
INTRODUCTION

The DNA cleavage can occur by hydrolytic or oxidative
way. Hydrolytic cleavage directly breaks the phosphodiester
bond but does not result in sugar damage1,2. The oxidative
cleavage involves either oxidation of the deoxyribose moiety
by abstraction of sugar hydrogen or oxidation of nucleobases3.
Transition metal complexes stand out as candidates for artifi-
cial nucleases due to their diverse structural features and reacti-
vities4-6. The copper complexes have been extensively used as
chemical nucleases because they possess biologically acces-
sible redox potential and relatively high nucleobase affinity7,8.
Since [Cu(OP)2]2+ has been reported in breaking DNA chain
in the presence of H2O2 (OP = 1,10-phenanthroline)3,9,10, many
mononuclear11-21 and multi-nuclear copper(II) complexes22-25

with single ligands have been widely synthesized and some of
them did show efficient oxidative cleavage activities. Recently,
many mononuclear copper(II) complexes with mixed ligands
1,10-phenanthroline and L-ornithine26, dipeptide27, 2-[(2-(2-
hydroxyethylamino)ethylimino)methyl]phenol28,29, L-proline30,
L-leucine or L-isoleucine31 and o-phthalate32 have been
recently investigated and revealed efficient DNA cleavage
activities in the presence of reducing agents. Guo et al.33

synthesized a copper complex with mixed-ligand 4'-p-tolyl-
2,2':6,2''-terpyridine and glycine, which exhibited better
oxidative cleavage activities in the presence of reducing
agents.
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In the present work, a copper complex with mixed-ligand
4'-ferrocenyl-2,2':6',2''-terpyridine and 1,1'-phenanthroline was
prepared. We further investigated DNA binding ability and
‘chemical nuclease’ activity of the complex in the presence of
ascorbic acid.

EXPERIMENTAL

Distamycin and SOD were purchased from Sigma-Aldrich
Chemical Co., pBR 322 DNA was purchased from MBI,
tris(hydroxymethyl)aminomethane (Tris) and catalase were
purchased from BBI, CT-DNA and ethidium bromide were
purchased from Sino-American Biotechnology, 2,2,6,6-tetra-
methyl-4-piperidone monohydrate (TEMP) was purchased
from Acros organic. 4'-Ferrocenyl-2,2':6',2''-terpyridine was
prepared by us34. Other reagents of analytical grades were
obtained from domestic chemical corporations and used with-
out further purification except that thionyl chloride was purified
by distillation. Milli-Q water was used in all physical measu-
rement experiments.

Synthesis of copper(II) complex: A solution of copper
perchlorate hexahydrate (37 mg, 0.10 mmol), 4'-ferrocenyl-
2,2':6',2''-terpyridine (42 mg, 0.10 mmol) and 1,10-phenan-
throline (20 mg, 0.10 mmol) in acetonitrile (15 mL) was stirred
for 4 h. The resulting solution was filtered off and the filtrate
was diffused by diethyl ether evaporation to give dark-purple
sheet crystals 50 mg (yield 55 %) of the present complex after
3 days.
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CD spectroscopy: CD spectra of CT-DNA were recorded
on a Jasco J-810 spectropolarimeter at room temperature in
the absence or the presence of 20 µmol L-1 complex (r = 0.2,
0.4. r = [complex]/[DNA]). The concentration of DNA was
100 µmol L-1 and 5 mmol L-1 Tris-50 mmol L-1 NaCl solution
(pH 7.5) was the buffer solution. Each test solution was scanned
at a speed of 50 nm min-1 for four repetitions and the average
spectra were used. The buffer background was subtracted
automatically.

UV-visible spectroscopy: UV-visible spectroscopy was
recorded on a Varian Cary 300 UV-visible spectrophotometer
attached to a Cary Peltier temperature controller. The concen-
tration of the copper complex was 20 µmol L-1 and the buffer
solution was the same as that of CD spectroscopy.

DNA cleavage: The cleavage of pBR322 plasmid DNA
(38 µmol L-1 bp) was performed in 20 mmol L-1 Tris buffer
(pH 7.2) by treating DNA with a certain concentration of com-
plex in the presence of 20-fold ascorbic acid. The total volume
of 10 µL sample solution was incubated in a sealed plastic
vessel and the cleavage was carried out at 37 ºC for 1 h, then
4 µL loading buffer (0.05 % bromophenol blue, 50 % glycerol
and 2 mmol L-1 EDTA) was added. The sample was stored at
-20 ºC for preservation, then was loaded onto a 0.9 % agarose
gel and electrophoresed at a constant voltage of 120 V for 100
min in TBE buffer (100 mmol L-1 Tris-2 mmol L-1 EDTA-
HBO3, pH 8.3). DNA bands were visualized in an electro-
phoresis documentation and analysis system 120.

RESULTS AND DISCUSSION

The copper complex [CuFe(C5H5)(C20H14N3)(C12H8N2)]-
(ClO4)2

–·C2H3N was reported by us34. The complex consists of
a mononuclear [Cu(C12H8N2)-(C25H19FeN3)]2+ cation, two ClO4

–

anions (one of which is disordered over two positions with
equal occupancy) and one CH3CN solvent molecule. The
Cu(II) center has a distorted square-pyramidal coordination
with three N atoms of the 4'-ferrocenyl-2,2':6',2''-terpyridine-
k3,N',N'') (fctpy) ligand and one 1,10-phenanthroline (phen)
N atom in the basal plane and a second phen N atom in the
apical position with an axial distance of 2.254 (4) Å (Fig. 1).

Fig. 1. Molecular structure of the copper complex

Interaction with CT-DNA: The interactions between both
complexes and CT-DNA were evaluated by UV-visible spectro-
scopy titration and CD spectroscopy. UV-visible spectra were
shown in Fig. 2. In the spectra of complex, hyperchromicity
was observed with the addition of CT-DNA (0-9.0 × 10-5 mol
L-1). The hyperchromicity argued the binding mode of the com-
plex towards CT-DNA to the 2.0 × 10-5 mol L-1 solution of
complex should not be intercalation, since intercalation would
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Fig. 2. Absorption spectra of 2.0 × 10-5 mol L-1 complex in the absence
(dot line) and the presence (solid line) of increasing amount of CT-
DNA (0-9.0 × 10-5 mol L-1) in 5 mmol L-1 Tris-50 mmol L-1 NaCl
buffer (pH 7.5) at 25 ± 0.1 ºC

bring on hypochromicity as a result of stacking effect of π
electrons35, which leads to the decrease of transition probability
of π electrons and ultimately results in the decrease of absor-
ption. The intrinsic binding constant (Kb) of the copper
complex was calculated as (3.22 ± 0.05)  103 mol-1·L, which
are much smaller than those reported for typical intercalators
(e.g., EB-DNA, ca. 106 mol-1 L)36,37 and comparable with some
reported non-intercalateors38,39. The quite low Kb values don’t
favour intercalation binding.

The interaction between the complex and CT-DNA was
further studied by CD spectroscopy (Fig. 3). The CD spec-
trum of CT-DNA consists of a positive band at 277 nm due to
base stacking and a negative band at 245 nm because of helicity,
which is characteristic of DNA in the right-handed B form40.
Intercalation of small molecules with DNA enhances the
intensities of both bands, while groove binding and electrostatic
interactions show little or no perturbations on the base stacking
and helicity bands. With increasing concentration of the copper
complex, both the intensities of positive and negative bands
have no enhancement, which implied a non-intercalative mode
between DNA and complexes. The cationic core of the complex
could exert a strong electrostatic attraction to the anionic
phosphate backbone of DNA, thus, the electrostatic binding
mode is highly possible.

DNA cleavage studies: The oxidative DNA cleavage
activity of the complex was studied in the presence of ascorbic
acid. Fig. 4 exhibits the concentration dependent of the cleavage
reactions after 1 h incubation (pH 7.2, 37 ºC). The amounts of
form II DNA increased with the increase of complex concen-
tration and form I DNA disappeared completely and form III
started to appear when the complex concentration is up to 40
µmol L-1. And at 40 µmol L-1, form I DNA was converted to
form II completely. Form III DNA was produced at 50 µmol
L-1 complex. This suggested that complex exhibited appreciate
nuclease activity.

The reactive oxygen species were also investigated (Fig. 5),
the strong inhibitions of DNA cleavage to the complex were
observed in the presence of hydroxyl radical scavengers
DMSO and tert-butyl alcohol, indicating that hydroxyl radicals
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Fig. 3. CD spectra of CT-DNA (1.0 × 10-4 mol L-1) in the absence (black)
and the presence (red, green) of complex at ratio [complex]/[DNA]
= 0.2, 0.4 in 5 mM Tris-50 mmol L-1 NaCl buffer (pH 7.5)

 Fig. 4. Cleavage of pBR322 DNA bycomplex in the presence of ascorbic
acid. DNA (38 µmol L-1 bp) was incubated with complex for 1 h in
20 mmol L-1 Tris-HClO4/0.1 mol L-1 NaClO4 aqueous buffer solution
(pH 7.2) at 37 ºC. Lane 0, DNA control; Lane 1, DNA + ascorbic
acid (2 mmol L-1); Lane 2-9, DNA + complex (5, 10, 20, 30, 40, 50,
60, 70 µmol L-1 + ascorbic acid (20-fold of complex)

Fig. 5. Cleavage of pBR322 DNA by 40 µmol L-1 complex in the presence
of different inhibitors with 20-fold excess of ascorbic acid. DNA
(38 µmol L-1 bp) was incubated with complex for 1 h in 20 mmol L-

1 Tris-HClO4/0.1 mol L-1 NaClO4 aqueous buffer solution (pH 7.2)
at 37 ºC: Lane 0, DNA control; lane 1, no inhibitor; Lane 2, 0.5
mol L-1 DMSO; lane 3, 0.5 mol L-1 t-BuOH; lane 4, 0.5 mmol L-1

TEMP; lane 5, 500 U/mL catalase; lane 6, 500 U/mL SOD; lane 7,
100 µmol L-1 NaN3; lane 8,10 µmol L-1 distamycin; lane 9, 10 µmol
L-1 methyl green

are responsible for the cleavage. Singlet oxygen scavengers
2,2,6,6-tetramethyl-4-piperidone monohydrate and NaN3 and
superoxide anion radical scavenger SOD failed to inhibit cleavage,
suggesting that singlet oxygen and superoxide anion radical
are not likely to be the reactive oxygen species. A weak inhibi-
tion was observed by addition of hydrogen peroxide scavenger
catalase, arguing hydrogen peroxide may play a role in the
cleavage, but not a major active species.

The minor groove binding agent distamycin and major
groove binding agent methyl green were used to probe the
potential interacting site of the copper molecular complex with

DNA. The major groove binding agent methyl green and the
minor groove binder distamycin did not affect the cleavage
activity of complex at all (lanes 9,10) (Fig. 5), which further
indicated the electrostatic binding mode between the complex
and DNA.

Conclusion

The present work mainly describes the copper complex
with mixed-ligand 4'-ferrocenyl-2,2':6',2''-terpyridine and 1,1'-
phenanthroline interacted with CT-DNA mainly by electro-
static attraction. The complex exhibited efficient nuclease
activities in the presence of ascorbic acid, since the mixed-
ligand complex contains tridentate terpyridine and phen.
Control studies show the DNA cleavage are inhibited obviously
in the presence of the hydroxyl radical scavengers DMSO and
tert-butyl alcohol, which indicates the hydroxyl radicals are
mainly the reactive oxygen species.
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