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A dinuclear Cu(II) complex with 1,3-bis(1,4,7-triaza-1-cy-
clononyl)propane cleaved plasmid DNA to relaxed circular
and linear forms at pH 7.3 and 30 �C. Under the same condi-
tions, double strand cleavage by the corresponding mononuclear
Cu(II)([9]aneN3) complex was negligible.

Natural nucleases such as alkaline phosphatase, phospholi-
pase C, and P1 nuclease contain more than two metal ions in the
active site,1 and there have been reported quite a few dinuclear
Co(III), Cu(II), La(III), and Fe(III) complexes that hydrolyze
phosphate esters including DNA.2

Unlike simple models such as bis-(4-nitrophenyl) phos-
phate(BNPP), DNA cleavage mechanisms by the same type of
metal complexes are not clearly established. The active species
leading DNA cleavage are yet to be determined.

In this study, we report that the dinuclear Cu(II) complex
with 1,3-bis(1,4,7-triaza-1-cyclononyl)propane(L1), cleaves
DNA over 10 times faster than the corresponding mononuclear
Cu([9]aneN3: L2) complex does under mild conditions. Since
the CuL2 complex is rather more efficient in hydrolyzing BNPP
than the Cu2L1 complex,3 there must be other factors or mech-
anisms operating in the complex mediated DNA cleavage.
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The cleavage of DNA was followed by monitoring conver-
sion of supercoiled plasmid DNA (form I), 1:02� 10�4 M in
base pairs, to relaxed circular (form II) and linear (form III)
forms (Figure 1).4 Under the experimental conditions used,
form III formation by the CuL2 complex was negligible. The
extents of DNA cleavage at various concentrations of the Cu
complexes were listed in Table 1. The extent of DNA cleavage
was proportional to the concentration of the Cu2L1 complex up
to 20mM and decreased thereafter. The reaction was pH depen-
dent, where maximum cleavage was obtained around pH 8.4.5

The pseudo first order rate constants of degradation of form I
by the Cu2L1 and CuL2 complexes (4mM) were 1:0� 10�2/
min and 5:2� 10�3/min, respectively at pH 7.3 and 30 �C.6

Plasmid DNA was cleaved at least 10 times faster by the Cu2L1
complex than the CuL2 complex.7

Recently, we have shown that the Cu2L1 complex hydro-
lyzed BNPP in almost the same rate, while 4-nitrophenyl-
phosphate(NPP) with 300 fold rate enhancement over the
CuL2 complex.3 We proposed a double Lewis activation by
two Cu(II) ions which was more effective for hydrolysis of
phosphate diesters of RNA type or phosphate monoesters than
phosphate diesters.2a. In hydrolyzing BNPP, the Cu2L1 and
CuL2 complexes shared the mechanism involving an intramole-
cular metal hydroxide attack on the bound substrate in mono-
dentate fashion. As active species, CuL2(OH2)(OH) was pro-
posed in hydrolyzing BNPP.8 The maximum rate obtained
near pH 8.4 in DNA cleavage reaction by the Cu2L1 complex
indicated that monomeric unit of the dinuclear complex might
participate in the cleavage.9 Unlike the CuL2 complex, the
Cu2L1 complex has additional positive charges by the neighbor-
ing Cu(II) ion and might facilitate DNA binding. Polyamines
are known to bind DNA with their protonated forms and some-
times to lead DNA cleavage upon addition of metal ions.10 Ionic
strength dependencies for nicking and linearization of plasmid
DNA supported the strong electrostatic interaction by the
Cu2L1 complex (Figure 2a). Form III production by the Cu2L1
complex was inhibited at lower NaNO3 concentration than form
II production. Binding associated with linearization, which may
occur near a negatively charged nicked gap, appears to have
higher sensitivity to ionic strength than that associated with
nicking.11

To verify active species in DNA cleavage reaction, we
added radical scavengers to the reaction mixtures of the Cu2L1
complex (Figure 3). Catalase inhibited the reaction and super-
oxide dismutase(SOD) had little effect in the reaction. Other ad-
ditives such as DMSO and NaN3 did not affect the reaction.
Catalase inhibition indicates peroxide species might be involved

Figure 1. DNA(pCMV-Myc: 102mM bp) cleavage reaction
by the Cu2L1 and the CuL2 complexes at pH 7.3(10mM
HEPES) and 30� 0:5 �C. lane 1–5: DNA + Cu2L1(4mM):
lane 6–10: DNA + CuL2(8mM): t = 0.1, 3, 6, 12, 24 h, re-
spectively.

Table 1. The extent of DNA cleavage(%) at the various con-
centrations of the Cu2L1 and the CuL2 complexes at pH 7.3
and 30� 0:5 �Ca

Catalysts/mM Form I Form II Form III

Cu2L1 4 3.2 90.2 6.6
12 2.0 73.2 24.8
32 1.5 76.4 22.2
48 1.6 79.0 19.4

CuL2 8 84.0 16.0 0
40 38.8 61.3 0
96 30.5 69.5 0

a. after 6 h incubation:[DNA]=102mM bp and 10mM
HEPES buffer used.
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in the reaction.12 In our experimental conditions, O2 was not ex-
cluded so that there might be participation of O2 from the air or
from endogenous reductants(amine buffer).13 We tested the ef-
ficiency of other dinuclear Cu complexes, Cu2L3 (L3=1,5-
bis(1,5,9-triaza-1-cyclododecyl)propane and Cu2L4 (L4=1,5-
bis(1,4,7-triaza-1-cyclononyl)-m-xylene) complexes in cleaving
DNA.14 The participation of O2 should be the same in all reac-
tions carried out in our experiments. As shown in Figure 2b, the
Cu2L1 complex cleaved plasmid DNA more efficiently than
other Cu complexes including the Cu2L4 complex, which had
been previously shown comparable reactivity in hydrolyzing
GpppG.15 Although an involvement of metal-peroxide species
is still yet to be verified, hydrolytic mechanism is likely operat-
ing in the DNA cleavage reaction.16

In the Cu2L1 complex mediated DNA cleavage, the binding
and catalytic ability of the Cu2L1 complex to DNA should be
investigated further. However, it is remarkable to observe large
rate enhancement in cleaving DNA with a flexible dinuclear
Cu2L1 complex.
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Figure 3. DNA(pCMV-Myc) cleavage in the presence of
various conditions at pH 7.3(10mM HEPES) and 29� 0:5
�C: lane 1: DNA(102 mM bp) + Cu2L1(10 mM), lane 2: +
DMSO(0.1M), lane3: + catalase (1 unit/10mL), lane 4: +
SOD(1 unit/10mL), lane 5: + NaN3(30mM), lane 6: +
NaCl(30mM), lane 7: DNA + Cu(NO3)2(28mM), lane 8:
+ L1(10mM), lane 9: DNA only (control), lane 10: DNA
+ CuL2(24mM).

Figure 2. a) Ionic strength dependence of the Cu2L1 com-
plex(10mM) mediated DNA(pCMV-Myc: 102mM bp) clea-
vage at pH 7.3(10mM HEPES), 25 �C, t = 3 h. lane 1–5: I
= 0, 10, 30, 50, 100mM NaNO3. b) DNA cleavage mediated
by the various Cu complexes(10mM) at pH 7.3 and 37� 0:5
�C, t = 3 h.: lane 1: DNA + Cu2L1, lane 2: + CuL2, lane 3: +
Cu2L3, lane 4: + Cu2L4 complexes.
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