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DNA-binding and cleavage activity of a new alkoxo and
acetate-bridged dinuclear copper(II) complex
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A new copper complex, [Cu,L(OAc)(CH;OH)]-CH3;0OH, where HiL is 1,3-bis
(5-methylsalicylideneimino)propan-2-ol, has been synthesized and characterized by single-
crystal X-ray diffraction, IR, ES-MS, and UV-Vis techniques. The coordination polyhedra of
copper(Il) can be described as a tetrahedron and a planar quadrilateral. The interaction
between the complex and calf thymus DNA/DNA was investigated by UV-Vis, fluorescence,
circular dichroism spectra, and viscosity. All the results show that the interaction mode of
the complex with DNA is intercalative with a binding constant of 1.16 x 10° (mol L™!)~! and
linear Stern—Volmer quenching constant of 4.89 x 10 (mol L™")™', respectively. Agarose gel
electrophoresis exhibits that the complex can transform supercoiled to nicked form and exhibits
effective DNA-cleavage activity via hydrolytic-cleavage mechanism.

Keywords: Crystal structure; DNA-cleavage activities; DNA-binding

1. Introduction

Study on natural phosphatase shows that highly effective hydrolysis activity of these
enzymes depends on the active sites of the metal ions and noncovalent bonding with
DNA [1]. To search for novel restriction enzymes and anticancer therapeutic agents,
much effort has been made in synthesis and property investigation of mimics. Some
transition metal complexes exhibit higher DNA-cleavage activities [2, 3]. These
complexes can be bound to DNA in many noncovalent modes, such as ionic bonds,
hydrogen bonds, w—m interactions, and hydrophobic interactions. The noncovalent
interactions hold the complexes and DNA together, and enable binding of complexes
and DNA, increasing cleavage activity of the complexes. Metal ions and the
structures of the ligands in complexes are key factors to hydrolysis activities of the
complexes [4-6].

Complexes derived from 1,3-bis(5-X-salicylideneimino)propan-2-ol (X =Br, CI,
and NO,) have been structurally characterized and their magnetic properties
determined [7-9]. However, the structure of this kind of complex with X =CHj has
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not been reported. Herein, a dinuclear Cu(I) complex, [Cu,L(OAc)(CH;OH)]-
CH3;0H, (HsL =1,3-bis(5chlorosalicylideneamino)propan-2-ol) was synthesized and
fully characterized. The complex is expected to interact with DNA via hydrogen-
bonding and/or 7 interactions because of abundant donors and aromatic rings. These
noncovalent interactions might promote DNA-cleavage activity by the complexes.
Considering that no DNA-cleavage activity of this kind of complex has been
investigated, this report will reveal for the first time the binding and cleavage
with DNA.

2. Experimental

2.1. Preparations

5-Methylsalicylaldehyde was recrystallized from ethanol before use and other chemicals
and solvents were of analytical grade and used as received. Calf thymus
DNA (CT-DNA) was obtained from Sigma and used as received. 2-Hydroxy-1,
3-propanediamine was purchased from Alfa Aesar.

2.2. Synthesis of complexes

[Cu,L(OACc)(CH3;0H)]- CH30H: To solution of 5-methylsalicylaldehyde (0.136¢,
I mmol) and 2-hydroxy-1,3-propanediamine (0.045g, 0.5mmol) in absolute methanol
(15mL), Cu(OAc),-4H-0 (0.100 g, 1 mmol) in absolute methanol (10 mL) was added
dropwise; the resulting solution was dark green. The mixture was stirred at room
temperature for 5h and then triethylamine (1 mL) was introduced. The resulting
solution was stirred at ambient temperature for 24 h. After filtration, the resulting
solution was allowed to evaporate slowly. The green block crystals suitable for X-ray
measurement were collected. Yield: 0.145g (80%). Anal. Calcd for C,3H30Cu,N,O4
(%): C, 48.16; H, 5.27; N, 4.88. Found: C, 48.53; H, 5.61; N, 4.64; IR (KBr, v/cm™):
2915 v(C-H), 1638 v(C=N), 830 v(C-H) (phenyl).

2.3. Physical measurements

IR spectra were measured using KBr discs on a Vector 22 FTIR spectrophotometer from
7500 to 370cm™~'. Carbon, hydrogen, and nitrogen microanalyses were obtained on a
Perkin-Elmer 240 analyzer. Electrospray mass spectra (ES-MS) were determined on a
Finnigan LCQ ES-MS mass spectrograph using methanol as the mobile phase at
1.0 mmoldm . Absorption spectra from 190 to 700nm were recorded in a Icm
pathlength quartz cuvette on a Shimadzu UV-2450 spectrophotometer. The scan times
and spectral resolution are 4 and 1cm ™" in IR, and 3 and 0.1 nm in UV measurements.
Circular dichroic spectra of DNA were obtained using a Jasco J-810 spectropolarimeter.
Fluorescence spectra were recorded on a Jasco FP-6500 spectrophotometer. Cyclic
voltammograms were run on a CHI model 750 B electrochemical analyzer in DMF
containing tetra(n-butyl)ammonium perchlorate (TBAP) as the supporting electrolyte. A
three-electrode cell was used, which was equipped with a glassy carbon-working
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electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the
reference electrode. Scanning rates were 20-200mV s~ '. The solution was deaerated for
15 min before measurements.

2.4. X-ray data collection and refinement

The crystals were measured on a Bruker AXS SMART diffractometer (Mo-Ko«
monochromator) [10]. The structures were solved by direct methods and refined by
full-matrix least-squares based on F* [11]. Hydrogen atoms were located geometrically
and refined in riding mode. The non-H atoms were refined with anisotropic displacement
parameters. Calculations were performed using SHELX-97 crystallographic software
package.

2.5. DNA-cleavage experiment

The cleavage of pBR322 DNA by the complex was examined by gel electrophoresis.
Negative supercoiled pBR322 DNA (0.5 ugpL™") was treated with different concen-
trations of the complex (1puL) in Tris-HCl buffer (I pL, 50mmolL~" Tris-HCI,
50 mmol L™" NaCl, pH = 7.2). After mixing, the DNA solutions were incubated at 37°C
for 3h. The reactions were quenched by addition of sterile solution (1puL, 0.25%
bromophenol blue, and 40% w/v sucrose). The samples were then analyzed by
electrophoresis for 45min at 116V on agarose gel in TAE buffer (2.42 g Tris, 0.57 mL
acetic acid and 0.372 g EDTA in 500 mL doubly distilled water, pH = 7.4, adjusted with
HCI). The gel was stained with ethidium bromide (EB, 1 pguL™") for 10min after
electrophoresis and then photographed.

3. Results and discussion

3.1. Synthesis and characterization

The complex was obtained by one-pot reaction between 5-methylsalicylaldehyde and
2-hydroxy-1,3-propanediamine in methanol solution containing copper(Il) acetate,
adjusted to weakly basic by adding triethylamine. The acetates and triethylamine form
deprotoned ligand (L). The formation of the compound is evidenced by the presence of a
strong IR band at 1638 ecm™ !, due to C=N, while no bands ca 1680 as well as 3280 and
3350 cm ™', corresponding to the absorption of C=0 in 5-methylsalicylaldehyde and NH,
in 2-hydroxy-1,3-propanediamine, respectively, have been detected [12].

3.2. Electrospray mass spectra

The ES-MS spectra of the complexes in acetonitrile solution are shown in figure 1. The
peak at m/z 959.25, corresponding to [CusL,(OAc)]", is dominant and can be ascribed
to the aggregation of the molecular unit [Cu,L(OAc)] and molecular ion unit [CuL]",
confirming that the complex is stable in acetonitrile. This assignment is also confirmed
by the isotope analysis of the peak. Good agreement between observed and calculated
data is shown in the inset.
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Figure 1. The ES-MS spectra of the complex (inset the isotopic distribution of the peak at m/z =959.25; left:
experimental pattern; right: calculated pattern).

Figure 2. Perspective views of the [Cu,L(OAc)(CH;OH)]- CH;0H.

3.3. Structure description

The perspective view of [Cu,L(OAc)(CH;OH)]- CH3;OH is given in figure 2, together
with the atom-numbering scheme. The crystallographic data and details about the data
collection are presented in table 1. Selected bond lengths and angles relevant to the
copper(Il) coordination polyhedron are listed in table 2.
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Table 1. Crystal data and structure refinement for the complex.

647

Empirical formula
Formula weight
Temperature (K)

Crystal system

Space group .
Unit cell dimensions (A,°)

(S Y

™ R

4 .

Volume (A%), Z

Calculated density (gem ™)

Absorption coefficient (Mo-Ka) (mm™")
F(000)

Crystal size (mm®) _

Mo-Ke radiation (A%)

0 range for data collection (°)

Tot., unique data, R(int)

[ > 20 (D]
w-!

Observed data
Nref, Npar
R, wR>, S

Max. and av. shift/error

Minimum and maximum resd. dens. (e A~%)

Cy3H30Cu,N,O4
573.57

291(2)
Monoclinic
P2i/n

15.615(3)

10.0403(18)
16.024(3)

90

101.299(2)

90

2463.5(8), 4

1.546

1.771

1184

0.22 % 0.24 % 0.28
0.71073

2.4-26.0

13,345, 4842, 0.022

[S*(F2)+(0.06 P)* 4 1.99P]

P=(F}+2F2))3
3655

4842, 311

0.0439, 0.1253, 1.05

0.00, 0.00
—0.78 and 0.58

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

Cu(1)-O(1) 1.892(3) Cu(2)-0(2)
Cu(1)-0(2) 1.913(3) Cu(2)-0(3)
Cu(1)-0O(4) 1.962(3) Cu(2)-0(5)
Cu(1)-O(7) 2.580(3) Cu(2)-N(2)
Cu(1)-N(1) 1.936(3)

O(1)-Cu(1)-0(2) 177.62(13) O(1)-Cu(1)-O(4)
O(1)-Cu(1)-O(7) 88.97(12) O(1)-Cu(1)-N(1)
0(2)-Cu(1)-O(4) 93.96(13) 0(2)-Cu(1)-O(7)
0(2)-Cu(1)-N(1) 84.21(13) O(4)-Cu(1)-O(7)
O(4)-Cu(1)-N(1) 168.64(13) O(7)-Cu(1)-N(1)
0(2)-Cu(2)-0(3) 175.28(12) 0(2)-Cu(2)-0(5)
0(2)-Cu(2)-N(2) 84.80(13) 0(3)-Cu(2)-0(5)
0(3)-Cu(2)-N(2) 93.46(13) O(5)-Cu(2)-N(2)
Cu(1)-0(2)-Cu(2) 132.56(17)

1.898(3)
1.891(3)
1.934(3)
1.925(3)

88.09(13)
93.54(13)

9

1.86(10)

99.69(11)

9

1.58(12)

95.24(13)
86.46(13)
179.36(14)

The molecular structure contains one L, two methanols, and one acetate. Two
copper(II) ions are bridged by the alkoxo group of the ligand and by a u,-acetate. The
Cu—Cu distance and Cu—O—Cu angle are 3.489 A and 132.6°, respectively, close to
counterparts in a similar complex [7]. The coordination polyhedra of copper(Il) can be
described as square pyramid for Cu(l) and square plane for Cu(2), respectively. The
basal plane of Cul and the square plane of Cu2 are similar, composed of an imine, a
phenolate, an acetate, and an alkoxo from one ligand. The distances between Cu and
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coordination atoms are in the range 1.892-1.962 A for Cu(l) and 1.891-1.934 A for
Cu(2). The apical position for Cu(l) is occupied by methanol with Cu-O distance
of 2.580 A.

As shown in figure 3, hydrogen-bonding interactions play an important role in
maintaining the 3-D network. Each molecular unit is connected with four adjacent
molecular units through hydrogen-bonding interactions, including O-H---O and
C-H.-.O. For clarity, only one [Cu,L(OAc)(CH;OH)]" is shown in figure 3, while
other adjacent four molecular units are omitted except for hydrogen-bonding interac-
tions. The selected hydrogen bonding parameters are O8-H8B- - -O3: dog_ psp=0. 960A
dusp.. .03 = 1. 864 A, dos.. 03=2.823A; O7-H7B---08: do7 n78=0. 960 A, dyyp...05 =
1.877A, dos.. o0g=2. 737A; C9-HYA.---Ol: dco oA = 0. 970 A, dion.. o1=2. 515A
dco...01=3. 431 A; C12-HI12---O7: dciapi2=0.930 A, dygpa...07=2.484 A, dcpa. .07 =
3.331 A. /O8-H8B---03=176.7°, /O7-H7B.--O8=148.0°, /C9-HI9A---O1 =157.4°,
and /C12-HI12.--O7 =151.5°.

3.4. Absorption spectroscopic studies

Absorption spectra of the complex in the absence and presence of CT-DNA at different
concentrations (0—75pumol L") are shown in figure 4(a).

In the UV region, with increasing CT-DNA concentration for the complex,
hypochromism in the band at 363 nm reaches as high as 22% with a blue shift. In
order to quantitatively investigate the binding strength of the complex with CT-DNA,
the intrinsic binding constant K}, was obtained by monitoring changes in absorbance at
360nm for the complex as increasing concentration of CT-DNA using the equation
[DNA]/E,, =[DNA]/E+ 1/(KvE), where E,,=¢&,~¢&r, E=¢en—€ &4, &, and &, corre-
spond to Ags/[complex], the extinction coefficients for the free complex and the
complex in the fully bound form, respectively. As shown in figure 4(b), K, was

c1z¢ ©

Figure 3. View of the hydrogen-bonding interactions of one molecular unit with adjacent ones.
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1.16 x 10° (mol L™") ™" for complex calculated from the ratio of slope to the intercept
from the plots of [DNA]/E,, versus [DNA] [13]. The binding constant of K, in the range
10*-10° (molL™")~! fits to values of moderate intercalators. The intrinsic binding
constant is higher than those of some dinuclear copper(Il) complexes, p-oxamido-
bridged, and carboxylate-bridged copper(Il) complex [14-16]. The better binding
constant of the complex may be due to the better coplanarity of the complex, which
is expected to have m—m stacking interactions between the base pairs in DNA and
phenol rings in the complex [14, 17]. The large hypochromicity and the blue shift also
illustrate intercalation between CT-DNA and the complex, likely through a stacking
interaction between the aromatic chromophore in the complex and the base pairs of
DNA [18-20].

3.5. Fluorescence spectroscopic studies

DNA solutions are not fluorescent and EB is weakly fluorescent, while solutions of
DNA with EB show very strong fluorescence emission [21]. If Cu(II) complex added to
the EB-DNA system replaces the bound EB, the emission intensity will be reduced. The
emission spectra of EB bound to DNA in the absence and presence of Cu(Il) complex
are given in figure 5. It can be noted that the fluorescence intensity of the EB-DNA
solutions decreases with the addition of Cu(Il) complex, suggesting that the Cu(Il)
complex can replace EB and bind to DNA.

According to the classical Stern—Volmer equation /y/I =1+ K[Q], in which I, and [
are the fluorescence intensities in the absence and presence of complex, respectively, K is
the linear Stern—Volmer quenching constant and [Q] is the concentration of the
complex, the relative binding propensity of the complexes to CT-DNA can be
determined [22]. The fluorescence intensity at 607 nm (Ao = 520 nm) of EB in the bound
form was plotted against the compound concentration. The quenching constants K
obtained for complex are given by the slopes of the plots in figure 6. The K is 4.89 x 10°
(mol L™")~! for complex. The result demonstrates that Cu(II) complex can interact with
DNA with moderate intercalation, similar to the absorption experiment.

0.6 4.0
0.5 A . 357 n
Ng 3.0
§ 0.4 0?5 25
[%] o
Qo - i
5 0.3 1 Ay 2.0
_8 Ll.'m 1 5-
< 0.2 < .
2 10
0.1 05-
n
0.0 ' ' ' ' ' ' 00 10720 30 40 50 60 70 80 90 100110120130
300 325 350 375 400 425 450

—6
Wavelength(nm) [DNA/10°M]

Figure 4. (a) Absorption spectra of the complexes in Tris-HCI buffer upon addition of CT-DNA; (b) plot of
[DNA]J/E,;, vs. [DNA] for absorption titration of CT-DNA with complex.
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Figure 5. Emission spectra of EB bound to DNA in the absence (1) and presence (2-6) of Cu(II) complex.

[EB]=10pumol L™, [DNA]=25pumol L', [complex] 1-6=0, 25, 50, 100, 150, 200 umol L™", respectively;
Aex =520 nm. The arrow shows the intensity changes on increasing complex concentration.
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Figure 6. Stern—Volmer quenching plots of EB bound to DNA by Cu(II) complex. I, is emission intensity of

EB-DNA in the absence of complex; / is emission intensity of EB-DNA in the presence of complex;
[0Q] = [complex].

3.6. Circular dichroism spectra

CT-DNA is present in the B-DNA form and shows a negative CD band at 245nm
caused by the helical conformation and a positive CD band at 275nm due to base
stacking [23]. The CD spectra of CT-DNA treated with Cu(II) complex with the ratio of
0.5 ([complex]/[DNA]) shows an evident disturbance on the CT-DNA conformation,
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Figure 7. The circular dichroism spectra of CT-DNA in the absence (a) and presence of Cu(Il) complex
(b). [CT-DNA]=25 pmol L', [complex]/[DNA]=0.5. All the spectra were recorded in Tris-HCI buffer,
pH=7.2.
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Figure 8. Effects of increasing amounts of Cu(II) complex on the relative viscosities of CT-DNA at 23
(£0.1)°C; [DNA] =100 pmol L™, r=[M]/[DNA].

both positive and negative bands increase in intensity when adding Cu(II) complex to
CT-DNA solution (figure 7). These data suggest that the Cu(II) complex can intercalate
the DNA base pairs and unwind the DNA helix [24], and have stronger actions in latter.

3.7. Viscosity study

To further confirm the interaction mode of the copper complex with DNA, a viscosity
study was carried out (figure 8). The specific viscosity contribution due to the DNA in
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Figure 9. Cyclic voltammograms of the complex (I x 10~*mol L") with different scan rates: 1-3 = 140, 120,
100mVs~', in 50 mmol L~" Tris-HCI/50 mmol L™' NaCl buffer solution (pH =7.2).

the presence of a binding agent was obtained. The results indicate that the presence of
copper complex has a marked effect on the viscosity of DNA. The specific viscosity of
DNA increases obviously with addition of increasing amounts of copper complex. The
results illustrate that copper complex may intercalate between DNA base pairs [25, 26].

3.8. Electrochemical studies

Electrochemical properties of the complex were studied by cyclic voltammetry in
50 mmol L™ Tris-HCl/50 mmol L~' NaCl buffer solution (pH =7.2) using tetrabuty-
lammonium perchlorate (TBAP) as supporting electrolyte in the potential range —1.5
to0V. The cyclic voltammograms with different scan rates are shown in figure 9. The
CV curve of the complex has a cathodic peak and an anodic peak with £}, =—0.751V,
AE=0.101V, indicating a quasi-reversible process [27]. The larger negative potential
(Epc=—0.70V at 100 mVs ") for the reduction peak reveals that the Cu(II) ions in the
complex are not easy to be reduced in Tris-HCl buffer solution (pH =7.2).

3.9. DNA cleavage

DNA-cleavage experiments were performed using a double stranded DNA plasmid.
The metal complexes cause random nicks (cuts) to one of the DNA strands. As a
consequence, the supercoiled form opens to form an open circular after one nick and
subsequently to a linear form (linear DNA) if two nicks on complementary strands are
within a short distance.

Finally, the DNA gets degraded into small pieces of different size which cannot be
detected in our assay. The cleavage products were subjected to gel electrophoretic
separation and the gels analyzed after EB staining.
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Figure 10.  Gel electrophoresis diagram showing the cleavage of pBR322 DNA (0.5 pg uL~") by the complex
in 50mmol L™ Tris-HCI/NaCl buffer (pH 7.2) at 37°C. (a) In different incubation time: Lane 1-5,
DNA + complex (100 pumolL™") for 1h, 2h, 3h, 4h, 5h, Lane 6, DNA control; (b) in different complex
concentration (incubation time 3 h), Lanes 1-5, DNA + complex (12.5 pmol L', 25 pmol L™!, 50 pmol L™,
100 pmol L™!, 200 pmol L), respectively; Lane 6, DNA control.

Form [l
Form |
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Figure 11.  Gel electrophoresis diagram showing the cleavage of pBR322 DNA (0.5 pg uL~") by the complex
with different scavenging agents in 50 mmol L~" Tris-HCI/NaCl buffer (pH 7.2) and 37°C for 3 h: Lanes 1-4,
DNA +complex (100 pmol L™")+5mmol L~' EtOH; DMSO; KI; NaN;. Lane 5, DNA + complex
(100 pmol L™Y); Lane 6, DNA control.

The DNA-cleaving ability has been investigated with various concentrations and
incubation times (figure 10). Incubation time has little effect on the cleavage activity,
but with enhancement of concentration, the cleavage ability of the complex increases
obviously. When the concentration of the complex is 200 pmol L™, the complex cleaves
DNA into Form II (nicked form) and Form III (linear form).

To illuminate the DNA-cleavage mechanism by the complex, some scavenging
agents, hydroxyl radical scavengers (5mmolL~' DMSO and 5mmolL~" EtOH),
superoxide scavenger (SmmolL~' KI), and singlet oxygen scavenger (5mmolL ™"
NaN3), were added in the incubation solution. The results of DNA cleavage in the
presence or absence of scavenging agents are presented in figure 11. No obvious change
of DNA-cleavage activity of the complex is observed, indicating that an oxidative
cleavage is not responsible to the cleavage activity, which is in agreement with the CV
results. Therefore, the DNA-cleavage activity is ascribed to hydrolytic cleavage.

4. Conclusion

A new alkoxo and acetate-bridged dinuclear copper(Il) complex was obtained by [2 + 1]
condensation of 5-methylsalicylaldehyde and 2-hydroxy-1,3-propanediamine in the
presence of Cu?t. The complex is stable in acetonitrile solution and Cu(II) ions in the
complex are difficult to reduce due to the larger negative potential of the reduction
peak. DNA-cleavage experiments with various scavenging agents show that the
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complex exhibits effective DNA-cleavage activity via hydrolysis. The DNA-binding of
the complex has been investigated by UV-Vis absorption, fluorescence, circular
dichroism spectra, and viscosity. Results suggested that the complex binds to CT-DNA
by intercalation and the binding constant of the complex is higher than those of
p-oxamido-bridged or carboxylate-bridged dicopper(Il) complexes, perhaps from
stronger —7 stacking interactions between phenol rings in the complex and the base
pairs in DNA.
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