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The heterobimetallic chemical entities 1—4 of o-vanillin functionalized Schiff base have been synthesized
and characterized by elemental analysis and spectroscopic methods viz., UV—vis, IR, ESI—mass, NMR (in 2
and 4) and EPR (in 1 and 3). The Ni'-Sn} analogs were synthesized only for structural elucidation by
NMR spectroscopy. To evaluate the biological preference with the molecular target DNA, interaction of
the Cu"—snY entities 1 and 3 with CT DNA has been explored by employing various biophysical methods
revealing the electrostatic mode of binding via oxygen of sugar—phosphate backbone of DNA helix. The
Ky, values of 1 and 3 were found to be 2.31 x 10% and 3.67 x 10* M~, respectively suggesting the greater
binding propensity of 3. Furthermore, site of action was ascertained by the interaction studies of 1 and 3
with 5-AMP employing UV—vis titrations, 'H and 3'P NMR studies which implicates the preferential
selectivity of these complexes to N1 of adenosine moiety. Moreover, the antimicrobial activities of 1 and
3, revealed 3 as a good antimicrobial agent. The cleavage activity of 3 was evaluated by agarose gel
electrophoresis assay with pBR322 DNA, revealing the involvement of singlet oxygen species via
oxidative cleavage pathway. Additionally, 3 exhibited significant inhibitory effects on the catalytic ac-
tivity of Topo I at a very low concentration, 15 uM, suggesting that 3 is an efficient catalytic inhibitor of
human Topo I. The computer-aided molecular docking techniques were carried out to ascertain the mode
of action toward the molecular target DNA and Topo I for 1 and 3.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction optimization of the chemical entities to exert effective chemo-
therapeutic potential was needed.
The chemotherapeutic anticancer drugs exert their cytotoxic

effect, and thereby therapeutic effect by interacting with DNA,

Cancer is leading cause of mortality globally, accounting for 7.6
million deaths around the world in 2008, and an estimated 13.1

million deaths by 2030 [1]. The serendipitous discovery of cisplatin,
cis-diamminedichloroplatinum (II) — an archetypical inorganic
anticancer drug [2], has triggered the design of new improved
metal-based chemotherapeutic agents with fewer side effects. The
role of cisplatin, its second generation analogs viz., carboplatin,
oxaliplatin, etc. and multinuclear complexes like BBR3464 as
chemotherapeutic anticancer drugs have been well established [3].
However, the clinical effectiveness of the existing anticancer drugs
was not good enough owing to severe side effects [4] and acquisi-
tion of resistance by tumor cells [5]. To address these limitations,

Abbreviations: CT DNA, calf thymus DNA; EB, ethidium bromide; En, ethyl-
enediamine; Topo I, topoisomerase I; UV—vis, UV—visible.
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topoisomerases or DNA—topoisomerase complexes. DNA Topo [ is a
ubiquitous cellular enzyme that catalyzes the topological changes
of DNA during fundamental cellular processes such as replication,
transcription, recombination and repair by triggering single-
stranded breaks in DNA [6]. Topoisomerase targeting compounds
are considered as an attractive target for design of cancer chemo-
therapeutics, because they can cause permanent DNA damage that
triggers a series of cellular events, inducing apoptosis leading to cell
death [7]. In this respect, DNA Topo I inhibitors represent a class of
anticancer agents forming the basis of many chemotherapy com-
binations widely used in a broad spectrum of tumors. A series of
drugs that specifically target DNA Topo I, such as camptothecin
(CPT) and its derivatives, as well as other non-CPT Topo I inhibitors
like indenoisoquinolines have been used clinically as antitumor
agents in cancer chemotherapy [8].
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The ligand design plays a decisive role in transporting and
addressing the molecule to the target, resisting untimely exchanges
with biomolecules [9]. Previous literature reports have demon-
strated that Schiff bases derived from o-vanillin are biologically
more significant due to their superior chelating ability, structural
flexibility [10] and diverse biological activities including antimi-
crobial [11] and antitumor [12]. Further, the potency and selectivity
of o-vanillin Schiff base derivative could provide an active phar-
macophore scaffold for the design of chemotherapeutic drugs [12].

Organotin(IV) complexes have displayed remarkable in vitro and
in vivo antiproliferative properties, owing to which they play a
crucial role in cancer oncology [13]. Further, organotin(IV) com-
plexes with Schiff base ligands have received considerable atten-
tion owing to their fascinating chemical behavior, kinetically stable,
relatively lipophilic nature and possessing attractive properties
such as lower toxicity than platinum drugs [14]. While copper— an
essential bioelement involved in cellular respiration, antioxidant
defense, neurotransmission, connective tissue and DNA biosyn-
thesis. Cu'l complexes possess diverse structures and have a high
nucleobase affinity that enables them to cleave DNA effectively,
which gives them potential value in the treatment of cancer [15].
On other hand, organotin(IV) compounds have demonstrated high
antitumor activity in vitro in a wide variety of human tumors and it
has been found that the organotin(IV) moiety bound preferentially
to a phosphate group of the DNA backbone. Additionally, it has also
been established that organotin(IV) are involved in cancer
chemotherapy because of their apoptotic inducing property [16].
Further, the use of o-vanillin in association with 2-amino-2-
methylpropane-1,3-diol ligand proved as good scaffold due to its
potential binding modes to metal center as well as participation in
hydrogen bonding interactions, which are necessary for DNA
binding and Topo I inhibition.

Our interest focuses on the design of bioactive chemical entities
where two or more metal centers can be incorporated in a single
complex so as to achieve bifunctional architectures, preferably
divalent copper with organotin(IV), which produces a highly
cationic species that exerts strong electrostatic attraction to the
anionic phosphate backbone of DNA. Such metalated chemical
entities (with two or more active metal centers) act synergistically
to cleave DNA with higher efficiency and also exhibit preferential
intrinsic DNA interactions inside the cell that make them inter-
esting for continued investigation of their reactivity with DNA.

2. Experimental
2.1. Materials and measurements

Reagent grade chemicals were used without further purification
for all syntheses and experiments. Ethylenediamine (Loba Chem.),
2-hydroxy-3-methoxybenzaldehyde  (o-vanillin), 2-amino-2-
methylpropane-1,3-diol, dimethyltin(IV) dichloride, diphenylti-
n(IV) dichloride, tris buffer {Tris(hydroxymethyl)aminomethane},
NaNs, DMSO, SOD, methyl green, DAPI (Sigma—Aldrich), copper(II)
chloride dihydrate, nickel(II) chloride hexahydrate (E. Merck), 6X
loading dye (Fermentas Life Science), 5'-AMP (Fluka), doxycycline,
nystatin (Hi-Media) supercoiled plasmid pBR322 DNA (Genei) and
Topo I (CalBioChem) were utilized as received. Disodium salt of CT
(calf thymus) DNA purchased from Sigma Chem. Co. and was stored
at 4 °C.

The 'H, 3C and Sn NMR spectra were obtained on a Bruker
DRX-400 spectrometer operating at 400, 100 and 150 MHz,
respectively. Infrared spectra were recorded on Interspec 2020 FTIR
spectrometer in KBr pellets from 400 to 4000 cm™". Electrospray
mass spectra were recorded on Micromass Quattro II triple quad-
rupol mass spectrometer. Microanalyses (C, H and N) were

performed on an Elementar Vario EL IIl. EPR spectra of copper
complexes were recorded on Varian E 112 spectrometer at the X-
band frequency (9.1 GHz). Electronic spectra were recorded on a
UV-1700 PharmaSpec UV—vis Spectrophotometer (Shimadzu).
Fluorescence measurements were made on Shimadzu RF—5301PC
Spectrofluorophotometer. Viscosity measurements were carried
out from observed flow time of CT DNA containing solution
(t > 100 s) corrected for the flow time of buffer alone (tp), using
Ostwald’s viscometer at 25 + 0.01 °C. Flow time was measured with
a digital stopwatch. Molar conductance was measured at room
temperature on Eutech con 510 electronic conductivity bridge.

2.2. DNA binding and cleavage experiments

DNA binding experiments which include absorption spectral
titrations, fluorescence titrations and viscosity measurements
conformed to the standard methods and practices previously
adopted by our laboratory [17—20]. DNA cleavage experiment has
been performed by the standard protocol [21].

2.3. Topoisomerase I inhibition assay

One unit of the enzyme was defined as completely relax 1 pg of
negatively supercoiled pBR322 DNA in 30 min at 310 K under the
standard assay conditions. The reaction mixture (30 pL) contained
35 mM Tris—HCl (pH 8.0), 72 mM KCI, 5 mM MgCl,, 5 mM DTT,
2 mM spermidine, 0.1 mg/ml BSA, 0.25 ug pBR322 DNA, 2 Unit Topo
I and complex 3. These reaction mixtures were incubated at 310 K
for 30 min, and the reaction was terminated by addition of 4 uL of
5x buffer solution consisting of 0.25% bromophenol blue, 4.5% SDS
and 45% glycerol. The samples were electrophoresed through 1%
agarose in TBE at 30 V for 8 h.

2.4. Molecular docking studies

The rigid molecular docking studies were performed by using
HEX 6.3 software [22], which is an interactive molecular graphics
program for calculating and displaying feasible docking modes of
pairs of protein, enzymes and DNA molecule. The structure of the
complex was sketched by CHEMSKETCH (http://www.acdlabs.com)
and converted to pdb format from mol format by OPENBABEL
(http://[www.vcclab.org/lab/babel/). The crystal structure of the B-
DNA dodecamer d(CGCGAATTCGCG), (PDB ID: 1BNA) and human—
DNA Topo I complex (PDB ID: 1SC7) was downloaded from the
protein data bank (http://www.rcsb.org./pdb). Visualization of the
docked pose has been done by using CHIMERA (www.cgl.ucsf.edu/
chimera) molecular graphics program.

2.5. Antimicrobial assays

2.5.1. Antibacterial activity

The heterobimetallic Cu—SnY analogs 1 and 3 were screened
for in vitro antibacterial activity against two Gram-negative
[Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC
27853)] and two Gram-positive [Staphylococcus aureus (ATCC
25923) and Bacillus subtilis (MTCC 121)] bacterial strains. The agar
well diffusion method was adopted for determining zones of in-
hibition [23]. Briefly, all cultures were routinely maintained on NA
(nutrient agar) and incubated at 37 °C overnight. The culture was
centrifuged at 1000 rpm and pellets were resuspended and diluted
in sterile normal saline solution to obtain viable count 10° cfu/ml.
Volume of 0.1 ml of diluted bacterial culture suspension was spread
uniformly with the help of spreader on NA plates. Wells of 8 mm
size were cut and loaded with different concentrations of the test
complexes. Antibiotic disc, doxycycline (30 pg/disc) and solvent
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were used as positive and negative control respectively. The plates
were then incubated for 24 h at 37 °C, and the resulting zones of
inhibition (in mm) were measured.

2.5.2. Antifungal activity

All cultures were routinely maintained on SDA and incubated at
28 °C. The inoculums of non-sporing fungi, Candida albicans were
performed by growing the culture in SD broth at 37 °C for over-
night. Volume of 0.1 ml of diluted fungal culture suspension was
spread with the help of spreader on SDA plates uniformly. Sterile
8 mm discs were impregnated with the test compounds. Wells of
8 mm size were cut and loaded with different concentrations of the
test samples. Antibiotic disc, nystatin (30 pg/disc) were used as
positive control. C. albicans plates were incubated at 37 °C for 18—
48 h. Antifungal activity was determined by measuring the di-
ameters of the inhibition zone.

2.6. Syntheses

2.6.1. Synthesis of ligand, L

The Schiff base ligand, L was synthesized from 2-amino-2-
methylpropane-1,3-diol (1.051 g, 10 mmol) and o-vanillin (1.52 g,
10 mmol) by adopting the reported procedure [12].

2.6.2. Synthesis of [Cu(en),]Cl> and [Ni(en)2]Cl,

The monometallic complexes of [Cu(en);]|Cl; and [Ni(en);]Cl;
were synthesized by adding ethylenediamine (1.34 ml, 20 mmol) in
a methanolic solution of CuCl,-2H,0 (1.70 g, 10 mmol)/NiCl,-6H,0
(2.38 g, 10 mmol) in a 2:1 molar ratio as described in the earlier
reported procedure [24].

2.6.3. Synthesis of heterobimetallic complexes 1—4

Methanolic solution of dimethyltin dichloride (0.87 g,
4 mmol)/diphenyltin dichloride (1.37 g, 4 mmol) was added
to a stirring methanolic solution of [Cu(en);]-Cl, (0.50 g,
2 mmol)/[Ni(en),]-Cl, (0.49 g, 2 mmol). The reaction mixture was
kept on reflux on water bath for ca. 2 h, the reaction was moni-
tored by TLC. To this methanolic solution of ligand, L (0.956 g,
4 mmol) was added drop wise and the resulting solution was
continued to reflux for 6 h. Depending upon the Cu"/Ni' complex,
blue or green colored solids, respectively were precipitated out
which were filtered, washed with diethyl ether and dried in vacuo.

Complex 1: Yield, 68%. M.p. 260 °C (decompose). Anal. Calc. for
C32H56Ng0gCuSn; (%) C, 40.29; H, 5.91; N, 8.81. Found: C, 40.07; H,
5.69; N, 8.37. Selected IR data (cm~!/v): 3332 v(OH); 3186 v(N—H),
1573 6(N—H); 1629 v(C=N); 1231 v(C—0); 566 v(Sn—C); 538 v(Sn—
0); 470 y(Cu—N); 433 v(Sn—N). Molar Conductance, Ay (1073 M,
DMSO0): 21 Q! cm? mol~! (non electrolyte). UV—vis (DMSO, Amax,
nm): 553,382, 274. ESI-MS (m/z, DMSO): 865.1 [C32H56N0gCuSn; —
2C4H907 + H]+.

Complex 2: Yield, 63%. M.p. >300 °C (decompose). Anal. Calc. for
C32H56N60sNiSny (%) C, 40.50; H, 5.94; N, 8.85. Found: C, 40.43; H,
5.81; N, 8.49. Selected IR data (cm™!/v): 3334 v(OH); 3192 y(N—H),
1577 6(N—H); 2922 vs(CHz), 2847 v45(CHz2); 1630 v(C=N); 1236 v(C—
0); 576 v(Sn—C); 530 v(Sn—0); 467 v(Ni—N); 432 v(Sn—N). Molar
Conductance, Ay (1073 M, DMSO): 24 Q! cm? mol~! (non elec-
trolyte). UV—vis [DMSO, Amax, Nm]: 546, 428, 383, 272. TH NMR
(400 MHz, DMSO-dg, 6 ppm): 9.87 (2H, azomethine CH=N), 7.6—7.3
(6H, Ar—H), 3.58 (6H, O—CH3s), 2.13 (8H, ethylenediamine —CH>),
1.18 (6H, L —CH3), 0.91 (6H, Sn—CH3). 13C NMR (100 MHz, DMSO-ds,
0 ppm): 163.25 (2C, C=N), 132.07—114.27 (12C, Ar—C), 63.58 (4C, L
CH,—O0H), 57.84 (2C, L —OCH3), 39.92 (4C, ethylenediamine —CH>),
17.62 (2C, L —CH3), 9.21 (4C, Sn—CH3). '9Sn-NMR (150 MHz, DMSO-
de, 6 ppm): —243. ESI-MS (m/z, DMSO): 862.9 [C32H56NOgNiSny —
2C4Ho0; + H]+.

Complex 3: Yield, 61%. M.p. 290 °C (decompose). Anal. Calc. for
Cs2HgaNgOgCuSn, (%) C, 51.96; H, 5.36; N, 6.99. Found: C, 51.37; H,
5.31; N, 6.50. Selected IR data (cm™!/v): 3326 v(OH); 3181 v(N—H),
1579 6(N—H); 2919 vg(CHy), 2841 vg5(CH3); 1628 v(C=N); 1233 v(C—
0); 556 v(Sn—C); 533 v(Sn—0); 470 v(Cu—N); 444 v(Sn—N). Molar
Conductance, Ay (10~ M, DMSO): 27 Q™! em? mol~! (non elec-
trolyte). UV—vis [DMSO, Amax, nm]: 557, 385, 273. ESI-MS (m/z,
DMSO): 11111 [C52H54N508CUSI'12 — 2C4Hg0y + 2H]+.

Complex 4: Yield, 58%. M.p. >300 °C (decompose). Anal. Calc.
for Cs55HgaNgOgNiSn, (%) C, 52.17; H, 5.38; N, 7.01. Found: C, 52.01;
H, 5.18:; N, 6.91. Selected IR data (cm ™ jv): 3329 v(OH); 3178 v(N—H),
1583 6(N—H); 2926 vs(CH>), 2843 vgs(CH3), 1631 v(C=N); 1228 v(C—
0); 560 v(Sn—C); 539 v(Sn—0); 468 v(Ni—N); 446 v(Sn—N). Molar
Conductance, Ay (10~ M, DMSO): 32 Q! cm? mol~! (non elec-
trolyte). UV—vis [DMSO, Amax, nm]: 542, 431, 380, 275. '"H NMR
(400 MHz, DMSO-dg, 6 ppm): 9.88 (2H, azomethine CH=N), 7.7—
7.01 (Ar—H), 3.61 (6H, O—CH3s), 2.13 (8H, ethylenediamine —CHy),
1.18 (6H, L —CH3). 3C NMR (100 MHz, DMSO-dg, 6 ppm): 161.21 (2C,
C=N), 117.54—146.51 (24C, L + SnPh Ar—C), 64.23 (4C, L CH,—OH),
48.67 (2C,L —0OCH3), 39.72 (4C, ethylenediamine —CH>), 17.68 (2C, L
—CH3). 9Sn-NMR (150 MHz, DMSO-dg, § ppm): —256. ESI-MS (m/
Z, DMSO)Z 1107.2 [C52H64N503Ni5n2 — 2C4H902 + H]+.

3. Results and discussion
3.1. Synthesis and characterization

The synthetic route of new organotin(IV) analogs, 14 is rep-
resented in Scheme 1. The proposed structures were formulated on
the basis of their elemental analysis, spectroscopic techniques (IR,
NMR, ESI-MS, UV—vis and EPR) and molar conductance values.
The molar conductivity data of synthesized complexes 1—4 in
DMSO (10~3 M) at 25 °C were too low to account for any disso-
ciative ions in the complexes, consistent with their non-electro-
lytic nature.

The IR spectrum of non-coordinated Schiff base ligand, L ex-
hibits medium absorption band at 1637 cm™~! attributable to azo-
methine v(C=N), which was perturbed to lower frequencies by 9—
6 cm~! upon complexation in 14 indicating donation of the lone
pair of azomethine nitrogen to Sn atom. The characteristic
stretching vibration of the phenolic oxygen v(C—0) was shifted to
lower frequencies in the 1236—1228 cm~! in 1-4, suggesting
involvement of phenolic oxygen in coordination after deprotona-
tion [25]. A medium intensity band at 3400—3300 cm ™ attribut-
able to the —NH; group of ethylenediamine disappeared
completely in all complexes 1—4 and new bands appeared at 3192—
3178 and 1583—1570 cm ! corresponding to »(N—H) stretching and
0(N—H) bending vibrations, respectively, supporting the coordina-
tion of ethylenediamine to Cu"/Ni' and subsequently to Sn'¥ metal
ions by the elimination of HCl [26]. Furthermore, the diagnostic
assignments of 1—4 corresponding to v(Sn—C), v(Sn—0) and v(Sn—
N) were found at 576—556, 539—530 and 446—432 cm ™, respec-
tively [27]. Besides, all the complexes exhibited a sharp band in the
region 478—467 cm~! attributed to v(Cu/Ni—N) vibrations sup-
porting the coordination through nitrogen.

In the NMR spectra, the assignment of the proton resonances
was made by their peak multiplicity, intensity pattern and com-
parison of the integration values of the protons with the expected
composition. The 'H NMR spectra of 2 and 4 recorded in DMSO-dg
demonstrated the absence of —OH signal at 6 ~12.6 ppm indicating
the involvement of phenolic —OH group in coordination to Sn'v
metal center through deprotonation [28]. The characteristic signal
of —HC=N group at § 9.87 and 9.88 ppm in 2 and 4, respectively,
revealed a significant chemical shift due to ligation of nitrogen
atom to tin metal centers. In case of dimethyltin analog 2, the
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Scheme 1. Schematic representation of synthetic route for the complexes 14.

presence of methyl group bound to tin atom was confirmed as a
singlet at 6 0.91 ppm. Other resonance signals at ¢ 2.13 and
2.42 ppm in 2 and 4, respectively, corresponds to —CHj protons of
ethylenediamine moiety.

The 3C NMR spectra of 2 and 4 revealed signals at 6 63.58 and
64.23 ppm, respectively attributable to —CH,—OH of 2-amino-2-
methylpropane-1,3-diol moiety, at 6 ~39 and 146.51—-114.27 ppm
corresponding to the ethylenediamine —CH; and aromatic carbons,
respectively.

The °Sn NMR spectra of complexes exhibited a sharp singlet
indicating the formation of a single species. The spectra of 2 and 4
exhibited '°Sn NMR resonances at —243 and —256 ppm, respec-
tively, supported hexacoordinate geometry around Sn" metal
ions [29].

The EPR spectra of Cu"—Sn}’ analogs 1 and 3 were recorded in
DMSO at LNT. The X-band EPR spectra of 1 exhibited anisotropic
signal with g = 2.17, g, = 2.08 and g,y = 2.11 computed from the
expression g2, = (g} + 2g% )/3. Similarly, 3 exhibited these values at
g =2.15,g, =2.06 and g,y = 2.09. These parameters are consistent
with the values reported for other related square planar Cu" sys-
tems and are typical of axially symmetrical d° Cu" complexes [30].
In square planar complexes, the unpaired electron lies in the d?
orbital giving 2A1g as the ground state with g, > g > 2.0023, while
giving 2B1g with g > g, > 2.0023, if the unpaired electron lies in
the dz?y orbital. From the observed values, it was clear from the
trend g > g, > 2.0023, that the unpaired electron was predomi-
nantly in the d,z(z,y orbital of the Cu" jon.

The electronic absorption spectra can often provide quick and
reliable information about the ligand arrangement in transition
metal complexes. The electronic spectra of the chemical entities 1—
4 were recorded in DMSO at room temperature in the range of 190—
1100 nm exhibited characteristic absorption bands in the range of
272—275 nm which could be attributed to intraligand ©7 — =*
transitions. Other low energy n — m* transition bands of non-
bonding electrons of azomethine nitrogen of the Schiff base ligand
were observed at 380—385 nm. The Cu"'—SnY’ entities 1 and 3 were
characterized by a broad band at 553 and 557 nm, respectively

assignable to ZB1g — 2A1g transitions, which strongly favor square
planar geometry around the Cu" ion [31]. While, the diamagnetic
Ni"—snY entities exhibited d — d transitions at 546 and 428 nm in
case of complex 2 and 542 and 431 nm in case of complex 4, cor-
responding to 1A1g — 1B1g and lA1g — lAzg transitions, respec-
tively consistent with the square planar geometry around the Nil
center [32].

Since refractive single crystals of the complexes could not be
obtained, the crystalline nature of the chemical entities 1—4 was
authenticated by XRPD measurements. The diffractograms ob-
tained for the metal complexes 1—4 are given.

3.2. DNA binding studies

3.2.1. Electronic absorption spectroscopy

The UV—vis spectra of heterobimetallic Cu"—SnY’ entities 1 and
3 exhibited increase in the absorption intensities (hyperchromism,
23 and 37%, respectively) of ligand—centered ®w — w* absorption
band at ~274 nm without any appreciable shift in band positions
(Fig. 1). The intrinsic binding constants (Kp,) of the complexes were
determined by monitoring the changes in the absorbance at the
intraligand band with increasing concentrations of CT DNA. The
observed “hyperchromic” effect revealed the electrostatic mode of
interaction of complexes with DNA. Since both the complexes 1 and
3 possess a heterobimetallic core Cu"—SnY which offers dual mode
of binding viz.; coordinate covalent binding of Cu" ion to N7 of
guanine [33] and Sn' ions shows preference for the oxygen atoms
of vicinal phosphate moiety of DNA double helix [34], therefore,
synergic bonding interaction can be envisaged for these complexes.
The K;, values of 1 and 3 were found to be 2.31 x 10* and
3.67 x 10* M1, respectively. The results revealed that the diphe-
nyltin analog 3 exhibits stronger DNA binding propensity as
compared to dimethyltin analog 1, which could be attributed to the
more intimate binding of phenyl moiety into the DNA helix.
Moreover, free —OH groups of the complexes, encourage the groove
binding by engaging in hydrogen-bonding with the functional
groups positioned on the edge of DNA bases which feature novelty
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Fig. 1. Absorption spectra of complexes (a) 1 and (b) 3 in the presence of increasing amount of CT DNA. Inset: Plots of [DNA]/(ea — &) vs. [DNA] for the titration of CT DNA with

complexes. [Complex] = 1.3 x 107* M, [CT DNA] = 0-1.2 x 107* M.

as it provides molecular recognition at the specific target site at the
cellular level [35].

3.2.2. Interaction with 5'-AMP

The UV—vis absorption titrations of 1 and 3 with 5-AMP in
DMSO were carried out to investigate the specific recognition of
complexes with the nucleobases/phosphate sugar backbone of DNA
helix. As shown, addition of increasing amounts of 5-AMP to
complexes 1 and 3, resulted in hyperchromism with a blue shift of
~2 nm which was suggestive of the binding of 1 and 3 to 5'-AMP
through electrostatic interactions. The Kp values were
calculated for 1 and 3 and were found to be 1.74 x 10* and
2.87 x 10* M~ Irespectively, consistent with UV—vis results. Further
to validate our hypothesis of 1 and 3 showing preferential binding
toward the AT— rich sequence of DNA, interaction studies of 1 and 3
with 5-AMP were carried out by 'H and 3'P NMR techniques at
physiological pH 7.2. The 'H NMR of free 5'-AMP in D,0 exhibits H2
and H8 aromatic protons (adjacent to N7 and N1 atom of adenine,
respectively) resonance at 7.83 and 8.12 ppm, respectively. On
addition of 1 to 5'-AMP, the H2 signal shifted to 8.02 ppm, while H8
signal undergoes a significant shift at 8.36 ppm, while upon addi-
tion of 3 the H2 and H8 signals shifted to 8.18 and 8.50 ppm,
respectively, suggesting the stronger binding affinity of 3 to 5'-AMP
as compared to 1. These significant shifts result due to the
deshielding of H8 proton by coordinate bond formation of Cu" ions
of 1 and 3 preferably via N1 atom rather than N7 of 5'-AMP [36].

The >'P NMR signal appeared in free 5-~AMP at 0.72 ppm, and
exhibited slight shift (0.83 and 0.87 ppm with 5'-AMP) in presence

a
200.00 T

100.00

Emission Intensity (a.u)

0.00

of 1 and 3, respectively indicating the involvement of Sn' ion
binding with the phosphate backbone of DNA.

3.2.3. Fluorescence studies

Fluorescence spectral technique is an effective method to study
metal interaction with DNA. Since, the complexes 1 and 3 exhibited
strong fluorescence at ~385 nm in 0.01 Tris—HCI/50 mM NaCl
buffer when excited at 270 nm at physiological pH, fixed amounts
of 1 and 3 were titrated with increasing amounts of CT DNA. The
addition of CT DNA exhibited gradual enhancement in fluorescence
emission intensity without any change in the position of the
emission bands, which implied that chemical entities revealed
strong interactions with DNA as illustrated in Fig. 2. The enhance-
ment of the emission intensity is mainly due to the change in the
environment of metal complex and is related to the extent to which
complex is inserted into the hydrophobic environment inside the
DNA helix; which reduces the accessibility of solvent molecules at
the binding site and thus preventing the quenching effect [37].
Thus, it is evident that complexes were protected efficiently by the
DNA helix, leading to decrease in the vibrational modes of relaxa-
tion and higher emission intensity. The binding constant, K esti-
mated for 1 and 3 by Scatchard equation were found to be
2.03 x 10* and 3.10 x 10* M1, respectively and followed similar
trend as in the case of absorption spectral studies.

3.2.4. Ethidium bromide displacement assay
In order to further investigate the interaction mode and binding
affinities of the complexes 1 and 3 with DNA, quenching

b 3000
f

200.00

100.00

Emission Intensity (a.u)

0.00

320.0 400.0 500.0

Wavelength (nm)

400.0

Wavelength (nm)

320.0 500.0

Fig. 2. Emission spectra of complexes (a) 1 and (b) 3 in Tris—HCl buffer (pH = 7.2) in the absence and presence of CT DNA. [Complex] = 1.3 x 1074 M, [DNA] = 0—0.50 x 10~4 M.
Arrows indicate the change in emission intensity upon increasing the DNA concentration.
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experiments with EB were employed. The EB displacement tech-
nique is based on the decrease of fluorescence resulting from the
displacement of EB from a DNA sequence by a quencher, and the
quenching is due to the reduction of the number of binding sites on
the DNA that is available to the EB. The increasing concentrations of
the complexes 1 and 3 (0—1.2 x 10~% M) to DNA pretreated with EB
(IDNA]/[EB] = 1) (0.2 x 10~% M) resulted in remarkable quenching
of the emission intensity, indicative of the competitive displace-
ment of the bound EB from the CT-DNA by the complexes. The
relative binding propensity of the complexes to DNA is measured
from the extent of reduction in the emission intensity. As com-
plexes 1 and 3 bind to DNA through electrostatic binding mode via
the phosphate backbone of DNA helix, the observed quenching may
be due to the photoelectron transfer mechanism [38]. The Kj,
values calculated from Stern—Volmer equation for complexes 1 and
3 were found to be 0.64 and 1.06, respectively. The greater decrease
in the K, value for complex 3 compared to complex 1 was attrib-
uted to the strong binding of the complex with DNA double helix.

3.2.5. Effect of ionic strength

To evaluate the electrostatic contribution into the DNA-binding
event of the complexes 1 and 3, the effect of the ionic strength on
the emission spectrum of complexes was monitored. The fluores-
cence intensity of DNA bound complexes was moderately
quenched with increasing ionic strength through added NaCl (0—
0.50 x 10~% M). Due to the competitive interaction for phosphate
anions, the addition of NaCl weakens the surface binding in-
teractions as well as hydrogen bonding between the CT DNA and
the interacting molecules [39].

3.2.6. Viscosity measurements

The plots of relative viscosities vs. [complex]/[DNA] are shown.
The relative specific viscosity of the DNA reduces steadily upon
addition of Cu''-SnY analogs 1 and 3 support our contention that
the complexes bind to DNA via non-covalent interactions [40]. The
decreased relative viscosity of DNA may be explained by a binding
mode which produced bends or kinks in the DNA strand, thereby
diminishing its effective length and concomitantly its viscosity.

3.3. DNA cleavage studies of pBR322 DNA

Since, 3 exhibited greater binding propensity to CT DNA, the
cleavage activity of 3 was studied using supercoiled plasmid
pBR322 DNA as a substrate in a medium of 5 mM Tris—HCI/50 mM
NaCl buffer (pH 7.2) under physiological conditions. A concentra-
tion dependent DNA cleavage by 3 was performed at increasing
complex concentrations (10—50 uM) which exhibiting significant
cleavage at 50 uM without the formation of Form III, suggesting
single strand DNA cleavage.

The mechanistic aspects of the DNA cleavage reaction of 3 were
studied in the presence of radical scavengers. The DNA cleavage in
the presence of hydroxyl radical scavengers (DMSO and EtOH),
singlet oxygen quencher (NaN3) and SOD as superoxide radical
scavenger is shown in Fig. 3a. An enhancement in the DNA cleavage
was observed upon the addition of DMSO and EtOH, ruling out the
involvement of hydroxyl radical in the cleavage process (Fig. 3a,
Lanes 2 and 3). Since, no obvious inhibition was observed in the
presence of SOD, the possibility of involvement of superoxide
radical in DNA cleavage was ruled out (Fig. 3a, Lane 4). While, in the
presence of NaN3, DNA cleavage is significantly inhibited which was
indicative of the involvement of the singlet oxygen or a singlet
oxygen-like entity in the cleavage process (Fig. 3a, Lane 5). This
inhibitory activity of NaN3 can be ascribed to the affinity of the
azide anion for transition metals [41].

a
—> Form II

—> Forml1

—> Form II

—> Form1

1 2 3

Fig. 3. Agarose gel electrophoresis pattern for the cleavage of pBR322 supercoiled DNA
(300 ng) by complex 3 in presence of (a) different activating agents at 310 K after
incubation for 45 min. Lane 1: DNA Control; Lane 2: 50 uM of complex + DMSO
(0.4 M) + DNA; Lane 3: 50 uM of complex + EtOH (0.4 M) + DNA; Lane 4: 50 pM of
complex + SOD (15 units) + DNA Lane 5: 50 uM of complex + sodium azide
(0.4 M) + DNA (b) DNA recognition agents at 310 K after incubation for 45 min. Lane 1,
DNA control; Lane 2, 40 uM of complex 1 + DNA + methyl green (2.5 pL of a 0.01 mg/
ml solution); Lane 3, 40 uM of complex 1 + DNA + DAPI (8 uM).

From the results obtained above we may suggest that 3 is capable
of promoting DNA cleavage through an oxidative DNA damage
pathway. A copper peroxide with DNA cleaving ability is formed by
an active singlet oxygen species or a singlet oxygen-like entity. The
assumed involvement of copper—oxo species can be deduced from
the reaction of copper(l) and endogenous dioxygen to give super-
oxide anion that dismutates, giving rise to hydrogen peroxide that
can react yielding copper(I) to obtain a copper—oxo species [42].

The DNA groove binding preference of 3 was studied using DNA
major groove binder methyl green and DNA minor groove binder
distamycin. A significant inhibition in the chemical nuclease ac-
tivity of 3 was observed in the presence of distamycin, while methyl
green addition exhibited no apparent effect on the DNA cleavage
(Fig. 3b). These results are of significance as majority of the
oxidative cleavage reagents generally bind in the minor groove
rather than major groove [43].

3.4. Topoisomerase I inhibition

Topo I inhibitors inhibit or reduce the rate of religation in the
DNA cleavage complex and ultimately leads to cell death after
collision of the cleavage complex, with the replication fork result-
ing in double-strand breakage [44]. The gel electrophoresis pattern
was obtained by incubating pBR322 DNA with Topo I in the pres-
ence of different concentrations of 3. As shown in Fig. 4, supercoiled
DNA was fully relaxed by the enzyme in the absence of 3 (Lane 2).
However, upon increasing the concentrations of 3 (7.5—15 pM), the
levels of the relaxed form (OC) were inhibited (Lanes 3—6) [45]. At
15 uM the DNA relaxation effect caused by Topo I was completely
inhibited by 3. These observations suggest that 3 inhibits Topo I
catalytic activity due to the relatively strong DNA binding affinity of
the complex, preventing the enzyme from efficiently binding to
DNA.

—_— OC

Fig. 4. Agarose gel electrophoresis pattern showing effect of different concentration of
complex 3 on the activity of DNA Topo I; Lane 1, DNA control; Lane 2, Topo I + DNA;
Lane 3, 7.5 uM of complex + DNA + Topo [; Lane 4: 10 uM of complex + DNA + Topo [;
Lane 5: 12.5 pM of complex + DNA + Topo I; Lane 6: 15 pM of complex + DNA + Topo I.
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4. Molecular docking
4.1. Molecular docking with DNA

Computer-aided molecular docking studies of 1 and 3 with DNA
duplex of sequence d(CGCGAATTCGCG), dodecamer (PDB ID:
1BNA) were carried out in order to predict the chosen binding site
along with preferred orientation of the chemical species inside the
DNA minor groove (Fig. 5a and b). The results exhibited that 1 and 3
interact with DNA via an electrostatic mode involving outside edge
stacking interactions with the oxygen atom of the phosphate
backbone of DNA. Moreover, —OH groups of the complexes acts as
strong H—bond donor or acceptor and were found to be engaged in
hydrogen-bonding interactions with DNA nucleobases available in
the minor grooves. The minimum energy docked pose revealed that
1 and 3 preferentially bind to the minor groove of double-stranded
DNA, within A—T regions of the dodecamer, thus making favorable
hydrogen bonding and electrostatic interactions with DNA func-
tional groups that define the stability of groove [46]. Further, 1 and
3 supported the structural complementarity of the DNA minor
groove of AT—DNA, as its floor is smooth and convex, while the floor
of GC-sequences is interrupted by the exocyclic amino groups of
guanines protruding into the groove and obstructing good fit of a
minor groove-binder. The resulting relative binding energy of
docked complexes 1 and 3 with DNA were found to be —252.2
and —272.8 k] mol~! respectively.

Thus, we can conclude that there is a mutual complement be-
tween spectroscopic studies and molecular docking techniques,
which can substantiate our experimental results and at the same
time provides further evidence of groove binding.

4.2. Molecular docking with human—DNA Topo |

To further validate the exact binding site of Topo I inhibition, 1
and 3 were successively docked with the human—DNA Topo I
complex (PDB ID: 1SC7). The X-ray crystallographic structure of the
human—DNA Topo | complex (PDB ID: 1SC7) was uploaded in
which Topo I is bound to the oligonucleotide sequence 5'—
AAAAAGACTTsX-GAAAATTTTT-3’, where ‘s’ is 5'-bridging phos-
phorothiolate of the cleaved strand and ‘X’ represents any of the
four bases A, G, C or T. The phosphoester bond of G12 in 1SC7 was
rebuilt and SH of G11 on the scissile strand was changed to OH [47].
The resulting docking model (Fig. 6a) indicated that the complex 1
failed to search the exact binding site of Topo I-DNA complex,

(a) (b)

Fig. 5. Molecular docked model of complex (a) 1 and (b) 3 with DNA dodecamer
duplex of sequence d(CGCGAATTCGCG), (PDB ID: 1BNA).

(b)

Fig. 6. (a) Molecular docked model of complex 1 was failed to target the cleavage
active site of human DNA Topo I (PDB ID: 1SC7) and (b) Complex 3 targeting in the
cleavage active site of human DNA Topo I (PDB ID: 1SC7).

thereby unable to block the rewinding step of the phosphoester
bond of G12, while 3 approached toward the DNA cleavage site in
the Topo I-DNA complex forming a stable complex (Fig. 6b). The
insertion of 3 into the Topo I-DNA cleavage complex increases the
distance between ends of the broken DNA strand and prevents
relegation resulting in prolonged attachment of Topo I to DNA. The
—OH groups of the ligand in 3 was involved in H-bond with
the scissile strand, which could strongly block the religation pro-
cess, subsequently leads to inhibitory effect on Topo I [48]. The
resulting docked model with minimum relative binding energy
of —330 k] mol~! demonstrates 3 as an efficient Topo I inhibitor.
Thus, molecular docking studies provide a structural explanation of
binding mode of the metal complex in the active site of an enzyme.

5. Antimicrobial activity

In vitro screening tests of synthesized Cu"-Sn} chemical en-
tities 1 and 3 were carried out for their antibacterial and antifungal
activity. The results shown in Fig. 7 indicated that 3 (diphenyltin
derivative) exhibited a higher activity against all tested bacteria as
compared to 1 (dimethyltin derivative). This higher antibacterial

I Complex1
[ Complex1
[ Complex 1
[ Complex 3
30 1 @ Complex 3
[ Complex 3

Zone of inhibition (mm)
8

Fig. 7. Antimicrobial activity of complexes 1 and 3 against different bacterial strains, at
varying concentrations (250, 500 and 1000 pg/ml). The maximum inhibition zone is
represented by the reference drug.
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activity of 3 against most of bacteria strains could be attributed to
the high lipophilic character of diphenyltin moiety. The presence of
two phenyl groups in 3 increases the solubility of the complex in
lipids and hence it can cross through biological membranes with
higher efficiency [49]. However, both 1 and 3, exhibited lesser ac-
tivity than the reference drug (doxycyclin).

The synthesized compounds were also screened for their anti-
fungal activity against C. albicans. The results demonstrated that
both the Cu"-SnY DNA binding agents 1 and 3 exhibited good
antifungal activity.

6. Conclusions

This work describes the synthesis and characterization of het-
erobimetallic Cu"/Ni''~Sn% chemical entities 1-4, derived from
o-vanillin Schiff base. The comparative in vitro DNA binding profile
of 1 and 3 was investigated by absorption, fluorescence and vis-
cosity measurements and the results revealed electrostatic in-
teractions along with the selective binding to the minor groove of
DNA. The intrinsic binding constant, Ky, revealed higher binding
propensity of diphenyltin analog, 3 as compared to dimethyltin
analog, 1. The antimicrobial activity of 1 and 3 was evaluated which
revealed that 3 exhibited better antimicrobial activity than 1.
Further, the pBR322 DNA cleaving ability of 3 was evaluated by
agarose gel electrophoresis which revealed that the complex bind
to double-stranded DNA possibly in the minor groove and cleaves
supercoiled DNA through an oxidative cleavage mechanism
induced by a reactive oxygen species. Furthermore, 3 exhibited
significant inhibitory effects on Topo I activity. Additionally, mo-
lecular docking studies of 1 and 3 were performed with molecular
target DNA and the active site of topoisomerase enzyme in order to
validate the experimental results. Therefore, from the above results
it could be concluded the introduction of diphenyltin moiety could
significantly enhance the activity both in DNA binding and Topo I
inhibition, thereby complex 3 proving its worth as a robust and
better choice for potent and safe chemotherapeutic drug design.
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