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Complex binding to DNA in an intercalative mode

A coordination polymer, [Cd(L),(H,0),], (HL = 2-methyl-1H-4,5-imidazoledicarboxylic acid), was
prepared from reactions of Cd(NO;), with L at room temperature. It was characterized by IR spectra
and elemental analysis. The complex was structurally characterized by X-ray single-crystal diffraction
revealing that the complex crystallizes in monoclinic with P2(1)/c space group, a = 12.203(10) A,
b=9332(8) A, c=7.554(7) A, p=100.894(2) A, V=844.7(13) A, Z=2. Fluorescence and UV
absorption spectroscopy indicated that the complex can bind to fish sperm DNA. Gel electrophoresis
assay demonstrated the ability to cleave the HL-60 plasmid DNA. Apoptotic study showed that the
complex exhibited significant cancer cell (JEKO and KB) inhibitory rate.
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1. Introduction

Syntheses of coordination polymers have made considerable progress in supramolecular
chemistry and crystal engineering [1], for intriguing structural motifs and fascinating topo-
logical structures and potential applications in catalysis, molecular adsorption, magnetism,
non-linear optics, luminescence, and molecular sensing [2—10]. Recent investigations have
addressed the use of the N-heterocyclic dicarboxylate ligands for preparation of coordina-
tion polymers due to their versatile coordination and hydrogen-bonding donors and accep-
tors [11-14]. These studies have demonstrated that 2-methyl-1H-4,5-imidazoledicarboxylic
acid (HL) coordinates to metal ions [15—17]. Cd(II) can react with nucleobases, nucleic
metallothionein, and plasmid DNA causing extensive damage to these targets [18]. The
direct or indirect interaction of Cd(II) complexes with the DNA of cancer cells and their
potential anticancer activities were reported as DNA offers some binding sites for cadmium
[19-25].

In this article, we report the synthesis and structure characterization of Cd(L),(H,0),.
The interaction with fish sperm DNA (FS-DNA) was examined via fluorescence spectros-
copy. Their cleavage behavior toward HL-60 plasmid DNA, cytotoxicity in vitro, and apop-
tosis assays were also investigated.

2. Experimental

2.1. Materials

All reagents, solvents and FS-DNA were reagent-grade commercial products and were used
without purification. The HL-60 cells, HeLa (human cervix epitheloid carcinoma) cells, KB
(human oral epithelial carcinoma) cells, and JEKO-1 (human mantle cell lymphoma) cells
were obtained from the Institute of Biochemistry and Cell Biology, SIBS, CAS.

2.2. Synthesis of the complex

The compound was prepared from an aqueous solution (20 mL) containing 1.5 mM of HL
added dropwise into a water solution (10 mL) of Cd(NOs),"H,O (1.5 mM). KOH
(0.2 M L") was used to adjust the pH to 6 and then stirred at room temperature. Colorless
transparent liquid was obtained from filtration under atmospheric pressure after 12 h. Sev-
eral weeks later, colorless transparent crystals were obtained and washed with distilled
water. Anal. Caled for Cd(L),(H,O), (%): C, 23.65; H, 2.09; N, 11.61; O, 33.15; Cd,
23.29. Found (%): C, 24.07; H, 2.31; N, 11.92; O, 32.62; Cd, 22.08. IR (KBr; v, cm '):
3240(br), 2620(w), 1720(sh), 1540(m), 1380(m), 1270(sh), 1110(w), 1000(m), 866(m), 773
(m), 675(w) ecm~'. CCDC reference number is 1013359,

2.3. Physical measurements

Elemental analyses (C, H, and N) were performed with a Finnigan EA 1112 instrument. IR
spectra from 400 to 4000 cm ™' were recorded on a Nicolet IR 470 spectrophotometer in KBr
pellets. UV—visible (UV—vis) spectra were recorded on a Shimadzu UV-240. Fluorescence
measurements were performed on a Perkin-Elmer LS55 fluorescence spectrophotometer.



Downloaded by [Institute Of Atmospheric Physics] at 15:26 09 December 2014

Cadmium(ll) with an imidazoledicarboxylate 3553

2.4. X-ray crystallography analysis

Single-crystal X-ray data of the complex were collected on a Rigaku XtaLAB mini X-ray
single crystal diffractometer with MoKa radiation (1 = 0.71073 A) at 293 K and intensity
data were obtained from 3.40° < # <27.53° at 273 K by using an w-scan technique. The
structures were solved by direct methods and refined with full-matrix least-squares using
SHELXL-97 [26, 27]. Corrections for the least-squares factor and an empirical absorption
correction were applied. All non-hydrogen atoms were determined with successive difference
Fourier syntheses and refined by full matrix least squares on F°. Hydrogens were located
from difference Fourier maps. Molecular graphics were generated by DIAMOND [28].

2.5. UV absorption spectroscopy

UV-visible spectra were recorded on a Shimadzu UV-240. Tris—HCI buffer (pH 7.0) and a
buffer (10 mM) solution of complex were titrated with a concentrated FS DNA solution
[29].

2.6. Fluorescence spectroscopic studies

The buffer used in the binding studies was 50 mM Tris—HCI, pH 7.4, containing 10 mM
NaCl. For all fluorescence measurements, the entrance and exit slits were maintained at
10 nm. The sample was excited at 526 nm and the emission range was set between 540 and
750 nm. Under these conditions, the fluorescence intensity of the respective complexes,
extracted DNA and ethidium bromide (EtBr) were very small and could be ignored [30].

2.7. Agarose gel electrophoresis

For the gel electrophoresis experiments, HL-60 plasmid DNA (0.33 mgmL™") was treated
with the complex in Tris buffer (50.0 mM Tris-acetate, 18.0 mM NaCl buffer, pH 6.8-7.3),
and the contents were incubated for 1 h at room temperature. The samples were electropho-
resed for 3 h at 90 V on 0.8% agarose gel in Tris-acetate buffer. After electrophoresis, the
gel was stained with 1.0 mg mL™" EtBr and photographed under UV light [31].

2.8. Cell line and culture

The cell lines used in this experiment were routinely maintained in a RPMI-1640 medium
supplemented with 10% (v/v) heat inactivated fetal bovine serum, 2 mM L™ of glutamine,
100 pg mL™" of penicillin, and 100 ug mL™" of streptomycin in a highly humidified atmo-
sphere of 95% air with 5% CO, at 37 °C.

2.9. Cell sensitivity assay

The growth inhibitory effects of metal complexes on the KB cells and the JEKO-1 cells
were measured using the microculture tetrazolium [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide, MTT] assay. In brief, cells were seeded into a 96-well culture plate
at 2 x 10° cells/well in a 100 mL culture medium. After incubation for 24 h, cells were
exposed to the tested complexes of serial concentrations. The complexes were dissolved in
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DMF and diluted with RPMI 1640 or DMEM to the required concentrations prior to use
(0.1% DMF final concentration). The cells were incubated for 24 and 72 h, followed by
addition of a 20 pL MTT solution (5 mg mL™") to each well and further cultivation for 4 h.
The media with MTT were removed, and 100 uL of DMSO was added to dissolve the for-
mazan crystals at room temperature for 30 min. The absorbance of each cell at 450 nm was
determined by analysis with a microplate spectrophotometer. The ICs, values were obtained
from the results of quadruplicate determinations of at least three independent experiments.

2.10. Apoptosis assays by flow cytometry

The ability of the complex to induce apoptosis is evaluated in JEKO-1 cells and KB cells
using Annexin V conjugated with FITC and propidium iodide (PI) counterstaining by flow
cytometry. The cells in a usable condition were seeded in a six-well culture plate at 1 x 10°
cells per well in a 3 mL culture medium, respectively, in 6 and 12 h later the medium
including the Cd(I) complex was given.

After 6 h (or 12 h) incubation, cells were gathered, washed twice with cold phosphate-
buffered saline (PBS), and then resuspended in 1x Binging Buffer at a concentration of
1 x 10° cellsmL™". Transferring 100 pL of the solution (1 x 10> cells) to a 5 mL culture
tube, 5 uL. of FITC Annexin V and 5 pL PI were added. The cells were gently vortex and
incubated for 15 min at RT (25 °C) in the dark and then 400 uL of 1x binding buffer was
added to each tube before analyzing by flow cytometry (Accuri C6, USA) within 1 h.

2.11. In vitro apoptosis assay

Hematoxylin—eosin (H-E) staining was carried out as described previously with some modi-
fications. Briefly, HeLa cells were first grown to 80% confluence on cover slips followed
by incubation with 50 uM of the complex for 24 h. Control (untreated), cisplatin, and the
complex treated cells were gently washed twice with cold PBS (137 mM NacCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.76 mM KH,PO,, pH 7.4) and then fixed with 4% paraformalde-
hyde in PBS for 15 min. Cells were washed three times with PBS, permeabilized with 0.2%
Triton X-100 in PBS for 5 min, and washed three times with cold PBS followed by incuba-
tion with H-E at 37 °C for 1 h. H-E stained cells were washed three times with cold PBS,
mounted on a microscope slide, and visualized under a light microscope fitted with a photo-
metric camera [32].

3. Results and discussion

3.1. Crystal structures

The structure of the complex was determined by X-ray crystallography. The crystal data
and structure refinement are presented in table 1; selected bond lengths (A) and angles (°)
are listed in table 2.

Single-crystal X-ray analysis revealed that the structure of the complex belongs to the
monoclinic system with space group P2(1)/c. Cd(Il) is six-coordinate (figure 1) by O5 and
O5A from water, N1 and N1A and Ol and O1A from two partially deprotonated bidentate
HL. The Cd(1)-L (L = O, N of ligand) distances are 2.3122(5)-2.3437(5) A, while L-Cd-L
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Table 1.  Crystal data and structure refinement parameters.

Parameter Value
Formula C,H(N4O,oCd
Formula weight 482.64
Crystal system, space group Monoclinic, P2(1)/c
a, 12.203(10)
b, A 9.332(8)
c, 7.554(7)
, © 100.984(12)
v, A 844.7(13)
VA 2
Pcaled>, MZ Cm3 1.898
Absorption coefficient, mm™' 1.356
Crystal size, mm 0.12 x 0.10 x 0.08
6 Range for data collection, ° 3.40-27.53
F(©000) 476

Limiting indices
Reflections collected/unique

—15<h<15,—-12<k<12,-9</<9
8349/1930 [R(int) = 0.0435]

Completeness, % 99.5
Data/restraints/parameters 1831/84/132
Goodness-of-fit on F* 1.089

Final R indices [/ > 20(])]
R indices (all data)
Largest diff. peak and hole, e A~

R, = 0.0291, wR, = 0.0713
Ry = 0.0356, wR, = 0.0745
0.634 and —0.492

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

Bond d A Bond d A
Cd(1-0(5) 22713) CG)-C4) 1.488(4)
Cd(1)-N(1) 23123) C(4)-0(4) 1.222(4)
cd(1-o(1) 2343(3) C(4)-0(3) 1315(4)
C(1)-0(1) 1262(3) C(5)-N(1) 133203)
C(1)-0(2) 1.268(3) C(5)-N(2) 1.357(4)
C(1)-C(2) 1.488(4) C(5)-C(6) 1.489(4)
C2)-C(3) 1.379(4) 0(5)-Cd(1)-N(1) 86.30(10)
C2)-N(1) 1.381(3) 0(5)-Cd(1)-O(1) 89.34(9)
CG)NQ) 1.382(3) N(1)-Cd(1)-0(1) 72.68(7)

bond angles are 72.684(70) and 107.316(71). The coordination geometry of [CAN,QO4] is
slightly distorted octahedral.

The 1-D chain structure was interconnected by hydrogen-bonding between subunits
which include interactions of N(2)--O(4B) and O(4)---N(2B) with bond lengths of 2.8391 A.
As for the 2-D structure (figure 2), the hydrogen bond plays an important role in construc-
tion of the 2-D structure [33-35]. The distance between two neighboring Cd ions is
13.0818 A in the 1-D chain shown by figure 3(b). Figure 3(a) showed that adjacent 2-D
structures interacted through hydrogen bonds of the 1-D chain (the distance is 2.8391 A) to
form the 3-D supramolecular architecture. O—H:--O and N---O hydrogen bonds were present
in the complex as shown in figure 4.

3.2. UV absorption spectroscopy

One of the most useful techniques for studying the binding mode of DNA with metal com-
plexes is electronic absorption spectroscopy [36]. Hypochromism and bathochromism occur
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Figure 1. The molecular structure and the local geometry around the metal center and ligand.

Figure 2. 2-D layer constructed by hydrogen bonds in the compound.

in UV absorption spectroscopy, when a complex binds to DNA through intercalation, due to
the coupling 7 orbital being partially filled by electrons resulting in hypochromism [37].
The #* orbital of the ligand intercalates with the 7 orbital of the DNA base pairs resulting
in bathochromism. The extent of hypochromism in the UV band is consistent with the
strength of intercalative interaction [38—41]. This result suggests that the mode of complex
binding to FS-DNA involves a strong stacking interaction between an aromatic group and
the base pairs of DNA. The absorption spectra of complex in the absence and presence of
FS-DNA are shown in figure 5.

With the presence of increasing FS-DNA to the complex, the slight red shift and
hypochromism were observed, which indicates binding of the complex with DNA. The
spectral changes have no isosbestic points till the end of the titrations of the complexes with
DNA. Thus, there is disequilibrium between DNA bound and free form of the metal
complex [42—44].
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Figure 3. 3-D (a) and 1-D (b) structure of the complex formed by hydrogen-bonding.

Figure 4. Hydrogen bonds were present in the complex such as O-H:+-O and N---O.

3.3. Fluorescence spectroscopic studies

EtBr is a conjugate planar molecule. Its fluorescence intensity is very weak, but fluores-
cence emission is greatly increased when in the presence of DNA due to strong intercala-
tion between the contiguous DNA base pairs [43, 45]. The fluorescent light could be
quenched by accretion complexes causing decrease in the emission intensity, due to com-
plexes replacing EtBr from DNA [46-49]. Fluorescence quenching measurements can be
used to monitor metal binding [50] regardless of their binding modes [51].

The fluorescence emission spectra from addition of the title complex to DNA pretreated
with EtBr are depicted in figure 6. Fluorescence intensities at 618 nm (526 nm excitation)
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Figure 5. Electronic absorption spectra of the complex in the absence and presence of increasing FS-DNA. Arrow
shows the absorbance changes upon increasing DNA.
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Figure 6. Fluorescence spectra of the binding of EtBr to DNA in the absence (line B) and presence (lines C-F) of
increasing amount of the complex.

were measured at different concentrations [52, 53]. Thus, the complex may bind to DNA in
an intercalative mode like a regional minor groove binder of DNA (shown in figure 7).
According to the classical Stern—Volmer equation [54]: I/l = 1 + Kyqr, where I, and I rep-
resent the fluorescence intensities in the absence and presence of the complex, respectively,
and r is the concentration ratio of the compound to DNA, Ky, is a linear Stern—Volmer
quenching constant dependent on the ratio of the bound concentration of EtBr to the concen-
tration of DNA. The K, value is obtained as the slope of Iy/I versus r linear plot. The fluo-
rescence-quenching curve of DNA-bound EtBr by the complex is given in figure 8. The
quenching curves illustrate that the complex binds to DNA [55], which indicates that the
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Figure 7. The complex bound to DNA in an intercalative mode.
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Figure 8. Stern—Volmer quenching plot of the complex.

ability of binding to DNA increases gradually as the concentration ratio of the compound to
DNA becomes large.

3.4. Agarose gel electrophoresis

The degree to which the complex could function as a DNA cleavage agent was tested using
HL-60 plasmid DNA as the target. The efficiency of cleavage of these molecules can be



Downloaded by [Institute Of Atmospheric Physics] at 15:26 09 December 2014

3560 C. Ma et al.

monitored by agarose gel electrophoresis [56—58]. Intact supercoiled DNA (Form I) under
the action of an electric field migrates rapidly, open circular DNA (Form II) migrates slowly
[59], and linear DNA migration (Form III) occurs between Forms I and II. The activity of
the complex was assessed by the conversion of DNA from Form I to Form II or Form III.

As shown in figure 9, with decreasing concentration of the complex (lanes 2—4), the
amount of Form I of HL-60 DNA increased gradually, whereas Form II increased. The
greater the concentration, the better cutting results, which is consistent with the tendency in
fluorescence properties. So the results indicate that the complex has an effect on DNA
cutting [60—63].

3.5. Cytotoxicity assays

The in vitro growth inhibitory effect of the complex was evaluated in the KB and JEKO-1
cells. The IC5o values of the complex are listed in table 3. The complex has higher cyto-
toxic activity against the JEKO-1 cell line than the KB cell line.

3.6. Apoptosis assays by flow cytometry

In 6 and 12 h, respectively, the medium including the Cd(Il) complex was given for
JEKO-1 cells (figure 10). The experiment is repeated by reproducing the conditions as
nearly as possible except that we used KB cells (figure 11). The figure indicates that the
number of the dead cancer cells increases gradually with time in early apoptotic (lower right
quadrant) or late apoptotic/necrotic (upper right quadrant).

MARKER
DNA alone

} COMPLEX

o
-
[N
w
'S

FORM I
4 7000 bp
FORM III
— 1000 bp
<4ummm 750 bp
<$mmmm 500 bp
FORM 1 @umm 250 bp
- —

Figure 9. Cleavage of HL-60 DNA (0.5 mg mL™") in the presence of the complex: Lane 1, DNA alone; Lanes 2—4
at different concentrations of complex: (1) 10 mM; (2) 5 mM; and (3) 2.5 mM.
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Table 3. Cytotoxicity of the complex against selected human tumor cells after 24
and 72 h of incubation [data are expressed as mean £+ SD (n = 4)].

In vitro activity (ICso (SD, pM))

Time of incubation, h Tumor cells Complex 1
24 KB 40+7
JEKO-1 29+4
72 KB 25+4
JEKO-1 19+4
DOY MC 6 D02 McC
%, Gate: P3 i Gate: P3
+ m(2-UL Q2-UR] s
.3% 25.1%
% %
% %
™ "
< «
ey &y
| %
= -F i T
T B S R T T wl e wd w8 W LTI
FITC-A FITC-A
6h [2h

Figure 10. The JEKO-1 cells cultured with 1000 pg mL™" of the complex for 6 and 12 h measured by surface
expression of phosphatidyl serine using FITC-conjugated Annexin V antibody. Membrane permeability was
assessed by PI exclusion, analyzed by flow cytometry. Dot plots show percentages representing the population of
cells that are non-apoptotic (lower left quadrant), early apoptotic (lower right quadrant) or late apoptotic/necrotic
(upper right quadrant). Quadrants were established using controls.

3.7. Apoptotic study

Apoptosis is the most common occurring gene-controlled process that plays a critical role
in tissue homeostasis and elimination of unwanted cells without affecting normal/unaffected
cells [64]. To observe in which way the new complexes produced cellular death (necrosis
or apoptosis), light microscope studies were performed on KB cells.

The cells stained by H-E were observed and the morphology of the cell nucleus
changed obviously in figure 12. In figure 12(a), the normal cells exhibited a dense state
and an intercellular tight junction, the single cell has irregular cell morphology and
cytoplasm has a clear appearance. Figure 12(b) shows formation of apoptotic bodies in
cells treated for 12 h with 50 uM complex where the cell nucleus has become a
pyknotic nucleus (shrunken and dark). The nuclear fragmentation indicated that cells are
undergoing apoptotic cell death.
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Figure 11. The KB cells cultured with ¢ 1000 ug mL ™" of the complex for 6 and 12 h measured by surface expres-
sion of phosphatidyl serine using FITC-conjugated Annexin V antibody. Membrane permeability was assessed by
PI exclusion, analyzed by flow cytometry. Dot plots show percentages representing the population of cells that are
non-apoptotic (lower left quadrant), early apoptotic (lower right quadrant) or late apoptotic/necrotic (upper right
quadrant). Quadrants were established using controls.

Figure 12. Morphological changes of KB cells. The KB cells were incubated with complex for 12 h, stained with
H-E, and visualized under light microscope. (a) Untreated control cells. (b) Cells that were treated with 50 uM of
the complex for 12 h.

4. Conclusion
The molecular structure of the complex was determined by single-crystal X-ray diffraction.

The DNA binding properties of the complex were examined by fluorescence spectra. The
results support the complex binding to DNA through classical intercalation. The capability
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of cleavage of extracted HL60-DNA by the complex was investigated using agarose gel
electrophoresis and the results also indicated that the complex exhibits DNA-cleavage activ-
ity. Cytotoxic and antiproliferative studies show that the complex exhibits cytotoxic activity
against KB and the JEKO-1 cells, especially effective against JEKO-1 cell lines. Addition-
ally, apoptotic tests indicated that the complexes had an apoptotic effect on cells tested.
Chemical and biological findings indicate that these complexes are promising candidates as
live-cell imaging reagents that could contribute to the understanding of cellular uptake of
metal complexes.
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