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A Synthetic p-Nitrophenyl Esterase With
Remarkable Substrate Selectivity

Wilmer K. Fife*, Slawomir Rubinsztajn, Martel Zeldin

Department of Chemistry
Indiana University-Purdue University at Indianapolis

1125 East 3, ,h Street
Indianapolis, Indiana 46205

Abstract

A new linear polyiner, poly(l, 1, 3, 3-tetramethyl-7-(4-pyridir)l)-7-aza-2-oxa-1, 3-

disiladecane), 4, recently prepared and characterized in our laboratory, has been evaluated as a

catalyst for hydrolysis of p-nitrophenyl esters. This synthetic material not only exhibits high levels

of catalytic efficiency and conforms t, Michaelis-Menten model, but it also demonstrates
enzyme-like specificity for esters derived from acids of moderate chain length (C 12- C16) with

p-nitrophenyl tetradecanoate (C 14) the optimum substrate (Vmax = 7.5 x 10 -7 M s- 1, KM = 2.9 x
10-5 M, kcat/KM = 1.1 x 104 M- 1 s- I at 30 'C in 1 : 1 MeOH-aqueous buffer (pH 8.0) with

[Cat] = 2.5 x 10-6 M).

*To whom correspondence should be addressed.
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Duplication of the efficiency and selectivity of enzymic catalysis with synthetic materials

has been pursued by many investigators for several decades (1-14). Studies directed toward

understanding the enhancement of amide and ester hydrolysis have frequently utilized p-

nitrophenyl esters, 1, of aliphatic carboxylic acids as substrates. Eq. 1, to gain insight into these

. NO, O

+ H20 C,-1 H2 n,1COO - + Q91)
Cn~IHII. COO pH > 7 O2,N

1,n=2, 6, 8, 10,12, 14, 16,18

important processes. Most studies have focused on increasing catalyst efficiency to bring activity

of synthetic catalyst to levels afforded by relevant enzymes. Our goal has been to examine

structural factors in linear, water-soluble, polymeric catalysts that elicit high levels of substrate

selectivity as well as notable rate acceleration in the hydrolysis of 1. For such catalysts to be

successful, they must provide selective lipophilic binding sites for 1 and nucleophilic catalytic sites

appropriately arranged through structural organization, i.e., self-organization, to function jointly as

enzyme-like active sites (15). True enzyme-like behavior in our study requires that these "acti-'c

sites" discriminate among structurally different p-nitrophenyl esters and effect their hydrolysis at

different reaction velocities as well as exhibit the well-known enzymic property of turnover. The

structure variable used to differentiate between substrates in this study is the number of carbons in

the alkanoate chain. Thus, binding between substrate and catalyst is controlled by hydrophobic-

lipophilic interactions (16-20).

The 4-(dialkylamino)pyridines, (DAAP, Fig. 1) of which 4-(dimethylamino)pyridine, 2, is

best known,are such highly reactive nucleophilic catalysts in aprotic solvents that they are often

referred to as "super-nucleophiles" (13, 14, 21-23). Monomeric and polymeric forms of DAAP

are increasingly utilized as catalysts in transacylation reactions. Recently, we have reported on the

synthesis of polysiloxanes functionalized with DAAP groups and their catalytic efficiency toward

acylation of sterically hindered alcohols in aprotic media (24, 25). Two structurally different

backbones have been explored in polymers 3 and 4 which contain pendant and intra-chain DAAP
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moieties, respectively. Simple, monomolecular DAAP variants are known to be relatively
ineffective nucleophilic catalysts of transacylation reactions in aqueous media. However, Klotz and
co- korkers 1 3) discovered that poly(ethylenim ine) derivatives functionalized with any one of a
variety of DAAP groups exhibit significant catalytic activity in hydrolysis of 1 (n = 6). Rate
enhancements of 50-2000-fold over spontaneous hydrolysis were reported for these synthetic
catalysts which have different DAAP's covalently linked to poly(ethylenimines) alkvlated with
dodecvl groups.

More recently, Mathias and Vaidya (14) described a second particularly active polymeric
form of DAAP. poly(4-(diallylamino)pyridine, 5, that exhibited increasing activity toward
variants of 1 with increasing length of alkanoate chain ( C2 - C12). Our two catalysts, 3 and 4,
differ significantly from one another ,nd from the catalysts studied by the Klotz and Mathias
groups. Polymer 3 has the well-known methylsiloxane backbone with a pendent DAAP attached
to silicon, while 4 has a bis-(disiloxypropyl)amino backbone with DAAP an integral part of the
chain. These structural differences offer a potential source of significantly different catalytic
behavior within this set of polymeric catalysts. Since all of them utilize DAAP as their catalytic
site, they share its propensity for true catalytic behavior, i.e.; it exhibits turnover during reaction
with its substrate (21,22).

Hydrolysis of a series of p-nitrophenyl alkanoates, 1, Eq. 1, catalyzed by 3 and 4 was
investigated by methods widely used for evaluation of enzymic catalysis (26). The dependence of
hydrolysis rates on catalyst and substrate concentrations, pH, and length of alkanoate chain in
substrate were determined. For comparison purposes, similar experiments were run with 2 and 5.
The results from experiments in which hydrolysis of a series of 1(n = 2 - 18) at 30'C in 1:1
(V/V) MeOH-aqueous buffer (pH 8.0) was catalyzed by 2, 3, 4, and 5 are illustrated in Fig 2.
Polymer 4, in contrast to 2, 3, and 5, exhibits a clear preference for p-nitrophenyl tetradecanoate,
1 (n = 14), over the other esters studied. Therefore, this synthetic, linear polymer exhibits enzyme-
like substrate selectivity. Polymer 5, on the other hand, shows a steady increase in reaction rate
with increase in length of alkanoate chain. The dependence of reaction velocity on substrate
concentration for the C6, C12, C14, and C16 esters was examined in the presence of 4, and
significantly, the three longer chain esters exhibited saturation kinetics over the concentration range
studied, while the C6 ester did not. These results are illustrated in Fig. 3.

As a further test of the ability of 4 to function as an enzyme mimic, the data from
hydrolyses of l(n = 12, 14, 16) were subjected to Michaelis-Menten analysis (15). The results for
C14 ester are shown in Fig. 4. The Lineweaver - Burk plot of the reciprocal of the reaction
velocity (IN) versus the reciprocal of the substrate concentration (I/S) is linear as predicted by the
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Michaelis-Menten model, Eq. 2, where Vmax = the maximum reaction velocity and KM = the

Michaelis constant. The values of Vmax 7.5 x 10- 7 M s- 1 and KM = 2.9 x 10-5 M - 1 are

1 KM 1 I
V-Vmax ° S + Vax (2)

consistent with effective binding of substrate to the catalyst and efficient catalysis ot tiio hydrolysis

reaction (tl/2 - 15 s at [cat] = 2.5 x 10-6 M). The su'strate selectivity of 4 can be assumed to

derive from factors believed to control specificity in enzymic catalysis (15). The factor kcat/KNI,

where kcat is simply Vmax / [cat]tota l , has been shown to indicate the specificty of an enzyme for

competing substrates. A summary of results from Michaelis-Menten analysis of hydrolysis of

I(n = 6, 12, 14, 16) catalyzed 1,y 4 is given in Table 1. Substrate optimization ;t l(n = 14) is

shown to be due to the enhanced rate of hydrolysis as given by the rate constant, kcat. The values

of KM show a steady decrease with increasing length of alkanoate chain, however, kcat/KM values

maximize at 1(n = 14).

The pH dependence of reaction velocities, V, for hydrolysis of 1 (n = 12) in 1 : 1 (V/V)

methanol - aqueous buffer was measured in the presence of 2, 3, and 4 at 30 'C. The reaction

velocity increases linearly with pH over the interval pH 7.0 - 9.0 for all three catalysts and it

continues to increase at higher pH due to uncatalyzed reaction with hydroxide ion. Significantly,

reactions catalyzed by 4 are more than 4-200 times faster than those catalyzed by 2, 3, and 5 under

similar conditions, Fig. 2. The apparent pKa values for 3 and 4 in the reaction medium [pKa (3) =

8.3; pKa (4) - 7 est (see Footnote 28)] are significantly lower than that of DMAP (pKa = 9.5 in

water (Ref. 22) and 8.8 in 1 : 1 methanol - water). Therefore, the proportion of free base for 3 and

4 is much higher (approx. 50% and 90%, respectively, at pH 8.0) than that of DMAP (approx.

10% at pH 8.0) over the pH interval used. The kinetic studies routinely used 10-fold excess

substrate over catalyst concentrations and reactions were followed to complete reaction (4 - 5 half-

lives). The V values are directly proportional to catalyst concentration over the range 0.8 x 10-6

M to 1.0 x 10- 5 M. Thus, polymers 3 and 4 like DMAP function as true catalysts.

The performance of catalyst 4 as a p-nitrophenyl esterase was compared with that of two

enyzmes, cholesteryl esterase, 6, (29) and chymotrypsin, 7, (30), the most active linear, synthetic

polymer reported previously poly (DAAP), 5, (14), and two active micelle/surfactant systems (23,

31), Table 2. Catalyst 4 ranks third below 6 and 7 in catalytic activity and exhibits comparable

levels of substrate selectivity, although 6 and 7 show optimum activity for 1 (n = 6) and 1 (n = 7),

respectively. An important distinction between synthetic catalyst 4 and enzymes 6 and 7 is that
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both enzymes utilize bifunctional catalysis with histidine imidazole and serine hydroxyl groups as

key participants in catalysis (15, 29). This mechanism was first mimiced in synthetic polymeric

catalysts by Kunitake et al. (8). By contrast. 4 provides a molecular surface that associates

strongly with l(n > 6- KM < 10-4 M), and apparently, the relative positioning of 4 and 1 within the

association complex is controlled by the length of alkanoate chain. The important consequence of

this control may be the optimization of the interaction between the ester carbonyl group of substrate

and the strongly nucleophilic pyridine nitrogen of the catalyst to optimize kcat/KM at l(n - 14).

The p-nitrophenyl esters of moderate to long chain carboxylic acids, l(n 6), are known to form

aggregates in water 16-20). Work in progress suggests that substrate and catalyst aggregates and

partitioning of substrate and/or catalyst among aggregates, co-aggregates, and soluble complexes

may play a significant role in the observed substrate selectivity. This feature of catalyst 4 also

duplicates reported behavior of enzymes in similar reactions (32). The details of our investigation

of effect of medium on solvolysis of 1 in the presence of 4 will be the subject of a future report.
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LEGENDS

Fig. 1. Monomeric and polymeric 4-dialkylamino)pyridines (DAAP): (2) 4-

(Dimethylaniino)pyridine (DMAP): (3) Poly(methyl 3-[N-methyl-N-(4-

pyridinyl)amino]prmpyl,l' xane), (4) Poly( 1,1,3,3-tetranethyl-7-(4-pyriduvl)-7-aza-2--oxa- 1,3-

d!siladecane); (5) Polyt-(_ilallvlamino)pyndine) (Poly(DAAP).

Fi. 2 Dependence of reaction velocity (V) for hydrolysis of I on alkanoate chain length (1 at 'f

-'C in 1:1 (V/V') MeOH-aqueous buffer (0.05 M H2PO 4 / HPO4-2 , pH 8.0).

[1] = 5 x 10- 5 M: [cat] = 1.0 x 10- 5 M. Catalyst: (none) + ; (2) A: (3); (4)0- 5 I.

Fig. 3 Plots of reaction velocity (V) for hydrolysis of 1 vs. concentration of 1 in the presence A,,

2.5 x 10-6 M 4 30 'C in 1:1 (V/V) MeOH-aqueous buffer (pH 8.0), 1 (n = 6 J; n = 12 : n

14 A:n= 16 0).

Fig. 4. Lineweaver-Burk plot for hydrolysis of I (n = 14) in the presence of 2.5 x 10- M 4 at 30

'C in 1:1 (V/V) MeOH-aqueous buffer (pH 8.0).
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