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Abstract Three new reduced amino-acid Schiff base com-

plexes, [Co(HL)2(H2O)2] � 4H2O (1), [Cu(HL)2(H2O)2] �
2H2O (2), and [Cd(HL)2(H2O)3] � 2H2O (3), where H2L is the

reduced Schiff-base ligand derived from the condensation of

N-(4-hydroxybenzaldehyde) with L-glycine, have been syn-

thesized and characterized by physico-chemical and spectro-

scopic methods. In these complexes, the two bidentate

monoanionic Schiff base ligands coordinate the metal center

through the secondary amine N atom and the carboxylate O

atom. Water ligands complete a distorted octahedral (1, 2) or a

pentagonal bipyramidal coordination geometry (3) around

each metal center. The binding interactions of the complexes

with CT-DNA have been investigated by UV–visible spec-

trophotometry and fluorescence quenching methods. The

results show that these complexes bind to CT-DNA with an

intercalative mode. In addition, DNA cleavage experiments

have been also investigated by agarose gel electrophoresis.

Complexes 1–3 show oxidative DNA cleavage activity in the

presence of H2O2/sodium ascorbate and the reactive oxygen

species responsible for the DNA cleavage is most likely sin-

glet oxygen.

Introduction

The development of artificial nucleases is an important

aspect of biotechnology and drug design [1, 2] as well as

molecular biology [3]. Over the last few decades, transition

metal complexes have been well studied for their appli-

cation as artificial nucleases, because of their diverse

structural features and the possibility to tune their redox

potential through the choice of ligands [4–9]. Transition

metal complexes containing Schiff base ligands or their

reduced products are often used as artificial nucleases and

some such complexes have proved to be efficient DNA

cleavage reagents [10, 11]. For example, Neves et al. [10]

have synthesized and structurally characterized mononu-

clear cis-dichloro copper(II) complexes containing a tri-

dentate imidazole Schiff base or its reduced counterpart

ligand. In aqueous solution, these complexes catalyze

phosphodiester hydrolysis with about 100-fold enhance-

ment over the rate of the spontaneous hydrolysis. Most

importantly, the Schiff base complex is capable of pro-

moting the cleavage of plasmid DNA in a pH dependent

reaction, even in the absence of molecular dioxygen, most

probably through a hydrolytic mechanism. Recently,

Ferreira et al. [11] obtained some oxindole-Schiff base

copper(II) complexes, all of which are able to cause dou-

ble-strand DNA scission in the presence of hydrogen

peroxide.

In this article, we describe a biologically relevant

reduced amino-acid Schiff base (H2L = N-(4-hydroxy-

benzyl)-L-glycine) (Fig. 1) and three of its metal com-

plexes. The interaction between calf thymus DNA and

these complexes was investigated by UV spectrophotom-

etry and fluorescence spectroscopy. DNA cleavage exper-

iments in the presence of H2O2/sodium ascorbate are also

described. L-Histidine inhibits the oxidative cleavage,
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suggesting that singlet oxygen is involved in the DNA

degradation.

Experimental

All reagents and chemicals were purchased from com-

mercial sources and used as received. Elemental analyses

for C, H, and N were obtained on a Perkin-Elmer analyzer

model 240. Infrared spectra were recorded on KBr pellets

using a Perkin-Elmer FT-IR spectrometer in the range

4,000–400 cm-1. Electronic spectra were measured on a

JASCO V-570 spectrophotometer. Fluorescence spectra

were obtained on a MPF-4 fluorescence spectrophotometer

at room temperature. Calf thymus DNA (CT-DNA),

pBR322 DNA, agarose (molecular biology grade), and

ethidium bromide (EB) were all purchased from the Sino-

American Biotechnol Biotechnology Company. The Tris–

HCl buffer solution was prepared using deionized, soni-

cated triply distilled water. The gel electrophoresis exper-

iments were performed by incubation at 37 �C for 3 h as

follows: pBR322 DNA, Co(II), Cu(II), and Cd(II) com-

plexes, H2O2/sodium ascorbate in 50 mM Tris–HCl/

18 mM NaCl buffer (pH 7.2). The samples were electro-

phoresed for 3 h at 70 V on 1% agarose gel using tris–boric

acid-EDTA buffer, pH 7.2. After electrophoresis, the gel

was stained using 1 mg/mL ethidium bromide and ana-

lyzed using a UVITEC automatic gel imaging system.

Synthesis of the reduced Schiff base

H2L was synthesized by reducing the corresponding Schiff

base derived from the condensation of L-glycine and 4-

hydroxybenzaldehyde with NaBH4 according to a literature

method [12].

Synthesis of [Co(HL)2(H2O)2] � 4H2O (1)

A solution of H2L (0.2 mmol) and 0.4 mmol LiOH in

EtOH:H2O (1:1 v/v, 10 mL) was added dropwise to a

solution of 0.2 mmol CoCl2 � 6H2O in EtOH:H2O (1:1 v/v,

10 mL). After 24 h stirring, the solution was filtered and

the filtrate was left in air at room temperature. After several

weeks, pale-red well-shaped crystals suitable for X-ray

diffraction were obtained. The crystals were collected by

filtration, washed with Et2O and dried over silica gel

(Yield: 43%). Found: (%) C, 41.2; H, 6.4; N, 5.4. Calcd.

(%) for C18H32CoN2O12: C, 41.0; H, 6.1; N, 5.3. FT-IR (KBr

phase): 1597, mas(COO); 1384, ms(COO); 3130, ms(N–H);

3495 cm-1, ms(H2O and/or OH).

Synthesis of [Cu(HL)2(H2O)2] � 2H2O (2)

and [Cd(HL)2(H2O)3] � 2H2O (3)

Complexes 2 and 3 were prepared by similar procedures as

for complex 1, using Cu(OAc)2 � H2O or Cd(NO3)2 �
9H2O instead of CoCl2 � 6H2O. Complex 2; Yield: 54%.

Found: (%) C, 43.6; H, 5.8; N, 5.5. Calcd.(%) for

C18H28CuN2O10: C, 43.6; H, 5.7; N, 5.7. FT-IR (KBr

phase): 1610, mas(COO); 1405, ms(COO); 3200, ms(N–H)

and 3495 cm-1, ms(H2O and/or OH). Complex 3; Yield:

60%. Found:(%) C, 38.4; H, 5.2; N, 4.9. Calcd.(%) for

C18H30CdN2O11: C, 38.4; H, 5.4; N, 5.0. FT-IR (KBr

phase): 1590, mas(COO); 1382, ms(COO); 3120, ms(N–H)

and 3505 cm-1, ms(H2O and/or OH).

X-ray crystallography

Diffraction measurements for 1, 2, and 3 were made on a

Bruker Smart 1000 CCD area detector equipped with

graphite-monochromated Mo-Ka radiation (k = 0.71073 Å)

using the x-scan technique. Lorentz polarization and

absorption corrections were applied using the multiscan

program [13]. The structures were solved by direct meth-

ods and refined with full-matrix least-squares technique

using the SHELXS-97 and SHELXL-97 programs [14].

Anisotropic thermal parameters were assigned to all non-

hydrogen atoms. The organic hydrogen atoms were gen-

erated geometrically. Analytical expressions of neutral

atom scattering factors were employed, and anomalous

dispersions were incorporated. A summary of the crystal

data is given in Table 1 and selected bond angles and

distances are listed in Table 2. Crystallographic data for 1

and 3 have been deposited with the Cambridge Crystallo-

graphic Data Centre with CCDC numbers 634151 (1),

672075 (3). Copies of this information may be obtained

free of charge from the Director, CCDC, 12 Union Road,

Cambridge, CB2 1EZ, UK (fax: ?44 1223 336 033;

e-mail: deposit@ccdc.cam.ac.uk or www:http://www.ccdc.

cam.ac.uk).

DNA-binding and cleavage experiments

All studies on the interaction of the complexes with calf

thymus DNA (CT-DNA) were carried out at room tem-

perature in triply distilled water buffer containing 5 mM

Tris–HCl/50 mM NaCl and adjusted to pH 7.2 with

hydrochloric acid. Relative binding of the complexes to

CT-DNA was studied by UV–visible absorption and

Fig. 1 Schematic structure of N-(4-hydroxybenzyl)-L-glycine (H2L)
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fluorescence spectroscopy. The solutions of CT-DNA gave

a ratio of UV absorbance at 260 and 280 nm, A260/A280, of

1.8–1.9, indicating that the DNA was sufficiently free of

protein [15]. The stock solution of CT-DNA was prepared

in Tris–HCl/NaCl buffer, pH 7.2 (stored at 4 �C and used

within 4 days). The concentration of CT-DNA was

Table 1 Crystallographic data for complexes 1, 2a, and 3

Complex 1 2a 3

Empirical formula C18H32CoN2O12 C18H28CuN2O10 C18H30CdN2O11

Mr 527.39 495.96 562.84

T/K 294(2) 113(2) 113(2)

k/Å 0.71073 0.71073 0.71073

Crystal system Monoclinic Monoclinic Monoclinic

space group P2(1)/c P2(1)/a C2/c

a/Å 7.617(3) 6.870(9) 24.533(11)

b/Å 6.572(3) 12.816(15) 9.458(4)

c/Å 23.857(10) 11.821(15) 9.720(4)

b/� 90.650(7) 93.668(13) 102.855(6)

V/A3 1193.2(8) 1039(2) 2198.8(16)

Z 2 2 4

D/g/cm3 1.467 1.586 1.700

F (000) 554 518 1152

h Range for data collection/� 1.71 to 26.55 2.35 to 25.01 1.70 to 27.84

Limiting indices, hkl -9 to 7, -8 to 8, -29 to 29 -8 to 8, -15 to 14, -10 to 14 -32 to 32, -12 to 12, -12 to 11

Independent reflections (R(int)) 6658/2468 [R(int) = 0.0388] 6257/1829 [R(int) = 0.1958] 13377/2615 [R(int) = 0.2099]

Goodness-of-fit on F2 1.034 1.371 1.155

R1/wR2 [I [ 2r(I)] R1 = 0.0343, wR2 = 0.0712 R1 = 0.1677, wR2 = 0.4284 R1 = 0.0688, wR2 = 0.1376

R1/wR2 (all data) R1 = 0.0593, wR2 = 0.0807 R1 = 0.2008, wR2 = 0.4441 R1 = 0.0836, wR2 = 0.1420

Largest diff. Peak/e A-3 0.236 and -0.281 4.494 and -1.037 1.025 and -1.189

a Commentary: The crystal quality of complex 2 is not good enough and the data listed here is only for comparison

Table 2 Selected Bond lengths (Å) and angles (8) for 1, 2, and 3

Complexes 1 2 3

Bond distances Co(1)-O(4) 2.1055(16) Cu(1)-O(2) 1.976(9) Cd(1)-N(1) 2.337(5)

Co(1)-N(1) 2.1252(18) Cu(1)-N(1) 2.013(13) Cd(1)-O(5) 2.347(6)

Co(1)-O(1) 2.1193(16) Cu(1)-O(4) 2.400(11) Cd(1)-O(3) 2.466(4)

Cd(1)-O(4) 2.407(4)

Bond Angles O(4)#1-Co(1)-O(1) 179.999(1) O(2)-Cu(1)-O(2)#1 180.0(5) N(1)#1-Cd(1)-N(1) 165.9(2)

O(4)-Co(1)-O(1) 88.93(7) O(2)-Cu(1)-N(1)#1 93.9(5) N(1)-Cd(1)-O(5) 97.06(10)

O(4)-Co(1)-O(1)# 91.07(7) O(2)-Cu(1)-N(1) 86.1(5) N(1)-Cd(1)-O(4)#1 83.68(16)

O(4)#1-Co(1)-N(1) 88.92(7) O(2)#1-Cu(1)-N(1) 93.9(5) N(1)-Cd(1)-O(4) 100.70(17)

O(1)-Co(1)-N(1) 79.02(6) N(1)-Cu(1)-O(4)#1 98.9(5) O(5)-Cd(1)-O(4) 72.09(9)

O(4)-Co(1)-N(1)#1 88.95(7) O(2)-Cu(1)-O(4) 91.2(4) O(4)#1-Cd(1)-O(4) 143.17(18)

O(1)-Co(1)-N(1)#1 100.98(6) N(1)-Cu(1)-O(4) 81.1(5) N(1)#1-Cd(1)-O(3) 99.41(15)

O(4)-Co(1)-N(1) 91.05(7) O(2)-Cu(1)-O(4)#1 88.8(4) N(1)-Cd(1)-O(3) 69.03(14)

O(5)-Cd(1)-O(3) 142.19(9)

O(4)#1-Cd(1)-O(3) 136.42(12)

O(4)-Cd(1)-O(3) 76.21(13)

N(1)-Cd(1)-O(3)#1 99.41(15)

O(3)-Cd(1)-O(3)#1 75.61(19)

Symmetry transformations used to generate equivalent atoms: #1, -x ? 1, -y ? 2, -z ? 2, for 1; #1, -x, -y, -z ? 1, for 2 and #1, -x ? 2,

y, -z ? 3/2 for 3
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determined by absorption spectroscopy using the known

molar extinction coefficient of 6,600 M-1 cm-1 at 260 nm

[16]. UV absorption spectroscopy experiments were con-

ducted by adding CT-DNA solution to solutions of the

complexes (1.5 9 10-4 M) at different concentrations. The

binding constant Kb was determined using the following

equation [17]:

DNA½ �= ea � efð Þ ¼ DNA½ �= eb � efð Þ þ 1=Kb eb � efð Þ ð1Þ

Here ea, ef, and eb correspond to Aobsd/[complex], the

extinction coefficient for the free complex, and the

extinction coefficient for the complex in the fully bound

form, respectively.

The relative binding of the three complexes to CT-DNA

was studied with an EB-bound CT-DNA solution in 5 mM

Tris–HCl/NaCl buffer (pH 7.2) by fluorescence spectro-

photometry. Fluorescence intensities at 610 nm (510 nm

excitation) were measured at different complex concetra-

tions. The emission intensity showed a reduction upon

addition of the complex. The relative binding propensity of

the complexes to CT-DNA was determined from the slopes

of straight lines obtained from plots of the fluorescence

intensity versus the complex concentration [18]. The

apparent binding constant (kapp) was calculated from the

equation:

KEB EB½ � ¼ Kapp complex½ �;

where the complex concentration was the value at a 50%

reduction of the fluorescence intensity of EB and

KEB = 1.0 9 107 M-1 ([EB] = 4.0 lM).

Oxidative cleavage of supercoiled (SC) pBR322 DNA

by the complexes was studied by agarose gel electropho-

resis. The reaction was carried out by mixing 4 lL SC

DNA (0.1 lg lL-1, 16.5 lM), 8 lL of the complex solu-

tion (120 lM), 2 lL 50 mM tris–(hydroxymethylmethane-

HCl (Tris–HCl) buffer (pH 7.2) containing 18 mM NaCl

with 1 lL H2O2/1 lL sodium ascorbate to yield a total

volume of 16 lL. The sample was incubated at 37 �C,

followed by the adddition of 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 lg mL-1 ethidium bromide. Electrophoresis was car-

ried out for 3 h at 70 V in TBE buffer (45 mM Tris,

45 mM H3BO3, 1 mM EDTA, pH 8.0). Bands were visu-

alized 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 [19, 20]. The mechanistic investigation of the

cleavage of pBR322 DNA was carried out in the presence

of standard radical scavengers and reaction inhibitors.

These reactions were carried out by adding scavengers of

dimethyl sulfoxide (DMSO), SOD, EDTA, or histidine to

SC DNA. Cleavage was initiated by the addition of com-

plex and quenched with 2 lL of loading buffer. Further

analysis was carried out by the above standard method.

Results and discussion

The structures of 1 and 2 are similar and consist of neutral,

mononuclear [M(HL)2(H2O)2] (M = Co for 1, Cu for 2)

units and four or two lattice water molecules for 1 and 2,

respectively. The ORTEP drawings of the mononuclear

unit of 1 and 2 are shown in Figs. 2 and 3, respectively. For

each mononuclear unit, the central metal atom is located in

the symmetric center. HL2 has a more flexible backbone

than its Schiff base counterpart and serves as a bidentate

monoanionic ligand to coordinate the central metal atom.

The metal atom is coordinated to two HL- and two water

molecules, giving a distorted octahedral geometry with a

N2O4 donor set. The cis coordination angles vary from

79.02 to 100.98� for 1 and 81.1 to 98.9� for 2. The M–N

and M–O bond distances are within the ranges expected for

such species. In complex 2, the relatively short equatorial

(Cu1–O2 and Cu1–O2 Å, 1.976 Å) and long axial (Cu1–O4

and Cu1–O4 Å, 2.4007 Å) distances are due to Jahn–Teller

distortion of the six-coordinate CuII. From Fig. 4, we see

Fig. 2 The ORTEP drawing of

mononuclear unit of complex 1.

The ‘‘A’’ labeled atoms are at

equivalent positions (-x ? 1,

-y ? 2, -z ? 2)
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that a hydrogen bonding network exists in the crystals of

complex 1, there are complicated intermolecular hydrogen

bonds among the water ligands, solvent water molecules,

and carboxyl oxygen atoms, giving rise to a 2D hydrogen

bonding network in the ab plane. In addition, the structure

adopts a 3D hydrogen bonding pattern involving all donors

and acceptors.

An obvious difference between 3 and 1 or 2 is the

number of coordinated water molecules. In 3, three water

molecules (O4, O4A, and O5) coordinate the cadmium(II)

center, as shown in Fig. 5, while only two water ligands are

present for 1 or 2. Complex 3 crystallizes in the monoclinic

system with space group C2/c and has crystallographically

imposed C2 symmetry, passing through the center of Cd1

and O5. Each cadmium atom is seven-coordinated with an

N2O5 donor set and its coordination polyhedron can be

regarded as a highly distorted pentagonal-bipyramid.

Cadmium usually has a coordination number between 4

and 7. In 3, the pentagonal plane is composed of atoms of

O4, O4A, O3, O3A, and O5 and the axial positions are

occupied by atoms N1 and N1A, with the axial bond angle

of 165.98, the degree of distortion from the ideal pentag-

onal bipyramidal geometry is also reflected in the angles

around the Cd atom in the equatorial plane (See Table 2;

ideal value 728).

DNA binding studies

DNA binding is the critical step for DNA cleavage in most

cases. Therefore, the binding of complexes 1, 2, and 3 to

CT-DNA was studied by measuring their effects on the UV

and fluorescence spectra of CT-DNA.

As shown in supplementary Fig. 1, the potential CT-

DNA binding ability of the complexes was studied by

following the intensity changes of the intraligand p–p*

transition bands in the UV spectrum at 218–267 nm.

Upon addition of increasing amounts of CT-DNA (0–

7.9 9 10-4 M) to the complexes (1.5 9 10-4 M), 9–33%

hypochromism and a slight red shift (3–8 nm) were

observed, indicating moderate binding of the three

Fig. 3 The ORTEP drawing of

mononuclear unit of complex 2.

The ‘‘A’’ labeled atoms are at

equivalent positions

(-x, -y, -z ? 1)

Fig. 4 2D hydrogen bonding network in ab plane for 1

Fig. 5 The ORTEP drawing of mononuclear unit of complex 3. The

‘‘A’’ labeled atoms are at equivalent positions (-x ? 2, y, -z ? 3/2)
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complexes to DNA. The extent of hypochromism is con-

sistent with intercalative interaction [21–23]. From the

observed spectroscopic changes the values of the intrinsic

binding constants Kb (3.75 9 103 M-1 for 1, 3.93 9

103 M-1 for 2, and 3.00 9 103 M-1 for 3) were deter-

mined by regression analysis using Eq. 1. These Kb values

are much smaller than those reported for typical classical

intercalators (EB-DNA, 3.3 9 105 M-1 in 50 mM Tris–

HCl/1.0 M NaCl buffer, pH 7.5) [24].

As a means for further clarifying the binding of these

complexes, fluorescence measurements were carried out on

CT-DNA at variable complex concentrations. The binding

of the compounds to CT-DNA was evaluated by the fluo-

rescence emission intensity of EB bound to DNA as a

probe. EB shows reduced emission intensity in buffer

because of quenching by solvent molecules and a signifi-

cant enhancement of the intensity when bound to DNA.

Binding of the complexes to DNA decreases the emission

intensity and the extent of the reduction gives a measure of

the DNA binding propensity of the complexes and inter-

calation between the adjacent DNA base pairs [25]. The

fluorescence quenching of EB bound to DNA by the three

complexes is shown in suplementary Fig. 2, in which the

fluorescence intensity at 610 nm (kex = 510 nm) of EB in

the bound form is plotted against the concentration of

complexes. According to the Stern-Volmer equation [26]:

I0=I ¼ 1þ K Q½ �;

where I0 and I are the fluorescence intensities in the absence

and presence of the quencher, respectively, K is the Stern-

Volmer quenching constant, and [Q] is the concentration of

the quencher. Plots of I0/I versus [complex] gave the

apparent binding constant (Kapp) as the ratio of the slope to

intercept, which corresponds to the complex concentration

[Q] = 1.5 9 10-4 M required for 50% quenching of initial

EB fluorescence. The apparent binding constants for com-

plexes 1, 2, and 3 are 3.88 9 104, 4.13 9 104, and

2.81 9 104 M-1, respectively. These results suggest that the

interaction of the complexes with DNA is by a moderate

intercalative mode. The binding constants of classical

interactions are in the order of 107 M-1 [27].

Nuclease activity of the complexes

The ability of the complexes to mediate DNA cleavage was

assayed using agarose gel electrophoresis at physiological

pH and temperature. When supercoiled circular pBR322

DNA is subjected to electrophoresis, relatively fast

migration will be observed for the intact supercoiled form

(Form I). If scission occurs on one strand, the supercoiled

form will relax to generate a slower-moving open nicked

form (Form II), and if both strands are cleaved, a linear

form (Form III) that migrates between Form I and Form II

will be observed.

Figures 6, 7, and 8 show the gel electrophoretic sepa-

rations of plasmid pBR322 DNA induced by complexes 1,

2 and 3. All three complexes promote oxidative damage of

DNA under physiological conditions (pH 7.2, 37 �C), but

with different cleavage activities. The Co(II) and Cd(II)

complexes exhibit DNA cleavage activities in the presence

of H2O2/sodium ascorbate; however, the Cu(II) complex

displays higher DNA damage activity with or without

H2O2/sodium ascorbate. As shown in Figs. 6, 7a, and 8a,

the DNA cleavage activities of the complexes are obvi-

ously concentration-dependent. With the increase of com-

plex concentration, the supercoiled DNA decreases and

nicked circular DNA gradually increases. In order to assess

whether reactive oxygen species, such as singlet oxygen

and hydroxyl radical, were involved in DNA cleavage,

several radical scavengers were examined. As shown in the

figures, the experimental data indicate that the hydroxyl

radical can be ruled out in the DNA cleavage reactions, and

singlet oxygen is therefore likely to be the reactive species.

Conclusions

Three new complexes of a reduced amino acid Schiff base

ligand have been synthesized and structurally character-

ized. The CT-DNA binding abilities and supercoiled

plasmid DNA cleavage activities of the complexes have

been studied. The results suggest that all three complexes

bind to CT-DNA by an intercalative mode. The agarose gel

electrophoresis studies show that all of these complexes

can promote the oxidative cleavage of plasmid DNA at

physiological pH and temperature in the presence of H2O2/

sodium ascorbate, but the Cu(II) complex can also damage

plasmid DNA in air (in the absence of H2O2/sodium

ascorbate). Our investigation of the DNA cleavage mech-

anism suggests that singlet oxygen is the reactive oxygen

species that leads to DNA cleavage.

Fig. 6 Agarose gel electrophoresis diagram showing the cleavage of

pBR322DNA (33 lM) by complex 1 treated with H2O2/sodium

ascorbate in Tris–HCl/NaCl buffer (pH 7.2) and incubated for 3 h at

37 �C. Lane 1, DNA control; lane 2, DNA ? 1 (33 lM); lane 3,

DNA ? H2O2/sodium ascorbate (25 lM); lane 4–7, DNA ? H2O2/

sodium ascorbate ? 1 (11, 22, 27.5, 33 lM); lane 8–11: DNA ?

H2O2/sodium ascorbate ? 1 (33 lM) ? [DMSO (60 lM); SOD

(60 lM); L-Histidine (20 U/mL); EDTA (60 lM), respectively]
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