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Abstract

cell lines is proved to be more effective than both 2 and 3.

Three novel imidazole[4,5-f][1,10]phenanthroline-based oxovanadium complexes [VO(hntdtsc)(HPIP)] (1) (hntdtsc
= 2-hydroxyl-1-naphthaldehyde thiosemicarbazone, HPIP = 2-(2-hydroxylphenyl)imidazole[4,5-f][1,10]phenanthroline),
[VO(hntdtsc)(m-HPIP)] (2) (m-HPIP = 2-(3-hydroxylphenyl)imidazole[4,5-f][1,10]phenanthroline), [VO(hntdtsc)(p-HPIP)
(3) (p-HPIP = 2-(4-hydroxylphenyl)imidazole[4,5-f][1,10]phenanthroline), have been synthesized and characterized by
elemental analyses and spectroscopic techniques. Their DNA-binding properties with calf-thymus DNA (CT-DNA)
were studied by various methods. The cytotoxicity of these three complexes was evaluated by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The electronic spectral results reveal that three complexes can
bind to CT-DNA by intercalation mode. The electrophoresis studies also show that they can efficiently cleave pBR322
DNA. The in vitro antiproliferative activity of complex 1 against human CaSki, SiHa, K562, HepG2, EC9706 and EC109
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Cytotoxicity

Introduction

In recent years, more and more biochemists and pharmacologists
have paid their attention to research on other transition metal
complexes such as ruthenium (II), copper (II), zinc (II), nickel (II),
cobalt (IT) complexes compared with traditional platinum compounds
in treatment of human cancer due to their potential applications as
chemical and stereoselective probes of nucleic acid structures as well
as diverse biological activities [1-5]. As a trace bioelement existing
in the human body, vanadium has been found to present a variety
of physiological activities such as nutritional metabolism [6], insulin
mimetic effect [7], as well as closely connected with cell apoptosis and
cancer [8]. In the past decades, oxovanadium compounds have been
extensively studied for their potential biological and pharmacological
activities such as antibacterial [9], biocatalytic oxidation [10], insulin-
enhancing effects [11], apoptosis-inducing activity [12], potential
capabilities as DNA structural probes and DNA dependent electron
transfer likewise [13].

In addition, thiosemicarbazones were often chosen as primary
ligands for vanadium owing to their wide range of physiological and
pharmacological activities including antifungal [14], antitumor [15],
antibacterial [16] and antiviral activities [17]. Oxovanadium complexes
incorporated with thiosemicarbazones have demonstrated both in vitro
antibacterial and antiproliferative properties [18-19] as well as intense
interaction with DNA [20]. On the other hand, 1,10-phenanthroline
and its derivatives were usually served as a very efficient class of ligands,
which lead to efficient catalysis in cross coupling reaction of aliphatic
alcohols and aryl halides [21], antimicrobial activities [22], efficient
DNA-binding and DNA cleavage [23] thus inducing significant
cytotoxicity in the cultured cells [24]. Subsequently, research on mixed-
ligand metal complexes has been put into practice in order to combine
the pharmacological properties of both the ligands and metal thus
reduce toxicity simultaneously [25]. So far, a certain attentions have
been paid to Ru (II), Cu (II), Co (II) and Ni (IT) complexes incorporating
imidazole[4,5-f][1,10]phenanthroline derivatives ligands [26-27].
However, there have been relatively few studies on oxovanadium
complexes with imidazole derivatives of 1,10-phenanthroline and their
mechanism.

Previously, we have reported some oxovanadium (IV) complexes

incorporating 1,10-phenanthroline (phen) or bipyridyl (bpy) present
high DNA intercalator, photocleavage properties and cytotoxicity
in vitro [13,19-20]. Although the molecular basis for the DNA-
binding properties of oxovanadium (IV) compound is not completely
understood at the present time, it occurs to us that oxovanadium
complexes bearing phen moiety possess higher DNA-binding activities
and more potent inhibitory effect against cancer cell lines than that of
bearing bpy moiety. The previous results provide strong evidence for us
to assume that DNA-binding activity of oxovanadium complexes may
increase owing to the introduction of larger aromatic ring in auxiliary
ligands substituted with 1, 10-phenanthroline.

In the present work, we have synthesized three unsymmetrical
imidazole[4,5-f][1,10]phenanthroline-based oxovanadium complexes
[VO(hntdtsc)(HPIP)] (1) (hntdtsc = 2-hydroxyl-1-naphthaldehyde thi-
osemicarbazone, HPIP = 2-(2-hydroxylphenyl)imidazole[4,5-f][1,10]
phenanthroline), [VO(hntdtsc)(m-HPIP)] (2) (m-HPIP = 2-(3-hy-
droxylphenyl)imidazole[4,5-f][1,10]phenanthroline),  [VO(hntdtsc)
(p-HPIP) (3) (p-HPIP = 2-(4-hydroxylphenyl)imidazole[4,5-f][1,10]
phenanthroline), and characterized by elemental analysis, IR, molar
conductance, ES-MS and 'H NMR. The DNA-binding properties of
these three complexes were well studied by UV-Vis titration, fluores-
cence spectra, viscosity measurements and thermal denaturation stud-
ies. Photocleavage rections with pBR322 supercolied plasmid DNA
were investigated by agarose gel electrophoresis experiments. Their
cytotoxicity in vitro against cervical cancer CaSki and SiHa, leukemia
K562, HepG2, esophagus carcinoma EC9706 and EC109 cell lines were
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assessed by MTT assay. The compounds employed in this work are
shown in Scheme 1.

Experimental
Materials and methods

All starting chemicals used in the synthesis and physical measurements
were commercially available reagents and without further purification
unless otherwise specified. 1,10-phenanthroline (phen) was obtained from
Guangzhou Chemical Reagent Factory. VO(acac), were purchased from
Alfa Aesar, thiosemicarbazide (TSC) was purchased from TCI, CT-DNA
and pBR322 supercoiled plasmid DNA were obtained from Sigma. Cell
lines of CaSki, SiHa, K562, HepG2, EC9706 and EC109 were purchased
from American Type Culture Collection. Tris buffer A (Tris=tris(hydroxyl-
methyl) aminomethane ) containing 5 mM Tris-HCl and 50 mM NaCl
(pH=7.2) was used for absoption titration and viscosity measurements.
Tris buffer B containing 50 mM Tris-HCl and 18 mM NaCl (pH=7.2) was
used for the gel electrophoresis experiments. Buffer C containing 1.5 mM
Na,HPO,, 0.5 mM NaH,PO, and 0.25 mM Na,H EDTA (H EDTA=N,N'-
ethane-1,2-diylbis[N-(carboxymethyl) glycine]) (pH=7.0) was used for
thermal denaturation. A solution of CT-DNA in buffer A gave a ratio of
UV absorbance at 260 and 280 nm of 1.8-1.9:1, indicating that the DNA
was sufficiently free of protein [13,19]. The DNA concentration per
nucleotide was determined by absorption spectroscopy using the molar
absorption coefficient (6600 M! cm™) at 260 nm [20]. The oxovanadium
complexes were dissolved in DMSO and diluted with buffer solution to
the required concentrations prior to use. 2-hydroxyl-1-naphthaldehyde
thiosemicarbazone (hntdtsc) was prepared according to a previously
reported procedure [28].

Physical measurements

Microanalysis (C, H, and N) was carried out with a PerkinElmer
240Q elemental analyzer. Electrospray mass spectra (ES-MS) were
recorded on an LCQ system (Finnigan MAT, USA) using methanol

OH

VO(ac::w)2

CH;O0H, 6h, reflux

as mobile phase. '"H NMR spectra were recorded on a Varian-500
spectrometer. All chemical shifts are given relative to tetramethylsilane
(TMS). Infrared spectra were recorded on a Bomem FTIR model
MBI102 instrument using KBr pellets method. UV-Vis spectra were
recorded on a Shimadzu UV-3101 PC spectrophotometer at room
temperature. Emission spectra were recorded on a Perkin-Elmer
Lambda 55 spectrofluorophotometer. Molar conductivities in DMF
(10°M) solution at room temperature were measured using a DDS-307
digital direct reading conductivity meter.

Synthesis of phenanthroline-based ligands: HPIP, m-HPIP
and p-HPIP

HPIP was synthesized through modification of a previously
reported method [29]. A mixture of salicylaldehyde (0.69 mL, 5
mmol) and ammonium acetate (7.70 g, 0.1 mol) was added into a
stirring solution of 1, 10-phenanthroline-5, 6-dione (0.99 g, 5 mmol)
in 60 mL of glacial acetic acid, and the mixture was continuously
stirred at 60°C for 6 hours. Then the deep red solution was cooled to
room temperature and diluted with 100 mL distilled water. A grayish
precipitate was obtained by neutralization with ammonium hydroxide.
Then the mixture was filtered and washed with water for three times.
The crude solid power was purified by chromatography over 60-80
mesh SiO, using absolute ethanol as eluent. The solvent was removed
and the products were collected, and dried in vacuo. m-HPIP and
p-HPIP were prepared by a similar procedure as for the compound
HPIP, with 3-Hydroxybenzaldehyde (0.69 mL, 5 mmol) and
4-Hydroxybenzaldehyde (0.69 mL, 5 mmol) in place of salicylaldehyde
(0.69 mL, 5 mmol) respectively, and a grey-white precipitate were
obtained.

HPIP: Yield: 86%. Anal. Found: C, 73.12; H, 3.79; N, 18.03; Calcd
for C,H,)N,0: C, 73.07; H, 3.87; N, 17.94. 'H NMR (DMSO-d,, 500

MHz) 8: 12.85 (s, 1H, -NH), 10.07 (s, 1H, -OH), 9.91 (d, 2H, J = 7.4Hz,
ArH), 9.85 (d, 2H, J = 8.0Hz, ArH), 9.28 (d, 1H, J = 7.7Hz, ArH), 8.75-
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Scheme 1: Synthesis of VO(hntdtsc)(HPIP) (1), R,=OH, R,=H, R,=H; VO(hntdtsc)(m-HPIP) (2), R,= H, R,=OH, R,=H; VO(hntdtsc)(p-HPIP) (3), R,=H, R,= H, R,=OH.
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8.68 (m, 2H, J = 8.1Hz, ArH), 8.23 (t, ] = 7.6Hz, 1H, ArH), 7.99-7.90
(m, 2H, ] = 8.3Hz, ArH). "C NMR (DMSO-d,, 500 MHz) 8: 157.5 C(2),
146.4 C(13), 142.9 C(1, 10), 129.6 C(5, 6), 128.6 C(4, 7), 126.2 C(3, 8),
122.9 C(4, 6'), 122.5 C(4, 12), 120.8 C(5), 118.4 C(2, 9), 116.6 C(1"),
116.3 C(3). ES-MS: (CH,OH): m/z 313.0 ([M + HJ*). IR (KBr disk):
v (cm™) = 3383.0 (s, VO_H), 3255.6 (s), 3264.3 (s, -NH2), 3186.8 (s, \
), 3036.8 (m, v,), 1608.5 (s), 1566.0 (s), 1486.8 (vs, v._.), 738.0 (vs),
699.1 (s, 8. ,,). Conductance (Q'cm’mol™): 8.6.

m-HPIP: Yield: 79%. Anal. Found: C, 73.02; H, 3.67; N, 18.04;
Calcd for C H N, 0: C, 73.07; H, 3.87; N, 17.94. 'H NMR (DMSO-d,,
500 MHz) &: 13.52 (s, 1H, -NH), 10.04 (s, 1H, -OH), 9.01 (d, 2H, J =
7.2Hz, ArH), 8.90 (dd, 2H, J = 8.1Hz, 1.5Hz, ArH), 8.73 (d, 1H, J =
8.8Hz, ArH), 8.12 (d, 2H, ] = 8.6Hz, ArH), 7.82 (s, 1H, ArH), 6.99-6.98
(d, 2H, J = 8.6Hz, ArH). "C NMR (DMSO-d,, 500 MHz) §: 158.9 C(2),
151.2 C(13), 147.4 C(1, 10), 129.3 C(5, 6), 127.9 C(4, 7), 123.0 C(3, 8),
122.6 C(4, 6), 122.1 C(4, 12), 120.5 C(5'), 118.8 C(2, 9), 116.7 C(1"),
115.8 C(3). ES-MS: (CH,OH): m/z 313.0 ([M + H]"). IR (KBr disk):
v (ecm™) = 3383.6 (s, v, ), 3263.0 (s), 3256.5 (s, -NH2), 3187.0 (s, v,
), 3046.2 (m, v, ), 1604.5 (s), 1565.6 (s), 1486.6 (vs, V), 738.5 (vs),
696.3 (s, §.,,). Conductance (Q'cm’mol™): 9.8.

p-HPIP: Yield: 88%. Anal. Found: C, 72.98; H, 3.94; N, 18.07; Calcd
for C,H,N,0: C, 73.07; H, 3.87; N, 17.94. 'H NMR (DMSO-d,, 500
MHz) 8: 13.08 (s, 1H, -NH), 10.09 (s, 1H, -OH), 8.96 (d, 2H, ] = 7.9Hz,
ArH), 8.84 (m, 2H, ] = 8.0Hz, ArH), 8.43 (d, 1H, ] = 8.2Hz, ArH), 7.77
(m, 2H, J=7.6Hz, ArH), 7.33 (s, 1H, ArH), 6.93 (d, 2H, ] = 8.0Hz, ArH).
13C NMR (DMSO-d,, 500 MHz) &: 158.5 C(2'), 151.4 C(13), 147.5 C(1,
10), 131.5 C(5, 6), 130.9 C(4, 7), 130.0 C(3, 8), 123.4 C(4!, 6'), 121.8
C(4, 12), 120.9 C(5"), 119.5 C(2, 9), 116.9 C(1'), 113.5 C(3). ES-MS:
(CH,OH): m/z 313.0 ([M + H]*). IR (KBr disk): v (cm™) = 3498.9 (s, v,
32489 (s), 3217.7 (s, -NH,), 3189.5 (s, v, 3034.9 (m, v,)), 1618.2
(s), 1578.4 (s), 1448.4 (vs, v._.), 742.2(vs), 700.9 (s, 8. ;). Conductance
(Q'cmmolt): 11.4.

Synthesis of [VO (hntdtsc) (HPIP)] (1)

This complex was synthesized by a mixture of HPIP (0.312 g, 1
mmol) and hntdtsc (0.245 g, 1 mmol) in absolute CH,OH (60 mL)
was heated at 80 °C under argon for 2h. After dissolution, an aqueous
solution (10 mL) of 1.0 mmol (0.265 g) quantity of VO(acac), was
added dropwise to this mixture, and a breen precipitate was formed.
The soild power was purified by recrystallization in methanol, and dried
in vacuo. Yield: 76%. Anal. Found: C, 60.08; H, 3.42; N, 15.69; Calcd
for C,H,N.O,SV: C, 59.81; H, 3.40; N, 15.75. 'H-NMR (DMSO-d,,
500MHz) 8: 12.65 (s, 1H, -NH), 11.40 (s, 1H, CH=N), 10.49 (s, 1H,
-OH), 9.05 (d, 2H, J = 8.5 Hz, ArH), 8.42 (d, 2H, J = 8.4 Hz, ArH), 8.18
and 7.84 (2br s, 1H each NH,), 8.12 (d, 2H, ] = 8.1 Hz, ArH), 7.64 (d,
2H, ArH), 7.34-7.55 (m, 4H, ] = 7.8Hz, ArH), 7.11-7.24 (m, 4H, ] = 8.5
Hz, ArH). ES-MS (CH,OH): m/z: 623.0 ([M+H]*), 645.0 ([M + Na]").
IR (KBr disk): v (cm™) = 3447.2 (v, ), 3338.4(s), 3275.1 (s, -NH,),
3031.9 (m), 1573.2 (s), 1493.8 (s, V., 16129 (vs, v, ), 1193.7 (m,
Vo) 1086.1 (m, v ), 952.0 (s, v,_), 821.8 (s), 755.9 (m, v, ), 731.9
(m, v, ). Conductance ('cm’mol™): 13.6.

Synthesis of [VO (hntdtsc)(m-HPIP)] (2)

This complex was obtained by a similar procedure as for the
complex 1, with m-HPIP (0.312 g, 1 mmol) in place of HPIP. Yield:
72%. Anal. Found: C, 60.02; H, 3.39; N, 15.79; Calcd for C,H, N.O,SV:
C, 59.81; H, 3.40; N, 15.75. 'H-NMR (DMSO-d,, 500MHz) &: 14.31 (s,
1H, -NH), 10.18 (s, 1H, CH=N), 9.41 (s, 1H, -OH), 9.21 (d, 2H, ] = 8.5
Hz, ArH), 8.13 (m, 4H, J = 8.4 Hz, ArH), 8.11 and 7.84 (2br s, 1H each
NH,), 7.50 (m, 4H, ] = 8.1 Hz, ArH), 7.33 (d, 2H, ] = 8.1 Hz, ArH), 7.00
(t, 4H, ] = 7.9 Hz, ArH). ES-MS (CH,OH): m/z 623.0 ((M+H]"), 645.0

(IM + NaJ*). IR (KBr disk): v (cm™) = 3444.7 (v, ), 3341.1 (s), 3200.2
(s, -NH,), 3021.9 (m), 1597.1 (s), 1538.1 (s), 1491.4 (s, v, ), 1614.3
(VS, Vi) 1195.3 (m, v, ), 1083.3 (m, v,.), 955.5 (s, v, ), 825.7 (s),

813.2 (m, v ), 737.6 (m, v, ). Conductance (Q'cm’mol™): 12.8.
Synthesis of [VO(hntdtsc)(p-HPIP)] (3)

This compound was synthesized by a similar procedure as for the
complex 1, with p-HPIP (0.312 g, 1 mmol) in place of HPIP. Yield:
69%. Anal. Found: C, 59.68; H, 3.32; N, 15.77; Calcd for C,H,N.O,SV:
C, 59.81; H, 3.40; N, 15.75. '"H-NMR (DMSO-d,, 500MHz) &: 13.73 (s,
1H, -NH), 12.40 (s, 1H, CH=N), 9.85 (s, 1H, -OH), 9.00 (d, 2H, ] = 8.6
Hz, ArH), 8.84 (d, 2H, ] = 7.9 Hz, ArH), 8.02 and 7.79 (2br s, 1H each
NH,), 7.57 (m, 4H, ] = 8.2 Hz, ArH), 7.29 (t, 4H, ] = 8.2 Hz, ArH), 7.08-
6.86 (m, 4H, ] = 8.3 Hz, ArH). ES-MS (CH,0H): m/z 623.0 ([M+H]"),
645.0 ([M + Na]*). IR (KBr disk): v (cm™) = 3441.2 (v ), 3333.0 (s),
3181.8 (s, -NH,), 3034.8 (m), 1576.7 (s), 1538.8 (s), 1507.6 (s, v._.,),
1616.1 (vs, ch:N), 1168.3 (m, Vc,o)’ 1079.0 (m, VON), 965.1 (s, VV:()),
825.7 (s), 812.1 (m, v ), 731.0 (m, v, ). Conductance (Q'cm’mol™):
18.1.

DNA-binding and photocleavage

The absorption titration of oxovanadium complexes in buffer A
were performed at room temperature with a fixed concentration of
the oxovanadium complex (20 mM) to which increments of DNA
stock solutions were added. The oxovanadium-DNA solutions were
incubated at room temperature for 5 min before the absorption spectra
were recorded. In order to further elucidate the binding strength of the
complex, the intrinsic binding constant K, with CT-DNA was obtained
by monitoring the change in the absorbance of the ligand transfer band
with increasing amounts of DNA. K, was then calculated using the
following equation [13,20,28]

[DNA] _[DNA] + 1
a—& o—& Kie—g)

Where [DNA] is the concentration of DNA in the base pairs, and
¢, ¢,and ¢, refer to the corresponding apparent absorption coefficient
A, /[Vanadium], the extinction coefficient for the free oxovanadium
complex and the extinction coeflicient for the oxovanadium complex
in the fully bound form, respectively. In plots of [DNA]/( ¢,-¢) versus

[DNA], K, is obtained by the ratio of the slope to the intercept.

Viscosity measurements were carried out with an Ubbelohde
viscometer maintained at a constant temperature of (28.0 £ 0.1) °C in
a thermostatic bath. Flow time was measured with a digital stopwatch,
and each sample was measured five times to obtain the average flow
time. Date are presented as (n/n,)"”* versus binding ratio [30], where n is
the viscosity of DNA in the presence of complex while n is the viscosity
of DNA alone.

Thermal denaturation studies were carried out with Shimadzu
UV-3101 PC spectrophotometer equipped with a Peltier temperature-
controlling programmer (+ 0.1°C). The melting temperature (T )
was taken as the mid-point of the hyperchromic transition. The
melting curves were obtained by measuring the absorbance at 260
nm for solutions of CT-DNA (80 uM) in the absence and presence of
oxovanadium complex [20 pM] as a function of the temperature was
scanned from 50 to 90 °C at a speed of 5°C min™. The data are presented
as (A-A)/(A-A)) verus T, where A, A  and A, are the observed, the
initial, and the final absorbance at 260 nm, respectively.

The cleavage activity of supercoiled pBR322 DNA by the
oxovanadium complexes was studied by using agarose gel
electrophoresis experiment, pBR322 DNA (0.1 pg) was treated with the
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complex in buffer B in different concentrations, and the solutions were
incubated at 37°C in the incubator for 1h. The samples were analyzed
by electrophoresis for 2h at 90 V in tris-boric buffer containing 0.8%
agarose gel. The gel was stained with 0.1 pug/mL DuRed nucleic acid
gel stain and photographed under UV light on an Alpha Innotech
IS-5500 fluorescence chemiluminescence and visible imaging system
[19,20,31].

Cell viability assay

3-(4,5-Dimethylthiazole)-2,5-diphenyltetrazolium bromide
(MTT) dye assay was carried out to evaluate cytotoxicity in human
CaSki, SiHa, K562, HepG2, EC9706 and EC109 cell lines. Cells were
seeded in 96-well microassay culture plates (2 x 10*cells per well) and
incubated at 37 °C in a 5% CO, atmosphere for 48h. The compounds
tested were then added to the wells to achieve final concentration
ranging 10 to 10 mol L. Control wells were prepared by addition of
culture medium (100 uL). Wells containing culture medium without
cells were used as blanks. Upon completion of the incubation, then
stock MTT dye solution (20 pL, 5 mg mL"') was added to each well.
After 4 h incubation, a solution containing N, N-dimethylformanmide
(50%) and sodium dodecyl sulfate (20%) was added to solubilize the
MTT formazan. The cell viability of each well was then measured on a
Multiskan SSCENT microplate reader at 490 nm. The IC, values were
determined by plotting the percentage viability versus concentration
on a logarithmic graph and reading off the concentration at which 50%
of cells remain viable relative to the control [32]. Each experiment was
repeated at least three times to get the mean values.

Results and Discussion

Synthesis of ligands and V-complexes

The phenanthroline-based derivatives ligands were prepared by the
reaction of 1,10-phenanthroline-5,6-dione with hydroxybenzaldehyde
in the appropriate mole ratios in the presence of ammonium acetate
using glacial acetic acid as solvent. The oxovanadium complexes 1-3
were synthesized by refluxing of corresponding ligand, VO(acac),
and phenanthroline-based ligand in absolute methanol. The desired
complexes were purified by recrystallization.

In the IR spectra of phenanthroline-based ligands show absorption
at ca. 3340 cm™ (v, ), 3200 cm™ (imidazole N-H), 3040 cm™ (v _. ),
1448-1618 cm™ (v _.), 740 cm™, 700 cm™ (8 ), respectively. In parallel,
IR spectra absorption of complexes 1-3 observed at ca. 3440 cm™ (v
) 3180 cm™ and 3340 cm™ is assigned to (-NH,), 3030 cm™ (v _.,)s
1490-1580 cm’' (v,_), 1612-1616 cm™ (v, ), 1312 cm?, 810-313
(Vo) 731-737 cm for (v, ), which indicates both two mixed ligands
are coordinated to vanadium. The strong (v,_.) band at 956-974 cm™
observed at oxovanadium complexes, which is not present in the
spectrum of free ligands could be cleared identified for the formulation
of the complex [33-34].

Electronic spectra of complexes 1-3 show an intense band at ca. 268
nm assignable to T—m* transition of aromatic rings of phenanthroline-
based ligands [35-36] The remaining bands in the UV-vis region (320-
330 nm) are attributed to intraligand transitions of the Schiff base. The
obtained spectral data indicates the Schiff base bonded through the
phenolate oxygen, imine nitrogen and thiolate sulfur atoms leaving the
thiomethyl as the pendant group. These values are close to the reported
values for a square-pyramidal geometry [19,28,37] and it also suggested
that these complexes bear the central V (IV) atom with coordination
numbers 5 in a square-pyramidal geometry.

In the 'H NMR spectra of phenanthroline-based ligands showed
peaks of aromatic hydrogen (ArH), imidazole secondary amine (NH)

proton. However, in the 'H NMR spectra of complexes, the peaks of
imine (CH=N) proton and primary amine (-NH, ) were observed, which
affirmed that the Schiff base ligand was coordinated to vanadium.

According to the ES-MS spectra, the molecular ion peaks of three
complexes appearing at m/z 623.0 ([M+H]*) and 645.0 ([M+Na]*).
Elemental analysis, ES-MS, IR and '"H NMR data of all the compounds
are in good agreement with the expected structures.

The molar conductance values of phenanthroline-based ligands
and complexes 1-3 in DMF (1 mM) are shown in Table 1. The
conductive properties indicate that both oxovanadium complexes and
the corresponding ligands are nonelectrolytes.

Electronic absorption titration

Electronic absorption spectral titration is one of the most common
ways to investigate the interactions of compounds with DNA. To
future evaluate the capacity of oxovanadium complexes interacting
with CT-DNA, the electronic absorption spectra of complexes 1-3
are characterized by intense m-m* transition of aromatic rings in the
absence and presence of increasing concertration of CT-DNA, which
are shown in Figure 1. Complexes bind to the pairs base of DNA by -n*
stacking interactions between the planar aromatic chromophore of the
complexes and the base pairs of DNA usually result in hypochromism
and bathochromism [13,20,28]. As can be seen in Figure 1, with the
CT-DNA concentration increasing, obvious hypochromism as well as
a certain degree of bathochromism for the oxovanadium complex 1-3
can be observed in the ultraviolet titration process. The appreciable
hypochromism and bathochromism for complex 1 is 56.17% and 3
nm at 272 nm. In contrast, a slighter hypochromism can be observed
for complexs 2 and 3, which exhibit 12.53% and 25.23%, respectively,
and also bathochromism of 1 nm at 268 nm and 1.5 nm at 270 nm,
respectively. According to previously reported results [13,19,24], the
UV-Vis spectral characteristics suggest that complexes 1-3 interact
with CT-DNA most likely through a mode that involves a stacking
interaction between the aromatic chromophore and the base pairs of
DNA.

In order to compare quantitatively the DNA-binding strengths
of these complexes, the intrinsic binding constant K, was calculated
from the changes in absorbance in the ligand change transfer bands
with increasing amounts of CT-DNA. The value of K were calculated
as well using the equation, reaching (4.38 + 0.01) x 10° M, (1.07
0.01) x 10°M™" and (1.83 £ 0.01) x 10° M for complexes 1, 2 and 3,
respectively. The K, values indicate that oxovanadium complexes 1-3
interact with CT-DNA by intercalation modes. It is interesting to note
that the DNA-binding affinities of complexes 1, 2 and 3 are stronger
than that of the reported oxovanadium complexes, such as VO(SAA)
(phen) (4.50 x 10* M), VO(MOSAA)(phen) (2.95 x 10* M) [19]
and VO(hntdtsc)(phen) (8.2 x 10* M) [28], under our experimental
conditions. This may due to the introduction of imidazole ring in
auxiliary ligands substituted with 1, 10-phenanthroline, which leads
to formation of a richer conjugated armatic structure, thus resulting
in stronger insertion into DNA. Meanwhile, the presence of an ~-OH
group on the aromatic moieties, which acts as a electron-donating

Compounds Q'cm?mol”
HPIP 8.6
m-HHPIP 9.8
p-HPIP 11.4
VO(hntdtsc)(HPIP) 13.6
VO(hntdtsc)(m-HPIP) 12.8
VO(hntdtsc)(p-HPIP) 18.1

Table 1: Molar conductivity data of oxovanadium complexes and ligands.
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Figure 1: absorption spectral of the complexes 1 (a), 2 (b) and 3 (c) in Tris-HCI buffer A upon increasing amounts of CT-DNA. [V] = 20 yM, [DNA] = (0-100) pM. Arrow
shows the decreasing absorbance upon increasing CT-DNA concentrations. Insert: Plots of [DNAJ/(¢,-¢,) versus [DNA] for the titration of [V] with CT-DNA.

substituent on the intercalative ligand and thus gives stronger stacking
interactions with DNA.

The intrinsic binding constant, K, increase in the order 2<3<I1.
Interestingly, from a comparison of the DNA-binding activities of
complexes 1, 2 and 3, the complex 1 appeared to be a much stronger
DNA intercalator. The differences of their binding strength may due to
the changes in the electronic characteristics of substituted group at the
different locations introduced on the aromatic ring of phenanthroline-
based ligands, which may make differences in the DNA-binding
affinities. The results also indicates an ~OH group substituted on the
ortho-position of the aromatic ring exhibits stronger DNA-binding
affinity than substituted on the para-position and meta-position
[19,28]. And it thus provides strong evidence for the electronic effect
of phenanthroline is one of the factors in determining the binding
affinities.

Fluorescence spectroscopic studies

The interaction of the complexes (20 umol L) with CT-DNA
was investigated using fluorescence emission titration experiment
in the Tris buffer A at room temperature. The emission spectra of
complexes 1, 2 and 3 in the absence and presence of CT-DNA exhibit
luminescence in Tris buffer A, with a maxima appearing at 296 nm, 656
nm and 697 nm respectively, which are shown in Figure 2. Emission
intensity of complexes 1-3 is found to depend on DNA concentration.

Upon increasing concentrations of CT-DNA, the emission intensities
of complexes 1-3 grow to around by about 1.21, 0.38, and 0.64 times
larger than those in the absence of CT-DNA and saturates at a
[DNA]/[V] ratio of 20 : 1. The enhancement of emission intensity is
an indication of binding of the complexes to the hydrophobic pocket
of DNA, since the hydrophobic environment inside the DNA helix
reduces the accessibility of water molecules to the complex and the
complex mobility is restricted at the binding site, leading to decrease of
the vibrational modes of relaxation [38]. The fluorescence spectroscopic
data shows that 1 interacts with CT-DNA more strongly than both 1
and 2, consistent with the UV-Vis absorption titration spectral results.

Viscosity measurements

Viscosity measurements are regarded as the least controversial
and the most rigorous means of testing the binding mode of DNA
in solution [19,28]. To further clarify the DNA-binding mode of
complexes 1-3, viscosity measurements on solutions of CT-DNA
incubated with the complexes were performed. It is well-known that a
classical intercalation model leads to an apparent increase in viscosity
of DNA solution due to base-pairs are pushed apart and hence an
increase in overall DNA length. In contrast, a partial, non-classical
intercalation of compounds could bend (or kink) the DNA helix and
reduce its effective length and, concomitantly, its viscosity [19,20,24].

The effects of complexes 1-3 on the viscosity of CT-DNA are shown
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Figure 2: Emission spectra of 1 (a), 2 (b) and 3 (c) in Tris-HCI buffer A in the absence and presence of CT-DNA. [V] = 20 umol L-'. Arrows show the increasing intensity

with increasing concentrations of DNA.

in Figure 3. As can be seen in Figure 3, with amounts of the complexes
increasing, the relative viscosity of DNA increases continuously
to some extend. The results thus provide strong evidence for the
interaction of complexes 1-3 with CT-DNA by intercalation modes.
Moreover, the large increase in the relative viscosity revealed that
1 is a better intercalator than 2 and 3, which is consistent with our
foregoing hypothesis that electronic effects of introduction of larger
planar aromatic rings on phenanthroline-based ligands play a key role
in DNA-binding aflinities.

Thermal denaturation studies

DNA melting experiments are generally applied to investigate
the extent of intercalation, which were carried out by monitoring the
intensity of DNA bases at 260 nm at different temperatures, both in the
absence and presence of oxovanadium complex and ligands. Thermal
behaviors of DNA in the presence of compounds can give insight
into their conformational changes when the temperature is raised
and offer information about the interaction strength of complexes
with DNA. With the temperature in the solution rising, the double-
stranded DNA will gradually dissociate to single strands and generate
a hyperchromic effect on absorption spectra of DNA bases. Thus, the
melting temperature T, which is defined as the temperature where half
of the total base pairs are unbounded, is usually introduced. Generally,

T, will increase considerable when intercalative binding occurs, since
intercalation of the complex into DNA base pairs causes stabilization of
base stacking and hence raises the melting temperature of the double-
stranded DNA [13,24,28].

The melting curves of CT-DNA in the absence and presence of
complexes 1, 2 and 3 are shown in Figure 4. As can be seen from Figure
4, the T, of CT-DNA in the absence of the complex is 61.6 + 0.2°C,
meanwhile, when the complexes at a concentration ratio [V]/[DNA]
of 1:4, we can observe that T_ values in the presence of the complexes
1-3 are 71.4 £ 0.2°C, 64.7 £ 0.2°C and 67.8 + 0.2°C, respectively. A
comparison of the AT _ values of the complex and its ligands (9.8°C,
3.1°C and 6.2°C, respectively) was agreement with those classical
intercalators [19,20,24,28], which provided strong evidence for their
binding with DNA by intercalation modes.

The experimental data reveals that oxovanadium complexes
in collaboration with Schiff base and imidazole[4,5-f][1,10]
phenanthroline-based ligands exhibit appreciable DNA intercalative
activities, it is quite consistent with their binding abilities with CT-
DNA.

Photocleavage studies

The interaction mode between the oxovanadium complex and
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plasmid DNA was further investigated by agarose gel electrophoresis
experiments. When circular plasmid DNA is subject to electrophoresis,
relatively fast migration will be observed for the intact supercoiled
form (form I). If scission occurs on one strand (nicking), the supercoil
will relax to generate a slower moving open circular form (form II).
If both strands are cleaved, a linear form (form IIT) will be generated
[39]. The cleavage reactions on plasmid DNA induced by oxovanadium
complexes were investigated and monitored by gel electrophoresis
experiments.

As is shown both in Figure 5 and 6, it is clear to figure out the
cleavage activity of plasmid pBR322 DNA after incubation with different
concentrations of V-complexes at 37°C for 1 h at dark condition. The
nicked form IT can barely observed for H,0, alone in the absence of
the complexes (lane 2 in Figures 5 and 6, respectively). Nevertheless,
in the presence of complexes 1, 2 and 3 with 30 mM H,O,, apparent
cleavage of pBR322 DNA observed from the formation of form II, and
cleaving activity tends to increase gradually with the concentration of
the complexes increase from 15 pmol L to 60 uM (lane 3, 4 and 5 in
Figures 5 and 6). Furthermore, under the same conditions with lane 4,

addition of 0.02 mol L' L-Histidine works as a singlet oxygen quencher
(lane 6, lane 11 in Figures 5 and 6, respectively) slightly inhibits the
cleavage of DNA. Meanwhile, no cleavage of plasmid DNA occurred
in the presence of hydroxyl radical scavenger DMSO (lane 7, lane 12 in
Figures 5 and 6, respectively), suggesting that -OH radicals is likely to be
the reactive species on account of the oxidation of VO?* in the presence
of H,0, for the cleavage reaction [19,24,28]. Under comparative
experimental conditions, the cleavage ability follows the order of 1 > 3
> 2. The results are actually consistent with the degree of their intrinsic
binding constant (K,), indicating that the introduction of imidazole
ring on the auxiliary ligands substituted with 1,10-phenanthroline as
well as electrochemical characteristics of the existence of substituted
electronic-donating group (-OH) at the different locations introduced
on the aromatic ring of phenanthroline-based ligands makes a big
difference in the DNA-binding affinity.

In vitro cytotoxicity assays

The cytotoxicity in vitro assay for complexes 1-3 against cervical
cancer CaSki and SiHa, leukemia K562, HepG2, esophagus carinoma
EC9706 and EC109 cell lines were evaluated by MTT assay. The
inhibititory percentage against growth of cancer cells was determined.
The cell viabilities (%) obtained with continuous exposure for 48
h are depicted in Figure 7. Cell viability decreased with increasing
concentrations of 1-3. The IC_j values were calculated and are listed
in Table 2. As shown in Table 2, three oxovanadium complexes
exhibit broad inhibition of tested cancer cell lines, with IC,, values
ranging from 0.41 to 89.2 uM, and the cytotoxicity was concentration-
dependent.

It is notable that complex 1 possessed the most potent cytotoxicity
against the cell lines of CaSki, SiHa, K562, HepG2, EC9706 and EC109.
Although complexes 2 and 3 appeared to be less antiproliferative
activity towards HepG2, complex 1 still show high inhibitory effect,
which IC,  values reaches to 0.73 uM. This is consistent with its binding
abilities with CT-DNA, indicating that the antitumor abilities of
the oxidovanadium complexes may be closely related to their DNA
binding mode.

L b Form I

Form IT

12 11 10 9 8 7 6 § 4 3 2 1

Figure 5: Cleavage of pBR322 DNA by complexes 2 and 3 (15-60 pM) in
the absence and presence of H,0, (30 mM) in buffer B (pH 7.2). lane 1, DNA
control; lane 2, DNA + H,O,; lane 3, DNA + 2 (15 uM) + H,0,; lane 4, DNA +
2 (30 uM) + H,0,; lane 5, DNA + 2 (60 uM) + H,O,; lane 6, DNA + 2 (30 uM)
+H,0,+ L-Histidine (0.02 M); lane 7, DNA + 2 (30 uM) + H,0,+ DMSO (2 pL);
lane 8, DNA + 3 (15 pM) + H,O,; lane 9, DNA + 3 (30 uM) + H,0O,; lane 10,
DNA + 3(60 uM) + H,0,; lane 11, DNA + 3 (30 uM) + H,O,+ L-Histidine (0.02
M); lane 12, DNA + 3 (30 uM) + H,O,+ DMSO (2 pL).
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Figure 6: Cleavage of pBR322 DNA by complex 1 (15-60 pM) in the absence
and presence of H,0, (30 mM) in buffer B (pH 7.2). lane 1, DNA control; lane
2, DNA + H,O,; lane 3, DNA + 1 (15 uM) + H,0,; lane 4, DNA + 1 (30 pM)
+ H,0,; lane 5, DNA + 1 (60 uM) + H,O,; lane 6, DNA + 1 (30 uM) + H,0O,+
L-Histidine (0.02 M); lane 7, DNA + 1 (30 uM) + H,0,+ DMSO (2 pL).
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Figure 7: Cell viability of 1, 2 and 3 on tumor CaSki, SiHa, K562, HepG2, EC9706 and EC109 cell proliferation in vitro. Each data point is the mean + standard error
obtained from at least three independent experiments.
Compounds IC,, (UM)
CasSki SiHa K562 Hep G2 EC9706 EC109
Complex 1 0.69 £ 0.1 55+0.4 3.6+0.2 0.73+0.2 47+0.8 0.41+0.1
Complex 2 11.2+1.1 102+1.3 51.9+26 >100 11.6+1.1 228+1.8
Complex 3 228+14 20.7+1.7 >100 >100 142+23 89.2+34
Table 2: The IC, values for 1, 2 and 3 against selected cell lines.
Conclusion technology Research Project of Guangdong Province (No0.2012B031800431), P. R.

In this paper, three oxovanadium complexes incorporating Schift
base and phenanthroline-based ligands have been synthesized and
characterized. Their DNA-binding activities with CT-DNA indicate
that they bind to DNA by intercalation modes and the DNA-binding
affinity follows the order 1>3>2. These oxovanadium complexes can
cause DNA cleavage. The results imply that the interaction with DNA
may be closed associated with the introduction of imidazole ring in
auxiliary ligands substituted with 1,10-phenanthroline as well as the
electronic effects of substituted electronic-donating group (-OH) at the
different locations introduced on the aromatic ring of phenanthroline-
based ligands makes a big difference in the DNA-binding affinity.
Furthermore, they also show highly cytotoxic activities against cervical,
leukemia, Hepatoma and esophagus carcinoma cell lines. Complex 1
was found to be the most potent antitumor agent among the three
complexes. Further investigation is required to study the possible
cytotoxicity mechanisms of these complexes.
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