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Since Sigman et al. first reported the DNA cleavage activity
of the (1,10-phenanthroline)copper complex ((OP)2Cu) with thiol
or H2O2 in 1979, the nuclease activity of (OP)2Cu has been widely
applied in structural studies of nucleic acids and nucleic acid-
protein complexes.1 Based on the formation of considerable
5-methylenefuranone during heating of (OP)2Cu-treated DNA, the
major reaction pathway induced by the agents has been deduced
as C1′ oxidation via a 2′-deoxyribonolactone intermediate.2

However, because direct DNA strand cleavage by this agent was
readily detected by gel electrophoresis, Sigman et al. recently
proposed an alternative mechanism involving a 1′,2′-dehydro-
nucleotide intermediate which is also consistent with the incor-
poration of18O into 5-methylenefuranone from H2

18O (Scheme
1, path a).3 Subsequently, Chen and Greenberg demonstrated that
the mononucleotide analogue of 1′,2′-dehydronucleotide is quite
stable under the reaction conditions of DNA cleavage, and they
proposed that (OP)2Cu catalyzesâ-elimination of the 2′-deoxy-
ribonolactone residue in DNA (Scheme 1, path b).4 In addition
to our results, other groups have found that the 2′-deoxyribono-
lactone-containing site is relatively stable at neutral pH. Further-
more, our preliminary results indicated that deoxyribonolactone-
containing hexamer is stable even in the presence of (OP)2Cu.
To better understand the DNA cleavage mechanism, we performed
a detailed analysis of the degradation products of d(CGTACG)2

and calf thymus DNA by (OP)2Cu. Herein we report experimental
evidence suggesting that the major direct cleavage occurs due to
C4′ and C5′ H abstraction, neither through 1′,2′-dehydronulceotide
intermediate nor fromâ-elimination during formation of 2′-
deoxyribonolactone.

Figure 1 shows the HPLC profile of the reaction mixture
containing d(CGTACG) and (OP)2Cu in the presence of mer-
captopropionic acid (MPA).1h,5 Interestingly, an analogous single-
strand hexamer d(CTACGC) was not digested at all by (OP)2Cu
under the reaction conditions and was digested efficiently in the
presence of the complementary strand, confirming that the reaction
we observed was derived from duplex DNA substrate. Major

peaks 1, 2, and 3 formed from (OP)2Cu-treated d(C1G2T3A4C5G6)
were found to contain 2′-deoxyribonolactone at the A4, C5, and
G2 sites which were characterized as1, 2, and3, respectively, by
electrospray MS (ESMS) together with heat degradation.6 We
further confirmed that18O was incorporated into1 and 2 from
H2

18O in the DNA degradation experiment in H2
18O (Figure 2S).

In accordance with previous observations, 2′-deoxyribonolactone-
containing oligonucleotides were quite stable at neutral pH at room
temperature.7 However, under mild alkaline conditions (pH 9.9,
room temperature, 1 h), purified1 and2 underwentâ-elimination
to provide butenolide1a and2a accompanied by the release of
the 5′-phosphate fragment in ca. 70% yield (Scheme 2, Figure
3S).8
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(5) A reaction mixture (50µL) containing 5′-d(CGTACG)-3′ (540µM base
concentration), 1,10-phenanthroline (90µM), CuSO4 (20 µM), and mercap-
topropionic acid (MPA, 200µM) in 50 mM Tris HCl buffer (pH 7.5) was
incubated under aerobic conditions at 0°C for 15 min. Then 50µL of 2,9-
dimethylphenanthroline (4 mM) was added to the solution, which was then
directly analyzed by HPLC. TheTm value for 0.1 mM (base concentration)
d(CGTACG)2 in 50 mM Tris HCl buffer (pH 7.5) was 20.5°C, indicating
that we observe the reaction between duplex and (OP)2Cu. CD spectra of 0.1
mM (base concentration) of d(CGTACG)2 in 50 mM Tris HCl (pH 7.5) showed
typical B-form conformation under reaction conditions (Figure 1S).

(6) Structures of1, 2, and3 were characterized by ion spray MS and heat
treatment. ESMS (negative):1, calcd 1673.1, found 1673.0;2, calcd 1697.1,
found 1696.8 (Figure 2S);3, calcd 1657.1, found 1656.8 (Figure 6S(a)). Heat
treatment of1, 2, and3 provided corresponding fragments with phosphate
termini and 5-methylenefuranone.

Figure 1. HPLC profile of (OP)2Cu-treated d(CGTACG)2. The reaction
mixture (50µL) was analyzed by HPLC on a CHEMCOBOND 5-ODS-H
column (4.6× 150 mm) detected at 254 nm; elution was with 0.05 M
ammonium formate (pH 6.5) isocratic, 10 min, containing 0-6%
acetonitrile, linear gradient, 50 min, 6% acetonitrile isocratic, 10 min at
a flow rate of 1.0 mL/min, at 40°C. The identification of each peak
(1-7) was confirmed by electrospray MS (ESMS) and enzymatic
digestion.

Scheme 1
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Of note, the isolated ribonolactones1 and2 and also butenolide
1aand2awere found to be fairly stable under the DNA cleavage
conditions,9 and neither1a nor 2a was detected in the reaction
mixture of DNA cleavage (Figure 4S). These results indicate that
1′,2′-dehydronucleotide intermediate is not involved in direct
cleavage by (OP)2Cu and strongly suggest that (OP)2Cu does not
considerably catalyzeâ-elimination of ribonolactone residue in
DNA via â-elimination, as proposed by Chen and Greenberg.4

Peaks 4 and 5 were found to be d(CGT)p (4) and d(CGTA)p
(5), respectively, by ESMS and enzymatic dephosphorylation.10

These results indicate the existence of direct DNA strand cleavage
processes in the (OP)2Cu-mediated reaction. Moreover, NaBH4

reduction of the reaction mixture gave d(CG) and d(ACG),
indicating that (OP)2Cu oxidized at the C5′ position of the A4

and C5 sites.11 Peaks 6 and 7 were characterized as d(CGTA)-
phosphoroglycolate (6) and the C4′-hydroxyabasic site at the C5
site (7), respectively, resulting from abstraction of C4′ H at C5

as observed in neocarzinostatin- and BLM-mediated DNA cleav-
age.12,13The product distribution formed at the A4 and C5 sites in
d(CGTACG)2, based on the quantitative analysis of the degrada-
tion products, is summarized in Scheme 3. At the A4 site, reaction
at C1′, C4′(O2), C4′(H2O), and C5′ sites occurred in 18.0%, 3.0%,
2.0%, and 6.4% contribution, respectively, indicating that at least
32% of the reaction at the A4 site causes direct cleavage.14

Recently, Greenberg et al. proposed the existence of direct DNA

strand cleavage derived from the C1′ radical. Even though the
structures of the products are not identified, possibly 1.8% of
cleavage that is 10% of 2′-deoxyribonolactone is assumed to be
derived from the C1′ radical on the basis of their observation.15

Similarly, at least 19% of the reaction of the C5 site induces direct
cleavage. Formation of C4′ oxidation products leading to direct
strand cleavage was also confirmed in (OP)2Cu-treated calf
thymus DNA.16 Present HPLC analysis covered about 50% of
degradation products based on the consumed d(CGTACG). The
remaining products are assumed to be various types of base
modifications, which do not induce direct DNA cleavage as
reported previously.17

The present results clearly demonstrate that direct DNA scission
induced by (OP)2Cu occurs primarily due to C4′ and C5′
oxidations, neither through 1′,2′-dehydronucleotide intermediate
nor from â-elimination of ribonolactone residue catalyzed by
(OP)2Cu.
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