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An oxopyrrolidine-based ligand [3-(4-chlorobenzylidine)-5-(5-amino-1,3,4-thiadiazol-2-yl)pyrroli-
din-2-one] was synthesized by coupling pyroglutamic acid with p-chlorobenzaldehyde followed by
cyclization with thiosemicarbazide in presence of oxyphosphoryl chloride. Copper, nickel, and ruthe-
nium complexes of the ligand were also synthesized. The electrolytic nature, with octahedral geome-
tries for nickel and ruthenium complexes, was observed, while tetragonally distorted octahedral
geometry for copper complex was proposed. The complexes were resistant to dissociation and deg-
radation in 5% DMSO solutions of PBS (pH 7.4). DNA binding constants (K}) for ligand, copper,
nickel, and ruthenium complexes were 1.15x10°, 1.67x10°, 1.87x 10°, and 1.007 x 10°M ™",
respectively, indicating quite strong binding with DNA. /n silico studies also showed that the ligand
interacted with DNA mainly through van der Waal’s forces. The docking energy of ligand—DNA
adduct was —30.45kJM ', suggesting a good affinity of the reported ligand with DNA. Both the
ligand and its complexes were less toxic to RBCs as compared to doxorubicin. All the compounds
showed moderate anticancer activities on MCF-7 (wild type) breast cancer cell lines.

Keywords: Oxopyrrolidine; DNA binding; Solution stability; Hemolysis assays; In silico studies;
Anticancer profiles
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1. Introduction

Cancer incidence rates are increasing alarmingly due to many reasons [1, 2]. Despite several
drugs available for treating cancer, the available anticancer drugs are often associated with
serious side effects limiting their uses [3, 4]. Therefore, the need for no or less side effect
exhibiting anticancer drugs, capable to control cancer even at late stages, still continues.

Nitrogen-containing heterocyclic compounds constitute one of the most important classes
of pharmaceuticals in medicinal and agrochemical industries; about 60% of drugs are het-
erocyclic molecules [5]. Pyrrolidine and oxopyrrolidine moieties (figure 1) have served as
basic structural motifs for the syntheses of many organic compounds with interesting bio-
logical properties. Exciting anticancer activities of heterocyclic compounds embedded with
pyrrolidine and oxopyrrolidine units have been reported [6—8]. Ambaye et al. [9] reported
that (R,S)3-{N,N-[bis-(2-chloroethyl)]-amino}-1-(2'-methoxyphenyl)-pyrrolidine-2,5-dione
hydrochloride (Z) (figure 2) showed antitumor activity against P388 (Menogaril-resistant
mouse leukemia) and L1210 (mouse lymphocytic leukemia) cell lines; its co-administration
with methotrexate resulted in significant increase of activity against these cancers.

Copper complexes have been investigated as potential anticancer agents during the last
few decades. Copper is an essential cofactor in a number of enzymes and, therefore, may
be less toxic than non-essential metals (platinum) [10]. A large number of copper(Il) com-
plexes have been synthesized and screened for their DNA binding efficiencies and antican-
cer activities [11-16]. Zhang and co-workers reported a copper—pyrrolidine dithiocarbamate
complex [Cu(PDTC),], which was 10-fold more potent than cisplatin in suppressing the
proliferation of BE(2)-C (human neuroblastoma) cell line. This complex arrested S-phase of
cell cycle progression, induced cellular apoptosis and necrosis, and enhanced the expression
of p53 protein [17]. Nickel forms an essential component of several enzymes, viz. urease,

Pyrrolidine 2-oxopyrrolidine 3-oxopyrrolidine

Figure 1.  Chemical structure of pyrrolidine and 2- and 3-oxopyrrolidines.
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Figure 2. Chemical structure of (R,S)3-{N,N-[bis-(2-chloroethyl)]-amino}-1-(2’-methoxyphenyl)-pyrrolidine-2,5-
dione hydrochloride (7).
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carbon monoxide dehydrogenase and hydrogenase [18]. Many articles have reported DNA
binding and anticancer potentials of nickel complexes owing to good affinity of Ni(Il) for
DNA and some DNA binding proteins [19-23]. Ruthenium complexes have been known
for their anticancer potential [24-26]. As a result, a number of active ruthenium complexes
emerged as potential new drugs [27-29]. Ru(Ill) complexes of NAMI-A and KP1019
(FFC14a) (figure 3) have already entered into clinical trials [30]. In view of these facts, an
oxopyrrolidine based ligand was synthesized and separately complexed with Cu(II), Ni(I),
and Ru(IIl) ions. The binding potential of the ligand and its complexes with Ct-DNA (Calf
Thymus DNA) was studied by UV—vis absorption spectrophotometry. In silico studies of
the ligand were carried out using AutoDock 4.2 tools. Molecular modeling and solution sta-
bilities of the complexes were carried out by standard protocols. Hemolysis assays were car-
ried out on rabbit RBCs and the anticancer profiles were determined on MCF-7 (wild type)
cell lines. The results of these findings are presented herein.
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N N N
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Figure 3.  Chemical structures of Ru(Ill) complexes: NAMI-A and KP1019 (FFC14a).

2. Experimental setup

2.1. Materials and methods

All the reagents were of A.R. grades and used without purification. Solvents such as metha-
nol, acetonitrile, chloroform, and hexane were of HPLC grade and procured from E. Merck,
Mumbai, India. Pyroglutamic acid, p-chlorobenzaldehyde, and phosphorus oxychloride
were purchased from Spectrochem, Mumbai, India. Acetic acid and sodium acetate were
procured from Qualigens Fine Chemicals, Mumbai, India. RuCl;-3H,0 was obtained from
Avarice Lab. Pvt. Ltd, G.B. Nagar, India. CuCl,-2H,O and NiCl,-6H,O were purchased
from E. Merck, Mumbai, India. Tris-(hydroxymethyl) aminomethane was supplied by Sisco
Research Lab., Mumbai, India. Thiosemicarbazide, potassium hydroxide and disodium salt
of Ct-DNA were purchased from S.D. Fine Chem. Ltd, New Delhi, India. Pre-coated
aluminum silica gel 60 F,s4 thin layer plates were purchased from E. Merck, Germany.



Downloaded by [Institute Of Atmospheric Physics] at 15:15 09 December 2014

Oxopyrrolidine heterocyclic ligand 2113

Doxorubicin hydrochloride (an anticancer drug) was procured from Sigma-Aldrich, USA,
and used as standard in hemolysis and anticancer assays. Human cancer cell lines viz.
MCF-7 (wild type) were collected from the School of Pharmacy, College of Medicine,
National Taiwan University. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] was purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM) and antibiotics/antimycotics were purchased from GIBCO (NY,
USA). The fetal bovine serum (FBS) was obtained from HyClone (Ultah, USA).

The percentages of C, H, N, and S were determined by a Vario elemental analyzer
(EL-III). UV—vis spectra were obtained on a Perkin Elmer Lambda 40 UV—-vis spectrometer
(CT 06859 USA). FT-IR spectra were recorded on a Perkin Elmer RXIFT system spectrom-
eter (LR 64912C). '"HNMR spectra were achieved with a Bruker 300 MHz instrument
(DPX 300). ESI-mass spectra were recorded on micrOTOF-Q II spectrometer (10262). UV
Cabinet was used to view TLC plates. Molar conductance measurements were carried out
on a Decibel conductivity meter (DB-1038). A pH meter of Control Dynamics (APX 175
E/C) was used to record pH of solutions. Melting points were determined on a Veego
instrument (REC-22038 A2). Millipore water was prepared by using a Millipore Milli-Q
(Bedford, MA, USA) water purification system. In silico studies were performed by
AutoDock 4.2 (Scripps Research Institute, USA) on Intel® core™ i3 CPU (3.2 GHz) with
Windows XP operating system. Molecular modeling was performed with a semi-empirical
PM3 as implemented in hyperchem 8.0 software program package (Hypercube, Inc., USA).
Incubator for cell culture (MCO-15AC, Sanyo), centrifuge (CN2060, Hsiangtai Co.) and
microplate photometer (Multiskan FC, Thermo Scientific) were used for carrying out the
hemolysis and anticancer assays of the developed compounds.

2.2. Synthesis of ligand (L)

A stirred solution of pyroglutamic acid (5.94 g, 46.0 mM) in 40.0 mL glacial acetic acid
was buffered with sodium acetate (7.55g, 92.0 mM) and added to p-chlorobenzaldehyde
(6.47g, 46.0 mM). The solution was refluxed with stirring for 6 h. The completion of the
reaction was confirmed by TLC (methanol-chloroform, 70:30, v/v). The final reaction mix-
ture was poured into ice-cold water, which resulted in the precipitation of the product (1).
The precipitate was filtered through a Buchner funnel and thoroughly washed with cold
water. Finally it was recrystallized from methanol and dried in a vacuum dessicator over
fused calcium chloride. A mixture of (1) (0.503 g, 2.0 mM), thiosemicarbazide (0.183 g, 2.0
mM), and POCIl; (1.0mL) was gently refluxed for 30 min. The resulting mixture was
cooled, 15.0 mL water was added, refluxed for an additional 4 h, and filtered. The filtrate
obtained was neutralized with a saturated solution of potassium hydroxide and reduced to
one-third of its volume on a rotary evaporator. The product was kept in a refregirator for
precipitation of L. The ligand was washed with cold hexane and recovered from methanol.
The schematic representation of the formation of (1) and L has been given in scheme 1.

(I): Yield: 63.0%, M wt. 251.5 Da, m.p. 212-214 °C, cream colored crystalline solid, anal.
Calcd for C;,H;(NOsCl (%): Caled C (57.25), H (3.97), N (5.56); Found C (57.19) H (3.98)
N (5.23); LR. (KBr pellets, cm™'): 2994.1 w(O-H)carboxylic, 1735 w(C=0)carboxylic,
1686.2 v(C=0)amide, 1589.5 v(N-H)bending, 1422.4 v(C-N), 1315.5 w(C-O)carboxylic,
761.1 v(Ar-Cl); UV-vis (MeOH, nm): 222-232 (n— o*), 257-273 (z— =*), 318-333
(n— 7%); "THNMR (dg-DMSO): 10.004 (s, COOH, 1H), 7.951 (d, Aromatic, 2H), 7.701
(d, Aromatic, 2H), 7.549 (s,=CH, 1H), 4.62 (dd, —CH, 1H), 3.389 (s, -NH, 1H), 2.34
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(dd, >CH, 1H), 2.302 (dd, >CH, 1H); ESI-MS: m/z=274.23 [M+Na']", 252.17 [M+H]",
229.32 [M-COOH +Na'T", 133.12 [M-C,H,CI]", 132.32 [M-C;HsCI]".

L: Yield: 78.0%, M wt. 308.5 Da, m.p. 180—182 °C, banana yellow solid, anal. Calcd for
C13H3SN4OCI (%): Caled C (50.56), H (4.21), N (18.15), S (11.50); Found C (50.54),
H (4.18), N (18.11), S (11.55); LR. (KBr pellets, cm™"): 3446 v(-NH,)asym., 1695 w(C=0),
1647 v(C=N), 1607 v(N-H)bending, 1441 v(C-N), 765.8 v(Ar-Cl), 631 v(C-S); UV-vis
(MeOH, nm): 203-212 (n—o*), 236-244 (z— *), 312-337 (n—7*); '"HNMR
(d-DMSO): 8.224 (s, -NH, 1H), 8.043 (s, -NH,, 2H), 7.964 (d, Aromatic, 2H), 7.859
(d, Aromatic, 2H), 7.299 (s,=CH, 1H), 4.387 (dd, —CH, 1H), 4.137 (dd, —-CH, H), 3.976
(dd, —CH, H); ESI-MS: m/z=633.48 [2M+NH,4 -2H]", 409.96 [M+2K'+Na']", 360.30
[M + CH;OH + NH,"+2H]", 334.04 [M +Na'+3H]", 230.02 [M-C,H,SN; +Na"-H]", 214.5
[M-C,H,SN; +2H]", 214.0 [M-C,H,SN;Cl+K"+2H]", 184.03 [M-C,HsCl]", 183.03
[M-C,H,CI]", 182.03 [M-C,H,;CI]".

2.3. Synthesis of copper complex (Cul)

A solution of copper chloride dihydrate (85.24 mg, 0.5 mM) in 15.0 mL methanol was
added dropwise to a stirred solution of L (308.5mg, 1.0 mM) in 20.0 mL methanol. The
mixture was stirred at room temperature for 6 h. A precipitate of the metal complex formed
and was collected by evaporation of solvent at room temperature. The solid complex (CuL)
obtained was washed with hexane and then methanol. Finally, it was kept in a vacuum dess-
icator over fused calcium chloride.

Ni(Il) and Ru(Ill) complexes were prepared by using NiCl,-6H,O and RuCl;-3H,0,
respectively, by a similar procedure. The complexes prepared were kept in a vacuum dessi-
cator over fused calcium chloride. The schematic representation of the formation of CuL,
NiL, and RuL is given in scheme 1.

CulL: Yield: 63.0%, M wt. 787.54 Da, m.p. decomposed over 110 °C, army green powder
solid, Anal. Caled for [Cu(C;3H{3SN4OCI),H,0),]Cl, (%): Calcd C (39.61), H (3.80),
N (14.22), S (8.12); Found C (39.55), H (3.09), N (14.32), S (8.11); LR. (KBr pellets, cm™"):
3440.5 v(-NH,)asym., 1684.9 v(C=0), 1618 v(C=N), 1592.7 v(N-H)bending, 1424.9 w(C—
N), 618 v(C-S), 762.2 w(Ar—Cl), 548.6 v(Cu-0O), 473.5 v(Cu-N); UV—vis. (MeOH, nm):
225-243 (n— o%*), 252272 (z—=*), 312-329 (n — n*), 373—405 (charge transfer band),
806-815 (*Tag<—Eg); Av (1x 107> M, MeOH): 176.48 Q 'em®*M™" (1:2 electrolyte); 'H
NMR (dg-DMSO): 7.889 (s, -NH, 2H), 7.515 (d, Aromatic, 4H), 7.215 (d, Aromatic, 4H),
7.045 (s, —-NH,, 4H), 6.875 (s, =CH, 2H), 4.310 (broad signal, 6H); ESI-MS: m/z=811.55
[M+Na'+H]", 803.66 [M+NH,"-2H]", 783.52 [M-4H]®, 766.90 [M-Cl+NH,"-3H]",
666.76 [M-3CI-H,O +2H]", 664.76 [M-3CI-H,O+H]", 662.77 [M-3CI-H,0-H]*, 594.26
[M-2C1-C;HsC1+2H]", 593.26 [M-2CI-C;HsCl+H]", 592.26 [M-2CI-C;H;sCl]", 488.90
[M-3CI-2H,0-C;HsCI-2NH,]", 487.91 [M-3Cl-2H,0-C,HsC1-2NH,-H]*, 486.91 [M-3Cl-
2H,0-C;H5CI-2NH, ,H]", 391.00 [M-2CI-H,0-C,5H,3SN,OCI + H]", 389.00 [M-2CI-H,O-
C,3H,3SN,OCI-H]".

NiL: Yield: 57%, M wt. 782.69 Da, m.p. decomposed over 178 °C, arylide yellow pow-
der solid, anal. Calcd for [Ni(C3H;3SN4OCIl),H,0),]Cl, (%): Caled C (39.86), H (3.83),
N (14.30), S (8.17); Found C (39.83), H (3.88), N (14.27), S (8.12); LR. (KBr pellets,
em™): 3437.7 v(-NH,)asym., 1685 w(C=0), 1642 w(C=N), 1594.6 v(N-H)bending, 1425
V(C-N), 761.9 v(Ar-Cl), 614 v(C-S), 514.9 v(Cu-0), 474.1 v(Cu—N); UV-vis (MeOH,
nm): 225-237 (n—> o%*), 243267 (x— %), 303-319 (n — 7*), 507-536 (T,2(F) — *A,g(F),
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890-899 (*T,g(F) — A,g(F); Am (1x107°M, MeOH): 18139 Q 'em’M™' (1:2
electrolyte); "HNMR (d-DMSO): 8.229 (s, -NH, 2H), 8.155 (d, Aromatic, 4H), 7.221
(d, Aromatic, 4H), 7.123 (s, -NH,, 4H), 7.465 (s,=CH, 2H), 4.323 (broad peak, 6H);
ESI-MS: m/z=779.44 [M-3H]", 818.88 [M+2NH,']", 802.90 [M+NH,"+2H]", 748.24
[M-2Cl+K*-2H]", 678.90 [M-2C1-2H,0 +3H]", 661.51 [M-3Cl-2H,0 + Na*-2H]", 633.48
[M-3CI-2H,0 +Na]®, 334.04 [M-Ni-2CI-2H,0-C,3H3SN,OCl+Na"+2H]",  275.94
[M-Ni-3CI-2H,0-C3H;5SN,OC1 + 2H]", 274.94 [M-Ni-3CI-2H,0-C,5H,3SN,OCl +H]",
273.94 [M-Ni-3Cl-2H,0-C3H,3SN,4OCI]", 271.94 [M-Ni-3Cl-2H,0-C,5H;3SN,OCI-H]",
124.07 [M-Ni-2Cl-2H,0-C,3H,3SN,OCI-C;HsCIl-C,H,0 + H]".

RuL: Yield: 67.0%, M wt. 860.57 Da, m.p. decomposed over 222 °C, black powder
solid, Anal. Calcd for [Ru(C,3H;3SN4OCI),H,0),]Cl; (%): Calcd C (36.25), H (3.48), N
(13.01), S (7.43); Found C (36.17), H (3.39), N (13.03), S (7.45); L.R. (KBr pellets, cm™"):
3429.9 v(-NH,)asym., 1684.7 w(C=0), 1631 w(C=N), 1592.8 v(N-H), 1432 w(C-N), 764.1
W(Ar—Cl), 628 v(C-S), 522 w(Cu-0), 482.5 W(Cu-N); UV-vis (MeOH, nm): 212-225 (n —
0*), 239-261 (z— m*), 332-360 (n— %), 517-589 (°A;z—*Tio); Am (1x107°M,
MeOH): 310.12 Q 'em?* M ™" (1:3 electrolyte); "HNMR (de-DMSO): 8.455 (s, -NH, 2H),
8.234 (d, Aromatic, 4H), 7.136 (d, Aromatic, 4H), 7.435 (s, -NH,, 4H), 7.531 (s, =CH,
2H), 4.257 (broad peak, 6H); ESI-MS: m/z=879.90 [M+NH, +H]", 858.21 [M-2H]",
793.24 [M-3Cl1+K']", 740.23 [M-3Cl-2H,O+Na*-H]', 719.21 [M-3CI-2H,O +H]",
718.17 [M-3Cl-2H,07", 346.19 [M-Ni-3CI-2H,0-C3H,5SN,OC1 + 2H]".

Cl
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o O Ny-coon O My—cl iy
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NH 5 CH — CH L HZO/V/ “ NH
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o |
Cl CuL
Cl — -
— 7] B cl|
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Scheme 1.  Syntheses of L, CuL, NiL, and RuL. Reagents and conditions: (A) acetic acid, sodium acetate, p-chlo-
robenzaldehyde, reflux at 60 °C for 6 h, (B) thiosemicarbazide, POCl;, water, reflux for 4 h, (C) CuCl,-2H,0, stirring
at room temp for 6 h, (D) NiCl,-6H,0, stirring at room temp for 6 h, (E) RuCl;-3H,0, stirring at room temp for 6 h.
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2.4. Solution stability

A qualitative estimation of the stability of the complexes at physiological pH was obtained
by monitoring their UV—vis spectra in 5% DMSO solutions of PBS at pH 7.4, over a period
of 24 h. The solutions of the complexes (10~ M) were prepared in 5% DMSO solutions of
PBS at pH 7.4. The hydrolysis profiles of the complexes were assessed by recording their
electronic spectra over 24 h at 25°C.

2.5. Molecular modeling

The molecular modeling studies were carried out with a semi-empirical PM3 as imple-
mented in the Hyperchem 8.0 software [31, 32], a graphics program with features of struc-
ture building, geometry optimization, and quick molecular display. Polak—Ribiere was
chosen as the minimization algorithm with RMS gradient of 0.1 kcal/(A M) and 250 energy
calculations were carried out.

2.6. DNA binding

UV-vis absorption spectrophotometry was used to assess the interactions of ligand and its
complexes with Ct-DNA at 7.4 pH in double distilled water containing tris-(hydroxy-
methyl)-amino methane (Tris, 107> M). The concentration of the freshly prepared Ct-DNA
solution was determined spectrophotometrically at 260 nm (¢=6600 M~ cm™") [33]. The
binding experiments were carried out by recording the absorbance changes on adding
increasing concentrations of DNA (0.87 x 107%~1.47 x 10~* M) against a fixed concentration
of the ligand and its complexes (1.6 x 10™* M); /nax and absorbance values of pure DNA,
ligand, and its complexes in buffer solutions were recorded. An amount of 2.0 mL of each
solution of DNA and ligand or metal complex were mixed together and their A, and
absorbance values were recorded. The absorption spectra were recorded after each addition
of different concentrations of DNA solution (2.0 mL).

2.7. In silico studies

Docking studies of the ligand were performed by Intel® dual CPU (1.86 GHz) with Win-
dows XP operating system. The 3-D structure of the ligand was drawn using Marwin
sketch. The so-obtained 3-D structure was converted to the pdb file format. Ligand prepara-
tion was done by assigning Gastegier charges, merging non-polar hydrogens, and saving it
in PDBQT file format using AutoDock Tools (ADT) 4.2 [34]. X-ray crystal structure of
DNA (PDB ID: 1BNA) was obtained from the Protein Data Bank [35]. Using ADT 4.2,
DNA was saved in PDB file format leaving heteroatoms (water). Gastegier charges were
assigned to DNA and saved in PDBQT file format using ADT. Preparation of parameter
files for grid and docking was done using ADT. Docking was performed with AutoDock
4.2 (Scripps Research Institute, USA), considering all the rotatable bonds of ligand as rotat-
able and receptor as rigid [36]. Grid box size of 60 x 80 x 110 A with 0.375 A spacing was
used that included the whole DNA. Docking to macromolecule was performed using an
empirical-free energy function and Lamarckian Genetic Algorithm, with an initial popula-
tion of 150 randomly placed individuals, a maximum number of 2,500,000 energy evalua-
tions, a mutation rate of 0.02, and crossover rate of 0.80. Fifty independent docking runs
were performed for each ligand and DNA—ligand adduct for lowest free energy of binding
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conformation from the largest cluster and saved in PDBQT format. Docking results were
analyzed using UCSF Chimera [37] for possible polar and hydrophobic interactions.

2.8. Cytotoxicity profiles

Pharmacological significance of the developed compounds was ascertained by evaluating
their cytotoxicity profiles. Hemolysis effects and anticancer profiles of the compounds were
evaluated on rabbit RBCs and MCF-7 cancer cell lines, respectively, using doxorubicin as
reference drug. Both hemolysis and anticancer assays were carried out in triplicate as
described below.

2.8.1. Hemolysis assays. The experimental procedure for evaluating the hemolysis behav-
ior of the compounds is an adjustment of ASTM standard F-756-00 [38], which is based on
colorimetric detection of Drabkin’s solution. An amount of 1.5 mL of test compounds was
incubated in 0.214 mL of dilute blood (0.1 mL rabbit whole blood mixed with 0.9 mL PBS)
at 37°C for 3h. The hemoglobin in as-harvested plasma of rabbit blood was less than
220 pgmL " (basal level for hemolysis test) to confirm that fresh rabbit blood was used in
the test. Following incubation, the solution was centrifuged at 3800 rpm for 15 min. To
determine the supernatant hemoglobin, 0.8 mL of Drabkin’s solution was added to 0.2 mL
of supernatant and the sample was allowed to stand for 15 min. The amount of cyanmethe-
moglobin in the supernatant was measured by absorbance measurement at 540 nm and then
compared to a standard curve (hemoglobin concentrations ranging from 32 to 1068 mgmL™).
The percent hemolysis refers to the hemoglobin concentration in the supernatant of a blood
sample not treated with test compounds to the obtained percentage of test compound-
induced hemolysis. Additionally, the absorption of the test compounds was determined at
540 nm in order to eliminate the effect of absorption of test compounds. Finally, saline solu-
tion and double distilled water were used as negative and positive controls, respectively.

2.8.2. Anticancer assays. In vitro anticancer profiles were determined by testing L, CuL,
NiL, and RuL against MCF-7 cell line by a cell viability assay (MTT assay) [39]. DMEM
(low glucose), 10% FBS, and antibiotics/antimycotics formed the main constituents of the
culture medium. MCF-7 cells were seeded in a 96-well plate at a density of 2 x 10° cells/
well and were incubated at 37 °C under a humidified atmosphere containing 5% CO, for
24 h before assay. After that, the cells were further incubated in media containing various
concentrations of the test compounds. After 24 h, the medium was removed and washed
with PBS. About 20 pL of MTT solution was added to each well followed by 4 h of incu-
bation at 37 °C. Subsequently, the medium was removed and 200 pL of DMSO were added.
After shaking slowly twice for 5 s, the absorbance of each well was determined at 570 nm.
The cell viability (%) was calculated as the ratio of the number of surviving cells in test
compound-treated samples to that of control.

3. Results and discussion

The analytical and spectroscopic data of (f), L, CulL, NiL, and RuL supported their
proposed structures. All the compounds were solids, stable to air, and soluble in
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DMSO, DMF, and methanol. Pyroglutamic acid reacted with p-chlorobenzaldehyde in
refluxing acetic acid buffered with sodium acetate to form (I). The carboxylic group of
(I) cyclized with thiosemicarbazide in presence of POCI; to form oxopyrrolidine based
ligand (L) (scheme 2). The compositions of the synthesized compounds were
ascertained from their elemental analyses, molar conductance data, and ESI-MS spectra.
The molar conductance values of Cul, NIL, and RulL were 176.48, 181.39, and
310.12 Q'em?M™". These values fall in electrolytic range with CuL and NiL existing
as 1:2 electrolytes and RuL as 1:3 electrolyte. Therefore, the two chlorides in Cul and
NiL existed outside their coordination spheres and thereby satisfying only the oxidation
states of their respective metal ions. Similarly, the three chlorides existed outside the
coordination sphere of RuL [40]. Finally, it can be assumed from the results of
elemental analysis and ESI-MS spectra that 1:2 metal to ligand complexes were formed
(scheme 1). The geometries of nickel and ruthenium complexes were octahedral while
that for the copper complex was tetragonal. These geometries were well supported by
their UV—vis spectra.

The formation of (I) was confirmed by the appearance of peaks due to (Ar—Cl),
(C=0O)amide, (C=O)carboxylic, (O—H)carboxylic, and (N-H)amide groups. The cycliza-
tion of the carboxylic group of (I) with thiosemicarbazide to form L was confirmed by
the appearance of peaks due to (C=N) and (C-S) at 1647 and 631cm™", respectively.
Besides, the absence of peaks due to (C=0) and (O-H) portions of carboxylic group
fully confirmed the cyclization and the formation of L. Coordination of copper(Il),
nickel(IT), and ruthenium(Ill) to L was evident from the prominent frequency shifts to
lower wavenumbers of (N-H) and (C-S) bands. Besides, the stretching frequencies for
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Scheme 2. Mechanistic presentation of the formation of L.
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metal—ligand donor bonds (Cu-O, Cu—-N, Ni-O, Ni-N, Ru-O and Ru-N) were
observed in the spectra of all the complexes, suggesting coordination of metal ions
with the ligand. Furthermore, the structures of (I), L, Cul, NiL, and RuL were well
supported by their '"HNMR spectra recorded in DMSO-dg as solvent and TMS as
internal standard. The presence of a singlet at 10.004 ppm confirmed the presence of
carboxylic group in (I). The aromatic protons in (I) were two sets of doublets at
7.701-7.951 ppm, whereas the signal due to the olefenic proton was observed as a sin-
glet at 7.549 ppm. The absence of signal due to carboxylic proton in the 'H NMR
spectrum of L confirmed the cyclization of —COOH group of (/) with thiosemicarba-
zide. Aromatic protons in L were observed as two doublets at 7.859-7.964 ppm. The
proton signals in the spectra of the complexes were very slightly shifted due to the
coordinating effect of metal ions [41, 42]. The mass spectrum of L (figure 4) showed
peaks at m/z values of 409.96, 360.30, and 334.04 corresponding to [C;3H;3SN4OCI+
2K"+Na'l", [C,3H,3SN4OCl+CH3;0H +NH,+2H]", and [C,3H,3SN4OCI+Na'+3H]",
respectively. Besides, several fragmentation peaks were found at 230.02, 214.5, 214.0,
184.03, 183.03, and 182.03 corresponding to [C,3H;3SN4OCI-C,H,SN;+Na"-H]",
[C13H3SN4OCI-CoH,SN; + 2H]",  [C13H,3SN4OCI-CoH,SN3Cl+ K™+2H]",  [C3H;3SNy
OCI-C;H;sC1]*, [C3H;3SN4OCI-C;H,CI]", and [C,3H,3SN4OCI-C;H5CI]", respectively.
The mass spectrum of Cul (figure 5) showed peaks at m/z values of 811.55, 803.66,
783.52, and 486.91 corresponding to {[Cu(C,;3H;3SN4OCI),H,0),]Cl, +Na"+H}",
{[Cu(Cy3H,3SN4OCI),H,0),]Cl, + NH,-2H} ", {[Cu(C)3H;3SN4OCI),H,0),]Cl, 4H} ",
and {[Cu(c13H13SN4OC1)2H20)2]C12_3C1-2H20-C7H5C1-2NH2_2H]+, respectively. Several
other fragmentation peaks were found in the spectrum of Cul further exploring its
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Figure 4. ESI-MS spectrum of L.
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Figure 5. ESI-MS spectrum of CuL.

chemical structure. Mass spectra of NiL and RulL showed peaks at
m/z values 779.44, 818.88 & 802.90, and 879.90 & 858.21 attributed to {[Ni
(C13H13SN4OCI),H,0),]Cl 5H} Y, {[Ni(Cy3H;3SN40CI),H,0),]CL +2NH, "} & - {[Ni
(C13H13SN4OCI),H,0),]ClL, + NH4 +2H} ", and  {[Ru(C,3H;3SN4OCI),H,0),]Cl; + NH, "+ H}
& {[Ru(C,3H;3SN,4OCI),H,0),]Cl; ,H}", respectively. The UV-vis spectra of L (figure 6),
CuL, NiL, and RuL (figure 7) were characterized by bands in the regions 203—243,
236—272, and 303—360nm corresponding to the transitions n—o¢*, 7 — 7*, and
n — *, respectively. In addition to ligand-originated bands, additional absorption bands
due to metal-originated d-d transitions and charge transfer spectra were observed in the
spectra of the complexes, characteristic to their geometries. CuL showed absorption
bands at 373-405 and 806-815nm assigned to charge transfer bands and 2ng%zEg
transitions, respectively, indicating its tetragonally distorted octahedral geometry
[43, 44]. NiL showed bands in the regions 507—536 and 890—899 nm assigned to *T,g
(F) — *A,g(F) and *T,g(F) — *A,g(F) transitions, respectively, indicating its octahedral
geometry [45-47]. Furthermore, RuL showed bands at 517-589nm assigned to
6AI(D,H“TIg transition, respectively, indicating its octahedral geometry [48-50].

3.1. Solution stability

Aquation is an important process for the action of a large number of therapeutically active
drugs, including the well-known KP1019 and NAMI-A [51-53]. UV-vis absorption
spectroscopy is often used for the solution stability studies of complexes at physiological
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Figure 6.  Electronic spectrum of L.

pH. CuL, NiL, and RuL displayed similar spectra in PBS (5% DMSO solutions) with no
shifts in their intraligand bands (figure S1, see online supplementary material at http://dx.
doi.org/10.1080/00958972.2014.931947.) after 24 h and also resisted precipitation over this
time period. All these observations indicated the robust nature of the complexes [54—58].
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Figure 7.  Electronic spectrum of RuL.
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3.2. Molecular modeling

Molecular modeling exploits theoretical methods and computational techniques to model or
mimic the behavior of molecules. Molecular modeling was used to have an insight into
the structural information of complexes in the absence of crystal structure data. Energy-
minimized configurations of complexes were achieved by the applications of molecular
mechanics, which have become tools of increasing utility for the structural investigation of
metal complexes [31, 59-61]. Molecular geometry is altered by energy minimization to
lower the energy of the system. As a result of alteration of molecular geometry, the most
stable configuration is achieved. The energy minimization process searches for a molecular
structure wherein energy remains constant with infinitesimal changes in geometry. These
studies were carried out by the use of semi-empirical PM3 as implemented in the
Hyperchem 8.0 using Polak—Ribiere (conjugate gradient) algorithm keeping RMS gradient
of 0.01 kcal/A M. The ball and stick models of CuL, NiL and RuL are shown in figure 8.
The total energies and heats of formation of CuL, NiL and Rul were —780,977.07,
~767,316.31 and —725,585.09, and —1468.83, 952.86 and 3770.36kIM ', respectively
(table 1). Besides, the surface areas and volumes of the modeled complexes ranged from
740.47 to 837.31 A? and 1532.60 to 1638.71 A>, respectively (table 1).

Figure 8. A perspective view of the ball and stick models of the energy-minimized structures of CuL, NiL, and
RuL created through molecular modeling. Lone pairs are explicit for clarity. Nitrogen (blue), sulfur (yellow), car-
bon (cyan), oxygen (red), hydrogen (white), chlorine (green), copper, nickel, and ruthenium (orange). Chlorides
outside coordination spheres have been ignored for the energy minimization process (see http://dx.doi.org/10.1080/
00958972.2014.931947 for color version).

3.3. Inssilico studies

The present scenario witnesses high regards for combinatorial chemistry and virtual screen-
ing for their capacity of reducing the extremely time-consuming steps of organic and inor-
ganic synthesis and biological screening of small molecule drugs. Molecular docking is an
essential tool for the prediction of the interactions of drugs with various biological macro-
molecules at the supramolecular level [62]. B-DNA is the most common form of DNA with
deep and wide major grooves and deep and narrow minor grooves. The specificity of the
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base pairing between the two DNA strands gives distinct hydrogen bond acceptor/donor
patterns in the major and minor grooves.

The docking studies of L were carried out using ADT 4.2. The results of molecular dock-
ing of L with DNA are shown in the form of a supramolecular model in figure 9(a) and (b).
It can be visualized from the figure that the ligand preferred to enter into the DNA minor
groove. The ligand interacted with DNA mainly through van der Waal’s forces with
—3121kIM ™" as the van der Waal’s energy. The docking energy of the ligand—DNA
adduct was —30.45 kJ M ", suggesting a good affinity of the reported ligand with DNA.

Figure 9.  Docking images showing: (a) binding of L with DNA through minor groove, (b) van der Waal’s inter-
actions of L with the hydrophobic chains of DNA.

3.4. DNA binding

The affinities of molecules towards DNA are of great significance as DNA binding is a cru-
cial step for action of a large number of anticancer drugs [63—65]. Ligands and transition
metal complexes bind to DNA via both covalent and/or non-covalent interactions [66—69].
In case of covalent binding, one of the labile ligands of the complexes is replaced by a
nitrogen base of DNA such as guanine N,. Non-covalent interactions include intercalative,
electrostatic, and groove (surface) binding either outside of the DNA helix or along major
or minor grooves [70].

The changes in the spectral absorbance of DNA in the presence of ligands and complexes are
evidence for interactions [71, 72]. The ratio of UV absorbance of the stock solution of Ct-DNA in
buffer at 260 and 280 nm was greater than 1.80, revealing protein-free DNA [73]. The spectra
depicting the interaction of DNA with L and CuL are shown in figures 10 and 11 and those of
NiL and RuL in figures S2 and S3. Addition of increasing concentrations of DNA solutions, i.e.
0.87x107*M, 1.07 x 107%,1.27 x 10~* M, and 1.47 x 10~* M, separately to the ligand and metal
complex solutions (1.6 x 10~* M) resulted in hyperchromic shifts of 4.54-22.50% (table 1). This
suggested reversible binding to DNA, probably due to non-covalent interactions and the
partial uncoiling and breakage of the helical structure of DNA exposing more bases [74]. The
non-covalent interactions between the compounds and DNA might include hydrogen bonding,
electrostatic attractions, and van der Waal’s forces. Hydrogen bonding was supposed between the
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Figure 10.  Absorption spectra of L (1.6 x 107*M) in the absence (red dashed line) and presence of increasing
DNA concentrations; 0.87 x 107*M (blue), 1.07 x 107*M (green), 1.27 x 107 M (red) and 1.47 x 107*M (black)
lines, respectively. Arrow indicates the hyperchromic shifts on increasing DNA concentrations (0.87—1.47 x 10~*
M) (see http://dx.doi.org/10.1080/00958972.2014.931947 for color version).
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Figure 11.  Absorption spectra of CuL (1.6 x 107 M) in the absence (red dashed line) and presence of increasing
DNA concentrations; 0.87 x 10~*M (blue), 1.07 x 10~*M (green), 1.27 x 10*M (red) and 1.47 x 10~* M (black)
lines, respectively. Arrow indicates the hyperchromic shifts on increasing DNA concentrations (0.87-1.47 x 10+ M)
(see http://dx.doi.org/10.1080/00958972.2014.931947 for color version).

exposed base pairs of DNA in minor grooves with the free >C=0 group and nitrogen of oxopyr-
rolidine ring and coordinated -NH— groups of the complexes. Electrostatic attractions might have
occurred between the positive metal centers of complexes and the negatively charged DNA back-
bone. Moreover, van der Waal’s interactions between methylene groups of the complexes and the
hydrophobic moeities of DNA might also have enhanced binding. All these interactions lead to
the formation of compound—DNA adducts.
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Table 1. Percentage hyperchromism, binding constants, total energies, heats of formation, surface areas, and vol-
umes of the compounds.

% Total energy ~ Heat of formation (kJ Surface Volume
Compounds Hyperchromism K, (M) kIM™ M) area (A?) A%
L 4.54 1.15x 10°
CuL 5.76 1.67 % 10° —780,977.07 —1468.83 740.47 1555.14
NiL 4.61 1.87 x 10° =767,316.31 952.86 675.09 1532.60
RuL 22.50 1.007x 10°  —725,585.09 3770.36 837.31 1638.71

For a quantitative understanding of DNA binding affinities, the intrinsic binding con-
stants (Kp) of L, CuL, NiL, and Rul. were obtained by monitoring the changes in absor-
bance of 7 — 7* spectral band (236272 nm) with increasing concentration of DNA, by
using the equation [75],

[DNA}/(Sa — 8f) = [DNA]/(E)b - 8f) + I/Kb(é‘b — Sf)

where [DNA] is the concentration of DNA in base pairs, the apparent absorption coeffi-
cients &,, &, and ¢, correspond to A,p/[Compound], the extinction coefficient for the free
compound, and the extinction coefficient for the compound in the fully bound form, respec-
tively.

DNA binding constants (K}) calculated for L, CuL, NiL, and RuL ranged from 1.15 x
10° to 1.007 x 10° M, respectively, revealing a quite strong interaction of these com-
pounds with DNA. Metal complexes often bind to DNA more efficiently as compared to
their free ligands due to the additional charge on central metal ions and the presence of
vacant d-orbitals [76]. Higher value of the DNA binding constant of RuL may be attributed
the presence of tripositive ruthenium in this complex.

Table 2. A comparison of the DNA binding constants of copper, nickel, and ruthenium complexes reported with
CuL (1.67 x 10°M™"), NiL (1.87 x 10°M™"), and RuL (1.007 x 10° M™") reported in this work.

S.

No.  Cu(Il) complexes (K,) Ni(I) complexes (Ky) Ru(IIl) complexes (Ky) References

1 4.57%10° 1.29% 10°, and [77]

1.7x10°

2 9.3x10°, 7.8 x 10°, and [78]
8.2x10°

3 1.03x10° [79]

4 6.87x 10° [80]

5 2.0x10° [81]

6 8.5x10° 7.3 % 10°, [82]
43x10°, and 7.5 x 10*

7 2.9x10% 1.9 % 10% and [83]
2.2x10*

8 1.36 x 10°, 432 x 10°, 5.00 x 10° [84]

and 5.70 x 10*

9 3.11 x 10° and 7.81 x 10° [85]

10 1.81 x 10* and 4.32 x 10* [86]

11 3.64 x 107, 4.13 x 102, [87]

8.85x 107, and 7.55 x 10?
12 0.00027 x 10°, 0.50030 x [88]

10%, 224 x 10°, 3.18 x 10°,

3.90 x 10°, and 1.87 x 10°
13 1.3 x10* and 4.6 x 10° [89]
14 2.06 x 10° and 3.12 x 10° [90]
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DNA binding constants of Cul, NiL, and RuL were compared with some copper(Il),
nickel(Il), and ruthenium complexes reported in the literature (table 2). It was observed that
CuL, NiL, and RuL displayed similar and higher binding constants than most of the similar
metal-containing complexes. However, the binding constants of CulL, NiL, and RulL were
lower than the classical intercalator ethidium bromide (K, =7 x 10’ M™") [91]. Besides, the
binding constants of CuL and NiL were lower than that of proflavin (K, =4.1x10°M ™)
[92], but RuL has a higher DNA binding constant as compared to proflavin.

3.5. Hemolysis assays

After the drugs enter into the animal body, they interact with the blood components, partic-
ularly RBCs (oxygen carrying blood cells). Hemolysis induced by drugs is usually rare but
a serious toxicity, which may be due to direct toxicity of the drug, its metabolite, or an
excipient in the formulation. Moreover, high drug concentrations can cause hemolysis even
in normal adults. In individuals who are genetically predisposed to hemolysis, even smaller
concentrations of drugs may cause hemolysis. Thrombocytopenia, neutropenia, hemolytic
anemia, aplastic anemia, and macrocytic anemia are known to occur in some patients trea-
ted with drugs [93]. Therefore, US FDA has recommended hemolysis screening of drugs as
a very important requirement of drug development [94].

In vitro hemolysis results of L, CuL, NiL, and RuL were carried out at 100.0 pg mL™!
concentration and are shown in figure 12. It is clear from this figure that L, CuL, NiL, and
RuL exhibited 7, 17, 6, and 31% hemolysis, respectively. On the other hand, doxorubicin
exhibited 42% hemolysis. Therefore, all the compounds were less toxic to RBCs as com-
pared to doxorubicin.

50 Drug Concentration = 100.0 pg/mL

L Cul NiL RuL Doxo
G Test Compounds se—m)

Percentage Hemolysis
[ ] w B
[=] o [=] o

(=]

Figure 12.  Percentage hemolysis of RBCs due to L, CuL, NiL, and RuL at 100.0 pgmL™" concentration. Doxo-
rubicin has been used as a reference drug.

3.6. Anticancer profiles

In vitro anticancer effects of L, CuL, NiL, and RuL were assessed from their percentage vi-
abilities. The effects of the synthesized compounds on MCF-7 cells were determined at
0.0001-1.0 pg mL ™" concentration range with 10 x dilution factor. The percentage viabilities
of the reported compounds are given in figure 13. It is clear from this figure that all the
compounds were viable in the range of 93-103% at 0.0001 ug mL™'. At higher concentra-
tion (0.001 pgmL "), viability was 95% for NiL and 98% for CuL, whereas L (94%) and
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RuL (92%) showed better activities than doxorubicin (95% viability). Similarly, NiL (87%
viability) showed activity equivalent to that of doxorubicin (87% viability) at 0.01 pg mL™"
concentration. Among the compounds screened at 0.1 uygmL™', L showed maximum phar-
macological effect (84% viability), whereas the viabilities of CuL, NiL, and RuL were 95,
85, and 88%, respectively. Overall, the best pharmacological effects were observed with
NiL at 1.0 uygmL™" concentration (77% viability).
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Figure 13.  Percentage viabilities of L, CuL, NiL, and RuL with respect to the standard drug doxorubicin at
0.0001-1.0 pg mL ™" concentration.

3.7. Future perspectives

Despite the amazing scientific developments in almost every sphere of life, the cure for can-
cer still remains a challenge. The anticancer medications available in the market are unable
to cure cancer, especially in its late stages. Drugs with rapid action, tissue specificity, good
bioavailability, and minimum side effects are needed. Oxopyrrolidine-based metallodrugs
with target selective action on cancer cells and tissues with minimum or no side effects can
be obtained by trapping them into nano identities. Combination therapies are known to
eliminate the chances of drug resistance of the cancer cells, since a cell cannot acquire resis-
tance to two types of drugs simultaneously [95]. Therefore, it would be quite interesting for
oxopyrrolidine-based metallodrugs to be investigated in combination therapies along with
known anticancer drugs to develop novel drug combinations. The study of the molecular
features of cancers may be quite helpful for the development of possible counter-attacking
drugs [96]. Therefore, it would be quite helpful to study the relation of oxopyrrolidine-
based metallodrugs with the molecular features of tumors, which may lead to the develop-
ment of new and potent anticancer drugs in the future. Finally, designed multiple ligands
(DMLs) (as multiple biological targets) may be helpful in the eradication of cancer [97].
Therefore, the development of oxopyrrolidine-based DMLs might be effective in the fight
against cancer. Metallodrugs are a spark ignited in the rational design and development of
anticancer drugs.
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4. Conclusion

The facile syntheses of an oxopyrrolidine-based ligand and its copper(Il), nickel(Il), and
ruthenium(III) complexes have been described. The complexes were stable to air and have
good stabilities in 5% DMSO solutions of PBS at physiological pH. The values of DNA
binding constants indicate strong binding ability of the compounds. The complexes exhib-
ited higher binding ability as compared to the free ligand; binding constants of the com-
plexes are higher than and comparable to complexes of same metals reported in the
literature. DNA—complex adducts were proposed to be stabilized mainly by hydrogen bond-
ing, van der Waal’s, and electrostatic attractions. Hemolysis assays confirmed that the ligand
and its complexes were less toxic to RBCs than doxorubicin. Overall, NiL stood as the best
anticancer candidate with the least hemolysis effect and the minimum viability among the
compounds screened. Anticancer activities of the reported complexes were not consistent
with their DNA binding abilities, which ruled out DNA binding as the mechanism of action
of these compounds. Briefly, the results presented in this article encourage further examina-
tion of the reported compounds towards other cell lines.
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