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ABSTRACT: The impressive catalytic turnover and selectivity of biological catalysts instigated a
tremendous effort to understand the source of this catalytic proficiency. In this regard, the synthesis and
evaluation of biomimetic catalysts is a very valuable approach to gain insights into the enzymatic
mechanisms of action. In addition, anticipated key interactions of the enzymatic turnover can be
implemented into enzyme mimics to probe their contributions to the overall catalytic efficiency
separately. In this context, we synthesized biomimetic microgels in the presence of an experimentally
identified competitive glycosidase inhibitor and evaluated the resulting macromolecular catalysts for
proficiency during glycoside hydrolyses. The stepwise-built microgels utilize a synergy of interactions
including metal complex catalysis in a hydrophobic microgel matrix, cross-linking, and shape
recognition for a glyconoamidine model of the transition state of the enzymatically catalyzed glycoside
hydrolyses. The resulting microgels show biomimetic behavior including catalytic proficiency up to 3.3 × 106 in alkaline and 1 ×
107 in neutral aqueous solution: independence of catalytic sites, competitive inhibition, and an inhibition constant Ki of 100 μM
in 5 mM HEPES buffer (pH 7.00). Our results place the synthesized microgels among the most proficient biomimetic catalysts
known and emphasize the synergy of interactions for an advanced catalytic turnover.
KEYWORDS: macromolecular catalyst, matrix effects, polyacrylate microgels, hydrolysis, glycosides, galactonoamidines,
transition state analogue

1. INTRODUCTION
The catalytic proficiency of enzymes is impressive and has
initiated tremendous effort to discover and utilize the
underlying principles for the synthesis of biomimetic
catalysts.1,2 While stimulating discussions about the mecha-
nistic details of enzymatic reactions are ongoing,3−7 it is widely
accepted that enzymes accelerate reactions through very strong
stabilization of the corresponding transition states using
multiple interactions.7,8

As glycosylases hydrolyze glycosidic bonds with one of the
highest proficiencies known,9 this enzyme class contains very
valuable models to study effective stabilizing interactions of
transition states. Detailed mechanistic studies have disclosed a
synergy of H-bond, electrostatic, electronic, CH−π and π−π-
stacking interactions of the glycon and aglycon during
enzymatic glycoside hydrolyses.10−17 Additionally, induced-
fit, chair flattening in an SN2-like transition state18 and loop
closure interactions upon substrate binding are noted to
support the catalytic turnover.14,18,19 While a biomimetic
catalyst might never reach the sophistication level of an
enzyme and consequently not hydrolyze glycosidic bonds with
the same proficiency, the synthesis and evaluation of
biomimetic catalysts is a valuable approach to gain insights
into the enzymatic mechanisms of action.8,20−22 In addition,
anticipated key interactions of the enzymatic glycoside
turnover can be implemented in enzyme mimics separately
or used in selected combinations to probe their contributions
to the overall catalytic performance.

In this context, we are developing biomimetic catalysts for
the hydrolysis of glycosidic bonds with high proficiency under
conditions where enzymes are not suitable, functional, or
stable. Biomimetic catalysts may also be used to transform
glycosides that are not substrates of conveniently available
natural enzymes. In order to design such catalytic entities, we
initially studied the inhibition of selected glycosidases with a
small library of 25 galactonoamidines to elucidate stabilizing
interactions in their active sites by inhibitor design.14,16 All
galactonoamidines are very potent competitive inhibitors
toward β-galactosidases from A. oryzae and bovine liver.23−25

However, only a few, e.g. galactonoamidine (1), were
experimentally characterized as transition state analogues
(TSAs) of the reaction (Chart 1), while others were identified
as fortuitous binders in the active site.23,24,26 The transition
state like character of 1 was determined by correlating

Received: June 23, 2018
Revised: August 9, 2018
Published: August 9, 2018

Chart 1. Structure of p-Methylbenzyl-D-galactonoamidine
(1)
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inhibition constants (Ki) to catalytic efficiencies (kcat/Km) in a
kinetic analysis with various substrate analogues.26

Toward the development of potent biomimetic glycosidase
mimics, we describe here the mimicry of induced-fit
interactions in microgels. The study focuses on illuminating
the contribution of shape recognition toward the overall
catalytic proficiency of cross-linked microgels using TSAs of
the reaction during material preparation. While molecularly
imprinted catalysts for various reactions are synthesized in a
similar fashion,8,27−32 our approach challenges the frequently
ascribed dominating impact of a templating effect to the overall
catalytic proficiency. For comparison, the performance of the
water-dispersed microgels is contrasted with the proficiency of
β-galactosidase (bovine liver) in alkaline and neutral aqueous
solution.

2. RESULTS AND DISCUSSION
Glyconoamidines are prone to nucleophilic attack at the
anomeric C atom and subsequent hydrolysis in alkaline
solution. Although various glyconoamidines were synthesized
previously,33−36 the corresponding literature is very vague,
inconclusive, and even controversial in this regard. Therefore,
we evaluated the hydrolysis of galactonoamidine 1 under
various buffer and temperature conditions to ensure its stability
under polymerization conditions.
2.1. Stability of Galactonoamidine 1 under Polymer-

ization Conditions. Initially developed protocols for micro-
gel synthesis involved thermally initiated free-radical polymer-
ization conditions in 50 mM CAPS buffer at pH 10.50 and 72
°C.37 Under these conditions, 1 undergoes instant hydrolysis
and formation of galactonolactam (2), as concluded by a
combination of preparative HPLC, 1H NMR spectroscopy, and
ESI mass spectrometry studies (see the Supporting Informa-
tion). Lowering the buffer strength from 50 to 5 mM while the
temperature and pH were maintained slowed the hydrolysis of
1 and allowed following the formation of 2 by time-dependent
analysis of aliquots using HPLC, but it did not prevent it (see
the Supporting Information). However, galactonoamidine 1 is
stable in pure deuterium oxide at 72 °C over a 3 h time period,
identifying the alkaline conditions and not the temperature as
the driving force for the hydrolysis (Figure 1). The stability of
1 was also observed at 0 and 10 °C over a 3 h time period in 5
mM CAPS buffer solution at pH 10.50. Buffer solutions with
similar molarity at lower pH values behave likewise (Figure 2).

The results indicate that a thermally initiated polymerization
protocol in alkaline solution is not suitable for preparing
microgels in the presence of galactonoamidines. Instead, a
recently disclosed strategy for microgel synthesis at subambient
temperature will be employed.38 The free radical polymer-
ization is initiated by UV light under ice cooling and allows
quantitative immobilization of the binuclear complex
Cu2VBbpdpo (3) in the presence of sugar ligands in alkaline
solution.39 The complex is prepared in situ from the
polymerizable ligand VBbpdpo (4) and copper acetate as
described (Figure 3).37 The coordination between metal

complexes and sugar derivatives typically strengthens at low
temperature and high pH values due to the decreased flexibility
of bonds and deprotonation of sugar binding sites. For further
catalyst design, characterization of binding sites and binding
strengths between TSA-like amidine 1 and the metal complex
core is desirable.

2.2. Coordination of Galactonoamidine 1 under
Polymerization Conditions. The coordination of galacto-
noamidine 1 to binuclear complexes was already evaluated in
part and included Cu2bpdpo (5), a nonpolymerizable analogue
of 3 (Figure 3).40−42 As the two metal complexes are different
in the ligand backbone periphery, but not the metal site itself,
the coordination of galactonoamidine 1 to both metal
complexes is comparable.37,43 Strong chelation of 1 to 5 over
three binding sites was observed in aqueous CAPS buffer
solution at pH 10.50 and 10 °C. Coordination experiments
with various galactonoamidines revealed a Gibbs free energy of
binding of −10.3 kcal mol−1 for the 1−5 assembly that
translates into a pKa,1−5 of 3.5 using isothermal titration
calorimetry.40 The coordination of 1 involves its deprotonated
amidine function, the hydroxyl group at C-2, and a third

Figure 1. IH NMR spectrum of 1 after exposure to D2O at 72 °C over
3 h.

Figure 2. Stability of 1 against hydrolysis in 5 mM HEPES, TAPS, or
CAPS buffer at 0 and 10 °C (green ▽), 5 mM TAPS at 20 °C (green
△), mM TAPS buffer at 30 °C (orange ⬠), 50 mM TAPS buffer at
30 °C (red ○), and 50 mM TAPS or CAPS buffer 72 °C (red ◇).

Figure 3. Structures of polymerizable ligand 4 and the binuclear
complex Cu2bpdpo (5).
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unspecified site.44 The experimental data excluded coordina-
tion of 1 over the hydroxyl group at C-4 but did not elucidate
possibile coordination of the amidine over the hydroxyl groups
at C-3 or C-6.44 To characterize the association between 1 and
5 further, a computational approach based on density
functional theory is used herein.45−47 The B3LYP exchange
correlation functional was employed with an m6-31G(d) basis
set that contains improved functions for transition metals.48

Structures and Gibbs free energies of 1−5 assemblies were
computed in aqueous solution by applying the COSMO model
under standard conditions.49 The computed assemblies include
the already experimentally identified coordination sites of the
amidine in addition to the hydroxyl group at C-3 yielding
assembly I and at C-6 for assembly II (Figure 4).44

The computed Gibb’s free energy for assembly I is 23.4 kcal
mol−1 lower than for assembly II. Therefore, we assign the
hydroxyl group at C-3 of amidine 1 as a third coordination site
upon interaction with 5. The result of the calculations is in very
good agreement with coordination sites reported for
carbohydrates as ligands of metal ions and complexes.50

With suitable conditions for amidine stability and a fully
characterized 1−5 assembly in hand, we synthesized the
corresponding microgel catalysts.
2.3. Microgel Synthesis and Characterization. Previous

investigation disclosed the highest catalytic proficiency for
microgels prepared in the presence of galactose at a cross-

linking content of 40 mol %.38 However, galactose only weakly
coordinates to the metal complex under the conditions of
microgel synthesis (pKa, gal = 2.70; pH 10.50, 10 °C).39 The
catalytic performance of corresponding microgels was thus
related to contributions of the matrix and not to a templating
effect of the sugar.39 In contrast, microgels prepared in the
presence of strongly coordinating carbohydrates, such as
mannose, peak in catalytic proficiency at 60 mol % cross-
linking and show an increased catalytic performance related to
a small templating effect.39 Due to strong binding interactions
in the 1−5 assembly, galactonoamidine-templated polymers
are prepared at a cross-linking content of only 60 mol %. Given
the time-dependent stability of 1 against hydrolysis in alkaline
solution, the previously elaborated polymerization protocol
was altered slightly,38 and 1 was added after sonication of the
otherwise identically prepared prepolymerization mixture. In
more detail, microgels Cu2LP1 were prepared at 60 mol % of
cross-linker by mixing corresponding amounts of ethylene
glycol dimethacrylate (6) and butyl acrylate (7) with the ligand
VBbpdpo (4), copper(II) acetate, and decane in SDS/CAPS
buffer (Scheme 1). After ultrasheering of the resulting mixture,
amidine 1 was added in a 5-fold molar excess relative to the in
situ formed metal complex Cu2VBbpdpo (3). To ensure
saturation of all binding sites, the microgel synthesis was
initiated under UV light after a 30 min waiting time and then
maintained over 60 min. For control experiments, microgels
were synthesized in the presence of galactose as described.38

All microgels were purified by repetitive dialysis cycles against
aqueous EDTA, SDS, and SDS/CAPS solution as elaborated
previously.38

Dynamic light scattering experiments with LP1 revealed a
narrow dispersity of the particles (PDI = 0.097) and a
hydrodynamic diameter Dh of 283 ± 0.5 nm. The molar weight
of the microgel was estimated as 3.6 × 108 Da. Combustion
data of freeze-dried aliquots of LP1 confirmed near-quantitative
incorporation of the polymerizable ligand 4. Activation of the
microgel catalysts was achieved by addition of the correspond-
ing amounts of aqueous copper(II) acetate solution following
already elaborated protocols.38,39 The metal ion reloading

Figure 4. Schematic display of computed coordination sites in 1 upon
interaction with Cu2bpdpo involving the hydroxyl group at C-3
(assembly I) and C-6 (assembly II). Distances are given in Å.

Scheme 1. Synthesis of Amidine-Templated Microgels Cu2LP1
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procedure was previously shown to be near-quantitative and
results in catalytically active microgels.37 Extensive efforts
aiming at the characterization of related microgels by NMR
and EDX spectroscopy, GPC, TEM, and MALDI-TOF mass
spectrometry were futile and are thus not repeated here.37−39

2.4. Evaluation of Catalytic Glycoside Hydrolyses in
Alkaline Solution. To assess the catalytic ability of the TSA-
templated microgel and allow comparisons with previously
synthesized microgels, an already developed protocol to
monitor glycoside hydrolyses in alkaline solution was
employed as a first step.38,39 The 96-well plate assay follows
the formation of 4-methylumbelliferone (8) from 4-methyl-
umbelliferyl glycopyranosides using fluorescence spectroscopy.
Here, 4-methylumbelliferyl-α-D-galactopyranoside (α-9) and
its β-analogue (β-9) were hydrolyzed in 50 mM CAPS buffer
at pH 10.50 and 37 °C (Scheme 2).

The catalytic proficiency of microgels prepared in the
presence of galactose and amidine 1 was then evaluated in
comparison to the performance of the low-molecular-weight
complex Cu2bpdpo (5). The collected fluorescence data were
transformed into concentrations using apparent extinction
coefficients that were separately determined for each microgel
dispersion at a constant catalyst concentration. The obtained
product concentrations were plotted over time to deduce the
rates of the reactions from the initial slopes. The obtained data
were then graphed over the corresponding substrate
concentration and analyzed by nonlinear regression. The
application of the Michaelis−Menten model yielded the kinetic
rate constant (kcat) and the binding affinity (KM) (Table 1) by

standard methods.37,51 For control reactions, the uncatalyzed
substrate hydrolysis was treated likewise, yielding the kinetic
rate constant in the absence of a catalyst (knon). The catalytic
efficiency (kcat/KM) and proficiency (kcat/KM × knon) of each
microgel was finally deduced from the kinetic parameters. As
the uncatalyzed hydrolysis of the substrates α-9 and β-9 differs
by 2 orders of magnitude (Table 1), only the catalytic
proficiency of the catalysts is discussed herein.
Microgels prepared in the presence of galactose show the

highest proficiency toward the hydrolysis of α-9 at a cross-
linking content of 40 mol % (Table 1, entries 2−6). The result
is in very good agreement with previous findings revealing
similar performance of the microgels upon catalytic hydrolysis
of β-9 (Table 1, entries 10−14).38 The catalytic proficiency of
microgel Cu2LP1 for the hydrolysis of both substrates is only
about 1.5-fold higher than the proficiency of microgels
prepared in the presence of galactose with 40 or 60 mol %
of cross-linking content. Thus, a templating effect related to
the flattened chair of 1 is noted, but its contribution to increase
the catalytic proficiency of Cu2LP1 is overall very small. Similar
small effects of matrix templating on catalytic proficiency were
previously noted by others52 and point in the context of this
study to the limit of the templating methodology irrespective
of the quality of the template. A catalyst design solely relying
on templating effects thus appears inferior and insufficient.
Instead, a combination of stabilizing interactions will have to
be elaborated to support the catalytic turnover of the targeted
reaction.
However, when the catalytic proficiency of the microgel

catalysts is normalized against the performance of the low-
molecular-weight complex 5, microgel Cu2LP1 shows compara-
ble proficiency toward the hydrolysis of both substrates, α-9
and β-9 (Figure 5). The catalytic proficiency of Cu2LP1 is 1.21 ×
106 for the hydrolysis of α-9 and, remarkably, more than 56-
fold higher than that of 5. This result classifies Cu2LP1 as one of
the most proficient biomimetic catalysts known. A discrim-
ination of substrates was not expected, as the current catalyst
design does not include elements to promote stereoselectivity.
Additionally, we used β-galactosidase (bovine liver) in

alkaline solution for the hydrolysis of β-9 and determined its
kinetic parameters (Table 1, entry 16). Compound α-9 is not a

Scheme 2. Model Reaction for Catalyst Screening

Table 1. Kinetic Parameters for the Catalyzed Hydrolyses of α-9 and β-9 in 50 mM Aqueous CAPS Buffera

entry S catalyst EGDMA (%) kcat (10−3 min−1) KM (mM) kcat/KM (min−1 M−1) kcat/KM × knon
1 α-9 Cu2bpdpo 0.000370 ± 0.000067 3.70 ± 0.11 0.000100 22200
2 Cu2LPgal 5 0.00725 ± 0.00059 2.61 ± 0.38 0.00278 617000
3 25 0.00113 ± 0.00014 0.320 ± 0.03 0.00354 787000
4 40 0.00613 ± 0.00056 1.68 ± 0.23 0.00373 818000
5 60 0.0200 ± 0.00010 6.27 ± 0.59 0.00319 709,000
6 80 0.00737 ± 0.00261 4.34 ± 0.23 0.00170 378000
7 Cu2LP1 60 0.0100 ± 0.00149 1.84 ± 0.12 0.00544 1210000

9 β-9 Cu2bpdpo
38 0.00717 ± 0.00021 4.27 ± 0.15 0.00168 5830

10 Cu2LPgal
38 5 0.310 ± 0.008 5.57 ± 0.18 0.0557 193000

11 25 0.480 ± 0.002 6.29 ± 0.34 0.0763 265000
12 40 0.320 ± 0.004 3.76 ± 0.54 0.0851 295000
13 60 0.360 ± 0.008 5.68 ± 0.14 0.0634 220000
14 80 0.190 ± 0.002 3.88 ± 0.61 0.0490 139000
15 Cu2LP1 60 0.138 ± 0.015 1.48 ± 0.20 0.0946 328,000
16 β-galactosidase 2.95 ± 0.09 0.54 ± 0.06 5.46 19000000

aknon(α-9) = 4.50 × 10−9 min−1 M−1; knon(β-9)
38 = 2.88 × 10−7 min−1 M−1, pH 10.50 and 37 °C.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b02440
ACS Catal. 2018, 8, 8788−8795

8791

http://dx.doi.org/10.1021/acscatal.8b02440


substrate for the enzyme and was consequently not evaluated.
The calculated catalytic proficiency is about 3250-fold higher
than that of the metal complex 5 and about 57-fold higher than
that of the amidine-templated microgel Cu2LP1. To further
assess the performance of the microgels as biomimetic models
and use conditions optimized for enzymatic reactions, we
evaluated the catalytic glycoside hydrolysis at physiological pH.
2.5. Evaluation of Catalytic Glycoside Hydrolysis at

Neutral pH. A previous evaluation of more than 25
galactonoamidines as inhibitors of enzymatically catalyzed
glycoside hydrolyses classified glyconoamidines as competitive
inhibitors of various glycosidases with inhibition constants in
the low nano- or picomolar concentration range.19,23,53 To
evaluate the synthesized microgel CuL2P1 as a biomimetic
catalyst of β-galactosidases, the efficacy of its inhibition with 1
was determined as a first step, followed by determination of the
inhibition type, inhibition constant, and evaluation of depend-
ence of catalytically active sites. As the enzyme only transforms
β-glycosidic bonds, β-9 was used as a model substrate. The
study was conducted in 5 mM HEPES buffer at pH 7.00 using
fluorescence spectroscopy.
For the determination of the efficacy of inhibition, the

hydrolysis of β-9 was correlated with its partial hydrolysis in
the presence of inhibitor 1. The obtained data were plotted as
percent inhibition over the logarithmic inhibitor concentration
to determine the efficacy for β-galactosidase and the microgel
catalyst CuL2P1 (Figure 6). The IC50 values were estimated
graphically (Table 2).
The efficacy of inhibition is about 5 orders of magnitude

higher for the enzyme in comparison to the microgel and
nonetheless classifies 1 as an efficient inhibitor of both
catalysts. While the stabilization of 1 in the active site of the β-

galactosidase is, as expected, significantly better than that in the
catalytic site of the microgel, the activity of CuL2P1 can be nearly
quantitatively inhibited in the presence of 1. This observation
points at strong interactions of 1 with the metal complex core
active sites in the microgel and simulates inhibitor binding in
the active sites of an enzyme.54,55

Galactonoamidine 1 was then further characterized as a
competitive inhibitor toward microgel CuL2P1 and β-galactosi-
dase using standard kinetic assays.54,55 The obtained data were
depicted as a Lineweaver−Burk plot to visualize 1 as a
competitive inhibitor of the microgel-catalyzed glycoside
hydrolysis (Figure 7). Subsequently, the apparent kinetic
parameters k′cat and K′M were determined for the hydrolysis of
β-9 by CuL2P1 in the presence of 1 and kcat and KM in the
absence of 1. The inhibition constant Ki of the microgel-
catalyzed glycoside hydrolysis was deduced from these values
using standard methods and discloses millimolar inhibition of
the microgel and picomolar inhibition of the enzyme (Table
2).54,55

Thus, the stabilization of 1 by the enzyme is more
sophisticated than that by the microgel, but the determined
inhibition nevertheless points at a very potent microgel
catalyst. Additionally, the binding affinity KTS of a transition
state of a reaction to the active site in an enzyme can be
expressed as the reciprocal catalytic proficiency KM × (knon/
kcat) (Table 2).8,54,55 While the affinity of binding of the
transition state during the hydrolysis of β-9 by the enzyme is as
low as 10−14, the microgel Cu2LP1 still reaches 10−7, which again
indicates a remarkable stabilization of the transition state of
glycoside hydrolysis through the man-made catalyst. The
stabilization of the enzyme-catalyzed hydrolysis of β-9 is 3.5 ×
106 fold higher than that of the microgel. However, considering
that glycosidases are known as being the most proficient
among all enzymes,9 the catalytic performance of Cu2LP1
remains unprecedented. The TSA-templated microgel sur-
passes the activity of catalytic antibodies prepared for the same
reaction,56 shows very high catalytic activity in aqueous
buffered solution without the addition of organic solvents,
and thereby distinguishes itself from other biomimetic
catalysts.
Finally, β-galactosidase (bovine liver) exists as a monomer at

pH 7.00,57 and thus all catalytic activity is ascribed to a single
active site. Each particle of the microgel Cu2LP1, however,
contains at least 6000 molecules of backbone ligand 4.58 To
determine whether those sites interact with each other during
catalytic turnover, the apparent binding affinity was correlated
to the inhibitor concentration.54,55 The linear correlation of the
data discloses independence of the catalytically active sites
(Figure 8).

3. CONCLUSIONS
The study evaluated contributions of shape recognition on
catalytic glycoside hydrolyses by microgel catalysts to increase
stabilizing interactions during the transition state of the
reaction. A galactonoamidine, previously identified as a potent
competitive inhibitor and putative transition state analogue of
β-galactosidases, was coordinated to a binuclear metal complex
and used for the synthesis of a TSA-templated microgel. The
resulting material was characterized by almost quantitative
incorporation of a catalytic center, yielding microgel particles
with a hydrodynamic diameter of about 283 nm, narrow
dispersity, and more than 6000 independent catalytic sites per
particle.

Figure 5. Catalytic proficiency of microgel catalysts relative to the
performance of Cu2bpdpo (5) in 50 mM CAPS buffer at pH 10.50
and 37 °C for the hydrolysis of α-9 (cyan) and β-9 (blue).

Figure 6. Efficacy of the inhibition of hydrolysis of β-9 by β-
galactosidase (bovine liver, green) and microgel CuL2P1 (blue).
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The catalytic performance of microgels Cu2LP1 and Cu2LPgal
was subsequently elaborated in aqueous alkaline and neutral
solution. The catalytic performance of all microgels is in the
same order of magnitude, 1.5-fold higher for the TSA-
templated microgel Cu2LP1 in comparison to the most proficient
microgel Cu2LPgal, and independent of substrate. Thus, a very
small templating effect due to the shape of the galactonoami-
dine template is noted to contribute to the catalytic proficiency
of the latter microgel catalyst Cu2LP1, but it does not control its
performance. Instead, the synergy of stabilizing interactions
comprised of strong interactions with a binuclear metal
complex core, the cross-linking content of the matrix, and
templating of the immediate surrounding of the metal site
allow constructing a microgel catalyst with advanced catalytic
proficiency. Notably, the microgel is not specific toward a
single substrate and allows the hydrolysis of α- and β-glycosidic
bonds. Our findings thus contradict various reports in the field
of molecularly imprinted catalysts ascribing major and
dominating effects on the catalytic outcome to templating
effects. While some of the most proficient biomimetic catalysts
for the hydrolysis of glycosides result from the designed study
here, further effort to stabilize the transition state of glycoside
hydrolyses by man-made catalysts is needed and may be
achieved by tailoring the matrix of biomimetic microgels by
other means.

4. EXPERIMENTAL SECTION
4.1. General Remarks. The instrumentation, reagents, and

materials for this study were recently described.38,39 The
computational analysis was performed with PQSmol as
reported.38,39,44−48 Additionally, NMR spectroscopy was
performed on a 400 MHz instrument (Bruker) in D2O,

59

and the stability of galactonoamidine 1a was monitored on a
HPLC system (Shimadzu).59

4.2. Microgel Synthesis and Characterization. The
TSA-templated microgel was synthesized with a matrix
composition of 60 mol % EGDMA using 1a as a template
following previously disclosed procedures with some mod-
ifications as specified.38,39 The galactonoamidine (25.25 mg,
94.46 μmol) was added after and not before sonication to the
prepolymerization mixture to avoid premature decomposition
of the biomolecule. The polymerization then progressed as
described.38,39 The microgel was purified by dialysis prior to
elemental analysis and freeze-dried. Anal. Calcd for LP1 (60%
EGDMA): C, 62.08; H, 7.81; N, 0.16. Found: C, 61.42; H,
7.86; N, 0.15.

4.3. Microgel-Catalyzed Glycoside Hydrolyses. All
glycoside hydrolyses were observed at 37 °C in 50 mM
CAPS buffer at pH 10.50 or in 5 mM HEPES buffer solution at
pH 7.00. Activated microgel catalysts were prepared as
described.38 Typical stock solutions were as follows: Cu2bpdpo
(5) 2 mM, β-galactosidase as described,19 4-methylumbelliferyl
α-D-galactopyranoside (α-9) 8−9 mM, and 4-methylumbelli-
feryl α-D-galactopyranoside (β-9) 3−4 mM. The formation of
4-methylumbelliferone (8) was followed by fluorescence
spectroscopy (λex 360 nm; λem 465 nm) over 1−6 h. Detailed
procedures to perform kinetic assays based on fluorescence
spectroscopy38,39 and the subsequent data analyses in the
presence and absence of inhibitors, the determination of
kinetic parameters, inhibition constants, efficacy studies, and
IC50 values are described in detail elsewhere.19,53,59
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Table 2. Kinetic Parameters for the Catalyzed Hydrolysis of β-9 in 5 mM Aqueous HEPES Buffer, at pH 7.00 and 37 °Ca

entry catalyst IC50 (μM) Ki (nM) kcat (min−1) KM (mM) KTS (=KM × knon/kcat)

1 Cu2LP1 3200 (1.00 ± 0.033) × 105 (3.0 ± 0.2) × 10−5 2.5 ± 0.6 1.1 × 10−7

2 β-galactosidase 0.3 0.160 ± 0.040 4.6 ± 0.1 0.11 ± 0.02 3.1 × 10−14

aknon(β-9) = (1.3 ± 0.2) × 10−9 min−1 M−1; 5 mM HEPES buffer, pH 7.00.

Figure 7. Lineweaver−Burk plot showing competitive inhibition of
Cu2LP1 by 1: I = 0 μM (red); I = 0.01 μM (yellow).

Figure 8. Independence of catalytic sites in Cu2LP1 (R
2 = 0.992).
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