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ABSTRACT: Selective hydrolysis of carbohydrates is vital to the processing of these molecules in biology but has rarely been achieved with

synthetic catalysts. The challenge is especially difficult because the catalyst needs to distinguish the inversion of a single hydroxyl and the a or

B glycosidic bonds that join monosaccharide building blocks. Here we report synthetic glycosidase prepared through molecular imprinting

within a cross-linked micelle. The nanoparticle catalyst resembles natural enzymes in dimension, water-solubility, and a hydrophilic/hydropho-

bic surface—core topology. Its boronic acid-functionalized active site binds its targeted glycoside substrate and an acid cofactor simultaneously,

with the acidic group in close proximity to the exocyclic glycosidic oxygen. The hydrophobically anchored acid cofactor is tunable in acidity

and causes selective cleavage of the targeted glycoside in mildly acidic water. Selectivity for both the glycan and the a/p glycosidic bond can be

rationally designed through the molecular imprinting process.
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INTRODUCTION

Carbohydrates are the most abundant biomolecules on earth and
serve a plethora of functions including energy storage, structural sup-
port, cell signaling, and immune response."* Unlike proteins and nu-
cleic acids that are linear polymers created through a sequence tem-
plate, glycans in a biological system can be linear or branched, with
great structural diversity depending on multiple factors including the
concentrations of the enzymes involved in the biosynthesis.* Not only
different monomer building blocks can be used in the construction,
the sugar residues can be connected at different sites, via either a or
glycosidic bonds.

Most organisms use 1-3% of their genome to encode proteins for
the synthesis and hydrolysis of carbohydrates.’ The majority of these
enzymes, however, cannot be obtained easily and new chemical tools
are in urgen need to manipulate carbohydrates, whether in analytical
or functional glycomics.* In addition, enzymes tend to have narrow
operating windows and robust catalysts with glycosidic activities are
required for challenging operations such as biomass conversion.’

The glycosidic linkages between sugar residues in a glycan are
acetal or ketal. Their hydrolysis in principle can be achieved simply
using acidic water. The difficulty lies in the selectivity of the process:
since the monomeric building blocks, connection sites, spatial orien-
tation of the glycosidic linkage, and overall topology of the oligo- or
polysaccharide all profoundly influence the chemical and biological
properties of a glycan,* an effective synthetic glycosidase needs to dif-
ferentiate these features.

Despite the importance of selective glycan hydrolysis to biology
and chemistry, only a handful synthetic glycosidases have appeared in
the literature, likely due to the general difficulty in molecular recogni-
tion of carbohydrates in water.” The earliest such example was re-
ported by Bols and co-workers, who used an acid-functionalized cy-
clodextrin to hydrolyze p-nitrophenyl p-D-glucopyranoside, taking
advantage of the macrocycle’s ability to bind the algycon.*® Other ex-
amples include the binuclear copper catalysts by Striegler that could

1011 and azobenzene-

hydrolyze aryl glycosides under basic conditions
3,3"-dicarboxylic acid, which was shown by Bandyopadhyay et al. to
hydrolyze p-nitrophenyl -D-glucopyranoside in a photoresponsive
manner."” Selectivity for different sugars and a/f anomers was even
rarer among synthetic catalysts. Yu and Cowan conjugated a copper-
binding motif to the sugar-binding domain of odorranalectin (a nat-
ural lectin-like peptide) and used the resulting synthetic metalloen-
zyme to remove fucose by oxidative cleavage.”

We recently reported molecularly imprinted nanoparticles
(MINPs) as “synthetic lectins” that bound complex carbohydrates
through reversible boronate bonds."*"* The binding selectivity was
derived from the size/shape of the imprinted site, as well as the num-
ber and orientation of the sugar-binding groups installed through the
molecular imprinting process. In this work, we describe a method to
introduce an acid catalyst in the close proximity of the exocyclic gly-
cosidic oxygen of a glycan, thus converting a MINP lectin into a syn-
thetic glycosidase. The noncovalently anchored acid catalyst (i.e., co-
factor) could be swapped via a “plug-and-play” fashion to modulate
the catalytic activity. Most importantly, these catalysts displayed se-
lectivity for both the glycan and the glycosidic linkage of the sub-
strate—a previously unachieved goal with synthetic systems.

RESULTS AND DISCUSSION

Design and synthesis of MINP-based synthetic glycosidase.
Woulff and co-workers pioneered in the synthesis of molecularly im-
printed polymers (MIPs) for sugar recognition.'*** It is also known
that both boronic acid'*?* and boroxole***® can be used to bind the
diols on a sugar. However, to perform selective hydrolysis of a glycan,
a catalyst must not only recognize the glycan but also have a catalytic
group positioned close to the glycosidic bond for its selective catalysis.
Even though MIPs have been used for catalysis,*”** insolubility and
other challenges associated with traditional imprinted materials
makes it challenging to create well-defined active sites with accurately
positioned catalytic groups.
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Scheme 1. Preparation of artificial glucosidase by micellar imprinting, with a schematic representation of the cross-linked structure.

Scheme 1 shows the preparation of water-soluble, protein-sized
synthetic glycosidase for p-nitrophenyl p-D-glucopyranoside 1f as a
model substrate. This particular substrate is frequently used to evalu-
ate the performance of both natural and synthetic glycosidase,*'* be-
cause its hydrolysis can be monitored conveniently by UV-vis spec-
troscopy.

The most challenging aspect of building an artificial enzyme is
probably in the creation of a complex-shaped multifunctional active
site.’*** Our strategy was to use boronate 3 as the template—func-
tional monomer (FM) complex for molecular imprinting within a
cross-linked micelle. Its color-coded structure contains a substrate-
like (yellow) and a catalyst-like (green) moiety, with the latter placed
near the exocyclic glycosidic oxygen by the ortho substitution of the
phenyl ring. In addition, the 4,6-diol of the glucoside is known to form
boronate ester bonds with the cyan-colored 4-vinylphenyl boronic
acid.'®*'>¥ A triazole linkage was used in 3a and an amide in 3b.

Micellar imprinting involved first solubilization of 3 in water by the
micelle of 4, together with divinyl benzene (DVB, §) as a core-cross-
linker and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 6, a pho-
toinitiator). The mixed micelle was cross-linked on the surface via di-
azide 7 by the highly efficient click reaction. A 1:1.2 ratio between 4
and 7 in the surface-cross-linking left the micelle with sufficient al-
kyne groups on the surface, allowing it to be decorated with a layer of
hydrophilic ligand by monoazide 8 by another round of click reaction.

The surface ligand not only increased the hydrophilicity of the cross-
linked micelle but also endowed it with solubility for easy purification
(i.e., precipitation from acetone and washing with organic solvents).
Free-radical polymerization/cross-linking under UV-irradiation was
key to the imprinting, not only solidifying the micellar core but also
covalently attaching the boronic acid FM to the micelle via its
polymerizable styrenyl group. The surface- and core-cross-linking
could be monitored by '"H NMR spectroscopy (Figures S1-3). The
size of the MINP catalyst was measured to be ~5 nm by dynamic light
scattering, which translates to ~50,000 Dalton in molecular weight
(Figure S4-6). The size was also confirmed by transmission electron
microscopy (Figure S7).

Template—-FM complex 3 was designed to yield three features in
the final MINP: a substrate-shaped binding site, a diol-binding bo-
ronic acid group, and an adamantane-shaped hydrophobic pocket
near the glucose-binding site. The benefit of using covalent imprint-
ing is the high-fidelity of the imprinting process, since polymerization
and cross-linking turn the template—FM complex into part of the pol-
ymer network.'*”?® The difficulty, often times, is in the removal of the
template from the highly cross-linked polymer.

In our case, the amphiphilicity of 3 helped it stay near the micelle
surface, making the imprinted site highly accessible and the template

easy to remove.* For these reasons, the templating glycoside could



Table 1. ITC binding data for p-nitrophenyl glycopyranosides and acid catalysts by MINP(3a) and MINP(3b).*

entry MINP pH guest K.(x10*M™) AG (kcal/mol)  AH (kcal/mol)  TASkcal/mol) N°

1 MINP(3a) 6.0 1B 8.59+0.67 -6.73 -8.84+0.29 2.11 1.14+0.02
2 MINP(3a) 5.5 1B 1.49 £0.16 -5.69 -1.50 £ 0.08 4.19 1.27 +£0.05
3 MINP(3a) 74 1B 140+0.3 -7.02 -7.04 £0.05 -0.02 1.14 £0.01
4 NINP* 6.0 1B <0.005 - - - -

S MINP(3a) 6.0 la 2.49+0.22 -5.99 -4.88 £0.20 1.11 1.18 £0.03
6 MINP(3a) 6.0 9 4.18+0.21 -6.30 -1.35£0.02 4.9 0.79+0.14
7 MINP(3a) 6.0 9a 0.17 £0.02 -4.42 -3.10£0.39 1.32 1.29+0.12
8 MINP(3a) 6.0 108 0.90 £ 0.04 -5.39 -0.75+0.01 4.64 1.49+0.01
9 MINP(3a) 6.0 10a 0.13 £0.04 -4.24 -5.51+4.34 -1.27 0.94+0.22
10 MINP(3a) 6.0 PNP 0.34+0.04 -4.82 -3.11£0.76 1.71 0.85+0.18
11 MINP(3a) 6.0 glucose 0.07 £0.001 -3.78 -4.71£0.30 -0.93 0.74 +£0.04
12 MINP(3a) 6.0 2a 122.0+9.0 -8.30 -15.48 £0.14 -7.18 0.99+0.01
13 MINP(3a) 5.5 2a 1440+7.6 -8.40 -40.28 £ 0.46 -31.88 0.870.01
14 MINP(3a) 74 2a 358+22 -7.57 -14.06 £0.22 -6.49 1.11+0.01
15 MINP(3a) 6.0 2b 74.7£3.5 -8.01 -12.02 £0.10 -4.01 1.02+0.01
16 MINP(3a) 6.0 2c 36.6+1.4 -7.58 -19.29 £0.22 -11.71 0.94+0.01
17 MINP(3a) 6.0 2d 214+ 1.3 727 -2.73+£0.03 4.54 0.98+0.01
18 MINP(3b) 6.0 1B 8.24 +0.60 -6.71 -22.80 +0.68 -16.09 1.07 £0.02
19 MINP(3b) 6.0 la 2.46£0.29 -5.99 225+0.16 3.74 1.12+0.05
20 MINP(3b) 6.0 2a 1420 £ 0.44 -7.02 -99.23 £2.26 9221 0.92£0.02

*The titrations for all the glycosides, PNP, and glucose were performed in 10 mM MES buffer at 298 K. The titrations for the acid cofactors
(2a-2d), which were not soluble in water, were performed in 10 mM MES buffer (pH 6.0) with 2% (v/v) DMSO. The ITC titration curves are
reported in the Supporting Information (Figures $8-S27).° N is the average number of binding site per nanoparticle measured by ITC curve

fitting. * Nonimprinted nanoparticles (NINPs) were prepared without any template. Binding was extremely weak. Because the binding constant

was estimated from ITC, -AG and N are not listed.

be removed easily by solvent washing during the workup and purifi-
cation. Consistent with the vacated binding site, the resulting
MINP(3a) and MINP(3b) showed selectivity binding for both the
targeted glycoside (1B) and the acid cofactors (2a-2d) (Table 1).
The binding constants were determined by isothermal titration calo-
rimetry (ITC), one of the most reliable methods to study intermolec-
ular interactions.”!

Table 1 (entry 1) shows that MINP(3a) bound the targeted 1B
with K.= 8.59 x10* M"'in pH 6 MES buffer. The binding constant ap-
proached those for monosaccharides by natural lectins (K, = 10°~10*
M").>* The number of binding site determined by ITC was ~1.1, also
supporting the vacated binding site. In our preparation, the surfac-
tant/template ratio was generally maintained at 50, which is roughly
the number of surfactant in the cross-linked micelle.*” Such stoichi-
ometry is expected to yield an average of one imprinted site per nano-
particle.

The binding of MINP(3a) for 1B was sensitive to pH. A decrease
of pH from 6 to 5.5 weakened the binding by nearly 6-fold, to K.=
1.50 x10* M'and an increase to 7.4 strengthened the binding by 1.6-
fold, to K.= 14.0 x10* M' (Table 1, entries 1-3). The pH effect was
similar to those observed in small-molecule boronic acids. A change
of pH from 8.5 to 6.5, for example, reduces the binding between phe-
nylboronic acid and glucose by 13-fold.* Molecular imprinting was

key to the binding, as the nonimprinted nanoparticles showed negli-
gible binding (entry 4). The imprinting factor, defined as the im-
print/nonimprint binding ratio, was >1700 for 1p.

We also studied the binding of MINP(3a) for several other glyco-
side analogues, including p-nitrophenyl a-D-glucopyranoside (1a),
and the two anomers of both p-nitrophenyl D-mannopyranoside (9a
and 9f) and D-galactopyranosides (10a and 10B) (Table 1, entries
5-9). The change from f to a glycosidic linkage lowered the binding
by 3.4 times. Among the B glycosides, the binding followed the order
of glucoside > mannoside > galactoside. The order supports the for-
mation of the boronate ester bonds in the binding. As shown by the
structures in Scheme 1, mannoside 9 shared the same 4,6-trans-diol
as glucoside 1P and thus should be able to engage in the same boro-
nate ester formation. Although the C2 hydroxyl was axial in 9, this
particular hydroxyl was not expected to contribute to the binding as
strongly as the boronate-forming C4 hydroxyl. For the same reason,
inverting the C2 hydroxyl (in 9f) only decreased the binding by
roughly 2 times and inverting the C4 hydroxyl (in 10B) decreased the
binding by nearly 10 times. Not surprisingly, when both the glycan
and the a/p glycosidic linkage were different from the template, the
binding became even weaker (for a-mannoside 9a and a-galactoside
10a).



It is interesting to note that p-nitrophenol (PNP) showed a bind-
ing affinity in between the mismatched a glycosides (9a and 10a) and
the mismatched f glycosides (9 f and 10 B). Since PNP could only
occupy the imprinted site created from the p-nitrophenyl group of 3a,
the data suggest that the sugar residue contributed negatively to the
binding of the p-nitrophenyl group in 9a and 10a but positively to the
binding in 9B and 10 B. One way to do so is for the glycan to reside
outside the sugar-binding pocket of the MINP for the mismatched a
glycosides but inside, albeit with some difficulty, for the mismatched
B glycosides.

Among the a glycosides, 1a showed the strongest binding toward
MINP(3a). Although this was not surprising because 9a and 10a dif-
fered from the “perfect guest” 1P in both the glycan and the aglycon,
it was puzzling why 1B was bound only 3.4 times more strongly than
the mismatched la. One possibility is that, with the correctly
matched glycan, there is a strong driving force for 1a to occupy the
sugar-binding site. Since MINP(3a) had a very large hydrophobic
binding pocket (from PNP + adamantyl of the template), the PNP
group might be able to fit within the imprinted site when the adaman-
tyl pocket was vacant (vide infra).

Glucose does not have a hydrophobic aglycon and thus had noth-
ing to occupy the p-nitrophenyl group-imprinted hydrophobic
pocket of MINP(3a). Its extremely weak binding to the MINP sug-
gests keeping the hydrophobic pocket empty while the sugar-binding
site occupied was unfavorable. The much larger K, of 1p than the
combined value from glucose and PNP indicates that the two groups
work synergistically in the binding.

Acid cofactor 2 was expected to enter the adamantane-shaped
binding site through hydrophobic interactions. The noncovalent, hy-
drophobic anchoring of the acid group enabled us to vary its acidity,
as well as its distance to the bound substrate through 2a-d. 1-Ada-
mantanecarboxylic acid 2a gave a very strong binding, with K, = 122
x10* M'in pH 6 MES buffer, with 2 vol % DMSO added to aid solu-
bility (Table 1, entry 12). This value was about 14 times larger than
the K, of 1B. The difference reflects the importance of hydrophobic
interactions in MINP binding in water,* which are proportional to
the hydrophobic surface area buried upon binding.*** Apparently, a
single adamantyl was able to offer much stronger binding than the co-
valent boronate and the noncovalent binding of p-nitrophenyl com-
bined.

The binding of MINP(3a) for 2a increased at lower pH (Table 1,
entries 12-14). Because a charged group is not solvated well and is
unstable in a hydrophobic microenvironment,** the acid cofactor
prefers to enter the MINP in its protonated, neutral state. Carboxylic
acid has a pK. of 4-S. The higher the solution pH, the stronger is the
preference for the acid to be deprotonated in the solution, and the
larger is the penalty the acid has to pay to enter the binding site in the
protonated form.

For the different acid cofactors, the binding followed the order of
2a>2b >2c¢>2d (Table 1, entries 12, 15-17). All the acid cofactors
have the same adamantyl hydrophobe and thus should have a similar
hydrophobic driving force to enter the imprinted site. However, a
stronger acid has to overcome a larger unfavorable acid-base equilib-
rium to enter the binding pocket in the neutral form, and the binding
is expected to be weaker. The weaker binding of 2b in comparison to
2a was most likely caused by the misfit of 2b in the imprinted site. It
was quite impressive that the MINP was able to detect the addition of

a single methylene in the guest.

The binding site could be tuned additionally through the white-
colored tether X (Scheme 1). The amide linkage in 3b closely resem-
bles the carboxylic acid of 2a in dimension, whereas the triazole of 3a
was somewhat larger. ITC showed that MINP(3b) was an inferior re-
ceptor than MINP(3a) for acid cofactor 2a. Since MINP(3b) was
also inferior in catalysis (vide infra), we only studied its binding briefly.
Asshown by Table 1 (entries 18-20), its binding for the substrate (1)
and the 1B/1a binding selectivity were very similar to those by
MINP(3a), suggesting that the poor performance of MINP(3b) in
catalysis derived from the weak binding of the acid cofactor.

There could be two possible reasons for the stronger binding of 2a
by MINP(3a) over MINP(3b). First, the secondary amide of 3b, be-
ing an excellent hydrogen-bond donor and acceptor, could move the
templated pocket for the adamantyl group closer to the micellar sur-
face, by its strong solvation with water.* The shallower the imprinted
pocket for the adamantyl group, the less hydrophobic would it be and
the weaker was the driving force for 2a to enter the pocket. Second,
the imprinted pocket in MINP(3b) might be simply too tight for the
acid cofactor. Micellar imprinting has been shown to have an extraor-
dinary ability to reproduce structural features of the template due to
the large imprinting factors (up to 10000 in some cases).**** A move
of a single methyl by one carbon, for example, was easily detected by
peptide-template MINPs in their binding of isomeric di- and tripep-
tides.” The high fidelity was found to come from confining the im-
printing (i.e., the templated polymerization/cross-linking) in the na-
nosized surface-cross-linked micelle.** Even though it is difficult to
quantify the dimension of the imprinted site, we did expect template
3a to afford a slightly larger space for the carboxylic acid group of 2a
than 3b, which could be beneficial to the binding.

Hydrolysis of p-nitrophenyl glucopyranoside 1f. Figure la
shows the hydrolysis of 1B in pH 6 buffer at 40 °C. Both MINP(3a)
and MINP(3b) showed significant activity over the background, with
MINP(3a) being more active. The difference was consistent with a
binding-controlled catalysis. For example, MINP(3a) bound the acid
cofactor 2a more strongly than the less efficient MINP(3b), by nearly
9 times (Table 1, entries 12 and 20). These K. values translate to 51%
and 87% of occupancy of MINP(3a) and MINP(3b) by the acid co-
factor, respectively, at [MINP] = S yM and [2a] = 10 yM used for the
hydrolysis. An increase of the 2a/MINP ratio did increase the hydro-
Iytic rate but minimal improvement was obtained beyond the 2:1 ra-
tio (Table 2, entries 1-3).
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Figure 1. (a) Absorbance at 320 nm during the hydrolysis of 1§ in a 10
mM MES buffer (pH 6.0) (green filled circles), and in the presence of
MINP(3a)+2a (red filled circles) or MINP(3b)+2a (blue filled circles)
at 40 °C. (b) Effect of pH on the hydrolysis of 1B catalyzed by
MINP(3a)+2a. [1§] = 100 uM. [MINP] = 5 M. [2a] = 10 uM.



Table 2. Pseudo-first-order rate constants for the hydrolysis of 1p
and by MINP(3a) under different conditions."

entry pH acid cofactor k(x103s™)
1 60  SuM2a 1.41

2 6.0 10 pM 2a 2.05

3 6.0 15uM2a 2.11

S 7.4 10pM 2a 0.18

6 70  10uM2a 0.56

7 6.5 10 pM 2a 0.79

8 55  10pM2a 0.81

11 6.0 10 uM 2b 1.36

9 6.0 10 uM 2¢ 0.36

10 6.0 10uM2d 0.14

11 6.0 15uM2a ~0.002°

*Reaction were performed in 10 mM buffer at 40 °C with [MINP(3a)]
=5 pM." Nonimprinted nanoparticles (NINPs) were used instead of
MINP(3a).

A pH study showed that the hydrolysis showed a maximum at pH
6 for MINP(3a)+2a (Figure 1b). A screening of the different acid co-
factors (2a-2d) indicated that an increase of acidity for the cofactor
lowered the hydrolytic rates, in the order of 2a > 2b > 2¢ > 2d (Table
2). This trend was exactly the same as that found in the binding (Ta-
ble 1), suggesting binding of the acid cofactor was the determining
factor in the catalysis.

MINP(3a)+2a exhibited enzyme-like Michaelis—Menten kinetics
in its hydrolysis of 1B (Figure 2a). An excellent TON of 411 at 600
min when 500 equivalents of substrate were used in the hydrolysis
(Figure 2b). The larger TON indicates the catalyst was very robust.
Nonetheless, the reaction over the prolonged period of time had a fast
and a slower phase. Most likely, the slower phase was a result of prod-
uct inhibition. Even though the products of hydrolysis, i.e., glucose
and PNP, could not compete with1p in their binding with MINP(3a)
(Table 1), as the substrate was consumed and more and more prod-
ucts formed, some level of product inhibition was expected at higher
conversion, especially from the stronger binding p-nitrophenol.

Table 3 summarizes the Michaelis—Menten parameters of
MINP(3a)+2a determined at different pHs (entries 1-5). Both kea
and the catalytic efficiency (kat/Kn) showed a maximum at pH

6, similar to that in Figure 1b. The pH effect should reflect at
least three factors—the binding of the substrate, the binding of
the acid cofactor, and the fraction of the acid cofactor in the pro-
tonated form near the bound substrate. The K values of 1§ in
Table 3 (entries 1-5) showed a monotonous decrease at increasing
pH, indicating the binding of substrate became weaker in less acidic
solutions. This was also the trend observed in the ITC-determined
binding constants for the substrate (Table 1). On the other hand,
ITC showed that the binding of the acid cofactor increased at
lower pH, and alow pH should help the cofactor stay protonated.
Thus, the maximum at pH 6 for the catalytic hydrolysis should
come from the opposing pH effects of the substrate-binding and
the acid-cofactor-binding.
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Figure 2. (a) Michaelis-Menten plot for the hydrolysis of 1 by
MINP(3a)+2ain a 10 mM MES buffer (pH 6) at 40 °C. [MINP(3a)] =
S uM. [2a] =10 uyM. (b) Amount of PNP formed as a function of time,
calculated from an extinction coefficient of €320 = 0.0084 uM'cm ™.

Selectivity of MINP-based glycosidase. As mentioned earlier in
the paper, substrate selectivity is the most difficult challenge in the
hydrolysis of glycans. Figure 3a shows the hydrolysis of a range of p-
nitrophenyl D-glycopyranosides in pH 6 buffer at 40 °C. Under our
standard catalyst loading (S mol % MINP(3a) and 10 mol % 2a), 1B
hydrolyzed faster than 1a by 11.4 times (Figure 3b). According to the
ITC measurements, MINP(3a) bound 1B more strongly than 1a,by
3.4 times (Tablel, entries 1 & 4). Since binding was a single event and
catalysis required many turnovers, it was reasonable that the MINP
catalyst was more sensitive to structural changes in catalysis than in
binding.* The selectivity was also observed when an equimolar mix-
ture of 1a and 1p was used (Figures S58-63).

Among the three p anomers, the order of reactivity observed was
glucoside (1B) > mannoside (9p) > galactoside (10B), as shown by

Table 3. Michaelis—Menten Parameters for MINP(3a)+2a in the hydrolysis of p-nitrophenyl glycopyransides.*

entry substrate pH Vinax (pM/min) Ko (pM) et (x103 s71) keat/ Koo (M min™)

1 1B 5.5 1.26 £ 0.08 361 £46 4.20+0.26 698
2 1B 6.0 2.23+£0.08 169 + 15 7.44 +£0.26 2640
3 1B 6.5 0.88 £0.03 147 £ 14 2.94+0.10 1198
4 1p 7.0 0.07 £0.01 117+ 17 0.23+0.01 118
S 1B 7.4 0.06 +0.01 114+ 15 0.18 £0.01 96

6 la 6.0 1.11 £0.04 311+23 3.70£0.14 714
7 9B 6.0 1.57 +£0.02 183+9 5.24 +0.06 1716
8 9a 6.0 1.0S £ 0.04 726 £ 50 3.50+0.14 290
9 108 6.0 1.14 £ 0.04 223+21 3.80+£0.14 1022
10 10a 6.0 0.73 £0.04 508 + 55 2.44+0.14 288

* All reaction rates were measured in 10 mM buffer at 40 °C (Figures $43-S51). [substrate] = 100 pM. [2a] = 10 yM. and [MINP] = S pM.
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Figure 3. (a) Absorbance at 320 as a function of time for the hydrolysis
of 1, 1a, 9B, and 10 catalyzed by MINP(3a)+2a in a 10 mM MES
buffer (pH 6.0) at 40 °C. Hydrolyses of 9a and 10a are omitted for clar-
ity. [substrate] = 100 uM. [MINP(3a)] = S yM. [2a] = 10 pM. (b) Rate
constants for the hydrolysis of different substrates normalized to that of
glucoside 1 (for the rate constants, see Table S1).

Figure 3b. The trend was in line with the boronic acid-binding, as the
mannoside had the same trans-4,6-diol involved in boronate for-
mation as the targeted substrate (1f), whereas the galactoside had a
cis-4,6-diol. Both the K, values in Table 1 and the K. values in Table
3 supported this view. Meanwhile, all three a anomers exhibited sim-
ilar reactivities and were significantly less reactive than the B sub-
strates. The low catalytic efficiencies (kcat/Km) for the a anomers re-
sulted from a combination of weak binding and slower catalytic turn-

overs (Table 3).

Our ITC binding data showed that galactoside 10 was bound less
strongly than glucoside 1a (Table 1). Yet, their reactivity was just the
opposite. This seemingly unusual behavior is actually consistent with
the earlier postulation that MINP(3a) might have accommodated
the PNP group of la by its exceedingly large hydrophobic pocket
when its matched glycan entered the sugar-binding site. In the pres-
ence of acid cofactor 2a, however, such benefit would no longer be
available to la because the PNP pocket was designed for the f
anomer. The explanation was supported by the K values in Table 3
that showed the binding in catalysis followed the order of 18 > 9§ >
10p > 1a. Under such a scenario, 1a would most likely adopt similar
configuration as the doubly mismatched 9a and 10a, with the PNP
group in the active site and the glycan outside. All three a-glycosides
indeed exhibited similar, low activity in Figure 3.

Controlled, tunable selectivity for glycan hydrolysis has not been
achieved by synthetic catalysts. To demonstrate the generality of our
method, we synthesized template 3¢ from commercially available O-
(2,4-dinitrophenyl)-hydroxylamine 11 (Scheme 2). Reductive ami-
nation of dodecanal using this compound yielded the alkylated 12,
which reacted with D-mannose under acidic conditions yielded the
thermodynamically favored a-mannoside 13.%

Template-FM complex 3¢ had a number features that differed
from 3a,b. First, instead of an isolable compound, 3¢ was formed in
situ from vinylphenylboroxole 14 under our imprinting conditions.
Boroxole is known to be a stronger binding group for sugars.” Our
previous study showed that boronate product could survive the mi-
cellar imprinting process, apparently with the amphiphilic, anionic
%7 Second, the hydropho-
bic group in 3¢ was a dodecyl, much smaller than the adamantyl in

boronate stabilized by the cationic micelle.

3a,b. The binding for the acid cofactor (i.e., lauric acid) was expected
to be lower. Third, there are some significant mismatches between

NO, NO,

(a) C11H23CHO O.-Crztas
H
{b) NaBH,CN ON
2
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THF/ACOH (3/1)
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Scheme 2. In situ formation of template—-FM complex 3¢ and synthesis
of 13.

the template 13 and the targeted mannoside 9a. The ortho-nitro
group on 13 was added mainly because the corresponding starting
material (11) was commercially available. In addition, two atoms (N
and O) were in between the anomeric carbon and the phenyl group
in 13 and only one in 9a. At the outset of the project, it was unclear
to us whether such discrepancy could be tolerated by the catalysis but
the facile synthesis of 13 using commercially available starting mate-
rials and unprotected sugar was worth the risk in our mind.

To our delight, MINP(3c) showed significant binding to the tar-
geted mannoside 9a (Table 4). The binding increased with a higher
FM/template ratio (entries 1-3) and the binding constant at the
higher FM/template ratio was even higher than that of 1 by
MINP(3a). It seems any discrepancy between the imprinted site and
9a was compensated by the double boronates formed by a mannoside,
from the 2,3-cis-diol and 4,6-trans-diol. The binding also showed sig-
nificant selectivity. Among the different glycoside analogues, 9§ and
la had a similar binding constant, about 6-7 times lower than that for
9a. The difference corresponded to a difference of >1 kcal/mol in
binding free energy and was caused by the inversion of a single stere-
ogenic center (at C1 or C2). Inversion of two or more stereogenic
centers (for 1B, 10a, and 10B) weakened the binding even more. Lau-
ric acid was found to give a binding constant of K, = 22.7 x10* M
(Table 4, entry 9). Although the binding was weaker than that for 1-
adamantanecarboxylic acid by MINP(3a), it was still substantial.

Importantly, MINP(3c) showed strong selectivity for the targeted
9a as well (Figure 4a). When all the a anomers are compared, the
most reactive one clearly was 9a, followed by 1a, and then 10a (Fig-
ure 4b). The order was the same observed in the ITC binding (Table
3). For the glycosides derive from the same sugar, the a anomer al-
ways hydrolyzed faster than the p anomer. The trend was completely
opposite to that observed in Figure 3b for MINP(3a), underscoring
the predictability of the selectivity and, also, the reliability of the im-
printing process. Among the different glycans, the highest selectivity
was achieved for the mannosides (a/ p= 7.2:1), consistent with suc-
cessful imprinting. Table 5 summarizes the Michaelis—Menten pa-
rameters of MINP(3c¢). Once again, the higher catalytic efficiency for
the targeted a mannoside over other analogues was a result of
stronger substrate binding and faster catalytic turnover.



Table 4. ITC binding data for p-nitrophenyl glycopyranosides and acid catalysts by MINP(3c).*

entry MINP [14]/[13] guest K. (x10*M")  AG (kcal/mol) AH (kcal/mol)  TAS (kcal/mol) NP

1 MINP(3¢c) 1 9a 8.49 £0.54 -6.72 -3.79 £0.08 2.93 0.94 +£0.01
2 MINP(3¢) 2 9a 1250046  -6.95 3.14+0.03 3.81 1.02 £0.01
3 MINP(3¢) 3 9a 1630£032 7.1 -3.84+0.01 327 0.94 +0.01
4 MINP(3¢c) 2 9p 1.78 £ 0.10 -5.79 -3.97+£0.18 1.82 0.99 +£0.04
S MINP(3¢c) 2 la 1.94+0.23 -5.85 -1.46 £0.07 4.39 1.06 + 0.04
6 MINP(3¢) 2 1B 091008  -540 2.55+0.14 2.85 1.50 + 0.06
7 MINP(3¢) 2 10a 0.88£0.06  -5.38 2.11+0.09 327 1.31£0.04
8 MINP(3¢) 2 10p 0.81£0.06  -533 11.01+0.04 432 1.46 +0.04
9 MINP(3¢) 2 lauricacid® 227 +1.5 7.30 -3.06 £ 0.02 424 1.07 £0.01

*The FM 4-vinylbenzoboroxole/template ratio in the MINP synthesis was 1:2 unless otherwise indicated. The titrations were performed in 10
mM MES buffer at pH 6.0. The ITC titration curves were reported in the Supporting Information (Figures $28-S36). °N is the average number
of binding site per nanoparticle measured by ITC curve fitting. * Titrations were performed in 10 mM MES buffer (pH 6.0) with 2% (v/v)

DMSO.

Table S. Michaelis—Menten Parameters for the MINP(3¢) with lauric acid in the hydrolysis of PNP-glycopyranoside.*

entry substrate Vinas (uM/min) K (uM) ke (x107%s) keat/ Kin (M min')
1 1B 0.30+£0.01 129+7 1.00 £ 0.04 464
2 1a 0.58 £0.02 65+8 1.94 £ 0.06 1776
3 93 0.47 £0.01 1059 1.56 £ 0.04 896
4 9a 0.72£0.01 25+2 2.40 £ 0.04 5692
S 1OB 0.21+£0.01 448 + 59 0.70 £ 0.04 94
6 10 0.23+£0.01 284 + 35 0.76 + 0.04 162

* All reaction rates were measured in 10 mM buffer at pH 6.0 at 40 °C (Figures $52-S57). [substrate] = 100 pyM. [lauric acid] = 10 pM.

[MINP(3c)] =S uM.
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Figure 4. (a) Absorbance at 320 as a function of time for the hydrol-
ysis of 1a, 9B, 9a, and 10a catalyzed by MINP(3c) and lauric acid in
a 10 mM MES buffer (pH 6.0) at 40 °C. Hydrolyses of 1§ and 10
are omitted for clarity. [ Substrate] = 100 pM. [MINP] = S uM. [lauric
acid] = 10 uM. (b) Rate constants and relative constant for the hy-
drolysis of different substrates normalized to that of mannoside 9a
(for the rate constants, see Table S2).

CONCLUSIONS

This work demonstrates that selective hydrolysis of aryl glycosides
can be achieved in a straightforward, rational manner using molecu-
larly imprinted cross-linked micelles. A significant feature of the im-
printing-based method is facile construction of complex-shaped cata-
Iytic active sites. In enzymes, such sites are formed by the folding and
aggregation of long peptides. In small-molecule-based artificial en-
zymes, a tremendous effort goes into the synthesis of cavity-contain-
ing host structures.*** Thanks to the 1-pot, 2-day preparation of
MINP (after the cross- linkable surfactant, surface-cross-linker, sur-

face ligand, and the template-FM complex became available), con-
struction of such sites are simplified largely into standard syntheses of
small-molecule templates, followed by covalent capture and tem-
plated polymerization. In enzymatic catalysis, it is frequently ob-
served that “relatively small difference in substrate structure that do
not affect the chemical reactivity of the substrate have large effects on
ke”.** Although our synthetic glycosidase was quite primitive in de-
sign and improvements are clearly needed, it was good that such a
trend was already observed.

Another interesting discovery, which was counterintuitive, was
that the weaker carboxylic acid in our synthetic glycosidase turned
out as a more active catalyst than the stronger sulfonic acid. Equally
important was that small discrepancies between the template and the
targeted substrate were well tolerated—a flexibility very useful in the
construction of imprinted synthetic enzymes in general.
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