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Abstract: Catalytic activity of Cu(Il) ion complexed to terpyridine in hydrolysis of polyadenylic acid is considerably
enhanced upon attachment to poly(ethylenimine) (PEI), especially at pH 6.5. This is attributed to cationic

microenvironments created on PEI backbone and, possibly, to the general acid action of the ammonium ions of PEL
© 1997 Elsevier Science Ltd.

There is much interest in the design of artificial ribonucleases in view of importance of sequence
selective cleavage of RNA.' Metal ions are far more versatile than organic functional groups in catalyzing
organic reactions and have been utilized as catalytic groups in many biomimetic catalysts.? Several metal
complexes are known to catalyze hydrolysis of phosphodiester linkages. For example, effective catalysis by
the Cu(IT) complex (CuTP) of terpyridine in the hydrolysis of polyadenylic acid (poly(A)) has been reported.’
Thus, CuTP is a good candidate for the catalytic group to be utilized in the design of artificial
metalloribonuclease. One of the important subjects in design of artificial enzymes is improvement of activity
of catalytic groups by interactions with the microenvironment and with functional groups provided by the
backbone. In the present study, branchy poly(ethylenimine)* (PEI) is used as the backbone of the artificial
metalloribonuclease to which CuTP is attached. In this paper, enhancement in the activity of CuTP through
interaction with the PEI portion is reported.

PEI contains ethylamine as the repeating unit and, thus, is highly soluble in water. The molecular
weight of the PEI used in the construction of artificial enzymes is ca. 60000, corresponding to 1400 monomer
residues. Among the 1400 nitrogens present in PEI, ca. 25, ca. 50, and ca. 25 % are primary, secondary, and
tertiary amines, respectively. The tertiary amines represent branching points on the polymer backbone, and
PEI is highly branchy. The reaction of 4'-p-tolyl-2,2":6',2"-terpyridine with N-bromosuccinimide in CCl, in
the presence of benzoylperoxide produced 4'-(p-bromomethylphenyl)-tolyl-2,2":6'2"-terpyridine (TP-Br).
Through alkylation of amino groups of PEI with TP-Br, PEI was converted into TP-PEI, which was treated
with acetic anhydride to acetylate primary and secondary amino groups of the PEI backbone leading to the
formation of TP-AcPEL PEI, TP-PEI, and TP-AcPEI were purified by repetitive dialysis before structural
modification or kinetic measurements. By spectral titration with Cu(Il) ion, it was estimated that each TP-PEI
or TP-AcPEI molecule contains 27 TP residues on the average. The Cu(II) complex (CuTP-AcPEI) of TP-
AcPEI was prepared by adding CuCl, (95 mol % of the TP residue) to TP-AcPEL The average formation
constant for each Cu(Il) complex of TP unit in CuTP-AcPEI was estimated as (1.46 + 0.10) X 10" at 25°C
and pH 7.00 by a competition experiment® using EDTA as the competing ligand.
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Catalytic efficiency of CuTP has been previously measured in the hydrolysis of poly(A) containing 12-
18 adenylate residues.’ In the present study, poly(A) with the average degree of polymerization being ca. 300
was used as the substrate for CuTP-AcPEI and CuTP. Fragmentation of poly(A) by CuTP-AcPEI and CuTP
is evidenced by electrophoresis (e.g., Fig. 1). Fig. 1 shows that poly(A) and its cleavage products are mixtures
of polymers with various sizes. Fig. 1 further reveals that poly(A) is much more rapidly cleaved into small
pieces by CuTP-AcPEI than by CuTP at pH 6.50. AcPEL the acetylated PEI derivative without the CuTP
groups, did not promote degradation of Poly(A), revealing that CuTP is essential for the action of CuTP-
AcPEL
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Fig. 1. Separation of cleavage products by electrophoresis Fig. 2. Abs change at 276 nm observed
(15 % polyacrylamide-7 M urea gel)® after incubation during incubation of poly(A) with
of poly(A) (8.22 X 107 res M) with CuTP-AcPEI or with CuTP-AcPEI or CuTP under con-
CuTP at pH 6.50 (0.05 M Mes) and 50°C. Concentration ditions of Fig. 1.

of the CuTP moieties was 9.03 X 10° M.

Since the substrate is a mixture of polymers, kinetic measurement by following the decrease in the
density of the electrophoretic band for the parent poly(A) was not feasible. Instead, relative activity of CuTP-
AcPEI and CuTP at pH 6.5-8 was quantitated spectrophotometrically. The progress in the fragmentation of
poly(A) is accompanied by changes in UV spectrum. In Fig. 2 is illustrated the absorbance (Abs) change
observed at 276 nm during incubation of poly(A). UV spectra of the product solutions obtained by incubation
of poly(A) with CuTP-AcPEI and with CuTP were identical. The Abs change observed during the incubation
of poly(A) with CuTP-AcPEI or CuTP is not proportional to the number of phosphodiester linkages cleaved.”
Nevertheless, Abs changes accompanying cleavage of poly(A) may be used as a measure of relative reactivity.
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The apparent initial velocity (v,) was defined as [A4bs/At]—[AS/AA4bs] and was calculated by analyzing Abs
increase according to the statistical method reported in the literature.® Conversion factor AS/Adbs was
arbitrarily taken as the initial residue molar concentration (S,) of poly(A) divided by total Abs change
observed during the reaction. Studies with CuTP-AcPEI were not extended to pH 6 and lower pHs due to
precipitation apparently caused by extensive complexation between CuTP-AcPEl and poly(A). For
Michaelis-Menten kinetics, initial velocity is proportional to S, when Ky, >> S,,. For the data illustrated in Fig.
3, v, is proportional to S, with the slopes representing v/S,.
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Fig. 3. Plot of v, vs. S, for hydrolysis of poly(A) catalyzed by CuTP-AcPEI or CuTP at 50°C and
pH 6.50, 7.00, or 8.00. Catalyst concentration was 9.03 X 10° M in terms of the
concentration of the Cu(Il) center. The numbers are slopes of the straight lines.

Since CuTP is known to hydrolyze the phosphodiester linkages of RNA,? fragmentation of poly(A) by
CuTP-AcPEI is likely due to hydrolysis of phosphodiesters. The mechanism of catalysis by CuTP in
hydrolysis of RNA was proposed as I, in which the hydroxide ion coordinated to the Cu(Il) ion acts as a
general base to assist the nucleophilic attack by the ribosyl hydroxyl group.3 The pK, of the water molecule
bound to the Cu(Il) ion of CuTP is 8.2.3 Thus, CuTP loses its catalytic activity at lower pH values due to
protonation of the hydroxoCu(Il) ion. The pH dependence of v,/S, for the CuTP-catalyzed hydrolysis of
poly(A) agrees with this mechanism.

The results of Fig. 3 and electrophoresis (not shown for pH 7.00 and 8.00) indicate that CuTP-AcPEI is
markedly more effective than CuTP at pH 6.50 whereas they possess similar activity at pH 8.00. For CuTP-
AcPEI, the activity is higher at pH 6.50 than at pH 7.00 or 8.00. The polycationic microenvironments
provided by the protonated tertiary amino groups of the PEI backbone would promote ionization of the
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Cu(II)-bound water molecule, lowering the optimum pH for the catalysis. This alone, however, does not
account for the higher catalytic activity of CuTP-AcPEI at pH 6.50 compared with pH 7.00 or 8.00. Another
catalytic factor, which operates at pH 6.50 but becomes less important at higher pHs, is needed to explain the
high catalytic activity of CuTP-AcPEI at pH 6.50. Protonation of the tertiary amino groups would facilitate
complexation between CuTP-AcPEI, a polycation, and poly(A), a polyanion, as evidenced by precipitation at
pH < 6. Complexation of poly(A) to CuTP-AcPEI would accelerate the reaction between the two polymers.
Another possibility that cannot be ruled out at present is the general acid catalysis by the tertiary ammonium
ion as illustrated in II. Due to hydrophobic microenvironments and unfavorable electrostatic interactions
among ammonium ions, amino groups of PEI derivatives are mostly deprotonated at pH >7.° The diminishing
effect of the ammonium ions of CuTP-AcPEI at pH 7-8 indicates that they are largely deprotonated at pH >7.

Resuits of the present study demonstrate that the catalytic activity of CuTP in hydrolysis of poly(A) is
considerably improved by attachment to PEI through interaction with the tertiary amino groups of PEI
backbone. Although it is not possible at present to decide whether the catalytic effect of the protonated
tertiary amino groups odginates from their general acid activity or from the polycationic microenvironment, it
is clear that more effective artificial metalloribonucleases could be obtained by construction of active sites
comprising CuTP and other catalytic elements on PEL

Acknowledgment. This work was supported by grants from Basic Research Institute Program (1996),
Ministry of Education, and from KOSEF through Center for Molecular Catalysis at Seoul National University.

REFERENCES AND NOTES

1. (a) Yoshinari, K.; Yamazaki, K.; Komiyama, M. J. Am. Chem. Soc. 1991, 113, 5899. (b) Shelton, V.
M.; Morrow, J. R. Inorg. Chem. 1991, 30, 4295. (c) Bashkin, J. K.; Frolova, E. 1. J. Am. Chem. Soc.
1994, 116, 5981. (d) Mesmaeker, A. D.; Héner, R.; Martin, P.; Moser, H. Acc. Chem. Res. 1995, 28,
366. (e) Linkletter, B.; Chin, J. Angew. Chem. Int. Ed. Engl. 1995, 34, 472. (f) Endo, M.; Hirata, K_;
Thara, T.; Sueda, S.; Takagi, M.; Komiyama, M. J. Am. Chem. Soc. 1996, 118, 5478.

2. (a)Suh, J. Acc. Chem. Res. 1992, 25, 273. (b) Suh, J. In Perspectives in Bioinorganic Chemistry; Hay,
R. W., Ed.; JAI Press: London, 1996; Vol. 3, pp. 115-149.

3. Stern, M. K,; Bashkin, J. K.; Sall, E. D. J. Am. Chem. Soc. 1990, 112, 5357.

Suh, J. In Polymeric Materials Encyclopedia; Salamone, J. C. Ed.; CRC Press: Boca Raton, 1996;
4210.

Suh, J.; Park, H. S. J. Polym. Sci. A: Polym. Chem. 1997, 35, 1197 and references therein.

Moore, C. L.; Sharp, P. A. Cell. 1985, 41, 845.

7. Molar (based on monomer concentration) extinction coefficient measured for poly(A) consisting of 300
monomers is almost identical with that (Yakovlev, G. I.; Moiseyev, G. P.; Bezborodova, S. I; Both, V.;
Sevcik, J. Eur. J. Biochem. 1992, 204, 187) of 100 monomers. Thus, initial cleavage of poly(A) is not
propetly reflected by Abs changes. In addition, the fragments originating from degradation of poly(A)
underwent further cleavage as checked by electrophoresis even after Abs change reached a limiting
value.

8. Booman, K. E.; Niemann, C. J. Am. Chem. Soc. 1956, 78, 3642.

Suh, J.; Paik, H.-j.; Hwang, B. K. Bioorg. Chem., 1994, 22, 318.

(Received in Japan 30 June 1997; accepted 21 August 1997)



