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[Cu(L1)CL]+3H,0 (1) and [Cu(L2)CI]*2H,O (2) based on new unsymmetrical tripodal ligands
(L1 = {(N-methyl-imidazolylmethyl)[N-methyl-N-(N-methyl-imidazolylmethyl)imidazolylmethyl]
amino }ethanesulfonic acid, L2 = [bis(2-pyridylmethyl)amino]ethanesulfonic acid) have been synthe-
sized and characterized by elemental analysis, IR, and single-crystal X-ray diffraction. In the discrete
mononuclear structures of 1 and 2, copper is five-coordinate in a distorted trigonal bipyramidal
structure. Interaction of the complexes with CT-DNA was investigated by UV—vis spectra, fluores-
cence spectra, and viscosity; the data reveal that 1 and 2 bind to CT-DNA by partial intercalation.
Gel electrophoresis assays demonstrate that these two complexes display efficient oxidative cleavage
of supercoiled DNA in the presence of H,0,, and MTT assays indicated that both 1 and 2 showed
significant cytotoxicity toward human hepatoma cell HepG-2.
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1. Introduction

DNA is the primary target for most anticancer and antiviral therapies, and thus, investigation of
interactions of DNA with small molecules is very important in the development of cancer
chemotherapy. Many studies indicate that metal complexes can interact noncovalently with DNA
by three modes, intercalation, groove binding, and external electrostatic, of which the intercala-
tion is considered as the most effective mode, because molecules with extended planar aromatic
systems can be inserted between DNA base pairs via 7—r stacking, stabilizing, lengthening,
stiffening, and unwinding the double helix of DNA [1-6]. As widely used metal-based antitumor
drugs targeting DNA, platinum complexes, such as cisplatin, carboplatin, and oxaliplatin, have
achieved success in cancer therapeutics. However, resistance and toxic side effects of these
Pt-based drugs urge scientists to find alternative agents [7-10]. As metal-based anticancer
substances, copper complexes have emerged for their bio-essential activity and oxidative nature
[11]. Furthermore, Cu(Il) complexes are capable of interacting with DNA while their ability of
binding to, and cleaving DNA, depends on the coordinated ligand [12—14].

Interest in tripodal ligands, such as tris[(2-pyridyl)methyl]amine (tpa) as well as derivatives,
stems from their tenability and flexibility in structures and their potential applications in
catalytic and biological science [15-18]. Each arm of tripodal ligands can rotate freely around
a N(apical)-C bond, and different components of pendants might exhibit a variety of biological
functions [19-23]. The introduction of N-heterocyclic groups, such as imidazole, pyridine,
pyrazole, and benzimidazole derivatives, is the common way to design and obtain the desired
structures [24-30]. Moreover, imidazole or pyridine moieties play an important role in bioac-
tive compounds and pharmacological interest of these polydentate ligands have already been
established [31-33]. Taurine, the special amino acid containing sulfur, has important applica-
tions in medicine and biochemistry. A number of complexes with taurine-based ligands have
various biological activities, such as antiviral, anticancer, and antibacterial [34, 35].

In this article, we report the syntheses and characterizations of two unsymmetrical tripodal
ligands L1 and L2 (scheme 1), and their copper(II) complexes 1 and 2. The binding activities
of the complexes with calf thymus DNA (CT-DNA) were studied by UV-vis absorption
spectroscopy, fluorescence spectroscopy, viscosity measurements, and DNA cleavage experi-
ments. Cytotoxicities of 1 and 2 against eight cell lines (human hepatic cell line LO2, human
breast cancer cell lines MCF-7 and MDA-MB-231, human non-small-cell lung cancer
NCI-H460 and A549, human cervical cancer cell line HeLLa, human hepatocellular carcinoma
cell line HepG-2, and human gastric cancer cell line SGC-7901) were explored by MTT
assay. The complexes have potential for antineoplastic effects toward HepG-2 cancer cells.

2. Experimental

2.1. Materials and instrumentation

2-(Chloromethyl)-l-methylimidazole hydrochloride was synthesized according to a previ-
ously reported procedure [36, 37], the other reagents and chemicals were purchased from
commercial sources and used as received. Ethidium bromide (EB) and calf thymus DNA
(CT-DNA) were purchased from Sigma. IR spectra were recorded as KBr disks on a
Shimadzu IR-408 infrared spectrophotometer from 4000 to 600 cm™', and fluorescence
spectral data were obtained on a MPF-4 fluorescence spectrophotometer at room
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temperature. 'H-NMR spectra were measured on a Bruker AVANCE II1-400 spectrometer.
The Gel Imaging and Documentation Digi Doc-It System were assessed by Labworks
Imaging and Analysis Software (UVI, UK).

The tris(hydroxymethyl)aminomethane-HCI (Tris-HCI) buffer solution was prepared with
triple-distilled water. All the experiments between the complexes and CT-DNA were carried
out in Tris-HCI/NaCl buffer solution (pH 7.2, 5 mM Tris-HCl, 50 mM NaCl). CT-DNA stock
solution was prepared by diluting DNA with Tris-HCI/NaCl buffer (pH 7.2) and kept at 4 °C
for no longer than a week. The CT-DNA would be sufficiently free of protein when the ratio of
its UV absorbance at 260 and 280 nm was in the range of 1.8—1.9; concentration of CT-DNA
was determined by employing an extinction coefficient of 6600 M~ cm™" at 260 nm.

2.2. Preparation of [Cu(L1)Cl,]-3H,0 (1)

2-(Chloromethyl)-l-methylimidazole hydrochloride (2.51 g, 15 mM) and taurine (0.6 g,
5 mM) were suspended in 25 mL distilled water. To this solution, N,N-diisopropylethy-
lamine (1.94 g, 15 mM) and NaOH (1 g, 25 mM) both in 10 mL H,O were slowly added in
sequence during 1 h at room temperature. Then, the reaction mixture was refluxed and stir-
red continuously for 48 h in the dark. After cooling to room temperature, the resulting red
solution was washed with CHCl; (25 mL) three times. The pH of the aqueous phase was
adjusted to 6 by addition of 1 M HCI. The solvent was removed by evaporation, and then
the resulting oil was dissolved in 90 mL anhydrous ethanol and filtered to remove insoluble
substance. Solvent removal under vacuum afforded the crude product as a brown oil. The
purification of L1 has not been successful so far even tried many times, so the crude
product of L1 was directly used to react with Cu®" by one-pot synthetic method as follows.

CuCl,6H,O (0.068 g, 0.4 mM) in aqueous solution (5 mL) was added dropwise to a
methanol solution (15 mL) of L1 (0.136 g) with constant stirring. The mixture was stirred
for 3 h and filtered. Diethyl ether was allowed to diffuse slowly into this solution at room
temperature. Green single crystals of 1 were collected by filtration after several days. Yield:
37%. IR (KBr, cm™'): 3465.0s, 2902.9m(br), 1649.9m, 1507.8m, 1425.4m, 1360.5m,
1174.8s, 1046.7s, 853.8w, 773.7m, 689.9m, 608.2m, 574.2m. Anal Calcd for C;;H3¢Cl,Cu-
N,0sS (%): C, 35.27; H, 5.22; N, 16.93. Found: C, 35.49; H, 5.26; N, 16.67.

2.3. Preparation of bis(2-pyridylmethyl)amino]ethanesulfonic acid) (L2)

L2 was prepared by a procedure similar to that given in the case of L1, but adding 2-chloro-
methylpyridine hydrochloride instead of 2-(chloromethyl)-I-methylimidazole hydrochloride
to the reaction mixture. Yield: 59%. Main IR absorptions (KBr, cm™'): 3562.1s, 3441.1s,
3046.7m, 2972.1m, 2936.0m, 2826.9m, 1632.4m, 1594.0s, 1570.3m, 1539.5w, 1436.5w,
1374.5w, 1297.2w, 1237.8s, 1198.0s, 1091.4w, 1043.4s, 997.8m, 914.2w, 807.7w, 768.9s,
740.5s, 665.3w, 620.0m, 600.1m, 524.8s. '"H-NMR (CDCls):  2.92 (t, 2 H, CH,), 3.49
(t, 2 H, CHy), 3.94 (s, 4 H, CH,), 7.31 (t, 4 H, CH-py), 7.73 (t, 2 H, CH-py), 8.49 (d, 2 H,
CH-py). >C-NMR (D,0): § 156.75, 147.96, 138.24, 124.58, 123.21, 59.11, 49.30, 47.28.

2.4. Preparation of [Cu(L2)Cl]-2H,0 (2)

A methanol solution (12 mL) of L2 (0.132 g, 0.4 mM) was slowly added to an aqueous
solution (4 mL) of CuCl,*6H,0 (0.068 g, 0.4 mM). The resulting blue reaction mixture was
continuously stirred for 4 h at room temperature [38], filtered, and the filtrate left at room
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temperature for crystallization. After four days, deep bluish green crystals suitable for X-ray
analysis were obtained. Yield: 51%. IR (KBr, cm™'): 3487.9m, 2924.3m, 1648.5m,
1609.9s, 1483.4m, 1447.7s, 1285.3s, 1221.2s, 1197.8s, 1163.2m, 1035.8s, 769.7s, 749.8w,
657.2w, 610.9w, 591.4 m. Anal Calcd for Ci4H,oCICuN;05S (%): C, 39.10; H, 4.57; N,
9.52. Found: C, 38.09; H, 4.86; N, 9.43.

2.5. X-ray crystallography

The diffraction data of 1 and 2 were determined by single-crystal X-ray experiments on a
Bruker SMART 1000 CCD diffractometer equipped with graphite monochromated Mo-K,
radiation. Data collection and reduction were performed using SMART and SAINT
software. An empirical absorption correction (SADABS) was applied to the raw intensities.
The structure was solved by direct methods and refined by full-matrix least squares based
on F? using the SHELXTL-97 program package. Hydrogens were included at geometrically
calculated positions and refined using a riding model except those bonded to oxygen in
water, which were located on a difference Fourier map. Experimental conditions for diffrac-
tion analysis, structural analysis, the correction method, and the crystal data are listed in

table 1.

Table 1.  Crystal data and structure refinements for 1 and 2.

Complex

1

2

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group
a(A)

b (A)

¢ (A)

a (%)

B

7 (%)

V(A%

VA

DCalcd (g/cm3)

Absorption coefficient (mm™")

F(000)

Crystal size (mm)

Theta range for date
collection

Limiting indices

Reflections collected/unique
Completeness to theta

Max. and min. transmission
Data/restraints/parameters
Goodness of fit on 2

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

Largest diff. peak (e A7)

C17H3QC12CUN7OSS
578.98

386(2)

0.71073
Monoclinic
P2(1)/n

8.252(3)
22.088(8)
13.179(5)

90

102.379(5)

90

2346.2(16)

4

1.639

1.293

1200

0.20 x 0.15 x 0.12
1.83-25.15

—9<h<9, -26<k<26,
—-15<1[<15

19,895/4201 [R;,; = 0.0754]
25.15, 100.0%

0.8603 and 0.7821
4201/0/307

1.120

R; =0.0704, wR; = 0.1505
R, =0.0851, wR, = 0.1588
1.208 and —1.238

C14H20C1CUN3O5S
441.38

113(2)

0.71073

Triclinic

P-1

7.0594(14)
11.199(2)
11.962(2)
104.81(3)
106.35(3)
95.15(3)

863.9(3)

2

1.697

1.571

454

0.14 x 0.12 x 0.10
2.24-25.01

8<h<7,-13<k<13,
—14</<11

5021/3036 [Rin, = 0.0432]
25.01, 99.5%

0.8587 and 0.8101
3036/6/242

1.049

R, = 0.0386, wR, = 0.0982
R, = 0.0456, wR, = 0.0995
0.715 and —1.050
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2.6. DNA binding and cleavage experiments

Absorption titration experiments were performed by maintaining the concentration of the
complex (100 uM) while gradually increasing the concentration of CT-DNA (0-150 uM);
absorption was recorded after each addition of CT-DNA.

The competitive binding experiments of Cu(Il) complexes treated with an EB-bound CT-
DNA solution was determined by adding a certain amount of a solution of the complex
step-by-step into the EB-DNA solution. The complex was added to CT-DNA solution trea-
ted with EB (4 uM EB and 80 uM CT-DNA). The influence of the addition of Cu(Il) com-
plexes to the EB-DNA complex has been obtained by recording the variation of
fluorescence emission spectra with excitation at 510 nm and emission at 589 nm. Before
the emission spectra were recorded, the complex-DNA solutions were incubated at room
temperature for 5 min.

Viscosity measurements of 100 uM CT-DNA in Tris—HCI/NaCl buffer were performed
using an Ubbelohde viscometer at 37 & 0.1 °C in a thermostatic water bath. Flow time was
measured with a digital stopwatch, and each sample was measured three times, and an
average flow time was calculated.

Data are presented as (7/0)"> versus binding ratio [Complex]/[[DNA], where # and 7,
indicate the viscosity of DNA solutions in the presence and absence of complex, respec-
tively. The relative viscosity was calculated according to the relation n = (¢ — #,)/ty, where ¢
is the flow time of DNA solution in the presence or absence of complex and #, is the flow
time of the buffer alone [39].

DNA cleavage experiments were done by agarose gel electrophoresis following the litera-
ture method [40, 41]. pUC19 DNA (0.05 pg pL™") in Tris buffer (pH 7.2, 50 mM Tris-HCl,
18 mM NaCl) was treated with varying concentrations of complexes and a fixed concentra-
tion of H,O, (250 uM). The samples were incubated at 37 °C for 3 h and loading buffer
was added. Then, the samples were electrophoresed for 30 min under 90 V on 1% agarose
gel using Tris—boric acid-EDTA buffer. After electrophoresis, bands were visualized by UV
light and photographed by the Gel Imaging and Documentation Digi Doc-It System. Cleav-
age mechanistic investigation of pUC19 DNA was measured in the presence of standard
radical scavengers and reaction inhibitors, including DMSO, NaN;, SOD, EDTA, KI, and
L-histidine, added to pUC19 DNA and complex. Cleavage experiments were initiated by
addition of complex and quenched with 4 pL of loading buffer. Further analysis was carried
out by the above standard method.

2.7. Cytotoxicity assay

2.7.1. Cell culture. MCF-7, MDA-MB-231, NCI-H460, A549, HelLa, and HepG-2 cells
were purchased from the American Type Culture Collection (Rockville, MD, USA). SGC-
7901 and LO2 cells were obtained from the China Center for Type Culture Collection
(CCTCC). They were grown in Dulbecco’s modified Eagle’s Medium (DMEM), which was
supplemented with 10% FBS, 100 U mL™" penicillin, and 100 pg mL™" streptomycin. Cells
were maintained in a humidified atmosphere containing 95% air and 5% CO, at 37 °C.

2.7.2. MTT assay. Cell viability was examined by MTT assay, which is a colorimetric
assay based on conversion of the yellow tetrazolium salt MTT to purple formazan crystals
by metabolically active cells [42]. Varied kinds of cells (1 x 10* per well) plated in 96-well
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plates were incubated at 37 °C in a 5% CO, humidified atmosphere for 24 h; the cells were
subsequently treated with different concentrations of 1, 2, and cisplatin ranging from 0 to
40 uM for 48 h. Then, 10 uL MTT (5 mgmL™") in phosphate buffered saline (PBS,
pH 7.4) was added to each well. After 4 h, the supernatant was removed and 100 pL
DMSO was added to dissolve the MTT formazan precipitate. The absorbance of samples
was read at 570 nm using an enzyme-linked immunosorbent assay (ELISA) reader. The
experiments were carried out in triplicate and ICs, values were calculated from plots of cell
viability against the logarithm of drug concentration added.

3. Results and discussion

3.1. IR spectra

In IR spectra of L2, 1 and 2, strong bands from 3600 to 3400 cm ' can be ascribed to
v(O—H), due to hydroxyl group for L2 and lattice water for 1 and 2. For L2, the medium—
strong bonds at 1632 and 1594 cm™' are assigned to v(C=N), shifted to higher frequencies
upon complexation (1648, 1610 cm™' for 2), indicating coordination of the heterocyclic
nitrogens [43]. For 1, W(C=N) is at 1650 cm™'. Strong absorptions are observed at 1238,
1198, and 1043 cm™! for L2, typical for sulfonate [44, 45]. For 2, the corresponding
absorptions shift to 1285, 1221, and 1198 cm™', suggesting that oxygen of sulfonate
coordinatels [46]. For 1, strong absorptions for sulfonate are observed at 1175 and
1047 cm .

Figure 1. A perspective view of 1. Hydrogens are omitted for clarity.
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Figure 2. A perspective view of 2. Hydrogens are omitted for clarity.

Table 2.  Selected bond lengths (A) and angles (°) for 1 and 2.

1 2
Cul-N1 2.232(5) Cul-N1 1.981(3)
Cul-N7 1.974(5) Cul-N3 1.979(3)
Cul-CI2 2.5086(17) Cul-Ol 2.270(3)
Cul-N3 1.964(5) Cul-N2 2.055(3)
Cul-Cll 2.3034(16) Cul-Cl1 2.2457(13)
N3-Cul-N7 167.94(19) N3-Cul-N1 160.92(12)
N7-Cul-N1 90.75(17) N1-Cul-N2 83.46(11)
N7-Cul-Cl 92.12(13) N1-Cul-Cll 96.44(9)
N3-Cul-CI2 92.84(14) N3-Cul-O1 93.20(11)
N1-Cul-CI2 94.56(12) N2-Cul-O1 93.52(10)
N3-Cul-N1 80.24(18) N3-Cul-N2 82.94(11)
N3-Cul-Cl1 92.77(14) N3-Cul-Cl1 94.83(9)
N1-Cul-Cl 155.07(12) N2-Cul-Cll 170.70(9)
N7-Cul-CI2 95.87(14) N1-Cul-O1 100.95(11)
Cl1-Cul-CI2 109.76(5) Cl1-Cul-01 95.63(7)

3.2. Description of crystal structure

The perspective view of [Cu(L1)Cl,]*3H,O (1) and [Cu(L2)CI]2H,O (2) is shown in
figures 1 and 2. Selected bond lengths and angles are listed in table 2. Complex 1 comprises
one neutral mononuclear [Cu(L1)Cl,] and three lattice waters. For L1, besides two
N-methyl-imidazolylmethyl pendent arms linked directly to apical N, there is an extra
N-methyl-imidazolylmethyl group linking to one of the arms, resulting in an unsymmetrical
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tripodal L1. Due to the high activity of 2-(chloromethyl)-N-methylimidazole under basic
conditions, the extra N-methyl-imidazolylmethyl group could link with the imidazolyl nitro-
gen of the imidazole ring by nucleophilic substitution. In 1, Cu is coordinated to three nitro-
gens (N1, N3, and N7) from L1 and two chlorides (ClI1 and CI2). The coordination
geometry around Cu(Il) could be best described as a distorted square pyramid with a value
of 0.2 for 7 parameter [47, 48], t = (a — p)/60, [where a = N(3)-Cu(1)-N(7) = 167.89(19)°
and f = N(1)-Cu(1)-CI(1) = 155.08(13)°]. The value of 7 describes the degree of distortion
of the metal ion in five-coordinate complexes, that 7 =1 for an ideal trigonal-bipyramid and
7= 0 for an ideal square pyramid [49, 50]. Three nitrogens (N1, N3, and N7) and one chlo-
ride (Cl11) occupy the equatorial plane, and chloride (CI2) occupies the apical position. Due
to the Jahn—Teller effect for d° configuration of Cu(Il) in a square-pyramidal environment,
the axial Cu—CI2 distance (2.5086(17) A) is longer than the in plane Cu—Cll distance
(2.3034(16) A) [51]. The Cu—Njpigazore bond (Cu-N3, 1.964(5) A) is shorter than the
Cu—N,mine bond (Cu-N1, 2.232(5) A), which is expected for sp® and sp> hybridizations,
respectively [52]. As shown in figure 1, L1 is an unsymmetrical tripodal ligand with three
different pendant arms including N-methyl-imidazolylmethyl, N-methyl-N'-(N-methyl-
imidazolylmethyl) imidazolylmethyl, and sulfonic acid, thus giving the corresponding
unsymmetrical Cu(I) complex, in which one Cu—Nimidazole bond (Cu—N7, 1.974(5) A) is a
little longer than the other Cu—Njyiqazole bond (Cu—N3) arising from steric hindrance of
adjacent methylimidazole substituent [53].

As shown in figure 2, 2 comprises one mononuclear Cu(Il) unit and two lattice waters. In
the mononuclear unit, copper is coordinated by three nitrogens and one oxygen from L2
and one chloride. The value (0.16) of the trigonality index [z = (a — £)/60, where a = N(3)-
Cu(1)-N(1) =160.92(12)° and S = N(2)-Cu(1)-CI(1) = 170.70(9)°] reveals that copper(Il)
in 2 is a distorted square-pyramidal geometry. In this geometry, three nitrogens (N1, N2,
and N3) and one chloride (Cl1) occupy the equatorial plane and one oxygen (O1) occupies
the apical position. The Cu-N (Cu-N1, 1.981(3) A; Cu-N2, 2.055(3) A; Cu-N3, 1.979(3)
A) and the Cu—CI(1) (2.2457(13) A) bond lengths are similar to those in 1. Thus, the apical
Cu-O1 bond (2.270(3) A) is longer than all the bonds (1.979(3)-2.2457(13) A) in the basal
plane, which is also due to the Jahn—Teller effect [54].

3.3. DNA binding and cleavage activities

3.3.1. UV-vis absorption spectroscopy. UV—vis absorption spectroscopy is a common
way to investigate the interactions of complexes with DNA. The absorption spectra of 1
and 2 in the absence and presence of CT-DNA at different concentrations are given in
figure 3. The maximal absorption peaks at 226 and 255 nm for 1 and 2, arising from
intraligand 7—z* transitions, displayed hypochromism of 13.69 and 13.49%, respectively,
upon increasing amounts of CT-DNA. The binding constant K, was determined using the
following equation [55]:

[DNA}/(Sa — Sf) = [DNA]/(Sb — Sf) + I/Kb(Sb — Sf) (1)

where [DNA] is the concentration of DNA, ¢,, ¢, and &, correspond to the extinction
coefficient of the complex at a given DNA concentration, the extinction coefficient of
the complex free in solution, and the extinction coefficient of the complex when fully
bound to DNA, respectively. From the observed spectrometric changes, the values of
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Figure 3. Absorption spectra of 1 (100 uM) (a) and 2 (72 uM) (b) in the absence and presence of increasing
amounts of CT-DNA at room temperature in Tris—HCI/NaCl buffer (pH 7.2). Inset: (1) an expansion of the lambda
max region; (2) plot of [DNAJ/(e, — ) vs. [DNA] for absorption titration of CT-DNA with complex.

the intrinsic binding constants K, (2.46 x 10*M™' for 1 and 1.01 x 10*M™" for 2)
were determined by regression analysis using equation 1. The K values of 1 and 2
are lower than observed for a classical intercalator (e.g. ethidium bromide (EB),
~10°M™") [56] and close to those of complexes with similar aromatic planar structure,
such as [Cuy(pdmaeox)(bpy)(H,0)](pic)*H,O  (Kp =3.39 x 10° M~ ")  [Hipdmaeox =
N-phenolato-N'-[2-(dimethylamino)ethylJoxamide, Hpic = 2,4,6-trinitrophenol, bpy = 2,2'-
bipyridine] [57], and [Cus(heap)(H,0),](pic)>:2H,O (Kp =2.67 x 10* M™") [heap = N,N
"-bis(N-hydroxyethylaminopropyl)oxamide, Hpic = 2,4,6-trinitrophenol] [58]. However,
they are larger than some mono- and bi-copper(Il) complexes containing such aromatic
ligands with additional substituent group, such as {Cu,[2-((2-hydroxybenzylidene)
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amino)-4-(methylthio)butanoic],(H,0)} (Kp =4.91 x 10° M "),  {[Cu,(2-((2-hydroxyben-
zyl)amino)-4-(methylthio)butanoic acid),(H,0)]*H,0} (K, =8.75 x 10° M) [59], [Cus,
(u-C1)»(0-2-butoxyethylpyridine-2-carboximidate),Cl,] (K, = 1.524 x 10° M™") [60], and
[Cu,(bpdc),H,0]2H,0 (K, =2.17 x 10> M™") (H,bpdc = 2,2"-bipyridine-6,6'-dicarboxylic
acid) [61]. The K, value observed for the present complexes implies that neither 1 nor
2 can intercalate very strongly or deeply between the DNA base pairs. We propose that
the weak hypochromism observed in UV—vis spectra probably arises from the partial
intercalation of 1 and 2 into CT-DNA, in which the small planarity of imidazolyl/pyri-
dyl ring and the steric hindrance of the other two arms of tripodal ligand in 1 and 2
might reduce the inserting degree of complex to DNA. In addition, methyl, as an elec-
tron donating group, will increase the electron density on the intercalating ligands,
hence reinforcing the repulsion between the complex and DNA with the negatively
charged phosphate backbone, and consequently destabilize the DNA-complex system,
causing a decrease in the DNA-binding affinity [62].

_—
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Figure 4. Fluorescence quenching curves of EB bound to DNA by 1 ([complex] = 0-2.85 x 107> M) (a) and 2
([complex] = 0-9.25 x 10~> M) (b). The arrow shows the intensity changes on increasing the complex concentration.
Inset: plot of Jy/I vs. [complex], Aex = 510 nm.
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3.3.2. Fluorescence spectroscopy studies. Fluorescence measurements were performed to
clarify the complexes bind to DNA via intercalation using a MPF-4 fluorescence spec-
trophotometer. No luminescence could be observed for 1 and 2 at room temperature in
aqueous solution, and therefore, the binding of copper(Il) complexes to DNA is evaluated
by the fluorescence emission intensity of EB-DNA solution as a probe. The competitive
binding experiments were carried out with an EB-bound CT-DNA solution in Tris—HCI/
NaCl buffer. As shown in figure 4, fluorescence intensities at 589 nm (510 nm excitation)
were measured after addition of different concentrations of 1 and 2, which suggested the
complex could compete with EB to bind to DNA with similar intercalating fashion.

As shown in figure 4, the fluorescence quenching curves showed that the quenching of
EB-DNA system by 1 and 2 is both in agreement with the classical Stern—Volmer equation
[62]: Iy/I =1 + K[Q]. From the equation Kgg[EB] = K,p,,[complex] (where [complex] is the
value at a 50% reduction of the fluorescence intensity of EB, Kgg = 1.0 x 10’ M"', and
[EB] =4 uM), the value of apparent binding constants (K,,,) was calculated to be
3.12 x 10° for 1 and 1.03 x 10° for 2, which were less than the classical binding constant
(Kgg = 10" M™" reported by Cory et al. [63, 64]). Our results are consistent with some ear-
lier reports on quenching fluorescence of EB-DNA for Cu complexes with similar Ky,
value [65-68], suggesting that the interaction of 1 and 2 with DNA is a moderate intercala-
tive mode. The modes and affinities of DNA binding of these copper(Il) complexes mainly
depend on the nature of the ligands.

3.3.3. Viscosity measurements. In order to examine the intercalative mode of binding
between the complexes and DNA, viscosity studies were also carried out. A classical inter-
calative mode will cause a significant increase in viscosity of DNA solution due to enhanc-
ing of separation of base pairs at intercalation site and the unwinding of DNA helix will
lead to an overall increase for the DNA length [69]. By contrast, groove binding and elec-
trostatic interactions only cause slight or no changes of viscosity [70]. The viscosity

1.6 |

L5}F

m/my™

L2

1.1} -— 1

1O}

0.0 0.1 0.2 0.3 0.4
[Complex]|/[DNA]

Figure 5. Effects of increasing amounts of 1 and 2 on the relative viscosity of CT-DNA. ([complex]=
0-0.875 x 107> M).
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experiments were carried out on CT-DNA by varying the concentration of the complexes,
and the corresponding data are illustrated in figure 5. Complexes 1 and 2 show different
binding behavior with changes in concentration. At a low complex concentration ([com-
plex]/[DNA] = 0.0-0.2), the specific viscosity of CT-DNA obviously increased, and the
order of relative viscosity of the CT-DNA is 1> 2, indicating the binding ability of 1 is
higher than 2. However, the viscosity of the DNA was found to slightly increase for 1 at a
higher concentration ([complex]/[DNA] > 0.2), but rapidly increased for 2, and the ability
of the complexes to increase the viscosity of DNA varies as: 2>1. The viscosity
experiments were carried out in triplicate and the data were reproducible, but the exact
explanation for this difference induced by 1 and 2 is unknown.

Upon increasing the concentration of 1 and 2, the specific viscosity of CT-DNA obvi-
ously increased. Such behavior is consistent with other intercalators (i.e. EB) and further
confirmed that both 1 and 2 could bind to DNA by intercalation [71-73].

3.3.4. DNA cleavage activities. The ability of the complexes to cause DNA cleavage in
the presence of H,O, has been investigated by gel electrophoresis using plasmid pUC19
DNA in Tris—HCI/NaCl buffer solution (pH 7.2). When the original supercoiled form (Form
I) of plasmid DNA is nicked, an open circular relaxed form (Form II) can be found in the
system. When conducted by electrophoresis, the compact Form I migrates relatively faster
while the nicked Form II migrates slowly. Control experiments using only H,O, (250 uM)
and no obvious DNA cleavage were observed (lane 2). With increased concentration of
complexes, Form I plasmid DNA was gradually converted into Form II. The results indicate
that the copper complexes can cleave plasmid DNA in the presence of H,O,.

Depending on the number of electrons transferred from the complex to O,, several possi-
ble intermediates such as hydroxyl radical (.OH), singlet oxygen ('O,), superoxide anion
(03), and hydrogen peroxide (H,O,) could be involved in copper-mediated oxidative DNA
cleavage. To elucidate the cleavage mechanism of pUC19 plasmid DNA induced by 1 and

(a)
FormII
Form III

Form I

(b)

FormII
Form I

FormI

1 2 3 4 5 6 7 8

Figure 6. Gel electrophoresis diagram of 1. (a) Lane 1: DNA control; Lane 2: DNA + H,0, (250 uM),
Lanes 3-8: DNA + H,0, (250 uM) + 1 (2.08, 4.17, 10.42, 20.83, 41.67, 83.33 uM); (b) Lane 1: DNA control; lane
2: DNA +1 (10.42 uM) + H,O, (250 uM); lane 3: DNA + 1 + H,0, + DMSO (20 mM); lane 4: DNA +1 +
H,0, + NaN; (20 mM); lane 5: DNA + 1 + H,O, + SOD (6 units); lane 6: DNA + 1 + H,O, + EDTA (5 mM);
lane 7: DNA + 1 + H,O, + KI (20 mM); lane 8: DNA + 1 + H,O, + L-histidine (20 mM).
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(a)
Form II
Form IIT
Form I
(b)
Form II
Form I

1 2 3 4

n
=
e |
=]

Figure 7. Gel electrophoresis diagram of 2. (a) Lane 1: DNA control; Lane 2: DNA + H,0, (250 uM), Lanes
3-8: DNA + H,0, (250 uM) + 2 (2.08, 4.17, 10.42, 20.83, 41.67, 83.33 uM); (b) Lane 1: DNA control; lane 2:
DNA +2 (20.83 uM) + H,O, (250 uM); lane 3: DNA +2 + H,0, + DMSO (20 mM); lane 4: DNA +2 +
H,0, + NaN; (20 mM); lane 5: DNA + 2 + H,O, + SOD (6 units); lane 6: DNA + 2 + H,O, + EDTA (5 mM);
lane 7: DNA + 2 + H,0, + KI (20 mM); lane 8: DNA + 2 + H,0O, + L-histidine (20 mM).

2, we investigated DNA cleavage in the presence of hydroxyl radical scavenger (DMSO),
singlet oxygen quenchers (NaN;, L-histidine), superoxide scavenger (SOD), hydrogen
peroxide scavenger (KI), and chelating agent (EDTA) under the same conditions. As
demonstrated in figures 6(b) and 7(b), no obvious inhibitions could be observed in the pres-
ence of DMSO (lane 3) and SOD (lane 5), indicating noninvolvement of hydroxyl radical
and superoxide radical in the cleavage reaction. The Cu"-specific chelating agent, EDTA
(lane 6), efficiently inhibited DNA cleavage, suggesting both 1 and 2 play crucial roles in
the cleavage. Potassium iodide (lane 7) significantly diminished the nuclease activity of 1
and 2, indicative of hydrogen peroxide in the cleavage process. Addition of singlet oxygen
scavengers like NaN; (lane 4) and L-histidine (lane 8) showed inhibition of nuclease,
suggesting that 'O, or any other singlet oxygen-like entity may participate in the DNA

120 4 Bl Complex 1
~ 100 - [ Complex 2
X
z
s 97
=
= 40
S
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0 =
0 1.25 25 5 10
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Figure 8. Cell viability of HepG-2 cells after treatment with 1 and 2 for 48 h by MTT assay.
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Table 3. ICs, values of 1, 2, cisplatin, and similar mono-copper(Il) complexes against HepG-2 cell line.

Complex ICso (UM) References
1 62+25 This work
2 71£1.9 This work
Cisplatin 189+43 This work
[CuLCl]ClO4 [L = N,N-bis(quinolin-2-ylmethyl)quinolin-8-amine] 5.957 [41]
[Cu™(CIQP)(NO5)(H,0)] (HCIQP = 4-chloro-2(quinolin-8-yliminomethyl)- 6.5+0.3 [76]
phenol)
[Cu(Am4M)(OAc)]-H,0O ([HAmM4M = (Z)-2-(amino(pyridin-2-yl)methylene)- 11.2+0.9 [77]

N-methylhydrazinecarbothioamide])

strand scission [74, 75]. The results suggest that both 1 and 2 cleave DNA via oxidative
cleavage.

3.4. Cytotoxicity evaluation

The cytotoxicity of 1, 2, and cisplatin against seven different kinds of cancer cell lines and
one normal cell line LO2 were detected by MTT assay. Cells were incubated with com-
plexes at different concentrations for 48 h. Among seven tested cancer cell lines, HepG-2
(ICs¢ values < 10 uM) was most sensitive to 1 and 2, suggesting that these complexes have
cytotoxic selectiveness in cell types. Dose-response curves of complexes against HepG-2
cells are shown in figure 8. The results indicated that 1 and 2 were cytotoxic to HepG-2
cells and inhibit the growth of cells in a dose-dependent manner. The ICsy values at 48 h
were 6 +2 uM for 1 and 7 + 2 pM for 2, while 18 £ 4 uM for cisplatin. Compared to cis-
platin, 1 and 2 showed twofold cytotoxicity, which is consistent with some similar mono-
copper(Il) complexes on HepG-2 cell lines [76, 77] (listed in table 3). The redox properties
of copper ion may be important, owing to its variable valence. In the presence of Cu(Il),
antioxidants could generate ROS to damage DNA that might be an important pathway in
cell apoptosis. These results show that both 1 and 2 have the potential as effective
chemotherapeutic agents especially toward HepG-2 cell lines (scheme 1).

=/ @ S'NX L1

=N H NaOH
| _ + HZN/\/SOE a —

AN

N__ L2

Scheme 1. The reaction pathways of L1 and L2.
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Interestingly, the ICsy values of 1 and 2 in human hepatocellular carcinoma cell line
HepG-2 were lower than human normal hepatic cell lines LO2 (>10 uM). However, there
was no significant difference on cytotoxicity between 1 and 2. The present study suggested
that 1 and 2 may be antitumor agents with high-efficiency and low-toxicity on HepG-2
breast cancer cells.

4. Conclusion

Two mononuclear copper(Il) complexes with new unsymmetrical tripodal ligands have been
synthesized and characterized. Partial intercalation between the complexes and CT-DNA
has been confirmed by various spectroscopic and viscosity measurements. Compared to
copper complexes reported in the literature, 1 and 2 exhibited a moderate binding affinity
with DNA, probably owing to the planarity of imidazolyl or pyridyl ring and the steric hin-
drance from tripodal ligands. Both 1 and 2 displayed effective oxidative DNA cleavage
activity in the presence of H,O,. Moreover, they both showed significant cytotoxic activity
toward the HepG-2 cell lines, and the ICsq values of 1 and 2 are considerably lower than
the clinically used cisplatin under in vitro conditions. The results from our present study
suggest that 1 and 2 deserve further investigation as potential antitumor drugs.
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