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A B S T R A C T

Novel Schiff bases (SBs) were synthesized by condensation of 2-(1-Amino benzyl) benzimidazole with hetero-
cyclic and aromatic carbonyl compounds. The structural characterization was done using 1H, 13C NMR, FTIR and
ES-MS spectroscopic techniques. The in silico pharmacokinetics showed that nearly all compounds obeyed Lipinski
rule of 5 with low toxicity and metabolic stability. The global reactivity descriptors were calculated using DFT
approach. The molecular docking result of SBs with ct-DNA suggested interaction via groove binding mode. The
antibacterial activity was tested against S. aureus and E. coli, indicated significant inhibition than reference drug.
The compound 4d gave best results at 50 μg ml�1 concentrations. UV/Vis and Fluorescence spectroscopy tools
were used to evaluate ct-DNA binding ability of compounds 4a–e through hypochromic shift. The steady state
fluorescence predicted a moderate binding constant of 1.12 � 104 for 4d, indicative of non-intercalative mode.
1. Introduction

The extensive use of conventional antibiotics has led to resistance in
micro-organisms. E. coli, S. aureus and K. pneumonia show resistance to-
wards fluoroquinolone, methicillin, carbapenem respectively [1, 2].
Antimicrobial resistance (AMR) is of great concern making antimicrobial
treatment become ineffective and infections persist. Therefore, it has
become crucial to develop new molecules acting as non-resistant anti-
microbial agents. Also, small molecules targeting bacterial DNA are the
most widely studied due to their better efficacy as drugs. However, their
binding modes may vary from either minor groove binding or interca-
lation depending on selectivity towards specific DNA sequence [3, 4].

Many natural occurring alkaloids such as ellipticine, cryptolepine and
synthetic derivatives of benzimidazoles i.e. Hoechst-33258, have been
earmarked as important DNA intercalators [5]. Whereas indole and
benzimidazole diamidine derivatives have been found to possess DNA
groove binding ability along with antimicrobial action. There in vitro and
in vivo actions were superior to the clinically approved DNA groove
binding drug, pentamidine [6]. Thiabendazole, a well-known anthel-
mintic, was proved to be a minor-groove binder of ct-DNA [7].

However, researchers are always keen in designing new Mannich and
Schiff base derivatives, as they are easy to prepare, possess great
na).
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structural flexibility with DNA binding affinity. Schiff's Bases (SBs) of
cinnamaldehyde, salicylaldehyde, 2-hydroxybenzaldehyde and 4-dime-
thylaminobenzaldehyde etc. have shown considerable antibacterial ac-
tivity [8, 9, 10, 11]. The in silico and in vitro studies on indole based SBs
have proved their antimicrobial potential [12, 13]. The SAR studies
revealed that electron pair present on the nitrogen of the imine group is
in sp2 hybridized orbital and has been responsible for its DNA binding
ability, leading to potential biological activities [14].

Owing to the above applicative importance of SBs and our constant
endeavor to synthesize various biologically important heterocycles
through SBs [15, 16, 17], we hereby report the synthesis of novel Schiff
bases (SBs) as potential antimicrobial agents. One pot condensation re-
action of heterocyclic amine with aryl/heteroaryl carbonyl compounds
gave desired SBs. Benzimidazole was chosen as a heterocyclic amine due
to its wide availability as a bioactive scaffold [2, 18] and diversified
pharmaceutical applications [19, 20, 21, 22, 23, 24, 25, 26, 27, 28] with
DNA minor groove binding capability [29].

Hence, novel Schiff Bases (SBs) have been prepared from the reaction
of 2-(1-amino benzyl) benzimidazole with various aryl/heteroaryl
carbonyl compounds. Further, computational studies including in silico
DFT study to describe their chemical reactivity, toxicity screening (using
PreAdmet Server) and molecular docking (using Autodock program 4.2)
er 2019
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was performed. Antimicrobial screening and in vitro ct-DNA binding
(using UV-Vis and Fluorescence Spectroscopy) ability and groove binding
mode have been evaluated for the synthesized SBs.

2. Experimental

Themelting points readings were taken using melting point apparatus
in open capillary tube which are uncorrected. FTIR spectra were recorded
on Bruker Tensor 37 FTIR spectrophotometer. The 13C-NMR and 1H-NMR
spectra were recorded in CDCl3 on Bruker Advance-II 400 NMR spec-
trometer with CDCl3 as solvent. TMS was used as internal reference. Mass
spectra were recorded at Waters, Q-TOF mass spectrometer at AIRF fa-
cility, JNU, New Delhi. The elemental analysis was recorded using
EVO18 Zeiss SEM instrument at SAIIF, AIIMS, New Delhi. The compound
purity was checked using commercialized (E-Merck Kieselgel 60 F254)
silica plate. The chemicals were purchased from Merck and Alfa Aesar.
General procedure for synthesis of 2-(1-amino benzyl) benzimidazole
(3a): A mixture of o-phenylenediammine (0.012 mol) and phenylglycine
(0.036 mol) in 40 ml 4N HCl was placed in a round-bottom flask. The
reaction mixture was refluxed for 5 h and the progress of reaction was
monitored via TLC. The pH of the reaction mixture after cooling was
adjusted to 8 using solution of 1N sodium hydroxide. The obtained crude
product was filtered and washed using water. The product was recrys-
tallised using acetone. General procedure for the preparation of Schiff
base derivatives 4 (a–h): To a suspension of 2-(1-amino benzyl) benz-
imidazole (3a) (0.02 mol) in 30 ml ethanol, an equimolar solution of
corresponding aromatic/heterocyclic carbonyl compound was added. A
few drops of glacial acetic acid were added to the mixture. The solution
was stirred for 6 h at room temperature. The resultant precipitate was
filtered, washed with ethanol followed by recrystallization.

2.1. Calculation of pharmacokinetic and toxicity parameters

The Molinspiration cheminformatics software (www.molinspir
ation.com) was used to calculate molecular properties of synthesized
compounds 4a–h. In order to evaluate drug likeliness parameters such as
number of atoms, molecular weight, partition coefficient (Log P), topo-
logical surface area (TPSA), hydrogen bond donors and acceptors, and
Lipinski's rule violations were calculated. Adsorption, distribution,
metabolism and excretion (ADME) features were calculated using Pre-
ADMET online server version 2.0. The ADME parameters include plasma
protein binding (PPB), human intestinal absorption (HIA), logKp (degree
of skin permeation), Caco2 cell lines and MDCK cell lines to determine
oral absorption.

2.2. In silico DFT calculation

The chemical reactivity and global reactivity descriptors for the
synthesized SBs 4a–h were calculated using DFT study at B3LYP/6-
311Gþþ(d,p) level of computation using Gaussian 09 software.

2.3. Molecular docking

AutoDock 4.2 along with Auto Dock Tools (Graphical Interface pro-
gram) was used to perform docking simulation. The DNA structure was
retrieved from Protein Data Bank (PDB ID: 1BNA). The receptor and
ligand files were corrected using Discovery Studio Visualizer 2017. The
heteroatoms were removed from 1BNA.pdb, to remove any free ligand
from complex receptor. DNAwas prepared by addition of Kollman united
atom charges, polar hydrogen's and solvation parameters. Ligands were
prepared by assignment of Gasteiger charge and merging of non-polar
hydrogens. The grid dimensions were kept 60, 60, 60 Å in x, y, z di-
rections respectively. The search for best conformers was done using
Lamarckian Genetic Algorithm (LGA). A maximum of 10 conformers
were considered for each compound. Discovery Studio Visualizer 2017
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was used for the visualization of docked poses. The results include pre-
dicted free energy of binding and binding interactions.

2.4. Antimicrobial activity

The antibacterial action of compounds 4a–h was tested against gram
positive and gram negative bacteria, E. coli and S. aureus respectively, by
disc diffusion method. The bacterial culture was obtained from IMT
Chandigarh. The minimum inhibitory concentration (MIC) values were
evaluated at two different concentrations 50 and 100 μg/ml in DMSO
solvent. The discs saturated with prepared solutions of compounds were
placed on Nutrient agar plates seeded with tested bacteria. These plates
were kept for 24 h incubation at 37 �C and the inhibition zone mea-
surements (mm) were done. Experiments were triplicated with DMSO as
negative control [30, 31, 32, 33, 34]. The results were compared with
Ciprofloxacin sample as a standard (positive control).

2.5. Electronic absorption titration study

The UV absorbance for the corresponding compounds was recorded
via UH5300 Double beam Spectrophotometer using cuvette of 1 cm path
length. The SBs solutions (100 μM) were prepared in methanol. The ct-
DNA stock was prepared in Tris-HCl buffer solution. The ctDNA solu-
tion (5mg in 2ml tris buffer) was prepared to get concentration of 15μM.
The absorption titration was performed in absence and presence of ct-
DNA. The concentration of ct-DNA was varied while that of ligand kept
constant and measurements were done at wavelength 200–500 nm.

2.6. Fluorescence titration study

Fluorescence measurements were recorded using Agilent Technolo-
gies Cary Eclipse Fluorescence Spectrophotometer model no.
MY13340005 equipped with a 150W Xenon lamp using a 1.00 cm quartz
cell. The scanning parameters were optimized for 10 nm slit width, for
excitation and emission, 0.2 s dwell time and 0.5 nm wavelength step.
Fluorescence measurements parameters included excitation wavelength
290 nm, room temperature and wavelength scan range of 300–550 nm.
The fluorescence titration was performed with a constant SB concentra-
tion (100 μM) and varying the ct-DNA concentration from 0-15 μM.

3. Results and discussion

3.1. Chemistry

A series of aryl/heteroaryl carbonyl compounds was selected to
design and synthesize a set of SBs 4a–h from heterocyclic amine (3a)
[28]. The synthetic scheme for the target SBs and their corresponding
structures have been given in Scheme 1. 2-(1-Amino benzyl) benzimid-
azole (3a) was prepared by refluxing o-phenylenediamine and phenyl-
glycine for 5 h. The SBs were prepared by reaction of various
aryl/heteroaryl carbonyl compounds with 2-(1-amino benzyl) benz-
imidazole. The structural determination of the synthesized compounds
(3a, 4a–4h) was performed using 1HNMR, 13CNMR, FTIR and ES-MS
spectroscopy techniques. The FTIR spectrum of compound 3a depicted
–NH2 stretching vibrations (3352 cm�1), –NH stretching frequency (3305
cm�1), CH stretch of aromatic ring (3052 cm�1), aliphatic CH stretch
(2889-2661 cm�1), aromatic C¼C stretch (1652 cm�1), C–N stretch
(1155 cm�1). In the 1H NMR spectrum, the aliphatic C–H proton peak
resonance observed as triplet at δ 4.32 ppm. The –NH2 protons peak
recorded as doublet at δ 2.03 ppm while the –NH peak of the benz-
imidazole resonated at 2.45 ppm. The aromatic protons recorded be-
tween δ 7.26–7.37 ppm.While in 13C NMR spectrum, the methine carbon
peak observed at 55.8 ppm while signal due to aromatic carbons
appeared in the range δ 115.4–132.5 ppm. The ES-MS analysis results
were in well agreement with the calculated mass of the compounds.
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Scheme 1. Synthetic protocol for 2-(1-Amino benzyl) benzimidazole Schiff base derivatives 4a–4h.
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The spectroscopic analysis of representative SB, 4d showed various
stretching frequencies in FTIR spectrum, NH (3740 cm�1), aliphatic CH
(2884-2656 cm�1), C¼O of indole moiety (1752 cm�1), C¼N of azo-
methine group (1655 cm�1), aromatic C¼Cs (1577 cm�1), C–N (1149
cm�1) and C–F stretch (1016 cm�1). In the 1H NMR spectrum the
aliphatic –CH peak obtained as singlet at δ 4.25 ppm. The occurrence of
azomethine (C¼N) stretch in FTIR spectrum and the CH peak shift from
the parent compound 3 in 1H NMR spectrum validated the formation of
SB 4d. The NH peak of benzimidazole resonated at 8.18 ppm while ar-
omatic protons peak observed between δ 6.76–6.84 ppm. In the 13C NMR
spectrum, the methine carbon resonated at δ 55.8 ppm while a charac-
teristic carbonyl carbon of indole signals at δ 161.2 in addition to a signal
at δ 141.7, confirming the presence of azomethine (C¼N) in the mole-
cule. The signals due to aromatic carbons appeared in the range δ
Table 1
Spectral Data of synthesized compound 3a and SBs 4a–h.

Comp. M.P.
(�C)

IR (cm�1) EIMS,
m/z

1H NMR 400MHz (δ, C

3a 280 3352 (NH2), 3305 (N–H), 3052
(Ar C–H), 2889, 2661 (CH3C–H),
1155 (C–N), 1592 (Ar C¼C)

224 (M
þ H)þ

2.03 (2H,d,NH2), 2.45
(1H,s,CH), 7.26–7.37

4a 312 3305 (N–H), 3052 (Ar C–H),
2889, 2661 (-CH), 1652 (C¼N),
1155 (C–N), 1577 (Ar C¼C)

352.38
(Mþ)

8.18 (2H,s,NH), 4.25 (
6.65–6.77(4H,m,Ar–H

4b 315 3740 (N–H), 2882, 2665 (C–H),
1742 (C¼O), 1575 (Ar C¼C),
1149 (C–N), 1652 (C¼N), 1155
(C–N), 727 (C–Cl)

386.83
(Mþ)

8.18 (2H,s,NH), 4.25 (
6.65–6.77(4H,m,Ar–H

4c 318 3702 (N–H), 2882, 2655 (C–H),
1745 (C¼O), 1577 (Ar C¼C),
1652 (C¼N), 1148 (C–N), 682
(C–Br)

431.28
(Mþ)

8.18 (2H,s,NH), 4.27 (
(3H,q,Ar–H), 7.24–7.2

4d 312 3740 (N–H), 2882, 2665 (C–H),
1742 (C¼O), 1577 (Ar C¼C),
1652 (C¼N), 1149 (C–N)

370.28
(Mþ)

8.18 (2H,s,NH), 4.25 (
(4H,m,Ar–H), 6.83–6.8

4e 296 3305 (N–H), 2881, 2655 (C–H),
1700 (C–O), 1577 (Ar C¼C),
1652 (C¼N), 1148 (C–N)

301.34
(Mþ)

4.11 (1H,s,CH), 4.28 (
Ar–H), 6.75–6.78 (4H,
(5H,m,Ar–H), 7.26 (1H

4f 290 3462 (N–H), 2882, 2655 (C–H),
1577 (Ar C¼C), 1652 (C¼N),
C–N (1149)

311.37
(Mþ)

4.11 (1H,s,CH), 4.28 (
(4H,m,Ar–H), 7.24–7.2
(1H,s,NH)

4g 294 3305 (N–H), 2881, 2655 (C–H),
1576 (Ar C¼C), 1652 (C¼N),
1148 (C–N)

361.43
(Mþ)

4.11 (1H,s,CH), 4.28 (
(7H,m,Ar–H), 7.25–7.2
(1H,s,NH)

4h 298 3305 (N–H), 2881, 2655 (C–H),
1577 (Ar C¼C), 1652 (C¼N),
1148 (C–N)

341.40
(Mþ);

4.05 (3H,s,OCH3), 4.0
(1H,s,CH), 6.77–6.84
(9H,m,Ar–H), 8.18 (1H

3

115.2–132.5 ppm. Also, Elemental analysis and ES-MS results were same
as the calculated molecular mass value. Similarly, detailed spectral
analysis for other compounds 4a–4h is provided in Table 1.

The synthesized SBs 4a–h were screened via in silico calculations, i.e.
pharmacokinetic parameters including ADME, DFT (frontier orbital cal-
culations) and molecular docking study. Further, they were subjected to
in vitro antibacterial action, which filtered out few lead compounds for
DNA binding study. The DNA binding was assessed using UV-Vis and
Fluorescence spectroscopy to support molecular docking assessment.

3.2. Pharmacokinetic and ADME parameters

All the compoundsfittedwell via Lipinski's rule offive (MW< 500, Log
P < 5, number of H bond donors up to 5 and H bond acceptors up to 10)
DCl3) 13C NMR 75.5 MHz (δ,
CDCl3)

Elemental Analysis

(1H,s,NH), 4.32
(9H,m,Ar–H)

55.8,
115.4–132.5 (Ar carbons)

Calcd.: C, 75.31; H, 5.87; N,
18.82; found: C, 75.34; H,
5.85; N, 18.81

1H,s,CH),
), 6.83–6.85 (9H,m,Ar–H)

55.8,
115.2–141.5 (Ar
carbons), 122.1–169.3
(Ar carbons- indole)

Calcd.: C, 74.98; H, 4.58; N,
15.90; found: C, 74.95; H,
4.59; N, 15.92

1H,s,CH),
), 6.83–6.85 (9H,m,Ar–H)

55.8,
115.2–141.5 (Ar
carbons), 121.7–164.3
(Ar carbons- indole)

Calcd.: C, 68.31; H, 3.9; N,
14.48; Cl, 9.16; found: C,
68.33; H, 3.9; N, 14.46; Cl,
9.15

1H,s,CH), 6.78–6.85
5 (9H,m,Ar–H)

55.8,
115.2–141.5 (Ar
carbons),
122.2–164.3 (Ar carbons-
indole);

Calcd.: C, 61.27; H, 3.51; N,
12.99; Br, 18.53; found: C,
61.28; H, 3.52; N, 12.97; Br,
18.55

1H,s,CH), 6.65–6.77
5 (9H,m,Ar–H)

55.8,
115.2–141.7 (Ar
carbons),
122.1–169.3 (Ar carbons-
indole)

Calcd.: C, 71.34; H, 4.08; N,
15.13; F, 5.13; found: C,
71.35; H, 4.06; N, 15.15; F,
5.12

1H,s,CH), 6.65 (2H,dd,
q,Ar–H), 6.81–6.84
,t,Ar–H), 8.18 (1H,s,NH)

55.8,
110.3–164.2(Ar carbons)

Calcd.: C, 75.37; H, 5.02; N,
13.94; found: C, 75.38; H,
5.05; N, 13.90

1H,s,CH), 6.77–6.84
6 (10H,m,Ar–H), 8.18

55.8,
122.4.-164.3(Ar carbons)

Calcd.: C, 81.00; H, 5.50; N,
13.49; found: 81.03; H,
5.48; N, 13.48

1H,s,CH), 6.76–6.84
6 (9H,m,Ar–H), 8.18

55.8,
122.4–169.3(Ar carbons)

Calcd.: C, 83.08; H, 5.30; N,
11.63; found: C, 83.09; H,
5.33; N, 11.59

5 (1H,s,CH), 4.279
(4H,q,Ar–H), 7.2–7.26
,s,NH)

55.8,
60.2, 122.4–164.2(Ar
carbons)

Calcd.: C, 77.40; H, 5.61; N,
12.31; found: C, 77.38; H,
5.63; N, 12.30



Table 2
Drug likeliness properties of synthesized SBs 4a–4h.

Property Compounds

3a 4a 4b 4c 4d 4e 4f 4g 4h

Log P 2.5 4.32 4.97 5.0 3.48 3.80 4.55 5.71 4.58
TPSA 54.71 73.91 73.91 73.91 73.91 54.19 41.05 41.05 50.28
Natoms 17 27 28 28 28 23 24 28 26
MW 223.28 352.4 386.84 431.29 370.39 301.35 311.39 361.45 341.41
nOH 3 5 5 5 5 4 3 3 4
nOHNH 3 2 2 2 2 1 1 1 1
Nviolations 0 0 0 0 0 0 0 1 0
Nrotb 2 3 3 3 3 4 4 4 5
Volume 208.39 312.31 325.85 330.20 317.25 273.34 291.77 335.76 317.32

Table 3
ADME Properties of synthesized SBs 4a–h.

Property Compounds

3a 4a 4b 4c 4d 4e 4f 4g 4h

BBB 2.19 2.32 2.87 3.03 2.10 4.78 9.01 11.18 6.83
Caco 2 19.23 24.84 29.76 29.46 34.77 24.29 27.51 27.93 56.64
HIA 90.53 92.68 93.42 93.80 92.70 93.70 94.16 94.75 92.72
MDCK 354.59 221.71 112.82 4.30 181.03 59.88 100.48 77.09 112.82
PPB* 46.34 87 89 88 89 90 92 89 87
SP* -3.87 -3.99 -4.09 -3.94 -4.33 -2.48 -2.42 -2.14 -3.12

*BBB: Blood Brain Barrier. *HIA: Human Intestinal Absorption. *PPB: Plasma Protein Binding. *SP: Skin Permeability.
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except 4g with one violation (Table 2). The ADME parameters given in
Table 3 predicted good pharmacokinetics and bioavailability. The HIA
values were above 90% indicated good oral absorption of the compounds.
The negative Kp values indicated poor skin permeability resulting in good
oral absorption. In case of accidental contact to skin no effect will be
observed. The PPB valueswere less than 90%except4g. TheCaco 2 values
were in between 4-70 considered moderately permeable. The MDCK
values greater than 25 showed good absorption for compounds except 4c.
However, other parameters need to be taken into account.
3.3. Fronteir orbital calculation

The HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) frontier orbitals signify chemical reac-
tivity and active sites of compounds. The negative chemical potential
indicates non-spontaneous decomposition. The values of HOMO, LUMO
energies and global reactivity descriptors are summarized in Table 4. The
HOMO, LUMO plots for the parent precursor 3a and SB 4f is depicted in
Fig. 1. The low energy gap value signifies high chemical reactivity. The
global reactivity descriptors such as chemical potential (μ), hardness (ƞ),
were calculated using Koopman's theorem equations:

The hardness is given by η ¼ I�A
2

The chemical potential is given by μ ¼ � ðI þ AÞ= 2
Table 4
Electronic energy calculation values of synthesized SBs 4a–h.

Compound EHOMO ELUMO Energy gap μ η χ

3a -0.3334 -0.1744 0.1590 -0.2539 0.0795 0.2539
4a -0.0641 -0.0075 0.0566 -0.0358 0.0283 0.0358
4b -0.0713 -0.0152 0.0561 -0.0432 0.0280 0.0432
4c -0.0675 -0.0113 0.0562 -0.0394 0.0281 0.0394
4d -0.0639 -0.0077 0.0562 -0.0358 0.0281 0.0358
4e -0.1654 -0.0373 0.1281 -0.1013 0.0640 0.1013
4f -0.3187 -0.1959 0.1228 -0.2573 0.0614 0.2573
4g -0.3186 -0.1964 0.1222 -0.2575 0.0611 0.2575
4h -0.2221 -0.0458 0.1763 -0.1339 0.0881 0.1339

*μ is the chemical potential which indicates spontaneous decomposition. *ƞ is
the hardness. *χ is the electronegativity.

4

The electronegativity is given by χ ¼ ðIþAÞ=2 Where I is electron
affinity (I ¼ -EHOMO) and A is ionization potential (A ¼ -ELUMO).

The SBs 4a–d had lower energy gap values within range
0.0561–0.0566 than the parent precursor 3a with value of 0.1590. The
SBs 4e–h had values in the range 0.1222–0.1763. The energy gap values
for the heteroaromatic derivatives were lower than counter aromatic
ones.

3.4. Molecular docking

The molecular docking technique helps in understanding non-
covalent drug-DNA interactions of small molecules into the targeted
region of DNA for rational drug design and discovery. The minor
groove of DNA is preferred over major one due to lesser steric hin-
drance, electrostatic factors and its narrow shape [35, 36, 37, 38, 39,
40].

The free energy binding values for the synthesized compounds 4a–e
were in the range -8.47 to -7.36 kcal/mol. The low binding scores for
compounds 4f–h indicated weak binding of the respective derivatives
(Table 5). The interaction energies for top 5 best conformer poses of
compound 4dwith ct-DNA have been evalulated and shown in Fig. 2 and
Fig. 3. The energetically filtered best poses for compounds 4a–e are
shown in Fig. 4. The best poses for derivatives, 4f–h are given in Fig. 5.
The results clearly claimed strong and spontaneous groove binding of SBs
rather than intercalation mode. The non-covalent interactions include H-
bond, pi-pi stacking, pi-anion and pi-donor. The compound 4d with
highest binding energy was found to form H-bond with oxygen atom of
residue adenine 17 via imidazole nitrogen (NH) atom at distance 2.15 Å.
The pi-pi stacking interactions were observed between imidazole ring
and adenine 17 and 18 residues; as well as between pyrrole ring of indole
and guanine 16 and 17 residues. Pi-anion interaction between benz-
imidazole ring and oxygen atom of residue adenine 17, pi-donor between
phenyl ring and nitrogen atom of residue adenine 18, were other
important bindings observed.

Therefore, the in silico studies validate that SBs 4a–e exhibited good
binding affinity for target DNA and hence, can be further studied for their
in vitro effect.



Fig. 1. HOMO-LUMO plots for 2-(1-amino benzyl) benzimidazole, 3a and synthesized SB 4d.

Table 5
Docking parameters via Autodock4.2

Compounds Property

Free Energy of
Binding Kcal/mol

Inhibition constant at
298.15 K (μM)

RMSD from
reference structure

4a -8.17 1.90 70.17
4b -7.71 2.24 73.04
4c -8.24 4.01 74.55
4d -8.47 0.512 75.33
4e -7.36 0.617 78.90
4f -2.37 24.98 78.22
4g -2.32 28.09 79.21
4h -3.41 15.41 70.06

Fig. 2. Docked poses 1–3 of compound 4d with
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3.5. Antibacterial activity

The antibacterial activity of synthesized SBs (4a–h) against bacterial
strains E. coli and S. aureus was evaluated. The three dimensional
graphical representation and experimental details for zone of inhibition
are given in Fig. 6 and Table 6. The results indicated that SB 4d showed
high activity against E. coli, even at MIC value 50 μg/ml, whereas lower
activity was observed against S. aureus. The SBs 4b, 4c, and 4e have
moderate inhibition in E. coli and a reduced amount of activity in
S. aureus. The rest of the SBs (4a, 4f, 4g, and 4h) gave lower activity in
E. coli and S. aureus. The results signified that SBs obtained from het-
erocyclic carbonyl compounds had better antimicrobial action than the
aromatic ones.

Hence, on the basis of in silico pharmacokinetics, ADME, Fronteir
in minor grove of ct-DNA (PDB ID: 1BNA).



Fig. 3. Docked poses 4 and 5 of compound 4d within minor grove of ct-DNA
(PDB ID: 1BNA).

S. Singhal et al. Heliyon 5 (2019) e02596
orbital calculations, molecular docking and in vitro antibacterial results
SBs 4a–ewere filtered to be more potent and lead compounds. Therefore,
they were further screened for DNA binding activity via UV-Vis, Fluo-
rescence spectroscopy.

3.6. UV visible spectroscopy

The UV-Vis spectrum for SBs 4a–e gave peaks of high intensity at 250
nm and of low intensity at 390 nm, corresponding to π → π* and n →
π*transitions for azomethine group, respectively. Titration of SBs with
aliquots of ct-DNA resulted in hyperchromism at 250 nm and
Fig. 4. Docking of compounds 4a–e
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hypochromism at 390 nm with no apparent wavelength shift. This
hyperchromic effect resulted from conformational and structural changes
of DNA upon interaction with compounds. The hypochromic effect
resulted fromDNA helix contraction. The binding of SBs clearly indicated
isosbestic point at 340 nm indicated 1 mode of binding or balance of 1:1
receptor-drug stoichiometry (Fig. 7). Literature revealed that intercalat-
ing molecules display significantly large change in intensity and wave-
length as compared to groove binders [7]. Therefore, UV titration results
strengthen the proposed SBs groove binding ability with ct-DNA.

3.7. Fluorescence quenching studies

It is well known that the endogenous fluorescence property of DNA is
poor; hence, the steady state fluorescence spectrum of SBs 4a–e was
investigated for the profound interactive binding study between them
and DNA. The SBL 4d and ct-DNA fluorescence titration emission spec-
trum is represented in Fig. 8a. 4d gave two peaks at 344 and 353 nm
when excited at 290 nm. The intensity of these observed peaks was
decreased with subsequent ct-DNA addition, indicative of the complex
formation and strengthening interaction between ct-DNA and SB 4d.

As a result of certain molecular interactions such as molecular level
rearrangement, excited state reactions, and ground complex formation
among others, a decrease in fluorescence intensity is observed known as
fluorescence quenching. Further, fluorescence quenching efficiency can
be evaluated using Stern-Volmer quenching constant (Ksv) as per the
Stern-Volmer equation.

�
Fo
F

�
¼ 1þ Ksv ½Q�

The parameters Fo and F depict the fluorescence intensities before
and after the quencher addition while [Q] is the quencher concentration.
The value of Ksv was obtained from the slope of plot (Fo/F) vs (ct-DNA)
(Fig. 8b). The value was calculated to be 8.78 � 104 L mol�1 for 4d,
which was lower from reported value for intercalators and hence,
emphasizing for non-intercalative mode of binding.

The linearity of Stern-Volmer plot typically described the nature of
quenching process, dynamic or static which can further be differentiated
from the following equation.
with ct-DNA (PDB ID: 1BNA).



Fig. 5. Docking of compounds 4f–h with ct-DNA (PDB ID: 1BNA).

Fig. 6. Antibacterial activity of SBs (4a–h) against Gram positive and Gram negative bacteria (50 and 100 μg/ml concentration).

Table 6
Antimicrobial activity [zone of inhibition (mm)] of synthesized SBs (4a–h) against E.coli and S.aureus.

Compound
Conc ug/ml

Control
(DMSO)
(þve Control)

4a 4b 4c 4d 4e 4f 4g 4h Reference
(Ciprofloxin)
(-ve Control)

E.coli 50ug/ml (inhibiton/mm) 0 14 20 22 25 20 14 27 25 14
E.coli
100 mg/ml (inhibiton/mm)

0 20 20 22 25 22 15 30 28 14

S.aureus 50ug/ml (inhibiton/mm) 0 9 14 16 20 15 14 16 13 17
S.aureus
100 mg/ml (inhibiton/mm)

0 10 14 18 22 16 15 16 13 17

S. Singhal et al. Heliyon 5 (2019) e02596
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Fig. 7. UV-Vis interaction of SBs 4a–4e (100 μM) with increasing concentration of ct-DNA.

Fig. 8. Fluorescence of 4d (a) titration quenching spectrum (b) Stern-Volmer quenching plot.

S. Singhal et al. Heliyon 5 (2019) e02596
Kq ¼ Ksv=τo
where Kq represents the apparent biomolecular quenching rate constant
and τo, the fluorescence lifetime of the biomolecule in absence of
quencher. The value for τo is 10�8 s. The value of Kq was calculated to be
8.78� 1012 M�1 using the above equation. For biomolecules the limiting
diffusion rate constant is around 2.0� 1010 L mol�1 s�1. If the calculated
Kq value is higher than this value, the quenching process is static instead
of dynamic. The higher Kq value as compared to reported limiting
diffusion rate constant value signified complex formation quenching
mechanism rather than dynamic collision.

3.8. Binding equilibrium

The binding constant (K) and the number of binding sites (n) can be
calculated from the following equation.

log
Fo� F

F
¼ logK þ n log½Q�
8

The parameters Fo and F represent the fluorescence intensities for the
fluorophore in the absence and presence of quencher. The values of K and
n can be calculated using plot of log [(Fo-F)/F] vs. log [Q]. The plot
obtained is linear whose slope equals to ‘n’ (the number of binding sites
of SBs on ct-DNA) and the intercept equals logK (Fig. 9).

The values for K and n are given in Table 7. The binding constant for
4d was calculated to be 1.12 � 104 M�1 at 293 K which is comparable
to the value of 6.32 � 103 M�1 reported for thiabendazole [7]. The
binding constant values for the SBs 4a–d and a few reported groove
binding drugs [41, 42, 43] are listed in Table 7. The low value of
binding constant supported the grove binding mode rather than the
intercalative mode into DNA. The n value of 1.1 indicated one mode of
binding. The present study further confirmed the groove binding mode
of SBs with DNA.

4. Conclusion

A series of 8 new SBs were successfully synthesized from 2-(1-amino



Fig. 9. The plot of log (Fo/F) vs log [Q] to determine value of association
constant and number of binding sites of ct-DNA with SB 4d.

Table 7
DNA binding constant (K), Stern-Volmer constant (Kq) and number of binding
sites (n) for SBs 4a–4e using plot of log [(Fo-F)/F] vs. log [Q].

Compound K (M�1) Kq (M�1) N

4a 0.80 � 104 7.98 � 1012 1.09
4b 1.05 � 104 8.43 � 1012 1.03
4c 0.98 � 104 8.12 � 1012 1.06
4d 1.12 � 104 8.78 � 1012 1.02
4e 0.91 � 104 8.03 � 1012 1.05
Thiabendazole 6.32 � 103 4.13 � 1011 1.05
Olanzapine 2.28 � 103 2.13 � 1011 1.01
Pregabain 2.24 � 103 1.59 � 1011 1.04

S. Singhal et al. Heliyon 5 (2019) e02596
benzyl) benzimidazole. The in silico screening predicted good pharma-
cokinetics and non-toxicity for the synthesized compounds. The DFT
frontier orbital study determined global reactivity descriptors. The
docking results supported non-covalent interactions into the groove
binding mode. The interactions included H-bonding, pi-pi stacking, pi-
anion and pi donor. The antimicrobial action showed enhanced inhibi-
tion for E. coli over S. aureuswhich further strengthens our statement that
these SBs could be used for treating microbial infections caused by E. coli.
The DNA binding study of SBs from heteroaryl carbonyl compounds,
4a–4ewas investigated using UV-Vis and fluorescence spectroscopy. The
binding constant (K) was determined using absorption titration spec-
trofluoremetry and found to be in the range of 104. These studies
confirmed that synthesized SBs act as minor groove binders with single
mode of binding. Therefore, SBs have potential to act as new pharma-
caphores for development of new antibiotic agents.
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