electrode, a calomel electrode
as reference electrode, and a Pt wire as counter electrode.

The circular dichroism (CD) spectra were recorded using Aviv spectropolarimeter model 215
(ProterionCorp., USA) at 25 °C. The scan speed was 20 nm min*. The circular dichroism (CD)
spectra were recorded using 0.1 cm quartz cell in far- and near-UV region (215-310) for DNA to
clarify the its structural changes during the interaction with the ligand. The CD spectra of DNA
solutions were recorded before and after addition of the ligand with the most binding

affinity with molar ratio of 1:1.

2.2. Preparation of ligands

2.2.1. Synthesis of L'

2-Hydroxy-5-bromobenzaldehyde (4.02 g, 20 mmol) was added to an ethanolic solution (50 mL)
of 4-aminobenzoic acid (2.75 g, 20 mmol) and the mixture was refluxed for 1 h. The yellow
precipitates of L were collected by filtration, washed with ethanol and then dried under vacuum
at room temperature. Yield 5.31 g (83%). Anal. Calc. for C14aH10BrNOs: C, 52.53; H, 3.15; N,
4.38. Found: C, 52.51; H, 3.17; N, 4.40%. IR (KBr, cm™!): vasym (COO") 1680, vsym (COO")

1428,v(C  N)1595,v(C  N)1279.
IHNMR (DMSO-d6, 400 MHz, 298 K) 8/ppm: 12.97 (br, 1H, OH); 12.63 (s, 1H, OH), 8.96 (s,

1H, N CH); 8.02 (d, 3J=8.8 Hz, 2H), 7.92 (d, *J=2.4 Hz, 1H), 7.59

(dd, 3J=8.8 Hz, *J=2.4 Hz, 1H), 7.48 (d, 3J=8.8 Hz, 2H), 6.98 (d, 3] =8.8 Hz, 1H)-*CNMR
(DMSO-d6, 100 MHz, 298 K) é/ppm: 166.79,162.95, 159.23, 138.44, 135.96, 133.77, 131.17,
130.71, 130.42, 128.96, 121.52, 119.12, 112.49, 110.08.

2.2.2. Synthesis of L?

2-Hydroxy-5-bromobenzaldehyde (4.02 g, 20 mmol) was added to an ethanolic solution (50 mL)
of 3-aminobenzoic acid (2.75 g, 20 mmol) and the mixture was refluxed for 1 h. The yellow
precipitates of L? were collected by filtration, washed with ethanol and then dried in vacuum at
room temperature. Yield 5.12 g (80%). Anal. Calc. for C14H10BrNOs: C, 52.53; H, 3.15; N,
4.38.Found: C, 52.50; H, 3.18; N, 4.35%. IR (KBr, cm!): vagym (COO") 1677, vsym (COO") 1421,

v(C  N)1619,v(C  N)1274.
IHNMR (DMSO-d6, 400 MHz, 298 K) 8/ppm: 13.19 (br, 1H, OH); 12.80 (s, 1H, OH), 9.01 (s,

1H,N  CH); 7.93 (d, *J=2.4 Hz, 2H), 7.89 (dt, 3J=7.6 Hz, “J= 1.2 Hz, 1H), 7.65

(dt, 3J=7.6Hz, *J=1.2Hz, 1H), 7.61 (d, 3J=8.0 Hz, 1H), 7.58 (dd, 3J=8.8 Hz, *J=2.4 Hz,
1H), 6.97 (d, 3J=8.8 Hz, 1H). 3 CNMR (DMSO0-d6, 100 MHz, 298 K) é/ppm: 166.84, 162.69,
159.23, 148.29, 135.70, 133.98, 132.12, 129.79, 127.78, 126.17, 121.65, 121.21, 119.04, 109.98.
2.2.3. Synthesis of L’

2-Hydroxy-5-bromobenzaldehyde (4.02 g, 20 mmol) was added to an ethanolic solution (50 mL)
of 3-amino-4-methylbenzoic acid (3.02 g, 20 mmol) and the mixture was refluxed for 1 h. The
yellow precipitates of L® were collected by filtration, washed with ethanol and then dried in
vacuum at room temperature. Yield 5.68 g (85%). Anal. Calc. for C1sH12BrNOs: C, 53.91; H,
3.62; N, 4.19. Found: C, 53.95; H, 3.65; N, 4.20%. IR (KBr, cm™!): vasym (COO") 1683,

vsym (COO7) 1422,v(C  N) 1611, v(C  N)1279.
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'HNMR (DMSO-d6, 400 MHz, 298 K) d/ppm: 13.06 (s, 2H, OH), 8.96 (s, 1H, N CH); 7.97
(d,2J=2.4Hz, 1H), 7.85 (d, *J=1.6 Hz, 1H), 7.80 (dd, 3J=7.6 Hz, *J=1.6 Hz, 1H), 7.58

(dd, 3J=8.8 Hz, *J=2.4 Hz, 1H), 7.45 (d, 3J=7.6 Hz, 1H), 6.97 (d, 3] =8.8 Hz, 1H), 2.50 (s,
3H). *CNMR (DMSO-d6, 100 MHz, 298 K) é/ppm: 166.94, 162.32, 159.38, 147.00, 137.23,
135.69, 134.14, 130.82, 129.88, 127.66, 121.28, 119.01, 118.71, 109.93, 17.92.

For synthesis of L* and L°ligands, 4-aminobenzoic acid was converted to 4-aminobenzoate
according to the following procedure:

4-Aminobenzoic acid (2.75 g, 20 mmol) was dissolved in MeOH (100 mL) and refluxed in the
presence of 3 mL concentrated sulfuric acid for 4 h. After the reaction was completed, the
solution was concentrated to approximately 10 mL and neutralized by adding NaHCO3 aqueous
solution (10%). The crude crystal was filtered and recrystallized from MeOH/H>0O (1/1) to obtain
the methyl 4-aminobenzoate (yield 63%) [21].

2.2.4. Synthesis of L*

3-Ethoxy-2-hydroxybenzaldehyde (3.32 g, 20 mmol) was added to an ethanolic solution (50 mL)
of 4-aminobenzoate (3.02 g, 20 mmol) and the mixture was refluxed for 1 h. The resultant red
solution was filtered. Red single crystals of the title compound were re-crystallized from
methanol by slow evaporation of the solvents at room temperature over several days. Yield
4.96 g (83%). Anal. Calc. for C17H17NO4: C, 68.22; H, 5.72; N, 4.68. Found: C, 68.19.51; H,

5.74; N, 4.66%. IR (KB, cm™): vagm (COO") 1706, veym (COO7) 1455, v (C  N) 1591, v (C
N) 1278.

'HNMR (CDCl3, 400 MHz, 298 K) 8/ppm: 13.39 (s, 1H, OH), 8.67 (s, 1H, N CH); 8.12

(d, 3J=8.4Hz, 2H), 7.33 (d, 3J = 8.4 Hz, 2H), 7.06 (dd, 3J=7.6 Hz, 2= 1.2Hz, 2 H), 6.91
(d,3J=8.0Hz, 1H), 4.17 (q, 3J=7.2Hz, 2 H, -CH2-CHj3); 3.95 (s, 3H, -OCH3); 1.53

(t, 3J=7.2 Hz, 3H, CH3-CH>-)."*CNMR (DMSO0-d6, 100 MHz, 298 K) §/ppm: 166.57, 164.22,
152.21, 151.46, 148.49, 131.60, 131.06, 128.40, 124.05, 121.200, 118.86, 118.84, 115.20,
113.78, 56.20, 52.23.

2.2.5. Synthesis of L’

3-Methoxy-2-hydroxybenzaldehyde (3.04 g, 20 mmol) was added to an ethanolic solution

(50 mL) of 4-aminobenzoate (3.02 g, 20 mmol) and the mixture was refluxed for 1 h. The
resultant red solution was filtered. Red single crystals of the title compound were re-crystallized
from methanol by slow evaporation of the solvents at room temperature over several days. Yield
4.62 g (81%). Anal. Calc. for C16H1sNO4: C, 67.36; H, 5.30; N, 4.91. Found: C, 67.39; H, 5.35;

N, 4.90%. IR (KBr, cm™): vagm (COO") 1721, veym (COO™) 1467,v(C ~ N) 1591, v(C  N)
1261.

'HNMR (CDCls, 400 MHz, 298 K) ¢/ppm: 13.31 (s, 1H, OH), 8.65 (s, 1H,N  CH), 8.11
(d, 3J=8.4 Hz, 2H), 7.32 (d, 3J=8.4 Hz, 2H), 7.05 (dd, 3J=8.0 Hz, J = 1.2Hz, 2 H), 6.92

(d,3J=8.0Hz, 1H),3.95 (s, 3H,  OCHs),3.94(s,3H,  OCH3)-13CNMR (DMSO-d6,
100 MHz, 298 K) o/ppm: 166.54, 164.15, 152.09, 151.71, 147.74, 131.05,128.36, 124.09,
121.15, 118.95, 118.79, 116.65, 64.61, 52.21, 14.89.
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2.3. Single crystal diffraction studies

X-ray data for L* and L® were collected on a STOE IPDS-11 diffractometer with graphite
monochromated Mo Ka radiation. The suitable crystals were chosen using a polarizing
microscope and were mounted on a glass fiber which were used for data collection. Data were
collected at 298(2) K in a series ® scans in 1° oscillations and integrated using the StoeX-AREA
[22] software package. A numerical absorption correction was applied using the X-RED [23] and
X-SHAPE [24] software for the ligands. The data were corrected for Lorentz and Polarizing
effects. The structures were solved by direct methods using SIR2004. The non-hydrogen atoms
were refined anisotropically by the full-matrix least-squares method on F? using SHELXL [25].
All hydrogen atoms were added at ideal positions and constrained to ride on their parent atoms.
Crystallographic data are listed in Table 1. Selected bond distances and angles are summarized in
Table S1.

Table 1. Crystal data and refinement parameters for L4, L°.

C17H17NO4(L?)

Empirical formula C16H1sNO4 (L)
Formula weight 299.33 285.29

Crystal system, space group  Monoclinic, P 21/c Orthorhombic, P 21 21 21

a[A] 6.9376 (14) 4.7539 (10)
b [A] 12.927 (3) 12.482 (3)
c[A] 16.983 (3) 23.662 (5)
a 90 90
p 90.47 (3) 90
y 90 90
VA3 1523.0 (5) 1404.0 (5)
VA 4 4
Calculated density [Mg/m3] 1.305 1.350
Absorption coefficient [ mm™']  0.093 0.098
F(000) 632 600
Index ranges —-8<h<8 -5<h<5


https://www.sciencedirect.com/topics/physics-and-astronomy/diffractometers
https://www.sciencedirect.com/topics/chemistry/acid-dissociation-constant
https://www.sciencedirect.com/topics/physics-and-astronomy/radiation
https://www.sciencedirect.com/topics/chemistry/glass-fiber
https://www.sciencedirect.com/science/article/pii/S0167732217349589#bb0110
https://www.sciencedirect.com/science/article/pii/S0167732217349589#bb0115
https://www.sciencedirect.com/science/article/pii/S0167732217349589#bb0120
https://www.sciencedirect.com/science/article/pii/S0167732217349589#bb0125
https://www.sciencedirect.com/topics/chemistry/hydrogen-atom
https://www.sciencedirect.com/science/article/pii/S0167732217349589#t0005
https://www.sciencedirect.com/topics/chemistry/crystal-phase-property

Empirical formula C17H17NO4(L%) Ci16H1sNO4 (L)

—-15<k<15 —-14<k<13
—20<1<20 —28<1<28
Theta range for data collection 2.870 to 24.999 3.055 to 24.999
Reflections collected 9354 9007
Independent reflections [R(int) =0.2958]2687 2471 [R(int) =0.0697]
Data completeness 99.9% 99.7%
Refinement method Full-matrix least-squares on F>  Full-matrix least-squares on F?
Data/restraints/parameters  2687/0/202 2471/0/194
Goodness-of-fit onF? 0.801 0.887
Final R indices [7>2c (D] 5\;11:2(2 105.;‘3?31 5\;1{:2(:%3.3346
Rindices alldate) i o S, WRo— 00785
Largest diff. peak and hole  0.390 and —0.631 e.A? 0.121 and —0.164 e.A3

2.4. DNA binding studies

2.4.1. Preparation of the ligands and DNA stock solutions

The stock solution of FS-DNA was prepared in 50 mM Tris buffer at pH = 7.5 and was stored at
4 °C. The FS-DNA concentration per nucleotide was determined using absorption intensity at
260 nm after adequate dilution with the buffer and using the reported molar absorptivity of
6600 M~'.cm™ [26]. Purity of FS-DNA solution was confirmed by ratio of UV absorbance at
260 and 280 nm (A2s0/A280 = 1.9), indicating that FS-DNA is free from protein impurity [27].
Also, the stock solutions of the ligands were prepared in dimethylformamide (DMF) and then
was diluted to the desired concentrations with corresponding buffer. The volume of DMF in all
final solutions were <0.5% (v/v), so the effect of DMF was negligible.
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2.4.2. Fluorescence spectroscopy measurements

Fluorescence spectroscopy is a sensitive and effective method to study binding of drugs to
biomacromolecules. Fluorescence quenching experiment can helps us to obtain the binding
mode, binding constants, number of binding sites and intermolecular distances [28]. The
interactions of DNA with the synthesized Schiff base ligands were investigated using
fluorescence quenching experiment. Quartz cuvette with 1 cm optical path length was used and
the excitation and emission slits were set at 5 and 10 nm, respectively. To investigate the binding
of the ligands with DNA, the FS-DNA solution was stirred with ethidium bromide (EB) with
molar ratio of DNA:EB 10:1 for 1 h at 4 °C. Significant increase of fluorescence intensity of EB
is observed at the presence of FS-DNA due to intercalation of the EB molecules into the double
helix of DNA [[29], [30], [31], [32]]. Then, various amounts of the ligands (0-250 uM) were
added to this mixture. The fluorescence spectra were recorded in the range of 500—700 nm with
excitation wavelength of 520 nm. The mixture was allowed to incubate for 2 min after addition
of the ligands.

Moreover, in all of the DNA binding experiments, the measured fluorescence intensities were
corrected for the dilution and the inner filter effect.

2.4.3. UV-Vis absorption spectroscopy measurements

Electronic absorption spectroscopy is one of the used methods for studying the binding affinity.
To confirm the binding of the ligands to DNA, absorption titration experiments were carried out
at room temperature. The UV-Vis absorption spectra of the ligands solutions (10 uM) in the
absence and presence of various amounts of FS-DNA (0-50 uM) were recorded. In all of the
measurements, the mixture was allowed to incubate for 2 min before recording the related
spectra. Absorption curves of ligands—DNA mixtures were corrected for both absorption of DNA
solutions and the dilution effect.

2.4.4. Molecular docking procedure

Studying the interaction between drug molecules and biomacromolecules, is one of the
interesting topics in biochemistry [33]. Molecular docking is one of the known theoretical
techniques for prediction of interaction between drugs and biomacromolecules. To dock our
ligands to DNA, The 3D structures of the L* and L° ligands was generated using the .cif file of
their X-ray crystal structures. The .cif files were converted to the .pdb format using the Mercury
software (http://www.ccdc.cam.ac.uk/). The geometry of the LY, L2, L3 ligands were optimized
using Gaussian 03 [34] at the level of B3LYP/6-31G** [35, 36]. The crystal structure of DNA
(PDB ID: 423D) with sequence d(ACCGACGTCGGT). were taken from the Brookhaven
Protein Data Bank (http://www.rcsb.org/pdb). The resolution of this file was 1.6 A. Water
molecules were deleted from the .pdb files and missing hydrogen atoms were added. Flexible-
ligand docking was carried out by AutoDock 4.2.5.1 molecular docking program using the
implemented empirical free energy function and the Lamarckian Genetic Algorithm (LGA) [37].
The Gasteiger charges were added to the macromolecule input file and the AutoGrid was used to
calculate grids. For docking of the synthesized ligands to DNA, in first step a blind docking with
126 lattice points along X, Y, and Z axes was performed to find the binding site of complexes on
DNA with a grid point spacing of 0.375 A. In the next step, the centre of the grid box was
located at the binding site and the second docking was performed using a cubic box with
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60 x 60 x 60 dimensions. 250 docking runs with 25,000,000 energy evaluations for each run
were performed.

2.4.5. Molecular dynamics (MD) simulation

MD simulation method was used to compare the structural changes of DNA in the absence and
presence of the ligands. The Schiff base-DNA complexes with the most negative free binding
energy were considered as the initial conformations for the MD studies. GROMACS 5.1.2
package [38] and Amber99 force field [39, 40] were used to carry out all MD studies. The partial
atomic charges of the ligands were calculated using Gaussian 03 [41] at the level of B3LYP [42],
while the other intramolecular force-field parameters were generated with ACPYPE [43]. Free
DNA and Schiff base-DNA complexes were located in the cubic box with the periodic boundary
conditions in the three directions. The solutes were placed in the centre of box and the minimum
distance between solute surface and the box was 1.0 nm. The box was filled with TIP3P water
molecules [44, 45], and the solvated systems were neutralized by adding appropriate amounts

of sodium ions (Na*) and chloride ions (CI). After energy minimization using the steepest
descent method, the systems were equilibrated for 200 ps at the temperature of 300 K. Finally, a
10 ns MD simulation was carried out at 1 bar and 300 K. Parrinello-Rahman barostate [46, 47] at
1 bar, Berendsen thermostat [48] at 300 K. 9 A cut off for Van der Walls (VdW) and Coulomb
interactions and the particle mesh Ewald (PME) method [49, 50] for long range electrostatics
were used. The leap-frog algorithm with the 2 fs time step was used to integrate the equation of
motions. Finally, an all-bond constrain was used to keep the ligands from drifting and the atomic
coordinates were recorded to the trajectory file every 0.5 ps for later analysis.

3. Result and discussion

o-Hydroxy Schiff-bases ligands are an important class of compounds from crystallography and
biological activity points of view mostly because of their intramolecular hydrogen bonds. The o-
Hydroxy ligands synthesized in this work are stable in air for an extended period of time and are
soluble in the most common solvents such as methanol, ethanol, DMF, chloroform and

DMSO. Scheme 1, Scheme 2 present the synthetic procedure of these ligands. The ligands were
characterized by FT-IR, *H and 3C NMR spectroscopies. Moreover, the structures of L* and

L> were determined by single crystal X-ray analysis. Analytical and physical data of Schiff base
ligands are listed in Table 3.
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Scheme 1. Synthetlc routes for the preparation of the Ilgands L1, L2 and L3,

Scheme 2. Synthetic routes for the preparation of the ligands L* and L°.

3.1. IR spectra

The most characteristic feature in the IR spectra of the Schiff base ligands comes from the C
N stretching vibrations. In the FT-IR spectra of these ligands, the stretching vibration

of imine group (C ~ N) appeared at 1595, 1619, 1611, 1591 and 1591 cm™! for L?, L2, L3,
L* and L° ligands, respectively that confirmed the synthesis of Schiff bases. The strong band

related to the C O stretching were observed at the region of 1279, 1274, 1279, 1278 and
1261 em™! for L, L2, L3, L* and L°ligands, respectively. In the same way, the bands at 1680,
1677, 1683, 1706, 1721 cm™!, attributed to COO~ (asymmetric) and the bands at 1428, 1421,
1422, 1455 and 1467 cm'assigned to the COO~ (symmetric) stretching vibrations for L, L2, L3,
L* and L° ligands, respectively confirmed the successful synthesis of these ligands. The presence
of several medium intensity bands at 2800-3100 cm™! in FT-IR spectra of ligands suggests the

existence of C H stretching vibrations of aliphatic and aromatic protons. In Table
4 characteristic IR stretching bands of Schiff base ligands are listed.
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3.2. NMR spectra

The *H and *C NMR spectra were run in DMSO-d6 (for LY, L?, L®) and CDCls (for L* and L°)
and gave the expected simple spectra, indicating the integrity of the Schiff base ligands. The
spectra obtained after 12, 24 and 120 h were similar to the initial spectra indicating that the
Schiff base ligands are stable in solution.

The *H NMR spectrum of the L! in DMSO-ds showed the aromatic protons as a multiplet in the
range of 6.97 — 8.03 ppm. The OH protons of the phenolic and carboxylic acid groups are
appeared at 12.63 ppm and 12.97 ppm, respectively. The imine proton was appeared as a sharp
singlet at 8.96 ppm (Fig. S1 (a)).

The *H NMR spectrum of L? in DMSO-ds showed the singlet peak of the imine proton at

9.01 ppm. The signal observed at 12.80 ppm is assigned to OH proton of the phenolic group and
OH proton of the COOH group was appeared at 13.19 ppm. The aromatic protons were observed
as a multiplet at region 6.96—7.93 ppm (Fig. S2 (a)).

In the *H NMR spectrum (Fig. S3 (a)) of the L3, the aliphatic protons of the ligand are in 2.50—
2.51 ppm. The aromatic protons were appeared as a multiplet in the range of 6.96—7.97 ppm and
the OH protons of the phenolic and COOH groups are in the range of 13.06 ppm. The imine
proton was appeared as a sharp singlet at 8.96 ppm.

The *H NMR spectra (Figs. S4 and S5 (a)) of L* and L° in CDClIs showed signal of the imine

protons (CH N) were appeared at 8.67 and8.65 ppm, respectively. In these ligands, the
signals observed at 13.39 and 13.31 ppm are assigned to OH proton of the phenolic groups of
L* and L>, respectively. The aromatic protons were observed as multiplets at 6.88—8.13 and
6.90-8.12 ppm while the aliphatic protons of the L* and L° ligands are in the range of 1.51-4.20
and 3.94-3.95 ppm, respectively.

The!3C NMR spectra of the ligands are consistent with the number of carbons in their structures
(Figs. S1-S5. (b)). The peaks observed at 166.79, 166.84, 166.94, 166.57 and 166.54 ppm are
ascribed to the imine carbon atoms of L, L?, L3, L*and L5, respectively. The existence of these
peaks in the spectra of ligands supports the presence of the Schiff base in them.

3.3. Description of the crystal structure of L4, L3

The formation of L* and L° ligands was confirmed by single crystal X-ray diffraction analysis.
Crystallographic data are collected in Table 1. Also, the selected bond lengths and angles are
listed in Table S1. The L* and L° ligands crystallize in space groups P21/c and P212121,
respectively and their representative ORTEP view with the atom-numbering scheme are
presented in (Fig. 1) As seen in these figures, L* and L° have adopted E-configuration about the

C(9) N(1) double bond with a C6-N1-C9-C10 torsion angle of 178.88° and 178.91°,
respectively.
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Fig. 1. a) ORTEP representation of L*. Displacement ellipsoids are drawn at the 30% probability
level and H atoms are shown as small spheres of arbitrary radii. Intramolecular H-bond is
illustrated by dashed line. b) ORTEP representation of L°. Displacement ellipsoids are drawn at
the 30% probability level and H atoms are shown as small spheres of arbitrary radii.
Intramolecular H-bond is illustrated by dashed line.

The C N double bond is the most important indicators for Schiff base compounds. These
bounds are 1.281(1) and 1.283(3) A for L* and L5, respectively. These values are in the expected
range of Schiff base compounds [51].

There are two possible tautomeric forms for o-Hydroxy Schiff base ligands, the phenol-imine

(OH) and the ketoamine (NH) forms. The C9 N1 and C15 03 bond distances of L* and
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L can be indicators of these tautomeric types. In ketoamine tautomer, C15 O3 bondis a

double bond and C9 N1 is a single bond. While C15 O3 and C9 N1 bonds in
phenol-imine tautomer are single bond and double bond, respectively [52]. Observation of

Single bound for C15 O3 (1.346(7) and 1.348(3) A for L* and L5, respectively) and double

bond for C9 N1 (1.281(9) and 1.283(3) A for L* and L5, respectively) confirmed that both
ligands (L* and L®) are in phenol-imine form.

In both ligands N(1)---H(3) O(3) intramolecular hydrogen bond between N atom and the OH
group generates a S(6) motif that helps to stabilize the planarity of the molecule [51,52]. The

intramolecular H-bond distances and angle are also in the expected range (O H: 0.821 A,
H---N: 1.935 A, N---0: 2.582 A and N H 0: 136.30° for L*and O H: 0.897 A,

H---N:1.760 A, N---0: 2.585Aand N H  0:151.69° for L°) [48, 49]. The non-classical
intermolecular H-bonds also are formed in both L* and L® ligands. There is a bifurcated (or three

centered) hydrogen bond in each ligands (O1---H7 C7 and O1:--H9 C9inL*and
O1:--H16A C16 and O1---H16C C16 in L®). In addition, O3 and O2 form intermolecular
H-bonds in L* and L°, respectively (O3---H13 C13,03--*H1A  Cland 02---H1B
ClinL*and 03---H5  C5and 02---H1A  Clin L®) (Table 2). According to the hydrogen-
bonding classification [53] these intramolecular and intermolecular hydrogen bonding are

moderate and weak interactions, respectively.
Table 2. Intra- and intermolecular hydrogen bond geometries (A,°) for L*and LS.

D—H---A D—H H---A D---A D—H---A  Empty Cell
L4
O3)—H(3):*N(1) 0.82 1.93 2.58 136 Moderate
C(13)—H(13)---:0(3) 0.93 2.68 3.42 137 Weak
C(7)—H(7)---0(1) 0.93 2.61 3.29 130 Weak
C(@9)—H(9)---0(1) 0.93 2.51 3.41 163 Weak

C(1)—H(1A)---0(3) 0.96 2.59 3.40 141 Weak
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D—H-A D—H H-A D-A D—H-A EmptyCell

LS

O@3)—H(@3)---N(1) 0.89 1.76 2.58 151 Moderate
C(1)—H1A)---0(2) 0.96 2.54 3.49 171 Weak
C(16)—H(16A)---O(1) 0.96 243 3.33 155 Weak
C(16)—H(16C)---O(1) 0.96 2.71 3.30 120 Weak

Table 3. Analytical and physical data of Schiff base ligands.

Compound Empirical formula Molecular weight Color Yield (%)
L! C14H10BrNO3 320.14 Yellow powder 83
L? Ci14H10BrNOs 320.14 Yellow powder 80
L3 Ci5sH12BrNOs 334.17 Yellow powder 85
L* Ci17H17NO4 299.33 Red crystal 83
L3 Ci6H15NO4 285.29 Red crystal 81

Table 4. Characteristic IR stretching bands of Schiff base ligands in cm™.

Compound v cN v as(coo—(carboxylate) v sccoo—(carboxylate)
vC N (azomethine)
L! 1279 1595 1680 1428
L? 1274 1619 1677 1421
L} 1279 1611 1683 1422
L* 1278 1591 1706 1455
L3 1261 1591 1721 1467

Table 5. The values of K, n, Ksy and kq for binding of the ligands to FS-DNA.



Type of ligand Ky M) N Kw (M) kq M-S

L! 8.9 x 10* 0.45 4.1x10° 4.1 x 10"
L2 6.8 x 10* 0.42 3.2x 103 3.2x 10"
L3 1.2 %103 0.28 5.6x10° 5.6 x 10"
L4 2.3x10° 0.24 3.1x 103 3.1x 10"
LS 1.7%x10° 0.34 53x10° 53 x 10"

Table 6. Binding energies and binding modes of the ligands during their interaction with DNA.
(H-bond interactions are shown by green spheres).

Ligand  Binding Kv/M™! Type of  Nucleotides in the Binding mode
Energy interaction binding site
(kcal-mol™)

DT8, DC9, DGI10,
DGI11, DGI16,
DA17, DCI18,
DG19

L'  -698 1.32x 10° H-bond

DC9,
L2 -6.94 1.23 x10° H-bond DG10,DGL16,
DA17,DC18

DTS, DC9, DG10,
L3 -7.13 1.70 x 10° H-bond DGIl1, DA17,
DC18, DG19

DTS, DCY, DG10,
LY 734 2.42 x10° H-bond DGI1, DA17,
DC18, DG19




Ligand Binding Kvy/M™! Type of  Nucleotides in the Binding mode
Energy interaction binding site
(kcal-mol™)

DG7, DTS, DC9,
DGI10, DG11,
DA17, DCI8,
DG19

L’ -7.25 2.08 x 10° H-bond

Table 7. Mean RMSD values for free and conjugated DNA during 8 ns of MD simulation.

System RMSD/nm
Free DNA 0.2279+0.04

DNA-L! 0.2243 +£0.04

DNA-L? 0.2397+0.06

DNA-L3? 0.2472+0.04

DNA-L* 0.3399+0.06

DNA-L3 0.1685+0.05

3.4. Interaction with DNA

3.4.1. Absorption spectroscopic studies

The UV-Vis absorption spectroscopy is also a useful technique which has been frequently used
to examine binding process. The photometric titration was carried out by adding various amount
of FS-DNA to the ligands solutions in mole ratio range of [DNA]/[ligand] = 0—4.5 (Fig. S6).
Generally, hyperchromic or hypochromic effect and red or blue shift are observed in the UV-Vis
spectrum of a drug upon its DNA-binding [18]. Through addition of various amount of the FS-
DNA, a hypochromic effect was observed in the ligands absorption spectra. These spectral
changes suggest that the ligands can interact with FS-DNA through groove binding mode [54].

3.4.2. Fluorescence quenching experiments

EB is a standard intercalating agent of DNA that is used to study DNA-binding of compounds. A
significant increase in fluorescence intensity of EB is observed upon addition of DNA, while EB
shows a weak fluorescence emission in solution due to hydrogen transfer from one of its amino
group into solution which causes non-radiative decay [[55], [56], [57], [58]]. Figs. 2 and S7,
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show the fluorescence quenching of FS-DNA (4 x 10~* M) at the presence of various amounts of
the ligands (8 x 107> M). These ligands can displace EB by changing the DNA conformation.
Consequently, the DNA-bound EB molecules are converted to their free form in solution and
cause fluorescence quenching [19, 59].
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Fig. 2. Stern-Volmer plot for the synthesized ligands—DNA systems.

In order to determine the binding ability of the ligands, the Stern—Volmer quenching plot
(Eq. (1)) was obtained by monitoring the fluorescence quenching of DNA-EB with increasing
the concentration of the ligands [53].

T =1 4+ Ksy[Q]= 14 ky7[Q)] (1)
where, Fo and F are the fluorescence intensity of DNA-EB in the absence and presence of the
ligands. Ky is the Stern-VVolmer quenching constant, kq is the quenching rate constant of
biomolecule, [Q] is concentration of the quencher (complexes) and 7 is the average lifetime of
biomolecule without quencher (typically equal to 1078 s for biomacromolecules) [18]. Ksy is
determined from the plot of Fo/F vs. [Q] (Fig. 2). The values of Ksy were presented in Table 5.
There are two mechanisms for fluorescence quenching: static quenching and dynamic quenching.
In the static mechanism, the fluorophore and the quencher collide together in the ground state,
but the fluorophore and quencher collide together in the excited state in dynamic mechanism
[18]. The Stern-Volmer plots indicate that fluorescence quenching may have only one of the
above mechanisms or combination of them [54]. Our results showed that the plots are linear and
therefore, the mechanism should be dynamic or static. The values of kq were obtained for DNA
(Table 5) and the values were about 10 M~!-S™!. This confirms that fluorescence quenching of
biomolecule occurs by static mechanism since kq values are greater than limiting diffusion rate
constant of the diffusional quenching for biopolymers (2 x 101 M1.S™1).

The binding constants (Ky) were determined using the following equation [54]:

Lo (277)= Lo K, +n La[Q] (2)
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“Kp” 1s obtained from the plot of Ln((Fo — F)/F) versus Ln[Q] as y-intercept. These plots are
present in Fig. 3. The K}, values (Table 5) reveal that the L*-DNA complex is more stable than the

other compounds. Moreover, this result is in good agreement with the molecular docking results.
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Fig. 3. Plot of Ln(Fo-F)/F vs. Ln[ligand] for DNA-binding.

Based on the structural similarity of the ligands, they can be arranged in two groups: (i) L%, L2,
L3 and (ii) L* and L°. The comparison of L!, L? and L3 shows that L3 has the most affinity for
FS-DNA. This difference can be due to existence of the electron donating group (methyl) on the
phenyl ring of L3. Furthermore, all substituents in L and L? are the same and they differ only in

the position of COOH on the phenyl ring. Hence, their DNA-binding constants have slight
difference.
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Moreover, L* has higher binding affinity to FS-DNA than L°. This indicates that the FS-DNA
binding ability in this group of the synthesized ligands rises with increasing the electron donating
ability of the substituent on their phenyl ring. This result is in good agreement with previous
results for binding of DNA, protein to palladium(l1) complexes [60, 61].

3.4.3. Cyclic voltammetry (CV) measurements

Cyclic voltammetry is one of the known methods to investigate the interaction of DNA with
drugs. CV measurements were performed using an Autolab (PGSTAT 30), with a three-electrode
system: a 0.10-cm-diameter Glassy carbon (GC) disc, a calomel electrode and a Pt wire as
working, reference and counter electrodes, respectively.

L* ligand which has the most binding constant among the five synthesized Schiff base ligands,
was chosen for cyclic voltammetry measurements. The supporting electrolyte was 50 mM of
Tris—HCI buffer solution (pH = 7.4). The ligand and DNA concentrations were constant

(5.0 x 107° M) and interaction time was 2 min. Fig. 4 shows the cyclic voltammograms of

L* ligand in the absence and presence of DNA. The cathodic peak around —0.55 V in the curve
can be attributed to the reduction peak of guanine oxidation intermediate [62]. This observation

confirms that L* has appropriate interaction with DNA.
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Fig. 4. Cyclic voltammetry of L*+ DNA.

3.4.4. Circular dichroism (CD) spectroscopy

The CD spectra of DNA in free and bonded form to the L* ligand are shown in Fig. 5. The CD
spectrum of free double stranded DNA exhibits three marker peaks at about 222 (positive), 245
(negative) and 280 nm (positive). The positive peak at about 280 nm due to base stacking and
negative peak at 245 nm due to polynucleotide helicity are main peaks of DNA for its B-type,
which are highly sensitive towards the DNA interaction with small molecules [63]. The L* ligand
which showed the most binding constant with FS-DNA was selected for CD spectroscopy
studies. Fig. 5 shows that the intensity of DNA peaks has been altered due to its interaction with
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the L* ligand. The results indicate that binding of the L* ligand alters the DNA conformation.

This observation is in consistent with the molecular dynamics (MD) simulation results (Section

3.4.6).
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Fig. 5. The CD spectra of DNA in the absence and presence of L* ligand in the molar ratio
[L*)/[DNA]=1.

3.4.5. Molecular docking studies

Molecular docking is a valuable technique to predict the stable structure of receptor-ligand
complex for better recognition of the interaction details in drug discovery process. This method
is frequently employed as virtual searching tools in primary steps of drug design and
development. In order to find out the preferred location of the ligands on DNA, molecular
docking studies were carried out. Table 6 represents the obtained binding modes and docking
energies of the ligands during their interaction with DNA. The docked models suggest that the
ligands bind with the minor groove of DNA with standard binding free energy (AG®) of —6.98,
—6.94, —7.13, —7.34 and —7.25 kcal.mol™" for L, L2, L®, L* and L5, respectively. These scores are
related to the docking cluster with maximum population and minimum binding energy. These
results are in good agreement with the obtained fluorescence results (see Section 3.4.2). Also,
docking studies showed that H-bond interactions have the main role in the stability of ligand-
DNA complexes.

3.4.6. Molecular dynamics (MD) simulation

The beginning structures for the MD analyses were selected from the conformations with the
lowest docking energies. The stability of the systems (DNA and the ligands) properties was
examined by means of RMS deviations (RMSD) of unbound and ligand conjugated DNA with
respect to the initial structure and RMS fluctuations (RMSF) of atoms of the ligands. Preliminary
simulations over 8 ns time were performed on DNA with the ligands. Table 7 provides the
average values of RMSD for free and conjugated DNA. Fig. 6a indicates that the trajectories of
both systems are stable and their RMSD reached equilibrium and fluctuated around its mean
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value after about 1 ns simulation time. In addition, the RMSF values of the atomic positions of
the ligands were calculated to examine their conformational variations (Fig. 6b). The results
indicate that the ligands atoms showed limited fluctuations (<0.20 nm). Hence, it can be
concluded that the interactions of DNA and the ligands were stable during the simulation time.
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function of simulation time for free DNA and conjugated DNA. b) Atomic fluctuations of the
DNA conjugated Schiff base ligands during 8 ns of MD simulation.
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4. Conclusion

In the current study, five novel Schiff base ligands containing hydroxyl groups were synthesized
and characterized using IR, H and 1*C NMR techniques. In addition, the structures of L* and

L° were determined using single crystal X-ray method. DNA-binding of the ligands was
investigated using fluorescence quenching, UV-Vis spectroscopy and cyclic voltammetry
methods. Based on similarity of the ligands structures and their Ky, values, their affinity for
binding to FS-DNA follow as: L®>L!> L2 and L*> L®. Furthermore, the atomic details of
ligands-DNA interactions were investigated using molecular docking and MD simulation
methods. Molecular docking results show that all of the synthesized ligands are minor groove
binders and H-bond interactions have dominant role in the stability of ligand-DNA complexes.
Also, the MD results indicate that the interactions of DNA and the ligands were stable during the
simulation time. All of the results indicate that the FS-DNA binding ability of the synthesized
ligands rises with increasing the electron donating ability of the substituent on their phenyl ring.
Also, both of the CD spectroscopy and MD simulation results (RMSD) show that Schiff base
binding destabilizes DNA double helix.
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fromthe Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
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