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ABSTRACT

A copper(ll) complex [Cu"(quamol)Cl]-H,0,  where H(quamol) is  N-2-(quinolyl-
methylidene)aminophenol, has been isolated. The solution structure of the complex has been
assessed to be distorted square-planar. The complex displays a ligand field band in the visible region
(608 nm) and also show axial EPR spectrum in DMF at 77 K with g, > g, indicating a dy?.y? ground state.
The gy and A} values of 2.265 and 153 x 10~ cm~!, respectively, conform to a square-based CuN,OCl
chromophore. The interaction of the complex with calf thymus (CT) DNA has been explored by using
absorption (Kp =2.48 x 10° M~1), emission (Kypp=7.72x 10*M~1) and circular dichroic (CD) spectral
measurements, which reveals that a complex interacts strongly with DNA through partial intercalation.
The electrochemical studies indicate that Cu(II) binds to DNA more strongly than Cu(l). It cleaves $bX174
supercoiled phage DNA in the presence of ascorbic acid as a reducing agent. Meanwhile, the interaction
of the complex with bovine serum albumin (BSA) indicates that the complex can markedly quench
the intrinsic fluorescence of BSA via a static quenching process and cause its conformational change.
Interestingly, the observed ICs values for the cell lines EVSA-T (breast cancer) and M19 MEL (melanoma)
are in the range of those observed with cisplatin while M19 MEL cancer cell line, complex is more active

than 5-fluorouracil. The complex is non-toxic to healthy cells.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Platinum(Il) complexes as exemplified by cisplatin and some of
its derivatives have been widely used for the treatment of vari-
ous types of cancer [1]. Despite their widespread clinical use, these
complexes suffer from severe toxic side effects and acquired drug
resistance [2]. In an effort to improve the efficacy and overcome
the side effects associated with the use of Pt-based drugs, more
and more attention has been paid to investigate more effective, less
toxic and target-specific metal-containing anticancer agents [3]. As
aroutine chemotherapeutic agent for a broad range of solid malig-
nancies, cisplatin functions by cross-linking DNA strands through
coordination of nucleic acid bases, which can subsequently induce
apoptosis in cancer cells [4,5]. Thus, the mechanism of action of
metal complexes in cancer cells is that they bind with the DNA
of cells and inhibit the division of cancer cells [6,7]. Among three
modes of non-covalently bond between metal complexes and DNA,
the intercalative binding is stronger than other two binding modes
(electrostatic, groove-binding) because the surface of intercalative
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molecule insert between the aromatic and heterocyclic base pairs
[8]. Like, intercalators, groove binders also have been used exten-
sively as antitumor, anticancer and antibacterial agents [9].
Among all metals, copper is an essential transition metal related
to a wide range of aspects of life processes and especially involved
in redox biology [10]. Due to its properties as a redox active metal,
copper and its complexes have the ability to catalyze the genera-
tion of reactive oxygen species (ROS) that might cause the oxidative
modification of cellular components such as DNA. Since Sigman’s
discovery of the “chemical nuclease” activity of [Cu(phen),]?*
(phen=1,10-phenanthroline) [11], copper(ll) complexes contain-
ing heterocyclic bases have been extensively explored in virtue of
their strong interactions with DNA via surface associations or inter-
calation [12,13] and potential DNA cleavage activities via hydrolytic
or oxidative mechanisms [14,15]. Anticancer compounds with cop-
per as a metal center are hypothesized to be less toxic and more
potent, thus Cu(Il) compounds are regarded as one of the most
promising alternatives to cisplatin as anticancer substances. Nowa-
days, some copper(Il) complexes have been reported to serve as
potential anticancer and cancer inhibiting agents and several ones
have been found to be active both in vitro and in vivo. Reedijk et al.
have reported a novel copper(Il) complex, [Cul!(pyrimol)Cl], that
could catalytically cleave DNA in the absence of reductant and show
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Fig. 1. (a) H(quamol) and (b) chemical structure of [Cu"(quamol)Cl].

high to moderate cytotoxicity against selected cancer cell lines
[16]. Ng et al. have prepared several ternary copper(Il) complexes,
which strongly bind to DNA and also regulate cancer cell apopto-
sis [17]. Palaniandavar et al. have isolated mixed ligand copper(Il)
complexes with diimines, which cleave DNA oxidatively and also
exhibit anticancer activity [18].

When one compound can be used as drug, it can bind to carrier
proteins in the blood, its solubility increases in the blood plasma
and resulting in deliver to its target cells. The most important car-
rier protein in the blood is serum albumin [19]. Serum albumin has
multiple binding sites and is able to interact with drug molecules
and form a stable protein-drug complex which could affect the
absorption, distribution, activity and toxicity of drugs [20]. Bovine
serum albumin (BSA) is the most extensively studied serum albu-
min due to its structural homology with human serum albumin
(HSA). It has two tryptophan residues, Trp-134 in the first domain
is located within a hydrophobic binding pocket and Trp-212 in the
second domain is on the surface of the molecule [21]. BSA can be
used as drug carrier owing to its high conformational adaptability,
biocompatibility and low cost [22].

So, in the present investigation, we have isolated redox-active
copper(ll) complex having the formula [Cu(quamol)Cl]-H,0 (1)
with tridentate ligand N-(2-quinolylmethylidene)aminophenol,
H(quamol) (Fig. 1) and have investigated its DNA binding and cleav-
age properties. The strength and probable mode of binding of the
drugs to DNA are important for predicting the binding site of drugs
at the genomic level, thereby inhibiting replication and transcrip-
tion. The copper(Il) complexes may interact with DNA in different
modes viz. intercalative and groove binding [23]. External electro-
static binding has also been implicated in some cases [24]. So, it is
proposed to employ electronic absorption, fluorescence emission
and circular dichroic spectral studies and electrochemical tech-
niques to diagnose the mode and extent of interaction of 1 with
DNA and then to understand the DNA cleavage abilities. Affinity
of 1 to BSA was investigated by UV-vis absorption, fluorescence
and circular dichroism spectroscopy, which may provide impor-
tant information for the transportation of the complex within the

body. Further, we have studied the in vitro cytotoxicity of the DNA-
cleaving complex towards MCF7 (breast cancer), EVSA-T (breast
cancer), WIDR (colon cancer), IGROV (ovarian cancer), M19 MEL
(melanoma), A498 (renal cancer) and H226 (non-small cell lung
cancer) human tumor cell lines.

2. Materials and methods

Copper(Il) chloride dihydrate, 2-aminophenol, 2-
quinolinecarboxaldehyde, 1-methylimidazole (Aldrich),
ethidium bromide (Merck) and agarose (Genei) were used as
received. Adenosine-5-monophosphate (AMP), guanosine-5'-
monophosphate (GMP) and cytosine-5'-monophosphate (CMP),
calf thymus (CT) DNA and superoxide dismutase were purchased
from Sigma Aldrich and stored at —20°C. The $X174 supercoiled
phage DNA was purchased from Invitrogen Life Technologies
(0.25 pg/pL) and stored at —20°C. The bovine serum albumin
(BSA) was purchased from Sigma Aldrich and stored at 4 °C. Ultra-
pure MilliQ water (18.2 m€2) was used for all the experiments. The
solvents were purchased from Biosolve (AR grade) and used for
syntheses without further purification.

Seven human tumor cell lines MCF7 (breast cancer), EVSA-
T (breast cancer), WIDR (colon cancer), IGROV (ovarian cancer),
M19 MEL (melanoma), A498 (renal cancer) and H226 (non-small
cell lung cancer) and a normal cell line NIH 3T3 (mouse embry-
onic fibroblasts) were used. Cell lines WIDR, M19 MEL, A498,
IGROV and H226 belong to the currently used anti-cancer screen-
ing panel of the National Cancer Institute, USA [25]. The human
breast cancer cell line MCF7 and EVSA-T are estrogen receptor
(ER)*/progesterone receptor (PgR)" and (ER)~/(PgR)~ respectively.
Prior to the experiments, a mycoplasma test was carried out on
all cell lines, which were found to be negative. All cell lines were
maintained in a continuous logarithmic culture in RPMI (Gibco,
Invitrogen, Paisley Scotland) 1640 medium with Hepes and phe-
nol red. The medium was supplemented with 10% fetal calf serum
(Gibco, Invitrogen, Paisley Scotland), pencillin 100 units/mL (Sigma,
St. Louis MO, USA) and streptomycin 100 pg/mL (Sigma, St. Louis
MO, USA). The cells were mildly trypsinized for passage and for use
in the experiments.

2.1. Physical measurements

The elemental analyses (C,H, N) were, carried out using a Perkin-
Elmer 2400 series Il analyzer. The electrical conductivity was
obtained with a Systronic 305 conductivity bridge, using 1 x 10-3 M
solution of complex in 10% aqueous dimethylformamide (DMF).
Mass spectrometry experiments were performed on a Finnigan
MAT TSQ-700 equipped with a custom-made electrospray inter-
face (ESI). Spectra were collected by constant fusion of the analyte
dissolved in DMF. FTIR spectra were recorded using a Perkin-
Elmer Paragon 1000 FTIR spectrophotometer, equipped with a
Golden Gate Diamond ATR device, applying the reflectance tech-
nique (4000-300cm~1) and the peaks are reported in cm~!. The
electronic spectra were recorded using Perkin-Elmer Lambda 35
UV-vis spectrophotometer. X-band electron paramagnetic reso-
nance (EPR) measurements were performed at room temperature
in the solid state and at 77 Kin the DMF solution on Bruker-EMXplus
(DPPH is used as a standard, g=2.0036). 'H NMR spectra were
recorded using a Bruker DPX 300 (300 MHz) spectrometer. Chemi-
cal shifts are reported as § (ppm) values (multiplicity, integration,
coupling constant J and assignment) relative to the dmso-dg sol-
vent peak. Emission intensity measurements were carried out using
a Shimadzu RF-5301PC spectrofluorophotometer equipped with a
thermostatic bath. A circular dichroic spectrum of DNA or BSA was
obtained by using JASCO J-716 spectropolarimeter.
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2.2. Synthesis of N-(2-quinolylmethylidene )aminophenol
[H(quamol)]

A mixture of 2-quinolinecarboxaldehyde (1.57 g, 10 mmol) and
2-aminophenol (1.09g, 10 mmol) was heated to reflux in anhy-
drous methanol (60 mL) for 4h. After the solvent was removed
under reduced pressure, 30 mL n-hexane-CH,Cl, (V:V=1:1) was
then added, and the mixture was refluxed for another 0.5 h. The
reaction mixture was filtered and left to stand at —20°C overnight
and bright yellow crystals were collected from the filtrate. Yield:
1.56 g, 63%. 'H NMR (300 MHz, dmso-dg) §/ppm: 7.40 (d, 1H, 7.8,
Ha), 7.16 (t, 1H, 8.4, Hp), 6.88 (t, 1H, 6.5, H¢), 6.96 (d, 1H, 7.8, Hy),
9.33 (s, 1H, —OH), 8.90 (s, 1H, —CH=N—), 8.56 (d, 1H, 7.6, H; ), 8.48
(d, 1H,7.6,H3),8.11(d, 1H, 8.2, H3), 7.67 (t, 1H, 7.8, Hy), 7.82 (t, 1H,
7.6, Hs) and 8.04 (d, 1H, 7.2, Hg). Selected IR peaks (v, cm~1): 3471
b (vo-n), 3052 m (vsc—), 2901 m (Vasc—n), 1651 (Ve=N)azomethine
16105 (ve=N )quinolinf.-v 1491, 1448 s (ve=c )quinoliHEv 1281s (VPh—O) and
988 W (V—cy=Nn—). Anal. Cacld. For C;gH12N,0: C, 77.40; H, 4.87; N,
11.28. Found: C, 77.14; H, 4.98; N, 11.22%.

2.3. Synthesis of [Cu(quamol)Cl]-H;0 1

A methanol solution (15 mL) of CuCl,-2H;0 (0.085 g, 0.5 mmol)
was added dropwise to a yellow solution of H(quamol) (0.124 g,
0.5 mmol) in methanol (15 mL) with stirring for 2 h. The greenish
brown solution obtained was filtered and the filtrate left to stand
at 20°C for slow evaporation. The crystalline dark brownish green
solid formed after four days was collected by filtration. It is not suit-
able for X-ray structure determination. Yield: 0.108 g, 59%. Selected
IR peaks (v, cm~1): 3342 b (vo—p)water» 3070m (vsc—p), 2930 m
(Vasc-n), 1634's (Vc=Nazomethine, 1568 S (Vc=N)quinoline, 1506, 1463 s
(Ve=c)quinotines 1310 (Vpy0), 998 W (V—cp=n-), 500 (Vcu—N)quinoline:
446 (VCu—N )azomethinEv 404 (vCu—O) and 316 (UCu—Cl)- Anal. Cacld. For
Ci16H13N30,CICu: C, 52.75; H, 3.60; N, 7.69. Found: C, 53.10; H,
3.13; N, 7.29%. Ay in aqueous DMF at 25°C: 8 Q~! cm? mol-1.
ESI-MS in DMF solution: [Cu(quamol)Cl] displays a peak at
m/z 346.6 (calcd. 346.3). Electronic absorption spectrum in DMF
[Amax/nm (&max/dm3 mol-1cm~1): 608 (255), 434sh, 414 (2320),
313 (16580), 268 (20980)]. EPR spectrum in polycrystalline solid
at RT: gjs0 =2.123. EPR spectrum in frozen DMF solution at 77 K:
g1=2.265,A=153 x 10~4cm~!, g, =2.066, g /A = 148 cm, G=4.0.

2.4. DNA binding experiments

Solutions of DNA in the 5mM Tris HCI/50 mM NacCl buffer gave
a ratio of UV absorbances at 260 and 280 nm, Aygo/A2g0, of 1.9
[26], indicating that the DNA was sufficiently free of protein. Con-
centrated stock solutions of DNA (13.5 mol dm?) were prepared in
buffer and sonicated for 25 cycles, where each cycle consisted of
30s with 1 min intervals. The concentration of DNA in nucleotide
phosphate (NP) was determined by UV absorbance at 260 nm
after 1:100 dilutions. The extinction coefficient, &;59, was taken
as 6600 dm3 mol~! cm~1. Stock solutions were stored at 4°C and
used after no more than 4days. Concentrated stock solutions of
copper(Il) complex was prepared by dissolving in 2% DMF/5 mM
Tris-HCl/50 mM NaCl buffer at pH 7.1 and diluting suitably with the
corresponding buffer to required concentrations for all the experi-
ments. For absorption and emission spectral experiments, the DNA
solutions were pretreated with solutions of copper(Il) complex to
ensure no change in concentrations of the copper(Il) complex.

Absorption spectral titration experiments were performed by
maintaining a constant concentration of the complex and varying
the nucleic acid concentration. This was achieved by dissolving an
appropriate amount of the metal complex and DNA stock solutions
while maintaining the total volume constant (1 mL). This results in
a series of solutions with varying concentrations of DNA, but with

a constant concentration of the complex. The absorbance (A) of the
most red-shifted band of the complex was recorded after successive
additions of CT DNA.

Circular dichroic (CD) spectral experiments were done using a
cylindrical 0.1 cm path length quartz cell. Each CD spectrum was
collected after averaging over at least four accumulations using
a scan speed of 100nmmin~! and 1s response time. Machine
plus cuvette baselines were subtracted and the resultant spectrum
zeroed outside the absorption bands.

For emission intensity measurements, the 2% DMF/5 mM Tris-
HCI/50 mM NaCl buffer was used as a blank to make preliminary
adjustments. The excitation wavelength was fixed and the emis-
sionrange was adjusted before measurements. DNA was pretreated
with ethidium bromide in the ratio [NP]:[EthBr]=1:1 for 30 min at
27°C. The metal complex was then added to this mixture and their
effect on the emission intensity was measured.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed in a CHI 620C electrochemical analyzer
at 25+0.2°C. The working electrode was a glassy carbon disk
(0.0707 cm?) and the reference electrode, a saturated calomel elec-
trode. A platinum wire was used as the counter electrode. The
supporting electrolyte was 2% DMF/5mM Tris-HCl/50 mM NacCl
buffer (pH 7.1). Solutions were deoxygenated by purging with
nitrogen gas for 15 min prior to measurements; during measure-
ments a stream of N, gas was passed over them. The redox potential
Eq» was calculated from the anodic (Epa) and cathodic (Epc) peak
potentials of CV traces as (Epa + Epc)/2 and also from the peak poten-
tial (Ep) of DPV response as Ep + AE[2 (AE is the pulse height).

2.5. Protein binding experiments

The stock solution of protein (1.0 x 10~*molL-1) was pre-
pared by dissolving the solid BSA in 0.05M phosphate buffer at
pH 7.4 and stored at 0-4°C in the dark for about a week and
then diluted to 1.0 x 10~ mol L~ using phosphate buffer (pH 7.4,
0.05 M) when used. The concentration of BSA was determined from
optical density measurements, using the value of molar absorptiv-
ity of £580=44720M~1 cm~! [20]. All fluorescence measurements
were performed using a 10 mm quartz cuvette at two different
temperatures (300 and 310K).

Quantitative analyses of the interaction between complex and
BSA were performed by fluorimetric titration (0.05M phosphate
buffer, pH 7.4). A 3.0 mL portion of an aqueous solution of BSA was
titrated by successive additions of the complex. Titrations were
done manually by using an Eppendorf micro-pipette. For every
addition, the mixture solution was shaken and allowed to stand
for 20 min at the corresponding temperature (300 and 310K) and
then the fluorescence intensities were measured with an excitation
wavelength of 280 nm and emission wavelengths in the interval
290-500 nm. No correction for the inner filter effect was applied
since complex represented very low absorbance (less than 0.1) at
excitation and emission wavelengths. The excitation and emission
slitwidth (each 5.0 nm), scanrate (fast) were constantly maintained
for all the experiments. In the meantime, the synchronous fluo-
rescence intensity of the mixed solution was measured by setting
the excitation and emission wavelength interval (AA) at 15 and
60 nm. The UV-vis absorption spectra of 1.0 wM free BSA as well as
BSA/complex (equal molar ratio) in 0.5 M phosphate buffer of pH
7.4 were recorded from 200 to 500 nm. The far-UV CD measure-
ments of BSA (1.0 M) in the absence and presence of copper(Il)
complex (1:0.1, 1:0.2, 1:0.3) were recorded from 200 to 260 nm in
0.05 M phosphate buffer (pH 7.4) at room temperature.
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2.6. DNA cleavage experiments

The cleavage of DNA in the absence and presence of an activat-
ing agent such as ascorbic acid (10 or 20 wM) was monitored using
agarose gel electrophoresis. A typical reaction mixture, contain-
ing $X174 supercoiled phage DNA (form I, 20 wM) and copper(Il)
complex in 2% DMF-5 mM Tris-HCI-50 mM NacCl buffer at 7.1 was
incubated at 37 °C. After the incubation period, the reaction was
quenched by keeping the samples at —20°C, followed by the addi-
tion of loading buffer (0.025 mg bromophenol blue, 1 mL glycerol
and 1 mL MilliQ water). This was then loaded on a 1% agarose gel
containing ethidium bromide (2.54 wM in the gel as well as in the
buffer). The gels were run at a constant voltage of 40V for 3h in
the 1xTAE buffer containing ethidium bromide. After washing with
distilled water, the gels were visualized under a UV transillumina-
tor and the bands were documented and quantified using a BioRad
Gel Doc 1000 apparatus interfaced with a computer. The cleavage
efficiency was measured by determining the ability of the complex
to convert the supercoiled DNA (SC, Form-I) to nicked circular form
(NC, Form-II) and linear form (LC, Form-III). Inhibition reactions
were carried out by prior incubation of the SC $X174 DNA (20 uM)
with superoxide dismutase (0.5 units), DMSO (20 wM) and sodium
azide (100 wM).

2.7. Cytotoxicity assays

Cytotoxicity was estimated by the microculture sulforhodamine
B (SRB) test [27]. For the cytotoxicity evaluation in the human can-
cer cell lines MCF7, EVSA-T, WIDR, IGROV, M19 MEL, A498 and H226
and a normal cell line NIH 3T3, the test (1), H(quamol) and reference
compounds were dissolved to a concentration of 250.000 pg/mL
in full medium, by 20 fold dilution of a stock solution which
contained 1 mg compound/200 nL DMSO (Sigma, St. Louis MO,
USA). Trypsinized tumor cells (150 pL, containing 1.5-2.0 x 103
cells/well) were plated in 96-wells flat bottom microtiter plates
(Cellstar, Greiner Bio-one). The plates were pre-incubated for 48 h
at 37°C, 5.5% CO,. A three-fold dilution sequence of ten steps was
made in full medium, starting with 250.000 pg/mL stock solu-
tion. Every dilution was used in quadruplicate by adding 50 p.L
to a column of four wells, resulting in a higher concentration of
62.500 wg/mL. The plates were incubated for 7 days, after which the
cells were fixed with 10% trichloroacetic acid in PBS buffer (NPBI
BV, Emmer-Compascuum, NL) and placed at 4 °C for 1 h. After three
washings with water, the cells were stained for at least 15 min with
0.4% SRB (Sigma, St. Louis MO, USA) dissolved in 1% acetic acid.
The cells were washed with 1% acetic acid to remove the unbound
stain. The plates were air-dried and the bound stain was dissolved
in 150 WL of 10 mM Tris-base (unbuffered). The value of A540 was
assessed using an automated microplate reader (Labsystems Mul-
tiskan MS). Data were used for concentration-response curves and
the determination of the IDsg values using Deltasoft 3 software
(Biometallics Inc., Princeton, NJ, USA) [28]. Subsequent conversion
of units provided the IC5q values for all samples tested.

3. Results and discussion
3.1. Synthesis and spectral properties

The condensation reaction of 2-aminophenol with quinoline-2-
carboxaldehyde leads to the new phenol-imine tridentate ligand
H(quamol). A new singlet observed at 8.90 ppm in the 'H NMR
spectrum of the ligand corresponds to the azomethine (—CH=N—)
proton, which confirmed the condensation of 2-aminophenol and
quinoline-2-carboxaldehyde. Another singlet observed at 9.33 ppm
is attributable to the phenolic —OH proton of 2-aminophenol. Also,

9

|

! U
2500 3000 3500 4000
H(G)

Fig.2. EPRspectrum of 1in DMF solution at 77 K(Microwave frequency: 9.137 GHz).

two sets of NMR signals observed in the range 6.88-7.40 (pheno-
lic, Ha—-Hgq) and 7.67-8.56 ppm (quinolyl, Hi-Hg) can be ascribed
to the aromatic protons. The infrared spectrum of H(quamol)
shows a broad band around 3471cm™1, an intense band around
1651 cm~! and a medium intensity band around 1281 cm~!, which
isassigned to vo—y, Vc=N and vpp—g respectively. The copper(Il) com-
plex was isolated by treating copper(ll) chloride dihydrate with
the H(quamol) ligand in equimolar quantities in methanol as sol-
vent. Based on elemental analysis the complex was formulated as
[Cu(quamol)Cl]-H,0 and found to be stable in solution phase, as
the ESI-MS data (m/z, 346.6 in DMF) supports the existence of
the complex [Cu(quamol)Cl]. This is substantiated by conductivity
measurements in aqueous DMF solution (Ap, 8 2~ cm?2 mol-1),
which is expected for a nonelectrolyte in solution. Despite repeated
attempts to recrystallize 1 by vapour diffusion of ethanol into DMF,
good quality crystals of 1 are not obtained.

The absence of the infrared band near 3471 cm~! due to vo—y
and the in-plane deformation, and the shift of ligand vp,—g at
1281cm~! to 1310cm™! indicate the deprotonation and coordi-
nation of the phenolate oxygen of H(quamol). However, the broad
band centered around 3342 cm~! due to vo_y reveal the presence
of water of crystallization [29], which is in accordance with the
results of elemental analysis. Upon coordination, the ligand vc-y
(1651 cm~1) is shifted to 1634cm~' (Av, 17 cm1), suggesting the
involvement of azomethine nitrogen in coordination to copper(II).
The bands observed around 1448, 1491 and 1610 cm~! character-
istic of quinolyl moiety are shifted to 1463, 1506 and 1568 cm~!
in 1 revealing the coordination of quinolyl nitrogen to copper(Il).
The low intensity peaks observed at 500, 446 and 404 cm~! can be
assigned respectively to vcy.N (quinoline), vcy.n (azomethine) and
Vcu-o (phenolate) vibration. Also, 1 displays a band at 316cm™!,
characteristic of vy [30].

In DMF solution, 1 exhibits only one broad band (608 nm)
in the visible region, typical of ligand field (LF) absorption for
Cu(Il) located in a tetragonal field. The higher energy bands
observed around 414 and 313 nm are assigned to PhO~ — Cu(lIl)
and CI~ — Cu(II) ligand-to-metal charge transfer (LMCT) transitions
[31] respectively. The intense absorption band around 268 nm is
attributed to the intraligand w — 7" transition [32].

The polycrystalline EPR spectrum of 1 is isotropic, while
the frozen-solution spectrum is axial (Fig. 2) with line shapes
[g)>g.>2.0, G=(g—2)/(gL—2)=4.0] [27] characteristic of
mononuclear copper(Il) complex, suggesting the presence of dx?.,2
ground state for Cu(II) located in a square based environment [31].
A square-based CuN, chromophore is expected [33,34] to show
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Fig. 3. Absorption spectraof 1 (75 x 10-6 M) in 2% DMF/5 mM Tris-HCI/50 mM NaCl
buffer at pH 7.1 in the absence (R=0) and presence (R=10) of increasing amounts
of CT DNA. Inset: Plot of [DNA] vs [DNA]/(e, — &f) at R=10 of 1.

a g value of 2.200 and A} value of 180-200 x 10~4cm~! and the
replacement of two nitrogen atoms in this chromophore by an
oxygen atom and chloride ion, is expected to enhance the g, value
and decrease the A value. Thus, 1 possesses a higher g;; (2.265) and
appreciably lower Aj (153 x 10~*cm!) values characteristic of
CuN,0Cl chromophore, which are comparable with its benzimida-
zolyl analogues {[Cu(L1)Cl] 2: g, 2.272 and Aq, 166 x 1074 cm™1;
[Cu(L2)CI] 3: g, 2.270 and A, 169 x 10~4cm~! where H(L1) is 2-
(2-(1H-benzimidazol-2-yl)ethyliminomethyl)phenol and H(L2) is
2-(2-(1H-benzimidazol-2-yl)ethyliminomethyl)-4-methylphenol}
[35]. The Cu(Il) complexes with perfectly square planar geometry,
the g /A quotient [36] ranges from 105 to 135cm and for 1
the value of gj/A| quotient, 148 cm [g)/A;, 137 (2); 134cm (3)]
reflecting the presence of distortion in CuN,OCI chromophore
imposed by the bulky quinolyl moiety.

3.2. DNA binding studies

As the primary pharmacological target is DNA for many
antitumor drugs, the study of binding of metal complexes to
DNA is of paramount importance for the development of effec-
tive chemotherapy metal-based drugs. Therefore, the absorption
spectra of 1 in the absence and presence of DNA at different
concentrations (R=[DNA]/[complex]=1-10)in 2% DMF/5 mM Tris-
HCI/50 mM NacCl buffer (pH="7.1) were recorded (Fig. 3) at 424 nm
(PhO~ — Cu(II) LMCT transition). With an increase in concentration
of CT DNA, the hypochromism of 27.0% and red-shift of 3 nm for 1
were observed whereas its benzimidazolyl analogues showed less
hypochromism (2, 12.0; 3, 8.0%) with no red-shift [35]. The value
of intrinsic equilibrium DNA binding constant [Kj,, 2.48 x 10° (1);
10.0 x 103 (2); 8.0 x 103 M~ (3)] [35] suggests the enhanced DNA
binding propensity of 1 compared to 2 and 3, possibly due to the
involvement of partial intercalative interaction of planar quinolyl
ring into the DNA base pairs leading to high hypochromism.

It may be expected that the labile chloride ion of the complex
can be replaced by a nucleophile on DNA, usually a nitrogenous
base such as guanine N7, leading to a strong covalent bond-
ing of the complex with DNA [37]. In order to explore these
possibility of 1 forming a coordinate bond with DNA through
the displacement of the equatorially coordinated chloride anion
[38], the ligand field (LF) band of the complex has been mon-
itored (Table 1) with the addition of potential small ligands
like N-methylimidazole (Meim) and the nucleotides guanosine-5'-
monophosphate (GMP), adenosine-5'-monophosphate (AMP) and

0.0 i ' A I 1 A
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Fig. 4. Absorption spectra of 1 (4x103M) (a) in 2% DMF/5mM Tris-
HCl/50mM NaCl buffer at pH 7.1, on interacting with N-methylimidazole (b),
guanosine-5'-monophosphate (c), adenosine-5-monophosphate (d), cytosine-5'-
monophosphate (e) and CT DNA (f) at R=4.

cytosine-5'-monophosphate (CMP) (Fig. 4). With the addition of
GMP, the visible band of 1 is blue-shifted (~10 nm) with an increase
in absorptivity. A similar but lower blue-shift (~7 nm) and a small
increase in absorptivity are observed with the addition of AMP.
On the other hand, addition of Meim and CMP does not effect any
spectral change at all. The spectral changes observed for GMP and
AMP are considerably less, indicating weaker coordination of N7
atom of GMP and AMP to copper(Il). However, the addition of DNA
to 1 causes a red-shift (~2nm) in the LF band with a decrease in
absortivity revealing that 1 does not form a covalent bond on inter-
action with DNA in view of the distorted square-planar structure
of the complex. So it is clear that chloride anion is not labile (cf.
above) and is not replaced by guanine N7.

The observed CD spectrum of CT DNA (2 x 10~> M) consists of a
positive band (277 nm) due to base stacking and a negative band
(245 nm) due to helicity (Fig. S1), which is characteristic of DNA
in the right-handed B form [39]. The simple groove binding and
electrostatic interaction of small molecules with DNA shows less
or no perturbations on the base stacking and helicity bands, while
intercalation enhances the intensities of both the bands stabilizing
the right-handed B conformation of DNA [40]. When 1 is incubated
with DNA at 1/R (=[Cu complex]/[DNA]) value of 3, the CD spectrum
of DNA (Fig. S1) undergoes changes in both positive (20% increase
in intensity) and negative bands (45% decrease in intensity, 5 nm
red-shift), which is consistent with partial intercalative interaction
of quinolyl ring, supporting the results from UV-vis spectroscopy.

The fluorescence intensity of EthBr bound to DNA at 610 nm
(Nex, 520 nm) shows a remarkable decrease with the addition of 1
(Fig. 5), indicating DNA-bound EthBr molecules are released into
solution [41]. Such fluorescence quenching may be caused by the
strong partial intercalative interaction of 1 (cf. above), leading to the
displacement of DNA-bound EthBr. Also, it may be seen that the flu-
orescence quenching follows Stern-Volmer behavior (Fig. 5, Inset)
[42]. The apparent DNA binding constant (Kapp) is calculated [43]
using the equation, Kgypr[EthBr]=Kapp[complex], where Kgyp; is
4.94 x 10° M~1[44], the concentration of EthBris 1.25 x 10~ Mand
the concentration of the complex is that used to obtain a 50% reduc-
tion of fluorescence intensity of EthBr. The apparent DNA binding
constant (Kapp, 7.72 x 10* M~1) value is consistent with the K}, value
obtained by UV-vis absorption spectral study.

Typical cyclic voltammetric (CV) responses for 1 in 2%
DMF-5 mM Tris-HCI-50 mM NaCl buffer (pH=7.1) in the absence
and presence of CT DNA are shown in Fig. S2. The cathodic
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Table 1

Ligand field spectral properties of 1 on binding to CT DNA? and other small molecules"¢.

Amax (nm) ANmax (nm) Ae (%) Change in absorbance (Shift)
1 610 - - -
1+CT DNA 612 2 17 Hypochromism (Red)
1+Meim 610 12 Hyperchromism
1+GMP 600 10 57 Hyperchromism (Blue)
1+AMP 603 30 Hyperchromism (Blue)
1+CMP 610 0 12 Hyperchromism

2 R=[DNA]/[1] =4, concentration of copper solution=4 x 1073 M.
b R=[Meim]/[1]=4, concentration of copper solution=4 x 103> M
¢ R=[GMP]/[1] =4, concentration of copper solution=4 x 103 M.
4 R=[AMP]/[1] =4, concentration of copper solution=4 x 103 M.
€ R=[CMP]/[1] =4, concentration of copper solution=4 x 103 M.
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Fig. 5. Fluorescence quenching curves of ethidium bromide bound to DNA in
2% DMF/5mM Tris-HCI/S0mM NaCl buffer at pH 7.1: (a) EthBr (1.25uM);
(b) EthBr+DNA (125 uM); (c-k) EthBr+DNA+1 (0-9 wM). Inset: Plot of [com-
plex x 1078 vs o/l of 1.

(-0.694V) and anodic peak potential (—0.414V) values observed
for 1 correspond to Cu'!/Cu! redox couple [45]. The high separation
of the cathodic and anodic peak potential (AE,, 280 mV) indicates
the poor electrochemical reversibility of the Cu''/Cu' couple. Upon
addition of DNA, the cathodic current decreases significantly, which
is expected of strong binding of the complex with DNA [46]. For a
Nernstian electron transfer system, in which both the oxidized and
reduced forms associate with DNA in solution, differential pulse
voltammetry (DPV) can be used to calculate the corresponding
equilibrium constants for each oxidation state according to the
equation [46], E¥', — EY¢=0.059lo0g(K+/K>. ), where E', and EY ¢, the
formal potentials of Cu'!/Cu! couple in the bound and free forms,
respectively, Ky, and K: are the binding constants of oxidized
and reduced forms to DNA, respectively. The formal potentials of
Cu'l/Cu! couple in the free (E¥;, —0.571V) and DNA-bound (E%,
—0.616V) forms shift negatively (—45 mV) after reacting with DNA.
The ratio of the binding constants (K:/K>.) of the Cu(I) and Cu(II)
form of DNA is calculated to be 0.2, indicating that Cu(Il) form binds
to DNA more strongly than Cu(I) form [47].

3.3. Protein binding studies

The fluorescence of BSA is caused by three intrinsic characteris-
tics of the protein, namely tryptophan, tyrosine and phenyl alanine
residues, among them; tryptophan and tyrosine are the dominant
intrinsic fluorophores. Fluorescence quenching refers to any pro-
cess that decreases the fluorescence intensity from a fluorophore
due to a variety of molecular interactions, including excited-state
reactions, molecular rearrangements, energy transfer ground-state
complex formation and collisional quenching. Thus, the emission

Table 2
Quenching, association, binding and thermodynamic parameters of the interaction
of 1 with BSA at different temperatures.?

Parameters 300K R 310K R

Ksy (10° M~1)+SD 2.59+0.003 0.9997 3.24+0.004 0.9991
Kq (1083 M- 1s71) 2.59 3.24

Ky, (10° M)+ SD 6.13+0.061 0.9983 8.73 +0.047 0.9993
n+SD 1.05+0.01 1.08 +£0.01

AH (kj mol~1) 77.671

AS (Jmol~' K1) 109.383 110.071

AG (kJmol—!) -32.737 —34.044

@ Ris the linear correlated coefficient.

spectra of BSA (Aem, 340nm; Aex, 280nm) in the presence of
increasing concentrations of 1 were recorded at 300K and 310K.
The fluorescence intensity of BSA decreased regularly (Fig. 6), up to
67.8% (300K) and 70.8% (310K), accompanied by a hypsochromic
shift of 7 nm. The Stern-Volmer plots (Fig. S3) are linear (Ksy: 300K,
2.59; 310K, 3.24 x 10°M~1) and quenching rate constant (kq) is
on the order of 1013 M~-1s-1, which is 1000-fold higher than the
maximum limit (2.0 x 1010 M~1s~1) [48]. On the other hand, upon
addition of 1 to BSA results in an increase in the intensity of the
absorption band of BSA at 278 nm (Fig. S4), indicating that more
aromatic acid residues were extended into the aqueous environ-
ment and the tertiary structure of BSA was destroyed [49]. These
results show that the interaction between 1 and BSA is static due to
the formation of a non-fluorescent BSA-1 compound. The binding
constant Kj, is directly correlated (Fig. S5) with temperature (300K,
6.13; 310K, 8.73 x 10° M~1), which indicates the formation of sta-
ble BSA-1 compound and the number of binding site n is equal
to one corresponds to the existence of just a single binding site.
So, the results suggest that the complex binds to the hydropho-
bic pocket located in subdomain IIA [50]. As shown in Table 2, a
negative value of AG identifies the spontaneity of the interaction.
The positive values obtained for both AH and AS indicates that
a hydrophobic association is the major binding force and that the
interaction is entropy driven process [51]. In addition to hydropho-
bic interaction, a possible covalent bonding may be also considered.
However, the value of AH obtained here (78 k] mol~') is consider-
ably below what would be expected for a covalent bond formation
(=120kJmol~1) [52].

According to the theory of Miller [53], when AN between exci-
tation wavelength and emission wavelength is set at 15 or 60 nm,
the synchronous fluorescence offers characteristic information on
the environment of tyrosine and tryptophan residues, respectively.
The synchronous fluorescence spectra of BSA with various amounts
of 1 were recorded at AA=15nm and AX=60nm. Upon addition
of 1 (Fig. S6), the emission maxima of tyrosine and tryptophan
residues have significant blue-shifted (tyrosine: 313-309; trypto-
phan, 346-345 nm). The blue-shift effect expresses the change in
conformation of BSA; the polarity around the tyrosine and tryp-
tophan residue decreases and the hydrophobicity increased. For
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Fig. 6. Changes in the fluorescence spectra of BSA through the titration with complex 1 at 300K (left, A) and 310K (right, B). The concentration of BSA is 1 x 10-¢ M, and the

concentration of 1 was varied from (a) 0.0 to (j) 4.0 x 10~ M; pH 7.4 and \ex 280 nm.

BSA-1 system, the synchronous fluorescence quenching ratios, Rsrq
at AA=60nm (73.5%) is greater than the corresponding one for
AMX=15nm (58.8%; Fig. S7), indicating that 1 reached sub-domain
IIA, where the only one Trp 212 residues on BSA was located.

The distance between the buried Trp-212 (as donor) and
the interacted complex (as acceptor) was estimated by Forster’s
non-radiative energy transfer theory and the overlapping of the
fluorescence spectrum of BSA with absorption spectrum of 1
was shown in Fig. S8. According to the Forster’s equations, we
obtain that J(1)=2.04 x 10 M~ cm3, Rg=2.84nm, E=0.18 and
r=3.16 nm. The donor (Trp 212 in BSA) to acceptor (1) distance
(r) is less than 8 nm [54], indicating that the non-radiative energy
transfer from BSA to 1 occurred with high probability.

To ascertain the possible influence of 1 binding on the secondary
structure of BSA, we have performed far-UV CD spectroscopy of BSA
in the absence and presence of 1. BSA has a characteristic strong
double minimum signal (208 and 222 nm) [55] contribute to the
n— m* transfer of the peptide bond of the a-helix. The intensities
of double minimum reflect that BSA contains more than 50% of «-
helical structure. The CD spectral (Fig. S9) data reveal the decrease
in a-helix structure of BSA (BSA to 1 molar ratio, % of a-helix at
208 and 222 nm respectively: 1:0, 63.8 and 60.2%; 1:0.1, 60.4 and
57.8%;1:0.2,58.4 and 57.1%; 1:0.3, 54.6 and 51.7%), indicating that
1 bound with the amino acid residue of the polypeptide chain of
BSA and destroys their hydrogen bonding networks. Nevertheless,
the CD spectra of BSA in the presence and absence of 1 were sim-
ilar in shape, implying that the structure of BSA after binding of 1
continues to be predominant a-helical.

3.4. DNA cleavage

The ¢$X174 phage DNA (20 pM in base pairs)and 1 (10-100 M)
is incubated for 1h at 37°C in a medium 2% DMF/5mM Tris-
HC1/50 mM NacCl buffer (pH=7.1), with ascorbic acid (10 uM) as
an activating agent. When the reaction mixture is subjected to
electrophoresis, the fastest migration will be observed in the super-
coiled form (SC, Form I). If one strand is cleaved, the supercoils will
relax to produce a slow-moving nicked circular form (NC, Form II).
If both strands are cleaved, a linear form (LC, Form III) will be gen-
erated which migrates between SC and NC forms. The activity of
1 is assessed by the conversion of DNA from SC to NC and LC. The
results of the gel electrophoresis separations of the reaction mix-
ture are depicted in Fig. 7. Under identical conditions, no cleavage
of $X174 DNA occurred for ascorbic acid (lane 2) or copper(Il) com-
plex alone. It was found that at a complex concentration of 10 wWM

converts SCDNA into 70% NC form (lane 3). When the complex con-
centration is increased in the presence of an activator, the amount
of Form I decreases gradually and Form II increases (lane 4 - lane
12).It was revealed that 1 is capable of cleaving supercoiled form of
$X174 DNA (Form I) into nicked circular form (Form II) but not lin-
ear form (Form III). At a complex concentration of 80 WM, it causes
complete conversion of SC to NC (97%) form (lane 10), revealing
that the cleavage of $pX174 DNA is highly concentration dependent.
When the concentration of ascorbic acid is increased from 10 uM
to 20 nM, at 20 wM complex concentration cleaves SC DNA into
80% NC and 20% LC form while at 80 wM complex concentration
converts SC form into 65% NC and 35% LC (Fig. S10) form.

The time-dependent cleavage of DNA by 1 is also studied under
similar conditions ([complex]=80 M and [DNA]=20 wM in bp).
With the reaction time is increased, the amounts of NC form
increases and SC form gradually disappears (Fig. 8A). Also, the
appearance of NC form as well as the disappearance of SC form
follow pseudo-first-order kinetic profiles and fit well into a single-
exponential decay curve (Fig. 8B). When the experimental data
were fit, the rate constant, kops =~0.0373 min~! and the half-life
time, t1, =~18.58 min was obtained. Previous studies showed that
an oxidative process for the SC to NC conversion, which follows a
second order profile [56]. Taking this as a precedent, we established
the rate law as 8| DNAsc]/dt = —k[complex|[DNAsc|, where [DNAsc]
represents the portion of supercoiled DNA, t is the time and k is
the second order kinetic constant. From this equation we obtain a
value for k=~2.4x 104 M~! min~1, which is higher than those for
other copper(Il) complexes in oxidative cleavage with ascorbic acid
[56]. The high value of the second order constant k suggests a very
strong interaction of the complex with DNA.

To verify the involvement of reactive oxygen species (ROS),
which may be formed in the DNA cleavage reaction, DNA cleavage
experiments were carried out in the presence of hydroxyl radi-
cal scavenger (DMSO) [57], superoxide scavenger (SOD) [58] and
singlet oxygen quencher (NaN3) [59] under physiological condi-
tions. As shown in Fig. 9, no obvious inhibition of DNA cleavage
is observed in the presence of DMSO, NaN3 and SOD, which indi-
cate the absence of hydroxyl radical, singlet oxygen and superoxide
in the cleavage reaction and that the DNA cleavage promoted by
the complex might occur via copper-oxygen species. We propose
that, in the first step, the complex (quamol)Cu(ll) is reduced by
ascorbic acid to form the (quamol)Cu(I) species. The (quamol)Cu(I)
reacts with O, to generate superoxide anion (O,°~) and sub-
sequently H,0,. The (quamol)Cu(l) formed and bound to DNA
forming the (DNA)(quamol)Cu(I) adduct, which reacts with H,0,
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Fig. 7. Gel electrophoresis diagram showing the cleavage of $X174 DNA (20 wM) by 1 in a 2% DMF/5 mM Tris-HCl/50 mM NaCl buffer at pH 7.1 and 37 °C in the presence
of ascorbic acid (AA; 10 wuM) with an incubation time of 1h: lane 1, DNA control; lane 2, DNA+AA; lane 3, DNA+1(10 wM)+AA; lane 4, DNA+1(20 wM)+AA; lane 5,
DNA +1(30 wM) + AA; lane 6, DNA+1(40 uM) + AA; lane 7, DNA+1(50 wM) + AA; lane 8, DNA+1(60 M) +AA; lane 9, DNA+1(70 uM) + AA; lane 10, DNA+1(80 wM)+AA;
lane 11, DNA+1(90 wM) + AA; lane 12, DNA +1(100 uM)+AA.
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Fig. 8. (A) Time course of supercoiled $X174 DNA (20 M) cleavage by 1 (80 M) in a 2% DMF/5 mM Tris-HCl/50 mM NaCl buffer at pH 7.1 and 37°C in the presence of
ascorbic acid (AA; 10 wM) with an incubation times of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 60 min for lanes 1-12. (B) Plot of the increase in NC form with time and plot
of the decrease in SC form with time. Inset: Plot of log(% SC DNA) vs time.
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Fig. 9. Gel electrophoresis diagram showing the cleavage of $X174 DNA (20 uM) by 1 (80 M) in a 2% DMF/5 mM Tris-HCl/50 mM Nacl buffer at pH 7.1 and 37°C in the
presence of ascorbic acid (AA; 20 wM) with an incubation time of 2 h: lane 1, DNA control; lane 2, DNA + AA; lane 3, DNA+1; lane 4, DNA+1 +AA; lane 5, DNA+1+AA+SOD
(0.5 units); lane 6, DNA+1+AA+NaN3 (100 wM); lane 7, DNA+1 +AA + DMSO (20 wM).

to produce free hydroxide ion and DNA bound Cu(Il)-hydroxyl rad-
ical intermediate [60]. The latter forms a DNA bound copper-oxene
or a resonance hybrid of a DNA bound copper(Il)-hydroxyl radi-
cal and a putative copper(Ill)-oxene/copper(Ill)-hydroxo species,
which generates a deoxyribose-centered radical by C-1/C-4 hydro-
gen abstraction [61-63].

3.5. Cytotoxicity studies

The cytotoxicity of H(quamol) and 1 against seven human tumor
cell lines of different cancer origins, viz. renal cancer (A498), breast
cancer (EVSA-T and MCF7), non-small cell lung cancer (H226),
ovarian cancer (IGROV), melanoma (M19 MEL) and colon cancer
(WIDR) are investigated in comparison with six known anticancer

drugs, viz. doxorubicin (DOX), cisplatin (CPT), 5-fluorouracil (5-
FU), methotrexate (MTX), etoposide (ETO) and taxol (TAX) under
identical conditions by using SRB test (Table 3). Indeed, a ligand
or complex with ICsq values higher than 10 wM is considered to
be inactive [64]. The test results indicate that H(quamol) is inac-
tive (ICsp, 92 to >100 M) to all the cancer cell lines. However,
chelation of H(quamol) with copper(Il) dramatically enhances the
cytotoxicites of cancer cell lines. Thus, the cytotoxicities of 1 are
highly active against M19 MEL (ICsq, 2.018 M) and EVSA-T (ICsy,
3.802 p.M) and moderate for MCF7 (ICsg, 7.576 puM) while low or
no activity for H226 (ICsp, 12.732 uM), IGROV (ICsg, 23.001 wM),
A498 (ICsp, 23.360 M) and WIDR (ICsg, 24.664 wM) cancer cell
lines. The cell killing activity of 1 against cancer cell lines is much
higher than that of the free ligand, which may be attributed to the
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Table 3

In vitro cytotoxicity assays for H(quamol), 1, doxorubicin (DOX), cisplatin (CPT), 5-fluorouracil (5-FU), methotrexate (MTX), etoposide (ETO) and taxol (TAX) screened against
seven human tumor cell lines of different origins, viz. renal cancer (A498), breast cancer (EVSA-T and MCF7), non-small cell lung cancer (H226), ovarian cancer (IGROV),
melanoma (M19 MEL) and colon cancer (WIDR) and a normal cell line, mouse embryonic fibroblasts (NIH 3T3).

Drug?® (ICso/M using SRB as cell viability test)

Cell lines H(quamol) 1 DOX CPT 5-FU MTX ETO TAX
A498 >100.000 23.360 0.166 7.509 1.099 0.081 1.803 <0.004
EVSA-T 93.674 3.802 0.015 1.406 3.651 0.011 0.435 <0.004
H226 94.126 12.732 0.366 10.895 2.613 5.033 5.397 <0.004
IGROV >100.000 23.001 0.110 0.563 2.283 0.015 0.780 <0.004
M19 MEL 92.247 2.018 0.029 1.860 3.397 0.051 0.693 <0.004
MCF7 94.008 7.576 0.018 2.330 5.764 0.040 3.551 <0.004
WIDR >100.000 24.664 0.020 3.223 1.729 <0.007 0.206 <0.004
NIH 3T3 >100.000 >100.000 - - - - - -

2 ICsp = concentration of drug required to inhibit growth of 50% of the cancer cells.

extended planar structure of quinolyl ring. Interestingly, 1 exhibits
a potency comparable to cisplatin, but approximately 1.5 times
more active than 5-fluorouracil in M19 MEL melanoma cancer
cell line, indicating that 1 has the potential to act as an effec-
tive metal-based anticancer drug. The ICsy values obtained with
1 are higher compared to ones with cisplatin or 5-fluorouracil in
MCF7 breast cancer cell line. However, for EVSA-T breast cancer
cell line, the cytotoxic activity of 1 is slightly higher than cis-
platin, but more or less equal to 5-fluorouracil. In all cell lines, the
cytotoxicities of 1 are even higher than those reached with dox-
orubicin or methotrexate or etoposide or taxol. Moreover, it was
non-toxic to healthy mouse embryonic fibroblasts (NIH 3T3) cells
up to the higher concentration tested (ICsg, >100 wM). This clearly
indicates that the cell killing activities of the complex are more spe-
cific towards cancer cells and are non-toxic to non-cancerous cells.
Previous studies have shown that the non-covalently DNA binding
complexes are excellent cytotoxic agents than the covalently DNA
binding complexes [65,66]. Palaniandavar et al. established that
copper(Il) complexes, which exhibit higher DNA binding affinity
and prominent DNA cleavage activity, display efficient cytotoxicity
and anticancer properties [65,66]. Thus, interestingly, the quinonyl
complex 1 (ICsp, 2.0-7.6 M) shows cell killing activity higher than
that of its benzimidazolyl analogues 2 and 3 (IC5p, 12.4-16.4 M)
[35] but lower than that of its pyridyl analogue, [Cu(pyrimol)Cl] 4
(ICs0, 3.4-3.6 M) [16] revealing that quinonyl complex enhances
the cytotoxicity. Thus, the highest cytotoxicity exhibited by 4 is
consistent with the strong intercalation of the highly planar con-
jugated copper complex between the base pairs and its efficient
DNA cleavage activity without reductant. The lowest cytotoxicity
revealed by 2 and 3 is due to weak DNA binding of the complexes
and they do not participate in the DNA cleavage activity. However,
the enhanced cytotoxicity of 1 is attributed to the stronger binding
of the complex through partial intercalative insertion of extended
planar quinolyl ring between the base pairs and its higher cleavage
activity with the reductant is responsible for its potency to induce
cell death.

4. Conclusions

A mononuclear copper(ll) complex [Cu(quamol)Cl], where
H(quamol) is a N, O tridentate ligand, has been isolated. The elec-
tronic and EPR spectral studies reveal a distorted square-planar
CuN,0Cl coordination environment. The interaction of the complex
with CT DNA and BSA has been investigated using different spectral
techniques. Results suggest that the complex binds to DNA with a
partial intercalative interaction mode, exhibits strong binding abil-
ity and effectively cleaves $X174 supercoiled phage DNA in the
presence of ascorbic acid. Electrochemical studies on DNA-bound
copper(Il) complex reveals the preference of DNA to interact with

Cu(Il) over Cu(I) species. The copper(Il) complex binds to BSA in the
hydrophobic region with a moderate affinity through a static mode
and induces conformational changes with the loss of a-helix sta-
bility. Interestingly, under in vitro conditions, the complex exhibits
higher cytotoxic activity toward M19 MEL and EVSA-T and moder-
ate activity for MCF7 cell lines. The ICsq value is more or less equal
to that of the clinically-used cisplatin and is found to be non-toxic
to normal mouse embryonic fibroblasts cells. The cytotoxicity may
originate from its ability to bind to DNA to cause a conformational
change in DNA and cleave it. Thus, these results provide grounds to
suggest that [Cu(quamol)Cl] is a promising complex that deserves
further scrutiny as an anticancer drug for treating melanoma, breast
cancer and possibly other forms of cancer.
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