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ABSTRACT: Hydrolysis of phosphodiester bonds is catalyzed efficiently by DNA- and RNA-hydrolyzing enzymes but their synthetic mimics
often fail to display catalytic turnovers because the phosphate products tend to bind the catalytic metal more strongly than the substrates. In

this work, we report the direct usage of a phosphate diester substrate as the template and, through micellar imprinting and post-functionaliza-

tion, created water-soluble nanoparticle catalysts with an active site closely matching the substrate. With a preferential binding for the substrate

and a zinc cation in the close proximity of the phosphate, the resulting synthetic phosphodiesterase displayed turnovers one order of magnitude

higher than the highest reported previously. The same strategy was used to prepare synthetic esterase with hundreds of turnovers and ability to

distinguish closely related substrates.
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INTRODUCTION

Phosphodiester bonds connect the nucleotides of DNA and RNA
into the genetic materials of all life forms. To maintain the integrity
of genetic information, these bonds are exceptionally stable in aque-
ous solution. The half-life for these bonds in DNA, for example, is es-
timated to be 30 million years at room temperature near neutral pH'
and that in RNA a few years.> Meanwhile, nature frequently needs to
manipulate nucleic acids and, therefore, has developed efficient en-
zymes (i.e,, nucleases) that accelerate the hydrolysis, often by 10"~
10" times over background hydrolysis.

To better understand the mechanisms of these enzymes and de-
velop useful synthetic catalysts for gene manipulation, chemists have
developed® and in recent years continue to develop new platforms of
artificial phosphodiesterase with novel properties.* These studies
yielded important insights into the reaction mechanisms and novel
structures to mimic the catalytic centers. Some synthetic catalysts
could cleave natural nucleic acids under physiological conditions, an
important step toward practical biological applications.’

A high turnover number for a catalyst translates to a low catalyst
loading, a feature very desirable for any catalysts and especially so in
biological applications. However, phosphate esters are often bound
by their catalytic metal (Zn, Cu, or others) less strongly than their
hydrolyzed products, due to the higher negative charge of the latter.
Product inhibition thus is prevalent in synthetic phosphodiesterases
and often prevents catalytic turnovers completely.®™ It is not uncom-
mon that, in many reported studies, the “catalyst” was used at higher
concentrations than the substrate itself. For 2-hydroxypropyl p-nitro-
phenyl phosphate (HPNPP),*® a widely used RNA analogue and the
primary substrate of the current study, catalytic turnovers were rarely
achieved,’ and the highest reported turnover number (TON) was 5.%

Herein, we report a facile construction of water-soluble nanoparti-
cle phosphodiesterase. With a catalytic active site precisely shaped as
the substrate in the hydrophobic core of a cross-linked micelle, our
catalyst had a measured TON of >60 for HPNPP. The improvement
was derived from a substrate-specific active site that excluded the

product due to its different shape, size, and hydrophobicity. The
same method also was used to prepare synthetic esterase with hun-
dreds of turnovers and ability to distinguish substrates with minute
difference in structure.

RESULTS AND DISCUSSION

The catalysts were prepared through micellar imprinting devel-
oped by our group in recent years.” Different from other imprinting
methods,® this technique involved template polymerization within
the nanospace of a micelle, using a doubly cross-linkable surfactant
such as 1 (Scheme 1). The template-containing micelle was first
cross-linked on the surface with diazide 2 by the efficient Cu(I)-cat-
alyzed click reaction and then decorated with a layer of hydrophilic
ligand (3) by another round of click reaction. Free radical polymeri-
zation with DVB solubilized in the micellar core, induced either ther-
mally using AIBN (this work) or photochemically, then “solidified”
the core around the template. When performed in the confined nano-

mixed micelle
(with DVB & AIBN)

OH h N =
NVF’“ U - 3
H OHOHO
2 Template HO\)\/’\)’\N/\,Na

6HOH H
@- ﬁ/N\NKN AIBN

Scheme 1. Preparation of MINP by surface-core double cross-link-

- -~
®° DVB

ing of surfactant 1 in the presence of template.



space of a micelle, molecular imprinting has an extraordinary ability
to reproduce features of the template in the resulting binding site.
Isoleucine and leucine in di- and tripeptides, which are isomers dif-
ferent in the position of a single methyl, were easily distinguished by
our molecularly imprinted nanoparticles (MINPs) according to a
previous work.” Mono- and oligosaccharides different in the stereo-
chemistry of a single hydroxyl could also be differentiated.’

Similar to their natural counterparts, synthetic phosphodiesterases
commonly use Lewis acidic metals such as zinc to catalyze the hydrol-
ysis.>*Since the phosphate products tend to bind such metals more
strongly than the phosphate ester starting materials as mentioned
above, it seems inevitable that any metal-based catalysts would suffer
product inhibition. However, if the metal-ligand complexation is
only part of the overall binding and if, by other noncovalent interac-
tions, the catalytic active site prefers the substrate over the product,
product inhibition should still be avoided and a high TON achieved.

Given the high-fidelity imprinting observed in the cross-linked mi-
celles, the most straightforward way to construct a substrate-selective
active site is to use the substrate itself as the template. However, such
imprinting faces two big challenges. First, for our substrate HPNPP,
its complex with zinc is not expected to be stable in our reaction mix-
ture that contains many other neutral and anionic species to compete
for the zinc metal—e.g., the bromide counter ion from 1, ascorbate
used in the click reaction, and triazole formed from the click reaction.
Second, even if Zn-HPNPP wins in the above competition, the
Lewis acidic zinc would hydrolyze the coordinated substrate (pre-
cisely as designed), making the imprinting difficult to work.

To overcome these difficulties, we designed and synthesized a
photocleavable di-t-butylthiouronium derivative (4) as a sacrificial
functional monomer (FM). Micellar imprinting of complex
4.HPNPP created MINP4 with the binding site specifically tailored
for the substrate itself (Scheme 2). We chose thiouronium 4 because
similar (non-photosensitive) FMs were found to bind anionic salts
such as carboxylates strongly under our micellar conditions for acidic
peptides' and very hydrophilic guests such as folic acids."”
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Scheme 2. Structures of molecules and post-modification of MINP4
for HPNPP hydrolysis.

The methacrylate of FM 4 allowed it to be copolymerized into the
MINP core whereas its ortho-nitrophenyl ester bond can be cleaved
cleanly by UV irradiation (indicated by the green arrow in Scheme
2). We have shown that the carboxylic acid group after similar photo-
deprotection could be activated by N-ethyl-N'-(3-dimethyla-
minopropyl)carbodiimide hydrochloride (EDCI) and derivatized by
amidation.” The reactions were facilitated also by the solubility of
MINP in organic solvents such as DMF. In this case, zinc-containing
amine § was used in the amidation: it is similar in dimension to the
part of 4 in the green rectangle, with the intention that the catalytic
zinc metal would be placed right next to the substrate during the hy-
drolysis (Scheme 2, lower structure). The hydrolytic product of
HPNPP is cyclic phosphate 6. Even though it has the same metal-
binding phosphate, it differs from HPNPP significantly in size, shape,
and hydrophobicity. If the imprinting indeed makes the active site
highly specific for the substrate, the product should not be able to
compete with the substrate for the active site.

Consistent with successful imprinting, MINP4 was found to bind
HPNPP with a binding constant (K.) of (11.4 +2.5) x10* M by iso-
thermal titration calorimetry (Table S1 in Supporting Information,
entry 1). A closely related compound 7 gave roughly 1/3 of the bind-
ing constant (entry 2). Compound 7 can be viewed as the transition-
state analogue (TSA) for the hydrolysis of p-nitrophenyl hexanoate
(PNPH) because it resembles the negatively charged tetrahedral in-
termediate after the nucleophilic attack of the ester by a hydroxide
ion. For comparison, we prepared MINP5 and Zn-MINPs using 7 as
the template, following similar procedures illustrated in Scheme 2. As
shown in Table S1 (entries 3 and 4), MINPs bound its template (7)
more strongly than HPNPP. Thus, although HPNPP and 7 are quite
similar, our micellar imprinting was able to transfer their structural
information to the imprinted binding sites to distinguish the two
compounds.

To understand the selectivity of the catalysts, we studied the hy-
drolysis of HPNPP and PNPH by the post-functionalized, Zn-con-
taining MINP4 and MINPs, by monitoring the UV absorption of the
phenoxide product at 400 nm in 25 mM HPEPS buffer. Table 1
shows the pseudo-first-order rate constants for the hydrolysis at pH
7.0 at 40 °C. Control experiments indicated that nonimprinted nano-
particles (NINPs) and those without amidation with 6 (i.e., MINP-
COOH) were much less active in the catalysis (Figures S8 and S9).

Table 1. Pseudo-first-order rate constants for the hydrolysis of
HPNPP and PNPH in 25 mM HEPES buffer (pH 7.0).*

k (x10%s1)
Entry  Substrate
Zn-MINPa Zn-MINPs buffer only
1 HPNPP®*  1.38+0.06 0.18+0.07  0.023+0.002
2 PNPH* 167 + 14 220£10 0.54+0.01

* Reaction rates were measured in 25 mM HEPES buffer (pH 7.0) at 40 °C. ®
[HPNPP] = 100 uM. [MINP] = 5.0 uM. ¢ [PNPH] = 40 uM. [MINP5] = 8.0 M.



Table 2. Michaelis-Menten parameters of the Zn-MINP:s for its substrate.®

Entry catalyst substrate pH Vinax (mM/s) (x 10%) K (mM) keat (s1) (x 103) keat/Km (M's)
1 Zn-MINP4 HPNPP 7.0 0.015 +0.001 0.77 £0.02 0.61£0.01 0.80
2 Zn-MINP; PNPH 7.0 3.27£0.05 0.76 +0.08 36.7 £4.80 48.0
3 Zn-MINP; PNPH 7.5 2.21+0.04 0.36 +0.04 27.6 +1.81 77.0
4 Zn-MINP; PNPH 8.0 1.94+0.22 0.20 £0.04 23.9+2.10 120
S Zn-MINP; PNPH 8.5 1.72 £ 0.04 0.12 £0.01 21.3+0.45 178
6 Zn-MINP; PNPH 9.0 7.03 £0.22 0.41 £0.01 87.7+2.43 213
7 Zn-MINP; PNPH 9.5 17.8+0.91 0.89 +0.02 220+ 10.0 247

* The hydrolysis of HPNPP was catalyzed by [Zn-MINP4] in 25 mM HEPES buffer at 40 °C. [Zn-MINP4] = 8.0 uM. The hydrolysis of PNPH was catalyzed by [Zn-

MINPs] in 25 mM HEPES buffer at 40 °C. [Zn-MINPs] = 8.0 uM.

Table 1 shows that our micellar imprinting/post-functionalization
indeed was able to transfer the structural information of the tem-
plates to the final catalysts. Zn-MINP4, designed for HPNPP, was ca.
8 times more active than Zn-MINPs in the hydrolysis of HPNPP
(entry 1). Likewise, Zn- MINP;, designed for PNPH, was more ac-
tive than Zn-MINPa in the hydrolysis of PNPH, except the improve-
ment was more modest (entry 2). The most likely reason for the
smaller difference in the PNPH hydrolysis was the much higher in-
trinsic reactivity the substrate in comparison to HPNPP (see the cor-
responding background reaction rates in Table 1). Generally speak-
ing, the more reactive a substrate, the more it can tolerate an imper-
fect catalyst.”

In agreement with our catalytic designs, both catalysts displayed
enzyme-like Michaelis-Menten kinetics. Zn-MINP4 afforded a Kn
value 0f 0.77 mM and ke of 0.61 x 103 s at pH 7 (Table 2, entry 1).
With the background rate constant (Kucer) measured at 0.023 x 10° s
! (Table 1), the rate acceleration factor (kut/kuncat) was about 2700.
The catalytic efficiency (keat/Km) of Zn-MINPa was 0.80 M's™ at pH
7, comparable to many synthetic di- or tri-nuclear zinc catalysts under
similar conditions,® despite the mononuclear nature of our catalyst.

Hydrolysis of PNPH by Zn-MINPs was significantly faster, with
Kn=0.76 mM and ket = 36.7 x 10° 5™ at pH 7 (entry 2). The catalytic
efficiency (keat/Km) is 48.0 M s, higher than those of most zinc-
based synthetic esterases for p-nitrophenyl esters'® including our own
reported previously.'¢

Zinc catalyzes hydrolysis of esters typically by the metal-bound hy-
droxide,® as shown in the proposed mechanisms (Scheme 3). Figure
1 shows pH dependence of the hydrolysis of PNPH by Zn-MINPs
and the profile resembled those for peptide-based artificial zinc ester-
ases reported in the literature." The sigmoidal curve is normally con-
sidered to come from a single protonation/deprotonation step for
the metal-bound water that acts as the nucleophile in the hydrolysis.
Nonlinear least squares curve fitting yielded a pK. of 7.89 £ 0.25. The
number is slightly higher than those for zinc-bound water in natural
zinc enzymes (6.8-7.3 for carbonic anhydrase B and C)'” and lower
than those of other artificial zinc esterases based on folded/self-as-
sembled peptides."* For the HPNPP hydrolysis, Zn-MINP4 showed
a very similar pH profile, affording a pK. of 7.87 + 0.25 (Figure S18).
Thus, no matter what the metal-bound hydroxide attacked, the car-
bonyl of PNPH or the p hydroxyl of HPNPP, the pH response of the
MINP catalysts reflected the same protonation/deprotonation step.
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Scheme 3. Proposed mechanism for the MINP-catalyzed hydrolysis
of (a) HPNPP and (b) PNPH.

Whether for phosphate or carboxylic acid esters, the hydrolyzed
products tend to have stronger binding for the zinc metal than the
starting materials. Thus, synthetic enzymes to hydrolyze these com-
pounds frequently suffer from strong product inhibition.**'®* The
highest reported TON for HPNPP in the literature was 5* as men-
tioned above and that for p-nitrophenyl esters with peptide-based ar-
tificial zinc esterases was 50."
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Figure 1. pH dependence of the hydrolysis of PNPH by Zn-MINPs.
The smooth curve was obtained by nonlinear least-squares curve fit-
ting to the equation, ket/Km = (Keat/Kmn)max X107/ ( 107" + 107,
with the inflection point corresponding to the pK. of the zinc-bound
water (7.89 £ 0.25)."*¢

Figure 2a shows the amount of product (p-nitrophenoxide)
formed as a function of time in HPNPP hydrolysis catalyzed by Zn-



MINP,. With a 1 mol % catalyst loading, the maximum TON obtain-
able for the experiment was 100. After 600 min, the reaction reached
61%, thus giving a TON of 61. For PNPH, we used a 0.2 mol % cata-
lyst loading because the reaction was much faster. After 300 min, the
TON was 300 for Zn-MINPs. Thus, both MINPs displayed a much
higher turnover number than previously reported catalysts con-
structed on different platforms. The results suggest that a substrate-
specific active site indeed can block more strongly coordinating prod-
ucts from entering the active site.

Another conceivable benefit of a catalyst with a substrate-specific
active site is their selectivity for the very substrate they are designed
for. Because the catalytic metal resides in the active site, substrates
that fit poorly should be excluded and display low reactivity. To test
this hypothesis, we studied the competitive hydrolysis of PNPH and
p-nitrophenyl butyrate (PNPB) by Zn-MINP; for the easy synthesis
of the substrates. Although PNPB should fit within the active site of
MINP imprinted from 7, its shorter acyl chain could not displace all
the “high-energy” water molecules inside the hydrophobic active site,
weakening the binding consequently. Generally speaking, putting
water molecules in a hydrophobic microenvironment is unfavorable,
especially if they are confined.'® The entropic cost of trapping water
molecules can be as high as 2 kcal/mol in some cases for a single water
molecule.”
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Figure 2. Amount of p-nitrophenoxide formed as a function of time,
calculated based on an extinction coefficient of €400 = 0.0216 yuM™* e’
!, (a) The turnover number of 61 was obtained at 600 min. HPNPP
(100 uM) in a 25 mM HEPES buffer (pH 8.0) at 60 °C, in the pres-
ence of 1 yM Zn-MINPa. (b) The turnover number of 300 was ob-
tained at 300 min. PNPH (100 pM) in a 25 mM HEPES buffer (pH
8.0) at 40 °C, in the presence of 0.2 yM Zn-MINPs.

As shown by the data points in open circles (O) in Figure 3, 40 uM
PNPB hydrolyzed rather slowly in the presence of 8 yM Zn-MINPs,
evident from the small increase of absorbance at 400 nm from p-ni-
trophenoxide. When another batch of 40 yM PNPB was added at 15
min, the reaction rate increased slightly (A), due to the higher total
concentration of the substrate in the solution. When 40 yM PNPH
was added at 15 min instead ([1), release of p-nitrophenoxide was
much faster. Thus, as designed, Zn-MINPs was able to select its pre-
ferred substrate (PNPH) from the mixture, despite the identical re-
active group and very similar structures.
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Figure 3. Absorbance at 400 nm as a function of time for the hydrol-
ysis of 40 uM 4-nitrophenyl butyrate (9) catalyzed by Zn-MINP(4a)
in a 25 mM HEPES buffer (pH 7.0) at 40 °C (0). In the data series
marked with triangles (2 ), 40 uM PNPB was added at 15 min. In the
data series marked with squares ([(J), 40 uM PNPH was added again
at 15 min. [MINP(4a)] = 8 uyM.

CONCLUSIONS

With molecular imprinting, we could use the TSA of a reaction or
even the substrate directly as the template, to create binding sites in-
side water-soluble cross-linked micelles highly specific for the sub-
strate. Solubility of these molecularly imprinted nanoparticles in or-
ganic solvent such as DMF allowed us to manipulate the binding site
through standard chemistry, to swap the binding group with the cat-
alytic group. Because the binding and catalytic groups had similar di-
mensions, the catalytic group was placed right next to the bond that
needed to be transformed, making it possible for our mononuclear
zinc catalyst with simple ligand structures to approach previously re-
ported di- and trinuclear zinc catalysts in catalytic efficiency. More
importantly, turnover numbers unachievable by previous systems
could be easily obtained in our imprinted catalysts, whether to hydro-
lyze phosphate or carboxylic acid esters. These results give us hope
that, with more advanced catalytic features, efficient and selective cat-
alysts that mimic natural enzymes can be prepared in the future, and
find many applicants in chemistry and biology.
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