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ABSTRACT: Molecular imprinting is a powerful and yet simple method to create multifunctional binding sites within a cross-linked polymer

network. We report a new class of synthetic glucosidase prepared through molecular imprinting and postfunctionalization of cross-linked sur-

factant micelles. These catalysts are protein-sized water-soluble nanoparticles that can be modified in multiple ways. As their natural counter-

parts, they bind a glucose-containing oligo- or polysaccharide. They contain acidic groups near the glycosidic bond to be cleaved, with the

number and distance of the acid groups tuned systematically. Hydrolysis of cellulose in a key step in biomass conversion but is hampered by

the incalcitrance of the highly crystalline cellulose fibers. The synthetic glucosidases are shown to hydrolyze cellobiose and cellulose under a

variety of conditions. The best catalyst, with a biomimetic double acid catalytic motif, can hydrolyze cellulose with one fifth of the activity of

commercial cellulases in aqueous buffer. As a highly cross-linked polymeric nanoparticle, the synthetic catalyst is stable at elevated temperatures

in both aqueous and nonaqueous solvents. In a polar aprotic solvent/ionic liquid mixture, it hydrolyzes cellulose several times faster than com-

mercial cellulases in aqueous buffer. When deposited on magnetic nanoparticles, it retains 75% of its activity after 10 cycles of usage.

INTRODUCTION

The extraordinary catalytic efficiency and selectivity of enzymes
have motivated generations of scientists to develop synthetic mimics
with similar capabilities.” Although chemists rightfully argue that
enzymes are “not different, just better” than synthetic catalysts,* ar-
tificial enzymes created on purely synthetic or semi-natural plat-
forms generally do not match their natural counterparts in perfor-
mance.”” The deficiency of artificial enzymes has many reasons.
Apart from a detailed understanding of enzymatic activity, a large
roadblock is the lack of suitable synthetic strategies to construct mul-
tifunctional active sites with accurately positioned catalytic groups
for substrates with complex structures and shapes.

A powerful method to create multifunctional binding sites for
molecules of many different sizes is molecular imprinting.*” In its
traditional embodiment, template molecules are mixed with a large
amount of cross-linkers and functional monomers (FMs) that can
interact with the templates by noncovalent or reversible covalent
bonds. Free radical polymerization, followed by template removal,
yields a highly cross-linked polymeric network with embedded im-
printed sites complementary to the templates ideally in size, shape,
and distribution of functional groups. Owing to simplicity of the
preparation and broad utility to molecules of different types, molec-
ularly imprinted polymers (MIPs) have found numerous applica-
tions in biomedical research® and catalysis.'*'¢

To create a catalytic active site similar to those found in enzymes,
one needs not only high fidelity in the imprinting process but also
abilities to postmodify the imprinted site to introduce catalytic
groups that could not be introduced directly through functional
monomers during the initial imprinting. In recent years, our group
has developed a method to molecularly imprint surfactant micelles."”
The nanoconfinement of the polymerization and cross-linking

within the surface-cross-linked micelle yield an extraordinary tem-
plating effect,'® with the imprint/nonimprint ratio in binding (i.e.,
imprinting factor) frequently reaching hundreds' and sometimes
10,000.° The addition,'® removal,'* and shift* of a single methyl (or
methylene) group in the guest can be distinguished by the so-called
molecularly imprinted nanoparticles (MINPs). Catalytic groups can
be installed inside the imprinted pockets to afford highly-selective,
enzyme-mimetic catalysts.”***

In this work, we report MINP-based synthetic glucosidases for the
hydrolysis of cellulose, taking advantage of the high fidelity of micel-
lar imprinting and facile postfunctionalization enabled by the acces-
sibility of the imprinted sites. Cellulose constitutes 35-50% of ligno-
cellulosic biomass and is an abundant carbon-neutral natural re-
source.’** Whether for chemical or fuel production, it first has to be
depolymerized into soluble monomeric and oligomeric sugars, usu-
ally through catalytic hydrolysis. Although natural enzymes (i.e., cel-
lulases) exist for this process,” the easily denatured protein structure
limits the operating window of these enzymes and makes their recy-
cling difficult. In recent years, great efforts have been devoted toward

improving the stability of cellulases®*'

but high temperatures and
nonaqueous solvents are inherently difficult for any enzyme-based
catalysts. In contrast, our polymer-based synthetic glucosidases were
shown to tolerate elevated temperatures, nonaqueous solution, and
extreme pH conditions. Additionally, they could be easily “clicked”
onto magnetic nanoparticles to be converted into a heterogeneous

catalyst that retained 75% of its activity after 10 cycles of usage.

RESULTS AND DISCUSSION

Preparation of Synthetic Glucosidase and Its Hydrolysis of

Cellobiose. Carbohydrates can be bound by boronic acids®*** or

36-39

boroxole**™ via reversible boronate bonds formed with specific 1,2-
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Scheme 1. General procedure for the MINP preparation from mixed micelle of 1 and 2 containing DVB and DMPA.

and 1,3-diols on the sugar. The glycosidic linkages in cellulose are
essentially acid-sensitive acetals. Thus, to hydrolyze cellulose, a syn-
thetic cellulase needs to bind a portion of the polymer chain and
have an acidic group right next to the glycosidic bond to be cleaved.

Our construction of such a catalyst was based on molecular im-
printing®” in cross-linked micelles (Scheme 1).7%%% This method
starts with spontaneous formation of mixed micelles of 1 and 2 con-
taining a template molecule, divinylbenzene (DVB, a free radical
cross-linker), and 2,2-dimethoxy-2-phenylacetophenone (DMPA, a
photoinitiator). Cu(I) catalysts are used to cross-link the surface of
the micelle by the highly efficient alkyne—azide “click” reaction, fa-
cilitated additionally by the proximity of the reactive groups. UV-
induced free-radical polymerization then cross-links the micelle core
around the template, and a second round click reaction between 3
and the residual alkynes on the micelle installs a layer of hydrophilic
ligand on the surface. The surface ligands enable the resulting
MINPs to be purified by simple precipitation and washing with or-
ganic solvents, with the template molecules removed during the pro-
cess. A surfactant/template ratio of 50 is commonly used to give an
average of one binding site per nanoparticle, since MINP contains
~50 cross-linked surfactants."”

The most challenging aspect of building a synthetic enzyme is
probably accurate positioning of multiple catalytic groups near the
bonds to be transformed.”® For this purpose, we designed template
S, consisting of a glucose and an aglycon containing a reversible
imine bond (Scheme 2). It reacted with vinylphenylboroxole 4 in
situ in the micellar solution to afford amphiphilic, anionic template—
FM complex 6, which was stabilized by the cationic micelle.****
The resulting MINP(S) had the template covalently polymerized
into the micellar core due to the vinyl group on the template. The

imine bound was hydrolyzed by 6 N hydrochloric acid at 95 °C to
give MINP-CHO(S). The aldehyde group in the active site was fur-
ther derivatized with amino acids 8a-i via reductive amination fol-
lowing previously established protocols®*# to afford MINP
(5+8a-i) as our synthetic glucosidase. The cross-linking and for-
mation of MINPs generally can be characterized by a combination
of 'H NMR spectroscopy (Figures S$1-2), dynamic light scattering
(Figures $3-4), and transmission electron microscopy (Figure SS).

As shown in Scheme 2, MINP (5+8a-i) has a boroxole group in
the active site to bind the terminal glucose of cellobiose (or cellu-
lose), with an acid positioned near the glycosidic bond to catalyze
the hydrolysis. Boronate 6 has two free hydroxyl groups and its am-
phiphilicity helps itself to be anchored near the surface of the mi-
celle—a feature important to the removal of the template to vacate
the imprinted site after micellar imprinting.'” In the final catalyst, it
is also important to keep the active site close to the surface so that
the unbound glucose residues of the substrate can stay in solution
while the terminal glucose engages in reversible boronate formation
with the boroxole inside the active site.

Amino acids 8a-i allowed the introduction of different acids in
the active site, with its flexibility and distance to the glycosidic bond
tuned systematically. To our delight, the resulting MINP(5+8a-i)
hydrolyzed cellobiose, our model substrate, in a 21-64% yield at 60
°C and in pH 6 buffer (Table 1, entries 1-7). It is interesting that 8a,
which was similar in dimension to the part of the aryl aglycon of §
removed by imine hydrolysis, yielded a less active catalyst than 8d.
A tightly fit active site thus seems less efficient than one with some
flexibility. When the number of methylene groups (n = 3) stayed the
same with 8d, 8h, and 84, the most acidic sulfonic acid gave the fast-
est hydrolysis.
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Scheme 2. Preparation of MINP-based synthetic glycosidase, with a schematic representation of the active site functionalized with 8i and a

cellobiose bound by the boroxole group introduced through FM 4. The surface ligands are omitted for clarity.

Table 1. Hydrolysis of cellobiose catalyzed by MINPs in 10 mM
MES buffer (pH 6).*

Entry catalysts temp. (°C) yield (%)
1 MINP(5+8a) 60 42+6
2 MINP(5+8b) 60 2+4
3 MINP(5+8c) 60 25+4
4 MINP(5+8d) 60 517
5 MINP(5+8e) 60 21+4
6 MINP(5+8h) 60 S7+4
7 MINP(5+8i) 60 64+8
8 MINP(5+8i) 90 74+6
9 MINP(7+8c) 60 0
10 MINP(7+8d) 60 17+2
11 MINP(7+8e) 60 54+6
12 MINP(7+8f) 60 94+ 4
13 MINP(7+8g) 60 77+8
14 MINP(7+8f) 90 98+ 1
15 NINP with 8f° 60 0
16 8i 60 ~2
17 8f 60 ~1
18 none 60 0

*Reactions were performed with 0.2 mM of cellobiose and 20 yM
of catalysts in 1.0 mL MES buffer (10 mM, pH = 6.0) for 24 h. Yields
were determined by LC-MS using standard curves generated from
authentic samples.* NINP was nonimprinted nanoparticle prepared
with 1 equiv FM 4 but without any template.

The above method was not limited to a monoacidic design. A
huge number of glycosidases exist in nature to cleave the glycosidic
bonds of oligo- and polysaccharides.* A highly conserved feature of
these enzymes is a pair of carboxylic acids in the active site—a re-
markably simple catalytic motif. The hydrolytic mechanism involves
one carboxylic acid as a general acid to protonate the glycosidic oxy-
gen. For inverting glycosidases, the other carboxyl 7-11 A apart, in
the deprotonated form, is a general base to deprotonate the attack-
ing water nucleophile. For retaining glycosidases, the other carbox-
ylate (~5 A apart) is the attacking nucleophile.”

To create a similar feature in our synthetic glucosidase, we synthe-
sized template 7 with two imine bonds, which allowed two acids to
be installed in the active site, sandwiching the glycosidic bond in the
final structure (Scheme 2). Gratifyingly, the optimized diacidic cat-
alyst, i.e, MINP(7+8f), hydrolyzed cellobiose significantly better
(949% yield at 60 °C) than the best monoacidic MINP(5+8i), despite
the more acidic sulfonic acid in the latter (Table 1). The activity,
once again, can be tuned by the distance of the acids. Control exper-
iments indicated that nonimprinted nanoparticles (NINPs) were in-
effective and the background hydrolysis was low with or without the
acid additives (entries 15-18). Note that MINP(5+8i) and
MINP(7+8f) required different lengths of tethers to connect the
acidic groups. The longer tether (n = 5) required for MINP(7+8f)
is reasonable given the longer distance between the imine group and
the exocyclic glycosidic oxygen in the template.



Table 2. ITC binding data for sugar guests by MINPs.*

Entry MINP guest pH K. (x10° M) AG (kcal/mol) N

1 MINP-CHO(S) glucose 7.4 8.85+0.68 -5.38 1.03+0.03
2 MINP(5+8i) glucose 74 9.07 £ 0.86 -5.40 0.83 £0.09
3 MINP-CHO(7) glucose 74 17.40 £ 1.92 -5.78 1.01£0.03
4 MINP(7+8f) glucose 7.4 22.60 + 1.07 -5.94 0.91+0.03
S MINP(5+8i) glucose 6.0 7.52+0.79 -5.28 0.95+0.07
6 MINP(5+8i) cellobiose 6.0 5.71+0.51 -S.12 0.78 £ 0.08
7 MINP (7+8f) glucose 6.0 1570+ 1.32 -5.72 0.79 £ 0.09
8 MINP (7+8f) cellobiose 6.0 6.98 +1.52 -5.24 1.06 £0.17
9 NINP® glucose 7.4 <0.05° -0 =P

*The FM/template ratio in the MINP synthesis was 1:1 unless otherwise indicated. The cross-linkable surfactants were a 3:2 mixture of 1 and 2. The
titrations were performed in 10 mM HEPES buffer at pH 7.4 and 10 mM MES buffer at pH 6 at 298 K. The ITC titration curves are reported in the
Figures S6-14, including the binding enthalpy and entropy. N is the average number of binding site per nanoparticle measured by ITC. " The particle

was prepared with 1.0 equiv. FM 4 but without any template. Because the binding constant was estimated from ITC, -AG and N are not listed.

Both the intermediate aldehyde-containing MINP-CHOs and
the final catalysts bound glucose in aqueous buffer, with a binding
constant (K,) of 7-23 x 10> M determined from isothermal titra-
tion calorimetry (ITC) (Table 2). The binding affinity matched
those for monosaccharides by natural lectins (K, = 10°-10* M*).*
Binding for cellobiose was slightly weaker than for glucose and a de-
crease of pH from 7.4 to 6.0—the pH for the cellobiose hydrolysis
experiments in Table 1—weakened the binding slightly. Molecular
imprinting was key to the binding, as the nonimprinted nanoparti-
cles (NINPs) prepared with 4 in the absence of template showed
negligible binding. The MINP/NINP binding ratio (i.e., the im-
printing factor) for glucose was >4 50 for MINP(7+8f).

Catalytic Behavior of MINP Catalysts in the Hydrolysis of
Cellobiose. MINP(5+8i) and MINP(7+8f), our best mono- and
diacid catalysts, showed different pH profiles in their hydrolysis of
cellobiose (Figure 1). The mono-sulfonic acid catalyst displayed an
increase of activity upon decreasing solution pH all the way to pH
4.5, where the peak activity was reached. Its overall preference for
acidic conditions can be understood from the following two consid-

erations.
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Figure 1. Effects of solution pH on the hydrolysis of cellobiose by
MINP(5+8i) and MINP(7+8f). Reactions were performed with 0.2
mM of cellobiose and 20 uM of MINP in 1.0 mL buffer (10 mM) at
37 °C for 24 h. Yields were determined by LC-MS using standard
curves generated from authentic samples. NaOAc buffer was used
for pH 4.0-5.0, MES buffer for pH 5.5-6.5, and HEPES buffer for
pH 7.0-7.4.

First, to be useful in an acid-catalyzed hydrolysis of acetal,*® the
sulfonic acid in the active site of MINP(5+8i) needs to be able to

donate a proton to the glycosidic oxygen and thus be protonated
prior to substrate binding. The pK, of the sulfonic acid in 2-ami-
noethanesulfonic acid is 1.5 in an aqueous solution*® but the micro-
environment of an acid (or base) is known to strongly influence its
strength. For example, the ammonium side chain of Iysine has a pK,
of 10.5 in water but the value decreases to 5.6 in the active site of
acetoacetate decarboxylase.”” The shift often results from a combi-
nation of hydrophobic effect” and ionic interactions.” The former
destabilizes ionic species and increases the pK, of a neutral acid (e.g.,
sulfonic or carboxylic acid) but decreases the pK, of a charged acid
such as ammonium. As for the electrostatic interactions, vicinal pos-
itive charges generally make protonation of a base more difficult and
deprotonation of an acid easier. A recent work of ours shows that 1-
pyrenesulfonic acid has a pK; of ca. 7 inside a MINP pocket.* In the
case of MINP(5+8i), the overall increase of hydrolytic activity over
pH 7.4-4.5 suggests that the pK, of its sulfonic acid should be lower
than 7.

Second, in order for the MINP catalyst to hydrolyze cellobiose ef-
ficiently, the boroxole group needs to bind the terminal glucose from
the nonreducing end. Benzoboroxole has a pK, of 7.3°' and the
strongest binding (for fructose) occurs at ~pH 7.4, very close to the
pK. value.* Inside the MINP, the anionic form of the boroxole-
sugar complex (shown in Scheme 2) can be stabilized by the cationic
headgroups of the cross-linked surfactants,* and the acid-base equi-
librium of boroxole also strongly depends on environmental polar-
ity.* Nonetheless, our ITC data in Table 2 clearly shows that bind-
ing for guest guests become weaker at lower pH for both
MINP(5+8i) and MINP(7+8f).

The overall pH profile of the MINP-catalyzed hydrolysis, hence,
should reflect a trade-off between the above two effects: hydrolysis
is favored by acidic conditions but binding of the substrate prefers a
neutral pH. Interestingly, although MINP(5+8i) and MINP(7+38f)
both seemed to experience such a trade-off, the optimal pH for the
dicarboxylic acid catalyst was significantly higher, at pH 6.0 instead
of 4.5 (Figure 1). The increase is reasonable given that (a) a carbox-
ylic acid has a higher pK, than a sulfonic acid, at least in an aqueous
solution, and (b) the cooperative catalysis of the two carboxylic acids
in natural glycosidases requires one acid to be protonated and an-
other one deprotonated.” A similar mechanism should be followed
by MINP(7+8f) given its high catalytic activity and sensitivity in the
tether length (Table 1).

MINP(5+8i) and MINP(7+8f) displayed Michaelis-Menten



kinetics in the hydrolysis of cellobiose (Figures 2 and 3).
MINP(5+8i) had a ke, value of 0.027 min™ and K., of 0.74 mM in
pH 6 buffer at 60 °C. MINP(7+8f) had an experimentally compara-
ble Ki value and a turnover 3.2-times faster than the monoacidic
MINP. The rate constant for cellobiose hydrolysis in acidic water is
estimated from a modified Saeman equation to be ~ 4.9 x 10"%s™ at
pH 6 and 60 °C.*> Thus, a rate acceleration of ca. 9 x 10°and 3 x 10°
was achieved by MINP(5+8i) and MINP(7+8f), respectively, over
acid-catalyzed hydrolysis in aqueous solution at pH 6. Clearly, posi-
tioning the acidic groups at the glycosidic bond is hugely beneficial
to the catalyzed hydrolysis.
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Figure 2. Michaelis-Menten plot for the hydrolysis of cellobiose by
MINP(5+8i) in MES buffer (10 mM, pH = 6.0) at 60 °C.
[MINP(5+8i)] = 20.0 uM.
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Figure 3. Michaelis-Menten plot for the hydrolysis of cellobiose by
MINP(7+8f) in MES buffer (10 mM, pH = 6.0) at 60 °C.

[MINP(7+8£)] = 10.0 uM.

Table 3. Hydrolysis of cellulose by cellulases and MINP(7+8f).?

A great many wild-type and engineered B-glucosidases have been
reported in the literature, showing a broad range of catalytic activi-
ties in cellobiose hydrolysis.**** The catalytic efficiency of the diac-
idic MINP(7+8f) (ke/Kwm =132 M min™) was roughly 1/14™ of
that of digestive p-glucosidase GH1 (a relatively slow enzyme) from
Spodoptera frugiperda (kea/Km = 1780 M min™, kea = of 5.7 min”
and K = 3.2 mM).* In comparison to the natural p-glucosidase,
MINP(7+8f) had a lower catalytic turnover but significantly
stronger binding for the substrate.

Hydrolysis of Cellulose in Aqueous and Nonaqueous Solu-
tion. Encouraged by the facile hydrolysis of cellobiose by the syn-
thetic glucosidases, we attempted their hydrolysis of cellulose, a
much more challenging substrate due to its highly crystalline nature.
The initial tests involved hydrolysis in aqueous buffer, following es-
tablished procedures to measure enzyme activity.' For comparison
purposes, we used a commercial cellulase isolated from Aspergillus
niger, which is an endocellulase active on both cellulose and related
oligomers.*® A well-established spectrophotometric assay was used
to monitor the hydrolysis of type 20 Sigmacell cellulose powder
(Figure $17).*"*” The method measures all reducing sugars formed
even though liquid chromatography-mass spectrometry (LC-MS)
indicated that glucose was the dominant product (Figure $18).

Table 3 compares the hydrolytic properties of MINP(7+8f) and
cellulase from Aspergillus niger under a variety of conditions. For the
natural enzyme, an increase in the catalyst’s concentration lowered
the observed enzyme activity from 0.200 to 0.107 pmol mg™” h* (Ta-
ble 3, entries 2, 4, and 6). This result is reasonable because many cel-
lulases operate through a processive mechanism in which the en-
zyme hydrolyzes a cellulose chain while decrystalizing it from cellu-
lose crystals.””*® To do this, the enzyme has a tunnel (e.g., cellobio-
hydrolases) or deep cleft (e.g., endoglucanases) that binds a cellu-
lose chain sometimes with over 20 kcal/mol binding energy.* Often
a trade-off between processivity and hydrolytic rate is observed that
derives from the binding.* Since only the cellulose chains on the sur-
face of the crystals can react with these enzymes, once the surface is
saturated with a strongly binding cellulase, adding additional en-
zymes will not increase the hydrolytic rate and will decrease the ob-
served average enzyme activity measured from the formation of re-
ducing sugars.

catalyst concentra- . [reducing sugar| enzyme activi relative activit
entry catalysts tioyn (mg/ml) solvent temp (°C) (mg/%nL)g (yrr}:ol mg! h'gl (enzyme/MINl);)
1 MINP(7+8f) 1.0 pH S NaOAc buffer 37 0.015 +£0.002 0.007 £ 0.001 29
2 cellulases 1.0 pH S NaOAcbuffer 37 0.43+0.03 0.200 £0.011 -
3 MINP(7+8f) 2.0 pH S NaOAc buffer 37 0.07 £0.01 0.017 £ 0.007 9
4 cellulases 2.0 pH 5 NaOAcbuffer 37 0.68 +£0.35 0.158 £0.021 -
S MINP(7+8f) 5.0 pH S NaOAc buffer 37 0.25+£0.04 0.024 + 0.004 4.5
6 cellulases S.0 pH 5 NaOAcbuffer 37 1.15+0.21 0.107 £0.019 --
7 MINP(7+8f) 5.0 pH § NaOAcbuffer 60 0.43 +0.08 0.039 +0.008 0.56
8 cellulases 5.0 pH 5 NaOAcbuffer 60 0.24 £0.03 0.022 £ 0.003 --
9 MINP(7+8f) 5.0 pH § NaOAcbuffer 90 0.79£0.13 0.073 +0.012 0
10 cellulases 5.0 pH S NaOAcbuffer 90 0 0 --
11 MINP(7+8f) 5.0 83% HyPO4 37 0.71+0.33 0.067 £ 0.031 0
12 cellulases 5.0 83% H3PO4 37 0 0 --

“The reactions were performed in duplicates with [ cellulose] = 5.0 mg/mL in 1.0 mL 10 mM NaOAc buffer (pH ) for 12 h unless indicated

otherwise.



Table 4. Hydrolysis of cellulose by MINP(5+8i) and MINP(7+8f) in mixtures of ionic liquids and a polar aprotic solvent.*

entry catalyst solvent temp. (°C) [re%l;:;?iil)g ] enzyme ac?:?; (kmolmg
1 MINP(5+8i) [Camim]Cl 90 0.44 % 0.05 0.051 + 0.006
2 MINP(5+8i) 1:1 [Cymim]Cl/DMF 90 1.33£0.17 0.154 +0.019
3 MINP(5+8i) 1:1 [C4mim]Cl/DMSO 90 224£0.14 0258 £0.016
4 MINP(5+8i) 1:1 [C4mim]Cl/DMSO 110 2.87+021 0.329 £ 0.024
5 MINP(5+8i) 1:1 [Csmim]Cl/DMSO 130 3.41+0.33 0.391 +0.038
6 MINP(7+8f) [C4mim]Cl 90 0.21 £0.04 0.024 £ 0.005
7 MINP(7+8f) 9:1 [C4mim]Cl/DMSO 90 1.17+£0.14 0.135£0.016
8 MINP(7+8f) 8:2 [ C4ymim ] Cl/DMSO 90 1.41 £0.08 0.163 £ 0.009
9 MINP(7+8f) 7:3 [ C4mim ] Cl/DMSO 90 1.98£0.21 0.229 £0.024
10 MINP(7+8f) 6:4 [ C4mim ] Cl/DMSO 90 2.87+0.17 0.332 £0.020
11 MINP(7+8f) $:5 [C4mim ] Cl/DMSO 90 4.17 £0.37 0.480+£0.043
12 MINP(7+8f) 5:5 [Cymim]Cl/DMSO 110 451044 0.519 +0.051
13 MINP(7+8f) 5:5 [Cymim]Cl/DMSO 130 497 £0.61 0.572 £0.071
14 MINP(7+8f) $:5 [C4mim ] Cl/DMSOP 90 5.92+0.11 0.431+0.014
15 MINP(7+8f) 5:5 [C4mim ] Cl/DMSO¢ 90 6.76 £0.32 0.197 £0.011
16 MINP(7+8f) 4:6 [ C4mim|Cl/DMSO? 90 1.55+£0.11 0.179 £0.013
17 MINP(7+8f) 5:5 [C4mim]Cl/DMSO+5% H,O 90 5.41+0.41 0.623 £0.047
18 MINP(7+8f) 1:9 [C;mim]OAc/DMSO 90 5.87+0.24 0.676 £0.028
19 MINP(7+8f) 1:9 [Czmim |OAc/DMSQOP 90 6.94+£0.15 0.504 £ 0.021
20 MINP(7+8f) 1:9 [Czmim]OAc/DMSO*¢ 90 7.24+0.18 0.211 £0.035
21 MINP(7+8f) 2:8 [C;mim ]OAc/DMSO+5% H,O 90 6.25+0.58 0.719 £0.067

“The reactions were performed in duplicates with [cellulose] = 8.0 mg/mL and [MINP] = 2.0 mg/mL in 0.5 mL of solvent for 24 h.* [MINP]
=3.2 mg/mL. “ [MINP] = 8.0 mg/mL. ¢ Cellulose dissolved partially in this mixture.

MINP(7+8f) clearly did not have such an ability. The same in-
crease of its concentration displayed an opposite trend and steadily
increased the observed enzyme activity, from 0.007 to 0.024 pmol
mg ' h' (Table 3, entries 1, 3, and 5). This is not surprising because
the binding free energy for glucose and cellobiose by the synthetic
glucosidase was only 5-6 kcal/mol (Table 2), far lower than those
of common cellulases. Under our experimental conditions, the
steady increase of the observed enzyme activity suggests that the sur-
face is far from being saturated by the MINP catalyst, even at 1:1
weight ratio of cellulose and the catalyst. Because the repeat unit in
a cellulose polymer has a molecular weight of 162 Da and the MINP
(with an average of one active site per nanoparticle) ~50,000, the
substrate/catalyst ratio was 300 to 1,500 under our experimental
conditions.

Despite its lack of a processive mechanism, MINP(7+8f) showed
activities that actually can be compared with those of natural cellu-
lase: the enzyme/MINP ratio in Table 3 decreased steadily from 29
all the way to 4.5 with an increase of catalyst concentration (entries
1-6). Even if the activity of the enzyme at low concentration is com-
pared with the activity of the MINP at high concentration (entries 1
and 5), the difference was a factor of 8.3.

One notable strength of the synthetic glucosidase was its stability,
due to its highly cross-linked nature. While the natural cellulase con-
tinued to lose activity as the reaction temperature increased from 37
to 60 and then to 90 °C in the pH S buffer, MINP(7+8f) became
more efficient, with its activity at 90 °C (0.073 pmol mg" h™') reach-
ing nearly 70% of that of cellulases (0.107 ymol mg” h*) at 37 °C at
the same concentration of catalyst. The robustness of the MINP cat-
alysts was also shown by its ability to hydrolyze cellulose in 83%
phosphoric acid, which dissolved cellulose completely® but inacti-
vated the natural enzymes. The synthetic catalyst was nearly 3 times
more active in this extremely acidic condition than in pH 5 buffer at
the same temperature of 37 °C.

Ionic liquids such as 1-butyl-3-methylimidazolium chloride

62,63 and

64-66

([Csmim]Cl) have a tremendous ability to dissolve cellulose
are known to facilitate the acid-catalyzed hydrolysis of cellulose.
Unfortunately, enzymes have poor stability and low activity in ionic
liquids, especially at elevated temperatures.” In contrast, the ex-
traordinary stability of the MINDP-based artificial enzymes allowed
the hydrolysis to be performed under conditions totally impossible
for natural enzymes.

Table 4 shows that the activity of both MINP(5+8i) and
MINP(7+8f) improved in ionic liquids as the reaction mixture be-
came homogeneous. A polar aprotic solvent (dimethyl sulfoxide or
DMSO) could be added to further speed up the hydrolysis as long as
the reaction mixture stayed homogeneous.” The solvent effect in the
ionic liquids/DMSO mixtures followed a trend opposite to that ob-
served in cellulose hydrolysis catalyzed by p-toluenesulfonic acid (p-
TSA). Hydrolysis of cellulose (and also cellobiose) is reported to be-
come faster with a higher fraction of ionic liquids in the binary sol-
vent mixture for the small acid catalyst, as a result of increased Ham-
mett acidity of p-TSA by the ionic liquids.®® For our MINP catalysts,
an increase of acidity first is not expected to be as useful, because the
more acidic, monosulfonic acid MINP(5+8i) was less active than
the less acidic, dicarboxylic acid MINP(7+8f) in aqueous or
nonaqueous solutions. Apparently, cooperative catalysis between
the carboxylate/carboxylic acid was far more powerful than the
“brute force” derived from a single stronger sulfonic acid. Moreover,
when the acid groups are located inside the MINP active site, the
benefit seen in the solution most likely would not even occur. On the
other hand, higher ionic liquids in the binary mixture substantially
increases the viscosity of the solution.”® Diffusion of the 5 nm-sized
MINP catalyst thus would become significantly faster as more
DMSO is added to the mixture and many have helped the mass
transfer and contributed to the higher activity of MINP(7+8f).

In the 1:1 mixture of [ Csmim]Cl/DMSO, the enzyme activity of
MINP(7+8f) reached 0.48 pmol mg* h™at 90 °C (Table 4, entry
11), 2.4 times of the best (0.20 ymol mg™ h"') from the cellulase in



aqueous buffer under our experimental conditions (Table 3, entry
2). An increase of temperature to 130 °C increased the activity of
MINP(7+8f) further to 0.572 ymol mg™ h'(Table 4, entry 13), un-
derscoring the robustness of the synthetic enzyme. A small amount
of water could speed up the reaction even further (Table 4, entry 17;
Table S1).

1-Ethyl-3-methylimidazolium acetate ([Czmim]OAc) can dis-
solve cellulose particularly well in the presence of other organic sol-
vents.”” In our hands, a 1:9 [C;mim]OAc/DMSO mixture increased
the hydrolytic activity of MINP(7+8f) to 0.676 pmol mg ™ h' (Table
4, entry 18). Notably, in these homogeneous reaction mixtures, in-
creasing the concentration of the MINP catalyst was no longer ben-
eficial and actually decreased the observed enzyme activity (com-
pare entries 11 with 14-15 and also entries 18-20), similar to the
trend observed for the cellulase in aqueous reaction. Thus, a high
concentration of the MINP catalyst was no longer needed in the
ionic liquids/DMSO mixture, possibly because the dissolved poly-
mer chains were already saturated with the MINP at the low catalyst
loading. Because the MINP could only bind the nonreducing end of
a cellulose chain through boronate bonds, each polymer chain could
only accommodate a single catalyst. Also, boronate bonds are labile
in water;* stronger binding in the more organic ionic lig-
uids/DMSO mixture was not surprising.

Addition of water to the [Czmim]OAc/DMSO mixture required
more ionic liquids to keep cellulose homogeneous in the solution.
The highest activity achieved by our synthetic glucosidase was 0.719
pmol mg” h in 2:8 [Comim]OAc/DMSO with 5% H,O, ~3.6 times
of the best for the cellulase in aqueous buffer at 37 °C. Ionic liquids

306 and indeed inactivated the cellulase

generally inactive cellulases
from Aspergillus niger under our harsh experimental conditions. The
best comparison for MINP(7+8f)—a mimic of -glucosidase—in
the literature is the cationized p-glucosidase reported by Hallet and
co-workers, which displayed remarkable stability in ionic liquids.*!
Nonetheless, when the latter was used as the sole catalyst to hydro-
lyze cellulose in [C2mim]OAc, the observed enzyme activity was
<0.1 pmol mg™ h' at temperatures ranging from 50 to 120 °C.

Figure 4 shows the amount of reducing sugar formed over a pe-
riod 0of 24 h at 90 °C from the best monoacidic and diacidic catalysts.
We also included the reaction profile for the cellulase from Aspergil-
lus niger in aqueous buffer at 37 °C for comparison.

7.54

—a— MINP(5+8i)
—— MINP(7+8f)

6.0
--=-Cellulase

3.0

1.5

[Reducing sugar] (mg/mL)

0.0

Figure 4. Comparison of reducing sugar formed during hydrolysis
of cellulose by the synthetic MINP catalysts in 2:8
[C.mim]OAc/DMSO with 5% H,O at 90 °C and natural cellulase in
NaOAc buffer pH 5.0 at 37 °C. [cellulose] =8 mg/mL, [catalyst] =2
mg/mL.

MINP(5+8i) and MINP(7+8f) maintained their activity very
well over the extended period of heating (Figure 4). Table 2 shows
that both MINPs bound glucose slightly more strongly than cellobi-
ose, atleast in aqueous solution. Thus, product inhibition was a con-
cern for these synthetic enzymes, which was also a challenge for nat-
ural cellulases.”” To our delight, no obvious slowdown of the hydrol-
ysis was seen in Figure 4, when the initial slope and those of the later
reaction times were compared. MINP contains multiple hydrox-
ylated surface ligands (Scheme 1). It is possible that in the ionic lig-
uids/DMSQ mixture a dissolved cellulose chain could interact with
these and/or other surface functionalities on the cross-linked mi-
celle. Small sugar products are not expected to benefit from such in-
teractions.

One advantage of MINP(7+8f) was its well-defined catalytic site
and improved mass transfer in the homogeneous reaction mixture.
Recovery of homogeneous catalysts is often an associated problem.
In the MINP preparation, the surface—core doubly cross-linked mi-
celles were typically covered with monoazide 3 for enhanced hydro-
philicity and facile purification (Scheme 1). Without the termina-
tion, the alkyne-containing MINPs could be easily “clicked” onto az-
ide-functionalized magnetic nanoparticles (MNPs) prepared via a
literature ~ procedure”  (Scheme  S3). The resulting
MINP(7+8f) @MNP composite (Figure S) became a reusable het-
erogeneous catalyst that could be recovered simply with a magnet
after each hydrolytic cycle. Figure 6 shows that the catalyst main-
tained 75% of its activity after 10 cycles of hydrolysis.

Figure 5. TEM images of (a, b) silica gel-coated Fe;O4 magnetic na-
noparticles, (c, d) NH,-MNP, (e-h) the final MINP(7+8f) @ MNP.



[Reducing Sugar] (mg/mL)

Figure 6. Recyclability of MINP (7+8f) @ MNP for cellulose hydrol-
ysis in 2:8 [Camim]OAc/DMSO with 5% H.O at 90 °C.

CONCLUSIONS

In summary, micellar imprinting using judiciously designed tem-
plates and postmodification provide a powerful way to construct
synthetic enzymes in a bottom-up fashion. What was key to the con-
struction was the strong templating effect exemplified by the large
imprint/nonimprint ratio (Table 2), nanodimension of the im-
printed micelle, good accessibility of the imprinted pocket, and good
solubility of MINP in solvents such as DMF and DMSO. These fea-
tures allowed a facile one-pot synthesis of complex imprinted pock-
ets from small-molecule template molecules in the core of water-sol-
uble organic nanoparticles. In addition, they enabled chemical deri-
vatization of the imprinted pockets by standard chemical reactions
to convert them into synthetic enzymes with accurately positioned,
tunable catalytic groups.

MINP(7+8f) came close to some natural p-glucosidases in the
ability to hydrolyze cellobiose in aqueous solution and could func-
tion under conditions completely impossible for natural enzymes
such as 83% H;PO4and ionic liquids/DMSO mixture at 90 °C. The
enzyme activity of 0.719 pmol mg* h” in 2:8 [C:mim]OAc/DMSO
with 5% H,O was unprecedented for a synthetic glycosidase. A con-
coction of enzymes are often used by nature and also in industrial
processes to hydrolyze cellulose—endocellulase to target the amor-
phous region of cellulose fibers, exocellulase to depolymerize the
chain from the nonreducing end into glucose oligomers, and p-glu-
cosidase to hydrolyze the oligomers.” It is envisioned that multiple
synthetic mimics of these enzymes could work synergistically like-
wise, in aqueous and nonaqueous solutions where natural enzymes
could not operate. Not only can the operating window of cellulose
depolymerization be greatly expanded in such a way, the excellent
reusability of the synthetic enzymes also represents another major
advantage.
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