Synthetic dephosphorylation reagents. rate enhancement of phosphate
monoester hydrolysis by Cu(ii)-metallated adenine nucleobase polymers
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Significant rate enhancement of p-nitrophenyl phosphate
hydrolysis, catalyst turnover and recycling has been ob-
served for metallated, 9-allyladenine-containing cross-
linked polymers.

Nucleic acids can coordinate to metal ions through the
participation of base keto oxygen atoms, heterocyclic ring
nitrogen atoms, sugar hydroxy groups and phosphate oxygen
atoms.1 The importance of metal ion binding is not smply
limited to phosphate charge neutralization, but is also essential
for stabilization of the nucleic acid structure and for RNA
catalysis.23 The design of our dephosphorylation agents has
drawn inspiration from nucleic acids?a—< and we have invoked
metal-ion coordination ability of purine nucleosides and
nucleotides,>" for the synthesis of metallated, cross-linked
nucleobase polymers. These polymeric molecules have been
utilized for the hydrolysis of amodel phosphate monoester and
the kinetic parameters have also been determined.

Phosphate ester hydrolysis plays an important role in energy
metabolism and in a variety of cellular signal transduction
pathways in biological systems.6ab The design of synthetic
models of this reaction has been an attractive area of research
and consequently, a wealth of information regarding artificial
phosphatases and nucleases is available in literature.”2d Most
of these models utilize ligand bound transition and inner-
transition metal ions for the catalysis of phosphate ester
hydrolysis.8a* |t is assumed that metal ions play an important
role in hydrolysis through the formation of meta—aqua
complexes and by providing electrostatic neutralization of the
negative charge on the phosphate group, thus making it more
susceptible to nucleophilic attack.8c Owing to polarization
effects, water molecules coordinated to metal ions can be
substantially more acidic compared to free water molecules.®

The synthesis of our metallated nucleobase polymersinvolve
AIBN-initiated polymerization of 9-allyladeninel© with across-
linking agent such as 1,4-divinylbenzene (DVB) or ethylene
glycol dimethacrylate (EGDMA), in the presence of added
metal ions. Adenine derivatives have been shown to coordinate
to metal ions such as Cu2*, Mn2+, Zn2+ and Co2*, predom-
inantly through purine ring nitrogens.5a-h Keeping this fact in
mind, we have prepared a polymeric matrix containing multiple
adenine rings for extensive metal ion coordination. The
metallated polymers so obtained were insoluble in common
solvents and thus the present study is an example of heteroge-
neous catalysis of phosphate monoester hydrolysis. Atomic
absorption spectroscopy and inductively coupled plasma analy-
sis were used to estimate the amount of Cu(i1) incorporated
within the polymeric matrix (Table 1). It was found that
incorporation of Cu(i1) in EGDMA cross-linked polymer was
2.5 times that when compared to the DVB polymer. A much
higher loading could be explained due to the presence of oxygen
atomsin EGDMA, which can provide additional sitesfor metal
ion coordination. Preliminary EPR studies have also been
performed with these polymers.11

We have employed p-nitrophenyl phosphate (pNPP), a
routinely used model monophosphate ester substrate, to evalu-
ate the phosphatase activity of our adenine polymers and time-
dependent rel ease of p-nitrophenolate anion (€400 = 1.65 X 104
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Table 1 Estimated copper-loading and pseudo-first-order rate constants for
pNPP hydrolysis in the presence of polymers 1 and 22

9-Allyladenine:

cross-linker: Mg of Cu(ir)
Polymerb Cu(n) (g polymer)—1¢ kgpd/min—1 Krel
1 DVB, 1:3:1 63.60 132 x 103 27 x 103
2 EGDMA, 1:4:1 160.00 547 x 103 1.1 x 104

a All hydrolytic reactions were performed in duplicatein 3 mL of 0.01 M N-
ethylmorpholine buffer in 50% aqueous methanol (pH 8.0, 30 °C).
b Polymer weights were 1 mg in 3mL of buffer, corresponding to 0.33 and
0.84 mM of Cu?+, if polymers 1 and 2 were completely solublein buffer and
substrate concentrations were 3.3 and 8.4 mM, respectively. ¢ Determined
by AAS (AAS-300 Analyst, Perkin Elmer) and ICP (Integra XL, GBC)
measurements.

M—1 cm—1) was used to determine kinetic constants. Remark-
able rate enhancement was observed for pNPP hydrolysisin the
presence of metallated polymers. The pseudo-first order rate
constants (kons) Were determined and it was found that polymers
1 and 2 displayed ca. 2,700- and 11,000-fold rate enhancement
for pNPP hydrolysis (Table 1), respectively, as compared to the
uncatalyzed reaction (4.92 X 10-7 min—1, pH 7 a 25 °C8h),
These observations prompted us to perform a more thorough
kinetic evaluation and therefore, the Michaelis-Menten kinetic
parameters for metallated adenine nucleobase polymers 1 and 2
were determined. Lineweaver—Burk plots (1/V vs. 1/[9], Fig. 1)
were used to calculate Michaelis constants (K.,,) and maximal
velocities (Vimax). For polymer 1, containing DV B cross-linker,
the K, and Vihax Values were found to be 1.01 mM and 2.55 X
10—5mM min—1, respectively. While for polymer 2, containing
EGDMA cross-linker, the corresponding K, and Vi vaues
were found to be 0.21 mM and 4.6 X 10-5 mM min—1,
respectively (Table 2, Fig. 1).

We have also evaluated polymer 2 under turnover con-
ditions'2e by increasing the substrate concentration, while
keeping the amount of polymer constant. Pseudo-first-order
rateswere determined and it was found that polymer 2 displayed
efficient catalysis even in the presence of a 10-fold excess
concentration of pNPP (Table 3). A unique feature of our
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Fig. 1 Lineweaver—Burk plot of Cu(i)-metallated EGDMA cross-linked
adenine nucleobase polymer 2.
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Table 2 Michaelis constants and maximal velocities of Cu(i)-containing
adenine polymers for pNPP hydrolysis?

Polymerb Km/mM Viad/MM min—1
1 1.01 255 x 105
2 0.21 46 X 105

a All hydrolytic reactionswere performed in duplicatein 5 mL of 0.01 M N-
ethylmorpholine buffer in 50% agueous methanol (pH 8.0, 30 °C), pNPP
concentrations, [S]: 0.5-2.0 mM and 0.25-1.5 mM (for polymers 1 and 2,
respectively). b Polymer weights were 1 mg in 5 mL of buffer, correspond-
ing to 0.2 and 0.5 mM of Cu?+, for polymers 1 and 2 respectively, if the
polymers were completely soluble in buffer.

Table 3 Turnover experiments?

Molar ratio of Cu(ir)
present in EGDMA
adenine polymerb:

Pseudo-first-order
rate constant Kopsd/

pNPP min—1

1:1 1.69 x 10-3
1:3 239 x 10-3
1:10 5.47 x 10-3

a All hydrolytic reactions were performed in duplicatein 3 mL of 0.01 M N-
ethylmorpholine buffer in 50% agueous methanol (pH 8.0, 30 °C);
b Polymer weights were 1 mg in 3 mL of buffer, corresponding to 0.84 mM
of Cu?+, if polymer 2 was completely soluble in buffer.

polymers is that they could be easily recycled. In a typica
procedure, after pNPP hydrolysis, the reaction mixtures were
centrifuged; polymers were filtered off and washed with
copious volumes of 50% agueous methanol. Washed and dried
polymers were then reused for the catalysis of a subsequent
hydrolytic reaction. Both of the polymerswerereused thriceand
the initia velocities, depending on the release of p-ni-
trophenolate anion, were found to be similar to the values
obtained by using fresh polymeric catalysts (data not shown).

It is tempting to attribute a differentia rate enhancement
between the two polymers to the high loading of Cu(i) in
polymer 2. Unmetallated, cross-linked adenine polymers failed
to catalyze pNPP hydrolysis over an extended period of time
(data not shown), thereby indicating a crucia role of co-
ordinated metal ion in accelerating the hydrolytic reaction.
There are some literature reports that describe polymer-based,
non-enzymatic hydrolysis of activated phosphate esters and
RNA .4c.12a-f \We have also introduced a novel matrix of cross-
linked nucleobase polymers and have exploited metal coordina-
tion capability of adenine nucleobase for phosphate monoester
hydrolysis. Turnover and recycling experiments indicate that
these molecules are robust, possess high catalytic efficiency,
and are amenable to recycling. Importantly, the heterogeneous
nature of our catalyst can be utilized for its convenient removal
at the completion of reaction.

The precise mechanism of monophosphate ester hydrolysis
by metallated nucleobase polymers is unclear at the present
time. Experiments are underway to elucidate the mechanism
and to evaluate the catalytic assistance of these polymersfor the
hydrolysis of amides, esters, dinucleotides and nucleic acids.
Moreover, we are aso in the process of developing soluble,
nucleobase containing polymeric matrices for effecting homo-
geneous catalysis of the above mentioned reactions.
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