Direct Synthesis of Artificial Esterase through Molecular Im-
printing Using a Substrate-Mimicking Acylthiourea Template
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ABSTRACT: Most reported artificial esterases only hydrolyze activated esters. We here report a one-pot synthesis of artificial esterases via

molecular imprinting. An acylthiourea template hydrogen bonds with 4-vinylbenzoic acid and coordinates to a polymerizable zinc complex

inside a cross-linkable surfactant micelle. Double cross-linking of the micelle yields a polymeric nanoparticle catalyst that mimics a metalloen-

zyme to activate a water molecule for nucleophilic attack on the bound ester. The catalyst hydrolyzes both activated and unactivated esters

under mild conditions with selectivity.

KEYWORDS: artificial enzyme, molecular imprinting, active site, cooperative catalysis, ester hydrolysis

Ester is a functional group found in numerous natural and man-
made products in huge quantities—e.g,, fats, oils, and polyesters.
Transformation of this functional group is important to diverse fields
including soap making, biodiesel production, and polymer recycling.
Hydrolysis of esters is slow at neutral pH under ambient conditions.
The textbook strategy to speed up the reaction is to activate the car-
bonyl using an acid catalyst or to employ a more nucleophilic hydrox-
ide to attack the carbonyl. The latter is particularly powerful, as the
secondary rate constant for ester hydrolysis by hydroxide is 107"
times faster than that by water.'

Natural enzymes (esterases) employ similar strategies to hydro-
lyze esters even though strongly acidic or basic conditions are not
available. Many esterases activate an active site serine” or water mol-
ecule® by a nearby histidine, turning them into strong nucleophiles
equivalent to alkoxide or hydroxide, respectively. With additional
groups to stabilize the tetrahedral intermediate, these enzymes easily
hydrolyze unactivated esters under physiological conditions.

Chemists have long been interested in duplicating the catalysis of
esterases in synthetic catalysts,”” including those prepared through
molecular imprinting.*"* In recent years, researchers continue to ex-

plore new ways to build artificial esterases'***
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and improve natural es-

terases through protein engineering,***° given the prevalence of ester

as a functional group. However, most chemically synthesized artifi-
cial esterases only hydrolyze highly activated substrates such as p-ni-
trophenyl esters.” Since replacing the p-nitrophenyl leaving group
with a simple ethyl is able to eliminate the majority of catalysis in
some synthetic systems,” it is important to develop catalysts for un-
activated esters that dominate in natural and man-made products.

We previously reported a molecularly imprinted synthetic esterase
capable of hydrolyzing unactivated esters under mild conditions.” In
molecularly imprinted catalysts, a substrate-resembling template is
used to create the imprinted pocket and the catalytic groups are com-
monly installed through postmodification. In our previous catalyst,
the template is a phosphonamidate derivative prepared in multiple-
step synthesis and the postmodification is lengthy, making it difficult
to scale up the synthesis of the catalyst.

Scheme 1 shows a facile, direct preparation of artificial esterase,
with no need for any postmodification. The key lies in the design of
the acylthiourea template (T), which resembles both activated sub-
strate S1a (R = NO:) and unactivated S2 in size and shape. Note that
the latter is considered an “alkyl ester” because its p-nitrophenyl group is
not directly bonded to the acyl. (Its hydrolysis affords a hemiacetal which
hydrolyzes spontaneously to release p-nitrophenoxide, which can be
monitored by UV-vis spectroscopy at 400 nm.) The thiourea group has
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Scheme 1. Preparation of MINP-1 for catalytic hydrolysis of ester S1a for the hydrolysis of S1a.



Two strong hydrogen-bond donors that can interact with 4-vinylben-
zoate (1) that contains two hydrogen-bond acceptors. Even though
hydrogen bonding interactions are weakened in water by solvent
competition, they are strong in the nonpolar microenvironment of
the micelle of 2. In addition, the thiourea sulfur is a good (soft) ligand
for the zinc ion in the tridentate complex A. Formation of termolec-
ular complex 1°T*A is facilitated also by the higher effective concen-

trations of the three compounds in the micelle.

With a layer of terminal alkyne groups on the surface, the mixed
micelles are readily cross-linked by diazide 3 (step a) and function-
alized with monoazide 4 (step b), both via the highly efficient alkyne-
azide click reaction. UV irradiation of 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA, a photoinitiator) initiates free radical polymeriza-
tion and cross-linking among the micelle-solubilized divinylbenzene
(DVB) and the methacrylates of the surfactants (step c). The termo-
lecular complex 1°T*A is co-polymerized in the same step so that the
functional monomers (FMs, i.e., 1 and A) get covalently attached to
the micelle core, near the template. Precipitation from acetone and
solvent washing afford MINP(A), i.e., the molecularly imprinted na-
noparticle (MINP) prepared with complex A as the template-bind-
ing FM. The template is removed in the meantime. MINP(A') is also
prepared without FM 1 and serves as a control catalyst. Another con-
trol is the nonimprinted nanoparticle (NINP), prepared without any
template and thus having no imprinted pockets. Similarly, catalyst
MINP(B) is prepared following the same procedures in Scheme 1,
using zinc complex B to bind the template.

We employed the zinc complexes as the catalytic center because

zinc is a common cofactor in natural hydrolases®**

and frequently
used also in artificial esterases.”™"* The ligand design in complex B is
inspired by the work of Mareque-Rivas and Williams, who have
demonstrated that the ortho amino groups work cooperatively with

neighboring zinc ions in the hydrolysis of phosphate esters.”

Figure la shows the pH profiles for the hydrolysis of Sla by
MINP(A) and MINP(B), with the control catalysts included for
comparison. Over pH 6-10, NINP and MINP(A’) display similar ac-
tivities, with a modest rate acceleration over the background (buffer
reaction). MINP(A) and, in particular, MINP(B) exhibit much
higher activities, especially at higher pHs. When 500 equivalents of
Slais added to MINP(B), a total turnover number (TON) of 465 is
obtained at 80 min (Figure 1b). In contrast, complex B in the same
buffer displays very little activity.

MINP(B), our best catalyst, resembles enzymes by following
Michaelis—Menten kinetics in its hydrolysis of S1A (Figure 1c) and,
more importantly, unactivated substrate $2 (Figure 1d). The Mich-
aelis constant (Kur) for the activated substrate (77 uM) is nearly half
of that for the unactivated one (144 pM). The result is reasonable
given the stronger hydrophobicity of S1a and the hydrophobically
driven substrate binding in water. The catalytic turnover (k) for S1a
(1.76 min™) is over 100 times higher than that for $2 (0.0167 min™).
The result is also reasonable.

Sla and S2 are both expected to fit within the active site of
MINP(B) due to their similarity to the template in size and shape
(Scheme 1). Esters S3 and S$4, on the other hand, can only fill part of
the active site, leaving the rest being filled with water molecules—an
unfavorable situation. Indeed, these substrates are significantly less
reactive than S1a in the presence of MINP(A) or MINP(B) at pH 9
(Figure 2a) and pH 10 (Figure 2b). Note that at pH 10, MINP(B)

is much more active than MINP(A) (Figure 1a) and yet is also more
selective than MINP(A) (Figure 2b). It should be mentioned that p-
nitrophenyl acetate ($3) normally hydrolyzes more quickly than the
more hydrophobic derivatives under uncatalyzed conditions.
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Figure 1. (a) pH profile for the hydrolysis of S1a under different cata-
lytic conditions at 25 °C. [S1a] = S0 uM. [Catalyst] = 10 pM. Buffer:
MES for pH 6.0-6.5, HEPES for pH 7.0-8.5, CHES for pH 9.0-10.0.
(b) Amount of p-nitrophenoxide formed as a function of time in a 25
mM HEPES buffer at 25 °C and pH 7.0, calculated based on an extinc-
tion coefficient of €40 = 0.0091 pM™* cm™. [Sla] = 100 uM.
[MINP(B)] = complex B = 0.2 uM. (c) Michaelis-Menten plot for the
hydrolysis of S1a by MINP(B) in a HEPES buffer at 25 °C and pH 7.0.
(d) Michaelis-Menten plot for the hydrolysis of $2 by MINP(B) in a
HEPES buffer at 40 °C and pH 7.0. [MINP(B)] = 8.0 uM.
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Figure 2. Relative rates of hydrolysis of S1a, $3, and S4 by the MINP
catalysts at pH 9 (a) and pH 10 (b) at 25 °C, respectively. [substrate] =
SO uM. [Catalyst] = 10 uM.

To understand the mechanism for the catalysis, we studied the hy-
drolyses of a series of para-substituted ester substrates (Sla-f) by
MINP(B). The resulting Hammett plot gives a reaction constant (p)
of 1.52 in pH 7.0 HEPES buffer (Figure 3). In the hydrolysis of aryl
esters, the amount of negative charge on the phenol oxygen is
strongly affected by the nucleophiles involved.*>*> A p value of 1-1.2
is typically observed for strong, anionic oxygen-based nucleophiles
such as hydroxide, whereas p = 0.5-0.7 is common for general based-
catalyzed nucleophilic attack by water, due to a smaller amount of
negative charge build up on the phenol oxygen in the latter case. If



these numbers obtained from solution reactions can be used to un-
derstand the mechanistic picture inside the MINP, a p value of 1.52
indicates a substantial negative charge buildup on the phenol oxygen,
possibly from a strong negatively charged oxygen nucleophile (e.g., a
metal-bound hydroxide and/or the active site carboxylate).
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Figure 3. Hammett o—p correlation in the hydrolysis of para-substituted
S1a—f catalyzed by MINP(B). Reaction rates were measured in 25 mM
3HEPES buffer (pH 7.0) at 25 °C. [ester] = 50 uM. [MINP(B)] = 10
uM. o values: p-NO;, 0.78; p-CH;CO, 0.52; p-Cl, 0.23; p-CHO, 0.22; p-
H, 0.00; p-CH3, -0.17.

A general base catalysis involves a cleavage of water O-H bond in
the rate-limiting step and affords a primary solvent isotope effect sig-
nificantly larger than 1.*** Instead, both MINP(A) and MINP(B)
give a ko/kpzo value of ca. 1.1 (Table 1), indicating no O-H bond
cleavage in the transition state.

Table 1. Pseudo-first-order rate constants and solvent kinetic iso-
tope effects of hydrolysis of S1a catalyzed by MINPs at 25 °C.*

entry  catalyst solvent k(x10*s')  kmo/kpao
1 MINP(A) H.O 4720 i

2 MINP(A) D,O  41+10

3 MINP(B) H:O  56+0.5 b

4 MINP(B) D,O  S0+L5

* Reaction rates were measured by monitoring the appearance of 4-ni-
trophenolate at 400 nm in MES buffer. [MINP] = 10 pM. [S1A] = 50
uM. Because water and DO have different dissociation constants, the pD
value was determined by adding 0.4 to the pH meter reading.**

We included 4-vinylbenzoate (1) as one of the FMs because we
had hypothesized that, after polymerization into the micelle core, its
carboxylic acid could act as a general acid to help the departure of the
leaving group. The pH profiles in Figure 1a do not support such a
picture, as the highest rate acceleration occurs at pH 9-10, at which
the carboxylic acid should be deprotonated. Nonetheless, FM 1 is
clearly helpful to the catalysis, since MINP(A’) without the acid is
consistently underperforms MINP(A) at all pHs tested (Figure
la)—the same is true for MINP(B) (data not shown). It is not en-
tirely clear to us how a carboxylate can help the hydrolysis. One pos-
sibility is that it stabilizes the metal-bound hydroxide by hydrogen
bonds, essentially facilitating the deprotonation of the zinc-bound
water to generate the active-site nucleophile. This is similar to the
role of ortho-amino groups proposed by Mareque-Rivas and Williams
in their catalyst.*® Another possibility is that the active site carbox-
ylate acts a nucleophilic catalyst, as in some carboxypeptidases.’’

Micellar imprinting has remarkable abilities to reproduce struc-
tural features of the template in the imprinted site as a result of a
nanoconfinement effect.®® MINPs easily distinguish the addition,*
removal,* and shift” of a single methyl (or methylene) group in the

guest. However, converting these nanoparticles into catalysts often
involves lengthy postmodification.”® This work demonstrates a direct
synthesis of ester-hydrolyzing catalysts, with the entire synthesis/pu-
rification complete in less than 2 days once the template, surfactant,
FMs, and cross-linkers are available. Importantly, the resulting artifi-
cial esterase differentiates substrates based on their size, shape, and
hydrophobicity. Ester as a functional group is prevalent in both small
molecules and polymers. Catalysts capable of hydrolyzing unacti-
vated esters with substrate-selectivity may open up new ways to pro-
cess ester-containing molecules and polymers with precision.
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