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A new cobalt(Il) complex, [Co(C3H4N,)(CgHgOs)(H>0),]-2H,0, of demethylcantharate
(7-oxabicyclo[2,2,1]heptane-2,3-dicarboxylate, CgHgOs) with imidazole has been synthesized
from cobalt chloride, demethylcantharidin (NCTD) and imidazole. The complex was
characterized by elemental analysis, IR, and X-ray single crystal diffraction. The complex
crystallized in the monoclinic crystal system and P2;/m space group with a =0.634790(10) nm,
b=0.963030(10) nm, ¢=1.221770(10) nm, a=90°, B=95.9700(10)°, y=90°,
V' =0.742844(15)nm>, M,=383.22, D.=1.713gem >, Z=2, F(000)=398, ;u=1.206mm"",
the final R=0.0291, and wR=0.0837 [/>20(/)]. The interaction of the complex with
deoxyribonucleic acid (DNA) was studied by electronic absorption spectra, fluorescence
spectra, and viscosity measurements, which indicate that the complex binds to calf thymus
DNA through a partially intercalative mode. The binding constant K, for the complex was
2.62 x 10*Lmol~". The antiproliferation activity test showed that the complex has high
antiproliferative ability against human hepatoma cells SMMC7721 (with ICs, being
4284+09umolL™") and human lung cancer cells A549 (with ICs, being
65.1 3.2 umol L™"). The inhibition rates of the complex are much higher than those of NCTD.

Keywords: Demethylcantharidin; Cobalt(II) complex; Crystal structure; DNA binding;
Antiproliferative activity

1. Introduction

Demethylcantharidin (NCTD = 7-oxabicyclo[2,2,1]heptane-2,3-dicarboxylic acid anhy-
dride) and disodium demethylcantharate (Na,(DCA) = 7-oxabicyclo[2,2,]1]heptane-
2,3-dicarboxylate) are derivatives of cantharidin. /n vitro experiments indicate they
have a great inhibitive effect on common cancer cells while removing the side effects of
cantharidin on the urinary system [1-3]. Meanwhile, complexes of demethylcantharate

*Corresponding author. Email: sky51@zjnu.cn

Journal of Coordination Chemistry
ISSN 0095-8972 print/ISSN 1029-0389 online © 2011 Taylor & Francis
DOI: 10.1080/00958972.2011.557150



Downloaded by [Renmin University of China] at 10:31 13 October 2013

Activity of cobalt(II) complex 921

(DCA?7) have been reported [4-6] and have prominent antiproliferative ability.
Imidazole, a planar N-heterocycle, is favorable to insert into the deoxyribonucleic acid
(DNA) base pair. It is reputed as biocatalyst and biological ligand [7]. DNA bears
heritage information and instructs the biological synthesis of proteins and enzymes in
living cells. The mode of action between anti-cancer drugs with DNA on the molecular
level is essential to find the mechanism of anti-cancer drugs. Several complexes of
derivatives of imidazole with demethylcantharate have been synthesized and the
binding to DNA has been studied [8, 9]. The results showed that binding ability and
antiproliferative activity of the complexes of imidazole derivatives is better with DNA.
Cobalt is an essential microelement in the human body, playing an important
physiological role in the metabolism of iron, synthesis of hemoglobin, and maturation
of hematid [10]. Thus, research on the synthesis and physiological activity of cobalt(II)
complexes are significant. Recently, Satyanarayan et al. [11] reported DNA-binding
and photocleavage studies of several polypyridine complexes of cobalt(I1I) [12]. Cobalt
complexes of demethylcantharate and imidazole have been reported [13, 14]. However,
no biological activities have been reported about cobalt complexes of demethylcantha-
rate. A cobalt(Il) complex of demethylcantharate with imidazole has been synthesized,
single crystals obtained, interaction of the complex with DNA was studied by electronic
absorption spectra, fluorescence spectra, and viscosity measurements and antiproli-
ferative test was carried out.

2. Experimental

2.1. Materials and apparatus

All chemicals were obtained commercially and used without purification. NCTD
(CgHgOy4) was purchased from Nanjing Zelang Medical Technological Co., imidazole
(C3H4N») and cobalt chloride (CoCl,-6H,0) from Shanghai Chemical Reagent Co. and
calf thymus DNA (ct-DNA) was obtained from Huamei Co. 3-[4,5-Dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma corporation.
Human hepatoma cells SMMC7721 and human lung cancer cells A549 were obtained
from Shanghai Cell Bank of the Chinese Academy of Sciences. Solvents were all of
analytic grade. Doubly distilled water was used in the experiments.

Elemental analyses of C, H, and N were carried out in a Vario EL III elemental
analyzer. Infrared spectra were recorded as KBr pellets by using a NEXUS-670 FT-IR
spectrometer. Diffraction intensities for the complex were collected at 23°C on a Bruker
SMART APEX II CCD diffractometer. Fluorescence emission spectra were recorded
with a Perkin-Elmer LS-55 spectrofluorometer. Viscosity experiments were carried on
an Ubbelodhe viscometer. Sheldon CO, culture box and DG3022A ELISA instruments
were used to perform antiproliferative activity.

2.2. Synthesis of the complex

A mixture of NCTD (0.5 mmol), CoCl,-6H,O (0.5 mmol), imidazole (1.5 mmol), and
distilled water (15mL) was sealed in a Teflon-lined stainless vessel (25mL), heated at
160°C for 3 days, and then slowly cooled to room temperature. The solution was
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Figure 1. Synthesis of the complex.

filtered and after 2 weeks, block red crystals were obtained. In solution, NCTD is
hydrolyzed and the resulting dianion is a tridentate ligand, which, along with one
imidazole and two water molecules forms the octahedrally coordinated Co(II) complex
(figure 1). Anal. Calcd for C;;H>)N>,O9Co (%): C, 34.48; H, 5.26; N, 7.31. Found: C,
34.13; H, 5.29; N, 7.05. IR (cm™'): 33565 v(H,0); 1600 s 1,i(COO™); 14155 vy(COO™);
1268 m, 1066 m, 991w v(C-O-C). It is predicted that the molecular formula is
[Co(C5H4N,)(CgHgO5)(H,0),]-2H,0 (CgHgOs, demethylcantharate jon =DCA?").

2.3. DNA binding experiments

2.3.1. Electronic absorption spectra. The ct-DNA was prepared with 0.1 mol L™
NaCl. The concentration of ct-DNA was 200 pgmL~" (¢((DNA)=3.72 x 10 *mol L")
and was kept at 4°C. The ct-DNA solutions gave a ratio of UV absorbance at 260 nm
and 280 nm, A,go/Arg0=1.8-2.0, indicating that the DNA was sufficiently free of
protein. The DNA solution was used in 4 days. Tris-HCl buffer (5mmolL™"
Tris/50 mmol L~" NaCl, pH =7.4) was made by conventional method. The complex
was dissolved in water.

Different volumes of DNA solution (0-80 pmol L™") were added to the mixture of
complex solution (0.13mmolL™") and Tris-HCI buffer. At room temperature,
absorption spectra experiments were carried out at 200-400 nm and Tris-HCI buffer
solution containing different concentrations of DNA was used as reference.

2.3.2. Fluorescence spectra. Fluorescence experiments were carried out by adding
different concentrations (0-6.00mL) of ct-DNA solution to the complex solution
containing 2.00 x 10~*mol L' Tris-HCI buffer (pH = 7.4). After incubation for 5h at
4°C, the fluorescence emission spectra were recorded at an excitation wavelength of
260 nm from 260 to 530 nm using 10 nm slit widths. Fluorescence quenching was carried
out by adding complex solution (0—150 pmol L™") to samples containing 0.25 pmol L™
ethidium bromide (EB) and 74.4 pmol L~' DNA. The solution was diluted by Tris-HCI
buffer solution and fluorescence read at an excitation wavelength of 252nm and
emission wavelength between 520 and 700 nm.

2.3.3. Viscosity. Viscosity experiments were carried out on an Ubbelodhe viscometer,
immersed in a thermostated water-bath maintained at 25°C. The compounds were
added into a DNA solution (cpna=3.72x10*molL™") by microsyringe.
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Average values of three replicated measurements were used to evaluate the viscosity of
the samples. Data were presented as (17/n9)"* versus the ratio of the concentration of the
complex to DNA (¢complex)/c(pna) = 0-2.20), where 7 is the viscosity of DNA in the
presence of complex and 7, is the viscosity of DNA alone. Viscosity values were
calculated from the observed flow time of DNA-containing solution() corrected for the
flow time of buffer alone (zy) [15], n=(t — t)/to.

2.4. Crystal structure determination

A single crystal of the complex with dimensions of 0.254 x 0.166 x 0.073 mm?® was
placed on the X-ray diffractometer. Intensity data were collected with graphite
monochromated Mo-Ku radiation (A =0.071073 nm) using the w scan technique in the
range 2.70° <6 <27.50° at 23(2)°C. A total of 6604 reflections was collected, of which
1805 reflections (R;, =0.0218) were independent and 1675 were observed with I>2¢
(7). The structure was solved by direct methods, and the position of non-hydrogen
atoms determined by successive Fourier syntheses. Hydrogens of water were located by
Fourier methods and the remaining hydrogens were positioned geometrically. The
position and anisotropic parameters of all non-hydrogen atoms were refined on F> by
the full-matrix least-squares method using the SHELXL.-97 program package [16]. The
complex is monoclinic crystal system and P2,/m space group with a =0.634790(10) nm,
b=0.963030(10)nm, ¢=1.221770(10)nm, «=90°, B=95.9700(10)°, y=90°,
V'=0.742844(15)nm>, D,=1.713gem™>, Z=2, F(000)=398, n=1.206mm™"'. The
final full-matrix least-squares refinement gave R=0.0291 and wR=0.0837
(w=1/[0*(F,>) +(0.0523P)* +0.3702P], where P=(F,”+2F.)/3), (Ap)max =0.714 and
(AP)min=—0.329¢ A,

2.5. Antiproliferative activity evaluation

The antiproliferative activities of complex and NCTD were evaluated [17] by using
human hepatoma cells SMMC7721 and human lung cancer cells A549. The
antiproliferative activity was measured by the MTT assay. The compounds were
dissolved in DMSO as 100 mmol L™" stock solutions. Growth cells in the exponential
phase were assayed by adding 100 pL stock solution directly to culture wells. After the
cells were seeded for 24 h, the complex and NCTD were added. Then the cells were
incubated for 72 h, followed by adding 100 uL MTT into each well. Later, the liquid in
each well was discarded and 150 uL acidified isopropanol was added. The mixture was
placed in a dark area for 30 min. The inhibition rate and ICsy were calculated.

3. Results and discussion

3.1. Structure description of complex

Figure 2 shows the molecular structure of the complex. The main bond lengths and
angles are listed in table 1. The coordination environment of Co(II) is shown in figure 2.
Each Co(II) is six-coordinate by two water molecules, one bridge oxygen, two carbox-
ylate oxygens in two different carboxylate groups from demethylcantharate and one
nitrogen from imidazole.



Downloaded by [Renmin University of China] at 10:31 13 October 2013

924 L. Qiu-Yue et al.

Figure 2. Molecular structure of the complex showing 30% atomic displacement ellipsoids.

Table 1. Select bond lengths (A) and angles (°) of the complex.

Bond Distance Bond Distance Bond Distance
Col-O1W 2.0649(13) Col-N1 2.081(2) Col-0l1 2.0986(13)
Col-03 2.1583(16)

Angle (©) Angle @) Angle @)
O1W#1-Col-O1W 91.15(9) O1W-Col-N1 92.32(6) O1W-Col-O1#1 92.93(6)
O1W-Col-01 174.39(5) N1-Col-0O1 91.36(6) Ol1#1-Col-0O1 82.76(8)
O1W-Col-03 86.81(5) N1-Col-03 178.76(7) 01-Col-03 89.57(5)

Symmetry transformations used to generate equivalent atoms: #1, x, —y+1/2, z.

The Co(II) lies on a special position in P2;/m, giving the Co(II) complex mirror
symmetry. Ol, OIWA, O1W, and O1A lie on the equatorial plane with the torsion
angle 0.000(49)°. The nitrogen N1 and the bridge oxygen atom O3 are in axial positions.
The bond angle of N1-Co1-03 is 178.76(7)°. Owing to the binding of the bridge oxygen
with Co, two six-membered rings (Col-O1A-C7A-C1A-C2A-03) and (Col-O1-C7-
C1-C2-03) are created. In addition, a seven-membered ring (Col-O1A-C7A-C1A-
C1-C7-01) is formed because of coordination of carboxylate oxygens Ol and OI1A,
which makes the compound more stable.

Crystal packing (figure 3) shows that there are abundant hydrogen bonds in the
complex. Hydrogen bonds between molecules (OIW-HIWA-OI1#1, OIW-HIWB-
0242, O2W-H2WB-02#3, O2W-H2WA-O2W#4, N2-H2-O2W#5, and N2-H2-
O2W#6 (table 2)) indicate that hydrogen bonds form between crystal water molecules
and between oxygen of crystal water and hydrogen of imino group in imidazole. The
two hydrogens of each coordinated water molecule with coordinated carboxyl oxygen
and uncoordinated carboxyl oxygen in DCA?~ of two adjacent molecules form
intermolecular hydrogen bonds. All the hydrogen bonds form a 3-D network.

3.2. DNA binding studies

3.2.1. Electronic absorption spectra. For studying the interaction of DNA with
complex, we used titration to test the effect of DNA in UV absorption spectra.
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Figure 3. Crystal packing of complex.

Table 2. Hydrogen bonds in the complex (nm and (°)).

D-H---A d(D-H) dH---A) dD---A) /(DHA)
OIW-HIWA-Ol1#l1 0.852(15) 1.886(16) 2.7331(18) 173(2)
OIW-H1WB-02#2 0.841(15) 1.973(15) 2.8045(18) 170(2)
O2W-H2WB-02#3 0.900(17) 1.91(2) 2.798(2) 166(3)
O2W-H2WA-O2W#4 0.832(17) 2.34(3) 2.926(5) 128(3)
N2-H2-O2W#5 0.86 2.51 3.256(3) 145.0
N2-H2-O2W#6 0.86 2.51 3.256(3) 145.0
Symmetry transformations used to generate equivalent atoms: #1, —x+1, y+1/2, —z+1; #2, x—1, —y+1/2, z; #3,

—x+ l,—y,—z+ 1 #4, —x,—y,—z; #5, x+ 1, y, z; and #6, x+ 1, —y+1/2, z.

Absorption spectra of the complex with increasing concentration of ct-DNA are shown
in figure 4. On increasing concentration of ct-DNA, absorption bands of the complex at
207 nm were affected, resulting in hyperchromicity.

The intrinsic  binding constant is determined according to [18]:
[DNAJ/(es — £r) = [DNAJ/(e — £1) + 1 [Kn(es — &)l In plots of [DNAJ/(ea —&r)
versus [DNA], Ky, is given by the ratio of the slope to intercept. The binding constants
Ky for the complex is 2.62 x 10* (Lmol™"), similar to K, for cobalt complexes of
nitrogen heterocycles [19]. The binding intensity of the classical intercalator EB with
DNA was 10 times higher than the complex [20]. So, the binding mode between the
complex and DNA was not classical intercalation.

3.2.2. Fluorescence spectral study. If the complex emits fluorescence under some
conditions and its fluorescence intensity increases after adding DNA, it gives
information about the interaction with DNA. The more fluorescence increases, the
stronger the interaction between the complex and DNA [21]. Fluorescence spectra of
complex in the absence and presence of DNA are shown in figure 5. The complex emits
fluorescence at 380nm and the arrows show the intensity changes upon increasing
concentration of DNA. The hyperchromic effect is due to interaction of base pairs of
DNA with micromolecules imbedded in DNA. The planar imidazole could intercalate
the base pairs of DNA, which decrease collisions between water and the complex and
leads to enhancement of fluorescence intensity [22].
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Figure 4. Absorption spectra of the complex in the absence and presence of increasing amounts DNA,
Ceomplex = 1.30 x 107*mol L™, epna x 10°mol L™ (a—€) =0, 2.0, 4.0, 6.0, 8.0, respectively.
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Figure 5. Fluorescence spectra of the complex in the absence and presence of increasing amounts DNA,
hex = 2600, Ay = 260-530 nM. Ccomplex =2-0010"*mol L™', epna x 10°mol L™": (a—£) =0, 1.86, 3.72, 7.44,
14.9, 22.3, respectively.

Quenching of fluorescence of EB-DNA by complex was studied. Reduction in
emission intensity of the complex according to increasing concentration of complexes is
shown in figure 6. With increasing concentration of the complex, the emission intensity
at 589 nm of EB-DNA decreased, indicating that the complex could release some EB



Downloaded by [Renmin University of China] at 10:31 13 October 2013

Activity of cobalt(II) complex 927

960 -
840
720 4

600 -

480

360 -

Fluorescence intensity

240 4

120 -

0 %t ¢ 1T %t & 50« & 5T & € °
520 540 560 580 600 620 640 660 680 700
Wavelength (nm)

Figure 6. Emission spectra of EB-DNA system in the absence and presence of the complex; inset:
fluorescence quenching curve of DNA-bound EB by the complex. Aex=252nm, Aep=520-700nm.
egp=2.5x10""mol L™, (a-/): 1 = Ccomplex/¢pna =0, 0.40, 0.81, 1.21, 1.61, 2.01, respectively.

from EB-DNA because of the planar imidazole ring, but NCTD could not quench the
emission intensity of EB-DNA [23].

3.2.3. Viscosity study. To further clarify interactions between the complex and DNA,
viscosity measurements were carried out on ct-DNA by varying the concentration of the
added complex. In the absence of crystallographic structure data, hydrodynamic
measurements, which are sensitive to DNA length increase (e.g., viscosity, sedimen-
tation), are regarded as the least ambiguous and the most critical tests of binding in
solution. A classical intercalative mode causes a significant increase in the viscosity of
DNA solution due to increase in separation of base pairs at intercalation sites and hence
an increase in overall DNA length [24]. By contrast, complexes that bind DNA by
partial intercalation, under the same conditions, typically cause decreased viscosity in
DNA solution. The values of (71/770)1/ 3 were plotted against ¢complex)/C(pNA) (figure 7).
NCTD has almost no effect on the viscosity of DNA while the complex decreases the
relative viscosity of DNA. The reason may be that NCTD is non-planar, which causes
NCTD to interact with DNA by groove binding or electrostatic binding [25].
The decreased relative viscosity of DNA with complex may be explained by imidazole
in the axial position intercalating base pairs of DNA while demethylcantharate hinders
the intercalation. Therefore, the complex may bind to DNA by partial intercalation.
These observations suggest that Co(II) and planar imidazole in the complex play
important roles in binding with DNA.

3.3. Antiproliferative activity evaluation

Inhibition rates of NCTD and the complex on human hepatoma cells (SMMC7721)
and human lung cancer cells (A549) are reported in figures 8 and 9. In vitro viability was
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Figure 8. Inhibition rates of NCTD and complex on SMMC7721 cell growth. Data represent mean &+ SD
and all assays were performed in triplicate for three independent experiments. *p <0.05 and ***p <0.001 vs.
NCTD in the same concentration, ¢-fest.

exhibited in a dose-dependent manner. For SMMC7721 cell lines, the complex
(0-200 pmol L") significantly decreased the tumor cell viability in a dose-dependent
manner. At lower doses (50 pmol L™, inhibition rates of complex (63 & 2%) is much
higher than that of NCTD (8 £ 1%) against SMMC7721 cell lines. At a higher dose
(100 pmol L), inhibition rate of complex is higher than that of NCTD against A549
cell lines. Therefore, we conclude that the complex has better antiproliferative activity
than NCTD.
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Figure 9. Inhibition rates of NCTD and complex on A549 cell growth. Data represent mean + SD and all
assays were performed in triplicate for three independent experiments. *p<0.05 vs. NCTD in the same
concentration, -fest.

Table 3. 1Csy (umol L™") values (72 h) of test materials on SMMC7721 and A549 cells. (Data represent
mean &+ SD. All assays were performed in triplicate for three independent experiments.)

ICso (umol L") SMMC7721 A549
NCTD 11549 pmol L™! 89+ 13 yumol L™!
Complex 4341 pmol L™ 653 pmol L™

The concentrations of the compounds for 50% inhibition (ICsg) on SMMC7721 and
A549 cell lines were determined (table 3). The antiproliferation activity indicates that
complex has a strong antiproliferative  ability against SMMC7721
(ICso=43+ 1 pumol L™") and A549 (ICso=65+3pumolL™") cell lines. The inhibition
rates of the complex are much higher than those of NCTD; Co(II) and planar imidazole
in the complex play important roles in inhibition rates.

4. Conclusion

A new cobalt(Il) complex [Co(C3H4N,)(CgHgO5)(H->0),]-2(H>O) of demethylcantha-
rate with imidazole has been synthesized and characterized by single crystal X-ray
diffraction. Addition of increasing amounts of DNA results in hyperchromicity.
Intrinsic binding constant (K,) of the complex (10*Lmol™") is smaller than the
constants of cobalt(Il) with bpy and phen (10°Lmol™") [11]. The spectral character-
istics suggest a stacking interaction between the complex and the base pairs of DNA.
Fluorescence spectra and viscosity measurements indicate that the complex can bind to
ct-DNA through a partially intercalative mode. The antiproliferation activities indicate
that the complex has more antiproliferative ability against human hepatoma cells
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SMMC7721 and human lung cancer cells A549 than NCTD. The complex shows much
higher DNA-binding affinities than NCTD. These observations suggested that the
Co(II) ion and imidazole in the complex play important roles in the antiproliferative
effect against cancer cells and in the binding extent with DNA. The results help to
understand the relation between binding ability of the complex with DNA and the
antiproliferative activities. The new complex has potential to be further developed as
effective therapeutic reagents of liver cancer or lung cancer.

Supplementary material

Crystallographic data for the structure reported in this article have been deposited with
the Cambridge Crystallographic Data Center CCDC 705663. Copies of the data can be
obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (deposit@ccdc.cam.ac.uk).
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