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The copper(Il) complex [Cu(tdp)(ClO4)]+0.5H,0 (1), where H(tdp) is the tetradentate ligand 2-[(2-(2-hydroxyethylamino)-
ethylimino)methyl]phenol, and the mixed ligand complexes [Cu(tdp)(diimine)]* (2-5), where diimine is 2,2'-bipyridine
(bpy) (2), 1,10-phenanthroline (phen) (3), 3,4,7,8-tetramethyl-1,10-phenanthroline (tmp) (4), and dipyrido-[3,2-d
2',3'-fl-quinoxaline (dpq) (5), have been isolated and characterized by analytical and spectral methods. Complexes
1 and [Cu(tdp)(phen)]CIO, (3) have been structurally characterized, and their coordination geometries around copper-
(I are described as distorted octahedral. The equatorially coordinated ethanolic oxygen in 1 is displaced to an
axial position upon incorporating the strongly chelating phen, as in 3. The solution structures of all the complexes
have been assessed to be square-based using electronic absorption and electron paramagnetic resonance (EPR)
spectroscopy. The interaction of the complexes with calf thymus DNA (CT DNA) has been explored by using
absorption, emission, and circular dichroic spectral and viscometric studies, and modes of DNA hinding for the
complexes have been proposed. Absorption spectral (K, = 0.071 + 0.005 (2), 0.90 + 0.03 (3), 7.0 £ 0.2 (4), 9.0
+ 0.1 x 10° M1 (5)), emission spectral (Kypp = 4.6 (1), 7.8 (2), 10.0 (3), 12.5 (4), 25.0 x 10° M~ (5)), and
viscosity measurements reveal that 5 interacts with DNA more strongly than the other complexes through partial
intercalation of the extended planar ring of the coordinated dpg with the DNA base stack. Interestingly, only complex
4 causes a B to A conformational change upon binding DNA. All the complexes hydrolytically cleave pBR322
supercoiled DNA in 10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at pH 7.1 in the absence of an activating agent,
and the cleavage efficiency varies in the order 5 > 3 > 2 > 4 > 1 with 5 displaying the highest K value (5.47 £
0.10 h™1). The same order of cleavage is observed for the oxidative cleavage of DNA in the presence of ascorbic
acid as a reducing agent. Interestingly, of all the complexes, only 5 displays efficient photonuclease activity through
double-strand DNA breaks upon irradiation with 365 nm light through a mechanistic pathway involving hydroxyl
radicals. The protein binding ability of 1-5 has been also monitored by using the plasma protein bovine serum
albumin (BSA), and 4 exhibits a protein binding higher than that of the other complexes. Further, the anticancer
activity of the complexes on human cervical epidermoid carcinoma cell line (ME180) has been examined. Interestingly,
the observed ICs, values reveal that complex 4, which effects conformational change on DNA and binds to BSA
more strongly, exhibits a cytotoxicity higher than the other complexes. It also exhibits approximately 100 and 6
times more potency than cisplatin and mitomycin C for 24 and 48 h incubation times, respectively, suggesting that
4 can be explored further as a potential anticancer drug. Complexes 4 and 5 mediate the arrest of S and G,/M
phases in the cell cycle progression at 24 h harvesting time, which progress into apoptosis.

Introduction Cisplatin [cis-diamminedichlorideplatinum(ll)] is one of the
One of the most rapidly developing areas of pharmaceuti- foremost and widely used metal-based anticancer Hfug.
cal research is discovery of drugs for cancer therapy. Lippard and co-workers have elucidated the detailed mo-
lecular mechanism of its action, which involves its covalent

* To whom correspondence should be addressed. E-mail: palanim51@ i 3 i i
yahoo com binding to DNA? Although the drug is one of the most active

T School of Chemistry, Bharathidasan University. anticancer drugs and is curative in some tumor typies,

*Insitute de Chimie, Universitde Neuclitel.

§ Department of Animal Science, Bharathidasan University. (1) Boulikas, T.; Vougiouka, MOncol. Rep2003 10, 1663-1682.

I'National Centre for Biological Science, Tata Institute for Fundamental (2) Wong, E.; Giandomenico, C. NChem. Re. 1999 99, 2451-2466.
Research. (3) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-2498.
8208 Inorganic Chemistry, Vol. 46, No. 20, 2007 10.1021/ic700755p CCC: $37.00  © 2007 American Chemical Society

Published on Web 09/05/2007



Mixed-Ligand Copper(ll)-phenolate Complexes

use is limited-® by both its side-effects and acquired cellular cytotoxic effects on L1210 murine leukemia and A2780
resistance. So more-efficacious, less toxic, and target-specifichuman ovarian carcinoma cell lin€sRecently, there has
noncovalently DNA binding anticancer drugs are to be been substantial interest in the design and study of DNA
developed. Generally anticancer agents that are approved fobinding'® and cleavage properties of mixed-ligand Cu(ll)
clinical use are molecules which damage DNA, block DNA complexe¥ and development of the complexes as metallo-
synthesis indirectly through inhibition of nucleic acid precur- drugs. Sadler and his co-workers have reported mixed ligand
sor biosynthesis, or disrupt hormonal stimulation of cell bis(salicylato)copper(ll) complexes with diimines as coli-
growth? Therefore, considerable effort has been now focused gands to exhibit cytotoxic and antiviral activiti&sGuo and
on the developement of new anticancer drugs based onhis co-workers have reported the ternary Cu(ll) complex of
transition metal complexes, particularly, biocompatible cop- 1,10-phenanthroline andthreonine, which hydrolytically
per(ll) complexes, that bind to and cleave DNAnder cleave DNA and exhibit cytotoxicit¥: Like DNA, proteins
physiological conditions. Also these complexes must rec- are also now consider&do be one of the main molecular
ognize nucleic acids, particularly, in a sequence-specific targets in the action of anticancer agefit§he significance
fashion and then bind to them in a way that alters their of these drug targets is clearly shown by the high incidence
function. Copper complexes, which possess biologically of alterations in the genes that code for the proteins in tumors,
accessible redox potentials and demonstrate high nucleobasand attention has been now focused on the proteins that drive
affinity, are potential reagents for cleavage of DNA both and control cell cycle progressiéh.
oxidatively’ and hydrolytically® The ability of copper The present work stems from our continuous interest in
complexes to cleave DNA upon photoactivation under defining and evaluating the key DNA and protein binding
physiological conditions have also received considerable and DNA cleavage of copper(ll) complexes of diimine
attentiot®!! because of their possible utility in highly ligand$824and also from our efforts to explore the structudre
targeted photodynamic therapeutic applicatitns. activity relationship for the cleavage. In this article, we
Copper(Il) complexes of 1,10-phenanthroline (phen) ligands, isolated the copper(ll) complex [Cu(tdp)(C)P0.5H:0 (1),
which cleave DNA duplexes; 16 show antiviral activity where H(tdp) is the tetradentate ligand 2-[(2-(2-hydroxy-
upon interaction with nucleic acid templates and inhibit ethylamino)ethylimino)methyl]phenol, and a series of mixed-

proviral DNA synthesid? Very recently, Reedijk and co-
workers have reported that the complex [Gyrimol)Cl],
where Hpyrimol is 4-methyl-2-[(pyrid-2-yImethylene)amino]-
phenol, shows efficient self-activated DNA cleavage and

ligand copper(ll) complexes of the type [Cu(tdp)(diimine)]-
(ClOy), where diimine= 2,2-bipyridine (bpy) @), 1,10-
phenanthroline (phen)3, 3,4,7,8-tetramethyl-1,10-phen-
anthroline (tmp) 4), or dipyrido-[3,2€:2';3'-f]-quinoxaline

(dpq) 6) (Scheme 1) and explored their ability to bind to
protein and DNA and also to cleave DNA. The tetradentate
phenolate ligand is designed to provide donor elements such
as amine, phenolate, and ethanolic groups and thus tune the
DNA- and protein-binding and DNA-cleaving properties of
the complexes. On the other hand, phen and other diimines
are used for recognizing and binding to DNA, and thus the
methyl groups on the 3,4,7,8-positions of the phen ring, like
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Scheme 1. Possible Coordination Geometries of Simple and Mixed-
Ligand Copper(ll) Complexes of H(tdp) and Structures of Diimine-(N

N) Coligands
OH, N
HO. N =
QOH j ( o\(|: _~OH SN )“ LI A
u
R P R +
7
H(tdp) bci0, HO
1 25

phen omitted for clarity.

_ N//_\\N
HC, s Figure 1. Ball-and-stick representation of the crystal structure of [Cu-

@—@ CQ} Hscm% CQ} (tdp)(CI,)]0.5HO (1) (A) and [Cu(tdp)(phen)|(CIG-CH:OH (3) (B);

N N N N= N N= N N= atoms are shown as spheres of arbitrary diameter. Hydrogen atoms are

bpy tmp dpq

tively, and the selected bond lengths and bond angles are
listed in Tables S1 and S2, respectively. The asymmetric
unit cell of 1 consists of two crystallographically independent
complex molecules A and B with two different coordination
ﬁeometrieé’f3 In the molecule A, Cu(ll) is located at the
center of a distorted octahedral coordination environment,
and the phenolate (O1) and ethanolic (O2) oxygen atoms
and the secondary amine (N2) and imine (N1) nitrogen atoms
eof the phenolate ligand occupy the corners of the basal plane.
A water molecule (O1W) and a perchlorate oxygen atom
ry(014) occupy the axial positions at distances longer than
the equatorial ones, which is a consequence of the tetragonal
distortion caused by JahiTeller effect (one electron ind,2
orbital). Further, the axial C4O1W bond (2.539 A) is
slightly shorter than the axial Gt014 bond (2.550 A). The

those in tmp, would provide a hydrophobic recognition
elementi®c The effect of variation of the nature of coligand,
the number and size of aromatic rings, and hydrophobicity
on DNA and protein binding and DNA cleavage by the
complexes has been investigated, and attempts have bee
made to understand the chemical principles underlying site-
specific DNA and protein recognition and then see whether

in women worldwide, 500 000 new cases are diagnosed eve
year?%2and the current drug cisplatin is limited by its side-
effects and cellular resistané®, we prefer to screen the

cytotoxicity of the complexes with human epidermoid
cervical carcinoma cell line (ME180). The dpg complex

binds to CT DNA more strongly than other complexes and Cu—Namnebond (1.985 A) is longer than the iy bond

causes significant cleavage of supercoiled pBR322 DNA in o i
the absence of an added reductant. Also, the tmp complex(l'g‘?'9 A). which is expected for the Sand sp hybridiza

o L Lo tions of the amine and imine nitrogen atoms, respectively.
B oy e Vel of the tucuralindéis, of 013 f = (5 -
erestingly, it > potent | . Y @)/60, whereo = 03—Cu2-N22 = 174.2 andf = N21—
used drugs cisplatin and mitomycin C against cervical cancerCuz_O4= 166.4" for perfect square pyramidal and trigonal
cell line. Further, it mediates the arrest of S andéMGphases -, 1orp 9 Py g

) . o . bipyramidal geometries the values are zero and unity,
in the cell cycle progression at 24 h harvesting time, which . ) .

. . respectively] for the molecule B reveals that it possesses, in
progress into apoptosis.

contrast to A, a square-pyramidal coordination geometry with
Results and Discussion Cu(ll) coordinated to the phenolate (O3) and ethanolic (O4)
oxygen atoms, and the secondary amine (N21) and imine
(N22) nitrogen atoms of the phenolate ligand occupy the
corners of the basal plane. A perchlorate oxygen atom (021)
occupies the axial position at a distance longer than the
equatorial ones, as in molecule A.
The asymmetric unit cell of compleX consists of two

crystallographically independent molecules of the same

Synthesis and Structures of ComplexesThe complex
[Cu(tdp)(CIQy)]-0.5H,0 (1), where H(tdp) is the tetradentate
ligand 2-[(2-(2-hydroxyethylamino)ethylimino)methyl]phenol,
and the mixed ligand complexes [Cu(tdp)(diimine)]GlO
where diimine= 2,2-bipyridine (bpy) @), 1,10-phenanthro-
line (phen) B), 3,4,7,8-tetramethyl-1,10-phenanthroline

(3.4,7,8-tmp) 4), and dipyrido-[3,2d:2',3-f]-quinoxaline 5 jex The corners of Cu® basal plane of the octahedral
(dpg) ©), have been isolated from methanloic solutions qqgination sphere dis occupied by the phenolate oxygen
containing hexahydrated copper(ll) perchlorate as the startlng(021)’ the imine (N21) and amine (N22) nitrogens of the

material (Scheme 1). All the complexes were obtained in gepit hase ligand H(tdp), and one of the nitrogen atoms
good y_|elds and characterized by_ using elemental aqaly3|s,(N23) of phen. The axial positions are occupied by the
UV—Vis, and EPR spectral techniques. The formulation of - qjic oxygen atom (022) of the ligand at a distance{Cu

the complexes is confirmed by determination of the X-ray 55— 5120 A) longer than that for the equatorial oxygen
crystal structures of and 3. While all the complexes are

soluble in 10% DMF/5 mM Tris-HCI/50 mM NaCl buffer  (25) (a) Parker, S. H.; Tong, T.; Bolden, S.; Winko, P.Gancer J. Clin.

at pH 7.1.1—3 are soluble in water 1996 46, 5—-27. (b) Gately, D. P.; Howell S. BBr. J. Cancerl993
o : 67, 1171-1174.
Description of Structures of [Cu(tdp)(ClO4)]-0.5H,0- (26) Sanni, S. B.; Behm, H. J.; Beurskens, P. T.; Van Albada, G. A.; Reedijk
(1) and [Cu(tdp)(phen)](CIO4)-CH3OH (3) The ORTEP J.; Lenstra, A. T. H.; Addison, A. W.; Palaniandavar, alton Trans.

representation of the structureslodind3 including the atom- @7) }x%%?séﬁzilvﬁ%ao T.N.: Reedijk, J.; van Rijn, J.; Veschoor, G.

numbering scheme are shown in Figure 1A and B, respec- C.;J. Chem. Soc., Dalton Tran&984 1349-1356.
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atom (Cu-021= 1.9402 A) and the second nitrogen atom (A)
(N24) of phen at a distance (EiIN24 = 2.348 A) longer 1
than that for the equatorial one (EN23= 2.018 A), which

is a consequence of the tetragonal distortion caused by-Jahn
Teller effect (one electron ind.2 orbital). The Cu-Namine
bond (Cu-N22 = 2.057 A) is longer than the CtNimine
bonds (Cu-N21 = 1.953 A, Cu-N23 = 2.018 A), as in
complex1 (cf. above) (Table S2). The geometries around
copper(ll) in bothl and 3 are best described as distorted 02 -
octahedral as revealed by the values of the bond angjles ( ; N
N1-Cu—02=167.54, N2—Cu—01=177.17, O1-Cul- 0 r . . ——
02=95.30; 3N21-Cu—N23=171.37, O21—Cu—N22 240 260 280 300 220 340
= 165.76, 021-Cu—N24 = 106.6T), which deviate from Wavelength [nm )

those (90 and 18) expected for an ideal octahedral
geometry. Interestingly, the incorporation of the strong (B) T
chelating phen ligand in the coordination sphere lof &

displaces the equatorially coordinated ethanolic oxygen of v
H(tdp) to defauR®2to the more weakly bound axial position I o
in 3.

Solution Structures. In 10% DMF/5 mM Tris-HCI/50
mM NaCl buffer at pH 7.1 solutions, the complexes4
exhibit only one broad band in the visible region (6850 |
nm) with very low absorptivities (Table S3), revealing a /
slightly distorted square-based Cu(ll) coordination geometry,
which is consistent with the X-ray crystal structureslof
and 3 and the EPR spectral data of the complexes (see og e oeeer — ooous 20004
below). Comple»s exhibits only one broad band around 630

: : . [DNA], M
nm in DMF solgt_|0n. The obs_ervatlon of th_e PhG- Cu- Figure 2. (A) Absorption spectra of [Cu(tdp)(dpa)(CHD(2 x 10-5 M)
(I) LMCT transitior?® as an intense band in the range of in10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at pH 7.R(= [DNAJ/
325-353 NM €max = 3255-8955 Mt cm™Y) for all the [complex]= 0) and presenceR(= 1—20) of increasing amounts of DNA.
complexes reveals the involvement of phenolate oxygen atomf)B) Plot of (ea — ey)/(er — &) vs [DNA] for [Cu(tdp)(dpg))(CIQ). The
. . N . ] est fit line, superimposed on the data, according to eqs 1la and 1b yields
in coordination in solution. The frozen solution EPR spectra g, = 9.0 x 106 M-t ands = 3.3.
of the complexes are axial with) > go> 2.0 andG=e = titration curve fors is shown in Figure 2. A decrease in molar

[(g) = 2)/(go — 2)] = 3.6-4.2, confirming that the square- absorptivity (hypochromism, 2754%, Table 1) for all the
based geometries of the complexes, as observed in the X'raX:omplexes with significant red-shifts far(11 nm) anc (6
crystal structures ofl and 3, are retained in solution. A

square-based CuNehromophore is expected to shovga nm) are observed. These spectral changes are typical of a
§ ‘ complex bound to DNA through intercalation involvin
value of around 2.200 and &y value of 186-200 x 104 P g d

) : - ... partial insertion of the aromatic chromophore of the diimine
cnr, and the replacement of a nitrogen atom in this ligands in between the base pairs of DRPAS2 The values
chromophore by an oxygen atom is expected to increase theof intrinsic binding constantky, (Table 1) determined from
g) value and decrease thg value. On the other hand, —oq0 changes follow the ord&r> 4 > 3 > 2, which is in
distortion from square planar coordination geometry would conformity with the observed trend in hypochromism. The
increase the value and decrease thg value. The observed

Ky value of the dpg comple® is the highest, which is

4 —1

9i (2'215,_2'235), and#, (186-197 x 107 cmr) values expected because the extended aromatic ring of dpq inserted
are consistent with the presence of a square-based@uN

into the base stacks of DNA more deeply than the phen rin
chromophore with no significant distortion from planatty ! 5 S ° Py P nng

o . of 3.3% Further, the incorporation of methyl groups at the
(193/?3; 114-120 cm) as in the X-ray crystal structures of 3,4,7,8-positions on the phen ring would be expected to

- . . ) hinder the partial intercalation of the phen ring leading to a
DNA Binding Studies. Absorption Spectral Studies.

) " 1 lower DNA binding affinity for 4. However, a higheKp
Changes in ther — z* transition of 1-5 in 10% DMF/5

, , value is obtained suggesting a strong hydrophobic interaction
mM Tris-HCI/50 mM NaCl buffer at pH 7.1 were determined between the methyl groups of tmp ligand #and the

as a function of added DNA concentration, and the typical

0.8

0.6 1%

Absorbarce

oe o/

0-4F ® 4

(Ea-€v)/(€p-E9)

(30) Tysoe, S. A.; Morgan, R. J.; Baker, A. D.; Strekas, T.JCPhys.
(28) (a) Palaniandavar, M.; Pandiyan, T.; Lakshminarayanan, M.; Manohar, Chem.1993 97, 1707-1717.
H. Dalton Trans.1995 455-461. (b) Vaidyanathan, M.; Viswanathan,  (31) Kelly, J. M.; Tossi, A. B.; McConnell, D. J.; Strekas, T. Rucleic
R.; Palaniandavar, M.; Balasubramanian, T.; Prabhaharan, P.; Muthiah, Acids Res1985 13, 6017-6034.

P. T.Inorg. Chem 1998 37, 6418-6427. (32) Haworth, I. S.; Elcock, A. H.; Freemann, J.; Rodger, A.; Richards,
(29) (a) Hathaway, B. J.; Billing, D. ECoord. Chem. Re 197Q 5, 143~ W. G. J.J. Biomol. Struct. Dyn1991, 9, 23—43.

207. (b) Sakaguchi, U.; Addison, A. W. Chem. Soc., Dalton Trans. (33) Hiort, C.; Lincoln, P.; Norden, Bl. Am. Chem. So@993 115 3448-

1979 600-608. 3454,
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Table 1. Absorption Spectral Properties of Cu(ll) Complexes BoutedCT DNA

ligand-based
complex Amax (nm) R change in abs Ae (%) red shift (nm) Kp x10° (M~1) &
[Cu(tdp)I™ 1 264 20 hypo- and hyperchromism 53 11 c
[Cu(tdp)(bpy)] 2 269 20 hypochromism 33 6 0.0710.005 0.5
[Cu(tdp)(phen)t 3 276 20 hypochromism 27 1 0.900.03 1.6
[Cu(tdp)(tmp)] 4 269 20 hypochromism 49 1 760.2 2.1
[Cu(tdp)(dpa)T 5 256 20 hypochromism 54 1 9:60.1 3.3

aMeasurements were madeRuit= 20, whereR = [DNA]/[Cu complex]; concentration of copper(ll) complex4 x 10°M (1and2) and 2x 10°M
(3, 4 and5). P Binding site size in base pairsBinding constant was not calculated because spectral changes are not uniform.

hydrophobic interior accessible in DN The Schiff base
ligand would encourage intercalation of dpqg in the minor
groove (cf. below) by engaging in hydrogen-bonding interac-
tions between coordinatedsNH— and —OH with the
functional groups positioned on the edge of DNA ba¥e¥.
Ethidium Bromide Displacement Assay.Upon addition
of complexesl—5 to DNA (R = [DNA]/[complex] = 1)
pretreated with ethidium bromide ([DNA]J/[EthBr¥s 1), the
emission intensity of DNA-bound EthBr decreases (Figure
S1). From the plot of these intensities against complex
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Figure 3. Circular dichroism spectra of CT DNA in 10% GEN/5 mM

concentration, the values of apparent DNA binding constant T1is-HCI/50 mM NaCl buffer at pH 7.1 and 25C the absence (a) and

(Kapp Were calculatedl using the equation
Kensd EthBI] = K, Jcomplex]

whereKgmgris 1.0 x 10" M1, the concentration of EthBr is
12.5uM, and the concentration of the complex is that used
to obtain a 50% reduction of fluorescence intensity of EthBr.
The DNA binding abilities of the complexes follow the order
5 (Kapp=25.0x 10° M71) > 4 (12.5x 10° M%) > 3(10.0
x 1P M) >2((78x 1ML >1(4.6x 10° MY,
which is consistent with the results from absorption spectral
studies (cf above). Both the electron transfer from excited
EthBr to copper(ll) and the displacement of EthBr would
account for the highest,,,value of the dpg comple& with
the highest Cu(ll)/Cu(l) redox potential (cf. below) and DNA
binding affinity (cf. above). Similarly, phen compl@&with
E,» values higher than the tmp compléxvould be expected
to show &Ky, value higher than that @f. But the observation
of a higherK,ppvalue for the latter indicates the predominant
hydrophobic interaction of with DNA.

Circular Dichroism Spectral Study. The observed CD
spectrum of calf thymus DNA (Figure 3) consists of a
positive band at 275 nm (UVimax = 258 nm) caused by

base stacking and a negative band at 245 nm caused b

helicity, which are characteristic of DNA in right-handed B
form.38 When the DNA was incubated with—5 at a 1R
value of 1 R = [Cu complex]/[DNA]), changes in both the

positive and negative signals of DNA were observed, but

for 3—5 only. The phen ) and dpg ) complexes show

changes in both the positive and negative bands (Table S4YISCOSIty (/10

(34) Chan, H. L,; Liu, H. Q.; Tzeng, B. C.; You, Y. S.; Peng, S. M.; Yang,
M.; Che, C. M.Inorg. Chem.2002 41, 3161-3171.

(35) Boom, V.; Rich, A.Biochemistryl985 24, 237—-240.

(36) Maheswari, P. U.; Palaniandavar, M. Inorg. Biochem2004 98,
219-230.

(37) Lee, M.; Rhodes, A. L.; Wyatt, M. D.; Forrow S.; Hartley, J. A.
Biochemistry1993 32, 4237-4245.

(38) Collins, J. G.; Shields, T. P.; Barton, J. K.Am. Chem. S0d.994
116, 9840-9846.

8212 Inorganic Chemistry, Vol. 46, No. 20, 2007

presence (b) of [Cu(tdp)(phen)](CiPand [Cu(tdp)(tmp)](CIQ) (c) at 1R
value of 1.

Figure 3), which are characteristic of partial intercalative
interaction of the heterocyclic rings of the complexes.
Interestingly, high-intensity bands f&—5 resulting from
induced CD (ICD) on the broad positive band at 279, 287,
and 262 nm, respectively, which correspond to positions of
their UV absorption bands, are observed. The higher red-
shift (15 nm) with a large decrease in intensity of the DNA
helicity band and that~414 nm) with increase in intensity

in the positive band of (Figure 3) are consistent with a B
to A conformational change of DNA on binding of the
complex with the methyl groups on tmp coligand effectively
placed in DNA grooves. Similar observations made for [Cu-
(imda)(5,6-dmp)] (imda= iminodiacetate, 5,6-dmpg- 5,6-
dimethyl-1,10-phenanthrolinéj¢ [Co(bpyk(imp)]®*, and
[RU(NHg)4(imp)]?* (imp = imidazo[4,5f]-1,10-phenanthro-
line) bound to CT DNA have been ascribed to the B to A
conformational chang®*°When3 and4 interact with poly-
(GChyz poly(AT)12, and d(CGCGATCGCG) (1R = 4)
changes in CD spectra similar to those observed for CT DNA
are observed. Also, a blue shift (7 nm) for the helicity band
and a red-shift (7 nm) for the positive band were observed

¥or 4 bound to poly(AT), revealing that the complex with

bulky tmp ligand binds selectively with the polynucleotide,
which contains more spacious major grooves (Table S5,
Figure S2)%

Viscometry Studies. The values of relative specific
13 wheren andr, are the specific viscosities
of DNA in the presence and absence of the complexes, were
determined and plotted against values dR {R = [NP]/
[Cu complex], Figure S3). A small to large increase in

(39) (a) Tamil Selvi, P.; Murali, M.; Palaniandavar, M.; Kockerling, M.;
Henkel, G.Inorg. Chim. Acta2002 340, 139-146. (b) Maheswari,
P. U.; Palaniandavar, Mnorg. Chim. Acta2004 357, 901-912. (c)
Maheswari, P. U.; Rajendiran, V.; Parthasarathi, R.; Subramanian, V.;
Palaniandavar, MJ. Inorg. Biochem2006 100, 3—17.
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Figure 4. (A) Gel electrophoresis diagram showing the hydrolytic cleavage of supercoiled pBR322 DNAA4® base pair) by complexes—5 (120
uM) in 10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at pH 7.1 and 3T with an incubation time of 4 h: lane 1, DNA; lane 2, DNIAL; lane 3, DNA
+ 2; lane 4, DNA+ 3; lane 5, DNA+ 4; lane 6, DNA+ 5; lane 7, DNA+ [Cu(dpq)(H20)]?*; lane 8, DNA+ Cu(ClQOy)»6H,0. Forms SC, NC, and LC
are supercoiled, nicked circular, and linear circular DNA, respectively. (B) Relative amounts of the different DNA forms in predense of

viscosity of DNA is observed for almost all the complexes, percentage of DNA cleavage with 84% nicked circular (NC,
and the ability of the complexes to increase the viscosity of Form Il) and 16% linear circular (LC, Form Ill), whereds
DNA follows the order5 > 4~ 3> 2~ 1. The increase in  and3 produce 54 and 91% of NC, respectively, but no LC.
viscosity of DNA by5 is the highest among all the complexes At a higher concentration of 0.25 mM,produces complete
but lower than that for the potential intercalator, namely, cleavage of SC to NC (100%), with no LC (Figure S4A,

ethidium bromide’? suggesting insertion of planar dpq ring  Taple S7), whereazand3 yield 63 and 60% of NC but not
into the base pairs of DNA as discussed above. Itis obvious | ~ ¢o.m respectively. At a still higher complex concentra-

that the strong hydrophobic interaction of the coordinated tion (1.0 mM),3, 4, and5 cause complete cleavage into both

tmp coligand with the interior of the DNA grooves is also NC and LC forms, whilel and2 produce 66 and 68% NC,

effective in increasing the length of DNA biopolymer. The . .
viscosity enhancement for the phen compBawhich is respectlvely,. gnd 23% LC (F|gu_re _S4E_3, Table S7). All three
forms are visible on the gel, indicating thatand 2 are

higher than the bpy compleX is traced to the presence of | ;
the central planar aromatic ring in the former. Thus, all these INvolved in double-strand DNA cleavage to generate the LC
observations suggest that it is the central aromatic rings of form before converting all of the SC form to NC DNA
dpg and phen, which are involved in partial intercalative through single-strand breakirigThis is interesting because
mode of DNA binding. 1 and 4 fail to cleave DNA at lower concentrations. To
Electrochemical Studies The Cu(ll)/Cu(l) redox poten-  €valuate the role of the primary ligand, the cleavage abilities
tials of complexesl—5 (Table S6) display significant  Of [Cu(tdp)(diimine)] at the 0.12 mM concentration have
variations depending upon thedelocalized diimines5 > been compared with those of the corresponding bis-diimine
3 > 4 ~ 2 ~ 1; obviously, thez-delocalization of electron ~ complexes. The complex [Cu(dp}.0)](ClO,), has been
density from copper into the extended planar ring of dpg already reportetd to hydrolytically cleave DNA under
destabilizes Cu(ll) oxidation state. When the interaction of conditions identical to the present one to yield 100% NC
the complexes with DNA was studied using differential pulse byt not LC form. This is in contrast % which cleaves DNA
voltammetry, all the complexes, excepisplay a decrease g give both NC and LC forms. Also, the complex2and
in cathodic pegk curre_nt in the presence of excess of DNA 3 produce a DNA cleavage with an efficiency higher than
(R = 3). The.mterestlng increase in peak.current for that of their corresponding bis-complexes ([Cu(bf)O)]-
suggests the involvement of catalytic reactions. Also, the (CIO)2, 31% NC:; [Cu(phenfH;0)](ClOx),, 68% NC) under

shifts in Ey;; to negative values fot, 3, and5 suggest that - . )
Cu(ll) rather than Cu(l) form of the complexes bind to DNA the present cond|t|0n§ (E|gure S5). At0.12 mM_ concentra
tion, 1 causes no significant DNA cleavage; however,

more strongly. On the other hand, the positive shiftsZor . i ¢ diimi livands i modifies th
and 4 suggest that Cu(l) form of the complexes display Incorporation of diimines as coligan _S mo "e_s €
structural, spectral, and electrochemical properties of the

binding affinities higher than those of the Cu(ll) form. o
DNA Cleavage Studies. DNA Cleavage without Added ternary cqmplexes [?“thp)(d',"*_"”é)lsee above) and hence
tunes their DNA binding affinity and cleavage ability to

Reductant. To assess the DNA cleavage ability of the ; .
complexes supercoiled (SC) pBR322 DNA (481 in base different extents depending upon the coligand. Thus complex
pairs) was incubated with varying concentrationd 66 in 5 with the coligand dpq as a recognition element (partial
10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at pH 7.1 intercalation) exhibits the strongest DNA-binding affinity and
(Figure 4A and B) fo 4 h without addition of a reductant. ~ cleaves DNA effectively. Similar enhanced cleavage activity
Upon gel electrophoresis of the reaction mixture, a concen- of copper(ll) complexes showing stronger DNA-binding
tration-dependent DNA cleavage was observed. At 0.12 mM affinity resulting from a partially intercalating dpg ligand
concentration2, 3, and5 cause DNA cleavage, whilg 4,
and Cu(ClQ)6H,0 do not. Complex5 has a higher

(41) Melvin, M. S.; Tomlinson, T.; Saluta, G. R.; Kucera, K. L.; Lindquist,
L.; Manderville, R. A.J. Am. Chem. So200Q 122, 6333-6334.

(40) Gabbay, E. J.; Scofield, R. E.; Baxter, CJSAm. Chem. Sod973 (42) (a) Dhar, S.; Reddy, P. A. N.; Chakravarty, A.alton Trans.2004
95, 7850-7857. 697—698.
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Figure 5. (A) Time course of supercoiled pBR322 DNA (40/ in base pair) cleavage by complex 5 (M) in a 10% DMF/5 mM Tris-HCI/50 mM
NaCl buffer at pH 7.1 and 37C with incubation times of 0, 10, 20, 30, 40, 50, and 60 min for lane$.4B) Hydrolytic cleavage of supercoiled pBR322
DNA showing the decrease in form | (SC DNA) and the formation of form Il (NC DNA) with incubation time usindvbBoncentration ob. (C) the plot
shows log(% SC DNA) vs time for complex (50 M) for an incubation period of €60 min.

has been observed previou$hOn the other hand, complex  1CP-fold rate enhancement over uncatalyzed DNA hydrolysis.
4 with the coligand tmp as a recognition element (groove This is remarkable because no mononuclear copper complex
binding) displays a stronger DNA binding than its phen has been found, thus far, to exhibit such a behavior. It appears
analogue and a lower DNA cleavage ability, possibly, that a larger number of binding sites are available at higher
because it causes a conformational change on DNA. TheDNA concentrations, and the complex molecules irreversibly
effect of concentration of complexes on DNA cleavage rate bind to DNA with no free complex being available to get
was studied typically for complex (which shows the highest  self-activated. The kinetics of DNA cleavage catalyzed by
cleavage activity) using a constant concentration of SC 5 has been also studied. The extent of cleavage is found to
pBR322 DNA (40 uM, in base pair) under “pseudo- vary exponentially with incubation time, and the cleavage
Michaelis-Menten” kinetic conditions with an incubation follows pseudo-first-order kinetics. The kinetic plots show
period of 60 min (Figure S6). The rates of cleavage were that both the formation of the NC form and the degradation
calculated, and the kinetic parameters were derived from aof SC DNA versus time follow pseudo-first-order kinetics
plot of kops Versus concentration of complex. The value of and fit well into a single-exponential curve, at 0.05 (Figure
Keas Which is the maximum rate of cleavage observed upon 5) and 1.0 mM (Figure S8) complex concentrations. The plot
varying catalyst concentration, is 5.470.10 ' under the of log(% SC DNA) with time gives a linear fit at a 0.05
present experimental conditions, and the corresponding valuemM concentration of complex. It is remarkable that at 1.0
of Ky is 32.6uM. Thus the cleavage rate enhancement is mM concentration, the cleavage is completed within 30 s.

1.5 x 10° in comparison with the uncatalyzed rate of  For the complexe$ and5, which show efficient DNA
cleavage of ds-DNA (3.6 10°8 h™1).% This rate enhance-  cleavage, mechanistic studies were performed. The cleavage
ment is significantly higher than those reported for transition reactions were carried out in the absence of a reductant by
metal-based synthetic hydrolasésiowever, the observed  addition of a variety of radical scavengers like DMSO
value of the specificity constanK(/Ky = 1.68 x 10° h™* (hydroxyl radical), NaN (singlet oxygen), and superoxide
M) is lower than that (4.8< 10° h™* M~) for CuP*- dismutase (super oxide) (Figure S9A). Because the reaction
neamine®* Further, the DNA cleavage has also been followed was not inhibited, the possibility of free radicals being
under “true Michaelis-Menten” kinetic conditions using a involved as the active species in the cleavage is excluded.
constant catalyst concentration (@0l) and various substrate  When the cleavage reaction was performed with the addition
concentrations (20160uM in base pair) with an incubation  of catalase enzyme, no inhibition of cleavage is observed
period of 60 min. Interestingly, thés values obtained  (Figure S9A), ruling out the participation of B, in the
sharply increase and then decrease with increase in DNAc|eavage_ Also, under an argon atmosphere, both the
concentration, which does not correspond to true Michaelis  complexes8 and5 exhibit DNA cleavage efficiencies slightly
Menton saturation behavior. Although no perfect saturation higher than those in air (Figure S9A), revealing the non-
behavior is exhibited, the maximuikys value (3.7 h?), involvement of molecular oxygen in the cleavage. All these
obtained from the plot, is taken &.x (Figure S7), and the  observations support the hydrolytic DNA cleavage mecha-
value ofKcq (0.074 ') obtained under the present condi- nism. To collect further evidence for the hydrolytic cleavage
tions (20uM DNA concentration) corresponds to a 24 mechanism additional cleavage experiments were conducted
using a T4 ligase enzymatic assay. The ligation experiment
(43) (a) Thomas, A. M.; Nethaji, M.; Mahadevan, S.; Chakravarty, A. R. involves incubation of comple® with pBR322 plasmid

9. Inorg. Biochem2003 94, 171-178, (b) Santra, B. K.; Reddy, P. — pnA for 4 h and then aliquoting the cleaved fragments into

A. N.; Neelakanta, G.; Mahadevan, S.; Nethaji, M.; Chakravarty, A. : . =0
R. J. Inorg. Biochem2002 89, 191—196. two eppendorfs. One of the aliquots was subjected to ligation
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using T4 DNA ligase at 18C for 24 h. When the linearized  binder like distamycin suggesting thht5 bind to DNA in
plasmid Lambda/Hind 11l and pUC18/Sau 3A I-pUC18/Taq the minor groove (Figure S13).
| digest was used as a positive control, it was found to be  Photoinduced DNA CleavageThe DNA cleavage activi-
religated. In contrast, the copper-mediated cleavage productdies of 1-5 at a 25uM concentration were studied using
were not religated (Figure S9B). It appears that the hydrolytic SC pBR322 DNA (4Q:M in base pair) in 10% DMF/5 mM
cleavage products do not possess strictly matched endsTris-HCI/50 mM NaCl buffer at pH 7.1 and upon irradiation
suitable for religatiort> The addition of an excess of sodium with UV light of 365 nm (Figure S14A, Table S9). Of all
chloride (250 mM) inhibits, but only slightly, the cleavage the complexes, onlg displays cleavage of SC DNA to 89%
by 3 and 5 (Figure S10), clearly indicating that partial NC form and 3% LC form. Interestinglys involves double-
intercalation of coordinated phen and dpq in the minor groove strand DNA cleavage to generate the LC form, before
plays an important role in the intimate DNA binding of the converting all of SC form to NC DNA through single-strand
complexes. It is likel§f that the hydrolytic DNA cleavage  breaks!! On the other hand, the corresponding bis-complex
by 1—5 occurs by the nucleophilic attack of copper-bound [Cu(dpgk(H20)](ClO4). cleaves SC DNA completely to
ligand ethanolato oxygen site on DNA phosphate bonds. generate both NC (95%) and LC (5%) forms. Interestingly,
However, in the present study, no evidence for the involve- the dpq ligand is found not to cleave DNA under similar
ment of any diffusible radical could be observed. The DNA experimental conditions, and no significant cleavage is
cleavage observed under argon and in the presence of catalaggbserved upon 365 nm irradiation when Cu(@¥®H,0 was
rules out the need for dioxygen and®3, respectively. The ~ used in place o, revealing that mixed-ligand complex
effective partial intercalation of the dpq co-ligandsofvould species are the active species (Figure S14A). When a singlet
enable the copper(ll)-bound ethanolato oxygen group to beoxygen quencher, like sodium azide, was added to the
brought closer to the deoxyl ribose rings, which is supported, reaction mixture, no inhibition of cleavage activity was noted,
possibly, by the hydrogen-bonding interaction of thidH— and when DO in which singlet oxygen has longer lifetime
and hydrophobic interaction of the alkyl chains of tdp ligand. Was used as solvent, no significant increase in cleavage is
DNA Cleavage with Added Reductant. To ascertain olbserved. These observations rule ogt the involvgment of
whether any adventitious reducing agents present in theSinglet oxygen (Scheme S1, type II) in the photoinduced
reaction mixture could account for the increased DNA DNA cleavage reactions. Further, the addition of the hy-
degradation byl—5 (Figure S11A, Table S8) cleavage drc_ny! rgdlcal scavenger DMSO to the reaction mixture tends
reactions were performed in the presence pb@deliberate (@ INhibit the cleavage reaction, and only 35% cleavage (NC
addition of the reducing agent ascorbic acid to the reaction f0r™) was observed, suggesting the involvement of hydroxyl
mixture containing supercoiled pBR322 DNA in a medium radicals in the photocleavgge reactib(Figure S14B). We
of 10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at pH  Suggest that the photoexcited complex ([@dp)(dpa)l™)
7.1. In the control experiment using ascorbic acid in the Would follow a mechanistic pathway involving one- or two-

absence of a complex, no cleavage of DNA was observed.eleCtron red_uction of the oxygen molecule to ge_nerate a
Interestingly, the dpg5) and phen 3) complexes convert hydroxyl radical (Scheme S1), rather than conversion of the

the SC form to NC and LC forms without any evidence for oxygen mplecule to singlet oxygen, which is generally
a direct double-strand DNA cleavage (Figure S12), whijle o_bserved in the photodynamic therapy (PDT) cycle. The
2, and 4 convert the SC form only to the NC form. The highest Cu(ll)/Cu(l) redox pot_ent|al & (cf. above, Table
intense nuclease activity db is apparently caused by S6) suggests that the conversion of .CU(IF))(MC.U(I) (dw)
enhanced stabilization of the Cu(l) (cf. above) species formed by one-electrp n transfer in the excn_ed state is facilitated,
upon its reduction by ascorbic acid. The DNA cleavage and the resultlng.Cu(I) center then activates dloxyge.n tq form
efficiency of 5 is also higher than that already repofd the hydroxyl radicdfc (Scheme S1). These results indicate

for the corresponding bis-complex [Cu(dg}0)](ClOs)s. Fhe important rolg of the pamal intercaltion _of t.he dpqlllgand
. . ., in 5 in conferring the highest DNA binding affinity.
This is the result of tuning of the Cu(l1)/Cu(l) redox potential . e L
g . . . Obviously, the efficient photonuclease activity observed for
of 5to a less-positive value by incorporation of a coordinated . : 2
; - L 5 at lower concentration upon 365 nm irradiation for a short
phenolate ligand to confer efficient DNA cleavage activity. time is a sianificant result in the chemistry of copper-based
When a hydroxyl radical scavenger like DMSO was added si9 y PP
. . . - .~ nucleolytic agents.
to the reaction mixture, the cleavage reactions were inhibited Tryptophan Quenching Experiment. To investigate the
for all the ternary complexes (Figure S11B), revealing that yprop g =xp ' g

cer I . interaction of the copper complexes with proteins, the
a freely diffusible hydroxyl radical is the reactive oxygen tryptophan emission-quenching experiments were carried out
species (ROS) directly responsible for initiation of the yptop q g exp

cleavage reaction. Again, the cleavage activity of the using bovine serum albumin (BSA) in the presencd ob.

complexes was inhibited in the presence of a minor groove The emission intensity depends on the degree of exposure
P P 9 of the two tryptophan side chaif%134 and 212, to polar

solvent and also on its proximity to specific quenching

(44) Sreedhara, A.; Freed, J. D.; Cowan, J.JAAmM. Chem. So200Q

122 8814-8824. groups, such as protonated carbonyl, protonated imidazole,
(45) Liu, C.; Yu, S.; Li, D.; Liao, Z.; Sun, X.; Xu, Hinorg. Chem 2002

41, 913-922. (47) Collet, M.; Hoebeke, M.; Piette, J.; Lindgvist, L.; Van de VorstJA.
(46) Kirin, S. K.; Happel, C. M.; Hrubanova, S.; Weyhermuller, T.; Klen, Photochem. Photobiol. BL99§ 35, 221-231.

C.; Nolte, N. M. Dalton Trans.2004 1201-1207. (48) Peters, TAdv. Protein Chem1985 37, 161—245.
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—l indicates that the cytotoxicities of the complexes are time
1.0 = dependent and vary with the mode and extent of their
interactions with DNA and protein. It is evident that the
08 ' hydrophobic forces of DNA interactiot,as exhibited by,
< 06 ° n and the partial intercalative DNA interaction, as shown by
= ® . " 4 and5, lead to enhanced cytotoxicity.
0.4 - S . - al To investigate the molecular mechanisms underlying the
S z ®2 inhibitory effects of complexes on cell growth, we examined
0.2 ° §§ the different phases of the cell cycle by flow cytometry,
(I) 110 T 3!0 4!0 510 which involves quantitative measurements of DNA content

of cells. The ME180 cells were treated withshGand 1G,
Figure 6. Fluorescence quenching of BSA with and withdit5 in concentr.atlons of (0_'29 a”O_' 045£M) ands(0.70 and 1.4
phosphate buffer at pH 7.0. Excitation wavelength, 295 nm. uM), which show high activity in MTT assay, and then
harvested after 24 h incubation. The Pl-stained cells were
Table 2. In Vitro Cytotoxicity Assays for Complexe$—5, Cisplatin, assessed bv flow cvtometry with the FL2-A channel. The
and Mitomycin C against Human Cervical Epidermoid Carcinoma Cell ,y . y y . . )
Line (ME180} representative histograms shown in Figure 8 reveal that both
complexes show a concentration dependent inhibition of

20
[Cu complex], uM

ICsovalue$
ME2180 cells. Compared to control cells, those exposed to
24 h 48 h ) X )
o N 51360 100 A Sl 100 and>5 at their 1G, concentrations are slightly arrested at the
u(tdp .36+ 1. . . 2 b,
[Cu(tdp)(bpy)f > 31,01 3.00 0.91% 0.05 S22 and Ci/M|c_)hase§2 ¢of the cell cycle and sut_)sequgntly
[Cu(tdp)(phen)T 3 1.334+ 0.01 0.724 0.02 accumulated in the subs@hase at 24 h harvesting (Figure
{guggpg&mpg]{ 451 g-ggi 8-8% 8-;& 8-82 7). Interestingly, the cells exposed 4oand5 at their 1Gyo
u(tdp)(dpq . . . ) . . !
cisplatin 45,745 1.00 1.89% 0.06 conceptratlons induced a marked decrease in the number of
mitomycin C 53.65+ 3.00 1.59+ 0.03 cells in phases §G;, S, and G/M and subsequently
aData are meas: SD of four replicates eacl.ICso = concentration of gccumulgted n the. SUb'quhase C(ELgur.e 7)’ reveallng the
drug required to inhibit growth of 50% of the cancer cells 4M). increase in apoptotic cell death:©1%This is supported by

the typical fragmentation of apoptotic cells observed from

deprotonated-amino groups, and tyrosinate anidfs?The microscopic analyses of cells treated withsd@alues of4

emission intensity of BSA, measured as described in the and5 (see below). Thus it is obvious thatand5 mediate

E;(Fii”Smbe ntal Sect;on, |s_1;ciundhto decrgase Itn _the presgncqhe S and @M phase arrest of the treated cells, which
0 ecause of possible changes in protein secon aryprogress into apoptosis.

structslgre Iead!r?g to changes in tryptophan environrr?en.t of After the cells were treated with kg concentrations of
BSA° The ability of the complexes to quench the emission 1-5 for 24 and 48 h, they were analyzed for cytological

intensity of BSA follows the o_rden Z5>3>2>1 changes such as chromatin fragmentation, binucleation,
Further, the 'h|gher slope fo# in the plot of I/l versus cytoplasmic vacuolation, nuclear swelling, cytoplasmic
[cqmplex] (Figure 6) revealg the stronger protem-bmdmg blebbing, and late apoptosis indication of dotlike chromatin
ab'“ty. of the tmp qomplex_ with enhar_1ced hydro_phc_;blmty. condensatiofi? with Hoechst 33258 staining. The results
Antlcancer Activity Studies. The anfucance_r aCt'V'F'eS of . reveal that all the complexes bring about cytological changes
=5 agalns_t the ME180 hgman _cerwca! epldermq|d carci- (Figure S15) and that the cells are committed to a specific
noma .ceII line have been mvespgated N comparison with mode of cell death. All the complexes also display a necrotic
th_e W|d(_ely used (.jrugs. (see mt_roducﬂon)_ cisplatin and and apoptosis mode of cell death. Further, the tmp complex
m|tomyc;|n C under identical conditions by using MTT assay. 4 exhibits a percentage of apoptosis cell death higher than
Interestingly, as revealed by Fh_e the observeg l@lues that of other complexes (Figure 8A). The data on the manual
(Table 2), thg tmp compleexhibits potency approximately counting of cells with normal and abnormal nuclear features
100 and .6 tlme§ more than .those of the two drug; fpr 24 are shown in Figure 8B, and it is evident that the number of
and 48 h incubations, respectively. CompleResds exhibit abnormal cells increases in a time-dependent manner.

otencies approximately 35 and 55 times, respectively, more :

{Dhan those ?)I? the two Ej/ru s for 24 h incubart)ion bu){ the All of the abqve observafuons (_:Iearly show that the_ _dpq

. 9s. ’ y complex5 exhibits DNA binding affinity and cleavage ability
exhibit 1Cso values only two times lower than those of the
two drugs for 48 h incubation. Compl@&shows 1G, values (51) Yan, K. Y.; Melchart, M.; Habtemariam, A.; Sadler, P.Chem.

i i Commun2005 4764-4776.

approxmately 1.5 and. 2 t|me§ lower than those of the two (52) (a) Agarwal, M. K.; Hastak, K.; Jackson, M. W.; Breit, S. N.; Stark,
drugs for 24 and 48 h incubation respectively. On the other G. R.: Agarwal, M. L.Proc. Natl. Acad. Sci. U.S.2006 103 16278
hand, Complexit shows |Gy values higher than those of 16283 (b) Liu, T.; Xu, Z.; He, Q.; Chen, Y.; Yang, B.; Hu, Bioorg.
the two drugs for both 24 and 48 h incubations. This clearly '\C"ﬁi‘é'ncgémj.f&tzgm_l.ﬁf;?; 201 (@ Lin, ¥ H Yang, 8. Hi

S. R.Drug Dev. Res.2006 67, 743-751.

(49) (a) Halfman, C. J.; Nishida, Biochim. Biophys. Actd 971, 243 (53) Kasibhatla, G. P. A. H.; Finucane, D.; Brunner, T.; Wetzel, E. B;
284—293. (b) Halfman, C. J.; Nishida, Biochim. Biophys. Acta971, Green, D. R. Protocol: Staining of suspension cells with Hoechst
243 294-303. 33258 to detect apoptosi€ell: A laboratory manual Culture and

(50) Quiming, N. S.; Vergel, R. B.; Nicolas, M. G.; Villanueva, J. A. Biochemical Analysis of CellsCSHL Press: USA, 1998; Vol. 1,
Health Sci.2005 51, 8—15. pp.15.5.
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Figure 7. Effect of 4 and5 on the distribution of ME180 cells in cell cycle populations. The cell cycle phase was determined by the cellular DNA content
measured by flow cytometry of PI stained cellg, S, and G/M denote the corresponding phases of the cell cycle. Subvents correspond to cells or cell
fragments with lower DNA content and are indicative of the apoptotic death of the cells. (A) Cell cycle distribution is shown as histograms. teitseated

are used as control fer (a) and5 (d) for 24 h harvesting time. Cells are treated witht concentrations of 0.28M (b) and 0.45:M (c) and with5 at 0.70

uM (e) and 1.05%M (f) for 24 h harvesting time. (B) The percentage of cells in each phase is indicated as a graph. Data are mean values obtained from three

independent experiments and bars represent standard deviations.

Figure 8.

(A) Photomicrograph showing the features of Hoechst 33258 staining of ME180 cervical carcinoma cells. Cells were tredtafteritd h

seeding. The cells were stained with Hoechst 33258 fluorescent dye: (a) untreated cells (contfplyeéiied with4; (b) cytoplasmic vacuolation and
chromatin marginalization, (c) chromatin fragmentation, (d) cytoplasmic vacuolation and marginalization of nucleus, (e) cytoplasmic biebbing (

apoptotic body formation (arrowhead) and binucleation, (f) late apoptosis

indication of apoptotic bodies. Cells were treated withdd.2%fter 24 h

seeding. (B) Data showing counts of cells with normal and abnormal nuclear features. Abnormal cells increases in a time-dependent Indnizatéor
are mean values obtained from two independent experiments and bars represent standard deviations.

higher than that of the other complexes. On the other hand,

the tmp complex, which shows a weaker DNA binding and
also lower DNA cleavage thab, is the only complex that
causs a B to Aconformational change on DNA and also
exhibits a cytotoxicity higher than that 6f It is known that
cisplatin exhibits a conformational deviation from B-type
DNA upon platination and that the conformational changes
induced by platinum complexes are directly related to the
DNA-repair systems and cytotoxic profilesSimilarly, the
DNA conformational change caused by the tmp complex
would be expected to interfere with the cellular function of
DNA. Therefore, the higher cytotoxicity of the tmp complex
would correlate with its ability to confer a conformational
change on DNA and cleave it. It is also clear that a complex
with a stronger DNA binding ability or a higher cleavage
activity does not need to show a higher cytotoxicity. Further,
the tmp complex is found to bind to the plasma protein BSA
more strongly than the other complexes. Very recetitiige
anticancer activity of certain ruthenium(lll) complexes has
been related to their ability to bind to proteins and cause

(54) Zhao, Y.; He, W.; Shi, P.; Zhu, J.; Qiu, L.; Lin, L.; Guo, Balton
Trans.2006 26172619

(55) Messori, L.; Orioli, P.; Vullo, D.; Alessio, E.; Lengo, Eur. J.
Biochem.200Q 267, 1206-1213.

severe inhibition of some fundamental enzyme function. The
protein-bound complexes are thought to be transported
through biological fluids and eventually released at the
cellular level to exhibit anticancer activiy. However,
binding to plasma proteins might result in drastic modifica-
tions, or even loss, of the biological properties of the complex
molecules. Therefore, we hypothesize that a drug, which
binds to a protein or causes a conformational change on
DNA, is likely to exhibit a higher cytotoxicity. Furthermore,
the cell cycle arrest at S anduf®1 phases and subsequent
accumulation in the sub-Ghase by the complexdsand5
suggests that the complexes might inhibit the function of
certain proteins, which play a key role in regulation of the
cell cycle?? So, if the drug is to exhibit cytotoxicity by
induction of apoptosis, it should target and inhibit some of
the proteins involved in the cancer proffiThus it emerges
from our present study that a conformational change on
DNA, followed by DNA cleavage, and the ability to bind to
proteins are the requisites for a drug to act as an anticancer
agent. Further mechanistic investigations are needed to fully
understand the detailed molecular mechanism of cytotoxicity
and hence to verify our hypothesis.
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Conclusions India. The cells were cultured in RPMI 1640 medium (Biochrom

. . . AG, Berlin, Germany), supplemented with 10% fetal bovine serum
Simple and mixed-ligand copper(ll) complexes of the (Sigma), cisplatin (Getwell Pharmaceuticals, India), mitomycin C

tetradentate phenolate ligand H(tdp) with a series of diimine (sigma,), and 100 U/mL penicillin and 10@y/mL streptomycin
coligands have been isolated. The X-ray crystal structuresas antibiotics (Himedia, Mumbai, India) in 96-well culture plates
of the 1:1 complex [Cu(tdp)(CI©)]-0.5H,0 and the mixed- at 37°C in a humidified atmosphere of 5% G@ a CQ, incubator
ligand complex [Cu(tdp)(phen)](CKP CH;OH contain Cu- (Heraeus, Hanau, Germany). All experiments were performed using
(1) located in square-based geometries, which are retainedcells from passage 15 or less.

in solution. The coordinated dpg and phen coligands of the Methods and Instrumentation. Microanalysis (C, H, and N)

mixed ligand complexes are involved in strong partial Were carried out with a Vario EL elemental analyzer. An LCQ
intercalation into the DNA base pairs in the minor groove. DECA XP electrospray mass spectrometer was employed for ESI-
On the other hand, the tmp complex is involved in strong MS analysis. UV-vis spectroscopy was recorded on a Varian Cary

o . . Bio UV—vi h i fl h
hydrophobic interaction with DNA through the four methyl 300 Bio UV=vis spectrophotometer using cuvettes of 1 cm pat

. L . . length. Electron paramagnetic resonance spectra of the mixed-ligand
groups on phen ring, which is relevant to its ability to confer complexes were obtained on a Varian E 112 EPR spectrometer.

the B to A conformational change on DNA. The spectra were recorded for the solutions of the compound in
All the complexes cleave supercoiled DNA in the presence DMF at liquid nitrogen temperature (LNT). DPPH was used as
of ascorbic acid as reducing agent and the phen and dpgthe field marker. Cerius 2 software was employed to obtain a
complexes exhibit cleavage efficiencies higher than those energy-minimized structure df Emission intensity measurements
of the other complexes. They cleave supercoiled DNA were carried out using Jasco F 6500 spectrofluorometer. Circular
hydrolytically to nicked and linear forms in the absence of dichroic spectra of DNA were obtained by using JASCO J-716
any external reagent. Further, interestingly, upon irradiation SPectropolarimeter equipped with a peltier temperature control
with 365 nm radiation, the strongly binding dpg complex device. Viscosity measurements were carried out using Schott

effectively converts supercoiled DNA into nicked and linear Gerate AVS 310 automated viscometer.
Solutions of DNA in the buffer 50 mM NaCl/5 mM Tris HCI in
forms through double-strand breaks.

) water gave a ratio of UV absorbance at 260 and 280Augd/Azs0,

It is noteworthy that among all the complexes the tmp of 1 957 indicating that the DNA was sufficiently free of protein.
complex, despite its lower DNA binding and cleavage Concentrated stock solutions of DNA (13.5 mM) were prepared in
activity than its dpq analogue, exhibits the highest anticancer buffer and sonicated for 25 cycles, where each cycle consisted of
activity against the human cervical epidermoid carcinoma 30 s with 1 min intervals. The concentration of DNA in nucleotide
(ME180) cell line. Its potency is also greater than those of phosphate (NP) was determined by UV absorbance at 260 nm after
cisplatin and mitomycin C, which are currently in clinical ~1:100 dilutions. The extinction coefficient, was taken as 6600

use for treating cervical cancer. The anticancer activity of M~ ¢m™*. Stock solutions were stored at’@ and used after no
this complex may originate from their ability to cause a more than 4 days. Supercoiled plasmid pBR322 DNA was stored

conformational change on DNA and cleave it and also it at —20 °C, and the concentration of DNA in base_paurs_ was
- . o . - determined by UV absorbance at 260 nm after appropriate dilutions
ability to bind to the cellular proteins involved in inducing

I th | : . taking €260 as 13 100 M* cm~1. Concentrated stock solutions of
cancer. All the complexes bring about condensation and metal complexes were prepared by dissolution of calculated amounts

breakage of chromatin into clumps typical of apoptosis and of metal complexes in a corresponding amount of solvent and were
also cause necrotic cell death. Thus, we have shown thatgjluted suitably with the corresponding buffer to the required

the mixed-ligand tmp complex has the potential to be concentrations for all the experiments.
developed as an anticancer drug for treating cervical and Preparation of H(tdp) and their Copper(ll) Complexes.

possibly other forms of cancer. Synthesis of H(tdp). Salicylaldehyde (1.015 g, 10 mmol) in
methanol (20 mL) was added dropwise to 2-(2-aminoethylamine)-
Experimental Section ethanol (1.017 g, 10 mmol) in methanol (20 mL). The mixture was

stirred fa 2 h to get abright yellow solution. The resulting solution
was evaporated, and the yellow oily residue dried in vacuum (yield,
1.978 g, 95%).

Caution: During handling of the perchlorate salts of metal
complexes with organic ligands care should be taken because of
the possibility of explosion.

Synthesis of [Cu(tdp)(ClOy)]-0.5H,O (1). This complex was
synthesized by adding a methanolic solution of the ligand (0.104
g, 0.5 mmol), which was deprotonated by using a solution of NaOH
(0.5 mmol equivalent), to a solution of copper(ll) perchlorate
(0.1852 g, 0.5 mmol) in methanol solution and then stirring at 40
°C for 1 h. The resulting solution was filtered and then kept for
slow evaporation at room temperature. The blue needle-shaped
crystals suitable for X-ray diffraction were collected by suction

C(_all Culture. Th(_e ME180 human cervical_ cancer cell line was filtration. Anal. Calcd for [Cu(tdp)(HO)(CIOy)]: C, 34.84; H, 4.25:
obtained from National Center for Cell Science (NCCS), Pune, N. 7.39. Found: C. 34.74: H 4.20: N. 7.29%

Reagents and Materials.Copper(ll) perchlorate hexahydrate,
3,4,7,8-tetramethyl-1,10-phenanthroline (Aldrich), 1,10-phenan-
throline, 2-(2-aminoethylamino)ethanol (Merck), salicylaldehyde
(Loba chemie), calf thymus (CT) DNA (highly polymerized stored
at 4 °C), superoxide dismutase (SOD), bovine serum albumin
(BSA), catalase, (Sigma, stored-aR0 °C), pBR322 supercoiled
plasmid DNA, agarose, Lambda/Hind Ill, pUC18/Sau 3A I-pUC18/
Taq | digest, T4 ligase, and ligation buffers (Genei, Bangalore,
India) were used as received. Ultrapure MilliQ water (18.2)m
was used in all experiments. The ligand dipyrido-[8;2-3-f]-
quinoxaline (dpqg) was prepared by the reported procetfuree
commercial solvents were distilled and then used for preparation
of complexes.

(56) Collins, J. G.; Sleeman, A. D.; Aldrich, J. R.; Greguric I.; Hambly, T.  (57) Merill, C.; Goldman, D.; Sedman, S. A.; Ebert, M. Sciencel 980
W. Inorg. Chem.1998 37, 3133-3141. 211, 1437-1438.
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Synthesis of [Cu(tdp)(bpy)]CIO, (2). This complex was pre- Table 3. Crystal Data and Structure Refinement for Complekesd
pared by addition of a methanolic solution of 2t@pyridine (0.078 3

g, 0.5 mmol) and H(tdp) (0.104 g, 0.5 mmol), which was 1 3
deprotona.ted by using a solution of NaOH (0.5 mM equwaleqt), empirical CUCLH1CINGOs £CUCL  CUCaHCINO,
to a solution of copper(ll) perchlorate (0.185 g, 0.5 mmol) in formula H1N,0,C104+0.5(H,0)
methanol and then stirring at 4C€ for 1 h. The resulting solution fw 379.25 582.50
was filtered and kept aside for slow evaporation at room temper- Cryst syst Pf;‘?nOC"niC Pgexagonal
. . space group 1/n 1

ature. 'I_'he green crystalline sqlld separated out and was collected cryst size (mm) 0.9% 0.27x 0.23 0.40x 0.35x 0.35
by suction filtration, washed with small amounts of methanol, and  ; (a) (vo K o) 0.71073 0.71073
then dried in vacuum. Anal. Calcd for [Cu(tdp)(bpy)](G)O C, a(A) 11.7700(10) 14.1018(5)
47.91; H, 4.40, N; 10.64. Found: C, 48.12; H, 4.47; N, 10.75%. b(A) 12.8750(8) 14.1018(5)
ESI-MS: [Cu(tdp)(bpy)] displays a peak atVz = 427.00, calcd Z <é)eg) 1990-1517(15) 33'3740(19)
= 426.98. B (deg) 97.435(10) 90

Synthesis of [Cu(tdp)(phen)]CIQ-CH3;OH (3). This complex y (deg) 90 120
was isolated using the procedure adopted to ol?aifhe green z 8 12
needle-shaped crystals suitable for X-ray diffraction were obtained de?:q't%ég;"":d) 1.746 1519
by slow evaporation of a concentrated solution of the complex. g, 3ata 2.36-25.89 1.67-25.18
Anal. Calcd for [Cu(tdp)(phen)](CIg): C, 49.49; H, 4.67; N, 9.62. collection (deg)
Found: C, 49.15; H, 4.38; N, 9.42%. ESI-MS: [Cu(tdp)(phé&n)] GOF onF?2 1.014 0.977
displays a peak atvz = 451.10, calcd= 451.00. rF?f/r\]/iFeCZOHECtEd 055’3;"6 0833775

Synthesis of [Cu(tdp)(3,4,7,8-tmp)]CIQ (4). This complex was [l >20(1)]? ' '
isolated using the procedure adopted to ob&imhe resulting R1/WR2 0.0676 0.0320

solution was filtered and kept aside for slow evaporation at room  (all data}
temperature. The green crystalline solid that separated out Was aRq = y||F.| — |Fe/|/S|Fol; WR2 = { SWI(Fe2 — FAYSW(FAF}Y 2
collected by suction filtration, washed with small amounts of

methanol, and then dried in vacuum. Anal. Calcd for [Cu(tdp)- complexes in 10% DMF/5 mM Tris-HCI/50 mM NaCl buffer at
(3,4,7,8-tmp)](CIQ): C, 53.46; H, 5.15; N, 9.24. Found: C, 53.55; 5147 1 and dilution of the solution suitably with the corresponding
H, 5.36; N, 9.42%. ESI-MS: [Cu(tdp)(tmp)]displays & peak at 1 tter to required concentrations for all the experiments. For
m/z = 507.10, calcd= 507.11 (Figure S16). absorption and emission spectral experiments, the DNA solutions
Synthesis of [Cu(tdp)(dpg)ICIO, (5). This complex was also  were pretreated with solutions of metal complexes to ensure no
prepared using the procedure adopted for the isolatiod dhe change in concentration of the metal complexes.
resulting solution was filtered and kept aside for crystallization by Absorption spectral titration experiments were performed by
slow evaporation at room temperature. The green crystalline solid maintaining a constant concentration of the complex, varying the
that separated out was collected by suction filtration, washed with cleic acid concentration, and adopting an experimental method
small amounts of methanol, and then dried in vacuum. Anal. Calcd gescribed previouslifc From the observed spectral changes, the
for [Cu(tdp)(dpa)](CIQ): C, 49.84; H, 3.85; N, 13.95. Found: C,  yajye of the intrinsic equilibrium DNA binding constak, was
49.54; H, 3.56; N, 13.55%. ESI-MS: [Cu(tdp)(dptdisplays @ getermined by regression analysis using an equéfigiiwhich
peak atm/z = 503.00, calcd= 503.04. includes binding site size. Emission, circular dichroism, and viscosty

X-ray Crystallography. Suitable single crystals were obtained, studies on the DNA binding of the complexes were performed using
and intensity data were collected at 153 K on a Stoe Mark Il-Image the equipment and procedures described elsewfere.

Plate Diffraction Systerfé equipped with a two-circle goniometer, Cyclic voltammetry (CV) and differential pulse voltammetry

using MoKa graphite-monochromated radiation: image plate (DPV) were performed in a single-compartment cell with a three-
distance= 100 mm,w rotation scans= 0—180C° (at¢ = 0°) and electrode configuration on a EG&G PAR 273 potentiostat-gal-
0—20° (at¢ = 90°), stepA¢ = 1.5°, exposure= 2 min per image,  vanostat equipped with an PIV computer. The working electrode

20 range= 2.29-59.53, dnin — Onax = 17.779-0.716 A. The was a glassy carbon disk (0.384 dnand the reference electrode
structure was solved by direct methods using the program SHELXS- was a saturated calomel electrode. A platinum plate was used as
975° The refinement and all further calculations were carried out the counterelectrode. The supporting electrolyte was 50 mM NaCl/5
using SHELXL-97%° Crystal refinement data are listed in Table 3.  mm Tris-HCI buffer at pH 7.1. Solutions were deoxygenated by
The H-atoms were included in calculated positions and treated aspurging with nitrogen gas for 15 min prior to measurements; during
riding atoms using SHELXL default parameters. The non-H atoms the measurements, a stream efgds was passed over the solution.
were refined anisotropically, using weighted full-matrix least- All the experiments were carried out at 25:00.2 °C, maintained
squares orF2. No absorption correction was applied. Graphical by a Haake D8-G circulating bath.
representations of the structure were made with POV-Ray, version  The cleavage of DNA in the absence of activating agents was
3.65 monitored using agarose gel electrophoresis. In reactions using
DNA Binding and Cleavage ExperimentsConcentrated stock  supercoiled pBR322 plasmid DNA (form |, 40M) in 10% DMF/5
solutions of metal complexes were prepared by dissolution of metal mM Tris-HCI/50 mM NaCl buffer at pH 7.1 was treated with metal
complexes. The samples were incubateddfb at 37°C. A loading
(58) X-Areg version 1.17, andX-RED32 version 1.04; Stoe & Cie buffer containing 25% bromophenol blue, 0.25% xylene cyanol,
GmbH: Darmstadt, Germany, 2002. and 30% glycerol (3uL) was added, and electrophoresis was

(59) Sheldrick, G. MActa Crystallogr 199Q A46, 467. . i _
(60) Sheldrick, GSHELXL-97 Universita Gottingen: Gadtingen, Germany, performed at 60 V fos h in Tris-acetate-EDTA (TAE) buffer (40

1999.
(61) Persistence of Vision Raytraceversion 3.6; Persistence of Vision (62) Carter, M. T.; Rodriguez, M.; Bard, A. J. Am. Chem. Sod.989
Pty. Ltd.: Scotland, 1997; http://www.povray.org/download/. 111, 8901-8911.

Inorganic Chemistry, Vol. 46, No. 20, 2007 8219



Rajendiran et al.

mM Tris base, 20 mM , acetic acid, 1 mM EDTA) using 1% agarose  Cell Viability Assay. MTT assay was carried out as described

gel containing 1.Q«g/mL ethidium bromide. The gels were viewed previously®® Complexesl—5, in a concentration of 0.05100uM,

in a Alpha Innotech Corporation Gel doc system and photographeddissolved in DMSO (Sigma-Aldrich, St. Louis, MO), were added

using a CCD camera. Densitometric calculations were made usingto the wells 24 h after they were seeded with<51C® cells per

the AlphaEaseFC StandAlone software. The intensities of super-well in 200 uL of fresh culture medium. DMSO was used as the

coiled DNA were corrected by a factor of 1.47 as a result of its vehicle control. After 24 and 48 h, 20 of MTT solution [5 mg/

lower staining capacity by ethidium bromiffe.The cleavage mL in phosphate-buffered saline (PBS)] was added to each well,

efficiency was measured by determination of the ability of the and the plates were wrapped with aluminum foil and incubated for

complex to convert the supercoiled DNA (SC) to nicked circular 4 h at 37°C. The purple formazan product was dissolved by

form (NC) and linear form (LC). addition of 100uL of 100% DMSO to each well. The absorbance
The decrease in the intensities of form | (SC) or the increase in was monitored at 570 nm (measurement) and 630 nm (reference)

the intensities of form 1l (NC) was then plotted against catalyst using a 96 well-plate reader (Bio-Rad, Hercules, CA,). The stock

concentrations, and these were fitted well with a single-exponential solutions of the metal complexes were prepared in DMSO, and in

decay curve (pseudo-first-order kinetics) by the use of known all the experiments, the percentage of DMSO was maintained in

equations® For anaerobic experiments, deoxygenated water and the range of 0.21%. DMSO by itself was found to be nontoxic to

anaerobic stock solutions were prepared. To identify the reactive the cells up to a 1% concentration. Data were collected for four

oxygen species (ROS) involved in the cleavage reaction, the radicalreplicates each and were used to calculate the mean. The percentage

scavengers such as hydroxyl radical (DMSO, 10%), singlet oxygen inhibition was calculated, from this data, using the formula:

(NaN; 100 uM), superoxide (SOD, 10 unit), and,8, (catalase,

0.1 unit) were introduced. Ligation reactions were performed as mean OD of untreated cells (contrefymean OD of treated cells

follows: after incubation of pBR322 plasmid DNA with metal mean OD of untreated cells (control) x 100
complex fa 4 h at 37°C, the cleaved (form Il) was recovered by
precipitation with 3.0 M NaOAc and 95% ethar$6[The plasmid The 1G; values were calculated using Table Curve 2D, version

was then incubated for 24 h at 2€ with 10 U T4 ligase in the 5.01
buffer provided by the supplier. In control experiments, the T4 ligase  Analysis of Cell Cycle ProgressionCells were seeded in a 25
reactions were carried out also on Lambda/Hind Ill, pUC18/Sau cnv flask at a density of Ix 10P cells/flask. After 24 h, CKBM
3A I-pUC18/Taq | digest. The reaction products were resolved on with a final concentration of I or IC,,was added to the respective
1% agarose gel in TAE buffer. flasks and incubated for 24 and 48 h. Cells were trypsinized,
The DNA cleavage with added reductant was monitored as in harvested, and fixed in 5 mL of 80% cold ethanol in test tubes and
the case of cleavage experiment without added reductant usingincubated at 4°C for 15 min. After incubation, the cells were
agarose gel electrophoresis. Reactions using supercoiled pBR32Zentrifuged at 1500 rpm for 5 min, and the cell pellets were
plasmid DNA (SC, 4QuM, in base pair) in 10% DMF/5 mM Tris- resuspended in 5Q4 of propidium iodine (1Qug/mL) containing
HCI/50 mM NacCl buffer at pH 7.1 were treated with the metal 300ug/mL RNase (Sigma, MO). Then cells were incubated on ice
complex (30uM) and ascorbic acid (1@M), followed by dilution for 30 min and filtered with 53um nylon mesh. Cell cycle
with the Tris-HCI buffer to a total volume of 26L. The samples distribution was analyzed by using FACScan (Becton-Dickinson,
were incubated for 0.5 h at 3T, and the gel electrophoresis was San Jose, CA) with 15 mw, 488 nm argon ion laser. Pl signals
performed as described above. were collected using 585/42 band-pass filter. The data were acquired
For photocleavage studies, the reactions were carried out underand analyzed with Cell Quest software.
illuminated conditions at 365 nm (12 W) monochromatic light Hoechst 33258 StainingCell pathology was detected by staining
source. In each experiment, the sample was incubatedtiat 37 the nuclear chromatin of trypsinized cells (4x010*mL) with 1
°C and analyzed for the photocleaved products using gel electro-uL of Hoechst 33258 (1 mg/mL, aqueous) for 10 min at°&%
phoresis as discussed above. Reactions using supercoiled pBR323taining of suspension cells with Hoechst 33258 was performed
plasmid DNA (SC, 4Q«M, in base pair) in 10% DMF/5 mM Tris- to detect apoptosfS. A drop of cell suspension was placed on a
HCI/50 mM NaCl buffer at pH 7.1 was treated with the metal glass slide and a cover-slip was laid over to reduce light diffraction.
complex (25uM), followed by dilution with the Tris-HCI buffer At random, 300 cells were observed in a fluorescent microscope
to a total volume of 20uL. The inhibition reactions for the (Carl Zeiss, Jena, Germany) fitted with a 37355 nm filter
photonuclease studies were carried out at 365 nm using reagent®bserved atx400 magnification, and the percentage of cells
(NaNs, 100uM; DMSO, 10%) prior to the addition of the complex.  reflecting pathological changes were calculated. Data were collected
For the DO experiment, the same solvent was used for dilution to for four replicates and were used to calculate the mean and the
18 ul. standard deviation.
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quenchers. To solutions of BSA in phosphate buffer at pH 7.0, Research, New Delhi, India (Grant 01(2101)/07/EMR-Il and
increments of the quencher were added, and the emission signalSRF to V.R.), and the Department of Atomic Energy,
at 344 nm (excitation wavelength at 295 nm) were recorded after Mumbai, India (Grant 2003/37/25/BRNS), are gratefully
each addition of the quencher. Thg, versus [complex] plot was  acknowledged for financial support. M.P. thanks Department
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