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Eric L. Hegg and Judith N. Burstyn*

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706

ReceiVed April 9, 1996X

The mechanism of copper(II) 1,4,7-triazacyclononane dichloride [Cu([9]aneN3)Cl2]-catalyzed hydrolysis of activated
phosphodiesters has been established. We now report that Cu([9]aneN3)Cl2 is also capable of cleaving both
single-stranded and double-stranded DNA at near-physiological pH and temperature. Degradation of both single-
stranded and double-stranded DNA was revealed by gel electrophoresis and quantitated via fluorimaging of ethidium
bromide-stained gels. Single-stranded M13 DNA incubated with Cu([9]aneN3)Cl2 is efficiently and nonspecifically
degraded. Supercoiled plasmid DNA (form I) incubated with Cu([9]aneN3)Cl2 is nicked to relaxed circular DNA
(form II) and then more slowly degraded to form III (linear). A related complex, [Cu(i-Pr3[9]aneN3)(OH2)(CF3-
SO3)]CF3SO3, displays a marked increase in DNA cleavage activity relative to the parent Cu([9]aneN3)Cl2.
Interestingly, there appear to be at least two different mechanisms of DNA degradation: an O2-dependent pathway
and an O2-independent pathway. This is one of only a few well-defined metal complexes demonstrated to cleave
DNA in the absence of O2 or some other oxidant.

Phosphodiesters form the backbone of DNA and are ubiq-
uitous in biological systems. Hydrolysis of DNA is an important
enzymatic reaction, but one that is exceedingly difficult to mimic
in the laboratory due to the stability of DNA toward hydrolysis.1

This stability is a result of the repulsion between the negatively
charged phosphodiester backbone and potential nucleophiles.2

Consequently, much of the literature on phosphodiester degrada-
tion by small molecules has focused on either hydrolysis of
activated substrates or oxidative degradation of DNA. A
number of oxidative cleavage reagents have been utilized with
great success for DNA footprinting,3 locating base mismatches
and loop regions,4 locating conformational variations in DNA,5,6

and as chemotherapeutic agents.7 Because these oxidative
cleavage agents require activation by either light or an oxidant,
the full therapeutic potential of these compounds cannot be
realized. One advantage of hydrolytic cleavage agents is that
they do not require coreactants and therefore could be more
useful in drug design. Also, because oxidative cleavage agents
tend to produce diffusible free radicals and products that are
not amenable to further enzymatic manipulation, the use of these
reagents has been limited in the field of molecular biology.
Hydrolytic agents do not suffer from these shortcomings.

Finally, the manner in which enzymes utilize metals to activate
phosphodiester bonds toward hydrolysis is not well-understood.
Small metal complexes that promote the hydrolysis of DNA
therefore could be useful not only in molecular biology and
drug design but also in elucidating the precise role of metal
ions in enzyme catalysis.
Many of the metal complexes known to cleave DNA employ

oxidative mechanisms. One commonly used oxidative cleavage
agent is Fe(EDTA)2-.3,8,9 In the presence of H2O2 or O2 plus
a reducing agent, Fe(EDTA)2- efficiently cleaves both single-
stranded and double-stranded DNA. In this process hydroxyl
radicals are produced via the Fenton reaction, which in turn
abstract a hydrogen atom from the deoxyribose ring; rearrange-
ment of the sugar ring results in strand scission and free base
release. Bleomycin (BLM), an antitumor antibiotic, is a second
cleavage agent that requires Fe2+ and H2O2 or O2 plus a reducing
agent for activity, although BLM does not produce free hydroxyl
radicals.7,10,11 Another reagent that cleaves DNA via a similar
mechanism is the bis(1,10-phenanthroline-N1,N10)copper(I) cat-
ion [(OP)2Cu+].6,12 Like its Fe counterparts Fe(EDTA)2- and
Fe-BLM, (OP)2Cu+ initiates DNA cleavage by H-atom abstrac-
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tion and requires either H2O2 or O2 plus a reducing agent for
activity. Numerous other ligands have also been complexed
with copper ions to promote the oxidative degradation of DNA.
These ligands include 2,2′-bipyridine,13 various hydroxamic
acids,14 the siderophore desferal,15 the tripeptide Gly-Gly-His,16

and bis-Lys.17 Square-planar Ni2+ complexes have also been
used to oxidatively degrade DNA.4,18,19 Finally, oxidative
degradation of DNA was also realized by using assorted metal
porphyrins in the presence of an oxidant,20 as well as various
photolytic21-24 and electrolytic25,26 cleavage agents.
Because hydrolysis of DNA is so difficult compared to

oxidative degradation of DNA, most studies of hydrolytic
reactions utilize activated phosphodiesters. Substitutionally inert
tetraamine complexes of Co3+ 1,27,28 and Ir3+ 29 exhibit an
impressive ability to hydrolyze activated phosphodiesters and
have been useful in determining the mechanism of metal-
promoted hydrolysis, but they lack catalytic turnover. Various
lanthanides, either as free ions30 or as macrocyclic complexes,31

have been used to catalytically hydrolyze activated phosphate
esters. The coordination chemistry of lanthanides, however, is
not as well-studied as that of transition metals, and many

lanthanide complexes decompose in water due to their extreme
lability.32,33 Furthermore, because the coordination number of
lanthanide complexes can be difficult to determine, the detailed
mechanism of lanthanide-promoted hydrolysis of phosphodi-
esters is still unknown. Substitutionally labile amine complexes
of Cu2+ 13,34,35and Zn2+,13,36although usually slower hydrolytic
agents than lanthanide complexes, provide both catalytic
turnover and stable, well-characterized metal complexes. Re-
cently, hydrolysis of phosphodiesters by dinuclear Zn2+,37,38

Cu2+,37 Ni2+,37 and Co3+ 39 complexes has also proven to be
promising, and there is currently much interest in developing
dinuclear cleavage agents. Most of the examples mentioned
here, however, with the exception of the hydrolysis of dimethyl
phosphate,27butilized substrates that were either activated toward
hydrolysis or contained a metal-binding site on the phosphodi-
ester itself. Hydrolysis of DNA itself has remained elusive.

Given the challenges of hydrolyzing DNA, it is perhaps
remarkable that there are a few examples in the literature. It
was reported that (Ru(DIP)2macro)n+, where Ru(DIP)2 binds
to DNA via intercalation and macro is a chelating ligand,
hydrolyzes DNA in the presence of certain divalent metal
cations.40 Lanthanum and cerium ions and their complexes have
been reported to hydrolyze dinucleotides, short oligonucleotides,
and supercoiled plasmid DNA.41,42 Reactions with Ce3+ seem
to require oxygen whereas reactions with Ce4+ do not, ostensibly
because Ce3+ is oxidized to Ce4+ and it is Ce4+ that is the active
species. Finally, it was recently reported that a diiron species
rapidly hydrolyzes supercoiled DNA in the presence of H2O2

or O2 plus a reducing agent;43 these are conditions under which
iron species typically oxidatively degrade DNA, but the products
observed were consistent with a hydrolytic mechanism.

In this paper we report the discovery that the synthetic
peptidase Cu([9]aneN3)Cl2 also cleaves DNA. We previously
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demonstrated that Cu([9]aneN3)Cl2 hydrolyzes proteins44 as well
as activated phosphodiesters.35 Herein we demonstrate that Cu-
([9]aneN3)Cl2 and a related analogue, [Cu(i-Pr3[9]ane-
N3)(OH2)(OTf)]OTf (OTf ) CF3SO3-), are capable of cleaving
both single-stranded and double-stranded DNA. DNA degrada-
tion proceeds by at least two different mechanisms: one that is
O2-dependent and a second that is O2-independent. Signifi-
cantly, these are two of only a few well-defined metal complexes
that have demonstrated their ability to cleave DNA in the
absence of O2 or some other oxidant. Furthermore, Cu([9]-
aneN3)Cl2 is the first metal complex shown to cleave both DNA
and proteins in the absence of an oxidant.

Experimental Section

Chemicals and Reagents.The biological bufferN-(2-hydroxyeth-
yl)piperazine-N′-ethanesulfonic acid (HEPES), ethylenediaminetetra-
acetic acid disodium salt (EDTA),DL-dithiothreitol (DTT), boric acid,
ethidium bromide, ampicillin, chloramphenicol, and type III-A agarose
were all purchased from Sigma. Methanol, sodium hydroxide, and tris-
(hydroxymethyl)aminomethane (Tris base) were purchased from Fisher.
Cesium chloride was obtained from Gallard-Schlesinger Industries.
Dimethyl sulfoxide (DMSO) was purchased from Aldrich, and glacial
acetic acid was purchased from EM Science. Argon and molecular
oxygen were obtained from Liquid Carbonic. All chemicals were used
without further purification.
The metal complex Cu([9]aneN3)Cl2 was prepared as previously

described.35b [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf was synthesized ac-
cording to the literature procedure45 and was provided to us as a gift
from Professor William Tolman (University of Minnesota). All
solutions were prepared by using water purified by passage through a
Millipore purification system and sterilized by autoclave. Reaction
solutions were prepared according to standard sterile techniques.
Preparation of Single-Stranded M13 DNA. Wild-type ss-M13

DNA was prepared and isolated according to standard protocols.46 The
Escherichia colicell line used for infection was DH5RF′. The purity
of the M13 DNA was confirmed via both agarose gel electrophoresis
and UV spectroscopy by determining the ratio of absorbance at 260
nm to the absorbance at 280 nm. The concentration of DNA was
determined from the absorbance at 260 nm (1.0 OD260 ) 40 µg/mL).
Aqueous M13 stock solutions (1.0 mg/mL) were stored frozen at-20
°C until ready for use.
Preparation of Supercoiled DNA. Plasmid pBluescript II ks(-)

was purchased from Stratagene Cloning Systems. The DNA was
transformed into JM109 bacterial cell lines via electroporation, and
the transformed bacteria were cultured in medium containing ampicillin
and chloramphenicol. The supercoiled DNA was harvested according
to standard procedures46 and purified via three cycles of centrifugation
in a CsCl gradient. The DNA was further purified via ethanol
precipitation and stored as a pellet until just prior to use. The DNA
was then dissolved in an appropriate volume of sterile water. The purity
and concentration of the DNA were determined by agarose gel
electrophoresis and UV spectroscopy as described for single-stranded
M13 DNA by using the extinction coefficient appropriate for double-
stranded DNA (1.0 OD260 ) 50 µg/mL).

Cleavage of Single-Stranded DNA. Solutions (100µL total
volume) containing 0.05 mg/mL single-stranded M13 DNA (23 nM in
M13 or 0.15 mM in phosphate units) were incubated in sterile 0.5 mL
reaction tubes with varying concentrations of Cu([9]aneN3)Cl2 at 50
°C. The pH was maintained at 7.88( 0.07 with 40 mM HEPES buffer
as determined by an Orion Research digital pH meter (Model 611)
equipped with a Model 8103 semimicro Ross combination pH electrode.
The pH was measured at each time point using separate but similar
solutions; the volumes were 500µL and the samples lacked single-
stranded DNA. At the appropriate times, the reactions were quenched
via ethanol precipitation. The DNA pellets were then redissolved in10
µL of water and stored at-80 °C until analysis by gel electrophoresis.
Cleavage of Supercoiled DNA.Solutions (50µL total volume)

containing 0.05 mg/mL pBluescript II ks(-) supercoiled DNA (25 nM
in supercoiled DNA or 0.15 mM in phosphate units) were incubated
in sterile 0.5 mL reaction vials with varying concentrations of Cu([9]-
aneN3)Cl2 or [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf at 50 °C. The pH
was maintained at 7.80( 0.06 with 40 mM HEPES buffer as described
earlier. The pH was monitored by using separate but similar solutions;
the volumes were 500µL and the samples did not contain any
supercoiled DNA. At the appropriate times, the reactions were
quenched via ethanol precipitation. The DNA pellets were resuspended
in 10 µL of 0.5× TBE buffer47a and stored at 4°C until analysis by
gel electrophoresis.
Anaerobic Reactions.Deoxygenated water was prepared by either

four or five freeze-pump-thaw cycles. Before the final two cycles,
the water was equilibrated with argon to aid in the deoxygenation
process. The deoxygenated water was stored under an argon atmo-
sphere prior to use. All anaerobic stock solutions were prepared in a
nitrogen-filled glove bag using the deoxygenated water. Reaction
mixtures were prepared in the glove bag by the addition of the
appropriate volumes of stock solutions to the reaction tubes. The
reactions were initiated by quick centrifugation, transferred to an argon-
filled vacuum desiccator, and incubated in the sealed desiccator at 50
°C. All reactions were quenched by ethanol precipitation; no effort
was made to keep the reactions anaerobic during this procedure. All
other conditions were the same as those listed for individual aerobic
cleavage reactions.
Reactions under a Pure O2 Atmosphere. Oxygenated water was

prepared in a manner identical to that used for the deoxygenated water
described in the anaerobic procedure, except that the water was
equilibrated with pure molecular oxygen instead of argon. Reaction
mixtures were quickly prepared on the benchtop open to the atmosphere
(less than 5 min), transferred to an oxygen-filled vacuum desiccator,
and incubated in the sealed desiccator under pure O2 at 50 °C. All
other conditions were the same as those listed for aerobic cleavage
reactions of single-stranded M13 DNA.
Oxidative Cleavage of DNA by Fe(EDTA)2-/DTT/O2. Super-

coiled pBluescript II ks(-) DNA (0.05 mg/mL) or single-stranded M13
DNA (0.05 mg/mL) was incubated with 10 mM DTT and 0.1 mM
Fe(EDTA)2- for 60 min at 50°C. All other reaction conditions were
the same as those listed earlier for the degradation of DNA by Cu([9]-
aneN3)Cl2. Reactions were quenched via ethanol precipitation and
analyzed by agarose gel electrophoresis.
Reactions in the Presence of Radical Scavengers.Supercoiled

pBluescript II ks(-) DNA (0.05 mg/mL) or single-stranded M13 DNA
(0.05 mg/mL) was incubated with 1.0 mM Cu([9]aneN3)Cl2 at 50°C
under both aerobic and anaerobic conditions. The pH was maintained
as described earlier for the individual cleavage reactions. Reaction
mixtures contained either no radical scavenger, 0.4 M DMSO, or 2.5
M methanol. These concentrations of DMSO and methanol completely
inhibited the oxidative cleavage of DNA by Fe(EDTA)2-/DTT/O2.
Reactions were quenched after 24 h via ethanol precipitation and
analyzed by agarose gel electrophoresis.
Oxidative Cleavage of DNA by Cu([9]aneN3)Cl2/DTT/O2. Single-

stranded M13 DNA (0.05 mg/mL) was incubated with 3.0 mM DTT
and 0.25 mM Cu([9]aneN3)Cl2 under aerobic conditions for 24 h at 50
°C. Reactions were performed in both the presence and absence of
the radical scavengers DMSO and MeOH, as described earlier. All
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other reaction conditions were the same as those for the aerobic cleavage
of single-stranded M13 DNA by Cu([9]aneN3)Cl2.
Product Analysis and Quantitation. The extent of degradation

was determined via densitometric analysis of ethidium bromide-stained
agarose gels. Electrophoresis was performed by using a PNA-200
horizontal gel electrophoresis apparatus from Pharmacia LKB Bio-
technology. Gels of single-stranded M13 contained 2.5µg of DNA
per lane, while those of supercoiled DNA contained 0.33µg/lane. The
0.8% agarose gels were run at 120 V for 2-3 h in either 1× TAE or
0.5× TBE buffer.47 Following electrophoresis, the gels were stained
by incubation for 30 min in buffer containing ethidium bromide at a
concentration of 1µg/mL. The gels were then destained in water for
approximately 20 min before being imaged on a Molecular Dynamics
FluorImager 575 equipped with a 610 nm long pass filter.
The extent of DNA degradation was determined by using the volume

quantitation method in ImageQuaNT version 4.1. In all cases,
background fluorescence was determined by quantitation of a lane in
the gel containing no DNA. For reactions involving supercoiled DNA,
a correction factor of 1.42 was utilized to account for the decreased
ability of ethidium bromide to intercalate into form I DNA versus forms
II and III.48 The relative amounts of the different forms of DNA were
determined by dividing the fluorescence intensity for a particular band
by the sum of the fluorescence intensities for each band in that lane.
The total percent cleaved was calculated as [% form II+ 2(% form
III)] since there must be at least two cleavage events to go from
supercoiled to linear DNA. In the single-stranded DNA cleavage
reactions, the percent cleaved is simply the intensity of the smear
divided by the total fluorescence intensity in that lane. The bar graphs
depict the percent cleaved above the control reactions. All experiments
were performed at least in triplicate. The error bars in the graphs denote
the standard deviations that were determined by using the formula for
a small number of data points.

Results

Cleavage of Single-Stranded DNA.Cu([9]aneN3)Cl2 cleaves
single-stranded DNA at near-physiological pH (Figure 1). After
48 h of incubation at the higher metal concentrations, the single-
stranded DNA is completely degraded. Significantly, the DNA
cleavage appears to be nonspecific; Cu([9]aneN3)Cl2 cleaves
the single-stranded DNA into numerous different fragments,
which results in a smear on the agarose gel. The two bands

observed for the intact single-stranded M13 are probably due
to different conformers that are separated during gel electro-
phoresis; only a single band is observed when the buffer is
changed from TBE to TAE. The extent of cleavage was
quantitated by staining the gel with ethidium bromide and
measuring the fluorescence intensity of each band as described
in the Experimental Section. The results were corrected for
the degraded DNA observed in the control reactions. Signifi-
cantly, the degree of cleavage in the controls did not change
over time, indicating that the degraded single-stranded M13 was
present in the stock solution and was not the result of incubation
with buffer. Figure 2 clearly demonstrates that the extent of
degradation is dependent on both metal complex concentration
and time of incubation. From these results, it is concluded that
Cu([9]aneN3)Cl2 is the reagent responsible for the degradation
of DNA.
Cleavage of Double-Stranded DNA.Cu([9]aneN3)Cl2 is

also capable of cleaving double-stranded DNA at near-physi-
ological pH. When supercoiled pBluescript DNA was incubated
with Cu([9]aneN3)Cl2, the supercoiled DNA was degraded from
form I (supercoiled) to form II (relaxed circular) and then more
slowly to form III (linear). The results are presented in Figure

(48) Haidle, C. W.; Lloyd, R. S.; Robberson, D. L. InBleomycin: Chemical,
Biochemical, and Biological Aspects; Hecht, S. M., Ed.; Springer-
Verlag: New York, 1979; pp 222-243.

Figure 1. M13 ss-DNA (0.05 mg/mL) was incubated aerobically with Cu([9]aneN3)Cl2 for 6, 12, 24, or 48 h at pH 7.88( 0.07 in 40 mM HEPES
at 50°C. Lane M: molecular weight marker. Lane 1: control, no metal complex. Lane 2: 0.25 mM Cu([9]aneN3)Cl2. Lane 3: 0.50 mM Cu([9]-
aneN3)Cl2. Lane 4: 0.75 mM Cu([9]aneN3)Cl2. Lane 5: 1.0 mM Cu([9]aneN3)Cl2. The two bands observed are the result of different conformers
of the M13 ss-DNA.

Figure 2. Extent of aerobic cleavage of M13 ss-DNA by Cu([9]aneN3)-
Cl2 determined via fluorimaging. The reaction conditions are described
in Figure 1. The graph was created with the data from four separate
experiments, and the error bars are the standard deviations calculated
by using the formula for a small number of data points. The extent of
cleavage was normalized to control reactions.
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3. After 48 h at higher metal concentrations, Cu([9]aneN3)Cl2
completely degraded the supercoiled DNA to forms II and III.
A single cut or nick on a strand of supercoiled DNA relaxes
the supercoiling and leads to form II. A second cut on the
complementary strand, within approximately 12 base pairs25a,48,49

of the original cut site, linearizes the DNA to form III.
Therefore, Cu([9]aneN3)Cl2 must have cut the DNA at least
twice to convert it from form I DNA to form III DNA. The
extent of DNA cleavage again was quantitated via fluorimaging
(Table 1). Fluorescence intensities were corrected for the
different quantum yields of forms I, II, and III as described in
the Experimental Section.48 To directly compare these results

with those obtained by using M13 as the substrate, the percent
of DNA cleaved was also calculated. In this case, however, it
was necessary to account for products that required at least two
different cleavage events (i.e., form III DNA). Therefore, the
following formula was utilized to construct Figure 4:

total % cleaved) [(% form II) + 2(% form III)]

It should be noted that if the double-stranded cleavage events
are random single-stranded cuts that serendipitously occur within
approximately 12 base pairs25a,48,49of another single-stranded
cut site on the opposite strand, then the percent cleaved is
actually much higher.
Anaerobic Cleavage of DNA. To probe the effects of

molecular oxygen on the degradation of DNA by Cu([9]aneN3)-
Cl2, reactions were also performed under rigorously anaerobic
conditions. Cu([9]aneN3)Cl2 still effectively cleaves single-
stranded M13 DNA, although the rate of the reaction is
significantly decreased when compared to that of the aerobic
reaction (Figure 5). As can be seen by comparing Figures 5
and 2, the extent of cleavage decreased by approximately 30%.
Supercoiled DNA is also cleaved by Cu([9]aneN3)Cl2 in the

(49) (a) Basile, L. A.; Barton, J. K.J. Am. Chem. Soc.1987, 109, 7548-
7550. (b) Kishikawa, H.; Jiang, Y. P.; Goodisman, J.; Dabrowiak, J.
C. J. Am.Chem. Soc.1991, 113, 5434-5440.

Figure 3. Supercoiled ds-DNA (0.05 mg/mL) incubated aerobically with Cu([9]aneN3)Cl2 for 6, 12, 24, or 48 h at pH 7.80( 0.06 in 40 mM
HEPES at 50°C. Lane M: molecular weight marker. Lane 1: control, no metal complex. Lane 2: 0.25 mM Cu([9]aneN3)Cl2. Lane 3: 0.50 mM
Cu([9]aneN3)Cl2. Lane 4: 0.75 mM Cu([9]aneN3)Cl2. Lane 5: 1.0 mM Cu([9]aneN3)Cl2.

Table 1. Aerobic Cleavage of Supercoiled pBluescript II ks(-) by
Cu([9]aneN3)Cl2

DNA % forma
incubation
time (h)

[Cu([9]aneN3)Cl2]
(mM) supercoiledb nicked linear

6 control 80( 4 20( 1 0( 0
0.25 51( 17 49( 17 0( 0
0.50 47( 10 52( 10 1( 2
0.75 39( 6 60( 5 1( 2
1.0 37( 9 61( 6 3( 3

12 control 79( 2 21( 2 0( 0
0.25 44( 14 56( 14 0( 0
0.50 38( 14 61( 13 1( 2
0.75 26( 8 71( 6 3( 2
1.0 27( 13 70( 11 2( 2

24 control 73( 12 27( 12 0( 0
0.25 26( 12 73( 11 1( 2
0.50 12( 2 84( 1 4( 2
0.75 11( 4 83( 2 6( 3
1.0 12( 4 84( 4 5( 2

48 control 73( 7 27( 7 0( 0
0.25 14( 11 80( 7 6( 5
0.50 5( 4 84( 5 11( 9
0.75 2( 2 82( 11 15( 11
1.0 3( 2 82( 9 15( 10

a All reactions were performed in triplicate and the standard
deviations are shown. The reactions were run at pH 7.80( 0.06 (40
mM HEPES) at 50°C with varying concentrationsof Cu([9]aneN3)Cl2
for up to 48 h.b The fluorescence intensities were corrected for the
decreased ability of ethidium bromide to intercalate into supercoiled
(form I) DNA.48

Figure 4. Extent of aerobic cleavage of supercoiled ds-DNA by Cu-
([9]aneN3)Cl2 determined via fluorimaging according to the following
formula: total % cleaved) [(% form II) + 2(% form III)]. The reaction
conditions are described in Figure 3. This graph was created from the
data from three separate experiments, and the error bars are standard
deviations calculated by using the formula for a small number of data
points. Fluorescence intensities were corrected for the decreased ability
of ethidium bromide to intercalate into form I DNA.48 The results are
normalized to control reactions.
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absence of O2. As in the case of single-stranded DNA, however,
the extent of degradation once again decreased by approximately
30% when compared to that of the aerobic reaction (data not
shown). It should be noted, however, that to ensure complete
deoxygenation of water is difficult, and since the experiments
utilize low concentrations of substrate (approximately 25 nm
in DNA or 0.15 mM in phosphate units), residual O2 could
potentially account for a significant amount of cleavage in the
“anaerobic” experiments. The likelihood of residual O2-
dependent cleavage in the anaerobic reactions was assessed by
using the oxidative cleaving system Fe(EDTA)2-/DTT. In the
presence of O2, this system rapidly degrades both single-stranded
and supercoiled DNA by producing diffusible hydroxyl radicals
via the Fenton reaction. Under the anaerobic conditions
described in the Experimental Section, however, DNA incubated
with Fe(EDTA)2-/DTT for over 24 h did not exhibit any
degradation. Thus, we conclude that the cleavage of DNA by
Cu([9]aneN3)Cl2 in anaerobic experiments is oxygen-indepen-
dent.
To make certain that the decrease in the extent of DNA

cleavage was due to the absence of O2 and not some other
atmospheric gas, such as CO2, reactions were also performed
under a pure O2 atmosphere. The single-stranded M13 DNA
was degraded equally regardless of whether incubation with Cu-
([9]aneN3)Cl2 occurred under aerobic conditions or a pure O2

atmosphere (data not shown). This result is consistent with the
diminished DNA degradation resulting from the loss of O2 under
anaerobic conditions. Furthermore, since performing the reac-
tion in pure O2 does not increase the extent of DNA cleavage
compared to aerobic conditions, O2 does not appear to be the
limiting reagent in the O2-dependent pathway.
Cleavage Reactions in the Presence of Radical Scavengers.

Single-stranded M13 DNA was incubated with Cu([9]aneN3)-
Cl2 in the presence of either 0.4 M DMSO or 2.5 M MeOH as
the radical scavenger. Regardless of whether the reaction was
performed aerobically or anaerobically, neither the addition of
DMSO nor the addition of MeOH had any effect on the cleavage
of the single-stranded M13 (Figure 6). Under identical condi-
tions, however, these radical scavengers completely inhibited
the oxidative degradation of DNA by Fe(EDTA)2-/DTT. The
presence of DMSO or MeOH as radical scavenger also had no
effect on reactions when supercoiled DNA was used as the
substrate (data not shown). These observations suggest that the
cleavages of single-stranded and double-stranded DNA are
occurring via a similar mechanism. While these results do not

rule out the possibility of an oxidative mechanism for the
cleavage of DNA by Cu([9]aneN3)Cl2, they do suggest that
diffusible free radicals are not involved in either the O2-
dependent or the O2-independent mechanism.
Oxidative Cleavage of DNA by Cu([9]aneN3)Cl2/DTT/O2.

To ascertain whether adventitious reducing agents present in
the reaction mixtures could account for the increased DNA
degradation in the presence of O2, reactions were performed in
which a reducing agent was deliberately added to the solution
(data not shown). When single-stranded M13 DNA was
incubated with Cu([9]aneN3)Cl2 under aerobic conditions, the
extent of DNA degradation increased substantially in the
presence of DTT. After 24 h of incubation in the presence of
3.0 mM DTT and 0.25 mM Cu([9]aneN3)Cl2, the DNA was
completely degraded. By comparison, incubation in the pres-
ence of 0.25 mM Cu([9]aneN3)Cl2 alone leaves a significant
portion of the DNA intact (Figure 1). These results suggest
that small amounts of adventitious reducing agents could be
responsible for the increased DNA cleavage by Cu([9]aneN3)-
Cl2 observed under aerobic conditions. Significantly, neither
DMSO nor MeOH inhibited this reductant-induced oxidative
cleavage reaction, suggesting that, once again, a diffusible free
radical is not involved in the mechanism. Control experiments
in the presence of DTT but in the absence of Cu([9]aneN3)Cl2
demonstrated that the metal complex was required for this
reductant-induced oxidative cleavage to occur; therefore, the
reaction is mediated by Cu([9]aneN3)Cl2 and not by residual
metal ions present in the water.
Comparison of Different Metal Complexes. Endeavoring

to find a more efficient cleavage agent, we also tested the
efficiency of [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf at promoting
the degradation of supercoiled DNA. We selected this metal
complex on the basis of its ability to hydrolyze the activated
phosphodiester BNPP; we have demonstrated that [Cu(i-Pr3[9]-
aneN3)(OH2)(OTf)]OTf hydrolyzes BNPP much more rapidly
than does Cu([9]aneN3)Cl2.50 Supercoiled plasmid DNA was
incubated anaerobically51 with either Cu([9]aneN3)Cl2 or [Cu-

(50) Hegg, E. L.; Mortimore, S. H.; Cheung, C. L.; Huyett, J. E.; Burstyn,
J. N. University of WisconsinsMadison, manuscript in preparation.

(51) [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf forms an insolubleµ-carbonato
dimer in the presence of atmospheric CO2

52 and therefore it was
necessary to exclude CO2 from the reaction mixtures.

Figure 5. Extent of anaerobic cleavage of M13 ss-DNA by Cu([9]-
aneN3)Cl2 determined via fluorimaging. The reaction conditions are
described in Figure 1. The graph was created with the data from three
separate experiments, and the error bars are the standard deviations
calculated by using the formula for a small number of data points. The
extent of cleavage was normalized to control reactions.

Figure 6. Extent of cleavage of M13 ss-DNA by Cu([9]aneN3)Cl2 in
the presence of radical scavengers determined via fluorimaging. M13
ss-DNA (0.05 mg/mL) was incubated with 1.0 mM Cu([9]aneN3)Cl2
at pH 7.88( 0.07 (40 mM HEPES) and 50°C for 24 h under both
aerobic and anaerobic conditions. Reaction mixtures contained either
no radical scavenger, 0.4 M DMSO, or 2.5 M methanol. The graph
was created with the data from four separate experiments, and the error
bars are the standard deviations calculated by using the formula for a
small number of data points. The results are normalized to control
reactions.
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(i-Pr3[9]aneN3)(OH2)(OTf)]OTf for varying lengths of time. The
amount of cleavage in each reaction was determined, and a
comparison of the relative efficiencies of anaerobic DNA
degradation is presented in Figure 7. It is quite evident from
this graph that [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf is more
proficient than Cu([9]aneN3)Cl2 at cleaving DNA anaerobically.

Discussion

We previously demonstrated that Cu([9]aneN3)Cl2 catalyti-
cally hydrolyzes activated phosphodiesters.35 The mechanism
established for this reaction reveals that Cu([9]aneN3)2+ is in a
monomer-dimer equilibrium, with the dimer being the strongly
favored species but the monomer being the precursor to the
active catalyst. The pH versus rate profile indicates that
deprotonation of one of the two coordinated waters (pKa1 )
7.3) must occur to form the active catalyst. The substrate binds
to the monomer with displacement of H2O, followed by an
intramolecular attack of a metal-bound hydroxide resulting in
substrate hydrolysis. Loss of the hydrolyzed substrate regener-
ates the active catalyst. Having elucidated the mechanism of
catalytic hydrolysis of activated phosphodiesters by Cu([9]-
aneN3)Cl2, we wanted to determine whether Cu([9]aneN3)Cl2
was also capable of cleaving unactivated phosphodiesters, or
more specifically, whether Cu([9]aneN3)Cl2 could cleave DNA.
In this paper, we establish that Cu([9]aneN3)Cl2 is capable

of cleaving both single-stranded and double-stranded DNA.
When single-stranded M13 is incubated with Cu([9]aneN3)Cl2
at near-physiological pH and temperature, the single-stranded
DNA is nonspecifically degraded, producing a myriad of
fragments. Double-stranded DNA is also a substrate for Cu-
([9]aneN3)Cl2. Supercoiled plasmid DNA (form I) incubated
with Cu([9]aneN3)Cl2 at near-physiological pH and temperature
is nicked to relaxed circular DNA (form II). Cu([9]aneN3)Cl2
more slowly degrades form II DNA to form III (linear). The
extent of DNA degradation depends on both the metal complex
concentration and the time of incubation, regardless of whether
the substrate is single-stranded or double-stranded DNA. In
both cases, anaerobic reactions exhibit an approximately 30%
decrease in the extent of DNA degradation relative to aerobic
reactions at the same metal complex concentration. The
presence of radical scavengers, however, has no effect on the
cleavage reactions. Control experiments have unambiguously

determined that it is the metal complex and not the buffer that
is responsible for the cleavage activity under both aerobic and
anaerobic conditions.
Interestingly, the results obtained from the anaerobic reactions

suggest that there are at least two different mechanisms of DNA
cleavage: an O2-dependent pathway and an O2-independent
pathway. The O2-dependent pathway presumably involves
oxidative degradation of the DNA; however, since the radical
scavengers DMSO and MeOH do not affect the rate of the
cleavage reaction, diffusible free radicals are not involved in
the mechanism. These results rule out the possibility of Fenton-
type chemistry analogous to the well-known oxidative cleavage
system Fe(EDTA)2-/DTT/O2, in which H2O2 is generatedin
situ and reacts with Fe(EDTA)2- to form diffusible hydroxyl
radicals.3 That radical scavengers do not affect the rate of DNA
degradation by Cu([9]aneN3)Cl2 does not, however, rule out the
possibility of an oxidative cleavage mechanism. For example,
the oxidative cleavage of DNA by (OP)2Cu+ is postulated to
involve a copper-coordinated hydroxyl radical or a copper-
oxene complex as the reactive species.50 Since these species
are effectively caged radicals, DNA degradation by (OP)2Cu+

is not significantly affected by the presence of radical scaven-
gers.
Are there other similarities between the O2-dependent reac-

tions of Cu([9]aneN3)Cl2 and (OP)2Cu+? (OP)2Cu+ utilizes
H2O2 as an oxidant. If H2O2 is not added directly to the reaction
mixture, it can be generatedin situ by oxidation of the Cu(I)
complex by O2.6,12 However, reduction to Cu+ should be more
difficult in the presence of triazacyclononane than OP due to
both electronic and geometric constraints. Theπ-acid character
of an aromatic amine such as OP stabilizes the Cu+ oxidation
state, while the pureσ-donor character of an aliphatic amine
such as triazacyclononane stabilizes the Cu2+ oxidation state.13

Furthermore, the constrained triazacyclononane ligand inhibits
formation of the tetrahedral d10 cuprous complex by maintaining
facial coordination with N-Cu-N bond angles of less than 90°.
The importance of geometric flexibility was observed in the
(OP)2Cu+-mediated cleavage of DNA by Sigman et al. when
they discovered that (OP)2Cu+ derivatives with substituents
ortho to the chelating nitrogens were unable to cleave DNA.6b

In this case, steric constraints prevented the formation of the
square-planar d9 cupric complex, and inhibition of the Cu(I)/
Cu(II) redox cycle preventedin situ formation of H2O2.
Nevertheless, Cu([9]aneN3)+ has been synthesized under anaer-
obic conditions in nonaqueous media,52 and our results from
experiments performed in the presence of excess DTT clearly
demonstrate that Cu([9]aneN3)Cl2 is capable of oxidatively
cleaving DNA in the presence of reducing agents.53 Therefore,
it is reasonable to conclude that the O2-dependent pathway
involves an oxidative mechanism mediated by Cu([9]aneN3)-
Cl2 and adventitious reducing agents.
Although the O2-dependent reaction mechanism may be

similar, Cu([9]aneN3)Cl2 is unlikely to interact with DNA in a
manner analogous to (OP)2Cu+. (OP)2Cu+ binds to the minor
groove of the DNA before initiating cleavage and therefore
shows specificity for double-stranded over single-stranded DNA.
(The binding presumably occurs initially via intercalation,
although it is a nonintercalative mode of binding that is

(52) Halfen, J. A.; Schneider, J. L.; Tolman, W. B. University of Minnesota,
unpublished results.

(53) Due to the disproportionation of Cu+ in water, the oxidation potential
for this complex cannot be measured under the reaction conditions
utilized for DNA cleavage. In acetonitrile, however, a related complex,
[Cu(i-Pr3[9]aneN3)(CH3CN)]+, undergoes quasi-reversible one-electron
oxidation atE1/2 ) 0.36 V versus SCE.45

Figure 7. Extent of anaerobic cleavage of supercoiled ds-DNA
determined via fluorimaging according to the following formula: total
% cleaved) [(% form II) + 2(% form III)]. Supercoiled ds-DNA was
incubated anaerobically with 1.0 mM Cu([9]aneN3)Cl2 or 1.0 mM [Cu-
(i-Pr3[9]aneN3)(OH2)(OTf)]OTf for 3, 6, 12, or 24 h at pH 7.80( 0.06
(40 mM HEPES) and 50°C. This graph was created with the data
from three separate experiments, and the error bars are standard
deviations calculated by using the formula for a small number of data
points. Fluorescence intensities were corrected for the decreased ability
of ethidium bromide to intercalate into form I DNA.48 The results are
normalized to control reactions.
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postulated to be important in cleavage.)54 Thus, single-stranded
DNA generally is not a substrate for (OP)2Cu+. Due to stable
hairpin regions and other metastable tertiary structures in single-
stranded M13, however, this substrate is cleaved by (OP)2Cu+.12b

As expected, the extent of single-stranded M13 degradation
decreases as the temperature increases and local structure is lost.
At the elevated temperature at which we are performing our
reactions, the extent to which single-stranded M13 retains this
metastable structure is unknown. Nonetheless, Cu([9]aneN3)-
Cl2 does not appear to discriminate between single-stranded and
double-stranded DNA.
One of the most interesting and remarkable aspects of the

Cu([9]aneN3)Cl2-promoted cleavage of DNA is the amount of
activity retained in the absence of O2: approximately 70% of
the cleavage activity is retained when the reactions are
performed under rigorously anaerobic conditions. Cu([9]-
aneN3)Cl2 is one of only a few metal complexes shown to cleave
DNA in the absence of O2 or some other oxidant.40,42 Because
many oxidative DNA cleavage pathways produce products that
are similar to the products of hydrolysis, however, it is very
difficult to conclusively demonstrate that DNA cleavage is
hydrolytic. Detailed product analysis must show not only that
the products expected from hydrolysis are present but also that
other products, which may be at very low concentrations, are
absent. Hydrolysis of dinucleotides and short oligonucleotides
by lanthanide ions and complexes has been demonstrated by
direct product analysis via NMR, HPLC, and HPLC-mass
spectrometry;42 all of the observed products are consistent with
a hydrolytic mechanism.
Unfortunately, neither dinucleotides nor oligonucleotides up

to 30 nucleotides long (both single-stranded and hairpin
structures) are cleaved very efficiently by Cu([9]aneN3)Cl2.
Although cleavage of the oligonucleotides was observed via
mass spectrometry, HPLC, and autoradiography of sequencing
gels loaded with32P-labeled DNA, the extent of cleavage was

very low and detailed product analysis was not possible.
(Interestingly, these experiements were performed aerobically,
indicating that neither the O2-dependent nor the O2-independent
reaction is very efficient with short oligonucleotides.) Signifi-
cantly, [Cu(i-Pr3[9]aneN3)(OH2)(OTf)]OTf cleaves DNA under
anaerobic conditions nearly twice as fast as Cu([9]aneN3)Cl2.
Future experiments will determine whether [Cu(i-Pr3[9]aneN3)-
(OH2)(OTf)]OTf also cleaves short oligonucleotides and whether
product analysis is feasible. Nevertheless, the fact that DNA
cleavage occurs in the absence of O2 or any other oxidant leaves
open the possibility that Cu([9]aneN3)Cl2 cleaves DNA via a
hydrolytic mechanism.

Conclusion

In conclusion, we have demonstrated that, in addition to
hydrolyzing activated phosphodiesters, Cu([9]aneN3)Cl2 also
cleaves both single-stranded and double-stranded DNA. The
rate of DNA degradation increases by a factor of 2 when the
alkylatedi-Pr3[9]aneN3 ligand is used. The cleavage reaction
proceeds via at least two distinct mechanisms: an O2-dependent
pathway and an O2-independent pathway. Significantly, these
are two of only a few well-defined metal complexes that have
been shown to cleave DNA in the absence of O2 or some other
oxidant. Furthermore, Cu([9]aneN3)Cl2 is the first metal
complex shown to cleave both DNA and proteins in the absence
of an oxidant.
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