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ABSTRACT: Zinc enzymes are ubiquitous in nature and frequently used to catalyze the hydrolysis of carboxylic acid esters, phosphate esters, 
and amides. Although many models and mimics of zinc enzymes have been reported, it remains difficult to construct active sites with accurately 
positioned catalytic groups and tunable substrate selectivity. By imprinting a substrate-like amino template coordinated to a polymerizable zinc 
complex inside cross-linked micelles, we prepared water-soluble nanoparticles with well-defined active sites. The position of the zinc ion could 
be tuned systematically with respect to the ester bond to be leaved in the substrate (p-nitrophenyl esters), as well as the rigidity of the active 
site. Our imprinted zinc catalysts was able to distinguish substrates that differed by the position of a single methyl group, chain length of the 
acyl chain, and substitution of the phenyl ring. The turnover number (>460 at pH 7) was one order of magnitude higher than those previously 
reported for artificial zinc enzymes in the literature. 
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INTRODUCTION  
Zinc is used by >1000 enzymes to perform vital catalytic tasks in 

biology.1,2 Of these enzymes, the largest group is hydrolases that cat-
alyze the hydrolysis of carboxylic acid esters, peptides, and phos-
phate esters under physiological conditions.3,4 In the last decades, 
numerous small-molecule zinc complexes have been synthesized to 
mimic the coordination environments of zinc in the natural enzymes 
and understand its potential role in the catalysis.5-7 Reproducing 
their catalytic behavior in aqueous solution, however, is hampered 
by the poor water solubility of common organic ligands, dimeriza-
tion of zinc complexes, and product inhibition.8 

To overcome these challenges, researchers turned to peptidic ma-
terials in recent years to construct artificial zinc enzymes and have 
synthesized by far the most active mimics of the natural catalysts.8-13 
Peptidic structures have a number of attractive features for biomi-
metic catalysis. Aqueous solubility, for example, can be easily 
achieved. Identical ligands such as histidine and aspartate found in 
the zinc enzymes could be used to bind the metal to better simulate 
the coordination environments. Steric protection by the peptide 
framework can prevent the dimerization of zinc complexes effec-
tively. Indeed, with a zinc ion placed in the hydrophobic region of 
protein interfaces,9,11 coiled coils,8,10 self-assembled amyloid fibers,12 
or α-helical barrels,13 Michalis-Menten kinetics has been observed in 
the hydrolysis of model substrates. For the most commonly used ac-
tivated ester para-nitrophenyl acetate (PNPA), the catalytic effi-
ciency often came close to that of carbonic anhydrase, a natural zinc 
enzyme. 

One of the biggest challenges forward in the creation of artificial 
enzymes is in the design of the active site. For bottom-up-con-
structed small-molecule enzyme models, tremendous synthetic ef-
forts are needed for a highly functionalized binding pocket, espe-
cially if water-solubility, steric protection, and other features all need 

to be included. Although a large database of naturally folded struc-
tures, automated synthesis, and computational tools are available to 
peptide-based materials, fine-tuning of the active site for substrates 
of different shapes remains a formidable task.  

Herein, we report a rational, facile construction of artificial zinc 
enzymes by a bottom-up approach through micellar imprinting.14 
Although molecularly imprinted catalysts are known in the litera-
ture,15-24 traditional molecularly imprinted polymers (MIPs) face a 
number of challenges25 to be used as mimics of natural enzymes, 
partly due to limited precision in the construction of the active sites, 
heterogeneous distribution of the binding sites, and/or poor solubil-
ity of highly cross-linked materials. Our molecularly imprinted na-
noparticle (MINP) catalysts are characterized by their resemblance 
to natural enzymes in the nanodimension and water-solubility. The 
discrete active site, tunable in size and shape, is located in the hydro-
phobic core of the MINP. The highlight of our method is the sys-
tematic tuning of the catalytic zinc metal with respect to the ester 
bond to be cleaved in the substrate. The shape of the active site could 
be made to match the substrate precisely, to the point that the posi-
tion of a single methyl group and the chain length of the substrate 
could be distinguished with ease. Artificial zinc enzymes often face 
strong product inhibition because the hydrolyzed products coordi-
nate to zinc more strongly than the starting materials.8 In our cata-
lysts, product inhibition was effectively prevented, resulting in turn-
over numbers one order of magnitude higher than those reported in 
previous systems.  

RESULTS AND DISCUSSION 
Design and Synthesis of Zn Catalysts. Scheme 1 illustrates the 

preparation of our artificial zinc enzymes. Cross-linkable surfactant 
1 has two sets of orthogonal reactive groups—the tripropargyl 
groups in the head for surface-cross-linking with diazide 2 by the 
click reaction and the methacrylate on the hydrophobic tail for  

 



 

 
Scheme 1. Preparation of catalytic Zn-MINP as an artificial esterase for PNPH hydrolysis. 

 

core-cross-linking with divinyl benzene (DVB) by free radical 
polymerization.14 Surface ligand 3 is generally added after the sur-
face-cross-linking, to decorate the cross-linked micelles with a layer 
of hydrophilic groups.26 The entire synthesis was a one-pot reaction 
complete in less than two days and the procedures have been de-
scribed in our previous publications.14,27-29 Generally, the surface and 
core-cross-linking were monitored by 1H NMR spectroscopy. The 
size and molecular weight of the MINP were measured by dynamic 
light scattering (DLS). The DLS size has been confirmed by trans-
mission electron microscopy (TEM, Figure S13). The surface cross-
linking has been verified by mass spectrometry after cleavage of the 
1,2-diol surface cross-linkages by periodate.26 Formation of the tem-
plated binding pockets has been confirmed by fluorescence titration 
and/or isothermal titration calorimetry (ITC) for many different 
types of templates.14,30-33 

Amines 4a–4d are the templates used in this study. Their com-
plexation with functional monomer (FM) 5 fixes the position of the 
amino nitrogen with respect to Zn2+. The tridentate ligand has been 
a popular zinc-binding motif.3 The surface/core double-cross-link-
ing of the micelle then fixes the position of the zinc ion in the pocket, 
which is shaped as the template by the molecular imprinting process. 
Templates 4a–4c are all designed to mimic the hydrolytic substrate 
para-nitrophenyl hexanoate (PNPH) in size and shape. We used the 
amines as the template to mimic PNPH because they are better lig-
ands for the zinc complex than the activated ester itself and hydro-
lytically stable in the presence of zinc.  

In the literature, PNPA is the most commonly used substrate in 
artificial zinc enzymes.8-13 We chose to use PNPH to test our design 
of the active site and its selectivity, because we wanted to modify the 
alkyl chain and examine its effect on the catalysis (vide infra). The 
difference of 4a–4c is in the position of the nitrogen on the alkyl 
chain. Through these templates, we can adjust the position of zinc 
systematically with respect to the ester group of PNPH to be bound 
in the active site. Additionally, we can tune the shape of the active 
site, independent of the zinc position using branched template 4d as 
an example.   

Binding Properties of Zn Catalysts. Although the  micellar im-
printing has worked successfully for many templates including hy-
drophobic sulfonates and carboxylates,14,34 carbohydrates,30,32 and 
peptides,29,31,35 this is the first time a metal complex was installed in 
the cross-linked micelle. We were not sure whether the metal com-
plexes would survive the double cross-linking to afford the amine-
imprinted binding pocket.   

To gain insight into the metal-assisted molecular imprinting,36-38 
we first studied the binding of the Zn-containing MINP by ITC, one 
of the most reliable methods to measure intermolecular interactions 
in solution.39 When we studied the binding of fluorescent guest mol-
ecules by MINPs in many previous examples, the ITC-determined 
binding constants generally showed excellent agreements with those 
determined by fluorescence titrations.14,31,33,40  

As shown in Table 1, Zn-MINP prepared with 4a as the template 
bound its template in 25 mM HEPES buffer (pH 7.0) with a binding 
constant (Ka ) of (24.0 ± 1.1) × 104 M-1. The buffer was the same as 



 

Table 1. Binding data for Zn-MINP in 25 mM HEPES buffer (pH 7.0) obtained by ITC.a 

Entry Host Guest Ka (×104 M-1) N -ΔG (kcal/mol) -ΔH (kcal/mol) TΔS (kcal/mol) 

1 Zn-MINP(4a) 4a 23.9 ± 0.9 0.9 ± 0.2 7.3 1.4 ± 0.3 5.9 
2 Zn-MINP(4a) 4b 4.3 ± 0.2 0.9 ± 0.1 6.3 1.1 ± 0.1 5.2 

3 Zn-MINP(4a) 4c 8.9 ± 0.1 0.9 ± 0.2 6.7 1.5 ± 0.1 5.2 

4 Zn-MINP(4a) 4d 6.8 ± 0.2 0.9 ± 0.2 6.6 2.4 ± 0.4 4.2 

5 Zn-MINP(4b) 4b 10.0 ± 0.2 1.0± 0.2 6.8 4.9 ± 0.2 1.9 

6 Zn-MINP(4c) 4c 17.0 ± 1.1 1.0 ± 0.1 7.1 9.1 ± 0.1 -2.0 

7 Zn-MINP(4d) 4d 26.2 ± 0.9 0.9 ± 0.2 7.4 1.8 ± 0.3 5.3 

8 Zn-MINP(4d) 4a 6.9 ± 0.1 1.1 ± 0.1 6.6 0.8 ± 0.01 5.8 
a The titrations were generally performed in duplicates and the errors between the runs were <10%. N  was the number of binding site per nanoparticle. All MINPs were 
prepared with a 1:1 ratio between the cross-linkable surfactant and DVB. 

 

that used in the hydrolysis (vide infra). The binding site also had a 
reasonable level of selectivity, with Ka  3–6-fold lower for  the other 
amine guests (4b–4d) than for template 4a (Table 1, entries 1–4). 
These results confirmed that molecular imprinting occurred success-
fully and the binding site of the MINP was able to distinguish the shift 
of the amino nitrogen or the shift of the methyl group by 1 carbon. 

Zn-MINP(4a) bound 4b more weakly than 4c, even though both 
amines has a mismatch of the nitrogen by 1 carbon from the original 
template. The most likely reason for this probably was the weaker 
electron-donating power of amine 4b from its para-nitro group. This 
conclusion was verified by determining the binding of 4b by its own 
imprinted receptor, i.e., Zn-MINP(4b): the binding  constant (9.9 × 
104 M-1) was 1.7–2.4 times weaker than that of 4a by Zn-MINP(4a) 
or 4c by Zn-MINP(4c). 

It should be mentioned that our ITC titrations consistently 
showed an average of 0.9–1.1 binding sites (N) per nanoparticle. We 
were able to control this number by keeping the ratio between the 
surfactant and the template the same as the micelle aggregation num-
ber (~50). If needed, the number of binding sites could be tuned us-
ing different surfactant/template ratio.14 

To further confirm the binding selectivity, we prepared Zn-
MINP(4d), from the branched amine template. It bound its template 
(4d) better than the mismatched 4a by a ratio of 26:6.9 or 3.8:1 (en-
tries 7–8). Thus, the imprinting was very reliable and the imprinted 
micelle always preferred the original template, branched or linear. 
The results also suggest both the position of the nitrogen and the 
shape of the substrate were important to the binding of the zinc-func-
tionalized MINPs. 

The binding data reported in Table 1 were all obtained in 25 mM 
HEPES buffer at pH 7. We have also determined the binding in water 
and the difference between the two sets of binding data were within 
10–20% and all the trends discussed above remained the same (Table 
S1). We have repeatedly found that normally pH-sensitive bindings 
become less sensitive (on insensitive) inside MINP. Examples in-
clude the binding of peptides containing multiple acid and basic 
groups31,35 and carbohydrates by boronic acids.30,32   

Activity and Selectivity of Zn Catalysts. p-Nitrophenyl esters are 
frequently used as the substrates for zinc enzyme mimics, even 
though they are not natural substrates for zinc enzymes.8-13 The rea-
son for the choice was their high activity and convenient monitoring 

of hydrolysis by the UV absorption of the phenoxide product at 400 
nm. As shown in Figure 1, PNPH hydrolyzed very slowly in 25 mM 
HEPES buffer (pH 7.0) at 40 °C, in the presence of FM 5 or nonim-
printed nanoparticles prepared without the template and FM. (The 
hydrolysis with or without FM 5 in buffer was essentially the same.) 
In the presence of the same concentration of Zn-MINP(4a), how-
ever, the hydrolysis occurred rapidly, indicating that both MINP and 
the zinc ion were needed for the catalysis.41,42  

 

Figure 1. Absorbance at 400 nm as a function of time for the hydrolysis 
of PNPH in a 25 mM HEPEs buffer (pH 7.0) at 40 °C. The data sets cor-
respond to hydrolysis catalyzed by Zn-MINP(4a) (), zinc complex 5 
(), and nanoparticles prepared without 4a and 5 (). The data for the 
background hydrolysis in the buffer overlapped with those with 5 () 
and were not shown for clarity of the figure. [PNPH] = 40 µM. [catalyst] 
= 8 µM. 

Table 2 shows that, with 1 equiv DVB, Zn-MINP(4a) catalyzed 
the hydrolysis of PNPH with a pseudo-first-order rate constant of k 
= 1.21 × 10-4 s-1 in 25 mM HEPES buffer (pH 7.0) at 40 °C. Interest-
ingly, as shown by entries 4 and 5, the reaction slowed down when 
the amino nitrogen of the template moved either to the right (in 4b) 
or left (in 4c). The result shows that the activity of our artificial zinc 
enzyme could be tuned by the position of the amino nitrogen in the 
template, as we had hypothesized. In addition, the catalytic activity 
could be tuned by the shape of the active site.  Zn-MINP(4d), pre-
pared from the branched template, showed a slower reaction in the 
hydrolysis of PNPH (entry 6). 

When we constructed MINPs as receptors, we typically kept the 
ratio of DVB to the cross-linkable surfactant at 1:1 because an earlier 
study showed that the high level of DVB gave the micellar core rigid-
ity essential to the binding selectivity.14 This amount of DVB was the 



 

highest the surfactant can solubilize in water. In this study, we rea-
soned that some flexibility might be important to the fast binding of 
the substrate and the release of the product and thus varied the 
amount of DVB used in the MINP preparation.  
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Table 2. Pseudo-first-order rate constants for the hydrolysis of 
activated esters catalyzed by Zn-MINPs in 25 mM HEPES buffer 
(pH 7.0).a 

Entry Catalyst DVB:1 Substrate k  (× 10-4 s-1) 

1 Zn-MINP(4a) 1:1 PNPH 1.21 ± 0.11 
2 Zn-MINP(4a) 0.5:1 PNPH 4.31 ± 0.19 
3 Zn-MINP(4a) 0:1 PNPH 0.71 ± 0.06 
4 Zn-MINP(4b) 1:1 PNPH 0.68 ± 0.09 
5 Zn-MINP(4c) 1:1 PNPH 0.89 ± 0.08 
6 Zn-MINP(4d) 1:1 PNPH 1.01 ± 0.08 
7 Zn-MINP(4d) 0.5:1 PNPH 0.89 ± 0.08 
8 Zn-MINP(4d) 0:1 PNPH 1.10 ± 0.08 
9 Zn-MINP(4a) 0.5:1 6 --b 

10 Zn-MINP(4a) 0.5:1 7 --b 

11 Zn-MINP(4a) 0.5:1 8 0.70 ± 0.04 

12 Zn-MINP(4a) 0.5:1 9 0.48 ± 0.05 

13 Zn-MINP(4a) 0.5:1 10 0.58 ± 0.04 

14 none - 8 0.21 ± 0.01 

15 none - 9 0.14 ± 0.01 
16 none - PNPH 0.07 ± 0.01 
17 none - 10 0.06 ± 0.005 
18 Zn-MINP(4d) 1:1 6 2.46 ± 0.14 
19 Zn-MINP(4d) 0.5:1 6 7.15 ± 0.15 
20 Zn-MINP(4d) 0:1 6 0.51 ± 0.04 

a Reaction rates were measured in 25 mM HEPES buffer at 40 °C and pH 7.0. 
[PNPH] = 40 µM. [catalyst] = 8.0 µM unless otherwise indicated. The numbers 
given were averages from triplicate titrations at the 90% confidence level. b The 
hydrolysis was negligible under the reaction conditions. 

 

The hypothesis was confirmed. Zn-MINP(4a) was optimized for 
PNPH, with its template resembling the substrate closely in size and 
shape. Cutting the amount of DVB by half increased the rate by 3.6-
fold. Eliminating DVB decreased the rate by 1.7-fold (Table 1, entries 
1–3). 

Interestingly, when the active site was not optimized—i.e., when 
Zn-MINP(4d) was used to catalyze the hydrolysis of PNPH—the 
activity of the catalyst did not respond to the change in cross-linking 
density as much. The trend can be seen in entries 6–8, as the catalyst 
prepared with 1 or 0.5 DVB gave essentially the same rate constant 
within our experimental error. Without DVB, Zn-MINP(4a) was ac-
tually a slightly worse catalyst than Zn-MINP(4d) (entries 3 and 8). 

Apparently, when the MINP core was too flexible, the imprinting ef-
fect became very weak.  

The above results suggest that, to successfully transfer the struc-
tural information from the template to the active site and then to the 
catalysis, we need a significant cross-linking density in the MINP core 
but too rigid an active site lowers the efficiency of the catalyst. It is 
illuminating to see that 0.5 equiv DVB in the MINP preparation af-
forded not only the highest activity (entries 1–3) but also the highest 
selectivity (compare entries 2 and 7) in catalysis. The result suggests 
that catalytic activity did not have to suffer at the expense of the se-
lectivity in our artificial esterases, at least in the current example. 

Substrates 6 and 7 differ from PNPH in the alkyl and phenyl side, 
respectively. The difference was especially subtle in 6 where a methyl 
group moved from the chain end by one carbon in comparison to 
PNPH. Yet, both substrates were completely inactive in the presence 
of Zn-MINP(4a), highlighting the selectivity of our synthetic ester-
ase (entries 9–10).43 It seems the Zn-MINP was far more sensitive to 
the structure of substrates during catalysis than to the structure of 
guests during binding (4a and 4d). The results are reasonable, be-
cause binding between a receptor and its ligand is a single event, 
whereas conversion of a substrate to the product by a catalyst requires 
many turnovers and may have amplified the difference. In our recent 
studies, MINP receptors were able to distinguish leucine and isoleu-
cine which also differ by the position of a single methyl,31 as well as 
mono- and oligosaccharides that differ by the inversion of a single hy-
droxyl.30,32 We were pleased to see that similar precision was observed 
in catalysis. 

The active site of Zn-MINP(4a) was designed to bind PNPH pre-
cisely. Thus, it should be able to distinguish substrates with a shorter 
or longer acyl chain. Without any catalysts, the hydrolysis of p-nitro-
phenyl ester slowed down as the acyl chain went from C2 to C8 (Ta-
ble 2, entries 14–17). The MINP-catalyzed reactions, however, fol-
lowed the order of C6 > C2 > C8 > C4 with a ratio of 1 : 0.16 : 0.13 :  
0.11 (compare entry 2 with entries 11–13). The selectivity of the cat-
alyst seemed to result from both the preference of the catalyst for 
PNPH and the inherent reactivity.44 Thus, the catalyst was able to 
pick the correct substrate from very similar structural analogues. 
Take PNPA and PNPH as examples. The inherent reactivity of the 
two esters was PNPA/PNPH = 3/1 but the catalyst reversed the re-
activity, to PNPA/PNPH = 1/6.  

The chain-length selectivity of our catalyst was highlighted by a 
competition experiment. The data points in open circles () in Fig-
ure 2 indicate the hydrolysis of 40 μM butyrate 9 catalyzed by 8 μM 
Zn-MINP(4a). The reaction was quite slow as expected, shown by 
the small increase of absorbance at 400 nm for the p-nitrophenoxide. 
For the data points in triangles (), 40 μM 9 was added in the be-
ginning and then again at 30 min. The higher absorbance came from 
a higher total concentration of the substrate in the solution. For the 
data points in squares (), 40 μM 9 was added in the beginning but 
40 μM PNPH was added to the solution at 30 min. The absorbance 
immediately began to rise after the PNPH addition, consistent with 
the selectivity of the catalysts for the C6 substrate. 

Since the branched template 4d resembled the branched substrate 
6, it is not surprising that Zn-MINP(4d) displayed good activity in 
the hydrolysis of 6 (entries 18–20). The balance of rigidity and flexi-
bility was observed once again, and 0.5 equiv DVB afforded the high-
est activity. With this catalyst, 6 became more reactive than PNPH 



 

(compare entries 19 and 7, for example). Thus, we can tune the reac-
tivity of the linear and the branched substrates at will, using the 
MINP catalyst with the matched active site.  

 

 
Figure 2. Absorbance at 400 nm as a function of time for the hydrol-
ysis of 40 µM 4-nitrophenyl butyrate (9) catalyzed by Zn-MINP(4a) 
in a 25 mM HEPES buffer (pH 7.0) at 40 °C (). In the data series 
marked with squares (),  40 µM PNPH was added again at 30 min. 
In the data series marked with triangles (),  40 µM PNPH was 
added at 30 min. [MINP(4a)] = 8 µM.   

 

Michaelis-Menten kinetics of Zn Catalysts. Zn-MINP(4a) dis-
played enzyme-like behavior in its hydrolysis, following Michaelis-
Menten kinetics at different pH values (Table 3).45 The artificial zinc 
enzyme gave Km = 0.09 mM and kcat = 3.4 × 10-3 S-1 at pH 8 (entry 3), 
comparable to those of a natural zinc enzyme (bovine carbonic anhy-
drase or BCA) under the same conditions (entry 7). Although there 
could be enzymes and modified enzymes with higher activities for p-
nitrophenyl esters,46,47 BCA was often used as the point of reference 
for artificial zinc enzymes because of its catalytic zinc in the active 
site.8-13 In our hands, due to the slightly stronger binding of the sub-
strate, the catalytic efficiency (kcat/Km) of Zn-MINP(4a) more than 
doubled that of the natural enzyme (entries 3 and 7 ).  

 

Table 3. Michaelis-Menten parameters for the hydrolysis of 
PNPH catalyzed by Zn-MINP(4a) at different  pHs.a 

Entry pH 
Vmax  

(× 10-7 
mol/s) 

Km (mM) kcat  (× 10-3 s-1) 
kcat/Km 

(M-1s-1) 

1 7.0 0.42  ± 0.04 0.21 ± 0.003 5.19 ± 0.44 25 

2 7.5 0.33 ± 0.03 0.16 ± 0.01 4.15 ± 0.35 26 

3 8.0 0.27  ± 0.05 0.09 ± 0.009 3.40 ± 0.65 38 

4 8.5 0.92 ± 0.10 0.07 ± 0.01 11.5 ± 1.5 160 

5 9.5 2.19 ± 0.09 0.13 ± 0.01 27.3 ± 1.3 210 

6 10 2.98 ± 0.28 0.17 ± 0.01 36.5  ± 3.8 220 

7 8.0b 0.33 ± 0.03 0.23 ± 0.04 4.15  ± 0.35 18 

8 8.0c 1.04 ± 0.05 0.14 ± 0.01 13.0  ± 0.7 93 

a The hydrolysis was catalyzed by [Zn-MINP(4a)] in 25 mM HEPES buffer at 40 
°C unless indicated otherwise. [Zn-MINP(4a)] = 8.0 µM. b The hydrolysis was 
catalyzed by bovine carbonic anhydrase (BCA) in 25 mM HEPEs buffer (pH 8.0) 
at 40 °C. [BCA] = 8.0 µM. c The catalyst was Zn-MINP(4a/11). 

 

With the background rate constants (kuncat) measured at 0.07 × 10-

4 S-1 at pH 7 and 0.15 × 10-4 S-1 at pH 8), the rate acceleration factor 
(kcat/kuncat) was calculated to be 740 at pH 7 and 230 at pH 8. The 

catalytic proficiency—(kcat/Km)/kuncat—was 3.5 × 106 M-1 at pH 7 and 
2.6 × 106 M-1 at pH 8.  

We also found that the coordination environment of the zinc also 
influenced the catalysis. Zn-MINP(4a/11) was prepared using 
amine 4a as the template but a different zinc complex (11) as the FM. 
As shown by the kinetic data (entry 8), this artificial zinc enzyme ex-
hibited a higher activity than either the original Zn-MINP(4a) or 
BCA, with a calculated kcat/kuncat value of 870 at pH 8. 
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The pH profile of the hydrolysis of PNPH by Zn-MINP(4a) is 

shown in Figure 3. The profile is similar to the peptide-based artificial 
zinc enzymes reported in the literature.8-13 The curve suggests a single 
protonation/deprotonation step for the active-site water with a pKa 
of 8.36 ± 0.15. The number is higher than those of zinc-bound water 
in carbonic anhydrase B and C (6.8–7.3)48 but comparable to those 
of other artificial zinc enzymes.8-13  

 

  
Figure 3. pH dependence of the hydrolysis of PNPH by Zn-
MINP(4a). The smooth curve was obtained by nonlinear least-
squares curve fitting to the equation, kcat/Km = (kcat/Km)max ×10-pKa/( 
10-pH + 10-pKa), with the inflection point corresponding to the pKa of 
the zinc-bound water (8.36 ± 0.15).12   

 

One of the challenges with previous artificial zinc enzymes was 
product inhibition,8 because the products (carboxylates and phenox-
ides) are stronger ligands for zinc than the starting materials (water 
and ester). Figure 4a shows the catalytic activity of 0.2 µM Zn-
MINP(4a) in the presence of a large excess of PNPH (100 µM). Fig-
ure 4b shows the amount of product formed as a function of time. 
The amount was calculated based on an extinction coefficient of ε400 
= 0.0216 µM-1 cm-1 for p-nitrophenoxide at pH 8.0. A turnover num-
ber of 324 was calculated at 300 min. At pH 7, the turnover number 
was found to be 460 at 540 min.49 Even at high conversion (>95%), 
the reaction showed very little signs of slowing down (Figure S37). 
Our design gives an active site precisely constructed for the substrate 
(PNPH). Although carboxylate and the phenoxide should coordi-
nate better to a cationic zinc more strongly than the starting materi-
als, the active site of MINP(4a) must have prevented their complex-
ation, possibly because the preferred coordination geometry could 
not be achieved in the tight binding site.  
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Figure 4. (a) UV-Vis spectra of PNPH (100 µM) in a 25 mM HEPEs 
buffer (pH 8.0) at 40 °C, after addition of 0.2 µM Zn-MINP(4a). (b) 
Amount of p-nitrophenoxide formed as a function of time, calculated 
based on an extinction coefficient of ε400 = 0.0216 µM-1 cm-1.  

 

Table 4 compares the catalytic performance of the Zn-MINP cat-
alysts with artificial zinc enzymes reported in the literature, at com-
parable pHs if the corresponding data were available. Since small-
molecule zinc enzyme mimics typically have poor catalytic turnovers, 
we only included peptidic catalysts that have displayed the Michaelis-
Menten kinetics and good catalytic activities.8-13 Although our Zn-
MINPs were designed specifically for PNPH and the other artificial 
zinc enzymes were only tested for PNPA, the comparison gives a rea-
sonable perspective on our catalysts, given that PNPH is generally 
less reactive than PNPA in the absence of catalysts (vide supra). 

 

Table 4. Catalytic data for the hydrolysis of PNPA catalyzed by 
artificial zinc enzymes.a 

Entry Catalysts pH pKa 
kcat/Km 

(M-1s-1) 
TON 

19 MID1-Zn 8 8.2 180 >50 

28 Modified TRI peptide-Znb 8 8.8 3 >10 

312 Ac-IHIHIQI-CONH2 8 9.3 62 >20 

411 A104AB3 9 9.0 32 - 

513 CC-Hept–Cys–His–Glu 8 9.0 18 >12 

6 Zn-MINP(4a) for PNPH 8 8.4 38 >320 (>460)c 

7 Zn-MINP(4a/11) for PNPH 8 - 93 - 

a The data for the artificial zinc enzymes reported in the literature were obtained 
at 22–25 °C for PNPA and the data for the Zn-MINPs at 40 °C for PNPH. b The 
catalyst was [Hg(II)]S[Zn(II)(H2O/OH-)]N(TRIL9CL23H)3n+.  c The turnover 
number in parentheses was obtained at pH 7 at 540 min. 

 

Generally speaking, the pKa of the zinc-bound water was on the 
low side for our Zn-MINPs among their peers and the catalytic effi-
ciency on the medium to high side, depending on the nature of the 
tridentate ligand used in the Zn-MINPs (Table 4). Although the 
TON numbers reported were the minima in all cases, our catalysts 
certainly looked very favorable in this property that has been a partic-
ular challenge with traditional artificial zinc enzymes. 8  

 

CONCLUSIONS 
In summary, through micellar imprinting, we could prepare zinc-

based artificial enzymes from simple building blocks in a highly effi-
cient manner. The entire synthesis and purification could be done in 

less than 2 days once all the starting materials are available. The cata-
lyst displayed enzyme-like kinetics and pH profile, and was able to 
distinguish the position of a single methyl group and the chain length 
of the substrate, as well as substitution pattern of the phenyl group. 
High turnovers were achieved as the active site prevented the prod-
ucts from re-binding the zinc.  

The most significant feature of our artificial enzymes is the ability 
to fine-tune the size and shape of the active site in a rational manner, 
as well as the position of the catalytic metal ion with respect to the 
reactive functionality. These features gave us an unusual level of con-
trol in the construction of active site and allowed us to switch the rel-
ative reactivity of substrates with similar intrinsic reactivities. Alt-
hough one wishes to move beyond activated esters in the catalytic hy-
drolysis,50 efficient construction of a substrate-specific functionalized 
active site is important to the development of any artificial enzymes. 
The principle demonstrated in this study should not be limited to hy-
drolysis and could be used to design other biomimetic catalysts with 
enzyme-like activity and selectivity. 
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