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Designing efficient artificial mimics for naturally occurring
enzymes has been a challenging area to chemists and biolbgists.
Inspired by the concept of transition-state stabilization in enzyme
catalysis? catalytically quite active antibodies have been raised
against stable transition-state analogues (TSASs) of the corresponding
reaction® Similarly, molecularly imprinted polymetsoffer an
excellent possibility to mimic the active site of natural enzymes
since not only can the shape of the transition state be mimicked by
imprinting but also at the same time suitable catalytic groups and
binding sites can be introduced into the active site in a predeter-
mined orientatiort=” However, only recently has strong catalytic
activity approachingf or surpassingjthe activity of the catalytic
antibodies been reported.

High activity could be obtain€dn a model of carboxypeptidase
A by a combination of imprinting with a stable transition-state
analogue and introducing an amidinium function and & Zinding
site in the active cavity in a defined orientation. We report now on
the replacement of Zn by C#* and the use of other substrates ] ] -

Figure 1. Preparation and Function of Imprinted Catalyst. (a) Molecular

which are more similar in structure to the template. These changesinrllorintingl with the templat& and monomet in the presence of Cti. (b)

result in a dramatic incrgase in catalytic actiyity. At the same tir_n_e, Cauvity after removal of the templag (c) Substratet bound in the cavity
these models show typical enzyme properties such as selectivity,of b. (d) Intermediate in the catalysis. After release of products (phenol,

Michaelis—Menten kinetics, competitive inhibition, etc. pyridone, CQ), structure b is regenerated.
In our earlier article on Z4t-containing catalysts, the optimiza-  in catalysis. In our present model, a Tucenter is introduced
tion showed that the use of functional mononieand template? instead of the Z#F, although natural carboxypeptidases do not
contain copper. CU is expected to form more stable complexes
Z between the triamine part df and the pyridine nitrogen of the

stable transition-state analogg€ thus providing a better defined
conformation of the complex during the imprinting procedure (see
o. OH Figure 1a). More importantly, Cti generates a more nucleophilic
k P A ~——NH, \\P/o OH~ compared to Z#&" for promoting the catalysis.
N N WNH @70/ \o@ The polymers have been prepared in bulk by standard procedures
J, ’ (see Supporting Information). The templates were removed to about

1 2 75% from the crushed polymer particles 4825 um). A control

polymer was prepared accordingly but without the temtafehe
(0]

catalytic activity of the imprinted polymers was determined by
= )k = investigating the rate of hydrolysis of different carbonates in HEPES
O O_<\:/> buffer (pH 7.3)/MeCN 1:1. A comparison of the catalytic activity
3X=v=C of the corresponding Zn and C@" catalysts withdiphenyl
4 X=C,Y=N carbonate(3) as the substrate (see Table 1) showed that the best
SX=Y= values of the Z#A" catalyst show an 3260-foldenhancement

compared to buffer solution, whereas the new copper catalyst
showed a considerably stronger enhancement of 8015-fold.

To have substrates that are more similar to the template, the new
substratesphenyl-2-pyridyl-carbonate(4) and di-(2- pyridyl)-
carbonate (5) were used. Both substrates are inherently more
reactive toward water tha® They are better bound in the cavity
compared t@ since the pyridyl ring interacts with the €ucenter
t Jilin University. similarly to the template (see Figure 1c). Investigation of the
*Heinrich Heine University. catalytic hydrolysis showed much stronger rate enhancements of

resulted in the most active catalysts. The monofheontains a
triamine functionality for binding the metal ion and an amidinium
ion. The amidinium group is designated to bind the tetrahedral
transition state of carbonate hydrolysis similar to the catalytic role
of the guanidinium moiety of Arg 127 in carboxypeptidasé Fhe
enzyme also contains an active?Zrion playing an important role
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Table 1. Pseudo-First-Order Kinetics of the Hydrolyses of Information). This clearly shows a unique bifunctional nature of
BglfirrﬁgrtSCarbonates (3-5) in Presence of Catalytic Imprinted the catalysis similarly as discussed, for example, by Breslow for
cyclodextrin-type catalysts for the enolization of ketoHe$he
imprinted polymer  substrate  kmp(min”)F"  Kiplkson  Kinpe/Kaone maximum rate is obtained when the copper is in the catalytically
PZn1,% 3 0.00235 3264 61.5 active aqua hydroxyform® (Figure 1b). Suh and co-workéfg?!
PCul,2 3 0.00571 8015 49.0 investigated carefully similar catalysts with @wand guanidinium
Egﬁg g 1?,"_31 %g;gg ggi ions for their peptidase activity. These catalysts correspond to our

nonimprinted control systems such @GPCul
2 The imprinted polymers were prepared from 6.3% of a 1:1 complex The bifunctional catalysis proceeds via a binding as shown in
of 1 and 2 in the presence of either Zh or CL#*, 83.3% of ethylene  Figure 1c and an activation of the carbonyl group by the protonated

dimethacrylate, and 10.4% of methyl methacrylate in the presence of the [T ; PR
same volume acetonitrile/DMSO 1:1 (v). Hydrolyses of carbonate amidinium ion followed by hydroxyl attack. The reaction is further

4, or5in a solution of 50 mM HEPES buffer (pH 7.3)/MeCN 1:1 at 2D accelerated by the preferred binding of the tetrahedral transition
(HEPES= 2-[4-(2-hydroxy-ethyl)-1-piperazine] ethanesulfonic acid). There  state (compared to the substrate). In summary, catalysts with very
are 2 mM of available active sites in relation to 1 mM substriaig is the high catalytic activity and efficiency have been obtained. The high
pseudo-first-order rate constant in the presence of the poly@gris the L d selectivi h ith hemical hanical
rate constant in the presence of the control polymer, kapglis the rate activity and selectivity, together with strong chemical, mechanical,
constant in the HEPES buffer (pH 7.3)/MeCN 1:1 solutibrData from and thermal stability, give these catalysts a real advantage compared
ref 7. For experimental details, see Supporting Information. to catalytic antibodies and also provides a good alternative compared

Table 2. Comparison of Michaelis—Menten Kinetics of Carbonate to natural enzymes.

Hydrolyses with Imprinted Polymers and Control Polymer CPCul

Acknowledgment. This research was supported by Deutsche

Keat Kn KealKn” Forschungsgemeinschaft and Fonds der Chemischen Industrie and
polymer!  substrate  (min)  (MM) Kl  (min M7 partly by the National Natural Science Foundation of China
PCul,2 5 28.0 0.58 110000 48200 (20174013). J.-g. Liu acknowledges a fellowship from the Alex-
ggﬁfé i ggg gég 7%‘;38 44%% ander von Humboldt Foundation. Helpful discussions with Prof.
CPCUL 4 0.035 405 946 8.2 Dr. W. Klaui, Institute of Inorganic Chemistry of the Heinrich Heine
PZn1,% 3 0.035 2.01 6900 17.4 University, are greatly acknowledged.

2 The control polymeiCPCul was prepared in the same manner as ~_ SUPPorting Information Available: More data on the synthesis
PCu1,2 but only the templat@ was omitted? Data of the Michaelis of monomers and polymers as well as on kinetic investigations. This
Menten kinetics were obtained from a plot of initial velocities of the reaction material is available free of charge via the Internet at http://pubs.acs.org.
versus the substrate concentration (see Supporting Informeti@gta from
ref 7.

References

15 700- and 76 570-fold compared to the reaction in buffer/MeCN (1) (F:?]r reVieIWtS see: E(a) Eggy’ g’f‘;‘”%%”' %fmll)%BG 10|8 77fRF_79DO;Anggwl-3
solution. Also, the imprinting factot(i.e., the ratio of the catalysis Chem Re. 1908 93,91997920'11. © Breélgm)/, Rr.? SGcr’;\’f'f, A7 Am Chem.’

by the imprinted compared to the control polymer) are rather high, Soc.1993 115 10988-10989 (d) Chin, J.Acc. Chem. Resl99], 24,
145-152. (e) Suh, JAcc. Chem. Re®003 36, 562-570. (f) Kimura, E.

with 76.9 and 80.1 (see Table 1). These catalytic enhancements Acc. Chem. Re001, 34, 171—179.
are the highest values reported until now for catalysts prepared by (2) (a) Pauling, LChem. Eng. New$946 24, 1375-1377. (b) Jencks, W.
i it Catalysis in Chemistry and Enzymolod@cGraw-Hill: New York, 1969.
molecular Impnntmg'. . - (3) (a) Lerner, R. A.; Benkovic, S. J.; Schultz, P.Sziencel 991, 252 659
The better catalysis can be explained by better binding of the 667. (b) Schultz, P. G.; Lerner, R. Aciencel995 269, 1835-1842.

substrate and a more efficient catalysis as the data from the (4) (a) Wulff, G.Angew. Cheml995 107, 1958-1979;Angew. Chem., Int.
Ed. Engl. 1995 34, 1812-1832. (b) Cormack, P. A. G.; Mosbach, K.

Michaelis—Menten kinetics show (see Tabl_e 2). Remgrkable React. Funct. Polyml999 41, 115-124. (c) Shea, K. JTrends Polym.

turnover numbers dé;5:= 28.0 §) and 2.86 4) min~! are obtained ) Sci. 1994 5, 16&17%) i ach )
: : : : ) f f 5) For reviews, see: (a) Wulff, GChem. Re. 2002 101, 1-27.

for the imprinted polymerskea is higher thankimy, which is Ramstfan, O ; Mosbach, KCurr. Opin. Chem. Biol1999 3, 759-764.

determined for only one ratio of catalyst to substrd¢g/Kincat (c) Severin, K.Curr. Opin. Chem. Biol200Q 4, 710-714.

— i i Wi i i (6) Examples of esterase activity: (a) Robinson, D. K.; Mosbach, Khem.
(kuncar= Ksorn) IS used tO exDress.the catalytic activity of antibodies Soc., Chem. Commuh989 969-970. (b) Sellergren, B.; Karmalkar, R.
and natural enzymes; it shows in our case values of up to 110 000, N.; Shea, K. JJ. Org. Chem200Q 65, 4009-4027. (c) Ohkubo, K.;

i i i i i i Urata, Y.; Honda, Y.; Nakashima, Y.; Yoshinaga, Rolymer1994 35,
a figure that is by far the highest obtqlned for molecularly imprinted 53755374, (d) Wulff, G - Gross. T.. Scinbeld. R Angew Cheml007
catalysts. These values are even higher by more than 2 orders of 109, 2049-2052; Angew. Chem., Int. Ed. Engl997, 36, 1962-1964.
magnitude compared to those for catalytic antibodies for wkigh (e) Strikowsky, A. G.; Kaspar, D.; Gy M.; Green, B. S.; Hradil, J.;

_ Waulff, G. J. Am. Chem. So@00Q 122, 6295-6296. (f) Emgenbroich,
Kincar = 810 has been reported for carbonate hydrolsihe M.; Wulff, G. Chem-—Eur. J.2003 9, 4106-4117, (g) Maddock, S. C.;
Michaelis constant&,, show a considerably better binding in the - FL’_aseJttOéP-:V\F/?Gifomgl,AMZhem.Cﬁomggaoﬁé%?zgoSi?igll A
H H I, J.-Q.; ultr, . Angew. em ; Angew.
imprinted polymers compared to _the cpr_mol polymer;. Both effects Chem.. Int. Ed2004 43, 1287-1290.
sum up to a much better catalytic efficienky/Kn, (min~t M—1) (8) (a) Christianson, D. W.; Lipscomb, W. Mcc. Chem. Resl989 22,

i i 62—69. (b) Philips, M. A.; Fletterick, R.; Rutter, W. J. Biol. Chem.
for the imprinted polymer compared to the control by factors of 1990 265 2060520698,

790 and 536. These differences are remarkable since the control (g) Binding of 1 and 2 in the presence of Cu is rather strong. CQpper

also contains the catalytic functional grouplpfand the excellent complexes are prepared in MeCN/DMSO 1:1 (v/v) for solubility reasons,

. .. . L though in this solvent lower association of phosphate with the amidinium
catalysis relates to a very efficient imprinting procedure. ion is seen compared to pure MeCN. The?Cion complex ofl showed

The pH rate profile for the carbonate hydrolysis in the presence a Ver}’ hlghthafsolglgtg)n constant of 16g15.8 compared to the 2h
. . . . complex with logK 9.3.

of PCul,2is quite d'ﬁerent.from that QPan,Z The Zn-contalnllng (10) Jacobs, J. W.; Schultz, P. G.; Sugawara, R.; PowellJMAM. Chem.
catalyst shows a strong increase in rate with the pH having an Soc.1987, 109, 2174-2176.
inversion point at pH 7.3the copper-containing one shows a bell- ~ (11) Suh, J.; Moon, S.-Jnorg. Chem.2001, 40, 4890-4895.
shaped profile with an optimum at pH 7.2 (see Supporting JA048372L

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7453



