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A water-soluble zinc complex, [Zn(bpea)Cl2] (1) (bpea¼N,N-bis(2-pyridylmethyl)ethylamine),
was prepared to serve as a nuclease mimic. The complex was characterized by X-ray, infrared,
and UV spectroscopy. Interactions of the complex with calf thymus-DNA (ct-DNA) have been
investigated by UV absorption and fluorescence spectroscopies; the mode of ct-DNA binding
for 1 has been proposed. DNA cleavage activities by 1 were performed in the absence of
external agents. The influences of different complex concentrations or reaction times on DNA
cleavage were studied.
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1. Introduction

Since the discovery of the first chemical nuclease [1], the design of DNA cleavage agents
has been of interest due to their potential use as drugs, tools for molecular biology, and

regulators of gene expression [2]. Low molecular weight metal complexes are attractive

mimics because of their diverse electronic structures [3]; such studies can help us

understand and clarify the role of metal ions in natural nucleases. Large number of
studies have been carried out on complexes through an oxidative pathway which

requires a co-reactant such as an oxidizing or reducing agent, light, or redox-active

metal center [4, 5]. In order to eliminate the possibility of significant cytotoxic side
effects of reactive oxygen species, pathways that result in DNA cleavage by hydrolysis

mechanisms are preferable [6–8].
Compared with other transition metals, Zn is an ideal agent which can mediate

cleavage of phosphate diester backbone, due to its redox inertness and hard Lewis acid
properties. Interaction of zinc with nucleobases has been investigated [9] and there have

been reports of DNA cleavage [10] and phosphate ester hydrolysis [11] by zinc

complexes. However, its nuclease reactivity is somewhat lower than that of the other
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commonly employed metal ions [12], resulting in fewer examples of Zn(II)-based
artificial nucleases reported to date [13, 14].

In our attempt to create a Zn(II)-based artificial nuclease, we chose the
tridentate nitrogen donor bpea as ligand, as shown in scheme 1, since it is one of
the classical ligands in coordination chemistry, and has a potential advantage due

to the fact that it can bind to the metal in both facial and meridional fashion [15],
and is more flexible than triazacyclononane (TACN) which is strictly facially
coordinating [16]. A new zinc complex, 1, was characterized to serve as a nuclease

mimic. Spectroscopic analysis and a detailed investigation into the nuclease activity
of 1 are presented.

2. Experimental

2.1. Materials

Ethidium bromide (EB), calf thymus-DNA (ct-DNA), and pBR322 plasmid DNA were
obtained from Sigma. Unless stated, all other reagents used in this research were

obtained from commercial sources and used without purification. Solvents used in this
research were purified by standard procedures. Tris-HCl buffer solution was prepared
by using deionized, sonicated, triply-distilled water. Solution of the Zn complex and

other reagents used for strand scission was prepared freshly in triply-distilled water
before use.

2.2. Measurements

Elemental analyses for C, H, and N were obtained on a Perkin-Elmer analyzer model
240. Infrared (IR) spectroscopy on KBr pellets was performed on a Bruker Vector 22

FT-IR spectrophotometer from 4000 to 400 cm�1. Electronic spectra were measured on
a JASCO V-570 spectrophotometer. Fluorescence spectra were recorded on a Cary 300
fluorescence spectrophotometer. The Gel Imaging and Documentation DigiDoc-It

System (UVI, England) were assessed using Labworks Imaging and Analysis Software
(UVI, England).

Scheme 1. Structure of bpea.

Zinc N,N-bis(2-pyridylmethyl)amine 2481
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2.3. Preparation of ligand and complex

Bpea¼N,N-bis(2-pyridylmethyl)ethylamine was synthesized according to the proce-
dure given in the literature [17, 18].

[Zn(bpea)Cl2] (1). To an acetonitrile solution (5mL) of ZnCl2 � 6H2O (0.2 g, 1.0mmol),
an acetonitrile solution (15mL) of bpea (1.0mmol) was added dropwise with stirring
for 3 h at room temperature, and then filtered. Crystals were obtained by slow
evaporation of this solution at room temperature (yield: 174mg, 49%). Anal. Calcd for
C14H17Cl2N3Zn (363.58) (%): C, 46.25; H, 4.71; N, 11.56. Found (%): C, 46.19; H,
4.54; N, 11.87. FT-IR �max(KBr)/cm�1: 3427 (br), 1623 (vs), 1524 (vs), 1417 (vs), 1084
(s). The complex shows good solubility in water and most organic solvents.

2.4. X-ray crystallography

Suitable single crystals were used for X-ray diffraction analysis by mounting on the tip
of a glass fiber in air. Data were collected on a Bruker APEX-II CCD diffractometer
with Mo-K� (�¼ 0.71073 Å) at 21�C. The structure was solved by direct methods using
SHELXS-97 and refined by full-matrix least-squares on F2 using SHELXL-97 [19]. All
non-hydrogen atoms were refined anisotropically and all hydrogens were generated
geometrically. Molecular graphics were drawn with the program package Diamond.

2.5. DNA binding experiments

By the electronic absorption spectral method, the relative binding of the complexes to
ct-DNA was studied in 5mmol L�1 Tris-HCl/NaCl buffer at pH 7.2. The solution of
ct-DNA gave a ratio of UV absorbance at 260 and 280 nm, A260/A280, of 1.89,
indicating that the DNA was sufficiently free of protein [20]. The ct-DNA stock
solutions of 5mmol L�1 were prepared in Tris-HCl/NaCl buffer, pH 7.2 (stored at 4�C
and used within 4 days after their preparation). The concentration of ct-DNA was
determined from its absorption intensity at 260 nm with a molar extinction coefficient
of 6600 (mol L�1)�1 cm�1 [21].

By the fluorescence spectral method, the relative binding of the complexes to ct-DNA
was studied with an EB-bound ct-DNA solution in 5mmol L�1 Tris-HCl/NaCl buffer
(pH 7.2). The excitation wavelength was fixed at 510 nm and the emission range was
adjusted before measurements. The fluorescence intensities at 602 nm were measured at
different complex concentrations [22].

2.6. DNA cleavage experiment

Cleavage of supercoiled (SC) pBR322 DNA by 1 was studied by agarose gel
electrophoresis. The reaction was carried out by mixing 4 mL SC DNA (60mmolL�1),
2 mL complex solution, and 4 mL 50mmol L�1 Tris-HCl/NaCl buffer (pH 7.2) (a total
volume of 10 mL). The sample was incubated at 37�C, followed by the addition to 2 mL
loading buffer containing 0.25% bromphenol blue, 50% glycerol, 0.61% Tris, and the
solution was finally loaded on 1% agarose gel containing 1.0 mgmL�1 EB.
Electrophoresis was carried out for 4 h at 70V in TBE buffer (Tris/Borate/EDTA).

2482 J. Qian et al.
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Bands were visualized by UV light and photographed. The extent of cleavage of the SC
DNA was determined by measuring the intensities of the bands using the Gel
Documentation System [23]. SC plasmid DNA values were corrected by a factor 1.22,
based on the average literature estimate of lowered binding of EB [24].

3. Results and discussion

3.1. Crystal structure

Complex 1 has been structurally characterized by single-crystal X-ray crystallography,
IR spectroscopy, and elemental analysis. Complex 1 crystallizes in the monoclinic space
group P21/n with four molecules per unit cell. Figure 1 shows the labeling Diamond
diagram of the neutral molecule. Tables 1 and 2 summarize crystal data and selected
bond distances and angles, respectively.

The geometry around zinc is very close to square pyramidal (�¼ 0.275) [25, 26], where
the tridentate ligand adopts meridional coordination around Zn(II). The
equatorial plane has one tridentate ligand (N1, N2, and N3) and Cl1 with Cl2
occupying the axial position. The deviation of zinc is 0.6278 Å from the basal plane. The
Zn1–Naverage distance is 2.189 Å, and the Zn1–Cl1, Zn1–Cl2 distances are 2.257 and
2.272 Å, respectively.

3.2. DNA binding

The potential binding ability of 1 to ct-DNA was studied by UV-Vis spectroscopy;
typical titration curves for 1 are shown in figure 2.

The absorption at 272 nm ("/dm3mol�1 cm�1 1.39� 104) for 1 is attributed to an
intraligand �–�* transition. Upon increasing the ct-DNA concentration,

Figure 1. The labeling scheme of [Zn(bpea)Cl2]; hydrogens are omitted for clarity.

Zinc N,N-bis(2-pyridylmethyl)amine 2483
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Table 1. Crystallographic data and structure refinement parameters for 1.

Complex 1

Empirical formula C14H17Cl2N3Zn
Formula weight 363.58
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions (Å, �)
a 8.539(4)
b 13.240(6)
c 13.966(6)
� 90
� 91.265(5)
� 90
Volume (Å3), Z 1578.6(11), 4
Calculated density (Mgm�3) 1.530
Absorption coefficient (mm�1) 1.887
F(000) 744
Crystal size (mm3) 0.20� 0.20� 0.20
	 range for data collection 2.12–25.03
Limiting indices �9� h� 10; �14� k� 15; �16� l� 14
Reflections collected 8278
Independent reflections 2780 [R(int)¼ 0.0189]
Absorption correction Semi-empirical from equivalents
Data/restraints/parameters 2780/0/183
Goodness-of-fit on F2 1.049
Final R indices [I4 2
(I )] R1¼ 0.0233, wR2¼ 0.0593
R indices (all data) R1¼ 0.0287, wR2¼ 0.0612
Largest difference peak and hole (e Å�3) 0.334 and �0.245

240 260 280

–0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

274nm

272nm

A
bs

Wavelength(nm)

Figure 2. Absorption spectra of 1 (2.21� 10�4mol L�1) in the absence (dashed line) and presence (solid line)
of increasing amounts of ct-DNA (0–2.65� 10�4mol L�1) at room temperature in 5mmolL�1 Tris-HCl/NaCl
buffer (pH¼ 7.2). The dashed lines indicate the free complex.

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Zn(1)–N(1) 2.169(18) Zn(1)–Cl(1) 2.257(10)
Zn(1)–N(2) 2.232(18) Zn(1)–Cl(2) 2.272(8)
Zn(1)–N(3) 2.167(18) – –
N(3)–Zn(1)–N(1) 149.58(7) N(3)–Zn(1)–Cl(1) 96.77(6)
N(3)–Zn(1)–N(2) 74.99(6) N(1)–Zn(1)–Cl(1) 97.67(6)
N(1)–Zn(1)–N(2) 75.58(6) N(2)–Zn(1)–Cl(1) 133.13(5)
N(3)–Zn(1)–Cl(2) 98.41(5) N(1)–Zn(1)–Cl(2) 97.56(5)
N(2)–Zn(1)–Cl(2) 107.45(5) Cl(1)–Zn(1)–Cl(2) 119.42(4)

2484 J. Qian et al.
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hypochromism and red-shift of 2 nm is observed for the maximum, suggesting
intercalation between 1 and DNA. Intercalation leads to hypochromism and
bathochromism in UV-Vis absorption spectrum involving a strong stacking interaction
between an aromatic chromophore and the base pairs of DNA [27]. The extent of the
hypochromism is consistent with the strength of intercalation [28]. The value of the
intrinsic binding constant Kb¼ 2.72� 104 for 1 is determined by regression analysis [29].
The value is �100 times lower than those reported for classical intercalators (e.g. EB
�106 (mol L�1)�1) [30], about an order of magnitude lower than affinities of zinc
intercalators containing planar ligands [31], but is a little higher than non-intercalating
zinc systems such as [Zn2LH2(m-Cl)Cl2(H2O)2] [32] (where L is 1H-pyrazole-3,5-
dicarboxy bis(thiosemicarbazide)). The lower Kb observed for the present complex
implies that 1 does not intercalate strongly or deeply between the DNA base pairs.
So we propose that the lower red-shift observed in the UV-Vis spectra are due to the
partial intercalation of the pyridyl ring.

No luminescence is observed for 1 at room temperature in aqueous solution.
To further clarify the interaction of 1 with DNA, competitive binding was carried out.
EB emits intense fluorescence at 600 nm in the presence of DNA due to its strong
intercalation between adjacent DNA base pairs [33]. The enhanced fluorescence could
be quenched by the addition of another molecule [34]. Two mechanisms have been
proposed to account for this reduction in the emission intensity: the replacement of
molecular fluorophores and/or electron transfer [35].

The relative binding of 1 to ct-DNA was studied with an EB-bound ct-DNA solution
in 5mmol L�1 Tris-HCl/50mmol L�1 NaCl buffer (pH 7.2). Fluorescence intensities at
602 nm (510 nm excitation) were measured at different complex concentrations. The
relative binding propensity of the zinc complex to ct-DNA was determined from
comparison of the slopes of the lines in the fluorescence intensity versus complex
concentration plots. As shown in figure 3, the plot of I0/I versus concentration of
complex, where I0 and I represent the fluorescence intensities in the absence and
presence of the complex, respectively, the apparent binding constant (Kapp) was
calculated from the equation KEB[EB]¼Kapp[complex], where the complex concentra-
tion was the value at a 50% reduction of the fluorescence intensity of EB and
KEB¼ 1.0� 107 (mol L�1)�1 ([EB]¼ 4.0 mmolL�1). The binding constant of the classical
intercalator and metallointercalator was 107 (mol L�1)�1 [36]. The apparent binding

550 600 650 700 750 800

0

2

4

6

8

In
te

ns
ity

 (
a.

u.
)

Wavelength(nm)

Figure 3. Emission spectra of EB–ct-DNA in the absence and presence of 1 at room temperature. The
dashed line indicates EB–DNA.

Zinc N,N-bis(2-pyridylmethyl)amine 2485
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constant (Kapp) value for the zinc species is 1.6� 103 (mol L�1)�1, indicating that the
interaction with DNA is a moderate intercalative mode. The obtained result suggests
that EB molecules are replaced by 1, consistent with the above spectral results
suggesting partial intercalation of the pyridyl ring of the ligand, which facilitates DNA
binding.

3.3. DNA cleavage

The ability of 1 to cleave DNA was assayed with gel electrophoresis on SC pBR322
plasmid DNA as a substrate in 50mmol L�1 Tris-HCl/18mmol L�1 NaCl buffer
(pH 7.2) in the absence of external agent. When circular plasmid DNA is subjected to
electrophoresis, the fastest migration will be observed for the SC form (Form I). If one
strand is cleaved, the SC DNA relaxes to produce a slower-moving nicked circular form
(Form II). If both strands are cleaved, a linear form (Form III) is generated which
migrates between Forms I and II.

3.3.1. Effect of complex concentration on plasmid DNA cleavage. Concentration-
dependent DNA cleavage by 1 was performed. The activity of 1 was assessed by the
conversion of DNA from Form I to Form II. Figure 4 shows the results of gel
electrophoretic separations of plasmid pBR322 DNA induced by increasing the
concentration of 1 in the absence of external agent at pH 7.2 (50mmol L�1 Tris-HCl/
NaCl buffer) and 37�C. Upon increasing complex concentrations, the amount of
Form I decreases gradually and Form II increases. Under aerobic conditions, when the
concentration of 1 reached 3.2mmol L�1, the SC DNA degraded about 50% (lane 7). It
is clear that the degradation of pBR 322 DNA is highly dependent on the concentration
of zinc complex used.

3.3.2. Effects of reaction time on plasmid DNA cleavage. The time-dependent cleavage
of DNA by 1 was also studied under similar conditions. With the increase in reaction
time, amounts of Form II and Form III increased and Form I gradually disappeared.
The results show that 1 can effectively cleave the pBR322 plasmid DNA without the
addition of external agents, and the cleavage of DNA by 1 is dependent on reaction
time, as shown in figure 5. From these experimental results, we find that plots for the
appearance of Form II as well as the disappearance of Form I follow pseudo-first-order
kinetic profiles and fit well to a single-exponential decay curve, consistent with the
general model for enzyme-catalyzed reactions [37]. Fitting the experimental data with
first-order consecutive kinetic equations, the rate constants kobs¼ 4.72� 0.6� 10�5 s�1

Figure 4. Cleavage of plasmid pBR322 DNA (40 mmolL�1, in base pairs) with varying concentrations of 1
at 37�C in Tris-HCl/NaCl buffer (pH 7.2). Lane 1: DNA control; lanes 2–7: DNAþ 1 (0.1, 0.2, 0.4, 0.8, 1.6,
3.2mmolL�1 incubation for 6 h), respectively.

2486 J. Qian et al.
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for the conversion of SC to nicked DNA are obtained for 1. The cleavage efficiency
depends both on the complex concentration and on the reaction time.

4. Conclusions

A water-soluble zinc complex was designed and characterized to serve as a nuclease
mimic. The complex displays efficient partial intercalation binding to ct-DNA and
chemical nuclease activity in the absence of reducing agent at physiological conditions.
Based on the kinetics experiments, complex 1 shows high catalytic activity.
Unfortunately, such high reactivity is counterbalanced by moderate affinity for the
substrate (103 (mol L�1)�1) so that long time (h) and higher concentration (mmolL�1) is
required to obtain a fast degradation of DNA. Synthesis of higher affinity and
reactivity zinc complexes and their kinetic and theoretical studies are in progress.

Supplementary material section

Crystallographic data for the structure analysis in this article have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication, No. of
CCDC, 603567.
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