This article was downloaded by: [Chongqging University]

On: 14 February 2014, At: 13:28

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
EDDEEIIF'JATIDN Publication details, including instructions for authors and

CHEMISTRY subscription information:
- http://www.tandfonline.com/loi/gco020

[ PERTEREEE meE

Effect of 1,10-phenanthroline on

'ﬂ*‘." DNA binding, DNA cleavage, cytotoxic
and lactate dehydrogenase inhibition

properties of Robson type macrocyclic

— e dicopper(ll) complex

Sellamuthu Anbu®, Asaithambi Killivalavan®, Elisabete C.B.A.
AIegriaCd, Ganeshan Mathan® & Muthusamy Kandaswamy®
& Department of Inorganic Chemistry, School of Chemical

Sciences, University of Madras, Guindy Maraimalai Campus,
Chennai, India

b Department of Biomedical Science, School of Basic Medical
Sciences, Bharathidasan University, Tiruchirapalli, India

¢ Chemical Engineering Departmental Area, ISEL, Lisboa, Portugal

4 Centro de Quimica Estrutural, Complexo I, Instituto Superior
Técnico, Technical University of Lisbon, Lisboa, Portugal
Accepted author version posted online: 24 Oct 2013.Published
online: 26 Nov 2013.

To cite this article: Sellamuthu Anbu, Asaithambi Killivalavan, Elisabete C.B.A. Alegria,
Ganeshan Mathan & Muthusamy Kandaswamy (2013) Effect of 1,10-phenanthroline on DNA
binding, DNA cleavage, cytotoxic and lactate dehydrogenase inhibition properties of Robson type
macrocyclic dicopper(ll) complex, Journal of Coordination Chemistry, 66:22, 3989-4003, DOI:
10.1080/00958972.2013.858136

To link to this article: http://dx.doi.org/10.1080/00958972.2013.858136

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources



http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2013.858136
http://dx.doi.org/10.1080/00958972.2013.858136

Downloaded by [Chongging University] at 13:28 14 February 2014

of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Chongging University] at 13:28 14 February 2014

Taylor &Francis

Taylor &Francis Group

Journal of Coordination Chemistry, 2013
Vol. 66, No. 22, 3989-4003, http://dx.doi.org/10.1080/00958972.2013.858136 e

Effect of 1,10-phenanthroline on DNA binding, DNA
cleavage, cytotoxic and lactate dehydrogenase inhibition
properties of Robson type macrocyclic dicopper(II) complex
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DNA targeting macrocyclic dicopper(Il) complex, [Cu,L(H,O),](phen),(ClO4), (L = p-11,
23-dimethyl-3,7,15,19-tetraazatricyclo-[19.3.1.1%>* he p t a ¢ 0 s a-1(24), 2, 7, 9, 11, 13(26), 14,
19, 21(25), 22-decaene-25,26-diol) (2), has been synthesized and characterized. This has been syn-
thesized by reacting a Robson type macrocyclic precursor dicopper(Il) complex [Cu,L(H,0),]
(ClO4), (1) and 1,10-phenanthroline in ethanol. Solution ESR, electronic, and ESI-MS spectral stud-
ies suggest that 1,10-phenanthroline replaces coordinated water in 1, giving 2. The influence of the
phenanthroline on DNA binding, cleavage, and anticancer properties of 2 have been investigated.
Complex 2 displays better DNA binding and cleavage than 1. The dicopper(Il) complexes 1 and 2
show cytotoxicity in human cervical HeLa cancer cells, giving ICs, values of 79.41 and 15.82 uM,
respectively. Antiproliferative properties of 1 and 2 were confirmed by Trypan Blue exclusive assay
and lactate dehydrogenase enzyme level in HeLa cancer cell lysate and content media.

Keywords: Dicopper(Il) complexes; DNA binding and cleavage; Trypan Blue assay; Anticancer
properties; LDH inhibition

1. Introduction

The development of new reagents that can specifically bind and cleave DNA under
physiological conditions via oxidative and hydrolytic mechanisms has attracted considerable
interest due to applications in cancer therapy and molecular biology [1-4]. Platinum
complexes are well-known metal-based drugs for cancer therapy. However, it possesses
inherent limitations such as side effects and resistance phenomena [5, 6]. This leads to search
for other metal complexes for cancer therapy with distinctive cellular apoptotic pathways.
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Copper(Il) plays a significant role in biological systems as pharmacological and physiologi-
cal agents [7, 8]. Several Cu(Il) complexes have been reported as potential anticancer agents,
active in both in vitro and in vivo [9-11]. Several phenanthroline based mononuclear Cu(Il)
complexes were synthesized and their interactions with DNA and cytotoxic activities [7, 12—14]
were reported. These studies are mainly limited to mononuclear complexes and very few stud-
ies on dinuclear complexes with metal ions in close proximity were reported [15, 16]. Recently,
we have synthesized phenanthroline based dicopper(Il) complexes, which strongly bind to
DNA and also regulate apoptosis [17, 18]. We also have reported some macrocyclic and macro-
bicyclic dinuclear complexes with more aromaticity show better DNA interaction, nuclease,
and anticancer activity than the dinuclear analogs with aliphatic moieties [19-25]. In this
context, we have synthesized the 1,10-phenanthroline containing Robson type symmetrical
macrocyclic dicopper(Il) complex 2 for DNA binding, cleavage, and primary anticancer
properties; results are compared with the 1,10-phenanthroline free macrocyclic dicopper(1l)
complex 1.

2. Experimental

2.1. Materials and measurements

Robson type macrocyclic dicopper(Il) complex 1 has been synthesized as described [26].
Copper(Il) perchlorate hexahydrate, 1,10-phenanthroline, and ethidium bromide (EB) were
purchased from Aldrich. Calf thymus DNA (CT-DNA) and pBR322DNA were purchased
from Bangalore Genei (India). All other chemicals and solvents were of analytical grade
and used as received. Elemental analysis was carried out on a Carlo Erba model 1106 ele-
mental analyzer. The percentage of Cu in a complex was determined using a Perkin—Elmer
AAS (model 2380) equipped with a hollow cathode source and employing air/acetylene
flame. FT-IR spectra were obtained on a Perkin—Elmer FTIR spectrometer with samples
prepared as KBr pellets. UV—vis spectra were recorded using a Perkin-Elmer Lambda 35
spectrophotometer operating from 200 to 1100 nm with quartz cells; ¢ are given in
M™' em™'. Electrospray ionization mass spectral measurements were done using a Thermo
Finnigan LCQ-6000 Advantage Max-ESI mass spectrometer. Both room temperature (RT)
and liquid nitrogen temperature (LNT) solid/solution ESR spectra of 1 and 2 were recorded
using a JEOL TES 100 ESR spectrometer. Diphenyl picryl hydrazyl was used as the field
marker.

Caution! Transition metal perchlorate salts are potentially explosive; hence, care should
be taken in handling the compound!

2.2. Synthesis of dicopper(Il) complex [Cu,L(H>0),/(phen),(ClO,); (2)

Slow addition of LiOH-H,0O (0.04 g, 1.00 mM) in water (3 mL) to 1 (0.38 g, 0.5 mM) in
ethanol (10 mL) produces a yellowish green solution. Then, ethanolic solution (7 mL) of
1,10-phenanthroline (0.18 g, 1 mM) was added dropwise under constant stirring. The above
reaction mixture was refluxed for 12 h and then the solution was concentrated to about
5 mL by evaporation of the solvent under reduced pressure. By slow cooling to RT of the
resulting solution, a brown solid was separated by filtration. Recrystallization from acetoni-
trile solution offered yellowish green crystals suitable for single crystal XRD analysis.
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Yield: 2.30 g (75%) Anal. Caled for C4gH4,Cl,CuyNgOyg (2) Caled: C, 52.94; H, 3.89; N,
10.29; Cu, 11.67%. Found: C, 52.98; H, 3.92; N, 10.34; Cu, 11.76%. ESI-MS in CH3;CN:
m/z 444.54 [M=2Cl04]*". FT-IR, ecm™' (KBr disk): 3214 [w, v(N-H)], 1636 [w, WC=N)],
1365 [s, v(C-0)], 1092vs, 625s [W(ClO4)], 492 [w, w(Cu-N)] (br, broad; s, strong; w,
weak). Amax, NM (e, M' ecm™) in CH3CN: 684 (98), 375 (6000), 263 (77,900), 227
(128,000); g at 298 K = 2.074; pesr, 1 at 298 K: 1.21 BM.

2.3. X-ray data collection and reduction

Crystals of 2 were translucent green and could be sorted by using a polarizing microscope
(Leica DMLSP). The crystal was cut into suitable size and mounted on a Kappa Apex2
CCD diffractometer equipped with graphite monochromated Mo(Ka) radiation
(A =0.71073 A). The intensity data were collected using @ and ¢ scans with frame width of
0.5°. The frame integration and data reduction were performed using Bruker SAINT-Plus
(Version 7.06a) software [27]. Multi-scan absorption corrections were applied using
SADABS (Bruker, 1999) [28]. The structure was solved using SIR92 [29]. Full matrix least
squares refinement was performed using SHELXL-97 (Sheldrick, 1997) programs. All non-
hydrogen atoms were refined with anisotropic displacement parameters. Refinement of
water hydrogens were restrained such that they remain in the vicinity of the respective dif-
ference peak. All hydrogens could be located in the difference Fourier map. However, they
were relocated at chemically meaningful positions and were given riding model refinement
with the following restraints: tertiary CH; groups (C-H = 0.96 A, Ui, = 1.5 Ueq of the par-
ent carbon), secondary CH, group (C-H = 0.97 A, Uy, = 1.2 Ueq of the parent carbon), and
aromatic C-H group (C-H = 0.93 A U, = 1.2 Ueq of the parent carbon). The water hydro-
gens were restrained such that they remain in the vicinity of the respective difference peak.
Selected crystallographic data of 2 are given in table 1.

Table 1.  Crystallographic data for 2.

Parameters

2

Empirical formula
Formula weight

CysHyClLCuNgO
112491

T (K) 293(2)
Wavelength (A) 0.71073

Crystal system Monoclinic
Space group P2;/c

a(A) 7.2055(2)

b (A) 25.4986(9)
c(A) 13.2132(5)
a(°) 90

Q) 102.699(2)

y(° 90

Volume (A?) 2368.28(14)

zZ 2

Calculated density (mgm>) 1.577
Absorption coefficient (mm 1) 1.085

Crystal size (mm) 0.30x0.20 x 0.20
6 Range for data collection (°) 2.25-24.81
Max. and min. transmission 0.737 and 0.812
Data/restraints/parameters 4880/5/338

Final R indices [1>20(1)]
R indices (all data)

Largest diff. peak and hole (e.A™%)

R;=0.0481(3667)
WwR,=0.1539(4880)
0.778 and —0.766
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2.4. MTT assay

Human cervical carcinoma HeLa cell line was obtained from National Center for Cell
Science (NCCS), Pune, India and cell viability was assessed by MTT (3,4,5-dimethylthiaz-
olyl-2-2,5-diphenyltetrazolium bromide) method. HeLa cells were maintained in a
humidified atmosphere containing 5% CO, at 37°C in Dulbecco’s Modified Eagle’s
Medium supplemented with 100 units of penicillin, 100 ug mL™" of streptomycin, and 10%
Fetal bovine serum. Briefly, HeLa cells with a density 1 x 10* cells per well were
precultured in 96-well microtiter plates for 24 h under 5% CO,. 1 and 2 were added in
micro wells containing the cell culture at 2—-100 uM, and then each well was loaded with
10 uL MTT solution (5 mg mL™" in phosphate buffered saline (PBS) pH = 7.4) for 4 h at
37 °C. The insoluble formazan was dissolved in 100 pL of 4% DMSO and the cell viability
was determined by measuring the absorbance of each well at 570 nm using a Bio-Rad 680
microplate reader (Bio-Rad, USA). All experiments were performed in triplicate and the
percentage of cell viability was calculated according to the equation, inhibition rate (%) =
OD (control) — OD (drug treated cells)/OD (control) x 100.

2.5. Trypan Blue exclusion assay

Viability assays measure the percentage of a cell suspension that is viable. This method is
based on the principle that live (viable) cells do not take up certain dyes whereas dead (non-
viable) cells do. Live cells with intact cell membranes are not colored. Because cells are
very selective in the compounds that pass through the membrane, in a viable cell, Trypan
Blue is not absorbed; however, it traverses the membrane in a dead cell. Therefore, dead
cells are shown as a distinctive blue color under a microscope. For the Trypan Blue assay,
HeLa cells were seeded into 24-well plates at a density of 1-2 x 10° cells/well with differ-
ent concentrations of 1 and 2. After 24 h, cells were harvested by trypsinization (trypsin
0.025%/EDTA 0.02%) before incubating with 0.4% Trypan Blue solution in PBS for
2 min. Cells were allowed to stand from 5 to 15 min. Later, 10 uL of stained cells were
placed in a hemocytometer, and the number of viable (unstained) and dead (stained) cells
was counted with a light microscope. The viability percentage was expressed using the
equation, cell viability (%) = total viable cells (unstained)/total cells (stained and unstained)
x 100. Representative measurements of three distinct sets of data have been reported.

2.6. Lactate dehydrogenase inhibition assay

Glycine buffer (0.1 M) (pH 7.4), buffered substrate (lithium lactate in NaOH), nicotinamide
adenine dinucleotide (NAD") (5 mg mL™"), 0.02% dinitro phenyl hydrazine (DNPH) in 1
N HCI, 0.4 N NaOH, and stock standard Tri sodium pyruvate were purchased from Genei
India. Lactate dehydrogenase (LDH) assay was measured in both cell lysate and in the con-
ditioned medium. After 48 h incubation, the culture medium with treatment was taken sepa-
rately and the attached cells were lysed by adding 0.1% triton x 100 and subjecting them to
two cycles of freezing and thawing. The activity of LDH was measured by following
King’s method [30]. The substrate reaction buffer containing 0.5 mM lactic acid, 0.1 N
NaOH, and 0.1 M glycine buffer was added to the cell lysate and medium and then
0.02 mL of NAD was added to both. Dinitro phenyl hydrazine (0.02%) was added as
chromogenic agent and the absorbance values at 460 nm were read in the UV
spectrophotometer. The units were expressed in uM of pyruvate liberated/protein (ug). The
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percentage of LDH leakage was expressed using the equation, percentage of leakage of
LDH = activity in medium/activity in cells + activity in medium x 100. Representative
measurements of three distinct sets of data have been reported.

3. Results and discussion

3.1. General properties

A very strong band near 1100 cm™' and a strong and sharp band near 625 cm™' are

observed in IR spectra of 1 and 2 (figure S1, Supplementary material), in agreement with
the presence of uncoordinated perchlorate ions in their crystal lattices [31]. The v(O-H) of
coordinated water in 1 is a broad band at 3480 cm ™' [32], which is absent in 2 attributed to
coordination of 1,10-phenanthroline by replacing water. Complex 2 shows a band at
1638 cm™! due to v(C=N), which is less intense than for 1. This is attributed to coordination
of 1,10-phenanthroline to Cu(Il) ion in 2 by replacing one azomethine from each compart-
ment of the macrocyclic ring. To ascertain structural changes of 1 and 2 in different phases,
solid and solution electronic spectra of the complexes (figure S2, Supplementary material)
were recorded. The reflectance spectra of 1 and 2 (figure S2B) show an asymmetrical
absorption at 600 and 595 nm, respectively, related to d—d transitions. The identical feature
(figure S2C) is observed around at 600 nm for 1 in different solvents (table S1), suggesting
that the molecular structure of 1 is maintained under these experimental conditions [33].
The phenanthroline containing 2 in different solvents has a new d—d band around 690 nm
(figure S2D), entirely different from the reflectance spectra of 2, but comparable to reported
phenanthroline coordinated mixed ligand Cu(II) complexes [34—36]. These results strongly
support that the structure of phenanthroline containing 2 in solution is not the same as in
the solid state. The positive ion ESI mass spectrum (figure S3, Supplementary material) of
2 in CH3;CN showed major peaks at m/z = 444.54 and 990.27 corresponding to
[M—-2C104]*" and [M—-ClO,4]", respectively. The analytical and ESI mass spectral data of 2
also strongly support coordination of phenanthroline to Cu(Il) by replacing coordinated
water in solution. To corroborate the coordination environments around Cu(Il), solid and
solution ESR spectra of 1 and 2 were recorded at RT and LNT. ESR spectral data for the
complexes are listed in table S1, Supplementary material. At both RT and LNT, polycrystal-
line samples of 1 and 2 showed a single broad-band ESR spectrum and the observed g
values are 2.040-2.074, but 1 and 2 in CH3CN show four lines with nuclear hyperfine spin
3/2 due to hyperfine splitting at RT and LNT (figure S4, Supplementary material). The
observed g, g1, and A4 values for 1 were 2.247-2.272, 2.07-2.11, and
179-182 x 10™* ecm™, respectively, typical of a water (axially) coordinated square-pyrami-
dal N,O-donor copper(Il) complex [37]. At identical temperatures, 2 also exhibited typical
four-line splitting ~ patterns ~ with  g;=2.102-2.124, g, =2.02-2.05, and
Ay=168—-172 x 107 em™ . The distorted square-pyramidal phenanthroline free 1 shows the
Ay of 180 x 107 em™!, while phenanthroline coordinated macrocyclic dicopper(Il) 2 exhib-
its the 4 value around 170 X 107 em™". This decrease of Aj for 2 reveals different coordi-
nation environments around Cu(I). Distortion of square-pyramidal geometry toward
trigonal-bipyramidal geometry causes reduction in A [38, 39], and the difference in 4
between 1 and 2 is believed to originate from this structural factor. Coordination of 1,
10-phenanthroline to Cu(Il) by removing water led to different geometry around Cu(Il)
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centers in solution. RT magnetic studies of 1 and 2 resulted in magnetic moment value of
1.23 and 1.21 BM. Both ESR and magnetic studies of complexes suggest the presence of
an antiferromagnetic interaction between Cu(Il) ions.

3.2. Crystal structure of [Cu,L(H,0),/(phen),(CIO,; (2)

Complex 2 crystallized in the monoclinic lattice with a space group P2;/c. The molecular
structure of 2 is shown in figure 1. The coordination geometry around the two coppers in 2 is
the same as that in 1 [26], with two waters occupying two axial positions at the opposite side
of the macrocyclic plane. Copper(Il) is situated slightly above the N,O, plane and each metal
may be considered as distorted square-pyramidal. Two nitrogens from two 1,10-
phenanthrolines are linked to two coordinating water molecules above and below the
macrocyclic framework, through hydrogen bonds. The hydrogens of coordinated water could
not be located. However, the distance (2.780 A) between oxygen of water (O1) and N4_$1
($1 =—x, %2 +y, %2 — z) shows strong hydrogen bond interaction between 1,10-phenanthro-
line and macrocyclic dicopper(Il) complex. Two hydrogen bonded phenanthroline rings are
found in almost parallel positions to the phenyl ring in the macrocyclic plane (with a dihedral
angle of 6.3°). They lie face-to—face with the adjacent macrocyclic frameworks on their
other side. The two phenanthroline rings situated between two macrocycles are strictly copla-
nar to each other (with a dihedral angle of 0.0°), forming an ordered arrangement where one
macrocycle and two 1,10-phenanthrolines are alternately arrayed (figure S5, Supplementary

Figure 1. Crystal structure of 2. Hydrogens and perchlorates are omitted for clarity.



Downloaded by [Chongging University] at 13:28 14 February 2014

Robson type dicopper(1l) 3995

material). The separations between the macrocyclic and phenanthroline rings are about 3.6
A. It is proposed that 7— interactions are present between phenanthroline and phenyl in the
macrocyclic skeleton, where the electron-rich phenanthroline moiety (uncoordinated) is a
donor and the electron-poor phenyl species (owing to the coordination of the macrocyclic) as
acceptors. It is suggested that both the z—z interactions and H-bonding interactions contribute
to the stacking structure.

3.3. DNA binding and cleavage properties

3.3.1. Absorption spectral studies. The binding ability of 1 and 2 with CT-DNA was
studied by measuring their effects on the electronic spectra. Interaction of 1 and 2 in DMF
solutions (5%) with CT-DNA was investigated. Absorption titration experiments in buffer
were performed using a fixed copper concentration to which increments of the DNA stock
solution were added. The binding of Cu" complexes to duplex DNA led to a decrease in
absorption intensities with small red shifts in the UV—vis absorption spectra [40]. To com-
pare quantitatively the affinity of the two complexes toward DNA, the binding constants K
of the two complexes to CT-DNA were determined by monitoring the changes of absor-
bance (figure 2) at 253 and 350 nm for 1 and 263 and 227 nm for 2), with increasing con-
centration of DNA [41]. The intensity of the intraligand 7#—=* transitions decreases with
increase of CT-DNA, indicating interactions exist between DNA and 1 or 2. However, the
influence of 2 on the UV—vis spectra is greater than that of 1. Complex 2 shows significant
bathochromic shift of ~4 nm suggesting a groove-binding preference of the complex. The
intrinsic equilibrium DNA binding constant (K},) values of the complexes along with the
binding site size (s) are given in table 2. The binding site size (s) values were obtained from
the MvH fits and 2 has a higher value of s in comparison to 1. The K}, values are lower than
for a classical intercalator (e.g. EB-DNA, ~10° M~ ") [42] and are close to those of DNA-
intercalative dicopper(Il) complexes [43—47], but higher than those of mononuclear copper
(II) complexes [48—50], indicating that 2 provides more aromatic moiety to overlap with the
stacking base pairs of the DNA helix by major groove binding, which results in hypochro-
mism and bathochromism. The increasing aromaticity of 2 facilitates its major groove DNA
binding, while 1 may prefer electrostatic interaction.

3.3.2. Circular dichroism studies. The observed circular dichroism (CD) spectrum of
CT-DNA consists of a positive band at 278 nm due to base stacking and a negative band at
245 nm due to helicity, characteristic of DNA in the right handed B form [51, 52]. Groove
binding and electrostatic interaction of small molecules with DNA show little or no pertur-
bations on the base stacking and helicity bands. The CD spectra of DNA taken after incuba-
tion of the complexes with CT-DNA are shown in figure S6, Supplementary material.
Examination of figure S6 shows that the magnitude of the elipticity at 274 nm increases
1 < 2. This suggests that the DNA binding of 2 induces conformational changes, such as
the conversion from a more B-like to a more C-like structure within the DNA molecule
[53]. These changes are indicative of a non-intercalative mode of binding and support their
groove binding nature [54].

3.3.3. Fluorescence spectral studies. Fluorescence is effective to study the metal interac-
tion with DNA. EB is one of the most sensitive fluorescence probes that can bind with
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Figure 2. Absorption spectral traces of 1 and 2 in 50 mM Tris-HCI/NaCl buffer (pH = 7.5) on increasing quantity
of CT-DNA. Arrow shows the absorbance changing upon increasing DNA concentrations. Insets show the plot of
(g2 — €0)/(&p — &r) vs. [DNA] for the titration of DNA to the dicopper(Il) complexes 1 and 2.

Table 2. DNA binding, cleavage and cytotoxicity parameters of 1 and 2.

DNA binding, cleavage and cytotoxicity

Complex 10° Ky, [s]* (MY 10° Kopp? M) 1075 Ky (M) 10 2 ke (W7H) ICs0° (uM)
1 2.95 [0.55] 3.11 2.34 1.83 79.41
2 5.35[1.12] 7.81 5.72 2.72 15.82

?Binding constants (M~") were determined by absorption spectrophotometric titration and [s] is the binding site size of DNA in
base pairs.

®Apparent binding constants (M~") were determined by fluorescence spectrophotometric method.

ICso (uM) values were determined by MTT assay by exposing HeLa cells with different concentrations of 1 and 2 for 24 h.

DNA [55]. The fluorescence of EB increases after intercalating into DNA. If the metal
intercalates into DNA, it leads to a decrease in the binding sites of DNA available for EB,
resulting in decrease in the fluorescence intensity of the EB-DNA system [42]. Emission
spectra of EB bound to DNA in the absence and presence of 1 and 2 are shown in figure
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S7, Supplementary material. The addition of the complex to DNA pretreated with EB
causes appreciable reduction in fluorescence intensity, indicating that 1 and 2 compete with
EB to bind to DNA. The reduction of the emission intensity gives a measure of the DNA
binding propensity of the complexes and stacking interaction between the adjacent DNA
base pairs [56]. The fluorescence quenching curve of DNA-bound EB by 1 and 2 illustrates
that quenching of EB bound to DNA by 1 and 2 is in agreement with the linear Stern—
Volmer equation (/y// = 1 + Kgy [Q]), where I and [ are the fluorescence intensities of the
CT-DNA in the absence and presence of 1, respectively. Kgy is the Stern—Volmer dynamic
quenching constant and [Q] is the total concentration of the quencher (in this case, 1 and
2). In the linear fit plot of Iy/I versus [complex]/[DNA], K is given by the ratio of the slope
to the intercept. The Kgy values for 1 and 2 are 7.26 (R = 0.992) and 10.2 (R = 0.984),
respectively. The concentrations of the complexes are taken for observing 50% reduction
(figure S7B) of emission intensity of EB [57]. It is also known that 50% of EB molecules
were replaced from DNA-bound EB at a concentration ratio of [Cu,Complex]/[EB]=Kj.
The K; values of 1 and 2 were 32.2 and 12.8, respectively. By taking a DNA binding con-
stant of 1.0 x 10" M~ for EB [58], apparent DNA binding constants K.pp of the complexes
(table 2) were derived from the equation (K,(EB)/K,). The K,,, values imply that 1 and 2
strongly interact with DNA and are protected by DNA efficiently since the hydrophobic
environment inside the DNA helix reduces the accessibility of solvent water to the complex
and the complex mobility is restricted at the binding site [59]. The interaction of phenan-
throline ring and also the hydrophobic property of the rigid macrobicyclic ligand also facili-
tate DNA binding [60].

3.3.4. Viscosity measurements. To clarify the binding of 1 and 2 with DNA, viscosities
of DNA solutions containing varying amounts of added complexes were measured. Since
the relative specific viscosity (7/179) of DNA gives a measure of the increase in contour
length associated with separation of DNA base pairs caused by intercalation, a classical
DNA intercalator like EB shows a significant increase in the viscosity (figure 3) of the
DNA solutions (1 and 7, are the specific viscosities of DNA in the presence and absence of
the complexes, respectively). In contrast, a partial and/or non-intercalation of the complex
could result in less pronounced effect on the viscosity [61]. The groove binder Hoechst
33258 has been used as a reference compound that shows almost no apparent change in vis-
cosity. The results indicate that 2 is possibly DNA groove binder [62] and 1 can bind to
DNA through electrostatic interactions only, because it exerted essentially no such effect.

3.3.5. DNA cleavage activity. The DNA cleavage activity of 1 and 2 has been studied
using SC pBR322 DNA in Tris-HCI/NaCl buffer (pH 7.2) in the dark. The results of the gel
electrophoresis separations of plasmid pBR322 DNA by 1 and 2 are depicted in figure 4. A
20 uM solution of 1 shows significant cleavage (Lane 3) of SC DNA (0.33 pg) on 3 h incu-
bation at 37 °C. Under similar conditions, free pBR322 DNA, H,0,, or 2 does not show
cleavage (Lanes 1, 2 and 4). Complex 2 on reaction with DNA in the presence of H,O, as
oxidizing agent displayed remarkable nuclease activity (Lane 5). At a slightly higher concen-
tration of the dinuclear complexes (30 uM) the cleavage is found to be much more efficient,
shown by formation of more nicked circular (NC) form (Form II) in Lanes 5 and 6. The
mechanistic aspects of the DNA cleavage reactions of 1 and 2 have been studied using
different additives (figure S8, Supplementary material). In the presence of hydroxyl radical
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Figure 3. Effect of increasing amounts of EB (a), 2 (b), 1 (c), and Hoechst 33258 (d) on the relative viscosity of
CT-DNA at 25 (£0.1) °C. The total concentration of DNA is 0.5 mM.
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Figure 4. Cleavage of SC pBR322 DNA (0.2 pg, 33.3 uM) by 1 and (20-30 uM) in 50 mM Tris-HCI/NaCl
buffer (pH 7.5). Lane 1, DNA control; Lane 2, DNA + H,0, (40 uM); Lanes 3 and 4, DNA + 1 and 2 (20 uM);
Lane 5, DNA + 1 (30 uM); Lane 6, DNA + 2 (30 uM) + H,0O, (40 pM).

scavengers, 1 does not show significant inhibition of the DNA cleavage. The oxygen-inde-
pendent hydrolytic cleavage pathway under an argon atmosphere suggests that the cleavage
activity of 1 does not involve an oxidative process. These results reveal that 1 can cleave
DNA through hydrolytic pathway by using Cu" coordinated water molecules [19, 63].
Whereas 2 displays oxidative mode of DNA cleavage attribute to the absence of axially coor-
dinated water. Complex 2 is cleavage inactive under argon atmosphere, indicating the neces-
sity of reactive oxygen species (ROS) for the DNA cleavage. Hydroxyl radical scavengers
like DMSO also show complete inhibition in the DNA cleavage. The results suggest that the
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involvement of hydroxyl radicals as ROS. In the presence of H,O,, 2 displays an oxygen
dependent nuclease activity using OH" as reactive species. Copper(Il) coordinated 1,10-phe-
nanthroline molecules drastically alter the mode of DNA degradation properties of
macrocyclic complexes.

The kinetic aspect of the DNA cleavage (figure 5) by 1 and 2 vary exponentially with
incubation time and follows pseudo-first-order kinetics. Kinetic plots showing the formation
of NC DNA and the degradation of SC DNA versus time follow pseudo-first-order kinetics
and they fit well to a single exponential curve (figure S9, Supplementary material). Based
on the plots of ks versus concentrations of complex, the pseudo-Michaelis—Menten kinetic
parameters for 1 and 2 were determined and are summarized in table 2. Under similar reac-
tion conditions, dicopper(Il) complex, reported by Rossi and coworkers [64] as a “chemical
nuclease,” displayed significantly less cleavage activity in comparison to 1 and 2. Complex
2 also shows two times faster cleavage rate than 1. The rate of DNA hydrolysis enhance-
ment by 1 is comparable to those reported for transition metal-based hydrolases but less
when compared to Mg—EcoRV or Mn—EcoRV (~1.3 x 10%) [10, 58, 65-67].

3.4. Cytotoxic analysis

3.4.1. MTT assay. To evaluate the antitumor activity, HeLa cells were exposed to different
concentrations of 1 and 2 for 24 h and their antiproliferative effect was determined by MTT
assay [68]. Complex 2 exhibits much stronger cytotoxic effects than 1. Antitumor perfor-
mance of Cu" (Cu(ClO,),-6H,0) in 24 h was also investigated, and it did not induce
changes compared to that of 1 and 2. The antitumor activities are Cu'"" < 1 < 2. Heavy metal
ions are cytotoxic to cells at 10> M [69]. Figure 6 shows that copper(Il) exhibit antitumor
activity at this level, but when copper(Il) ions are diluted to 2 x 10~* M, the percentage
inhibition decreases sharply (ICsq) 2.30 x 10~* M. Complex 2 kept its antitumor activity
toward HeLa cells even at 10°® M. To further evaluate the antitumor activity of 1 and 2,
IC5o values against HeLa cells were determined (table 2). The ICsy value of 2 is five-fold
smaller than 1 due to the presence of 1,10-phenanthroline in 2. Remarkably, it exhibits the
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Figure 5. (A-B) Cleavage activity of 1 and 2 monitored by 0.8% agarose gel electrophoresis, where [DNA]
(0.2 mg, 33 mM) and [Cu, complex] (30 uM). Time course measured in 10 mM Tris buffer, pH 7.5, 37 °C, show-
ing the disappearance of supercoiled DNA (Form I) at (1) 0 min, (2) 10 min, (3) 20 min, (4) 30 min, (5) 40 min,
(6) 50 min, and (7) 60 min (gel image showing supercoiled (Form I) and circular relaxed (Form II)).
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Figure 6. Inhibitory effect of copper(Il), 1 and 2 on the proliferation of HeLa cells. Cells were exposed to the
compounds for 24 h. The relative survival rate was determined in relation to that of untreated control cells, which
was set to 100%. Data are means with standard deviation of three experiments and each experiment included tripli-
cate wells.

highest activity against HeLa cells with an ICsy value of 15.82 uM, but smaller than
cisplatin (ICsq, 3.80 pM) [70] against the same cell lines and under identical experimental
conditions. Complex 2 exhibited high antiproliferative activity against HeLa cells in vitro,
and can therefore be a candidate for further stages of screening in vivo.

3.4.2. Cell proliferation assay. Chemotherapy is a major therapeutic approach for
localized and metastasized cancers. Complexes 1 and 2 at different concentrations (10, 20,
50, and 100 uM) were evaluated for in vitro cytotoxicity against human cervical carcinoma
HeLa cancer cells by Trypan Blue exclusion method (figure 7). Screening results reveal that
1 and 2 inhibited 30 and 56% HeLa tumor cells at 10 uM, 44.6, and 80% at 20 pM, 56.6,
and 100% at 50 uM and 59.8, and 100% at 100 uM concentrations, respectively. The mac-
rocyclic dicopper(Il) complexes 1 and 2 exhibit ligand-dependent increase in cytotoxicity to
HeLa cells. The viability data agree with the ICs, values of 1 and 2 against HeLa cell line
determined by using MTT assay.

3.4.3. LDH inhibition assay. The cytoplasmic enzyme (LDH), which catalyzes the oxida-
tion of lactate to pyruvate and vice versa, is also a known marker of membrane integrity
and a regulator of vital biochemical reactions [71]. The integrity and permeability of the
plasma membrane were determined by measuring the amount of leakage of LDH from the
cytoplasm. The quantity of LDH has been analyzed for HeLa cancer cell lysate as well as
in conditioned media for 48 h treatment of 1 and 2. The LDH was significantly decreased
in cell lysate when compared to control cells with 1 and 2 treated cells (ICs, concentrations)
(figure 8). The activity of LDH was significantly increased in conditioned media when com-
pared with controlled cells, confirming the cytotoxic ability of 1 and 2 against HeLa cells.
Because of the apoptosis induced by 1 and 2, the membrane permeability increases, and
hence there is leakage of LDH from the cells into the medium. Complex 2 caused
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Complex 1 Complex 2

Figure 7. HeLa cells were separately cultured in the absence (A) or the presence (B, C, D, and E) of 1 and 2.
(A), control; (B, C), 1 (10 and 20 uM, respectively); (D, E), 2 (10 and 20 uM, respectively); (F), assessment of cell
viability using the Trypan Blue exclusion assay.
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Figure 8. Cytotoxic effect of 1 and 2 in HeLa cells assessed by LDH activity in medium and cell lysate for 48 h.

significant LDH leakage (p < 0.05) as compared with 1 and control. This results in the
content of LDH increasing in conditioned media and decreasing in the cell lysate.

4. Conclusion

A 1,10-phenanthroline containing Robson type macrocyclic dicopper(Il) complex has been
synthesized and characterized. X-ray crystallography reveals that 1,10-phenanthroline
nitrogens strongly interact with copper(Il) through coordinated water bridge. The analytical,
UV-vis, ESI-MS, and EPR spectral data of 2 strongly support formation of phenanthroline
coordinated complex in solution. Influence of 1,10-phenanthroline on DNA binding, DNA
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cleavage, and cytotoxic properties of the Robson type macrocyclic dicopper(Il) complex
have been evaluated. The DNA binding and cleavage experiments suggest that 2 has better
DNA binding and more efficient DNA cleavage than 1 under physiological conditions.
Based on DNA experiments and cytotoxic data, we conclude that 2 has potential as a
DNA-targeting agent in cancer chemotherapy. Additional work on the synthesis of aromatic
ring extended phenanthroline-based dicopper(Il) complexes and their biological studies are
in progress.

Supplementary material

Crystallographic data (without structure factors) for the structure reported in this article have
been deposited with the Cambridge Crystallographic Data Center, CCDC 736667. Copies of the
data can be obtained free of charge from the CCDC (12 Union Road, Cambridge CB2 1EZ, UK;
Tel: 27 (+44) 1223-336-408; Fax: (+44) 1223-336-003; E-mail: deposit@ccdc.cam.ac.uk; web-
site http://www.ccdc.cam.ac.uk/products/csd/request). Supplemental data to this article can be
accessed http://dx.doi.org/10.1080/00958972.2013.858136.
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