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The biomimetic approach of in vitro DNA damaging using
“chemical nucleases” is a topic of major interest for elucidating
the genetic mechanisms of the natural enzymes involved in DNA
scission, repair, and signal transduction.1-4 Other potential applica-
tions of these synthetic nucleases include their use as antibiotic or
chemotherapeutic drugs, which could act against tumors by blocking
gene expression, with or without sequence specificity.5,6 Since the
discovery of the first chemical nuclease,7 a number of transition-
metal complexes have been reported as synthetic nucleases with
or without co-reactants.8 The transition-metal-mediated scission of
the DNA strands may be oxidative and/or hydrolytic depending
on recognition elements in the ligand that could interact with
DNA.9,10

It is known11,12 that the marine products, tambjamine E and
prodigiosin, can be oxidized toπ-radical cations in the presence
of CuII ions. The resulting species efficiently cleave DNA oxida-
tively without any external reductant11,12and also show promising
cytotoxic effects on HL 60 (leukemia) cancer cells.13

The DNA-cleaving abilities and the cytotoxic effects of the title
complex, which is highly soluble in water, are reported below. The
copper complex is easily obtained from the readily available ligand
Hpyramol,14 which is dehydrogenated to pyrimol upon coordination
to the metal center (Figures 1, and S1 and S2).15,16

A 50 nM solution of the planar complex17 effectively cleaves
ΦX174 supercoiled DNA (80µM, in base pairs) to 73% of its
relaxed form, after an incubation time of 20 min, at 37°C in the
presence of ascorbic acid (5µM). Without added reductant, as much
as 75% of the relaxed form is obtained after the same incubation
time at 37°C, with a 10µM solution of the complex (Figure S3).
Different metal salts, such as MnCl2, FeCl2, CoCl2, and NiCl2, have
been used under similar conditions without reductant, and they all
resulted in nonactive systems (Figure S4). The copper-mediated
cleavage of DNA, both in the absence and in the presence of a
reductant, is purely oxidative since the relaxed/linear reaction
products are not re-ligated by the enzyme T4 ligase (Figure S5).

Experiments with a variety of radical scavengers point toward
the involvement of a hydroxyl radical as the active species for the
DNA cleavage, with added ascorbic acid as a reductant, since
DMSO and ethanol, typical of OH• scavengers, inhibit the cleaving
ability of the complex (Figure S6).18 Surprisingly, the DNA cleavage
in the absence of reductant is not inhibited by any of the used radical
scavengers and is even more efficient under an argon atmosphere
compared to air (Figure S7).19 Such a catalytic oxidative cleavage
in the presence of a redox-active metal, such as copper, is likely18

to occur when some radical species are produced. However, the
treatment of [Cu(pyrimol)Cl](H2O) with the radical trap DMPO

(N,N-dimethylpyrrolidine-N-oxide) in water does not provide any
evidence for radical formation under ambient conditions even after
24 h. Finally, both distamycin and an excess of sodium chloride
have no inhibitory effects on the cleaving ability of the complex
when no reductant is added (Figure S7).

Under the conditions described in the Supporting information,
the supercoiled DNA is converted to the relaxed form and,
subsequently, to the linear form in a stepwise manner, without any
evidence for a direct double-strand DNA cleavage (Figure S8).
Agarose gel experiments under denaturing conditions also support
the above conclusion (Figure S9). However, the reaction of a
stoichiometric amount of the copper complex (40µM) with plasmid
DNA (40 µM in base pairs) immediately yields the linear form III
of DNA resulting from a double-strand scission, after an incubation
time of 15 min, exhibiting a concentration-dependent catalytic
activity (Figures S10 and S11). Time-course experiments in the
presence of a 20µM solution of complex and 80µM (in base pairs)
solution of supercoiled DNA reveal pseudo-first-order kinetics, as
illustrated in Figure 2a,b. The DNA cleavage is followed under
“true Michaelis-Menten” kinetic conditions,20 using a constant
catalyst concentration (20µM) and varying the substrate concentra-
tion (from 60 to 160µM, in base pairs) with an incubation period
of 20 min (Figure 2c; the incubation period is restricted to 20 min
to limit the formation of form III and to allow the calculation of
the kinetic parameters),21 which gives akcat value of 0.063 min-1

with a DNA cleavage rate enhancement of as much as 1.0× 108

times over the undamaged ds-DNA (Figure 2b). From thekcat value,
a short half-life time of 11 min is determined for the supercoiled
DNA, with a complex concentration of 20µM. These kinetic
parameters confirm the very high efficiency of this simple copper
complex toward DNA damage.

High-resolution analysis of the degradation pattern of linear 392
and 54 bp DNA fragments (5′-32P-end-labeled at one side; see
Figure S12 A,B) in all cases clearly demonstrates the lack of discrete
cleavage products. Thus the copper complex degrades the DNA in
a nonspecific manner, most likely attacking the DNA in multiple
positions instead of by a uniform, single cleavage event. This

† Leiden University.
‡ University of Ljubljana.

Figure 1. (a) Hpyrimol ligand and (b) molecular structure of [CuII(pyrimol)-
Cl].
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reinforces the lack of sequence or site selectivity in the DNA
cleavage by the copper complex (see Supporting Information pp
12-15).

The cytotoxicities of [Cu(pyrimol)Cl] and cisplatin, under similar
conditions, on L1210 murine leukemia cancer cell lines,22,23which
are sensitive (1) and resistant (2) to cisplatin, and A2780 human
ovarian carcinoma cell lines, which are sensitive (3) and resistant
to cisplatin (4), are summarized in Table 1.

The IC50 values for the cell lines1, 3, and4 are in the range of
those observed with cisplatin. For the L1210 cancer cell lines2,
the copper complex is more active than cisplatin. These results are
promising for a potential clinical application since the activity of
this labile copper complex is comparable to that of the platinum
drug. Interestingly, the copper complex has overcome the cross-
resistance of cisplatin that is observed for both the cancer cell lines
that are resistant to cisplatin, as expressed by the resistance factors,
RF, which are low for the copper complex compared to cisplatin.

All of the above experiments strongly indicate a “self-activating”
mechanism, most likely initiated by the intercalation of the highly
planar conjugated copper complex between the base pairs. Previous
reports on similar systems have proposed the reduction of Cu2+ to
Cu+, or its oxidation to Cu3+, followed by the activation of O2 or
H2O2,24-26 producing reactive oxygen species, which is the ultimate
source for DNA cleavage. In the present study, evidence for Cu+

or any diffusible radical could not be observed. The irreversible

oxidation of DNA even in the presence of an excess of NaCl,
distamycin, or under argon rules out the need of dioxygen and a
simple electrostatic interaction of the copper complex with DNA.
It could be expected that the solvent H2O removes the electrons
from the reduced copper, which presumably oxidizes the DNA
again. Detailed mechanistic investigations on this unusual and
outstanding copper-mediated DNA cleavage with related ligands
bearing different substituents on the aromatic rings, such as NO2,
CH3O, or Cl, are currently in progress.
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Supporting Information Available: Crystallographic data for [Cu-
(pyrimol)Cl](H2O), experimental procedures, and gel electrophoreses
for the several DNA cleavage and cytotoxic studies. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. (a) Time-course experiments of DNA cleavage (80µM of
supercoiled DNA (in base pairs)+ 20µM of copper complex) over a period
of 30 min. Plot of the increase in form II with time (A), and plot of the
decrease in form I with time (B). (b) Plot of thekobsversus the concentration
of DNA from true Michaelis-Menten kinetic studies; the highestkcat value
obtained is 0.063 min-1. (c) Saturation kinetics of the cleavage ofΦX174
supercoiled plasmid DNA using 20µM copper complex. Various amounts
of plasmid were reacted with a constant concentration of the complex for
20 min at 37°C in a phosphate buffer at pH 7.2. Lane 1: pure supercoiled
DNA (60 µM). Lane 2: 60µM DNA + 20 µM complex. Lane 3: 80µM
DNA + 20 µM complex. Lane 4: 100µM DNA + 20 µM complex. Lane
5: 120 µM DNA + 20 µM complex. Lane 6: 140µM DNA + 20 µM
complex. Lane 7: 160µM DNA + 20 µM complex.

Table 1. In Vitro Cytotoxicity Assays for the Copper Complex and
Cisplatin for Cancer Cell Lines

[Cu(pyrimol)Cl] Cisplatin

cell lines IC50
a RFb IC50

a RFb

L1210 (1) 3.6( 0.2 2.9( 0.2 2.3( 0.3 6.2( 0.2
L1210 (2) 10.3( 0.3 14.2( 0.2
A2780 (3) 3.4( 0.2 2.5( 0.4 2.3( 0.2 3.3( 0.5
A2780 (4) 8.3( 0.6 7.5( 0.2

a IC50 ) concentration of drug required to eradicate 50% of the cancer
cells (in µM). b RF ) relative ratios of IC50 values in both the cisplatin-
resistant and the sensitive cell lines.
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