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a b s t r a c t

Acid catalyzed condensation of isoniazid with a number of suitably substituted aromatic and heterocyclic
aldehydes was carried out in dry ethanol to afford the title (E)-N0-(substituted benzylidene/methylene)
isonicotinohydrazides (SF 1 e SF 4) in good yields. These compounds were characterized and further
investigated for their binding with ds.DNA using UVe spectroscopy and molecular docking and for
antitumor and antimicrobial potentials. A good correlation was found among spectroscopic, theoretical
and biological results. UVe spectra in the presence of DNA concentrations and their data interpretation
in terms binding constant “Kb” and free energy change (DG) provided evidences for the significant and
spontaneous binding of the compounds with DNA. Molecular docking studies and structural analysis
further supported the UV-findings and indicated that the modes of interactions between bromo- (SF 1)
and flouro- (SF 4) substituted isonicotinohydrazides is intercalation while methoxy- (SF 2) and hydroxy-
(SF 3) substituted isonicotinohydrazides interact with DNA helix via groove binding. SF 1 exhibited
comparatively higher Kb value (UVe; 8.07 � 103 M�1, docking; 8.11 � 103 M�1) which inferred that the
respective compound muddles to DNA most powerfully. SF 1 has shown the lowest IC50 (345.3 mg/mL)
value among all the compounds indicating its comparatively highest activity towards tumor inhibition.
None of the compound has shown perceptible antibacterial and antifungal activities.

© 2017 Published by Elsevier B.V.
1. Introduction

Hydrazide, an effective class of organic compounds, is known for
therapeutic and biological activities [1,2]. Most of the hydrazides
have been reported for their anti-fungal, anti-bacterial and anti-
inflammatory activities [1e4]. Isoniazid (isonicotinic hydrazide;
INH) is one of the primary drugs used in combination with ethan-
butol, rifampin, streptomycin and pyrazinamide to treat tuberculosis
[5]. Despite the large number of compounds containing the isoniazid
moietywhich have already been synthesized and tested, there is still
a need for new compounds of this kind, due to the increasing
resistance of bacterial strains of certain type of antibiotics [6].
ad).
The remarkable biological activity of Schiff bases, or the aroyl
hydrazones, ReCOeNHeN]CH-R0 and the dependence of their
mode of chelation with transition metal ions present in the living
system have been of significant interest in the past [7e10]. Isoniazid
was treated with different substituted aromatic aldehydes to pro-
duce Schiff bases [11]. The coordination compounds of aroyl hydra-
zones have been reported to act as enzyme inhibitors [12] and are
useful due to their pharmacological applications [13,14]. Isoniazid is a
drug of proven therapeutic importance and is used against a wide
spectrum of bacterial ailments, e.g., tuberculosis [15]. Hydrazones
derived from condensation of isoniazide with pyridine aldehydes
have been found to showbetter antitubercular activity than INH [16].

Unfortunately, the actual formulations show several undesired
collateral effects and can even cause irreversible damage in the liver
in chronic patients. This fact, together with the resistance that mi-
croorganisms develop against these drugs, encouraged the search for
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new compounds with therapeutic effects [17,18]. The combination of
INH with some hydroxy aldehydes leads to the formation of stable
hydrazones that show conserved activity and less toxicity, due to the
inactivation of the NH2 group of INH [13]. In particular, a group of
hydrazones has been reported as more effective and efficient anti-
tuberculous agents in macrophages than INH itself [14].

Cancer e a leading cause of premature death in the world e can
be cured by preventing the rapid proliferation of cancer cells for
which the replication of DNA is to be arrested. Antiviral, anticancer,
antitumor and antibiotic drugs can easily target nucleic acids
[19e21]. Drugs can bind to DNA both covalently (irreversible) as
well as non-covalently (reversible via intercalation, grove binding
or electrostatic interactions).

Various platinum(II)-based complexes of like cisplatin, oxalyl-
platin, nedaplatin and carboplatin has achieved clinical status aswell
known antitumor agents. These drugs targeted DNA primarily via
covalent linkagewith the nitrogen atoms onDNA bases,mainly N7 of
guanine [22]. However, despite of their high activity towards killing
cancer cells, applications are limited by serious disadvantages like
poor water solubility, tolerance by the tumor and irreversible cova-
lent bindingwhichmay further lead to toxic side effects like alopecia
(hair falls out), kidney failure, allergies, hearing loss etc.

Non-covalent binding is reversible and is typically preferred
over covalent adduct formation. Since irreversible binders like
cisplatin bind quite strongly to the damaged DNA, it has been
difficult to achieve similar affinity using small non-covalent
binders, and remains a major challenge among researchers to
design drugs that bind reversibly with the DNA. Although lot of
research has been carried out, but there is still a quest to gain more
insight on different aspects of the association of small molecules
with DNA in order to obtain highly selective and efficient drug
candidates. A verity of intercalators and groove binders are known
for their anticancer, antiviral, antitumor, antibacterial and anti-
fungal activities [23]. Kinetic and thermodynamic studies on
compound e DNA interaction by using spectroscopic, electro-
chemical and variety of other techniques have initially provided
important physical parameters that may further lead to investigate
a compound as a potential drug candidate [1,24e27]. Modes of
interactions of a compound with DNA can also be predicted by
molecular docking simulation and implication of this theoretical
technique along with the assistance of experimental techniques is
very helpful for rational drug design [28].

Antimitotic activity of potato disc tissue, in which inhibition of
Agrobacterium tumefaciense induced tumors is monitored, can be
used to detect antitumor effects in broader range [29]. Potato disc
antitumor assay is based on assumption that similar tumorogenic
mechanisms occur in both animals and plants [30]. Antitumor
screening assays in animals and potato disc antitumor assay have
been reported for their good correlation [29]. Antitumor activity of
several compounds has been investigated for A e tumefaciens
induced tumors in potato discs [1,24,27,31].

The enormous therapeutic properties of hydrazides is a key
motivation in this studies to synthesize stable and less toxic com-
pounds of INH with suitably substituted aromatic aldehydes and to
investigate their interactions with DNA by using spectroscopic and
molecular docking techniques and with A e tumefaciens induced
tumor in potato disc.

2. Experimental

2.1. Materials and methods

All the chemical and reagents used in synthesis, DNA binding
procedures and biological assays were of analytical grade. Moni-
toring of the synthetic reactions was carried out by the thin-layer
chromatography (TLC) using silica gel (aluminum card, layer
thickness 0.2 mm, HF-254, Riedal-de-Haen) precoated plates and
was visualized under UV-lamp. All the necessary purification and
drying of solvents were carried out according to standard methods
[32]. The dried solvents were stored over molecular sieves. Falcon
method was adopted as a protocol to extract double strand (ds.)
DNA from chicken blood [33]. All the glassware, Falcon tubes and
water used in extraction procedure were autoclaved.

DNA threads were dissolved in water and concentration of stock
DNA solution (phosphate groups' molarity) was determined
through UVevisible spectroscopy. Absorbance is measured at lmax
of 260 nm. Stock DNA concentration was obtained by substituting
molar extinction coefficient, ε260 ¼ 6600 cm�1M�1 and absorbance
at maximum wavelength in Lambert-Beer's equation (A ¼ 3Cl)
[33,34]. DNA absorbance was measured at another wavelength
(280 nm) and absorbance ratio A260/A280 was evaluated. The value
was found greater than 1.8 which assured that the extracted DNA is
sufficiently pure and no ambiguity is there for the presence of
protein [35]. The stock solutions of synthesized compounds were
prepared by dissolving them in 10% aqueous DMSO. For DNA
binding studies, compound's concentration was optimized and
kept constant while adding various diluted concentrations of DNA
at 37 �C. Agrobacterium tumefaciens strain (AT-10) and red skinned
potatoes were used in antitumor assay, while four bacterial ((ATCC
6538, ATCC 10240, ATCC 15224, ATCC 14028) and four fungal strains
(FCBP 0300, FCBP 0198, FCBP 66, FCBP 0291) were used in anti-
microbial assays.
2.2. Instrumentations

Melting points were recorded using a digital Gallenkamp
(SANYO) model MPD.BM 3.5 apparatus and are uncorrected. 1H
NMR and 13C NMR spectra were determined at 300 MHz using a
Bruker AM-300 spectrophotometer in acetone d6. FTIR spectra
were recorded on Bio-Rad-Excalibur Series Mode FTS 3000 MX
spectrophotometer (USA) in range of 4000e400 cm�1. Mass
Spectra (EI, 70eV) on a GC-MS, Agilent technologies 6890 N and an
inert mass selective detector 5973mass spectrometer technologies.
Thin layer chromatography (TLC) was conducted on 0.25 mm silica
gel plates (60 F254, Merck). Visualization of chromatograms was
made with UV at 365 and 254 nm.

Shimadzu1800 spectrophotometer (TCC-240A, Japan)) armed
with temperature control device was used to record the electronic
absorption spectra using 1.0 cm matched quartz cells. Hettich
EBA20 Portable Centrifuge C 2002 (Max. speed: 6000 min-1) and
vortex machine were used for the extraction of DNA from chicken
blood. MOE-dock by Chemical Computing Group Inc was used for
molecular docking simulation. Molecular modeling studies were
performed on Pentium1.6 GHz workstation, 512 MB memory with
the Windows Operating System that applies a two stage scoring
process to sort out the best conformations and orientations of the
ligand based on its interaction pattern with the DNA.
2.3. Synthesis of N0-(substituted benzylidene/methylene)
isonicotinohydrazides

Isoniazid (0.5 g, 3.65 mmol) was dissolved in 15 mL of absolute
alcohol. The suitable aldehyde (3.70 mmol) was added dropwise
with constant stirring in presence of catalytic amount of acetic acid.
The reaction mixture was refluxed for 4e6 h and the completion of
reactionwasmonitored by TLC (Petroleum ether: ethyl acetate 4:1).
The reactionmixturewas cooled and the resulting solid was filtered
washed with cold ethanol and finally recrystallized from absolute
ethanol.
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2.4. Characterization data

2.4.1. (E)-N0-(4-bromobenzylidene)isonicotinohydrazide (SF 1)
Light blue Solid (85%) m.p 142 �C; Rf: 0.78; IR; (KBr, cm�1): 3190

(NeH), 1610 (CN), 1585(Ar-C]C), 1095; 1H NMR (Acetone-
d6,300 MHz) d: 11.54 (bs NH), 8.45 (t, 2H) 7.57 (t, 2H); 7.55 (d, 2H,
J ¼ 7.5 Hz, ArH), 7.41 (d, 2H, J ¼ 7.5 Hz, ArH) 7.34 (s, 1H); 13C NMR
(75 MHz) d: 173(C]O),157(C]N), 144(Ar), 140 (Ar), 137 (Ar), 129
(Ar), 128(Ar), 123(Ar), GC-MS (EI, 70 eV):m/z (%): 303(21), 154 (65),
106(100).

2.4.2. (E)-N0-(4-methoxybenzylidene)isonicotinohydrazide (SF 2)
yellow Solid (88%) m.p 165 �C; Rf: 0.73; IR; (KBr, cm�1): 3245

(NeH), 1618 (CN), 1585(Ar-C]C), 1077; 1H NMR (Acetone-
d6,300 MHz) d: 11.96 (bs NH), 8.65 (t, 2H) 7.58 (t, 2H); 7.53 (d, 2H,
J¼ 7.5 Hz, ArH), 7.49 (d, 2H, J¼ 7.5 Hz, ArH) 7.38 (s,1H); 3.68 (s, 3H);
13C NMR (75 MHz) d: 189(C]O),169(C]N), 148(Ar), 144 (Ar), 139
(Ar), 137 (Ar), 131(Ar), 129(Ar), 59(0Me), GC-MS (EI, 70 eV):m/z (%):
255(16), 107(65), 106(100).

2.4.3. (E)-N0-(2-hydroxybenzylidene)isonicotinohydrazide (SF 3)
yellow Solid (70%) m.p 238 �C; Rf: 0.83; IR; (KBr, cm�1): 3443

(OH), 3243 (NeH), 1615 (CN), 1588(Ar-C]C), 1074; 1H NMR
(Acetone-d6,300 MHz) d: 12.27 (bs 1H), 11.08(bs 1H), 8.77 (t, 2H)
8.68 (s, 1H); 7.82e7.85 (t, 2H), 7.55e7.61 (d, 1H) 7.38 (s, 1H);
7.27e7.33 (t, 1H); 6.89e6.89 (m, 2H); 13C NMR (75 MHz) d: 179(C]
O),169(C]CeOH), 155(C]N), 145(Ar), 140 (Ar), 137 (Ar), 134 (Ar),
129(Ar), 124(Ar), 122(Ar), 120(Ar). GC-MS (EI, 70 eV): m/z (%):
241(26), 93(55), 106(100).

2.4.4. (E)-N0-(4-fluorobenzylidene)isonicotinohydrazide (SF 4)
yellow Solid (78%) m.p 145 �C; Rf: 0.65; IR; (KBr, cm�1): 3230

(NeH), 1600 (CN), 1575(Ar-C]C), 1075; 1H NMR (Acetone-
d6,300 MHz) d: 11.66 (bs NH), 8.55 (t, 2H) 7.62 (t, 2H); 7.57 (d, 2H,
J ¼ 7.5 Hz, ArH), 7.50 (d, 2H, J ¼ 7.5 Hz, ArH) 7.44 (s, 1H); 13C NMR
(75 MHz) d: 179(C]O),165(C]N), 146(Ar), 141 (Ar), 136 (Ar), 132
(Ar), 129(Ar), 127(Ar), GC-MS (EI, 70 eV): m/z (%): 243(16), 94 (65),
106(100).

2.5. Procedure for analysis

2.5.1. UVevisible spectroscopic titrations
DNA concentration at 260 nm was evaluated 6.5 � 10�5 M.

Spectroscopic titrations were done at 37 �C (human body temper-
ature). The concentration of each synthesized compound (SF 1 e SF
4) was optimized and prepared as 1.14 � 10�4 M. Absorbance
measurements were performed by keeping the concentration of
synthesized compounds (SF 1 e SF 4) constant (1.14 � 10�4 M) in
the sample cuvette, while varying the concentration of ds.DNA
from 10 mM to 70 mM. Before running the spectra for absorbance
measurement, each solutionwas allowed to stay for fewminutes so
that equilibrium could be achieved between compound and DNA
during complex formation. Sample solutions were further kept for
few seconds within the cell cavity to assure the required temper-
ature (37 �C).

2.5.2. Molecular docking method
Ligand molecules (SF 1 e SF 4), were drawn and minimized on

MOE window using MOE builder and entered into MOE database.
The starting point of the docking simulation was the X-ray
structure of the DNA with PDB ID 1BNA obtained through the
protein data bank (PDB) and imported to MOE window. All water
molecules were removed from the complex with 12 base pairs
running in 50-30 direction. The base pair sequence was (50-
D(CGCGAATTCGCG)-30): (50-D(CGCGAATTCGCG)-30) with
molecular weight of 7326.84. All hydrogen atoms were added to
the structure with their standard geometry followed by their en-
ergy optimization tool using MOPAC 7.0. The resulting DNA model
was subjected to systematic conformational search at default pa-
rameters with RMS gradient of 0.01 kcal mol�1 using Site Finder. A
number of runs were carried out to get a final binding docking
pose as accurate as possible. The best conformation was selected
based on energetic ground and the minimum Final Docking En-
ergy (DG) [36,37].
2.5.3. Potato disc antitumor assay
Agrobacterium tumefaciens strain (AT-10) was used in this assay

as inoculums with the final concentrations of 1000, 100, 10 mg/mL
of each test compound respectively [38]. The surface of red skinned
potato was sterilized with 0.1% HgCl2 and their cylinders were
prepared with the help of sterilized cork borer. These cylinders
were cut in to 5 � 8 mm discs and ten discs were placed on each
solidified agar plate. Then 50 mL of inoculums was added to the top
of each disc and each petriplate was wrapped with parafilm strips
to avoid contamination and loss of moisture during incubation
period. These petriplates were then incubated at 28 �C. After 21
days number of tumors was counted after staining with the Lugol's
solution (10% KI and 5% I2). Vincristine sulphate and DMSO were
used as positive and negative control respectively. Each experiment
was repeated three times and IC50 values for each compound were
evaluated. Percentage inhibition was calculated by the following
formula;

% inhibition ¼ 100�
�

Number of tumors in test compound
Number of tumors in negative control

�

� 100
2.5.4. Antimicrobial assay
Antibacterial and antifungal activities of the test compounds

were studied by employing disc diffusion method. Four bacterial
strains; 2 g positive Staphylococcus aureus (ATCC 6538) and
Micrococcus luteus (ATCC 10240) and 2 g negative Escherichia coli
(ATCC 15224) and Salmonella typhimurium(ATCC 14028) for anti-
bacterial while four fungal strains; Mucor species (FCBP 0300),
Aspergillusniger (FCBP 0198), Aspergillusfumigatus (FCBP 66) and
Fusariumsolani (FCBP 0291) were used in the this method [39,40].

In antibacterial assay, organisms were cultured in nutrient
broth at 37 �C for 24 h. 106 colony-forming units (CFU/mL) of test
strain was added to nutrient agar medium at 45 �C and poured
into sterile petri plates. The medium was allowed to solidify. 5 mL
of each test compound with 200 mg/mL final concentration were
poured on 4 mm sterile paper discs separately and placed on
nutrient ager plates. In each plate DMSO served as negative con-
trol and Kanamycin served as positive control. Plates were incu-
bated at 37 �C for 24 h. The antibacterial activity was determined
by measuring the diameter of zones showing complete inhibition
(mm).

In antifungal assay, organisms were cultured on sabouraud
dextrose agar (SDA) at 28 �C for 24 h. Autoclaved broth culture
(3 mL) was allowed to cool down to 45 �C and poured into sterile
petri plates. 5 mL of each test compound with 200 mg/mL final
concentration were poured on 4 mm sterile paper discs separately
and placed on SDA plates. The discs supplemented with DMSO and
Terbinafine were used as negative and positive control, respec-
tively. Plates were incubated at 28 �C for seven days and fungal
growth was determined by measuring growth diameter (mm) and
growth inhibition was calculated with reference to the controls.
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N. Arshad et al. / Journal of Molecular Structure 1139 (2017) 371e380374
3. Results and discussion

3.1. Synthetic pathway and physical description

Synthesis of the title compounds (SF 1 e SF 4) was carried out
according to synthetic route given in Scheme 1 [41,42]. Thus
isoniazid was condensed with a number of suitably substituted
aromatic aldehydes in dry ethanol to afford the title compounds (SF
1e SF 4) in good yields.

IR spectra of the synthesized compounds were recorded in the
range 4000 cm�1 e 400 cm�1 and important bands are given along
the synthesis in the experimental section. The synthesis of com-
pounds SF 1 to SF 4 was indicated in the IR spectra by the presence
of two strong peaks 3243 cm�1 and 1585 cm�1 that were assigned
to NeH and aromatic sp2 hybridized C]C vibrations. The absorp-
tion for carbonyl group appeared between 1700 cm�1 e1720 cm�1.
Appearance of C]N band at 1610 cm�1 in the FTIR spectra
confirmed the formation of Schiff bases.

Broad singlet of the eNHe group of hydrazone in the range of
d 12.26 ppm e d 11.87 ppm in 1H NMR confirmed the formation of
imine linkage. Two sets of protons of 4-substituted pyridine ring
shows two triplets at d 8.75 ppm and d 7.74 ppm. Yields of the
products depend on the nature of aldehyde used for condensation.
The aldehydes with electronwithdrawing groups are more reactive
and give good yields compared to those with electron releasing
groups.
3.2. Absorption spectra of synthesized compounds

Initially, UVevisible spectra of four pure isonicotinohydrazides
(SF1 e SF 4) were recorded in 10% aqueous DMSO in a complete
UVevisible range (200 nme800 nm). The solution of each com-
pound was kept at lower concentration so that only internal tran-
sitions (p e p*; n e p*) of the ligand itself and its complexes could
be observed in UV- region. A single intense peak of the compounds;
SF 1, SF 2, SF 3 and SF 4 was observed in UV- region at 303 nm,
319 nm, 329 nm and 310 nm, respectively.

Further, spectral responses were recorded separately using
various concentrations of each compound in increasing dilution
range. Absorbance for each concentration at lmax was plotted
against concentrations, Fig. 1. Absorbance increases linearly with
concentration for all the compounds as evident from their linear
regression values; R2 ¼ 0.989, 0.974, 0.981, 0.992 respectively for SF
1, SF 2, SF 3 and SF 4.

Molar extinction coefficient (ε) were evaluated from slope
values as; 10400 cm�1M�1, 37054 cm�1M�1, 9200 cm�1M�1,
Scheme 1. Synthetic route to N0-(substituted benzylide
22800 cm�1M�1 respectively for SF 1, SF 2, SF 3 and SF 4. Burawoy
classification presumes that K band (also called electron transfer or
ETeband) are responsible for p e p* transitions in a compound
involving a conjugation group and when a group on aromatic ring
has non-bonded electron pairs; n e p* transitions occur from R
band. The observed values of lmax which were in the range of
300 nme350 nm and the values of molar extinction coefficients
predict that K band for p e p* and R band for n e p* transitions are
operative for all compounds [43].
3.3. DNA binding study by UVespectroscopy

Drug e DNA investigations by electronic absorption spectros-
copy provides a valuable complement to other techniques used for
DNA binding studies [24]. Commonly, intercalation is considered
more obvious mode for strong interaction and a compound inter-
calating within DNA base pairs has been associated with hypo/
hyper-chromism along with a pronounced red/or blue shift as
observed in the absorption spectra of compound e DNA complex
[44e47]. In addition, increase/or decrease in the absorption peak
intensity with no/or unnoticeable shifting of the wavelength in the
absorption spectra of small molecules is characterized as electro-
static or groove binding interaction mode [46].

UVespectra of four isonicotinohydrazides were recorded sepa-
rately by adding varying concentrations (10 mMe70 mM) of DNA
and concentration effect of DNA on optimized concentration
(1.14 � 10�4 M) of all the compounds was observed at body tem-
perature (37 �C), Fig. 2. Addition of DNA in aliquots was resulted in
decrease in absorption peak intensity of the compounds with a blue
ne/methylene) isonicotinohydrazides (SF 1 e SF 4).
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shift of 2.4 nm, 0.6 nm, 0.4 nm and 2.1 nm respectively for com-
pounds SF 1, SF 2, SF 3 and SF 4 respectively. Percent decrease in the
peak intensities of SF 1, SF 2, SF 3 and SF 4 in the presence of DNA
was evaluated as 20.2%, 23.8%, 22.5%, 32.7% respectively using
following equation;

H% ¼ Afree � Abound

Afree
� 100

The observed hyporchromic effect along with blue shift may be
designated to the binding of the compounds with ds.DNA through
intercalative mode of interaction [24,48,49]. Decrease in the peak
intensity is related to decreasing transition probabilities as
coupling peorbital is partially filled by electrons which is conse-
quence of hypochromism in the spectra [43,50]. On the other hand,
a blue shift arises in the spectra due to improper coupling
(conformational changes) of p*e orbital of intercalated part of the
compoundwith the pe orbital of the base pairs [43]. This distortion
in the p e orbital of the base pairs and p*e orbital of intercalated
molecules resulted in unstacking of base pairs with hypsochromic
shift. However, measured blue shifts in the compounds' spectra SF 2
(0.6 nm) and SF 3 (0.4 nm) after DNA addition were very slight and
could be ignored. Hence observed spectral changes in SF 2 and SF 3
after the addition of DNA may be attributed to either external
interaction via electrostatic interaction or groove binding
[46,51,52].

An isosbestic point was also observed for all compounds'
Fig. 2. UVeSpectra for SF 1, SF 2, SF 3 and SF 4 (1.14 � 10�4 M) without and in the presence o
37 �C. The downward arrow direction indicates increasing concentrations of DNA.
spectra, Fig. 2, which assured that no other species except inves-
tigated compound and its DNA complex are present in the reaction
mixture and equilibrium is established between bound DNA and
free form of the compound [24,27,53].

Determination of binding constants and free energy changes of
compound e DNA complexes.

Variation in absorbance of a compound in UVespectra upon
DNA addition lead to evaluate the binding constant “Kb” of com-
pound e DNA complex using Benesi e Hildebrand equation [54].

Ao

A� Ao
¼ εG

εH�G � εG
þ εG

εH�G � εG

1
Kb½DNA�

(1)

Where, Kb is the binding constant, Aο and A are the absorbance of
free and DNAebound complex, εG and εH-G are their molar extinc-
tion coefficients respectively. From the plot of Ao/(A-Ao) against 1/
[DNA], ratio of the intercept to the slope furnished the value of
binding constant, Kb, Fig. 3.

Binding constant values (Kb) were evaluated for all the four
compounds under physiological temperature (37 �C) and given in
Table 1. Kb values for all compounds with DNA were found in the
order of magnitude 103 M�1 which is same binding order as re-
ported for intercalators e isoxazocucumine and 4-
aminophenazone Schiff bases (4-{(3,4,5-trimethoxybenzylidine)
amino}phenazone and 4-{(4-chlorobenzylidine)amino} phena-
zone) and depicted significant interactions of all the four iso-
nicotinohydrazides with the DNA [55,56]. UVespectral changes
f 10 mM (b), 20 mM (c), 30 mM (d), 40 mM (e), 50 mM (f), 60 mM (g) and 70 mM (h) DNA at



Fig. 3. Plot of Ao/A-Ao vs. 1/[DNA] for the application of Benesi-Hildebrand equation for calculation of compound e DNA binding constant at 37 �C.

Table 1
Binding constants and free energy values for the isonicotinohydrazides e DNA
complexes from UVe spectrophotometric and molecular docking data.

Complex code UVe spectroscopy Molecular docking

“Kb”/M�1 �DG/kjmol�1 “Kb”/M�1 �DG/kjmol�1

SF 1eDNA 8.07 � 103 23.20 8.11 � 103 23.16
SF 2eDNA 1.25 � 103 18.38 6.25 � 102 15.94
SF 3eDNA 1.20 � 103 18.27 3.19 � 102 14.28
SF 4eDNA 4.76 � 103 21.82 3.94 � 103 20.51
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observed during isonicotinohydrazides e DNA complex formation
i.e., decrease in peak intensity and blue shift in compounds' spectra
may further be credited to small structure of isonicotinohydrazides
molecules whose planer parts may possibility be intercalated be-
tween the adjacent DNA base pairs. Kb order magnitude (103 M�1)
has also been reported for electrostatic interaction or groove
binding in various studies [51,52]. Since order of magnitude is same
for all the compounds i.e., 103 M�1; on the basis of Kb values and
spectral effects, compounds SF 1 and SF 4 may be designated as
intercalators, while compounds SF 2 and SF 3 may be assigned as
groove binders.

As binding constant “Kb” measures complex stability, the values
evaluated for all the synthesized compounds for their binding with
DNAwere found significant andmay infer to the formation of stable
compound e DNA complex. Compound SF 1 showed comparatively
greater Kb value (8.07 � 103 M�1) not only among the investigated
compounds but also this value was found greater than that re-
ported for the intercalatore isoxazocucumine (6.3 � 103 M�1) [55].
The order of binding constants of four isonicotinohydrazides was as
follows;

KbðSF 1Þ >KbðSF 4Þ >KbðSF 2Þ >KbðSF 3Þ

Further, Gibbs free energies (DG) of isonicotinohydrazides e

DNA complexes were calculated by using the values of binding
constant (Kb) in classical vant Hoff's equation;

DG ¼ �RTlnKb (2)

Free energy changes were evaluated as negative values indi-
cating that all isonicotinohydrazides interacted spontaneously with
DNA during compound e DNA adducts formation, Table 1. How-
ever, for compound SF 1, DG was evaluated more negative as
compared to other compounds attributing comparatively more
spontaneity of its binging with DNA, Table 1. The order of complex
spontaneity was same as for binding constant.

DGSF 1 >DGSF 4 >DGSF 2 >DGSF 3

3.4. Computational structural analysis and molecular docking
studies

The geometries of four compounds (SF 1, SF 2, SF 3 and SF 4)
were fully optimized with the PM3 semi-empirical electronic
structuremethod and the optimized geometries of four compounds
are shown in http://www.scielo.br/scielo.php?script¼sci_
arttext&pid¼S0103-50532012000400009 Fig. 4 (AeD). Optimized

http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0103-50532012000400009
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0103-50532012000400009
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0103-50532012000400009
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0103-50532012000400009
http://www.scielo.br/scielo.php?script=sci_arttext&amp;pid=S0103-50532012000400009
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structures indicated that all compounds have planar geometry
which is property of an intercalator, but ring A is 122� out of plane,
Fig. 4(E), which renders a twist to the structure to develop in-
teractions with groove of the DNA. Optimized geometries of these
complexes are similar as shown by superimposed structures in
Fig. 4(F), except for the points of interaction with the DNA base
pairs, hence binding position of all SF compounds depends upon
the nature of substituent attached. Such structural effects have also
been reported for netropsin, distamycin and hoescht drugs which
positioned differently in grooves based on selective bonding with
the hydrogen of DNA bases [57]. In all SF compounds, nitrogen atom
on the ring A has the most negative charge (�0.620) that could
make bond with hydrogen of DNA base pairs while planar part of
the molecule partially intercalates between the DNA base pairs.
Fig. 4. Optimized structures of SF 1, SF 2, SF 3, SF 4 (AeD)
In an effort to interpret the molecular mechanism for the in-
teractions of isonicotinohydrazides (SF 1 e SF 4) with DNA, mo-
lecular docking was performed to simulate the modes of
interactions between the drugs and DNA. The conformations of
compounds with lowest free energy are shown in Fig. 5 and elec-
tronic descriptors calculated frommolecular docking data are given
in Table 2. Pose view analysis was also performed. “Kb” and DG
values for all the compounds were calculated and given in Table 1.

Partial intercalation mode of interaction of SF 1 and SF 4 with
1BNA is explained in Fig. 5 SF 1(a) and Fig. 5 SF 4(a). Bromo- and
flouro-substituted aromatic rings intercalates between adjacent
base pairs where rest of its structure has flexibility to rotate and
develop interactions with DNA backbone. In Fig. 5 SF 1(b) dotted
line shows solvent contact and blue blurred regions explain direct
, twist structure (E) and superimposed structures (F).



Fig. 5. Molecular docked complex of SF 1, SF 2, SF 3 and SF 4 with IBNA 3D complex (a); 2D lig plot showing interactions of compounds with base pairs of 1BNA (b).
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exposure of the ligand to hydrophobic core of 1BNA. Highest value
of Kb was evaluated for SF1 which is related to its highest van der
Waal's area as compared to other analogues, Table 1.

Methoxy- (SF 2) and hydroxyl- (SF 3) substituted hydrazides
interact with 1BNA via groove binding as shown in Fig. 5. Groove
binding makes intimate contacts with the walls of the groove as a
result of electrostatic and hydrophobic interactions between a drug
and DNA bases and its phosphate backbone. SF 3 showed one
hydrogen bond between O of SF 3 and H of DG16(labelled green)
with bond length 2.88 Å which may renders its greater binding
Table 2
Electronic descriptors calculated from molecular docking data.

Complexes EHOMO kcal/mol ELUMO kcal/mol Eele kcal/

SF1-1BNA �9.01 �0.79 �387657
SF2-1BNA �8.68 �0.64 �428931
SF3-1BNA �8.85 �0.42 �397504
SF4-1BNA �9.11 �0.80 �394748
strength. However, 2D lig plot of SF 2 showed that the electronic
cloud of adjacent base pairs overlap with the electronic clouds of SF
2 due to which SF 2 was completely entrapped by the DNA base
pairs, hence making its binding strength comparatively greater
than SF 3.
3.5. Drug eLikeness of isonicotinohydrazides

Pharmacological behavior of the compounds (SF 1e SF 4) was
determined theoretically using Lipinski's rule of five criteria [58].
mol Evander kcal/mol EIP kcal/mol ETotal kcal/mol

.6 269.4 9.11 �71355.8

.3 266.6 8.68 �74497.6

.4 247.2 8.85 �70916.4

.3 241.6 9.01 �74394.5



Table 3
Steric descriptors calculated from molecular docking data.

Complexes Hf kcal/mol Mr S logP Vsurf Dipole HB donor atoms HB acceptor atoms Molar mass g/mol

SF1-1BNA 76.85 7.43 2.61 269.4 3.83 1.00 3.00 304.15
SF2-1BNA 28.19 6.84 1.85 266.6 4.81 1.00 3.00 255.28
SF3-1BNA 26.99 6.75 1.55 247.2 4.40 1.00 3.00 241.25
SF4-1BNA 33.83 7.34 1.98 241.6 3.91 1.00 3.00 243.24

Table 4
Potato disc antitumor activity of the compounds.

Compound code Percentage inhibition IC50 value (mg/mL)

1000 mg/mL 100 mg/mL 10 mg/mL

SF 1 63.5 21.1 5.9 345.3
SF 2 58.9 10.2 0.0 698.3
SF 3 55.7 16.5 2.1 944.5
SF 4 51.4 15.8 1.5 592.2
Vincristine sulphate 100 100 10.7 5.5
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The calculated parameters are given in Table 3. All the compounds
were found to have HB (hydrogen bond) donor atoms < 5 (the total
number of nitrogenehydrogen and oxygenehydrogen bonds), HB
acceptor atoms < 10 (all nitrogen or oxygen atoms), molecular
mass < 500 g/mol and octanol-water partition coefficient S
logP < 5. These values were in accordance with Lipinski' criteria for
a compound to behave like a drug. However, MR (molar refractivity)
values were evaluated < 10 which are lesser than Lipinski's limits
i.e., 40e130. Since, an orally active drug has no more than one
violation of the five criteria, compounds SF 1, SF 2, SF 3 and SF 4 can
be interpreted to exhibit drug like characteristics and could be
administered as drugs after pharmacologically testing.

3.6. Potato disc antitumor study

The results of antitumor assay for the synthesized compounds
are given in Table 4 which showed that all of the tested compounds
have some activity in tumor inhibition. The highest activity was
observed for the compound SF 1 which showed 63.5% tumor in-
hibition at 1000 mg/mL with the IC50 value; 345.3 mg/mL, Fig. 6.
Compound SF 3 (IC50: 944.5 mg/mL) was found least active in the
reduction of tumor caused by Agrobacterium tumefaciens, while
compounds SF 2 and SF 4 showed moderated behavior in tumor
inhibition mechanism. Order of antitumor potentials of all the
compounds was found same as for binding constant, Kb, values
attributing a similar correlation between quantitative findings
through chemical, theoretical and biological analysis.

IC50 ðSF 1Þ < IC50 ðSF 4Þ < IC50 ðSF 2ÞÞ < IC50 ðSF 3Þ
Fig. 6. Effect of compound SF 1 at different concentrations (1000, 100 and10 mg/mL), on inhi
(negative control) for comparison.
3.7. Antimicrobial studies

Using disc diffusion method, each experiment was performed in
triplicate to monitor compounds for their antibacterial and anti-
fungal activities. However, measurement of the zone's diameter
and growth inhibition results calculated with reference to positive
control inferred none of the compound having notable bacterial
and fungal inhibition activities.
3.8. Structure e activity relationship

Chemical structure of series of compounds can be related to
biological activity through structure e activity relationship (SAR).
The effect of a substituent depends both on its nature as well as its
position in a compound. In present studies, following order for DNA
binding and antitumor activities has been observed;

SF 1> SF 4> SF 2> SF 3

Results indicated that presence of bromo-at the para position of
phenyl ring in compound SF1 imparts its highest activity while
comparing it with SF 4 having a 4-fluoro group, the activity is
significantly reduced. This can be related to the low electronega-
tivity of bromine compared to fluorine which makes the carbon e

bromine bond weaker. In addition, higher van der Waals radius of
the bromine makes it more lipophilic than fluorine. In the same
way, owing to the presence of the ether linkage in OeCH3 (found in
SF 2) renders it less polarity andmore lipophilicity compared to the
free OeH group present in SF 3. Thus the results can be explained
on the basis of order of lipophilicity. SAR depends upon large
number of factors, however, in present studies positional effect of
the substituent was explained in terms of electronegativity, radius
and lipophilicity.

Establishing structure-activity relationship from molecular
docking studies, electron donor character of a compound increases
as EHOMO increases, while electron accepting character of the
compounds increases as its ELUMO decreases. Compound SF 4 is
more electron accepting as compared to SF 1 as shown in Fig. 5(b)
where two electrons from guanine base pairs are transferred to N
and O atom of SF 4. Furthermore, all the four halogens are capable
of acting as XB donors (as proven through theoretical and experi-
mental data) and participate in halogen bonding and follow the
bition of tumor formation, along with Vincristine sulphate (positive control) and DMSO
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general trend: F < Cl < Br < I, with iodine normally forming the
strongest interactions and fluorine forming weakest interactions
[59]. Based on general trend of halogens in binding and the values
of EHOMO and ELUMO, SF 4 showed strong electron acceptor character
as compared to SF 1. EHOMO values for AT (adenine thymine) and GC
(guanine cytosine) are �8.64 and �7.35 respectively [60], con-
firming that in a process of interactionwith SF 1, SF 2, SF 3 and SF 4,
AT and GC base pairs act as electron donor. Since binding strength
decreases as electron donor character of a compound decreases, SF
4 has smaller value of binding constant as compared to SF 1 while
interacting with DNA, Table 1.

4. Conclusions

(E)-N0-(substituted benzylidene/methylene) isonicotinohydra
zides (SF 1 e SF 4) were synthesized, characterized, and studied
spectrochemically and theoretically for DNA binding and biological
activities. Experimental and theoretical investigations have shown
SF 1 and SF 4 as intercalators and SF 2 and SF 3 as groove binders.
Among all the compounds, SF 1 showed greater Kb and lowest DG
and IC50 values, attributing comparatively strong and spontaneous
binding with DNA and greater antitumor potential, respectively.
However, no significant bacterial and fungal inhibition activities
have been observed for all the compounds. Spectroscopic and
docking results of compounds for DNA binding and biological
findings have shown good correlation and justified in the present
studies. These correlations are often helpful to understand mech-
anism of drug action on DNA and may lead to explore novel and
efficient drug candidates.
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