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Abstract

A few water soluble mixed ligand copper(ll) complexes of the type [Cu(bimda)(diimine)] 1 - 5, where bimda is N-
benzyliminodiacetic acid and diimine is 2,2"-bipyridine (bpy, 1) or 1,10-phenanthroline (phen, 2) or 5,6-dimethyl-1,10-
phenanthroline (5,6-dmp, 3) or 3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-tmp, 4) and dipyrido[3,2-d: 2’,3-
flquinoxaline (dpq, 5), have been successfully isolated and characterized by elemental analysis and other spectral
techniques. The coordination geometry around copper(ll) in 2 is described as distorted square based pyramidal while
that in 3 as square pyramidal. Absorption spectral titrations and competitive DNA binding studies reveal that the intrinsic
DNA binding affinity of the complexes depends upon the diimine co-ligand, dpq (5) > 3,4,7,8-tmp (4) > 5,6-dmp (3) > phen
(2) > bpy (1). The phen and dpq co-ligands are involved in Tr-stacking interaction with DNA base pairs while the
3,4,7,8-tmp/5,6-dmp and bpy co-ligands are involved in respectively hydrophobic and surface mode of binding with
DNA. The small enhancement in relative viscosity of DNA upon binding to 1 - 5 supports the DNA binding modes
proposed. Interestingly, 3 and 4 are selective in exhibiting a positive induced CD band (ICD) upon binding to DNA
suggesting that they induce B to A conformational change. In contrast, 2 and 5 show CD responses which reveal
their involvement in strong DNA binding. The complexes 2 - 4 are unique in displaying prominent double-strand DNA
cleavage while 1 effects only single-strand DNA cleavage, and their ability to cleave DNA in the absence of an
activator, varies as 5> 4 > 3 > 2 > 1. Also, all the complexes exhibit oxidative double-strand DNA cleavage activity in
the presence of ascorbic acid, which varies as 5 >4 > 3 > 2 > 1. The ability of the complexes to bind and cleave the
protein BSA varies in the order, 4 >3 > 5 > 2 > 1. Interestingly, 3 and 4 cleave the protein non-specifically in the
presence of H,0, as an activator suggesting that they can act also as chemical proteases. It is remarkable that 2 - 5
exhibit cytotoxicity against human breast cancer cell lines (MCF-7) with potency higher than the widely used drug
cisplatin indicating that they have the potential to act as effective anticancer drugs in a time dependent manner. The
morphological assessment data obtained by using Hoechst 33258 staining reveal that 3 and 4 induce apoptosis
much more effectively than other complexes. Also, the alkaline single-cell gel electrophoresis study (comet assay)

suggests that the same complexes induce DNA fragmentation more efficiently than others.
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Introduction

Cancer is one of the most dreadful and serious diseases in the world.' Cisplatin is the first
metal-based drug currently used for the treatment of testicular and ovarian cancers while the
“second generation drugs” such as carboplatin, and oxaliplatin are nowadays increasingly used in
cancer treatment.”® However, the platinum-based drugs are limited by side effects such as severe
tissue toxicity including nephrotoxicity, ototoxicity, neurotoxicity, acquisition of resistance to
the treatment, low water solubility and relative inactivity against gastrointestinal tumors.* So new
non-platinum-based chemotherapeutics with novel mechanisms of action are being developed as
alternative to platinum based drugs.” Numerous Cu(II), Ru(II), Fe(III), Co(III), Ni(II) and Zn(II)
complexes have been investigated in search of new drugs with improved cytotoxicity. Copper
complexes are considered®’ as the best promising alternatives to cisplatin as anticancer drugs
because copper plays very important roles in several biological processes and many important
enzymes rely on it for their catalytic activity.*'® Also, copper is important in angiogenesis,'’
which plays a key role in growth, development, and wound healing processes and, at the same
time, it aids in tumor cell proliferation and metastasis.'? The cytotoxicity of many synthetic
copper(I) complexes have been investigated in recent years and particularly copper complexes
containing 1,10-phenanthroline (phen) and related ligands have attracted much attention.'*

Cisplatin is thought to engage in covalent binding to purine nucleobases of DNA forming
intra- and interstrand DNA crosslinks and lead to cell death and severe side effects. So the focus
is gradually shifting to non-covalently DNA binding copper(Il) complexes so as to find
complexes with improved pharmacological properties and broader range of antitumor activity.
Very recently, we have found that the mixed ligand phenolate complexes of the type
[Cu(2NO)(phen)]” are involved in non-covalent DNA binding while their corresponding chloride
complexes [Cu(3N)CI] are involved in covalent DNA interaction, and that the former complexes
show higher DNA binding affinity, more efficient double strand DNA cleavage and higher
cytotoxicity than the latter.® Also, certain mixed ligand p-phenoxo-bridged dinuclear Cu(Il)
complexes with diimine co-ligands have been found to exhibit efficient chemical nuclease and
protease activity and cytotoxicity.34 Earlier also we have reported several mixed ligand
copper(Il) complexes of different primary ligands like iminodiacetic acid,®' 2-[(2-(2-
hydroxyethylamino)ethylimino)methyl]phenol ~ (Htdp),"”  L-tyrosine,®®  2-hydroxy-N-(2-
methylaminoethyl)benzamide20b and N,N-bis(benzimidazol-2-ylmethyl)amine (bba)*™  with
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diimine co-ligands. Most of these complexes strongly bind to DNA, cleave it effectively and
exhibit prominent cytotoxicity more than cisplatin by inducing apoptosis. Some of the complexes
of certain amino acids known as Casionpeinas® with phen-based co-ligands have received much
attention due to their remarkable cytotoxicity with a significantly lower ICsq value.” Kumbhar et
al. developed certain mixed ligand Cu(Il) diimine complexes of acetylacetone as cytotoxic
agents.”® Chen er al. isolated a few polypyridyl Cu(Il) complexes along with the anticancer
traditional Chinese medicine (TCM), plumbagin, which exhibit potent apoptotic activities.”’ Very
recently, Travnicek et al. reported that the mixed ligand Cu(Il) complexes of 3-hydroxy-4(1H)-
quinolinone interact with DNA via partial intercalation, act as effective chemical nucleases and
exhibit in vitro cytotoxicity.” Reedijk et al. have developed a completely new class of copper(II)
anticancer complex of the type [Cu(phen)CI(9Accm)], where 9Accem is the curcuminoid ligand
1,7-(di-9-a1nthracene-1,6-hepta1diene-3,5-dione).30 Pereira-Maia et al. have studied the
cytotoxicity of the ternary copper(Il) complexes [Cu(dox)(phen)(H,0)(ClO4)](ClO4) and
[Cu(tc)(phen)(H,0)(C104)](C10y), where dox is doxycycline and tc is tetracycline.’’

In this report we have isolated a series of water soluble mixed ligand copper(Il)
complexes of the type [Cu(bimda)(diimine)] 1 - 5, where bimda is N-benzyliminodiacetic acid
and diimine is 2,2’-bipyridine (bpy, 1) or 1,10-phenanthroline (phen, 2) or 5,6-dimethyl-1,10-
phenanthroline (5,6-dmp, 3) or 3.,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-tmp, 4) and
dipyrido[3,2-d: 2’,3’-f]quinoxaline (dpq, 5) (Scheme 1), and explored the DNA binding and
cleaving properties of the complexes to understand the effect of incorporating N-benzyl moiety
on iminodiacetic acid upon the DNA binding affinity and double strand DNA cleavage activity
of [Cu(imda)(diimine)] complexes,”’ which we have reported already, and hence the chemical
principles underlying site-specific DNA recognition. It would be interesting to probe whether the
enhanced hydrophobicity and steric bulk of N-benzyl moiety would affect the DNA binding and
cleavage properties of the complexes and also improve their effectiveness as cytotoxic agents.
The incorporation of dicarboxylic acid as the primary ligand may enhance the water solubility of

35,36 It is

the Cu(Il) complexes and increase the cellular uptake leading to better cytotoxic drugs.
to be noted that the dicarboxylic acid derivatives of cisplatin such as carboplatin and oxaliplatin
are more potent than cisplatin and Pt(II) complexes of N-substituted amino dicarboxylic acids
show activity more potent than cisplatin and carboplatin.’’ The diimine co-ligands, apart from

functioning as DNA recognition elements, may play a pivotal role in the mechanism underlying
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induction of cell death by the mixed ligand complexes.'”?® We have found that the
hydrophobicity®® of methyl groups of 3,4,7,8-tmp and 5,6-dmp co-ligands enhances the DNA

binding affinity, and augments the chemotherapeutic activity of the complexes.

(0} o

o (o)

N-benzyliminodiacetic acid

N

diimine bpy (1) phen (2)  5,6-dmp (3) 3,4,7,8-tmp (4) dpq (5)

Scheme 1 Schematic representation of copper(Il) complexes 1 — 5 and the diimine co-ligands

Although there are other biological targets in tumor cells, including RNA, enzyme or
protein, it is generally accepted that DNA is the primary target for many anticancer drugs™ and
almost all clinical agents, such as cisplatin and related platinum-based anticancer drugs active
against aggressive cancers, act by binding covalently to the purine bases of DNA. So we have
chosen to investigate the DNA binding properties of the complexes using calf thymus DNA. The
complexes are found to be remarkable in bringing out efficient oxidative as well as hydrolytic
double-strand cleavage of DNA in the absence of a reductant. This is interesting as double-strand
DNA cleavage, among the various types of DNA cleavages, is of biological and therapeutic
importance for greater cell lethality than single-strand cleavage because it appears to be less
readily repaired by DNA repair mechanisms.** We have investigated the interaction of the
complexes with the serum albumin BSA, which is the most abundant protein in blood plasma,*!
as the interaction between BSA and drugs determine the absorption, distribution, and metabolism

of drugs.*” We have chosen to screen the cytotoxicity of the DNA-cleaving copper(IT) complexes
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towards MCF 7 human breast cancer cell lines as breast cancer is the second most common cause
of cancer-related death among women worldwide® and the currently used drug cisplatin is
limited by its side effects. Interestingly, the complexes exhibit ICsy values that are much lower
than that of cisplatin for the same cell lines, indicating that they are promising drugs for cancer
treatment. We have also explored whether the present DNA-targeted molecules are capable of
triggering apoptosis'** because tumor cells are more sensitive to apoptosis-inducing stimuli than
normal cells.*” It is remarkable that the complexes with 3,4,7,8-tmp and 5,6-dmp co-ligands kill
the cancer cell lines through apoptosis more efficiently than the dpq complex and cisplatin. An
important finding from this work is the very remarkable correlation made between the DNA

double-strand cleavage efficiency and cytotoxicity of complexes.*°

Experimental section

Synthesis of Ligand

The ligand dipyrido-[3,2-d:2°,3’-f]-quinoxaline (dpq)*’ was prepared by reported procedure.

Synthesis of Mixed Ligand Copper(II) Complexes
Synthesis of [Cu(bimda)(bpy)] (1)

This complex was synthesized by adding to a methanol:water (4:1) solution of 2,2'-
bipyridine (0.078 g, 0.5 mmol) and N-benzyliminodiacetic acid (0.112 g, 0.5 mmol), which was
deprotonated by using a solution of NaOH (1 mmol equivalent), to a solution of copper(Il)
acetate (0.099 g, 0.5 mmol) in aqueous methanol solution (10 mL) and then stirring at 40 °C for
1 h. The resulting solution was filtered and kept aside for slow evaporation at room temperature.
The blue crystalline solid that separated out was collected by suction filtration, washed with
small amount of methanol, and then dried in vacuum. Anal Calcd for C,;H19CuN3O4: C, 57.20;
H, 4.34; N, 9.53; Found: C, 57.28; H, 4.44; N, 9.61. A\ /Q" cm® mol™: 9. Ana/nm, 5 mM Tris-
HCl1/ 50 mM NaCl buffer solution (emax/dm® mol™* cm™): 687(30), 298(9460). ESI-MS (MeCN)
displays a peak at m/z 440.07 [Cu(bimda)(bpy)].
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Synthesis of [Cu(bimda)(phen)] (2)

The complex was prepared by employing the procedure used for 1 and using 1,10-
phenanthroline in the place of 2,2’-bipyridine. The blue needle-shaped crystals suitable for X-ray
diffraction were obtained by slow evaporation of a concentrated solution of the complex. Anal
Caled for Co3HoCuN3O4: C, 59.41; H, 4.12; N, 9.04; Found: C, 59.48; H, 4.23; N, 9.13. Ay /Q"
cm? mol™: 7. Amax/nm, 5 mM Tris-HC1 / 50 mM NaCl buffer solution (gmax/dm3 mol ! cm_l):
670(44), 272( 31290). ESI-MS (MeCN) displays a peak at m/z 464.07 [Cu(bimda)(phen)].

Synthesis of [Cu(bimda)(5,6-dmp)] (3)

The complex was prepared by using the procedure employed for 1 and using 5,6-
dimethyl-1,10-phenanthroline in the place of 2,2’-bipyridine. The blue coloured crystals suitable
for X-ray diffraction were obtained by slow evaporation of a concentrated solution of the
complex. Anal Calcd for C,sH,3CuN;O4: C, 60.90; H, 4.70; N, 8.52; Found: C, 60.96; H, 4.83;
N, 8.57. Am /Q" em? mol ™ 9. Amax/nm, 5 mM Tris-HC1 / 50 mM NacCl buffer solution (emx/dm3
mol' cm™): 662(41), 278(19610). ESI-MS (MeCN) displays a peak at m/z 492.10
[Cu(bimda)(5,6-dmp)].

Synthesis of [Cu(bimda)(3,4,7,8-tmp)]| (4)

The complex was prepared by employing the procedure employed for 1 and using 3,4,7,8-
tetramethyl-1,10-phenanthroline in the place of 2,2’-bipyridine. The blue crystalline solid that
separated out was collected by suction filtration, washed with small amount of methanol, and
then dried in vacuum. Anal Calcd for C,7;H,7CuN3;O04: C, 62.24; H, 5.22; N, 8.06; Found: C,
62.36; H, 5.31; N, 8.17. A /Q" cm® mol™: 10. Aa/nm, 5 mM Tris-HCI / 50 mM NaCl buffer
solution (emax/dm’ mol™' cm™): 667 (40), 279(16160). ESI-MS (MeCN) displays a peak at m/z
520.13 [Cu(bimda)(3,4,7,8-tmp)].

Synthesis of [Cu(bimda)(dpq)] (5)

The complex was prepared by adopting the procedure employed for 1 and using dipyrido-
[3,2-d:2’,3'-f]-quinoxaline in the place of 2,2’-bipyridine. Anal Calcd for C,sH;9CuNsOq4: C,
58.08; H, 3.70; N, 13.55; Found: C, 58.16; H, 3.77; N, 13.59. Ay /Q" em® mol™: 9. Aypax/nm, 5
mM Tris-HC1 / 50 mM NaCl buffer solution (ma/dm® mol™' cm™): 674 (41), 251(24770). ESI-
MS (MeCN) displays a peak at m/z 516.07 [Cu(bimda)(dpq)].
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Experimental Methods

Microanalyses (C, H and N) were carried out with a Vario EL elemental analyzer. A Micro
mass Quattro II triple quadrupole mass spectrometer was employed for ESI-MS analysis. UV-
Vis spectra were recorded on a Shimadzu UV-Vis spectrophotometer using cuvettes of 1 cm path
length. Emission intensity measurements were carried out by using a Jasco F 6500
spectrofluorimeter. Electron paramagnetic resonance (EPR) spectra for polycrystalline copper(II)
complexes were obtained on a JEOL FA200 ESR spectrometer at room temperature. EPR spectra
of the complexes in double distilled acetonitrile at liquid nitrogen temperature (77 K) were
recorded on a JEOL JES-TE100 ESR spectrometer operating at X-band frequencies and having a
100 kHz field. 2,2'-diphenyl-I-picrylhydrazyl (DPPH) was used as the field marker. The viscosity
measurements were carried out on a Schott Gerate AVS 310 automated viscometer thermostated
at 25 °C in a constant temperature bath. Circular dichroic spectra of DNA were obtained by
using JASCO J-716 spectropolarimeter equipped with a Peltier temperature control device.
Cyclic voltammetry and differential pulse voltammetry on a platinum sphere electrode were
performed at 25.0 + 0.2 °C. The temperature of the electrochemical cell was maintained using a
cryocirculator (HAAKE D8-G). Voltammograms were generated with the use of an EG&G PAR
Model 273 potentiostat. A Pentium IV computer along with EG&G M270 software was
employed to control the experiments and to acquire the data. A three-electrode system consisting
of a platinum sphere (0.29 cm?), a platinum auxiliary electrode and a reference electrode were
used. The reference electrode for non-aqueous solution was Ag(s)/Ag’, which consists of Ag
wire immersed in a solution of AgNO3 (0.01 M) and tetra-n-butylammonium perchlorate (0.1 M)
in acetonitrile placed in a tube fitted with a vycor plug using a sleeve.” The cyclic
voltammograms (CV) and differential pulse voltammograms (DPV) of copper(Il) complexes
were obtained in methanol solutions with fefra-n-butylammonium perchlorate as the supporting
electrolyte at ambient temperatures under N,. Redox potentials were measured relative to
Ag/Ag’ reference electrode. All the complexes are electroactive with respect to the metal center
in the potential range + 1.0 V. The redox potential (£,2) was calculated from the anodic (E},) and
cathodic (E}) peak potentials of CV traces as (Ep, + Epc)/2 and also from the peak potential (Ey,)
of DPV response as E, + AE/2 (AE is the pulse height).

Solutions of DNA in the buffer 5 mM Tris-HCI / 50 mM NaCl buffer (pH = 7.2) in water
gave the ratio of UV absorbance at 260 and 280 nm, Aze0/Azg0, of 1.9, indicating that the DNA
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was sufficiently free of protein.*” Concentrated stock solutions of DNA were prepared in a buffer
and sonicated for 25 cycles, where each cycle consisted of 30 s with 1 min intervals. The
concentration of DNA in nucleotide phosphate (NP) was determined by UV absorbance at 260
nm after 1:100 dilutions by taking the extinction coefficient, & as 6600 M ' em !, Stock
solutions of DNA were stored at 4 °C and used after no more than 4 days. Supercoiled plasmid
pUC19 DNA was stored at: -20 ‘C and the concentration of DNA in base pairs were determined
by UV absorbance at 260 nm after appropriate dilutions taking e as 13100 M™' cm .
Concentrated stock solutions of copper complexes were prepared by dissolving calculated
amounts of the complexes in respective amounts of solvent and diluted suitably with the
corresponding buffer to the required concentrations for all experiments. Synchronous
fluorescence spectra of BSA with various concentrations of complexes were obtained from 300
to 400 nm when AL = 60 nm and from 260 to 360 nm when AA = 15 nm. The excitation and

emission slit widths were 3 and 1.5 nm, respectively. Synchronous measurements were

performed using a 1 cm quartz cell on a JASCO F 6500 spectrofluorimeter.

X-Ray Crystallography

The crystals of 2 and 3 of suitable size were selected from the mother liquor and, then
mounted on the tip of a glass fiber and cemented using epoxy resin. Intensity data for both the
crystals were collected using Mo-Ka (k = 0.71073 A) radiation on a Bruker SMART Apex 2
diffractometer equipped with a CCD area detector at 150 K for 2 and at 293 K for 3 respectively.
The SMART program™ was used for collecting frames of data, indexing the reflections, and
determining the lattice parameters. The data integration and reduction were processed with
SAINT’! software for 3. Integrated intensity information for each reflection was obtained by
reduction of the data frames with the program APEX2 for 2.>° The integration method employed
a three dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally the data was merged and scaled to produce a
suitable data set. The absorption correction program SADABS®* was employed to correct the
data for absorption effects. The structures were solved by direct methods using SHELXTL
(XS).” The structure was refined (weighted least squares refinement on F)to convergence.54 All
the non-hydrogen atoms in both the compounds were refined anisotropically till convergence is

reached. Hydrogen atoms attached to the ligand moieties were stereochemically fixed. Absence
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of additional symmetry and voids were confirmed using PLATON.” The crystallographic data
and details of data collection for 2 and 3 (CCDC 1021461-1021462) are given in Table 1.

DNA Binding and DNA Cleavage Experiments
DNA binding and DNA cleavage studies were carried out by employing the procedure

reported by us previously.”’

Tryptophan fluorescence quenching and protein cleavage studies
The tryptophan fluorescence quenching and protein cleavage studies were carried out as

. : 56,5
described previously.”®’

Cell Culture

The MCF 7 human breast cancer cell line was obtained from the National Center for Cell
Science (NCCS), Pune, India. The cells were cultured in RPMI 1640 medium (Biochrom AG,
Berlin, Germany) containing 10% fetal bovine serum (Sigma), 100 U/mL penicillin and 100
ug/mL streptomycin as antibiotics (Himedia, Mumbai, India) in 96-well culture plates at 37 °C
under a humidified atmosphere of 2% CO, in a CO; incubator (Heraeus, Hanau, Germany).
Cisplatin was purchased from Getwell pharmaceuticals, India. All experiments were performed
using cells from passage 15 or less.

MTT assay, Hoechst 33258 Staining and Comet Assay were carried out as described

previously.”’

Results and Discussion
Structures of Copper(I) Complexes in Solution

The mixed ligand copper(Il) complexes of the type [Cu(bimda)(diimine)] 1 - S, where
bimda is N-benzyliminodiacetic acid and diimine is 2,2’-bipyridine (bpy, 1) or 1,10-
phenanthroline (phen, 2) or 5,6-dimethyl-1,10-phenanthroline (5,6-dmp, 3) or 3,4,7,8-
tetramethyl-1,10-phenanthroline (3,4,7,8-tmp, 4) and dipyrido[3,2-d: 2’,3’-f]quinoxaline (dpq,
5), have been isolated. The formulas of the complexes [Cu(bimda)(diimine)] 1 — 5, as determined
by elemental analysis, are consistent with the X-ray crystal structures of 2 and 3. In 5 mM Tris-

HC1/50 mM NacCl buffer solution all the complexes exhibit only one broad band in the visible

10
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region (660 — 690 nm) with very low absorptivity (Table S1), which is consistent with the
square-based geometry observed in the solid-state structures of 2 and 3. The intense absorption
band observed in the UV region (250 - 300 nm) is attributed to the intraligand © — ©* transitions
in the aromatic chromophores. The frozen solution EPR spectra of the complexes recorded in 5
mM Tris-HC1/50 mM NaCl buffer solution, display a copper hyperfine splitting pattern with the
fourth line partially hidden in the g, , region (Figure S1), which is typical of mononuclear Cu(Il)
(S ='2) complexes with essentially square-based geometry. Also, the observed EPR spectra of
the complexes are axial with g; > g;> 2.0 and G = [(g - 2)/(g1-2)] = 4.1 - 4.3 confirming the
square-based geometries diagnosed by electronic spectral measurements (Table S2). Further, a
square-based CuN4 chromophore is expected to show a g value of around 2.200 and an A value
in the range 180 - 200 x10™* cm™ and replacement of a nitrogen atom in this chromophore by an
oxygen atom is expected to increase the g value and decrease the A value.”® On the other
hand, distortion from square planar coordination geometry would increase the g value and
decrease the A value. The observed g (2.252 - 2.258) and A (180 - 183 x 10™ cm™) values are
consistent with the presence of a square-based CuN,O, chromophore with no significant
distortion from planarity.58 This is supported by the values of gj/A quotient, which fall within
the range expected” for square planar geometry (123 — 125 cm). The ESI-MS data reveal that 1 -
5 display an essentially single mass peak assignable to mononuclear fragment
[Cu(bimda)(diimine)] species, which is also supported by values of molar conductivity in
methanol (Ay/Q" cm® mol™, 9 — 10) falling in the range®® for non-electrolytes. The cyclic (CV)
and differential pulse voltammetric (DPV) responses obtained in methanol solution reveal that
the Cu(II)/Cu(I) redox couple of 1 - § are far from reversible (Table S3, £/, -0.085 to -0.185 V;
AE,, 110 to 195 mV, Figure S2). The E;/, values vary as 5§ >4 >3 <2 > 1, which reveals that
dpq (5) stabilizes Cu(l) oxidation state more than phen (2) by involving in n-delocalization of
electron density from copper more effectively and that the electron-releasing methyl groups on

5,6 (3) and 3,4,7,8 (4) positions stabilize Cu(Il) state more than bpy (1).

11
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Description of Structures of [Cu(bimda)(phen)]-2H,0 (2) and [Cu(imda)(5,6-dmp)]-2.4H,0 (3)
The ORTEP representations of structures of 2 and 3 including atom numbering scheme are
shown in Figures 1 and 2 respectively and the crystal refinement data and selected bond lengths
and bond angles are listed in Table 2. The copper atom in 2 and 3 is coordinated by two
carboxylate oxygen (O1, O2) and the tertiary amine nitrogen (N3) atoms of the cis-facially
coordinated bimda dianion and two nitrogen atoms (N1, N2) of phen (2)/5,6-dmp (3). The value
of the structural index® t of 0.29 [t = (B- @)/60, where o = 03-Cul-N2 = 155.20(9)° and P =

O1-Cul-N1 = 172.72 (9); for perfect square pyramidal and trigonal bipyramidal geometries the t

62-64 respectively] for 2 reveals that the coordination geometry around

values are zero and unity,
copper(Il) is best described as trigonal bipyramidal distorted square based pyramidal
(TBDSBP)*** with the corners of the CuN,O, square plane occupied by N1 and N2 nitrogen
atoms of phen and Ol and O3 oxygen atoms of bimda and the apical position occupied by N3
nitrogen atom of bimda. The tridentate ligand bimda is bound facially to Cu(Il) with the two
carboxylate oxygens (Cu-Ocamboxylate 1.928(2), 1.964(2) A) located in the basal plane and the two
imine nitrogens of phen (Cu-Nimine, 1.998(2), 2.003(2) A) occupying the remaining corners of the
basal plane. These bond distances are comparable to those found in CuN3;0O, complexes with
almost a similar geometry.®® The strongly bound phen imine nitrogens occupy the equatorial
sites around Cu(II) with the sterically hindered N3 amine nitrogen atom of bimda defaulting to
the more weakly bound z-axial position (Cu(1)-N(3), 2.306(3) A).”® This is in contrast to the
octahedral structure of [Cu(imda)(phen)(H,0O)] in which the amine nitrogen of imda occupies the
basal plane and one of the carboxylate oxygen atoms and the oxygen atom of water (O1W)
occupy the axial positions.21 The Cu-Nymine bond is longer than the Cu-Njyine bonds formed by
phen, which is expected of sp> and sp® hybridizations respectively of amine and imine nitrogen
atoms. The axial Cu-N,nine bond is longer than the equatorial Cu-Njpine bonds, which is expected
of the presence of two electrons in the d,. orbital of Cu(Il). In the complex there is intramolecular
n-1 stacking interaction between the benzyl aromatic ring of coordinated bimda ligand and phen
ring with the former being located approximately parallel to the coordination plane. Such
stacking interactions have been reported earlier for the Cu(Il) amino acid complexes [Cu(L-
trp)(bpy)(H20)]", [Cu(L-trp)(phen)]’, [Cu(L-trp)(dppz)]”, [Cu(L-tyr)(5,6-dmp)(H20)]", [Cu(L-
phe)(4,7-dmp)]” and [Cu(bzmal)(phen)(H,0)], where bzmal is benzylmalonic acid.”"*>*""!

However, no such stacking interaction is observed for the imda complexes [Cu(NBIDA)(bpy)]",
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Page 12 of 47



Page 13 of 47

Dalton Transactions

[Cu(NBIDA)(phen)]’, where NBIDA is N-(p-nitrobenzyl)iminodiacetic —acid and
[Cu(TEBIDA)(bpy)]", where TEBIDA is N-tert-butyliminodiacetic acid.®®®

The structure of 3 is similar to that of 2 with the tridentate ligand bimda bound facially to
Cu(Il) with the two carboxylate oxygens (Cu-Ocarpoxylates 1.938(3), 1.929(3) A) located in the
basal plane and the two imine nitrogens of 5,6-dmp (Cu-Nimine, 1.996(3), 1.988(3) A) occupying
the remaining corners of the basal plane. However, the value of t for 3 is 0.03 [t = (B-a.)/60,
where o = 02-Cul-N1 = 167.37(13) and B = O1-Cul-N2 = 164.98(14)°] revealing that the
coordination geometry around copper(Il) is best described as square pyramidal®®® with no
significant distortion toward trigonal bipyramidal geometry, and the lower t value of 3 is due to
stronger coordination of 5,6-dmp to Cu(Il) (cf. below). Also, the t value of 3 is lower than that
(0.19) of the analogous complex [Cu(imda)(5,6-dmp)], which indicates that the benzyl
substituents in the primary ligand leads to higher steric congestion at copper(Il) in 3. Upon
replacing phen in 2 by 5,6-dmp to obtain 3, the equatorial Cu—Njpine bonds (Cu—N1, 1.996(3);
Cu-N2, 1.988(3) A) become shorter, which is expected of the stronger coordination of 5,6-dmp,
negligible changes are observed in the Cu—Ocarboxylae bond distances and the axial Cu—N3amine
(Cu—N3imine, 2.302(3) A) bond becomes slightly shorter. As in 2, the sterically hindered N3
amine nitrogen atom of bimda defaults to the more weakly bound z-axial position, which is in
contrast to [Cu(imda)(5,6-dmp)] in which the amine nitrogen occupies the equatorial position
and one of the carboxylate oxygen atoms occupies the axial position.”’ Like 2, the complex 3
also exhibits intramolecular n-n stacking with the distance between aromatic ring of bimda and

the phen ring of 5,6-dmp being 3.497 A.

DNA Binding Studies

UV-Vis Absorption Spectral Titrations. Upon the incremental addition of CT DNA to the
complexes 1 — 5 the ligand centered m — n* absorption band (250 — 300 nm) shows increasing
hypochromism (Ag, 17 - 48%) without any red-shift, suggesting groove binding preference of the
complexes over intercalative mode of DNA binding (Figure 3). As the extent of hypochromism
is commonly associated with the strength of DNA interaction,”’ the observed order of decrease in
hypochromism, 5 > 4 = 3 > 2 > 1, reflects the decrease in DNA binding affinities of the
complexes in this order. The DNA binding affinities of 1 — 5 are compared by obtaining the
intrinsic DNA binding constant K}, by using the equation described previously®* (Figure $3). The
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observed Ky, values (1.7 — 23.8 x 10° M™', Table 3) are comparable to those reported for other

mixed ligand copper(Il) complexes with bidentate 0,0 donor ligands®®*">!""-"2

and vary as 5§ > 4
~ 3 > 2> 1, which is in conformity with the observed trend in hypochromism. They are lower
than those observed” for the typical classical intercalator ethidium bromide (EthBr) (K}, 4.94 x
10° M™). Also, the Ky, values are significantly lower than those observed for the corresponding
bis- and tris-diimine complexes namely, [Cu(phen);]*" (Ks, 9.8 x 10° M), [Cu(5,6-dmp)s]*" (Ko,
3.8 x 10* M), [Cu(dpq):]*" (Kb, 4.5 x 10* M),” [Cu(dpq)s]*" (Kb, 7.5 x 10* M )™ and
[Cu(dppz),]*" (K, 5.1 x 10° M™H* but slightly higher than [Cu(phen),]*" (Ky, 2.7 x 10> M.
Therefore, it is clear that the present complexes are involved in weaker DNA binding
interactions obviously because they are neutral. The monocationic complexes [Cu(L-
tyr)(diimine)]”, [Cu(L-trp)(diimine)]", and [Cu(L-phe)(diimine)]", which are expected to display
stronger DNA binding, show only moderate DNA binding affinities due to steric hindrance to
DNA binding by the amino acid side chains.”" Also, the observed K;, values of 1 — 5 are higher
than those (Kp, 0.60 — 17.0 x 10° M) of the corresponding [Cu(imda)(diimine)] complexes,
illustrating that the hydrophobic benzyl group increases the DNA binding affinity and does not
sterically hinder the DNA interaction. The hydrogen bonding interactions between the
carboxylate oxygens with the functional groups positioned on the edge of DNA bases.” Similar
hydrogen bonding interactions have been proposed for [Co(NH;)e]*" bound to d(CG);’® and
[Ru(NHs)4(diimine)]*" 77 bound to CT DNA. The DNA binding affinity of 5 is higher than that
of 2, the dpq co-ligand in the former is involved in m-stacking interaction with DNA stronger
than the phen ring in the latter.”® As 1 lacks a co-ligand with larger planar aromatic ring surface
as in 2 and 5, it is involved in weaker m-stacking interaction. The introduction of two and four
methyl groups on phen ring in 3 and 4 respectively would sterically hinder the partial
intercalation of phen ring with DNA base pairs. However, higher K}, values are obtained for them
suggesting a strong hydrophobic interaction between the methyl groups of 5,6-dmp and 3,4,7,8-
tmp co-ligands in 3 and 4 and the hydrophobic interior accessible in DNA'® rather than partial
intercalation. Similar observations have been made by us earlier for the mononuclear complexes
[Cu(5,6-dmp)s]*", [Zn(5,6-dmp);]*" 7 and [Ru(5,6-dmp)s]*"7*® the mixed ligand complexes
[Ru(NH:)4(5,6-dmp)]*" " [Cu(imda)(5,6-dmp)],*' [Cu(dipica)(5,6-dmp)]*",” [Cu(tdp)(3,4,7,8-
tmp)]","* [Cu(pmdt)(5,6-dmp)]**,**! [Cu(bba)(5,6-dmp)]*" ** and [Cu(L-tyr)(5,6-dmp)]" *** and
the dinuclear complexes [{(5,6-dmp),Ru}>(bpm)]*" ¥ and [Cux(LH),(5,6-dmp)(C10,),]>" **®
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bound to CT DNA, all of them containing 5,6-dmp as the co-ligand, except [Cu(tdp)(3,4,7,8-
tmp)]*". Upon increasing the number of methyl groups in phen ring from two in 3 to four in 4,
the DNA binding affinity increases. Thus, the n-stacking interaction of planar phen and dpq co-
ligands and the hydrophobic interaction involving the methyl substituents on diimine co-ligands
are the useful features for incorporation into Cu(Il) complexes to optimize their DNA

recognition.

Ethidium Bromide Displacement Assay. Upon adding 1 - 5 (0 — 60 uM) to CT DNA (125 uM)
pretreated with ethidium bromide (EthBr, 12.5 uM) ([DNA]/[EthBr] = 10), only a slight

decrease®' ™

in fluorescence intensity of EthBr is observed (Figure S4), revealing that they are
not efficient in competing with the strong intercalator EthBr for the intercalative binding sites,
and so the EthBr displacement mechanism is ruled out. The values of binding constant (Kjpp,
Table 3) were calculated by using the method described previously.** Due to the steric hindrance
of benzyl group 1 — 5 are involved in non-intercalative mode of DNA binding. If the quenching
occurs by photoelectron transfer mechanism, then the ability of the complexes to quench the
EthBr emission intensity should vary as 5> 2 >3 >4 > 1, depending upon the reducibility of the
copper(Il) complexes (cf. above), but the induced emission intensity of DNA-bound EthBr
decreases in the order, 5 > 4 > 3 > 2 > 1, which is consistent with the results from absorption
spectral studies (Table 3, cf. above), and a plot of K}, vs Kypp 1s linear (Figure S5). The highest
Kapp value of 5 with the highest Cu(II)/Cu(I) redox potential (cf. below) reflects the facile
electron-transfer from the excited state of EthBr to copper(Il) (cf. above). Similarly, 2 with E},,
value higher than the 5,6-dmp (3) and 3,4,7,8-tmp analogues (4) would be expected to show a
Kapp value higher than 3 and 4. But the higher K,,, values observed for the latter indicate the

predominant hydrophobic interaction of 3 and 4 with DNA.

Viscosity Measurements. Viscosity measurements were carried out on CT DNA with and
without treating it with 1 - 5. The values of relative specific viscosity (1/no), where 1 and n are
the specific viscosities of DNA in the presence and absence of the complex respectively, are
plotted against 1/R (= [Cu complex]/[DNA]) =0 - 0.50 (Figure S6). The plot shows the ability
of complexes to increase the viscosity of DNA depending upon the diimine co-ligand: dpq (5) >
3,4,7,8-tmp (4) > 5,6-dmp (3) > phen (2) > bpy (1), which is consistent with the trends observed

in values of K}, and K, (cf. above). Though all the complexes show only minor changes in the
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relative viscosity, the increase in viscosity observed for 5 is less than that for the classical
intercalator EthBr but higher than that for 2 and also the minor groove binder Hoechst due to the
n-stacking interaction of coordinated dpq (5), which is more intimate than that of phen ring (2).
We have observed that [Cu(imda)(dpq)] shows ATy, value, and viscosity enhancement, higher
than its phen and 5,6-dmp analogues, which is typical of partial intercalative interaction of
coordinated dpq ligand. It is obvious that the strong hydrophobic interaction of coordinated 5,6-
dmp and 3,4,7,8-tmp co-ligands with the interior of DNA grooves is also effective in increasing

the length of DNA biopolymer.'*

The complex 1 with non-planar bpy shows decrease in relative
viscosity of CT DNA revealing weaker interaction of 1 to CT DNA. Thus, the results from
viscosity measurements confirm the mode of DNA binding of the complexes established through

absorption and emission spectral studies.

Circular Dichroic Spectral Studies. When 2-5 are incubated with DNA at I/R = [Cu
complex]/[DNA]) = 1, the CD spectrum of DNA undergoes interesting changes in both the
positive and negative bands (Figure 4, Table 3).**™ The complexes 2 and 5 show a slight
decrease and increase in band intensities of respectively the negative and positive bands
indicating that the complexes perturb DNA helicity upon binding. Interestingly, the high-
intensity bands for 2, 3, 4 and S superposed on the broad positive band at 273, 278, 279 and 298
nm, respectively, correspond to the positions of their UV absorption bands, and so they are
induced CD (ICD) bands. Also, 3 and 4 show a higher red-shift (~14 nm) for both the bands with
large increase and large decrease in intensities respectively of the positive (ICD) and negative
bands, which originate from the effective placement of 5,6-dmp and 3,4,7,8-tmp chromophores

192,86 __ -
% with

with DNA grooves. This observation is consistent with B to A conformational change
the increased positive base pair tilting in A DNA caused by the hydrophobic interaction of 5,6-
methyl groups with DNA. A similar red-shift (10 nm) observed for [Cu(dipica)(5,6-dmp)]*" has

been ascribed to B to A conformational change.”

DNA Cleavage Studies

DNA Cleavage without Added Reductant. As DNA cleavage activity is found to correlate with
in vitro cytotoxicity of Cu(Il) complexes,' > 7
of 1-5 by incubating them with supercoiled (SC) pUC19 DNA (40 uM) in the absence of an

activator in 5 mM Tris-HCIl/50 mM NaCl buffer at pH 7.1 for 1 h at 37 °C. All the complexes

we have explored the DNA cleavage abilities
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effect double-strand DNA cleavage to generate the LC form before converting all of the SC form
to NC form through single-strand break?' (Figure 5) and the DNA cleavage efficiency follows
the order 5 (80.6%) > 4 (78.8%) = 3 (78.5%) = 2 (76.5%) > 1 (70%), which is the same as that of
DNA binding affinity (cf. above). Control experiments with ligand or Cu(ClO4),-6H,0 or DNA
alone do not reveal any cleavage. Interestingly, all the complexes effect double-strand DNA
cleavage while [Cu(imda)(diimine)] complexes, except [Cu(imda)(dpq)], do not show any such
cleavage,”' illustrating that the N-benzyl moiety strongly perturbs the DNA molecule upon
binding. The complex 5 shows higher cleavage ability, which is traced to its higher DNA binding
affinity and Cu(II)/Cu(I) redox potential, while 3 and 4 show slightly higher DNA cleavage
ability than 2 and 1, possibly because of their enhanced hydrophobic interaction with DNA
involving the co-ligands 5,6-dmp and 3,4,7,8-tmp. The effect of concentration of complexes on
DNA cleavage rate was studied typically for 5 by using a constant concentration of SC pUC19
DNA (40 uM in base pair) under “pseudo-Michaelis-Menten” kinetic conditions with an
incubation period of 60 min (Figure 6). The value of K.y, which is the maximum rate of
cleavage observed upon varying the catalyst concentration, is calculated'™ as 0.49 (0.10 h™)
under the present experimental conditions, and the corresponding value of Ky is 77.2 uM.
Though the cleavage rate enhancement is million fold in comparison with the uncatalyzed rate of
cleavage of ds-DNA (3.6 x 10™® h™"),*? it is comparable with those reported for transition metal-
based synthetic hydrolases89 and the observed value of the specificity constant (K¢./Ky ) 6.3 X
10> k! M is lower than that (4.8 x10° h™* M) for other mixed ligand Cu(II) cornplexes.lg’zo’89
For 5, the extent of DNA cleavage varies exponentially with incubation time and follows
pseudo-first order kinetic profiles (Figure S7). The preliminary DNA strand scission mechanism
of 5 has been investigated in the presence of hydroxyl radical scavenger (DMSO), the singlet
oxygen quencher NaNs, the superoxide scavenger SOD, the H,O, scavenger catalase and under
inert atmosphere (Figure 7). When the hydroxyl radical scavenger DMSO is added to the
reaction mixture, inhibition of DNA cleavage is observed revealing that the cleavage reaction
involves hydroxyl radicals. The addition of NaNj; scarcely protects DNA against strand breakage
induced by 5, which suggests that neither 'O, nor any other singlet oxygen-like entity
participates in the oxidative cleavage. This attenuation of the cleavage activity can be explained
by taking into consideration reduction of Cu(Il) species in the ROS production process. The

catalase enzyme blocks the breakdown of DNA, revealing that hydrogen peroxide like species
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may participate in the cleavage process. Furthermore, addition of superoxide dismutase
(superoxide scavenger) to the reaction mixture does not show significant quenching of the
cleavage reaction revealing that superoxide anion is not also the active species.”’ Thus the
complexes 1- 5 are a few of the copper(Il) complexes that are able to cleave DNA in the absence

of a reducing agent under anaerobic conditions.

DNA Cleavage with Ascorbic Acid Added as Reductant. The DNA strand scission by 1 — 5
(30 uM) was studied in the presence of ascorbic acid (10 uM). In control experiments with DNA
or ascorbic acid alone no DNA cleavage is observed. Interestingly, all the complexes convert the
SC form to NC and LC forms, providing a clear evidence for direct double-strand DNA cleavage
(Figure 8). The distribution of supercoiled, nicked and linear forms of DNA in the agarose gel
electrophoresis provides a measure of the extent of DNA cleavage. The extent of DNA cleavage
decreases in the order, S > 4 > 3 > 2 > 1 depending upon the co-ligand. The effect of
concentration of the complexes on DNA cleavage was studied typically for § (which also shows
the highest oxidative DNA cleavage activity) using a constant concentration of SC pUC19 DNA
(40 uM in base pair). As the concentration of 5 is increased, the amount of form I (SC DNA)
decreases and those of both forms II (NC DNA) and IIT (LC DNA) increase. The complex 5
exhibits efficient double-strand DNA cleavage, even at 5 pM concentration revealing that 5§
behaves as an efficient chemical nuclease for double strand cleavage of DNA (Figure 9). The
intense nuclease activity of 5 is apparently due to enhanced stabilization of the Cu(I) species
formed, as evidenced by its highest Cu(Il)/Cu(I) redox potential (cf. above). The ability of the
dpq co-ligand with extended aromatic ring stabilizes Cu(I) oxidation state generated in the
presence of ascorbic acid so that it is located close to the place of reaction by engaging in strong
binding with DNA. The Cu(I) species binds to DNA with affinity higher than Cu(Il) species’'
and thus DNA is made more accessible for the reactive oxygen species (OH’) produced by
Fenton type reaction, resulting in higher DNA cleavage. So, it is obvious that strong DNA
binding through zn-stacking interactions is an important factor for efficient DNA cleavage. As the
concentration of 4 is increased, the amount of form I decreases and those of both forms II and III
increase and 4 also shows double-strand cleavage but at a slightly higher concentration (10 uM)
revealing that 4 behaves as a chemical nuclease for oxidative double strand cleavage of DNA

(Figure 10). The higher DNA cleavage activity of 4 is consistent with its enhanced hydrophobic
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interaction with DNA. Similar conclusions have been made by us for [Cu(tdp)(diimine)]”
complexes.'” Also, the 5,6-dmp complex exhibits better DNA cleavage activity due to its strong
DNA binding affinity arising from hydrophobicity, like [Cu(5,6-dmp);]*", [Zn(5,6-dmp);]*" 7*
and [Ru(5,6-dmp)s]*"7* the mixed ligand complexes [Ru(NHs)4(5,6-dmp)]*"”" [Cu(imda)(5,6-
dmp)],?' [Cu(dipica)(5,6-dmp)]*",” [Cu(tdp)(3,4,7.8-tmp)]",'** [Cu(pmdt)(5,6-dmp)]*" *** and
[Cu(L-tyr)(5,6-dmp)]" ** and the dinuclear complexes [{(5,6-dmp),Ru},(bpm)]*" *® and
[Cuz(LH)»(5,6-dmp)-(Cl04):]*".2® The lower DNA cleavage activity of 2 is consistent with its
lower DNA binding affinity. The preliminary mechanism of DNA strand scission by 5 has been
investigated in the presence of several additives under inert atmosphere. The results show that
*OH radicals rather than 102 or Oy or H,0, are involved in the DNA cleavage reaction (Figure

11).

Protein Binding and Cleavage Studies

Though a very effective binding of a drug to serum albumin can be an unfavorable
characteristic of a drug the study of molecular details of interaction of drugs with bovine serum
albumin (BSA) could deepen the understanding and hence benefit the design of new antitumor
complexes.*” When 1-5 were treated with BSA, the emission intensity of BSA is found to
decrease, revealing that the changes in the protein secondary structure as well as the tryptophan
(trp-134, trp-212) environment of BSA occur upon binding of the complexes.”” The extent of
quenching of fluorescence intensity, as expressed by the value of Stern-Volmer constant (Kyy), is
a measure of protein binding affinity of the complexes.” The value of K, obtained as slope of
the linear plot of Iy/I vs [complex], follows the order 4 ~3 >5>2 > 1 (Figure 12, Table 4). The
higher protein-binding affinity of 3 and 4 is due to the enhanced hydrophobicity provided by the
methyl groups of 5,6-dmp and 3,4,7,8-tmp ligands. Synchronous fluorescence spectral study was
used to obtain information about the molecular environment in the vicinity of the fluorophore
moieties of BSA.”> When the difference (AX) between the excitation and emission wavelengths is
fixed at 15 and 60 nm, and the amount of 3 added to BSA (5 uM) is increased, a large decrease
in fluorescence intensity with a small red-shift in the tryptophan emission maximum is observed.
In contrast, the emission intensity of tyrosine residue is slightly decreased with no shift in the
emission maximum (Figure S8). These observations confirm that the effective site of the

fluorescence emission of BSA is the tryptophan residue. Also, the observed red-shift illustrates
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that conformational changes occur near the hydrophobic tryptophan environment upon binding
of 3 with increased hydrophobicity.

When the ability of 1 - 5 to cleave protein peptide bonds’* was studied using BSA as
substrate, the complexes are found to be ineffective (Figure S9). However, in the presence of
H,0, (500 uM), they show significant smearing or reduction in intensity of BSA bands (Figure
S10) with respect to control (BSA alone without H,0,), suggesting that all the complexes are

capable of cleaving the protein, but without any sequence specificity.

Cytotoxicity Studies
MTT Assay. The cytotoxicity of 2 — § against human breast cancer cell lines (MCF-7) was

investigated in aqueous buffer solution'’*’

in comparison with the widely used drug cisplatin
under identical conditions by using MTT assay. It was found that the ICsy values for 48 h
incubation are lower than those for 24 h incubation, clearly indicating that the observed
cytotoxicity is time dependent. Interestingly, 2 - § exhibit cytotoxicity higher than cisplatin for
both 24 and 48 h incubations and the potential of the complexes to kill cancer cells vary as 5 <4
>3 > 2 (Table 5, Figure S11). Also, 4 is remarkable in displaying cytotoxicity (ICsp, 2.5 (0.3)
M) approximately 10 times more prominent than cisplatin (ICso, 24.5 (6.1) uM)."” It is evident
that the hydrophobic forces of interaction of 4 involving 3,4,7,8-tmp co-ligand leads to the
highest cytotoxicity and, as expected, 3, which is involved in hydrophobic interaction of 5,6-
dmp co-ligand with both DNA and protein, displays a lower cytotoxicity (ICs, 4.1 (0.6) uM). A
similar correlation has been observed for the mixed ligand complexes [Cu(tdp)(3,4,7,8-‘[mp)]+,1961
[Cu(L-tyr)(5,6-dmp)]" *** [Cu(pmdt)(5,6-dmp)]**,** [Cu(bba)(5,6-dmp)]*" * and [Cuy(LH)x(5,6-
dmp)(Cl04),1*",*®® which exhibit DNA binding affinity higher than their corresponding bpy,
phen, and dpq analogues. Further, the enhanced hydrophobicity of 3,4,7,8-tmp (4) and 5,6-dmp
(3) co-ligands facilitate transport of the complexes into the cell across cell membrane enabling
them to interact with cellular DNA. The observed ICsy values (2.5 — 11.3 uM, Table 5) are
comparable to those reported for other mixed ligand copper(Il) complexes with bidentate O,0
donor ligands against MCF-7 breast cancer cell lines. The cytotoxicity of 2 - § are comparable to
the mixed ligand copper(Il) complexes [Cu(acetylacetone)(diimine)]NO; (ICsyp in 2.2 - 103.7
uM),”  [Cu(plumbagin)(bpy)] (ICsy in ~3.2 pM),*” [Cu(2-phenyl-3-hydroxy-4(1H)-
quinolinone)(diimine)]NO; (ICsp in 1.0 - 27.2 uM),28 [Cu(2-(naphthalen-1-yl)-1H-imidazo[4,5-
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f][1,10]phenanthroline)(acac)]NO; (ICso in 1.2 - 3.2 pM),*® [Cu(1,7-(di-9-anthracene-1,6-
heptadiene-3,5-dione))(phen)C1] (ICs in 4.0 - 61.0 pM),*° and [Cu(moxifloxacin)(diimine)] (ICso
in 16.7 - 18.1 uM).”> As the cell killing activities of the present complexes are much higher than
that of cisplatin,”® they are suggested as suitable candidates for further study as potential

applications as cytotoxic drugs.

Hoechst Staining Studies. Studies have supported that many antitumor agents used in
chemotherapy are based on their ability to induce apoptosis in cancer cells.”””® So the molecular
mechanism of cell death has been studied by treating the MCF 7 cancer cells with ICs
concentrations of 3 - 5 for both 24 h and 48 h and then observing them for cytological changes by
adopting Hoechst 33258 staining. The representative morphological changes observed for 3 - §
such as chromatin fragmentation, bi- and/or multinucleation, cytoplasmic vacuolation, nuclear
swelling, cytoplasmic blebbing and late apoptosis indication of dot-like chromatin condensation
are shown in Figure 13. The number of abnormal cells is found to increase with incubation time
revealing that all the complexes bring about cytological changes in a time dependent manner
(Figure 13). Also, the number of abnormal cells generated at both 24 and 48 h varies as 4 > 3 >
5 (Figure 13). The higher apoptosis-inducing ability of 3 and 4 is consistent with the
hydrophobicity of their diimine co-ligands, which facilitate transport of the complexes across the
cell membrane and their eventual release at various organells in the cell leading to apoptosis.
Similar observations have been made by us for the mixed ligand complexes [Cu(tdp)(3.4,7,8-
tmp)]","* [Cu(pmdt)(5,6-dmp)]*",** [Cu(bba)(5,6-dmp)]*" **® and [Cu(L-tyr)(5,6-dmp)]* *** and
the dinuclear complex [Cuy(LH)(5,6-dmp)(C1O4),]* 2% hound to CT DNA. As the apoptosis-
inducing ability is critical in determining the efficacy of an anticancer drug, the complexes 3 and

4 with higher apoptosis-inducing ability are obviously more efficacious than 5.

Comet Assay. The alkaline single cell gel electrophoresis or Comet assay provides an image of
the changes that have occurred in the chromatin organization at a single cell level, which is
considered a more accurate way of detecting early nuclear changes in a cell population.”” When a
cell with damaged DNA is subjected to electrophoresis and then stained with ethidium bromide
(EthBr), it appears as a comet. Cells treated with 2 - 5§ show statistically significant and well-
formed comets, whereas the control (untreated) cells do not demonstrate any such comet like

appearance (Figure 14). It is clearly seen that more than 50% of the damaged DNA is found in
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the tail of the comet for 2 — 5. Also, the longer tail length with highly intense comet like
appearance observed for 4 and 5 is consistent with their highest cytotoxicity (cf. above) as the
length of the comet tail is a measure of extent of DNA damage. This clearly indicates that 4
indeed induces higher DNA fragmentation, which is a further evidence for its ability to induce
higher apoptosis. Also, the ability of 3 to degrade DNA is higher than that of 2, which originates
from its higher DNA binding affinity. The outcome of the Comet assay shows that DNA of a
single cell undergoes degradation as a consequence of direct DNA damage or rapid apoptosis
(evident from the nuclear staining) induced upon treatment with 4. Apoptosis, unlike necrosis,
induces minimal inflammatory responses and less toxic effects to the surrounding normal tissues
and hence is more tolerable to patients.

All the above discussions clearly reveal that the prominent cytotoxicity of 3 and 4 is
consistent with their high DNA binding affinities and also their high abilities to effect double-
stranded DNA cleavage under physiological conditions and hence kill cancer cells. This supports

our earlier finding'2°

that ligand hydrophobicity plays a vital role in determining the
cytotoxicity of a metal-based drug. The enhanced hydrophobicity of the complexes, apart from
enhancing the DNA binding affinities, facilitates their transport into the cell (cf. above) so as to
interfere with the cellular function of DNA. As the apoptosis-inducing ability is critical in
determining the efficacy of an anticancer drug, 3 and 4 with apoptosis inducing ability higher
than the other complexes, are more efficacious. However, additional biochemical experiments
like cellular uptake, cell cycle analysis, mitochondrial membrane potential (A¥m) to assess
changes in the membrane potential, and Western blotting technique to evaluate the expression

level of the pro- and antiapoptotic proteins are to be performed to confirm the modes of cell

death observed for the complexes.

Conclusions

Five water soluble mixed ligand complexes [Cu(bimda)(diimine)] have been isolated and
studied. The coordination geometry around copper(Il) in [Cu(bimda)(phen)] is described as
distorted square-based pyramidal while that in [Cu(bimda)(5,6-dmp)] as square pyramidal. DNA
binding experiments reveal that the intrinsic DNA binding affinity of the complexes depends
upon the diimine co-ligand functioning as the DNA recognition element. The phen and dpq co-
ligands are involved in m-stacking interaction with DNA base pairs while the 3,4,7,8-tmp or 5,6-

dmp and bpy co-ligands are involved in respectively hydrophobic and electrostatic interactions
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with DNA. Interestingly, the bpy complex exhibits only single-strand DNA cleavage while all
the other complexes exhibit prominent double-strand DNA cleavage even in the absence of an
activator. Also, all the complexes exhibit oxidative (ascorbic acid) double-strand DNA cleavage
with the dpq and 3,4,7,8-tmp complexes being more robust and efficient. Further, the 5,6-dmp
and 3,4,7,8-tmp complexes show protein (BSA) binding affinity higher than the other complexes,
illustrating the importance of hydrophobic forces of interaction in protein binding. All the
complexes cleave BSA non-specifically suggesting that they can act as chemical proteases. All
the complexes, except bpy complex, exhibit cytotoxicity against human breast cancer cell line
(MCF-7) with potency higher than the widely used drug cisplatin. The 5,6-dmp and 3,4,7,8-tmp
complexes are remarkable in displaying cytotoxicity more potent than their dpq and phen
analogues, which is consistent with their higher hydrophobicity and their higher ability to cleave
DNA by double strand scission. Thus they are promising drugs for potential clinical applications
in cancer therapy as they damage DNA by double strand cleavage and cause cell death mainly
through apoptotic mode. So it is suggested that the diimine ligands 5,6-dmp and 3,4,7,8-tmp are
incorporated as DNA as well as protein recognition elements in designing efficient metal-based
anticancer agents. Further investigation on the complexes is needed to establish their ability to

act as anti-cancer drugs.
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Table 1. Crystal data and structure refinement details for 2 and 3

2 3
Empirical formula Cy3H,3CuN;3O6 Cy5sHy3CuN;04-2.4(H,0)
Formula weight 500.98 536.24
Crystal system Monoclinic Monoclinic
Space group P2(1)/c Cl2/cl
a, A 9.873(3) 25.6146(17)
b, A 16.336(5) 12.8338(7)
c, A 13.048(4) 18.1002(12)
o, deg 90 90
B, deg 99.869(4) 124.050(5)
Y, deg 90 90
v, A’ 2073.3(11) 4930.0(6)
Z 4 8
A A MoKa, 0.71073 MoKa, 0.71073
Dy g.cm™ 1.605 1.445
Goodness-of-fit on F? 1.097 1.078
Number of reflections used 4729 3870
Number of refined Parameters 298 337
Final R indices [[>2 o(])]
‘R1 0.0489 0.0478
*wR2 0.1313* 0.1357°

‘R1 = [Z(|[Fol-[Fc|))/Z[Fol]
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Table 2. Selected bond lengths [A] and angles [deg] for 2 and 3

Bond Lengths [A] 2 3
Cul-O1 1.9282) 1.92903)
Cul-02 1.964(2) 1.938(3)
Cul-N2 1.998(2) 1.988(3)
Cul-N1 2.003(2) 1.996(3)
Cul-N3 2.306(3) 2.302(3)
Angles [deg]

01-Cul-02 91.73(10) 91.29(16)
01-Cul-N2 172.72(9) 164.98(14)
O1-Cul-N1 90.93(10) 92.56(14)
O1-Cul-N3 82.48(9) 81.55(13)
02-Cul-N2 93.52(10) 91.63(14)
02-Cul-N1 155.20(9) 167.37(13)
02-Cul-N3 80.84(9) 81.15(13)
N1-Cul-N2 82.20(10) 81.65(12)
N2-Cul-N3 103.33(9) 113.46(12)
N1-Cul-N3 123.95(9) 111.32(13)

33
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properties® and CD spectral parameters® of copper(Il) complexes bound to CT DNA

Complex Amax R Change in Ag ‘K bKapp ‘Wavelength
(nm) Absorbance (%) (x10°M™)  (x10* (nm)
M™)

DNA - - - - - - 246 276
[Cu(bimda)(bpy)] 1 298 25 Hypochromism 17 1.7+0.1 1.3 - -
[Cu(bimda)(phen)] 2 272 25 Hypochromism 42 43+04 3.6 246 280
[Cu(bimda)(5,6-dmp)] 3 278 25 Hypochromism 45 5.9+0.3 3.8 248 289
[Cu(bimda)(3,4,7,8-tmp)] 4 279 25 Hypochromism 44  6.0+0.5 42 256 290
[Cu(bimda)(dpq)] 5 251 25 Hypochromism 48 23.8+09 14.0 245 270

*Measurements were made at R = 25, where R = [DNA]/[complex], concentration of solutions
of copper(Il) complexes = 30 x 10°M (2 and 3 ) 20x 10° M (4, 5) and 40x 10° M (1).
°Apparent DNA binding constant from ethidium bromide displacement assay using increasing

concentration (0 - 60 uM) of 1 — 5.

‘Measurements were made at 1/R = [Cu]/[NP] value of 1 for complexes 2 — 5, concentration of
DNA =5 x 10° M. Cell path length, 1 cm.
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Table 4. Stern-Volmer quenching constants for the interaction of 1 - 5 with BSA®

Complex K, x 10°M
[Cu(bimda)(bpy)] 1 53+£0.7
[Cu(bimda)(phen)] 2 82+1.2
[Cu(bimda)(5,6-dmp)] 3 102+2.0
[Cu(bimda)(3,4,7,8-tmp)] 4 18.0+2.5
[Cu(bimda)(dpq)] 5 84+1.6

[BSA] = 5 uM; increasing concentration (0 - 50 uM) of 1 -5

Table 5. In vitro cytotoxicity assay for complexes 2 — 5 against MCF-7 breast cancer cell
line. “ICs, values are in uM. (Data are Mean + SD of three replicates each)

ICs9, UM
Complexes
24 h 48 h
[Cu(bimda)(phen)] 2 134+1.8 11.3+£0.5
[Cu(bimda)(5,6-dmp)] 3 52+0.6 4.1+0.6
[Cu(bimda)(3,4,7,8-tmp)] 4 34+04 25+0.3
[Cu(bimda)(dpq)] S 9.2+0.7 7.1+£0.6

cisplatin

267+22 245+19

ICsy= concentration of drug required to inhibit growth of 50% of the cancer cells (in uM)
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Research Highlights

The mixed-ligand copper(Il) dicarboxylate complexes exhibit cytotoxicity against human breast

cancer cell lines with potency more than cisplatin and induce apoptosis.

Graphical Abstract

The 5,6-dmp and 3.,4,7,8-tmp complexes exhibit strong DNA and protein binding affinity,
display prominent double-strand DNA cleavage and also exhibit a cytotoxicity more prominent
than others due to the enhanced hydrophobicity of 5,6-dmp, 3,4,7,8-tmp co-ligands, which

facilitate the transport of the complexes across cell membrane and thus induce apoptosis.

Graphical Figure

control
. ’

[Cu(bimda)(5,6-dmp)]

control

MCF-7 Cancer cell lines
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Figure 1. ORTEP view of [Cu(bimda)(phen)] (2) showing atom numbering scheme
and displacement ellipsoids (50% probability level). Hydrogen atoms are omitted for
clarity

Figure 2. ORTEP view of [Cu(bimda)(5,6-dmp)] (3) showing atom numbering
scheme and displacement ellipsoids (50% probability level). Hydrogen atoms are
omitted for clarity
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Absorbance

Wavelength (nm)

Figure 3. Absorption spectra of [Cu(bimda)(phen)] in 5 mM Tris HCl/50 mM NacCl in
the absence and presence of increasing amount of CT DNA
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Figure 4. Circular dichroism spectra of CT DNA (4 x 10* M) in 5 mM Tris-HC1/50
mM NaCl buffer at pH 7.1 and 25 °C in the absence (DNA) and presence of
[Cu(bimda)(5,6-dmp)] (3) and [Cu(bimda)(3,4,7,8-tmp)] (4) at 1/R value of 1.
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SC DNA

Figure 5A. The cleavage of supercoiled pUC19 DNA (40 uM) by complexes 1 — 5
(100 uM) with incubation time of 1 h in 5 mM Tris-HC1/50 mM NaCl buffer at pH
7.1. Lane 1, DNA control; Lane 2, DNA + 1; Lane 3, DNA + 2; Lane 4, DNA + 3;
Lane 5, DNA + 4; Lane 6, DNA + 5. Forms SC, NC and LC are Supercoiled, Nicked
Circular and Linear Circular DNA respectively
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Figure 5B. Plot shows % DNA cleavage vs. complexes 1 - 5 (100 uM) for an
incubation period of 1 h
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NC DNA
LC DNA

SC DNA

Figure 6A. Concentration dependent cleavage of SC pUC19 DNA (40 uM in base
pair) with different concentration of complex 5. Lane 1, DNA; lane 2, DNA + 5 (20
uM); lane 3, DNA + 5 (40 uM); lane 4, DNA + 5 (60 uM); lane 5, DNA + 5 (80 uM);
lane 6, DNA + 5 (100 uM); lane 7, DNA + 5 (120 uM). Forms SC, NC and LC are
Supercoiled, Nicked Circular and Linear Circular DNA respectively

B 0.04-

Kobs x 10-3’ (min-l)

0.00- T T 1
0 50 100 150

[Complex], pM

Figure 6B. Plot shows pseudo-Michaelis-Menten Kinetics of the cleavage of SC
pUC19 DNA with different complex concentrations of § (20 — 120 uM) for 1 h
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NC DNA

LC DNA

SC DNA

Figure 7A. Gel electrophoresis diagram of cleavage of supercoiled pUC19 DNA (40
uM) by the complex 5 (100 uM) in 5 mM Tris-HCI/50 mM NaCl at pH = 7.1 and in
the presence of different additives at 37 °C. Lane 1, DNA; Lane 2, DNA + 5 + catalase
(10 unit); Lane 3, DNA + 5 + NaN; (100 uM); Lane 4, DNA + 5§ + SOD (4 unit);
Lane 5, DNA + 5 + DMSO (6 uL); Lane 6, DNA + 5. Forms SC, NC and LC are
Supercoiled, Nicked Circular and Linear Circular DNA respectively
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Figure 7B. Bar diagram showing the relative amounts of the different DNA forms in
the presence of complex 5 and different additives
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NC DNA
LC DNA

SC DNA

Figure 8A. Cleavage of supercoiled pUC19 DNA (40 uM) by copper(Il) complexes
in a buffer containing 5 mM Tris HCI and 50 mM NaCl in the presence of ascorbic
acid (H,A, 10 uM) at 37 °C. Lane 1, DNA + H,A; Lane 2, DNA + H,A + 1; Lane 3,
DNA + H,A + 2; Lane 4, DNA + H,A + 3; Lane 5, DNA + H,A + 4; Lane 6, DNA +
H,A + 5. Complex concentration is 30 uM for lanes 2 - 6
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Figure 8B. Plot shows % DNA cleavage vs. complexes 1 - § (30 uM) for

incubation period of 1 h
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NC DNA

LC DNA

SC DNA

Figure 9. Cleavage of supercoiled pUC19 DNA (40 uM) by copper(Il) complexes in
a buffer containing 5 mM Tris HCl and 50 mM NacCl in the presence of ascorbic acid
(H,A, 10 uM) at 37 °C. Lane 1, DNA + H,A; Lane 2, DNA + H,A + 5 (5 uM); Lane
3, DNA + H,A + 5 (10 uM); Lane 4, DNA + H,A + 5 (15 uM); Lane 5, DNA + H,A
+ 5 (20 uM); Lane 6, DNA + H,A + 5 (25 uM); Lane 7, DNA + H,A + 5 (30 uM)

NC DNA

LC DNA

SC DNA

Figure 10. Cleavage of supercoiled pUC19 DNA (40 uM) by copper(Il) complexes in
a buffer containing 5 mM Tris HCl and 50 mM NacCl in the presence of ascorbic acid
(H,A, 10 uM) at 37 °C. Lane 1, DNA control; Lane 2, DNA + H,A; Lane 3, DNA +
H,A + 4 (5 uM); Lane 4, DNA + H,A + 4 (10 uM); Lane 5, DNA + H,A +4 (15 uM);
Lane 6, DNA + H,A +4 (20 uM); Lane 7, DNA + H,A + 4 (25 uM); Lane 8, DNA +
H,A + 4 (30 uM)
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NC DNA

LC DNA

SC DNA

Figure 11. Gel electrophoresis diagram of cleavage of supercoiled pUC19 DNA (40
pM) by the complex 5 (30 uM) in the presence of ascorbic acid (H,A) in 5 mM Tris-
HCI/50 mM NaCl at pH = 7.1 and in the presence of different additives at 37 °C. Lane
1, DNA + §; Lane 2, DNA + 5 + H,A; Lane 3, DNA + 5 + H,A + NaN; (100 uM) ;
Lane 4, DNA + 5 + H,A + SOD (4 unit); Lane 5, DNA + 5 + H,A + catalase (10
unit); Lane 6, DNA + 5 + H,A + DMSO (6 pL). Forms SC, NC and LC are
Supercoiled, Nicked Circular and Linear Circular DNA respectively
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Figure 12. Fluorescence quenching of BSA in the absence and presence of 4 in
phosphate buffer at pH 7.1. Excitation wavelength, 295 nm
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(a) control (b)24 h (¢)48 h

Figure 13. Photomicrograph showing the features of Hoechst 33258 staining of MCF-
7 breast cancer cells. Cancer cells were treated with 1Cs, concentrations of 3 - 5. The
cells were stained with Hoechst 33258 fluorescent dye: (a) untreated MCF-7 breast
cancer cells (control), (b) MCF-7 breast cancer cells treated with 3 - 5 after 24 h
seeding, (c¢) MCF-7 breast cancer cells treated with 3 - 5 after 48 h seeding; Apoptotic
body formation is indicated by arrows.
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(A) control (B)24h (C)48 h
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Figure 14. Comet assay of EthBr-stained of MCF-7 breast cancer cells. (a) MCF-7
breast cancer cells (untreated), (b) MCF-7 breast cancer cells treated with ICs,
concentrations of 2 - § at 24 h incubation, (c¢) at 48 h incubation




