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The mixed-ligand complexes [Cu(L)(maltol)] where L = 2,20-bipyridine (bpy; 1), 1,10-phenanthroline (phen; 2), 1,10-
phenanthroline-5,6-dione (phendione; 3), dipyrido[3,2-a:20,30-c]phenazine (dppz; 4), and 4b,5,7,7a-tetrahydro-4b,7a-
epiminomethanoimino-6H-imidazo[4,5-f][1,10]-phenanthroline-6,13-dione (bipyridylglycoluril; bpg; 5) have been
synthesized and characterized by structural, analytical, and spectral methods. The single-crystal X-ray structures
of 1, 2, and 5 exhibit a distorted square-pyramidal structure, with the polypyridyl ligands and maltol occupying
equatorial positions and either a water or nitrate anion at the axial position. The N,N-dimethylformamide glass as well
as the single-crystal electron paramagnetic resonance of the complexes confirms the distorted square-pyramidal
structure. The DNA binding investigated using different techniques (absorption titration, viscosity, thermal melting, and
fluorescence quenching) indicates the partial intercalation of the planar polypyridyl ligands into DNA. The complexes
cleave plasmid pBR322 DNA by a hydrolytic mechanism. The kinetic aspects of DNA cleavage under pseudo-
Michaelis-Menten and true Michaelis-Menten conditions as well as the phosphodiesterase activity using model
4-nitrophenylphosphate are also detailed. The cytotoxicity of the complexes against HeLa (cervical) cancer cell lines
shows that synergy between the metal and ligands results in a significant enhancement in the cell death with IC50 of
∼150-270 μg mL-1.

Introduction

Aprecise understanding of the DNA binding properties of
transition-metal complexes is of paramount importance
because of their potential use as drugs, regulators of gene
expression, and tools for molecular biology and nanotech-
nology.1-5 The clinical success of cisplatin6-9 and related
platinum-based drugs, as anticancer agents that bind cova-
lently to DNA, is severely affected by the serious side effects,
general toxicity, and acquired drug resistance. This is an
impetus to inorganic chemists to develop innovative strate-

gies for the preparation of more effective, less toxic, target-
specific, and preferably noncovalently bound anticancer
drugs.10,11 Transition-metal poplypyridyl complexes have
been at the forefront of these investigations because of their
unusual electronic properties, diverse chemical reactivity,
and peculiar structure, which result in noncovalent interac-
tions with DNA.12 Sigman and co-workers have developed
the first chemical nuclease [Cu(phen)2]

þ that effectively
cleaves B-DNA in the minor groove in the presence of a
reducing agent13-15 and also exhibits antiviral activity, which
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inhibits proviral DNA synthesis.16 A number of mononuc-
lear copper(II) polypyridyl and mixed-ligand polypyridyl
complexes, viz., [Cu(dpq)2(H2O)]

2þ,17 [Cu(dppz)2Cl]
þ,18 [Cu-

(L)Cl2]
2þ (where L=5,50-diguanidylmethyl-2,20-bipyridyl ca-

tion19 and 5,50-di-1-aminomethyl-2,20-bipyridyl cation),20 and
[Cu(imda)L]21 (where imda=iminodiacetic acid and L=1,
10-phenanthroline, 5,6-dimethyl-1,10-phenanthroline, and di-
pyrido[3,2-d:20,30-f]quinoxaline), wherein the copper-bound
hydroxyl is the active species that hydrolyzes the nucleic acid
phosphatebackbonehavebeen reported.Recently,Reedjik and
co-workers have reported efficient self-activatedDNAcleavage
and cytotoxic effects on L1210 murine leukemia and A 2780
human ovarian carcinoma cell lines by the complexes [Cu-
(pyrimol)Cl]22 and [Cu(pbt)Br2]

23 [pbt=2-(2-pyridyl)benz-
thiazole]. The in vitro antitumor effect of [Cu(phendione)3]

2þ

on human epithelial cell lines has also been studied.24 Mixed-
ligand copper(II) phenolate complexes of the type [Cu(tdp)L]þ

(where tdp = 2-[(2-(2-hydroxyethylethylimino)methyl]phenol
andL=diimine ligand) exhibit anticancer activity with potency
greater than that of cisplatin andmitomycin against the human
cervical epidermoidal carcinoma (ME180) cell line.25 Other
complexes, like copper(II) phenanthroline L-threonine26 and
copper(II) phenanthroline diisopropyl salicylato,27 exhibit
cytotoxicity and antiviral activity. Similarly, complexes of
the types [Cu(phen)(edda)]28 and [Cu(phen)(N-propylnor-
floxacin)Cl]29 exhibit anticancer and antileukemic activity,
respectively, indicating that the synergy between the metal
and ligand results in enhancement of their antiproliferative
properties. The dimeric copper complex of an unsymmetric
ligand N-(2-hydroxybenzyl)-N,N0,N0-tris(2-pyridylmethyl)-1,3-
diaminopropan-2-ol (H2btppnol) promotes hydrolysis of the
P-O phosphate diester bond, hydrolytically cleaves plasmid
DNA at physiological pH, and is cytotoxic to a human
carcinoma cell line.29b

Therefore, in the present work, we report the synthesis,
structural characterization, nuclease activity, phosphodies-
terase activity, and cytotoxicity of [Cu(L)(maltol)] (where
maltol is 3-hydroxy-2-methyl-4-pyrone and L is polypyridyl
ligands), as shown in Scheme 1. The rationale for the choice
of maltol as the coligand is that it serves as a chelator for
many metal ions and its complexes with oxovanadium(IV)
and iron(III) are reported to be insulin enhancers with a
potential use in the treatment of diabetes,30-34 and itwas also
used as an oral drug to remove the excess of iron in
thallasaemia or hemochromatosis.35 Maltolate anion is a
good leaving group in DNA-targeted complexes.36 Maltol-
mediated stimulation of transition-metal reduction with
concomitant generation of reactive oxygen species causing
apoptosis-inducing, antimicrobial, and antitumoral effects is
also documented.37,38 Thus, in the present series of com-
plexes, we have an ensemble of polypyridyl ligands with
varying intercalating ability, a bioavailable redox metal ion,
copper, a prooxidant coligand, maltol, and coordinated
aqua/nitrate ligands, which can act as nucleophiles toward
phosphodiester bonds in nucleic acids.

Experimental Section

Reagents and Materials. All reagents and solvents were
purchased commercially and were used as received. Cu-
(NO3)2 3 3H2O, 2,20-bipyridine, and 1,10-phenanthroline were
obtained from SRL (India), and maltol was obtained from
Lancaster (U.K.). Calf thymusDNA (CT-DNA)was purchased
from SRL (India). The enzyme superoxide dismutase (SOD
EC1.15.1.1) was purchased from Sigma Chemical Co. Deio-
nized water was used for preparation of the buffers. Supercoiled
pBR322 DNA (CsCl purified) was obtained from Bangalore
Genei (Bangalore, India) and used as received.

Synthesis of Polypyridyl Ligands. The ligands 1,10-phenen-
throline-5,6-dione (phendione)39 and dipyrido[3,2-a:20,30-
c]phenazine (dppz)40 were synthesized according to literature
protocols. 4b,5,7,7a-Tetrahydro-4b,7a-epiminomethanoimino-
6H-imidazo[4,5-f][1,10]phenanthroline-6,13-dione (bpg) was
prepared by modification of the literature methods.41,42

Synthesis of Complexes. [Cu(bpy)(maltol)(NO3)] (1). An
aqueous solution of Cu(NO3)2 3 3H2O (1 mmol) was added to
a solution of 2,20-bipyridine (1 mmol) and maltol (1 mmol) in
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30 mL of methanol and was refluxed for 3 h. After 2-3 days,
green crystals suitable for X-ray analysis were collected (yield:
78%). Other complexes are prepared similarly by using appro-
priate polypyridyl ligands. Elem anal. Found (calcd) for
C16H13N3O6Cu: C, 46.93 (47.23); H, 3.18 (3.22); N, 10.15
(10.32). UV-vis (H2O, nm) (ε, M-1 cm-1): 646 (35). FT-IR
(ν, cm-1): 549, 613, 1031, 1280, 1388,1654. μeff (300 K): 1.68 μB.
Λm (S m2 M-1) in water at 27 �C: 237.

[Cu(phen)(maltol)(H2O)](NO3) 3H2O (2). The complex was
prepared using a procedure similar to that for 1 by using 1,10-
phenanthroline instead of 2,20-bipyridine. Elem anal. Found
(calcd) for C18H17N3O8Cu: C, 46.25 (46.30); H, 3.50 (3.56); N,
8.96 (9.00). UV-vis (H2O, nm) (ε, M-1 cm-1): 650 (42). FT-IR
(ν, cm-1): 549, 609, 1039, 1276, 1396, 1651, 1562, 3350. μeff (300K):
1.70 μB.Λm (S m2 M-1) in water at 27 �C: 243.

[Cu(phendione)(maltol)(H2O)](NO3) 3H2O (3). The complex
was prepared using a procedure similar to that for 1 by using
1,10-phenanthroline-5,6-dione instead of 2,20-bipyridine. Elem
anal. Found (calcd) for C18H17N3O11Cu: C, 41.96 (41.99); H,
3.30 (3.32); N, 8.13 (8.15). UV-vis (H2O, nm) (ε, M-1 cm-1)
649, 548 (43). FT-IR (ν, cm-1): 501, 630, 1066, 1278, 1384, 1645,
1616, 1579, 1579, 3360, 1716.μeff (300K): 1.61μB.Λm (Sm2M-1) in
water at 27 �C: 251.

[Cu(dppz)(maltol)(H2O)](NO3) 3 2H2O (4). The complex was
prepared using a procedure similar to that for 1 by using
dipyrido[3,2-a:20,30-c]phenazine instead of 2,20-bipyridine. Elem
anal. Found (calcd) for C24H21N5O9Cu: C, 49.05 (49.10); H,
3.52 (3.60); N, 11.6 (11.93). UV-vis (H2O, nm) (ε, M-1 cm-1):
580, 456, 377 (40, 316). FT-IR (ν, cm-1): 580, 615, 1043, 1230,
1388, 1614, 1530, 3375. μeff (300 K): 1.70 μB. Λm (S m2 M-1) in
water at 27 �C: 235.

[Cu(bpg)(maltol)(NO3)] 3 0.3H2O (5). The complex was pre-
pared using a procedure similar to that for 1 by using 4b,5,7,7a-
tetrahydro-4b,7a-epiminomethanoimino-6H-imidazo[4,5-f]-
[1,10]-phenanthroline-6,13-dione instead of 2,20-bipyridine.
Elem anal. Found (calcd) for C20H21N7O11Cu: C, 39.94
(40.17); H, 3.20 (3.53); N, 16.30 (16.38). UV-vis (H2O, nm)
(ε, M-1 cm-1): 643 (38). FT-IR (ν, cm-1): 550, 612, 1033, 1284,
1389, 1565, 1556.μeff (300K): 1.63 μB.Λm (Sm2M-1) inwater at
27 �C: 240.

Methods and Instrumentation. FT-IR spectra were recorded
as KBr pellets on a Perkin-Elmer FT-IR 283-B spectrophot-
ometer at the Microanalytical Laboratory, University of Pune.
Electronic absorption spectra were recorded on a Shimadzu
UV-vis spectrophotometer (UV 1601) in the range of 250-900
nm using a matched pair of 1 cm quartz cells at University of
Pune. Electrochemical studies were performed in a dimethyl
sulfoxide (DMSO) solvent on a Bioanalytical System BAS CV-
27 and aCH Instrumentsmodel 1100Awith anX-Y recorder in
our laboratory using a three-compartment cell consisting of a
2 mm diameter platinum inlay working electrode, a platinum wire

as an auxiliary electrode, and a saturated calomel electrode
(SCE) as a reference electrode. Tetraethylammonium perchlo-
rate (TEAP; 0.1 M) was used as a supporting electrolyte. 1H
NMR spectra of ligands were measured on a Varian-Mercury
300MHz spectrometer withCDCl3 andDMSO-d6 as solvents at
room temperature. All chemical shifts are given relative to
tetramethylsilane as the internal standard. Magnetic suscept-
ibilities at room temperature were measured on a Faraday
balance calibrated using mercury(II) tetrathiocyanatocobalt(II)
as a calibrant. Molar conductivity measurements were made
using an Equiptronics model EQ 664 conductivity meter. The
electron spin resonance (ESR) spectra were recorded in DMSO
at 77 K on a Varian X-Band spectrophotometer at Regional
Sophisticated Instrument Center, Indian Institute of Technol-
ogy, Powai, Mumbai, India, using tetracyanoethylene as the
internal standard. Single-crystal ESR spectra were recorded
after a 10� rotation at one axis.

Single-Crystal X-ray Diffraction Studies. Single-crystal X-ray
structures of the complexes 1, 2, and 5were collected on aBruker
three-circle platform diffractometer equipped with a SMART
1000 CCD detector. All data were corrected for Lorentzian,
polarization, and absorption effects. The program package
SHELX-9743 (Sheldrick, G. M. SHELX-97 program for crystal
structure solution and refinement; University of G

::
ottingen:

G
::
ottingen, Germany, 1997) was used for structure solution

and full matrix least-squares refinement on F2. Hydrogen atoms
for the cations were included in the refinement as per the riding
model. Hydrogen atoms for some of the water molecules were
obtained by a difference map and were refined by keeping the
isotropic thermal parameters fixed.

DNA Binding Experiments. CT-DNA was used for binding
studies with the various copper(II) mixed-ligand polypyridyl
complexes investigated during this work. The stock solutionwas
prepared by dissolving CT-DNA in a phosphate buffer (pH 7.2)
and kept overnight at 4 �C for complete dissolution. The DNA
concentration per nucleotide was determined by absorption
spectroscopy using the molar absorption coefficient (6600 M-1

cm-1) at 260 nm. Solutions of CT-DNA in a phosphate buffer
gave a ratio of absorbance at 260 and 280 nm of 1.8-1.9:1,
indicating that the DNA was sufficiently free of protein.44

Competitive Binding Fluorescence Measurements. Emission
intensity measurements were carried out using a Shimadzu
spectrofluorimeter. A phosphate buffer was used as a blank to
make preliminary adjustments. The extinction wavelength was
fixed, and the emission range was adjusted before measure-
ments. DNA was pretreated with ethidium bromide (EBR)
in the ratio [NP]:[EBR] = 1:1 for 15 min. The metal complexes

Scheme 1. Structures of Polypyridyl Ligands and Maltol Used in the Present Study
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were then added to this mixture, and their effect on the emission
intensity was measured.45

Viscosity Measurements. Viscosity experiments were carried
out using a semimicroviscometer maintained at 28 �C in a
thermostatic water bath. The flow time of solutions in a
phosphate buffer (pH 7.2) was recorded in triplicate for each
sample, and an average flow time was calculated. Data were
presented as (η/η0)

1/3 versus the binding ratio, where η is the
viscosity of DNA in the presence of a complex and η0 is the
viscosity of DNA alone. Viscosity values were calculated from
the observed flow time of DNA-containing solutions (t) cor-
rected for that of buffer alone (t0), η = t - t0.46,47

DNA Thermal Denaturation Studies. Thermal melting curves
were obtained on a Jasco UV-vis spectrophotometer with a
Peltier assembly (ETC 717) connected to a temperature con-
troller. Themelting curveswere recorded at the samemolar ratio
of the compound toDNA (r) bymeasurements of the changes in
absorption at 260 nm as function of the temperature in the range
25-95 �C.Tm values were determined from themaximum of the
first derivative or tangentially from the graph at the midpoint of
the transition curves.ΔTm values were calculated by subtracting
Tm of the free nucleic acid fromTm of the nucleic acid interacted
with the complex.48

DNA Cleavage Experiments. DNA Cleavage Studies Using

Agarose Gel Electrophoresis. Electrophoresis through agarose is
the standard method used to separate, identify, or purify DNA
fragments.When an electric field is applied across the gel, DNA,
which is negatively charged at neutral pH, migrates toward the
anode. The intact supercoiled (SC, form I) DNAmigrates faster
than the single-nicked (NC, form II) DNA in the gel. This
technique has been employed to identify the products of DNA
cleavage, which was carried out in this work.

A 10 μL total sample volume in 0.5 mL transparent eppendorf
microtubes contains pBR322DNA (100 ng) and ametal complex.
For the gel electrophoresis experiments, supercoiled pBR322
DNA was treated with the metal complex and the mixture was
incubated for 30 min at 37 �C. The samples were analyzed by 1%
agarose gel electrophoresis [Tris-boric acid-ethylenediaminete-
traacetic acid (EDTA) (TBE) buffer, pH8.2] for 3 h at 60mV.The
gel was stained with 0.5 μgmL-1 ethidium bromide, visualized by
UV light, andphotographed for analysis.The extent of cleavageof
the SC DNA was determined by measuring the intensities of the
bands using the Alpha Innotech Gel Documentation System
(AlphaImager 2200). For mechanistic investigations, experiments
were carried out in the presence of radical scavenging agents, viz.,
DMSO,mannitol, DABCO (OH• radical), NaN3, L-histidine (

1O2

radical), and SOD (O•2- radical), which were added to SC DNA
prior to the addition of the complex.

Kinetic Measurements Using the Gel Electrophoresis Techni-

que. For kinetic measurements, DNA cleavage rates at various
complex concentrationsweremeasured in aTBEbuffer (pH8.2)
at 37 �C for different intervals of time. After incubation and
irradiation of the DNA and copper(II) complexes for a defined
time, 2 μL of the loading buffer (0.25% bromophenol blue,
0.25% xylene cyanol, 40% glycerol, and 2 mM EDTA) was
added. The sampleswere then loaded directly onto a 1%agarose
gel and electrophoresed at a constant voltage of 60mV. The gels
were viewed in an Alpha Innotech Gel Documentation System
and photographed using a digital camera, and densitometric
calculations were performed using the software provided by
Alpha Innotech. The decrease in the intensities of form I were
then plotted against complex concentrations, and these were fitted
well with a single-exponential decay curve (pseudo-first-order

kinetics) by use of eq 1, where y0 is the initial percentage of a
form of DNA, y is the specific form of DNA at time t, const is
the percentage of uncleaved DNA, Kobs is the hydrolysis rate or
apparent rate constant, andVmax is themaximal reaction velocity.
Careful optimization of electrophoretic and densitometric techni-
ques led to pseudo-first-order kinetics and allowed the determina-
tion of true Michaelis-Menten kinetic parameters.

y ¼ ðy0 -constÞ expð-KobsxÞþconst ð1Þ
Kobs

0 versus [Cu] was plotted and fit using eq 2, which allows the
determination of both the rate constants andMichaelis-Menten-
“type” kinetic values. Similar experiments with constant complex
concentrations and varying DNA (10-90 μM) concentrations
were performed, and the intensities were plotted against substrate
concentrations by use of eq 3.

Kobs
0 ¼ Vmax

0½catalyst�=ðKM þ ½catalyst�Þ ð2Þ

Kobs ¼ Vmax½substrate�=ðKM þ ½substrate�Þ ð3Þ
T4 Ligase Enzymatic Assay. DNA ligation is used in order to

link DNA fragments end-to-end using either complementary
overhangs, “sticky” ends, or “blunt” ends. The enzyme used to
catalyze the ligation reaction was T4DNA ligase fromEscherichia
coli phage T4. This enzyme covalently links the DNA strands
by generating a phosphodiester bond between 30-hydroxy and
50-phosphate groups. Low-melting agarose was used for T4 ligase
gel electrophoresis experiments and were carried out at low
temperature.

An enzymatic assay was performed using T4 DNA ligase to
determine whether the cleaved products were consistent with
hydrolysis of the phosphodiester linkages in DNA.48 For the
religation experiments, the NC DNA obtained from the hydro-
lytic cleavage reaction was recovered from agarose gel by the
phenol extractionmethod and purified by ethanol precipitation.
A mixture of 1 μL of 10� ligation buffer, 4 units of T4 DNA
ligase, andNCDNAwas incubated at 16 �C for 18 h prior to gel
electrophoresis.

KineticMeasurements Using 4-(Nitrophenyl)phosphate (NPP;

Phosphodiesterase Activity). Hydrolysis of NPP produces
4-nitrophenolate with a maximum absorbance at 400 nm and
an extinction coefficient of 18 700mol-1 cm-1. The initial rate of
production of 4-nitrophenolate was monitored spectrophoto-
metrically at 400 nm, and the concentration of 4-nitrophenolate
produced was calculated from the extinction coefficient.

To correct the spontaneous hydrolysis of the phosphodiester,
the rate of each reaction wasmeasured against the reference cell,
which was identical in composition but lacked the complex.
The reaction was monitored up to 1 h until saturation. The
initial rate of reaction was obtained directly from a plot of the
4-nitrophenolate concentration versus time, which was linear.
Reactions were performed in a phosphate buffer, and an ionic
strength of 0.10 M was maintained with NaNO3.

49,50

Cytotoxicity Studies.Cytotoxicity studies were carried out on
a HeLa cell line, which was obtained from National Center for
Cell Science, Pune University, Pune, India.

(a) Cell Viability Assay. Cell viability was carried out using
theMTTassaymethod.51 The cells were seeded in a 24-well plate

(45) Ramkrishnan, S.; Palaniandavar, M. Dalton Trans. 2008, 3866.
(46) Cohen, G.; Eisenberg, H. Biopolymers 1969, 8, 45.
(47) Deshpande, M. S.; Kumbhar, A. A.; Kumbhar, A. S.; Kumbhakar,

M.; Pal, H.; Sonawane, U. B.; Joshi, R. R. Bioconjugate Chem. 2009, 20, 447.
(48) He, J.; Hu, P.;Wang, Y.-J.; Tong,M.-L.; Sun, H.;Mao, Z.-W.; Ji, L.-

N. Dalton Trans. 2008, 3207.

(49) (a) Pamatong, F. V.; Detmer, A. C., III; Bocarsly, J. R. J. Am. Chem.
Soc. 1996, 118, 5339. (b) Sreedhara, A.; Freed, J. D.; Cowan, J. A. J. Am. Chem.
Soc. 2000, 122, 8814.

(50) Deck, K.M.; Tseng, T. A.; Burstyn, J. N. Inorg. Chem. 2002, 41, 669.
(51) Blagosklonny, M.; EI-diery, W. S. Int. J. Cancer 1996, 67, 386.
(52) (a) Meyer, B. N.; Ferrigni, N. R.; Putnam, J. E.; Jacobsen, L. B.;

Nichols, D. E.; McLaughlin, L. L. Planta Med. 1982, 45, 31. (b) Latha, L. Y.;
Sasidharan, S.; Zuraini, Z.; Suryani, S.; Shirley, L.; Sangetha, S.; Davaselvi, M.
Afr. J. Tradit., Complementary, Altern. Med. 2007, 4, 59.
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at a density of 104 cells well-1 in Dulbuco’s Modified Eagle’s
Medium containing 10% fetal calf serum and a 0.1% antibiotic
solution for 24 h at 37 �Cand 5%CO2 for adherence. Complexes
1-5, in a concentration of 50-400 μg mL-1, dissolved in
DMSO and distilled water, were added to the wells with a fresh
medium. DMSO was used as a vehicle control. After every 24,
48, and 72 h of incubation, MTT assay was carried out. AMTT
solution (20 μL, 5 mg mL-1) prepared in a 10 mM phosphate
buffer was added to each well and incubated for 4 h. The purple
formazan product was dissolved by addition of 100 μL of 100%
DMSO for 5 min. The absorbance was measured at 570 and
630 nm using an ELISA plate reader, and the viability was
calculated. Data were collected for three replicates each and
were used to calculate the mean. The percentage inhibition was
calculated from this data:

% inhibition ¼ mean OD of untreated cells ðcontrolÞ
mean OD of treated cells ðcontrolÞ � 100

(b) Brine Shrimp Method. The toxicity test of complexes 1-5
was carried out on brine shrimp, Artemia salina, by the method
of Meyer et al.52a Brine shrimp eggs were hatched in artificial
seawater prepared from 20% commercial sea salt (Sigma
Aldrich). After 48 h of incubation (at 25-29 �C), nauplii
(larvae) were collected in a 96-well microtiter plate. Larvae
(10-15) were added to each well containing a serially diluted
complex (1-5; 50-480 μg dissolved in aDMF-watermedium).
After 24 h of incubation, live and dead larvae were counted
and LC50 was determined for each plant extract, as shown by
Latha et al.52b

Molecular Modeling. Molecular modeling studies were per-
formed on a Silicon Graphics Octane workstation using the
software Insight II 200053 with Discover 3 module at C-DAC,
Pune, India. The initial models of right-handed B-DNA of
sequence d(C:G)12 were constructed using the Biopolymer
module of Insight II. The coordinates for the metal complex
and derivatives were taken from its crystal structure as a CIF file
and were converted to the PDB format using Mercury soft-
ware.54 The all-atom extensible systematic force field was used
for the entire modeling study. The copper(II) complexes and
derivative-bound DNA was then soaked in a water box of
dimensions 35.0 � 50.0 � 35.0, and periodic boundary condi-
tions were applied. A dielectric constant of 1.0 for the electro-
static energy and a cutoff of 9.5 Å were used for both the
coulomb as well as van der Waals energies. The nonbonded
electrostatic terms were calculated using the Ewald summation
method. The accuracy of convergence for the Ewald coulomb
energy summation was kept at 0.0001 kcal mol-1. The system
wasminimized using the steepest-descent gradient algorithm for
1000 steps, followed by the conjugate gradient algorithm for
1000 steps or until the maximum derivative was below 0.1 kcal
mol-1 Å-1.

Results and Discussion

Syntheses and Structures of Mixed-Ligand Complexes.
The mixed-ligand complexes [Cu(L)(maltol)], where L=
bpy (1), phen (2), phendione (3), dppz (4), and bpg (5),
have been isolated from the aqueous methanolic solution
containing copper(II) nitrate as the starting material. All
of the complexes were obtained in good yield and are
characterized by using elemental analysis, UV-vis, IR,
electron paramagnetic resonance (EPR) spectral studies,

and cyclic voltammetry. The room temperature magnetic
moment of the complexes are in the range of 1.60-1.70 μB,
indicating discrete mononuclear complexes, while molar
conductivities are indicative of a 1:1 salt type, confirming
the geometry. X-ray crystal structures of complexes 1, 2,
and 5 have been determined. All complexes are soluble in
water and a phosphate buffer (pH 7.2) except complex 5,
which is soluble in 10% DMF.

Crystal Structures of Complexes 1, 2, and 5. Crystal
Structure of Complex 1 (CCDC Number 673676). The
structure of complex 1 (Figure 1) consists of two discrete
monomeric copper(II) species in the unit cell of the crystal
systembelonging to the space groupP1with themetal in a
4 þ 1 square-pyramidal CuN2O3 coordination geometry
in which the axial site has been occupied by a coordinated

Figure 1. ORTEP diagram of complex 1 showing the atom numbering
scheme. Thermal ellipsoids are drawn at 50% probability.

Table 1. Crystal Data and Structure Refinement for 1

empirical formula C16H13CuN3O6

fw 406.83
temperature (K) 103(2)
wavelength (Å) 0.7103
cryst syst triclinic
space group P1
unit cell dimens a = 8.4403(10) Å,

R = 84.046(2)�
b = 8.8985(11) Å,

β = 87.073(2)�
c = 10.5639(13) Å,

γ = 89.110(2)�
volume (Å3) 788.06(17)
Z 2
density (calcd) (mg m-3) 1.714
abs coeff (mm-1) 1.428
F(000) 414
cryst size (mm3) 0.40 � 0.45 � 0.64
θ range for data

collection (deg)
1.94-28.40

index ranges -9 e h e 10, -10 e k e 11,
-13 e l e 14

reflns collected 5882
indep reflns 3677 [R(int) = 0.0409]
completeness of

θ = 28.40� (%)
92.9

abs correction semiempirical
from equivalents

max and min transmn 0.894 387 and 0.781 582
refinement method full-matrix least squares on F2

data/restraints/param 3577/0/236
GOF on F2 1.063
final R indices [I > 2σ(I)] R1 = 0.0284, wR2 = 0.0763
R indices (all data) R1 = 0.0304, wR2 = 0.0773
largest diff peak and hole (e Å-3) 0.471 and -0.548

(53) Insight II 2000.MolecularModelling ProgramPackage; Accelrys Inc.:
San Diego, 1997.

(54) Mercury, Cambridge Crystallographic Data Centre, 12UnionRoad,
CambridgeCB21EZ,UnitedKingdom.Available fromwebsite: http://www.
ccdc.cam.ac.uk/.
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nitrate molecule. The donor atoms in each basal plane
are two nitrogen atoms from the polypyridyl ligand and
two ortho oxygen atoms of the maltol ligand. The axial
site has a coordinated nitrate molecule with a Cu-O
distance of 2.514 Å compared to the equatorial Cu-O

(approximately 1.93-1.99 Å), which is a consequence of
tetragonal distortion, caused by the Jahn-Teller effect
(one electron in the dx2-y2 orbital). Figure S1 in the
Supporting Information shows a packing diagram of
complex 1 with hydrogen-bonding interactions between
one of the oxygen atoms of the bound nitrate of one
molecule and a hydrogen atom of the bipyridyl ligand of
another molecule. The structure refinement parameters
and crystal data for complex 1 are given in Table 1, and
specific bond distances (Å) and bond angles (deg) are
listed in Table 2.

Crystal Structure of Complex 2 (CCDC Number
673677). The structure of complex 2 consists of two
discrete monomeric copper(II) species in the unit cell of
the triclinic crystal system belonging to the space group
P1 with the metal in a 4 þ 1 square-pyramidal CuN2O3

coordination geometry and one lattice nitrate anion. The
donor atoms in each basal plane are two nitrogen atoms
from the heterocyclic base and the oxygen atoms of the
maltol ligand. The axial site has a coordinated water
molecule. The axial Cu-O (2.180 Å) distances are longer
than the equatorial ones (approximately 1.96-1.99 Å),
which is a consequence of tetragonal distortion caused by
the Jahn-Teller effect. The packing diagram of complex
2 shows hydrogen-bonding interactions and the presence
of nitrate molecules in the lattice (Figure 2). A weak

Table 2. Bond Lengths (Å) and Angles (deg) for Complex 1

bond length bond angle

Cu-O1A 1.9360(11) O1A-Cu-N2A 174.95(5)
Cu-O2A 1.9917(15) O1A-Cu-O2A 84.46(5)
Cu-N2A 1.9928(12) N2A-Cu-O2A 97.99(5)
Cu-N2B 1.9958(14) O1A-Cu-N1A 93.18(5)

N2A-Cu-N1A 81.74(5)
O2A-Cu-N1A 174.57(5)
O1A-Cu-O3N 85.01
O3-N-Cu 2.514

Table 3. Crystal Data and Structure Refinement for 2

empirical formula C36 H30 Cu2 N6 O14

fw 897.74
temperature (K) 293(2)
wavelength (Å) 0.710 69
cryst syst triclinic
space group P1
unit cell dimens a = 7.683(5) Å,

R = 99.205(5)�
b = 10.436(5) Å,

β = 102.283(5)�
c = 12.205(5) Å,

γ = 106.072(5)�
volume (Å3) 893.5(8)
Z 1
density (calcd) (mg m-3) 1.668
abs coeff (mm-1) 1.272
F(000) 458
cryst size (mm3) 0.1 � 0.1 � 0.2
θ range for data

collection (deg)
2.39-28.29

index ranges -10 e h e 8, -13 e k e 13,
-16 e l e 15

reflns collected 5992
indep reflns 4994 [R(int) = 0.0118]
completeness of

θ = 28.29� (%)
95.7

abs correction none
refinement method full-matrix least

squares on F2

absolute structure param 0.088(18)
data/restraints/param 4994/11/504
GOF on F2 1.055
final R indices [I > 2σ(I)] R1 = 0.0324,

wR2 = 0.0890
R indices (all data) R1 = 0.0346,

wR2 = 0.0909
largest diff peak

and hole (e Å-3)
0.659 and -0.705

Table 4. Bond Lengths (Å) and Angles (deg) for Complex 2

bond length bond angle

Cu1-O2 1.961(7) O2-Cu1-N1 174.1(3)
Cu1-N1 1.979(7) O2-Cu1-O3 84.7(3)
Cu1-O3 1.985(6) N1-Cu1-O3 93.7(3)
Cu1-N2 1.996(7) O2-Cu1-N2 97.8(3)
Cu1-O1 2.180(6) N1-Cu1-N2 83.3(3)
Cu2-O6 1.905(6) O3-Cu1-N2 174.9(3)
Cu2-O7 1.958(6) O2-Cu1-O1 97.1(3)
Cu2-N3 2.024(7) N1-Cu1-O1 88.6(3)
Cu2-N4 2.016(7) O3-Cu1-O1 94.1(2)
Cu2-O5 2.183(6) N2-Cu1-O1 90.0(3)
Cu1-Cu2 3.566 O6-Cu2-O7 85.9(3)

O6-Cu2-N4 172.6(3)
O7-Cu2-N4 95.7(3)
O6-Cu2-N3 95.8(3)
O7-Cu2-N3 174.7(3)
N4-Cu2-N3 82.0(3)
O6-Cu2-O5 97.4(3)
O7-Cu2-O5 94.2(3)
N4-Cu2-O5 89.7(3)
N3-Cu2-O5 90.5(2)
C13-O3-Cu1 108.1(5)

Figure 2. ORTEP diagram of complex 2 showing the atom numbering
scheme. Thermal ellipsoids are drawn at 50% probability.

Figure 3. ORTEP diagram of complex 5 showing the atom numbering
scheme. Thermal ellipsoids are drawn at 50% probability.
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interaction betweenCu1 andCu2 is also observed, but the
distance between the two copper centers is 3.566 Å. The
structure refinement parameters and crystal data for

complex 2 are given in Table 3, and specific bond dis-
tances (Å) and bond angles (deg) are listed in Table 4.

Crystal Structure of Complex 5 (CCDC Number
673678). The structure of complex 5 consists of two
discrete monomeric copper(II) species in the unit cell of
the crystal system belonging to the space group P2(1)c
with the metal in a 4 þ 1 square-pyramidal CuN2O3

coordination geometry and three lattice water molecules.
The donor atoms in each basal plane are two nitrogen
atoms from the heterocyclic base and oxygen atoms of the
maltol ligand. The axial site has a coordinated nitrate
anion. A nitrate molecule (O1N-Cu= 2.460 Å) occupy-
ing the axial position has a longerCu-Odistance than the
equatorial Cu-O (maltol) (approximately 1.91-1.98 Å),
which is a consequence of the tetragonal distortion caused
by the Jahn-Teller effect (one electron in dx2-y2 orbital).
The packing diagram of the complex shows lattice water
molecules (Figure 3). The structure refinement para-
meters and crystal data for complex 5 are given in Table 5,
and specific bond distances (Å) and bond angles (deg) are
listed in Table 6.

UV-Vis and IR Spectroscopy. Complexes 1-5 exhibit
only one broad d-d band in the visible region (580-
650 nm) with very low absorptivities (Figure S4 in the
Supporting Information and Table 7), revealing a slightly
distorted square-based copper(II) coordination geome-
try, which is consistentwith theX-ray crystal structures of
1, 2 and 5 and the EPR data of the complexes discussed
below.
The IRspectra showadecrease in the ν(CdN) frequency

for the ligands upon complexation, indicating the involve-
ment of nitrogen in the coordination of metal ions. The
data were further supported by the ν(Cu-O) band, which
appeared at∼500-515 cm-1. The spectra show character-
istic bands of nitrates in the range of 1000-1400 cm-1 and
a coordinated water molecule in the 3300-3400 cm-1

range.21 The IR bands in the region 530-560 cm-1 are
assigned to ν(Cu-N) coordination. The fingerprint region
shows bands due to stretching vibrations of the aromatic
groups.

ESR Spectra of Complexes. The ESR spectra of com-
plexes 1-5 were recorded at 77 K in DMSO (Figures 4
and S5 in the Supporting Information and Table 7). They
are characteristic of Cu2þ and exhibited resolved features
with g )>g^>2 and G in the range of 4.42-5.16 for all
complexes, confirming that square-based geometries of
the complexes, as observed in the X-ray crystal structure
of complexes 1, 2, and 5, are retained in solution. A
square-based CuN4 is expected to show a g ) value around
2.20 and a A ) value of (180-200)� 10-4 cm-1, and
replacement of nitrogen by an oxygen atom is expected
to increase the g ) value and decrease the A ) value.

Single-Crystal ESR Spectra of Complexes 1, 2, and 5.
ESR spectra for single crystals were recorded by rotating

Table 5. Crystal Data and Structure Refinement for 5

empirical formula C20 H21 Cu N7 O11

fw 598.98
temperature (K) 103(2)
wavelength (Å) 0.710 73
cryst syst monoclinic
space group P2(1)c
unit cell dimens a = 8.9725 (10) Å,

R = 90�
b = 20.306 (2)Å,

β = 107.929(2)�
c = 12.9424 Å,

γ = 90�
volume (Å3) 2243.6(4)
Z 4
density (calcd) (mg m-3) 1.773
abs coeff (mm-1) 1.055
F(000) 1228
cryst size (mm3) 0.30 � 0.38 � 0.84
θ range for

data collection (deg)
1.93-28.28

index ranges -11 e h e 10, -26 e k e 27,
-17 e l e 15

reflns collected 17 208
indep reflns 5471 [R(int) = 0.0571]
completeness of

θ = 28.28� (%)
98.4

abs correction semiempirical
from equivalents

max and min transmn 0.894 387 and 0.537 817
refinement method full-matrix least

squares on F2

data/restraints/param 5471/9/370
GOF on F2 1.023
final R indices [I > 2σ(I)] R1 = 0.0530,

wR2 = 0.1400
R indices (all data) R1 = 0.0709,

wR2 = 0.1476
largest diff peak

and hole (e Å-3)
1.029 and -1.093

Table 6. Bond Lengths (Å) and Angles (deg) for Complex 5

bond length bond angle

Cu-O1A 1.919(3) O1A-Cu-O2A 85.59(11)
Cu-O2A 1.969(2) O1A-Cu-N2B 173.93(11)
Cu-N2B 1.984(3) O2A-Cu-N2B 96.33(11)
Cu-N1B 1.989(3) O1A-Cu-N1B 95.51(11)
O1A-C1A 1.349(4) O2A-Cu-N1B 175.65(11)
O2A-C6A 1.281(4) N2B-Cu-N1B 82.15(10)
O3A-C4A 1.320(5) C1A-O1A-Cu 107.8(2)
O3A-C2A 1.388(4) C6A-O2A-Cu 109.0(2)
O1B-C13B 1.229(4) C4A-O3A-C2A 121.2(3)
O2B-C14B 1.245(4) O3N-N-O1N 121.0(3)
O1-N-Cu 2.460 O3N-N-O2N 119.3(3)

O1N-N-O2N 119.7(3)
C1B-N1B-Cu 127.2(2)
C5B-N1B-Cu 113.9(2)
C10B-N2B-Cu 126.6(2)
C6B-N2B-Cu 113.7(2)

Table 7. Spectroscopic, ESR, and Cyclic Voltammetric Data for Complexes 1-5

complex λ (nm) (d-d) ε (M-1 cm-1 g ) g^ A ) E1/2 vs SCE

[Cu(bpy)(maltol)(NO3)] 646 35 2.30 2.06 88 þ0.20
[Cu(phen)(maltol)(H2O)]þ 650 42 2.31 2.06 85 þ0.16
[Cu(phendione)(maltol)]þ 649 43 2.35 2.07 145 þ0.08
[Cu(dppz)(maltol)]þ 580 40 2.31 2.07 160 þ0.02
[Cu(bpg)(maltol)(NO3)] 643 38 2.32 2.07 152 þ0.18
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the crystal in one random plane. Although there are two
molecules per unit cell, they are magnetically equivalent
and thus showed a single line at 310-340� rotations in
complex 1, at 250, 260, 330, and 340� in complex 2, and at
250-310� in complex 5. Representative ESR spectra are
shown in Figure S6 in the Supporting Information.
The spectra show one principal g value, g3, parallel to

the C2 crystal axis. The spectra obtained by rotating
around this direction gave the other two principal g
values, g1 and g2. The g1 direction, corresponding to the
lowest g value, and g2 are almost coincident with the

projection of Cu-N2 and Cu-N20. The g values of the
present complexes (Table S7 in the Supporting Infor-
mation) are similar to those of [Cu(phen)2H2O] (NO3)2

55

(2.02, 2.125, and 2.227) and [Cu(salEen)2(ClO4)2]
55a and

much different from those of [Cu(bpy)2]I
55b and better

reflect the large anisotropy in the equatorial plane.
The value of g3 in the Cu-O bond direction is larger

than that in the Cu-I bond direction of [Cu(bpy)2I] (2.66
vs 2.16), perhaps as a consequence of the different nephe-
lauxetic properties of the two donors.

Electrochemical Studies. The electrochemical profiles
of the ligand and complexes were studied in DMSO
solvent by cyclic voltammetry in the range of þ1 to -1
vs SCE using a platinum working electrode, a SCE
reference electrode, and a platinum wire auxiliary elec-
trode usingTEAPas the supporting electrolyte.The copper
complexes exhibit a reversible peak due to the Cu2þ/Cuþ

Figure 4. Liquid-nitrogen-temperature ESR spectra of complex 2 in
DMSO.

Figure 5. Change in the viscosity of CT-DNA (100 μM) in the presence
of increasing amounts of copper complexes (1-100 μM) of 1-5.

Table 8. Thermal Denaturation Studies of Complexes 1-5 with CT-DNA

complex Tm (�C) ΔTm (�C)

DNA 67.96
[Cu(bpy)(maltol)(NO3)] 64.34 -3.59
[Cu(phen)(maltol)(H2O)]þ 71.36 þ3.4
[Cu(phendione)(maltol]þ 68.05 þ0.09
[Cu(dppz)(maltol)]þ 73.96 þ6.0
[Cu(bpg)(maltol)(NO3)] 68.94 þ0.98

Table 9. Rate Constants for NPP Hydrolysis of Complexes 1-5

complex substrate k(pH 7.2) (s-1)

CuLaL NPP 1.20 � 10-2

[Cu(oxpn)Ni(EDA)(H2O)2] (ClO4)2 NPP 7.80 � 10-4

[Cu(oxpn)Ni(DMEDA)(H2O)2](ClO4)2 NPP 5.68 � 10-4

[Cu(oxpn)Ni(DEEDA)(H2O)2] (ClO4)2 NPP 1.77 � 10-4

[Cu(oxpn)Ni(DEPDA)(H2O)2] (ClO4)2 NPP 1.72 � 10-4

1 NPP 2 � 10-3

2 NPP 2.5 � 10-3

3 NPP 0.75 � 10-3

4 NPP 5 � 10-3

5 NPP 4 � 10-3

Figure 6. Fluorescence quenching curves of ethidiumbromide bound to
DNA: (A) complex 1; (B) complex 4. [DNA]= 20 μM, [EBR]= 20 μM,
and [complex] = 0-200 μM.

Figure 7. Ethidium bromide stained agarose gel (1%) of 100 ng μL-1

pBR322 plasmidDNA in the presence of 500 μMcomplex after 30min of
incubation (A) and under argon (B). Lane 1: DNA control. Lane 2:
pBR322 þ 1. Lane 3: pBR322 þ 2. Lane 4: pBR322 þ 3. Lane 5:
pBR322 þ 4. Lane 6: pBR322 þ 5.

(55) (a) Bencini, A.; Gatteschi, D. Inorg. Chem. 1997, 16, 1994.
(b) Subramanian, P. S.; Suresh, E.; Srinivas, D. Inorg. Chem. 2000, 39, 2053.
(c) Hathway, B. J.; Billing, D. E.; Dubley, R. J.; Fereday, R. J.; Tomlinson,
A. A. G. J. Chem. Soc. A 1970, 806.
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redox couple, indicating the presence of an identical
structural arrangement. The plot of ipc and ipa vs ν

1/2 is a
straight line, indicating a diffusion-controlled reaction. The
positive range shows that a facile reduction of Cu2þ to Cuþ

is possible, similar to other polypyridine complexs. TheCuII/
CuI redox potentials of all complexes (1-5) display signifi-
cant variations dependingupon theπ-delocalizeddiimines in
the order of 4>3>2>5>1. However, theπ delocalization
of the electron density from copper into the extended planar
ring of dppz destabilizes the CuII oxidation state.

DNA Binding Properties. Because DNA is the primary
pharmacological target ofmany antitumor compounds, the
interaction between DNA and metal complexes is of para-
mount importance in understanding the mechanism. Thus,
themode and propensity for binding of the complex to CT-
DNA were studied with the aid of different techniques.

Viscosity Measurements. Viscosity measurements are
sensitive to length changes of DNA and are regarded as
themost critical test for the bindingmode.46,47 The effects
of the complexes on the viscosities of DNA are shown in
Figure 5. Under appropriate conditions, intercalation
causes a significant increase in the viscosity of DNA
solutions due to an increase in the separation of base
pairs at the intercalation site, resulting in an increase in
the overall DNA contour length. There is a small increase
in the viscosity of DNA for almost all complexes com-
pared to classical intercalator ethidium bromide.
EBR and the ability of the complexes to increase the

viscosity of DNA follow the order 4>2>3∼ 5>1. The
significant increase in the viscosity of complexes 2 and 4
indicates partial intercalative binding to DNA. The visc-
osity changes for complexes 1, 3, and 5 are negligible,
indicating that the polypyridyl ligands in these complexes
do not intercalate within the base pairs, as is expected
because of their nonplanar nature.

Thermal Denaturation Studies. The interactions of all
of the copper complexes with CT-DNA are characterized
by measuring their effects on the melting temperature of
DNA (Table 8). An increase in the melting temperature
was observed in complexes 2 (þ3.4) and 4 (6.0), indicative
of the partial intercalation of phen and dppz ligands
between the DNA base pairs causing stabilization of the
base stack typical of partially intercalating metal com-

plexes,21,48 whereas in complexes 1, 3, and 5, negligible or
lower ΔTm (�C) values are indicative of their noninterca-
lative DNA binding due to the loss of planarity of the
polypyridyl ligands.

Fluorescence Spectroscopic Studies. The UV-visible
spectra of the complexes are dominated by ligand transi-
tion bands and weak ligand-to-metal charge-transfer
bands (λ = 400-520 nm; ε = 30-150 mol-1 cm-1) and
d-d transition bands at around 600-700 nm. The com-
plexes, however, are nonfluorescent upon excitation in the
visible region. The competitive binding of the copper(II)
complexes with CT-DNA has been studied by a fluores-
cence spectral method. Measurements have been carried
out using the emission intensity of ethidium bromide
bound to DNA as a probe. Ethidium bromide is an
intercalator that gives a significant emission when bound
to DNA. Its displacement from DNA by a metal complex
results in a decrease in the fluorescence intensity. In the
competitive binding studies, the copper(II) complexeswere
added to CT-DNA pretreated with ethidium bromide and
then the emission intensities of DNA-induced EBR were
measured. The results are shown in Figures 6 and S8 in the
Supporting Information, where it is seen that, with the
addition of a copper complex toDNA, there is an appreci-
able decrease in the emission intensity. The extent of
reduction of the emission intensity gives a measure of the
binding propensity of the complex toDNA.Complex 4 is a
strong binder to DNA than complexes 1-3 and 5.

NPP Hydrolysis. More recently, progress has been
made in the study of metal complexes that promote
phosphodiester hydrolysis.29b,56 All complexes catalyze
the hydrolysis of NPP with an inflection observed be-
tween pH 8 and 9, indicating that under these experi-
mental conditions only one metal-coordinated water
molecule underwent acid association; thus, the active
species in the hydrolysis reaction is the aquo-hydroxo form
of the complex. The rate constants determined for com-
plexes 1-5 shown in Table 9 are of the order of 10-3 s-1

and are similar to the other copper complexes showing
hydrolysis of NPP.

DNA Cleavage Studies: Without Added Reductant. To
assess the DNA cleavage ability of the complexes, super-
coiled pBR322 DNA (100 ng μL-1) was incubated with
500 μMof all complexes in 5 mMTris-HCl/50 mMNaCl
buffer at pH 8 (Figure 7) for 30 min without the addition
of a reductant.47,57 Control experiments show that all

Figure 8. Saturation kinetics for the cleavage of plasmid DNA (100 ng μL-1) by varying the complex concentration for 30 min at 37 �C in Tris-HCl/
NaCl buffer (pH 8.0). Lane 1: DNA control. Lanes 2-10: DNA þ [complex] = 10, 20, 30, 40, 50, 60, 70, 80, and 90 μM, respectively.

Figure 9. Kinetic analysis of the complex 2 DNA cleavage activity.
Plasmid DNA (pBR 322, 100 ng μL-1) and 100 μMcomplex 2 incubated
at 370 �C for 0, 5, 10, 15, 20, 25, and 30 min, respectively. Lanes 2-8 and
lane 1: DNA control.

(56) Rossi, L. M.; Neves, A.; Horner, R.; Terenzi, H.; Szpoganicz, B.;
Sugai, J. Inorg. Chim. Acta 2002, 337, 366.

(57) (a) Tonde, S. S.; Kumbhar, A. S.; Padhye, S. B.; Butcher, R. J. J.
Inorg. Biochem. 2006, 100, 51. (b) Ghosh, S.; Barve, A. C.; Kumbhar, A. A.;
Kumbhar, A. S.; Puranik, V. G.; Datar, P. A.; Sonawane, U. B.; Joshi, R. R. J.
Inorg. Biochem. 2006, 100, 331. (c) Deshpande, M. S.; Kumbhar, A. A.;
Kumbhar, A. S. Inorg. Chem. 2007, 46, 5450.
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ligands and Cu(NO3)2 are cleavage inactive. The SC
DNA (form I) was cleaved by all complexes, and the
percentage of form II thus formed was ∼95% in the case
of complexes 2-4 and approximately 80% in complex 5.
The formation of form III linear DNA, observed in the
case of complexes 2-4, indicated a hydrolytic cleavage
mechanism supported by the fact that DNA cleavage
occurs under an argon atmosphere for all of the com-
plexes. Such DNA hydrolysis by copper(II), which con-
tains the Lewis acid (CuII) center, an avid DNA groove
binder (phen, phendione, bpy, and bpg) and a bound
aqua/nitrate ligand suitable for intramolecular nucleo-
philic activation have been reported earlier.17-21

Investigation of the DNA Cleavage Mechanism in the
Presence of Radical Scavengers. The involvement of
reactive oxygen species (hydroxyl, superoxide, singlet
oxygen, and hydrogen peroxide) in the nuclease mechan-
ism can be inferred by monitoring of the quenching of the
DNA cleavage in the presence of radical scavengers in
solution. Complexes 1-5 do not show inhibition of DNA
cleavage in the presence of scavengers of hydroxyl radi-
cals (DMSO, mannitol, and DABCO), singlet oxygen
(sodium azide and L-histidine), and superoxide radical
scavengers (SOD). This indicates that the cleavage of
DNA probably follows a hydrolytic cleavage mechanism
(Figure S9 in the Supporting Information).

Distamycin Assay. The groove selectivity of the com-
plexes was determined from the control experiments
using minor groove binder distamycin A.58 Significant
inhibition of the DNA cleavage activity of complexes
1-3 and 5 has been observed in the presence of
distamycin A bound SC DNA, indicating the minor
groove binding nature of the complexes, while no
inhibition in cleavage was observed in the presence
of complex 4 (Figure S10 in the Supporting In-
formation), which indicates a major groove binding
of complex 4 similar to that of [Cu(dppz)2Cl]þ.18 On
the basis of all of these results, we propose that
compound 4 interacts with DNA through the major
groove and compounds 1-3 and 5 interact through the
minor groove of DNA.

Kinetics of 2 in the Presence of Plasmid pBR322 DNA.
Reactions were carried out under pseudo-Michaelis-
Menten conditions by using various concentrations of 2
from 10 to 90 μM and a constant DNA concentration
(100 ng μL-1), which resulted in the formation of form II,
as shown inFigure 8.Also, theDNAcleavagewas studied
by variation of the incubation time shown in Figure 9.
The increase in form II fitted well to a single-exponential
decay curve and followed pseudo-first-order kinetics
(Figure 10A). The rates of cleavage were calculated
to give the kinetic parameters Vmax

0 = 0.023 h-1 and
KM=1 � 10-4.
DNA cleavage reactions were also monitored under

“true” Michaelis-Menten conditions using a constant
complex concentration (60 μM) and varying DNA
concentrations (20-160 μM) (Figure 10B), and the

Figure 10. (A) Saturation kinetics of the cleavage of SC pBR322DNA (100 ng μL-1) using complex 2with different concentrations of the complex (20-
100 μM) in a Tris-HCl buffer (pH 8.0) followed at 37 �C. (B) Saturation kinetics of the cleavage of SC pBR322DNA using 60 μMcomplex 2with different
concentrations of DNA (40-140 μM) in a Tris-HCl buffer (pH 8.0) followed at 37 �C.

Figure 11. (a) Lane 1: DNA control. Lanes 2 and 3: products (nicked
plasmid pBR322 of complexes 1 and 2) obtained from reaction with the
complex after an incubation period of 30min. Lanes 4 and 5: complexes 1
and 2þT4 ligase after 18hof incubation. (b)Lane1:DNAcontrol. Lanes
2-4: products (nicked plasmid pBR322 of complexes 3-5) obtained
from reaction with the complex after an incubation period of 30 min.
Lanes 5-7: complexes 3-5 þ T4 ligase after 18 h of incubation. Lanes 4
and 5: lanes 2-4 þ T4 ligase.

Figure 12. (A) Space-filling models of complex 5 bound to DNA in the
minor groove. (B) Space-filling model of complex 4 showing partial
intercalation.

(58) Dhar, S.; Reddy, P. A. N.; Nethaji, M.;Mahadevan, S.; Saha,M. K.;
Chakravarty, A. R. Inorg. Chem. 2002, 41, 3469.
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rates of DNA cleavage were calculated.57c,49b Under
these conditions, 2 binds to plasmid DNA in an
enzyme-like manner with Vmax

0 = 0.0095 h-1 and
KM=1.4 � 10-4.

T4 Ligase Assay. To ascertain the mechanism of
DNA cleavage by complexes 1-5, the form II (NC)
obtained from the cleavage of SC DNA has been isola-
ted, treated with T4 ligase enzyme, and subjected
to electrophoresis.57c All complexes are able to ligate
DNA fragments. The extent of relegation is ∼30%

in complexes 1 and 2, while in the case of complexes
3 and 4, it is around 50%, and in complex 5, a max-
mimum religation of 70% is observed.

MolecularModeling.To obtain further support for the
above DNA binding modes suggested on the basis of the
experimental results, the molecular mechanics calcula-
tions have been carried out for these copper(II) poly-
pyridyl complexes with the models of right-handed
B-DNA of sequence d(C:G)12. Considering all possible
steric factors, copper(II) complexes 1-5 with different

Figure 13. (A)Treatment ofHeLacellswith complexes1-5 showeda cytotoxic effect in a concentration-dependentmanner.HeLacellswere treated in the
absence and presence of complexes 1-5. The cell viability wasmeasured after 24, 48, and 72 h byMTTassay. Each data point represents themean for three
separate experiments.
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orientations in themajor/minor grooves of B-DNAwere
minimized. While carrying out simulation of nucleic
acids, it is of utmost importance to calculate the long-
range electrostatics accurately. Therefore, the Ewald
summation method, which expands the simple sum of
Coulombs’ law terms into several sums including direct,
reciprocal terms, was used. The initial 1000 steps of the
steepest-descent minimization were performed to relax
the initial strain on the molecule. Further, 1000 steps of
conjugate gradient minimization relaxed the molecule
completely and decreased the total potential energy.
Different modes of binding with different orientations
of copper complexes, including groove binding through
major/minor grooves, were attempted with the model of
right-handed B-DNA of sequence d(C:G)12. It is ob-
served that the minimized structure maintains the
square-pyramidal form of the complexes and shows
hydrogen bonding to the bases and phosphates of
DNA in complexes 1, 2, and 5 without disrupting the
helical structure of B-DNA, while in complexes 3 and 4,
partial intercalation is observed (Figures 12 and S11 in
the Supporting Information). The energy calculated also
indicates a minor groove affinity for complexes 1, 2, and 5,
which corroborates our experimental observation using
distamycin assay.

Study of Toxicity by MTT Assay. MTT assay was
performed to check the antineoplastic effect of complexes
1-5. Complexes showed significant in vitro antineoplas-
tic activity after 24, 48, and 72 h, and their effects on the
cellular viability were evaluated. A decrease in the percent
of cell viability was observed with all of the complexes,
but a maximum and significant decrease was observed
with complex 4. The 95% decrease in cell growth was
observed with 200-400 μg mL-1 of complex 4 after 48 h,
which decreased to 60% after 72 h. Complex 3 (200-
400 μg mL-1) also showed significant decreases of 90 and
80% after 48 h, which increased after 72 h. Complexes 1
and 2 showed no significant cell growth reduction in 24 h,
but the cell viability reduced after 48 h with 60 and 80%.
Complex 5 shows different cell death patterns in which

there is a time course percent of cell viability observed
after 24, 48, and 72 h of incubation. The maximum cell
death was observed with 200-400 μg mL-1 of complex 5.
The cytotoxicities of the complexes correlate well with the
planarity of the ligand as seen by the IC50 value in
Table 11.

Study of Toxicity by the Brine Shrimp Method. The
toxicity of the copper complexes 1-5 was also evaluated
by the brine shrimp method, which is a preliminary test
for cytotoxicity. In complex 1, 80% dead larvae are
observed at 480 μg, while in complexes 2 and 5, 100%
dead larvae are observed at 240 μg and complexes 3 and 4

show 100% dead larvae after treatment with a 120 μg
concentration dose. LC50 values are less than 15 μg in all
complexes (Table 11).

Conclusions

Mixed-ligand copper(II) complexes of themaltolate ligand
with a series of diimine ligands have been synthesized and
characterized spectroscopically. X-ray crystal structures of
complexes exhibit copper(II) located in square-pyramidal
geometries. The coordinated bpy, phen, phendione, and
bpg coligands of the mixed-ligand copper(II) complexes
involve either partial intercalation or groove binding into
DNA base pairs, while dppz intercalates in the major groove
but the strength of intercalation is less as compared to
classical intercalators.
All complexes hydrolyze NPP with moderate rate con-

stants. All complexes cleave SC plasmid DNA by a hydroly-
tic cleavage mechanism in the absence of any external added
reagent. Molecular modeling studies show that the phen-
dione and dppz complexes intercalate partially while
the others bind electrostatically in the minor groove
with hydrogen-bonding interactions with phosphates.
The complexes are cytotoxic to HeLa cell lines as well as
brine shrimp larvae with low IC50 and LC50 values, respec-
tively.
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