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Abstract

Six new bimetallic complexes of the type CuCu, CuCo, CuNi, CuZn and CuMn were prepared. The structures of these complexes and the
ligand have been proposed on the basis of FAB mass, elemental analysis, UVevis, IR, EPR and CV studies. All the complexes completely cleave
pBS (SK�) DNA at a concentration of 10 mM; however, even at lower concentrations of 2 mM and 0.1 mM, the complexes (I and Ia) showed
partial cleavage. The results of the fluorescence binding studies of the metal complexes with CT-DNA showed that the presence of aliphatic
ligands added additional binding effects including electrostatic, hydrogen binding and vander Waals interactions. Complexes (I, Ia) showed
50% inhibition of COX-1 and COX-2 activities at as low a concentration as 12.5 mM, 13.5 mM, 14 mM and 14.5 mM. Inhibition assay of top
I and top II by different complexes in mutant yeast strains (JN394, JN394 t�1 and JN394 t2e5) with all the complexes showed significant in-
hibition of topoisomerase at 5 mM concentration. Complexes I and Ia exhibited good anti-microbial activities against all human pathogens tested
except Klebsiella pneumoniae. The following studies showed that among the synthesized bimetallic complexes, complexes I and Ia seem to be
promising candidates possessing DNA cleavage activities besides anti-microbial and anti-inflammatory properties to serve as chemical nucleases
and chemotherapeutic agents.
� 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The interaction of transition metal polypyridyl complexes
with DNA has received considerable attention for they serve
as potential models of biological systems [1]. The design
and development of small- or medium-sized potential thera-
peutic agents, particularly those designed to target nucleic
acids site-specifically or to mimic the function of enzymes
that participate in nucleic acid strand cleavage can lead to
safer and more rational approaches to novel therapeutic agents
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for cancer, viral diseases and tools for molecular biology [2,3].
Small molecules interact with double-stranded DNA in a num-
ber of ways [4e6] and in most cases it is non-covalent, which
involves intercalation of planar aromatic molecules between
the base pairs of DNA helix.

In recent years, increasing emphasis has been placed on the
screening and tailoring of non-platinum/ruthenium complexes
[7e9]. In comparison to the 4d- or 5d-metal analogues, com-
plexes of first row transition elements showing photocleavage
activity could find better application at the cellular level. The
first copper complex reported to show efficient DNA cleavage
activity is bis(1,10-phenanthroline)copper(I) [10]. Subse-
quently, the chemistry of metal complexes of 1,10-phenanthro-
line (phen) or a modified phen ligand is particularly attractive
for developing new diagnostic and therapeutic agents that can
d.
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recognize and cleave DNA [11]. Cationic copper complex
[CuI(phen)2]þ in the presence of molecular oxygen and a re-
ducing agent, is known to act as an efficient nuclease with
a high preference for double-stranded DNA [12]. It has been
suggested that copper complex may partially be intercalated
into the DNA duplexes containing mismatched strands of oli-
gonucleotides, since cleavage occurs near the bulges where in-
tercalation of copper complexes is thought to be favored. Also
Barton and Raphael have reported that chiral phenanthrolinee
cobalt(III) complexes recognize different local structures of
DNA [13]. Aromatic ring stacking between nucleobases is
considered to be a major driving force that leads to binding.
The size, electron density of the interacting aromatic rings
and the combined effect of hydrophobic and hydrophilic inter-
actions determine the extent of binding [14e16]. Thus by us-
ing mixed ligand complexes, it is possible to systematically
vary parameters of interest hence changing the properties of
the intercalating groups without altering the chemical nature
of the intercalating moiety.

Herein we report the synthesis of biologically active ho-
moehetero bimetallic complexes and the DNA interaction ki-
netics of these multi-metallic complexes in which the different
metal complexes did not lose their individual chemical iden-
tity except providing a platform for multiple coordinating sites
with DNA. Infrared analysis, absorption spectra and FAB mass
analysis, EPR and CV are employed to analyze the prepared
complexes. Our results indicate that the synthesized 2,2-bipyr-
idyl based bimetallic complexes completely cleaved pBS
(SK�) DNA at 10 mM concentration and the complexes I
(CuC24H22N2O6) and Ia (Cu2C32H43N8O3) are effective in in-
hibiting the growth of Candida albicans and a wide variety of
Gram-positive and Gram-negative medically important bacte-
ria except Klebsiella pneumoniae. Complexes I and Ia also in-
hibited cyclooxygenases (COX-1 and COX-2) and
topoisomerases (top I and top II), which are predominantly
used as markers in anti-tumor studies.

2. Materials and methods

2.1. Synthesis of 2,20-bipyridyl based bimetallic
complexes

2.1.1. Preparation of 1,10-phenanthroline-5,6-dione (L1)
1,10-Phenanthroline-5,6-dione (L1) was prepared by oxida-

tion of 1,10-phenanthroline. A round bottom long necked flask
containing 1.00 g (5.04 mmol) of 1,10-phenanthroline and
5.95 g (50 mmol) of potassium bromide was placed in an ice
bath. To this, cold concentrated sulphuric acid (20 mL) was
added followed by the addition of 10 mL of concentrated nitric
acid, dropwise along the sides of the flask. The resulting solu-
tion was cooled to room temperature and heated over a boiling
water bath until the bromine vapours were eliminated. The re-
action mixture was again cooled to room temperature and
poured into a beaker containing 400 mL of ice cold water.
The solution was made neutral by the addition of sodium bi-
carbonate and extracted with dichloromethane to give 1,10-
phenanthroline-5,6-dione as yellow needles [9,17]. Yield:
86% (0.91 g). Melting point: 270 �C. IR (KBr, cm�1): 1681
(C]O stretching), 1559 (C]C stretching), 1200, 1111,
1005 (CeC stretching). 1H NMR (CDCl3): 9.13 (d, H), 8.55
(d, H), 7.60 (t, 2H).

2.1.2. Preparation of [Cu(bpy)(H2O)](NO3)2 (L2)
To 10 mmol (2.416 g) of copper(II) nitrate taken in 25 mL

of distilled water, 10 mmol (1. 562 g) of 2,20-bypyridyl in
50 mL ethanol was added and stirred for about 2 h. The result-
ing blue solution was reduced to 20 mL to precipitate; the de-
sired complex was filtered, recrystallized from acetonitrile/
ethanol and dried under vacuum. IR (KBr, cm�1): 1273,
1160 CeC (stretching), 1383 (NO stretching) 772 (NO out
of plane bending), 480 (CueN stretching).

2.1.3. Preparation of [Cu(bpy)(L1)(H2O)(C2H5OH)]
(NO3)2 (I)

To 10 mmol (4.16 g) of L2 in 50 mL water, 10 mmol
(2.10 g) of L1 in 100 mL ethanol was added dropwise and
stirred for 4 h. The resulting green coloured solution was re-
duced to 20 mL. The precipitate was filtered and dried in the
desiccator. Analytical data (%) for CuC24H22N6O10, found
(calculated): C, 46.12 (46.64); H, 3.25 (3.59); N, 13.56
(13.6); Cu, 9.98 (10.28). IR (KBr, cm�1): 1702 (C]O stretch-
ing), 482 (CueN stretching). FAB mass: molecular ion peak at
493 (Mþ 1) for the molecular formula, CuC24H22N2O6, calcu-
lated mass: 492.09.

2.1.4. Preparation of bimetallic complexes
(Ia, Ib, Ic, Id, and Ie)

Compound I of 10 mmol (6.08 g) was taken in 250 mL of
dry ethanol and was refluxed for an hour to ensure complete
solubility and to this 20 mmol (1.76 g) of N,N-dimethylethyle-
nediamine was added followed by the addition of 10 mmol of
the appropriate metal salt and allowed to reflux for 24 h. The
resulting solution was cooled to ambient temperature. To the
reaction mixture 4.2 equivalents of potassium hexaflurophos-
phate (KPF6) was added to precipitate the complex. The pre-
cipitate was filtered, washed with excess ethanol,
recrystallized from acetonitrile/ethanol and dried under vac-
uum to give a dark green powder. Addition of appropriate
metal ions is followed in each of the preparations, 10 mmol
(2.416 g) of copper(II) nitrate for Ia; IR (KBr, cm�1): 1611
(C]N Schiffs base stretching), 482 (CueN stretching). FAB
mass: molecular ion peak at 711 (M� 2) for the molecular
formula, Cu2C32H43N8O3, calculated mass: 713.21; 10 mmol
(2.910 g) of cobalt(II) nitrate for Ib, IR (KBr, cm�1): 1625
(C]N Schiffs base stretching), 482 (CueN stretching). FAB
mass: molecular ion peak at 672 (M� 1) for the molecular
formula, CuCoC32H39N8O, calculated mass: 673.19;
10 mmol (2.908 g) of nickel(II) nitrate for Ic, IR (KBr,
cm�1): 3428 (OeH stretching), 1646 (C]N Schiffs base
stretching), 476 (CueN stretching). FAB mass: molecular
ion peak at 672 (M� 1) for the molecular formula, Cu-
NiC32H39N8O, calculated mass: 672.19; 10 mmol (2.195 g)
of zinc acetate for Id, IR (KBr, cm�1): 1646 (C]N Schiffs
base stretching), 483 (CueN stretching). FAB mass: molecular
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ion peak at 807 (Mþ 1) for the molecular formula,
CuZnC36H55N8O5, calculated mass: 806.29; 10 mmol
(1.979 g) of manganese(II) chloride for Ie, IR (KBr, cm�1):
1625 (C]N Schiffs base stretching), 482 (CueN stretching).
FAB mass: molecular ion peak at 752 (M� 2) for the molec-
ular formula, CuMnC34H48N8O4, calculated mass: 750.25.

2.2. Structural analysis

Infrared spectra of the ligands and complexes were re-
corded on a ABB Bomem MB-104 FTIR spectrometer and Hi-
tachi infrared spectrophotometer using KBr disks. Electronic
absorption spectra were recorded on an Ocean Optics minia-
ture Fiber Optics spectrometer. The SD1000 accepts light en-
ergy transmitted through the optical fiber and disperses it via
a fixed grating across the detector, which is responsive from
200 to 1100 nm. All the studies were done in a 1 cm quartz cu-
vette. The FAB mass spectra were recorded on a JEOL SX
102/DA-6000 mass spectrometer/data system using argon/xe-
non (6 kV, 10 mA) as the FAB gas. The accelerating voltage
was 10 kV and the spectra were recorded at room temperature.
M-Nitrobenzyl alcohol (NBA) was used as the matrix.

2.3. DNAemetal binding studies by fluorescence

Fluorescence measurements were performed to study the
metal interaction with DNA using a Hitachi F4500 spectroflu-
orimeter employing right angle detection mode. Ethidium bro-
mide (EB) is one of the most sensitive fluorescence probes that
can bind with DNA [18]. Calf thymus-DNA (used in the pres-
ent studies) does not emit by itself. The fluorescence of ethid-
ium bromide increases after intercalating into DNA. If the
metal intercalates into DNA, it leads to a decrease in the bind-
ing sites of DNA available for EB and a decrease in the fluo-
rescence intensity of the EBeDNA system [19].

All the experiments were carried out in 0.02 mol L�1 phos-
phate buffer containing 60 mmol sodium chloride at pH 7.0.
Calf thymus-DNA (CT-DNA) as sodium salt was purchased
from Hi Media and the purity was checked by the absorbance
ratio between A260 and A280 of DNA, which was found to be
1.88 in phosphate buffer at pH 7.0. Ethidium bromide, which
binds to DNA by interacting and enhancing the fluorescence
intensity, was taken in the concentration of 3.3� 10�6 M.
With the concentration of the DNA and ethidium bromide con-
stant, the fluorescence studies were done with the increasing
concentrations of the metal complex, ranging from
1� 10�6 M to 20� 10�6 M. The metal complexes did not
fluoresce by themselves. An incubation period of 10 min
was fixed by trial and error method. All the emission spectra
were recorded by exciting the solution at 500 nm. Double dis-
tilled water was used throughout.

The emission spectrum for ethidium bromide in the absence
and in the presence of DNA was recorded for a concentration
range of 1.65e3.3� 10�6 M. A plot of fluorescence intensity
vs. ethidium bromide concentration resulted in a straight line
with a slope of 19.3. The concentration of metal complexes
bound to DNA was calculated using the formula:
Cb ¼ It� Im=ðV � 1ÞK

where Cb is the concentration of the metal complex bound to
DNA, It is the fluorescence intensity of DNA and EB in the
absence of metal complex, Im is the fluorescence intensity of
DNA, EB and metal complex at a particular concentration of
the complex (1e20� 10�6 M), V is the ratio of fluorescence
intensity of ethidium bromide bound to DNA and free ethid-
ium bromide, and K is the slope of plot of fluorescence inten-
sity vs. ethidium bromide concentration. The unbound metal
concentration was written as:

Cub ¼ Co �Cb

where Co is the total concentration of the metal complexes and
Cb is the concentration of metal complexes bound to DNA.
The specific binding of the metal complex to DNA was calcu-
lated as:

y¼ Cb=ðCbþ ½DNA�Þ:
The saturation binding constant was calculated by plotting

unbound metal concentration against the specific binding. The
number of binding sites and the binding constant were calcu-
lated for all the complexes.

The emission spectra were recorded for increasing concen-
trations of the complexes, by exciting the substance at 500 nm.
Upon the addition of the metal complexes, the fluorescence
spectra of complexes showed a bathochromic shift of the exci-
tation and emission peaks showed a decrease in the peak
intensity.

2.4. Plasmid DNA isolation by alkali lysis method [20]

The pBS (SK�) vector was obtained from the culture col-
lection of the Department of Biotechnology, School of Life
Sciences, Pondicherry University, Pondicherry, India. Plasmid
Bluescript (pBS) DNA (SK�) was extracted as per the proce-
dure of Sambrook et al. [20]. The purity of pBS (SK�) was
confirmed via both agarose gel electrophoresis and UV spec-
troscopy by determining the ratio of absorbance at 260 nm
to the absorbance at 280 nm. The concentration of DNA was
determined from the absorbance at 260 nm (A260¼ 1.0 OD
for 50 mg/mL).

2.5. Determination of DNA cleavage activity [21]

DNA cleavage assay was performed according to the
method described by Sambrook et al. [20] and Yang et al.
[21]. The experiment was performed in a 20 ml NaH2PO4:-
Na2HPO4 buffer (pH 6.7) containing 1 mg supercoiled plasmid
DNA (pBluescript SK�). The reaction mixture was incubated
at 37 �C. After incubating for 25 min, 0.1 M EDTA to a final
concentration of 5 mM was added to terminate the reaction.
The mixture was subjected to electrophoresis on 1.0% agarose
gel at 70 V for 30 min. The DNA cleavage activity was viewed
under UV light (254 nm) and measured by digitizing the pho-
tographic image and quantified using Bio-Rad Quantity one
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version 2000. The degree of DNA cleavage activity was ex-
pressed in terms of the percentage of conversion of the scDNA
to ocDNA according to the following equation:

% DNA cleavage activity

¼ ½% of scDNA�control� ½% of scDNA�sample

½%of scDNA�control
� 100

2.6. Topoisomerase inhibitory assay

Saccharomyces cerevisiae mutant cell cultures, JN271-R52,
JN271-R52 t�1, JN271-R52 t2e5, JN394 (top I and II positive),
JN394 t�1 (top I positive) and JN394 t2e5 (top II positive)
were supplied by Dr. John Nitiss of St. Jude Children’s Re-
search Hospital, Tennessee, USA for carrying out anticancer
assay. The organisms were cultured in Petri dishes containing
YPDA medium (20 mL). The cells from a fully grown plate of
each organism were suspended in saline solution (10 mL) and
diluted to obtain 1� 108 CFU/mL. Fifty microliters of this
suspension was used to inoculate Petri dishes containing the
corresponding media (20 mL). Test compounds were dissolved
in DMSO and added to the inoculated dishes (20 mL) at 5 mM
concentration. The plates containing cell cultures and com-
pounds were incubated at 27 �C for 48 h. At the end of the in-
cubation period, the zones of inhibition were recorded for each
cell suspension used. Solvent control, DMSO (20 mL), was
used where necessary.

2.7. Cyclooxygenase inhibitory assay

The procedure was carried out as per the manufacturer’s
guidelines laid out in the COX inhibitory assay kit provided
by Caymen Chemicals, USA.

2.8. Antibacterial and antifungal assays [22]

The agar diffusion method was followed for antibacterial
and antifungal susceptibility tests. Petri plates were prepared
by pouring 10 mL of Mueller Hinton Agar for bacteria and
Sabouraud Dextrose Agar for fungus and allowed to solidify.
Plates were dried and 0.1 mL of standardized inoculum
suspension was poured and uniformly spread. The excess inoc-
ulum was drained and was allowed to dry for 5 min. The discs
were then applied and the plates were incubated in BOD incu-
bators at 37 �C for 24 h (bacteria) and at 28 �C for 48 h (fun-
gus). The inhibition zone was measured from the edge of the
disc to the inner margin of the surrounding pathogens. Each
assay in this experiment was repeated thrice.

3. Results and discussion

3.1. Preparation and characterization of complexes

Synthesis of homoehetero bimetallic Cu(II) complexes was
achieved in two steps. The first step involved the synthesis of
monometallic 2,2-bipyridyl, 1,10 phenanthroline-5,6-dione
Cu(II) complex and the second step involved template synthe-
sis of bimetallic complexes with N,N-dimethylethylenediamine
and appropriate metal salt followed by the precipitation with
PF6 anion (Fig. 1). The six synthesized complexes have been
characterized spectroscopically using elemental analysis,
FAB mass, IR spectroscopy, EPR, variable temperature mag-
netic studies and electrochemical studies. Data of the elemental
analysis, FAB mass spectra, EPR spectra, IR spectra [23] and
electronic absorption of all the six complexes have been re-
ported in detail by Deepalatha et al. [24]. The FAB mass spec-
tra and simulation of mass isotope peaks of the complexes
confirm the fragmentation pattern expected from the proposed
structure of the complexes. The analytical data of the com-
plexes correlated to the molecular formula CuC24H22N6O10

(I, MW e 492.09), Cu2C32H43N8O3P4F24 (Ia, MW e
713.21), CuCoC32H39N8OP4F24 (Ib, MW e 673.19),
CuNiC32H39N8OP4F24 (Ic, MW e 672.19), CuZnC36H55-
N8O5P4F24 (Id, MW e 806.29) and CuMnC34H48N8O4P4F24

(Ie, MW e 750.25) (Table 1).

3.2. DNA interaction studies by fluorescence

The emission spectra of complex I in the presence of CT-
DNA excited at 500 nm are shown in Fig. 2. Ethidium bromide
(EB) is one of the most sensitive fluorescence probes that can
bind with DNA. The fluorescence of free EB is very low and
tends to increase after intercalating with DNA. If the metal
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Table 1

Elemental data of the complexes

Complexes Found (calculated) %

C H N Cu

I (CuC24H22N6O10) 46.50 (46.64) 3.50 (3.59) 13.56 (13.6) 10.18 (10.28)

Ia (Cu2C32H43N8O3P4F24) 29.60 (29.69) 3.29 (3.35) 8.63 (8.65) 9.89 (9.82)

Ib (CuCoC32H39N8OP4F24) 30.62 (30.65) 3.19 (3.13) 8.85 (8.94) 5.03 (5.07)

Ic (CuNiC32H39N8OP4F24) 30.59 (30.65) 3.17 (3.14) 8.83 (8.94) 5.04 (5.07)

Id (CuZnC36H55N8O5P4F24) 31.12 (31.14) 3.89 (3.99) 8.01 (8.07) 4.52 (4.58)

Ie (CuMnC34H48N8O4P4F24) 30.60 (30.68) 3.59 (3.63) 8.34 (8.42) 4.72 (4.77)

Values given in the brackets are calculated for the given molecular formula.
complex competes and intercalates with DNA, it then leads to
replacement of EB from DNA resulting in a decrease in the
fluorescence intensity [25]. However, such observation was
not seen in fluorescence emission spectrum of denatured
DNA samples [26,27]. The slope of the plot of fluorescence in-
tensity of free EB vs. concentration of EB in the presence of
DNA was found to be 19.254� 10�6 M, by fitting a least
square fit with R2¼ 0.98.

The fluorescence intensity pattern of DNAeEB
(4� 10�6 M�1 and 3.3� 10�6 M�1) as a function of concen-
tration of I was found to be 1e20� 10�6 M in 0.02 mol L�1

of phosphate buffer containing 60 mmol sodium chloride at
pH 7.0 at 300 K (data not shown). The saturation binding con-
stant was constructed by fitting nonlinear regression curve for
unbound metal concentration against the specific binding.
Among the various modes considered for binding of metal
with DNA, the fluorescence intensity pattern was found to fit
with the one site non-cooperative mode of binding. Uma Ma-
heswari and Palaniandavar [27] have reported that [Ru(N-
H3)4(diimine)]Cl2 showed a decrease in luminescence
intensity in the presence of DNA, indicating that the excited
state of these complexes acted as strong oxidizing agents
that could oxidize guanine base.

Many workers [27,28] were of the opinion that the two ma-
jor binding modes of interaction of substrate with DNA were
(a) the intercalation: wherein the metal complexes squeeze
in between the double helix through hydrogen bonding and
(b) the covalent binding: where two major sites are available
for the metal ion to interact with the DNA, one being the elec-
tron-donor groups of the bases, more preferably at the guanine
N-7 and the other the phosphate moieties of the riboseephos-
phate backbone. Saturation binding plot and Scatchard plot
have enabled us to evaluate the required kinetic parameters.
The binding constants and the number of binding sites for
each of the Cu(II) complexes are shown in Table 2. Bi-copper
system Ia showed lower binding constant than the correspond-
ing mono-copper system. The lowering of binding constant is
the direct consequence of the increased geometrical distortion
around the two Cu(II) centers as compared to their correspond-
ing parent mono-copper system [29,30].

In the case of CueCo (Ib) and CueNi (Ic) complexes, the
binding constants and binding sites were found to be 0.5669,
0.7336� 106 M�1, and 0.1764, 0.1580, respectively. Even
though the extent of geometrical distortion was found to be
similar to that of bi-copper system, these complexes showed
higher binding constants. This would be explained in terms
of the tendency of the Co(II) and Ni(II) ions to have the axial
coordination [31]. A possible mode of binding could be the co-
valent binding of Co(II) with the phosphate groups and the ni-
trogen donors of the purines, which might facilitate the
uncoiling of double strand thus decreasing the DNAeEB fluo-
rescence intensity. Muller et al. [32] and Chen et al. [33] have
shown that positively charged mononuclear Ni(II) complexes
could promote efficient cleavage of DNA with a pronounced
preference for accessible guanines. However, as far as the
Ni(II) ion binding details were concerned, it should be pointed
out that numerous studies on mononucleotides [34,35] have re-
vealed that Ni(II) ion preferentially coordinated to N-7 nitro-
gen of purines. Since, N-7 sites of both adenine and guanine
remain exposed it is possible that besides the intercalation of
aromatic groups attached with Cu(II), additionally the Ni(II)
ions might also bind with guanine N-7 resulting in higher
binding constant. The binding constants for the complexes,
Id (CueZn) and Ie (CueMn), were found (Table 2) to be in
the order of 105 M�1, an order lower than that observed for
other mononuclear complexes, possibly due to coordination
kinetics or inherent electronic behavior of d10 and d5 systems
[34].

3.3. DNA cleavage activity

It is well documented [36,37] that there are specific chem-
ical compounds that can specifically recognize and cut DNA.
The potential scope of utility of these compounds is enormous
and range from the creation of synthetic restriction enzymes
for use by molecular biologists to the development of chemo-
therapeutic agents that might be effective against a variety of
diseases including cancer.

Derivatives of diazonium salts [36], NCS aglycon [38],
(aqua)bis-(dipyridoquinoxaline) and copper(II) [37] have
been shown to cleave supercoiled DNA from different bacte-
ria. More appropriately both the naturally occurring DNA
cleavage agents and man-made compounds that can specifi-
cally recognize and cut DNA have been termed as chemical
nucleases [39]. Since DNA cleavage is one of the important
mechanism to arrest the growth of bacteria and viruses, in
the control of diseases particularly cancer, there is consider-
able current interest in the development of reagents suitable
for cleaving DNA. Further, most often the natural products
prove to be toxic to the cells and hence great efforts are
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Fig. 2. (a) Fluorescence emission spectra of ethidium bromide in the presence of DNA and complex I, excited at 500 nm. [EB]¼ 3.3� 10�6 M,

[DNA]¼ 4� 10�6 M, [I]¼ 1e20� 10�6 M in 0.02 mol L�1 of phosphate buffer containing 60 mmol sodium chloride at pH 7.0 at 300 K. (b) Saturation binding

graph and Scatchard plot for the complexes, Bmax represents the number of binding sites, KD represents the inverse of complex to DNA binding constant,

lex¼ 500 nm, lem¼ 640 nm, [EB]¼ 3.3� 10�6 M, [DNA]¼ 4� 10�6 M, [complex]¼ 1e20� 10�6 M in 0.02 mol L�1 of phosphate buffer containing

60 mmol sodium chloride at pH 7.0 at 300 K.
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directed towards the design of synthetic analogs capable of
cleaving DNA in a similar manner without exhibiting the asso-
ciated toxicity. As a sequel to find out whether any of these
synthesized compounds would exhibit DNA cleavage activi-
ties in vitro, their effect at concentrations of 10 mM, 2 mM,
and 0.1 mM was studied using pBS (SK�) DNA and the re-
sults are shown in Figs. 3 and 4. While at 10 mM concentra-
tion, the percent DNA cleavage activity occurred as
evidenced by the total disappearance of DNA (lanes e 2, 5,
8, 11, 14, 17), at lower concentrations of 2 mM and 0.1 mM,
no DNA cleavage activity was observed (lanes e 3, 4, 6, 7,
9, 10, 12, 13, 15, 16, 18, 19). However, as to the optimization
of conditions like substrate concentration, concentration of the
compound, temperature, period of incubation, pH, etc., more
detailed experiments are required to be carried out. Though
many workers have reported several mechanisms for action
of DNA cleavage such as (a) photolytic formation of phenyl
cations [40], (b) alkylation of the purines [36], and (c) hydro-
lytic cleavage of double-stranded DNA involving a phosphoe
diester bond [37] and abstraction of a C-50 hydrogen from
thymidylate and adenylate residues [38], the mechanism of
action of Cu(II) complexes on DNA cleavage is underway.

The ability of complex Ia to cleave pBS (SK�) at 10 mM,
2 mM, and 0.1 mM concentrations is shown in Figs. 3 and 4. As
has been observed in the monomer I, at the highest concentra-
tion of 10 mM employed in present study, complete disappear-
ance of pBS (SK�) DNA was observed (lane 5). A decrease in
intensity of pBS (SK�) DNA (lane 6) is a reflection of the
mild DNA cleavage activity of the compound. It is not known
whether the period of incubation is a rate-limiting factor. In
respect to compounds Ib, Ic, Id and Ie, similar patterns of
DNA cleavage were seen at different concentrations tested
(lanes 8e19), showing cent percent cleavage at the highest

Table 2

Kinetic data of binding of metal complexes with calf thymus-DNA from fluo-

rescence emission data at lex¼ 500 nm, lem¼ 640 nm, [EB]¼ 3.3� 10�6 M,

[DNA]¼ 4� 10�6 M, [complex]¼ 1e20� 10�6 M in 0.02 mol L�1 of phos-

phate buffer containing 60 mmol sodium chloride at pH 7.0 at 300 K

Complexes No. of binding sites (Bmax) Ka (106 M�1)

I 0.2184 0.2254

Ia 0.1616 0.1813

Ib 0.1764 0.5669

Ic 0.1580 0.7336

Id 0.1899 0.0878

Ie 0.2468 0.0789
concentration of 10 mM. However, at lower concentration of
2 mM, I and Ia alone showed partial DNA cleavage activity.

The decrease in luminescence intensity in the presence of
DNA by complex I employed in the present study could be
due to DNA cleavage activity besides oxidation of guanine
base. Thus the mono- and bi-copper complexes (I, Ia) are
promising candidates as chemical nucleases to cleave DNA
with far reaching consequences.

3.4. Cyclooxygenase enzymes (COX-I and COX-II)
inhibitory assay

Cyclooxygenase (COX) or prostaglandin endoperoxide H
synthase (PGHS) enzymes are used widely to measure the
anti-inflammatory effects of natural products and are the phar-
macological target site for non-steroidal anti-inflammatory
drug (NSAID) discovery [41]. The formation of prostaglan-
dins from arachidonic acid by prostaglandin synthase is
a well-studied process and the effects of the prostaglandins
can result in the stimulation of inflammation and associated
pain [41,42]. Two isozymes involved in the conversion of
arachidonic acid to prostaglandins are COX-I and COX-II
[41,42].

IC50s for inhibition of the COX-1 and COX-2 by different
complexes are shown in Fig. 5. While complexes Ib and Ic
were more inhibitory to COX-1, complexes I, Ia, Id, and Ie
were more inhibitory to COX-2. The rankings shown in Table
3 are reflections of relative selectivity for inhibition of COX-1
or COX-2 by the 2,2-bipyridyl based bimetallic complexes. A

Fig. 4. Percent cleavage of pBS (SK�) DNA in the presence of different Cu(II)

complexes at 10 mM ( ), 5 mM ( ) and 0.1 mM ( ) concentrations.
Fig. 3. Agarose gel electrophoresis showing the cleavage of pBS (SK�) DNA (1 mg) by ligand complexes and 0.1 M phosphate buffer and NaCl. Lane 1: control

DNA, lane 2: DNAþ 10 mM complex I, lane 3: DNAþ 2 mM complex I, lane 4: DNAþ 0.1 mM complex I, lane 5: DNAþ 10 mM complex Ia, lane 6:

DNAþ 2 mM complex Ia, lane 7: DNAþ 0.1 mM complex Ia, lane 8: DNAþ 10 mM complex Ib, lane 9: DNAþ 2 mM complex Ib, lane 10: DNAþ 0.1 mM

complex Ib, lane 11: DNAþ 10 mM complex Ic, lane 12: DNAþ 2 mM complex Ic, lane 13: DNAþ 0.1 mM complex Ic, lane 14: DNAþ 10 mM complex

Id, lane 15: þ2 mM complex Id, lane 16: DNAþ 0.1 mM complex Id, lane 17: DNAþ 10 mM complex Ie, lane 18: DNAþ 2 mM complex Ie, and lane 19:

DNAþ 0.1 mM complex Ie.
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Fig. 5. COX-I and COX-II inhibitory assay by 2,2-bipyridyl based bimetallic complexes. The activities of COX-1 and COX-2 enzymes in the presence of different

Cu(II) complexes at various concentrations were estimated. --- Ia, -C- I, -:- Ib, -;- Ic, -A- Id, -=- Ie. The IC50s are shown numerically.
ratio of concentration of IC50 of COX-1 to IC50 of COX-2
close to 1 indicated nearly equal selectivity [41,42]. Employ-
ing indomethacin and their analogs, [42], reported varying in-
hibitions of COX-1 and COX-2 activities suggesting that
removing chlorine from the benzene ring or changing its posi-
tion from para, or replacing it with another halogen, affected
the ability of the compound to inhibit COX-2.

Likewise in our studies all the analogs that have been devel-
oped did not exhibit any marked variation in their inhibition to
COX-1 and COX-2. To the best of our knowledge this is the
first report wherein the inhibition of COX-1 and COX-2 activ-
ities by 2,2-bipyridyl based bimetallic complexes is shown.
Apparently the complex Ia containing the bi-copper and com-
plex I containing mono-copper without the association of
other metals prove to be more toxic to cyclooxygenases. In
other words the question that remains to be answered is: did
the addition of other metals either singly or in combination
with L1 lead to reduction in inhibition of cyclooxygenases?
Though contradictory reports on the usefulness of COX-2

Table 3

Ratio of concentration of complex (IC50) that inhibited 50% of cyclooxyge-

nase-1 (COX-1) activity to the IC50 for COX-2 activity

Rank Complexes Ratioa

1 Ib (CuCoC32H39N8OP4F24) 1.171

2 Ic (CuNiC32H39N8OP4F24) 1.152

3 Ia (Cu2C32H43N8O3P4F24) 0.966

4 I (CuC24H22N6O10) 0.926

5 Id (CuZnC36H55N8O5P4F24) 0.838

6 Ie (CuMnC34H48N8O4P4F24) 0.833

a Ratio> 1 indicates that a drug is more COX-1 selective; ratio< 1 indicates

that a drug is more COX-2 selective. Ratio represents values obtained for the

concentration of complexes (IC50) that inhibited 50% of COX-1 and COX-2

activities.
inhibition have been published [41,42], the fact that the 2,2-bi-
pyridyl based bimetallic complexes I, Ia, Id and Ie selectively
inhibited COX-2 activity is encouraging and hold much prom-
ise for their use as effective anti-inflammatory agents.

3.5. Topoisomerase inhibitory assay

DNA topoisomerases are important targets of anticancer
chemotherapeutic agents. These enzymes are involved in and
are essential for the completion of DNA metabolic activities
in cells including replication, transcription and recombination.
The enzymes are divided into two classes, namely, type I (top-
oisomerase I) and type II (topoisomerase II) enzymes. These
enzymes catalyze the breakage and rejoining of DNA strands
in order to interconvert different topological forms of DNA
[43,44].

The topoisomerase inhibitory assay was carried out as per
the guidelines stipulated by the manufacturer. The basis for
the assay lies in the ability of anticancer compounds to inhibit
or poison the activities of topoisomerase I (top I) and topoiso-
merase II (top II). Cancer cells have been shown to possess el-
evated levels of top I and top II enzymes [43,44]. Therefore,
inhibition of these enzymes would be expected to lead to a de-
crease in cell proliferation. Extensive reviews on the role of
DNA topoisomerases in human as well as in yeast have been
published [43,44]. The catalytic activity of DNA topoiso-
merases by their interference with different cellular processes
has also been reviewed [45,46]. It is well known that wild type
laboratory yeast strains are not sensitive to most DNA topoiso-
merase targeted drugs [44,47]. Since many of these drugs con-
vert DNA topoisomerases into cellular poisons, assessing the
cytotoxic activity of these agents is dependent upon achieving
sufficient intracellular concentrations to interfere with enzyme
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activity. However, this initial impediment by using yeast as
a model system to establish the mechanism of drug action
was overcome by developing drug-sensitive yeast strains, ei-
ther by manipulating drug permeability or by increasing the
level of enzyme activity [44] and yeast cells are preferred to
bacterial cells to study the activity of anti-topoisomerase drugs
due to their closer genetic and biochemical resemblance to
mammalian cells. Inhibition assay of top I and top II by differ-
ent complexes in mutant yeast strains (JN394, JN394 t�1 and
JN394 t2e5) known to contain either or both the enzymes is
shown in Table 4. Interestingly, there existed no marked differ-
ence in the inhibition of topoisomerase activity by any of the
complexes tested.

3.6. Anti-microbial activity

A plethora of information on the antibacterial and antifun-
gal activities of natural products obtained from seeds [22],
roots [48], plant parts [49], marine bacteria [50], marine ani-
mals [51], etc. are available. However, due to complexity in
the isolation, identification and synthesis of the natural prod-
ucts, great attention is directed towards synthesis of synthetic
compounds active against a wide variety of bacteria and fungi
that cause diseases in humans and animals. In this direction, it
was felt necessary to test whether any of the synthesized bime-
tallic complexes (IeIe) would prove to be effective in control-
ling the growth of a few important bacteria and C. albicans
and the results are shown in Table 5. Surprisingly all the com-
plexes at the conc. of 5 mM did inhibit the growth of Gram-
positive and Gram-negative bacteria besides C. albicans. It
is not known as to why invariably all the complexes did
show lesser inhibition with the exception of complex Ic
against K. pneumoniae. As suggested by Chandrasekaran
and Venkatesalu [22] this could be due to the permeability
of the complexes or resistance mechanism displayed by K.
pneumoniae against these complexes. However, one interest-
ing aspect that has emerged from our studies is that all the syn-
thesized bimetallic complexes definitely possess anti-
microbial activity.

4. Conclusions

Synthesis of six new bimetallic complexes of the type
CuCu, CuCo, CuNi, CuZn and CuMn was achieved and the
structure is proposed based on various spectroscopical and
electro analytical techniques. All the complexes effectively

Table 4

Inhibitiona of topoisomerase activity by different bimetallic compounds

Cultures (1� 108 CFU/mL) Ia Ib Ic Id Ie I

Saccharomyces cerevisiae strain 394 13.7 10.1 9.6 12.8 11.8 15.5

S. cerevisiae strain 394 t�1 13.5 10.2 9.2 12.7 11.5 15.4

S. cerevisiae strain 394 t2e5 13.8 10.0 9.8 12.9 11.9 15.7

a Values are mean diameter of inhibition zone (mm) and an average of trip-

licate. I [CuC24H22N6O10], Ia [Cu2C32H43N8O3P4F24], Ib [CuCoC32H39-

N8OP4F24], Ic [CuNiC32H39N8OP4F24], Id [CuZnC36H55N8O5P4F24], and Ie

[CuMnC34H48N8O4P4F24] each at a concentration of 5 mM.
bind to DNA at a concentration ranging from 1� 10�6 M to
20� 10�6 M. The enhanced binding capacity of Co and Ni
complexes is attributed to their axial binding abilities to pu-
rines. The results clearly indicated that among the six 2,2-bi-
pyridyl bimetallic copper(II) complexes, the homoehetero
bimetallic complexes I, Ia at a concentration of 0.1 mM also
partially cleaved the DNA of pBS (SK�) in vitro. Complexes
I and Ia selectively inhibited COX-2 which is a pro-inflamma-
tory marker. Similarly complexes I and Ia also inhibited both
top I and top II enzyme activities at a concentration as low as
5 mM. At a concentration of 5 mM, complexes I and Ia in-
hibited the growth of Gram-positive bacteria, Gram-negative
bacteria and C. albicans. Complexes I and Ia based on the re-
sults of our study hold much promise in the drug discovery
program as a potential lead molecule for further cell line stud-
ies and its potential use as an anti-inflammatory and anti-
microbial candidate molecule.
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