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Abstract The tetraazamacrocycle crown ether

(cyclen) containing two pyridine subunits was prepared

by a modified procedure and the interaction of its

metal complexes with DNA was studied by agarose gel

electrophoresis analysis. The results indicate that the

Cu2+ complex as nuclease model can promote the

hydrolysis of phosphodiester bond of supercoiled

DNA. The rate of degradation of the supercoiled DNA

(form I) to nicked DNA (form II) obtained at physi-

ological condition in the presence of 2.14 mM Cu2+

complex is 2.31 · 10–3 min–1. The dependence of the

rate of supercoiled DNA cleavage from the complex

concentration shows an unusual profile and a hydro-

lytic cleaving mechanism of two monometallic com-

plexes through cooperation from two-point binding to

DNA is proposed.

Keywords Cyclen � DNA cleavage � Phosphodiester �
Enzyme mimic � Electrophoresis

Introduction

The artificial nucleic acid cleaving agents have

attracted extensive attention due to their potential

applications in the fields of molecular biological tech-

nology and drug development [1]. Some metal com-

plexes as cleaving agents for phosphodiester bond of

nucleic acids have widely been investigated and found

to be quite efficient [2]. Especially, the complexes of

macrocyclic polyamines, such as 1,4,7,10-tetraazacy-

clododecane (cyclen) and 1,4,7-triazacyclononane

(tacn), with transition metals actually exhibit excellent

ability of hydrolytically cleaving nucleic acids [3] and

anti-tumor as well as anti-HIV in cells [4]. 2,11-Di-

aza[3.3](2,6)pyridinophane (DAP) employing two

pyridine moieties as parts of the cyclic backbone is an

important member of tetraazamacrocycle (cyclen)

compounds and its unique complexing behavior for

metal ions has been reported [5]. However, the activity

of cleaving nucleic acid like nuclease has not been

reported to date. Recently, DAP was synthesized by

previous method [6] with some modifications

(Scheme 1) in our group. The interaction of metal

complexes of DAP with DNA was studied and we

found that Cu2+ complex as nuclease model can cleave

double-stranded DNA under physiological condition.

The dependence of the rate of supercoiled DNA

cleavage on the complex concentration shows an unu-

sual profile, on which the interaction pattern of the

metal complex with DNA and the cleaving mechanism

are proposed.

Results and discussion

Cleavage of plasmid DNA

Plasmid DNA cleavage experiments were performed

using pUC19 DNA(25 lM bp) in 15 lL of Tris
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buffer(0.1 M, pH 8.5) at 37 �C in the dark and quen-

ched by loading buffer(3~3.5 lL). A preliminary study

showed that Cu2+ complex exhibit more effective

cleaving activity than other transition metal complexes

due to Cu2+ ion’s superior Lewis acidity [2p, 2r],

moreover Cu2+ ion or DAP alone could not cleave

plasmid DNA under the same conditions. This is kind

of normal as mentioned in lots of work [7]. Therefore,

Cu2+ complex was picked as cleavage agent and the

dependence of the rate of plasmid DNA cleavage on

pH and Cu2+ complex concentration were examined.

Dependence of the plasmid DNA cleavage on pH

pH is always one of the important factors in cleaving

reaction. Form II (nicked DNA) content produced by

DAP-Cu2+ complex cleaving DNA in pH range 6.5~8.5

at 37 �C (Fig. 1a and b) was studied. When pH value is

higher than 7.5, Form II increases rapidly. Such

behavior is similar to the work reported by Palumbo

et al. [2f], which is diagnostic of the deprotonation of a

metal-coordinated water molecule to form the active

nucleophile. Hence, Tris–HCl buffer with a pH of 8.5

was used for all other experiments.

Dependence of the plasmid DNA cleavage on time

Figure 2 shows time course of pUC19 DNA

(25 lM bp) cleavage by DAP-Cu2+ complex

(2.14 mM) in Tris–HCl buffers at pH 8.5 and 37 �C. It

reveals that 50% pUC19 DNA (Form I) was degraded

to relaxed circular DNA (Form II) about 120 min.

However, the linear DNA was not observed under

present experimental conditions. This case is very

similar to the reported works [8] using triazacyclo-

nonane derivative Cu2+ complex as DNA cleaving

agent.

Dependence of the plasmid DNA cleavage on the

concentrations of DAP-Cu2+ complex

Figure 3 shows that the amount of the cleaved DNA

under the same conditions remarkably increases with

the concentrations of DAP-Cu2+ complex up to a

maximum at approximately 2.2 mM , but the amount

of the cleaved DNA decreases when the complex
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Fig. 1 (a) Agarose gel (1%) pUC19 DNA (25 lM bp) incubated
for 214 min at 37 �C with 2.14 mM DAP-Cu2+ complex in a total
volume of 15 lL of Tris–HCl buffers in different pH: (1).6.5; (2).
7.0; (3). 7.5; (4). 8.0; (5). 8.5. (b) pH dependent Form II content
profile for DNA cleavage
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Fig. 2 Agarose gel (1%) pUC19 DNA (25 lM bp) incubated at
37 �C and pH 8.5 with DAP-Cu2+ complex (2.14 mM) in a total
volume of 15 lL of Tris–HCl buffers for 0~355 min
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Scheme 1 Synthesis of tetraazamacrocycle crown ether containing two pyridine subunits
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Fig. 3 Agarose gel (1%) pUC19 DNA (25 lM bp) incubated for
350 min at 37 �C and pH 8.5 with increasing concentrations of
DAP-Cu2+ complex: Lane 1, DNA control; Lane 2, 0.54 mM;
Lane 3, 1.07 mM; Lane 4, 1.61 mM; Lane 5, 2.14 mM; Lane 6,
2.68 mM
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concentration further increases. To better understand

the unusual behavior of this system, we investigated

the kinetics of DNA cleavage by the DAP-Cu2+ com-

plex (0.54 mM~2.68 mM). Figure 4a shows a typical

agarose gel generated by incubating the pUC19

(25 lM bp) plasmid DNA in the presence of 1.61 mM

DAP-Cu2+. Figure 4b shows the dependence of the

rate of disappearance of supercoiled pUC19 DNA

(Form I) and appearance of nicked DNA (Form II) on

the DAP-Cu2+ complex concentration. Data fit for the

pseudo first order reaction constant for the DNA

cleavage to obtain k1 = 2.15 · 10–3 min–1 (Fig. 4c). The

values for the kinetic rate constant at different complex

concentrations are reported in Table 1. The profile

describes an unusual bell-shape changing tendency

(Fig. 5) with the increase of complex concentrations

and the maximum is 2.31 · 10–3 min–1 (k1) at complex

concentration of 2.14 mM. Although a rigorous com-

parison is made difficult by the different experimental

conditions employed, this value is comparable to that

reported for metal complexes of cyclen or tacn ligand

in hydrolytic condition [2b, 3p, 8a, 9], and it is

3.85 · 106 times higher than DNA natural degradation

rate constant 6 · 10–10 min–1 [10, 1h].

Cleavage mechanism

To investigate the mechanism of the plasmid DNA

cleavage promoted by DAP-Cu2+ complex, the

hydroxyl radical scavengers DMSO and t-BuOH were

introduced to the system [3h, 8, 11]. No evident inhi-

bition of DNA cleavage was observed in the presence

of scavengers (Fig. 6, Table 2), which suggested that

hydroxyl radical oxidative cleavage might not occur in

the reaction. Therefore, DNA cleavage promoted by

DAP-Cu2+ complex takes place probably via a hydro-

lytic pathway.

As shown in Fig. 4, the dependence of the rate of

plasmid DNA cleavage on the DAP-Cu2+ complex

concentration follows an unusually profile. The steep
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Fig. 4 (a) Agarose gel (1%) pUC19 DNA (25 lM bp) incubated
at 37 �C and pH 8.5 with DAP-Cu2+ complex (1.61 mM) in a
total volume of 15 lL of Tris–HCl buffers for 0~385 min. (b)
Quantification of pUC19 DNA forms. (c) Data fit for pseudo first
order reaction constant for the DNA cleavage:
k1 = 2.15 · 10–3 min–1

Table 1 Pseudo first order kinetic constants (k1, min–1) for the
cleavage pUC19 DNA (25 lM bp) incubated at 37 �C and pH
8.5 in the presence of DAP-Cu2+ complexes

[DAP-Cu2+]/
mM

k1

(·10–3 min–1)
[DAP-Cu2+]/
mM

k1

(·10–3 min–1)

0.54 1.01 (0.18a) 2.14 2.31 (0.32a)
1.07 0.68 (0.17a) 2.68 1.72 (0.24a)
1.61 2.15 (0.12a)

a Standard deviation value
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Fig. 5 Pseudo first order rate constants (k1, min–1) versus DAP-
Cu2+ complex concentration for the nicking process of super-
coiled pUC19 DNA (25 lM bp) at 37 �C and pH 8.5 in Tris–HCl
buffer
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increase of the reactivity in the first part of the curve

could indicate a very high affinity of the Cu2+ complex

for the DNA backbone, and then the following

decrease suggests the concentration-dependent for-

mation of an unreactive species. Burstyn [8a] and

Palumbo [2f] reported the plasmid DNA cleavage

promoted by 1,4,7-triazacyclononane (tacn)-Cu2+

complex and 2,4,6-triamino1,3,5-trihydrooxycyclohex-

ane (taci), respectively. In their works, the bell-like

shape of profile for the first-order rate constant versus

the Cu2+ complex is similar to the present work. Pal-

umbo and co-workers [2f] suggested that the rate de-

crease can be attributed to the formation of unreactive

l-hydroxo dimmers. According with such hypothesis,

an unreactive l-hydroxo dimmer could also be formed

in the present work.

The dependence of the reaction rates on pH leads

us to postulate that the active species in the deprot-

onated form of complex DAP-Cu2+(OH–1) formed

when a proton is removed from the metal-coordinated

water molecule in the complex DAP-Cu2+(OH2). To

confirm the presence of a hydroxide anion coordi-

nated to Cu2+, ESI-MS analysis (Fig. 7) was carried

out at pH 8.5 aqueous solution. The peaks at m/z

319.86 and 321.97 show the DAP-Cu2+(OH–1) signals

(calcd. 320.07 and 322.07) and m/z 337.78 and 339.85

show the DAP-Cu2+(Cl–1) signals (calcd. 338.04 and

340.03), which assesses without doubt the presence of

an hydroxide anion coordinated to Cu2+, as a result of

a water molecule deprotonation. Such metal-coordinated

hydroxide is an effective nucleophile. The evidence

for copper hydroxides as the active catalyst [12] in the

hydrolysis of phosphodiesters and the hydrolytic

cleavage of DNA were reported [2f, 2o, 2p, 8a, 13].

Based on these proposals, a cleaving mechanism

promoted by DAP-Cu2+ complex is proposed as in

Scheme 2. Cu2+ ions usually form five-coordinated

complexes, which is satisfied by four nitrogen atoms

of cyclen and OH–1 or water molecule in complex

DAP-Cu2+(OH–1) or DAP-Cu2+(OH2). Therefore, it

is considered that two DAP-Cu2+ molecules cooper-

ate in the hydrolysis for phosphodiester bond of

DNA, which is similar to phosphodiester hydrolysis

promoted by binuclear copper2+ complex. One of

DAP-Cu2+ complexes serves to bind the phosphodi-

ester of DNA, whereas another one works to activate

the hydroxide [2f, 2p, 8a, 13a–c].

Conclusion

In summary, the copper2+ complex of tetraazamacro-

cycle crown ether (cyclen) containing two pyridine

subunits as nuclease model can promote the hydrolysis

of phosphodiester bond of supercoiled DNA. The rate

of degradation of the supercoiled DNA (form I) to

nicked DNA (form II) obtained at physiological con-

dition in the presence of 2.14 mM copper2+ complex is

2.31 · 10–3 min–1 and it is 3.85 · 106 times higher than

DNA natural degradation rate. The dependence of the

Table 2 Data of pUC19 plasmid DNA (25 lM bp) cleaved by
2.14 mM of DAP-Cu2+ incubated for 120 min at 37 �C in Tris–
HCl buffer (pH 8.5) in the presence of radical scavengers

%
Form I

%
Form II

Scavengers %
Form I

%
Form II

DNA control 95.64 4.36 t-BuOH 47.05 52.95
DAP-Cu2+ 50.85 49.15 DMSO 49.72 50.28

   1         

Form II 
 Form I 

4 3  2 

Fig. 6 Agarose gel (1%) pUC19 DNA (25 lM bp) incubated for
120 min at 37 �C in Tris–HCl buffer (pH 8.5) with DAP-Cu2+

complex (2.14 mM) and different scavengers: Lane 1, DNA
control; Lane 2, DNA + DAP-Cu2+; Lane 3, DNA + DAP-
Cu2+ + t-BuOH (17.5 mM); Lane 4,. DNA + DAP-Cu2+ + DM-
SO (17.5 mM)

Fig. 7 ESI-MS spectra of
DAP-Cu2+ complex in
aqueous solution at pH 8.5
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rate of supercoiled DNA cleavage from the complex

concentration shows an unusual profile and a hydro-

lytic mechanism of two monometallic complexes

through cooperation from two-point binding to DNA is

proposed.

Experimental

Apparatus

Melting points were tested on a Yanaco micro melting

point apparatus. 1H NMR data were recorded on a

Brucker AM 300 (Germany). Mass spectra were

obtained on an electrospray mass spectrometer (LCQ,

Finnigan) in negative mode. The gel electrophoresis

was conducted by DYY-5 electrophoresis. The gel

imaging and documentation DigiDoc-ItTM system

(version 1.1.23, UVP, Inc. Unpland, CA) was assessed

using Labworks Imaging and TotalLab 2.01analysis

software

Materials

pUC19 plasmid DNA was purchased from TaKaRa

Biotechnology (Dalian) Co., Ltd., and the purity was

checked by agarose gel electrophoresis and their con-

centration was determined by UV spectroscopy using

the extinction coefficient appropriate for double-

stranded DNA (1.0 OD260 = 50 lg/mL–1). Agarose

was from Oxoid Limited of Basingstoke, UK, Ethidi-

um Bromide (EB) was from Amresco. Inc.,

tris(hydroxymethyl)aminomethane (Tris-Base) was

from Robiot Co. Ltd., and Bromophenol Blue, Sac-

charose and ethyl diamine tetraacetic acid (EDTA)

were commercially available. Deionized water was

obtained by ionized column from distilled water. Stock

solution of EB (2 g/L) was prepared by dissolving

100 mg of EB in 50 mL of deionized water. Kinds of

buffer solutions were prepared by Tris-Base and

hydrochloric acid, and the pH was confirmed by OR-

ION868 with an Ag/AgCl electrode as the reference

electrode in saturated KCl solution at room tempera-

ture. Loading buffer IV was prepared according to

literature [14] as follows: 0.125 g of bromophenol blue

was added into the solution containing 20 g of sac-

charose, 50 mL of deionized water and 8 mg of EDTA

(the final solution was containing 0.25% bromophenol

blue, 40% saccharose and 500 lM of EDTA and was

stored under 4 �C). 2 · TAE buffer [11a, 14] was

prepared by dissolving 48.5 g of Tris-Base, 11.5 mL of

acetic acid and 2.9 g of EDTA in 500 mL of deionized

water. And 1% (w/v) agarose gel was prepared with

0.5 · TAE buffer. All solvents were purified by stan-

dard procedure.

Synthesis of ligand DAP and preparation of DAP-

Cu2+complex solution

The ligand DAP was synthesized by a modification of

published procedure [6] with (Scheme 1). Pre-manu-

factured sodium p-tolunesulfonamide (0.965 g,

5 mmol) was dissolved in 100 mL of ethanol. To this

mixture was added dropwisely 50 mL of alcoholic

solution containing 2,6-bis(bromomethyl)pyridine

(1.32 g, 5 mmol) during half an hour. Then, the mix-

ture was stirred under refluxing for two days. The

mixture gradually turned muddy. After cooled to room

temperature, the solution was filtrated and evaporated

to nearly dryness. A glass of ice water (50 mL) was

injected into the residue and normally white solid was

obtained. Filtrated, the solid was recrystallized with

chloroform/methanol to give N¢,N-ditosyl-DAP

(0.47 g, 48.1%), white powder, m.p. 260–264 �C. 1H

NMR (CDCl3) d(ppm): 2.48(s, 6H, 2 · CH3), 4.48(s,

8H, 4 · CH2), 7.17(d, J = 7.1Hz, 4H, 4 · Ar–H),
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7.28(t, J = 8.0 Hz, 2H, Ar–H), 7.39(d, J = 7.1Hz, 4H,

4 · Ar–H), 7.80(d, J = 8.0, 4H, 4 · Ar–H); MS(E-

SIMS) m/z: 549.2 ([M+H]+, calc.for C28H28N4O4S2:

549.2. N¢,N-ditosyl-DAP (0.2 g, 0.36 mmol) was added

into concentrated sulfuric acid(0.7 mL, 1.3 g) and

heated at 100 �C for 2 h. Cooled, the mixture was

carefully neutralized with 20% sodium hydroxide

aqueous solution(1.4 mL), followed by extraction with

chloroform. The organic layer was separated and dried

with anhydrous sodium sulfate for half an hour.

Then chloroform was evaporated under vacuum and

0.5 g of a white solid was obtained with a melting

point >250 �C, yield: 57.8%. 1H NMR(D2O) d(ppm):

3.97(s, 8H, 4 · CH2), 7.31–7.58(m, 6H, 6 · Ar–H).

MS(ESIMS)m/z: 241.3 ([M+H]+, calc. for C14H16N4:

241.1. The stock DAP-Cu2+complex solutions were

prepared by mixing equimolar amounts of ligand DAP

and copper chloride in deionized water. MS(ESIMS)m/

z: 338.1, 340.1 ([M+Cl-]+, calc.for C14H16N4Cu + Cl:

338.0, 340.0; 362.0 ([M+CH3COO-]+, calc.for

C16H19N4O2Cu: 362.1.

Cleavage of plasmid DNA

The plasmid DNA cleavage experiments were per-

formed using pUC19 DNA in Tris buffer (pH 8.5).

Reactions were performed by incubating DNA

(25 lM bp) at 37 �C in the dark in the presence/ab-

sence of increasing amount of DAP-Cu2+complex for

the indicated time. When required, the incubation was

carried out in the same buffer but in the presence of

radical scavengers DMSO and t-BuOH [2f, 8a, 11]. All

reactions were quenched by loading buffer(3~3.5 lL).

Agarose gel electrophoresis was carried out on a 1%

agarose gel in 0.5· Tris-acetate-EDTA buffer con-

taining 0.5 lg mL ethidium bromide at 80 V for 1.5 h.

The resolved bands were visualized with a UV trans-

illuminator and quantified using TotalLab 2.01 soft-

ware. The intensity of the band relative to the

supercoiled form has been multiplied for 1.43 to take

account of its reduced affinity to ethidium bromide [2f].
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