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Synthetic nucleases which rapidly cleave nucleic acids under
mild conditions have many important potential applications
ranging from the synthesis of custom-designed artificial restriction
enzymes! to the development of new antitumor agents.2 Catalysts
that cleave DNA oxidatively by generating hydroxyl radicals
have been used in many innovative studies;>4 however, they modify
the deoxyribose moiety, producing fragments which cannot be
religated.5 Furthermore, the diffusable hydroxyl radicals can
produce multiple cleavagesites. Hydrolyticcleavage suffers from
neither of these drawbacks. Although considerable progress has
been made in the development of catalysts capable of hydrolytic
cleavage of unactivated phosphate diesters, these systems still
cleave phosphate diesters much moreslowly than natural enzymes
and catalysts capable of oxidative cleavage.® Here we report
that the dinucleotide dApdA (2’-deoxyadenyl(3/-5")-2'-deoxy-
adenosine) is rapidly cleaved to give dA (2’-deoxyadenosine) and
inorganic phosphate in the presence of Ce(III) and molecular
oxygen with no destruction of the deoxyribose moiety.

Conversion of dApdA to dA was monitored by HPLC’ (Figure
1). The half-life for the cleavage of dApdA (1 mM) with added
Ce(Cl0,); (20 mM) at pH 8.2 and 37 °C is approximately 2 h.
3’-dAMP (2'-deoxyadenosine 3’-monophosphate) and 5-dAMP
(2’-deoxyadenosine 5’-monophosphate) also undergo rapid cleav-
age under the above conditions, and their concentrations do not
accumulate appreciably during the course of dApdA cleavage?
(Figure 1). The pseudo-first-order rate constant of dApdA
cleavage was obtained by following the initial rate of decrease
in the concentration of dApdA (kobs = 6.8 X 10-3 min™!).

None of the other lanthanide ions tested (La, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Er, Tm, Yb) showed any detectable cleavage of
dApdA after 68 h under the same conditions used for Ce(III)-
mediated cleavage of dApdA. Interestingly, when molecular
oxygen is removed from the Ce(III) reaction medium by degassing
the solvent with nitrogen gas, no cleavage of dApdA is detected
(Figure 2). This observation combined with the fact that cerium
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Figure 1. HPLC chromatograms showing the cleavage of dApdA (1
mM) by Ce(ClO4); (20 mM), pH 8.2 at 37 °C. Chromatograms are
taken of the reaction mixture at 10-min intervals from 0 to 50 min after
mixing of the reactants.
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Figure 2. Kinetic plot showing the rate of dApdA (1 mM) cleaved by

Ce(ClO4)3 (20mM), pH 8.2 at 37 °C: (a) in the presence of atmospheric
oxygen; (b) after degassing with nitrogen gas.

is the only lanthanide which can be oxidized to the tetravalent
state under the reaction conditions suggests that the mechanism
of cleavage is oxidative rather than hydrolytic and may involve
the activation of molecular oxygen by Ce(III). Interestingly, the
HPLC trace shows only the products expected from the cleavage
of the P-O bond of dApdA with no trace of products due to
cleavage of the sugar or depurination (adenine elutes from the
column at 2.54 min). Analysis of the concentrations of dApdA,
dA, 3’-dAMP, and 5-dAMP as a function of time indicates that
all of the reacted dApdA is converted cleanly to dA and the
monoesters.® Furthermore, inorganic phosphate is the only
product detected by 3P NMR.?

To test the hypothesis that hydrogen peroxide might be the
activated oxygen species involved in the Ce(III)/O;-mediated
cleavage of dApdA, we looked for cooperativity between hydrogen
peroxide and La(III) in the cleavage of a phosphate diester.?
Hydrogen peroxide alone (20 mM) does not appreciably increase

(9) Takasaki, B. K.; Chin, J. J. Am. Chem. Soc. 1993, 115, 9337-9338.

0002-7863/94/1516-1121304.50/0 © 1994 American Chemical Society



1122 J. Am. Chem. Soc., Vol. 116, No. 3, 1994

Scheme 1 Proposed Mechanism for the Ce(III)/
0O,-Mediated Cleavage of dApdA
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the rate of hydrolysis of BNPP (bis(p-nitrophenyl) phosphate).
However, when La(ClO,); (2 mM) is combined with hydrogen
peroxide (20 mM), the rate of BNPP hydrolysis increases by (3.4
X 104)-fold over the rate in the presence of La(III) alone.
Furthermore, the pH dependence data suggests that the active
form of the catalyst isa La(III) peroxide dimer formed from two
La(III) ions and two peroxide dianions.?

While we were investigating the mechanism of dApdA cleavage,
it was reported by Komiyama et al. that Ce(III) hydrolyzes the
DNA dinucleotide (dTpdT) by intramolecular metal hydroxide
attack on the coordinated phospahte diester.!® However, this
mechanism does not explain the oxygen dependence of the reaction,
nor does it account for the enormous difference in reactivity
between Ce(III) and the other lanthanide ions.!! Lanthanide
ions have previously been shown to vary only slightly in their
reactivity toward RNA and RNA analogs. 2

One possible mechanism for the dApdA cleavage which
accounts for all of the data and is analogous to the mechanism
proposed for the La(III) peroxide cooperativity involves the
oxidation of Ce(III) to Ce(IV) by molecular oxygen followed by
intramolecular Ce peroxide attack on the coordinated phosphate
diester (Scheme 1). Inthe first step two Ce(III) ions are oxidized
to Ce(IV) by molecular oxygen, giving rise to a peroxide dianion
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coordinated to two Ce(IV) jons.!?> In the second step the Ce
peroxide attacks the coordinated phosphate diester, releasing the
2’-deoxyadenosine product. No peroxyphosphate intermediate
was detected. The peroxide group in the Ce(III)-coordinated
peroxyphosphate should be a good leaving group and easily
displaced by the solvent.

This mechanism combines the effects of Lewis acid activation
of the phosphate by coordination to the metal ions® with
intramolecular nucleophilic attack by the coordinated peroxide
anion.* It was recently shown that hydrogen peroxide can act
as an efficient nucleophile for cleaving biologically important
polymers. It has been reported that cooperativity between the
Flprecombinase and hydrogen peroxide results in the site-specific
cleavage of DNA.!S Furthermore, a mechanism involving
nucleophilic attack by metal-bound peroxide has been proposed
not only for the cleavage of a phosphate diester® but also for the
cleavage of amides such as DMF!¢ and the amide linkage in
protein molecules.!?

In conclusion, facile oxidative cleavage of thed ApdA phosphate
diester bond can be achieved with Ce(III) and molecular oxygen.
Unlike previously reported catalysts that cleave DN A oxidatively,
the deoxyribose ring is not damaged during the cleavage reaction.
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