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6'-dicarboxylic acid
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Two transition metal complexes, [Cuy(bpdc),H,0]-2H,0 (1) and Zn(bpdc)(H,0), (2) (Hobpde=2,2'-
bipyridine-6,6’-dicarboxylic acid), were synthesized and characterized by elemental analysis, IR
spectroscopy, and single-crystal X-ray diffraction. Complex 1 is dinuclear with two five-coordinate
cupric ions and 2 is mononuclear with one six-coordinate zinc. Interactions of 1 and 2 with DNA have
been investigated using UV—Vis absorption spectra. The cleavage reaction on DNA has been
monitored by agarose gel electrophoresis.

Keywords: Dinuclear complex; Mononuclear complex; DNA binding; DNA cleavage

1. Introduction

Interaction of transition metal complexes with DNA has been extensively studied because
of diverse applications in molecular biology, biotechnology, and therapeutic agents [1-6].
Transition metal complexes with diverse structural features, redox behavior, and physico-
chemical properties are sensitive diagnostic agents as exemplified by bleomycins or cis-
platin/carbo-platin in chemotherapeutic applications. Copper(Il) and zinc(Il) ions are redox
active and play a crucial role in catalytic sites of oxidoreductases. Numerous copper and
zinc complexes have been screened for their biological activities [7—10]. Mao and cowork-
ers have synthesized zinc(Il) complexes, which exhibit high nuclease activities towards
cleavage of supercoiled plasmid DNA with the activity being maximum under physiologi-
cal pH [11]. Hirota and coworkers found that [Cu,(m-CH;COO)(m-H,0)(m-OH)(phen),]*"
inhibits LDH activity and induces apoptosis selectively in human cancer cells with efficient
hydrolytic cleavage activity [12]. Copper/zinc complexes have favorable anticancer activi-
ties. Furthermore, many complexes with the 2,2'-bipyridyl derivatives are potential antitu-
mor agents [11, 13—16]. Recently, Gao and coworkers synthesized two dinuclear cobalt(II)
complexes of 2,2'-dipyridyl derivatives, which exhibit cytotoxic activity against extracted
HC-DNA and apoptotic effect on HeLa cells [17].
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In this paper, we synthesized two transition metal complexes with 2,2'-dipyridyl
dicarboxylate ligands. Herein, 2,2'-bipyridine-6,6'-dicarboxylic acid was used for construct-
ing transition metal complexes [Cu,(bpdc),H,O]-2H,O (1) and Zn(bpdc)(H,O), (2).
Complexes 1 and 2 have been characterized by FT-IR, elemental analysis, and single-crystal
X-ray diffraction, and examined for interactions with CT-DNA via UV—Vis absorption
spectra and agarose gel electrophoresis.

2. Experimental
2.1. Materials

All chemicals purchased were of reagent grade and used without purification. All syntheses
were carried out in 25 mL Teflon-lined autoclaves under autogenous pressure. The reaction
vessels were filled to 60% volume capacity. Water used in the reactions was distilled
water.

2.2. Synthesis of 1

A mixture of Hybpdc (0.2mM, 0.0488 g), Cu(NO3),"3H,O (0.2mM, 0.0483 g), and H,O
(10mL) was placed in a 25-mL Teflon-lined autoclave and kept under autogenous pressure at
170 °C for 3 days, then cooled to room temperature at 10°C h™'. Blue square-shaped crystals
of 1 were obtained with yield of 52%. Elemental analysis Calcd (%) for Co4H,oCu,N4O45: C,
42.19; H, 2.97; N, 8.20. Infrared absorption spectra were measured and the major absorption
peaks were identified. IR spectrum (KBr, cm ™) for 1: 3464(s), 3094(w), 3068(w), 3050(w),
1665(s), 1644(s), 1604(s), 1579(m), 1477(w), 1411(s), 1396(s), 1360(s), 1277(m), 1214(m),
1184(w), 1079(w), 1008(w), 916(w), 839(m), 783(m), 694(m), 651(w), 577(W).

2.3. Synthesis of 2

A procedure identical with 1 was followed to prepare 2 except Cu(NO3),'3H,O was
replaced by Zn(NO3),"6H,0 (0.2 mM, 0.0595 g). The Teflon-lined autoclave was kept under
autogenous pressure at 170 °C for three days, and then cooled at a rate of 10°Ch~". Color-
less square-shaped crystals of 2 were obtained with a yield of 63%. Elemental analysis
Caled (%) for C,H;0ZnN,Og4: C, 41.96; H, 2.95; N, 8.16. IR spectrum (KBr, cm_l) for 2:
3248(s), 3088(s), 1624(s), 1595(s), 1576(s), 1426(s), 1385(s), 1277(m), 1197(w), 1166(w),
1088(w), 1028(w), 916(w), 849(w), 784(s), 718(w), 700(w), 683(w), 644(w), 579(w).

2.4. Crystallographic analyses

Crystallographic data of 1 and 2 were collected at 293 K on a Bruker SMART 1000 CCD
diffractometer using monochromated MoK radiation (1=0.71073 A), applying the o scan
technique. An empirical absorption correction was applied. The structures were solved by
direct methods and refined by full-matrix least-squares against £~ using SHELXS-97 and
SHELXL-97 [18, 19]. Anisotropic thermal parameters were assigned to all non-hydrogen
atoms. Hydrogens were placed in calculated positions and refined as riding with fixed
isotropic thermal parameters. Analytical expressions of neutral atom scattering factors were
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Table 1. Crystallographic data and refinement summary for 1 and 2.

2457

Empirical formula
Formula weight
Color and habit
Crystal system
Space group

Dca]cd (gl/cm3)

u (mm™")

GOF on F,

R*, wR® [I>20(])]
R, wR (all data)

Co4Ho0CusN4O 4,

683.54
Green-blue
Monoclinic
P2,/c
8.3474 (12)
21.010 (3)
6.9696 (10)

1215.7 3)
2

293 (2)
0.71075
1.867
1.829
1.139

0.0577, 0.1016
0.0827, 0.1088

C12H0N206Zn
343.59
Colorless
Monoclinic
P21/C

8.246 (3)
21.751 (8)
6.934 (3)

90

105.455 (4)
90

1198.7 (8)

4

293 (2)
0.71073
1.9040 (13)
2.082

1.049

0.0334, 0.0669
0.0426, 0.0705

aR:ZHFollecH/E‘FO"

PwR=[(F} — F2)2) S w(F3)*] 2.

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

1
Cu(1)-0(3)#1
Cu(1)-0(2)
Cu(1)-0(5)
0@3)#1-Cu(1)-N(1)
N(1)-Cu(1)-0(2)
N(1)-Cu(1)-N(2)
0(3)#1-Cu(1)-0(5)
0(2)-Cu(1)-0(5)

2

Zn(1)-0(3)

Zn(1)-0(4)

Zn(1)-0(5)

0(4)-Zn(1)-0(5)
O(4)-Zn(1)-N(1)
0(5)-Zn(1)-N(1)
0(4)-Zn(1)-N(2)
0(5)-Zn(1)-N(2)
N(1)-Zn(1)-N(2)
0(4)-Zn(1)-0(6)
0(5)-Zn(1)-0(6)

1.896 (3)
2.020 (3)
2.207 3)
168.61 (13)
80.62 (13)
79.93 (13)
93.25 (12)
91.53 (12)

2.4198 (17)
1.9678 (18)
2.0173 (16)
129.47 (7)
112.01 (7)
108.51 (7)
109.50 (7)
108.91 (7)
75.32 (7)
80.21 (6)
84.46 (6)

Cu(1)-N(1)
Cu(1)-N(2)

03)#1-Cu(1)-0(2)
0(3)#1-Cu(1)-N(2)
0(2)-Cu(1)-N(2)
N(1)-Cu(1)-0(5)
N(2)-Cu(1)-0(5)

Zn(1)-0(6)

Zn(1)-N(1)

Zn(1)-NQ2)

N(1)-Zn(1)-O(6)
N(2)-Zn(1)-0(6)
0(4)-Zn(1)-0(3)
0(5)-Zn(1)-0(3)
N(1)-Zn(1)-0(3)
N(2)-Zn(1)-0(3)
0(6)-Zn(1)-0(3)

1.915 (3)
2.070 (3)

95.56 (12)
102.66 (12)
160.00 (12)
97.56 (13)
95.55 (12)

2.3121 (16)
2.1088 (18)
2.1095 (19)
72.57 (7)
147.73 (6)
78.88 (6)
83.23 (6)
147.14 (6)
71.83 (6)
140.14 (5)

employed and anomalous dispersion corrections were incorporated. The crystallographic data
and selected bond lengths and angles for 1 and 2 are listed in tables 1 and 2, respectively.

3. Results and discussion

3.1. Crystal structure of 1

The atomic numbering scheme and atom connectivities for 1 are shown in figure 1.
The structure was refined in the monoclinic crystal lattice with space group P2;/c. The
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molecular structure of 1 reveals two five-coordinate Cu(Il) ions and the coordination
geometry can be viewed as square-pyramidal, coordinated by two nitrogens (N1 and N2)
from a bpdc and two oxygens (O2 and O3A) from two different bpdc ligands and one
oxygen (0O5) from coordinated water at the axial position. Cu—O distances are 1.896(3)—
2.207(3)A and the Cu-N distances are 1.915(3)-2.070(3) A, in agreement with those
observed for the five-/six-coordinate Cu in carboxylate complexes [20]. The coordinated
water and free water are hydrogen donors, which form intermolecular hydrogen bonds
[21-23] with uncoordinated oxygen of carboxylate in adjacent molecules (table 3). Inter-
molecular O-H---O hydrogen bonds extend the dinuclear structure into a 2-D network
(figure 2). In addition, there are weak C—H- - -O hydrogen bonds involving O from coordi-
nated carboxylate. The C---O separation is 3.284-3.372 A with H---O distances of 2.358—
2.478 A. The weak C-H---O hydrogen bonds link the 2-D structure into a 3-D supramo-
lecular structure. Both the coppers stay almost in the planes of the respective bipyridine
rings. The distance between two Cu(Il) ions is 5.265 A.

3.2. Crystal structure of 2

The atom-numbering scheme and connectivities for 2 are shown in figure 3. The structure
was refined in the monoclinic crystal lattice with space group P2,/c. The molecular struc-
ture of 2 reveals one six-coordinate zinc with coordination geometry of a double cap
square-pyramid, coordinated by two nitrogens (N1 and N2) from a bpdc and two oxygens
(O3 and O6) from a bpdc, and two oxygens (O4 and O5) from two coordinated waters in
axial positions. The Zn—O distances are 1.968(18)-2.420(17) A and the Zn-N distances are
2.109(18) A, in agreement with those observed [24]. The coordinated waters are hydrogen
donors to form intermolecular hydrogen bonds [21-23] with uncoordinated oxygen of car-
boxylates in adjacent molecules (table 3). Intermolecular O-H- - -O hydrogen bonds extend
the mononuclear structure into a 2-D network (figure 4). There are weak C—H- - -O hydro-
gen bonds involving coordinated carboxylate. The C---O separation is 3.191-3.224 A with

01A

"C9A

Figure 1. The coordination environments of Cu(Il) in 1.
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Table 3. Hydrogen-bond geometry for 1 and 2.

Donor-H- - -acceptor D-H H---A D---A D-H---A Symmetry code on A
1

0(5)-H(5A)- - -O(4) 0.84 2.00 2.8180 164 2-x, -y, —z
0(5)-H(5B)- - -O(1) 0.84 2.06 2.8391 155 X 12—y, —12+2
0(6)-H(6A)- - -O(2) 0.85 2.04 2.8901 175 ix oz
0(6)-H(6B)- - -O(2) 0.85 227 3.0897 163 e, 12—y, 1242
C(8)-H(8)- - -O(4) 0.93 2.48 33712 161 ltx, 2
C(9)-H(9)- - -O(1) 0.93 236 3.2849 174 l—x, —1/2+y, 12—z
C(10)-H(10)- - -O(6) 0.93 2.44 3.3207 159 1-x, =y, 1-z

2

O(4)-H(4A)- - -O(8) 0.82 1.84 2.644 (2) 167 X, 32—y, —1/2+z
0(4)-H(4B)- - -O(7) 0.84 1.84 2.642 (2) 161 1-x,2-y, 1-2
0(5)-H(5A)- - -O(7) 0.82 1.94 2749 (2) 171 l-x,2-y,2-z
0(5)-H(5B)- - -O(3) 0.85 2.08 2933 (2) 179 X 32—y, 124z
C(5)-H(5)- - -O(6) 0.93 231 3223 (3) 168 1+x, 2
C(9)-H(9)- - -O(8) 0.93 228 3.192 (3) 166 —x, 124y, 32—z

Figure 2. The 2-D structure formed by strong O-H---O hydrogen bonds in 1 (green dashed lines
represent the H-bond (see http://dx.doi.org/10.1080/00958972.2013.806655 for color version).

H---O distances of 2.284-2.306 A. The weak C—H---O hydrogen bonds link the 2-D
structure into a 3-D supramolecular structure.

Compounds 1 and 2 were obtained by similar hydrothermal reactions with Zn
(NO3),"6H,0/Cu(NO3),"3H,0, H,bpdc, and H,O, but 1 and 2 have different structures,
ascribed to different coordination geometry of cupric and zinc ions, which drive the pack-
ing of the structure. For instance, six-coordinate Zn has two coordinated waters, resulting
in bonds to the carboxylic acid oxygen atoms to be frans in 2, compared to cis in 1.
Furthermore, having uncoordinated water in 1 contributes to the difference in packing.
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06 05 o4 03

Figure 3. The coordination environments of Zn(Il) in 2.

3.3. DNA binding

The binding strength of the complexes with CT-DNA was examined by measuring its
effects on the UV spectrum of DNA. As shown in figures 5 and 6, with concentration of
CT-DNA increasing, a decrease in the absorption intensities of the z—z* absorption band
of 1 and 2 with red shift in band positions is observed. The intrinsic binding constant (Ky)
was determined with the following equation [25]:

[DNA]/(Sa — Sf) = [DNA]/(Sb — Sf) + 1/Kb(8b — Sf)

where [DNA] is the concentration of CT-DNA in the base pairs, ¢, is the apparent extinc-
tion coefficient obtained by calculating Aobs/[complex], & corresponds to the extinction
coefficient of the complex in its free form, and e, refers to the extinction coefficient of the

Figure 4. The 2-D structure formed by strong O-H- - -O hydrogen bonds in 2 (blue dashed lines represent
the H-bond) (see http://dx.doi.org/10.1080/00958972.2013.806655 for color version).
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complex in the bound form. Each set of data, when fitted to the above equation, gives a
straight line with a slope of 1/(e,—¢5) and intercept of 1/Ky(ep, — €); the ratio of the slope to
intercept gives the value of the intrinsic binding constant. The intrinsic binding constants
K, obtained for 1 and 2 were 2.17 x 10° and 6.58 x 10°, respectively, lower than those
observed [26-30] for the typical classical intercalator ethidium bromide (EthBr; K,
494 % 10°M ™" in a 25mM Tris—HCl/40 mM NaCl buffer, pH 7.9). Therefore, the interac-
tion of the two complexes with CT-DNA is considered to be weaker than with classical
intercalators. These phenomena show that the complexes intercalate with DNA and the
spectroscopic similarity suggests similar binding modes to DNA. However, the hypochro-
mism for 2 is larger than that for 1.

3.4. DNA cleavage

Pure pBR322 plasmid DNA/Hela DNA/KB DNA and the mixture of pBR322 plasmid
DNA/Hela DNA/KB DNA with the complexes was loaded onto 1.5% agarose gel (stained
by EtBr) and electrophoresis was carried out in 0.5 x TAE systems at 120V for 2h. The
cleavage products were irradiated at room temperature with a UV lamp (365nm, 10 W)
and analyzed with a UVP GDS 8000 complete gel documentation and analysis system,
equipped with Gel works 1 D version 3.00 software. From figure 7 and Supplementary
material, we can see the agarose gel electrophoreses of 1 and 2. We use the ability of com-
plexes to perform Hela DNA/KB DNA/pBR322 plasmid DNA cleavage to study its degree
or mode with DNA. Electrophoresis could make round Hela DNA/KB DNA/pBR322 plas-
mid DNA controlled. When it occurs, migration will be observed for the supercoiled form
(Form I). With time, the supercoiled form (Form I) transforms to the nicked form (Form
I and Form II) [15, 31-33]. In figure 7, Lane 0 is Marker; Lane 1 is DNA alone; Lanes
2-5 are (DNA +1 with different concentrations); and Lanes 6-9 are (DNA +2 with differ-
ent concentration). With increasing concentration of Cu(Il) or Zn(II) complexes, the inten-
sity of the supercoiled DNA (Form I) relax to produce Form II and Form III. In general,
the two complexes have biological activity cutting Hela DNA/KB DNA/pBR322 plasmid
DNA into fragments. Their cleavage effect is weaker than that of Cu, Zn complexes in the

Absorbance

T v T T T T ! ’ 1
200 250 300 350 400
Wavelength (nm)

Figure 5. Absorption spectral traces of 1 in 5mM Tris—HCI-NaCl buffer (pH=7.4) in the absence (line 1) and
the presence (lines 2—-8) of increasing amounts of CT-DNA Cpya (lines 2-8): 4, 8, 16, 20, 24, 32 and 48 uM.
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Absorbance

200 250 300 350 400
wavelength (nm)

Figure 6. Absorption spectral traces of 2 in 5mM Tris—HCI-NaCl buffer (pH=7.4) in the absence (line 1) and
presence (lines 2—8) of increasing amounts of CTDNA Cpna (lines 2-8): 4, 8, 16, 20, 24, 32 and 48 uM.

2

iz :
& A ee—— ——
0 1 1 9

Form |

Figure 7. Cleavage of Hela DNA (10 uM) in the presence of complexes, Lane 0, Marker; Lane 1, DNA alone;
Lanes 2-5, DNA+1 (7.0, 14.0, 21.0 and 28.0 uM, respectively); Lanes 6-9, DNA+2 (7.0, 14.0, 21.0 and
28.0 uM, respectively).

literature [34-36]. This may be because Hybpde conjugate plane is smaller. DNA cleavage
of 1 and 2 is similar. To ascertain which section of 1 is playing a major role in DNA
cleavage, the DNA cleavage of metal, ligand, and 1 is investigated (Supplementary
material). The present results show that ligand is much more important than metal in DNA
cleavage.

4. Conclusion

Dinuclear [Cu,(bpdc),H,0]-:2H,0 (1) and mononuclear Zn(bpdc)(H,0), (2) derived from
bipyridine-dicarboxylic acid ligands have been synthesized and characterized. Structures of
1 and 2 were determined by X-ray crystallography. DNA interaction by absorption spectral
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studies showed interaction. This molecule exhibited nuclease activity in the absence of any
oxidizing or reducing agents. The cleavage efficiency was dependent on the complex
concentration.

Supplementary data

CCDC 901007 (1) and 901006 (2) contain the supplementary crystallographic data of this
paper. These data can be obtained via the Cambridge Crystallographic Data Center
(E-mail: deposit@ccdc.cam.ac.uk; www: http://www.ccdc.cam.ac.uk/deposit).
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