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Abstract Two zinc(II) terpyridine complexes Zn(at-

py)2(PF6)2 (1) (atpy = 40-p-N90-adeninylmethyl-

phenyl-2,20:6,200-terpyridine) and Zn(ttpy)2(PF6)2 (2)

(ttpy = 40-p-tolyl-2,20:6,200-terpyridine) have been

synthesized and characterized by elemental analysis,
1H NMR and electrospray mass spectroscopy. The

structure of complex 2 was also determined by X-ray

crystallography, which revealed a ZnN6 coordination

in an octahedral geometry with two terpyridine acting

as equatorial ligands. The circular dichroism data

showed that complex 1 exhibited an ICD signal at

around 300 nm and induced more evident distur-

bances on DNA base stacking than complex 2,

reflecting the impact of the adenine moiety on DNA

binding modes. Complex 1 exhibited higher cleavage

activity to supercoiled pUC 19 DNA than complex 2

under aerobic conditions, suggesting a promotional

effect of adenine moiety in DNA nuclease ability.

Interestingly, both complexes demonstrated potent in

vitro cytotoxicity against a series human tumor cell

lines such as human cervix carcinoma cell line

(HeLa), human liver carcinoma cell line (HepG2),

human galactophore carcinoma cell line (MCF-7) and

human prostate carcinoma cell line (pc-3). The

cytotoxicity is averagely 10 times more active than

the anticancer drug cisplatin.

Keywords Adenine � DNA binding �
DNA cleavage � Terpyridine � Zinc

Introduction

DNA binding and cleavage are two critical events for

gene mutation and carcinogenesis in biological

systems (Haq and Ladbury 2000). Therefore, DNA-

targeting reagents may have great prospects as

artificial nucleases, DNA structural probes or gene-

selective drugs (Hannon 2007). Metal complexes

have been studied extensively due to their diversity in

structure and reactivity (Jiang et al. 2007). For

example, metalated terpyridine complexes are well

documented for their high DNA affinity through

intercalation (Glover et al. 2003; Lavin et al. 2005),

DNA nuclease activity (Szaciłowski et al. 2005;

Holder et al. 2004) and cytotoxicity (Li et al. 2006;

Novakova et al. 1995).

Recent reports showed that small molecules con-

taining nucleobases exhibited interesting recognition

ability to the complementary base in single or double
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stranded polynucleotides (Tumir et al. 2003, 2005;

Juranović et al. 2002). Especially, an acridine-

phenanthridinium-adenine conjugate was particularly

promising since it generated promising double-

stranded DNA cleavage in a selective way, and the

cleavage is achieved via its intrinsic b-elimination

cleaving activity on the a basic strand and its

radicalar cleavage activity on the opposite strand

(Martelli et al. 2002). Therefore, nucleotide recogni-

tion has been utilized to promote irreparable multiple

DNA damage. Another interesting example is that

copper-metalated adenine-containing polymers were

found to promote the hydrolysis of natural phosphate

esters in a highly efficient and catalytic fashion,

possibly due to the synergia between adenine and

copper ions (Srivatsan et al. 2002).

To continue our investigations on the structure-

activity relationship of metal terpyridine complexes

(Shi et al. 2006; Jiang et al. 2008), in this work we

report the synthesis and characterization of two zinc

complexes Zn(atpy)2(PF6)2 (1) and Zn(ttpy)2(PF6)2

(2), in which atpy contains a nucleobase adenine. The

DNA binding ability, DNA nuclease activity and in

vitro cytotoxicity of both complexes were studied and

compared in order to illustrate the role of adenine

moiety in improving the bioactivity of complex 1.

Experimental

Materials and physical measurements

Reagents such as methanol, ethanol, acetone, anhy-

drous DMF, Zn(NO3)2 � 3H2O were of analytical

grade and were used without further purification. The

40-p-tolyl-2,20:6,200-terpyridine, 40-p-bromomethyl-

phenyl -2,20:6,200-terpyridine were prepared accord-

ing to the reported procedures (Neve et al. 1999;

Johansson et al. 2003). The ligand 40-p-N90-adeni-

nylmethylphenyl-2,20:6,200-terpyridine (atpy) was

obtained by the reaction of the adenine with 40-
p-bromomethylphenyl -2,20:6,20-terpyridine (Jiang

et al. 2008). The pUC19 plasmid DNA was purchased

from TaKaRa Biotechnology (Dalian). The electro-

spray mass spectra were recorded using an LCQ

electron spray mass spectrometer (ESMS, Finnigan)

and Isopro 3.0 was used to simulate the isotopic

distribution patterns of the assigned ions. The 1H

NMR data were carried out on a 500 MHz Bruker

DMX spectrometer. The elemental analysis was

performed on a Perkin–Elmer 240C analytical

instrument.

Syntheses

40-p-tolyl-2,20:6,200-terpyridine (ttpy)

A mixture of 2-acetylpyridine (3 ml, 0.026 mol), 3 ml,

0.025 mol 4-methylbenzaldehyde (3 ml, 0.025 mol)

and 100 ml aqueous solution of 2% NaOH were

stirred at 25�C for 8 h, then 18 g solid NaOH and

3 ml 2-acetylpyridine were added to the mixture to

get a red solution. After the solution was heated at

70�C for 8 h, it was cooled and dark solid were

obtained, which was then dissolved in 200 ml ethanol

to get a clear red solution. Then 18 g CH3COONH4

was added in three portions under reflux in 3 h. The

hot solution was filtered and the filtrate was left to

crystallize at room temperature. The yellow needle

crystals were collected and dried in vacuum. Yield:

3.8 g, 47%. M.p. 166�C. 1H NMR (500 MHz,

d6-DMSO, 25�C, TMS): 8.75 (t, 2H, H6060 0), 8.66

(m, 4H, H3050 0 ? H3030 0), 8.02 (m, 2H, H404), 7.81

(d, 2H, benzene-H, J = 7.85), 7.51 (m, 2H, H5050 0),

7.39 (d, 2H, benzene-H, J = 7.5), 2.39 (s, 3H, metyl-

H). ES-MS (m/z, positive mode): 324.3[LH]?, 351.3

[Na (CH3OH)L2H]2?, 669.0 [NaL2]?.

40-p-N90-adeninylmethylphenyl-2,20:6,200-terpyridine

(atpy)

Adenine (0.135 g, 1 mmol), sodium hydride (0.048 g,

2 mmol) and 40-p-bromomethylphenyl -2,20:6,2’’-ter-

pyridine (0.402 g, 1 mmol) were subsequently added

to an anhydrous DMF (20 ml). The mixture was

stirred at 80�C under dinitrogen for 12 h and then the

solvent was evaporated under reduced pressure. The

residue was then recrystallized from ethanol to give

atpy as a white solid. Yield: 0.313 g, 68.7%. M.p.

185�C. 1H NMR (500 MHz, d6-DMSO, 25�C, TMS):

d = 8.72 (s, 2H; H6,60 0), 8.61 (d, 4H; H3050 0 ? H3030 0),

8.31 (s, 1H; C80-purine-H), 8.16 (s, 1H; C20-purine-

H), 7.98 (t, 2H; H4040 0; J = 7.4 Hz), 7.87 (d, 2H;

benzene-H, J = 7.6 Hz), 7.48, (d, 4H; H5050 0 ? ben-

zene-H), 7.25 (s, 2H; NH2), 5.47 (s, 2H; methylene-

H). ES-MS (m/z, positive mode): 457.2 [LH]?.
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Zn(atpy)2(PF6)2 (1)

A mixture of Zn(NO3)2 � 6H2O (0.149 g, 0.5 mmol)

and atpy(0.456 g, 1 mmol) in a mixture of ethanol and

water (50 ml) was stirred for 12 h at 30�C, then KPF6

(0.184 g, 1 mmol) was added. The solids were filtered

and washed with acetone and diethyl ether, and dried in

air. Yield: 0.363 g, 57.4%. M.p. [300�C. 1H NMR

(500 MHz, d6-DMSO, 25�C, TMS): d = 9.32 (s, 4H,

H6060 0), 9.08 (d, 4H, H3,30 0, J = 7.5 Hz), 8.41 (s, 2H,

C80-purine-H), 8.36 (d, 4H, H3050 0, J = 7.5 Hz), 8.26(t,

4H, H4040 0, J = 7.25 Hz), 8.21 (s, 2H, C20-purine-H),

7.92 (d, 4H, benzene-H, J = 3.5 Hz), 7.69 (d, 4H,

H5050 0, J = 8.0 Hz), 7.47 (t, 4H, benzene-H, J = 5.5

Hz), 5.58 (s, 4H, methylene-H). ES-MS (m/z, positive

mode): 488.3, [Zn(atpy)2]2?; elemental analysis calcd

(%) for C54H40F12N16P2Zn (1267): C 51.14, H 3.16, N

17.68; found: C 50.78, H 4.09, N 17.71.

Zn(ttpy)2(PF6)2 (2)

A mixture of Zn(NO3)2 � 6H2O (0.149 g, 0.5 mmol)

and ttpy (0.323 g, 1 mmol) in a mixture of ethanol

and water (50 ml) was stirred for 12 h at 30�C, then

KPF6 (0.184 g, 1 mmol) was added. The solids were

filtered and washed with acetone and diethyl ether,

and dried in air. Yellow crystals suitable for X-ray

diffraction were obtained by vapor diffusion of

diethyl ether into a solution of the solid in the

CH3CN. Yield: 0.282 g, 56.3%. M.p. [300�C. 1H

NMR (500 MHz, d6-DMSO, 25�C, TMS): d = 9.38

(s, 4H, H6060 0), 9.17 (d, 4H, H3030 0, J = 7.7 Hz), 8.39

(d, 4H, H30,50 0, J = 7.2 Hz), 8.29 (t, 4H, H4040 0,

J = 7.15 Hz), 7.96 (s, 4H, benzene-H), 7.60 (d, 4H,

H5050 0, J = 7.25 Hz), 7.50 (s, 4H, benzene-H); 2.37 (s,

3H, metyl-H). ES-MS (m/z, positive mode): 355.5,

[Zn(ttpy)2]2?; 854.7, {[Zn(ttpy)2](PF6)}? elemental

analysis calcd (%) for C44H34F12N6P2Zn (1002.1): C

52.74, H 3.42, N 8.38; found: C 52.57, H 3.53, N

8.39.

X-ray crystallography

For Zn(ttpy)2(PF6)2, a single crystal of the complex

was mounted on a glass fiber. Intensity data were

collected at 298 K on a Bruker SMART CCD area

detector diffractometer operating in the / – x scan

mode with graphite-monochromated MoKa radiation

(k = 0.71073 Å). Empirical absorption corrections

were carried out using a multiscan program. The

SMART software was used for data acquisition and

the SAINT software for data extraction. Absorption

correction was made using SADABS (Sheldrick

2001). The structures were solved by direct methods

and refined on F2 by fullmatrix least-squares methods

by using the SHELXTL program (Sheldrick 1997).

All non-hydrogen atoms were refined anisotropically.

The hydrogen atoms of the complex were located

from the difference Fourier maps and refined iso-

tropically. The data collection and refinement

parameters of Zn(ttpy)2(PF6)2 are given in Table 1.

The crystallographic data are deposited in Cambridge

Crystallographic Data Center with a registration

number of 615623. These data can be obtained free

of charge from the Cambridge Crystallographic Data

Center via http://www.ccdc.cam.ac.uk/data_request/

cif.

DNA binding and cleavage experiments

The CD spectra of DNA was recorded on a Jasco

J-810 automatic recording spectropolarimeter at room

temperature at increasing complex/DNA ratio

(r = 0.0, 0.2, 0.4). Each sample solution was scanned

in the range of 420–220 nm at a speed of

10 nm min-1 and the buffer background was auto-

matically subtracted. The concentration of DNA was

1.0 9 10-4 M.

The DNA cleavage activity of complexes 1 and 2

was studied by agarose gel electrophoresis. Super-

coiled pUC19 DNA (200 ng) in Tris–HCl buffer

(50 mM) containing 50 mM NaCl (pH 7.4) was

treated with copper complexes to yield a total volume

of 10 ll and then incubated in dark for 12 h at 37�C.

The reaction was quenched by the addition of 1 ll

loading buffer, and then the resulting solutions were

loaded on a 0.7% agarose gel. Electrophoresis was

carried out at 50 V for 2 h in TAE buffer (40 mM

Tris acetate/1 mM EDTA). DNA bands were visual-

ized under UV light and photographed. The

quantification of each form of DNA was made by

densitometric analysis of ethidium bromide contain-

ing agarose gel. A correction factor of 1.47 was used

for supercoiled DNA (form I) taking into account the

weaker intercalation of EB to SC compared to nicked

(form II) and linear DNA (form III).
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Cytotoxicity assay

The human cell lines HeLa, pc-3 and MCF-7 were

maintained in DMEM. HepG2 cells were maintained

in RPMI 1640 medium. All media were supple-

mented with newborn calf serum (10%). Cultures

were incubated at 37�C in a humidified atmosphere of

5% CO2/95% air. All cultures were daily passaged.

Assays of cytotoxicity were conducted in 96-well,

flat-bottomed microtitre plates. The supplemented

culture medium (50 ll) with cells (1 9 105 cells per

ml) was added to the wells. Compounds were

dissolved in DMSO and diluted in the culture

medium with the final concentrations of 2–200 lM,

and the solutions were added to the wells with 50 ll

each well. The microtitre plates were incubated at

37�C in a humidified atmosphere of 5% CO2/95% air

for 48 h. All the assays were run in parallel with a

negative and a positive control, in which cisplatin

was used as a cytotoxic agent. The evaluation of

cytotoxicity was carried out using a modified method

of MTT assay. About 10 ll MTT solution with a

concentration of 4 mg/ml were added into each well,

and after 2 h incubation at 37�C in a humidified

atmosphere of 5% CO2/95% air, a water solution

containing 10% w/v of SDS and 50% v/v of DMF

was added into each well to lyse the cells and to

solubilize the formazan complex formed. After 20 h

incubation, the OD value was measured by using a

microtitre plate reader at 570 nm and the percentages

of cell survival were determined. The cytotoxicity

was evaluated based on the percentage cell survival

in a dose-dependent manner relative to the negative

control.

Table 1 The 1H NMR spectral data of ttpy, atpy and their Zn(II) complexes 1 and 2

ttpy atpy Zn(atpy)2(PF6)2 Zn(ttpy)2(PF6)2

d (ppm) J (Hz) d (ppm) J (Hz) d (ppm) J (Hz) d (ppm) J (Hz)

CH2/CH3 2.39 5.46 5.58 2.37

NH2 7.25

Hb 7.39 7.5 7.48 7.47 5.5 7.50

H5,50 0 7.51 7.49 7.69 8.0 7.60 7.25

Ha 7.81 7.85 7.88 7.6 7.92 3.5 7.96

H4,40 0 8.01 7.99 7.4 8.26 7.25 8.29 7.15

C20-purine-H 8.16 8.21

C80-purine-H 8.31 8.41

H30,50 8.66 8.61 8.36 7.5 8.39 7.2

H3,30 0 8.74 8.64 9.08 7.5 9.17 7.7

H6,60 0 8.75 8.71 9.32 9.38
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Results and discussion

Synthesis and characterization

The synthetic procedure of complexes 1 and 2 is

shown in Scheme 1.

Two zinc(II) complexes were prepared by direct

reaction of the corresponding ligands with

Zn(NO3)2 � 6H2O in ethanol in relative good yield,

respectively. The target complexes were obtained by

precipitation using KPF6. In the electrospray ioniza-

tion mass (ESI-MS) spectra for the two complex, the

signals 488.3, 355.2, and 854.7 were attributed to

[Zn(atpy)2]2?, [Zn(ttpy)2]2? and [Zn(ttpy)2(PF6)]?,

respectively, (Figs. S1, S2). Their isotopic distribu-

tion patterns are almost identical to the corresponding

simulated ones given by Isopro 3.0.

The 1H NMR spectra of both Zn(II) complexes are

shown in Figs. S3 and S4. The proton chemical shifts

are shown in Table 1, which are assigned with the aid

of the corresponding simulated ones given by ACD/

HNMR 2.0 and comparison with those of correspond-

ing ligands and similar compounds (Shi et al. 2006;

Jiang et al. 2008). The 1H NMR data showed the

proton resonances of H3,300 and H6,600 of the terpyr-

idine moiety in both complexes located at 9.38–

9.08 ppm, which are significantly shifted to downfield

compared to the signals in free ligands at 8.64–

8.75 ppm. Together with the 0.3 ppm shift to upfield

of the proton resonances of H30,50, these data suggest

the coordination of terpyridine moiety to Zn(II) center

by {N, N, N} mode. For complex 1, the proton signals

for adenine and methylene groups (8.41, 8.21 and

5.58 ppm, respectively) are similar to those for free

atpy (8.31, 8.16 and 5.46 ppm), indicating that the

adenine moiety is not involved in Zn(II) coordination.

Crystal structure of complex 2

As shown in Fig. 1, complex 2 is ionic, presenting a

[Zn(ttpy)2]2? cationic core. Two ttpy act as equatorial

ligands in a double-tridentate mode. The {N, N, N}

coordination planes are nearly perpendicular to each

other with the dihedral angles of about 84.5�. The

coordination distance of Zn–Nlateral (Zn(1)–N(1),

2.170(2) Å) is slightly longer than that of Zn–Ncentral

(Zn(1)–N(2), 2.068(3) Å), which is comparable with

those found in similar zinc(II) terpyridine complexes

(Harvey et al. 2004). Nonclassical hydrogen bond

C4B–H4B���F3A was found between [Zn(ttpy)2]2?

cationic core and anionic PF6
-(Steiner 1996), and the

bond length is 2.48 Å, which benefit the formation of

a 3D cationic network in the crystal packing of

complex 2 (Fig. 2).

Scheme 1 Preparation

of complexes 1 and 2
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DNA binding ability

The DNA binding ability of both complexes was

studied by CD spectrum using pUC19 DNA as

substrate. The CD spectrum of plasmid DNA (pUC

19, supercoiled) showed a positive band at 268 nm

due to base-stacking and a negative band at 244 nm

due to the right-handed helicity. Both bands are quite

sensitive to the interaction mode with small mole-

cules (Nejedlý et al. 2005). As shown in Fig. 3a and

b, the positive band (*268 nm) decreased signifi-

cantly in intensity while the negative band

(*268 nm) decreased only slightly in intensity with

the increase of the complex concentration, suggesting

that both complexes induce more evident disturbance

on DNA base stacking than on DNA right-handed

helicity. Larger intensity decrease in the DNA CD

spectra was observed for complex 1 (38.6%) than for

complex 2 (19.7%), indicating the former exerts more

effective perturbation than the latter on tertiary

structure of DNA. It is worthy to note that a positive

ICD band appeared in the region of 290–360 nm

when the complex 1 was added into DNA. The ICD

signal gave De values of less than 10 units (Fig. 4),

consistent with DNA intercalation (Berova et al.

2000). However, no such an ICD signal was observed

in complex 2 and DNA system. Therefore, the

adenine moiety in complex 1 can intercalate into

the DNA base pairs and induce more evident

disturbance on DNA conformation. Similar effect

was observed in copper complexes of the same

ligands (Jiang et al. 2008).

Fig. 1 Crystal structure

of Zn(ttpy)2(PF6)2 (the

hydrogen bond C4B–

H4B���F3A was labeled, and

the bond length is 2.48 Å)

Fig. 2 The 3D net structure

of Zn(ttpy)2(PF6)2 linked by

C4–H4���F3 (only the center

zinc, six nitrogen atom,

C4, C5, H4 together with

PF6
- left for clarity and the

polyhedron represents the

[Zn(ttpy)2]2?)
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DNA nuclease activity

The DNA cleavage activities of complexes 1 and 2

have been studied under physiological pH and

temperature by gel electrophoresis using supercoiled

pUC19 plasmid DNA as substrate. Figure 5 shows

the results obtained with complexes of different

concentration in 50 mM Tris–HCl/50 mM NaCl

buffer (pH 7.4) at 37�C in 12 h, which indicates that

the chemical nuclease ability follows the order of

complex 1 [ complex 2. Complex 1 exhibited

double-stranded DNA cleavage ability when the

complex concentration reached 60 lM, resulting

23% nicked (Form II) and 8% linear (Form III)

DNA. However, complex 2 can only convert super-

coiled (Form I) DNA to nicked DNA even at 80 lM

(Fig. 5). Concerning the similarity in zinc coordina-

tion between complexes 1 and 2, this difference in

nuclease activity can be attributed to the promotional

effect of the adenine moiety. Control experiments

with two ligands atpy and ttpy were conducted, which

showed that at a concentration of 100 lM atpy is

inactive while ttpy can convert 25% supercoiled

DNA into nicked DNA. This result again confirmed

that the double-stranded cleavage activity of complex

1 arises from the whole complex while that of

complex 2 comes mainly from the ttpy ligand.

In vitro cytotoxicity

There are scarce reports on the cytotoxicity of zinc

complexes (Choi et al. 2004; Kovala-Demertzi et al.

2006). Two zinc(II)-phthalocyanines complexes were

reported to exhibit photocytotoxicity towards murine

macrophage cell line (J774), however, they are

inactive towards human hepatocellular carcinoma

cell line (HepG2) (Choi et al. 2004). Some other

Zn(II) complexes of thiosemicarbazones displayed

IC50 values in a lM range against several human and

Fig. 3 CD spectra of

supercoiled plasmid DNA

(1 9 10-4 M, pUC19) in

the absence and presence

of Zn(atpy)2(PF6)2 or

Zn(ttpy)2(PF6)2 at r

([Complex]/[DNA]) of 0.2

and 0.4: a plasmid DNA

with Zn(atpy)2(PF6)2; b
plasmid DNA with

Zn(ttpy)2(PF6)2

Fig. 4 The ICD band of the complex 1 when added into

plasmid DNA (1 9 10-4 M, pUC19)

Fig. 5 Agarose gel electrophoresis patterns for the cleavage of

pUC19 plasmid DNA (0.02 mg ml-1, 30 lM base pair) by

complex 1 and complex 2 in the dark for 12 h in Tris–HCl

buffer (50 mM, pH 7.4) at 37�C: Lane 1, DNA control; lane

2–6, DNA ? complex 1(10, 20, 30, 60 and 80 lM); lane 7–11,

DNA ? complex 2 (10, 20, 30, 60 and 80 lM), lane 12,

DNA ? 100 lM atpy; Lane 13, DNA ? 100 lM ttpy
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mouse tumor cells, and their cytotoxicity was attrib-

uted to the ligands (Kovala-Demertzi et al. 2006).

In this work, we evaluated the in vitro cytotoxic

activities of both zinc(II) complexes against four

human tumor cell lines: HeLa, MCF-7, HepG2 and

pc-3 cell lines. As shown in Table 2, both the two

ligands and their zinc(II) complexes demonstrated

higher in vitro cytotoxicity than cisplatin against

selected tumor cell lines. Zn(atpy)2(PF6)2 is much

cytotoxic, with about 10 times higher than atpy

against MCF-7 and pc-3 cell lines, indicating the

crucial attribution of the metallization. However, the

cytotoxicity of Zn(ttpy)2(PF6)2 is much similar to that

of ttpy, reflecting the important impact of the ligand.

The cytotoxicity of two complexes follows the order:

Zn(ttpy)2(PF6)2 [ Zn(atpy)2(PF6)2, which is opposite

to their order of DNA binding and DNA nuclease

ability of the two complexes. Therefore events other

than DNA binding and DNA damage could be

responsible for the observed cytotoxicity of the

complexes.

Conclusion

The comparison of DNA binding properties, nuclease

activity and cytotoxicity of complexes 1 and 2 revealed

that the biological effects induced by the incorporation

of nucleobase adenine. Because of the presence of

adenine moiety in complex 1, more significant struc-

tural change of DNA and more effective DNA

cleavage activity were observed than complex 2. It is

interesting to note, however, complex 1 showed lower

cytotoxicity than complex 2 against four human tumor

cell lines. Therefore, other biological targets other than

DNA may be responsible for the in vitro cytotoxicity of

the two zinc complexes.
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